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Historical Development and Perspectives
of the Series

Metal Ions in Life Sciences*

It is old wisdom that metals are indispensable for life. Indeed, several of them,
like sodium, potassium, and calcium, are easily discovered in living matter. How-
ever, the role of metals and their impact on life remained largely hidden until
inorganic chemistry and coordination chemistry experienced a pronounced re-
vival in the 1950s. The experimental and theoretical tools created in this period
and their application to biochemical problems led to the development of the
field or discipline now known as Bioinorganic Chemistry, Inorganic Biochemistry,
or more recently also often addressed as Biological Inorganic Chemistry.

By 1970 Bioinorganic Chemistry was established and further promoted by the
book series Metal Ions in Biological Systems founded in 1973 (edited by H. S.,
who was soon joined by A. S.) and published by Marcel Dekker, Inc., New York,
for more than 30 years. After this company ceased to be a family endeavor and
its acquisition by another company, we decided, after having edited 44 volumes
of the MIBS series (the last two together with R. K. O. S.) to launch a new and
broader minded series to cover today’s needs in the Life Sciences. Therefore, the
Sigels’ new series is entitled

Metal Ions in Life Sciences.

After publication of 16 volumes (since 2006) with various publishers during the
past 10 years, we are happy to join forces now in this still growing endeavor with
Walter de Gruyter GmbH, Berlin, Germany, a most experienced Publisher in
the Sciences.

The development of Biological Inorganic Chemistry during the past 40 years
was and still is driven by several factors; among these are (i) attempts to reveal
the interplay between metal ions and hormones or vitamins, etc., (ii) efforts
regarding the understanding of accumulation, transport, metabolism, and toxic-
ity of metal ions, (iii) the development and application of metal-based drugs,

* Reproduced with some alterations by permission of John Wiley & Sons, Ltd., Chiches-
ter, UK (copyright 2006) from pages v and vi of Volume 1 of the series Metal Ions in Life
Sciences (MILS-1).
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(iv) biomimetic syntheses with the aim to understand biological processes as well
as to create efficient catalysts, (v) the determination of high-resolution structures
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Preface to Volume 22

Metal Ions in Bio-Imaging Techniques

Endogenous metal ions play crucial roles in biological systems, ranging from
transition metal cofactors in essential enzymes to calcium ions in bones and
cartilages. The use of exogenous metal ions as tools dates back to the first half
of the past century when barium sulfate was orally given to patients undergoing
X-ray examination. Since then, molecular imaging has experienced remarkable
changes due to the technical advances. The Introductory Chapter of the 22nd
volume of the series Metal Ions in Life Sciences (MILS) is setting the scene by
providing an overview of the metal ions and methods used today in the field of
bio-imaging.

Gadolinium(III)-based Contrast Agents (GBCAs) have been extensively used
in Magnetic Resonance Imaging (MRI) in clinical practice since 1988 because
they improve the contrast between healthy and diseased tissues. This success
story seemed to come to a halt in 2006 when Nephrogenic Systemic Fibrosis
(NSF) was linked to the administration of linear GBCAs in a small subset of
patients with poor kidney function. This and the observed deposition of Gd(III)
in various tissues (brain, bone) raised concerns about the safety of GBCAs. The
attempts to overcome these side effects and the re-appraisal of GBCAs are sum-
marized in Chapter 2.

Manganese(II) is an essential element with 5 unpaired electrons, slow electron
spin relaxation, and fast water exchange. Mn2C is an excellent nuclear probe and
the most promising alternative to replace Gd(III) in contrast agents (CAs) for
MRI though there are handicaps due to the labile nature of Mn2C. Yet, in the
last decade much data has accumulated, which allows establishing relationships
between the structure of Mn2C complexes and their stability, inertness, and relax-
ation properties. Despite the endogenous nature of Mn2C, in high concentrations
it is neurotoxic and therefore, Mn2C also needs to be protected like Gd(III)
(Chapter 3). Finally, high-spin Mn3C is also a good relaxation agent and indeed,
Mn3C complexes were investigated as MRI probes.

Metal Ions in Life Sciences, Volume 22 Edited by Astrid Sigel, Eva Freisinger, and Roland K. O. Sigel
© Walter de Gruyter GmbH, Berlin, Germany 2021, www.degruyter.com/serial/MILS-B/html
https://doi.org/10.1515/9783110685701-202
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x PREFACE TO VOLUME 22

Chapter 4 deals with the Chemical Exchange Saturation Transfer (CEST),
which is an emerging mechanism to provide contrast in clinical MRI. CEST
agents are compounds that contain a pool of exchangeable or labile protons in
exchange with the surrounding water molecules in tissues. Paramagnetic com-
pounds (Fe3C, Mn2C, and Gd3C) were soon proposed as contrast agents for
MRI, as they can accelerate the relaxation times of water proton nuclei. Lantha-
nide complexes were the first to be considered as potential MRI paramagnetic
CEST agents (paraCEST). Since then other transition metal ions like Fe2C,
Co2C, Ni2C, and Cu2C were investigated.

As indicated, lanthanide complexes have been widely used in bioassays for
over 40 years, but their usefulness in optical imaging is only now fully appreciat-
ed (Chapter 5). Their fundamental spectroscopic properties make them ideal as
probes for optical imaging: Their large pseudo Stokes shift and long luminescent
life times facilitate the elimination of background signals while the nature of the
energy transfers involved in sensitizing lanthanide emission makes all of them
amendable to perturbation by their surroundings.

The recent, more widespread clinical availability of stand-alone Positron Emis-
sion Tomography (PET) and PET/Computer Tomography (CT) in conjunction
with cyclotron systems enable p,n and d,n nucleo transformations. These produce
a variety of positron emissive isotopes (Chapter 6), which utilize two distinct
nuclear imaging techniques, that is, Single Photon Emission Tomography
(SPECT) and PET. Isotopes with unstable nuclei and a surplus of protons can
undergo a nuclear transformation, where a proton in the nucleus is transformed
to a neutron. This process liberates a positron which is emitted from the nucleus
and which after encountering an electron results in the production of photons.

According to Chapter 7 technetium has probably the most interesting and mul-
tifaceted chemistry amongst the metallic radionuclides in routine applications
for radiopharmacy. The diversity of its possible oxidation states enables complex-
es to be formed with ligands covering any possible class. However, the plethora
of compounds resulting from this broad chemistry did not translate into a compar-
able number of new imaging agents. The large majority of complexes concen-
trates on three cores: [99mTcV=O]3C, [99mTcV≡N]2C, and fac-[99mTc(CO)3)]C.
Labeling strategies with these cores are indicated. Furthermore, cold rhenium
is emphasized not only as a model for technetium, but also as an option for
complementing imaging with 99mTc by radioactive 186/188Re, leading to a theran-
ostic matched-pair situation.

The 19F nuclide has nuclear magnetic properties similar to those of 1H and can
be used for MRI on common commercial scanners with only minor modifica-
tions. As there is no abundance of 19F in a living body, 19F MRI is presented as
a hot-spot image and requires contrast agents containing fluorine atoms. In
Chapter 8 the current developments of 19F MRI contrast agents are reviewed
and how these are influenced by the utilization of paramagnetic metal ions as
relaxation agents.

Iron oxide nanoparticles (IONPs) have been studied extensively for bio-imag-
ing due to their strong MRI contrast enhancements, which brought them to clini-
cal use. Chapter 9 describes the main synthetic methodologies, the characteriza-
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PREFACE TO VOLUME 22 xi

tion techniques, and the physico-chemical properties of IONPs. Further, the in
vivo biodistribution of IONPs, their excretion, toxicity, and degradation process-
es are considered.

Sulfonated, metallated corroles have the potential for a contrast agent, in addi-
tion to therapeutic and diagnostic activities. Their delivery by targeted particles
enables such corroles to be transported to specific sites in the body for multifunc-
tional activities, including diagnosis, and therapy, thus acting as targeted theran-
ostics. Chapter 10 summarizes the work accumulated thus far on tumor-targeted
particles delivering metallated corroles.

“Theranostics” is a relatively new field of nuclear medicine with the goal to
lead to personalized cancer treatment. Chapter 11 briefly describes the PET-
based theranostics in cancer diagnosis and treatment, with a focus on metal-
based agents. The thermodynamics, formation, and dissociation kinetics of metal
ion-based radiopharmaceuticals are covered. It is the aim to select the optimal
chelates for the complexation of radiometals and to develop novel cancer-specif-
ic theranostic agents.

Theranostics has been a booming field of research in the 21st century, as is
also evidenced by preceding chapters. Chapter 12 provides an overview of
Gd(III)-based MRI theranostics, and evaluates both, small molecule and nano-
material strategies. The nanomaterial platforms are divided into sub-categories:
metal-based nanomaterials (metal oxides, sulfides, gold nanostructures, etc.), car-
bon nanomaterials, mesoporous silica nanoparticles, dendrimers and polymers,
and biomolecular nanomaterials.

In vivo luminescence cell and animal imaging enables gathering of real-time
data on physiological processes, thus increasing our understanding of cell growth
and cell metabolism, and cell death and the underlying mechanisms. Bio-imaging
agents range from emissive organic molecules to polymers and to systems con-
taining metals. In Chapter 13 recent advances in the development and use of
metal-containing systems are highlighted; molecular, polymeric, and nanostruc-
tures for bio-imaging of cancer cells and tumors in animals, are also reviewed.

Fluorescence microscopic cell imaging is a very powerful tool in medicinal
research and life sciences as it cannot only image subcellular organelles (nuclei,
mitochondria, lysosomes, etc.) but also monitor metabolic species and cellular
microenvironments (Chapter 14). Many organic fluorescence probes for optical
imaging have been commercialized in the past few decades, but they have some
disadvantages (self-quenching, small Stokes shift, etc.), which are overcome by
emissive transition metal Ir(III) complexes with low-spin d6 electronic structure.
A brief overview on the progress of iridium complexes as anticancer agents is
also given.

Bacteria play a two-part role in contrast-enhanced MRI: (i) pathogenic bacteria
are an increasingly important biomedical imaging target, as cases of antibiotic-
resistant bacteria and hospital infections increase. However, (ii) certain bacteria
have characteristics that make them ideal for use as diagnostic and theranostic
contrast agents as reviewed in Chapter 15.

Transition metals are not only important targets in studies of neurobiology and
neurodegeneration, but are also useful agents for the detection and sensing of
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xii PREFACE TO VOLUME 22

molecules involved in the pathology and diagnosis of neurodegenerative diseas-
es. In Chapter 16 examples of fluorescence probes for imaging iron, copper, and
zinc ions, small molecule neurotransmitters, and aggregated proteins are dis-
cussed.

“Heavy Elements for X-ray Contrast” is the topic of the terminating Chap-
ter 17. X-ray imaging is the oldest, but most important ionizing radiation-based
technique. It provides information on the structural features of the human body,
thus contributing to the diagnosis and treatment of numerous diseases. Its suc-
cess depends on the advances of diagnostic instruments (mammography, etc.)
and the development of contrast agents. X-ray contrast agents are usually small
molecules or nanoparticles that contain heavy elements with a high atomic num-
ber such as iodine, barium, gold, etc. The current clinically approved contrast
agents for X-ray imaging are iodinated small molecules or barium sulfate suspen-
sions despite the fact that adverse events can result. Therefore, the development
of alternative heavy elements-based X-ray contrast agents has become a key
focus.

As expressed in Chapter 1, since its inception in the middle of the 20th century,
molecular imaging has developed into a vast interdisciplinary field, encompass-
ing chemistry, material sciences, physics, biology, engineering, and computer sci-
ences. Metal-based tracers are now widely used in various imaging modalities
alone or in combination, enabling early diagnosis of most deadly diseases, there-
by increasing the survival rate. The discovery of more specific biomarkers allows
distinguishing between closely related pathological conditions, thus improving
the efficacy of treatment. Eventually, this will revolutionize the landscape of
clinical imaging, offering a patient-tailored diagnosis. To conclude, this volume,
devoted to Metal Ions in Bio-Imaging Techniques, is rich on specific information.
MILS-22 updates our knowledge and provides deep insights on the new research
frontiers in the fast growing field of bio-imaging. It is a must for all researchers
working in medicinal chemistry and related fields and beyond. It is also an ideal
source for teachers giving courses on bio-imaging and sensing or in analytical
chemistry in a wider sense.

Astrid Sigel
Eva Freisinger

Roland K. O. Sigel
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Abstract: Endogenous metal ions play a pivotal role in many biological systems, ranging from
transition metal cofactors in essential enzymes to calcium ions in bones and cartilages. The
idea of using exogenous metal ions as a diagnostic tool dates back to the first half of the
20th century when barium salts were orally administered to patients undergoing X-ray exami-
nation. Since that time, the field of molecular imaging has experienced remarkable changes,
driven by the technological advances offered by modern imaging techniques. Each year brings
hundreds of new molecular probes that are reported in preclinical studies and a few dozen
enter human clinical trials. Such a massive data flow requires an appropriate classification,
both by the type of imaging modality and chemical structure of the molecular probe. In this
introductory chapter, recent advances and challenges in metal-based molecular imaging are
discussed in four individual sections, covering magnetic resonance imaging (MRI), the nuclear
medicine techniques of positron emission tomography (PET) and single photon emission com-
puted tomography (SPECT), X-ray computed tomography (CT), and luminescent imaging,
while a final section is dedicated to multimodal imaging, encompassing probes that can simul-
taneously produce a diagnostic signal detected by more than one imaging mode. Each of these
sections, in turn, is subdivided into several parts, each dealing with a particular class of molecu-
lar probes based on their chemical structure, as well as the combination of imaging with
therapy. We highlight representative examples of the different types of probes.

Keywords: imaging · magnetic resonance imaging · molecular probe · positron emission to-
mography · radiotracer

1. INTRODUCTION

The advent of modern-day clinical diagnostic tools has revolutionized the health-
care system. A wide range of imaging modalities, now routinely available to
patients, allows rapid and accurate diagnosis and prognosis, significantly improv-
ing the quality of medical care. However, the full potential of imaging techniques
would never be unleashed without the aid of the chemistry community, who
have immensely contributed by developing various types of molecular probes
administered to patients during a radiological procedure. As imaging instrumen-
tation and technology advance, so do the molecular probes, pushing the limits
of imaging modalities. Fresh insights into biochemical mechanisms help to identi-
fy new molecular targets for imaging probes with higher specificity towards a
particular pathology.

2019 marked the 150th anniversary of the Periodic Table of the Elements, a
construct that still remains by far the most convenient layout to group and analyze
the elements for a specific application. Metals comprise the majority of known
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elements, whose unique properties make them essential for virtually all biological
systems, including the most advanced and sophisticated one – humankind – who
eventually adapted metal ions to create molecular tools to study the biological
processes behind their own existence. In the realm of molecular imaging, there
are strong correlations between an exerted functional property and the element’s
position in the periodic table. Metal complexes of biologically endogenous first-
row transition metal ions, such as Mn2C/3C and Fe2C/3C, have been extensively
studied as potential alternatives to gadolinium-based contrast agents, while their
heavier cousins from the platinum-group are well known to form very stable and
bright luminescent complexes used for cellular staining and photodynamic therapy.
Externally shielded f orbitals in lanthanides engender truly unique optical and
magnetic properties, prompting their use as magnetic resonance imaging (MRI)
and fluorescent probes, while their remarkable chemical stability also sparked
interest in the production of their radioisotopes suitable for positron emission
tomography (PET) or single photon emission computed tomography (SPECT)
imaging.

Despite continuing advances, each imaging modality has its own limitations,
and these limitations have tempted researchers to create multimodal probes that
can take advantage of several imaging techniques. Although still nascent, the
field of multimodal imaging has experienced a rapid growth in the past few years
and is expected to continue a steady rise, approaching clinical practice. At the
same time, combining diagnostic and therapeutic modalities within a single mole-
cule is of great value in the emerging era of personalized medicine.

2. MAGNETIC RESONANCE IMAGING/MAGNETIC

RESONANCE SPECTROSCOPY PROBES

2.1. Recent Advances in Gadolinium-Based Probes

Gadolinium-based contrast agents (GBCAs) represent one of the most widely
prescribed class of drugs and by far the largest administered metal-based drug
with over 30 million administrations per year worldwide [1]. About 40 % of all
MRI scans employ a GBCA which is required for diagnosis, staging, or monitor-
ing treatment across a range of pathologies from cancer to cardiovascular disease
to neurological disorders. There have been nine different GBCAs approved for
clinical use, including 6 linear (acyclic) and 3 macrocyclic chelates (Figure 1), al-
though some of these have been withdrawn from the market. Over the last decade,
safety concerns have been mounting in connection to clear evidence that gadolini-
um can cause a devastating syndrome called nephrogenic systemic fibrosis in pa-
tients with impaired renal function [2], and that some Gd is retained in the body
in all patients and that this retention is cumulative with cumulative dosing. Despite
initial claims to the contrary, even the more kinetically inert macrocyclic GBCAs
are clearly retained in patients, although likely to a lesser extent than the linear
chelates [3]. These observations forced prompt reactions from regulatory agencies,
resulting in suspension of three linear GBCAs and limitations on two others in
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4 SHUVAEV and CARAVAN

Figure 1. Structures of commercially available GBCAs. Top row: linear contrast agents.
Middle row: specialty protein-binding GBCAs. Bottom row: macrocyclic contrast agents.
Reproduced with permission from [2]; 2014, open access.

the EU and issuing warning labels for all GBCAs by the FDA to limit their con-
centration and frequency of administration [4, 5]. Given this new reality, multiple
efforts have been made to (i) understand the human biodistribution and speciation
of retained gadolinium in different tissues, (ii) estimate the long-term health impli-
cations of gadolinium retention in the body, (iii) design more kinetically inert
gadolinium complexes, (iv) enhance longitudinal relaxivity to reduce the injected
dose, and (v) suggest viable gadolinium-free alternatives. Although it is still prema-
turely to discuss the progress in the two first directions, the last three topics have
been extensively discussed in the literature [6].

Due to its high kinetic inertness and thermodynamic stability,
[Gd(DOTA)(H2O)]– (Dotarem) is generally considered as a ‘gold standard’ in
the chemistry of contrast agents and is widely used as a parent compound for
derivatization. Despite its overall stability, the quest for even more kinetically
inert GBCAs was boosted by reports that signs of Gd retention were observed
in brains of children injected intravenously with Dotarem [7]. There are several
strategies that have been utilized to improve kinetic inertness of gadolinium
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complexes, such as conformational locking, reducing the basicity of the macrocy-
cle, and rigidification of the structure [8]. Although the magnitude of the attained
stability enhancement varies, each approach showed a potential to deliver a ben-
efit that is even higher when these approaches are used synergistically, yielding
remarkably stable gadolinium complexes [9, 10].

MRI contrast agents are not detected directly but are seen by the effect that
they have on the relaxation times of nearby water molecules. Since water is detect-
ed, there is always a background signal and the contrast agent must be present at
sufficient concentration to produce a measurable change in the water relaxation
time to effect signal change. This requires low-to mid-micromolar concentrations
per metal ion, depending on the tissue imaged and the properties of the contrast
agent, i.e., its relaxivity. As a result, biological targets at the nano- and picomolar
level generally cannot be detected with MRI, however, there are still numerous
biologically relevant molecular targets that are present within this concentration
range that can help to track abnormalities in metabolism associated with various
diseases. Multiple examples of GBCAs devised for detection of metal ions (Ca2C,
Zn2C, and Cu2C), proteins, amino acids, redox-active molecules, pH, etc. [6] have
been reported. Detection relies upon the probe either accumulating at the site of
interest (targeting) and/or by modulation of the relaxivity value upon interaction
with the desired molecule. Relaxivity modulation is usually achieved either by
changing the hydration number, the solubility, the spin state, or restricting molecu-
lar tumbling upon interaction with the target (Figure 2).

Figure 2. Hydration number (q) of GBCA can change in response to a biological event,
modulating the relaxivity change. Reproduced with permission from [114]; copyright 2013,
American Chemical Society.
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This relaxivity modulation can be either reversible, where the probe returns
to its original inactive state once the concentration of the targeted molecule falls
below a certain threshold, or irreversible, when once activated the probe is in
the “on state” until it has been metabolized or excreted. The former class allows
for the detection of fluctuations in the concentration of the molecular target, as
well as lighting up only the regions where it exceeds a threshold. On the other
hand, irreversible probes produce a more intense signal and may be able to
detect targets present at lower concentrations.

The signal change seen after probe administration depends on the probe’s
concentration and its relaxivity. One of the major drawbacks of responsive or
activatable probes which change their relaxivity is that it is challenging to decon-
volute the signal change arising from relaxivity or from concentration [11]. One
approach to this problem is to design a multimodal probe. By co-injecting the
GBCA with a surrogate that can provide a quantitative measure of concentra-
tion, such as 86Y3C for PET imaging [12] or 166Ho3C for SPECT imaging [13],
the concentration of GBCA can be determined, allowing quantification of re-
laxivity and hence, the molecular target. On the other hand, the GBCA can be
initially designed to incorporate additional modalities, as in the case of dual
Gd3C/18F MRI/PET [14] or dual Gd3C/19F MRI/MRSI [15] probes. An alternate
approach is to use a “matched” probe with similar pharmacokinetics to the re-
sponsive probe but that cannot undergo relaxivity change. Using a dual injection
approach, each probe is administered and the signal change measured, and it is
assumed that the difference in signal detected after their consequent injections
is due to the difference in relaxivity in the area of interest, for example by using
a pH-sensitive complex [Gd(DOTP)]5� and its pH non-responsive analogue
[Gd(DOTA-4AmP)]5� (Figure 3) [16].

Figure 3. Calculated pH maps of mouse kidneys obtained using a dual injection ap-
proach with [Gd(DOTP)]5� (pH-sensitive) and [Gd(DOTA-4AmP)]5� (pH-insensitive)
probes. pH values in the kidneys were higher after administration of acetazolamide (right)
than before (left). Adapted with permission from [16]; copyright 2003, John Wiley and
Sons.
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Figure 4. Coronal MR images of naïve (bottom left) and bleomycin-treated (bottom
right) mice injected with a GdOA probe (top) for allysine binding. Reproduced with
permission from [22]; copyright 2017, John Wiley and Sons.

Meanwhile, GBCAs binding to specific molecular targets have already demon-
strated huge potential in tracking disease progression in preclinical and clinical
studies. In particular, considerable progress has been made in developing probes
for imaging fibrosis [17]. A few potential molecular targets present at micromo-
lar concentration (fibrin [18], collagen [19], elastin [20], fibrin-fibronectin com-
plex [21], allysine [22, 23]) have been imaged in vivo by probes comprising tar-
geting vectors and one or several gadolinium-bearing chelates to increase the
gadolinium payload per target, producing conspicuous contrast enhancement in
disease areas. For instance, in active fibrosis, upregulated lysyl oxidase enzymes
oxidize collagens and other matrix proteins to produce allysine at elevated concen-
trations that can be successfully detected by GBCAs bearing aldehyde-reactive
moieties, clearly showing the areas of active fibrogenesis (Figure 4) [22, 23].

The pharmacokinetic properties of GBCAs significantly affect the signal en-
hancement in the desired region, as well as potential deposition of gadolinium in
the body. For larger molecules bearing peptides or antibodies, the biological half-
life and excretion pathways may be primarily dictated by these vectors rather
than the nature of the gadolinium chelates. By varying the lipophilicity and
charge of the probe, its excretion can shift between hepatobiliary and renal path-
ways, while also affecting the binding affinity to serum proteins and hence, the
blood half-life of the probe. All these efforts aim at attaining an optimal inter-
play between rapid accumulation of the probe with concentration sufficient to
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8 SHUVAEV and CARAVAN

produce an adequate signal enhancement in the desired region with its fast elimi-
nation from the blood pool and adjacent tissues/organs. In the case of hard-to-
reach regions, such as the brain, auxiliary moieties should be introduced to deliv-
er GBCA to the desired destination.

2.2. How Safe Are Gadolinium-Based Contrast Agents?

Following mounting evidence of in vivo deposition of gadolinium in various co-
horts of patients, multiple efforts have been made to shed more light on molecu-
lar mechanisms promoting demetallation. In the wake of first reports linking
nephrogenic systemic fibrosis (NSF) with administering GBCAs to patients with
impaired renal function, first studies emerged addressing the speciation of gado-
linium-containing compounds in the body, especially in subcutaneous areas [24].
The combination of various spectroscopic techniques soon revealed the presence
of poorly soluble gadolinium phosphate, as well as various soluble species, in-
cluding an intact GBCA (only for macrocyclic complexes) [25, 26]. The low
glomerular filtration rate (GFR) in affected patients increases the biological half-
life of GBCAs, increasing the rate of demetallation and subcutaneous gadolini-
um deposition. The incidence of NSF paralleled the lability of the administered
probe, being the highest for neutral linear complexes. These findings caused the
FDA to suspend administration of the three most labile GBCAs in patients with
impaired renal function, whilst restricting the use of the others. Gadolinium (in
some form) from all GBCAs is retained in most tissues, notably in the brain but
in higher concentrations in kidney and bone. The half-life of GBCAs in patients
with normal renal function is 60–90 min and it was long believed that gadolinium
retention in the body in healthy individuals is negligible. However, the residual
retention of gadolinium in the central nervous system (CNS), bones, and other
tissues was observed in patients with normal kidney function who underwent
multiple GBCA-enhanced MRI scans even years after their last GBCA dose [27,
28]. This cumulative gadolinium deposition also seems to strongly correlate with
the lability of the GBCA in question, with the majority of cases reported in
patients who were administered GBCAs with linear chelators (Figure 5) [29]. In
healthy rats dosed repeatedly to build up a high level of Gd, the concentration
of gadolinium in the brain experienced rapid decline within the first couple of
weeks, followed by a plateau that was stable for at least a year [30]. On the other
hand, the concentration of macrocyclic GBCAs was much lower at any given
time point and was gradually decreasing within the year. These findings can be
interpreted as an evidence of different gadolinium speciation in the brain for
linear and macrocyclic GBCAs. The impaired excretion of linear GBCAs from
the brain implies poor solubility of gadolinium-containing species, which are like-
ly present in the form of inorganic salts, while slow but steady elimination of
macrocyclic GBCAs suggests the presence of gadolinium in a soluble form, either
as an intact probe, a complex with endogenous small molecules or an aggregate
with a protein. However, these assumptions on gadolinium speciation require
solid experimental evidence that should be produced in forthcoming studies.
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10 SHUVAEV and CARAVAN

The initial reports on gadolinium deposition in the CNS were originally based
on the residual signal in T1-weighted scans of patients with a history of regular
GBCA administration. However, it was later revealed that a similar signal en-
hancement was also observed in some patients who were never injected with
GBCAs and is likely related to deposition of metals in the brain, other than
gadolinium [31]. This finding shows the limitation of detecting gadolinium in
patients based on T1-weighted MRI scans alone and emphasizes the need to
employ additional techniques as a cross-check.

2.3. Complexes of Transition Metals as a Potential Alternative

to Gadolinium Probes

For a long time, GBCAs had been considered remarkably safe, and Gd(III) was
seen as the preferred metal ion for contrast agents. Its 7 unpaired electrons, long
electronic relaxation time, and fast water exchange kinetics make it a potent
relaxation agent, while its high coordination number means that octadentate
chelators can form extremely stable complexes with Gd(III) while still leaving a
coordination site for an exchangeable water ligand. However, the long-standing
consensus on the safety of GBCAs was challenged after their link to NSF had
been established [4]. Although only linear GBCAs were initially scrutinized,
more recent studies also argue that even significantly more stable macrocyclic
GBCAs can be retained in vivo (especially in patients with compromised brain-
blood barrier), leading to gadolinium deposition in various tissues. Notwithstand-
ing these recent discoveries, it seems very unlikely that GBCAs will be discontin-
ued in the short term, bearing in mind that acute GBCA toxicity has been report-
ed only in a few patients [29]. Nevertheless, these controversies sparked interest
in gadolinium-free contrast agents, particularly rekindling interest in manga-
nese(II) and isoelectronic iron(III)-based contrast agents. Since Gd is not an
essential element, there is no benefit to having retained Gd in the body, while
for Fe or Mn, some retained metal ion may be incorporated into the body’s pool
of metal ion or regulated and eliminated through endogenous pathways.

There has been one Mn(II)-based contrast agent approved for human use.
Mangafodipir (MnDPDP) was approved for liver imaging and was eventually
discontinued [32]. This complex can be considered as a prodrug: the infused
labile MnDPDP complex quickly releases free Mn2C in the bloodstream and this
is rapidly taken up by hepatocytes, giving rise to a strong signal enhancement in
the liver [33]. Mn2C is also taken up by the heart (cardiomyocytes), pancreas,
and some glands via active transport through Ca2C channels [34]. In fact, when
MnDPDP was administered too rapidly, some acute cardiac effects were ob-
served and so it was eventually administered as an infusion. The need for a
slow infusion, the lack of a dynamic first pass effect, and a small overall market
eventually resulted in MnDPDP being withdrawn for commercial reasons. How-
ever, its use did demonstrate that Mn2C-based contrast agents, and even agents
that release a large percentage of free Mn2C, could be effective and safe.
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Figure 6. Structure of [Mn(PyC3A)]1– and comparison between T1w-enhanced coronal
MR images of baboon kidneys using [Mn(PyC3A)]1– and [Gd(DTPA)]2–, showing abdomi-
nal aorta and arteries and renal arteries. Reproduced with permission from [116]; copy-
right 2016, John Wiley and Sons.

To avoid the myocardial toxicity associated with a high free Mn2C concentra-
tion, highly stable manganese complexes that are excreted intact with a coordi-
nated fast-exchanging water molecule for high relaxivity are needed. Thorough
screening of both linear and macrocyclic chelators has yielded a number of kinet-
ically inert Mn2C complexes that are suitable for preclinical evaluation [35]. For
instance, high in vivo stability of the [Mn(PyC3A)]1– complex showed equivalent
imaging properties to FDA-approved [Gd(DTPA)]2– (Figure 6) [36]. Unlike
MnDPDP, [Mn(PyC3A)]1– was excreted intact with no visible retention of man-
ganese in the body, thereby minimizing the aforementioned risks associated with
the toxicity of dissociated Mn2C.

Also, a few examples of Mn3C-based probes have been reported [37, 38], in-
cluding metal sensors [39], where the lower magnetic moment of Mn(III) versus
Mn(II) was compensated by a higher hydration number. Notably high relaxivities
are observed with Mn(III) porphyrins [40].

Iron(III)-based contrast agents were proposed in the 1980s, but these were
typically coordinatively saturated complexes with no exchangeable inner-sphere
water ligand and their relaxivities were dwarfed by the Gd(III) complexes [41,
42]. While Fe(III) complexes can be extraordinarily stable with respect to Fe3C

dissociation, a number of other design factors must be considered. First, the poten-
tial for reduction followed by dissociation of Fe(II) must be considered. Second,
the higher Lewis acidity of Fe(III) results in (1) slower water exchange of coordi-
nated water ligands compared to Gd(III) and Mn(II); (2) the potential for depro-
tonation to a hydroxo ligand which undergoes very slow exchange; (3) potential
for formation of µ-oxo-bridged dimers with no exchangeable water; (4) potential
for reduction and generation of hydroxyl radicals, i.e. Fenton chemistry. However,
we are now seeing innovative ligand design that is beginning to address these
requirements [43, 44].

Since iron and manganese can access different oxidation states in biological
systems, there exists opportunity for redox active probes which switch between
low and high relaxivity states. For example, the judiciously designed redox active
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12 SHUVAEV and CARAVAN

[Mn(JED)]–/2– complex, featuring a ligand which supports both oxidation states
of manganese (Mn2C and Mn3C) [45]. A recently unveiled redox-active
[Fe(PyC3A)]0/– complex capable of detecting oxidative stress in vivo by switching
from a spectroscopically silent ferrous state to a ferric state with a sufficiently high
r1, paves the way towards the new generation of iron-based activatable T1 contrast
agents.[46] Besides switching between Fe2C and Fe3C states, it is also possible to
create a responsive T1 probe based on the spin-crossover phenomenon in Fe3C

complexes. Although existing examples are limited to temperature, pressure, mag-
netic field, and light-responsive systems (none of them were tested in vivo), other
more biologically relevant external stimuli, such as the presence of targeted mole-
cules, can also be potentially used to trigger structural rearrangements in the coor-
dination sphere of iron, thereby modulating a change in the spin state. The same
spin-crossover phenomenon was also employed to build responsive Fe2C probes,
but low relaxivity values for the C2 oxidation state in both high- and low-spin
configurations limit their clinical potential [47]. Alternately, a redox-active probe
where the complex contains a redox active ligand, [Mn(H2qtp1)]C/2C, has been
described [48].

There has also been great progress on europium(II) complexes from the Allen
lab and others [49–51]. If not for a very short bench half-life, europium(II) would
be an ideal candidate for use in contrast agents to complement an isoelectronic
gadolinium(III). However, by turning vices into virtues, the high propensity for
Eu(II) to oxidation was successfully utilized to image oxygen-deficient regions in
the body – a hallmark of some malignant tumors (Figure 7) [49, 50]. As a com-
plementary tool, a paraCEST signal for the T1-silent Eu(III) species was acquired
to track oxidized species in the body. However, extending the lifespan of Eu(II)
species remains the major challenge for potential clinical translation [51, 52].

Figure 7. Structure of [Eu-222]2C and T1w MRI images of a mouse before subcutaneous
injection (left), 3 min post-subcutaneous injection (middle), and 8 min post-subcutaneous
injection (right). Red arrows indicate the areas of contrast enhancement. Reproduced
with permission from [49]; copyright 2016, John Wiley and Sons.

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



METAL IONS IN BIO-IMAGING TECHNIQUES: A SHORT OVERVIEW 13

2.4. Beyond Classic Magnetic Resonance Relaxation Probes:

Direct Detection of Chemical Shift-Based Probes

and Chemical Exchange Saturation Transfer

(CEST)-Based Probes

Longitudinal and transverse relaxation rates are not the only read-outs available
in MRI, although they are most likely to remain the most widely used in a
foreseeable future since they provide the highest sensitivity for detection. Relax-
ation agents act on the high molar concentration of water in the body, giving
rise to reasonably short acquisition times required for high-resolution images.
Because of efficient relaxation and rapid water exchange, micromolar concentra-
tions of T1 relaxation agents are sufficient for contrast-enhanced MRI experi-
ments. Another way to exploit the high signal of endogenous water for detection
is chemical exchange. Fast exchange between protons of bulk water and labile
protons in the molecular probe enable detection using a phenomenon called
chemical exchange saturation transfer (CEST). These labile protons (e.g., of
amines, amides, alcohols), whose chemical shift should be as far away as possible
from the bulk water resonance, can be saturated by irradiating at their resonance
frequency. Since these irradiated labile protons are being exchanged with pro-
tons from bulk water, the signal intensity of the latter decreases, giving rise to a
meaningful signal.

For CEST to work, the slow exchange condition, ωτ < 1, must be met where ω
is the chemical shift difference between bulk water and the exchangeable proton
and τ is the mean time that this proton is bound to the probe (τ is the inverse
of the exchange rate). In order to increase the CEST effect, chemical exchange
should be as fast as possible while still meeting this slow exchange condition, and
thus a larger ω value offers the potential for this. Paramagnetic ions can shift the
resonance frequency of the labile proton further away from the water peak, there-
fore increasing the efficiency of saturation exchange as paraCEST probes. In re-
sponsive probes, external stimuli can modulate the magnitude of this chemical
shift, with different species saturated at different frequencies [53]. For instance, an
europium complex with a 4-hydroxybenzaldehyde moiety was used in a preclinical
study to create a pH map in kidneys of healthy mice (Figure 8) [54]. Although
CEST-based agents rely on detection of bulk water, the slower exchange rates
involved relative to relaxation agents make them 1–2 orders of magnitude less
sensitive. On the other hand, because the CEST effect is only detected when the
appropriate saturation frequency is applied, the signal change due to CEST is very
specific and does not require a reference, pre-injection image.

It should be noted that the paraCEST phenomenon is not limited to an ex-
change between bulk water and labile protons of the probe but can also be
applied to any two exchanging pools that considerably differ in size and have
concentrations sufficient to produce measurable and well-separated signals. For
instance, fluorinated metal chelators when injected in a large excess compared
to the concentration of endogenous metals, can be in fast exchange with the
metal complex, shifting the 19F resonance away from the signal produced by an
unbound ligand [55–57].
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16 SHUVAEV and CARAVAN

Besides imaging water, multiple attempts have been made to directly detect
1H chemical shifts of endogenous molecules that are present at sufficiently high
concentrations in the body, as well as exogenous tracers [58]. Magnetic resonance
spectroscopic imaging (MRSI) is used clinically to detect metabolites like lactate
and N-acetylaspartate that are present at high concentrations. However, for im-
aging, the much lower concentration compared to water requires sacrificing spa-
tial resolution for signal. Overlap with very intense water and fat signals can also
impede signal detection. The latter issue, however, might be completely over-
come by detecting signals from other nuclei, such as 19F or 31P, but this would
require the use of custom-built coils for detection and modification of the scan-
ner for excitation. All other nuclei have a lower magnetogyric ratio compared
to 1H and are thus less sensitive for detection. Paramagnetic ions with very short
electronic relaxation times, such as some lanthanides and first-row transition
metals, can significantly shift resonances of NMR active nuclei without causing
much line broadening. Stable metal complexes, dubbed as ParaSHIFT tracers,
bearing a reporter group optimally positioned relative to the paramagnetic metal
center to produce the biggest shift, have been proposed as temperature-, pH-,
metal-, and anion-sensing probes [58].

By increasing the number of chemically equivalent protons in the reporter
moiety (more signal) and placing them at an optimal distance to the lanthanide
ion to reduce their T1 values (increased signal due to faster scanning and signal
averaging) and move away their chemical shift, Parker and colleagues developed
Dy3C and Tm3C complexes bearing two tert-butyl reporter groups responsible
for considerably increased sensitivity, thereby reducing the concentration of the
tracer needed in the injected dose to doses used with relaxation agents [59, 60].
An intrinsic quasi-linear temperature dependence of the chemical shift within
the biologically relevant range in both lanthanide and transition metal Para-
SHIFT probes was utilized in preclinical studies to map temperature in rats with
millimeter resolution (Figure 9) [61]. Signal deconvolution is therefore required
to detect external stimuli other than temperature and was implemented for pH-
imaging of brain and liver tumors in rats using [Tm(DOTP)]5- complex [62, 63].

2.5. Nanoparticle-Based Contrast Agents

Despite their many advantages, small-molecule-based probes require arduous
structural modifications to tangibly change their pharmacokinetics, as well as
switch between different imaging modalities. On the contrary, nanometer-sized
particles show a great variation of blood circulation half-life as a function of size
and shape, which can be easily and reproducibly synthesized with narrow size
distributions. Furthermore, nanoparticles (NP) can contain multiple layers of
different materials with precisely controlled thicknesses, thereby enabling detec-
tion with different imaging modalities, while their surface modification with a
guiding vector enables their addressed delivery in the body [64, 65]. Regarding
their structure, most of the NP-based MRI contrast agents fall into two major
groups: (i) NPs with a para- or superparamagnetic core (e.g., Gd2O3, Mn3O4,
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18 SHUVAEV and CARAVAN

Fe2O3, Dy2O3, etc.) and (ii) NPs with a diamagnetic core/scaffold, which are super-
ficially or internally anchored with paramagnetic complexes or can be directly
detected, e.g., a perfluorocarbon core. Both classes have a significantly increased
payload of imaging reporters compared to small-molecule GBCAs, thereby ensu-
ing considerable relaxivity enhancement on a per-molecule basis [66].

Small nanoparticles (below 5 nm) can pass through the kidney via glomerular
filtration giving rise to fast renal excretion, whereas larger and the most widely
used nanoparticles are taken up by the liver and spleen through the action of
macrophages in the reticuloendothelial system (RES, e.g., Kupffer cells in the
liver) [67]. Depending on their size and surface modification, NPs can be taken
up extremely rapidly by the RES or can evade the RES and have a long blood
circulation (Figure 10). Compared to small molecules, NPs show poor extravasa-
tion into extravascular, interstitial spaces and so imaging targets outside the vas-
cular system or liver usually takes hours to days and impacts the areas of their
application as efficient contrast agents.

Applications include imaging the RES (liver and lymph nodes), the blood pool,
cancerous lesions and inflammatory sites, tracking of stem cells, and implant
labelling to name a few [65]. Despite a steadily growing number of NP-based
contrast agents entering pre-clinical and clinical trials, only superparamagnetic
iron oxide nanoparticles (SPIONs) as T2 contrast agents have been approved by
the FDA so far [68]. They were initially used to image hepatocellular carcinomas,
as liver tumors generally lack Kupffer cells and therefore do not accumulate
SPIONs and remain undarkened on MRI images. However, for similar reasons
to MnDPDP described above, the approved SPIONs for liver imaging were dis-
continued for small market share. The only imaging nanoparticle now available
is ferumoxytol, an intravenous iron replacement therapy that is sometimes used
off-label for imaging in patients with impaired renal function [69]. Because NPs
are in general not excreted from the body, care must be taken with respect to
long term toxicity. The SPIOs that have been approved break down in the body
and the iron is incorporated into the body’s pool of iron. For non-endogenous
metals, lack of elimination is a potential problem.

3. POSITRON EMISSION TOMOGRAPHY (PET)

AND SINGLE PHOTON EMISSION COMPUTED

TOMOGRAPHY (SPECT) PROBES

3.1. Overview of Positron Emission Tomography and Single

Photon Emission Computed Tomography Probes

First reported studies using radiometals in humans date back to 1927, when 214Bi
was injected into patients to measure blood circulation between two arms [70].
However, the lack of adequate instrumentation at that time delayed the wide-
spread use of radiometals in the clinic until the early 1960s, shortly after 99Mo/
99mTc generators were inaugurated [71]. The 99Mo/99mTc generator is a device
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that contains 99MoO4
2– adsorbed onto an alumina column. The 99MoO4

2– decays
slowly to the metastable 99mTcO4

– ion which can be eluted off the column with
saline while leaving the 99MoO4

2–on the column. Thus, each day the generator
can be eluted to produce 99mTc for preparation of human doses. 99mTc has very
favorable properties for imaging: a 6 hr half-life provides ample time for chemi-
cal synthesis and delivery of the dose, and a single gamma ray emitted at 140 keV
is in the ideal range for detection by gamma cameras. Due to a relative ease of
use and availability, these generators dominated the field for the next decades,
largely expanding the radiochemistry of 99mTc compounds [72]. Other isotopes
like 111In, 201Tl, and 67Ga are used for SPECT imaging, albeit at a much smaller
scale than 99mTc and this is mainly due to the more favorable imaging and half-
life properties of 99mTc.

The last 20 years have seen a steady rise in the number of PET scanners avail-
able. PET has two major advantages over SPECT: first, PET, unlike SPECT, is
a truly quantitative technique, and second, the spatial resolution of clinical (but
not preclinical) PET scanners is 2–3 times higher than SPECT scanners. As PET
became a part of routine clinical practice, the list of radiometals utilized for PET
was expanded to include 64Cu, 68Ga, 82Rb, and 89Zr among others. This, in turn,
prompted radiochemists to substantially expand their knowledge of coordination
chemistry to search for compounds that are suitable for PET applications. The
challenges faced were not as trivial as they might sound, since all chemical trans-
formations occur in much more dilute solutions (in the pM-nM range) than usu-
ally studied by classic inorganic chemistry. Under these conditions, compounds
may be more prone to dissociation and compete with trace metal impurities that
can affect kinetics of radiolabeling and dissociation. Compared to other imaging
modalities, low concentrations of the radioisotope in the injected dose greatly
reduce the risk of chemical toxicity. As a rule of thumb, the decay half-life of
the isotope used for PET imaging should match the biological half-life of the
probe, to minimize the radiation exposure of patients. For example, rapidly ex-
creted hydrophilic small molecules and peptides are usually labelled with 68Ga
(t1/2 = 68 min), longer circulating antibody fragments with 64Cu (t1/2 = 12.7 h),
while antibodies and nanoparticles usually bear 89Zr (t1/2 = 78.4 h) chelates.

The chemistry requirements vary with the isotope used. Different metals re-
quire different chelators depending on their fundamental chemical properties. In
general, one requires rapid (minutes) and complete incorporation of the radiomet-
al into the molecule. For antibodies and other heat sensitive compounds, labeling
must be performed under mild conditions. Dissociation of the radiometal should
be slow on the timescale of the imaging study. For antibody-based imaging applica-
tions where PET can be performed many days after injection, it is obviously criti-
cal that the radiometal remains associated with the antibody such that the image
reflects the distribution of the antibody and not some metabolites.

The popularity of these aforementioned radionuclides rests on three major
factors: (i) their well-established ability to form stable complexes, (ii) their opti-
mal decay parameters, and (iii) their availability. Although the first two factors
play an important role, easy access to sufficient quantities of a particular radio-
metal is key towards its widespread application in the clinic. There are dozens
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of radiometal isotopes in the periodic table that combine a suitable half-life with
an optimal decay profile but remained inaccessible in sufficient quantitates until
very recently (Figure 11). However, this situation has been changing lately with
many new isotopes now available for preclinical studies, while more radionuclid-
es are expected to be within reach of radiochemists in the nearest future. This
will, in turn, prompt the development of new chelators that form stable complex-
es with these emerging isotopes [73, 74].

3.2. Opportunities in Multimodal Imaging

The last decade marked the appearance of clinical simultaneous PET/MRI scan-
ners that combine remarkable sensitivity of PET with high anatomical resolution
and soft tissue contrast offered by MRI. Although the hardware combines both
modalities, almost all studies rely on using PET-only and MRI-only imaging
probes, and there is an opportunity to develop dual PET/MRI probes. In fact,
co-injection of both an MRI tracer and its PET-active surrogate brings advan-
tages, such as quantification of the MRI probe concentration, paving the way
towards the use of responsive MRI probes in vivo.

However, only a few elements of common paramagnetic ions used for contrast-
enhanced MRI imaging have isotopes suitable for PET imaging, such as 52Mn
and 55Fe. However, the most obvious candidate – gadolinium – lacks any PET
active isotopes, and therefore other ions such as 86Y which have similar chemical
and biological properties should be used instead [75]. Close chemical resem-
blance between Tc(I) and Re(I) complexes prompted the use of isostructural
Tc(I)/Re(I) pairs that showed potential as SPECT/optical [76–77] dual probes,
taking advantage of bright luminescence generated by rhenium complexes.

3.3 Combining PET Imaging and Radiotherapy:

Theranostic Agents

Radiotherapeutic agents have a proven track record of successful treatment of
disseminated diseases, where other therapeutic options are often inefficient. Cur-
rently, this field is dominated by two isotopes: 90Y, emitting high-energy β– parti-
cles, and 177Lu, emitting low-energy β– particles and γ-radiation [78]. However,
the success of the field is spurring more research. Special emphasis has been
placed on radiometals with a theranostic potential that either can combine PET
with a therapeutic effect (e.g., 68Ga PET with 177Lu therapy) or that have a
matched theranostic pair (e.g., 44Sc/47Sc, 161Tb/155Tb, 64Cu/67Cu, etc.) [79]. The
idea is that PET can be used not only for disease detection and treatment moni-
toring, but because it is quantitative, the PET signal can be used to compute the
optimum dose of the radiotherapy that provides killing power to the tumor while
minimizing side effects from off-target accumulation. Ideally, this should be per-
formed with metals that have an isotope for PET and an isotope for therapy to
ensure that the pharmacokinetics are identical for imaging and therapy.
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Along with developing economically viable routes to produce new isotopes on
a large scale, their coordination chemistry has been widely explored as well.
Even though DOTA-based chelators have been shown to form sufficiently stable
complexes with most radiometals, a quest for more metal-specific ligands has
never ceased. For instance, the majority of new radiometals entering preclinical
and clinical trials are rare earths that share very similar chemical properties
across the series, albeit slightly differ in ionic radii [80]. The latter gives rise to
a variation of kinetic stability of the complex as a function of a metal ion used,
requiring different chelators for smaller and larger rare earth ions [81, 82].

Once the radionuclide has decayed, daughter radiometals preferentially should
be still bound to the same chelator to mitigate any toxic effect caused by a free
metal. However, in the case of α-emitters, high recoil energy inevitably leads to
dechelation of daughter ions, frequently leading to toxic side effects that signifi-
cantly hamper clinical translation [83]. Multiple efforts have been focused on
accelerating the delivery of a radiotherapeutic agent to the targeted region to
minimize the release of the free metal outside the malignancy. Furthermore,
various nano-sized carriers have been also reported that can efficiently confine
the recoiled daughter isotopes inside.

4. COMPUTED TOMOGRAPHY CONTRAST AGENTS

4.1. Metal-Based Complexes

X-ray computed tomography (CT) remains the most frequently used diagnostic
technique worldwide (ca. 70 million scans in the US alone), allowing visualization
of pathological conditions in both soft tissues and bones [84]. To increase the
contrast in CT images, various contrast agents containing barium and iodine are
routinely used in the clinic, although common side effects observed at high concen-
trations required for injection prompted the search for alternatives [85].

Although the quest for new iodinated organic molecules with reduced adverse
side effects still attracts a lot of attention, other elements that can absorb X-rays
more efficiently than iodine or barium have been under scrutiny [86]. For in-
stance, lanthanide ions have a higher mass attenuation coefficient than iodine
and hence, should produce substantially higher contrast per atom. Furthermore,
the widespread use of gadolinium contrast agents allowed their off-label use as
dual MRI/CT contrast agents, although the dose required for CT contrast is
much higher than for MRI. However, low molar loading of gadolinium at clini-
cally approved concentrations of GBCAs produced suboptimal contrast en-
hancement, encouraging the development of contrast agents with higher molar
loading. In particular, promising results were obtained by the Bayer company
with their remarkably stable Bay-576 probe containing three Hf4C ions per com-
plex, allowing a significant reduction of the radiation dose as compared to com-
mercially available iodinated agents in preclinical studies (Figure 12) [87, 88].
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Following the same path, metal clusters with relatively high metal loadings have
also been proposed as potential contrast agents, however, their likely toxicity at
clinically relevant concentrations precluded their use in preclinical studies [89, 90].

4.2. Nanoparticles

In terms of metal loading, discrete complexes and clusters can hardly compete
with nanoparticles, which also exhibit much longer circulation times in the blood,
resulting in a higher uptake in targeted tissues and organs. With 2.7-times higher
attenuation coefficient than iodine, relatively innocuous gold can form highly
uniform nanoparticles with narrow size distribution, which have been extensively
studied as prospective CT probes [91, 92]. Ease of surface functionalization al-
lows facile tuning of pharmacokinetics and biodistribution (Figure 13). The surge
in popularity of gold nanoparticles as antitumor therapeutic agents resulted in
extensive preclinical and clinical trials, which may eventually facilitate the clini-
cal translation of gold nanoparticles for imaging [93].

Nanoparticles containing other heavy metals have been also thoroughly inves-
tigated, including lanthanide nanoparticles. Their versatile physical properties
enable multimodal imaging (MRI, CT, luminescence), and also make them suit-
able for molecular targeting. Unlike other imaging modalities (MRI, PET,
SPECT), the low sensitivity of CT imaging makes it extremely hard to create
targeted contrast agents, as there are only a few molecular targets that are ex-
pressed in sufficient concentrations to generate a detectable response. Calcium
ions are one of the suitable candidates targeted by CT contrast agents to visual-
ize bone defects [94]. A rapidly growing area of cell therapy can also benefit
from CT-assisted in vivo tracking using nanoparticle-labelled cell strains [95].

Progress in devising new CT probes has been partially invigorated by advances
in scanner design. For instance, recently inaugurated spectral CT instruments allow
simultaneous detection of elements with different attenuation coefficients, provid-
ing a better contrast between the probe and surrounding tissues [96]. Such ‘multi-
color’ imaging also enables concomitant tracking of several contrast agents with
different elemental compositions – something that can greatly facilitate direct
comparison with commercially available tracers in preclinical studies [97, 98].

5. OPTICAL PROBES

5.1. Novel Metal-Based Agents for Cellular Staining

and Therapy

Among many functional properties of metal complexes, photoluminescence is
probably one of the most widely studied. Versatility of structural and electronic
properties enables facile access to compounds with finely tuned photophysical
properties, in many cases outperforming purely organic small molecules, in par-
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ticular with regard to photophysical and chemical stability. This ensured their
widespread use as cellular tracers, which are often exposed to harsh enzymatic
conditions and extended signal acquisition times.

The advent of commercially available far-field super-resolution optical micros-
copy techniques enabled tracking chemical changes on a sub-cellular level and
strengthened the interest in responsive fluorescent probes, while the progress in
multi-photon imaging that allows deeper tissue penetration heralds the surge
in subcutaneous diagnostic applications. However, there is a large variation in
sensitization and emission mechanisms among different classes of metal com-
plexes that markedly affect the photophysical properties (such as Stokes shift,
lifetime of an excited state, width of emission bands, etc.), and therefore should
be considered separately.

5.2. First-Row Transition Metal Complexes

Despite the fact that first-row transition metal complexes attract much less atten-
tion than their heavier counterparts, there is still ongoing progress in devising
new cellular stains utilizing these ions. The majority of publications solely focus
on luminescent complexes with a spectroscopically silent Zn2C ion that in most
cases has very little impact on electronic structure of coordinated ligands and
serves only as a structural pivot.

However, an unceasing inclination towards sustainable solutions in chemistry
invigorated interest in other earth-abundant first-row transition metals that can
at least partially replace less copious platinum-group metals [99]. Unlike widely
used Ru(II) (4d6) and Ir(III) (5d6) emitters, low-lying d orbitals in 3d6 metal
ions (Cr0, Fe2C, Co3C) usually result in non-emissive depopulation of the metal-
to-ligand charge transfer (MLCT) state, however multiple attempts to enhance
ligand-field splitting have been made, which are primarily focused on increasing
the symmetry and rigidity of the complex, as well as designing ligands with
strongly donating binding groups [100].

Despite sizeable progress in this area, existing complexes possess lifetimes in
the nano- to picosecond regime at best, precluding efficient time-gating of the
emission signal and hence, their use in cellular imaging. More promising results
have been attained for 3d3 complexes, particularly Cr3C, that can emit in the
biologically relevant near-IR window with long lifetimes and high quantum
yields, although no cellular studies have been reported to date [101].

5.3. Platinum Group Metal Complexes

Weaker binding between the nucleus and 4d/5d electrons in platinum group met-
als results in an unimpeded radiative decay of the MLCT state, giving rise to
long-lived emission with high quantum yields. High sensitivity of the emission
profile even to minor changes in the structure provides easy access to families
of fine-tuned luminescent dyes [102]. The plethora of cellular stains based on
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platinum metals has received scrutiny over the past two decades, ranging from
organelle-specific tracers to sensors of messenger molecules and molecular ther-
mometers. Along with detecting changes in the emission spectrum, long-lived
excitation states in phosphorescent complexes enable efficient time-gating and
therefore the ability to track changes in the lifetime of an excited state, allowing
multimodal imaging. Although naturally broad, emission bands in platinum
group metals may originate from various excited states that respond differently
to external stimuli potentially giving rise to a ratiometric response with a quanti-
tative readout.

One of the substantial benefits offered by many of these complexes is their
therapeutic effect against cancer cells, including photoactivated chemotherapy
[103]. Unlike the classic photodynamic therapy that relies on high oxygen con-
tent to generate a therapeutic effect, longer lived and lower lying electronic
states in complexes of platinum group metals produce a cytotoxic effect even in
hypoxic areas – a frequently encountered hallmark of cancerous tissues. The
first and the only compound designed for photoactivated chemotherapy that has
entered clinical trials so far is the Ru(II) complex TLD1433 that is believed to
act as a ‘supercatalyst’ by generating more than one reactive species per every
photon absorbed (Figure 14) [104]. A small cohort of patients with non-muscle-
invasive bladder cancer was intravenously administered with TLD1433, which
was excited by an optic fiber positioned in the bladder. After optimization of
the therapeutic dose, two patients who received treatment showed no recurrence

Figure 14. Structure of TLD1433 and the simplified electronic scheme depicting transi-
tions responsible for diagnostic and therapeutic effects. Reproduced with permission from
[104]; copyright 2019, American Chemical Society.
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of the disease after 180 days post injection, giving a green light for a Phase II
study with a much larger patient population. Notwithstanding these encouraging
data, the need to deliver the excitation source close to the affected region re-
mains the primary drawback of photoactivated chemotherapy. In some cases,
this obstacle can be surpassed by developing compounds efficiently absorbing in
the near-IR region, which can be excited by an external source.

5.4. Lanthanide Complexes

Lanthanides also possess unique chemical and physical properties. Effectively
shielded from outer 5s and 5p orbitals, 4f electrons experience very little impact
from ligated atoms resulting in much larger spin-orbit coupling compared to
ligand-field splitting. This results in very narrow emission bands and a very long-
lived emission lifetime in lanthanide complexes, which along with very large
‘pseudo-Stokes’ shifts make them ideal candidates for cell imaging, as has been
proved by a myriad of organelle-specific stains [105]. In addition, very intense
circularly polarized luminescence (CPL) signals make it possible to probe chiral
analytes and trace complexes of opposite helicities inside the cells using an
emerging CPL microscopy [106]. Although the energies of f-f transitions in lan-
thanides are virtually unaffected by the changes in coordination environment,
relative intensities of certain bands, called hypersensitive, may experience dra-
matic changes, as in the case of Eu3C complexes.

Numerous reversible ratiometric probes based on the hypersensitivity of the
emission spectrum have been devised to measure changes in pH, temperature,
metal concentration, etc., although only a few have been actually used for cellu-
lar imaging of living cells [107]. The most recent advances in the field are associ-
ated with the emergence of IR-emitting discrete Yb3C probes that have quantum
yields sufficient for cellular and preclinical imaging use [108].

Higher photophysical and chemical stability of lanthanide-doped nanosized
phosphors along with affinity of nanoparticles towards malignant tumors via the
enhanced permeability and retention effect, makes them attractive candidates
for fluorescence-guided surgery in cancer patients. In contrast to discrete metal
complexes, lanthanide nanoparticles can have bright emission in the near-IR
region that considerably minimizes autofluorescence from biological tissues,
while alterations in their size and doping content allows for fine-tuning of the
excitation wavelength to maximize the absorption with commercially available
excitation sources [109].

6. MULTIMODAL IMAGING PROBES

Incorporation of 2 or more imaging reporters into a probe is readily performed,
although consideration should be given as to the need for such a probe. As
discussed above, each modality has different limits of detection and thus a multi-
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Figure 15. PET and overlaid PET/MRI scan in a tumor-bearing mouse using a dual
68Ga/natGd probe. The white arrow indicates the tumor site. Reproduced with permission
from [110]; copyright 2015, American Chemical Society.

modal probe will only be as sensitive as the least sensitive detection modality.
By combining multiple reporters in a single molecule, the chemistry is necessarily
more complex, and the resultant molecule may have pharmacokinetic properties
that suffer compared to the individual components. While the advent of commer-
cial PET/MRI and PET/CT scanners make it possible to easily detect a dual
probe with both modalities, it is not always obvious what the value would be in
doing so. Rather would image one property with a PET probe and a second
property with a separate MRI probe provide more information than a dual probe
detectable by both modalities. Accepting these caveats, there are applications
where multiple imaging readouts provide value, and these are discussed below.

As mentioned previously, the ability to use PET to quantify the in vivo concen-
tration of an MRI contrast agent allows the determination of in vivo relaxivity.
It also allows the detection of MRI probes at concentrations below detection
limits of MRI. For instance, the close chemical resemblance of natGd and 86Y
complexes was successfully exploited to trace the fate of GBCAs in an animal
model, exemplifying the huge potential of concomitant PET/MRI acquisition of
similar pairs for assessing the safety of novel MRI tracers [12].

On the other hand, spiking the responsive MRI contrast agent with its PET-
active surrogate potentially allows in vivo quantification of the signal [14]. Dual
PET/MRI molecular probes have been proposed and assessed in preclinical stud-
ies (Figure 15) [110].

Fluorescence imaging (FLI) to guide surgery, e.g., to identify sentinel lymph
nodes or to identify tumor margins, is a rapidly growing field. FLI also provides
unprecedented spatial resolution with the ability to image subcellularly with high
sensitivity. Dual FLI/MRI or FLI/PET (or SPECT) probes can thus be designed
that are given systemically and the whole body imaged with MRI or PET, and
then more directed FLI performed at regions where the probe localizes (Fig-
ure 16) [111]. Multiple dually labelled antibodies, peptides, small molecules and
nanoparticles have been used in preclinical studies. Similarly, in the validation
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of molecular probes, FLI provides indispensable evidence ex vivo to show the
microscopic distribution of the probe, e.g., is it extra- or intracellular, and if the
latter were in the cell.

A major drawback of fluorescence imaging is low tissue penetration due to
energy loss experienced by excitation and emission light beams that can be par-
tially mitigated by employing the Cherenkov effect [112]. In a dual PET/FLI
probe, when a positron emitted by a radioisotope exceeds the speed of light, a
Cherenkov emission is generated that can be used as an excitation source for
the fluorescent probe [113]. This can remove the need for an external excitation
source for both imaging and guided surgery, although the latter would require
the use of isotopes with longer half-lives, increasing the radiation burden on the
surgeon and the patient.

7. CONCLUDING REMARKS AND FUTURE DIRECTIONS

Since its inception in the middle of the 20th century, molecular imaging has de-
veloped into a vast interdisciplinary field, encompassing chemistry, physics, biol-
ogy, engineering, and computer sciences. Metal-based tracers are now widely
used in various imaging modalities alone or in combination, delivering a positive
change to early diagnosis of most deadly diseases, thereby increasing the survival
rate. The discovery of more specific biomarkers facilitates the development of
more selective molecular probes, allowing distinguishing between closely related
pathological conditions, thus improving the efficacy of treatment. Eventually,
this will revolutionize the landscape of modern clinical imaging, offering a pa-
tient-tailored diagnostic. The chapters of this volume provide a state-of-the-art
account of metal-based imaging probes and theranostics across a range of modal-
ities and provide a roadmap to future innovations.

In this book, readers will learn about recent advances in gadolinium-based
contrast agents (Chapter 2), as well as substantial progress in the development
of gadolinium-free alternatives, including manganese-containing probes (Chap-
ter 3) and iron oxide nanoparticles (Chapter 9). Reflecting mounting interest
beyond conventional T1 contrast agents, separate chapters are dedicated to para-
CEST (Chapter 4) and paramagnetic 19F MRSI probes (Chapter 8).

Combining imaging with therapy, theranostic MRI probes, discussed in Chap-
ters 10 and 12, allow tracking of a therapeutic load, thus offering potential bene-
fits for personalized treatment plans. Thinking outside the synthetic chemistry
box, intrinsically biocompatible endogenous paramagnetic biomolecules have
been long considered as potential contrast agents and have been recently joined
by magnetotactic bacteria, whose potential as MRI contrast agents is explored
in Chapter 15.

Technetium radiotracers remain a cornerstone of modern SPECT imaging and
despite their very long history, are still in an active development (Chapter 7).
On the other hand, more chemically diverse tracers for PET imaging now include
compounds with almost a dozen of different radiometals, all having distinctive
radiochemical properties and diagnostic applications, as discussed in Chapter 6.
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The exploration of new radiometals for PET imaging is largely driven by the
availability of therapeutic radioisotopes of the same element, so they can form
theranostic ‘matched pairs’ which have a large clinical potential (Chapter 11).

Although metal-based luminescent probes still have a very limited clinical ap-
plication, various cellular probes have been developed and widely used for lumi-
nescent imaging. They proved to be especially useful for imaging cancer cells
(Chapter 13) and staining particular organelles, such as mitochondria (Chap-
ter 14). Selective visualization of molecular targets, such as metal ions and pro-
teins, can be of particular interest for tracking down the processes underlying
many pathological conditions, for instance neurodegenerative diseases (Chap-
ter 16). Unique optical properties of lanthanides can greatly expand the potential
of optical imaging, especially in terms of signal quantification (Chapter 5).

Recent technological advances in X-ray computed tomography rekindled the
interest in developing new contrast agents, with significantly improved resolution
and multichannel detection now allowing visualization of specific molecular tar-
gets (Chapter 17).

ABBREVIATIONS

4AmP 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(acetamido-
methylenephosphonic acid)

CEST chemical exchange saturation transfer
CNS central nervous system
CPL circularly polarized luminescence
CT computed tomography
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DOTP 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra(methylene phos-

phonic acid)
DPDP dipyridoxyl diphosphate
DTPA diethylenetriaminepentaacetic acid
FDA Food and Drug Administration
FLI fluorescence imaging
GBCA gadolinium-based contrast agent
GdOA 2,2′,2″-(10-(5-(2-(aminooxy)acetamido)-1-carboxypentyl)-

1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid gadolin-
ium complex

GFR glomerular filtration rate
H2qtp1 N-(2,5-dihydroxybenzyl)-N,N′,N′-tris(2-pyr-idinylmethyl)-1,2-

ethanediamine
IR infrared
JED 2,2′-(ethane-1,2-diylbis(((2-hydroxyphenyl)(pyridin-2-

yl)methyl)azanediyl))diacetic acid
MLCT metal-to-ligand charge transfer
MnDPDP Mangafodipir
MRI magnetic resonance imaging
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MRSI magnetic resonance spectroscopic imaging
MTR magnetization transfer ratio
NP nanoparticle
NSF nephrogenic system fibrosis
paraCEST paramagnetic chemical exchange saturation transfer
PET positron emission tomography
PyC3A N-picolyl-N,N′,N′-trans-1,2-cyclohexenediaminetriacetate
RES reticuloendothelial system
SPECT single-photon emission computed tomography
(U)SPION (ultra)small superparamagnetic iron oxide nanoparticle
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Abstract: Gadolinium(III)-based contrast agents (GBCAs) have been extensively used in mag-
netic resonance imaging (MRI) in clinical practice since 1988, largely because they can dramati-
cally improve contrast between healthy and diseased tissues. GBCAs are complexes of Gd(III)
in which the metal ion is encapsulated in a cavity of linear (open-chain) or macrocyclic ligands.
Although the safety statistics of GBCAs are in general excellent, nephrogenic systemic fibrosis
(NSF) observed in a small subset of patients with poor kidney function after the administration
of linear GBCAs and more recently, gadolinium deposition in various tissues (e.g., brain, bone)
raised safety concerns. In this review we briefly describe the physical principles of MRI, the
background of NSF, environmental concerns of gadolinium as well as related regulatory ac-
tions. The robustness of commercial GBCAs in terms of stability and inertness and innovative
research to develop safer and more effective new GBCAs, as well as smart/responsive contrast
agents (SCAs) (pH-, hypoxia-sensitive CAs, enzyme activated systems) will also be discussed.

Keywords: alternative MRI contrast agents · gadolinium-based contrast agents (GBCAs) ·
gadolinium retention · improving the safety profile · magnetic resonance imaging (MRI) ·
nephrogenic systemic fibrosis (NSF) · positive gadolinium anomaly

1. INTRODUCTION

Before 1988, i.e., in the pre-MRI era, the coordination chemistry of lanthanide
elements (Ln) was mainly driven by some interest of ion exchange separation of
nuclear fission products and macroscopic amounts of lanthanide compounds
from rare earth minerals. The advent of magnetic resonance imaging (MRI) and
the suggestion that Gd complexes could be used to enhance MR image contrast
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revolutionized this field attracting many researchers around the world. At the
same time, the use of open-chain and macrocyclic amino-polycarboxylate (APC)
ligands as binders of Gd(III) in clinically approved gadolinium(III)-based con-
trast agents (GBCAs) led to the higher appreciation of research on Ln(III) APC
complexes [1–6].

In the following decades GBCAs have become one of the most successful metal-
containing drugs beside the technetium-99m diagnostic agents and the platinum-
based anticancer therapeutics. The success of GBCAs can be attributed to the
valuable diagnostic/prognostic information and the outstanding safety statistics
compared to other diagnostic agents. Although MRI images can be generated
without contrast agents (CAs), approximately 40–60 % of all exams are GBCA-
enhanced, which represents about 40 million/year administrations globally [7, 8].
The market of GBCAs is currently over 1 billion USD per year and it is projected
to increase because of longer life expectancy.

The above success story seemed to come to a halt in 2006 when nephrogenic
systemic fibrosis (NSF), a destructive disease linked to GBCAs was described in
some renally impaired patients [9, 10]. The mechanism of NSF is not fully under-
stood, but the Gd-toxicity is attributed to the release of Gd(III) from GBCAs.
The risk of NSF is significantly higher in patients with impaired renal function
and repeated and/or multiple dosing [11–13]. Although the actual clinical guide-
lines and warnings issued by the regulatory agencies (especially for linear
GBCAs) have eliminated new NSF cases, the confidence in GBCAs has not
been completely restored yet. The safety concerns re-emerged again a few years
later when seemingly irreversible Gd retentions were detected in brain [14] and
bone [15] tissues of patients receiving multiple doses of GBCAs. In addition, we
should not ignore the “positive gadolinium anomaly” found in surface waters
close to large MRI centers [16] caused by scattered Gd(III) from CAs.

The aim of our review is to provide a brief re-appraisal on the current state of
research on GDBCs within the scope of this book. The development of the field,
both advantages and the negative effects, are well documented in the literature
[17–19]. In a recent review Caravan and his coauthors [7] give a comprehensive
overview of the actual chemistry of MRI CAs including GBCAs offering detailed
discussions of the biophysical and medical/biochemical aspects and applications.
Here, we will summarize the current understanding of the mechanism of in vivo
Gd(III) release and deposition in tissues and describe some innovative efforts
to develop better and safer GBCAs. In line with the contents of related chapters
of this book we only deal with selected aspects of “smart” imaging agents.
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2. MAGNETIC RESONANCE IMAGING IN MEDICAL

IMAGING

2.1. Physical Principles of Magnetic Resonance Imaging

Since several publications and books are available on the basic principles of
MRI, only a brief overview of the physical background of the technique is pro-
vided here [18].

The nuclear magnetic resonance (NMR) signal originates from the Zeeman-
splitting of the spin states of nuclei with non-zero spin in an external magnetic
field (B0). In the clinical routine, MRI (based on the same physical phenomena
as NMR) in fact is using the proton (1H) signal of water since it is present in
fairly high concentration (~60 %) in the human body. After the radio frequency
(RF) excitation in the B0 field the system returns to the thermal equilibrium by
spin-lattice (longitudinal) and spin-spin (transversal) relaxation. The exponential
time constants T1 and T2 characterize changes of longitudinal and transversal
magnetization, respectively.

The most frequently used pulse-sequence in MRI is based on the spin echo
(SE) [20]. The signal intensity (SI) in SE can be given as

SI = N(H)[1 – e–TR/T1]e–TE/T2 (1)

where N(H) is the proton density, T1 and T2 are the relaxation times, TE and
TR are the echo and repetition time. The TE is the time between the 90° RF
pulse and the echo (180° RF excitation occurs at TE/2) and TR is the interval
between two successive excitations. Based on Equation (1), one can conclude
that shortening of T1 increases while that of T2 decreases the SI.

The raw data are stored as a data matrix in the k-space which is used to
generate the image. Each pixel in the 2D image with a given slice thickness
corresponds to volume elements (voxel) of space in reality. The gradients (Gx,
Gy, and Gz, generated by small coils positioned along the electromagnet) are
used to distinguish the voxels with respect to positions. The k-space data points
and the image pixels are related to each other by Fourier transform.

The contrast of the MR images can be enhanced by paramagnetic materials
accelerating both T1 and T2 relaxation. Currently, complexes of the Gd(III) ion
are used for this purpose. The relaxivity (r1p, mM–1s–1) of GBCAs [the enhance-
ment of the relaxation rates (1/T1 and 1/T2) of the water protons relative to
the diamagnetic media caused by the paramagnetic substance present at 1 mM
concentration] is determined by several factors (Figure 1A).

The relaxivity of a complex is directly proportional to the number of water
molecules coordinated to the paramagnetic metal ion (q). The paramagnetic
effect from the metal to the bulk water kex (τM = 1/kex) is transmitted via water
exchange that has to be in the optimal range. If the exchange is too fast (relative
to the value of the electron relaxation time, T1,2e), the excited protons will not
have enough time to relax (in connection to the value of the electron relaxation
time, T1,2e), while in slow exchange fewer water molecules participate and the

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



GADOLINIUM(III)-BASED CONTRAST AGENTS FOR MRI 43

F
ig

ur
e

1.
(A

)
Sc

he
m

at
ic

ill
us

tr
at

io
n

of
a

G
d(

II
I)

co
m

pl
ex

w
it

h
on

e
co

or
di

na
te

d
w

at
er

m
ol

ec
ul

e,
su

rr
ou

nd
ed

by
bu

lk
w

at
er

.τ
r

is
th

e
ro

ta
ti

on
al

co
rr

el
at

io
n

ti
m

e,
k e

x
is

th
e

ra
te

of
th

e
w

at
er

/p
ro

to
n

ex
ch

an
ge

.T
1m

is
th

e
lo

ng
it

ud
in

al
re

la
xa

ti
on

ti
m

e
of

th
e

pr
ot

on
s

of
th

e
m

et
al

bo
un

d
w

at
er

m
ol

ec
ul

e
an

d
T

1,
2e

re
fe

rs
to

th
e

el
ec

tr
on

ic
re

la
xa

ti
on

ti
m

es
of

G
d(

II
I)

.(
B

)
D

ep
en

de
nc

e
of

th
e

r 1
re

la
xi

vi
ty

on
th

e
ro

ta
ti

on
al

co
rr

el
at

io
n

ti
m

e
τ r

an
d

th
e

w
at

er
re

si
de

nc
e

ti
m

e
τ M

.
T

he
el

ec
tr

on
ic

re
la

xa
ti

on
ti

m
es

(T
1,

2e
)

of
G

d(
II

I)
w

er
e

se
t

to
1

ns
.

T
he

ca
lc

ul
at

io
ns

w
er

e
pe

rf
or

m
ed

at
B

0
=

0.
47

T
ex

te
rn

al
m

ag
ne

ti
c

fi
el

d
st

re
ng

th
.

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



44 I. TÓTH et al.

relaxation effect is less efficient. The third parameter is the τR rotational correla-
tion time, which describes the rotation (tumbling rate) of the molecule. Figure 1B
shows the correlation between the relaxivity, τM and τR [21].

The longer τR, the higher the relaxivity of the complex (at least at lower fields).
The relaxivity of contrast agents used in the clinical practice is limited by τR.
However, to attain maximum relaxivity (around 100 mM–1s–1), the water ex-
change rate (kex = 1/τM) must also be tuned close to the optimal value (log τM

~ –8).

2.2. Commercial Gadolinium(III) Complexes

The first approved agent for human examinations in 1988 was the Gd(DTPA)
(gadopentetate, Magnevist) which was followed very soon by the macrocyclic
Gd(DOTA) (gadoterate, Dotarem) (the charges of the complexes are ommitted
for clarity). Later, to avoid the drawback of negatively charged CAs (high osmotic
concentration can cause pain at injection), neutral contrast agents were also devel-
oped such as Gd(HP-DO3A) (gadoteridol, ProHance), Gd(DTPA-BMA) (gado-
diamide, Omniscan), Gd(BT-DO3A) (gadobutrol, Gadovist), and Gd(DTPA-
BMEA) (gadoversetamide, Optimark) [7]. All CAs listed above are distributed
rapidly in the extracellular space of the body following intravenous administration,
and mostly excrete through the kidneys via glomerular filtration thanks to their
hydrophilic character. However, CAs containing lipophilic groups just like in
Gd(EOB-DTPA) (gadoxetate, Primovist) and Gd(BOPTA) (gadobenate, Multi-
hance) show specificity to the blood pool or the liver. The complex Gd(MS-325)
(gadofosveset, Ablavar) possessing high binding affinity to the human serum albu-
min (HSA) is designed to visualize the vascular system (MR angiography). How-
ever, Ablavar is no longer available because of the low market demand [7]. The
structures of the GBCAs mentioned in the text are shown in Figure 2.

The most important consideration is safety [22]. The next key property of
CAs for MRI is the relaxivity. Obviously, high relaxivity is preferred because it
translates into lower dose and consequently, reduced side effects. The gadolinium
toxicity is generally attributed to free Gd(III) released from the agent. The high-
er the stability, the lower the free Gd concentration expected to form in a (time-
dependent) equilibrium reaction, but the free Gd-concentration is largely deter-
mined by the inertness of the agent (i.e., the rates of decomplexation). To pre-
vent the in vivo decomplexation in living systems, the GBCAs must have high
kinetic inertness [19]. The half-life of CA excretion is about 1.5 h [23] through
(healthy) kidneys, i.e., the GBCAs must not be (substantially) decomplexed in
the body within a time period of 8–10 hours. The commercial GBCAs fulfill
these requirements to different extents. The outstanding kinetic inertness of mac-
rocyclic GBCAs seems to be the key parameter in safety issues. The most impor-
tant physicochemical data of GBCAs are summarized in Table 1 [23, 24, 46].

log Kcond was calculated at pH = 7.4 using the protonation constants (KiH) of
the ligand, t1/2 = ln2/kd; kd [s–1] = k1 [HC] at [HC] = 3.98·10–8 M (pH = 7.4) using
k1 [M–1s–1] values of proton-assisted decomplexation from [19], except bold
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Table 1. The thermodynamic (log K) and conditional (log Kcond) stability constants [46]
and the decomplexation half times (t1/2) calculated at pH = 7.4 of commercial GBCAs
[23, 24].

GBCA log K log Kcond t1/2 [h]

Gd(DTPA) 22.03 18.48 1.2·104 / 3.1·102

Gd(BOPTA) 21.91 18.83 1.7·104

Gd(EOB-DTPA) 23.6 18.70 4.36·104

Gd(DTPA-BMA) 16.64 15.05 3.81·102/9.3
Gd(DTPA-BMEA) 16.85 14.98 5.62·102

Gd(DOTA) 24.7 20.98 5.76·108

Gd(HP-DO3A) 23.8 17.21 7.56·106

Gd(BT-DO3A) 20.8 14.61 1.73·108

values for Gd(DTPA) [24] at 25 °C and Gd(DTPA-BMA) at 37 °C [23], where
kd [s–1] is the rate constant of decomplexation at physiological concentration of
citrate, carbonate, and phosphate, pH = 7.4. Similar data have not been published
for the other three linear GBCAs.

3. NEGATIVE EFFECTS OF MASS APPLICATION

OF GADOLINIUM(III)-BASED CONTRAST AGENTS

3.1. Gadolinium Accumulation in Human Tissues

In 2000 NSF was described as an independent disease entity. The clinicopatho-
logical diagnosis is based on presentation and histological findings [25]. NSF was
observed in patients with impaired kidney function and it took six years to prove
the direct connection of NSF to GBCAs in 2006 [26, 27]. The retrospective analy-
sis of NSF cases (estimations on the number of cases span between 600–2000 glo-
bally) proved not only the role of gadolinium, but clearly showed that linear
CAs derived from DTPA, especially gadodiamide (Omniscan), were the ones
associated with Gd(III) toxicity. After tightening the regulations (see Sec-
tion 4.1), the restricted use of linear agents for patients with impaired renal func-
tion practically eliminated the risk of NSF. However, there is no widely accepted
model for NSF so far.

A new concern emerged in 2010, when Gd(III) retention was observed in the
central nervous system (CNS) of patients with normal kidney function. Xia et al.
reported gadolinium accumulation in human brain tumors [28]. The level of con-
cern was significantly increased when hyperintensity regions in the normal brain
were observed in MRI images of patients who earlier received repeated doses
of GBCAs [29]. However, unlike NSF, Gd(III) deposition in the brain has not
been associated with any adverse biological effect by scientific investigation so
far. The mounting evidence (mainly published by radiologists working with hu-
man patients) strongly suggests that Gd(III) retention in the CNS can appear in

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



GADOLINIUM(III)-BASED CONTRAST AGENTS FOR MRI 47

patients with intact blood-brain barrier (BBB) after multi-dose GBCAs admin-
stration [30]. A remarkable similarity between Gd retention in the brain and
NSF is the role of linear GBCAs while macrocyclic GBCAs seem to be less
involved [31]. The mechanism of Gd(III) retention and chemical speciation of
Gd(III) in the tissues remain unknown. In summary, GBCAs provide clinical
information that is not available by other diagnostic methods, and in most cases
the benefit of a contrast-enhanced MR exam far outweighs the risk associated
with GBCA administration, especially with macrocylic agents.

3.2. Positive Gadolinium Anomaly

Until 2018, over 450 million GBCA doses have been administered worldwide
[30]. Considering 1 g Gd(III)/dose the cumulative mass of gadolinium is 4500
tons, which has been mobilized in GBCAs and drained to the waste water sys-
tems after excretion from patients. Just a few years after the introduction of
GDCAs it was shown that the Gd(III) concentration in river and lake waters in
the vicinity of densely populated and industrialized regions was elevated (this
is termed as the positive gadolinium anomaly), and could be attributed to the
application of GBCAs (mostly Gd(DTPA)) at that time [16]. The robust GBCAs
likely go through the standard waste water plants and end up in surface water.
[32] Although no severe adverse biological effect has been reported so far, the
emerging environmental concern is obvious [33].

4. ACTIONS IN THE “POST-NEPHROGENIC SYSTEMIC

FIBROSIS AGE”

4.1. Actions of Regulatory Agencies in the EU and the USA

In 2006 the Food and Drug Administration (FDA) alerted the public about NSF.
In 2007 the addition of a boxed warning about the risk of NSF to the labelling
of GBCA drugs was required by the agency. In 2010 the FDA prohibited the
use of the three less inert linear GBCAs (Gd(DTPA), Gd(DTPA-BMA), and
Gd(DTPABMEA)) in patients with severe kidney disease. Finally, FDA issued
another safety announcement on December 19, 2017, requiring a new class warn-
ing and other safety measures for all GBCAs. In 2017 the European Medicines
Agency (EMA) declared that the marketing authorization of the above men-
tioned linear GBCAs would be suspended while Gd(EOB-DTPA) and Gd(BOP-
TA) could only be used for liver imaging [34, 35]. Recently, two linear GBCAs
were voluntarily withdrawn from the US market by their manufacturers. We
have no information about other governmental regulations worldwide, but the
organisations of radiologists seem to be aware of these new recommendations
[36, 37, 42].
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4.2. Research on the Connections between Nephrogenic

Systemic Fibrosis, Gadolinium Deposition in Living

Systems, and Gadolinium(III)-Based Contrast Agents

The direct connection of NSF to GBCAs has been understood since 2006 [38].
Although the mechanism of toxicity has not been fully explored, the toxicity of
free Gd(III) as Ca(II) antagonist can be rationalized [39].

Retrospective analysis of chemical literature clearly shows that a substantial
body of equilibrium and kinetic data had been published before 2006, describing
relevant differences between linear and macrocyclic agents. As in 2018 some of
us reviewed this issue in detail [19], here we only summarize the main points
(one may note: “It is easy to be wise after the event”).

The stability constants of the approved GBCAs are well known and reliable
(Table 1). It should be noted that the higher thermodynamic stability (higher log
KGdL) of macrocyclic complexes compared to the open chain ones does not
translate into higher stability at pH = 7.4 as shown by the respective conditional
stability constants (log Kcond), which take into account the different basicities of
the ligands (see definitions in Section 5.1). Kinetic studies on the decomplexation
of LnAPCs also have a long history. [4, 19] The importance of kinetic inertness
had been recognised years before the first reports of NSF [40]. Long-term
(14 days) Gd(III) deposition was studied after intravenous administration of vari-
ous linear and macrocylic 153Gd(III)-labeled GBCAs in rats, giving values be-
tween 0.01–1 %. The data clearly demonstrated the higher in vivo stability of the
macrocyclic agents as these had the lowest residual Gd(III). Early studies on the
decomplexation kinetics of GBCAs were carried out in 0.1 M HCl giving first
order constants characterizing the dissociation rate of the complexes (kd; s–1).
The half-lives of dissociation (t1/2 = ln2/kd) calculated from kd values were 338 h,
43 h, 3.9 h, and < 5 s for Gd(DOTA), Gd(BT-DO3A), Gd(HP-DO3A), and
Gd(DTPA), respectively. The lability (i.e., low inertness) of the linear
Gd(DTPA) was obvious [41].

However, in vitro model systems closer to the milieu of bio-fluids have also
been used for kinetic studies. Conditions that drive to the decomplexation could
be generated by adding competing metal ions (such as the endogenous Zn(II),
Cu(II), Ca(II), and Fe(II)/Fe(III) ions) and HC for transmetalation, or organic
ligands (citrate, phosphate, large biomolecules, proteins such as transferrin) for
trans-chelation.

Figure 3 summarizes the possible kinetic pathways for decomplexation of lan-
thanide chelates Ln(L): 1. spontaneous (black, k0; s–1), 2. HC-assisted (red, kH

and kHH; M–1 s–1), 3. metal ion assisted (green, kM and kMH M–1 s–1), 4. hydroxide-
ion assisted (brown, kOH and kMOH; M–1 s–1), 5. ligand assisted (blue, kL and kLH;
M–1 s–1) dissociations. Rate constants with subscript characters and superscript
H or OH mean that both the competing agent (subscript) and HC or OH– (su-
perscript) are involved in the reaction [17–19]. The large body of kinetic data
allows the classification of the Ln(L) complexes into two groups: (i) Macrocyclic
Ln(III) complexes; these are usually extremely inert, and their decomplexation
occurs only via the proton-assisted dissociation pathway (Figure 3, red path-
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way(s)). The rate-determining step is always the release of free Ln(III) ion,
which will then react with an accessible ligand in a fast(er) reaction. On the
other hand, the released protonated ligand can react with metal ions present in
the milieu. (ii) Open-chain Ln(III) complexes; they are generally much less inert.
The rate of spontaneous dissociation could be 2–3 orders of magnitude faster
than that of DOTA-type complexes, although the dominating pathway here is
again the proton-assisted dissociation. The contribution of the ligand exchange
reactions (Figure 3, blue pathway(s)) is less studied, but it also appears to be less
substantial. For the majority of these complexes, decomplexation involving the
direct attack of exchanging metal ions (Cu(II) or Zn(II)) on the complex is also
pronounced. The role of small bioligands (citrate, carbonate, phosphate) in the
decomplexation has been recognized only recently (see Table 1) as it notably
affects the rate of dissociation of Gd(DTPA-BMA).

Baranyai et al. [24] studied the kinetics of metal exchange reactions between
Cu(II) ions and the open-chain Gd(DTPA) and Gd(DTPA-BMA) as well as the
macrocyclic Gd(DOTA) and Gd(HP-DO3A) complexes in 2012. Citrate,
HCO3

�/CO3
2 � and H2PO4

� ions can catalyze the dissociation of the open-chain
complexes. The dissociation rates of Gd(DTPA-BMA) are about two orders of
magnitude higher than those of Gd(DTPA). The much slower exchange reac-
tions of macrocyclic complexes occur through proton-assisted dissociation and
the endogenous ligands do not influence the rates [24]. Equilibrium and dissocia-
tion kinetics of Gd(DTPA-BMA) were further studied in 2015 at near physiolog-
ical conditions [23]. The extent of dissociation of Omniscan (0.35 mM
Gd(DTPA-BMA)) in a simplified plasma model at equilibrium was calculated
to be 17 % with the formation of Gd(PO4). The formation of Ca(DTPA-BMA)
was detected by capillary electrophoresis in human serum. At physiological con-
centrations the dissociation half-life of Gd(DTPA-BMA) is 9.3 h at pH = 7.4.
Considering the rates of distribution and dissociation of Gd(DTPA-BMA) in the
extracellular space of the human body, an open two-compartment model has
been developed [23]. The fraction of dissociated Omniscan predicted by this
model strongly depends on the excretion rate, i.e., on kidney function, in accord-
ance with literature data [42].

In conclusion, a closer look at the kinetic properties of the commercial GBCAs
(including the restricted ones) in Table 1 (Section 2.2) shows that the order of
inertness according to the half-lives of dissociation is as follows: Gd(DOTA) >
Gd(BT-DO3A) > Gd(HP-DO3A) > Gd(MS-325) > Gd(EOB-DTPA) >
Gd(BOPTA) > Gd(DTPA) > Gd(DTPA-BMEA) ≥ Gd(DTPA-BMA). The very
poor inertness of Gd(DTPA-BMA) can obviously be connected to the NSF cases.
At the same time, the conditional stability of these GBCAs does not follow a
similar trend (see Table 1) indicating the dominant role of kinetic inertness over
the thermodynamic stability in determining the in vivo safety of the complex.

Substantial effort has been devoted to study the retention of GBCAs in human
tissues in connection to NSF, e.g., analysis of post-mortem brain slices [43] and
skin samples [44, 45]. Bone samples from patients receiving hip replacement
surgery and examined previously by MRI using Gd(DTPA-BMA) or Gd(HP-
DO3A) [15] were analyzed by ICP-AES or ICP-MS in 2004. The data revealed
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a reverse and positive correlation of Gd(III) retention (i.e., the total concentra-
tion of Gd(III)) with inertness and cumulative dose of GBCAs, respectively.
Extended X-ray fine structure (EXAFS) analysis [44] and sampling by laser abla-
tion ICP-MS [45] were used to gather information about the chemical environ-
ment of the deposited Gd(III). In the case of Gd(DTPA-BMA), the retained
Gd(III) appears to be in the form of GdPO4 which is insoluble in bio-fluids.

The Gd(III) retention in the CNS stimulated new research on the mechanism
and long-term consequences of Gd(III) deposition. The quantity of the retained
Gd(III) in brain tissues is usually less than 0.001 % of the dose. Current studies
focus on the following issues: (i) speciation of retained Gd(III) (classification as
intact complex, insoluble or resoluble deposits); (ii) detecting the mechanism by
which GBCAs cross biological barriers such as the BBB; and (iii) relaxivity–
Gd(III) speciation relations in various brain regions [46]. Resolving these issues
requires interdisciplinary research including state-of-the-art analytical, structur-
al, separation, microscopic, etc., techniques to trace the fate of “free” Gd(III)
and/or “free” ligand in living systems or ex vivo samples [47]. The outcome of
this research may pave the way for the construction of a (common) model that
could account for both NSF and Gd(III) retention in the brain. This model
should be based on the experimental observation that NSF and in vivo Gd(III)
depositions are associated with linear GBCAs but not with the macrocyclic ones.

5. INNOVATIVE RESEARCH FOR IMPROVING

GADOLINIUM(III)-BASED CONTRAST AGENTS

5.1. Synthesis of New Ligands with the Aim of Improving

the Physicochemical Properties of Gd(III) Complexes

An essential contribution of chemistry to the safety and performance of GBCAs
is the design and synthesis of ligands that form complexes with improved proper-
ties. However, the diverse requirements (high thermodynamic stability, selectivi-
ty, relaxivity, inertness, solubility, etc.) are often difficult to be satisfied simulta-
neously. Increasing the number of donor atoms may improve stability on the
expense of relaxivity due to the lowered number of inner sphere waters. Inert-
ness can decrease as a result of increased reactivity of GBCAs against HC and/
or endogenous cations at the donor atoms as well as against anions that can
replace the Gd(III)-bound water molecules, which also diminishes the relaxivity.

The stability of the complexes is usually expressed by their thermodynamic
stability constant defined by (Equation 2)

KML =
[ML]

[M][L]
(2)

where [ML], [M], and [L] are the equilibrium concentrations of the complex, the
metal ion, and the ligand, respectively. The ML complex can be protonated or a
hydroxo mixed complex might be formed (Equation 3)
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KML
H =

[MLH]

[ML][HC]
KML

OH=
[MLOH]

[ML][OH�]
(3)

In some cases the formation of mixed ligand and binuclear complexes are also
possible, which can be expressed by the following Equation (4)

KMLL′ =
[MLL′]

[ML][L′]
KMLM′ =

[MLM′]
[ML][M′]

(4)

where [MLL′], [L′], [MLM′], and [M′] are the equilibrium concentrations of the
mixed ligand complex, the additional ligand, the binuclear complex, and the
additional metal ion, respectively. The protonation constants of the ligand itself
(Eq. 5) must also be known to calculate the stability and protonation constants
of the complexes:

KiH =
[HiL]

[Hi � 1L][HC]
(5)

In biological systems, endogenous metal ions (Ca(II), Zn(II), Cu(II), etc.) and
ligands (phosphate, citrate, carbonate, etc.) can have an impact on the equilibria.
Therefore, conditional stability constants are used to take into account the influ-
ence of these metal ions and ligands present in multicomponent systems (Equa-
tion 6)

Kcond =
[ML]t

[M]t[L]t
=

[ML]
[M][L]

αML

αMαL
= KML

αML

αMαL
(6)

where

[M]t = [M] C [MA] C [MB] C …;

[L]t = [L] C [HL] C [H2L] C … C [HnL] C [CaL] C [CaHL] C … C [ZnL]
C [ZnHL] C …;

[ML]t = [ML] C [MHL] C … C [MLA] C [MLB] C …;

αM = 1 C KMA[A] C KMB[B] C …;

αL = 1 C K1[HC] C K1K2[HC]2 C … C K1K2…Kn[HC]n C KCaL[Ca2C] C
KCaHL[HC] C …;

αML = 1 C KMHL[HC] C KMLA[A] C KMLB[B] C …

Since the toxicity of the contrast agents is often correlated to the elevated
concentration of the free metal ion, pM values are widely used to compare the
stability of different complexes (Equation 7):
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pM = –log [MzC]free (7)

pGd values are calculated according to the method suggested by Raymond et
al., which recommends total concentrations, [Gd]t = 10–6 M, [L]t = 10–5 M and
pH = 7.4 as specific conditions [48]. However, the defined condition, ([L]t is ten
times higher than [Gd]t), is not realistic for biological applications because con-
trast agents are never formulated this way. Equilibrium models can also be visu-
alized with speciation diagrams generated by sophisticated computer programs
[49] to show the species distributions (including [MzC]free) in biological systems.
However, these calculations need expertise in aqueous equilibrium chemistry
and a solid background in biochemistry to avoid misinterpretation of data. More-
over, thermodynamic equilibrium is an idealized concept, which cannot be ap-
plied directly for the description of GBCAs in bio-fluids, especially the highly
inert ones [23].

Among the huge collection of newly synthesized ligands, only a few have been
characterized physicochemically, providing high quality data for comparison of
the stability and kinetics. Selected examples are given below.

5.1.1. Improving the Stability

The increase in stability is often observed for the complexes of rigidified ligands,
which is usually achieved by incorporating a cyclohexane unit in the ligand back-
bone. For instance, the cyclohexyl derivative of the DTPA, CHXDTPA, forms a
Gd(III) complex with log K = 22.83, which is somewhat higher than that of the
Gd(DTPA) (log K = 22.03) [50]. By applying the same modification to the
OCTAPA ligand, bearing two picolinate and two acetate pendants connected
with an ethylene linker a moderate increase in the stability of its Gd(III) com-
plex was observed (log K = 20.39 and log K = 20.68 for Gd(OCTAPA) and
Gd(CDDADPA), respectively) [51, 52]. However, there are counter examples in
the literature when the incorporation of a cyclohexane ring resulted in a decrease
in the stability. The Gd(III) complex of the heptadentate AAZTA ligand has
high thermodynamic stability (log K = 20.24) [53] whereas, Gd(CyAAZTA) is
less stable (log K = 18.26) (Figure 4) [54]. (The lowered stability might be attrib-
uted to the less flexible cavity of CyAAZTA.) This is a trade off between better
kinetic inertness and lower thermodynamic stability (see Section 5.2.2).

The fusion of the pyridine ring with the tetraaza macrocycle increases the
rigidity of the ligand, and thus their complexes are kinetically more inert than
the parent DO3A complexes. However, Gd(PCTA) has lower thermodynamic
stability (log K = 18.28) [55] than Gd(DO3A) (log K = 21.0) [56] since the overall
basicity of the PCTA ligand is lower. The replacement of acetate pendant arms
by picolinates or phosphonates can be a good strategy to improve the stability
of the Gd(III) complexes. For example, PC2AP possesses notably higher stability
(log K = 23.4) than the acetate (PCTA) analogue [57]. Substituting (one or two)
bidentate picolinic acid moieties for the acetate group(s) also significantly raises
the stability as it was shown by Le Fur et al. [58, 59] The arrangement of the
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Figure 4. Linear/AAZTA derivate (A) and macrocyclic (B) ligands mentioned in the
text.
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pendant arms can also have a significant effect on the properties as illustrated
by the log K values of the monopicolinate derivatives (referred to as symPC2A-
PA and asymPC2APA): 20.49 and 22.37 for the symmetric and asymmetric li-
gands, respectively.

5.1.2. Complexes with Enhanced Inertness

Inertness can be enhanced by rigidifying the ligand structure described in Sec-
tion 5.1.1. Incorporating a cyclohexane moiety into the ligand backbone of OC-
TAPA (Figure 4) can significantly increase the inertness. The Gd(CDDADPA)
has inertness comparable to that of Gd(DO3A) [51, 52]. The Gd(AAZTA) com-
plex was found to be more inert than the commercially available, linear
Gd(DTPA) at near physiological conditions. [53] However, the incorporation of
the cyclohexane ring into the parent ligand CyAAZTA leads to an additional
increase in the inertness (t1/2 = 8.0 · 105 hours) [54].

The dissociation kinetics of pyclen-based complexes has been investigated in
detail. Gd(PCTA) showed high inertness, which was further increased by substi-
tution of the acetate pendants with picolinate arms [58, 59]. Enhanced inertness
could also be achieved with cyclam-based ligands containing an ethylene cross-
bridge. This extremely rigid structure has a tight binding cavity for the metal
ion, but unfortunately, does not accommodate an inner sphere water molecule
(q = 0) [60, 61].

The inertness of DOTA-based complexes could also be enhanced by intro-
ducing steric hindrance to the cyclene ring [62, 63] Bulky substituents block
the conformational rearrangements during dissociation as demonstrated for
PhDOTA [64] and for NB-DOTA [65].

5.1.3. Pursuing High Relaxivity

The relaxivity is determined by several factors. The basic considerations have
been discussed in Section 2.2. The r1 relaxivity values of commercially available
contrast agents range from 3.6 to 6.3 mM–1s–1 [7], which is considerably lower
than the theoretically attainable maximum value (see Figure 1B) [66].

Omitting one of the acetate pendant arms of DOTA results in the ligand
DO3A, which forms a bishydrated complex with Gd(III) (r1 = 6.0 mM–1s–1 at
20 MHz, 25 °C) [67]. Gd(DO3A) forms ternary complexes with phosphate or
bicarbonate ions, which reduces the relaxivity. [68] The heptadentate, but more
rigid PCTA (Figure 4) also forms a bishydrated (q = 2) Gd(III) complex (r1 =
6.9 mM–1s–1 at 20 MHz, 25 °C) [67], but anions do not alter its relaxivity. Due to
the favorable properties of PCTA, one of its derivatives (P03277, Gadopiclenol,
r1 = 12.2 mM–1s–1 in water at 1.41 T, 37 °C) [69] is currently in phase 2 clinical
trials [7]. Another complex in clinical trials [70] consists of four Gd(DO3A)-
monoamide “units” connected to a central carbon atom via dipeptide linkers
(BAY 1747846, r1 = 11.8 mM–1s–1/Gd(III), in human plasma at 1.5 T, 37 °C) [71].
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The rotational correlation time as well as the r1 relaxivity often show a reason-
ably good linear correlation between the molecular weight of gadolinium com-
plexes, but the effect usually levels off at a certain value. However, a more
convenient approach involves the non-covalent binding of the CA to macro-
molecules via van der Waals forces [19]. Bifunctional ligands, usually based on
DOTA or DTPA, are widely used for the attachment of the complex to macro-
molecular platforms. A classic example of this concept is the non-covalent bind-
ing of the Gd(DTPA)-based blood pool agent (Gadofosveset or Vasovist) with
a diphenylcyclohexyl group to HSA. Linking multiple Gd(III) centers together
is another way to increase the relaxivity of complexes. Higher relaxivity can be
achieved when a spherical shape (dendrimer) rather than a linear oligomer is
formed [7, 71].

The optimal water residence time at low field for slowly tumbling complexes
is between 10 and 30 ns (see Figure 1B), while at higher field this optimal range
broadens. The τM of most Gd APCs is longer than the optimal value at clinically
relevant fields (1.5 to 3 T). Since the water exchange on monohydrated Gd com-
plexes proceeds by a dissociative mechanism, the most reliable way of speeding
up the exchange is increasing the steric compression around the water coordina-
tion site, which lengthens the metal ion–water distance. This can be accomplished
by incorporating an additional methylene group into the polyamine backbone
(macrocycle) or acetate sidearm, or by replacing the carboxylate with a bulkier
coordinating group [72]. For example, Gd(DTPA) and Gd(EPTPA) (Figure 4A)
can be modified to achieve faster water exchange, however, the thermodynamic
stability of these complexes is lower than that of the parent chelates [73–75].
The water exchange can also be modulated by the electron donating properties
of the donor atoms. The τM increases in the following order: phosphonates ~
phenolates < alpha-substituted acetates < acetate < hydroxamates ~ sulphon-
amides < acetamides ~ pyridyl ~ imidazole, i.e., the water exchange rate is faster
for negatively charged donor groups than for neutral ones [76].

5.2. Responsive/Activatable Contrast Agents

Several excellent reviews were published on this field in the last decade [7, 77–
79]. Moreover, Chapter 12 of this book deals with responsive MRI agents. We
provide only a short overview of Gd(III)-based responsive agents with some
selected examples focusing on the coordination chemistry aspects.

How ligand design can improve the relaxivity of GBCAs is discussed in Sec-
tion 5.1.3. Changes in relaxivity can also be generated via modulating q, τr, and
τM by different stimuli, such as changes in pH, redox potential, concentration of
endogenous cations, anions, metabolic products, enzyme activity, etc., in living
systems. These molecular devices are named as “smart”, responsible or activat-
able CAs (i.e., SCAs).

A simple model for pH-sensors based on the alteration of the number of inner
sphere water molecule(s) (q) in GBCAs is shown in Equation (8):
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(8)

OFF ON

The q = 0 for the Gd(III) center at low concentration of HC (or metal ion in
case of metal ion-responsive probes) (OFF state, low relaxivity), while at higher
concentration of HC or M(II) the equilibrium is shifted to the right due to the
protonation or metal binding of a suitable pendant arm (L′). As this sidearm
leaves the inner sphere of Gd(III), a water molecule enters, which results in a
substantial increase of the inner sphere relaxivity (ON state, high relaxivity).
The analogy to acid-base indicators and metal indicators used in complexometric
titrations is obvious in terms of pK or pM of the indicator. The higher the change
in relaxivity, the better the sensitivity of the probe. If the equilibrium is fast and
reversible, then the reverse reaction can also be observed. (The effect of anion
coordination on relaxivity is opposite as the q and r1 are decreasing, but the
equilibrium considerations are similar and will not be discussed here.)

However, irreversible responsive probes do not return to their original state
in the absence of their specific biomarker, i.e., alteration in the concentration of
the biomarker cannot be detected. Nevertheless, the large-scale conversion of
the SCA into the activated form can improve the sensitivity (see Figure 5 in
Section 5.2.1). A linkage between the GBCA and the biomolecule can be gener-
ated by a stimulus. For instance, the reduction of an –NO2 group of the nitroimid-
azole moiety in hypoxic tissues allows for its covalent binding to intracellular
macromolecules. Accumulation of the GBCA in hypoxic regions results in sub-
stantial increase in the relaxation rate of the tissue water protons [80]. Enzyme-
activity can be detected the other way around. The irreversible enzymatic cleav-
age of a bulky pendant arm of the agent results in decreased relaxivity due to
faster tumbling (shorter rotational correlation time) of the product [81].

The heptadentate ligand DO3A is a widely used design platform for “smart”
GBCAs. The unsubstituted N atom can easily be functionalized with a respon-
sible pendant arm. In case of pH probes, the pK value should be slightly lower
than the normal physiological pH (7.4), around pK = 6.4–6.8, to be able to meas-
ure pH in the range of 6.0–7.2. The pK can be fine-tuned by the nature of the
donor atom(s) and/or by using electronic effects (see below [82]).

The measured relaxation effect in vivo depends on both the relaxivity of the
“smart” GBCA used and the concentration of this agent in the studied biological
compartment. For quantitative measurements the distribution of the “smart”
agent has to be measured. This crucial requirement is challenging, and it is a
serious limitation for the application of responsive agents. Several methods have
been proposed to overcome this problem:

(1) Ratiometric approaches where the observed effect is independent of the
concentration of the probe (e.g., by measuring the ratio between the trans-
verse (R2) and the longitudinal paramagnetic (R1) relaxation rates of the
bulk water protons) [83].
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(2) The “cocktail” approach includes parallel injection of two complexes (re-
sponsive and nonresponsive) of similar (or the same) structures and pre-
sumably identical pharmacokinetics. The nonresponsive agent is used to
estimate the local concentration of the probe while based on the known
ratio of the two the concentration of the responsive agent can be assessed
[108].

(3) The concentration of the probe can also be determined with a bimodal
agent, where the other imaging modality, like PET or SPECT [84, 85], can
be used to follow the biodistribution of the agent. The biodistribution data
is used for the de-convolution of the MRI signals and to quantify the de-
gree of activation (i.e., applying the mixture of 18F labeled and stable 19F-
containing Gd(DOTA-4AmP) to simultaneous MRI-PET investigation)
[86]. In the following we briefly review some recently published SCAs.

5.2.1. pH-Sensitive Contrast Agents

Measurement of the extracellular pH has an important role in cancer diagnosis,
guided anticancer therapies, kidney diseases, etc. [7]. Tumor pH typically ranges
between 5.7–7.8, depending on the histology and the volume of the tumor [87].

The first selected example uses an increase of q from 1 to 2 as the pH is
lowered [88]. The Gd(NP-DO3A) (Figure 4B) is a DO3A derivative functional-
ized with a p-nitrophenolate pendant arm. As the pH decreases, the protonation
and simultaneous decoordination of the phenolate oxygen atom occurs, resulting
in a 71 % enhancement in the r1 value (from 4.1 to 7.0 mM–1s–1) in the pH range
of 9–5. A similar principle is used for the pH-sensing in the Gd(DO3A-EA)
complex having an amino-ethyl group attached to DO3A [82]. Gd(DO3A-EA)
shows an increase in its relaxivity in the physiologically relevant pH range, and
the pH range can be fine-tuned by the substitution of at least one of the H atoms
on the –NH2 moiety.

An elegant example of bimodal agents is a heteroditopic complex containing
Gd(III) for MRI and 68Ga(III) as PET reporter (Figure 5A) [89]. The dimeric
ligand consists of two chelating units. The DO3A sulfonamide “bucket” binds
Gd(III), while the AAZTA moiety is designed for 68Ga(III) chelation. The sul-
fonamide pendant ensures the pH sensitivity of the Gd(III) center while PET
imaging (independent of the biochemical stimulus) allows for the calculation of
the local concentration of the CA, which is essential to generate a pH map.

Acidification of a pH-sensitive liposome loaded with a paramagnetic complex
(e.g., the clinically approved Gadoteridol) causes the release of the paramagnetic
chelate resulting in a decrease in the T1 relaxation time [90]. Polymeric micelles
were also used as SCAs for in vivo pH imaging [91].

Alteration of the tumbling rate as a result of protonation can also change the
relaxivity via morphological changes. It suppresses the flexibility of the Gd(III)
chelate followed by a relaxivity response [92].
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5.2.2. Redox Responsive Contrast Agent Candidates

In order to maintain the normal biological processes, the intra- and extracellular
redox environment is highly regulated [93]. Redox SCAs in which the oxidation
state of the Gd(III) center changes cannot be designed. This can only be
achieved by incorporating redox sensitive moieties/ligand fragments in the
GBCAs [93, 94].

The reduction of the nitro group in the Gd(4NO2MeOSA) complex bearing a
nitrobenzene-sulfonamide side chain (Figure 5B) can selectively indicate hypoxic
conditions with a 1.8-fold increase in the r1 relaxivity in rats [95]. The reduction
of the nitro group increases the pK value of the sulfonamide nitrogen from 5.2
to 6.7 resulting in the protonation and dissociation of the nitrogen from the
Gd(III) ion (meanwhile q rises from 0 to 2). A DOTA-monoamide-based ligand
bearing a 2-nitroimidazole side chain Gd(DO3AMNIM) (Figure 4B) is another
example of a redox SCA. Following the reduction of the nitro group under hy-
poxic conditions the molecule is trapped in hypoxic cells and the accumulation
of the Gd complex results in contrast enhancement [80].

Another approach to sense the redox potential by using Gd(III)-based CAs is
the reversible or irreversible binding of low molecular weight probes to macro-
molecules in order to increase the τR [93, 94]. An example is a series of
Gd(DO3A) and Gd(DOTA-monoamides) bearing alkyl linkers with terminal
thiol groups that can react with the Cys-34 residue of HSA via the formation
of an S—S bond resulting in increased τR [96–98]. For example, Gd(LC6-SH)
(Figure 4B) binds to HSA in this manner. However, reducing environment
cleaves the S—S bond, which lowers the relaxivity by 55 % [99].

5.2.3. Reporters of Enzyme Activity

Enzymes such as esterases, β-galactosidase, peroxidases, caspases, etc., are very
important biomarkers for biological or pathological processes. Enzymes are ini-
tially expressed in an inactive form as zymogens and become activated when the
cells or tissues need them. Therefore, the detection of the presence of an inactive
enzyme could be a source of error. To avoid this problem, responsive probes
should detect the activity level of the enzyme rather than the presence of the
enzyme [7].

An often cited example of the enzyme-responsive agents by the modulation of
the hydration state is a Gd(DO3A) derivative with a pendant β-glucuronic acid
attached to the macrocycle through the self-immolative linker Gd(DO3A-glucu-
ronic acid) (Figure 5C) [100]. Bovine liver β-glucuronidase enzymatically cleaved
off the β-D-glucuronic acid moiety followed by the self-immolation of the inter-
mediary complex into Gd(DO3A-EA) and 4-hydroxy-3-nitrobenzyl alcohol. The
enzyme activation resulted in a 17 % increase in relaxivity in a buffer, while a
27 % decrease was observed in blood serum.

Enzymatic cleavage can also lengthen the rotational correlation time by re-
moving a blocking group and thereby allowing the complex to interact with a
high molecular weight molecule (e.g., HSA) [81, 101, 102]. Enzyme-catalyzed
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breakdown of polymers that contain covalently linked Gd(III) complexes was
also utilized to detect enzyme activity. Hyaluronidase activity was visualized by
the enhanced relaxivity of the Gd(DTPA)-hyaluronan conjugate after the enzy-
matic break-down of the hyaluronan network [103].

A dual 1H MRI/19F NMR probe was developed to detect the activity of the
protease caspase-3, which cleaves tetrapeptide sequences after aspartic acid resi-
dues. The probe Gd(DOTA)-DEVD-Tfb consisted of three parts, the Gd com-
plex, the caspase-3 substrate sequence and the 19F-containing moiety by incorpo-
rating 19F nuclei into the molecule [104, 105]. The 19F T2 is dramatically
shortened by the presence of Gd(III) when the two atoms are intramolecularly
bound. However, the T2-shortening effect was significantly diminished after
cleavage of the tetrapeptide sequence by the enzyme. The activity of other en-
zymes such as β-galactosidase or β-lactamase can also be detected [106, 107].

6. CONCLUDING REMARKS AND FUTURE PERSPECTIVES

6.1. Non-Lanthanide-Based Alternative Magnetic Resonance

Imaging Contrast Agents and New Technologies

The primary importance of MRI in clinical practice together with safety concerns
related to GBCAs strongly motivates the search for alternative MRI CAs. Para-
magnetic transition metal complexes (Mn(II), Fe(III) as T1 agents) have been
considered since the introduction of MRI, while recent directions also involve
other approaches as quadrupolar relaxation agents (QRE, 209Bi or 14N com-
pounds) [108, 109] or (metal ion-free) organic radical-based contrast agents
(ORCAs) [110, 111]. A related technology, magnetic resonance spectroscopy
(MRS) and spectroscopic imaging, escpecially when combined with hyperpolari-
zation techniques, is an emerging MR-based molecular imaging modality. Some
of these methods are discussed in detail in other chapters of this book; therefore
we only briefly mention Mn-based agents and do not discuss paraCEST agents
(see Chapter 4).

6.1.1. Manganese-Based Probes

In Chapter 3 Eva Jakab-Tóth et al. describe the massive research on Mn(II/III)-
based probes. Here, we briefly summarize the outcome of our own work over the
last decade (Figure 4). In our view the best open-chain candidates for manganese
chelation (as far as stability/inertness/relaxation enhancement properties are
concerned) are the rigid trans-1,2-diaminocyclohexane (transCDTA or PyC3A)
or ortho-phenylenediamine derivates [112–114]. Among the macrocyclic plat-
forms the most promising structures include the cDO2A (and its bisamide deriv-
atives) [115], the 15-Py-ane-N3O2 macrocycle, and the PC2A ligand [116, 117].
Furthermore, the easy functionalization of the macrocyclic pyclen N-atoms pro-
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vides convenient access to PC2A-based smart probes that respond to external
stimuli (pH, Zn(II), etc.) [117].

6.1.2. Fe(III)-Based Contrast Agents

Certain high-spin (S = 5/2) Fe(III) complexes have also been considered as
GBCAs alternatives. A recent review by Kuźnik and Wyskocka gives a nice
overview of the research on small molecule-based Fe(III)-containing CAs [118].
The complexation of Fe(III) ion is usually achieved by ligands derived from
Tiron, EHPG, EHBG, catecholate or aminophenolyate-type ligands possessing
O,O and N,O donor atoms, respectively, as well as traditional APC-type ligands
such as EDTA, transCDTA, PhDTA, etc. or even DFO (desferrioxamine) (see
Figure 4A). The group of potential Fe(III)-binding chelators was lately expanded
by Morrow et al. by proposing 1,4,7-triazacyclononane-based (TACN) ligands
possessing 2-hydroxypropyl, 2-methylimidazole or 1-methyl-2-methylimidazole
moieties [119, 120]. Recently Caravan et al. have demonstrated that the Fe(II/
III) complex of the PyC3A chelator (proposed originally for Mn(II) complexa-
tion) is a highly effective redox RCA candidate [121].

6.1.3. Hyperpolarized Probes

In conventional NMR, the signal intensity is proportional to the difference in
the nuclear spin population (spin polarization) of the Zeeman levels as deter-
mined by the Boltzmann distribution at thermal equilibrium. MRI has inherently
low sensitivity because these levels are almost equally populated at room tem-
perature. The spin polarization increases with the B0 magnetic field (proportion-
al to B0/T) and the gyromagnetic ratio (γ) of the nucleus. The observed nucleus
in conventional MRI experiments is almost exclusively 1H since it has the second
highest γ of all nuclei after 3H and the 1H concentration (spin density) is also
the highest in vivo. Dramatic NMR signal enhancements (5 orders of magnitude
or more) can be achieved by hyperpolarization (HP). This can be performed by
various experimental methods including dynamic nuclear polarization (DNP),
spin-exchange optical pumping, and parahydrogen induced polarization [122].
Currently, DNP, which involves the microwave-driven transfer of electron spin
polarization to coupled nuclear spins, is the most commonly used technique be-
cause it is generally applicable to a wide range of nuclei (1H, 19F, 13C, 15N, 31P,
29Si, 89Y, and 107,109Ag) [123–129]. Such increases in sensitivity make it possible
to perform molecular/functional MR imaging of nuclei other than 1H. The hyper-
polarized spin state is not persistent and decays to thermodynamic equilibrium
by T1 relaxation. This limits the detectable HP-NMR signal for ~5 T1. Therefore,
long T1 values are highly desirable [128]. The most commonly used HP agents
are 13C-based for obvious reasons. HP-13C labeled tracers provide a very conven-
ient way of determining fluxes through specific enzyme-catalyzed steps by 13C
MRS/MRI allowing the real-time monitoring of biochemical pathways in various
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organs. HP[1-13C]pyruvate is currently in clinical trials at several sites for grading
prostate cancer, evaluating heart disease, and liver metabolism [122, 130–133].

Among other spin ½ NMR active nuclei, 89Y (100 % natural abundance) has
extremely long T1 relaxation times. T1 = 499 s was measured for Y(DOTA) at
9.4 T [134], and the NMR signal is sharp (3–5 Hz). HP-89Y is particularly rele-
vant for the topic of this chapter as Y(III) is often considered as the diamagnetic
analogue of Gd(III). Ligand systems developed for Gd(III) and Eu(III), can
directly be used with Y(III) [134–136].

The sensitivity of the chemical shift of 89Y(III) to its chemical environment
can be exploited in the design of responsive probes to image and map biomark-
ers such as pH in vivo by HP-89Y MRS/MRI. The 89Y chemical shift of the
hyperpolarized 89Y(DOTP) gradually decreases from 150 to 140 ppm between
pH 5 and 8 with decreasing electronic shielding of the 89Y nucleus due to the
protonation of the non-coordinating phosphonate oxygens [137].

6.2. The Future Role of Chemical Research

in the Development of Magnetic Resonance Imaging

Contrast Agents

The 450 millions contrast enhanced MRI exams indicate the importance of gado-
linium-based diagnostic agents. Yet, the future of GBCAs is uncertain. Their role
very likely will not be suppressed or taken over by other agents in the foresee-
able future despite the active research on alternative CAs. New high relaxivity
and/or targeted GBCAs may also enter to the market [70, 71]. Dual probes
(e.g., PET-MRI) and theranostic applications (see Chapters 11 and 12) are under
progress. The chemical research of SCAs is in high gear, and one may expect a
breakthrough human application in the next decade.

The chemist’s role is obvious in the synthesis of new ligands and the physico-
chemical characterization of their metal complexes, as it is in the analytical stud-
ies (ICP-MS) of Gd-retention in tissue samples. Biodistribution and/or Gd-reten-
tion studies require multi-disciplinary teams [47]. The Gd speciation in such a
complex matrix as brain tissue might be addressed by using molecular spectro-
scopy/microscopy techniques (IR, Raman spectroscopy) [138, 139] together with
emerging new methods to evaluate experimental data (artificial intelligence, ma-
chine learning, etc.).
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ABBREVIATIONS AND DEFINITIONS

For the commercial names of the gadolinium-based contrast agents see Sec-
tion 2.2. and Figure 2.

APC amino-polycarboxylate
BBB blood brain barrier
CA contrast agent
CNS central nervous system
DNP dynamic nuclear polarization
EMA European Medicines Agency
EXAFS extended X-ray fine structure
FDA Food and Drug Administration
GBCAs gadolinium-based contrast agents
HP hyperpolarized
HSA human serum albumin
ICP-AES inductively coupled plasma atomic emission
ICP-MS inductively coupled plasma mass spectrometry
MRI magnetic resonance imaging
MRS magnetic resonance spectroscopy
NMR nuclear magnetic resonance
NSF nephrogenic systemic fibrosis
ORCAs organic radical-based contrast agents
PET positron emission tomography
QRE quadrupolar relaxation enhancement
RF radio frequency
SCA “smart” contrast agent
SE spin echo
SI signal intensity
SPECT single photon emission tomography
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Abstract: Manganese is an essential element. With five unpaired electrons, slow electron spin
relaxation and fast water exchange, Mn2C is an excellent nuclear relaxation probe and the
most promising alternative to replace Gd3C in contrast agents for magnetic resonance imaging
(MRI). Given the labile nature of the Mn2C ion, its complexation in thermodynamically stable
and kinetically inert complexes is difficult. Moreover, the complexes also need to contain inner
sphere water to maintain good relaxivity. In the last decade, a large body of data has been
gathered including linear and macrocyclic complexes as well as cage molecules which allow
now to establish relationships between the structure of the Mn2C complexes and their stability,
inertness and relaxation properties, and this constitutes the basis for a rational design of more
stable and efficient probes. In addition, high spin Mn3C is also a good relaxation agent and
Mn3C complexes, in particular porphyrins, have been investigated as MRI probes. Chelates of
both Mn2C and Mn3C have been explored to derive smart MRI agents with a specific response
to various biomarkers, such as pH, enzymes or redox indicators. This chapter surveys shortly
these different fields where manganese-based complexes are exploited in relation to MRI.

Keywords: manganese(II) · manganese(III) · MRI · contrast agents · responsive probes

1. INTRODUCTION

Magnetic resonance imaging (MRI) is an indispensable tool in modern diagnos-
tic medicine. In a non-invasive way, it provides three-dimensional images with
excellent spatial and temporal resolution without the need for ionizing radiation.
The clinical progress of MRI has been largely promoted by the use of contrast
enhancing agents [1, 2] which provide essential diagnostic information, not acces-
sible otherwise. MR images depend on the density and on the longitudinal (T1)
and transverse (T2) relaxation times of water proton nuclei in the tissue. Para-
magnetic or superparamagnetic substances accelerate water proton relaxation
via dipolar interactions, thus substantially enhance tissue contrast and improve
image quality.

Complexes of Gd3C have dominated the contrast agent (CA) market. Gd3C

has been the metal ion of choice since it has the highest electron spin among all
metal ions (S = 7/2), accompanied by a slow electron spin relaxation. Gd3C

complexes were long regarded as very safe drugs, and this led to repeated and
multiple-dose injections in patients. Starting from 2006, the view on their safety
changed drastically. A new disease, nephrogenic systemic fibrosis, was identified
first in renally impaired patients and linked to gadolinium-complex injections [3].
As commercial Gd3C agents undergo mostly renal excretion, kidney insufficiency
leads to slower elimination and longer gadolinium exposure. The toxicity risk is
directly related to the potential release of free Gd3C from the complex, thus to
the kinetic inertness of the chelates with respect to dissociation.

Independently of renal impairment, brain and bone accumulation of small,
but detectable quantities of gadolinium were also evidenced, although without
associated toxic effects. These safety concerns generated regulatory measures in-
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volving withdrawal of some linear Gd3C chelates from the clinics. In parallel,
research to identify safe and more biocompatible alternatives has gained consider-
able momentum. In this respect, Mn2C chelates attract increasing attention and
are generally considered as the most promising class of compounds to replace
Gd3C. High spin Mn2C has five unpaired electrons (S = 5/2), slow electron relaxa-
tion and fast water exchange, which make it an efficient relaxing agent. To a lesser
extent, high spin Mn3C (S = 2) has been also investigated in the context of MRI.

Manganese is an essential element. Mn2C is involved in enzymes, such as su-
peroxide dismutase. Mn2C and Ca2C have similar size, and Mn2C displays a
certain affinity to Ca2C binding sites in proteins and nucleic acids. Despite the
endogenous nature of Mn2C, in high concentrations it causes neurotoxicity
(LD50 = 0.22 mmol/kg for rat) [4] and overexposition leads to Parkinson-like
symptoms [5]. Hence, Mn2C also needs to be protected, such as Gd3C, in thermo-
dynamically stable and kinetically inert complexes. Nevertheless, one can expect
that with respect to Gd3C, the body can better handle free Mn2C.

Mn2C is relatively difficult to chelate in a stable and inert form. The lack of
ligand-field stabilization energy for the high spin d5 electron configuration im-
plies that Mn2C forms less stable complexes than the endogenously available
Zn2C. The complex must contain at least one inner sphere water molecule as
well, important for the transfer of the paramagnetic effect to bulk water via the
water exchange process. Due to the lower charge and the smaller size of Mn2C

which limits the number of donor atoms it can accommodate, the thermodynamic
stability of Mn2C complexes is lower than that of Gd3C chelates. Mn2C typically
forms hexa- or hepta-coordinated complexes, meaning that penta- or hexa-den-
tate ligands can allow for inner sphere water. The Mn2C complex should show
high resistance to dissociation to avoid transmetallation with endogenous metal
ions, such as Zn2C or Cu2C. Recent years have seen important progress in under-
standing the structural features that can lead to inert Mn2C complexes and ligand
rigidity is identified as a major element to prevent fast dissociation.

Mn2C is not new to MRI. MnCl2 was the first CA used by Lauterbur [6]. Later,
manganese-enhanced MRI using MnCl2 injections has been developed for in
vivo brain activity measurements and neuronal tract tracing [7, 8]. As a Ca2C

analog, Mn2C enters excitable cells such as neurons and cardiac cells via voltage-
gated Ca2C channels and can be transported along axons and cross synapses to
neighboring neurons. Manganese-enhanced MRI requires elevated Mn2C con-
centrations which restricts it to animal experiments. Mn2C has been also present
in clinical MRI. A liposome-formulation of MnCl2 (Lumenhance) was commer-
cialized as an oral, gastrointestinal agent and a Mn2C complex (Teslascan®,
MnDPDP) was approved for liver, kidney, and cardiac imaging, now both with-
drawn from the market.

In this chapter we will discuss the major classes of Mn2C complexes explored
for potential MRI applications, with specific attention to their relaxation proper-
ties, thermodynamic stabilities, and kinetic inertness. We will also present exam-
ples of Mn3C chelates and demonstrate how Mn-complexes have been exploited
to design responsive MRI probes. Several reviews are available in the literature
[1, 9–12].
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2. MANGANESE(II) CHELATES

2.1. Relaxation Properties

The MRI efficiency of a paramagnetic complex is expressed by its relaxivity, r1,
the paramagnetic enhancement of the longitudinal water proton relaxation rate
induced by 1 mM concentration of the probe (r2 refers to transverse relaxation).
In Equation (1), 1/T1obs and 1/T1dia are the relaxation rates in the presence and
in the absence of the paramagnetic agent, [Mn2C] is the millimolar concentration
and r1 is the relaxivity.

1
T1obs

=
1

T1dia
C r1 ! [Mn2C] (1)

Relaxivity can be decomposed into inner and outer sphere contributions, related
to different relaxation mechanisms. They are both linearly proportional to
S(SC1), thus directly impacted by the lower electron spin of Mn2C (S = 5/2)
with respect to Gd3C (7/2). The outer sphere term originates from long-range
dipolar interactions between the electron spin and the proton nuclear spins of
diffusing water molecules. Provided that the diffusion coefficient and the dis-
tance of the closest approach between the diffusing water and the electron spin
are identical, the dependence on the electron spin implies that the outer sphere
relaxivity is 1.8 times lower for Mn2C than for Gd3C [11].

The inner sphere relaxation mechanism is related to the dipolar interaction of
Mn2C with protons of the metal-coordinated water molecule(s). This term is
dependent on the number of inner sphere water molecules, q, their exchange
rate with bulk water, kex, the rotational correlation time, τR, of the complex, the
electronic relaxation rates, and the distance between Mn2C and the water pro-
tons. The relaxivity of Mn2C is well described in most cases by the Solomon-
Bloembergen-Morgan theory of paramagnetic relaxation [13]. For Mn2C, a scalar
relaxation mechanism might also add up to the dipole-dipole contribution. It is
important only at low field and when water exchange and electronic relaxation
are slow. As a result, a second, low-field dispersion appears on the nuclear mag-
netic relaxation dispersion (NMRD) profiles, like for the Mn2C aqua ion but
rarely observed for Mn2C chelates [9].

To assess the hydration number, q, of Mn2C complexes, Caravan et al. [14]
proposed a method based on the temperature-dependent 17O transverse relaxa-
tion rates, provided they show a maximum. Using the plausible hypothesis that
the 17O scalar coupling constant is independent of the nature of the complex, q is
estimated with an uncertainty of G0.2 water molecules [14]. Peters and Geraldes
derived an empirical equation to estimate q (G0.4) using low field relaxivities
and the molecular weight of the chelate [15].

The distance between the Mn2C electron spin and the coordinated water pro-
tons, rMnH, enters on the inverse 6th power in the equation describing inner
sphere relaxivity, thus its small variations lead to important relaxivity changes.
No proton electron nuclear double resonance (1H ENDOR) spectroscopy data
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are available so far for Mn2C to directly assess Mn-H distances in solution; they
are known from solid state X-ray structures or DFT calculations [16]. rMnH is
typically 5–10 % shorter than rGdH in Gd3C chelates (~2.8 versus 3.1 Å) and this
can partially compensate the relaxivity decrease related to the lower electron
spin of Mn2C.

Concerning water exchange, the rate and the mechanism are inherently related
to the charge and the inner sphere structure of the complexes. In contrast to
Gd3C chelates, the structural factors that govern water exchange are less under-
stood. The difficulty is also related to the flexible nature of Mn2C which can
accommodate 6 as well as 7 donor atoms, and it is often difficult to predict
the coordination number. Although the water exchange mechanism was directly
assessed for few complexes by determining the activation volume by variable
pressure 17O NMR [9], generally one can say that seven-coordinate complexes
tend to undergo dissociatively activated water exchange, while six-coordinate
complexes tend to have associatively activated exchange process. Structural el-
ements that accelerate dissociative water exchange on metal complexes by facili-
tating the leaving of the coordinated water molecule, such as higher negative
charge or increased steric crowding in the inner sphere, will also operate for
Mn2C chelates. On the other hand, an associative exchange can be accelerated
by higher positive charge which facilitates the approach of the entering water in
the rate determining step. In general, water exchange is faster on Mn2C than on
Gd3C complexes and is not a limiting factor for relaxivity even for slowly rotating
systems. Relaxivity is solely limited by rotation.

Finally, the same approaches that have been used to improve the relaxivity of
Gd3C chelates are applicable for Mn2C as well. For instance, strategies based on
slowing down rotation by macromolecular constructs have been explored [11],
but are obviously limited to intermediate frequencies (20–60 MHz) [13].

2.2. Linear Ligands

2.2.1. EDTA Derivatives

MnEDTA and its derivatives were among the first Mn2C complexes studied with
respect to their relaxation properties, starting from the 1970s. In MnEDTA,
Mn2C has a total coordination number of seven including one inner sphere wa-
ter. Water exchange rates were determined by 17O NMR first on MnEDTA, and
then on PhDTA and CDTA derivatives, and were one order of magnitude higher
than that on the Mn(H2O)6

2 C aqua ion (Scheme 1, Table 1) [17–20]. The positive
activation volumes measured by variable pressure 17O NMR (ΔV≠ = C3.0 and
C9.4 cm3mol–1 for MnEDTA and MnCDTA, respectively), indicated dissociatively
activated water exchange for these seven-coordinate complexes, in contrast to an
associative mechanism for the six-coordinate aqua ion (ΔV≠ = –5.4 cm3mol–1) [21].
NMRD profiles of MnEDTA show a single dispersion, in contrast to Mn(H2O
)6

2 C which has a second dispersion at low frequencies, attributed to the scalar
relaxation mechanism operating for the aqua ion but not for typical Mn2C chelates
[22].
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Scheme 1.
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Table 1. Coordination (CN) and hydration numbers (q), water exchange rates (kex
298),

rotational correlation times (τR
298) and proton relaxivities (r1) for selected Mn2C com-

plexes.

CN / q k298
ex (106 s–1) τR

298 (ps) r1 (mM–1s–1)
20 MHz, 25 °C

linear ligands

EDTA [24] 7 / 1 440 57 3.00 [23]
tCDTA 7 / 1 140 74 3.62
cCDTA [27] 7 / 1 225 – 3.79
PhDTA 7 / 1 350 [17] – 3.72[29]
EDTA-BOM [23] 7 / 1 93 84 3.60
EDTA-BOM2 [23] 7 / 1 130 111 4.30
diPhEDTA [24] 7 / 1 230 – 5.8 (37 °C)
PyC3A[35] 7 / 1 100 (310K) – 3.30
dpama [40] 7 / 2 306 48 5.3
mX(dpama)2[40] 7 / 2 306 96 8.6
mX(dpama)3[40] 7 / 2 306 136 11.4
dpaPha [118] 7 / 2 56 81 6.6

macrocyclic ligands

ENOTA [43] 6 / 1 55 85 3.39
BzNO2A [45] 6 / 1 44 53 3.40
MeBzNO2A [45] 6 / 1 26.0 67 3.50
NOTA-EB [46] 7(?) / 1 – – 4.78 (300 MHz, 37 °C)
1,4DO2A[50] 6–7 / 0.87 1134 46 2.1
1,7DO2A[50] 6 / 0 – – 1.5
DO1A [50] 6 / 1 5957 22 2.4
PC2A [56] 7 / 1 152 – -
PC2A-EA [56] 7 / 1 40 – 3.52
PC1A [55] 6 / 1 3030 23 2.39
PC1P [55] 6 / 1 1770 39 2.84
15-pyN5 [58] 7 / 2 6.9 – 3.56
15-pyN3O2 [58] 7 / 2 3.8 – 4.48
9-aneN2O-2A [48] 6–7 / 1.46 1.19 !103 – 2.83
9-aneN2O-2P [48] 6 / 1 12.0 – 5.08

other ligands

AAZTA [60] 7 / 0 – – 1.57
AAZ3A [60] 6–7 / 0.64 47 50 2.49
MeAAZ3A [60] 6–7 / 0.32 126 50 2.01
AAZ3MA [60] 6–7 / 0.24 133 51 1.90
Bisp1 [61] 6 / 1 51.0 100 4.28

Later, in the objective of developing Mn2C-based angiographic agents, EDTA
was modified with functions that promote binding to human serum albumin
(HSA). Aime et al. introduced one or two benzyloxymethyl (BOM) substituents
[23], while Caravan et al. used the diphenylcyclohexyl-phosphate moiety (di-
PhEDTA) [24], analogously to the HSA-targeted Gd3C complex MS-325
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(Scheme 1). In both cases, a significant relaxivity enhancement was obtained in
the presence of serum albumin, resulting from the slow rotational motion of the
protein-bound chelates.

Chang et al. derivatized MnEDTA for liver targeting. In order to increase lipo-
philicity and obtain a hepatobiliary probe, they attached a benzothiazole aniline
(BTA) [25] or an ethoxybenzyl (EOB) [26] moiety to the ligand backbone, the
latter being the same as in the commercial CA Gd(EOB-DTPA) (Scheme 1).
The log P value changed from –2.72 for MnEDTA to –2.33 for Mn(EOB-EDTA)
and –1.84 for Mn(BTA-EDTA). Both complexes showed moderate HSA binding
(Ka = 95 and 655 M–1 for the BTA- and the EOB-derivative, respectively) with
the relaxivity increasing from 3.5 to 15.1 in the case of Mn(BTA-EDTA) and
from 2.3 to 6.3 mM–1s–1 for Mn(EOB-EDTA), in the presence of 0.67 mM HSA
(64 MHz, 24 °C). In vivo MRI biodistribution confirmed hepatobiliary and renal
excretion for both compounds, and they were successfully used to highlight tu-
mors in a mouse liver tumor model.

2.2.2. Rigidified Linear Ligands

The investigation of EDTA analogues that contain a rigidified ligand backbone
to provide better kinetic inertness while retaining one hydration water has been
a major research direction. The ethylenediamine bridge was replaced with less
flexible moieties, such as a diaminocyclohexane, a benzene or a pyridine ring.
The trans isomer of CDTA was a previously well-known complexing agent. Tircsó
et al. [27] compared the complexation properties of the cis (c) and the trans (t)
isomers (Scheme 1). They provide coordination cages of different size, as the
maximum distance between the two N-donor atoms is 4 versus 3.1 Å in t- and
cCDTA, respectively. A combined experimental and DFT study evidenced simi-
lar geometry in solution. The trans isomer has nevertheless better conditional
stability (pMn = 8.68 for Mn-tCDTA versus 7.82 for Mn-cCDTA, cMnL = 10 μM;
pH 7.4) and 250 times higher kinetic inertness. While their relaxivities are similar,
(3.62 (trans) and 3.79 mM–1 s–1 (cis); 20 MHz, 25 °C), Mn-cCDTA has a ~60 %
faster water exchange, likely related to the higher steric constraints in the coordi-
nation sphere, which accelerates the rate-determining dissociation step in a disso-
ciatively activated process. A bifunctional derivative adapted to biological target-
ing has been also reported [28].

In PhDTA, the ligand skeleton is rigidified with an aromatic ring (Scheme 1).
The conditional stability (pMn = 8.16) and the relaxivity (3.72 mM–1 s–1; 20 MHz,
25 °C) of MnPhDTA are comparable to those of Mn-tCDTA, while its kinetic
inertness is slightly higher with a dissociation half-life estimated to be 19 h at pH
7.4 [29]. A pyridine ring has been also incorporated in the ligand backbone [30].
Two additional piperidine rings can be found in the ligand Py(pip)2 (Scheme 1)
which forms a monohydrated complex with a relaxivity of 3.6 mM–1 s–1 (20 °C,
1.5 T) [31, 32]. This complex was conjugated to PEG chains of different length
[32] or to an amphiphilic dextran [33], and the conjugates were evaluated for
MR angiography. The dextran derivative forms micelles in aqueous solution re-
sulting in improved relaxivity (13.3 mM–1s–1). Both the PEG and the dextran

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



MANGANESE COMPLEXES AS CONTRAST AGENTS FOR MRI 79

Table 2. Thermodynamic stability constants, log KML, pM values (cMn = clig = 10�5 M,
pH 7.4) and dissociation half-lives, t1/2, (estimated for pH 7.4, 10�5 M Zn2C or 10�6 M
Cu2C concentrations) for selected Mn2C complexes.

CN / q logKML pMn t1/2 (hours)

linear ligands

EDTA [62] 7 / 1 12.46a 7.83a 0.076
tCDTA 7 / 1 14.32a 8.68a 12
cCDTA [27] 7 / 1 14.19a 7.82a 0.47
PhDTA [29] 7 / 1 11.79a 8.38a 19.1
EDTA-BOM [23] 7 / 1 13.50b 7.82b –
EDTA-BOM2 [23] 7 / 1 13.80b 8.12b –
PyC3A [35] 7 / 1 14.14a 8.17a 0.285c

macrocyclic ligands

NOTA [44] 6 / 0 14.90 11.80 74 [48]
ENOTA [43] 6 / 1 24.06 (for Mn2L) –
DOTA [119] 6 / 0 19.44 9.02 1037 [48]
DO3A [63] 6 / 0 16.55 8.66 11000
ODO3A [63] 6 / 0 13.88 8.57 180
1,4DO2A [52] 6–7 / 0.87 15.68 7.27 48.3
1,7DO2A [52] 6 / 0 14.64 6.52 56.8
PC2A [56] 7 / 1 17.09 8.64 –
PC2A-EA [56] 7 / 1 19.01 9.27 54.4c

PC1A 6 / 1 11.54d –
PC1P 6 / 1 14.06d 2.4
15-pyN5 [58] 7 / 2 10.89d 6.37d 11.40
15-pyN3O2 [58] 7 / 2 14.06d 6.19d –
9-aneN2O-2A [48] 6–7 / 1.46 7.43d 5.23d –
9-aneN2O-2P [48] 6 / 1 10.61d 5.06d –

other ligands

AAZTA [60] 7 / 0 14.19 8.15
AAZ3A [60] 6–7 / 0.64 11.00 6.58 0.7 [62]
MeAAZ3A [60] 6–7 / 0.32 11.43 6.47 –
AAZ3MA [60] 6–7 / 0.24 10.67 6.39 –
Bisp1 [61] 6 / 1 12.21 6.65 > 140 daysc

a 0.1 M NaCl; 25 °C.
b 1 M KCl; 20 °C.
c pH 6, 37 °C 25 eq. Zn2C.
d 0.1 M (CH3)4NCl; 25 °C.

derivatives could highlight blood vessels in rats with a long-lasting vascular en-
hancement at a low dose (0.1 Mn mmol kg–1 body weight for the dextran mi-
celles). Hydrazine functions were incorporated in Py(hyd)2 (Scheme 1). X-ray
crystal structure evidenced seven coordinate complexes including one inner
sphere water. Py(hyd)2ind was specifically designed to bind the amyloid Aβ1–42

peptide thanks to the indole function [34].
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Figure 1. Liver imaging of an orthotopic mouse model of colorectal liver metastasis with
MnPyC3A-1 at 4.7 T. (A, B) T1-weighted axial images of the liver at the level of the tumor
(arrow) prior to and during the hepatocellular phase after injection of MnPyC3A-1, re-
spectively. (C) Liver parenchyma versus tumor contrast to noise ratios (CNR) prior to
and following treatment with MnPyC3A-1 are 14.8 G 3.1 and 83.8 G 11.5, respectively.
Reproduced with permission from [38]; copyright 2018, American Chemical Society.

So far the Mn2C complex which has been taken the farthest in the validation
process towards MRI applications is based on the pyridine-substituted CDTA
chelator PyC3A (Scheme 1), developed by the group of Caravan. MnPyC3A is
a monohydrated complex, proposed as an alternative to the commercial extracel-
lular Gd-based agents [35]. The chelate has good thermodynamic stability and
kinetic inertness (Table 2). Indeed, in a comparative dissociation kinetics experi-
ment when challenged with 25-fold excess of Zn2C (pH 6, 37 °C), MnPyC3A
proved to be 20 times more inert than the clinically used GdDTPA. Its relaxivity
is slightly increased in serum indicating modest protein binding. The slightly
lipophilic character of the complex leads to excretion via both hepatobiliary and
renal pathways, without detectable in vivo degradation. The in vivo MR contrast-
enhancing capability of MnPyC3A has been similar to that of GdDTPA in a
non-human primate model [36]. The capacity of MnPyC3A to detect tumors in
mouse models of breast or liver cancer was comparable to that of commercial
agents. In addition, at equal doses, less Mn is retained in the body following
MnPyC3A injection than Gd after GdDOTA injection [37]. A family of liver-
specific derivatives of MnPyC3A has been also reported, and structure�activity
relationships governing protein binding, relaxivity, pharmacokinetics, biodistri-
bution, and elimination of the chelates have been established. The lead com-
pound (PyC3A-1, Scheme 1) showed rapid blood clearance, good relaxivity, and
hepatocellular targeting and successfully detected liver tumors in a mouse model
(Figure 1) [38].

2.2.3. Picolinate Derivatives

Botta, Platas-Iglesias et al. reported ligands containing one, two or three penta-
dentate 6,6′-((methylazanediyl)bis(methylene))dipicolinic acid units that form
mono- (H2dpama, H2dpaPha), di- (mX(H2dpama)2), and trinuclear
(mX(H2dpama)3) Mn2C complexes (Scheme 1) [39–40]. In contrast to the
hexadentate bcpe which forms a non-hydrated Mn2C complex, dpama deriva-
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tives contain two coordinated water molecules per metal. The relaxivities for
dpaPha2� and dpama2� complexes are comparable to bishydrated Gd3C che-
lates, evidencing that the lower magnetic moment of Mn2C is compensated by a
shorter Mn–Hw distance of the bound water molecule(s).

The dpama derivatives bind HSA with association constants in the 103 M–1

range. The binding of the mononuclear Mn2C chelate leads to the replacement
of both coordinated water molecules by donor atoms from the protein. Interest-
ingly, the dinuclear and the trinuclear analogues bind HSA via the involvement
of a single Mndpama which implies the replacement of its hydration water mole-
cules, but the remaining Mndpama moieties retain their water coordination. This
results in high relaxivities for the protein-bound complexes, in the order of
40 mM–1s–1 (20 MHz; 37 °C).

A single picolinate moiety and an additional carboxylate were appended to a
piperazine backbone in pmpa (Scheme 1). Mnpmpa has pentagonal bipyramidal
geometry where the axial positions are occupied by two water molecules and the
equatorial plane is constituted by the ligand ON3O donor set. Thermodynamic
stability was relatively high for a bishydrated chelate with log KMnL = 14.3 and
pM = 8.06 (pH = 7.4; [M] = [L] = 10 μM). Thanks to the two inner sphere water
molecules, it has high relaxivity (5.88 mM�1 s�1 at 1.41 T, 25 °C, pH 7.4) [41].

2.3. Macrocyclic Chelators

2.3.1. 9-Membered Macrocycles

Within the triazacyclononane family, it was early established that the triacetate
NOTA forms a non-hydrated complex with Mn2C, with accordingly low relaxivi-
ty [42]. Therefore, different structural modifications have been made to NOTA
to derive ligands which allow for hydrated Mn2C chelates. The dimeric ENOTA
was the first example [43] of the replacement of one carboxylate by non-coordi-
nating pending arms, followed by other monomeric, dimeric or macromolecular
structures [16, 44, 45] (Scheme 2). For Mn2ENOTA, hexacoordination including
five donor atoms from the ligand and one inner sphere water was proved by X-
ray crystallography in the solid state and by 17O NMR and NMRD data in
solution. The water exchange was twice as fast as that on the aqua ion and the
high negative activation volume (ΔV≠ = –10.7 cm3mol–1 versus –5.4 cm3mol–1 for
Mn(H2O)6

2 C) evidenced a strongly associative water exchange mechanism. In
an 17O NMR, NMRD, and DFT study on NO2A derivatives (MeNO2A,
BzNO2A, MeBzNO2A, and mBz(NO2A)2; Scheme 2), Platas-Iglesias et al.
showed that the steric crowding induced by the non-coordinating pending arm
around the first sphere has an important influence on the water exchange rate
[45]. In such associatively activated water exchange processes, a bulky group
limits the approach of the incoming water molecule, thus slows down water ex-
change: one order of magnitude diminution was found in kex

298 when substituting
the methyl to a benzyl substituent on NO2A. Sterically very demanding groups
even restrict the number of coordinated water molecules which drops to 0.5 in
[mBz(MnNO2A)2].
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Scheme 2.
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The NO2A-monoamide was conjugated to a truncated Evans blue (EB) moie-
ty that promotes HSA binding and the Mn2C complex was evaluated as dual T1

and T2 agent for the visualization of subcutaneous and orthotopic brain tumors
in mice (Scheme 2) [46]. For this complex, the coordination of the amide func-
tion, thus the absence of an inner sphere water molecule would be expected.
Even if the hydration number of the complex was not assessed, the relaxivity
and its strong increase (from ~6 to ~28 mM–1s–1 at 20 MHz) in the presence of
serum albumin, point to a contribution of inner sphere relaxation, thus the pres-
ence of a hydration water.

Platas-Iglesias et al. appended a picolinate function on one nitrogen of the
triazacyclononane macrocycle to obtain nompa (Scheme 2). Mnnompa is mono-
hydrated, but its kinetic inertness is unsatisfactory for practical application as
MRI CA, which is related to a fast spontaneous dissociation at pH 7.4 [47].

In a different approach, Drahoš et al. replaced one nitrogen in the triazacy-
clononane ring by an oxygen and investigated the Mn2C complexes of this 9-
aneN2O macrocycle bearing acetate, phosphonate, phosphinate or phenylphos-
phinate pending groups (Scheme 2) [48]. A combined NMRD and 17O NMR
study allowed to conclude that the diacetate Mn(9-aneN2O-2A) exists in equilib-
rium between mono- and bishydrated species, with an extremely fast water ex-
change (kex

298 = 1.2 ! 109 s–1) while the phosphonate derivative Mn(9-aneN2O-
2P) has one inner sphere water and two orders of magnitude lower water ex-
change (kex

298 = 1.2 ! 107 s–1). Unfortunately, the thermodynamic stability of the
Mn2C complexes, especially of the phosphinates is rather low and their dissocia-
tion was instantaneous at pH 6 and in the presence of 5 equivalents of Zn2C,
which obviously prevents any consideration for in vivo use.

2.3.2. 12-Membered Macrocycles

Among cyclen-based ligands, DOTA forms a very stable and inert Mn2C com-
plex [49]. As expected with octa- or heptadentate ligands, neither MnDOTA,
nor MnDO3A or its derivatives contain inner sphere water [50, 51]. For the trans
(Mn(1,7-DO2A)) and cis (Mn(1,4-DO2A)) diacetate derivatives (Scheme 3), as
well as for Mn(DO1A), the hydration state and the water exchange properties
have been assessed in a combined 17O NMR, NMRD, and DFT work [50]. In
contrast to the EDTA family, there is no clear predominance of seven-coordina-
tion in aqueous solution. Mn(DO1A) has one inner sphere water and a total
coordination number of 6, while for the diacetates, non-hydrated and monohy-
drated species co-exist with an average q of 0.9 for Mn(1,4-DO2A) and close to
0 for Mn(1,7-DO2A). Accordingly, the relaxivity drops from ~2.1 mM–1s–1 for
Mn(1,4-DO2A) to 1.5 mM–1s–1 for Mn(1,7-DO2A) (25 °C, 30 MHz). Mn(1,4-
DO2A) has very fast water exchange (kex

298 = 1.1 ! 109 s–1), attributed to the
small energy difference between the two differently hydrated species facilitating
the transition from the starting seven-coordinate complex to the six-coordinate
transition state in a dissociatively activated water exchange. Mn(1,4-DO2A) has
slightly higher thermodynamic stability and pM value than the trans isomer
(pMn = 7.27 versus 6.52; pH = 7.4, cMnL = 10�5 M, 0.15 M NaCl). Their kinetic
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Scheme 3.
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inertness is similar, with dissociation half-lives (t1/2) estimated to 48 and 57 h,
respectively, for Mn(1,4-DO2A) and Mn(1,7-DO2A) under physiologically rele-
vant conditions [52]. Nevertheless, these complexes remain about twenty times
more labile than MnDOTA (t1/2 = 1061 h) [48]. 1,4-DO2A was further function-
alized on the secondary amines with C12 or C16 hydrophobic chains which pro-
mote micelle formation and efficient HSA binding, both resulting in a substantial
relaxivity increase (~6 to 7-fold increase for the micellar form and ~15-fold for
the HSA-bound form; 25 °C, 30 MHz) [53]. Ligands bearing phosphonate or
phosphinate groups in 1,4 positions of the cyclen form six-coordinate, non-
hydrated Mn2C complexes with r1 ~2 mM–1s–1 (37 °C, 20 MHz) [54].

The 12-membered pyclen containing a pyridine ring is a rigidified macrocycle
expected to provide better inertness for the complexes. Derivatives containing
one acetic or one methylphosphonic acid pendant arm were first investigated for
Mn2C complexation (Scheme 3) [55]. The MnPC1A and MnPC1P complexes are
six-coordinate, including one inner sphere water. The chelates have moderate
thermodynamic stability and kinetic inertness, and are not sufficiently resistant
to oxidation under air. The ligand bearing two acetate functions on the opposite
macrocycle nitrogens (PC2A) and derivatives with additional non-coordinating
pending arms on the third amine such as PC2A-EA (Scheme 3) form monohy-
drated Mn2C complexes with excellent thermodynamic stability and kinetic in-
ertness. The pMn value decreases only slightly from MnPCTA to Mn(PC2A-
EA) and to MnPC2A (respectively 9.74, 9.27 and 8.64, at pH 7.4, 10–5 M MnL)
and in a comparative study, Mn(HPC2A-EA) (at pH 6 the amine is protonated)
was found to be 190 more inert than MnPyC3A [56].

2.3.3. Larger Macrocycles

Numerous aza- or aza-oxa crown ethers were investigated for Mn2C complexa-
tion, often with respect to their superoxide dismutase activity [57]. Typically, the
macrocyclic donor atoms form an equatorial plane around the metal ion, and
water molecules occupy the two axial positions in a pentagonal-bipyramidal ge-
ometry with an overall coordination number of 7. The 15-membered 15-pyN3O2

and 15-pyN5 integrate a pyridine ring (Scheme 3) [58]. The coordination of two
inner sphere water molecules was evidenced in the solid state by crystal struc-
tures, but also in solution by the relaxivity values. Interestingly, very slow water
exchange was found for Mn(15-pyN3O2) (kex

298 = 3.8 ! 106 s–1), explained by
strong H-bonds between the coordinated water and the macrocycle oxygens.

Bogdanov et al. used the Mn2C chelate M400401 as a theranostic agent to
combine MRI and superoxide dismutase activity (Scheme 3). Encapsulated in a
liposome, it entered the brain and was proposed as MRI-trackable neuroprotec-
tive agent to counteract damaging levels of superoxide produced during cerebral
ischemia [59].
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2.4. Other Chelators

AAZTA-like chelators based on the 6-amino-6-methylperhydro-1,4-diazepine
scaffold and possessing pendant carboxylates were reported by Botta et al.
(Scheme 3) [60]. The relaxivities of the Mn2C complexes of the hexadentate
ligands AAZ3A, MeAAZ3A, and AAZ3MA are 2.49, 2.01, and 1.90 mM–1s–1

(20 MHz, 25 °C) and 17O NMR and NMRD data pointed to the presence of a
hydration equilibrium between mono- and non-hydrated complexes for each of
them, with average hydration numbers of 0.64, 0.32, and 0.24 for AAZ3A,
MeAAZ3A, and AAZ3MA, respectively. MnAAZTA has no inner sphere wa-
ter. As expected, the removal of one carboxylate from AAZTA also leads to a
decreased thermodynamic stability for the complexes.

Very recently, the bispidine derivative bisp1 was described to provide extreme
resistance to dissociation (Scheme 3) [61]. Bispidines are a versatile platform in
coordination chemistry. The chair-chair conformer is best suited for stable metal
coordination and its exceptionally preorganized structure favors high kinetic in-
ertness. Indeed, at 37 °C, pH 6.0 and in the presence of up to 50 equivalents of
Zn2C, Mnbisp1 remained intact and did not show any relaxivity change for at
least 140 days. Under similar conditions, a dissociation half-life of 54.4 h has been
reported for MnPC2A-EA, considered as the most inert Mn2C chelate so far.
The ligand coordinates in a five-dentate manner, involving two pyridine and two
bispidine nitrogens and the methylene carboxylate. This leaves one coordination
site for hydration water. The two non-coordinating pending carboxylates create
a second sphere contribution and increase proton relaxivity. In vivo MRI experi-
ments performed in mice indicated quick renal clearance, which was also sup-
ported by ex vivo ICP determination of the Mn tissue content in different organs.
Bisp1 can be readily functionalized for biological targeting via the lysine terminal
amine.

2.5. Stability and Kinetic Inertness

Even if the use of MnDPDP, once commercialized and known to partially disso-
ciate in vivo, did not raise toxicity problems, today it is generally accepted that
only a stable and inert Mn2C chelate which efficiently prevents Mn2C release
could be approved for clinical application. Mn2C is a labile cation and to ensure
very high kinetic inertness for a hydrated Mn2C chelate, comparable to the refer-
ence agent GdDOTA for instance, seems a difficult task. Nevertheless, as more
dissociation kinetic data are available, some general trends become visible.

To assess kinetic inertness, typically transmetalation reactions with Zn2C or
Cu2C are followed under pseudo-first order conditions, at different pHs. The
dissociation mechanisms of Mn2C chelates do not differ substantially from that
of the Gd3C complexes and involve spontaneous, acid-catalyzed and metal-assist-
ed decomplexation. The first detailed dissociation kinetic study concerned the
non-hydrated MnNOTA and MnDOTA and proved that spontaneous and pro-
ton-assisted pathways are important at pH 3.5–5.5 [48].
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In a comparative study on Mn2C complexes of EDTA derivatives and AAZTA,
Kálmán and Tircsó evidenced the superior kinetic inertness of MnCDTA, with
a dissociation half-life of 12 h (pH 7.4 and 10–5 M Cu2C), two orders of magni-
tude higher than the next most inert MnAAZTA [62]. This was related to the
rigid structure of CDTA providing a compact and preorganized coordination
cavity. Interestingly, the non-hydrated MnDTPA undergoes instantaneous disso-
ciation under the same conditions. The reason is likely the high basicity of the
central amine, but the non-coordinating donor atoms which can promote the
formation of protonated and dinuclear intermediates likely contribute also to
the fast dissociation.

A large series of 12-membered macrocyclic ligands was investigated in order
to assess the relationship between ligand rigidity, the nature of the donor atoms
in the macrocycle (pyridine N, amine N, ether O) and in the pendant arms (car-
boxylates, phosphonates, primary, secondary, and tertiary amides), and the ther-
modynamic stability and the kinetic inertness of the Mn2C complexes [63]. Al-
though many of these complexes were non-hydrated, they allowed identifying
structure–stability relationships. As expected, decreasing the denticity and the
basicity of the DOTA by removing carboxylates results in decreased stability,
which can be partially compensated by incorporating a pyridine ring (PCTA) or
an ether oxygen (ODO3A) in the macrocycle (Scheme 3). Ligands with amide
functions form thermodynamically less stable complexes than carboxylate ana-
logues and primary amides are less stable than secondary and tertiary amides,
but they promote higher kinetic inertness. The same tendency was also observed
in comparing Mn(1,4-DO2A) and its bismethylamide derivative [64]. Phosphon-
ates lead to poor conditional stability and kinetic inertness. The rigidity of the
macrocycle was again identified as an important feature for high resistance to
dissociation. The importance of ligand preorganization was further confirmed by
the exceptional kinetic inertness of Mnbisp1 [61].

3. MANGANESE(III) CHELATES

The Mn3C oxidation state is also accessible under biologically relevant condi-
tions. Mn3C (3d4 configuration) is paramagnetic, typically giving rise to high spin
S = 2 complexes. Water exchange was reported to be fast on Mn3C [65, 66], but
the longitudinal electronic relaxation times are short (~10 ps or below [67]) and
this limits their nuclear relaxation efficiency.

Water-soluble and air-stable porphyrin complexes of Mn3C were investigated
early on in the context of MRI. Mn3C porphyrins combine several interesting
features. Their bishydration contributes to good relaxivity. In an octahedral coordi-
nation geometry, the porphyrin nitrogens provide a planar coordination environ-
ment and two water molecules occupy the apical positions. Porphyrin complexes
show high thermodynamic stability and kinetic inertness. Porphyrins are naturally
targeted to tumor cells and can offer additional imaging or therapeutic options as
well such as fluorescence imaging, photodynamic or photothermal therapy. For all
these reasons, Mn3C prophyrins will likely gain increasing interest in the future.

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



88 LACERDA, NDIAYE, and É. TÓTH

Scheme 4.
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It was shown in the 1980s that the meso-tetra(4-sulfonatophenyl)porphine de-
rivative, Mntpps, (Scheme 4) is stable in human plasma for hours. Upon intrave-
nous injection into athymic mice bearing subcutaneous human colon carcinoma
xenografts, Mntpps provided enhanced water proton relaxation in excised mouse
tissues, such as kidney, liver, and tumor [68].

Anomalously elevated relaxivities were reported for Mntpps [69]. It has also
been shown that their NMRD curve cannot be appropriately fitted within the
frame of the Solomon-Bloembergen-Morgan theory assuming reasonable distan-
ces between the Mn3C electron spin and the coordinated water proton. This was
attributed to the anisotropy of the electron density at the metal center, which
brings the Mn3C spin density closer to those protons. Another interesting feature
is that the field dependency of the relaxivities is different for Mn3C than for
Mn2C or Gd3C. In contrast to classical MRI agents, relaxivity increases with
increasing magnetic field above 1 MHz, which could be interesting for clinical
applications, but has been largely underexploited.

Zhang et al. appended carboxylate functions on the porphyrin to accelerate
the in vivo clearance rate and minimize the retention of the Mn3C complex [70].
Their results suggest that the size, geometry, and polarity of complexes can be
systematically modified to optimize their relaxivities and pharmacokinetic prop-
erties, including tissue specificity, diffusion rate, metabolic pathway, and clear-
ance rate. They also created dimers to slow down rotation and increase relaxivity,
and the linker between the two porphyrin rings was also exploited for HSA
binding aiming to the development of a vascular imaging agent [71]. Porphyrins
were linked to dextran polymers [72], virus-like particles [73] or incorporated in
metal-organic frameworks [74].

Phthalocyanines have been also investigated. Following early work on a tetra-
sulfonated manganese(II) phthalocyanine which showed preferential retention
and contrast in tumor [75], new water-soluble manganese(III) phthalocyanines
bearing four PEG500 or four choline substituents, to promote water solubility,
were reported [76]. Unfortunately, these Mn3C complexes still displayed low
solubility and relatively low r1 relaxivities, due to their tendency to aggregate in
aqueous solution. The 1H NMRD profiles of the PEG500- and choline-substitut-
ed Mn3C-phthalocyanine complexes are typical of self-aggregated Mn3C systems
with r1 of 4.0 and 5.7 mM�1 s�1 at 20 MHz and 25 °C. The Mn3C oxidation
state is stabilized by the electron-donating substituents at the periphery of the
phthalocyanines.

Jasanoff et al. reported ligands based on the 1,2-phenylenediamido (PDA)
backbone (Scheme 4), in the objective of obtaining MRI probes to visualize in-
cell targets [77]. Indeed, the combination of a lipophilic aryl backbone with a
hydrophilic metal-binding site affords a good balance that facilitates crossing of
cell membranes. Mn3C-PDA complexes are bishydrated and display relaxivities
comparable to that of small-molecular Gd3C agents (4.1, 5.4, and 5.1 mM�1s�1

for MnPDA1, MnPDA2 and MnPDA3, respectively, 7 T, 22 °C). They spontane-
ously localize in the cytosol. Derivatives incorporating enzyme-cleavable aceto-
methoxy ester groups were also investigated [77]; they are processed by intracel-
lular esterases and accumulate in cells.
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4. RESPONSIVE PROBES

The relatively easy modulation of the relaxivity of MRI probes, thus of the con-
sequent MRI signal by the environment of the CA enables the design of respon-
sive molecular probes for the detection of many pertinent in vivo biomarkers. A
number of in vivo parameters, such as overexpression of a specific protein, redox
or pH variations, are intrinsically related to certain diseases and can be useful
biomarkers for their early detection. The design of appropriate probes to detect
those parameters and their variations has been the focus of extended research.
New classes of probes, namely “smart” responsive and specific “targeted” CAs
have emerged and slowly make their way through in vivo application and subse-
quent clinical use [1, 78–82]. In the case of Mn-based CA, a change in the metal
redox state can also lead to an MRI signal variation, yielding alternative mecha-
nisms to design responsive probes, in addition to the usual relaxivity modulation
via the ligand structure (see below).

4.1. Redox Sensing Based on the Manganese(II)/

Manganese(III) Couple

Tissue redox is an important biomarker. Tight regulation of the intra- and extra-
cellular redox environment is primordial to normal organism function. Modifica-
tions in the redox balance are linked to many cellular events and diseases, mainly
associated to the generation of reactive oxygen species and consequent oxidative
stress. The main actors in redox homeostasis are cysteine, glutathione, hydrogen
peroxide, or nicotinamide adenine dinucleotide (NADH), whose concentrations
and reduction potential vary depending on the biological status of the cell (e.g.,
proliferation, differentiation or apoptosis) and in disease states. These are there-
fore optimal biomarkers [83, 84]. Mn2C and Mn3C are both efficient paramagnetic
relaxation agents, but with different relaxation mechanisms and different relaxivi-
ties.

4.1.1. Porphyrins

The first redox-sensitive Mn-porphyrin-based agent has been reported by Aime
et al. [85]. Their aim was to follow levels of partial oxygen pressure, p(O2), perti-
nent of a number of pathological conditions, and to obtain probes which enable a
good separation of arterial and venous blood oxygenation levels by MRI. The
porphyrin tpps (Scheme 4) forms stable complexes with both Mn2C and Mn3C.
The complexes have a high r1 relaxivity difference, but unfortunately only at low
magnetic fields (~21 and ~6 mM–1s–1 for Mn2C and Mn3C, respectively at
0.1 MHz, 25 °C). At clinical fields (1.5–3 T) the difference drops to ~1.2-fold. The
analysis of the parameters influencing the relaxation pathways for Mn2C/3Ctpps
showed that the r1 of Mn3Ctpps depends mostly on the electronic relaxation,
while that of Mn2Ctpps is controlled by the rotational motion (τR). To circumvent
the low relaxivity difference between the two oxidation states, they incorporated
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these tpps ligands in cyclodextrin. By using a poly-β-cyclodextrin with 3–9 units
and a global molecular weight of 6 kDa, they reached a 4-fold enhancement of
the relaxivity of the Mn2C versus the Mn3C state (20 MHz, 25 °C). Mn2Ctpps
was then exposed to different oxygen levels, with complete oxidation to Mn3C at
40 mmHg O2, but the best discrimination in relaxivity occurs in values lower than
this pressure, and therefore this probe is not fully adapted for in vivo applications.
Nevertheless, it has opened the way for the design of other probes for differentia-
tion of arterial versus venous blood vessels.

Tóth, Geraldes et al. have reported on more soluble and stable porphyrins,
which would be very important for in vivo applications [86]. They have proposed
a more biocompatible and water-soluble fluorinated porphyrin conjugated to
polyethylene glycol (PEG) chains, tpfpp(PEG)4 (Scheme 4). This novel probe
stabilizes both Mn2C/3C in the relevant biological redox range. A reversible re-
dox response to ascorbic acid/oxygen is observed, but Mn3C reduction does not
occur in the presence of glutathione or cysteine and this probe is specific for
ascorbic acid. It has fast reduction and slow re-oxidation kinetics and low toxicity
at concentrations relevant for MRI. Mn2C- and Mn3Ctpfpp(PEG)4 relaxivities
are 24 mM–1s–1 and 10 mM–1s–1 at 20 MHz and 25 °C, a 2.4-fold difference at
clinically relevant magnetic field.

4.1.2. EDTA-Phenolate Derivatives

Caravan et al. have reported EDTA and CDTA derivative families functionalized
with phenolate groups (Scheme 4) [87]. The HBET and the more rigid CyHBET
scaffolds bear substituents at the 5-position of the aromatic phenyl ring (–H,
–OMe, and –NO2) with different electronic properties. Complexes of these

Table 3. Main properties of Mn2C/3C complexes of HBET and CyHBET ligand families,
HBED and JED: pMn2C, r1 and r2 relaxivities, hydration number (q) and observed rate
constant for conversion of Mn3C to Mn2C in the presence of L-cysteine.

pMn2+a Mn2+b Mn3+b q kobs (s–1) d Refs.

r1 r2 r1 r2

HBET 6.62 2.8 9.4 1.1 2.7 1 0.042 [87, 120]
HBET-OMe 6.48 3.1 11.1 c c 1 [87]
HBET-NO2 7.01 2.3 4.8 0.5 1.0 0.5 0.732 [87]
CyHBET 6.68 3.3 6.0 0.4 0.9 1 0.063 [87]
CyHBET-OMe 6.24 3.3 5.8 c c 1 [87]
CyHBET-NO2 7.55 2.3 3.7 0.5 0.9 1 0.563 [87]
HBED 5.72 [88]
JED 3.3 0.5 [88]

a pH 7.4 and [M] = [L] = 10 µM.
b In mM–1s–1, at pH 7.4, 37 °C, 1.4 T.
c Complexes of Mn3C with –OMe derivatives were not possible to isolate.
d [Mn3C] = 0.5 mM, [L-cysteine] = 10 mM.
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6 novel ligands with Mn3C and Mn2C were studied yielding thermodynamic, re-
dox, and relaxivity data and a structure-activity analysis (Table 3).

There was no particular increase in complex stability by rigidifying the ligand,
but the increased kinetic inertness is in favor of the CDTA scaffold. The thermo-
dynamic stability of the complexes follows the electronic nature of the substitu-
ent groups, increasing in the order of –OMe < –H < –NO2. Both r1 and r2 are
higher for the Mn2C than for the Mn3C complexes. The highest difference was
observed for CyHBET: 8.3-fold in r1 and 6.6-fold in r2. Within each series, r1 and
r2 increase with the pKa of the phenolate donor. The reduction of Mn3C to Mn2C

with L-cysteine is also dependent on the electronic nature of the substituent; it
is an order of magnitude slower for the –H than for the –NO2 derivative. The
redox reversibility of Mn2C/3C can be tuned by changing the ligand structure.

A more adapted structure to stabilize both Mn2C and Mn3C is the JED ligand
(Scheme 4), an ethylenediamine scaffold bearing two sets of donor groups stabi-
lizing Mn2C and Mn3C, respectively [88]. This strategy resulted in a 7-fold higher
r1 relaxivity for the Mn2C than for the Mn3C complexes (Table 3). Mn2C has an
inner sphere water molecule while the smaller Mn3C is coordinatively saturated
by 6 donor atoms (2 N from the scaffold and 4 O), with no room for water. The
Mn3C complex is rapidly reduced in the presence of L-cysteine (kobs of 3.6 s–1),
and the peroxidase-mediated oxidation of Mn2C guaranties its reversibility. Such
improvement in terms of r1 variation and fast interconversion of the stable forms
Mn2C/3C JED represented real progress in the rational design of redox-respon-
sive probes.

4.2. pH-Responsive Probes

Most Mn-based pH-responsive probes are based on the release of Mn2C (see
below). Recently, a promising probe whose signal change is based on the varia-
tion of the hydration number was reported [56]. This PC2A derivative PC2A-
EA bears an ethylamine pH-sensing moiety (Scheme 3). This chelate is thermo-
dynamically very stable and kinetically inert (see Table 2 in Section 2.2.2). At
0.49 T, 25 °C and in the pH range 3.7�5.8, r1 is 3.5 mM�1s�1 and corresponds to
the monoaquated and protonated Mn(HPC2A-EA). Below pH = 3.5, r1 increases
owing to the formation of a diprotonated chelate followed by dissociation.
Above pH 5.8, a decrease to 2.1 mM�1s�1 at pH > 8.4 is observed, indicating
the deprotonation and coordination of the ethylamine pendant to the Mn2C (q =
0). MRI phantoms at 3 T in the presence of human serum revealed a good signal
change on T1 and an even higher pH discrimination in T2-weighted images, with
r2 changing from 1.71 mM�1s�1 at pH 7.5 to 8.34 mM�1s�1 at pH 6.7.

4.3. Other Responsive Probes

Mn complexes have been used for the detection of redox biomarkers, such as
reactive oxygen species (e.g., H2O2) or superoxide dismutase (SOD) [89–91], but
also Zn2C [92, 93] and Ca2C [94].
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Figure 2. Calcium-responsive probe ManICS1-AM: (a) schematic presentation of the
MRI signal with T1-weighted MRI phantom images acquired at 7 T. (b) In vivo T1-weight-
ed MRI (7 T) showing broad contrast enhancement after infusion of ManICS-1 (left) or
calcium-insensitive control agent (MnL1F, right) into rat striatum; (c) T1-weighted MRI
signal increase upon KC infusion in the presence of preinjected ManICS1-AM (left) but
not of MnL1F (right). Adapted with permission from [94].

Goldsmith and coworkers have reported on three redox-active ligands prone
to oxidation in the presence of H2O2 (Scheme 4): ptp1 [89]; the substitution of
the methyl by a hydroxyl group yielded ligand qtp1 [90]; and the further substitu-
tion of the pyridine group by a second quinol led to ligand qtp2 [91]. While
oxidation of ptq1 yields a binuclear species and the deprotonation of at least
one of the phenols, for the other two ligands, the quinol groups are oxidized to
para-quinone. The presence of H2O2 led to r1 variation 3-fold better than for
the ones obtained for ptp1 and qtp1 (5.46 to 7.17 mM–1s–1, 3 T). EPR studies
confirmed that the Mn2C oxidation state does not change and this increased
relaxivity is attributed to a higher number of water molecules coordinated to the
metal. The qtp2 complex is more susceptible to transmetalation, with a pMn2C

of 5.36 (pH 7.4), but is less cytotoxic than qtp1. All three complexes also work
as potent antioxidants, suggesting a potential to simultaneously visualize and
improve oxidative stress.

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



94 LACERDA, NDIAYE, and É. TÓTH

Jasanoff and collaborators have studied both Zn2C and Ca2C sensing probes.
The Zn2C probes are based on Mn-(DPA-C2)2-TPPS3, a tpps3 porphyrin func-
tionalized with two dipicolylamine (DPA) groups [92, 93]. In the presence of
Zn2C, DPA binding functions flip from Mn3C to Zn2C, thus leaving place for
two water molecules in the Mn3C coordination sphere. Surprisingly, r1 of this
water-soluble and membrane-permeable probe decreases 1.3-fold in the presence
of Zn2C (4.7 T), a phenomenon dependent on pH and the ionic force. As the
probe is cell-penetrable, intracellular Zn2C detection was possible in HEK-293
cells both in T1 and T2-weighted MRI. In vivo studies were reported in living
brain by intracranial injection in rats. A T1-weighted contrast enhancement at
9.4 T was more distinct in the hippocampus, a zinc-rich brain region, than in the
caudate nucleus, which contains relatively little labile Zn2C, revealing the inter-
est of these porphyrin-DPA derivatives.

Intracellular Ca2C probes were later described [94]. They are based on fluores-
cent dyes and consist of two parts: a selective Ca2C-binding moiety derived from
BAPTA modified with acetomethoxyl (AM) ester groups (which undergo ester-
ase cleavage following cell penetration), and a cell-permeable phenylenediami-
do(PDA)-based Mn3C complex (ManICS1-AM). Relaxivity studies in the pres-
ence of Ca2C were encouraging and studies in cells showed cell penetration, with
conversion of the ethyl ester AM groups to carboxylates. The cells were stimulat-
ed with pharmacological agents that elevate cytosolic calcium levels and yielded
satisfactory results, leading to further in vivo tests in rat brain (Figure 2). Intra-
cranial infusion of ManICS1-AM into the rat striatum results in T1-weighted
MRI signal enhancement upon stimulation of the brain with KC ions. A Ca2C-
insensitive agent MnL1F was injected for control.

4.4. Magnetic Resonance Imaging Response

Based on Mn2+ Release

MRI intensity changes resulting from the release of “free” Mn2C from complexes
have been exploited to develop strategies and detect the redox state via Mn3C

reduction [95], pH [96, 97], enzymes [98], Ca2C [99] or Zn2C [100]. Botta et al.
have reported 3 Mn2C chelates based on EDTA, DTPA, and DTTA scaffolds,
where an L-tyrosine residue replaces one aminoacetate unit [98]. These probes
are responsive to tyrosinase, overexpressed in melanoma cells. Upon enzymatic
action, the complex is destabilized causing controlled release of Mn2C, eventual-
ly taken up by biological macromolecules, thus yielding a remarkable relaxivity
increase, 350 % for the DTTA derivative.

Jasanoff et al. [99] showed that labile Mn2C complexes of EGTA, BAPTA, and
calmodulin (a Ca2C-binding protein), all three selective for Ca2C, promote Mn2C

displacement in the presence of extracellular Ca2C. A T1-weighted MRI (4.7 T)
signal increase was observed for EGTA (3-fold) and BAPTA (4.7-fold), whereas
Mn2C displacement from calmodulin results in a signal decrease (2-fold). The
MRI signal increase is related to the higher number of first sphere water molecu-
les for the aqua-ion (q = 6) than for complexed Mn2C, q = 0 – 2. However, in the
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case of calmodulin, the long τR probably compensates the reduced q. A bimodal
fluorescence/MRI Zn2C responsive probe was also reported [100], based on a
dinuclear Mn2C complex of the zinc-responsive fluorescent indicator Zinpyr-1,
[ZP1Mn2]. The probe is selective for Zn2C over endogenous metals. In the pres-
ence of Zn2C, the fluorescence signal increases 25-fold. In parallel, a 1.7-fold r2

relaxivity increase is observed, while r1 remains unchanged within the measure-
ment error.

5. GENERAL CONCLUSIONS

Manganese is a versatile element for the creation of MRI contrast-enhancing
substances. Mn2C was the first CA ever used, though later replaced by Gd3C

agents. Following recent toxicity concerns associated to Gd3C, the design of sta-
ble, inert, and highly relaxing Mn2C complexes has been an active field and by
today, we gained good understanding of the structural factors that govern these
properties. Some Mn2C complexes are successfully progressing towards clinical
tests. Mn3C has been less investigated, though its relaxation mechanism allowing
for elevated relaxivities at high magnetic fields can be interesting to exploit.
Based on the recent spectacular progress in these fields, manganese will likely
gain increased importance in both preclinical and clinical applications.

ABBREVIATIONS

BAPTA 1,2-bis(o-aminophenoxy)ethane tetraacetic acid
bcpe 6,6′-((ethane-1,2-diylbis-(azanediyl))bis(methylene))dipicolinic

acid
BOM benzyloxomethyl
BTA benzothiazole aniline
CA contrast agent
CDTA 1,2-cyclohexylenedinitrilotetraacetic acid
DOTA 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid
DPA dipicolylamine
DTA 1,3-diamino-2-hydroxypropane tetraacetic acid
DTTA di-p-toluoyl-D-tartaric acid
EDTA ethylenediamine tetraacetic acid
EGTA (ethylene glycol-bis(β-aminoethyl ether) tetraacetic acid
ENOTA dimeric triazacyclononane tetraacetic acid
EOB ethoxybenzyl
HSA human serum albumin
ICP inductively coupled plasma
ManICS1-AM phenylenediamido(PDA)-based Mn3C complex
MRI magnetic resonance imaging
NADH nicotinamide adenine dinucleotide, reduced
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NMRD nuclear magnetic relaxation dispersion
NOTA 1,4,7-triazacyclononane-1,4,7-triacetic acid
PDA 1,2-phenylenediamido
PEG polyethylene glycol
SOD superoxide dismutase
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Abstract: Chemical exchange saturation transfer (CEST) is an emerging mechanism to pro-
vide contrast in clinical magnetic resonance imaging (MRI). CEST agents are compounds that
contain a pool of exchangeable or labile protons involved in exchange with the surrounding
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water molecules in tissues. Application of a radio frequency pulse at the frequency of the labile
protons results in some saturation being transferred to bulk water due to chemical exchange.
This attenuates the intensity of the bulk water signal, thus generating image contrast. Both
diamagnetic and paramagnetic compounds can be used as CEST agents. In this chapter, the use
of paramagnetic probes based on both lanthanide and transition metal ions as CEST agents is
reviewed. The most promising agents reported in the literature are presented, including several
probes that respond to the environment and some successful in vivo applications.

Keywords: lanthanides · MRI · metal ions · transition metals · complexes

1. INTRODUCTION

The advent of magnetic resonance imaging (MRI) at the end of the 1970s and
beginning of the 1980s represented a major advance for medical diagnosis, as
this technique allows recording high-resolution images of the body with unlimit-
ed tissue penetration and without use of ionizing radiation [1]. MRI uses the 1H
resonances of water and tissues (i.e., fat), generating contrast on the basis of
differences in nuclear spin densities and relaxation times. Paramagnetic com-
pounds (Fe3C, Mn2C, and Gd3C) were soon proposed as contrast agents for
MRI, as they can accelerate the relaxation times of water proton nuclei (see
Chapter 2) [2–4]. These contrast agents enhance image contrast by shortening
the longitudinal relaxation times (T1) of water protons, and are thus often denot-
ed as T1 agents. Several Gd3C complexes developed by different pharmaceutical
companies entered the market by the end of the 1980s and early 1990s, and since
then they have been routinely applied in millions of MRI scans. These T1 agents
are non-specific, distribute in the extracellular space, and are rapidly excreted
from the body, mostly through the kidneys [5, 6].

Some toxicity issues associated to the administration of Gd3C-based agents, as
well as additional limitations associated to certain MRI applications, triggered a
renewed interest in finding alternatives to the classical paramagnetic T1 agents
[7–9]. For instance, quantification of contrast agent concentration is extremely
difficult, as these agents affect the relaxation times of an already existing signal
(the bulk water signal). Indeed, the signal changes induced by the contrast agent,
in response to a change in the environment, are concentration-dependent. Thus,
while many Gd3C agents with response to different biomarkers have been devel-
oped (pH, concentration of metal ions, redox potential, enzymatic activity, etc.),
quantification of the observed changes is very challenging due to the difficulties
in determining the exact concentration of the probe [10, 11]. Thus, alternative
contrast agents are required for molecular imaging applications, which aim at
obtaining not only anatomical but also functional information [12, 13].

Chemical exchange saturation transfer (CEST) contrast agents represent a
very attractive alternative to the classical T1 agents [14]. The CEST effect or
magnetization transfer (MT) effect was first introduced by Forsén and Hoffman
and later demonstrated in vivo by Wolff and Balaban [15, 16]. Shortly after this
initial report, exogenous compounds (i.e., barbituric acid) were proposed as
CEST MRI contrast agents [17]. CEST agents rely on the presence of a pool of
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protons (pool B, Figure 1) involved in chemical exchange with the bulk water
signal (pool A). In the presence of an external magnetic field, the population of
nuclear spins orientated in the same direction as the magnetic field is slightly
higher than those with opposite orientation, as determined by the Boltzmann
distribution. Application of a radio frequency (RF) pulse at the resonance fre-
quency of the exchangeable protons increases the population of nuclei aligned
against the magnetic field, the two populations becoming equal if enough energy
is provided. The nuclear spin population of pool B can return to the equilibrium
situation through spin-lattice relaxation (T1B). However, if the exchange rate
characterizing the movement of protons from pool B to pool A (kB) is faster
than the relaxation of pool B (R1B), some magnetization can be transferred from
pool B to pool A. If the relaxation rate of pool A (R1A) is long enough, the
acquisition of an NMR spectrum (using a π/2 pulse on pool A) will result in a
reduced intensity of the signal of pool A (bulk water) due to the exchange with
pool B, generating image contrast. A remarkable difference with T1 agents is
that CEST probes allow switching contrast on and off at will, by applying an
RF saturation pulse at the frequency of protons in exchange with bulk water.
Additionally, CEST probes may also contain two or more pools of exchangeable
protons with different resonance frequencies, so that ratiometric analyses are
possible [10]. This provides a straightforward strategy to develop responsive
agents allowing quantification of the CEST effect [18].

The pool of exchangeable protons in CEST agents must be in the slow-to-
intermediate exchange regime with bulk water, that is, kB ≤ Δω, where Δω is
the frequency difference between the two pools. It was soon realized that the
use of paramagnetic complexes can generate larger chemical shift differences
between the two pools, so that the slow-to-exchange condition can be achieved
with faster kB values [19–21]. Additionally, enlarging the frequency separation
between the two pools allows using higher saturation power without direct satu-
ration of the bulk water signal. This enhances the CEST effect and can potential-
ly increase detection sensitivity, one of the main limitations of MRI [22, 23]. Last
but not least, a large paramagnetic shift is expected to minimize the problems
associated to semi-solid macromolecular MT, a non-selective effect observed in
tissues attributed to the saturation of exchangeable protons at the surface of
macromolecules, as well as water molecules trapped in the macromolecular ma-
trix. This results in an intrinsic background saturation transfer signal of this so-
called semi-solid MT (ssMT) spanning a large frequency range (~100 kHz),
which makes the detection of the CEST effect more difficult, particularly for
low Δω values [24, 25].

Some lanthanide ions induce large chemical shifts in the NMR signals of ligand
nuclei in the vicinity of the paramagnetic center, without causing extreme line-
broadening [26, 27]. Thus, lanthanide complexes were the first class of para-
magnetic complexes considered as potential MRI paramagnetic CEST agents
(paraCEST). Since then, a variety of other paramagnetic metal complexes were
investigated in this context, including those based on the transition metal ions
Fe2C, Co2C, Ni2C, and Cu2C [28, 29].

The CEST effect is often measured by recording the so-called Z-spectrum or
CEST spectrum, defined according to Equation (1)
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Z-spectrum =
Mz

A(ΔωA)
M0A

(1)

Here, Mz
A(ΔωA) represents the magnetization of pool A (bulk water) upon satu-

ration at a frequency ΔωA = ωA � ω, which is expressed in Hz, or most commonly
in ppm. Thus, a Z-spectrum is a plot of the magnetization of bulk water (Mz

A or
simply Mz) normalized by the signal without saturation (M0A or simply M0) as a
function of the saturation frequency (Figure 2 left). Z-spectra are generally plotted
by assigning a chemical shift of δ = 0 ppm to the bulk water signal. They are
therefore dominated by a central peak at δ = 0 ppm that reaches a value of Mz/
M0 = 0, as a result of the full saturation of the bulk water signal upon direct
irradiation. CEST effects due to exchangeable protons are characterized by peaks
with 0 < Mz/M0 < 1 at the resonance frequency of the exchangeable protons of
the CEST agent. Saturation at frequencies sufficiently away from those of bulk
water or exchangeable protons does not affect the intensity of the bulk water
signal, and thus Mz/M0 = 1, providing that direct saturation of bulk water is negligi-
ble. Z-spectra are therefore expressed in terms of a reduction of the bulk water
signal (i.e., a stronger effect corresponds to lower Mz/M0 values).

Alternatively, the CEST effect can be analyzed using the magnetization trans-
fer asymmetry spectra (MTRasym spectra, Figure 2 right), which plots the differ-
ence in magnetization of bulk water upon saturation at a frequency ΔωA and its
mirror frequency with respect to bulk water –ΔωA, a relation defined by Equa-
tion (2):

MTRasym =
Mz

A(� ΔωA) � Mz
A(C ΔωA)

M0A
(2)

Figure 2. Schematic presentations of the CEST effect through the Z-spectrum and MTR
effect. Left: Z-spectrum showing the decrease in magnetization due to saturation pulses
at the frequency of exchangeable protons (small peak) or bulk water (large peak); the
shaded area indicates magnetization levels. Right: the plot of MTRasym (red line), ob-
tained by subtracting the signals at –Δω from Δω frequencies from the Z-spectrum
(dashed line).
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The application of an RF pulse at the resonance frequency of pool B (C ΔωA)
decreases the magnetization of bulk water protons (pool A) thanks to chemical
exchange. However, application of an RF pulse at –ΔωA does not provoke atten-
uation of the bulk water signal, as there are no exchangeable protons resonating
at this frequency. As a result, MTRasym spectra reflect only the effects caused by
the contrast agent, removing other effects such as direct saturation of the bulk
water signal.

In this chapter an overview of the progress in the design of metal complexes
as paraCEST agents is presented. The first part reviews the progress made in the
use of paramagnetic lanthanide complexes as paraCEST agents, including the de-
sign of responsive probes. A separate section is devoted to transition metal-based
paraCEST agents, with emphasis in the development of redox-responsive sys-
tems. Finally, the chapter is concluded by providing the authors’ perspective on
the future directions of this exciting interdisciplinary field that encompasses
NMR spectroscopy and imaging, coordination chemistry and in vitro and in vivo
applications.

2. LANTHANIDE COMPLEXES AS ParaCEST AGENTS

2.1. Lanthanide-Induced Shifts and Relaxation Rate

Enhancements

Some paramagnetic metal ions induce relatively large paramagnetic shifts in 1H
nuclei situated in their vicinity, without causing extensive line broadening due to
fast relaxation. To this end, different paramagnetic lanthanide ions (Ln3C) were
introduced in the early times of NMR as shift reagents, as the lanthanide shifts
induced by these ions aided spectral assignment [30]. The paramagnetic shifts
induced by the Ln3C ions are generally dominated by the pseudocontact mecha-
nism, which is the result of a dipolar interaction between the electron and nucle-
ar spins, as expressed by Equations (3)–(5) [31]:

Δpc =
106

12πr3
[Δ�ax(3 cos2 θ � 1) C

3
2

Δ�rh(sin2 θ cos 2φ)] (3)

Δ�ax = �zz �
�xx C �yy

2
(4)

�rh = �xx � �yy (5)

Here, r, θ, and φ define the spherical coordinates of the observed nuclei with
the paramagnetic metal ion placed at the origin, and Δχax and Δχrh are the axial
and the rhombic parts of the magnetic susceptibility tensor. In the specific case
of systems with axial symmetry (Cn ≥ 3), the rhombic contribution is zero. Bleaney
showed that the pseudocontact shifts in Ln3C complexes are proportional to the
so-called Bleaney factors, which have the values shown in Table 1 [32]. In the case
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Figure 3. Representation of the double cone surface generated by the pseudocontact
shift in a Ln3C DOTA-tetraamide complex. The surface of the cone signals is character-
ized by a θ value of 54.7° that results in zero pseudocontact shift. Nuclei placed inside
and outside the double cone are shifted in opposite directions.

of Gd3C, the symmetrical 8S7/2 electronic ground state is isotropic, and thus the
pseudocontact shift is zero under first order conditions. Recent results evidenced
limitations of Bleaney’s theory to predict quantitatively the paramagnetic shifts
induced by Ln3C ions, but still qualitative trends are predicted correctly in most
cases [33, 34]. For axially symmetric systems, Equation (3) generates a double
cone surface characterized by an angle θ = 54.7° for which the pseudocontact
shift is zero. As a result, nuclei lying inside the double cone surface experience
pseudocontact shifts of opposite sign with respect to those placed outside.

The maximum pseudocontact shift is expected for nuclei situated along the
principal magnetic axis (θ = 0°). This effect can be demonstrated by representing
the surface of the double cone generated by the magic angle of θ = 54.7° on the
structure of a EuDOTA-tetraamide complex, a class of paraCEST agents that
has been extensively investigated in the literature (see Section 3.2) (Figure 3).
The water molecule coordinated to the metal ion lies on the principal magnetic
axis of the complex, which coincides with the C4 symmetry axis of the molecule.
As a result, the proton nuclei of coordinated water molecules experience a rather
large paramagnetic shift, being observed at ca. 50 ppm. Amide protons lie out-
side the double cone and are placed rather close to its surface, which results in
small negative paramagnetic shifts (~3 ppm).

Proton nuclei close to the paramagnetic center in terms of number of bonds can
also experience significant contact shifts, which are related to the spin density
at the observed nuclei originated by the paramagnetic metal ion through spin
delocalization and spin polarization effects [35, 36]. This is expressed with Equa-
tion (6),

Δcon = )Sz*
μB

3kTγI

A
ħ

106 (6)
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where μB and k are the Bohr magneton and the Boltzmann constant, respectively,
γI is the magnetogyric ratio of the nucleus and A/ħ is the scalar hyperfine coupling
constant expressed in rad s–1. The reduced values of the average spin polarization
)Sz* have been calculated for the different Ln3C ions, and are negative for Ce3C,
Pr3C, and Nd3C, and positive for the remaining Ln3C ions (Table 1) [37].

Table 1. Bleaney constants (Cj), reduced values of the average spin polarization ()Sz*),
effective magnetic moments (μeff), electron spin relaxation times (T1e) and estimated
Ln···H distances for optimal paraCEST properties.

Cj
a

)Sz*
b (μeff) (BM) T1e (!10−13 s)c Ln···H (Å)

Ce �6.3 �0.974 2.56 0.9 2.7�4.5
Pr �11 �2.956 3.62 0.57 3.2�5.4
Nd �4.2 �4.452 3.68 1.15 3.3�4.0
Sm �0.7 0.224 1.55�1.65 0.45 1.9�2.2
Eu 4.0 7.569 3.40�3.51 0.09 3.0�3.9
Tb �86 31.853 9.7 2.03 6.1�7.6
Dy �100 28.565 10.6 2.99 6.5�8.1
Ho �39 22.642 10.6 1.94 6.4�8.1
Er 33 15.382 9.6 2.38 6.0�7.6
Tm 53 8.21 7.6 3.69 5.3�6.7
Yb 22 2.589 4.5 1.37 3.7�4.7

a Data taken from [32].
b Data taken from [37].
c Data from reference [42].

The paramagnetism of the Ln3C ions also enhances the longitudinal (R1) and
transverse (R2) relaxation rates of proton nuclei in their vicinity. The relaxation
rates induced by Ln3C ions other than Gd3C are dominated by the dipolar
(Ri,dip) and the Curie susceptibility mechanisms (Ri,Curie), as expressed in Equa-
tions (7)–(10) [38�41]:

R1,dip =
2

15
(μ0

4π
)

2 γI2μeff
2

r6
( 3τc

1 C ωI2τc2
C

7τc
1 C ωS2τc2

) (7)

R2,dip =
1

15
(μ0

4π
)

2 γI2μeff
2

r6
(4τc C

3τc
1 C ωI2τc2

C
13τc

1 C ωS2τc2
) (8)

R1,Curie =
6
5

(μ0
4π

)
2 ωI2μeff

4

(3kT)2r6
( τR

1 C ωI2τR2
) (9)

R2,Curie =
1
5

(μ0
4π

)
2 ωI2μeff

4

(3kT)2r6
(4τR C

3τR
1 C ωI2τR2

) (10)
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In these equations τC is the correlation time given by τC
–1 = τR

–1 CτM
–1 C Tie

–1

(i = 1, 2), τM is the residence time of the nucleus in the first coordination sphere
of the Ln3C ion (τM = 1/kB), τR is the rotational correlation time, Tie are the
longitudinal (i = 1) or transverse (i = 2) relaxation times of the electron spin, r is
the distance between the observed nucleus and the paramagnetic ion, while other
symbols have been previously defined (see above). T1e of Ln3C ions other than
Gd3C take values of a few ps or less, while τR for small complexes are > 50 ps.
Thus, in the absence of exchange τC

–1 ~ Tie
–1 [42]. The Curie mechanism scales

with the square of the applied magnetic field (ωI2), and may dominate paramagnet-
ic relaxation at high fields, particularly for Ln3C ions with high effective magnetic
moments (μeff) like Tb3C, Dy3C, Ho3C, Er3C, and Tm3C (Table 1). The relaxation
rates induced by paramagnetic Ln3C ions present a 1/r6 dependence with the dis-
tance from the observed nuclei to the paramagnetic center, while pseudocontact
shifts present a 1/r3 dependence. Thus, relaxation rate enhancements drop much
quickly on increasing the distance than pseudocontact shifts.

The design of a Ln3C-based contrast agent requires attaining an optimal bal-
ance to allow a large paramagnetic shift without increasing too much relaxation.
Thus, a critical parameter for the design of a paraCEST agent is the distance
between the pool of exchangeable protons and the lanthanide ion. A simulation
of Δpc for the different Ln3C ions assuming axial symmetry (Δ�rh = 0 in Equa-
tion (3)) and longitudinal relaxation rates (Equations (7) and (9)) provides some
hints on the range of Ln···H distances that should result in optimal paraCEST
properties for each Ln3C ion (Figure 4). The optimal Ln···H distances for induc-
ing large chemical shift values can be estimated by calculating the Δ�ax value for

Figure 4. Optimal distances between the metal ion and labile protons in paraCEST
agents for the different Ln3C ions. The solid bars indicate the optimal ranges to generate
pseudocontact shifts, and the open bars the lower limit to avoid excessive relaxation.
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an Eu3C tetraamide complex, considering a paramagnetic shift of 50 ppm, with
θ = 0° and r = 3.1 Å [43]. The Δ�ax values for other Ln3C ions were then obtained
by assuming that they are proportional to the Bleaney factors (Table 1).

Furthermore, the range of appropriate Ln···H distances was considered to in-
duce paramagnetic shifts in the range 25–100 ppm. Obviously the pseudocontact
shift depends not only on the distance, but also on the position of the observed
nucleus with respect to the magnetic axes, and thus the obtained distance ranges
should be taken only as rough estimates (see Figure 4). Concerning relaxation,
a T1 value of 25 ms for the exchangeable protons was taken in this simulation as
a lower limit value to allow comparing the relaxation ability of the different
Ln3C ions across the series. The corresponding Ln···H distances were calculated
with the Tie and μeff values listed in Table 1, and a τR value of 100 ps, which is
typical of low molecular weight complexes [44]. The simulation shows that Sm3C

fails to provide significant paramagnetic shifts at reasonable Ln···H distances.
Indeed, the Ln···H distance of 3.1 Å characteristic of protons of coordinated
water molecules can be considered as the lower limit that can be attained in a
paraCEST agent, with the protons being placed two bonds away from the metal
ion. Interestingly, this distance lies above the lower limit value estimated to avoid
excessive relaxation for Ce3C, Pr3C, and Eu3C, while generating large pseudo-
contact shifts. Thus, it is not surprising that the coordinated water molecule in
Eu3C and Pr3C complexes was widely exploited to generate a paraCEST affect.
Among the first half of the lanthanide series, these three Ln3C ions appear to
be the best suited for paraCEST applications using exchangeable protons two
bonds away from the metal center. However, Nd3C is more efficient in inducing
relaxation than chemical shifts, as reflected by the fact that the optimal Ln···H
range to generate large chemical shifts is below the range for optimal relaxation.
A similar situation is observed for Ho3C and Er3C, which therefore are not well
suited to design paraCEST effects. Metal ions such as Yb3C and particularly
Tm3C appear to be very adequate to generate a paraCEST effect using amide
protons, which lie ~5.4 Å away from the paramagnetic metal ion [45]. Finally,
Tb3C and Dy3C should be the paramagnetic ions of choice if the exchangeable
protons are placed at distances > 6.1 and 6.5 Å, respectively.

2.2. Cyclen-Based Complexes

Lanthanide complexes with cyclen-based ligands functionalized with four pen-
dant arms have been the subject of intense research efforts during the last two
decades, mainly due to the successful application of some of these Gd3C com-
plexes as T1 MRI contrast agents (Chapter 2) and complexes with other Ln3C

ions as paraCEST agents. Ever since the initial reports, it became obvious that
the stereochemistry of these complexes is essential for defining their physico-
chemical features and hence, their performance as contrast agents. Therefore,
the stereochemistry of the cyclen-based complexes has been studied in detail
and it is well understood [46�48].
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Figure 5. Representation of the four diastereoisomers with square-antiprismatic (SAP)
and twisted square-antiprismatic (TSAP) coordination environments that are formed
upon Ln3C complexation with a chiral ligand. The methyl groups at the chiral centers of
the ligand are highlighted in green.

These compounds are generally present in solution as two diasteroisomeric
pairs of enantiomers with either square-antiprismatic (SAP) or twisted square-
antiprismatic (TSAP) geometries. However, these four stereoisomers become
diastereoisomers if the ligand is chiral, as illustrated for Ln3C complexes that
contain chiral centers in the amide side chains (Figure 5) [49]. The obtained
isomers differ in the orientation of the four pendant arms of the ligand (Δ or Λ)
and the conformation of the macrocyclic fragment, which adopts either a (δδδδ)
or a (λλλλ) conformation [50, 51].

To get further insights in the geometry and behavior of these isomer species,
the 1H NMR signals of the coordinated water molecule in Eu(1) (Figure 6) were
detected in CD3CN solution at room temperature [52]. This signal in the SAP
isomer was found at 84.1 ppm, while that of the TSAP isomer was observed at
δ = 19.0 ppm. The larger paramagnetic shift observed for the SAP isomer is
related to a larger magnetic anisotropy and thus a larger pseudocontact shift
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Figure 6. Lanthanide-based paraCEST agents discussed in the text.

(Equation 3) [53, 54]. This allowed determining the water exchange rates of the
coordinated water molecule individually for the two isomers, which revealed that
water exchange in the TSAP isomer was ~50 times faster than in the SAP iso-
mers [55]. Subsequently, it was shown that the 1H signal of the coordinated water
molecule in the SAP isomers of different DOTA-tetraamide complexes can be
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observed in pure water at room temperature at about 50 ppm, and that this
signal could be used to generate a CEST effect [56]. This discovery triggered
intense research in Ln3C DOTA-tetraamide complexes as potential paraCEST
candidates for MRI applications. However, tri-cationic DOTA-tetraamide com-
plexes were found to be toxic at the high doses that are required for MRI appli-
cations; this particular issue can be solved by incorporating negatively charged
groups in the ligand structure [57].

The amide protons in Eu3C complexes with DOTA-tetraamide ligands experi-
ence relatively small paramagnetic shifts, as they lay closer to the double cone
surface that signals a zero pseudocontact shift (θ ~86°) and present rather large
Eu···H distances (Figures 3 and 4). As a result, the signals of amide protons are
hidden by the huge bulk water signal, and they are not observed in CEST spec-
tra. The pseudocontact shifts induced by Yb3C are expected to be ~5 times larger
than those of Eu3C, considering the ratio of the corresponding Bleaney constants
(Table 1). Indeed, the 1H NMR signals of the Yb(1) complex are shifted well
away from the bulk water signal (~15 ppm), and in opposite direction with re-
spect to the protons of the coordinated water molecule [58]. These amide pro-
tons can also act as a source of MT to bulk water, generating contrast through
the CEST mechanism. Furthermore, a mixture of Eu(2) and Yb(2) was shown
to present CEST signals due to both the water molecule coordinated to Eu3C

and the amide protons of the Yb3C derivative. The ratio of the two signals can
be used to remove the concentration dependence, and can be correlated to the
pH of the solution [21].

Besides the coordinated water molecule or amide protons in Ln3C DOTA-
tetraamide complexes, other groups containing exchangeable protons such as
amines were investigated in the context of paraCEST agents [59]. Perhaps the
most widely explored alternatives are hydroxyl protons, which have been incor-
porated into a variety of cyclen derivatives such as Ln(3) and related derivatives
[60–63]. The hydroxyl protons of these complexes showed relatively small shifts
with respect to the bulk water signal, as a result of the position of these nuclei
close to the surface of the double cone that defines a zero pseudocontact shift.
Furthermore, the optimal CEST effect is achieved in most cases at rather low
pH values, presumably due to a fast proton exchange rate at neutral pH that
becomes slower under more acidic conditions. Other complexes containing hy-
droxyl exchangeable protons that were investigated as potential paraCEST can-
didates include Eu(4) and Yb(4), the Eu3C and Yb3C analogues of the commer-
cially available contrast agent GdHP-DO3A [64, 65].

2.3. Other Complexes

An additional challenge that is faced when developing paraCEST agents (besides
the desire to designing a potent agent with affirmative CEST properties) is to
achieve a high kinetic inertness of the complexes, i.e., to avoid the release of the
toxic free metal ion. Lanthanide complexes with DOTA-tetraamide ligands are
extremely inert, even more than the commercially available T1 agent GdDOTA–
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[66]. However, some cyclen-based systems with structures similar to DOTA were
found to be labile, and thus a macrocyclic DOTA-like structure does not neces-
sarily ensure a high kinetic inertness [67].

A few kinetically inert Ln3C-based paraCEST agents alternative to DOTA-
tetraamide derivatives have been proposed so far. In a recent work, it has been
shown that the [Yb(AAZTA)]– (Yb(5)) complex (AAZTA = 1,4-bis(carboxy-
methyl)-6-[bis(carboxymethyl)]amino-6-methylperhydro-1,4-diazepine) provides
a sizeable CEST effect thanks to the presence of a water molecule coordinated
to the metal ion observed at 83 ppm (Figure 6) [68]. The number of coordinated
water molecules in LnAAZTA– complexes changes from q = 2 for Gd3C to
q = 1 by the end of the lanthanide series, as the overall water exchange rates
decrease from 1.1 ! 106 for Gd3C to 6.7 ! 103 s–1 for Yb3C (at 278 K) [69, 70].
This unexpected trend paves the way for the design of paraCEST agents based
on the AAZTA framework, as the LnAAZTA– complexes are considerably sta-
ble and inert with respect to complex dissociation [71].

Another family of Eu3C paraCEST agents that were proved to be extremely
inert is based on an 18-membered macrocycle containing two pyridyl head units,
which was functionalized with hydroxyethyl and acetamide pendant arms. Indeed,
the Eu(6) and Eu(7) complexes do not experience dissociation under very harsh
conditions such as HCl 1 M, or in the presence of competing anions and cations.
The four magnetically equivalent hydroxide protons in Eu(6) are observed at
21.6 ppm with respect to bulk water at 25 °C, and provide a rather strong CEST
effect. The corresponding Pr3C and Yb3C complexes also give a CEST effect upon
saturation of the hydroxyl protons at 25.2 and 42.0 ppm, respectively [72]. The
eight amide protons of Eu(7) give rise to two signals at 15.0 and 9.5 ppm that
present different exchange rates, which allows pH mapping in vitro using ratiomet-
ric analysis [73]. Besides providing a set of four magnetically equivalent protons,
these complexes have the advantage that they lack coordinated water molecules
that could potentially contribute to shorten T1 of bulk water protons.

2.4. Chemical Shift and Proton Exchange Optimization

A large amount of research has been carried out over the last 15 years to opti-
mize several properties of Ln3C-based paraCEST agents, particularly to tune
proton exchange to maximize the effect and shift the pool of exchangeable pro-
tons far from the bulk water resonance. The chemical shift of both the coordinat-
ed water molecule and amide protons in LnDOTA-tetraamide complexes can be
modulated by changing the nature of the Ln3C ion (Table 2). The chemical shifts
of both pools of protons determined from CEST spectra follow rather well the
trend predicted by Bleaney’s theory. A comparison of the chemical shifts ob-
served for Ln(2a) and Ln(2b) complexes suggests that modification in the ligand
scaffold has little influence in the shifts of amide protons, while those of water
molecules present larger variations [45].

The chemical shift of amide protons in YbDOTA-monoamide complexes
(–10 ppm) is somewhat smaller than in Yb(2a) (–16 ppm), which suggests that
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Table 2. Chemical shifts of the coordinated water molecule and amide protons in Ln(2a)
and Ln(2b) complexes obtained from CEST spectra.a

Water Amide

Ln(2a) Ln(2b) Ln(2a) Ln(2b)

Pr �60 �85 13 15
Nd �32 �50 11 10
Sm �4 �13 6
Eu 50 66 �4 �4
Tb �600 �752 62
Dy �720 77
Ho �360 39
Er 200 �22
Tm 500 �51 �64
Yb 200 �16 �20

a Data taken from [45].

changes in the symmetry and/or bond distances of the metal coordination envi-
ronment affect significantly the crystal field produced by the ligand, and thus
the pseudocontact shifts [74–76]. This effect appears to be more pronounced for
Tm3C complexes, for which chemical shifts of amide protons in the range –20 to
–100 ppm have been reported [75–79]. The different chemical shifts are in some
cases related to changes in the point group of the molecule (i.e., mono- versus
bis-amide DOTA derivatives) or variations of the substituents of the amide
groups. These subtle modifications appear to have a profound effect in the mag-
netic anisotropy of the complexes, and thus in their pseudocontact shifts. A dif-
ferent point group of the molecule may result in a different orientation of the
magnetic axes, and thus different pseudocontact shifts. Recent work has demon-
strated that pseudocontact shifts are very sensitive to small structural changes of
the metal coordination environment [79–81]. TmDOTA-tetraamide complexes
inducing large paramagnetic shifts (–100 ppm) provide a CEST effect beyond
the frequency of macromolecular MT [82].

Regarding the proton exchange optimization, one needs to consider the intrin-
sic nature of groups that provide exchangeable protons, as well as their environ-
ment. For instance, amide exchange at pH values > 5 is considered to be a base-
catalyzed process, and thus the rate of proton exchange is expressed as kB =
kb[OH–], where kb is the rate constant characterizing the base-catalyzed process.
The contribution of the non-catalyzed exchange mechanism is negligible [83].
Thus, the exchange rates of amide protons are strongly pH-dependent, which
allowed the design of different paraCEST pH sensors [84]. The exchange rate
of amide protons generally becomes faster on increasing their acidity. However,
comparing kB values reported for different agents is not straightforward, given
the sensitivity of the process not only to pH but also to ionic strength. Still,
exchange rates determined under the same conditions provide some hints on
how to control amide exchange. For instance, the exchange rate determined for
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Tm(10) at 25 °C and pH 7.4 (12.9 kHz) is considerably faster than that deter-
mined for Tm(11) under the same conditions (1.4 kHz), which was ascribed to
an increasing acidity of the amide protons in the former due to the combined
electron withdrawing effect of two –CF3 groups. The faster amide proton ex-
change in Tm(13) (4.6 kHz) compared to Tm(11) (1.4 kHz) can be also related
to an increased acidity of amide protons on increasing the positive charge of the
complex, as a result of a stronger Tm-Oamide interaction [76]. The amide ex-
change rates measured for Tm3C tetraamide complexes containing benzyl
(8 kHz) and tert-butyl (3.7 kHz) substituents on the amide groups are also in line
with a higher electron withdrawing effect of the benzyl group [85].

The chemical shifts of the coordinated water molecule in Ln3C DOTA-tetra-
amides and related complexes can be modulated to a certain extent by modifying
the substituents of the amide groups. This offers the possibility of using multi-
frequency paraCEST agents, if related probes can be activated selectively by
changing the frequency of the saturation pulse [86]. Furthermore, chemical shifts
can be modulated by changing the Ln3C ion and the groups that provide ex-
changeable protons. For instance, the CEST effect of the coordinated water mol-
ecule in a Tb3C derivative was observed at –550 ppm, well beyond the MT win-
dow. The chemical shift of this resonance is strongly pH-dependent, providing a
straightforward approach for pH-sensing purposes [87]. The water exchange rate
of the coordinated water molecule is extremely sensitive to different factors,
as described in detail in several review articles [88–90]. These factors include:
(i) the nature of the Ln3C ion, as water exchange can change dramatically across
the series [91]; (ii) the isomer present in solution, as TSAP isomers show faster
water exchange rates than SAP isomers (see above) [55]; (iii) the presence of
hydrophobic side chains appended to the amide groups, which slow down water
exchange [92, 93]; (iv) electronic effects originated by remote substituents at the
amide groups [94]; (v) The configuration of chiral centers in the amide side
chains [49, 95]; (vi) the position of the coordinated water molecule in the metal
coordination environment (labile capping bond effect) [96, 97].

2.5. Responsive Agents

ParaCEST agents offer advantageous properties for the design of probes with
response to different biomarkers, an issue of great importance to understand dif-
ferent biochemical processes and to obtain valuable diagnostic information rely-
ing on physicochemical rather than anatomical properties [98, 99]. For instance,
pH is an important biomarker of different diseases including inflammation and
cancer, and thus a number of pH-sensitive paraCEST agents have been reported
and a few were tested successfully in vivo [59, 74]. The practical determination
of pH in vivo often requires specific approaches in the signal acquisition and
detection, as the CEST response depends not only on pH but also on the concen-
tration of the agent. The most common way of neglecting the agent concentra-
tion as essential parameter is engaging the ratiometric approach, i.e., the strategy
employing the measurement of two signals were at least one of them, or their
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ratio, depends solely on the behavior of the monitored target (e.g., pH) [10]. In
the case of Ln(2a) complexes (Ln = Pr3C, Nd3C or Eu3C), this was successfully
achieved by using the ratio of the CEST effects provided by amide protons and
the coordinated water molecule, as the latter does not change with pH [84].
Alternatively, the two pools of protons may arise from amide and amine groups,
whose CEST effects are both pH-dependent. Amine proton exchange in a Yb3C

DO3A complex containing an N-(2-aminophenyl)acetamide pendant arm
(Yb(12), Figure 6) is influenced by contributions of both acid and base-catalyzed
mechanisms close to physiological pH, and presents a different trend with re-
spect to amide protons. The ratio of the effects provided by the two pools was
used successfully to measure pH in vivo using a single agent [59, 74].

The ratiometric approach was also successfully applied to determine extracel-
lular pH in murine melanoma using Yb(4). This was achieved due to the pres-
ence of two CEST signals shifted 99 and 71 ppm from bulk water, arising from
two isomers of this complex [100, 101]. In the case of Eu(7), the two CEST
signals that allow for ratiometric analysis correspond to two pools of amide pro-
tons that provide signals at 8 and 14 ppm at 37 °C [73]. An alternative approach
to generate a pH dependency is to incorporate a group that deprotonates close
to physiological pH, causing a shift of the CEST peak. An example of this strate-
gy is Eu(14), which contains a phenol group that induces a shift of ~5 ppm in
the CEST peak of water upon deprotonation. This allowed ratiometric pH map-
ping in vitro and in vivo [102, 103]. In a completely different approach, extracel-
lular pH was determined in vivo measuring the linewidth of the amide proton
CEST signal in a TmDOTA-tetraamide complex [77].

ParaCEST agents were also designed to respond to other important biomark-
ers, for instance endogenous cations or anions, enzyme activity or the redox
environment. The CEST agents designed for cation recognition generally contain
a CEST-responsive unit linked to a cation recognition moiety, for instance the
iminodiacetate, thioether or dipicolylamine groups of Ln(15) (Ln = Eu, Yb),
Tm(16), and Eu(17), which were designed for sensing Ca2C, Zn2C and CuC,
Cu2C, and Zn2C, respectively (Figure 7) [104–106]. In all cases cation addition
diminished or eliminated the CEST effect, which for Ln(15) and Tm(16) was
attributed to a reduction of the amide proton exchange rates upon cation bind-
ing. For Eu(17), the CEST effect is provided by the coordinated water molecule,
and Zn2C addition likely accelerates water exchange. Some attempts to obtain
Ca2C-sensitive paraCEST probes, based on design that provided successful T1

agents, failed to provide any response due to strict prerequisites for generation
of CEST signals that obviously do not overlap with the analogous requirements
valid for Gd-based complexes [107].

Several paraCEST agents that respond to the redox environment have been
developed. For instance Yb(12) can be oxidized in the presence of nitric oxide
(NO) and O2 to give a binuclear structure with a triazene bridge, causing the
disappearance of the CEST effect of both amine and amide protons [108]. Com-
plex Eu(18) was designed as a potentially biocompatible redox-active CEST
agent with response to the nicotinamide adenine dinucleotide (NADC/NADH)
coenzyme system. The quinolinium units are reduced by addition of β-NADH,
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Figure 7. Responsive lanthanide-based paraCEST agents discussed in the text.
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which triggers an “on” response of the CEST effect due to the coordinated water
molecule in vitro [109]. A few examples of redox-responsive probes were tested
successfully in vivo. This includes Eu(19), which incorporates two nitroxide moi-
eties into a DOTA-tetraamide complex. The nitroxide radicals act as rather effi-
cient relaxation agents, so the T1 of bulk water is reduced, resulting in a very
weak CEST effect due to the coordinated water molecule. Reduction of the
nitroxide groups to hydroxylamine by addition of ascorbic acid produces a dia-
magnetic ligand that yields a long T1 of bulk water, activating the CEST effect.
In vivo experiments demonstrated that Eu(19) can be activated by addition of
L-ascorbic acid in the bladder [110]. More recently, it was shown that Eu(2a)
behaves as an efficient T1 contrast agent in vivo when reduced to Eu2C, though
the reduction potential is quite negative (–903 mV versus Ag/AgCl). Oxidation
of the complex takes place in a period of minutes, generating the Eu3C complex
that was detected by CEST in an animal model [111, 112].

A number of paraCEST agents responsive to enzymatic activity were designed
inspired by the pioneering work of Meade on T1 agents [113]. The design of
these so-called ‘smart’ contrast agents is generally composed of a Ln3C chelating
unit and a functional group that reacts with a specific enzyme, which triggers
either an “on” or an “off” paraCEST response. Thus, these agents aim at detect-
ing catalytic enzymatic activity, rather than the enzyme itself, which is likely
impossible due to the intrinsic low sensitivity of paraCEST MRI. An early exam-
ple reported by Pagel et al. used the TmDO3A derivative Ln(21) functionalized
with an amide pendant attached to a DEVD unit (Asp-Glu-Val-Asp) (Figure 7)
to target caspase-3 activity. The enzyme reduced the CEST signal of the amide
proton at –51 ppm in vitro, while a weak CEST signal at 8 ppm due to the amine
protons was generated upon cleavage of the amide by caspase-3 [114, 115]. The
same system functionalized with a ZGGR (Cbz-Gly-Gly-Arg) peptide was used
to monitor urokinase plasminogen activator (uPA), a protease biomarker for
pancreatic tumor invasion [116]. A TmDOTA-monoamide complex was also
functionalized with optical reporter groups connected to a cell-penetrating pep-
tide by an aspartyl protease cathepsin D cleavable sequence. Overexpression of
this enzyme was associated with certain cancers and also Alzheimer’s disease.
Intracellular cell deposition of the agent occurs in the presence of overexpressed
cathepsin D, as demonstrated by optical imaging and MRI using the paraCEST
effect of the amide resonance [117]. The Tm(23) complex was used to monitor
the formation of an amide bond with a glutamine residue of albumin facilitated
by the catalytic activity of transglutaminase in the presence of glutathione. The
amide proton was detected at –9.2 ppm by CEST experiments, suggesting that
the amide unit generated by enzyme activity coordinates to the paramagnetic
ion [118].

Different types of agents that have been developed contain an enzyme-specific,
self-immolative group linked to a Ln3C complex. Following an enzyme activity,
the self-immolative group is transformed into another function that is CEST-
active. For instance, this is the case of the benzyl carbamate function such as
that in Yb(24), which is transformed into an amine function in Yb(20) by β-
galactosidase after cleavage of the β-D-galactopyranoside moiety. The newly
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formed amine group of Yb(20) yields CEST effects at –16.7 and –20.5 ppm that
are pH-sensitive [119,120]. The benzyl carbamate function can be also linked to
a pyridine group attached to a DO3A platform, giving Ln3C complexes suitable
to follow enzymatic activities using luminescence, paraCEST, and T1-MRI by
selecting the appropriate metal ion [121]. A similar concept was applied for the
complex Yb(25), which contains a trimethyl lock spacer functionalized with an
ester group. Once the ester is cleaved by an esterase, the strain generated by the
methyl groups triggers lactonization to form a hydrocoumarin and compound
Yb(22), which displays paraCEST response thanks to both the amine and the
amide groups at 12.23 and 10.3 ppm, respectively [122]. Similarly, a quinone func-
tional group responded to the DT-diaphorase enzyme, which reduces the quinone
to a hydroquinone, triggering lactonization and eventually generating Yb(22)
[123].

Several paramagnetic Ln3C complexes showed paraCEST response to biologi-
cally relevant anions. For instance Ln(3) complexes (Ln = Ce, Eu, Yb) give
CEST response to different anions such as phosphate esters, lactate, citrate, and
acetate [61, 63, 124]. The formation of outersphere complexes with these anions
slows proton exchange, so that kB is more suitable for paraCEST at neutral pH
than in the absence of anion.

The coordinatively unsaturated nature of complexes such as EuDO3A, which
are able to bind different anions that replace one or two of the inner sphere
water molecules, were also exploited for paraCEST anion sensing. For instance,
lactate binding to EuDO3A provokes a CEST signal at 47 ppm due to the hy-
droxyl group of lactate coordinated to the metal ion [125]. Subsequently, chiral
YbDO3A-triamide derivatives were used to discriminate D- and L-lactate by
using CEST [126]. A binuclear Nd3C complex containing two DO3A-triamide
units linked by a xylyl spacer showed weak CEST changes upon binding to cer-
tain anions and hairpin DNA [127]. However, the challenge for these anion
binding agents is to design systems with selectivity for specific anions.

Finally, a very successful example of a responsive paraCEST agent is Eu(26),
which binds glucose with a reasonably high association constant, causing changes
in the CEST effect due to the coordinated water molecule at 50 ppm. This effect
could be detected in vivo and used to image tissue distribution of glucose in the
liver in mice [128–130].

2.6. Macromolecular Agents

Low-molecular-weight paraCEST agents possess detection limits typically one
order of magnitude higher than the T1 agents currently used in clinical practice.
Thus, different strategies have been developed to tackle the sensitivity problem
associated to the CEST mechanism. An obvious possibility is to incorporate
molecular paraCEST agents into nanometric structures to deliver a high payload
of the probe to the site of interest [131, 132]. However, this approach is not
straightforward, as the immobilization of the paramagnetic agent may increase
dramatically T2 relaxation of the labile protons, which can compete with CEST
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or even quench the effect completely. This has been shown recently upon loading
reverse nano-assembled capsules with Dy(1). The CEST effect due to the amide
protons of the molecular agent at about C80 ppm was completely quenched in
the nanostructures. This is likely related to a very strong contribution to T2 of
the Curie-spin mechanism associated to a very long τR and the high μeff of Dy3C

(Equation (10)) [133]. In another study, the CEST effect of Eu(2a) was com-
pletely quenched when attached to silica nanoparticles containing amine surface
groups. This effect was ascribed to an acceleration of the exchange rate of the
coordinated water molecule due to excess of positively charged amino groups
on the surface of the nanoparticles [134].

Among the macromolecular agents that have been developed as paraCEST
agents are also PAMAM dendrimers functionalized with Eu(2a) or Yb(2a),
which can be activated upon saturation at C55 and –16 ppm, respectively. The
sensitivity of these multimeric agents per paramagnetic ion was essentially the
same as for the monomeric ones [135]. However, this dendrimer-based agent
was found to accumulate in the tumor using a mouse model of MCF-7 mammary
carcinoma [136]. PAMAM dendrimers were subsequently functionalized with
Eu(2a) tagged with a fluorescent dye, and detected using in vivo CEST MRI in
a glioma model [137].

Eu(2a) was also functionalized with a single acrylamide side chain and copoly-
merized using classical free radical chain polymerization chemistry. The random
linear polymers obtained showed an improved sensitivity compared to the mono-
mer, with a detection limit of 20 μM [138]. An Eu3C DOTA-tetraamide complex
was also attached covalently to monoclonal antibody as a model targeting vector
for diagnostic and therapeutic applications and to human serum albumin. The
exchange lifetime of the coordinated water molecule was little affected by the
mode of attachment of the agent, through one of the amide groups or a benzyl
thiourea group attached to the macrocyclic framework [139]. Other nanometric
paraCEST agents reported in the literature include perfluorocarbon and adeno-
virus particles loaded with Ln3C DOTA-tetraamide complexes attached to their
surfaces [140–142].

A very elegant and successful alternative to macromolecular paraCEST agents
is the use of liposomes loaded with paramagnetic complexes (lipoCEST). Lipo-
somes contain a phospholipid bilayer enveloping an aqueous core that can trap
different payloads. The phospholipid bilayer allows the exchange of the water
molecules placed in the core and bulk water, and the permeability can be tuned
by modifying liposome composition [143]. The first generation of lipoCEST
agents consisted of spherical liposomes loaded with a paramagnetic chelate that
shifts the resonance due to water molecules in the core of the particle away from
the bulk water signal (Figure 8). Saturation of the water molecules inside the
core of the liposome provides the CEST affect. The shift reagent confined in the
interior of the liposome is generally a complex of the DOTA family, as the
presence of the coordinated water molecule along the principal magnetic axis
ensures that the (3cos2-1) term of the pseudocontact shift reaches a maximal
value (Equation 3, see also Figure 3) [144]. The Ln3C ions of choice are often
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Dy3C and Tm3C, which induce large pseudocontact shifts. A generation of im-
proved lipoCEST agents was obtained with nonspherical osmotically shrunken
nanoparticles. Incorporation of a paramagnetic amphiphilic agent in the mem-
brane of the non-spherical liposomes causes a larger paramagnetic shift due to
the bulk magnetic susceptibility (BMS) shift. This can be expressed with Equa-
tion (11), where c is the molar concentration and s is a factor that depends on
the sample where the paramagnetic agent is confined (s = 0, 1/3 and –1/6 for a
sphere, a cylinder parallel to the main field, and a cylinder perpendicular to it,
respectively).

ΔBMS =
4πcs

T
( μeff

2.84
) ! 103 (11)

Thus, spherical liposomes loaded with paramagnetic agents are characterized by
a ΔBMS = 0; however, non-spherical liposomes loaded with paramagnetic chelates
provide larger shifts thanks to the BMS mechanism (2nd generation, Figure 8).
Furthermore, liposomes loaded with amphiphilic paramagnetic complexes in
their membranes and a hydrophilic paramagnetic complex in the core result in
even larger shifts of the inner-core water resonance of up to 45 ppm (3rd genera-
tion, Figure 8) [145, 146]. The sign of the shift can be manipulated by changing
the lanthanide ion, as it depends on the sign of Bleaney’s constant (i.e., Dy3C and
Tm3C provoke shifts in opposite directions, Table 1). Interestingly, non-spherical
liposomes loaded with Gd(4) can be used as dual T1 and paraCEST agents [147].
Since Gd3C is characterized by a Bleaney constant of Cj = 0, the shift of the in-
core water is associated to the BMS effect only. Paramagnetic liposomes contain-
ing Dy(4) in their core were attached electrostatically to red blood cells, provid-
ing CEST response due to both liposomal water protons and cytoplasmatic water
protons [148].

3. TRANSITION METAL COMPLEXES

3.1. Ligands, Metal Ions, and Exchangeable Protons

ParaCEST agents based on transition metals represent an attractive alternative
to those containing lanthanide ions due to several reasons. First, some transition
metal ions potentially useful to design paraCEST agents, such as Fe2C, Co2C,
and Cu2C, are biogenic elements, and thus, living organisms are adapted to man-
age small excess amounts of the free metal ions [149]. As a result, these metal
ions are expected to have lower toxicity than the lanthanide ions [150]. A second
property of transition metals is their ability to adopt different oxidation states
and the possibility to tune their magnetic properties by changing the metal coor-
dination environment. This interesting feature is paving the way for the design
of responsive probes that cannot be obtained with the lanthanides. However,
paraCEST agents based on transition metals have been by far less studied than
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those of the Ln3C ions. Among the transition metal ions of the first row Fe2C,
Co2C, and Ni2C are the obvious choices to design paraCEST agents, as these ions
induce relatively large paramagnetic shifts and do not cause excessive relaxation.
High-spin complexes of metal ions with 3d5 configurations possess electronic
ground states that derive from a symmetrical 6S term for the free ion, and are
very efficient relaxation agents (i.e., Mn2C, Fe3C). As a result, these metal ions
are useful for the design of T1 contrast agents [7, 9, 151].

The use of transition metal complexes as paraCEST agents was first proposed
by Morrow et al., who discovered that some high-spin Fe2C complexes based
on triazamacrocycles (Fe(30) and Fe(36), Figure 9) display CEST effect upon
saturation of their labile amide or amine protons [152]. In subsequent works,
Ni2C and Co2C complexes were also introduced, with ligands containing amide
groups as paraCEST agents [153, 154]. Following this pioneering work, a rela-
tively large number of paraCEST agents based on transition metal complexes
were synthesized and investigated in vitro (Figure 9). Most of the investigated
complexes contain macrocyclic platforms like 1,4,7,10-tetraazacyclodocecane
(cyclen), 1,4,8,11-tetraazacyclododecane (cyclam) or 1,4,7-triazacyclononane,
though some complexes with acyclic ligands were also investigated. Concerning
the nature of the metal ions, Fe2C, Co2C, and Ni2C are the most extensively
investigated, although Cu2C was also found suitable for paraCEST due to mag-
netic exchange interactions in binuclear complexes [155]. Different types of labile
protons were explored to provide saturation transfer, most frequently amide,
hydroxyl, imidazole, or amine protons (Figure 9). Water molecules coordinated
to Co2C in macrocyclic complexes based on 1,4,7-triazacyclononane did not pro-
vide CEST effect due to fast water exchange [156].

The paramagnetic shifts induced by transition metal ions like Ni2C, Co2C, and
Fe2C have been far less studied than those of the Ln3C ions, although it is likely
that they are dominated by the contact mechanism. For some Ni2C six-coordi-
nate complexes, 1H and 13C chemical shifts were predicted accurately from the
values of the hyperfine coupling constants A/ħ obtained with DFT calculations
(see Equation (6) above) [157, 158]. Octahedral Ni2C complexes possess an or-
bitally non-degenerate 3A2g ground state, and thus, magnetic anisotropy and
pseudocontact shifts are expected to be small (Equation (3)). The pseudocontact
shift might not be negligible for Co2C and Fe2C complexes, still the contact
contribution likely dominates the paramagnetic shifts of nuclei that are 3–5
bonds away from the paramagnetic center [159, 160]. Most of the complexes
studied so far contain amide groups, so the exchangeable protons are four bonds
away from the paramagnetic center (Table 3). The two protons of primary amide
groups are not magnetically equivalent, and thus provide two different signals,
one showing a rather large paramagnetic shift: C39 to C92 ppm (Fe2C), C32 to
C125 (Co2C), and C50 to C91 (Ni2C). The second amide resonance presents a
smaller shift with respect to bulk water and is often hidden below the huge water
signal. DFT calculations performed on the Ni(34) complex allowed to assign the
most paramagnetic signal at 91.5 ppm to the amide protons in the trans position
with respect to the C=O amide bond, and the peak at 22.2 ppm to the cis amide
NH protons [158]. Imidazol and benzimidazol protons, which lie also four bonds
away from the paramagnetic center, show large shifts with respect to bulk water
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Figure 9. Transition metal-based paraCEST agents discussed in the text.
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Table 3. Chemical shifts, exchange rates and number of bonds to the metal ion in transi-
tion metal paraCEST agents. All data at 37 °C.

Group δH (ppm) kB (s–1) Bonds pH Reference

Fe(28) Amide 50 330/400 4 7.4 [163,171]
Co(28) Amide 45 300 4 7.4 [154,171]
Ni(28) Amide 76/69 364 4 7.4 [171]
Fe(29)a Amide 39 7692 4 7.4 [167]
Fe(30) Amide 69 240 4 [28]
Co(30) Amide 32 890 4 7.4 [154]
Ni(30) Amide 76/72 364 4 7.4 [153]
Fe(31) Amide 64/78 – 4 [172]
1,8-Co(31) Amide 124/45 600/900 4 7.4 [171]
Ni(31) Amide 76 328 4 7.4 [153,171]
Fe(32) Hydroxyl 54 3000 2 7.3 [163]
Co(33) Hydroxyl 140 5000 2 7.5 [156]
Ni(34) Amide 91/22 7400/5000 4 7.2 [158]
Fe(35) Amine –74 1800 4 7.7 [164]
Co(35) Amine –114/14 – 4 6.0 [164]
Fe(36) Amine 6.5 – 5 7.0 [28]
Co(37) Amide 102/66 350/270 4 8.62 [170]
Cu(38) Amide 29 420 4 7.0 [155]
Co(39) Amide 57 3691 4 7.4 [166]
Ni(39) Amide 70 5096 4 7.4 [166]
Fe(40) Benzim. 53 – 4 [28]
Fe(41) Amide 92/24 500 4 7.4 [165]
Co(41) Amide 59/–19 240 4 7.4 [254,165]
Ni(41) Amide 72/11 240 4 7.4 [153,165]
Ni(42) Amide 52 7100 4 7.0 [168]
Ni(43) Amide 52 10900 4 7.0 [168]
Co(44) Pyrazole 135 9200 3 6.9 [162]
Co(45) Imidazole 32 1600 4 7.4 [161]
Ni(45) Imidazole 55 1630 4 7.4 [161]

a Data at 21 °C.

too (about C30 to C55 ppm) [28, 161]. The CEST signal due to the pyrazol
protons in the Co(44) complex shows a larger shift (135 ppm), presumably be-
cause of the reduced distance with respect to the paramagnetic ion in terms of
number of bonds [162].

Hydroxyl protons at a two-bond distance from the metal ion have been also
been exploited to obtain a CEST effect in Fe2C and Co2C complexes (Fe(32)
and Co(33), Figure 9) [156, 163]. Amine protons placed five bonds away from
the metal ion were detected in the CEST spectrum at only 6.5 ppm from bulk
water [28]. Amine groups at four bonds were however found to experience shifts
of up to 114 ppm (Fe(35) and Co(35)), and remain the only type of labile protons
that are shifted upfield with respect to bulk water [164]. A DFT study suggested
that this negative shift in Fe(35) is related to a dative Oamide → Fe interaction
that transfers β spin density only [160].
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The proton exchange rates of primary amide groups are rather low, in the
range of a few hundred s–1 (Table 3). The nature of the metal ion does not affect
much the kB values, as evidenced by the data reported for the M(28), M(30),
and M(41) complexes (M = Fe, Co or Ni), though Co(30) presents a somewhat
higher exchange rate [28, 153, 154, 163, 165]. It is also worth noting that Co(39)
and Ni(39) present exchange rates one order of magnitude faster than other
complexes containing primary amide groups [166]. Incorporating electron-with-
drawing groups to the amide function results in a dramatic increase of the proton
exchange rate, as evidenced by the kB values determined for Fe(29), Ni(42), and
Ni(43) [167,1 68]. This trend is consistent with the base-catalyzed mechanism
expected for amide protons around neutral pH, which results in faster kB values
on increasing proton acidity. Due to the same reason, the picolylamide protons
of Ni(34) also present fast proton exchange rates [158]. The limited set of kB

data reported so far suggest that hydroxyl and amine protons are endowed with
faster exchange rates than acetamide protons (Table 3) [156, 163, 164].

3.2. Responsive Agents Based on Transition Metal Complexes

Similarly to the lanthanide analogues, transition metal complexes exhibited para-
CEST response towards temperature, redox potential or more commonly pH,
although the number of their examples is substantially smaller. For instance, the
chemical shift of the CEST peak of the Fe(35) complex at ca. –78 ppm varies
monotonically with pH below 6.7 due to protonation of the amine groups. How-
ever, imaging experiments on tube phantoms suggested that the chemical shift
changes induced by pH were not large enough to be detected on low-field instru-
ments [164]. Additionally, some transition metal paraCEST agents present two
CEST features that allow using ratiometric approaches for monitoring a pH
response. To this end, the Co(31) complex forms two different isomers resulting
from the coordination of two pendant arms in positions 1,4 or 1,8, the latter
being the thermodynamically stable form. This 1,8Co(31) complex presents two
pairs of overlapping CEST features at 124 and 45 ppm whose relative intensity
varies with pH [169]. Similarly, the binuclear complex Co(37) presents two CEST
signals at 102 and 66 ppm that allow a concentration-independent ratiometric
measure of solution pH over a biologically relevant range [170].

Regarding transition metal systems responsive to other targets, the M(27) and
M(31) complexes (M = Fe, Co or Ni) were proposed as paraCEST temperature
sensors, as they present paraCEST signals with chemical shifts that vary signifi-
cantly with temperature. The Co(31) complex shows a temperature coefficient
of –0.66 ppm °C–1, which is 60-fold higher than that of bulk water [171]. The
Co(44) complex displays a CEST signal at 135 ppm and a Co2C/Co3C couple
with a reduction potential within the biologically relevant range, which opens
avenues to develop redox-activated paraCEST agents [172, 173].
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4. CONCLUDING REMARKS AND FUTURE DIRECTIONS

The appearance of paramagnetic chelates as potential MRI contrast agents that
take advantage of the CEST mechanism triggered a great deal of fundamental
research along different directions in the past two decades. This allowed a de-
tailed understanding of the factors that influence the CEST effects both in vitro
and in tissues; consequently, compounds with optimized properties could be de-
signed and tested.

Complexes with the Ln3C ions have intensively been explored as paraCEST
agents using different types of labile protons (coordinated water molecules, am-
ide, hydroxyl, etc.) and molecular architectures, most often based on DOTA-
tetraamide scaffolds. Different systems were also tested successfully in vivo using
animal models. These initial studies indicated that paraCEST agents can be of
great help for a better understanding of different pathologies by providing a
more specific response to various biomarkers, an application of great potential
in biomedical research. However, the main challenge associated to the applica-
tion of Ln3C-based paraCEST agents both in biomedical research and in clinical
practice is to overcome sensitivity limitations. Besides developing complexes
based on different types of lanthanide metals or macrocyclic chelates, this prob-
lem has been also tackled by preparing different macromolecular agents. Never-
theless, further developments are still necessary, particularly additional funda-
mental advances in probe design and a better understanding of the behavior of
paraCEST agents in tissues.

The development of paraCEST agents based on transition metal ions has start-
ed more recently, but the in vitro studies reported so far already demonstrate
their great potential. The rich coordination chemistry of transition metals and
their ability to stabilize different oxidation states make them ideal candidates
for development of redox-sensitive probes. Importantly, these agents may also
have a lower toxicity than analogous Ln3C-based probes. The detection of transi-
tion metal-based paraCEST agents in vivo is still to be demonstrated, and will
likely require designing new probes or modifying the existing ones to ensure a
good toxicity profile. One of the possible ways might be focusing on macromo-
lecular systems that contain transition metals, as an attempt to develop more
efficient systems. However, many key advances in the application of paramagnet-
ic complexes as CEST agents have been accomplished during the last two de-
cades. In parallel to these significant advances on the probe design and under-
standing the physicochemical aspects of their behavior, the upcoming period
should bring substantial progress on their in vivo application for biomedical re-
search and potentially clinical purposes. This will lead to improved MRI routines
and subsequently great benefit for molecular imaging in general.
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ABBREVIATIONS AND DEFINITIONS

AAZTA 6-amino-6-methylperhydro-1,4-diazepine tetraacetate
BMS bulk magnetic susceptibility
CEST chemical exchange saturation transfer
DFT density-functional theory
DO3A 1,4,7,10-tetraazacyclododecane-1,4,7-triacetate
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate
HP-DO3A 10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetate
MRI magnetic resonance imaging
MT magnetization transfer
MTRasym magnetization transfer asymmetry
NAD nicotinamide adenine dinucleotide
NMR nuclear magnetic resonance
PAMAM polyamidoamine
paraCEST paramagnetic chemical exchange saturation transfer
RF radio frequency
SAP square antiprismatic
TSAP twisted-square antiprismatic
RF radio frequency
ssMT semi-solid magnetization transfer
uPA urokinase plasminogen activator
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Abstract: Lanthanide complexes have been widely used in bioassay for over forty years, but
their usefulness in optical imaging is only now beginning to be appreciated fully. In this chapter,
we explore the fundamental spectroscopic properties of lanthanide ions that make them ideal as
components in probes for optical imaging: their large pseudo Stokes’ shift and long luminescence
lifetimes facilitate the elimination of background signals, while the nature of the energy transfer
pathways involved in sensitizing lanthanide emission makes all of them amenable to perturba-
tion by their surroundings. We explore the use of lanthanide tags and labels in cellular imaging,
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focusing on potential issues with localization and control, and using the Eurotracker® dyes as
examples of controlling cellular localization. Moving from these to the use of responsive probes,
we define and exemplify the ways in which sensitized emission can be controlled by perturbing
the sensitization pathway, and explore the issues inherent to developing responsive probes for
cations, anions and oxygen. Finally, we outline the prospects for quantitative imaging and the
issues with multiplexing while studying different analytes.

Keywords: complexes · lanthanides · methods · responsive probes · spectroscopy

1. INTRODUCTION

The potential of using lanthanide complexes in optical bioimaging has yet to be
realized [1]. Since the seminal paper by Selvin showing that lanthanide(III) ions
could be used as contrast agents for optical imaging [2, 3], the potential advantages
of using lanthanide complexes in optical bioimaging has been repeatedly demon-
strated [4–15]. Although the biological applications are yet to emerge, research
into optical bioimaging using lanthanide luminescence and the development of
lanthanide-based molecular probes has been extensively reviewed [16–22].

While the potential use of nanophosphors containing lanthanides was recog-
nized early on [23, 24], we will focus our attention on molecular probes – lantha-
nide complexes – exclusively. Many lanthanide(III) ions have been used [25–30],
but europium(III) and terbium(III) are best suited due to the much higher quan-
tum yield of luminescence of these two ions.

Figure 1. Steady state luminescence spectrum of selected lanthanide(III) complexes with
emssion in the visible and near infrared part of the electromagnetic spectrum.
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The potential advantages of using lanthanide luminescence to generate contract
in optical bioimaging are obvious. Since the early reports of imaging using lantha-
nide luminescence in the visible and the first detection of lanthanide luminescence
in the near-infrared part of the spectrum [2, 4, 31, 32], it is a natural extension
to envision highly selective and spectrally resolved images based on lanthanide
luminescence [2, 4, 5, 33]. Figure 1 shows the narrow emission lines of trivalent
lanthanide ions found across the visible and infrared part of the electromagnetic
spectrum. Further, due to the invention of the time-gated microscope [23, 34], the
diverse range of luminescence lifetimes of the lanthanides allow for both time-
gated imaging and other interesting optical imaging modalities [10, 11, 13, 35–38].

The chemical properties of lanthanide(III) complexes, their bioavailability, and
the stability of lanthanide-based dyes have been fully documented due to the
use of lanthanide complexes in MRI [39, 40]. Thus, the application of kinetically
inert lanthanide complexes in optical bioimaging is straight forward [41]. The
major draw-back is the very low absorption coefficients of the lanthanide ions
[15]. Although direct excitation is possible, the resulting emission intensity is
low. A manifold improvement is achieved by exploiting the antenna principle
[20, 21, 42, 43]. The antenna principle exploits that energy transfer from a strong-
ly absorbing antenna chromophore to the lanthanide(III) ion populates the lan-
thanide-centered excited state, with an overall efficiency thousands times higher
than that achieved by direct excitation. Thus, we have design principles for creat-
ing efficient lanthanide(III)-based dyes [17, 44–47], yet we are still to see wide-
spread use of these in optical bioimaging.

2. CONTEXT AND CHALLENGES

The acceptance of lanthanide complexes as a standard tool in optical bioimaging
faces several challenges that are not related to the physicochemistry of the mo-
lecular probes in question. Commercial or general availability is mandatory. As
developing imaging protocols and developing new methods based on a particular
molecular probe is labor-intensive, the scientists involved will demand that the
supply of the molecular probe is secure. Further, even though clear advantages
can be seen in adopting a new probe, there is a large inertia in the bioimaging
community. If a traditional fluorophore, sourced from a reliable supplier, can be
used, the drive towards using new and untested molecular probes is small. And
with a 100-year history, the field of optical bioimaging has a strong, established
tradition for using organic dyes.

2.1. Fluorescent Probes

Molecular probes for optical bioimaging were initially based on fluorescein and
rhodamines, dyes discovered at the end of the 19th century. The work of Drex-
hage and others – aimed at producing better laser dyes – resulted in highly
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fluorescent dyes of several classes including coumarines and oxazines [48].
With the work of Tsien and Haugland and their coworkers, both biological and
synthetic fluorophores became assessable for optical bioimaging [49–53]. The
Alexa dyes and green fluorescent protein were instrumental in the transformation
of optical bioimaging from a specialist tool to one of the most commonly used
techniques. The work is continued by Lavis, Grimm and coworkers with the open
source Janelia Fluores [54–56], and by Nagano, Urano et al. [57–59]. The focus of
the fluorophore development has been photostability and brightness [60], the lat-
ter has become less relevant, with the advance in optical imaging systems capable
of single photon detection [61]. Nevertheless, a high brightness probe is always an
advantage when considering the sample background, in particular with excitation
in the blue part of the visible spectrum [62]. The commonly used fluorescent dyes
for optical bioimaging have a brightness (the molar absorption coefficient at the
point of excitation times the fluorescence quantum yield in the relevant medium)
in the range from 20,000 to 100,000 M–1cm–1. The most popular Alexa dyes,

Figure 2. Top: the complexity of a dye using lanthanide luminescence as a signal, con-
trasted to simplicity of organic dyes that consist of a single subunit. Bottom left: Compari-
son of light absorption by europium(III) ions (black, left y-axis), terbium(III) ions (green,
left y-axis), a thioxanthone antenna chromophore (blue, right y-axis), and fluorescein
(gray, right y-axis). Bottom right: Comparison of light emission by europium(III) ions
(black), terbium(III) ions (green), and fluorescein (gray).
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cyanines, and fluoresceins have a brightness in the higher end of this range [62].
For lanthanide complexes, achieving a high brightness combined with an excita-
tion wavelength in the visible part of the spectrum is problematic. This is one of
the main reasons that the unique features of lanthanide luminescence are not
widely used in molecular probes for optical bioimaging – yet.

Figure 2 shows a comparison between the lanthanide-based molecular probes
and a conventional fluorescent probe. The lanthanide-based probe is based on
the antenna principle and the photophysics is thus more complicated than in the
organic fluorophore. To build a bright lanthanide complex, it is required that the
system has a robust solution structure with an antenna dye coordinated to the
lanthanide center [44, 63]. Where the fluorescence of an organic dye only re-
quires one stimulated absorption and one spontaneous emission event, the lan-
thanide luminescence is a result of a three-step process: stimulated absorption,
excited state energy transfer from antenna dye to lanthanide center, and sponta-
neous emission. This introduces additional design considerations that can be
exploited, see below, but in all cases it also reduces the brightness of the lantha-
nide-based dye compared to the organic dye. Further, it also poses a requirement
that the excited states of the antenna dye have to be higher in energy than
the lanthanide centered electronic energy levels. Thus, only antenna dyes with
absorption in the UV, violet and blue part of the spectrum can be used in dyes
based on europium(III) and terbium(III) luminescence [44, 64].

2.2. Lanthanide Labels for Use in Imaging Cells

Cell imaging presents a key challenge, that is, getting the complex into a cell.
The cellular uptake of metal complexes is poorly understood, and requires fur-
ther study: however, Parker and coworkers carried out a systematic study on a
library of lanthanide complexes and concluded that aspects of the ligand struc-
ture (such as the chromophore) can control the uptake pathway to a greater
extent than the charge on the complex or the structure of the system as a whole
[22]. For many systems, they found that micropinocytosis dominates the available
uptake pathways: such mechanisms result from inclusion of the complex as part
of a vesicle which then dissociates inside the cell.

Parker’s Eurotracker® dyes, shown in Figure 3, exploit intrinsic uptake to de-
liver luminescent complexes to the mitochondria [65], endoplasmic reticulum or
cytoplasm depending on structure and charge. Thus, Eu.LM targets the mitochon-
dria, while the anionic complex [Eu.LL]3– localizes in lysosomes and the cationic
complex [Eu.LE]6C localizes in the endoplasmic reticulum.

Directed uptake using a targeting vector offers an alternative to intrinsic up-
take. For instance, in our own work we have employed tuftsin-targeting vectors
to define specific uptake towards macrophage cell lines [66, 67]. This complex is
internalized by active uptake, meaning that it is cell-specific, since the tuftsin
sequence is specific to activating macrophages.
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Figure 3. Three examples of the europium(III) based Eurotracker® dyes from the lab
of David Parker. G = Glycine.

2.3. Challenges for Luminescent Lanthanide Ions

in Bioimaging

Up to now, we have focused on agents that are effective tags, meaning that their
photophysical properties are unchanged by their environment. However, there
are limitations to this approach, particularly when interferents are present.

Perhaps the greatest concern is in the stability of the complexes themselves:
labile complexes in which the metal ion dissociates (and is likely to be seques-
tered) will obviously not perform as consistently as stable ones [39, 41, 68]. It is
important to note that this concern applies regardless of the affinity constant of
the metal for the ligand – it is the rate constant for dissociation that really mat-
ters [41].

That the dyes do not change in the sample medium is critical for all dyes, as
no secondary measurement is performed on the samples to ensure dye integrity.
In some modern microscopes luminescence spectra and luminescence lifetimes
can be recorded, which can give some support to the origin of the photons used
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to create the images coming of the microscope, but we must be able to rely on
that the dyes do not change during an imaging experiment. In addition to this
universal challenge, the current lanthanide-based dyes have to rely on either
two-photon or UV excitation. In essence, a specialized microscope is still needed
to make use of lanthanide-based dyes [2, 6, 38, 69, 70].

Interferent ions can also pose a problem. Of these, the quenching of singlet
excited states by chloride ions represents a particular issue, since variations in
chloride concentration will result in changes in emission intensity as a conse-
quence of quenching intermediate states in the energy transfer pathway. Such
problems can be turned to advantage when developing responsive probes, as will
be seen in the next section.

3. RESPONSIVE LANTHANIDE COMPLEXES

In this section, we will exemplify how the spectroscopic behavior of lanthanide
ions can be influenced by ionic and molecular analytes.

3.1. Overview

Two energy transfer pathways, see Figure 4, dominate the sensitization of emis-
sion from a lanthanide ion (for a review see [71]). In most cases, the triplet state
mediates energy transfer, though for ytterbium complexes a double charge trans-
fer pathway applies where it is feasible (and particularly where spectral overlap
between the triplet state and lanthanide manifolds is limited). Perturbation of
the intermediate states in these pathways can result in modulation of the emis-
sion intensity, while perturbation to the lanthanide emissive state (for instance
by changing the local coordination environment) can also alter the luminescence
lifetime. These phenomena can be exploited to monitor changes in the surround-
ings of a complex.

3.2. Probes of pH and Cations

Perhaps the simplest kind of response to consider is the response to changes in
pH, and chemists have been using colorimetric indicators of pH for well over a
century.

In the case of lanthanide-containing systems, the key point to note is that
protons exhibit affinity for Lewis bases, resulting in the protonation of lone pairs
on a ligand skeleton. In extreme cases, protons can compete with lanthanide ions
for a ligand binding site, resulting in undesirable consequences in terms of com-
plex lability. However, while all complexes exhibit a pH-dependent component
to their dissociation rate [72], the pH-assisted dissociation of complexes derived
from DOTA and DO3A is very slow and can usually be neglected [41]. Protona-
tion of individual lone pairs can however be exploited to the fullest.
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Figure 5. Examples of lanthanide(III) complexes with a luminescence spectrum that is
responsive to pH.

Early approaches made use of remote lone pairs such as those on pendent
phenanthridine or quinoline chromophores (see Ln.1 in Figure 5) [73]. Such pro-
tonation events change the energies of the chromophore-centered excited states
and the redox potential of the chromophore itself. For the energy change to
influence the behavior of the complex to a significant degree, the donor triplet
must be close enough in energy to the lanthanide emissive state to permit revers-
ible energy transfer, and energy transfer fast enough to allow pre-equilibration
of the triplet state and the lanthanide state. In such circumstances (e.g., with
Tb.1), collisional quenching of the triplet state by oxygen results in a reduced
emission intensity and lifetime in the protonated form of the complex [74]. In
such circumstances, both pH and oxygen concentration will influence the intensi-
ty of the observed luminescence. By contrast, Eu.1 and Yb.1 exhibit pH-depend-
ent luminescence that is independent of oxygen concentration [75], but do so for
different reasons. In both cases, protonation of the phenanthridine nitrogen atom

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



146 SØRENSEN and FAULKNER

Figure 6. Examples of lanthanide(III) complexes with a luminescence spectrum that is
responsive to transition and alkaline metal ions.

inhibits photoelectron transfer from the chromophore to the lanthanide, but the
outcomes are different. In the case of Eu.1, the resulting ligand-to-metal charge
transfer state lies lower in energy than the emissive 5D0 state, meaning that
luminescence is quenched at high pH. By contrast, in Yb.1 the spectral overlap
between the chromophore triplet state and the 2F5/2 emissive state is negligible
(meaning that energy transfer is rate-determining and ineffective). Deprotona-
tion enables the charge transfer mechanism, and switches the luminescence on.

Charge transfer can also be exploited in other ways to exploit pH-dependent
behavior. For instance, in Eu2.2 (Figure 5) coordination of both europium ions
to a bridging phenolate inhibits charge transfer [76], resulting in intense lumines-
cence. However, at low pH, where protonation of the chromophore inhibits bind-
ing of a second lanthanide ion, electron transfer is not inhibited, and lumines-
cence is quenched.

Alternative approaches may involve changes to coordination at the metal cen-
ter. For instance, in Eu.3 (Figure 5) [77], coordination of a deprotonated sulfon-
amide group results in displacement of water from the lanthanide center, giving
rise in turn to an increase in metal centered luminescence (since vibrational
harmonics of local O-H oscillators can assist non-radiative deactivation of the
metal center).

While protons are ubiquitous in aqueous media, the recognition of other cat-
ions adds a new dimension to the problem; the structure must incorporate a
binding site which displays sufficient selectivity for the target anion over other
competitor cations (including protons). This has been addressed in detail for a
number of ions, notably zinc and the alkali metals (e.g., in Eu.4 and Eu.5, Fig-
ure 6) [78, 79]. Such systems employ the same general approaches to perturbing
the excited state manifold to modulate luminescence.

3.3. Probes of Anion Concentration

The development of probes for anions presents a different set of challenges, but
lanthanides offer one significant advantage over organic molecules in that their
charge can attract anions, resulting in inner sphere coordination provided that
the attraction can overcome hydration of the ion and the metal center.
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Figure 7. Luminescence spectra of Eu.6 in the presence (red line) and absence (black
line) of fluoride ions.

We have already mentioned that chloride ions quench the luminescence from
lanthanide emissive states by collisional deactivation. This process occurs via
photoelectron transfer in the encounter complex. As such, it is not specific to
any single complex (though pCl can be inferred in systems where it is known
that the complex does not interact with other interferent analytes) [80].

By contrast, fluoride ions displace water from positively charged lanthanide
complexes, giving rise to changes in luminescence intensity and lifetime [81–83].
Notably, such changes also influence the form of the spectrum, since changes in
the local ligand field alter the splitting of the mJ states in the lanthanide ground
state and excited state manifolds (for an example, see Figure 7, which shows the
differences in the emission spectrum for Eu.6).

Other ions can also be used to modulate lanthanide luminescence. Perhaps
phosphate offers the best-known example; coordination of phosphate by com-
plexes such as Eu.7 (Figure 8) displaces solvent from the lanthanide center [84,
85], and enhances the luminescence intensity and lifetime. Other anionic species
such as hydrogen carbonate act as potential interferents in such systems; selectiv-
ity for one ion over another can be achieved through ligand design [86].

Chemical reactivity can also be exploited in probes for ions. At their simplest,
such probes can only monitor a single event; as in the hydrogensulfide-mediated
reduction of an azide to an amine in the case of Eu.8 (Figure 8) [87]. Reversible
reactions can also be used to sense changes in analyte concentration. For instance,
Eu.9 (Figure 8) reacts reversibly with cyanide ions to form cyanohydrins [88],
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Figure 8. Selected anion-responsive and reactivity-based probes based on lanthanide
ions.

inhibiting energy transfer from a chromophore to the metal by removing the
possibility of through bond energy transfer by Dexter exchange and enforcing
less-efficient through space (Förster) energy transfer processes [89–91].

3.4. Detection of Oxygen

Oxygen plays a vital and obvious role in biology, and is unusual in existing as a
diatomic molecule with a triplet ground state. This triplet state can quench excit-
ed state triplets very effectively, and we have already seen that it can provide
a pathway for non-radiative deactivation of intermediate triplet states in the
sensitization cascade. In such cases, collisional deactivation is observed via the
triplet state: collisional interactions with oxygen can mediate intersystem cross-
ing from the singlet state to the triplet and quench the triplet.

We have already mentioned quenching of lanthanide luminescence by oxygen
in systems where fast energy transfer from the triplet is reversible by thermal
repopulation of the triplet state from the lanthanide emissive state. In such sys-
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Figure 9. Oxygen-responsive lanthanide(III) complexes with the response to the oxygen
concentration modulated by the distance between lanthanide ion and pyrene antenna
chromophore.

tems (e.g., Tb.1, Figure 5) [92, 93], pre-equilibration of the excited state with the
ground state means that quenching of the triplet state by oxygen changes both
the luminescence lifetime and the luminescence intensity.

Alternatively, controlling the rate of energy transfer can be used to control the
response to oxygen. In systems where energy transfer occurs through space (i.e.,
where an aliphatic spacer separates a chromophore from the coordinating
group), the rate of energy transfer diminishes as the separation between donor
and acceptor increases. This is possible for the same chromophore-lanthanide
pair. For instance, in Eu.10 (Figure 9), pre-equilibration of the triplet and lantha-
nide emissive state results in oxygen quenching the luminescence intensity and
lifetime in the commonplace way; however, Eu.11 (Figure 9, which has an ex-
tended spacer) exhibits slow energy transfer, and emission intensity is reduced
by oxygen without changing the observed luminescence lifetime [94].

4. QUANTIFIABLE LANTHANIDE PROBES

The use of responsive probes presents a challenge in that the behavior of the
complexes in biology is always going to be influenced by other factors, particular-
ly the kinetics associated with their transport and removal from cells, but also
their metabolism.
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For a probe whose signal is merely switched on and off by an external stimu-
lus, it is impossible to define whether a given signal arises from (for instance)
a small quantity of probe in the “on” state, or a large quantity of probe in the
“off” state. While this does not matter for qualitative measurements on rela-
tively short timescales – where the essence of the experiment is to observe
change – it is certainly important for systems in which a more definitive answer
is required.

Quantification is possible in a number of ways. The simplest way for systems
in which a change in lifetime is observed is to measure the intensity of the
emission in a number of different windows after an excitation pulse. These can
then be used to define the balance between emissive species with known life-
times [10, 13, 95, 96].

However, in systems where the lifetime does not change, this approach is ob-
viously invalid. Europium complexes offer an alternative, in that the 5D0-7F2

transition in their emission spectra is hypersensitive to local coordination envi-
ronment, meaning that the ratio of the intensity of this transition to others in
the spectrum can be used to quantify the balance between species. Where there
is a direct change to the local coordination environment (e.g., for Eu.6 (Figure 7)
or Eu.7 (Figure 8)), these changes can be used in ratiometric measurements of
concentration. This strategy has been exploited to the full by Parker and cowork-
ers in the quantification of citrate in assays for the early detection of prostate
cancer [97].

Once again, hypersensitive transitions are not a panacea. In many systems, the
perturbation to the lanthanide coordination environment is small, meaning that
it is very difficult to measure ratios with certainty. This is particularly true when
considering ligand-centered processes. This difficulty can, however, be overcome
by observing more than one signal. At the simplest, this can involve looking at
other molecules in the process; Yb.12 (Figure 10) exhibits slow energy transfer
from the chromophore to ytterbium, meaning that the intensity of the ytterbium-
centered emission at 980 nm is modulated by oxygen [98]. Collisional deactiva-
tion of the chromophore triplet state results in formation of singlet oxygen,

Figure 10. Ytterbium(III) complex where the ratio between the ytterbium(III)-centered
emission and singlet oxygen emission can be used to determine the oxygen concentration
of a sample.
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Figure 11. Bimetallic lanthanide(III) complex Eu.LO2.Tb that has a luminescence spec-
trum that shows a ratiometric change proportional to the oxygen concentration. The in-
tensity is measured in kilocounts per second (kCPS), and the emission spectra are shown
as recorded in an atmosphere with no oxygen (red), with ambient oxygen (black), and
saturated with oxygen (blue).

which is itself luminescent at 1270 nm. Thus, collisional quenching diminishes
the intensity at 980 nm but increases intensity at 1270 nm, and the ratio of these
two signals can be used to quantify oxygen concentrations.

Bimetallic complexes may offer a more general solution to the problem of
quantification – exploiting the luminescence from one metal center that does not
respond to its surroundings to provide a “reference channel” that can be com-
pared to the intensity of emission from a second center that provides an analyte-
dependent “signal”. The ratio of the two provides a calibration curve that can
be used to quantify the analyte. We have used this approach to quantify oxygen
concentrations using Eu.LO2.Tb (see Figure 11) [99]. In this complex, through
space energy transfer to europium from the naphthyl triplet state is rapid, while
energy transfer to terbium occurs much more slowly. As a consequence, oxygen
modulates the intensity of terbium emission without significantly altering the
intensity of the europium emission, and the ratio of emission intensities can
provide a calibration curve to measure oxygen.
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5. GENERAL CONCLUSIONS

Lanthanide complexes offer many advantages in optical imaging, including facile
time-gating to eliminate background noise, low detection limits and considerable
possibilities for lifetime- or wavelength-based approaches to multiplexing.

Challenges remain before the lanthanides can fulfil their full potential as imag-
ing agents. While their role as tags and stains is now well established, responsive
probes create new challenges. Chief among this is the issue of selectivity when
multiple analytes are being considered. True specificity is very hard to achieve,
though we have seen how chloride ions can be detected collisionally by complex-
es that do not interact with other analytes. For other analytes, it is important to
appreciate that complexes are selective rather than specific, and that interferents
may alter signal intensity or lifetime. Accordingly, the results from a multiplexed
approach will always need to be considered as a whole: if we consider a system
with n probe complexes and m analytes, it is clear that there must be at least as
many probes as analytes under study. Furthermore, all probes may respond to
some degree to all the analytes, but their responses will differ as a consequence
of individual complexes having different selectivities for different species. In such
circumstances, the use of neural network analysis (or the solution of multiple
simultaneous equations) can yield direct information about change [13, 80, 95].

For the future, we expect to see increased use of quantifiable probes in imag-
ing. The development of bimetallic complexes has opened up the field beyond
the niche of europium complexes, and stands ready to provide valuable informa-
tion about many species. There is much to be done, but the potential for success
is great.
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Abstract: The recent, more widespread clinical availability of standalone PET and PET/CT
clinical scanners in conjunction with the commercialization of 16 MeV cyclotron systems that
enable p,n and d,n nuclear transformations to produce a variety of positron emissive isotopes
continues to revolutionize nuclear medicine. Paired with advances in solid targetry and rekin-
dled interest in radionuclide therapy, metallic PET radioisotopes are experiencing a resurgence
in the field of radiotracer development. Radiometals provide a broad range of radioactive
half-lives and are readily compatible with temperature- and solvent-sensitive biologics – a
stark contrast with low-yielding 18F or 11C radiochemistry. Herein, we provide the reader with
a timely review on recent developments in radiometal isotope synthesis, ideal separation and
subsequent chelation strategies, followed by illustrative examples of applications for preclinical
and clinical imaging.

Keywords: chelators · coordination chemistry · ion separation · isotope production · metal ions
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1. INTRODUCTION

Nuclear medicine utilizes two distinct nuclear imaging techniques, specifically
single photon emission computed tomography (SPECT) and positron emission
tomography (PET). Isotopes with unstable nuclei and a surplus of protons can
undergo a nuclear transformation, where a proton in the nucleus is transformed
to a neutron. This process liberates a positron, which is emitted from the nucleus.
Following ejection, the positron eventually encounters an electron which results
in an annihilation event that produces two 511 keV photons which are emitted
at a 180° angle to each other. These photons can be detected using a circular
detector ring comprised of lead collimators and allow for a construction of a
three-dimensional “heatmap” of the location of the positron-emitting isotope
within the scanner field of view. Modern PET imaging provides an intrinsic reso-
lution of 2–4 mm and a reconstructed resolution of 5–8 mm in human PET scan-
ners [1].

Consequently, the incorporation of PET nuclides into molecules that enable
the detection and monitoring of disease-specific biochemical processes has the
potential to have immense clinical impact. The focus of developmental radio-
chemistry and radiotracer design has long been dictated by the availability and
broad accessibility of corresponding radionuclides. As a consequence of the
availability of the SPECT nuclide 99mTc from a portable 99Mo generator in the
second half of the 20th century, a series of 99mTc tracers were developed, entered
the clinic and remain important diagnostic nuclear medicine tracers until today
[2]. However, the last two decades have seen a distinct shift and notably in-
creased interest in positron emissive nuclides. This has been catalyzed by the
successful and widespread application of 18F-labeled fluorodeoxyglucose
(18FDG) as a pluripotent oncological, neurological, and inflammation tracer.
This has accelerated a more widespread clinical availability of standalone PET
and PET/CT clinical scanners and motivated the development and commerciali-
zation 16 MeV cyclotron systems that enable p,n and d,n nuclear transformations
to produce a variety of positron emissive isotopes [3, 4].

The more wide-spread access to cyclotrons has also led to advances in solid
targetry to produce metallic radioisotopes. In contrast with 18F (t1/2 = 1.82 h) and
11C (t1/2 = 0.3 h), the two most popular, yet exceedingly short-lived main group
PET isotopes, PET metal ions provide a broad range of radioactive half-lives.
An additional advantage of radiometals are the relatively mild, aqueous radiola-
beling conditions required to achieve high radiochemical yields, which are readi-
ly compatible with temperature and solvent sensitive biologics – a stark contrast
with low-yielding 18F or 11C radiochemistry which often demands anhydrous
conditions and high reaction temperatures of 120–140 °C and the need for large
quantities of radioactivity at the onset of radiotracer synthesis to compensate for
comparatively low radiochemical yields at the end of the respective tracer syn-
thesis [5, 6].

Figure 1 summarizes the PET radiometals and their respective half-lives dis-
cussed in this chapter and illustrates that radiometals enable matching of isotope
according to half-life with the pharmacokinetics of the corresponding targeting
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Table 1. Isotope half-lives, emission properties, and production routes.

Isotope Half- Primary Emission Production Route Proton Energy
Life Energies Required for

Production

Sc-43 3.89 h Emax(βC) = 1.19 MeV 43Ca(p,n)43Sc 8–16 MeV
natCa(α, p)43Sc 24–27 MeV

Sc-44g 4.04 h Emax(βC) = 2.63 MeV 45Sc(p, 2n)44Ti > 44gSc 8–16 MeV
44Ca(p,n)44Sc 25 MeV

Ti-45 3.09 h Emax(βC) = 1.04 MeV 45Sc(p,n)45Ti 8–15 MeV
45Sc(d,2n)45Ti

Mn-51 46 min Emax(βC) = 2.18 MeV 52Cr(p,2n)51Mn 8–16 MeV

Mn-52m 21 min Emax(βC) = 2.63 MeV 52Cr(p,n)52mMn 8–16 MeV

Mn-52g 5.6 d Emax(βC) = 3.69 MeV 52Cr(p,n)52gMn 8–16 MeV

Co-55 17.5 h Emax(βC) = 2.43 MeV 58Ni(p, a)55Co 16 MeV
54Fe(d,n)55Co 20 MeV

Cu-60 23 min Emax(βC) = 5.11 MeV 60Ni(p,n)60Cu 14.7 MeV

Cu-61 3.3 h Emax(βC) = 1.22 MeV 61Ni(d,n)61Cu 8.1 MeV

Cu-62 10 min Emax(βC) = 2.92 MeV 62Ni(p,n)62Cu 8–12/30MeV
62Zn/62Cu generator 26 MeV

Cu-64 12.7 h Emax(βC) = 653 keV, 64Ni(p,n)64Cu 12 MeV
Emax(β–) = 580 keV

Ga-68 1.14 h Emax(βC) = 1.89 MeV 69Ga(p,2n)68Ge > 68Ga 40 MeV
68Zn(p,n)68Ga 12 MeV

Y-86 14.7 h Emax(βC) = 4.21 MeV 86Sr(p,n)86Y 7–14 MeV
89Y(p, 4n)86Zr > 86Y 40–75 MeV

Zr-89 78.41 h Emax(βC) = 1.81 keV 89Y(p,n)89Zr 15–16.5 MeV
Eγ = 908.97 keV 14 MeV

Nb-90 14.6 h Emax(βC) = 5.08 MeV 90Zr(p,n)90Nb 20 MeV

La-132 4.59 h Emax(βC) = 3.67 MeV natBa(p,n)132La 16 MeV

Tb-149 4.12 h Emax(βC) = 2.61 keV, spallation on tantalum 1.4 GeV
Emax(α) = 4.08 MeV

Tb-152 17.5 h Emax(βC) = 2.98 MeV spallation on tantalum 1.4 GeV
155Gd(p,4n)152Tb
152Gd(p,n)152Tb

vector. While initial production routes may have been established decades ago,
the PET radiometal isotopes discussed herein (Table 1) are experiencing a resur-
gence in interest and applications. We aim to provide the reader with a timely
review that serves as a compendium on isotope synthesis, ideal separation and
subsequent chelation strategies (Table 2), followed by illustrative examples of
applications for preclinical and clinical imaging.
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Table 2. Chelator and isotope compatibility chart.

Chelator Metal ion

Ga3+ Cu2+ Mn2+ Co2+ Sc3+ Y3+ La3+ Tb3+ Ti4+ Zr4+ Nb4+

DOTA l, h l, rt st, rt st, rt st, h st, h st, h st, h – st, h –

DOTAGA l, h l, rt st, rt st, rt st, h st, h st, h st, h – – –

DO3A st, h l, rt st, rt st, rt st, h st, h – st, h – – –

NOTA st, rt st, rt l, rt st, rt l, rt – – – – – –

NOTP st, rt – – – – – – – – – –

TRAP st, rt st, rt – – – – – – – – –

HBED st, rt – – – – – – – – – –

THP st, rt – – – – – – – – – –

DFO l, rt – – – – – – – st, rt st, rt st, rt

TETA – l, rt – – – – – – – – –

CB-DO2A – st, h – – – – – – – – –

CB-TE2A – st, h – – – – – – – – –

SAR – st, rt – – – – – – – – –

ATSM – l, rt – – – – – – – – –

BAT – l, rt – – – – – – – – –

CDTA l, rt – – – l, rt – – – – – –

EDTA l, rt – – – l, rt – – – l, rt – –

DTPA l, rt – – – l, rt l, rt – l, rt l, rt – –

CHX-DTPA l, rt – – – l, rt l, rt – l, rt – – –

AAZTA – – – – st, rt – – – – – –

Picaga-R – – – – st, rt – – – – – –

Pypa – – – – st, rt – – – – – –

DO3Apic – – – – – – st, h – – – –

Macropa – – – – – – st, rt – – – –

DFO* – – – – – – – – – st, rt –

DFO-sq – – – – – – – – – st, rt –

HOPO – – – – – – – – – st, rt –

2,3-HOPO – – – – – – – – – st, rt –

st, h – stable, heating required; st, rt – stable, room temperature labeling; l, h – diminished
stability, heating required; l, rt – diminished stability, room temperature labeling; � no
data;
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2. GALLIUM AND FIRST ROW TRANSITION METALS:

COPPER, MANGANESE, COBALT

2.1. Gallium

2.1.1. Production and Speciation

68Ga is a positron-emitting isotope with a half-life (t1/2) of 67.6 min. It decays
dominantly via positron emission (89 %, 1.92 MeV) and electron capture (11 %).
68Ga is a decay product of 68Ge and is conveniently generated using the 68Ge/
68Ga generator system [7, 8]. The long half-life of the parent nuclide 68Ge (t1/2 =
271 d) guarantees ongoing supply of 68Ga for hospitals and clinics for several
months. 68Ge is immobilized on TiO2- or SnO2-based ion exchange columns,
where it decays to a shorter-lived daughter 68Ga by electron capture. Subsequently,
68Ga is eluted using a hydrochloric acid mobile phase, specifically, 0.05 M, 0.1 M
or 1.0 M HCl. Currently, the most common commercially available generators are
provided with 68Ge activities of up to 3.7 GBq and the overall breakthrough of
68Ge in chromatographic generators is not more than 0.005 % [7].

The increasing clinical demand of 68Ga has also motivated the evaluation of
cyclotron-based production methods of 68Ga, for instance the 68Zn(p,n)68Ga re-
action [9]. This production method can yield 4.3 GBq in a typical production run
at 46 µA for 32 mins, providing a competitive alternative to the current 68Ge/
68Ga generator [10].

2.1.2. Common Chelators of Gallium

Although some low valent gallium complexes are known, all the relevant radio-
pharmaceutical gallium chemistry occurs with Ga(III). Gallium is a hard acid.
As a result, gallium’s chelate chemistry is dominated by ligands with Lewis basic
oxygen and nitrogen donors [11], forming complexes with a range of macrocyclic
and acyclic chelators under different pH, temperature, and varying chelator con-
centrations [12]. The coordination- and radiochemistry of gallium has been well
established with polyazamacrocycle-type chelators such as 1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,7-triazacyclononane-1,4,7-triace-
tic acid (NOTA), 1,4,7-triazacyclononane-1,4,7-tri(methylene phosphonic acid
(NOTP) and triazacyclononane phosphinic acid (TRAP) groups but catecholate
and hydroxamate-based systems, such as N,N-bis(2-hydroxybenzyl)ethylenedi-
amine-N,N-diacetic acid (HBED), tris(hydroxypyridinone) (THP) and desferri-
oxamine (DFO) have also been successfully utilized, and provide biomolecule-
compatible room temperature radiolabeling conditions (Figure 2) [13].

2.1.3. Preclinical and Clinical Applications of 68Ga

With the availability and accessibility of the 68Ga generator, gallium has been
used extensively for preclinical, and more recently for clinical PET imaging. The
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Figure 2. Commonly employed chelators for gallium isotopes.

short half-life of 68Ga enables repeat imaging for the monitoring of disease or
treatment progression, making the isotope ideal for clinical use. Most recent
work has focused on peptides as targeting vectors, as their typical in vivo phar-
macokinetics are well-matched with the isotope’s short half-life. Two 68Ga-based,
peptide conjugates have already been successfully clinically translated [14].

The first example is 68Ga-PSMA-11 (Figure 3), which targets the prostate-
specific membrane antigen (PSMA) using a dipeptide-based Glu-urea-Lys inhibi-
tor of the bis-zinc active site. Nearly all prostate cancers express PSMA, with
increased expression in metastasized carcinomas [15]. Overexpression of PSMA
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Figure 3. Structures of chelator-targeting vector constructs for preclinical and clinical
imaging with 68Ga.

is primarily restricted to the prostate with low levels of expression in the salivary
gland and kidney [16–18].

68Ga-PSMA-11 comprises the HBED chelator appended to Glu-urea-Lys with
an alkyl linker [19]. Apart from its favorable Ga-complexing properties, HBED
was selected because of its lipophilicity that provides enhanced binding affinity
of the tracer to the lipophilic pocket of PSMA [20]. Approaches to improve
68Ga-PSMA-11 have resulted in moderate success. 68Ga-PSMA-617, which incor-
porates DOTA as the metal chelator, exhibited lower tumor uptake relative to
HBED-chelated conjugates [19]. The lower tumor affinity of DOTA-conjugated
compounds led to the development of 1,4,7,10-tetraazacyclododecane,1-(glutaric
acid)-4,7,10-triacetic acid, DOTAGA-conjugated compounds, including PSMA
for imaging and therapy (PSMA-I&T), a construct with a lipophilic linker to
enhance affinity to PSMA [21]. The clinical efficacy of 68Ga-PSMA-I&T appears
equivalent to 68Ga-PSMA-HBED though the target to background contrast ap-
pears slightly better for the latter [13].
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Another successfully clinically translated tracer is 68Ga-DOTA-(tyrosine3)-
octreotate (DOTATATE), targeting neuroendocrine tumors (Figure 3). Neuro-
endocrine tumors (NETs) are malignant and benign tumors in the hormone-
producing endocrine system of the body [22]. These tumors overexpress the
somatostatin receptor (SSR), a hormone that regulates the endocrine system.
In 2016, the FDA approved the use of 68Ga-DOTATATE for PET imaging for
diagnosis, staging, and treatment management of neuroendocrine tumors [23].
68Ga-DOTATATE consists of tyrosine3-octreotate (TATE), a somatostatin ana-
logue, radiolabeled with 68Ga via the macrocyclic chelator DOTA [24]. 68Ga-
DOTATATE provides increased sensitivity to detect neuroendocrine tumors
and specificity of metastatic uptake when compared to 18F-FDG and 111In-pene-
treotide [25, 26]. Its combination with the radiotherapeutic 177Lu-DOTATATE is
particularly attractive because it provides a curative option for patients with NETs
[26, 27].

In addition to cancer imaging, an emerging area of interest for the application
of 68Ga is the imaging of bacterial infections, specifically using siderophores, low-
molecular-weight chelators produced by bacteria to scavenge essential iron [28].
Decristoforo and coworkers have successfully imaged Pseudomonas aeruginosa
(PA01) infections in rats with 68Ga labeled pyoverdine, a siderophore produced
by pseudomonas. 68Ga efficiently coordinates pyoverdine (PVD) in lieu of iron
and utilizes active siderophore-mediated trans-membrane transport for bacterial
uptake. The complex more efficiently localized in bacterial infections in vivo than
18F-FDG and 68Ga-citrate thus, making 68Ga-PVD-PA01 a promising new PET
agent for specific P. aeruginosa imaging. The concept of radiolabeled siderophores
for specific infection imaging is also transferable to different pathogens [29].

2.2. Copper

2.2.1. Production and Speciation

Copper-64 is the most widely utilized copper PET radionuclide, and the most
commonly used synthetic route is the 64Ni(p,n)64Cu reaction, which can be con-
ducted on low-energy biomedical cyclotrons [30]. A solution target method has
also been developed which removes the need for target dissolution post-irradiation
[31]. Additional PET isotopes of copper accessible by proton or deuteron bom-
bardment are 60Cu, 61Cu, 62Cu, and 67Cu. 60Cu and 61Cu have short half-lives of
23 min and 3.3 h, respectively, and must be produced at end user sites using the
following production methods: 60Ni(p,n)60Cu, 61Ni(p,n)61Cu, and 60Ni(d,n)61Cu.
62Cu can be produced by the 62Zn/62Cu generator. This generator requires the
production of the 62Zn parent, which has a relatively short half-life of 9.2 h [32].

2.2.2. Common Chelators of Copper

The most common oxidation states of copper are Cu(I) and Cu(II). Both of
these states are easily accessible; however, Cu(II) is the more stable and primary
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oxidation state used for radiochemistry applications. For applications of 64Cu-
labeled complexes for PET imaging in vivo, high kinetic inertness of the complex
is paramount. As there are a variety of endogenous copper chelators and copper-
scavenging proteins present in vivo, there is the potential for the copper ion to
be displaced from the chelator [33]. Many of these copper chelators employ
the reduction of Cu(II) to Cu(I), which is readily accessible under physiological
conditions. Copper that has been scavenged typically accumulates in the liver.

Most stable configurations of copper complexes exhibit trigonal bipyramidal
and square pyramidal geometries when 5-coordinate and square planar, distorted
square planar, and distorted octahedral structure when 6-coordinate. Cu(II) ex-
hibits Jahn-Teller distortion when hexacoordinated. The most common chelators
are tetraaza-macrocycle-based to provide preorganization and enhanced struc-
tural rigidity to stabilize Cu(II) [33]. Polyazamacrocycles with pendant acetate
arms, such as DOTA, TETA (1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraace-
tic acid) (Figure 4) and NOTA (Figure 2) have been extensively explored. How-
ever, 64Cu-complexes of DOTA and TETA exhibit high hepatic uptake, which
is indicative of release of free 64Cu from the complex. To improve in vivo stability
of these chelators, cross-bridged chelators have been developed [34, 35]. The
corresponding 64Cu-CB-DO2A (4,10-bis(carboxymethyl)-1,4,7,10-tetraazabi-
cyclo[5.5.2]tetradecane) and 64Cu-CB-TE2A (4,11-bis(carboxymethyl)-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecane) complexes showed improved stability of

Figure 4. Commonly employed chelators for copper and manganese isotopes discussed
herein.
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64Cu-CB-TE2A and rapid clearance from the blood, liver and kidneys as com-
pared to the corresponding, non-bridged complexes 64Cu-TETA and 64Cu-
DOTA. However, the formation of 64Cu-complexes with enhanced stability in
vivo also requires high temperature for efficient radiolabeling, which is not ideal
for targeting vectors such as antibodies. Sarcophagine (SAR) chelators like Di-
amsar (1,8-diamino-3,6,10,13,16,19-hexaazabicyclo[6,6,6]-eicosane) and SarAr
(1-N-(4-aminobenzyl)-3,6,10,13,16,19-hexaazabicyclo[6,6,6]-eicosane-1,8-diamine)
(Figure 4) and NOTA-type chelators provide a suitable alternative, as they have
been shown to efficiently radiolabel at room temperature and also form complex-
es of high in vivo stability [36, 37]. In conclusion, a variety of copper chelators
and targeting vector combinations have been explored successfully, with no single
chelator superseding in performance for all, but rather enabling the careful match-
ing of the chelator with the targeting vector of interest to produce ideal PET
imaging outcomes with 64Cu.

2.2.3. Preclinical and Clinical Applications of Cu-PET Isotopes

The first clinical studies of 64Cu-labeled conjugates focused on 60/64Cu(ATSM)
(copper (II) diacetylbis(N(4)-methylthiosemicarbazonato)) in lung cancer pa-
tients for the imaging of hypoxic cancer cells. Hypoxia is a well established hall-
mark for certain cancers, and therefore hypoxia-specific tracers can facilitate
early diagnosis and improve treatment plans. ATSM is an acyclic chelator that
coordinates Cu2C in a square planar fashion (Figure 4) [38]. Under reducing
conditions, the ATSM-bound Cu2C can be reduced to CuC, which dissociates
from the chelator and is trapped in the hypoxic cell [39, 40]. 64Cu(ATSM) has
also been used to assess ischemic regions of the heart [41]. While some studies
have demonstrated the imaging of hypoxia with 64Cu(ATSM) in vivo, this imag-
ing probe has not produced long-term clinical success: many cancer subtypes
show little to no 64Cu(ATSM) uptake, necessitating the development of alterna-
tive, more specific imaging probes.

Due to the intermediate half-life of copper-64, small peptides, and proteins,
which possess intermediate in vivo half-lives, can be used as targeting moieties.
Some examples include Glu-urea-Lys (targeting PSMA in prostate cancer) [42–
46], bombesin (targeting GRPr (gastrin-releasing peptide receptor) in lung and
colon cancers) [47–53], RGD (targeting human αvβ3 integrin in glioblastoma)
[54–57], and octreotide [58–61] appended to a variety of 64Cu chelators.

Recent clinical trials have been conducted with 64Cu-MeCOSar-tyrosine3-
octreotrate (64Cu-SARTATE) (5-(8-methyl-3,6,10,13,16,19-hexaaza-bicy-
clo[6.6.6]icosan-1-ylamino)-5-oxopentanoic acid) in patients with neuroendo-
crine neoplasia. Imaging with 64Cu-SARTATE, a conjugate comprised of MeCO-
Sar, which is based on a cage amine ligand called Sar, linked to octreotate
through a tyrosine3 linker, was compared to the commercially available 68Ga-
DOTATATE (Figure 3). High uptake and retention in tumors were observed for
64Cu-SARTATE and high contrast PET images were achieved until 24 h post-
injection [62]. PET images acquired for 64Cu-SARTATE at 4 h were judged to
be comparable or superior to images acquired for 68Ga-DOTATATE at 1 h. The
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longer half-life of 64Cu relative to 68Ga allows for imaging at later time points
which resulted in improved image quality due to improved target-to-background
uptake. Ongoing studies include the imaging of patients with 64Cu-SARTATE
followed by treatment with the radiotherapy analogue 67Cu-SARTATE.

Recently, Archibald et al. have demonstrated the potential of 64Cu-CuCB-
bicyclam as clinical diagnostic PET imaging agent of the CXCR4 (C-X-C chemo-
kine receptor type 4), which is overexpressed in multiple cancer types, specifi-
cally leukemia, breast cancer, and prostate cancer [63]. The bicyclam complex,
AMD3100 (Plerixafor), which acts as an antagonist against the CXCR4, has been
approved by the US Food and Drug Administration for human used in HIV
therapy [64]. Attempts towards PET imaging with the 64Cu-labeled complex led
to high non-specific hepatic uptake due to complex instability. To address this
instability, Archibald et al. employed the CB-bicyclam chelator [63]. This com-
plex features a structurally restricted chelator which confers higher kinetic stabil-
ity [65], enabling the successful imaging of human CXCR4 in U87.CXCR4 xeno-
graft-bearing mice.

Due to the thermal instability of antibodies above 40 °C, 64Cu chelators that
require heating to achieve high radiolabeling yields are not compatible for use
with antibodies. Alternatively, chelators that form less stable complexes with
64Cu such as DOTA, BAT (6-(p-bromoacetamidobenzyl)-1,4,8,11-tetraazacyclo-
tetradecane-1,4,8,11-tetraacetic acid), and TETA have been used (Figure 4). BAT
conjugates have been utilized with the immunoconjugate 64Cu-BAT-1A3 to im-
age colorectal cancer [66], and 67Cu-BAT-2IT-Lym-1 was evaluated for radioim-
munotherapy in patients with non-Hodgkin’s lymphoma [67]. Lewis and cowork-
ers substituted BAT with TETA, which resulted in improved in vivo performance
[66]. Similarly, NOTA-derived chelators have also been successfully employed
for the room temperature radiolabeling of 64Cu with antibodies [68, 69].

2.3. Manganese

2.3.1. Production and Speciation

Some manganese PET isotopes can be readily produced using accelerators:
51Mn, 52mMn, and 52gMn [70]. 51Mn has a half-life of t1/2 = 46 mins, which makes
it applicable to image fast biological processes. However, the shorter half-life
also restricts efficient target separation and radiolabeling with 51Mn. Further-
more, the βC energy is relatively high (2.19 MeV) in comparison with the stan-
dard PET nuclide 18F (0.6 MeV), which leads to diminished spatial resolution in
PET images. 51Mn can be produced by irradiation of isotopically enriched 50Cr
with 3–14 MeV deuterons (50Cr(d,n)51Mn) or using a natural 52Cr target in
52Cr(p,2n)51Mn reaction [71]. The 52mMn isotope has a half-life of t1/2 =
21.2 mins, comparable with the half-life of 11C (t1/2 = 20 mins), which renders its
radiochemical handling even more challenging. Furthermore, 52mMn also results
in lower PET resolution due to the high βC energy of 52mMn (2.6 MeV) [72, 73].
The most broadly applicable manganese PET isotope is 52gMn, with a half-life
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of 5.6 days. The long half-life enables better target separation, radiochemical
handling and applications with slowly clearing targeting vectors. 52gMn emits a
relatively low energy βC (0.57 MeV) which corresponds to better resolution in
PET images. One major disadvantage of the isotope is the additional emission
of three high energy gamma rays which represents a dosimetry concern for the
patient [73]. 52gMn and 52mMn can be produced by the irradiation of natural
chromium targets with 8–16 MeV protons using the natCr(p,xn)52Mn reaction.
The two isotopes are always coproduced because of similar energy thresholds,
but pure 52gMn can be isolated following decay of the short-lived 52mMn [74].

2.3.2. Common Chelators of Manganese

Manganese is a first-row transition metal that exists in various oxidation states.
It exhibits oxidation states from C2 to C7, with C2 as the most stable oxidation
state and a preferred coordination number of 6 or 7. Mn(II) is considered a hard
to borderline Lewis acid and prefers hard Lewis-basic donors such as nitrogen
or carbonyl oxygen. Well characterized chelators of 52Mn are DOTA, NOTA,
ethylenediaminetetraacetic acid (EDTA) and its derivatives like cyclohexanedi-
aminetetraacetic acid (CDTA, Figure 4) [73, 75]. The radiolabeling conditions
are pH 4–6 at room temperature to 50 °C [6].

2.3.3. Preclinical Applications of 52gMn

A number of studies have been carried out with non-chelated 52gMnCl2 to study
exogenous manganese distribution following different administration paths, spe-
cifically via intravenous injection or inhalation. Rapid blood clearance, followed
by retention of 52Mn in the brain, thyroid, and thymus was observed [76]. 52Mn
is also significantly taken up by the pancreas [76], possibly by mimicking Ca2C

in pancreatic metabolic pathways. Hernandez et al. utilized 52gMnCl2 to monitor
β-cell mass using imaging and biodistribution in type 1 and type 2 diabetes mouse
models [77]. The non-invasive measurement of functional β-cell mass is clinically
valuable for monitoring the progression of type 1 and type 2 diabetes as well as
the viability of transplanted insulin-producing cells. Previous work using manga-
nese-enhanced magnetic resonance imaging (MEMRI) showed that the utility of
this method was limited by the toxicity of free Mn2C ions, which is not a concern
with small quantities used in nuclear imaging studies with 52gMn and the shorter
lived 51Mn [78, 79].

More recently, 52gMn-chelate complexes have been successfully utilized for the
preclinical imaging of antibodies. The favorable half-life of 52gMn (t1/2 = 5.4 d),
and its low βC energy paired with the lack of high-energy gammas render this
isotope a promising alternative to 89Zr. The first in vivo study with a 52gMn-
labeled antibody utilized a DOTA chelator conjugated to the AT1-targeting anti-
body TRC105 with subsequent in vivo evaluation in a breast cancer xenograft
mouse model. The results showed favorable biodistribution and PET imaging
comparable to the 89Zr analogue, with 52gMn-DOTA-TRC105 exhibiting slower
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clearance from the blood pool. 52Mn represents an attractive new option in addi-
tion to other long-lived imaging PET and SPECT nuclides, especially for multi-
modal applications in combination with Mn-based MRI [75].

2.4. 55Cobalt

2.4.1. Production and Speciation

55Co (t1/2 = 17.5 h, EβC = 570 keV (77 %), EC (23 %)) [80] is an emerging radioi-
sotope with decay properties ideal for targeted PET imaging applications. The
positron abundance of 55Co is > 4 times higher than that of 64Cu; however, this
advantage is partially offset by the higher average βC energy of 570 keV relative
to the 278 keV of 64Cu, which can decrease image quality. 55Co is primarily
produced by the 54Fe(d,n)55Co, 56Fe(p,2n)55Co, and 58Ni(p,α)55Co reactions [81].
The 58Ni(p,α)55Co reaction is well suited for production on low-energy biomedi-
cal cyclotrons (15 MeV). A major disadvantage of this method is the production
of long-lived 57Co which is produced concomitantly if the proton energy increas-
es during production. The 54Fe(d,n)55Co reaction requires an enriched target,
while the 56Fe(p,2n)55Co reaction can produce large amounts of 56Co [82]. Sepa-
ration and isolation involves the elution of 55CoCl2 from an anion-exchange resin
with 4–9 M HCl, evaporation and reconstitution of 55CoCl2 in 0.04 M HCl for
further use [82, 83].

2.4.2. Common Chelators of Cobalt

The most commonly observed oxidation states of cobalt are Co(II) and Co(III)
where oxidation to Co(III) is promoted at high pH. For in vivo PET imaging
applications, it is preferred that the oxidation state of the metal ion remains
constant, typically in the Co(II) form.

Chelation radiochemistry of Co(II) remained underexplored until recently,
when Dam and coworkers evaluated a 55Co-labeled bombesin antagonist, PEG2-
RM26 using several tri- and tetra-aza macrocyclic chelators (DOTA, NODAGA
(1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid), NOTA, and DOTAGA;
see Figure 2). Chelation was achieved for all conjugates by dynamic microwave
heating to 90 °C for up to 3 min [84–85]. Superior PET imaging in a PC-3 xeno-
graft mouse model was seen with 55Co-DOTA-PEG2-RM26 and 55Co-NOTA-
PEG2-RM26 at 24 hours post-injection [84].

2.4.3. Preclinical Applications of 55Co

55Co has an intermediate half-life of 17.5 h which allows for applications with
targeting vectors with longer in vivo half-lives such as peptides, proteins, and
affibodies [81] and shipment to remote user sites without cyclotrons. Several
preclinical studies of 55Co appended to peptides and antibodies for targeted PET
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imaging have been conducted. Thisgaard and coworkers have used 55Co-labeled
PSMA-617 for in vivo PET imaging of mice with PSMA-expressing xenografts.
Imaging with 55Co at delayed timepoints resulted in improved target to back-
ground ratios (24 h p.i.) when compared with early timepoint PET imaging using
68Ga-PSMA-11 [86]. A similar study by the same group was conducted with a
bombesin derivative, 55Co-NOTA-AMBA (NOTA-Gly-4-ABz-Gln-Trp-Ala-Val-
Gly-His-Leu-Met-NH2) [87]. Superior tumor accumulation and hepatic clear-
ance in vivo was also observed with 55Co-DOTA-ZEGFR:2377, as compared to the
68Ga-labeled conjugate [88] to image the overexpression of epidermal growth
factor receptor (EGRF). 55Co-DOTATOC (DOTA-D-Phel-Tyrosine3-octreo-
tide) is well suited for PET imaging of somatostatin receptor-expressing tumors
[89]. Thisgaard and coworkers observed high levels of receptor-specific uptake
for 55Co-DOTATOC (Figure 3) when compared to the 68Ga- and 64Cu-labeled-
derivatives with respect to target-to-background ratios, leading to improved im-
age contrast [90].

3. LANTHANIDES AND PSEUDOLANTHANIDES:

SCANDIUM, YTTRIUM, LANTHANUM, TERBIUM

3.1. Scandium

3.1.1. Production and Speciation

Two isotopes of scandium are of imminent interest for PET imaging applications:
43Sc and 44Sc. 43Sc has a half-life 3.9 h and a positron branching ratio of 88.1 %.
However, production of 43Sc requires an enriched 43Ca target on medical cyclo-
trons. The absence of the 1.157 MeV high probability (99.9 %) gamma means a
lower radiation dose to patients [91]. Scandium-44 has an ideal positron branch-
ing ratio (94 %), average positron energy (EβC = 632 KeV), and half-life (t1/2 =
4.04 h) [92], with PET imaging characteristics of scandium-44 comparing favora-
bly to gallium-68. 44Sc is the daughter of 44Ti, which can be produced by the
45Sc(p, 2n)44Ti reaction. The long half-life 44Ti (t1/2 = 59.2 G 0.6 y) [93] means
the 44Ti/44Sc generator system is an attractive, portable long-term source of 44Sc
in the absence of a cyclotron. Separation of 44Ti from the scandium target is
achieved by target dissolution in concentrated HCl, followed by sequential anion
and cation exchange column chromatography [94]. To date, numerous generators
with > 3 mCi activity have been prepared, with one generator having produced
44Sc for PET imaging of patients [95].

Challenges associated with the development of the 44Ti/44Sc generator system
include elution volume, acid concentration, and 44Ti breakthrough [96–101]. Sep-
aration of 44Ti and 44Sc on resin was explored using branched diglycolamide
(BDGA) resin and hydroxamate-based ZR resin. ZR resin showed the most
potential as a solid support to date loaded with 6 M HCl media and eluted with
0.05 M HCl for 44Ti/44Sc with low 44Ti breakthrough (w15 Bq per 2 elutions)
[97]. Roesch describes processing and concentration of the 44Sc eluate by adsorp-
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tion of the 44Sc on a cation exchange resin (AG 50W-X4 [200–400 mesh, HC-
form] resulted in 89 % retention of 44Sc on the resin). Recovery of 90 % of the
captured 44Sc was achieved using 3 mL of 0.25 M ammonium acetate buffer at
pH 4.0 which is well suited to direct labeling [98]. 44Sc can also be directly pro-
duced by proton irradiation of a solid calcium target, either CaCO3 or calcium
metal via the 44Ca(p,n)44Sc reaction. This production method can be used to
produce up to 2 GBq 44Sc after purification [99]. Production via proton bom-
bardment of a liquid target containing (Ca(NO3)2·4 H2O) has also been demon-
strated [100]. Separation from the calcium target has been effectively achieved
using a variety of methods including filtration using HCl and ammonium hydrox-
ide [101], and dipentyl pentylphosphonate [102], nobias resin [103], DGA resin,
SCX cation exchange resin [99], and chelex 100 resin [104].

3.1.2. Common Chelators of Scandium

Scandium is present as a trivalent cation in aqueous media and despite its pres-
ence in the top row of transition metals, it shares characteristics with the lantha-
nide series. The hydrolysis reaction of Sc3C occurs to form [Sc(OH)]2C and
[Sc(OH2)]C at low pH (pH 3.0–4.5) and the formation of the poorly soluble
([Sc(OH3)] (Ksp = 1.9 ! 10–28) begins at pH 4.9 [105]. These properties place

Figure 5. Commonly employed chelators for scandium and yttrium isotopes discussed
herein.
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some constraints on the corresponding radiochemistry. Scandium prefers a 6–
8 coordinate environment and hard donors. Roesch and coworkers have ex-
plored a number of DOTA-based chelators bearing one methylenephosphonic
(DO3AP) or methylenephosphinic (DO3AP(PrA) and DO3AP(ABn)) acid
pendant arms [106]. None of the cyclen-derived structures label at room temper-
ature, which limits the application of these chelators to peptidic and small mole-
cule targeting vectors. Approaches to enable the room temperature chelation of
44Sc include small-cavity macrocycles and acyclic chelators. AAZTA (AAZTA =
1,4-bis(carboxymethyl)-6-[bis(carboxymethyl)]amino-6-methylperhydro-1,4-
diazepine) demonstrates rapid and quantitative labeling with 44Sc under mild
conditions (Figure 5) [107, 108]. Similarly, with the ligand Picaga-R (Figure 5),
Boros and coworkers have employed a 7-coordinate triazamacrocyclic chelator
bearing a picolinic acid pendant arm [109] and Orvig and coworkers have labeled
the acyclic, 9-coordinate chelator H4pypa with 44Sc [110]. Both approaches en-
able radiolabeling at room temperature and perform well in a PSMA-expressing
animal model.

3.1.3. Preclinical and Clinical Applications of 44Sc

The half-life of 44Sc is well-matched to small molecules, peptides or antibody
fragments (Fab), with PET image acquisition feasible up to 24 h post injection.
As the dipeptide-based PSMA-targeting moiety has pharmacokinetics well-
matched to the half-life of 44Sc, this has been an area of active research. In
addition to the above examples employed in proof-of-concept chelator studies,
the DOTA conjugate PSMA-617 was labeled with generator-produced 44Sc for
clinical imaging in a first-in-human study of PSMA-617 (Figure 6). 44Sc-PSMA-
617 showed lower kidney uptake and demonstrated statistically similar uptake
values when compared to 68Ga-PSMA-11 [111]. 44Sc-DOTATOC (Figure 3) was
administered to humans, the first clinical PET imaging using cyclotron-produced
44Sc targeting neuroendocrine neoplasms as a proof-of-concept [112]. A 44Sc-
DOTA folate conjugate has been used to image in mice with folate receptor
positive KB tumor xenografts [113]. This study was followed up with 47Sc-DOTA
folate for therapy demonstrating the suitability of the theranostic pair [114]. Cai
and coworkers linked the Fab fragment Cetuximab, which targets EGFR, with
N-[(R)-2-amino-3-(para-isothiocyanato-phenyl)propyl]-trans-(S,S)-cyclohexane-
1,2-diamine-N,N,N′,N″,N″-pentaacetic acid (CHX-A″-DTPA) and labeled at
room temperature with 44Sc for PET imaging [115]. However, enhanced hepatic
uptake of this derivative indicates that DTPA-derived chelators represent a non-
ideal chelator match for Sc. The short half-life of 44Sc also opens up possibilities
for pre-targeting applications. 44Sc-labeled tetrazine DOTA complexes and a
trans-cyclooctene-functionalized bisphosphonate-targeting vector were used to
evaluate pre-targeted PET imaging with 44Sc using the inverse electron demand
Diels-Alder reaction (IEDDA) by Edem et al. [116].
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Figure 6. Structures of chelator-targeting vector constructs utilized for preclinical and
clinical imaging with 44Sc and 86Y.

3.2. Yttrium

3.2.1. Production and Speciation

Y-86 is the only PET isotope of interest of yttrium and serves as a convenient
imaging congener to 90Y. Considered a pseudolanthanide, the chemical behavior
of yttrium compares well with that of small lanthanides such as ytterbium and
lutetium. The only relevant redox state for radiochemical applications is Y(III).
86Y can be produced on small biomedical cyclotrons using a solid, enriched 86Sr
in the form 86SrCO3 or 86SrCl2 or liquid 86Sr(NO3)2 solution targets [117–119].
The 86Sr(p,n)86Y reaction can be accomplished using low energy cyclotrons (7-
14 MeV). An alternative method of production has been demonstrated using
86Zr as the parent isotope in a generator system. Baimukhanova et al. used a
natural yttrium target and a medium energy bombardment (40–70 MeV) to pro-
duce 86Zr which upon processing provided high radiochemical yield (≥ 98 %)
86Zr. The generator systems explored used ZR resin and resulted in 70–95 %
elution yield of 86Y with low breakthrough of the parent 86Zr (≤10–3 %) [120].
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3.2.2. Common Chelators and Applications of Yttrium

Due to the similarity to lanthanides, ligands based on the DOTA and DTPA-
based chelators are well suited for 86Y. The cyclohexane modified CHX-A″-
DTPA showed improved thermodynamic stability over DTPA [121]. There are
numerous examples of the use of 86Y for PET imaging. Chen and coworkers
have used the 86Y/90Y theranostic pair with a DOTA-octreotate conjugate modi-
fied with Evans Blue moiety (EB-octreotate) for improved pharmacokinetics
delay excretion [122]. This study illustrates the usefulness of 86Y as the half-life
was well-matched to this application maximum uptake was observed at the 24 h
time-point and 90Y was subsequently used therapeutically against SSTR2-posi-
tive tumors xenografted in mice [122]. Pomper and coworkers have radiolabeled
PSMA targeting small molecules with 86Y for PET imaging [123]. 86Y has also
been used to radiolabel antibodies. Examples include 86Y-1B4M-DTPA-trastu-
zamab targeting LS-174T tumor xenografts in mice [124] and 86Y-CHX-A″-
DTPA-panitumumab targeting the HER1 receptor [125].

3.3. Lanthanum

3.3.1. Production and Speciation

Recent efforts to optimize the production of the lanthanum radioisotopes toward
targeted theranostic pharmaceuticals were conducted by Engle and coworkers
[126]. A major incentive to working with 132La is the availability 135La (t1/2 =
18.9 h), which decays 100 % by electron capture, and is therefore useful for Au-
ger therapy. The chemical similarity of the lanthanum(III) and actinium(III) ions
also offers potential opportunities to employ 132La as a diagnostic partner to
therapeutic isotope 225Ac. Lanthanum-132 (t1/2 = 4.59 h, 42.1 % βC) is produced
by proton irradiation using a small 16 MeV biomedical cyclotron by way of the
natBa(p,x)13xLa reaction which co-produces La-135 [127]. Radiochemical isola-
tion of 132/135La3C was achieved by removal of the precipitated, residual target
material Ba(NO3)2 by centrifugation, followed by ion separation with BDGA
resin to elute 132/135La3C in 0.1 M HCl.

3.3.2. Common Chelators of Lanthanum

Lanthanum is a large lanthanide, therefore 8-coordinate chelators like DOTA
work well to complex La3C, however nona- or deca-dentate ligands such as
DO3Apic (9-coordinate) or macropa (10-coordinate) can further enhance kinet-
ic inertness (Figure 7) [128, 129].

3.3.3. Preclinical and Clinical Applications of 132La

The first in vivo application of the 132/135La3C isotopes used small-molecular
chelator-peptide conjugates to image PSMA-expressing tumors [130]. The che-
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Figure 7. Recently explored chelators and bioconjugates for lanthanum isotopes dis-
cussed herein.

lators DO3Apic and macropa appended to a Glu-urea-Glu PSMA-targeting di-
peptide were radiolabeled successfully with 132/135La3C. While macropa exhibited
radiolabeling at room temperature, sensitivity to radiolysis diminished complex
stability of the corresponding bioconjugate. Both conjugates showed rapid up-
take in PSMA-expressing tumors, with low off-target organ uptake, specifically
in the liver and marrow, indicating no significant release of La3C in vivo.

3.4. Terbium

3.4.1. Production and Speciation

Terbium has four clinically relevant radioisotopes, enabling possible theranostic
applications in nuclear medicine. Two PET isotopes of interest exist: terbium-
152 (t1/2 = 17.4 h) and terbium-149 (t1/2 = 4.12 h), decaying by 20 % and 7 %
βC emission respectively [131]. Terbium provides intrinsic theranostic pairs, as
terbium-161 (t1/2 = 17.4 h) emits therapeutic Auger electrons as well as gamma
rays suitable for SPECT imaging. Terbium-155 (t1/2 = 128 h) is a γ emitter, suit-
able for SPECT imaging. The 149/152Tb radioisotopes are most commonly pro-
duced by proton-induced spallation of tantalum targets using 1.4 GeV protons,
and products isolated through an online mass-to-charge separation process at
ISOLDE/CERN [132]. Terbium-152 can also be produced by proton irradiation,
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specifically the 155Gd(p,4n)152Tb and 152Gd(p,n)152Tb reactions [132, 133]. Puri-
fication of 152Tb is carried out by slow elution of 152Tb/152Dy combined products
using ion exchange chromatography, followed by removal of 152Dy by decay to
152Tb. The pure 152Tb solution is concentrated in 0.05 M HCl to be used for
radiolabeling [134].

3.4.2. Common Chelators of Terbium

Terbium generally favors 8- or 9-coordinate environments and is most commonly
chelated by DOTA-based scaffolds, which generally afford robust at high tem-
perature radiolabeling conditions [135–136]. Alternatively, DTPA can also be
used, as radiolabeling of Tb isotopes with this chelator proceeds at room temper-
ature [135].

3.4.3. Preclinical and Clinical Applications of Tb-PET Isotopes

Müller et al. were the first to demonstrate the targeted, in vivo imaging with
terbium radioisotopes [137]. The proof-of-concept study was carried out with the
folate-targeting conjugate cm09, which incorporates a DOTA-macrocycle chelat-
or for complexation of radioactive terbium. Phantom PET images of 152Tb dem-
onstrated poor spatial resolution, which the authors attribute to the high positron
energy of 152Tb (EβC average = 1140 keV, 20.3 %). In vivo PET scans of 152Tb-
cm09 show good tumor conspicuity and enhanced kidney uptake.

Terbium-149 is a low-energy alpha-emitter (Eα = 3970 keV, 17 %), though it also
emits positrons (EβC average = 730 keV, 7.1 %) for PET imaging which could
facilitate its use as a theranostic [131, 138–142]. Müller and coworkers also demon-
strated alpha-PET with 149Tb-DOTANOC in vivo evaluation using a mouse xeno-
graft model expressing the somatostatin receptor target [138]: PET images of
149Tb-DOTANOC showed accumulation in the corresponding AR42J tumor xen-
ografts. The disadvantages of the alpha-PET approach thus far, is the requirement
for increased quantities of radiation and increased specific activity in order to
completely eradicate tumors. Of note, the terbium radioisotopes allow for compar-
ison of α (149Tb) and β– (161Tb) therapies and are considered interchangeable
with 152Tb as well as 177Lu without significantly altering pharmacokinetics [143].
Recently, a first in-human trial has been successfully completed with 152Tb-
DOTANOC. Small tumor metastases were successfully detected using clinical
PET/CT [134]. Other targeted preclinical and clinical applications of 152Tb include
the imaging of the prostate-specific membrane antigen with 152Tb-PSMA-617, in
a preclinical and clinical setting. 152Tb-PSMA-617 successfully imaged metastatic
prostate cancer in a patient, revealing comparable uptake to 68Ga-PSMA-11, al-
though diminished PET image quality [137]. While terbium may be considered
the “Swiss knife of nuclear medicine”, its limited availability and low production
yields is a major issue that currently limits use [135, 137, 139].
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4. TETRA- AND PENTAVALENT METALS: TITANIUM,

ZIRCONIUM, NIOBIUM

4.1. Titanium

4.1.1. Production and Speciation

Titanium-45 is an ideal potential PET imaging isotope due to its 3.09 h half-life,
85 % positron branching ratio (15 % electron capture), low maximum positron
energy of 1040 keV [144, 145], and minimal release of concurrent gamma rays
(< 1 %) [145]. 45Ti is commonly produced via proton bombardment on standard
medical cyclotrons, at about 13–14.5 MeV [146, 147] via the 45Sc(p,n)45Ti reac-
tion, or by deuteron bombardment via the 45Sc(d,2n)45Ti reaction [145]. Ti(IV)
is a hard Lewis acid, and is highly oxophilic [148], thus it typically prefers hard,
Lewis basic oxygen-containing ligand donors. Hydrolysis of titanium in solution
happens readily, with aqueous solutions as low as pH 0 forming exclusively
[Ti(OH)2]2C [149, 150], solutions at pH 3–11 forming Ti(OH)4, and [Ti(OH)5]–

forming above pH 11 [150]. 45Ti is isolated by target dissolution in 6 M HCl,
followed by separation with a hydroxamate resin. The 45Ti product is eluted
using several fractions of 1 M oxalic acid [151, 152].

4.1.2. Common Chelators of Titanium

Titanium is readily coordinated by carboxylates, catecholates, tyrosinates, hy-
droxamates, and salicylates among many others (Figure 8) [149]. Ti(IV) also
forms strong complexes with Fe(III)-sequestering siderophores such as DFO
[153], and enterobactin [154], even outcompeting Fe(III) in these particular cases
with respect to the magnitude of the formation constants, and in the case of
enterobactin, kinetically displacing the Fe(III) for Ti(IV).

4.1.3. Preclinical Applications of 45Ti

The first example of in vivo imaging of 45Ti-labeled compounds dates back to
1981. Ishiwata and coworkers labeled and conducted imaging and biodistribution
studies of 45Ti-DTPA and phytate [155, 156]. Imaging and biodistribution showed
increased uptake of free 45Ti and 45Ti-phytate in the liver and spleen, whereas
45Ti-DTPA was found at increased levels in the blood. Additional in vivo studies
of 45TiOCl2, 45TiO-phytate, 45TiO-DTPA, 45TiO-citrate, and 45TiO-human serum
albumin (HSA) were published by the same group ten years later. The 45TiOCl2
and 45TiO-phytate showed increased liver uptake, likely due to colloid formation,
whereas 45TiO-DTPA, 45TiO-citrate, and 45TiO-HSA were found to remain circu-
lating in the blood pool. 45TiO-DTPA likely trans-chelates with transferrin to
form a 45Ti-transferrin complex which remains highly stable in serum (> 99 %
binding). In vivo studies in mice with EMT-6 tumors showed high blood uptake
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Figure 8. Commonly employed chelators for titanium isotopes discussed herein.

and retention, as well as nearly a 60 % increase in tumor uptake compared to
non-target tissue [157].

Titanium(IV) complexes with salan or salen (Figure 8) have shown potential
for use as anticancer agents in vitro [158–161] with some even outperforming
cisplatin. Additionally, several in vivo experiments of various Ti-salan derivatives
have proved promising, showing significantly reduced tumor growth over the
course of treatment [162–164]. This renders Ti-salan and salen derivatives appro-
priate for theranostic applications with 45Ti. In a study by Severin and coworkers
[152], one such salan derivative, (salan)Ti(dipic), was labeled with 45Ti, using a
novel solid-state synthesis. A symmetric 1,3-diol functionalized resin, was used
to immobilize the 45Ti, followed by step-wise coordination of the salan and dipic
ligands to afford (salan)45Ti(dipic) with high radiochemical purity and 15 %
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yield. Imaging and ex vivo biodistribution were conducted with mice bearing
HT-29 tumors, but no significant tumor uptake was observed, while liver and
intestinal uptake were enhanced, indicating poor tumor specificity of the (sa-
lan)45Ti(dipic) complex [147].

4.2. Zirconium

4.2.1. Production and Speciation

The long half-life and relatively low energy of the emitted positrons make Zr-89
(t1/2 = 78.41 h, EβC = 395 keV, 22 %) an especially favorable isotope for immuno-
PET imaging. Production of 89Zr occurs primarily via the 89Y(p,n)89Zr transmu-
tation reaction. Radioactive 89Zr is separated from the yttrium target with a
hydroxamate-functionalized resin, and 89Zr is eluted with oxalic acid in high
specific activity (45 GBq/µmol) and purity (> 99.99 %) [165–168].

4.2.2. Common Chelators of Zirconium

Zirconium is a second-row transition metal that exists primarily in the Lewis
acidic, C4 oxidation state. Due to its high charge and oxophilicity, it binds
strongly to hard donors such as hydroxamates [11]. The tris-hydroxamate sidero-
phore DFO is the most often-used ligand for chelating zirconium. The DFO
binds 89Zr more efficiently than EDTA or DTPA [169]. To date, DFO-appended
antibody tracers have been reported extensively and applied in preclinical and
clinical PET imaging studies [168, 170–183].

Even though 89Zr-DFO displays high stability in vitro with minimal demetalla-
tion [184], concerns regarding 89Zr release from the chelator, evidenced by bone
uptake in mouse models, remain [185]. Crystal structures of Zr-EDTA [186] and
Zr-DTPA [187] have shown that zirconium will coordinate readily in octacoordi-
nate fashion, thus research efforts have focused on developing an octadentate
chelator that would provide greater stability in vivo than DFO. One approach is
DFO*, a DFO derivative that incorporates four hydroxamate functional groups
to coordinatively saturate the zirconium metal (Figure 9) [188, 189]. Similarly,
Donnelly and coworkers have reported 89Zr radiolabeling of DFO-Sq, a squa-
ramide derivative of DFO with two additional carbonyls available to coordinate
the zirconium ion [190]. Both DFO* and DFO-Sq display similar or improved
radiolabeling efficiency compared to DFO, and result in decreased bone uptake
in mouse models compared to DFO. However, these constructs also have dimin-
ished solubility in water, which complicates their conjugation to biomolecules.
Alternatively, octadentate chelators with hydroxypyridinone donors have been
studied, including HOPO and 2,3-HOPO (Figure 9) [191, 192]. Despite the in-
creased stability of 89Zr-HOPO and significantly lower bone uptake in compari-
son to 89Zr-DFO, the complicated synthesis of preparing bifunctional HOPO
ligands for conjugation to antibody has impeded further applications of this che-
lator to date [191].
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Figure 9. Commonly employed chelators for zirconium isotopes discussed herein.

4.2.3. Preclinical and Clinical Applications of 89Zr

The first preclinical immunoPET imaging with 89Zr was reported by Meijs et al.
in 1997, in which 89Zr-labeled anti-EpCam antibody 323/A3 was used to image
mice with human OVCAR-3 xenografts [171]. In 2006, the first clinical imaging
was performed with 89Zr-labeled anti-CD44v6 antibody U36 in 20 patients with
head and neck squamous carcinoma [193]. The patients were imaged 144 h after
receiving 89Zr-cmAb-U36; all primary tumors and 18 of 25 lymph node metasta-
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ses were detected, demonstrating the better sensitivity of PET (72 %) over CT/
MRI (60 %).

Similarly, clinical imaging has been performed with 89Zr-trastuzumab on pa-
tients with HER2-positive metastatic breast cancer to detect lesions in lung, liver,
bone, and brain, and PET images helped reveal brain lesions that had previously
been undetected [194]. In addition to detecting primary tumors and sites of me-
tastases, 89Zr-immunoPET can be used to accurately predict patient response to
immunotherapy. PET imaging with 89Zr-trastuzumab in tandem with 18FDG
scans helped to stratify patients that would show response to treatment with
trastuzumab emtansine (T-DM1) by determining the level of tumor heterogenei-
ty and level of HER2 expression [195].

Clinical PET imaging studies with 89Zr-ibritumomab tiuxetan (commercial
name Zevalin) have also been performed to predict response of patients with
relapsed B-cell non-Hodgkin’s lymphoma towards treatment with 90Y-labeled
ibritumomab tiuxetan [196–197]. Preclinical studies have shown that 89Zr-bevaci-
zumab PET can be used to monitor early antiangiogenic tumor response of pa-
tients with ovarian cancer to treatment with protein inhibition therapy (NVP-
AUY922) [198, 199].

4.3. Niobium

4.3.1. Production and Speciation

Nb-90 (t1/2 = 14.6 h, βC, Emean = 0.35 MeV, 53 %) is produced by irradiating
natural zirconium foils (20 MeV) in the 90Zr (p,n) 90Nb reaction. The target is
then dissolved with HF under reduced temperature, and following the addition
of HCl and boric acid, 90Nb is extracted with N-benzoyl-N-phenylhydroxylamine
in CHCl3. For complete removal of trace levels of zirconium, necessary because
of the similarity in radiolabeling chemistries of niobium and zirconium, further
purification by ion exchange chromatography is performed [200–202].

4.3.2. Radiolabeling and Preclinical Imaging with 90Nb

Rösch and coworkers demonstrated successful quantitative radiolabeling of
DFO ligand with 90Nb [201]. Furthermore, rituximab and bevacizumab coupled
with the DFO chelator have been labeled with 90Nb in radiochemical yields of
> 90 %. Preclinical PET imaging of 90Nb-bevacizumab in a mouse xenograft
model at 4 h post-injection indicated visible uptake of the radiolabeled antibody
in the tumor and liver [200, 202].

5. CONCLUSIONS

As part of the recent resurgence of PET radionuclides, radiometals continue to
take on an increasingly prominent role in developmental and clinical nuclear
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medicine. Historically, most of the early PET metal work was focused on 64Cu
and its early successes with hypoxia imaging. The advent of the 68Ge/68Ga gener-
ator and convenient access to large quantities of 89Zr due to the naturally abun-
dant target material and production methods accessible with low-energy biomed-
ical cyclotrons has moved those two isotopes to the foreground and among the
currently most heavily investigated isotopes in nuclear medicine related clinical
trials. The recent (2016) FDA approval of 68Ga-DOTATATE for PET imaging
for diagnosis, staging, and treatment management of neuroendocrine tumors,
followed by the 2018 approval of the therapeutic analogue 177Lu-DOTATATE
has further spurred the development of theranostic isotopes: scandium, yttrium,
lanthanum, and terbium isotopes are all interest in this regard and have recently
begun to produce literature entries that detail their successful production, effi-
cient chelation, and application.

The access to isotopes with more convenient, intermediate half-lives also en-
ables imaging at time-points that fall between those accessible by 68Ga and 89Zr,
and are also becoming of increasing interest such as 45Ti, 52Mn, 55Co, and 90Nb.
45Ti and 90Nb can be considered shorter-lived congeners to the already widely
applied 89Zr, but still require extensive development, especially with respect to
efficient and robust chelation. The intermediate half-life of 55Co provides oppor-
tunities for targeted imaging with larger peptides, rapidly circulating antibodies
and antibody fragments. In addition to providing an alternative long-lived PET
isotope to 89Zr, 52Mn may also open opportunities for multimodal applications
in conjunction with natMn-based contrast agents and therefore add value to a
growing PET-MR scanner base.

Conclusively, the field of PET radiometals is growing quickly and provides
opportunities for medical physicists, coordination chemists, organic chemists, bio-
chemists, and imaging scientists alike. However, the close collaboration of these
groups of scientists is required to successfully transition these nuclides from ra-
diochemical curiosity and exploratory preliminary studies to clinically relevant
and viable products that will be able to improve patient outcomes.
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ABBREVIATIONS

AMBA Gly-4-ABz-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2

ATSM diacetylbis(N(4)-methylthiosemicarbazonato
BAT 6-(p-bromoacetamidobenzyl)-1,4,8,11-tetraazacyclotetradecane-

1,4,8,11-tetraacetic acid
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BDGA branched diglycolamide
CB cross-bridged
CDTA cyclohexanediaminetetraacetic acid
CT computed tomography
CB-DO2A 4,10-bis(carboxymethyl)-1,4,7,10-

tetraazabicyclo[5.5.2]tetradecane
CB-TE2A 4,11-bis(carboxymethyl)-1,4,8,11-

tetraazabicyclo[6.6.2]hexadecane
CXCR4 C-X-C chemokine receptor type 4
DFO desferrioxamine
DFO-sq desferrioxamine squaramide ester
Diamsar 1,8-diamino-3,6,10,13,16,19-hexaazabicyclo[6,6,6]-eicosane
DO3A 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid trisodium salt
DO3Apic 2,2′,2″-(10-((6-carboxypyridin-2-yl)methyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DOTAGA 1,4,7,10-tetraazacyclododececane,1-(glutaric acid)-4,7,10-triacetic

acid
DOTANOC DOTA-1-Nal3-octreotide
DOTATATE DOTA-(tyrosine3)-octreotate
DOTATOC DOTA-D-Phel-tyrosine3-octreotide
DTPA diethylenetriaminepentaacetic acid
EDTA ethylenediaminetetraacetic acid
EGRF epidermal growth factor receptor
FDA Food and Drug Administration
18FDG fluorodeoxyglucose
GRPr gastrin-releasing peptide receptor
HBED N, N-bis(2-hydroxybenzyl)ethylenediamine-N,N-diacetic acid
HOPO N,N′-1,4-Butanediylbis(N-(3-(((1,6-dihydro-1-hydroxy-6-oxo-2-

pyridinyl)carbonyl)amino)propyl)-1,6-dihydro-1-hydroxy-6-
oxo-2-pyridinecarboxamide

HSA human serum albumin
MeCOSAR 5-(8-methyl-3,6,10,13,16,19-hexaaza-bicyclo[6.6.6]icosan-1-

ylamino)-5-oxopentanoic acid
MEMRI manganese-enhanced magnetic resonance imaging
NETs neuroendocrine tumors
NODAGA 1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid
NOTA 1,4,7-triazacyclononane-1,4,7-triacetic acid
NOTP 1,4,7-triazacyclononane-1,4,7-tri(methylene phosphonic acid)
PA01 Pseudomonas aeruginosa 01
PET positron emission tomography
PSMA prostate specific membrane antigen
PSMA-I&T PSMA for imaging and therapy
PVD pyoverdine
RGD Arg-Gly-Asp
SAR sarcophagine
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SarAr 1-N-(4-aminobenzyl)-3,6,10,13,16,19-hexaazabicyclo[6,6,6]-
eicosane-1,8-diamine

SARTATE MeCOSar-tyrosine3-octreotrate
SPECT single-photon emission computed tomography
SSR somatostatin receptors
TATE (tyrosine3)-octreotate
TETA 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid
THP tris(hydroxypyridinone)
TRAP triazacyclononane phosphinic acid
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Abstract: Technetium has probably the most interesting and multifaceted chemistry amongst
the metallic radionuclides in routine applications for radiopharmacy or molecular imaging.
Being situated in the middle of the periodic table, the diversity of its possible oxidation states
enables complexes with ligands covering any possible class of coordinating organic molecules
and ions. However, the plethora of compounds resulting from this broad chemistry did not
translate into a comparable number of new imaging agents. Reasons for this fact are discussed
and practical requirements to which new potential radiopharmaceuticals have to comply with
are outlined. Despite the chemical diversity of feasible complexes, the large majority of com-
plexes concentrates on the three cores [99mTcV=O]3C, [99mTcV≡N]2C, and fac-[99mTcI(CO)3]C.
Labelling strategies with these cores and classes of imaging agents are discussed and scruti-
nized. The more recent coordination chemistry of these cores is highlighted with a focus on
new complexes, which are either fundamentally new or carry targeting functions for receptor
binding with the known cores. Many of them have been subjected to in vitro and in vivo
studies, important in the context of this chapter. It covers about the last ten years but referen-
ces to earlier studies are given where necessary. Very few of these complexes proceeded to
preclinical or even clinical studies. These are presented together with already market-intro-
duced examples in Section 4. Throughout the chapter, the chemistry of rhenium plays a pivotal
role for the one of technetium. This feature of rhenium is emphasized not only as a model for
technetium using cold rhenium but also as an option for complementing imaging with 99mTc
with therapy by radioactive 186/188Re, leading to a theranostic matched-pair situation as a
perspective. As a scope for the future of fundamental technetium and rhenium chemistry,
novel building blocks and strategies such as the integrated concept are introduced. It will
corroborate the relevance of fundamental 99Tc chemistry for keeping 99mTc as a core imaging
radionuclide at the forefront of nuclear medicine.

Keywords: bioorganometallic chemistry · labelling · molecular imaging · radiopharmaceuticals ·
receptor targeting · rhenium · technetium · theranostic

1. INTRODUCTION

Since its commercial availability in the Sixties, technetium-99m or 99mTc is an
established radionuclide in nuclear medicine for the radioimaging of many dis-
eases and malfunctions. Hundreds of thousands of 99Mo/99mTc generators are
produced and still nowadays about 11 million patients per year are imaged with
single photon emission computed tomography (SPECT), the nuclear medicine
diagnostic procedures with one or the other radiopharmaceutical, in the USA
alone. A representative analysis of the use of radiopharmaceuticals for nuclear
medicine procedures including not only 99mTc but supporting its indispensable
role has been published a couple of years ago [1]. This strong role of 99mTc is
due to its easy availability from relatively cheap generators and its excellent
decay characteristics, which almost perfectly match clinical requirements (see
Section 2).
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The development of new 99mTc radiopharmaceuticals is on the other hand
impeded by its relatively complex chemistry. Technetium has a total of nine oxi-
dations states (from –I to CVII), six of which are chemically accessible under
aqueous conditions. Each of these oxidations states demands appropriate ligands,
which are able to stabilize the corresponding complex under physiological condi-
tions. Over the years of discovery and development of 99mTc-based radiopharma-
ceuticals, a few cores and complexes emerged as suitable for application in nucle-
ar medicine. These cores, together with suitable ligands, have been brought to
routine clinical application. They represent most of the diagnostic procedures in
clinics (see Sections 3 and 4). To get into application, the preparation of a 99mTc
complex must fulfil very strong conditions such as quantitative yields, synthesis
in water, and readiness to be administered and all in a relatively short time. The
chemistry together with these constraints resulted in very few new radiopharma-
ceuticals entering clinical trials or routine application since the Nineties. This
may also be one of the reasons, why companies do scarcely invest in further
99mTc chemistry for radiopharmaceutical applications. Competitors like 68Ga for
positron emission tomography (PET) has one single oxidation state, namely
CIII, and can easily be stabilized with multidentate chelators. 68Ga is also avail-
able in the form of a 68Ge/68Ga generator. Although not as convenient as the
99Mo/99mTc generator, 68Ga is readily available on site in clinics [2–4].

The essential lack of novel block-busting 99mTc radiopharmaceuticals over the
past decades, together with missing interests from industry lead to a steep de-
crease in fundamental 99Tc and applied 99mTc chemistry. Chemistry with the long-
lived radionuclide 99Tc (t1/2 = 2.111!105 y) serves as model for chemistry with
the short-lived 99mTc (t1/2 = 6 h) and is the driving force behind application in
nuclear medicine [5, 6]. Whereas dozens of groups did fundamental 99Tc research
in the Nineties, only a handful of groups is left today. Still, important fundamen-
tal results emerge from these groups, which may ultimately have an impact in
SPECT radiopharmacy with 99mTc (see Section 5).

Since model chemistry with 99Tc has diminished, many groups perform rheni-
um chemistry instead. Especially low valent 99TcI and ReI complexes are struc-
turally very close and their respective stabilities comparable. Thus, rhenium
serves as a good model for technetium and the chemistry related to radiophar-
maceuticals is covered throughout. The radionuclides 188Re and 186Re are consid-
ered as very appropriate for radionuclide therapy and a 188W/188Re generator in
support of these endeavors is available [7]. This opens in addition the opportuni-
ty of stepping into a new form of theranostics; namely, diagnosis with 99mTc and
therapy with identical compounds but comprising 186/188Re. Aspects of these
synergisms will be covered as well.

Many reviews about 99Tc/99mTc appeared over the years, some with a focus on
fundamental chemistry [5], some on application [3, 8–16]. Since it is not the
intention to cover all the years of 99Tc/99mTc chemistry, this chapter will focus on
newer developments in chemistry and radiopharmacy, covering about the last
decade with references to publications that appeared earlier where adequate
[17–20].
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2. LABELLING STRATEGIES WITH 99mTc

2.1. The 99Mo/99mTc Generator

The radionuclide 99mTc is readily available from a so-called generator system.
99Mo is produced upon fission of 235U in a yield of about 6.1 %. The radionuclide
99Mo is a β–-emitter and has a half-life time t1/2 of 67 h. It decays to 99mTc, which is
thus the daughter of 99Mo. The parent/daughter pair 99Mo – 99mTc is in a transient
equilibrium with the daughter, approaching the absolute activity of the parent
99Mo after about 4–5 half-life times. This makes the convenience of this generator,
it can be eluted every 24 h or even less with a high activity. Since the parent decays
with 67 h, the eluted activity decreases accordingly. For research purposes, a gener-
ator can be used as long as four weeks or even longer. In hospitals, where more
activity is needed, generators are typically replaced after one week. From irradiat-
ed highly enriched 235U, the 99Mo is isolated from a modified Purex process. It is
therefore present as [99MoO4]2– in an aqueous solution. In this form, it is loaded
on an Al2O3 Alox column on which it is strongly adsorbed (Figure 1a). When

Figure 1. (a) Principle of a 99Mo/99mTc generator; [99MoO4]2– is loaded on an Alox
column (black), [99mTcO4]– is formed upon decay of 99Mo and is eluted into an evacuated
vial (yellow). (b) Amounts of 99mTc and 99Tc (blue and red lines) as a function of time.
More “cold” 99Tc is in the eluted saline solution (left) at later time points. The decay of
99mTc over 24 h for a start activity of 740 MBq (20 mCi) (blue), and the decay of 99Mo
over the same time (red, right).
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[99MoO4]2– decays to 99mTc, the technetium is present as mono-anionic pertechne-
tate [99mTcO4]– which binds much weaker to Alox and is eluted with saline (0.9 %
NaCl in water) in a kind of anion-exchange process. This solution is the starting
material for any subsequent reaction and for the preparation of radiopharmaceuti-
cals. It is clear that chemistry in saline makes these reactions demanding since
many components may not be soluble or stable in this solvent. Still, as shown
below, surprisingly uncommon compounds from water as a solvent are still acces-
sible [21–23].

In the generator and in the eluted solution, 99mTc decays continuously to 99Tc.
Therefore, solutions coming from the generator contain always 99Tc in amounts
depending on the time passed since the last elution. What has been said for
[99mTcO4]– holds also true for its higher homologue. The principle of the 188W/
188Re generator is the same, i.e., [188WO4]2– is adsorbed on Alox and [188ReO4]–

is eluted with saline. Since the half-life time of 188W is about 70 d, these generators
are much longer in use (> 6 months) than the 99Mo generators. However, 188W
has to be prepared in a (2n,2γ) reaction from highly enriched 186W in high flux
reactors and corresponding generators are much more expensive and difficult to
obtain. Not many reactors worldwide have neutron fluxes for allowing this nuclear
reaction. The half-life time of 188Re is 17 h and thus very appropriate for radionu-
clide therapy [24, 25].

Typical 99Mo/99mTc commercial generators have activities up to 37 GBq (1 Ci)
or even higher. Eluted saline solutions have a typical volume of 7–10 mL, from
which adequate smaller volumes are taken for the preparation of radiopharma-
ceuticals or for research purposes. Since the t1/2 of 99mTc is only 6 h, the absolute
amounts of materials are minuscule, despite their apparent high activities. They
are typically in the pico- to nanograms range. Characterizations with “normal”
chemical methods are thus essentially impossible. Table 1 gives some concentra-
tions and amounts after elutions and dilutions. 99mTc is a long-lived excited nucle-

Table 1. Activity, concentrations, and absolute amounts of 99mTc and 99Tc for 5 mL elu-
tion directly from generator (A and B), and for diluted solution of A, (C and D, 1 mL
each), corresponding to a typical preparation of 99mTc complexes or radiopharmaceuticals.

Generator (A) Generator (B) Generator (C) 0.2 mL (D) 0.1 mL
eluted and elution 5 mL elution 5 mL of A + H2O/ of A + H2O/
diluted after 24 h after 12 h saline dilution saline dilution
solutions (up to 1 mL) (up to 1 mL)

activity 99mTc 18.5 GBq 15 GBq 740 MBq 370 MBq
(500 mCi) (400 mCi) (20 mCi) (10 mCi)

mass 99Tc 288 ng 140 ng 12 ng 6 ng
mass 99mTc 98 ng 79 ng 4 ng 2 ng
mol 99Tc 2.9 nmol 1.4 nmol 120 pmol 60 pmol
mol 99mTc 1 nmol 0.8 nmol 40 pmol 20 pmol
conc. 99Tc 582 nM 288 nM 116 nM 58 nM
conc. 99mTc 198 nM 160 nM 40 nM 32 nM
99Tc/99mTc 2.9 1.8 2.9 1.8
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ar state (comparable to phosphorescence in the electron shell) which decays to
99Tc. Due to the long half-life time of 99Tc, it does not decay over the time until
all 99mTc is gone (about 60 h) (Figure 1b).

Since about ten years, concerns rose about the future availability of 99mTc in
general and 99Mo/99mTc generators in particular. These concerns emerged be-
cause many of the reactors producing 99Mo will reach their ends of function
soon. In addition, expected or unexpected shutdowns led to a shortage of 99Mo
supply in 2009, 2012, and 2013, which affected the nuclear medicine community
to some extent. The reactors producing the largest amounts of 99Mo are available
in Chalk River, Canada, and in Petten, The Netherlands have been shut down
for medical radionuclide production. In part, they were replaced by sites in South
Africa, Belgium, Poland, and the Czech Republic, but the continuity of produc-
tion remains fragile [22, 26].

Due to these shortages, alternative production methods have been sought for
99Mo but also directly for 99mTc [27]. Different nuclear reaction methods have
been proposed, which should ideally not depend on the availability of reactors.
Therefore, cyclotrons or linear accelerators are alternatives, which are widely
available but often not designed for medical radionuclide production. Although
many nuclear reactions have been studied quietly in detail, they suffer partly
from the fact that unwanted nuclides of the same or different elements are ob-
tained at the same time [28]. Possible routes without the need for enriched 235U
are neutron-producing accelerators via e.g., the classical 98Mo(n,γ)99Mo path or
by accelerators producing high energy photons 100Mo(γ,n)99Mo [29, 30]. The
nuclear reaction in cyclotrons, 100Mo(p,pn)99Mo, is an alternative, but all these
methods would lead to low specific activities of 99Mo since parent and daughter
are the same elements. They are thus not very well suited for the preparation of
generators.

A more promising approach which is currently practiced is the direct produc-
tion of 99mTc without the bypass over 99Mo. The reaction 100Mo(p,2n)99mTc in
cyclotrons with medium-energy protons has become a true option [31, 32]. Along
this nuclear reaction, 99mTc is produced in TBq quantities. This may ensure the
demand for this radionuclide in the future [22, 33–36]. Although 99mTc can be
delivered even to remote clinics if an appropriate cyclotron is not available on
site, still, the immediate availability, which is one of the most convenient advan-
tages of 99mTc, is lost and costs may rise. Different studies comparing imaging
with generator- and cyclotron-produced 99mTc with a special focus on dose bur-
den to the patients have been published [37, 38].

The challenges for 188Re and 186Re are similar. Since the numbers of high-
flux reactors as needed for the preparation of 188W are decreasing, alternative
approaches are urgent. 186Re would be even more suited for nuclear medicine
procedures (radionuclide therapy) but the direct production from natural 185Re
via the (n,γ) reaction does not yield sufficiently high specific activities. Therefore,
studies with cyclotrons for the direct production of 186Re at the no-carrier-added
level have been undertaken. Alternative routes towards high specific activity
186Re are through the 186W(p,n)186Re or the 186W(d,2n)186Re path [39, 40]. The
disadvantage of these reaction pathways is the concomitant production of low
levels of other rhenium radionuclides.
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2.2. Labelling Chemistry and Bifunctional Chelators

Since [99mTcO4]– as eluted from the generator is not very useful as a radiophar-
maceutical, it has to be converted into a chemical form or a new complex, which
is either a radiopharmaceutical by itself (de novo radiopharmaceutical, 1st gener-
ation) or being coordinated to a ligand conjugated to a targeting molecule (tar-
geting radiopharmaceutical or 2nd generation). Indeed, the majority of routinely
applied radiopharmaceuticals belongs to the first class and only a very limited
number of targeting radiopharmaceuticals have been introduced in the market
(see Section 4). A more recent labelling strategy is mimicking an existing phar-
maceutical without attaching a ligand but using coordinating sites in the lead
structure directly (Scheme 1). This strategy though has not yet led to a new
radiopharmaceutical although some compounds showed high affinities to their
targets [41, 42] but it is more explorative at this stage.

Scheme 1. Classes of radiopharmaceuticals and molecular imaging agents: A 1st genera-
tion perfusion agent for kidney function imaging (A, Technescan®), a 2nd generation
prostate-specific membrane antigen (PSMA) targeting agent (B, MIP-1404), and future
3rd generation lead structure integrated inhibitors (C and D). The routine preparation of
Cardiolite® as the gold standard in myocardial imaging (E). NeoTect® (TcO-depreotide),
a peptide labelled with the [99mTc=O]3C core (F). Detailed references are given in the
corresponding sections.
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[99mTcO4]– alone accumulates in the thyroid, thus following essentially the bio-
logical path of iodide (I–) to which it is similar in terms of charge and size. It is
indeed a good indication for the stability of a radiopharmaceutical if no activity
is found in the thyroid, i.e., the radiopharmaceutical does not decompose and its
99mTc is not oxidized to [99mTcO4]– [43, 44]. Conversion of [99mTcO4]– into a
complex useful as radiopharmaceutical, de novo or targeting, demands reduction
and complexation by a ligand which is able to stabilize the resulting oxidation
state under in vivo conditions. Remaining in the oxidation state CVII is possible.
For doing so, synthetic labelling strategies require activation of the robust
[99mTcO4]–, while offering appropriate ligands that can bind strongly to at least
three facially oriented coordinating sites. This has been successfully achieved
with the fac-[99mTcO3]C core but is too specific for widespread application (see
Section 3.4) [45–48].

Labelling strategies for all three categories of radiopharmaceuticals are con-
ceptually similar. A reducing agent reduces [99mTcO4]– to a lower oxidation state
and a ligand present in solution traps and stabilizes this state to a high extent.
Alternatively, auxiliary ligands present in large excess binding weaker to the
99mTc center stabilize an intermediate and are then replaced in a second step by
the final ligand, free or bound to a targeting biomolecule or pharmaceutical.

Along this line, the typical “cores” in 99mTc or 99Tc chemistry are obtained,
namely the [99(m)TcV=O]3C, the [99(m)TcV≡N]2C, and the fac-[99(m)TcI(CO)3]C

cores. Numerous multidentate chelators are known, adapted to the correspond-
ing electronic structure of the core (see Section 3), which stabilize these moieties.
In view of a theranostic strategy or the preparation of complexes for radionu-
clide therapy with 186/188Re, there are differences in the chemical behavior of
rhenium and technetium to be considered. Whereas Tc is readily reduced by,
e.g., Sn2C, rhenium is much less reactive since its oxidation power is lower. Thus,
rhenium often demands heating while many reactions with technetium are per-
formed at room temperature. In accordance with these differences is the obser-
vation that Re complexes are more sensitive for re-oxidation. Therefore, radio-
pharmaceuticals in the CV oxidation state are generally different for the two
elements with regard to their physiological stabilities [12].

Besides these chemical considerations, there are further aspects to be consid-
ered when aiming at preclinical trials and for ultimate use in hospitals. The prep-
aration of 99mTc radiopharmaceuticals is performed on site, i.e., in the hospital,
due to the in line availability of 99mTc. This means that the following require-
ments must be met for routine application:

– reactions are done directly from the generator eluate, i.e., [99mTcO4]– in
saline

– the yield of the synthesis must be quantitative > 98 % reaction times must
be as short as possible, generally < 60 min

– yields must be tolerant to changing conditions

– no toxic or reactive ingredients, no organic solvents apart from ethanol

– stable under physiological conditions for at least 24 h.
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All current 1st generation radiopharmaceuticals fulfill these conditions. The
example for the preparation of Cardiolite® is given in Scheme 1 E as an illustra-
tive example.

For 2nd generation radiopharmaceuticals, more requirements apply since the
biomolecules will bind to a receptor, present in very low concentrations.

– the biomolecule must tolerate the reaction conditions

– its concentration should be as low as possible, typically in the submicromo-
lar range

– no receptor saturation with unlabelled targeting molecules

– receptor affinity and selectivity must be maintained.

Combining these conditions, it is obvious that the type of complexes as well as
the ligands is limited. This contrasts to the typical requirements for metal com-
plexes applied in medicinal inorganic chemistry with essentially unlimited condi-
tions and compounds.

The strength of these conditions results in a few 99mTc-radiopharmaceuticals
entering clinical routine. Already the > 98 % yield request is rarely achieved and
demands high experimental skills [21] and water solubility is a concern. Scheme 1
F gives a typical example for a 99mTc-based labelled peptide, 99mTcO-depreotide
(NeoTect®), which fulfilled these conditions and was market-introduced. Neo-
Tect® was only the second peptide that obtained regulatory approval. NeoTect®

was approved for lung tumor imaging. The peptide comprises a cyclic hexa-
peptide containing a somatostatin receptor (SSTR) binding sequence and a line-
ar tetra-peptide, which coordinates to the 99mTc core at the Dap-Lys-Cys se-
quence (Dap = α-diaminopropionic acid). Since the bifunctional chelator com-
prises stereochemically active amino acids, diastereomers formed. For NeoTect®,
at least two were detected by HPLC. Likely structures have been elucidated with
model ligands [49].

For the labelling of a biomolecule, the targeting molecule must be derivatized
with a so-called bifunctional chelator (BFC). A BFC consists of two functions,
one for coordination to the metal, the other one for covalent conjugation to the
targeting molecule. The two functions should be orthogonal to each other since
the conjugation to the biomolecule is usually done first by activating the linking
function. Labelling follows under conditions outlined above in the post-labelling
approach, the normal and most convenient strategy. The request for orthogonality
can be bypassed with the pre-labelling approach. Coordination to 99mTc is done
in a first step and conjugation to the bioactive function follows. Pre-labelling is
in practice not convenient since excess, non-labelled ligand will also bind to the
target. Thereby a lot of “cold”, unlabelled material is left, blocking the targeted
receptor and increasing the image background. The design of BFC ligands for
various radionuclides has been described in a review by Boros et al. [50].
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2.3. Multi-Modality Imaging

Multi-modality imaging has gained increased attention, mainly in the field of
PET and in combination with magnetic resonance imaging (MRI) or computed
tomography (CT) but also in SPECT. SPECT is usually combined with optical
methods such as fluorescence imaging or with ultrasound. It allows assessing
molecular targets with two (or more) different modalities showing, e.g., function
and anatomy. Dual imaging, the typical case, allows combining the high sensitivi-
ty of radionuclides with the high spatial resolution of, e.g., MRI. This leads to
enhanced accuracy and therefore to a better prediction of progress or digress of
a disease [17, 51, 52]. Whereas PET/MRI or PET/CT is routinely performed in
clinics, SPECT/MRI or SPECT/CT with 99mTc in particular is still rare and only
a limited number of studies are published [53]. One example for SPECT/MRI
combination is a pioneering study by Blanco et al. [54]. They used iron oxide-
filled micelles as ligands for the [99mTc(CO)3]C core. In this approach, the iron
oxides inside the micelles act as good ligands for this core and accumulate 99mTc
in this way. Stability tests and biodistribution in mice assessed the versatility of
this combination. The [99mTc(OH2)3(CO)3]C complex was not released as is evi-
dent from its in vivo behavior but the radioactivity followed the biological path
usually found for iron oxide nanoparticles. The retention of this 99mTc complex
in the micelles may not only be of importance for dual-modality imaging agents
but for the targeted delivery of 99mTc in general. Another publication describes
the preparation of Fe3O4-Au core-shell dumbbell-like nanoparticles, decorated
with a combination of 2,3-diaminopropionic acid as ligand and PSMA targeting
molecules on the same framework [55]. The particularity of this approach is the
anchor group that acts as both, as chelate for the 99mTc core and as conjugation
site for the targeting molecules. Since the nanoparticle surface-bound molecule
carries amino and carboxylate groups, they can serve as anchoring groups for
essentially any targeting molecule (Schemes 2A and 2B).

A recent study reported about Au nanoparticles, non-covalently entrapped by
polyethylenimine polymers. The polymers were previously conjugated to diethyl-
ene-triamine-pentaacetate (DTPA), wrapped around the Au nanoparticles and
then labelled with 99mTc. Although the structure is not known, it is probably
a 99mTcV or 99mTcIV complex chelated by DTPA. These nanoparticles are pH-
responsive due to free amine groups, stable in vivo and may therefore be adopt-
ed as excellent dual mode contrast agent for SPECT/CT imaging of cancer cells
of different types (Scheme 2C) [56].

As a more curious but probably relevant study in the context of 99mTc-labelled
iron oxide NPs, their formation from strongly acidic solutions as found in nuclear
waste was investigated. The incorporation of 99Tc in different oxides and their
leaching was studied. It seems that the iron oxide particles retain the 99Tc very
well. Replacing 99Tc by 99mTc could thus offer an approach towards correspond-
ingly labelled dual-modality SPECT/MRI imaging agents [57].

More typical for dual-modality imaging with 99mTc is its combination with fluo-
rophores, acting as ligands or being pendent to them. These are not dual-modali-
ty imaging agents in the canonical sense since they do not allow non-invasive
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Scheme 2. A PSMA-targeting agent (blue) conjugated to a 2,3-diaminopropionic acid
group (red) with a thiol anchor (A), decorating the basic ligand (green) and the conjugat-
ed system A to NPs (B). Magnetic NPs, iron-oxide filled micelles labelled selectively with
[99mTc(OH2)3(CO)3]C (C) [54]. Dual-modality labelling with the SAACQ (single amino
acid chelate quinoline) system (D) [58] and incorporation with SPPS at any peptide posi-
tion (E). The SAAC non-fluorescent unit has higher labelling efficiency (F) [62]. The
dipicolylamine ligand with a pendent amino group, bound to a fluorescent naphtylimide
group in the peptide antagonist for the CXCR4 receptor (G) [63].
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visualization by two methodologies. They allow though visualization of subcellu-
lar structures for learning about the mode of action and localization of a particu-
lar radiopharmaceutical and the sites of accumulation. A few examples are given
here and more are to be found in the sections with the corresponding 99mTc cores.
A widely applied approach with respect to combined SPECT/optical imaging is
the single amino acid chelate quinoline (SAACQ) ligand [58]. The complex with
the [Re(CO)3]C core shows fluorescence with emission maxima at 425 and
580 nm. The combination with targeting molecules allows a precise detection of
its subcellular distribution. The homologue with 99mTc gives insights into the
biodistribution of the compounds. The SAACQ system is a general tool since it
can be incorporated in many types of biomolecules (Scheme 2D to 2F). Original-
ly, it was combined with a chemotactic fMLF peptide by SPPS and coordinated
to [Re(OH2)3(CO)3]C or labelled with the 99mTc homologue. Affinity to leuko-
cytes was determined and the in vitro and in vivo images were correlated [59].

For the labelling of neural stem cells, a specific peptide was subjected to the
same procedure as above and labelled with Re and 99mTc, respectively. Epifluo-
rescence and SPECT/CT showed a correlation of both imaging methods [60].
This approach is multi-valent and can be applied to any peptide library by simple
SPPS procedures. It thus represents a versatile platform for the synthesis of
metallopeptides for targeting any desired site [61]. Reducing the SAACQ ligand
to its pyridyl analogue, the so-called SAAC bifunctional chelator, fluorescence
of its [Re(CO)3]C complex is retained albeit in another wavelength range. There-
fore, even with this reduced-size ligand, optical and radioimaging is possible.
One example for dual-modality imaging was performed with the 14-residue
phosphatidylserine (PS)-binding peptide FNFRLKAGQKIRFG (PSBP-0). Sub-
stitution of some amino acids by others increased the affinities towards phos-
phatidylserine. The incorporation of the SAAC system increased its affinity even
further, contrasting a trend found in many biomolecules derivatized with a bi-
functional chelator/complex. Generally, affinities decrease or are often complete-
ly lost upon such structural changes. The metallo-peptide showed then very nice
uptake and retention in apoptotic cells [62].

In an extended architecture, the dipicolylamine ligand as in SAAC was com-
bined with a pendent fluorescent naphtylimide moiety. The second function of
this bifunctional chelator was conjugated to the amide group and the whole
construct conjugated to a cyclic T140 peptide, an antagonist for the CXCR4
receptor. This chemokine receptor is overexpressed in many tumour cell lines.
It could be shown by confocal fluorescence microscopy that the [Re(CO)3]C

complex accumulates much better in cell lines that did express the CXCR4 re-
ceptor than in others that did not. This finding correlated very well with the
corresponding 99mTc bioconjugate. Both methods in combination with each other
allow a reliable confirmation of specific receptor binding sites, a characteristic
that is not easily confirmed by one single method only (Scheme 2G) [63].
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3. BUILDING BLOCKS AND CORE STRUCTURES

FOR LABELLING

3.1. The [99mTcV=O]3+ Core

With [99mTcO4]– as the starting material, the oxidation state CV and the struc-
tural fragment [99mTc=O]3C are easily accessible by a two-electron reduction
with, e.g., Sn2C but also with other reducing agents such as [BH4]–, [SO3]2–,
[S2O4]2–, Zn0, and many others. The stability and accessibility of [99mTc=O]3C

has been discovered early in the history of radiopharmaceutical chemistry. The
fundamental chemistry as well as the synthesis of de novo radiopharmaceuticals
was therefore dominated for decades by this fragment. The most important
commercial 99mTc-based imaging agents are still with this core. The MAG3
(mercaptoacetyl-glycine-glycine-glycine) complex [99mTcVO(MAG3)]– for in-
stance, routinely applied for the quantification of kidney functions, is a successful
radiopharmaceutical. TcO-MAG3 was developed in the late Eighties and it is
commercially available still nowadays [64, 65] (Scheme 1A).

The [99mTc=O]3C core is typically stabilized by two bidentate or one tetraden-
tate chelator. It is between an A- and a B-type metal center and therefore ideally
coordinated to N, S, O or P ligands. Numerous tetradentate ligands with all
donor-atom mutations have been prepared. The principal nature of these ligands
can be found in many reviews but some general coordinating features of the
[99(m)Tc=O]3C core shall be outlined [3, 5, 6, 17, 66–70], together with a few
newer original studies. The core is best stabilized with tetradentate ligands that
can deprotonate to compensate the 3C charge of the core. Amides, carboxylates,
thiolates but also aliphatic amines are best suited for this purpose. The resulting
complexes are generally of square-pyramidal structures with the coordination
site trans to the oxo ligand remaining unoccupied. If the tetradentate or the two
bidentate ligands remain neutral, such as, e.g., with phosphine ligands, charge is
not compensated enough, and the [99(m)Tc=O]3C core is transformed into the
trans-dioxo core [O=99(m)Tc=O]C. The commercial radiopharmaceutical Myo-
view® for cardio imaging [71] is a prominent example of this class.

Most complexes maintain though the [99(m)Tc=O]3C moiety with tetradentate
ligands. The versatility of these ligands is not only the high thermodynamic sta-
bilities they provide but also the resemblance of many of them to peptide se-
quences. Although many have been solely prepared as de novo radiopharmaceu-
ticals, as, e.g., the MAG3 complex, they are sometimes designed to comprise a
second function for conjugation to targeting molecules (as in MAG3). Alterna-
tively, they can easily be extended to obtain bifunctional systems, simply by at-
taching another amino acid to one of the termini. This is a routine approach and
convenient for obtaining strongly coordinating bifunctional ligands with sequen-
ces of choice.

A few illustrative examples of the recent past shall be given. The gastrin-
releasing peptide receptor (GRPR) has emerged in nuclear oncology as an at-
tractive molecular target due to its high-density expression in a wide spectrum
of human cancers (prostate and breast cancers). Amongst the GRPR-binding
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Scheme 3. Demobesin, a peptide antagonist for the gastrin-releasing peptide receptor
with an aliphatic tetramine ligand. Labelling with 99mTc gives highly stable complexes
comprising the [O=99mTcV=O]C fragment (A) [72]. Stepwise preparation of the 99mTcIII

“Q compound”, a myocardial imaging agents (B) [73–75]. A complex design for targeting
Aβ1�42 fibrils in Alzeimer patients: The neutral complex is built from the [99mTc=O]3C

and contains a styrylpyridyl group that binds tightly to plaques (C) [76].

peptides, Demobesin has been studied for a long time. For labelling, a tetraden-
tate aliphatic amine ligand was conjugated to the N-terminus of Demobesin.
Various constituents such as the amino acid sequence, the linker between the N-
terminus and the chelator, and the C-terminus were altered to obtain insights
into structure-activity relationships. All modifications gave GRPR antagonists
with receptor affinities in the low nanomolar range. The labelling procedure is
prototypical for generating the [99mTc=O]3C core and for coordination to the N4

ligand. Since this ligand is neutral, the [O=99mTc=O]C core is ultimately formed.
About 20 μM solutions of the peptide were labelled at room temperature with
Sn2C as reducing agent. The resulting labelled peptide showed reasonable stabili-
ty in blood and good imaging of tumor xenografts in mice. The procedure for
labelling with the [99mTc=O]3C core shows its versatility for this kind of in vitro/
in vivo studies (Scheme 3A) [72].

Complexes comprising the [99(m)Tc=O]3C core are often converted to TcIII by
reductive removal of the terminal oxo ligand. This reactivity was the background
for the development of a series of intensely investigated 99mTcIII complexes,
namely the so-called “Q compounds”, designed for but never introduced in com-
mercial myocardial imaging [73, 74]. In these complexes, the tetradentate ligands
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are of the Schiff-base type (Scheme 3B) and thus relatively rare in radiopharma-
ceutical chemistry. A study by Jurisson et al. [75] outlined the reactivity differen-
ces between rhenium and technetium. For both elements, the [M=O(Schiff-
base)]C (M = 99Tc, Re) complexes are obtained from [MOCl4]–. Rhenium de-
mands high temperatures for coordination whereas 99Tc reacts at room tempera-
ture. For both elements, only heating of [M=O(Schiff-base)]C in the presence of
phosphines induces reduction to the M(III) complexes under formation of the
Q compound [M(PR3)2(Schiff-base)]C. The same reaction conditions apply for
99mTc, but heating is done in the presence of the Schiff base together with the
phosphine [75].

The imaging of amyloid plaques with a 99mTcV radiopharmaceutical is a last
example in the discussion about complexes comprising the [99mTc=O]3C core.
Although amyloid plaques are rather the field of the [99mTc(CO)3]C core (see
Section 3.3), this example shows that also other cores might be appropriate for
diagnosing Alzheimer’s disease. For interacting with aggregated amyloid-β pep-
tides in the brain, compounds must be neutral and lipophilic, carrying typically
groups that intercalate into these plaques. In this exemplary study, the styryl-
pyridyl group was chosen since it is known to bind strongly to the Aβ plaques
in post-mortem brain. A novel, tri-anionic ligand was coupled first to a styrylpyr-
idyl-type biomolecule then coordinated to [Re=O]3C and the [99mTc=O]3C core
via two deprotonated amide units, a phenolate group and pyridine nitrogen
(Scheme 3C) [76].

The rhenium complexes showed decent affinities for Aβ1�42 fibrils. The 99mTc
homologues were prepared according to standard routes by reducing [99mTcO4]–

with SnCl2 in water. Yields were satisfying but could not be optimized. It was
found for the rhenium and the 99mTc complex that they suffered from trans-
metalation to some extent, in particular to histidine, when present.

Many [99mTc=O]3C complexes are stable under physiological conditions, and
this stability is of thermodynamic nature. Appropriate ligands may exchange,
which leads to transmetalation since these radiopharmaceuticals are in general
under “out-of-equilibrium” conditions.

3.2. The [99mTcV≡N]2+ Core

Amongst the different cores for radiopharmaceuticals, the [99mTcV≡N]2C core
did play a central role for new myocardial imaging agents. Research with this
core for this field is still pursued but its mono-cationic complexes could not
compete with Cardiolite®, the commonly used imaging agent for heart problems.
The [99mTcV≡N]2C core can be stabilized by a variety of mono- and multidentate
ligands, typically belonging to the class B ligands, medium-soft to soft donors.
As with the [99mTcV=O]3C core, the [99mTcV≡N]2C core can be produced in one
step as outlined below. As the O2– ligand, the N3– ligand is a very strong π-
donor and exerts a distinct trans-influence. Therefore, most complexes display a
distorted square pyramidal geometry. If six-coordinate, the ligand trans to the
nitrido group is generally only very weakly bound. The flexibility of the co-
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ligands around the [99mTcV≡N]2C core made it attractive for radiopharmaceutical
purposes and corresponding research started already in the Nineties. The re-
maining coordination sites of the [99mTcV≡N]2C core are flexible, a multitude of
ligands can be bound, adapted to the properties of the selected target [77].

One of the more successful compounds was [99mTcN(NOEt)2], a neutral myo-
cardial imaging agent [78]. Despite many research efforts ever since, a new prod-
uct was not commercialized but many interesting fundamental studies undertak-
en. Duatti et al. introduced a new and remarkable concept in which they
developed a strategy for the preparation of asymmetric [99mTcV≡N]2C-based
complexes with a high degree of molecular flexibility [79]. This concept, the most
widely applied one in nitrido chemistry, follows a [3C2] strategy. Generally, the
[99mTcV≡N]2C core is formed first by reacting [99mTcO4]– with SnCl2 and succinic-
dihydrazide, which produces an intermediate comprising the [99mTcV≡N]2C core
but of unknown composition. In a second step, the two ligands, mostly a facially
coordinating tridentate P3 or P2N ligand and a bidentate ligand, often a dithio-
carbamate (dtc), are added together. This produces very good yields of asymmet-
ric complexes, e.g., of the type [99mTcN(P2N)(L)]C (Scheme 4A). Whole series of
de novo complexes have been prepared along this strategy, mostly for myocardial
perfusion imaging but also targeting radiopharmaceuticals [80–82].

In a recent study, the influence of the groups attached to the phosphines and
amines in P3 or P2N, respectively, for heart uptake and persistence were studied
in detail by biokinetics. In contrast to earlier reports, in which the bidentate
ligand was bis(N-ethoyxyethyl)-dithiocarbamate (BDODC), this ligand was re-

Scheme 4. Reduction with SnCl2 in the presence of succinic-dihydrazide leads to an
unknown complex with the [99mTc≡N]3C moiety (step 1), reaction with a tridentate PNP
ligand and a dithiocarbamate bound to a bioactive moiety “R” gives [3C2] mixed ligand
complexes (step 2, A) [80–82]. Complexes with the [99mTc≡N]2C core and a tetradentate
thiosemicarbazone ligand. An aminohexadecanoic acid bound to one of the hydrazides
links to biomolecules (B) [84].
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placed by a bicyclic dithiocarbamate DASD. Pharmacokinetics was comparable
to the one of commercial Cardiolite® but it did not exceed it, making further
improvements necessary. However, the high flexibility and versatility of the
[99mTcV≡N]2C core is clearly demonstrated in this study. One of the drawbacks
in [99mTc≡N]3C chemistry is the concomitant formation of homoleptic complexes
with two dithiocarbamates coordinated to the nitrido core. The presence of this
unwanted side product requests post-synthetic purification which is in general
not appropriate for practical application [83].

Besides the dtc ligands, thiosemicarbazones are also versatile chelators for the
[99mTcV≡N]2C core. The basic thiosemicarbazone ligand can conveniently be bi-
functionalized by conjugating an acid to one of the hydrazine subunits as done
in a recent study [84] with 6-aminohexanoic acid. The long linker to the carboxyl-
ate group was chosen since it was the intention to couple it enzymatically to
glutamine (Gln) residues of bioactive molecules by transglutaminase. The
[99mTcV≡N]2C core was synthesized as previously described and then subjected
to the pure ligand for stability studies. Especially in serum, the complexes
showed some instabilities after 24 h. In the enzymatic assay, conjugation was
very slow but the desired product could be isolated and labelled in good yields.
The instability of the complex impedes the application of the system but the
method of benefitting from an enzymatic coupling assay to a bifunctional chelat-
or, rarely applied in this field, is remarkable (Scheme 4B) [84].

For improving stabilities of the [99mTcV≡N]2C core, many basic studies with
99mTc have been undertaken with tri-, tetra-, and pentadentate ligands, mainly
in the group of Abram et al. A focus was put on thiourea and thiosemicarbazone
ligands since these ligands are versatile for other metal centers such as copper
or gallium [85–88].

3.3. The fac-[99mTc(CO)3]+ Core

Besides the [99mTcV=O]3C and the [99mTcV≡N]2C core, the fac-[99mTc(CO)3]C

fragment is most intensely studied in recent radiopharmaceutical chemistry. In-
troduced as a Kit formulation as early as 2001, this core is directly prepared
from [99mTcO4]– in < 15 min and in quantitative yields. The preparation of
[99mTc(OH2)3(CO)3]C fulfils thus all requirements for routine application. Bo-
ranocarbonate [H3BCO2H]– serves as a reducing agent and as a CO releaser at
the same time. Heating to 100 °C in a microwave oven or thermally gives > 98 %
yield in 10–30 min [89]. Whereas the CO ligands in the [99mTc(CO)3]C core are
very tightly bound, the three H2O ligands can be replaced by a huge variety of
ligands, mono-, bi- or tridentate. In this complex, 99(m)Tc is in the oxidation state
CI. Therefore, it is a d6 system resulting in robust rather than in thermodynami-
cally stable complexes. The chemistry of [99mTc(OH2)3(CO)3]C has been re-
viewed many times. A focus is put on newer studies to give some representative
examples for the multi-purpose applications of [99mTc(OH2)3(CO)3]C [70, 90].
Together with many fundamental studies with 99Tc and Re, the complex has been
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applied to the preparation of de novo, first generation radiopharmaceuticals and
to the labelling of a large variety of targeting biomolecules.

One of the unique applications of [99mTc(OH2)3(CO)3]C is its ability to form
robust complexes with monodentate ligands, comparable to the Cardiolite®

complex. Complexes with monodentate ligands are often too unstable against
challenges from the numerous coordinating sites in biological systems. The fac-
[99mTc(CO)3]C core binds for instance very tightly to the imidazole group in
the histidine side chain. This was taken as an opportunity to coordinate the
fac-[99mTc(CO)3]C moiety to his-tags in recombinant single-chain variable
fragments (scFv) of antibodies as early as 1999 [91]. Simple mixing of
[99mTc(OH2)3(CO)3]C with scFv’s or affibodies in buffer leads to a quantitative
and mostly stable labelling without the need of bifunctional chelators. Binding
is relatively slow, which sometimes requires higher scFv concentrations than that
of an ideal requirement (Scheme 5A).

The affibody (HE)3-ZIGF1R (HE = histidine-glutamic acid) was stably la-
belled with fac-[99mTc(CO)3]C in quantitative yields. The affibody is very well
suited for the visualization of the insulin-like growth factor-1 receptor (IGF)
expression in malignant tumors [92]. The authors could nicely show that the
radioconjugate [99mTc(CO)3]C-(HE)3-ZIGF1R accumulated in IGF-1R-express-
ing organs (pancreas, stomach, lung, and salivary gland) in mice. In addition, this
conjugate showed a 3.6-fold lower accumulation in untargeted organs such as
liver and spleen than the 111In-labelled affibody 111In-DOTA-ZIGF1R. The ease
of labelling, the high serum stability, and the retention of affinity to the target
receptor makes this kind of labelling a very attractive option for affibodies. Since
His-tags comprise typically three or more histidines, there are different options
for coordination. Stabilities can be improved, if the his-tag does not only consist
of histidines but also of other amino acids in the tag. The sequence of the tag
may also influence the biological behavior and the coordination to the
[99mTc(CO)3]C may vary, depending on the type of additional amino acids.

To obtain a more precise insight into coordination of a tris-his-tag in which
the histidines are separated by other amino acids, sequences with the attractive
abbreviations HAHAHA, HEHEHE or HIHIHI and others, have been studied
in great detail [93]. The recombinant proteins frequently bear a his6 tag, which
often leads to enhanced accumulation in the liver. Fewer histidines should reduce
this accumulation while affinities and labelling stabilities should be maintained.
The authors compared these characteristics with affibodies targeting the herceptin
receptor 2 (HER2) a human epidermal growth factor receptor 2, which promotes
the growth of cancer cells. For almost all affibodies, labelling yield was quantita-
tive, despite the presence of only three coordinating histidines. Stabilities against
large excesses of free histidine was very good as well as serum stability. The stabili-
ty against histidine is very indicative for kinetic stability since one would expect
in this ΔG° ≈ 0 reaction a rapid transmetalation, if thermodynamic equilibria
and stabilities would apply. The best biodistribution with strongly reduced liver
accumulation was found for the HEHEHE tag, probably due to the negatively
charged peptide sequence [94, 95]. For improving efficiency of binding to such
tags, a novel mixed cysteine/hexahistidine peptide was synthesized. The superiority
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Scheme 5. The fac-[99mTc(CO)3]C fragment coordinating to a HXHXHX tag in recom-
binant proteins. The amino acids “X” may replace the H2O bound to 99mTc. This way of
labelling yields very stably 99mTc labelled proteins (A) [93]. Labelling of the somatostatin
receptor ligand with an SSTR antagonist conjugated to different NOTA type ligands (B)
[111]. Click-to-chelate strategy for the orthogonal conjugation of a chelator to an alkyne
bound to a biomolecule (C) [113–115]. Competing coordination modes when an additional
chelator is subjected to the click methodology (D) [112]. Complexes with the fac-
[99mTcO3]C core: activation of [99mTcO4]– with phosphonium salts (step 1), coordination
to triazacyclononane (step 2), and [3C2] cycloaddition for conjugating to bioactive func-
tions “R” (step 3, E) [45, 46, 119].

of such a construct over non-cysteine containing peptides was shown by comparing
the two peptide sequences CKLAAALEHHHHHH and LAAALEHHHHHH.
Whereas the former showed 92 % binding to the fac-[Re(CO)3]C core (and ac-
cordingly to the [99mTc(CO)3]C core), the latter coordinated only 9 %. This finding
may influence the construction of future tags in recombinant proteins [96, 97].
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The direct labelling procedure through the histidine tag was applied to various
recombinant proteins. Examples are trastuzamab [98], rituximab [99, 100], an-
nexin V [101–103], and others [104, 105]. Since many conditions, different yields
and methods of purifications were reported along these studies, Badar et al. [106]
reported an optimized procedure for the labelling of four his-tagged proteins.
They took many factors into account, in particular the NaC content of the label-
ling solution and the competition by non-his-tagged proteins. From their study,
they concluded that a single procedure is not possible but that conditions have
to be optimized from protein to protein. However, by optimizing respective con-
ditions, reproducible, robust, and short preparations with high specific activities
were achieved.

One of the very few macromolecular radiopharmaceuticals, which has been
approved by the FDA, is [99mTc]Tilmanocept (Lymphoseek®). It is clinically used
for mapping lymph nodes in cancer management and supports surgery in the
cancer treatment. Tilmanocept consists of a large dextran backbone derivatized
with mannose for better binding to the mannose receptors in the reticuloendo-
thelial cells of the sentinel lymph node. Additionally, it carries DTPA groups,
which form a complex with 99mTc. The radiopharmaceutical is routinely applied
and relevant for the sentinel lymph node detection [107–109].

The fac-[99mTc(CO)3]C core is also often applied in the labelling of peptides.
In contrast to the above-mentioned his-tagged proteins, bifunctional chelators
are required for this purpose. A multitude of bifunctional ligands was introduced
over the years. Sometimes, the chelators are even the same as for other nuclides
like the lanthanide(III) (Ln3C) series. NODAGA and NOTA are prototypical
for these radionuclides. Targeting SSTR-positive neuroendocrine tumors with
radiopharmaceuticals is still an incentive [110]. Recently, sst2-ANT, denoting the
potent SSTR2 antagonist 4-NO2-Phe-c(DCys-Tyr-DTrp-Lys-Thr-Cys)-DTyr-NH2

was derivatized with NODAGA or NOTA and labelled with the fac-
[99mTc(CO)3]C core (Scheme 5B) [111]. Whereas many peptides labelled with
this organometallic moiety show high lipophilicity due to the neutral character
of the final complex, this bioconjugate carries acetic acid side groups, which
render the peptide hydrophilic leading to reduced liver accumulation.

The [99mTc]Tc-NOTA-sst2-ANT complex showed high tumor uptake (16.7 %)
and rapid clearance in a SSTR-tumor mouse model. Interestingly, the NODAGA
analogue, having a longer linker and one carboxylate group more, showed only
small tumor uptake (2.7 %). Uptake in both cases was receptor-mediated. This
example shows that even small changes in the linker between chelator and tar-
geting molecule or even in the nature of the chelator have a drastic effect on
the in vivo behavior. Based on the structures and the charges, such changes in
biodistribution are very difficult to predict. The same peptide conjugate was also
labelled with fac-[186Re(CO)3]C for radionuclide therapy. The matching behav-
ior between the 99mTc and the 186Re was demonstrated quantitatively as one of
the few examples confirming the matched-pair concept. In a parallel study with
the antagonist peptide sst2-ANT, click chemistry was employed for conjugating
a facially coordinating N,S,O ligand chelator to this inhibitor. The resulting com-
plex was neutral and therefore of lipophilic nature. The peptides labelled with
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both Re and 99mTc displayed the same and expected nanomolar SSTR2 affinities.
Whereas an identical coordination pattern is expected for the [M(CO)3]C (M =
99mTc, Re) cores, differences in retention times on HPLC indicated conjugates
for rhenium are different from those formed with 99mTc. These differences were
attributed to a competing N-triazole donor ligand formed during click conjuga-
tion, representing one of the rare cases in which Re and Tc behave differently
[112]. Whereas click chemistry for the introduction of bifunctional chelators is
an excellent orthogonality-providing strategy, care has to be taken if the triazole
is not assumed to participate in coordination as it is the case in the original “click
to chelate” chemistry [113–115]. Otherwise, as in the described study, multiple
products may result (Scheme 5C and 5D).

The examples described in this section illustrate progress in different fields of
radiopharmacy. The labelling chemistry is the focus of this section and some
examples may overlap with what is discussed below.

3.4. Miscellaneous Cores

Besides the “classical” cores, there is essentially only one further building block
that has found some resonance, namely the high-valent fac-[99mTcVIIO3]C core.
Complexes with 99Tc and this core have been synthesized in the early time of
99Tc chemistry, either by oxidation of the fac-[99TcL3(CO)3]C complex, in which
L3 is a tripodal, facially coordinating ligand, or under highly acidic conditions
starting directly from [99TcO4]– [116, 117].

The preparation of fac-[99mTcVIIO3]C complexes requires activation of
[99mTcO4]– in water and concomitant coordination preferentially by a tripod
ligand. Ligands of lower denticities do not stabilize the 99mTcVII core against
hydrolysis. Braband and Abram reported a new method towards complexes of
the type fac-[99Tc(tacn)O3]C (tacn = 1,4,7-triazacyclononane), which did serve
as a model for corresponding 99mTc chemistry [118]. They prepared the
[99TcVOCl(tacn)]2C precursor and oxidized it to the corresponding 99TcVII com-
plex. Later, Tooyama et al. synthesized a multitude of fac-[99TcVII(L3)O3]C

complexes by direct activation of [99TcO4]– in organic solvents [119]. The high
stability of fac-[99Tc(tacn)O3]C was an incentive for direct preparations of this
complex in water. The three nitrogens in the tacn framework can be derivatized
with 2nd functions for conjugation to vectors. Braband et al. reported fac-
[99mTcVII(L3)O3]C complexes directly from aqueous solution by activation of
[99mTcO4]– with phosphonium cations in the presence of tripod ligands
(Scheme 5E) [47, 120, 121]. One of the particularly attractive properties of
fac-[99TcVII(tacn)O3]C-type complexes is their reactivity towards alkenes and al-
kynes. The high-valent fac-[99Tc(tacn)O3]C core undergoes a convenient [3C2]
cycloaddition with these functionalities to form 99(m)TcV complexes with a 1,2-
dihydroxylato ligand. Since alkenes can be introduced in many biomolecules,
this is an excellent strategy to label targeting molecules with the fac-[99mTcO3]C

fragment along an orthogonal concept. Some examples have been reported, but
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they have not been pursued further [45, 46]. The relatively subtle reaction condi-
tions for quantitative preparation may be one of the reasons for neglecting this
core. Scheme 5E displays the synthetic steps for the preparation of 99mTcVII-
type complexes and subsequent reactions with alkenes. A review by Kühn et al.
provides a more comprehensive overview for complexes with the fac-[99mTcO3]C

and fac-[ReO3]C core [48].

4. SELECTED EXAMPLES

OF 99mTc RADIOPHARMACEUTICALS

4.1. Myocardial Imaging Agents

Radiopharmaceuticals with 99mTc routinely applied for heart imaging represent
the most relevant class of radiopharmaceuticals in routine clinical application.
In fact, among the de novo imaging agents, they are commercially the most
successful ones. The aforementioned Cardiolite® (99mTc-sestamibi) was the last
of this kind that has been successfully introduced into the market. It became an
important compound already in the Eighties [122, 123] and was a prototype for
many subsequent studies. Cardiolite® or 99mTc-sestamibi is an organometallic,
low-valent and binary 99mTcI complex that fulfils all conditions as outlined in
Section 2.2. In this kit, the isocyanide ligands (methoxy-isobutylisocyanide) are
coordinated to a Cu(I) center for stabilization and for allowing lyophilisation of
the kit. Reduction is done by SnCl2 in a rapid process. The cationic complex
[99mTc(MIBI)6]C is extremely stable due to the d6 electronic configuration. The
uptake is mainly a metabolism-dependent process and the mitochondrial accu-
mulation is due to the high negative charge across its membrane. The success of
Cardiolite® inspired a lot of subsequent research going on until today but no
new myocardial imaging agent could really compete with it. Since the patent
expired many years ago, Cardiolite® is available from different companies.

Another important myocardial imaging agent is a complex with the [O=
99mTcV=O]C core. It has been commercialized as Myoview® nowadays by GE
Healthcare [124]. The core is coordinated by two bidentate phosphine ligands
and carries a mono-cationic charge. It has lower heart uptake than Cardiolite®

but still does show good accumulation and retention in the heart [125]. Similar
ligands as in Myoview® have also been applied for the [99mTc≡N]2C core and
been subjected for targeting different diseases [74].

Newer developments in the de novo radiopharmaceutical field are based on
the [99mTc(CO)3]C core. In one example, a tridentate PNP ligand with a pendent
crown-ether showed nice and persistent heart uptake [126]. Following this princi-
ple, Santos et al. [127, 128] focused on tris-pyrazolylmethane-type ligands in which
the pyrazoles were substituted with different functionalities to yield, e.g., 3,4,5-
tris(methoxymethyl)pyrazole (TMEOP). Bearing a total of nine –CH2OCH3

groups, the complex [99mTc(TMEOP)(CO)3]C (Scheme 6A and 6B) showed an
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Scheme 6. A cationic tris-pyrazolyl-methane complex (A) and a complex with a PNP
set of donors (B) for myocardial imaging correct [127, 128]. A nucleotide transporter
targeting compound based on the dtc ligand (C) [130], a cysteine protease cathepsin L
inhibitor (D) [129], and the inhibitor MIP-1405 for the prostate specific membrane anti-
gen PSMA (E) [140–142] for cancer imaging. A piano-stool complex with the fac-
[99mTc(CO)3]C core (F) [154] and a macrocyclic bis-carbene ligand providing high stability
to the same core (G) [155]. Doxorubicin (H) derivatized with rhenium or 99mTc complexes
(J and K) [163, 164].

excellent biodistribution profile. Heart uptake was fast and stable, liver clearance
better than in Cardiolite and SPECT images clean [127, 128]. Despite, this com-
plex was not pursued, probably since it did not offer substantial advantages from
a marketing point of view.

The example of [99mTc(TMEOP)(CO)3]C shows that excellent biodistribution
profiles and even superiorities to market-introduced radiopharmaceuticals are
mostly not sufficient from a marketing point of view. New radiopharmaceuticals
must have a marketing asset to the state-of-the-art imaging agent. Just having
slightly better in vivo behavior is generally not enough.
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4.2. Cancer Imaging

The imaging of tumors with 99mTc is one of the most intensely researched fields
in radiopharmacy. A few examples have been discussed in Section 3 with respect
to the different cores. For cancer imaging, 99mTc complexes are conjugated to
targeting biomolecules such as peptides or proteins. Newer examples have also
focused on small molecules such as pharmaceuticals or metabolically relevant
natural structures such as thymidine or cysteine protease cathepsin L inhibitors.
The following example with cathepsin L is of particular interest for perspective
99mTc chemistry. Together with the rhenium homologue described in parallel,
the compounds are multi-modality imaging agents, combining radioactivity with
luminescence. The principle of inhibition is based on epoxysuccinyl inhibitors.
They block the action of these proteases by selective binding and covalent modi-
fication of sites, which favour the epoxy-ring opening reaction. The inhibitor
CLIK-148 (Scheme 6D) was derivatized with a bipyridyl unit for coordination to
the fac-[Re(CO)3]C moiety. The ligand sphere was completed by a monodentate
pyridine, which led to highly luminescent complexes [129]. Different to other
papers, a careful analysis of the rate constants towards different CTS’s were
determined. Since the reactivity of the epoxy-ring plays a crucial role, the influ-
ence of the metal complex on these rates is decisive for application. Although
not done yet with 99mTc, conjugates with cysteine protease cathepsin L inhibitors
might open a new track against visualizing rapidly proliferating cells.

Dithiocarbamate mentioned above stabilize the [99mTcN]2C core. This soft li-
gand group is also versatile for the [99mTc(CO)3]C core and is convenient for
introducing biomolecules. Duan et al. [130, 131] introduced a –CH2–NH2 group
to thymidine at the N3 position and subsequently combined it with CS2 to obtain
a dtc function. Labelling in high yields were achieved and the tracer stable
against all challenges. It could be shown that the conjugate was actively trans-
ported by nucleotide transporters [130, 131]. This is particularly interesting since
derivatization of small, natural molecules with complexes usually does lead to
the loss of transporter recognition (Scheme 6C).

By far the most investigated cancer-targeting small molecules are inhibitors of
the prostate specific membrane antigen PSMA (Scheme 6E). Due to the rele-
vance and wide-spread occurrence of prostate cancer (PC), inhibitors to the anti-
gen have attracted an enormous attention since about a decade. PSMA is a type
II integral membrane glycoprotein that was detected on the human prostatic
carcinoma cell [132]. Since almost all prostate cancers exhibit this antigen, it is
an attractive target for detecting PC and metatheses derived from the prima-
ry tumor. There are several types of receptor ligands and the ones of impor-
tance in the context of 99mTc radiopharmaceuticals are urea-based. As shown
in Scheme 6E, the basic inhibitor type comprises a glutamic acid, an urea group,
and a terminal lysine, the side chain of which can be used for modification with
ligands. This PSMA inhibitor has mainly been labelled with 68Ga3C and with
99mTc. The corresponding radiopharmaceuticals were evaluated in many preclini-
cal and clinical trials with great success [133–137]. For 68Ga, the complex
[68Ga](Glu-NH-CO-NH-Lys(Ahx))-HEBD-CC was found versatile for PET/CT,
a modern multi-modality procedure. Since the parallel availability of the 99mTc
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compounds, MIP-1404 (Scheme 1B) and MIP-1405 allow for SPECT/CT, these
imaging agents have been pursued as well [138, 139]. MIP-1404 (Scheme 1B)
finished Phase III clinical trials and is currently introduced into the market by
ROTOP Pharmaka GmbH. A recent SPECT/CT study described a summary of
225 patients with PC lesions. This study disclosed tracer-positive lesions detection
in 77 % of all patients with metastasis in lymph nodes, bone, lung, and other
locations [140]. Clearly, MIP-1404 is applicable also for SPECT/CT and is there-
fore interesting for hospitals with lower instrumentation and radionuclide costs
[140–142].

Radio-guided surgery is a further albeit little applied strategy for radiopharma-
ceuticals that has recently been reported. Radio-guided surgery includes differ-
ent steps: Patients are selected based on PSMA 68Ga PET results and then inject-
ed with 99mTc MIP-1404. Subsequent SPECT/CT images are taken to confirm
MIP-1404 uptake in some lesions of preoperative 68Ga findings. In a last step,
PSMA-radio-guided surgery is performed. In vivo and ex vivo γ-probe measure-
ments allow to reliably identify metastatic prostate cancer lesions. This study
could demonstrate the feasibility of intraoperative identification and surgical
removal of lymph node metastases [143].

PSMA inhibitors are of the greatest value for oncology. For nuclear medicine
imaging and for theranostic applications in particular, PSMA is also investigated
with matched-pair radionuclides such as 64Cu/67Cu [144, 145]. There are other
attempts for PSMA theranostics, not following the matched-pair strategy but
rather with radionuclides from the “3C family”, e.g., 111In, 177Lu, and 225Ac.
Since chelators for these metal centers are often similar or equal, there is great
promise for combining imaging with radionuclide that could serve also as a
model for the 99mTc/188Re pair [146].

4.3. Neurodegenerative Diseases

The targeting of brain receptors with 99mTc complexes is a long-standing incentive.
Challenges bringing 99mTc complexes into the brain are primarily to overcome the
blood-brain-barrier in a reasonable brain-blood-barrier first-pass percentage. Met-
al complexes are often not lipophilic enough or the molecular weights are too
high for efficient extraction. For radiopharmaceuticals labelled with main group
radioisotopes such as 11C or 18F, this is a minor problem since these labels do not
change molecular weight, structure or physico-chemical properties to a significant
extent. A comprehensive review described the progress made in this field in the
context of amyloid plaque targeting [147]. There are essentially two 99mTc-based
radiopharmaceuticals, which are or have been clinically applied. One is the neu-
tral, oxime-based complex, oxotechnetium-hexamethylpropyleneamine oxime
[99mTcVO(HMPAO)] which is sold under the trade name Ceretec® [148]. The com-
pound is used for measuring a percentage of reduced brain perfusion in patients
with Alzheimer’s disease (AD) when compared to healthy persons. After passing
the blood-brain-barrier, the complex is trapped in the brain, supposedly by enzy-
matic conversion to a more hydrophilic species [149].
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In the recent past, research mainly focused on the targeting of amyloid plaques
with complexes comprising the fac-[99mTc(CO)3]C moiety. Detailed reviews dis-
cussed these recent developments in the pursuit of suitable 99mTc-based amyloid
imaging probes are available [150–152]. Only a few studies will be presented at
this place as relevant for the development of 99mTc radiopharmaceutical chemistry.
In a recent study combining cyclopentadienyl chemistry of 99mTc with the targeting
of amyloid plaques, the phenyl ring in 2-phenylbenzothiazole or 2-phenylbenz-
imidazole, compounds well known for strongly interacting with plaques, have been
replaced by the piano-stool complex [(η5-C5H4-R)99mTc(CO)3]. “R” represents
the benzothiazole moiety of 2-arylbenzothiazole, the classical Aβ (amyloid beta,
peptides of 36–43 amino acids) binding structure originally developed as the neu-
tral analogue of thioflavin T. Thioflavin is the histological dye used in the clinic
for ex vivo visualization of Aβ plaques in AD brain. The complex was synthesized
along the double ligand transfer strategy from the corresponding ferrocene precur-
sor (Scheme 6F) [153].

As determined by confocal microscopy, the rhenium analogues showed high
affinities for Aβ42 aggregates in the low nanomolar range. The 99mTc analogues
with benzothiazole showed a very high first-pass brain uptake of about 8 %. This
remarkable uptake though was strongly reduced for a benzimidazole analogue.
Whereas the uptake is excellent, the washout was relatively rapid too and re-
duced to 4 % after 15 min and to 0.2 % after 90 min, reflecting the problem of
brain retention. Still, amongst the 99mTc-based radiopharmaceuticals, this is one
of the most favorable examples reported so far. It shows the advantage of the
integrated over the pendent approach. In the pendent approach, a chelator is
attached to, e.g., the benzothiazole moiety, i.e., a new fragment is introduced
which might impede brain uptake. This is obvious from a report that employed
the pendent strategy with benzothiazoles. A tridentate chelator was conjugated
to this moiety and quantitatively labelled with [99mTc(CO)3]C. Whereas stability
was excellent, brain uptake was very small and not useful for imaging. The au-
thors speculated that a brain with plaques might have a higher retention but this
remains to be proven [154].

Besides neutral complexes, there is evidence that cationic complexes bind
strongly to Aβ plaques. Interesting from a chemical point of view, Donnelly et al.
[155] reported recently thioamide complexes of Re and 99mTc as well as a com-
plex with a tridentate bis-carbene ligand that binds to the [Re(CO)3]C and the
fac-[99mTc(CO)3]C core equally well (Scheme 6G). When the carbene ligand was
acyclic, coordination isomers were found, if macrocyclic, one single complex was
obtained. The ligands carried a pendent stilbene or benzothiazole group. The
capacity of these compounds to bind to amyloid plaques in human AD brain
tissue was evaluated and selective binding to the Aβ plaques was found. No
evidence of non-specific binding demonstrates the potential of NHC ligands and
cationic complexes to be incorporated into diagnostic imaging agents for Alz-
heimer’s disease. Carbene ligands represent a group of very strong chelators,
which are only little explored. There are a number of complexes with 99mTc for
the [O=99mTc=O]C and the fac-[99mTc(CO)3]C core but they have found little
application for molecular imaging purposes [156, 157]. Barnard et al. [158] re-
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ported a generally applicable strategy in the matched-pair approach towards
complexes with the fac-[99Tc(CO)3]C core, and a bidentate mono-carbene com-
plex. N3 in the imidazolium precursor for the carbene may carry a targeting
function as described in this report [158].

Targeting and imaging of Alzheimer’s disease remains persistent in molecular
imaging. Whereas the majority of studies is done with copper radionuclides,
99mTc-labelled compounds play an important role in low oxidation states due to
the flexibility of chelators and the option of integrating a 99mTc core into the
overall structure without introducing additional chelators [159].

4.4. 186/188Re Homologues for Radionuclide Therapy

The matched-pair strategy, i.e., 99mTc complexes for imaging and 186/188Re for
radionuclide therapy, is an early idea [160]. It relates to the principle that homol-
ogous compounds of the two elements have closely or even identical physiologi-
cal in vivo behavior. The base for this idea is the requirement of stability of
both complexes under in vivo conditions and the possibility of synthesizing the
homologues along similar lines. Since technetium and rhenium complexes show
different reactivities in some oxidation states, the matched-pair concept was nev-
er really shown, e.g., with complexes comprising the [M=O]3C core. Complexes
with M=Re are more susceptible to re-oxidation and less stable, i.e., they decom-
pose faster under in vivo conditions. Some complexes cannot be synthesized with
one or the other element, keeping the initially mentioned conditions in mind [9].
Only with the advent of the [M(CO)3]C core, the matched-pair hypothesis gained
evidence. The success of the matched-pair concept in a few studies shall be dis-
cussed below. One of the problems that remains to be solved for the [M(CO)3]C

core is the synthesis of the 188Re homologue. Whereas technetium is easy to be
reduced to the CI state, rhenium is more robust, less oxidizing and demands
harsher conditions. An optimized procedure has been published which allows
access to [188Re(OH2)3(CO)3]C but is not as straight as the one for 99mTc [161].

One example for which both, the 188Re and the 99mTc-labelled peptide sub-
stance P undecapeptide have been applied was based on the respective [M≡N]2C

cores. A tridentate pincer-type SNS ligand was coupled via an amide to the
peptide. The coordination sphere around the [M≡N]2C core was completed with
a monodentate phosphine ligand and both complexes subjected to in vitro and
in vivo experiments. Whereas the 99mTc conjugate could be prepared according
to the published two-step procedure [162], the preparation of the 188Re homo-
logue was more demanding than the one for 99mTc, demonstrating the differences
in rhenium and technetium chemistry in the higher oxidation states. Still, the
labelled peptides showed a high in vitro affinity for the respective receptor and
an analogues biodistribution. The findings support the validity of the matched-
pair concept [162].

The matched-pair technology was also successfully verified with antibody frag-
ments, namely with rituximab (RTX), the human IgG1-type chimeric form of
the parent murine antibody ibritumomab. Rituximab was pre-reduced to gener-
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ate free sulfhydryl groups and then directly labelled with the corresponding car-
bonyls. After 3 h of incubation, labelling was quantitative and the bioconjugate
was stable in serum without release of carbonyl complexes. Both conjugates
M(CO)3-RTX showed comparable pharmacokinetic profiles, corroborating the
matched-pair concept. It is however not clear how the binding occurs, the re-
duced sulfhydryl groups may be one option, exposed histidines formed upon
unfolding after reduction another [99].

Small molecules are an equal option for the matched-pair strategy. Imstepf
et al. [163, 164] selected the cytotoxic anthracycline compound doxorubicin
(Scheme 6H) as a carrier for both, rhenium and technetium. The conjugate of
[(Cp-COOH)Re(CO)3]C to daunosamine sugar was accumulated in the mito-
chondria to a much larger extent than the parent doxorubicin (Scheme 6J). To-
poisomerase inhibition was maintained and IC50 values were only slightly dimin-
ished as compared to the parent doxorubicin. With an amino-dipyridyl chelator
(Scheme 6K), doxorubicin was also labelled and the uptake in the cell nucleus
and the mitochondria quantified with ICP-MS and radioactivity measurements.
The uptake was essentially identical, confirming once more the matched-pair
approach [163, 164].

The last example does not compare 186/188Re with 99mTc but is rather a compar-
ison to non-radioactive, cold rhenium homologous. Shifting the matched-pair
concept from the 99mTc/186/188Re couple to 99mTc/Re describes a little explored
direction, leading to a different kind of theranostics. Whereas in the classical
matched-pair concept therapy was radionuclide-based, chemotherapy replaces
radionuclide therapy albeit the same compounds are applied. An advantage of
this change in paradigm is the fact that carrier-added 186Re can be employed.
Therapeutically active lead structures, labelled with reactor-produced 186Re, can
take over both functions, as chemotherapeutics due to the presence of substantial
amounts of “cold” rhenium, and radionuclide therapy due to the presence of
186Re. Thus, this is a newer and rarely reported approach but a true asset to
many other radionuclides subjected to radiopharmaceutical studies.

5. 99Tc AND Re CHEMISTRY AS MODEL

FOR 99mTc RADIOPHARMACEUTICALS

5.1. Characterization of 99mTc Radiopharmaceuticals

The structural authenticity of 99mTc-labelled compounds of all types as discussed
in the previous sections needs to be determined prior to any in vivo studies. Only
radiopharmaceuticals with known structures will find approval by the regulatory
authorities. Since the absolute amounts and the concentrations of any preparation
are extremely low, classical methods such as NMR, X-ray structure analysis, and
other methods do hardly apply. Mass spectrometry might give hints in rare cases
but one single method typically does not allow for an unambiguous characteriza-
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tion. To characterize a new radiopharmaceutical, the compounds or the conjugates
are if possible synthesized with cold rhenium in macroscopic amounts with the
long-lived ground state 99Tc. Fully characterized Re or 99Tc compounds are then
subjected to HPLC and the retention times are determined. Their comparisons
with the 99mTc homo/analogues are a FDA-accepted method for assessing the
chemical composition of the radiopharmaceutical.

Typically, a true co-injection is required, where both compounds are analyzed
by HPLC in the same injection [165]. This procedure is done with most of the
compounds described in the previous sections. It is typically not possible for
proteins due to the numerous binding sites and since binding do not always occur
reproducibly. Other criteria apply in such cases. Since Re and Tc are sometimes
not fully identical (they still represent two different elements), albeit in the same
group of the periodic table, retention times may not be fully identical. If required
for later registration, comparison of 99mTc with the 99Tc compound is the only
way to identify conclusively the composition of the radiopharmaceutical. This is
rarely done due to the lack of facilities for working with 99Tc, but it is essential
for critical cases such as the recently described formation of dinuclear 99mTc
compounds [166].

5.2. Rhenium and Technetium in Molecular Theranostics

Theranostics refers to the combination of imaging and therapeutic entities com-
bined in one carrier. The carriers are usually nanomaterials decorated with an-
choring groups for, e.g., a receptor-targeting molecule, while providing sites for
binding to radionuclides or MRI agents. The nanomaterials by themselves may
be part of the theranostic agent by being for instance a super paramagnetic iron
oxide nanoparticle or a quantum dot [167]. Many combinations of therapeutic
entities with radionuclides as imaging portions have been published, but exam-
ples with 99mTc (or 188Re) are comparably rare [168–170].

Nanoparticles (NPs) are in general not “atom-precise” carriers although they
are often close to mono-disperse. Since this chapter focuses on molecular 99mTc
imaging agents, they will not be discussed in more detail but referred to the
references given above. One example though shall illustrate the principle of ther-
anostics with 99mTc. Gold nanoparticles are excellent carriers since targeting por-
tions and imaging compounds can easily be anchored by, e.g., sulfhydryl or thio-
ether groups. Felber et al. [55, 171] reported about such Au NPs. The multi-
functional molecule shown in Scheme 7B was developed, which served the same
time as conjugation site for targeting peptides, PSMA in this case, and as chelator
for the fac-[99mTc(CO)3]C core (Scheme 7A and 7B). TEM showed that these
NPs are actively internalized on LNCaP cells. The coating was stable in serum
and no release of labelled ligands was found. In vivo though, the NPs did bind
essentially to bones due to the high affinity of the coating ligands for Ca2C.

The approach is still convenient since, besides PSMA, other targeting molecu-
les of choice can be conjugated while the remaining ligands, coated to the surface
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via the same molecule, are labelled in high yields and stabilities with the fac-
[99mTc(CO)3]C core [55, 171].

A concept of molecular theranostics is based on small molecules. As men-
tioned in the previous sections, complexes with rhenium and technetium are
often true homologues as evident from the matched-pair examples given in Sec-
tion 4.4. A radionuclide-based theranostic approach may now be represented by
a matched-pair combination of 186/188Re (therapy) and 99mTc (imaging).

Assuming that both radiopharmaceuticals have identical pharmacokinetic prop-
erties, the combination will lead to new theranostic opportunities. Examples are
rare, one with the antibody rituximab as discussed before [99]. For targeting bone
calcification with phosphonato-bearing radiopharmaceuticals, Blower et al. [172]
prepared 99mTc and 188Re homologues with the [M≡N]2C core. The ligand dithio-
carbamate coordinates well to this core. The dtc ligand was derivatized with a
linker bearing two terminal phosphonato groups. The dithiocarbamatebisphos-
phonate ligand dtc-BP and its complexes of 99mTc and 188Re bind well to expos-
ed Ca2C in bones. Accordingly, both neutral complexes [99mTc(dtc-BP)2] and

Scheme 7. A joint organic building block for binding a biomolecule (red, A) or a ligand
(B) for the fac-[99mTc(CO)3]C core to Au nanoparticles [55, 171]. Bone imaging agents
with pendent phosphonato groups (C and D), both were prepared with 99mTc and 188Re
for the matched-pair concept [172] and a series of cytotoxic rhenium complexes (E and F
[178], G [184], and H [185]).
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[188Re(dtc-BP)2] showed excellent bone uptake and in vivo stabilities (Scheme 7C
and 7D). Despite these advantages over the commercialized bone-imaging agents
such as, e.g., 99mTc-methyl diphosphonate, 99mTc-MDP, better stabilities and hy-
droxyapatite affinities will probably not lead to a new radiopharmaceutical for
marketing reasons. At least the 188Re compound could be used for palliation since
the 188Re analogue of 99mTc-MDP does not exist [172].

An extension to the purely radionuclide-based theranostic concept is the appli-
cation of a “cold” cytotoxic rhenium complex with its “hot” 99mTc homologue.
Such combinations are established in pharmaceutical chemistry, where many new
compounds under development are fluorinated for different purposes. Exchang-
ing the 19F in the cold lead structures with 18F allows for the convenient determi-
nation of pharmacokinetics and metabolites as a standard method [173]. Trans-
lating this concept to metallic elements leads to an approach in which a cold
rhenium complex is cytotoxic while its 99mTc homologue must be synthetically
accessible and should display the same in vivo properties. In complementation
to radionuclide theranostics with the same compounds but labelled with a thera-
peutic and a diagnostic radionuclide, this concept is referred to as “molecular
theranostics”.

Only since recently, rhenium complexes are considered as cytotoxic and rele-
vant for medicinal inorganic chemistry. Research with rhenium has not found
the attention it deserves and focuses are generally put on the platinum group
elements. To change this view, Gasser et al. and others revised this picture by
presenting a variety of rhenium complexes, which showed substantial cytotoxici-
ties [174–182]. With the exception of a photochemically active rhenium complex
for photodynamic therapy, the chemical/biological mode of action is mostly not
well known. A comprehensive review discusses the mode of actions of Re, Os,
and Ir complexes, which have found to be cytotoxic [183]. This is an incentive
for preparing the homologous 99mTc compound. Comparable pharmacokinetics
will open the door to a new approach in theranostics based on well-defined
molecular complexes rather than on nanoparticles [178, 184, 185]. Scheme 7E to
7H displays a number of rhenium complexes with proven cytotoxicity.

5.3. Future Concepts toward Imaging Compounds in 99mTc

and 99Tc Chemistry

The theranostic concept described in Section 5.2 relies on “cold” rhenium com-
plexes and 99mTc. Most of the rhenium-based cytotoxic agents are de novo com-
pounds with no conjugating targeting moieties, although they do exist in the
sense of second generation cytotoxic agents or radiopharmaceuticals [186]. To
extend this concept even more, a newer strategy aims at the integration of the
metal complex in a given lead structure (integrated approach, third generation).
This concept is new for molecular imaging, but it has been used successfully in
medicinal inorganic chemistry for many years. Taking clinically applied pharma-
ceuticals, a phenyl ring was replaced for instance by a ferrocene. The structural
changes in the lead structure were minimal and the metal complex, in this case
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ferrocene, would provide some additional activities. The pioneering compound
in this principle is ferrocifen (Scheme 8A), an analogue of the anti-cancer agent
tamoxifen. Jaouen et al. and others pioneered this strategy and many other bio-
active compounds with cold metals followed [187–194].

To enable the same strategy for radionuclides required the preparation of
99mTc cyclopentadienyl complexes according to the conditions listed in Sec-
tion 2.2. In this case, a phenyl ring in the lead structure could be replaced by a
cyclopentadiene and is then labelled with the fac-[99mTc(CO)3]C core. The so-
formed radiopharmaceutical complex comprises still the structure of the lead
with a planar phenyl replaced by a planar cyclopentadienyl ligand and the 99mTc
moiety underneath.

Katzenellenbogen et al. introduced in the Nineties the so-called double-ligand-
transfer reaction for exchanging in a ferrocene complex one “Fe(Cp)” unit by
the fac-[99mTc(CO)3]C moiety [195–197]. The drawbacks of this synthetic path-
way were organic solvents, chromium compounds, and high temperatures. Still,
proof of principle could be given for the validity of the integrated concept. It
was applied in different studies with pharmaceutical lead structures but also by
simply attaching a 99mTc piano stool complex to targeting portions [153, 198–
202]. Wald et al. [203] simplified the double ligand transfer concept by using
cyclopentadiene (HCp) precursors, bearing an α-keto group attached to HCp.
This acidified the HCp enough to be deprotonated at physiological conditions,
which allowed for the formation of piano-stool complexes [(η5-C5H4-
R)99mTc(CO)3] from water and at 100 °C [203, 204]. Whereas this method still
had its limitations, Liu et al. [205] reported an approach starting from Diels-
Alder dimerized HCp (Scheme 8C), carrying two carboxylic acid groups at each
fragment. A one pot reaction starting from [99mTcO4]– in water and at 100 °C
cleaved the dimer in a retro Diels-Alder reaction and led to quantitative forma-
tion of [(η5-C5H4-R)99mTc(CO)3]-type compounds [205]. The carboxylate groups
can be conjugated to any targeting portion or be part of a bioactive lead struc-
ture. Can et al. [41] applied the retro-Diels-Alder synthesis for targeting carbonic
anhydrases (CA), a receptor frequently overexpressed on rapidly proliferating
cells (Scheme 8D). Two sulfonamide-bearing residues bind strongly to Zn2C in
CAs, which leads to visualization of such sites. They could show that the 99mTc-
CAs did not only have nanomolar affinities for the receptors but also exhibited
a dramatically increased selectivity towards CA subtypes, corroborating the va-
lidity of the concept [41]. This new development was subsequently transferred
to benzamides for malignant melanoma targeting and model peptides [206, 207].

Most clinical pharmaceuticals carry more than one functionality on a phenyl
ring. To extend the development of integrated radiopharmaceuticals, the basic
HCp framework should be derivatized with two or more groups on its periphery.
Such cyclopentadiene structures do not dimerize anymore but may also not be
acidic enough for deprotonating under physiological conditions. Frei et al. did
this extension by applying a Wittig-type ring closure reaction for the formation
of cyclopentadiene constructs carrying three variable functional groups, two of
them being capable of being further conjugated to targeting or cytotoxic moieties
[208]. They applied the concept to HCp cores with one or two PSMA-targeting
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Scheme 8. Perspective concepts in imaging and therapy: bioactive molecules with inte-
grated metals, a tamoxifen [187] and an epinephrine mimic (A and B) [211]; piano-stool
type complex of 99mTc starting from the Diels-Alder dimerized dicyclopentadiene precursor
(C) with a pendent carbonic anhydrase (CA) inhibitor (D) [206, 207]; multifunctional Cp-
ligands, introduction of PSMA with peptide coupling gives a mono- and bis-functionalized,
PSMA-targeting molecule (E and F) [208, 217, 218]; multi-functional sandwich complexes
of the bis-arene types, single-step preparation with 99mTc in water (G) [211]; multinuclear
Re/99mTc or 99mTc2 compounds (99mTc in red): Self-assembly of [99mTc(OH2)3(CO)3]C and
[Re(OH2)3(CO)3]C to a tetranuclear cluster (H) and formation of a dinuclear 99mTc2 com-
plex (J) [166, 215].
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vectors. Labelled with the fac-[99mTc(CO)3]C core, it could be shown that the
doubly functionalized radiopharmaceutical had a much higher affinity for its
antigen than the one that was classically labelled with one moiety only [208].
The basic cyclopentadiene framework from these studies represents a multi-vari-
able core for systematically conjugating other bioactive portions. Such a con-
struct will allow for a systematic screening of novel radiopharmaceuticals with
the cyclopentadiene architecture at their centers. In these reports, labelling was
possible directly in water and from [99mTcO4]– (Scheme 8E and 8F) [209–211],
consistent with requirements for routine application.

A cyclopentadiene is not a phenyl and complexes based on [99mTc(η6-C6H6)2]C

would come closer to a fully integrated approach. [99mTc(η6-C6H6)2]C complexes
are known since the Sixties, but essentially no subsequent chemistry was done
with them. To attempt a preparation of these cores or building blocks is a chal-
lenge, since the original complexes were synthesized in pure arenes as solvents
in the presence of AlCl3 and Al0 or Zn0 as reducing agents. Above, stability in
aqueous systems was unknown and arene complexes of the neighboring elements
are either oxidatively or hydrolytically unstable, or both [209]. A revised prepa-
ration of [Re(η6-C6H6)2]C and [99Tc(η6-C6H6)2]C showed that these basic frame-
works are extremely stable against oxygen at any pH and temperature [210].
These are the ideal properties but the challenge remained to select a pharmaceu-
tical and introduce a 99mTc moiety to specific phenyls. Nadeem et al. reported
then a successful preparation of bis-arene 99mTc complexes with highly function-
alized arenes in one-step and from [99mTcO4]– in water [211]. This strategy for
reacting [99mTcO4]– directly with underivatized phenyl-bearing molecules and
yielding exclusively [99mTc(η6-arene)2]C is an important step towards 99mTc-
based imaging agents. For obtaining multi-functional complexes, the arene rings
were functionalized by active groups such as halides, amines, and carboxylates.
These groups were easily conjugated to targeting vectors or cytotoxic entities
[212–214]. Such post-functionalizations are synthetically demanding and regiose-
lective introduction of multi-functional groups are challenging. Therefore, this is
not a route to go for 99mTc, since time and conditions would not be appropriate
for a routine preparation. Since reference rhenium compounds are needed, post-
functionalization for this purpose is an option.

Most 99mTc radiopharmaceuticals are mononuclear compounds. It is a paradigm
that di- or multinuclear complexes, i.e., cluster compounds, do not exist since ki-
netics of bimolecular reactions at the high dilutions outlined in Table 1 is prohibi-
tively slow. Clusters are even rare in medicinal inorganic chemistry. They would
deliver a high metal payload, are atom-precise in contrast to nanomaterials, and
can be derivatized at their surfaces. With respect to radiopharmaceuticals, an in-
complete cluster of cold metals could be completed by a 99mTc fragment, which
will lead to a combination of a therapeutic moiety with imaging. An example has
been given recently. Rhenium and technetium clusters with μ-OH bridges are
known for the fac-[M(CO)3]C cores. They form in situ and are stable moieties.
Mixing the precursors [Re(OH2)3(CO)3]C and [99mTc(OH2)3(CO)3]C under
slightly alkaline conditions leads to the quantitative, self-assembled formation of
the cubane-like tetranuclear cluster [99mTcRe3(μ3-OH)4(CO)12] (Scheme 8H).
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This cluster also forms by a post-assembly process. The incomplete cubane clus-
ter [Re3(μ2-OH)3(μ3-OH)(CO)9]– is labelled with fac-[99mTc(CO)3]C to obtain
the complete cubane system [215]. Other metal fragments can be introduced
with the post-assembly strategy, a strategy not yet considered for imaging or
therapy.

Finally, it was shown that dinuclear 99mTc2 complexes do exist with appropriate
ligands. Coordination of a thiolato ligand to a fac-[99mTc(CO)3]C core changes
the electronic properties of the metal center. Subsequent ligand substitution may
become very fast and di- or even trinuclear complexes will form at high dilu-
tion. It was reported that the dinuclear complex [99mTc2(μ-SR)3(CO)6]– (R =
–CH2CH2NEt2) forms quantitatively along this reaction pathway and evidence
for small amounts of trinuclear clusters were found as well (Scheme 8J) [166].
This implies that side products in syntheses of 99mTc complexes may well be di-
or multinuclear species. Di- or multinuclear clusters combining hot and cold
elements become an option for 99mTc compounds.

One last study belongs to clusters but also to a new way of labelling. Archibald
et al. [216] reported recently about the inclusion of [99mTcO4]– into a self-assem-
bled tetranuclear cobalt cluster. The cobalt cluster takes [99mTcO4]– up into its
cavity with high affinity and selectivity. [99mTcO4]– remains non-covalently bound
and is not released, even in the presence of other competing anions such as
chloride. In vivo, the filled cluster loses small amounts of [99mTcO4]– though.
The concept of taking host-guest chemistry for labelling rather than covalent
frameworks is a prospective development, which is elegant and will have impact
on labelling strategies [216].

6. CONCLUDING REMARKS

Radiopharmaceutical chemistry with 99mTc is proceeding along many concepts
and strategies as reported in this chapter. Numerous targets are under investiga-
tion with approaches comprising the different cores reasonably applicable to a
future imaging agent under clinical routine conditions. Whereas 99mTc or 99Tc
chemistry was more a “stand-alone” research in the past, it is nowadays accom-
panied and complemented with rhenium chemistry. This is not only due to the
indispensable structural characterization of the tiny amounts of 99mTc homo-
logues, but even more due to the perception that rhenium complexes have by
themselves cytotoxic properties that might well complement the standard, metal-
containing drugs such as cisplatin. This leads to the concept of theranostics,
which is valid for group 7 elements, in particular for the low oxidation states
with the fac-[M(CO)3]C cores. All cores have this option though, as outlined in
a number of examples discussed above.

Research on pure “de novo” complexes has decreased and the foci are on
targeting complexes. Within this concept, combinable between rhenium and
technetium, progress has been made for obtaining multi-modality imaging/thera-
peutic agents. This includes the integrated approach with third-generation com-
pounds mimicking structures of lead pharmaceuticals already in clinical routine.
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Fluorescent rhenium complexes may thereby be visualized on the subcellular
level with fluorescence microscopy, whereas the γ-emission allows for in vivo
imaging. Examples for this concept have been reported. Taken all together, there
is a plethora of new opportunities, combinations of modalities and chemical ap-
proaches available.
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ABBREVIATIONS

Aβ amyloid beta
Ahx 6-aminohexanoic acid
DOTA tetraazacyclododecane-1,4,7,10-tetraacetic acid
DTPA diethylenetriamine pentaacetate
FDA Food and Drug Administration
GRPR gastrin-releasing peptide receptor
IC50 inhibitory concentration (half maximal)
ICP-MS inductively coupled plasma mass spectrometry
IGF insulin-like growth factor
MAG3 mercaptoacetylglycine-glycine-gylcine
MDP methyldiphosphonate
MIBI methoxy iso butyl isonitrile
NODAGA 1,4,7-triazacyclononane-1-glutaric acid-4,7-diacetic acid
NOTA 1,4,7-triazacyclononane-1,4,7-triacetic acid
PC prostate cancer
PS phosphatidylserine
PSMA prostate-specific membrane antigen
SAACQ single amino acid chelate quinoline
scFv single-chain variable fragment
SSTR somatostatin receptor
tacn 1,4,7-triazacyclononane
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Abstract: “Classical” magnetic resonance imaging (MRI) is based on imaging of water protons
and the technique is commonly used in clinical and preclinical practice. The 19F nuclide has
nuclear magnetic properties similar to those of 1H and can be used for MRI on common
commercial scanners with only minor modifications. The 19F MRI is a potentially interesting
tool for preclinical or even clinical imaging. As there is no abundance of 19F in a living body,
19F MRI requires contrast agents (CAs) containing fluorine atoms and is presented as “hot-
spot” imaging. In this text, we present how the current development of 19F MRI CAs is
influenced by utilization of paramagnetic metal ions as relaxation agents through shortening
the long 19F relaxation times. The theory behind the change of relaxation times is briefly
introduced. Influence of lanthanide(III) and transition metal ions on the relaxation properties
of the 19F nucleus in defined molecules and in nanoobjects is reviewed and differences be-
tween complexes of these two metal ion families are discussed. The 19F tracers are best utilized
as responsive MRI CAs and various responsive modes of the probes are reviewed and evaluat-
ed. As 19F MRI requires some special consideration about acquisition techniques, the main
differences between 1H and 19F MRI are discussed. Briefly, some outlook for the technique is
suggested.

Keywords: 19F MRI · cell labelling · fluorine-containing ligand · fluorine NMR · relaxation
time enhancement · responsive probes

1. INTRODUCTION

Magnetic resonance imaging (MRI) is commonly used for clinical and preclinical
imaging. Besides 1H, other nuclei may be also used for MRI or MR spectroscopy
(MRS), e.g., 13C, 23Na or 31P [1], although their concentration and sensitivity are
substantially lower compared to those of 1H. Utilization of fluorine (19F) for
MRI/MRS is quite specific. Its concentration in living organisms is negligible and
potential use of fluorine in imaging therefore requires a suitable fluorinated
tracer (often termed as a contrast agent, CA) [2]. A fluorine MR image thus
provides a distribution of the tracer in the space with zero background, usually
presented as a “hot-spot” imaging, and requires co-localization with an anatomi-
cal 1H MR image [3]. Fluorine is a naturally monoisotopic element, and 19F and
1H nuclei have comparable gyromagnetic ratios, γ(19F) = 251.8 · 106 versus
γ(1H) = 267.5 · 106 rad s�1 T�1, leading to very similar Larmor frequencies. Stan-
dard preclinical or clinical commercial MR scanners can thus be used for 19F
detection with minor hardware and software changes only, and their frequency
range usually covers the frequency of 19F including whole transmit and receive
paths. The only special piece of hardware, which is necessary, is a dedicated 19F
radio frequency coil.

The main issue of 19F MRI/MRS is sensitivity. Most of current applications
require molecular 19F probes in at least mM concentrations at the site of interest.
There are two main routes towards sensitivity improvement. The first approach
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is an increase of the number of equivalent fluorine atoms in the probe itself and/
or enhancement of a local concentration of 19F nuclei (e.g., by targeting). The
second way is the reduction of long 19F relaxation times to optimal values which
enable faster acquisitions and accumulation of more spectra within a given time.
The relaxation times are most conveniently altered by introduction of a para-
magnetic metal ion in the vicinity of 19F nuclei as it leads to so-called paramag-
netic relaxation enhancement (PRE) [4, 5]. Ideally, both approaches should be
combined to reach detection limits as low as possible.

The high number of fluorine atoms is most easily attained by utilization of soft
nanoparticles (micelles) containing polyfluorous organic molecules. A paramag-
netic complex can be bound on the surface of the nanoparticles or dissolved in
their fluorous core (Section 3.2). Alternatively, paramagnetic metal ions can be
complexed in discrete ligand molecules containing a maximized amount of 19F
nuclei (Section 3.1).

2. PARAMAGNETICALLY INDUCED RELAXATION

OF THE 19F NUCLEUS

For application in MRI, two relaxation rates RiK, (i = 1, 2) and associated relaxa-
tion times TiK = 1/RiK are typically distinguished for the nucleus K (in this con-
text 19F). The longitudinal relaxation time (T1) is associated with a build-up of
equilibrium magnetization aligned with an external magnetic field, while the
transversal relaxation time (T2) corresponds to the decrease of spin-coherence
generated by radio frequency pulses, due to non-coherent processes. A paramag-
netic center in a CA can increase the relaxation rates up to four orders of magni-
tude. Thus, the diamagnetic contribution can usually be neglected. In solution,
the 19F NMR signal linewidth (LW) is dominantly determined by the paramag-
netic T2. Therefore, the so-called T2* time obtained as T2* = 1/(π · LW) is a
reasonable and easily accessible estimation of T2.

Nuclear relaxation induced by a paramagnetic center can proceed by several
mechanisms. The contribution of each one is proportional to the strength of the
metal ion-nucleus interaction and to the accessibility of random fluctuations at
frequency ω [equal to the electron (ωS) or nuclear (ωK) Larmor frequencies, or
their combinations]. This accessibility is characterized by a spectral density func-
tion J given by Equation (1) where τλ is the general correlation time of the
fluctuation.

J(ω,τλ) =
τλ

1 C τλ
2 ω2

(1)

The spectral density J reaches a maximum for τλ ≈ 1/ω. Therefore, the maximal
longitudinal relaxation enhancement is reached if the electron or nuclear Larmor
frequency is matched with fluctuations in the system. Unfortunately, the unde-
sired transversal relaxation is also sensitive to fluctuation at zero frequency [ω =
0, therefore, J(ω,τλ) = τλ]. Then, the R2K increases even for τλ [ 1/ω and is
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always faster than or equal to the R1K relaxation rate and, therefore, the T2/T1

ratio may never exceed unity. The fluctuations of an interaction between the
paramagnetic center and the observed nuclei may have three different sources:

Chemical exchange (exchange time, τM) is the fluctuation of the mutual dis-
tance between the metal ion and the measured nucleus due to chemical processes
(e.g., solvent molecule exchange or isomerism). This modulation is of a large
importance for “classical” Gd3C-based 1H MRI CAs (see Chapter 2) but it can
be neglected for molecular 19F MRI CAs without profound internal dynamics.

Molecular rotation (rotational correlation time, τR) is connected with a change
of the mutual metal-nucleus orientation with respect to the external magnetic
field caused by molecular motion/tumbling. In a simplified description (free rota-
tion of a spherical CA molecule), τR can be estimated by the Stokes-Einstein
equation, τR = η · M/(ρ · NA · kB · T), where M is the molar mass, NA and kB are
Avogadro and Boltzmann constants, respectively, and η and ρ are solvent viscosi-
ty and density, respectively. In aqueous solutions, values for τR range from
3 · 10�11 s for hexaaqua metal ion complexes to 10�6 s for large macromolecules
(M ≈ 106 g mol�1).

Electron relaxation (electron correlation time, τe). In a magnetic field, the
electron spin rapidly flips between different MS states inducing further fluctua-
tions in paramagnetic systems (for a detailed description see [6]). A note: Appli-
cation of this description is fairly limited as more general approaches do not
introduce τe at all [7]. The electron relaxation process is generally multi-expo-
nential for electron spin S > ½; however, it is usually approximated by a single
correlation time, τe. The value of the electron relaxation time differs significantly
between various metal ions and depends on the temperature, magnetic-field (in
some cases), and also on coordination geometry (especially for d-elements). A
list of the values can be found in [8].

The nuclear relaxation rates, RiK (i = 1, 2), can be mediated by three different
interactions. (i) By direct delocalization of unpaired electron density to the posi-
tion of observed nuclei K (so-called contact mechanism) characterized by the
hyperfine coupling constant AK, or (ii) by through-space interaction between
unpaired electron density and the nuclear dipole (dipole-dipole mechanism). In
the following discussion, we approximate electron magnetic dipole moments as
point-dipole on the position of the metal ion [6]. In a strong magnetic field, (iii)
the third mechanism arises through dipole-dipole interaction between observed
nuclei and the time-averaged electron dipole moment induced by a difference in
populations of the electronic Ms levels in the magnetic field (Curie mechanism).
The equations for longitudinal (R1) and transversal (R2) relaxations rates can be
derived [9] as follows in Equations (2)–(7):

R1K
con =

2
3

(AK

ħ
)

2

S(S C 1) τc,con

1 C ωS
2 τc,con

2
(2)

R2K
con =

1
3

(AK

ħ
)

2

S(S C 1)(τc,con C
τc,con

1 C ωS
2 τc,con

2
) (3)
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R1K
DD =

2

15
( μ0

4 π
)

2 γK
2 ge2 μB2 S(S C 1)

rK
6

(
7 τc,DD

1 C ωS
2 τc,DD

2
C

3 τc,DD

1 C ωK
2 τc,DD

2
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R2K
DD =

1

15
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4 π
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R1K
Cur =
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2 ωK
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(
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R2K
Cur =

1
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( μ0
4 π
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2 ge4 μB4 S2 (S C 1)2

(3 kBT)2
rK

6
(4 τc,Cur C
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1 C ωK
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2
) (7)

where μ0 is the vacuum magnetic permeability; γK is the gyromagnetic ratio of
the observed nuclei; ge is the free electron g-value which can be replaced by the
effective g-value, gJ, for metal ions with a strong spin-orbit coupling (e.g., Ln3C);
μB is the Bohr magneton; S is the spin quantum number (replaced by the J
quantum number for Ln3C ions); kB is the Boltzmann constant; T is the thermo-
dynamic temperature; AK is the hyperfine coupling constant and rK is the dis-
tance between the metal ion and the observed nucleus. Different types of fluctua-
tions affect the above mentioned relaxation mechanisms. In the contact
mechanism, electron distribution on the position of the observed nuclei is not
altered by molecular tumbling and, therefore, only the electron relaxation and
the chemical exchange determine the contact correlation time, τc,con = (τM

�1 C
τe

�1)�1. For the dipole-dipole relaxation mechanism, all processes may play a
role and the correlation time equals to τc,DD = (τR

�1 C τM
�1 C τe

�1)�1. Typical-
ly, the electron relaxation time τe controls the time τc,DD but, for small (rapidly
tumbling) complexes of metal ions with a slow electron relaxation (Gd3C, Mn2C,
Fe3C, or sometimes Cu2C), rotation tumbling (τR) dominates. The Curie mecha-
nism is not affected by the electron relaxation time and, thus, τc,Cur = (τR

�1 C
τM

�1)�1. There is no chemical exchange for molecular 19F MRI CAs and, there-
fore, τM can be neglected in all cases.

Instead of a comprehensive discussion of various parameter effects on relaxa-
tion rates, which can be found in many publications [6, 9], we have decided to
illustrate the applications of Equations (2)–(7) on several practically important
examples (Figure 1).

Lanthanide(III) ions. The Ln3C ions were the first choice for the paramagnetic
relaxation enhancement (PRE). The electron magnetic dipole moment μeff (asso-
ciated with the J quantum number due to the significant spin-orbit coupling)
varies significantly within the Ln3C series and therefore, relaxation properties
can be tuned by a proper choice of the metal ion. For the small molecules, both
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Figure 1. Simulated longitudinal (A, D) and transversal (B, E) 19F nuclear relaxation
rates and CA efficiency represented by the T2/T1 ratio (C, F) for Ln3C (A–C) and TM
ions (D–F). The data were simulated for a distance between the metal ion and the 19F
nucleus of 5 Å, an external magnetic field of 7 T, and at 298 K in dependence on the
rotation correlation time τR for Ln3C ions (A–C) and on the electron correlation time τe

for transition metal ions (D–F). The full lines indicate overall paramagnetically induced
relaxation, while the dashed, dot-dashed and dotted lines correspond to dipole-dipole,
contact, and Curie relaxations, respectively. Simulation of the lanthanide-induced relaxa-
tion (A–C) was performed without contact interaction, using the electron relaxation time
τe = 4 · 10�13 for Ce3C (blue, J = 5/2) and Ho3C (red, J = 8), and τe = 5 · 10�8 s for Gd3C

(green, J = 7/2) [6]. In simulation of the d-metal-induced relaxation (S = 1 was used for
simulation in all cases), a medium rotation correlation time τR = 10�10 s was fixed to
analyze the contribution of the contact mechanism (dot-dashed lines) for different hyper-
fine coupling constants AK = 0, 0.1, and 0.5 MHz (blue, red and green lines, respectively).
Arrows in D indicate usual values of τe for octahedral complexes of selected ions. An
extensive list of the electron correlation times can be found in [8].
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R1 and R2 are dominated by the dipole-dipole mechanism. For all Ln3C (except
Gd3C), the electron relaxation is extremely fast (≈10�13 s), much faster than the
rotational tumbling (τe / τR) and, therefore, the relaxation induced by dipole-
dipole mechanism is independent of the size of the molecule (Figure 1A and
1B). However, the Curie relaxation contributes significantly to relaxation in CAs
with slower rotational tumbling (i.e., for larger molecules). The Curie relaxation
is generally more important for transversal relaxation and, therefore, decreases
the T2/T1 ratio (Figure 1C). For Ln3C ions with high J (e.g., Ho3C or Dy3C), a
significant decrease of the CA efficiency may be observed even for medium-
sized molecules (M ≈ 500 g mol�1). For Gd3C, the situation is complicated by its
extremely slow electron relaxation (≈10�9 s) which, in addition, changes with
the external magnetic field making the correct theoretical description fairly com-
plicated [7]. In the very simplified frame of Equations (2)–(7), we can state that
T1 and T2 in 19F MRI CAs based on Gd3C are purely dominated by the dipole-
dipole relaxation which depends on the rotation tumbling, in contrary to other
Ln3C ions. For medium-sized molecules, the transversal relaxation rate is already
unfeasibly fast for nuclei close to Gd3C. For more distant nuclei, a reasonably
good signal with acceptable T2/T1 ratio can be obtained for molecules with τR <
1/ω19F; but for molecules with slower rotational tumbling (τR [ 1/ω19F), T2/T1

decreases rapidly.
Transition metal (TM) ions. For d-element-based 19F MRI CAs, the situation is

more complicated. On the one hand, the Curie relaxation mechanism is typically
negligible due to the small effective magnetic dipole moment μeff of TM ions.
On the other hand, the contact contribution can be significant as the unpaired
electron density occupies valence d-orbitals involved in covalent metal–ligand
bonds providing the strong hyperfine coupling (e.g., AK = �0.3 MHz for 19F in
the N–CH2CF3 group bound to the cyclam ring in a high-spin (HS) Co2C com-
plex) [10]. The electron relaxation is typically slower for TM ions than for Ln3C

(except Gd3C) and varies significantly among TM ions (Figure 1D–F). The slow-
est electron relaxation (roughly 10�8) was reported for a HS half-occupied d5

configuration (e.g., HS-Mn2C or HS-Fe3C), whereas it is much faster for ions
with other electron configurations. In systems with slow electron relaxation, the
contact mechanism significantly increases R2 due to the zero-frequency fluctua-
tions (the first term in Equation (3)). T1 is typically not affected by the contact
relaxation mechanism. Significant delocalization of the unpaired electrons of the
metal ion (with the slow electron relaxation) towards the observed nucleus may
therefore result in a substantial drop-down of the T2/T1 ratio.

3. METAL COMPLEXES AS RELAXATION CONTRAST

AGENTS

3.1. Fluorine-Containing Metal Complexes

Besides suitable relaxation properties introduced above, the metallic complexes
considered as probes for 19F MRI/MRS have to fulfill some “practical” require-
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ments. They should contain as many as possible chemically and magnetically
identical fluorine atoms in the ligand or the conjugate structure. It must be bal-
anced to keep their solubility in (miscibility with) water. Thus, hydrophobicity
of groups such as –CF3 has to be offset by charged and/or hydrophilic groups.
The complexes must be non-toxic as relatively high doses are applied, i.e., their
high in vivo stability must be ensured by a high thermodynamic stability and,
mainly, high kinetic inertness (it implies use of pre-organized macrocyclic li-
gands). Not all complexes studied till now have been endowed with all features
listed above as they have been used in proof-of-principle studies which have
helped to understand principles behind the 19F MRI/MRS probes.

Throughout the following text, charges of complex species are omitted for sake
of clarity.

3.1.1. Lanthanide(III) Complexes

The Ln3C ions require coordination numbers (CN) eight or nine and the best
chelators are polydentate ligands derived from macrocyclic DOTA (structures
of ligands discussed throughout this chapter are shown in Figures 2 and 3) where
ring amines (N4-plane) and four pendant arm oxygen atoms (O4-plane) are
bound to the central Ln3C ion. A coordinated water molecule may cap the O4-
plane and it transfers Gd3C-induced relaxation to the bulk water protons in the
Gd3C-based MRI CAs (Chapter 2). The Ln3C–ligand binding is mostly ionic as
Ln3C inner-shell f-electrons do not participate in metal–ligand bonding. There-
fore, Ln3C ions influence 19F NMR parameters mainly through dipolar (“through
space”) interaction and bond topology could be mostly neglected. The Ln3C

complexes of DOTA-like ligands can occur as diastereoisomers originating from
mutual arrangements of the macrocycle and pendant chelate rings (Chapter 2).
These diastereoisomers (occurring as pairs of enantiomers), termed as square-
antiprismatic (SA) and twisted square-antiprismatic (TSA), are in solution in a
slow exchange on the NMR timescale and they are manifested by two sets of
signals for NMR-active nuclei of the ligands. The number of NMR signals can
be multiplied if any other “asymmetry” (e.g., another chirality center or cis-trans
rotamers on the amide bond) is introduced. The isomerism issue is illustrated,
e.g., on Tb(L1a) and Tb(L2a) complexes where the major 19F peaks have 50 and
87 % of overall signal intensity, respectively [11]. For 19F MRI CA, the isomerism
should be suppressed as much as possible by ligand design and choice of the
metal ion.

The paramagnetic Ln3C ions alter both chemical shift and relaxation of the
ligand NMR-active nuclei (Section 2). The changes are commonly related to
properties of diamagnetic “standards” as the free ligand or complexes of diamag-
netic ions, Y3C, La3C or Lu3C. The δF is governed mainly by magnetic properties
of Ln3C and mutual Ln3C and 19F spatial arrangement (i.e., by the Ln···F distance
and the direction of the Ln-F vector). Similarly, variations in the 19F relaxation
times are mainly given by the magnetic properties of Ln3C, the Ln···F distance,
the external magnetic field (B0), and also by an overall tumbling of the complex
(or more precisely, tumbling of the Ln-F vector; τR). Chemical shifts are highly
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Figure 2. Structures of ligands for Ln3C ions in molecular complexes (A) and used for
non-covalent interactions (B). Fluorine-containing groups detected in 19F MRI/MRS are
in blue.
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influenced by the magnetic anisotropy of the Ln3C ion caused by the ligand field,
and also relaxations are somewhat affected [12]. With appropriate (fast) MRI
acquisition sequences (Section 4), the 19F MRI sensitivity gain reachable with
paramagnetics is mainly given by the values of T1 (the pulse sequence should be
optimal for the particular T1) and T2 (it should be as long as possible), the T2/
T1 ratio (as close as possible to 1), and the number of magnetically equivalent
19F nuclei (as high as possible). As stated above (Section 2), easily accessible T2*
are usually used in such evaluations. The NMR-related properties of 19F nuclei
are altered according to the magnetic/relaxation properties of each Ln3C ion and
the structures of the complexes. Selected data are listed in Table 1.

The first work on Ln-based 19F MRI CAs [13] clearly showed that Ln3C ions
can significantly decrease 19F relaxation times with a reasonably good T2*/T1

ratio, and that relaxation times are tunable. In these early works, Ln3C complex-
es of ligands containing phenyl-CF3 group(s) attached onto the DOTA skeleton
through amide bond(s) (e.g., ligands L1–L5) and the related DO3A-aminoethyl-
sulfonamide L6 were investigated [4, 11, 13, 14]. These complexes can be used
to explain how the structure of ligands and the metal ions change the relaxation
of 19F. In the research, Y3C complexes used as diamagnetic standards had T1

relaxation times comparable to those of common diamagnetic organic molecules
(0.3–1.5 s).

The metal ion-to-fluorine (M···F) distance rMF is a very important parameter
as it influences the relaxations with a coefficient rMF

�6 (Section 2). The Ln···F
influence on the relaxation times (and on δF) was illustrated, e.g., by a compari-
son of data for complexes of ligands L5 and L6 with ortho- and para-CF3, or
ortho- and meta-CF3 groups, respectively [13]. Paramagnetically-induced changes
of δF and 19F T1 were systematically larger for the o-CF3 than for the more
distant m/p-CF3. Analogously, T1 of 19F nuclei for a given Ln3C complex were
reduced in the order Ln(L1b) > Ln(L2a) > Ln(L1f) and it corresponds to a
gradually shorter Ln···F distance in the complexes [14]. Investigations of this
wide family of complexes (ligands L1–L5) led to the conclusion that optimal
Ln···F distances (for a given Ln3C ion and B0) should be in a range of 5.7–6.3 Å
[14] and rLnF < ≈5.5 Å would lead to too short relaxation times (and too broad
NMR signals). It should be noticed that the Ln···F distances could be calculated
from relaxation data obtained at several magnetic fields (Equations (4)–(7), Sec-
tion 2) and they agreed with those obtained by density functional theory (DFT)
calculations [14, 15].

As T1 and T2 change with magnetic field strength in different ways (at higher
fields, the Curie contribution is more important for T2 than for T1; Section 2),
optimal T2/T1 ratio and optimal Ln···F distance are changed with B0. It was
suggested that, with a suitable Ln···F distance, Tb3C/Ho3C/Dy3C complexes and
Er3C/Tm3C complexes should be suitable for lower (B0 < 4.7 T) or higher (B0 >
7 T) magnetic fields, respectively [14]. Substitution of carboxylate pendant arms
in L1a for phosphinate ones led to ligand L2a. The Ln···F distances in Ln(L2a)
are about 0.3 Å shorter than those in Ln(L1a) [11]. It led to a larger reduction
of T1 for Ln(L2a) versus Ln(L1a), but T2*/T1 was still up to 0.74–0.84 (Table 1).

Tumbling of the Ln-F vector, another parameter important for the design of
19F MRI CAs, can be approximated by tumbling of the whole complex character-
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Table 1. 19F chemical shifts (δF) and relaxation times (T1 and T2 or T2*, at 9.4 T) of
Ln3C complexes of selected fluorine-containing ligands (see Figure 2).

Ligand Ln3+ δF (ppm) T1 (ms) T2 or T2* T2/T2*-to-T1 Refs.
(ms) ratio

L1a Tb �51.9 8.6 8.4 0.98 [11]
Dy �64.9 7.2 4.6 0.63
Ho �64.2 9.2 6.6 0.72
Er �64.8 15.4 6.4 0.41
Tm �77.4 19.6 11.0 0.56

L1d Tb �52.5 7.5 4.8 0.64 [15]
Dy �66.7 6.2 2.8 0.45
Ho �57.9 8.1 5.2 0.65
Tm �78.1 21.3 11.2 0.53

L2a Tb �47.7 6.8 3.8 0.55 [11]
Dy �63.6 5.4 4.0 0.74
Ho �61.5 8.3 7.0 0.84
Er �72.6 9.2 7.3 0.79
Tm �89.5 15.9 11.9 0.75

L9 Eu �61.6 769.2 95.2 0.12 [21, 22]
Gd �61.3 2.8 2.5 0.89
Tb �67.1 69.0 14.5 0.21
Tm �58.5 135.1 30.2 0.22
Yb �60.1 476.2 28.2 0.06

L10 Eu �62.2 769.2 126.6 0.16 [21, 22]
Gd �62.5 0.9 0.7 0.82
Tb �74.7 22.8 11.3 0.50
Tm �53.9 44.4 21.3 0.48
Yb �58.7 256 32.1 0.13

L12a Eu �72.4 360 41 0.11 [23]
Gd �72.0 12 0.14 0.01
Tb �54.1 6.3 1.3 0.21
Dy �52.4 5.9 2.2 0.37
Ho �61.8 7.6 5.4 0.71
Er �76.5 14 8.8 0.63
Tm �83.3 26 16 0.62
Yb �75.9 130 55 0.42

L13b Ce �56.8 287 124.4 0.43 [24]
Dy �45.0 6.9 3.9 0.57
Ho �51.9 9.8 8.2 0.84
Tm �65.0 6.5 4.9 0.75
Yb �59.0 76 72.1 0.95

a B0 = 7 T.
b B0 = 4.7 T.
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ized by τR. For complexes of this ligand family, their τR was determined to be in
a range of 200–350 ps [4, 14, 15]. To increase the number of identical fluorine
atoms, the small complex units can be conjugated onto a polymer backbone;
however, macromolecules usually present a slower molecular tumbling, i.e.,
longer τR. As the T2/T1 ratio significantly decreases at τR [ 1/ωS (Section 2)
there is a trade-off between a higher number of 19F nuclei and the T2/T1 ratio.
In addition, the T1,2 also depend on μeff of the particular metal ion and this
influence is also B0-dependent. A result of the interplay of these parameters is
that a larger number of fluorine atoms introduced through increasing the size
of the whole molecule (connected with slower molecular tumbling) might not
necessarily improve the sensitivity of 19F MRI probes as τR has to be optimized
as well with respect to the external B0 and to the magnetic moment of Ln3C ion.
This was shown on conjugates of the L1b/L2b complexes with chitosan or the
PAMAM dendrimer [4, 16]. Therefore, large molecules, e.g., polymers, should be
considered for paramagnetic 19F MRI CAs with care and this approach is more
appropriate for diamagnetic organic molecules with long 19F relaxation times.

With these complexes, the sensitivity of the measurements (expressed as sig-
nal-to-noise ratio, SNR) could be significantly increased (and thus overall acqui-
sition time decreased) down to sub-millimolar probe concentrations if suitable
acquisition sequences are applied (Section 4) [4, 17, 18].

Over the time, complexes of other ligands have been investigated. The sensitiv-
ity gain due to more fluorine atoms was proven with the perfluoro-t-butyl group
(nine identical 19F) bound onto the DOTA-monoamide chelator unit through a
flexible tri-PEG chain, L7 [19]. Change of the parameters (versus the diamagnet-
ic standard) was small for the light Ln3C ions. The more significant changes were
observed for Gd3C and heavy Ln3C ion (Tb3C–Er3C) complexes, with T1 and
T2*/T1 ratio (at 9.4 T) for, e.g., Gd3C and Tb3C complexes: 4.23 ms and 0.39, and
72.6 ms and 0.57, respectively. Values of 19F T1 and T2*/T1 ratio (at 7 T) of the
complexes of the DOTA derivative L8 with two –CF3 groups, 714 ms and 0.078
(Eu3C), 5.5 ms and 0.47 (Gd3C), and 31 ms and 0.68 (Tb3C), were similar to the
values for the other complexes presented in Table 1 [20]. However, the complex-
es were present in solution as a mixture of isomers and it led to a “dilution” of
the equivalent 19F nuclei. Data obtained for complexes of DOTA-amides with
one or two (p-CF3)-benzylamino group(s) (L9 or L11, respectively) [21, 22], or
one (m-CF3)2-benzylamino group (L10) [21, 22] conforms with the other values
in Table 1. Thus, the Gd3C ion accelerated the relaxation much more than all
the other ions, but with the best T2*/T1 ratio, and the L9 and L11 complexes
exhibited slower relaxations than those for the L10 complexes due to the shorter
distance (DFT calculations) of the m-CF3 group from Ln3C (Ln···F 7.4 Å) versus
p-CF3 (Ln···F 9.1 Å). The 19F MRI phantom studies of the L10 complexes re-
vealed that the Tb3C complex was the best [22] with a detection limit of 5 mM
(SNR ≈40, 7 T, 10 min). Similar results were obtained for the Gd3C complexes
with other pulse sequence [21].

The DOTA-tetraamide L12 contains twelve identical 19F nuclei and only one
isomer was observed for its complexes (i.e., single 19F NMR signal) [23]. The
NMR parameters of the complexes and their trends are similar to the other
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ones (Table 1). The average Ln···F distance of ≈6.26 Å for the Tm(L12) complex
estimated from the relaxation data agreed with those from DFT calculations and
X-ray diffraction. Heavy Ln3C ions suitably shortened the 19F relaxation times.
However, the T2*/T1 ratio was significantly decreased in rat blood due to a more
significant reduction of T2* versus T1 because of a longer τR of the complexes
in blood comparing to that in pure water. The Tm(L12) complex in rat blood
was detectable at 0.5 mM (SNR 2.3, 9.4 T).

Another chelator with twelve chemically identical 19F nuclei is the ligand L13
[24]. Its Ln3C complexes formed preferentially one diastereoisomer in solution
(90–95 %). The relaxation times cannot be fully compared with those in Table 1
because of a lower B0. A detection limit was 0.625–1.25 mM (SNR 2–4, 4.7 T,
≈15 min) but a better performance could not be assessed as ultra-fast sequences
were not available on the used scanner. These probes were well detectable after
their injection into rat muscle and were fully stable in vitro (no decomposition
in rat plasma, 37 °C, 10 days).

Most of the complexes of several DO3A derivatives with short linkers terminat-
ed by one –CF3 on benzene ring displayed several 19F NMR resonances due to
the presence of isomers except the complexes of L14 [25]. Relaxation data for
Ln(L14) complexes correspond to those of other complexes in Table 1. In phan-
toms, the Gd3C complex was detectable even at 0.1 mM (7 T, 60 min). Another
moiety used for Ln3C complexation is the triaza-cycloheptane-based AAZTA
skeleton in ligand L15 [26]. Its Dy3C complex exhibited T1 and T2* relaxation
times of 157 and 17 ms, respectively, clearly influenced by PRE compared to its
Y3C complex (T1 and T2 1320 and 543 ms, respectively). However, the relaxation
time reductions are smaller than those for systems discussed above due to a
relatively long Ln···F distance.

Except complexes of the phosphorus acid DOTA analogues (L2 and L13),
Gd3C complexes of the above discussed ligands directly bind a water molecule
and can also serve as “classical” 1H MRI CAs. They can be suggested as bimod-
al 19F/1H MRI probes and, in some cases, this has been explicitly considered
[20, 21, 23, 25]. In addition, the Ln3C–DOTA-amide complexes can exhibit a
1H paraCEST (paramagnetic chemical exchange saturation transfer, Chapter 4)
effect and some of them were suggested as dual 19F MRI-1H paraCEST agents
[20, 22].

3.1.2. Transition Metal Complexes

Unlike Ln3C complexes, investigations of TM ion complexes as MRI CAs have
started only recently [27, 28]. The complexes offer wider structural variability
than complexes of Ln3C ions although the most expected coordination sphere is
an octahedron. The TM ion d-electrons participate in covalent interactions more
than inner f-electrons of Ln3C ions. The electronic structure of the TM ions is
significantly influenced by the ligand field. The 19F relaxation times are influ-
enced by TM ions similarly as by Ln3C ions – they depend on the TM···19F
distance and on the 19F nuclei spatial location, on the magnetic properties of the
TM ion, on the external magnetic field, and on the rotational correlation time
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τR of the TM-F vector. However, there are some important specific differences.
The dipolar (“through space”) relaxation contribution is significant, similarly to
Ln3C ions. Yet, for TM ions, the contact (“through bonds”) relaxation contribu-
tion becomes also highly important due to the more covalent character of TM
ion–ligand bonds (if compared with the Ln3C–ligand bond character) and, thus,
the TM ion spin density is more delocalized over the ligand atoms. The contact
contribution must be considered at least up to a “distance” of 4–5 bonds between
the TM ion and the ligand nucleus. In TM ion complexes, d-orbital energies and
electronic structure are more dependent on the exact structure of the species
(i.e., on the symmetry and strength of the ligand field determined by the ligand
structure) than for Ln3C complexes (Section 2). Till now, only the first-row TM
ions have been considered as NMR relaxation agents and, therefore, spin multi-
plicity (i.e., high-spin (HS-) and low-spin (LS-) electron arrangements) has to be
taken into account. The significant differences between Ln3C and TM ions make
applications of the TM ions as shift/relaxation agents in NMR/MRI more chal-
lenging and variable. The TM ions considered as 19F MRI CAs have included
HS-Fe2C, HS-Co2C and Ni2C as well as HS-Mn2C and HS-Fe3C, the symmetric
HS-d5 arrangement and relaxation properties of which are similar to the f7 state
of Gd3C. Complexes of LS-Fe2C, LS-Co3C or Zn2C are commonly used as dia-
magnetic standards. Unlike with complexes of Ln3C ions, the problem with iso-
mers of the complexes mutually interconverting on the NMR timescale has not
been observed for TM ions. A redox switch between diamagnetic/less paramag-
netic and (highly) paramagnetic states of TM ion pairs as Cu2C/CuC, Co3C/
Co2C, Fe3C/Fe2C or Mn3C/Mn2C induced by external stimuli has been employed
in responsive probes (Section 3.3.5). Similarly, spin cross-over from “highly para-
magnetic” to “less paramagnetic” (or even diamagnetic) state was also employed
in responsive probes (Section 3.3). Structures of additional ligands in TM ion
complexes suggested as 19F MRI CAs are shown in Figure 3 and selected relaxa-
tion data are outlined in Table 2.

Cyclam derivatives L16 form stable complexes with Ni2C ion octahedrally co-
ordinated by all ligand donor atoms [29, 30]. Although complexes of cyclam
derivatives can exist in several isomeric forms, only one centrosymmetric isomer
with trans coordination of the pendant arms was found for all Ni(L16) complexes
giving a single 19F NMR resonance. The relaxation enhancement was substantial
for all complexes leading to somewhat suboptimal values of the relaxation times
(Table 2) but still accessible by ultra-fast imaging sequences. Average Ni···F dis-
tances 5.2–5.3 Å were estimated from X-ray diffraction. With an appropriate
acquisition procedure, the detection limit for Ni(L16a) was 0.93 mM (SNR 2,
11.8 T, 10 min) [30]. The complexes were highly kinetically inert and suitable for
in vivo applications [29, 30]. The Ni2C complexes of the cross-bridged cyclam
derivatives L17a,b with one (p-CF3)- or bis(m-CF3)-benzylamide group(s) exhib-
ited optimal relaxation times for most fields and very good T2*/T1 ratios (Ta-
ble 2) [31]. Slower relaxation is partially caused by a long Ni···F distance 8.7 and
7.3 Å for Ni(L17a) and Ni(L17b), respectively, calculated from relaxation data
at several magnetic fields and agreeing with those estimated from X-ray data.

The DOTA-tetraamide chelating unit is combined with two perfluoro-t-butyl
fragments and a glucose molecule (to increase water solubility) in L18 [32]. Its
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Figure 3. Structures of additional ligands for TM ions in molecular complexes (A) and
used for non-covalent interactions (B). Fluorine-containing groups detected in 19F MRI/
MRS are in blue.
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Table 2. 19F chemical shifts (δF) and relaxation times (T1 and T2 or T2*, at 9.4 T) of TM
ion complexes of selected fluorine-containing ligands (see Figures 2 and 3).

Ligand Metal ion δF (ppm) T1 (ms) T2 or T2* T2/T2*-to-T1 Ref.
(ms) ratio

L12 HS-Fe2C �70.1 5.7 5.6 0.98 [23, 36]

L16aa Ni2C �26.0 2.8 0.90 0.32 [29, 30]
HS-Co2C �25.4 12.3 9.6 0.78
LS-Co3C �59.2 (dia) 600 360 0.60

L16ba Ni2C �21.9 2.0 1.03 0.52 [30]
HS-Co2C �23.0 16.1 11.0 0.68
LS-Co3C �59.4 (dia) 660 540 0.82

L16ca Ni2C �19.6 1.8 0.76 0.42 [30]

L17aa Ni2C �59.7 29.3 24.5 0.84 [31]

L17ba Ni2C �59.7 10.1 8.0 0.80 [31]

L18 ligand �70.6 (dia) 631 532 0.56 [32]
Ni2C �70.5 14.5 12.2 0.84
HS-Co2C �70.8 41.6 29.6 0.71
HS-Fe2C �69.8 38.4 18.0 0.47

L19a Ni2C �70.3 (dia) 970 800 0.82 [33]

L19b Ni2C �67.4 18 12 0.67 [33]

L20a HS-Co2C �75.6 18.0 6.6 0.37 [34]
LS-Co3C �72.0 1080 800 0.74

L20b HS-Co2C �80.4 43 39 0.91 [34]

L21 HS-Co2C �79.6 48 42 0.88 [35]
LS-Co3C �70.5 1050 640 0.61

L22 HS-Mn2C �65.8 1.6 0.6 0.38 [37]
HS-Mn3C �75.9 6.4 4.0 0.63

aB0 = 7 T.

Ni2C, HS-Co2C, and HS-Fe2C complexes exhibited only a small paramagnetic
change of δF probably given by a small pseudo-contact contribution due to a
long M···F distance. The 19F PRE was very good for all metal ions with the best
T2*/T1 ratios for the Ni2C complex (Table 2). A very low limit of detection 0.04,
0.06, and 0.05 mM (SNR 3.5, 7 T, 12 min) was achieved for the Ni(L18), Co(L18),
and Fe(L18) complexes, respectively. These encouraging results were attributed
to the high number of 19F nuclei as well as to the optimal relaxation times for
the used experimental setup.

Octahedrally coordinated Ni2C is paramagnetic but it is diamagnetic in square-
planar complexes. The change can be potentially used in responsive probes and
complexes of two dioxo-cyclam derivatives L19 were studied to test this concept
(Section 3.3.1) [33]. The Ni(L19a) complex is square-planar with all macrocycle
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nitrogen atoms equatorially coordinated and both ring amides deprotonated. The
Ni(L19b) complex is octahedral with the same equatorial donor set, and with the
pendant pyridine and a solvent molecule bound in the axial positions. The differ-
ent Ni2C spin states are clearly seen from values of the relaxation times (Table 2).
The detection limit is lower for the paramagnetic complex (SNR 3.5, 7 T, 10 min):
0.60 and 0.093 mM for the Ni(L19a) and Ni(L19b) complexes, respectively.

The Co3C/Co2C complexes of ligands L20 and L21 were used as 19F MRS/
MRI sensors for H2O2 (Section 3.3.5) [34, 35]. In the octahedral complexes, the
pendant amide oxygen atom is bound to Co2C and the deprotonated pendant
amide nitrogen atom binds Co3C [35]. The relaxation enhancement is clearly
discernible with high T2*/T1 ratios for Co2C complexes (Table 2). The PRE values
were related to the Co···F distances of ≈ 6.0 Å for CoII(L20a) (DFT calculations)
or 7–8 Å for CoII(L20b) and CoII(L21) complexes (X-ray data). In bovine serum
albumin, T1 was almost unchanged but T2* decreased to 15 and 7 ms for Co(L20b)
and Co(L21), respectively [35]. With appropriate pulse sequences, limits of detec-
tion were 0.17, 0.16, and 0.53 mM for the CoII(L20b), CoII(L21), and CoIII(L21)
complexes (SNR 4, 7 T, 12.5 min), respectively, being lower for the paramagnetic
ones [35]. Recently, a study of Co3C/Co2C trans-octahedral complexes of L16a,b
with axial carboxylate/phosphonate groups showed slightly diminishing 19F PRE
but with better T2*/T1 ratios for Co2C complexes (when compared to Ni2C com-
plexes) (Table 2) [10]. The Co···F distance was ≈5.2 Å (X-ray data and DFT calcu-
lations). Detailed spin density calculations revealed a significant unpaired spin
delocalization even over four-bond “distant” 19F nuclei proving the importance of
the contact contribution to PRE in TM ion complexes.

Spin cross-over of Fe2Cand/or its oxidation have been employed in responsive
probes (Section 3.3). Explicit 19F relaxation data were published for the FeII(L12)
complex [23, 36]. The DOTA-tetraamide is octacoordinated in the TSA arrange-
ment. Crystal structures show that Fe···F distances are in the range of 5.22–6.84 Å.
Relaxation of the19F nuclei is rather fast (Table 2) but with a surprisingly high
T2*/T1 ratio leading to a detection limit of 2.0 mM (SNR 3, 7 T).

Ligand L22 forms HS-Mn2C and -Mn3C complexes and the redox potential of
the pair is suitable for detection of thiols (Section 3.3.5) [37]. Complexes of both
ions accelerate relaxation of the ligand 19F nuclei and, as expected, Mn2C PRE
is significantly higher than that of Mn3C.

In general, the chemistry of TM ion complexes related to 19F MRI is much
less understood than that of Ln3C complexes. However, TM ion complexes offer
a lot of possibilities. Their magnetic properties seem to be tunable in a wide
range with mostly better T2*/T1 ratios, when compared to Ln3C complexes. Vari-
ability of spin states (different redox states, spin cross-over) of several TM ions
proposes another advantage over Ln3C ions (Section 3.3). However, it is necessa-
ry to accumulate more well-interpreted experimental data to place the tracer
design on the more rational basis.
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3.2. Non-covalent Interactions of Metal Ion Complexes

and Fluorine-Containing Compounds

Perfluorinated organic molecules are very hydrophobic, and they easily form
soft self-assembled nano- or microparticles in water which can be stabilized by
suitable surfactants to form micelles with the fluorine-containing core and with
a hydrophilic shell. Emulsions of some compounds (e.g., perfluoro-decaline, per-
fluoro-tributylamine) dissolve O2 and show very low chemical toxicity and,
therefore, they were introduced as potential blood substitutes [38]. Although the
fluorine-containing compounds discussed below are not always formally pure
perfluoro-hydrocarbons but contain also other elements (Cl, Br, O or N), a sim-
ple term “perfluorocarbon” (PFC) will be used for the particle cores. Ligands
discussed below are shown in Figures 2 and 3.

The PFC nanoparticles were decorated by amphiphilic Gd3C complexes of
DTPA-bis(monoalkyl-amides) where the alkyl is oleyl or stearyl (L23a or L23b,
respectively) or with DTPA- or DOTA-monoamides (e.g., L24) with di(fatty
acyl)-glycero-phosphoethanolamine (acyl = palmitoyl or stearoyl, respectively)
[39–41]. Perfluoro-15-crown-5 (a conveniently symmetric compound with a sin-
gle 19F NMR/MRI resonance; 20 equivalent 19F) formed micelles (170–230 nm)
decorated by Gd(L23a) with loading 3–5 · 104 Gd3C per micelle, the T1 of which
was shortened several times [42]. Such a relatively small change of relaxation
time is in agreement with a model taking into account the diffusion of the PFC
molecules inside the large (100–300 nm) hydrophobic core [43]. In the micelles,
T1 cannot be further shortened due to a long mean distance between the core
PFC molecules and Gd3C bound on the outer side of the shell. However, even
such a relatively small decrease of T1 led to a signal enhancement by 125 % [42].
Internalization of the decorated micelles into cells was followed by 19F MRI as
the Gd3C chelates are quickly separated from the covering layer during endocy-
tosis, leading to an ON/OFF 19F relaxation switch [43]. Other studies of perfluoro-
15-crown-5 micelles (90–100 nm) confirmed a small (but statistically significant)
shortening of 19F T1 [44] and the effect significantly depended on the hydrophobic
anchor. The Gd(L23b) complex with two separated chains was bound more tightly
compared to more flexible derivatives having one bis(stearoyl) anchor, e.g.,
Gd(L24). These amphiphilic complexes bound in the lipid shell influences the
PFC core T1 relaxation only at low magnetic fields (1.5–3 T, currently used in
the clinics) but they had no effect on 19F T1 and significantly reduced 19F T2 at
B0 > 6 T [44, 45].

A significantly shorter 19F T1 can be achieved if a paramagnetic ion is intro-
duced directly into the PFC core. Thus, highly fluorinated tris(β-diketonato) met-
al complexes were “dissolved” directly in the PFC and 19F T1 of the PFC was
shortened by more than one order of magnitude [46]. The best results were
obtained for the Fe3C complex, whereas the Mn2C and Gd3C complexes suffered
from too fast transversal relaxation (very short T2) leading to a significant 19F
NMR signal broadening while the diamagnetic Ga3C complex had only negligi-
ble effect on 19F relaxation [46]. A further study employing 1,1,1-tris(perfluoro-
t-butoxymethyl)ethane as the PFC core and an analogous perfluoro-fragment in
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the β-diketone L25 confirmed the best relaxation properties of the Fe3C complex
over Mn2C and selected Ln3C complexes [47]. The Fe(L26)3 complex kept a
reasonably high T2*/T1 ratio at high magnetic fields for a range of PFC materials
[48]. Among several TM ion complexes, only complexes of Mn4C, Fe3C, Co3C,
and Ga3C with fluorinated tripodal Schiff-bases (e.g., L27) were reasonably sta-
ble and the Fe3C complex was showed to have the best relaxation properties
among them [49].

Nanoobjects with a hydrophilic core and a bilayer lipid membrane (liposomes)
were also employed [50]. Liposomes encapsulating a mixture of NH4PF6 and the
Tm(HPDO3A) complex showed a 1H paraCEST effect due to exchange of water
from the inner aqueous pool with the outer bulk water but the 19F NMR signal
of the PF6

� anion quenched due to a short average distance of the fluorine atoms
from the paramagnetic Tm3C. Upon heating above the liposome’s melting tem-
perature (when its lipid bilayer collapsed), the inner aqueous solution was spilled
into the bulk water and the CEST effect disappeared. Simultaneously, the 19F
NMR signal was sharpened due to the increased distance of the PF6

� anion from
Tm3C as a consequence of the dilution [50].

3.3. Applications of 19F Magnetic Resonance Imaging Contrast

Agents and Probes

No natural background in 19F MRI predestines fluorinated CAs for “hot-spot”
imaging. They can be typically used as responsive (“smart”) CAs, the signals of
which are modulated by external stimuli or for a long-time cell tracking. The
response can be reached by several principally different mechanisms shown in
Figure 4. (i) A spacer between a 19F reporter and a paramagnetic metal ion can
be selectively cleaved off changing the reporter 19F NMR/MRI signal (Fig-
ure 4A). (ii) A flexible spacer can interact with the analyte thereby changing the
spatial separation of the 19F reporter and the paramagnetic metal ion (Fig-
ure 4B). (iii) A change of δF and 19F relaxation upon (paramagnetic) metal ion
binding to a fluorine-containing ligand (Figure 4C). (iv) The 19F shift/relaxation
change upon change of the number of unpaired electrons of the metal ion
(change of oxidation state or HS/LS cross-over) in the complex of the fluorine-
containing ligand (Figure 4D). Structures of the ligands discussed here are de-
picted in Figures 2 and 3.

The 19F NMR/MRI signal is often poorly detectable, if the paramagnetic ion
is present in a too close vicinity of 19F nuclei, and the signal becomes visible
after an elongation of the M···F distance. For this purpose, metal ions with half-
filled orbitals showing the long electron relaxation (f7: Gd3Cor d5: Mn2C/Fe3C)
are mostly used as they produce significant T2 shortening (the signal diminishing
is caused by PRE broadening and a low T2*/T1 ratio). However, some metal
ions offer modulation of δF and/or T1 with a high T2*/T1 ratio (Section 3.1),
leading to overall faster imaging experiments and a better SNR compared to
diamagnetic standards.
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Figure 4. Main mechanisms employed in the design of responsive 19F MRI agents. The
ON/OFF switch is realized by the choice of an appropriate pulse sequence. (A) Spacer
splitting leads to separation of the paramagnetic complex and the 19F reporter (molecule,
nanoparticle). (B) Spacer re-arrangement caused by interaction with the analyte changes
the mutual position of the paramagnetic complex and the 19F reporter. (C) Paramagnetic
metal complexation alters the 19F relaxation times of the ligand. (D) Change of the elec-
tronic structure of the metal ion alters the 19F relaxation times of the complex.
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3.3.1. pH-Responsive Contrast Agents

Many Gd3C-based 1H MRI CAs, the relaxation properties of which depend on
their protonation state, have been designed; however, quantification of the 1H
relaxation change with pH requires an accurate knowledge of the Gd3C probe
concentration. It can be overcome by ratiometric methods using a pH-independ-
ent resonance signal. In this respect, a proof-of-concept study employed the 1H/
19F MRI ratiometric probe where a paramagnetic Gd3C complex was used as a
pH reporter and a simple fluorinated probe as the pH-independent standard
(Gd3C had no effect on the 19F MRI signal) [51]. The potential of paramagnetic
Ln3C complexes with DOTA-mono- and -diamides bearing the (CF3)-benzyl-
amide moiety(-ies) L9, L10, and L11 for a ratiometric pH determination through
combination of 1H paraCEST effect (originating from the exchange of amide
protons with bulk water) with 19F MRI signal intensity was investigated [22].
The TM ion (Fe2C, Co2C, Ni2C) complexes of the DOTA-tetraamide derivative
L18 were suggested for the ratiometric pH determination using 1H paraCEST
as the reporter method and 19F MRI to define a probe concentration [32]. The
FeII(L12) complex was used analogously [36]. The Ln3C complexes of the
DO3A-sulfamides (e.g., L6) were found to alter their δF and 19F relaxations with
pH due to protonation and deprotonation (and simultaneous coordination) of
the amide group which alter the spatial position of the –CF3 groups [13]. A slow
exchange (in respect to the NMR timescale) between protonated and deproto-
nated species of Eu(L6) enabled ratiometric pH determination [13]. The pH
dependence of δF was also observed for a related mono-[2-(CF3)-phenyl] deriva-
tive [15]. Deprotonation of the amide group in Ln3C complexes of DOTA-
[(o-CF3)-phenyl]-monoamide derivatives (e.g., L1, L5) led to a δF change. The
pKa values were modulated by the other substituents on the phenyl ring leading
to probes suitable for a biologically relevant pH range [14].

A change between diamagnetic square-planar and paramagnetic octahedral
Ni2C complexes of 5,7-dioxocyclams L19 with the protonable/coordinable meth-
ylpyridine pendant arm and the reporting perfluoro-t-butoxymethyl moiety was
also suggested as potential pH probe [33]. The LS-to-HS spin cross-over in the
octahedral Fe2C complex of a 1,4,7-triazacyclononane (tacn)-based ligand L28
was induced by a ligand field decrease caused by deprotonation of the hydroxy
groups of L28 and it resulted in a significant magnetic susceptibility and δF

change (> 30 ppm) [52].

3.3.2. Temperature-Responsive Contrast Agents

Irreversible thermo-responsive liposomes the inner pool of which consisted of
an aqueous solution of the paramagnetic Tm(HPDO3A) complex and NH4PF6

were already mentioned above (Section 3.2) [50]. The Fe2C complexes of tacn-
based ligands (e.g., L29) changing their magnetic susceptibility with temperature
due to the HS/LS spin cross-over were suggested as thermo-responsive agents
[53].
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3.3.3. Enzyme-Responsive Contrast Agents

Incorporation of an enzyme-cleavable spacer between the 19F reporter and the
paramagnetic ion is an obvious choice for (irreversible) detection of enzymatic
activity. The PFC nanoparticles covered by a solid silica shell were decorated
with a caspase-sensitive oligopeptide terminated with the Gd3C complex of a
DOTA-monoamide derivative. The 19F MRI signal of the PFC was quenched
although the complex was located far away from the nanoparticle core and ap-
peared upon cleavage of the spacer by caspase [54, 55]. The caspase activity was
also studied on a simple conjugate of a Gd3C-DOTA-monoamide complex with
a caspase-cleavable oligopeptide terminated with 4-(CF3O)-benzylamine [56].
Similarly, the perfluoro-t-butyl group (the solubility of which was increased by
an oligo-PEG fragment) [57] or 3,5-bis(CF3)-benzylamine [58] were bound to a
Gd3C-DOTA-monoamide through an oligopeptide as 19F reporters whose NMR
signals were activated after cleavage of the spacer by a metalloproteinase. A
bimodal 19F MRI-fluorescence agent employing 7-amino-4-(CF3)-coumarin was
developed to detect caspase activity. Its binding to Gd3C-DOTA-monoamide
through the oligopeptide spacer produced a non-fluorescent and 19F MRI-silent
conjugate. Upon caspase action, free coumarin and the complex were released,
and both luminescence and 19F MRI signals appeared [59].

Another cleavage mechanism includes enzymatic action followed by self-immo-
lative decomposition of a (p-hydroxy)-benzyl carbamate ester conjugated to a
Gd3C complex. Once the original enzymatically cleavable (p-alkoxy)-benzyl group
is transformed to the (p-hydroxy)-benzyl group, the benzyl-carbamate ester de-
composes to CO2 and the free Gd3C-containing fragment. With fluorine on the
benzyl group, it leads to a rise of the 19F MRI signal. With the galactosyl residue
used as the p-alkoxy substituent, the conjugate with the Gd3C complex served as
a probe for galactosidase activity and gene expression [60]. Based on a similar
galactosidase-induced self-immolative process, the agent bearing the p-(CF3)-ben-
zyl group as the 19F MRI reporter bound to the carbamate nitrogen atom was
suggested as a dual 1H-19F MRI agent [61]. Self-immolation of a carbamate p-
hydroxy/amino-benzyl ester derivative of a DOTA-monoamide or L2b complexed
to Dy3C, Ho3C or Tm3C was used to detect esterase/peptidase activity [62]. Analo-
gously, lactamase activity was detected if cephalosporin as the enzyme-sensitive
fragment was incorporated into a linker between the Gd3C-DTPA-monoamide
complex and the terminal p-(CF3)-benzoyl reporting group [63].

A less common paramagnetic TM ion complex formation was used to detect
galactosidase activity through splitting of the galactoside-to-“phenol” bond lead-
ing to a formation of free phenolic derivatives (e.g., 3-fluororesorcinol or fluo-
rinated 2-hydroxybenzaldehyde-benzoylhydrazone) which are capable to bind
Fe3C [64]. The formation of the complexes led to a change of the ligand 19F
relaxation time (giving an ON/OFF 19F MRI switch) and δF (for 19F MRS).
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3.3.4. Metal Ion-Responsive Contrast Agents

Some time ago, it was observed that the fluorinated ligand F-BAPTA shows a
δF change by more than 20 ppm in the presence of Fe2C and even several ppm
upon complexation of diamagnetic Ca2C or Zn2C ions. Therefore, F-BAPTA was
suggested as a Ca2C-responsive probe [65]. An analogous EGTA-like fragment
with an o-dioxo-phenylene group was used as a Ca2C-binding unit in a conjugate
with DO3A-[o-(CF3)-phenyl]-monoamide L30 [62]. It was found that Dy3C and
Tm3C complexes of the conjugate show a change of δF by ≈4 ppm with Ca2C

concentration. The perfluoro-t-butyl reporting group in the AAZTA derivative
L15 is separated from Dy3C by the EGTA unit effectively binding Ca2C ions
[26]. Upon Ca2C complexation, an average distance between the paramagnetic
center and the 19F nuclei is changed, influencing 19F T1 only slightly but signifi-
cantly affecting 19F T2. When the diamagnetic Y3C analogue is used, only negligi-
ble changes of δF, T1, and T2 were observed. Thus, a cocktail of Y3C/Dy3C com-
plexes can be employed for ratiometric Ca2C sensing with the Y3C probe as an
internal standard.

If the value of the exchange rate constant between the free and complexed
ligand is smaller than the frequency separation of their 19F NMR peaks and the
signals relax slowly, measurement of 19F chemical exchange saturation transfer
(19F-CEST) between the complexed and free ligand is possible. This approach
was used for detection of diamagnetic Mg2C, Ca2C and Zn2C, and paramagnetic
Fe2C ions with F-BAPTA and its difluoro analogue [66, 67]. Sub-millimolar con-
centrations of diamagnetic metal ions like Mg2C, Ca2C and Zn2C ions were
detected by 19F-CEST utilizing DTPA-diamides of ortho-fluorinated anilines as
ligands [68].

3.3.5. Redox-Responsive Contrast Agents

A redox-cleavable spacer between a 19F reporter and a paramagnetic ion can be
used to study the redox status of the sample. The silica-coated nanoparticles with
a PFC core decorated on the SiO2 surface by Gd3C complexes of DTPA or
DO3A derivatives through a disulfide bridge were used for 19F MRI detection
of reductants [69]. A disulfide bridge was also used to connect the 3,5-bis(CF3)-
benzamide fragment and the Gd3C-DOTA-monoamide complex conjugated to
aminoluciferin and the conjugate formed nanoparticles with a hydrophobic core.
It showed no 19F MRI signal due to large PRE, no luminescence due to quench-
ing of aminoluciferin by the amide bond, and a high 1H longitudinal relaxivity
due to a macromolecular character of the aggregate. Upon splitting of the disul-
fide bond by glutathione, 1H relaxivity dropped but fluorescence and 19F MRI
signals rose [70].

The Gd3C complex of DOTA conjugated through the N,N′-hydrazide group to
the 3,5-bis(CF3)-benzoic acid is 19F NMR silent. The hydrazide group was selec-
tively oxidized to N2 by HClO, the Gd3C-DOTA complex and the 3,5-bis(CF3)-
benzoic acid were disconnected. It resulted in the appearance of a 19F NMR/
MRI signal [71].
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The different coordination ability of the Cu2C/CuC pair was employed to de-
tect reductive conditions. Several cyclam derivatives bearing one or two fluorine-
containing pendant arms formed Cu2C complexes which were silent in 19F MRI.
After reduction of paramagnetic Cu2C to diamagnetic CuC by cysteine, the com-
plexes dissociated and the signal of the free ligand became visible [72]. A similar
approach was used employing the ATSM ligand family with fluorinated tags,
perfluoro-t-butoxy-PEG groups (e.g., L31) [73]. Its Cu2C complex was 19F MRI-
silent due to PRE but, after reduction to diamagnetic CuC, the 19F MRI signal
rose as a result of complex dissociation. A bimodal Cu2C complex of an ATSM
derivative with the –CH2CF3 group and the fluorescein moiety was developed
[74]. Its Cu2C complex was 19F MRI- and fluorescence-silent but reduction to
CuC led to the development of both 19F MRI and luminescence signals.

The paramagnetic HS-Co2C complex of L20a can be oxidized to the diamagnetic
LS-Co3C complex by various reactive oxygen species (ROS). The change is reflect-
ed by a sharper and increased 19F NMR signal due to a significant change of
relaxation times [34]. The Co2C complex of L20b bearing the perfluoro-t-butyloxy
group was used to detect H2O2 and peroxidase activity [35].

A pair of Mn3C/Mn2C complexes of L22 was suggested as a redox-responsive
probe [37]. Whereas the Mn2C complex showed high 1H longitudinal relaxivity
and a very broad 19F NMR signal due its HS-d5 state, the 19F NMR signal of the
Mn3C complex is shifted by ≈10 ppm and is much sharper and easy to detect. A
suitable value of the Mn3C/Mn2C redox potential enables detection of various
ROS.

3.3.6. Contrast Agents Responsive to Other Stimuli

Phosphates and phosphate ester anions of AMP, ADP or ATP were bound to a
dinuclear Zn2C complex of 2,6-bis[(dipicolyl)aminomethyl]-4-fluorophenol and
the complex served as 19F NMR receptor for the anions [75]. The structurally
similar phosphate-binding motif of a Zn2C complex of 1,3-bis[(dipicolyl)amino-
methyl]benzene was coupled to Gd3C-DOTA-monoamide. When such a recep-
tor was added to a solution of the p-(CF3)-phenyl-phosphate monoester serving
as a probe, its 19F NMR signal was gradually broadened and disappeared due to
phosphate binding to Zn2C ions located close to the Gd3C-DOTA unit. In addi-
tion of diphosphate which binds to the receptor more strongly than p-(CF3)-
phenyl-phosphate, the 19F NMR signal of the probe was restored [76]. Complex-
es of DO3A derivatives with Ln3C ions are able to coordinate two inner-sphere
water molecules which can be easily replaced by bidentate anions. The Ho3C

and Tm3C complexes of DO3A-monoamide with a (CF3)-phenyl group were
suggested as anion-responsive probes for citrate, lactate, phosphate or bicarbon-
ate. Replacement of the water molecules with these anions resulted in a change
of δF and the 19F signal linewidth [62].

3.3.7. Long-Term Cell Labelling

Long-term cell labelling to track cells after transplantation is a very attractive
utilization of 19F MRI probes [77]. Surprisingly, paramagnetic 19F MRI tracers
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have been used relatively rarely for cell labelling/tracking. Micelles incorporating
the paramagnetic complex Gd(L24) on their surface were used for cell tracking
and reduction of 19F T2 (but no alteration of T1) was observed after the cell
internalization [45]. The quickly relaxing and non-toxic Ni(16a) complex was
used for in vitro labelling of mesenchymal stem cells [30].

4. 19F MAGNETIC RESONANCE IMAGING

MEASUREMENTS

Although MR scanner manufacturers usually do not provide their own 1H/19F
radio frequency coils, several commercial companies offer dedicated coils, both
surface and volume ones.

An obvious requirement is to use one coil for both 1H and 1F MRI to acquire
a 19F image and the anatomical 1H background during one session without repo-
sitioning of the measured object. The simplest way to solve this problem is a
single-loop coil with capacitors tunable in a broad range of frequencies covering
both proton and fluorine ranges, as it was used in [78, 79]. This solution might
not be very convenient due to an inhomogeneous B1 profile, a sensitivity strongly
dependent on the distance of the object from the coil, a longer time needed
for tuning, and a necessity of mechanically resilient capacitors. Therefore, other
concepts of dual frequency coils were examined [80], which include a design with
two separated perpendicularly oriented coil sets, one tuned to 1H and the other
one for 19F, e.g., resonator volume coils [81]. This concept enables construction
of volume coils with higher sensitivity and more homogeneous excitation across
a larger volume. To avoid mechanical switching between the 1H and 19F circuits,
pin-diode switches were introduced in the coils [82, 83]. A high SNR can be
reached with a fluorine cryoprobe [84] providing spatially highly resolved 19F
images. Multichannel 1H/19F coils for human studies have been designed and
constructed [85].

Both MRI and MRS can be used for 19F detection [86, 87]. While MRI pro-
vides information about spatial distribution of the 19F probe, it may suffer from
a low signal (due to small image voxels) if the probe contains magnetically non-
equivalent 19F nuclei. If we surrender spatial resolution, MRS may provide sub-
stantially higher signals. Spectral resolution of MRS also enables discrimination
of probes containing 19F nuclei with different δF [88], which is strongly affected
by bound paramagnetic metal ions.

One of the major issues is the concentration of a fluorinated tracer. While the
concentration of water in the human body is approx. 45 M, body concentrations
of externally added 1H MRI CAs are in the sub-millimolar range. Similarly, mM
concentrations of fluorinated tracers are commonly taken as a detection thresh-
old in 19F MRI [86, 89] with diamagnetic 19F probes, within a reasonable scan-
ning time (5–10 min), depending on magnetic field strength and experimental
setting including image voxel size. The detection limit is estimated to be ≈ 4 · 1016

of (diamagnetic) 19F nuclei per image voxel with SNR 3 at 7 T [87, 89, 90].
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To increase the signal intensity, several approaches besides already discussed
probe design should be considered. The simplest approach is an increase of the
image voxel which of course leads to worsened spatial resolution. It might not
be a too serious problem if the probe is also detectable by 1H MRI due to the
presence of a paramagnetic ion. The 1H MRI then provides exact localization of
the probe (albeit non-specific) linked with the specific 19F MRI having lower
resolution [24, 29, 37]. Another obvious solution is an increase of the number of
acquisitions, as the SNR increases with the square root of the acquisition num-
ber. However, lengthening of the scanning time is strictly limited in in vivo stud-
ies. Introduction of paramagnetic ions into the probes substantially shortens repe-
tition time and, thus, enables to shorten scanning time and/or increase a number
of repetitions. For instance, an estimated 80-times reduction of T1 in the case of
PFC nanoemulsions containing chelated Fe3C may lower the detection limit more
than 8-times [46].

Sequence choice and sequence optimization are crucial parameters, and they
should be carefully tailored to the used 19F probe. Basic principles are the same
for both 1H and 19F MRI, mainly the sequence timing should correspond to the
nucleus relaxation times. The fluorine “hot-spot” MR imaging implicates that the
timing is usually targeted to gain the maximum signal, not contrast. Diamagnetic
fluorine probes have long relaxation times and, therefore, standard turbospin
echo sequences may be used for a faster filling of the k-space. Long T1 (up to
several seconds) requires a long repetition time. Longer T2 (tens to hundreds of
milliseconds) enables acquisition of more echoes before the signal vanishes. Each
echo can be utilized for calculation of one row of the image k-space. Therefore,
during one scan, several rows can be acquired accelerating the image acquisition.
Optimization of the echo train length means setting echo time (echo spacing),
turbofactor (i.e., a number of echoes per scan), and repetition time to fully em-
ploy long T1 and T2 with respect to the bandwidth and image geometry.

Paramagnetic metal ions induce substantial reduction of relaxation times down
to several milliseconds for T1 and a sub-millisecond range for T2. The MR signal
should be acquired before the signal vanishes due to short T2 and, therefore, the
used sequence requires faster timing. While spin echo-based sequences have
echo spacing of several milliseconds, shorter echo times may be reached using
gradient echo sequences with echoes in the sub-millisecond range, or via ultra-
short echo time (UTE) or zero-echo time (ZTE) sequences with radial k-space
filling [18]. Although one echo at a time can be obtained for a gradient echo
sequence, the substantial reduction of T1 enables repetition time shortening up
to two orders of magnitude and accelerated image acquisition. More acquisitions
can be obtained within the same scanning time and it leads to a better SNR and
a lower detection limit [13]. As the static magnetic field strength of the scanner
has a substantial impact on relaxation times, especially in the presence of para-
magnetic metal ions (as discussed above, Sections 2 and 3), it should also be
considered while optimizing the sequence parameters [4]. In a simplified way,
standard turbospin echo sequences are better for diamagnetic compounds, while
paramagnetic probes benefit from gradient echo, UTE or ZTE sequences.
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5. CONCLUSIONS AND OUTLOOK

19F MRI has been proven to be a viable alternative to “classical” 1H MRI in
utilizations where “hot-spot” imaging is advantageous. The sensitivity issues can
be overcome by using fluorous soft nanoparticles. The detectability of such 19F
MRI CAs was pushed closer to that of Gd3C-based 1H MRI CAs due to a very
high number of (semi)equivalent fluorine atoms. These supramolecular assem-
blies have some limitations due to their (particle) size regarding the stability in
body/cellular fluids, problematic tissue in vivo targeting, body elimination, etc.
Another sensitivity improvement relies on the shortening of long relaxation
times of the 19F nucleus. The best approach seems to be a combination of a high
number of fluorine atoms in the nanoparticles or in defined molecules, with the
short relaxation times induced by paramagnetic metal ions. Traditional trivalent
lanthanides used in NMR and MRI for a long time have been recently supple-
mented with transition metal ions which bring interesting possibilities for tuning
of various physico-chemical properties. However, it is essential to keep in mind
two main differences in the effect of paramagnetic metal ions in 1H and 19F
MRI. (i) Paramagnetic relaxation of bulk water is mediated mainly by chemical
exchange of the coordinated water molecule in Gd3C-based 1H MRI CAs. How-
ever, paramagnetic ions are mostly directly bound to the 19F MRI probes and
their influence on 19F relaxation times is usually much stronger, mainly due to
the short distance between the metal ion and fluorine atom. It is the most crucial
parameter in the design of the 19F MRI CA and must be carefully optimized.
(ii) Water 1H relaxation times strongly depend on the probe concentration (there
is a linear correlation between relaxation rate and concentration). The 19F relax-
ation has no direct concentration dependence as the interaction between the 19F
nuclei in the molecule/nanoobject and the directly bound paramagnetic metal
ions is usually much stronger than their interaction with other paramagnetics in
the solution.

It should be stressed again that the 19F MRI “hot-spot” imaging should be
ideally complemented with “classical” 1H MRI. The tracers can also be localized
in a particular tissue by targeting and concentrated up to a level which can be
detected. Metal-based 19F probes offer a “colorful” imaging due to differences
in the probe δF as well as various responsive mechanisms which are more diverse
than those available for “classical” 1H MRI. Combination of 1H and 19F MRI
tracers is very suitable for the design of ratiometric responsive probes. Generally,
the paramagnetic tracers are expected to substantially boost sensitivity and may
open a way to new applications. Mainly in recent years, the chemistry of the 19F
MRI CAs and MR methodology behind the imaging have been significantly
improved and 19F MRI/MRS has found its way into experimental preclinical
(now mainly for the study of the physiological status of tissues by responsive
agents, cell labeling, and cell transplant tracking) and even clinical practice.
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ABBREVIATIONS

AAZTA 1,4-bis(carboxymethyl)-6-[bis(carboxymethyl)]amino-6-
methylperhydro-1,4-diazepine; 6-amino-6-methylperhydro-1,4-
diazepine-N,N′,N″,N″-tetraacetic acid

ADP adenosine 5′-diphosphate
AMP adenosine 5′-monophosphate
ATP adenosine 5′-triphosphate
ATSM diacetyl-2,3-bis(N4-methyl-3-thiosemicarbazone)
BAPTA 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid, see

Figure 3
CA contrast agent
CEST chemical exchange saturation transfer
CN coordination number
DFT density functional theory
DO3A 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid, see Figure 2
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid, see Fig-

ure 2
DTPA diethylenetriamine-N,N,N′,N″,N″-pentaacetic acid, see Figure 2
EGTA ethyleneglycol-bis(2-aminoethyl ether)-N,N,N′,N′-tetraacetic acid
HPDO3A 10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triacetic acid, see Figure 2
HS high-spin
LS low-spin
LW linewidth
MR magnetic resonance
MRI magnetic resonance imaging
MRS magnetic resonance spectroscopy
NMR nuclear magnetic resonance
PAMAM polyamidoamine (dendrimer)
paraCEST paramagnetic chemical exchange saturation transfer
PEG polyethyleneglycol
PFC perfluorocarbon
PRE paramagnetic relaxation enhancement
ROS reactive oxygen species
SA square-antiprismatic / square-antiprism
SNR signal-to-noise ratio
tacn 1,4,7-triazacyclononane
TM transition metal (d-element)
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TSA twisted square-antiprismatic / twisted square-antiprism
UTE ultrashort echo time
ZTE zero-echo time
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Abstract: Iron oxide nanoparticles (IONPs) have been studied extensively and used as plat-
forms for bio-imaging applications. This is the result of their strong Magnetic Resonance Imag-
ing (MRI) contrast enhancement effects which brought them to clinical use, their recent devel-
opment as Magnetic Particle Imaging (MPI) probes and their versatility for multimodality
imaging applications. In this chapter we first describe their main synthetic methodologies,
their characterization techniques and the physico-chemical properties, in vivo biodistribution,
excretion, toxicity and degradation processes that are at the basis of their imaging applications.
The contrast mechanisms used by IONPs in MRI and MPI are described, and are illustrated
by typical examples of their use for in vivo pre-clinical single modality and multimodality
molecular imaging applications. Perspectives on their use in theranostic and potential clinical
developments are also discussed.

Keywords: bio-imaging · iron oxide nanoparticles · magnetic particle imaging · magnetic reso-
nance imaging · multimodal imaging

1. INTRODUCTION

Over the past decades, the progress made in science and technology has led to
the development of novel non-invasive biomedical imaging modalities, such as
X-ray computed tomography (CT), magnetic resonance imaging (MRI), optical
fluorescence imaging (OI), positron emission tomography (PET), single-photon
emission-computed tomography (SPECT), ultrasound (US) and photoacoustic
imaging (PAI). The high sensitivity and resolution of these techniques facilitated
high quality preclinical and clinical research in the domain of molecular imaging
and led to enormous progress in the understanding of biological processes as
well as the detection of diseases [1, 2]. Imaging agents have been introduced to
overcome instrumental limitations in the different imaging techniques, amongst
which are iron oxide magnetic nanoparticles (IONPs) [3]. Besides many applica-
tions in technology, such as magnetic storage media and applications in bio-
sensing, medicine, such as cell separation, targeted drug delivery, and hyperther-
mia, IONPs have been prominently used as platforms for contrast agents (CAs)
in MRI and magnetic particle imaging (MPI) [4–10]. This is due to the possibility
of controlling their size, composition, surface coating and biological functionali-
zation to direct them to specific biological targets in vivo. Furthermore, their
magnetic parameters, such as saturation magnetization (Ms) and magnetic aniso-
tropic constant (KA) that affect their MRI contrast and MPI signal effects can be
optimized. They can also be used as flexible platforms for multi-modal imaging
applications, such as MRI-MPI, MRI-OI, and MRI-PET/SPECT, combining the
advantages of each of the imaging modalities to optimize the accuracy of the
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generated images. For in vivo applications, the IONPs should have high MS val-
ues, a narrow particle size distribution with an average size smaller than 100 nm,
with a non-toxic and biocompatible surface coating [4].

In this chapter we start by describing: (a) the principles for the design of
IONPs for bio-imaging applications; (b) the chemical routes for their synthesis;
(c) the physical techniques used for their basic characterization; (d) the physico-
chemical properties required to optimize their efficacy in the various imaging
modalities; and (e) their basic in vivo biodistribution, excretion, toxicity, and
degradation issues. Thereafter, we discuss the physical basis for the contrast ef-
fects of IONPs on MRI and MPI imaging modalities, their advantages and disad-
vantages, and describe some in vivo preclinical applications in the area of cell
targeting, molecular imaging, as well as clinical applications. Finally, we describe
some examples of such applications using IONPs-based platforms for multimo-
dal imaging, particularly with MRI-PET/SPECT combinations.

2. DESIGN AND CHARACTERIZATION OF IRON OXIDE

NANOPARTICLES

2.1. Design of Iron Oxide Nanoparticles

In the frame of bio-medical imaging applications, the most widespread nanopar-
ticles (NPs) are the ferrous ferrite magnetite (Fe3O4) and its oxidized equivalent
the maghemite (γ-Fe2O3). They have been the object of much attention for more
than 50 years [11] and even more since the advent of the nanoworld. Not only
their size control but also their shape and surface design are required to obtain
the best from NPs, such as MRI contrast and MPI signal. This is why many
syntheses have been designed and developed to exercise as much control as
possible on these NPs (mean size and size distribution, crystallinity, purity, which
have a strong influence on not only their biocompatibility but also the perfor-
mance of the intrinsic magnetic properties).

2.2. Synthetic Methods

The many methods found in the literature to generate IONPs can be sorted in
two classes, those performed in aqueous media and those performed in organic
solvents. The most investigated synthetic routes, when bio-applications are con-
cerned, remain those taking place in aqueous media due to the high availability
of the lab setup and the low cost of the reagents, the overall straightforwardness
of the process scale-up, and the associated low toxicity of these routes. Conven-
tionally, the aqueous process consists in the alkaline precipitation of an adequate
solution of Fe(II) and Fe(III) under inert atmosphere, the so-called co-precipita-
tion route, which will generate magnetite NPs according to Equation (1).

2 Fe3C C Fe2C C 8 OH– → Fe3O4 C 4 H2O (1)
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The size, the shape, and the chemical composition of the NPs strongly depend
on many parameters: the iron concentration, the Fe2C/Fe3C ratio, the nature of
salt precursors (e.g., chlorides, sulfates, nitrates), the reaction temperature, the
pH, ionic strength of the media [12–17], and the aging time [18]. Following this
precipitation process, an ageing step is taking place and caution should be devel-
oped to avoid irretrievable aggregation of the IONPs. To do so, two choices are
possible: (i) heat the colloidal dispersion in the presence of surfactant which will
provide the required stabilization of the ferrofluid in a nonpolar solvent [19] or
(ii) treat the same suspension with either a very concentrated acid or base solu-
tion to provide an electrostatic stabilization in water [20, 21].

This approach by co-precipitation requires however, improvements in terms
of control of both the size of the particles and their size distribution [12]. The
IONPs prepared in this way tend to be somewhat polydisperse, signifying that
nucleation and crystal growth are more or less concomitant all along the reaction
process. From the time when the model developed by La Mer and Dinegar was
published [22], based on the separation of the nucleation period and the crystal
growth one, it is admitted that a swift nucleation burst followed by a subsequent
slow and controlled growth is decisive to provide monodisperse particles. This
can be performed by dilution of the reagents or by addition of organic species
to modulate the reactivity of water. The effect of organic ions for example on
the formation of metal oxides can be rationalized considering two competing
mechanisms: (i) an early chelation of the metal ions which prevents the nuclea-
tion and leads to large particles because the number of nuclei formed in solution
is low and the overall system is controlled by the particle growth, (ii) or a post-
adsorption of additives/surfactants on the nuclei and the growing crystals to in-
hibit their growth and favor the formation of small particles. For example, size-
controlled maghemite NPs were prepared starting with the formation of magne-
tite in the presence of trisodium citrate, in an alkaline medium, and the subse-
quent oxidation by Fe(NO3)3 at 90 °C for 30 min [21]. The particle size increased
from 2 to 8 nm by varying the molar ratio in citrate and metal ions (Fe2C and
Fe3C). The role of more than a few organic anions, such as carboxylate and
hydroxy carboxylate ions, on the formation of iron oxides or oxyhydroxides was
extensively studied [23–25].

Recent advances in the co-precipitation method led to a scale-up of the process
with continuous monitoring of the magnetization [26]. An interesting alternative
to these conventional routes to prepare these hydrophilic magnetite NPs in one
step in aqueous media relies on the hydrothermal process. Recently, this rapid
and easily scalable hydrothermal synthesis of NPs has been reported and exploit-
ed [27–29].

The thermal decomposition of organometallic compounds generally yields NPs
which are more crystalline as well as more monodisperse and in the diameter
range of 5–30 nm. This method has been widely used to produce Fe or Fe-alloy
NPs since the sixties. From now on, it is also applied to iron oxides [30] and
various approaches and improvements have since been developed. Iron carbon-
yl, acetate, acetylacetonate, carboxylate, cupferronate, and chloride are some of
the most commonly used precursors as long as the thermal decomposition in
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high-boiling organic solvents is used (e.g., o-dichlorobenzene, oleylamine, octyl
ether) [31–34]. Long chain organic acids or amines play a role of stabilizing
agent, providing hydrophobic NPs which require an additional step to make
them hydrophilic. Still, NPs when produced in 2-pyrrolidone, which acts as both
stabilizing agent and liquid medium for the thermal decomposition of Fe(acac)3,
are directly water-dispersible [35, 36]. If the oxidation number of iron in the
precursor is zero, as for Fe(CO)5, the thermal decomposition essentially leads to
amorphous iron NPs [12, 37]. These NPs formed in such a way are very sensitive
and readily oxidized in air [38] or by other oxidation reagents. γ-Fe2O3 NPs can
also be directly obtained in such a reaction medium by introducing a mild oxidiz-
ing agent (e.g., trimethylamine oxide) into the reaction solution [39]. When the
iron in the other precursors is “pre-oxidized”, the iron oxide NPs are then ob-
tained right away [30]. Their size and morphology are influenced by the nature
and relative amounts of iron precursors, solvents, and stabilizing agents, as well
as the reaction conditions, i.e., the temperature and the reaction time. This ther-
mal decomposition process also gives rise to a variety of ferrite NPs by playing
with the organometallic precursors of metals other than Fe leading to the devel-
opment of FeM (finite element method) alloy NPs. The later may be oxidized
simultaneously or successively [32]. Other strategies such as the polyol synthesis
were also developed and provide particles with very different structures and
morphologies in the nanometer size range [4, 40]. Over the past two decades,
the microwave-assisted synthesis was also applied to generate NPs reducing the
synthesis time from hours to minutes, and increasing both the product yield and
material properties as well as the experiments’ reproducibility as compared to a
conventional heating [41, 42]. The preparation routes for transition-metal oxide
NPs, and especially iron oxide NPs, rely on non-hydrolytic pathways, in non-
aqueous solvents [43]. These syntheses give a good control on the structure, size,
and morphology of the formed NPs.

However, besides the required rigorous and strong control of the synthetic
conditions, including oxygen-free atmosphere, long reaction time, and high reac-
tion temperatures, there are potential issues from a bio-application point of view
with this thermal process: the use of detrimental stabilizing agents that may
decrease the efficiency of the NPs subsequent surface modifications and the use
of toxic solvents which may be detrimental for the biocompatibility of the NPs.
Moreover, these stabilizing agents, which are most of the time surfactants that
bind to the NP surface, make them hydrophobic, so that additional steps are
needed to transfer and stabilize these particles in an aqueous medium for a
subsequent use in biomedical applications. This transfer to water may suffer from
irreversible aggregation of the particles even if methods to avoid this outcome
have been developed [44].

2.3. Physical Characterization Techniques

There are many physical techniques used to characterize the physicochemical
properties of NPs. X-ray diffraction (XRD) with conventional and synchrotron
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radiation sources is one of them. The XRD pattern of a crystalline phase gives
rise to the reflections (peaks) of different intensities which give a fingerprint of
the crystalline structure of the NP. XRD also provides information about the
crystal size and perfection, and its structural parameters (unit cell edge lengths).
The average crystal size can be calculated from the XRD line broadening based
on the Scherrer formula (Equation (2a)) which describes the corrected width of
an XRD line at an angle θ as a function of the average size of the coherently
scattering domain D perpendicular to the hkl plane:

D =
Kλ

β cos θ
(2a)

where β is defined in Equation (2b)

β = √B2 C b2 (2b)

β is the true width of the X-ray peak at its half height and K is a shape factor
(0.89 for a sphere). The true width can be corrected from the instrumental width
with Equation (2b) where B and b are the widths at half height of the most
intense peak of the sample and of a well-crystallized sample reference. Magnetic
NPs used in biomedical applications are generally monocrystalline and the size
of the scattering domain D usually corresponds in a first approximation to the
NPs size. However, the Scherrer formula does not necessarily take into account
passivation layers or surface structural defects or surface strains due to the syn-
thesis method used or to the post-synthesis oxidation processes. All these surface
defects also participate in the enlargement of the peaks and the true crystal size
is then underestimated when this parameter is neglected. The size of the magnet-
ic NPs and their size distribution are then estimated using other techniques such
as Mössbauer spectroscopy [45–48], extended X-ray absorption fine structure,
infrared spectroscopy, transmission electron microscopy (TEM), photon correla-
tion spectroscopy (PCS) or also alternate current and direct current magnetome-
try.

These techniques may reveal features not visible by XRD which are usually
attributed to the defects and the formation of a less ordered layer on the particle
surface. In some cases, the stabilizing agent is also reported influencing the struc-
ture of the particles surface and the magnetization values [49]. Because of their
limited number of cubic cell units, NPs can be considered as less-ordered systems
which are neither completely crystalline nor completely amorphous, explaining
why an exact determination of their size often requires the combination of differ-
ent analytical techniques. Additionally, in certain cases, XRD on its own is not
able to distinguish ferrites such as magnetite and maghemite, which both have
the same inverse spinel structure, so that neutron diffraction is used to proceed
to the differentiation. Infrared [50] and Raman [51] spectroscopies, electron dif-
fraction, and high resolution electron microscopy (HR-TEM) also provide addi-
tional useful information. Eventually, X-ray spectroscopy (XPS) can also be used
to provide information on the oxidation state of iron in small particles because
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both the ferrous and ferric ions can be detected and quantified on the spectra
[52].

The overall size of the particle core is determined by TEM (crystalline and
amorphous parts) which also provides details on the size distribution and the
shape of the particles as well as a weighted mean value, when performed on a
statistically significant number of NPs provided the sample preparation does not
affect the results by inducing inadequate NPs aggregation on the grid. HR-TEM
gives access to the atomic arrangement in the crystals. It is then used to study
lattice fringe, lattice vacancies and defects, the disorder and thickness of the
surface layer [53]. Small-angle neutron scattering is also used to determine the
size, polydispersity, shape (shape ratio), and structure of NPs [54]. Infrared spec-
tra and diffuse reflectance IR spectroscopies can be used not only to provide
additional structural characterizations on maghemite by analysis of different vi-
brational modes [50] but also on the coating at the periphery of the NP (shell,
corona, ligands, etc.). Raman spectroscopy is a complementary technique useful
to get insights into the chemical composition and structure of magnetic fluids
based on ferrites [51], as well as to give suitable information regarding the struc-
ture and bonding of the molecules adsorbed at the surface [55].

As far as the characterization of NPs in solution is required, PCS and zeta
potential (ζ-potential) measurements are very useful. PCS, also termed dynamic
light scattering (DLS) or quasi-elastic light scattering (QLS), is a classical tech-
nique which determines the average size of NPs dispersed in a liquid phase,
their diffusion coefficient in solution and then the hydrodynamic radius of a
corresponding sphere, and the corresponding size distribution [56]. A colloidal
fluid stability characterized by its ζ-potential, (the electrical potential at the
shear plane or slipping plane), depends on the surface charge density, the shear
plane location, and the surface structure and it is a very important parameter
with respect to many features of the dispersed materials [57, 58].

The comparison of the variation of the ζ-potential with the pH of surface-
modified NPs with that of pristine NPs is useful to check their isoelectric point
(IEP) and to investigate the stability of these dispersions. The comparison of
IEPs can help in understanding the nature of the surface site groups and on the
effectiveness and quality of the surface modification [59, 60].

2.4. Physical Properties Relevant for Bio-imaging

In the specific case of IONPs, the physical property which prevails for bio-imag-
ing is their magnetism. Maghemite as an example is ferrimagnetic at ambient
temperature, unstable at high temperatures, and it drops its magnetic susceptibil-
ity with time [61]. For sizes smaller than 10 nm, the NPs become superparamag-
netic at ambient temperature, with the spins associated to the iron ions present
in a single magnetic domain corresponding to the size of the NP. Then, their
thermal energy is comparable to the energy needed for the spins to flip their
direction in an applied magnetic field, with a rapid randomization of the magnet-
ic dipoles. Such NPs are called superparamagnetic because their magnetization
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appears to be zero on average with no external field but becomes magnetized in
its presence, similarly to a paramagnet. This means that it is possible to make
an analogy between the behavior of the small magnetic moment of a single
paramagnetic atom and that of the much larger magnetic moment of a nanosized
magnetic particle which is the result of the coupling of many atomic spins and
forms monodomains [62]. Surface effects and defects as well as chemical surface
modifications have a strong influence on the magnetic properties of the IONPs;
they induce a net magnetization decrease with increasing temperature [63] and
coercivity of the oxide nanoparticles [64].

2.5. In Vivo Distribution, Toxicity, and Degradation

Iron oxide NPs have been comprehensively used over the past two decades, not
only as operative bio-imaging contrast agents but also as nanocarriers of various
types of bio-molecules such as drugs, nucleic acids, and peptides for a controlled
delivery to specific organs, tumors and tissues. Their most relevant and important
criteria to be tuned to control their in vivo pharmacokinetics and biodistribution
are their size and their size distribution, their charge, their surface coating (mole-
cules or polymers), and their plasma protein adsorption. All these parameters
have been reviewed in excellent reviews which also take into account the short-
and long-term side effects of the IONPs in light of both the biological barriers in
the body and the NP design [4, 65]. Liver uptake of IONPs is the most effective
elimination pathway of these nanoparticles, even when the IONPs are tuned for
specific targeting of tissues or organs. It is in this organ that mechanisms involved
in intracellular degradation of IONPs similar to those related to ferritin are
assumed to take place. In the case of ferritin, the protein shell first is dissolved
by lysosomal proteases; the internal IONPs are then released and rapidly dis-
solved in the acidic environment of the lysosomes [66]. After their degradation,
the excess of iron in the organs needs to be regulated through the innate clear-
ance mechanisms of the body [67] or it would otherwise induce acute inflamma-
tion and toxicity through reactive oxygen species generation [68–71].

Many groups worldwide have been working to contribute to the IONPs safety
so that nowadays they can be used widely in bio-medical applications since sever-
al years even if in limited domains, thanks to the increased efficiency of the new
strategies of functionalization and coating developed to increase their biocom-
patibility, colloidal stability, and to avoid phagocytosis by the reticuloendothelial
system. IONPs and superparamagnetic IONPs have been and are still involved
in numerous clinical studies; some of them approved by the U. S. Food and Drug
Administration in iron replacement therapies, as MRI contrast agents in imaging
and for cancer treatment by magnetic hyperthermia, to treat anemia due to
chronic kidney disease and so on [68, 72–76].
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3. IRON OXIDE NANOPARTICLES FOR MAGNETIC

RESONANCE IMAGING

3.1. Effect of Iron Oxide Nanoparticles on Magnetic

Resonance Imaging Contrast Enhancement

MRI is one of the most powerful clinical imaging tools available, due to its
unique properties. Despite its relatively low sensitivity, it is non-invasive, free of
ionizing radiation, and provides tomographic images with large penetration
depth, outstanding spatial resolution (maximum 10 μm in preclinical systems and
50 μm in clinical scanners) and high soft tissue image contrast. This contrast
results mainly from differences in NMR intensities of abundant tissue water
protons, which derive mostly from their longitudinal (R1 = 1/T1) and transverse
(R2 = 1/T2) nuclear spin relaxation rates [77]. The image contrast between nor-
mal and diseased tissues can be enhanced by applying contrast agents (CAs) that
can selectively increase these parameters [77–79]. The efficacy of CAs is given
by their relaxivity, the longitudinal or transverse relaxation rate enhancement
for a solution containing 1 mM of magnetic metal ions (r1 and r2, respectively,
in mM–1 s–1).

Presently, the clinically used CAs are based on highly stable paramagnetic Gd3C-
containing chelates. Because they have r1 > r2, they lead to bright areas in T1-
weighted (T1w) images, and are called positive or T1 CAs. T2 or negative CAs
have r2/r1 > 2, giving rise to dark areas in T2w or T2w

* images, and consist of
superparamagnetic IONPs of size 1–150 mm [77–79]. The most common ones are
ultrasmall superparamagnetic iron oxides (USPIO, 5–40 nm, with only one nano-
crystal in the core), and superparamagnetic iron oxides (SPIO, 60–150 nm, with
several nanocrystals in the core). These NPs have been thoroughly investigated as
MRI contrast agents and some were approved for clinical use in Europe [4].

The r1 and r2 values of superparamagnetic NPs have inner-sphere (IS) and
outer-sphere (OS) contributions. The IS contribution arises from the exchange
of the protons of water molecules directly coordinated to the paramagnetic
Fe2C/3C ions on the surface of the NPs with bulk water. The r1IS and r2IS are
often negligible for small NPs, with low surface-to-volume ratios [4]. The OS
mechanism has usually much larger relaxivity contributions, as it results from
the diffusion of the water molecules in the magnetic field inhomogeneities gener-
ated by the magnetized NPs in their vicinity. It is governed by the volume frac-
tion of the superparamagnetic particles (υ), the diffusion correlation time (τD =
d2/4D, where d is the diameter of the particle and D is the diffusion coefficient),
and the magnetization of the NP (M = Ms) at the B0 value of the clinical MRI
scanner (Figure 1).

In a colloidal dispersion of superparamagnetic NPs in the presence of a magnetic
field, the return of the magnetization to equilibrium by T1 and T2 relaxation is
determined by two different mechanisms, known as the Néel and Brownian relaxa-
tion processes, with relaxation times τN and τB, respectively (see Figure 2 below)
[4]. The magnetic energy of a NP single domain varies with the orientation of its
magnetization vector (relative to the crystallographic directions). The directions
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Figure 1. Illustration of the inner sphere and outer sphere contributions to the T2 relaxa-
tion of water protons induced by a magnetic nanoparticle.

that minimize this energy are known as anisotropy directions or easy axis and
thus, the energy increases with the tilt angle θ between the magnetization vector
and the easy directions. The total amplitude of this variation is the anisotropic
energy (EA) and it is proportional to the crystal volume V (Equation 3):

EA = KAV (3)

where KA is the anisotropy constant. At high anisotropy, the magnetization is
locked in the easy axes, according to Boltzman’s law which favors the direction
of the lower EA. The Néel relaxation describes the return to equilibrium of the
magnetization of each of the NPs after a perturbation that tilts it away from the
direction of its easy axis, and thus it defines the fluctuations that arise from the
jumps of the magnetization between different easy directions (Figure 2). The
Néel relaxation time is a function of EA according to the Arrhenius law (Equa-
tion 4),

τN = τ0 exp (EA/kBT) = τ0 exp (KAV/kBT) (4)

where kB is the Boltzman constant and T is the absolute temperature. The pre-
exponential factor (τ0) depends on EA. For USPIO at room temperature, with a
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Figure 2. Illustration of the two components of the magnetic relaxation of a magnetic
fluid. Reproduced from ref. [4], with permission from the American Chemical Society,
copyright 2008.

radius lower than 4 nm, the low anisotropy condition applies. Thus, for small EA

and high T, EA / kT, and τN ≈ τ0 decreases as EA increases. However, large
NPs, such as SPIO, with many crystal domains, may have very high anisotropy
energy. With EA [ kT, τN ≈ exp (EA/kT) increases very fast with increasing
EA.

The second process is the Brownian relaxation, defined by the relaxation time
τB (Figure 2), which characterizes the viscous rotation of the particle (Equation 5),

τB = 3 VHη/kBT (5)

where η is the viscosity of the aqueous dispersion and VH is the hydrodynamic
volume.

The global magnetic relaxation rate of the colloid is the sum of the Néel and
Brownian relaxation rates, τ�1 = τN

–1 CτB
–1, where τ is the global magnetic

relaxation time. For large particles, τB / τN, because τB is proportional to V
and τN increases exponentially with V. This fast rotation process becomes domi-
nant and the corresponding fast magnetic relaxation allows the solution of the
NPs to be always at thermodynamic equilibrium. This is characteristic of a super-
paramagnetic material, where the magnetization variation with the external mag-
netic field (H) is proportional to a Langevin function and leads to a characteristic
magnetization curve M(H) which saturates at high H, defining the saturation
magnetization MS [80].

In these systems, r1 and r2 can be described by Freed’s model for paramagnetic
systems using the diffusion correlation time (τD) and considering the electron
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spin longitudinal relaxation time τS1 equal to the Néel relaxation time τN. When
τD / τN, Freed’s equations reduce to the earlier equations of Ayant. The corre-
sponding theory and equations have been described in the literature [4].

The magnetization of the superparamagnetic IONPs reaches its saturation
value MS at B0 ≤ 0.5 T, which is at the lower limit for the clinical MRI scanners
commonly used. Therefore, their R2 is usually independent of B0. For small
spherical NPs, where τD / 1/Δω (with 1/Δω = 3/(γμ0MS)) the motional narrow-
ing regime (MAR) applies, and R2 and R2* are linearly dependent on τD

2 , MS
2 , d2

and V, (e.g., Equation 6),

R2 = 16πγ2μ0
2V M S

2τD
2 d2/[405 (1CL/d)] (6)

where MS is the saturation magnetization of the NP with diameter d and volume
V, γ is the gyromagnetic factor of the proton, μ0 = 4 π 10–7 (in T.m.A–1) is the
magnetic susceptibility of vacuum and L is the thickness of the impermeable
layer around the superparamagnetic core [4, 7, 80]. For clusters of NPs and
hybrids, MS and V refer to the whole NP, and an intra-aggregate volume fraction,
Φintra, is defined in order to obtain a corrected relaxivity r2′ = r2·Φintra. A linear
correlation between r2′ /MS2 and d2 has been observed, according to Equation (6)
for a series of nanomaterials obeying the MAR regime [80]. The proportionality
of R2 to MS2 predicts that smaller NPs, with higher surface to volume ratios, will
have a reduced MS value due to a large contribution of paramagnetic canted
magnetic spin states on their surface, reducing the obtained relaxivity [5]. For
large NPs, R2* and R2 reach a very large maximum, but while R2* remains constant
as a function of τD, R2 decreases from that maximum [80].

Besides the size increase and aggregation, the relaxivities of IONPs can be
enhanced by increasing MS through the introduction of transition metal dopants
in ferrites (MFe2O4, M = Ni, Co, Mn) and by changing their shape, such as
octopods or nanoplates [8, 9].

3.2. Preclinical and Clinical Applications

Dextran-stabilized USPIO NPs have been clinically approved, such a Ferumox-
tran-10 (Combidex, Sinerem) [4, 78]. USPIOs are clinically used in lymph node
imaging, due to the capacity of these very small NPs to extravasate from the
blood vessels into interstitial spaces and to be transported to normal lymph
nodes through the lymphatic vessels, while these same nodes that have been
invaded by malignant cells cannot take up the NPs by phagocytosis of their mac-
rophages, and thus do not become dark in T2w images [81]. USPIOs are also used
in bone marrow imaging, perfusion imaging, and MR angiography [9, 82, 83].

Several dextran-stabilized SPIO NP formulations have been clinically ap-
proved, including Ferucarbotran (Resovist or Supravist) and Ferumoxides (Fer-
idex or Endorem) [4, 78, 84], but many of them are no more on the market due
to low use in clinics. They are the most commonly used T2 CAs due to their very
high r2 and (r2/r1) ≈ 4–23 (at 0.47 T). Their most common clinical applications
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are in liver diseases, such as primary liver tumors or liver metastasis because
SPIO are selectively taken up by the Kupffer cells in the normal liver tissue,
which are absent in these pathological tissues. A strong negative contrast is ob-
served between normal and abnormal tissues in T2w images, showing the pathol-
ogy as a bright region in the image. However, their fast liver uptake leads to a
limited blood lifetime, which limits their use for imaging molecular and biological
functions in in vivo MRI [9, 82–84]. Their large r2 values can also hamper the
interpretation of T2w images due to the difficulty in distinguishing the CA-in-
duced darkening from partial-volume artifacts, motion ones, and tissue inhomo-
geneities.

3.3. Multifunctional T1/T2 Magnetic Resonance Imaging

Contrast Agents

The conventional single-mode use of IONPs described above either as T1 or T2

CAs still sometimes generates artifacts and interpretation ambiguities in MR
images. To overcome these problems, T1-T2 dual mode CAs have been devel-
oped and used to obtain complementary T1w and T2w MRI images [8, 9]. These
can be designed by using NPs with a single type of contrast material, or with
combined T1 and T2 materials in the same NPs. The first type includes superpara-
magnetic USPIOs with appropriate size and magnetization to have low (r2/r1) ≈
1.6–2.5 (at 0.47 T), providing T1 and T2 contrast, although the second is relatively
weak [85].

Superparamagnetic magnetite nanoplates have also been reported with strong
T1 and T2 contrast effects [86]. In the second type, superparamagnetic IONPs
(used as T2 materials) are tailored by incorporating a paramagnetic T1 material
(Gd3C or Mn2C). This material can be located (a) outside the T2 contrasting
IONPs using a core-shell approach (e.g., Fe3O4@Gd2O3 [87] or Fe3O4@SiO2 with
adsorbed Gd3C complexes [88]) or conjugating the superparamagnetic core with
a paramagnetic Gd3C or Mn2C complex at its surface [89]; or (b) inside it by
doping the IONPs with Gd2O3 (GdIONPs) [90]. However, the magnetic fields
generated by each contrast material disturb the relaxation process of the other,
especially the strong magnetic fields generated by the IONPs T2 materials on T1

relaxation, resulting in signal attenuation. This effect is proportional to the in-
verse sixth power of the distance (d–6) between the two types of materials and
depends on their relative positions within the NP (Figure 3) [91]. For systems
with a superparamagnetic T2 core within a paramagnetic T1 shell (case (a)
above), the respective induced magnetic fields oppose each other strongly
quenching the r1 value, as verified experimentally by increasing the core-shell
separation with a silica layer of increasing thickness [87], or by increasing the
distance between the core and the pendant shell paramagnetic complexes
through longer spacer groups [91]. In contrast, when the paramagnetic material
resides inside the superparamagnetic iron oxide, the magnetic fields of both ma-
terials reinforce each other, strongly enhancing the r1 value and causing a syner-
gistic T1-T2 enhancement effect [90].
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Figure 3. Top left: Mechanism of the reduction of the local magnetic field intensity of
the T1 contrast material when located outside the T2 contrast material. Top right: Mecha-
nism of simultaneous enhancement of the local magnetic field strengths of the T1 and T2

contrast materials when the first is located inside the second. (a) T1w and (b) T2w in vivo
MR images of BALB/c mice (top: coronal plane, bottom: transverse plane) before and
after intravenous injection of GdIONPs with a dose of 2.0 mg Fe/kg. The regions of the
liver in the coronal planes were circled by white dashed lines. (c) T1w and (d) T2w in vivo
MR images of nude mice orthotopically inoculated with HepG2 liver cancer cells (sagittal
plane) before and after intravenous injection of Gd-IONPs with the same dose. Light
grey arrows: gallbladder; dark grey arrows: liver; white dotted circles and white arrows:
liver tumor. Reproduced with permission from [90]; copyright 2012, John Wiley & Sons.

These T1-T2 dual mode CAs improve the accuracy of the interpretation of
MRI images because they show bright MRI signals (“ON” responses) in the
positive T1 mode and dark signals (“ON” responses) in the negative T2 mode,
as opposed to, e.g., Gd(DTPA) and Feridex, which do not show “ON” responses
in the T2 mode and T1 mode, respectively. Therefore, only the dual mode CAs
are able to remove T1 and T2 image artifacts by an “AND logic” used in MRI
of small biological targets, such as in stem cell tracking, lymph nodes, small
tumors, and cardiovascular plaques [8, 9, 92].

4. IRON OXIDE NANOPARTICLES FOR MAGNETIC

PARTICLE IMAGING

4.1. Physical Basis of Magnetic Particle Imaging

Besides their use as MRI contrast agents described above, IONPs have recently
been applied in new imaging techniques, such as magnetic particle imaging
(MPI), magneto-motive ultrasound imaging (MMUS), and magneto-photoacous-
tic imaging (MPA). Combined with traditional imaging modalities (MPI with
MRI, MMUS, and MPA with US imaging) which provide anatomical informa-
tion, they can be used to map the distribution of IONPs in biological systems, as
all these techniques use the same IONPs as tracers. Here we concentrate on the
description of the MPI technique, which was initially developed by Gleich and
Weizenecker at Philips Research in Hamburg [93]. Since then, MPI has found
many preclinical and clinical imaging applications in fields like angiography,
blood pool, perfusion and cancer imaging, and stem cell tracking.

The physics governing MPI is totally different from MRI and an overview of
the physics, hardware and reconstruction theory of MPI can be found in the
literature [93–96]. When the IONPs used in MPI (mostly SPIO NPs) are under
an external magnetic field (H) their magnetic moments become aligned parallel
to H, resulting in a steady-state magnetization (M). MPI relies on the non-linear-
ity of the increase of M with H as described by the Langevin equation, until it
reaches a saturation value (MS). In response to an oscillating external magnetic
field (modulation field) generated by a transmitter coil, with a drive frequency
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1f1, the IONPs generate a time-dependent magnetization M(t) which, besides
1f1, includes a series of harmonic frequencies (2f1, 3f1,, etc.). It generates electro-
magnetic signals (S) which are detected by a receiver coil and are converted into
MPI images (Figure 4a). However, when the IONPs are exposed to a strong
external field, they are magnetically saturated and do not respond to the applied
modulation field, with the suppression of M(t) and its harmonic frequencies S
(Figure 4b). Thus, the MPI signal can be acquired in a spatially selective way by
applying an additional strong static gradient magnetic field (selection field) that

Figure 4. Basics of magnetic particle imaging (MPI). (a) and (b) Response of the IONPs
to an external magnetic field. (a) When the modulation field (H, green curve) with a
frequency f1 is applied, time-dependent magnetization (M(t), red curve) and harmonics
frequencies (S, red bars) are induced. The harmonics indicated by the grey box are used
for MPI image generation. (b) When an additional time-independent external magnetic
field (selection field) is added, the NPs are magnetically saturated and the magnetization
of the nanoparticles is not changed by the modulation field, resulting in neither M(t) nor
S. (c) Schematic of the MPI instrument and the MPI signal generation. The magnet gener-
ates a selection field (orange region) that has a field-free point (FFP, white region) in the
center. In addition, the sending antenna creates a modulation field to magnetize the NPs.
The MPI signal produced by the IONPs located in the FFP is detected by the receiving
antenna. (d) Illustration of FFP raster scanning. Reproduced with permission from [8];
copyright 2015, Royal Society of Chemistry.
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saturates the non-linear magnetization of the IONPs in all regions except at a
region in its center where it is zero, called the field-free point (FFP) (Figure 4c).
Thus, the only IONPs to generate harmonics that make the MPI signal are those
located in the FFP. The FFP is rapidly scanned along the whole field-of-view to
create the entire MPI image by time-varying drive fields with a 25 kHz frequency
(Figure 4d). As the received MPI signal occurs at the same time as the much
stronger drive field, its frequency is filtered off in order not to interfere with the
signal detection at the receiver coil, also filtering off the fundamental frequency of
the IONPs (1f1). Thus, the MPI image is obtained only from the signal harmonics.

The direct visualization of the SPIO tracers by their induced signal in MPI is
the source of the many advantages of this imaging technique. Its signal is exactly
proportional to the SPIOs concentration in the imaging volume, has no back-
ground tissue signal and no depth signal attenuation, similar to PET/SPECT
techniques and unlike OI, US, CT, and PAI. MPI enables hotspot imaging, as
opposed to the negative contrast in T2*-MRI using the same SPIOs. MPI has an
excellent sensitivity (~ 200 nM Fe), which is similar to PET/SPECT and about
107 times higher than the water proton sensitivity of 7T MRI. It also does not
use ionizing radiation.

Among the drawbacks of MPI are a relatively low spatial resolution and the
absence of anatomical background information, which forces it to be used to-
gether with MRI, CT or US imaging. The spatial resolution of MPI (currently ~
1 mm for each dimension in a mouse) depends only on the saturation properties
of the SPIO NPs and the strength of the magnetic field gradient. While it is
comparable to PET/SPECT, it is lower than CT or MRI. Besides increasing the
field gradient, the resolution can be improved by optimizing the magnetization
response of the NPs to the modulating field by reducing the width at half-height
of the field derivative of the M(H) function of the NPs (Figure 4a). This can be
done by controlling the physical properties of the NPs through chemistry, using
diameters in the 20–25 nm range, low polydispersity, high magnetization, and
optimized magnetic Néel/Brownian relaxation. 2D and 3D MPI techniques have
also been developed [93–96].

4.2. Preclinical and Clinical Applications

Preclinical MPI scanners are available and some SPIO formulations have been
approved as CAs for human studies. Many IONP-based MRI tracers have been
developed, such as the commercial formulations Resovist and Sinerem, and
many preclinical in vivo applications have been reported (Figure 5) [8, 10, 95].
The high sensitivity and quantitative nature of MPI allows the in vivo rodent
real-time tracking of SPIO-labeled transplanted stem cells as they localize to
target sites with a much higher precision than using MRI, which is very useful
in the evaluation of cell therapy [97, 98]. Advanced 3D image reconstruction
techniques and the use of SPIOs tailored for long circulation (and sometimes
targeted) allowed the development of MPI blood pool imaging in animal models,
not only for angiography applications, but also for general blood volume imaging
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Figure 5. Full-body MPI-MRI dual-modal imaging using Resovist for an in vivo mouse
biodistribution study. Resovist is observed in the brain, heart, and liver 30 sec after injec-
tion, followed by significant accumulation in the liver after 5 min. Reproduced with per-
mission from [8]; copyright 2015, Royal Society of Chemistry.

studies, such as blood perfusion imaging, with applications in the diagnosis and
staging of stroke and cancer [99–102].

5. IRON OXIDE NANOPARTICLES IN MULTIMODAL

IMAGING

5.1. Multimodal Imaging Nanoprobes

The basic biomedical imaging modalities are applied clinically to achieve precise
and sensitive detection of diseases and disorders. However, it is sometimes diffi-
cult to achieve this goal because each modality has its own advantages but also
its intrinsic limitations [5–10]. A current widespread approach to overcome their
specific limitations consists in combining two or more CAs into a single NP unit
which can then be analyzed by these multiple techniques. This can be done either
consecutively or simultaneously; it only depends on the degree of development
of the hospital techniques satisfying the clinical needs and the patient comfort
[6, 9, 103–127].

5.2. Examples of Iron Oxide Nanoparticles for Multimodal

Imaging Involving Magnetic Resonance Imaging

Multimodal imaging nanoplatforms based on IONPs usually combine the high
spatial resolution and unlimited tissue penetration with imaging modalities en-
dowed with high sensitivity (e.g., PET, SPECT), with sensitive techniques limited
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Table 1. List of the different multimodal nanoparticles and the type of techniques they
are used for.

Modal- Nanoobjects Type Ref.
ities

2 Fe3O4@Au nanocomposite particles MRI/CT [138]

Au-Fe3O4 Janus NPs [139]

QDs / SPIO and Gd3C NPs MRI/Fluorescence [140]

Fe3O4@Au MRI/NIRFa [141]

SPIO and Cy5.5 dye [142]

SPIO and carbon dots and Gd3C MRI/MRI (T1/T2) [143]

See the reviews MRI/PATb [120, 144]

SPIO and various other agents MRI/PET [136, 145–148]

SPIOs MRI/ THMI [149, 151]

Magnetite and PLA microbubbles MRI/US [150]

SPIO and 124I MRI/PET [108]

SPIO and 64Cu [152–154]

3 SPIO and 64Cu and Cy5.5 MRI/NIRFa/PET [122] [128]
68Ga-[MNP-SiO2(NIR797)] MRI/NIRFa/PET [109, 155]

Fe3O4@NaLuF4:Yb,Er/Tm Core- MRI/CT/NIRFa [156]
shell NPs

SWNTs@PEG and iron metal NPs MRI/PATb/Raman [157]
and protamine

γ-Fe2O3@silica NPs, Gd3C MRI/MRI(T1/ T2)/ [88]
Eu3Ccomplexes Fluorescence

≥ 4 Graphene oxide and SPIO and dye MRI/PATb/ [125]
Fluorescence

Cobalt-ferrite MNP@SiO2(RITC)- MRI/PET/BRETd/ [158]
PEG/NH2 and luciferase protein Fluorescence
and 68Ga

SPION and RGD peptide and Nile MRI/MM-OCTe/US/ [159]
red fluorescence

MNPs and QDs MRI/OI [160]
64Cu and SPIO and NIR dye PET-CT/MRI/NIRFa [161]

aNIRF: near infra-red fluorescence; bPAT: photoacoustic tomography; c THMI: terahertz
molecular imaging; dBRET: bioluminescence resonance energy transfer; eMM-OCT:
magnetomotive optical coherence tomography; SPIO: superparamagnetic iron oxide;
QDs: quantum dots; MNP: magnetic nanoparticle; SWNTs: single-walled nanotubes;
PEG: polyethileneglycol; RITC: rhodamine B isothiocyanate; RGD: arginylglycyl-
aspartic acid; PLA: polylactic acid (these are defined in the list of abbreviations)
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by low tissue penetration (e.g., OI, PAI, US) or with techniques providing low
contrast between adjacent soft tissues (CT). An example is combining the ana-
tomical resolution of MRI with the sensitivity of OI, obtaining a powerful tech-
nique to find and quantify tumor size, especially for tumors or metastases that
are too small for MRI detection on its own. The relevant MR/OI agents have
been applied to monitor enzymes activity, in brain tumor imaging, and to detect
and monitor apoptosis and atherosclerosis [128].

Other kinds of multimodal contrast agents [7, 115–118, 120, 123–125, 129–133]
such as probes with three imaging modes are considered, for example MRI/
NIRF/PET [128], and even four [128, 134–136] which are gathered in Table 1.

As an example, difficulty in delineating brain tumor margins has been identified
as a major obstacle for further efficient treatment. The up-to-date imaging
methods are often limited by inadequate sensitivity, lack of specificity and spatial
resolution. To overcome this issue, Kircher et al. [137] recently showed that a
unique triple-modality MRI-photoacoustic-Raman (MRI/PAT Raman imaging)
nanoparticle (MPRNPs) could accurately help delineate the margins of brain tu-
mors in living mice both in preoperative and intraoperative ways. The probes were
detected by the three modalities with a sensitivity at the picomolar level both in
vitro and in the living mice. Intravenous injection of the MPRNPs into the mice
bearing glioblastoma led to the accumulation and retention of the MPRNP only
in the tumors. This behavior allowed a non-invasive tumor delineation by the
three modalities and through the intact skull. Raman imaging helped guiding the
intraoperative tumor resection thanks to its accurate delineation of the tumor
margins.

Besides combining complementary techniques, which do not interfere with
each other in order to obtain a maximum overall synergistic effect, the design
of the multimodal imaging probes should not lead to complex synthetic proce-
dures. It should be taken into account that the use of appropriate relative con-
centrations of the active probes compensates for the different sensitivities of the
techniques used, and limits the NPs size to values well below 100 nm in order to
optimize their in vivo biodistribution. This approach would involve the adminis-
tration of a single dose of NPs containing multiple agents with a potential reduc-
tion of side effects to patients.

6. GENERAL CONCLUSIONS

Due to their unique magnetic properties, stability and biocompatibility, IONPs
play already a very important role in preclinical bioimaging applications using
MRI and MPI and as nanoplatforms for multimodality imaging. While the MRI
technique is well established, there is a need for a better understanding of the
toxicity mechanisms of IONPs, which could greatly enhance their clinical applica-
tions. Improvements in the scanner hardware and image reconstruction techniques
could make MPI join MRI, CT and nuclear imaging in clinical translation. Im-
proved modulation of IONPs size, composition, shape and surface modification
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will allow them to further progress in other fields, such as multimodality imaging
and theranostic, e.g., drug delivery or hyperthermia cancer treatment [162].

ABBREVIATIONS AND DEFINITIONS

acac acetylacetonate
CA contrast agent
CT X-ray computed tomography
EA anisotropy energy
FFP field-free point
HR-TEM high resolution electron microscopy
IEP isoelectric point
IONP iron oxide nanoparticle
IS inner-sphere
KA magnetic anisotropic constant
MAR motional narrowing regime
MMUS magneto-motive ultrasound imaging
MPA magneto-photoacoustic imaging
MPI magnetic particle imaging
MPRNP MRI/PAT/Raman imaging nanoparticle
MRI magnetic resonance imaging
Ms saturation magnetization
NIRF near-infrared fluorescence
NP nanoparticle
OI optical fluorescence imaging
OS outer-sphere
PAI photoacoustic imaging
PAT photoacoustic tomography
PCS photon correlation spectroscopy
PET positron emission tomography
SANS small-angle neutron scattering
SPECT single-photon emission-computed tomography
SPIO superparamagnetic iron oxide
TEM transmission electron microscopy
US ultrasound imaging
USPIO ultrasmall superparamagnetic iron oxide
XPS X-ray spectroscopy
XRD X-ray diffraction
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Abstract: Magnetic resonance imaging provides a valuable means of detecting diseased tissue
in the clinic but the contribution of conventional clinically-used contrast agents is generally
limited to their effect on augmenting tissue visibility. Sulfonated metallated corroles have the
potential to offer image contrast in addition to therapeutic and diagnostic activities. Their
delivery by targeted particles enables such corroles to be transported to specific sites in the
body for multifunctional activities including detection, diagnosis, and therapy, thus acting as
targeted “theranostics”. This chapter summarizes the body of work accumulated thus far on
tumor-targeted biological particles delivering sulfonated metallated corroles. In particular, we
highlight the unique features of bioparticles containing manganese-metallated corroles and
their theranostic impact that includes magnetic resonance imaging. Importantly, the bioparti-
cles described in this chapter are nano-sized, biologically-based particles in contrast to synthet-
ic formulations comprising the majority of the nanomedicine field. Accordingly, the particular
biological activities of these particles are discussed at length as they impart features allowing
for tissue-activated contrast enhancement that provides tumor-specific detection as well as
intervention.

Keywords: bioparticles · HerPBK10 · HPK · magnetic resonance imaging · nanobiologics ·
sulfonated corroles · theranostics · tumor targeting

1. INTRODUCTION

1.1. Magnetic Resonance Imaging

Among the medical imaging modalities available in hospitals and clinics, magnet-
ic resonance imaging (MRI) is frequently utilized by physicians for diagnostic
and treatment applications. Unlike other ionizing radiation imaging modalities
involving radioisotopes, MRI is a non-invasive and radiation-free imaging tech-
nique, which can perform in real-time to provide high anatomic three-dimension-
al resolution of the body. The sensitivity of MRI to distinguish between different
soft tissues in the body makes it attractive for imaging major organs and diseased
tissues such as tumors.

Hydrogen is abundant in the human body due to its high content in water and
fat. The hydrogen nucleus contains a single proton and functions as a magnetic
pole that can spin randomly in the body [1]. MRI is based on the alignment of
hydrogen protons when placed in a strong magnetic field. Furthermore, as radio
wave frequencies are added, different tissues will resonate differently depending
on the strength of the magnetic field and the frequency. When the radio frequen-
cy pulse is off, the proton “relaxes” and emits a radio wave signal, which helps
generate an image that can be used for diagnostic purposes as different tissues
relax at different rates [1].

The “relaxation” of protons is measured as T1 or T2. T1 is the “longitudinal”
relaxation or the time it takes for the protons to go back to their original state,
while T2 is the “transverse” relaxation or the decay in the longitudinal plane.
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Tissues and fluids with short T1 relaxation are bright, while short T2 relaxation
are dark. Structures containing fat are bright in T1 and structures containing
water are bright in T2. Typically, in diseased tissue, such as infections or tumors,
there is an increase in water in the tissue. However, the contrast is sometimes not
enough to distinguish between normal and diseased tissues [2]. Thus, to improve
detailed delineation with high spatial and temporal resolutions in the body, mag-
netic resonance (MR) contrast agents play a critical role [2, 3].

Contrast agents used in MRI function by decreasing the relaxation time and
thus improve visibility to distinguish diseased from normal tissues. Paramagnetic
metal ions such as gadolinium (Gd) or manganese (Mn) improve T1 relaxation
time and yield a bright contrast [4]. Superparamagnetic iron oxide nanoparticles
work best to improve the effectiveness of T2 relaxation times, which provides a
dark contrast. Metal ions with a high spin number or unpaired electrons, such as
Mn2C which has 5 unpaired electrons, make good contrast agents [5, 6]. Porphy-
rin-chelated Mn2C ions have been used to enhance contrast in tumors. The che-
lated version of manganese is safer than the free manganese which is known to
have neurotoxic effects [6].

1.2. Corroles in Cancer

Corroles are macrocyclic aromatic compounds, which share structural similarity
to cobalamin (vitamin B12) [7]. Corrole shares the structural characteristic of
four pyrrole rings located in the inner core with tetrapyrrolic macrocycles such
as porphyrin and corrin. However, corrole differs by one less methine bridge
(=CH–) and an inner core with three NH groups [8]. This structural characteris-
tic helps corroles to stabilize metal ions in high oxidation states (C3). Metal ions
are stabilized with corroles to produce ‘metallated corrole’ complexes that are
resistant to hydrolysis [8], attribute by the strong metal-nitrogen covalent bonds
[9, 10]. In addition, corroles stabilized with different metal ions have been shown
to produce intense light absorptions in the visible region with luminescence
quantum yields reaching over 50 % [11].

The corrole has undergone multiple changes to its macrocyclic structure in
order to adapt to various applications. A modification to the corrole involves
functionalizing two adjacent pyrroles with two sulfonic acid head groups, produc-
ing the bis-sulfonated corrole, S2FB (Figure 1A) [12]. By introducing two ioniz-
able moieties, the physical property of the corrole changes from lipophilic to
amphiphilic, which is beneficial for biomedical applications. Even with the inser-
tion of metals to S2FB, solubility in aqueous and physiological conditions re-
mains unchanged. Likewise, metal ions are not released from the corroles, when
the metallated corroles are subjected to physiological conditions [13, 14].
Through the structural modification and stability under physiological environ-
ment without the loss of metal ions, metallated corroles are excellent candidates
for their use as cancer therapeutic agents.

Metallated corroles show potential utility as cancer therapeutic agents with
high cytotoxicity in various types of cancer cells. An in vitro cytotoxicity study of
metallated corroles was conducted using sulfonated gallium(III) corroles (S2Ga;
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Figure 1. Chemical structures of non-metallated and metallated bis-sulfonated corroles,
with sulfonates highlighted in blue.

Figure 1B) on MDA-MB-435, HeLa, and 293 cells, which led to a reduction
in cell viability at high concentration (30 μM) after several days [15]. Another
cytotoxicity study was performed in MDA-MB-231 and OVCAR-3 cells treated
with sulfonated aluminum(III) corrole (S2Al) and S2Ga. S2Al-treated MDA-
MB-231 and OVCAR-3 cells showed a significant reduction in cell viability as
compared to S2Ga-treated cells at equal dose (30 μM) [16]. A comprehensive
panel of various metallated corroles (Au, Sb, Mn, Al, Fe, and Ga) was tested for
their cytotoxic efficacy on DU145, MDA-MB-231, OVCAR-3, and SK-MEL-28
cancer cells. Of the six metallated corroles tested with the cancer cell lines, S2Au
was an effective cytotoxic agent with reported IC50 values 5–10 times more po-
tent than the least effective metallated corrole, S2Ga [17].

Apart from the potential direct therapeutic application against cancer, metal-
lated corroles have been studied for fluorescence imaging to visualize cancer
cells. S2Ga emits an intense red fluorescence signal and has been investigated
for detecting and tracking cellular uptake and non-invasive in vivo imaging [18,
19]. In addition, metallated corroles are thermally and photochemically stable,
and can function as photosensitizers, by generating singlet oxygen with high
quantum efficacy and imparting utility as a potential cancer therapeutic [15, 20].

2. PROTEIN-CORROLE PARTICLES

2.1. Corroles as Theranostic Cargo

Corroles bearing sulfonate groups acquire a negatively charged amphipolar nature
that enables strong binding to proteins such as transferrin or human serum albu-
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min (HSA), with reported Kd values of ≤ 1 nM and 10 nM, respectively [21, 22].
Recombinant cell-invading proteins derived from the adenovirus capsid penton
base (PB) have been used to assist the uptake of anionic molecules including bis-
sulfonated corroles into cancer cells [23, 24]. These observations paved the way
for using corroles as physiologically compatible cargo that could be delivered by
protein-based vehicles and impart a therapeutic, imaging, diagnostic, or combina-
torial function depending on the type of corrole being delivered.

Depending on the metal ion, corroles can assume fluorescent, paramagnetic,
cytotoxic, and/or cytoprotective activity or a combination of such activities [25–
30]. Both, a sulfonated gallium(III) corrole (S2Ga) and a non-metallated or free
base corrole (S2FB) emit bright red fluorescence when excited within the UV
range, and exhibit toxicity to cultured human tumor cell lines representing breast
cancer, ovarian cancer, melanoma, and cervical carcinoma [28, 29]. The pH of
the surrounding environment alters the fluorescence lifetime of S2Ga [20]. This
property has enabled its use as a diagnostic probe for broadcasting microenvi-
ronmental conditions during intracellular trafficking [20] or distinguishing tumor
from non-tumor tissue in mouse tumor models, both in vivo and ex vivo [31].
Photoexcitation of S2Ga at its maximum fluorescence wavelength (λmax) gener-
ated singlet oxygen that induced rapid damage to cells that had taken up thera-
peutic particles containing S2Ga [32, 33]. Excitation at a secondary absorbance
peak (~620 nm) yielded nearly as effective cell damage [32], thus enabling the
use of longer wavelengths for irradiation that would support penetration into
deeper tissue.

The sulfonated manganese(III) (S2Mn), and iron(III) (S2Fe) corroles bear
paramagnetic properties that can be used for MR detection [25]. Despite their
cytotoxic property at high concentrations, both S2Mn and S2Fe exhibit antioxi-
dant properties at low pharmacologic concentrations [26, 27, 34].

2.1.1. Carrier Protein Properties

The anionic sulfonate groups located on one side of the corrole macrocycle –
thus imparting an amphipolar nature – prevent non-specific cell entry due to
repulsion by the negatively charged cell membrane [35]. This feature has the
potential to direct corrole delivery into target cells via a membrane-penetrating
protein. Engineered recombinant proteins derived from the membrane-lytic cap-
sid of adenovirus have been used as cell-penetrating carriers for sulfonated cor-
roles [20, 28, 29].

The recombinant chimeric protein HPK – also known as HerPBK10 [36] – uses
the cell surface receptor HER3 to target and enter tumors [37]. HPK contains the
receptor-binding region of the HER3 ligand, neuregulin-1α1 (amino acids 35–
239, comprising the Ig-like and EGF-like domains) [38], fused to a membrane-
penetrating moiety derived from the adenovirus capsid penton base protein modi-
fied with a polylysine tail (Figure 2) [36, 39]. HPK can self-assemble with a variety
of anionic therapeutic molecules (including nucleic acids, chemotherapy agents,
and sulfonated corroles), resulting in serum-stable cargo-encapsulated protein par-
ticles or bioparticles (~20–40 nm diameter, depending on the payload) with tumor-
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Figure 2. Schematic of HPK functional domains. HPK is shown as a ribbon structure
with each domain highlighted by a different color.

homing capability [28, 29, 36, 40, 41]. Systemic delivery of particles loaded with
tumoricidal drugs in mice bearing subcutaneous HER3-expressing tumors has re-
sulted in tumor-preferential accumulation and tumor growth ablation at > 10 times
lower dose compared to the corresponding untargeted drug, while sparing heart
and liver tissue, and with no detectable immunogenicity [25, 28, 37, 41]. The pro-
tein alone shows no effect on tumor growth, while exhibiting a reduction in growth
signaling normally elicited by wild-type neuregulin [37].

2.1.2. Particle Assembly and in vitro Characterization

Structural modeling and molecular dynamics simulations combined with a large
body of functional assays using dynamic light scattering (DLS), transmission
electron microscopy (TEM), native gel electrophoresis, and isothermal titration
calorimetry have shed light on the assembly and delivery mechanism of HPK,
and offer new insight on the adenovirus capsid penton base protein [37, 40].
These studies together suggest that the penton base moiety of HPK drives its
self-assembly into stable pentamers resembling viral penton base capsomeres
(which normally occupy each vertex of the viral icosahedral shell) [42]. A ring-
like structure can be observed under TEM resembling such capsomeres, [43] and
co-precipitation assays confirm that HPK interaction occurs through the penton
base domain (Figure 3A) [40].

Pentamerization places the polylysine domain of each protein monomer at a
single face on the pentamer, forming a highly charged surface that interacts
strongly with negatively charged molecules [36, 37, 39–41]. DLS and TEM of
HPK supported the structural models which together suggested that the polyly-
sine moiety on HPK causes charge repellance between pentamers while assem-
bly with anionic cargo such as sulfonated corroles neutralizes those charges and
allows HPK pentamers to converge (Figure 3B) [40].

Structural complementarity and interaction of hydrophobic residues enables
penton base pentamers from certain adenovirus serotypes to form pseudocapsids
known as dodecahedrons, consisting of twelve pentamers [44–47]. The introduc-
tion of sulfonated corroles as cargo may influence the complementary interaction
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Figure 3. Schematic of HerMn assembly. (A) Self-assembled HPK capsomeres. Inset,
TEM of capsomeres. (B) Assembly into HerMn particles. Graphic illustrates convergence
of HPK capsomeres upon exposure to S2Mn (represented by blue ovals labeled with
minus sign), followed by structural complementation to form a capsid. Inset: TEM of
assembled particles.

between HPK pentamers and yield higher order capsids containing well over
twelve pentamers to accommodate the payload, which may account for the
spherical structures seen under TEM that appear larger than dodecahedrons
(Figure 3B) [40].

Particles formed from the combination of HPK with either S2Ga or S2Mn
have been designated HerGa and HerMn, respectively. Both particles resist cor-
role transfer to serum proteins and exhibit high stability in storage at different
temperatures [25, 28, 29].
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2.2. In cellulo Activity

2.2.1. Cell Entry

The HPK particle recognizes the same receptor binding site as wild-type neureg-
ulin, but the multivalency of the particle can outcompete circulating neuregulins,
while inducing a high degree of HER3 clustering on tumor cells [37, 40]. Recep-
tor binding is followed by rapid uptake via receptor-mediated endocytosis and
transient passage through early endosomes, while avoiding lysosomes and exhib-
iting penetration into the cytoplasm. These properties supported HPK-mediated
delivery of RNA interference – which requires entry of small interfering RNAs
into the cytoplasm – and are necessary for sulfonated corrole delivery as well.
Mechanistic studies performed using HerGa show that the corrole elicits elevat-
ed intracellular levels of superoxide after cytoplasmic entry [20]. Use of HPK
truncation mutants demonstrated that the penton base domain mediates this
endosomolytic effect [20, 40].

The mechanism of endosomal membrane penetration has been elucidated us-
ing structural modeling and supported by functional assays. Together, these ap-
proaches have suggested that by pentamerization a solvent-accessible pore lined
with charged amino acids is formed that can undergo protonation in an acidic
environment [40]. This in turn causes a strong positive charge-mediated repel-
lence of the protein monomers, thus exposing buried hydrophobic domains for
interaction with membrane lipids, causing potential membrane destabilization.
The acidifying environment of the maturing endosome during particle uptake
and intracellular trafficking would provide the trigger for this activity, which is
necessary for depositing corroles and other anionic cargo into the cytoplasm.

2.2.2. Intracellular Trafficking and Intracellular Corrole Targets

The intracellular trafficking pattern of HPK after receptor binding and internali-
zation in tumor cell lines echoes that of wild-type penton base [48, 49] and the
whole virus [50–52]. Post-endosomal virus and soluble penton base transport
relies on an intact cytoskeleton for dynein-directed movement along microtu-
bules toward the nucleus [48, 50–52]. Similarly, HPK rapidly transits toward the
nuclear periphery after internalization and substantially distributes to the cyto-
skeletal fraction in subcellular fractionation studies [40]. HPK exhibits transient
passage through early endosomes and avoidance of lysosomes where degrada-
tion of particles would otherwise take place [40]. These findings are supported
by the fluorescence lifetime pattern of HerGa during tumor cell uptake, which
indicates entry into a slightly acidifying environment early after internalization
followed by return to a relatively neutral pH environment while still inside the
cell [20].

Once in the cytoplasm, both HerGa and HerMn collapse the cytoskeleton and
mitochondrial membrane potential through corrole-mediated superoxide eleva-
tion and oxidative damage to these structures [20]. Studies using truncation mu-
tants of HPK to deliver S2Ga into cultured tumor cells demonstrated that the
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penton base portion of HPK was necessary for this activity [20]. Moreover, S2Ga
alone, which did not show detectable entry into the cytoplasm, lacked the ability
to increase intracellular superoxide levels and cause cytoskeletal and mitochon-
drial damage [20]. Together these findings indicate that both Ga and Mn corroles
must be exposed within the cytoplasm to access subcellular compartments, which
requires lysis of endosomes after endocytotic uptake.

2.3. In vivo Activity

2.3.1. Tumor Targeting

Both HerGa and HerMn exhibit tumor-preferential targeting in mice bearing
xenografts of human MDA-MB-435 tumors after systemic delivery – bypassing
most normal tissue including the heart – and reduce tumor growth at low phar-
macologic dose [25, 28, 37]. In these models, harvested heart and liver tissue
showed negligible damage or apoptosis, and appeared in similar health as from
mice receiving vehicle (saline) alone. Corresponding dosages of each corrole
alone (S2Ga and S2Mn) had little to no effect on tumor cell survival in vitro and
in vivo [25, 28, 37]. In mice bearing two different tumors characterized by high
and low expression of HER3, systemic delivery of HPK particles exhibited pref-
erential entry into the high HER3-expressing tumors [40, 41].

Human HER2C breast tumors with acquired resistance to clinical growth fac-
tor inhibitors – including Herceptin® (trastuzumab) and Tykerb® (lapatinib) –
exhibit augmented cell surface HER3 levels compared to their drug-sensitive
counterparts [37, 53–60], and show correspondingly augmented targeting by Her-
Ga accompanied by augmented sensitivity to HerGa [37]. Metastatic lesions aris-
ing from these tumors show even higher HER3 levels and correspondingly high-
er homing by systemic HPK particles [37]. HerGa exhibited prolonged tumor
retention which, by virtue of its fluorescence, could be detectable in tumors up
to 30 days after intratumoral injection but was cleared from non-tumor tissue
sooner when injected subcutaneously [33].

2.3.2. In vivo Dynamics

Studies using HerGa show that the particles are deficient in immunostimulatory
potency compared to whole adenovirus serotype 5 (Ad5), when used in a prime-
boost regimen to elicit neutralizing antibody response in mice [28]. Antibody
binding assays support molecular dynamics simulations suggesting that the HPK
ligands are placed in a solvent-exposed position that partially masks the penton
base domain from immune recognition [40].
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3. CELL-TARGETED IMAGING

3.1. Corroles and Magnetic Resonance

Another biomedical application for metallated corroles is as MR contrast agents
to distinguish cancerous from normal tissue. A panel of metallated corroles
(S2Mn, S2Ga, and S2Fe) were analyzed in a 3T MRI system to identify suitable
MR contrast agents. S2Mn provided the most efficient T1 relaxation shortening
and contrast enhancement over S2Ga or S2Fe [25]. Furthermore, increased con-
centration of S2Mn led to a further decrease in T1 relaxation time and a brighter
contrast signal.

Direct injection of S2Mn into tumor tissue at titrating concentrations enabled
the determination of detection threshold by MRI, and demonstrated that a
bright contrast enhancement could be detectable at or above 33 nmoles of S2Mn,
including up to two weeks after injection [25]. HerMn was able to enhance con-
trast in tumor tissue in comparison to S2Mn alone. In mice with subcutaneous
HER3C MDA-MB-435 tumors, systemically delivered HerMn exhibited tumor-
preferential accumulation and enhanced contrast significantly better than S2Mn,
HPK alone or saline treated [25]. Interestingly, Gd exhibits considerably greater
T1 shortening compared to equivalent concentrations of S2Mn in vitro; however,
when tested in vivo, HerMn showed greater tumor contrast compared to Gd.
This could be accounted for by the tumor targeting of HerMn [25] in comparison
to the potentially broader tissue distribution of Gd which is not targeted. Addi-
tionally, the prolonged retention of corroles in tumor tissue [33] suggests that
HerMn may serve as a longer lasting contrast agent compared to the rapid clear-
ance of Gd. Hence, HerMn may have some advantages in comparison to conven-
tional [61] contrast agents used in the clinic and thus could be developed as a
valuable tool for MRI to detect tumor tissue for clinical surgical applications.

3.2. Cell-Triggered Release and Contrast Enhancement

Assembly of S2Mn with HPK results in slower T1 relaxation, suggesting that
encapsulation reduces S2Mn access to water molecules.25 The capsid formation
occurring when HPK is exposed to anionic cargo such as S2Mn facilitates the
convergence of HPK capsomeres into a stable capsid shell enclosing trapped
S2Mn cargo, as demonstrated by structural modeling [40]. The slowed T1 relaxa-
tion time upon assembly with HPK supports this model [25] and provides evi-
dence that S2Mn is mainly enclosed within the capsid rather than bound to the
outside.

This observation was reversed upon uptake of HerMn into cultured tumor
cells, which resulted in a faster T1 relaxation time post- versus pre-uptake [25].
These findings suggest that after cell entry, the particle releases S2Mn enabling
re-exposure to water molecules. The endocytotic entry of the HPK capsid into
maturing endosomes and its pH-mediated dismantling as determined through
the functional assays and structural modeling described earlier [40] suggests that
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HerMn can undergo pH-mediated dispersion of HPK capsid units and release
of S2Mn cargo. In agreement, shifting HerMn particles in solution to an acidic
pH resulted in an enhanced T1 time shortening, whereas S2Mn alone were unaf-
fected by low pH [25].

4. THERAPEUTIC PROPERTIES

4.1. Tumor Detection

The cell-triggered enhancement of T1 shortening by HerMn adds an advantage
for tumor detection, as this feature can provide tumor-activated contrast and
hence tumor-specific detection after systemic delivery. This is based on the proper-
ties of the HPK protein shell, which minimizes S2Mn interaction with water mole-
cules during capsid-mediated transport to the target tissue. However, when inter-
nalized into tumor cells and dismantled through acid-mediated dispersion, S2Mn
is released into the water-rich intracellular milieu (Figure 4). The serum-stability
of the HPK capsid has been well-established to support this model, as HPK assem-
bly with corroles results in negligible exchange with serum proteins [28, 29]. A
similar assembly with nucleic acids shows that the resulting particle protects and
prevents nucleic acid degradation by serum nucleases [36, 39–41]. S2Mn alone is
unable to target and penetrate tumor cells in vitro and in vivo without the HPK
carrier, and hence shows no detectable contrast in tumors after systemic delivery
[25]. Accordingly, tumor cell entry is critical to induce an effect.

4.2. Tumor-Targeted Therapy

The preferential accumulation of HerMn in tumor tissues over non-tumor tissues
after systemic delivery implies that a potential therapeutic effect could be target-
ed as well. Mice bearing subcutaneous xenografts of HER3C human MDA-MB-
435 tumors received HerMn systemically following a regimen mirroring chemo-
therapeutic treatment in the clinic, which entailed a short sequential period of
continuous delivery, followed by intermittent delivery at spaced-out time inter-
vals [25]. This treatment resulted in reduction of tumor growth and partial re-
gression in contrast to control treatments that included mock (saline) treatments,
S2Mn alone, and empty particles [25]. On cultured MDA-MB-435 tumor cells,
HerMn exhibited improved therapeutic efficacy over clinically used targeted
therapies, including trastuzumab and trastuzumab-pertuzumab combination
treatments, which target the ErbB receptor family members HER2 and HER3
[25]. The potential adverse effect of trastuzumab on heart tissue of treated pa-
tients highlights the need for vigilance in testing developmental and experimen-
tal therapeutics for both efficacy and safety [62]. Human cardiosphere-derived
cells (CDCs), which represent the adult major cardiac cell types [63], were used
to test potential cardiotoxicity despite the avoidance of HerMn accumulation in
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Figure 4. Schematic of tissue-triggered contrast enhancement by HerMn broken down
into steps. Step a: free S2Mn in solution bearing T1 shortening (↓T1) and MRI contrast
enhancing properties. Step b: electrostatic attraction between HPK and S2Mn, promoting
HPK convergence into particles. Step c: assembled particle with reduced capacity for T1
shortening (↑T1) and MRI contrast enhancement. Step d: systemic delivery into tumor-
bearing mice (tumors indicated by arrows), showing enlargement of (step e) receptor-
mediated tumor uptake and entry into acidifying endosomes. Step f: exposure to low acid
environment causing HPK dispersion, endosomolysis, and release of S2Mn, restoring T1
shortening and contrast enhancing capabilities.

the hearts of treated mice. Importantly, whereas trastuzumab cannot recognize
mouse HER2 and thus rodent models would be inappropriate for testing heart
safety and toxicity, HPK cross-reacts with both mouse and human HER3 [40],
and thus a potentially greater body of information may be gleaned from studies
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on both mouse and human tissues. HerMn exhibited no detectable toxicity to
human CDCs, even at pharmacologically high molar concentrations, in contrast
to doxorubicin, which has well-established cardiotoxic effects [40].

5. CONCLUDING REMARKS AND FUTURE DIRECTIONS

The corrole-containing bioparticle, HerMn, bears several advantages over con-
ventional contrast agents used in the clinic, including the ability to target tumors
after systemic delivery, tumor-specific detection owing to its tumor-triggered con-
trast enhancement, therapeutic efficacy due to the tumoricidal activity of S2Mn,
and safety to non-tumor tissue such as the heart. While S2Mn offers the tumor
toxicity and MR enhancement properties, the HPK carrier protein comprising
the particle shell provides the active targeting and cellular interactions that allow
cell-triggered release of S2Mn, and thus tumor-activated T1 shortening and con-
trast enhancement. Together these features have the potential to provide clinical-
ly-relevant tumor detection and intervention in a single particle.

A shortcoming of S2Mn as an MR contrast agent is its considerably reduced
T1 shortening capacity compared to Gd. However, in vivo studies in mouse tu-
mor models show that tumor contrast is greater in HerMn-treated mice in com-
parison to those receiving Gd, which in part may be due to the prolonged tumor
retention afforded by HPK. If so, future developments could include synthesis
and testing of new corrole species that may provide greater contrast enhance-
ment, while retaining the other theranostic advantages of S2Mn and other sulfo-
nated corroles.
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ABBREVIATIONS

Ad5 adenovirus serotype 5
CDC cardiosphere-derived cells
DLS dynamic light scattering
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EGF epidermal growth factor
HER2 human epidermal growth factor receptor 2
HER3 human epidermal growth factor receptor 3
HerGa HPK preincubated with S2Ga
HerMn HPK preincubated with S2Mn
HPK HerPBK10
HSA human serum albumin
IC50 half maximal inhibitory concentration
Ig immunoglobulin
MR magnetic resonance
MRI magnetic resonance imaging
S2FB bis-sulfonated free-base corrole
S2Fe bis-sulfonated iron(III) corrole
S2Ga bis-sulfonated gallium(III) corrole
S2Mn bis-sulfonated manganese(III) corrole
TEM transmission electron microscopy
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Abstract: “Theranostics” or “theragnostics” is a concept combining therapy and diagnostics,
particularly in vivo to maximize efficient delivery of targeted therapeutic agents to the tumors.
It enables “personalized medicine”, meaning that the therapy is tailored to the needs of a
given patient. Diagnostic imaging has also a great role in the monitoring of therapy, because
continuation or change of treatment plan can be decided based on the information about
the tracer accumulation in the tumors. In this chapter we briefly describe positron emission
tomography-based theranostics in cancer treatment and diagnosis, with a focus on metal-based
agents. The chapter will cover the thermodynamics, formation and dissociation kinetics of
metal ion-based radiopharmaceuticals for the selection of optimal chelates for the complexa-
tion of radiometals and the development of novel and more effective cancer specific theranos-
tic agents.

Keywords: diagnostic isotopes · chelating agents · kinetic · peptide receptor radionuclide
therapy · positron emission tomography · targeting agents · theranostics · therapeutic iso-
topes · thermodynamic

1. THERANOSTICS IN THE CONTEXT OF CANCER

TREATMENT

“Theranostics”, coined by combining a few letters from the words therapeutics
and diagnostics, is a relatively new concept in the field of nuclear medicine with
the goal of delivering personalized cancer treatment [1]. Theranostics may in-
volve two different radionuclide elements (theranostic isotope pair with different
elements, e.g., Netspot™, 68Ga(DOTATATE) for positron emission tomography
(PET) imaging and Lutathera®, 177Lu(DOTATATE) for β therapy), or the same
element with different radionuclide properties (theranostic isotope pair with the
same element, e.g., AdreView™, 123I-MIBG for single photon emission computed
tomography (SPECT) imaging and Azedra®, 131I-MIBG for β therapy). There are
many advantages for using the radionuclide pair of the same element or radioiso-
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topes for theranostic applications where possible (for example, 64Cu for PET and
67Cu for β therapy) [2].

The majority of therapeutic radioisotopes are metallic and need to be com-
plexed by a chelating agent (CA, e.g. DOTA, DTPA, etc.) for safe in vivo deliv-
ery (e.g., Quadramet®, 153Sm(EDTMP)), with a few exceptions (e.g., Xofigo®,
223RaCl2). Furthermore, CAs are typically conjugated to a targeting moiety with
(or without) a linker at a site away from the molecular recognition/binding site
to precisely deliver the radioactivity to diseased tissues with minimal exposure
to normal tissues. They can be called molecular radiopharmaceuticals. Recently,
significant attention has been devoted towards the linker, which can play a cru-
cial role in modulating the in vivo properties of the whole radiopharmaceutical
(e.g., 177Lu(PSMA-617)) [3]. Since a lot of theranostic radionuclide combinations
are possible, numerous criteria should be considered in the selection of the ther-
anostic pairs in addition to their chemical and physical properties.

2. LIMITATION OF FDG/PET ONCOLOGY

2.1. 18F-2-Fluoro-2-deoxy-D-glucose (FDG):

Promise and Pitfalls

18F-2-Fluoro-2-deoxy-D-glucose (FDG) is a PET radiotracer targeting one of the
key metabolic pathways in the cell: carbohydrates. In fact, FDG is so successful
(widely available and used) that it often synonyms with PET and is considered
a gold standard in PET oncology. FDG has been the undisputed market leader
in the PET field since its approval by the U. S. Food and Drug Administration
(FDA) in 1994 and currently it accounts for ~90 % of the total sales volume.
FDG PET combined with computed tomography (CT) or magnetic resonance
imaging (MRI) has good diagnostic accuracy in lung cancer, head and neck can-
cer, the majority (if not all) of breast cancers, lymphoma, and melanoma [4].

Although quite successful in the above oncology cases, there is enough clinical
evidence documenting FDG to be of limited value in the case of prostate, blad-
der, renal, and gastric cancer, brain cancer/metastasis, and inflammation as well
as follow-up until 12 weeks post chemotherapy. Due to the suboptimal specificity
and sensitivity of FDG, new radiotracers with improved diagnostic sensitivity,
specificity, and accuracy represent an area of intense research. These include
molecules targeting metabolic pathways other than carbohydrate, such as amino
acids, fatty acids, nucleotides, steroids, and hypoxia. Some of these radiotracers
have been under development for decades and have not yet established the same
success as FDG.

2.2. Beyond FDG: Biomarkers

In recent years, due to advancement in technologies, our understanding of com-
plex cancer biology (omics) has led to the identification of numerous biomarkers,
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a few of them clinically validated. The latter better represent the evolution and
progression of certain types of cancer. Many cancer types are slowly progressing
due to their lower metabolic rate and are often missed by FDG scans. For exam-
ple, FDG has a limited role in neuroendocrine tumors (NETs) and its use is
generally not advised. Rather, somatostatin receptor (SSTR) is a proven NET
biomarker [5].

Similarly, FDG is not useful in prostate cancer and has limited value. This
led towards development of tracers targeting different pathways/biomarkers in
prostate cancer such as lipid biosynthesis, fatty acid metabolism, amino acid me-
tabolism, prostate specific membrane antigen (PSMA), and gastrin-releasing
peptide receptor [6]. Axumin, [18F]-fluciclovine, which targets amino acid metab-
olism is the most widely used PET tracer for the diagnosis of prostate cancer at
present. Current research however, seems to be pointing to PSMA as the most
promising biomarker for castration-resistant prostate cancer (CRPC) at low
PSMA values and is a focal point for the research and the development of ther-
anostics.

FDG is the most common tracer used in breast cancer (except for lobular
breast cancer), primarily for staging and follow-up [7]. For sentinel lymph node
assessment 99mTc-lymphoseek, which targets the mannose receptor, is primarily
used and bone scans are performed with 99mTc-MDP (methylenediphosphate) or
Na[18F], targeting calcium in the bone. 18F-FLT (fluorothymidine) is also used
in a subset of cases to predict/monitor treatment response. Some investigations
are carried out with 99mTc-sestamibi and 18F-fluciclovine in cases of lobular
breast cancer. Similarly, FDG is used in cases of brain cancer (high grade glioma)
but the signals are often very difficult to interpret due to background signal
from normal FDG uptake. Based on preliminary clinical studies, 18F-fluciclovine
seems to provide a superior diagnostic assessment for brain metastases and pri-
mary brain cancer.

Epidermal growth factor receptor (EGFR), human epidermal growth factor
receptor-2 (HER2), carbonic anhydrase-IX (CAIX), poly(ADP-ribose) polymer-
ase 1 (PARP1), and urokinase-type plasminogen activator receptor (uPAR) are
among the approved clinical biomarkers, and PET radiotracers for each of these
biomarkers are in early to mid-stages of clinical development. Nevertheless, as
treatment options are becoming more personalized due to an advanced knowl-
edge of cancer biology, it is also opening niche spaces for personalized imaging.

2.3. Positron Emission Tomography Agents Based

Upon Biomarkers

There were only a few FDA approved PET radiopharmaceuticals (Table 1) be-
fore the modernization act of the FDA by the US congress in 1997 (creating
industry guidelines and regulations, 21 CFR 212). Since then, there has been
much interest in bringing new radiopharmaceuticals into the market. Many ther-
anostic agents are at advanced stages (phase 3) of clinical development targeting
biomarkers such as SSTR and PSMA.
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Table 1. FDA-approved PET radiopharmaceuticals.

Trade Name/Name Year Indication Target(Biomarker) Manufacturer

Cardiogen-82®; 1989 cardiology blood flow agent Bracco;
82RbCl Draximage

18F-FDG 1994 oncology, carbohydrate various
neurology metabolism

13NH3 2007 cardiology blood flow agent various

Na18F 2011 oncology, seeks bone various
cardiology calcium

11C-Choline 2012 oncology lipid pathway Mayo Clinic
(PCa) and few others

Amyvid™; 2012 neurology β-amyloid plaque Eli-Lilly
18F-Florbetapir (AD)

Vizamyl™; 2013 neurology β-amyloid plaque GE Healthcare
18F- Flutemetamol (AD)

Neuraceq™; 2014 neurology β-amyloid plaque Alliance Medical
18F-Florbetaben (AD)

Netspot™; 2016 oncology SSTR2 Novartis (AAA)
68Ga(DOTATATE) (NET)

Axumin®; 2016 oncology AA transporter Bracco (BED)
18F-Fluciclovine (PCa)

68Ga(DOTATOC) 2019 oncology SSTR2 University of Iowa;
(NET) AAA; ITM

18F-FDOPA 2019 neurology dopaminergic nerve Feinstein Inst.
(PD) terminals for Medical

Research

PCa: prostate cancer; AD: Alzheimer’s disease; NET: neuroendocrine tumor; PD: Parkin-
son’s disease; AAA: Advanced Accelerator Applications; BED: Blue Earth Diagnos-
tics; ITM: Isotopen Technologien München AG

3. ISOTOPES OF THERANOSTIC APPLICATIONS

3.1. Suitable Isotopes for Radiodiagnosis and Radiotherapy

The medical application of radioisotopes for diagnosis and therapy has gone
through a long journey of development. The availability of these techniques
made possible “personalized medicine”, tailoring the therapy to the needs of an
individual patient, based on the precise information obtained with these
methods. With an increasing number of patients receiving isotope therapy, high
inter-patient differences were found, highlighting the importance of precise do-
simetry with an appropriately chosen positron-emitting pair of the therapeutic
isotope.
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3.1.1. Diagnostic Isotopes

18F: The first widely applied and still the most important isotope for PET. The
easy- and high-yield production with affordable price cyclotrons made 18F so
successful. It can be quite efficiently introduced into organic molecules by fluori-
nation, although requiring automated synthesis systems and good manufacturing
practices production. Its optimal half-life (109.77 min) enables transportation of
the labelled tracer but gives a tolerable radiation dose to the patient. The short
positron range yields good image resolution. The formation of ternary complexes
of Al3C-18F–-CAs relies on the use of aqueous fluoride, simplifying labelling and
allowing one to obtain multi-curie activities [8].

68Ga: The availability of commercial 68Ge/68Ga generators (Obninsk 1996) en-
abled the use of 68Ga-labelled tracers for NET and later prostate cancer. The
high positron energy of 68Ga (Emax= 1900 keV) decreases the image quality by
causing lower resolution and higher noise. 68Ga is helping the introduction of
new tracers for PET centers without cyclotrons, but the limited activity that a
generator can provide is not sufficient to handle a high number of patients. The
increasing demand for 68Ga can be seen in the high interest in the introduction
of liquid targets for the production with cyclotrons, yielding only limited activity,
and being rather risky to operate. A simple and affordable solid target system
for 68Ga production is needed. The ~1 h half-life and the 2 % limit for 66/67Ga
contaminants do not allow a long range transportation of the produced isotope
because the radionuclidic purity quickly falls under the acceptable limit.

44Sc: 44Sc is an emerging PET isotope, a competitor of 68Ga in some aspects.
It is available from a generator (44Ti/44Sc) and it can be produced in medical
cyclotrons [9]. The main advantage of 44Sc over 68Ga is the longer half-life
(3.97 h), enabling production by medical cyclotrons before production of 18F and
transportation together with FDG. Sc3C-complexes are similar to Lu3C-complex-
es, resulting in similar biodistribution [10]. 44Sc forms a theranostic pair with 47Sc,
but the availability of 47Sc is hardly comparable to 177Lu. 43Sc, with almost the
same half-life (3.89 h) and lacking the high energy γ-emission (1157 keV, 99.9 %)
characteristic of 44Sc, would be more beneficial for human use but it is much
less available due to the production with research cyclotrons (40Ca(α,p)43Sc)
[11]. The more convenient logistics associated with the longer half-life of 44Sc
might be enough to replace 68Ga in current applications.

64Cu: The use of 64Cu has a long history with several successful examples
[12], but lacks a fast development. Constantly present in preclinical and clinical
experiments, no ground-breaking application led to a broad use. It can be pro-
duced with low-energy medical cyclotrons, but the investment costs of solid tar-
getry and of the target material (enriched 64Ni) are a strong limit.

89Zr: The half-life of 89Zr (78.4 h) favorably matches the pharmacokinetics of
antibodies. It can be produced from natural Y foil [13]. Deferoxamine (DFO) is
the most widely used chelator for 89Zr. While 89Zr(DFO) was not stable enough
in animal experiments [14], it has performed well in humans. Gasser et al. modi-
fied the DFO chelator, increasing in vivo stability [15]. 1,2-HOPO was also found
to form an inert complex with Zr [16].
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52Mn: 52Mn has a good chance to replace 89Zr, as it has better coordination
and imaging properties (mean positron range: 0.63 mm, approximately half of
that of 89Zr). A Mn2C complex with DOTA is more stable than Zr(DFO) [17].
It can be easily produced by irradiation of natural Cr. The accompanying high
energy γ-radiation is a disadvantage, significantly increasing patient dose, but
this is also true for other isotopes, like 64Cu.

3.1.2. Therapeutic Isotopes

The choice of a therapeutic radionuclide is often made by the availability of the
isotope rather than matching the decay characteristics (half-life, α- or β-energy,
etc.) for a specific disease.

67Cu: 67Cu is a low-energy β-emitter, with a γ-line, suitable for SPECT imaging.
It can only be produced (68Zn(p,2p)67Cu) in high energy cyclotrons, limiting its
broader application.

47Sc: 47Sc (3.35d, 100 % β 142.6 keV, 68.4 %, 203.9 keV, 31.6 %, γ 159.4 keV
68.3 %) can be produced with a cyclotron or linac from V, Ti or Cr target materi-
als. Reactor production from 47Ti is possible, but the production of 47Ca decaying
to 47Sc with t1/2 = 4.5 d is the most efficient.

90Y: 90Y(DOTATOC) showed unexpected success in the treatment of NET.
Two decades before, 90Y was the most frequently used therapeutic isotope, but
the clinical application and the scientific interest gradually shifted from 90Y to
177Lu, due to the lower kidney toxicity and the better therapeutic efficiency for
small tumors [18]. The difference is caused by the shorter mean path of β-parti-
cles emitted by 177Lu.

177Lu: 177Lu has become the standard therapeutic isotope for peptide receptor
radionuclide therapy (PRRT), with treatment of NET and prostate cancer. With
a maximum β-range of 2 mm, it is optimal for the treatment of small metastases.
Its γ-lines (112.9 and 208.4 keV) allow SPECT imaging for patient dosimetry.

161Tb: 161Tb can be produced in a high flux reactor by the neutron irradiation
of enriched 160Gd (160Gd(n,γ)161Gd → 161Tb). It has similar decay characteristics
to 177Lu (6.89 and 6.65 day half-life, 522 and 497 keV maximum β-energy, respec-
tively), but 161Tb has more low-energy Auger and conversion electrons, leading
to a higher dose per decay in the case of small tumors. This advantage becomes
important in the 10–15 μm range. The higher efficacy of 161Tb was shown by
Müller et al. on prostate cancer cell lines as well as in in vivo preclinical experi-
ments [19]. The use of 161Tb, instead of 177Lu yields an approximately 1.4 times
higher adsorbed tumor dose [20].

225Ac: 225Ac decays with 4 α-emissions and was used in several preclinical and
clinical studies. Currently, it is available as a daughter of 229Th, and via the
irradiation of long half-life radioactive target materials (232Th(p,2p6n)225Ac,
226Ra(p,2n)225Ac and 226Ra(γ,n)225Ra → 225Ac). The α-decay of 225Ac to 213Bi
has a recoil effect, leading to the release of the daughter nuclide from the com-
plex, resulting in a high unwanted dose to healthy tissues (e.g., kidneys). Several
225Ac-labelled antibodies were successfully used in preclinical and clinical studies
[21]. The driving force of the further development of α-therapy is the success of
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225Ac(DOTA-PSMA). It was used in a recent clinical trial on patients with pros-
tate cancer without prior chemotherapy [22].

213Bi: 213Bi is available from an 225Ac/213Bi generator. 213Bi-labelled substance
P was used successfully in patients with local administration to gliomas [23]. The
injected activity remained in the tumors, and no nephrotoxicity was observed.
213Bi(DOTATOC) was also successful in the treatment of tumors not responding
to β-therapy [24].

223Ra: Despite much effort to find an appropriate chelator to form a stable
complex with 223Ra [25], no candidates met the stability and inertness require-
ments for in vivo use. An interesting approach, to bind Ra to the surface of solid
nanoparticles by adsorption, seems to solve the problems associated with the
recoil of the isotope during α decay. It was found that daughter isotopes can be
resorbed on the solid surface. However, the high liver uptake of nanoparticles
inhibits the use of these carriers in α-therapy.

149Tb: 149Tb emits a single low energy α-particle besides positron emission and
γ-radiation. It was produced by Beyer et al. [26] in the Nd(12C,5n)149Dy → 149Tb
reaction and proton-induced spallation of Tb target, followed by online isotope
separation [27]. Its potential was shown by Müller et al. [28], but broader appli-
cation requires an affordable production route.

212Pb: 212Pb decays to the α-emitter 212Bi with β-emission and is produced
from 228Th, available from spent nuclear fuel [29]. It forms a theranostic pair
with 203Pb, produced from natTl (203Tl(p,n)203Pb). 212Pb(DOTA-trastuzumab)
was used in preclinical experiments with prostate cancer models [30] and
212PbTCMC-trastuzumab in clinical trials for HER-positive tumors [31].

3.2. “Matched Pairs” of Isotopes for Tandem Application

“Real” theranostics with diagnostic and therapeutic functions are characterized
by identical biodistribution. This is most often done by labelling the same mole-
cule with a diagnostic or a therapeutic isotope of the same element. Examples
of “real” theranostic pairs are: 44/43/47Sc, 64/67Cu, 206/213Bi, 86/90Y, 152/161Tb. These
are rarely used in clinical practice, mainly because of the poor availability of one
of the isotope pair. Imperfect, but practically useful pairs are 68Ga(DOTATOC)
and 177Lu(DOTATATE) or 68Ga/177Lu(PSMA-617). 68Ga- and 177Lu-labelled
peptides have a different biodistribution, but they are still good enough to deter-
mine the receptor positivity of the tumor lesions of the patient, and to monitor
their response to isotope therapy [32].

Although Tb-isotopes offer a unique possibility to perform PET/SPECT imag-
ing and α/β/Auger electron therapy, the lack of cost-efficient decentralized pro-
duction methods of Tb isotopes does not allow its broader application. An inter-
esting approach is the development of “radiohybrids” by dual isotope labelling
with the currently available isotopes (18F, 68Ga, 177Lu) [33]. This is a family of
compounds, containing both a metal chelator and a silicon-fluoride acceptor in
a single molecule. These compounds can be simultaneously labelled with metal
ions and fluoride. The intended application determines the labelling agent, which
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should be a radioactive or non-radioactive isotope. The same biodistribution
can be achieved with an 18F-175Lu-labelled diagnostic and a 19F-177Lu-labelled
therapeutic tracer.

3.3. Practical Requirements for Diagnostic and Therapeutic

Radiopharmaceuticals

Four key properties stand out for the selection of a diagnostic radionuclide:
(i) low βC energy resulting in higher resolution with appropriate half-life (hours),
(ii) wide availability, (iii) low cost of commercial production, and (iv) easy and
fast radiolabelling (kit type method) at low or room temperature. Probably one
radioisotope cannot fulfill all requirements, leaving room for more than one diag-
nostic radioisotope. Though there are numerous diagnostic radioisotopes in pre-
clinical and early clinical phase, the two most successful ones in commercial and
clinical use are 18F and 68Ga, with 18F as the main workhorse of PET imaging.

In the case of a therapeutic/theranostic radioisotope, an important requirement
is the availability in chemically pure and preferably no carrier-added form so
that high specific activity radiopharmaceuticals can be produced for the maxi-
mum delivery of radiation to the targeted lesions. In addition, if the radionuclide
has an imaging component (γ-rays) then it could be exploited for dosimetry.
High stability is crucial because the residence time of radiotherapeutics must be
rather longer (a few hours/days) within lesions to exert a meaningful biological
effect.

Therapeutic isotopes cause radiation-induced cell death, based on irreparable
DNA damage through direct or indirect interaction with double-stranded DNA.
β-particles produce infrequent ionizations along their path, causing more repara-
ble DNA damage. The ionization density of α-particles and Auger electron emit-
ters is much higher. An amount of 1–4 α-particles, flying through the cell nucleus
is enough to kill a mammalian cell, but several thousands of β-particles are need-
ed to reach the same effect.

Radionuclides with higher β-energy have a higher penetration range in soft
tissue, causing a “crossfire effect” beneficial for large tumors but not optimal for
small ones. With more precise targeting becoming available, the focus is shifted
from isotopes with longer penetration range (90Y) to those with shorter (177Lu)
and lately to α-emitters (225Ac) for an even more localized effect [34]. Shifting
from late stage treatment to first line therapy changes the requirements of thera-
py: besides efficient tumor cell killing, side effect reduction becomes more im-
portant [35].

Auger electron emitters offer a very selectively targeted therapeutic option
with fewer side effects because the decaying atom has to be within nanometer
range from the DNA. The importance of close proximity to the cell nucleus was
proven by Constantini et al. [36], who modified an 111In-labelled monoclonal
antibody with a nuclear localization peptide sequence, which caused a 6-fold
increase in the radiotoxicity to breast cancer cells.
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4. METAL COMPLEXES AND THEIR IMPORTANCE

The use of radiometal ions for diagnostic and therapeutic applications relies on
their coordination with chelating agents (CAs) [37]. Besides high thermodynamic
stability, the kinetic of the formation and dissociation of the radiometal complex
must be considered for the limited timescale offered by fast decaying radioiso-
topes and to reduce potential in vivo dissociation. Moreover, the CA must be
provided with an additional, reactive functional group to be employed to link
with the targeting molecular vector (biomolecules or small molecules), hence,
they are called bifunctional chelating agents (BFCAs) [38, 39]. The basic princi-
ples and experimental methods for the characterization of the equilibrium and
kinetic properties of “cold” metal complexes are summarized in Chapter 2 of
this book. Chapter 3 gives a comprehensive overview of Mn2C complexes, not
discussed here in detail. In this chapter the equilibrium and kinetic properties of
the metal complexes are discussed by considering some example CAs proposed
for the complexation of the most important radiometal ions.

4.1. Acyclic, Semicyclic, and Cyclic Chelators

The number of CAs for nuclear medicine is steadily growing due to the constant
research in this field. CAs can be classified according to their molecular structure
and in detail according to their structural backbone, i.e., acyclic, mesocyclic, and
macrocyclic CAs.

Acyclic CAs (Figure 1) include linear chain polyaminopolycarboxylic acids and
are exemplified by the archetypal hexadentate EDTA, forming quite stable com-
plexes with Ga3C [40]. The phosphonic analog of EDTA (EDTMP) forms a
stable complex with 153Sm3C, used in the palliative treatment of bone metastases
[41]. The homolog DTPA shows a higher denticity and is more suited for the
coordination of metal ions with higher coordination requirements such as 111In3C

and radiolanthanides [37, 42]. HBED shares with EDTA the denticity with a
different mixed phenolic-carboxylic functionalization. Once more, the oxygenat-
ed donor groups impart a marked affinity for Ga3C. Aromatic heterocycles play
an active role in coordination through ring heteroatoms and suitably placed func-
tional groups. DEDPA is a hexadentate CA with a central ethylenediamine sym-
metrically supporting two picolinic acid residues, resulting in a significant affinity
for Ga3C [37]. Closely related is HOX, where two 8-hydroxyquinoline (“oxine”)
moieties are located on an ethylenediamine unit, once more leading to an highly
effective CA for Ga3C [43]. Hydroxypyridones (HOPOs) are versatile and effi-
cient bidentate heterocycles, widely used to build a variety of CAs. 3,4,3-HOPO
is an example where four coordinating hydroxypyridone units are located on a
linear tetramine, yielding an overall octadentate CA with a strong affinity for
Zr4C [44]. A longer linear backbone is shown by deferoxamine, a natural sidero-
phore isolated from Streptomyces sp. and featuring four hydroxamic acid resi-
dues and a terminal amino group. The latter is especially useful to link the CA
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to targeting vectors, while the four hydroxamate groups efficiently coordinate
“hard” metal ions such as Ga3C and Zr4C [37, 44].

Macrocyclic CAs (Figure 1) share a molecular skeleton with at least one large
ring (> 8 atoms), hosting donor atoms and eventually bearing functionalized pen-
dant arms. Macrocyclic CAs are typified by DOTA (1,4,7,10-tetraazacyclodode-
cane, “cyclen”), a 12-membered cyclic tetraamine with 4 carboxymethyl pendant
arms. The preorganization to chelation of the macrocyclic ring and the octaden-
ticity lead to the formation of highly inert complexes with most metal ions.
DOTA represents a universal workhorse in terms of thermodynamic stability
of the corresponding complexes, the latter being used in almost all diagnostic
techniques (Gd3C, 111In3C, 177Lu3C, 44Sc3C, 68Ga3C, 213Bi3C, and even 225Ac3C)
[37, 42, 44, 45]. The inertness of metal complexes associated with the macrocyclic
backbone of DOTA is the base for the preparation of several derivatives. Among
them, it is worth noting that the substitution of the carboxylic groups of DOTA
with phosphonate/phosphinate groups yields interesting CAs such as DOTP and
DOTPI, respectively. The highly charged phosphonate and the modular phosphi-
nate allow the preparation of markedly stable complexes of 213Bi3C, 64Cu2C, and
177Lu3C [37, 44].

Formal fusion of the “cyclen” ring with a coordinating pyridine leads to the
still more stiff PCTA. Its lower denticity reduces the thermodynamic stability of
the corresponding complexes with respect to DOTA, but the increased rigidity
of the pyridine-containing macrocycle (“pyclen”) compensates on the side of the
kinetic inertness, comparable to that of DOTA chelates and making PCTA suit-
able for labelling with radioisotopes of In3C, Y3C, and Lu3C [37]. Smaller rings
are represented by derivatives of the 9-membered 1,4,7-triazacyclononane, such
as NOTA and the phosphinic counterparts such as the TRAP family [37, 42, 44].
These hexadentate macrocyclic CAs form stable complexes of Ga3C with favor-
able labeling kinetics. Larger rings mostly include at least one 14-membered ring
such as TETA, that may be considered an expanded version of DOTA. The
expanded ring is more flexible and efficiently accommodates Cu2C [44]. More-
over, its flexibility has been modulated in the macrobicyclic derivative CB-
TE2A, further raising the stability of the corresponding Cu2C-complex [44]. A
unique combination of fast formation and high inertness of the metal complex
is shown by the macrobicyclic CA known as sarcophagine (the bifunctional de-
rivative DiamSar is shown in Figure 1), forming an extremely stable Cu2C-sepul-
chrate [44].

Mesocyclic CAs have a backbone based on medium-membered rings (5–8 at-
oms) (Figure 1). This class includes the six-membered CDTA, formally an EDTA
rigidified through the formal fusion with a cyclohexane ring. CDTA forms stable
complexes with Mn2C and bifunctional derivatives were studied as potential PET
agents [46]. AAZTA shows a favourable size match of with most metal ions
leading to the efficient chelation of several d- and f-metal ions of diagnostic and
therapeutic interest, among them Gd3C, 44Sc3C, 64Cu2C, 68Ga3C, 111In3C, and
177Lu3C [47–49]. In addition, the relative flexibility of the diazepane ring allows
a very fast complexation reaction. The role of the side arms of AAZTA has been
studied for Ga3C, with the hexadentate derivative DATA showing comparable
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complexation efficiency [37]. The effect of the rigidification of the seven-mem-
bered ring on the thermodynamic and kinetic stability of Ga3C complexes was
also investigated in the bicyclic derivatives CyAAZTA [50] and PIDAZTAs [51].

4.2. Thermodynamic and Kinetic Properties of Metal

Complexes for Radiopharmaceutical Applications

4.2.1. Thermodynamics

Acyclic, mesocyclic, and macrocyclic CAs and their derivatives form highly stable
complexes with M2C/3C ions by the coordination of all the donor atoms of the
hexa-, hepta- or octadentate ligands. The stability constants (log KML) of the
M2C and M3C complexes formed with acyclic, mesocyclic, and macrocyclic CAs
are listed in Table 2.

The Cu2C ion (3d9, 57–73 pm, CN = 4–6) has a borderline hardness with high
affinity to O and N donor atoms. Beside acyclic chelates, several meso- and
macrocyclic N3 and N4 CAs have been developed to obtain N2O4, N3O3, N3S3,
and N4O2 coordination of the Cu2C ion.[44] The presence of more basic donor
atoms in the pendant arms and in the ligand backbone leads to an increase in
the log KCuL value of the Cu2C complexes. Interestingly, the stability constants
of Cu(EHPG) and Cu(HBED), sharing the same functional groups, differ by
~2 log K units, showing that the overall molecular connectivity plays an im-
portant role. The log KCuL of Cu(cyclam) is higher than that of Cu(cyclen) (log
KCu(cyclen) = 24.8; log KCu(cyclam) = 27.2) [53], due to a better size match of the
Cu2C ion and the 14-membered macrocycle. Nevertheless, the log KCuL value of
Cu(DOTA) and Cu(TETA) are similar, indicating that the size of the functional-
ized macrocycle has practically no influence on the log KML of the Cu2C-com-
plexes due to the formation of similar distorted octahedral coordination geom-
etries. The log KML of Cu2C complexes formed with cyclam and cross-bridged
bicyclic CB2A are very similar (log KCu(cyclam) = 27.2, log KCu(CB2A) = 27.1) [54].
However, functionalization of the cross-bridged CA with picolinate pendant
arms significantly improves the stability of the corresponding Cu2C complex [44].

The Ga3C ion is a classic hard cation with small size (CN = 6: 62 pm) and the
C3 charge. Ga3C ion forms stable complexes with O, N, and S donor atoms [37].
Ga3C complexes of CAs are generally characterized by N2O4, N3O3, N3S3, N4O2,
and O6 coordination in distorted octahedral geometries [37, 42]. The similarity
of Fe3C and Ga3C ions results in the strong affinity of Ga3C for transferrin (log
KGaTf = 18.88, log KGa2Tf = 17.65) and hydroxamate-based siderophores (e.g.,
DFO) [37]. Heterocyclic oxygenated pendant arms such as picolinate (DEDPA)
and 8-hydroxyquinoline (HOX) are particularly beneficial in the coordination of
Ga3C resulting in an increase of 7 and 12 units in the log KGaL value with respect
to EDTA [43, 55]. Moreover, the efficient formation of Ga3C complexes with
tris(hydroxypiridinone) ligands has also been demonstrated [37]. The speciation
of the Ga3C-AAZTA-like systems at pH> 5 shows the dominance of Ga(L)OH
ternary species [49, 51], formed even in the Ga3C-EDTA, Ga3C-CDTA, and
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Ga3C-DTPA systems [56, 57]. The better size match of the Ga3C ion and the
cavity of the NOTA ligand is clearly visible in the log KGaL value of Ga(NOTA),
5 log K units higher than that of Ga(DOTA).

Sc3C, Y3C, and Ln3C ions belong to the class of rare earth (RE) metals, classic
hard cations as a result of the small size (80–116 pm, CN = 8–9) and the C3
charge. The stability constant of the Ln(DTPA) complexes increases from La3C

to Dy3C, then remains practically constant for the heavier Ln3C ions with a slight
decrease at the end of the series. Remarkable improvements in the thermody-
namic stability of Y3C complexes were achieved by rigidifying the backbone
of DTPA by fusion with a cyclohexane ring (“CHX” ligands) [37]. AAZTA
encapsulates Sc3C, Y3C, and Ln3C ions by virtue of the relatively flexible meso-
cyclic coordination cage [47–49]. The macrocyclic DOTA is the dominant chelat-
or for these metal ions. The log KLnL values of Ln(DOTA) complexes increase
from La3C to Gd3C, then it remains practically constant for the smaller Ln3C.
The relationship between the basicity of amines and the log KLnL of Ln3C com-
plexes with macrocyclic ligands has been extensively studied [58, 59].

The In3C ion is also a classical hard cation, with C3 charge and relatively small
size (62–92 pm, CN = 7–8). The In3C ion has a high affinity for O and N donor
atoms and to the “softer” thiolate groups. The complexation of the In3C ion is
generally tackled with N2O4, N3O3, N3S3, N3O4, N3O5, N4O2, and O6 coordina-
tion in distorted octahedral, pentagonal bipyramidal, and square antiprismatic
geometries [37, 42, 52]. The log KInL of In3C complexes formed with EDTA,
DEDPA, and HOX ligands shows that picolinate and 8-hydroxyquinoline pend-
ants lead to an increase of 1.5 and 6.5 orders of magnitude in the log KInL

value. The log KInL of In3C complexes with macrocyclic CAs follows the trend:
TETA<DOTA<NOTA, explained by the excessively large cavity of DOTA and
TETA for the small In3C ion. Interestingly, the log KInL of In(DFO) is about 7
orders of magnitude smaller than that of Ga(DFO) [37, 42].

The intense charge density and the small radius (59–89 pm) of Zr4C result in
the acidity of the coordinated aqua ligands and the tendency to form oxides/
hydroxides [60]. The Zr4C complexes (CN = 8) of hexa- and octadentate CAs
are generally characterized by dodecahedral geometry [44]. Despite the high log
KZrL values of Zr(EDTA) and Zr(DTPA), hydrolysis of the Zr4C ion may occur
with the release of the metal ion at pH > 5 in both cases [61]. According to
theoretical calculations, DFO is coordinated to the Zr4C ion by three hydroxam-
ate groups, whereas the remaining two coordination sites are occupied by two
water molecules [62].

Bi3C is a soft metal ion and forms stable complexes with CAs containing O,
N, and S donor atoms [63]. The Bi3C ion in complexes has an ionic radius of
0.96�1.17 Å and CN = 8. The higher stability constant of Bi(CDTA) complex
with respect to Bi(EDTA) (~3 log K units) reflects the higher basicity of CDTA.
However, the higher basicity of the trans-1,2-diaminocyclohexyl moiety of the
CHX-A″-DTPA ligand does not improve the log KBiL of the Bi(CHX-A″-DTPA)
complex [37]. Tetraazamacrocyclic CAs have also been proposed for the com-
plexation of the Bi3C ion [37]. Based on the size of the Bi3C ion, the stability
constant of the Bi(DOTA) complex is higher than expected due to the covalent
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character of the interaction between Bi3C and N atoms. Replacing one COO– with
OH (Bi(DO3A-Bu)) or its removal (Bi(DO3A)) depresses log KBiL by 3.5 units.
Interestingly, the log KBiL of the Bi3C complex formed with the DOTA deriva-
tives possessing two picolinate (DO2PA), two picolinates and two methyl groups
(Me-DO2PA) are higher by 2 and 4 log K units than that of the Bi(DOTA)
complex [37].

4.2.2. Formation Kinetics

The formation reactions of complexes with M2C/3C ions are usually rapid with
flexible multidentate CAs, and often slow with rigid ones [64]. In complex forma-
tion the metal ion penetrates the coordination cage formed by the donor atoms
of the CAs. The formation of the Cu2C-complexes with tri- and tetraazamacrocy-
clic CAs is usually slow in acidic condition, where the CAs are present in the
form of protonated species. Formation of the Cu2C complex occurs upon direct
encounter of the Cu2C ions and the protonated unsubstituted macrocycle (e.g.,
cyclen). However, the macrocyclic CAs with coordinating pendants interact with
the Cu2C ions in a two-steps mechanism: (i) the rapid formation of the out-of-
cage complex #[Cu(HxL)] by the coordination of the pendant arms to the metal
ion, (ii) the rate-determining deprotonation of the ring amine(s) of the out-of-
cage complex #[Cu(HxL)] with the penetration of the metal ion in the cage [65].
Interestingly, cross-bridged cyclam derivatives with coordinating side arms [66, 67]
show fast complexation of the Cu2C ion under mild reaction conditions.

The M3C complexes of NOTA, DOTA, and their derivatives are formed slowly
because the metal ion must enter into the pre-organized coordination cage
formed by the donor atoms (M3C = Ga3C and Ln3C ions) [45, 68]. The formation
reactions of the M3C complexes with NOTA and its derivatives takes place by
the rapid formation of a monoprotonated *[M(HNOTA)]C intermediate (M3C

coordinated by the COO– groups, proton likely located on a ring N atom), then
deprotonating and rearranging to the product in a slow, OH– catalyzed rate-
determining process [68, 69]. The complexation of the M3C ion with DOTA and
its derivatives occurs through the diprotonated *[M(H2DOTA)]C intermediate
in which the metal ion is coordinated by the deprotonated COO– of the pendants
[45]. The rate determining step is the H2O- (kH2O) and OH–-assisted (kOH) de-
protonation of the monoprotonated *[M(HDOTA)] intermediate followed by
the rearrangement of the deprotonated intermediate to the final complex (Fig-
ure 2) [45]. Although the formation mechanism of [Ln(PCTA)] complexes is
similar, the formation of [Ln(DOTA)]– complexes is about 10 times slower than
that of the corresponding [Ln(PCTA)] complexes, due to the preorganization of
PCTA [45]. Several DOTA derivatives with α-substituted pendants (e.g., DOT-
MA) and with symmetrically arranged alkyl substituents on the tetrazamacrocy-
cle have been developed to enhance the preorganization of the CA [45]. How-
ever, the formation rate of the [Eu(DOTMA)]– complex is ~103 times smaller
than that of [Eu(DOTA)]– confirming that the substituted pendants slow the
formation of the Ln3C chelates [45].
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Kinetic studies reveal that the formation mechanism of M(DOTA)– complexes
is similar in water and water/EtOH mixtures (≤ 70 %v/v EtOH) [70]. However,
EtOH indirectly accelerates the formation of [M(DOTA)]– complexes by de-
creasing the protonation constant (KM(HL)

H , Figure 2) of the kinetically active
*[M(HDOTA)], resulting in the faster formation of the final complex.

4.2.3. Kinetic Inertness

One of the key parameters for safe in vivo application is the kinetic inertness
(kinetic stability) of metal complexes, required to avoid the release of the metal
ion and of the free CA, and the delivery of the radioisotope in the form of an
intact complex to the target [37, 42, 44, 45]. Despite the high log KML value, the
extremely low concentration of the radiopharmaceuticals and the high excess of
competitors (trans-metallation and trans-chelation reactions) may establish the
thermodynamic force for the in vivo dissociation of the metal complexes. The
dissociation of metal complexes formed with acyclic, mesocyclic, and triaza- and
tetraazamacrocyclic CAs and their derivatives may take place by the same mech-
anism (Chapter 2 of this book, Figure 4). However, the contribution of the differ-
ent pathways to the overall dissociation rate differs considerably depending on
the nature of the metal ion and of the CA. Dissociation of Ln3C complexes
formed with acyclic ligands may occur by the assistance of metal ions (kM) via
the formation of heterodinuclear complexes (KM). Recent studies indicate that
the metal ion-assisted dissociation of Gd(DTPA) derivatives can be neglected in
the presence of bioligands (e.g., citrate) due to the chelation of exchangeable
Cu2C, Zn2C, Ca2C, and Fe3C ions. The dissociation of the Gd(DTPA) derivatives
mainly occurs by endogenous ligands (carbonate, phosphate, citrate, etc.) assist-
ed paths (kL) via the formation of ternary complexes (KL) in physiological con-
ditions [71]. For Sc3C, Y3C, and Ln3C complexes formed with mesocyclic and
9- to 13-membered triaza- and tetraazamacrocyclic CAs the acid-catalyzed de-
complexation is the most important path (kH, kH

H) by the formation of protonat-
ed intermediates (KH), whereas the direct attack of the endogenous metal ions
(kM, KM) has a negligible role in the dissociation of the metal complexes. On
the other hand, the strong hydrolytic properties of Ga3C and Bi3C strongly influ-
ence the dissociation of the corresponding complexes formed with mesocyclic
and polyazamacrocyclic CAs, taking place with the assistance of the OH– ion
(kOH) via the formation of ternary hydroxo complexes (KOH) [72].

The kinetics of metal and ligand exchange reactions of Cu2C, Ga3C, Ln3C,
Y3C, and Sc3C complexes have been extensively investigated [45, 64, 73]. The
transmetallation of Ln(EDTA) complexes takes place by the proton-assisted path
(Ce(EDTA): k1 = 2.9 ! 103 M–1s–1, k1 = kH ! KH). Ln3C complexes of rigidified
EDTAs show a significantly slower acid-catalyzed dissociation (Ce(CDTA): k1 =
60 M–1s–1) [73]. A similar approach has been used to improve the kinetic inertness
of Ga3C and In3C complexes of EDTA analogs with rigid pendants (DEDPA
[55], HOX [43]). The introduction of a cyclohexane ring into the DTPA backbone
yields the more rigid CHX-A”-DTPA, forming Y3C complexes with a slower acid-
catalyzed dissociation than that of the parent Y(DTPA) [74].
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In metal complexes of mesocyclic, and 9- to 13-membered azamacrocyclic li-
gands, the M2C/3C ion is placed in the coordination cage formed by N and O
donor atoms, generally hindering the interactions with bioligands due to the lack
of a free coordination site at the M2C/3C ion. However, the protons can compete
with the M2C/3C ions by the formation of protonated M(HxL) complexes which
is the first step in the dissociation reaction. The dissociation of the protonated
M(HxL) complex is more likely to occur by proton transfer from the pendant to
the nitrogen of the ligand backbone causing the release of the M2C/3C ion. The
proton-assisted dissociation of the Cu2C complexes formed by unfunctionalized
CAs reveals that the kinetic inertness of the Cu(cyclam) complex is about
20 times higher than that of Cu(cyclen) due to the better size match between the
Cu2C ion and the cavity of the cyclam ligand [75]. The presence of coordinating
pendants markedly influences the dissociation rate of the Cu2C complexes with
macrocyclic CAs. The kinetic inertness of Cu(NOTA) is significantly lower than
that of Cu(DOTA) due to the lability of the [Cu(HNOTA)] complex [65]. Ac-
cording to the dissociation half-lives measured in 5 M HCl, the Cu2C complexes
of cross-bridged cyclam derivatives [66, 67] show a high kinetic inertness due to
the constrained structure of the macrocycle.

Rates of the acid-catalyzed dissociation of Ln3C complexes formed with meso-
and macrocyclic CAs are strongly influenced by the size of the Ln3C ion as well
as by the structure of the CAs. The k1 values of Ln(AAZTA) [47], Ln(NOTA)
[69], and Ln(DOTA) [45] decrease in parallel with the size of the Ln3C ion due
to a better size match between the smaller Ln3C ions and the coordinating cage.
However, the k1 values of Ln(NOTA) complexes are significantly higher than
those of the Ln(DOTA) complexes due to the lower denticity and the smaller
cavity of NOTA. The k1 values of Ln3C complexes formed with the octadentate
DOTA derivatives are lower than those of the corresponding heptadentate
PCTA complexes, due to the more favorable protonation of the PCTA ligand
[45]. The acid-catalyzed dissociation of Ln(DOTA) complexes is faster than with
rigid DOTA derivatives as a result of the increased preorganization due to the
presence of α-substituted pendants (e.g., DOTMA) or of alkyl groups on the
macrocycle [45].

The dissociation reactions of the Ga3C complexes formed with mesocyclic
ligands occur by the OH–-assisted pathway (kOH, Chapter 2 of this book, Fig-
ure 4) via the formation of monohydroxo [Ga(L)OH] complexes (Ga(AAZTA):
kOH = 3.0 ! 10–6 s–1; Ga(CyAAZTA): kOH = 1.7 ! 10–5 s–1; Ga(Me-DATA):
kOH = 8.0 ! 10–6 s–1; Ga(PIDAZTA-S): kOH=1.4 ! 10–4 s–1, Ga(PIDAZTA-R):
kOH = 4.3 ! 10–7 s–1) [49–51, 76]. The comparison of the kOH and k1 rate con-
stants of Ga3C complexes formed with mesocyclic and macrocyclic CAs indicates
that the OH–-assisted dissociation is faster than that of the proton-assisted
decomplexation, confirming the key role of the OH–-assisted dissociation at
pH ≥ 7 [45, 49].
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5. METALLIC AND NON-METALLIC THERANOSTIC

AGENTS

5.1 Non-Hodgkin’s Lymphoma

Diagnosis of lymphomas is accurately assessed by FDG PET imaging [77]. Zeva-
lin® (90Y(DTPA-Ibritumomab) Tiuxetan) and Bexxar® (131I-Tositumomab) are
the two FDA-approved radioimmunotherapy agents for the treatment of non-
Hodgkin’s lymphoma. Both monoclonal antibodies (mAb) bind to the CD20
antigen presented on B-cells. Since 90Y is a pure beta emitter without any imag-

Figure 3. Theranostic agents approved or under clinical trials against blood cancer tar-
gets. CD: cluster of differentiation; mAb: monoclonal antibody; outermost circle denotes
the biological target; 2nd to outermost circle denotes the name of therapeutic agent; 2nd
to innermost circle denotes the radioisotope which is attached to the therapeutic agent
while the innermost circle denotes the development stage of the agent.
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ing radiation, the surrogate radionuclide 111In is used for guiding the dosimetry,
target engagement and biodistribution before initiation of Zevalin®. Develop-
ments in the area of radioimmunotherapy has been recently reviewed [78, 79]
and theranostic agents targeting different targets against blood cancers (e.g., lym-
phoma’s and leukemia’s) are represented in Figure 3.

5.2. Neuroendocrine Tumors: Somatostatin Receptor 2,

Meta-iodo-benzyl-guanidine

The neuroendocrine tumor (NET) is a rare cancer type that originates in neu-
roendocrine cells which possess traits like nerve cells and hormone-producing
cells. NET can occur anywhere in the body but is most commonly found in the
lungs, pancreas, and intestine. NETs grow at different rates; some grow slowly
and some grow very quickly and metastasize to other body parts. PRRT is a
molecularly targeted theranostic which can be used to treat NET provided they
express certain receptors or neurotransmitters such as SSTR or norepinephrine/
noradrenaline.

5.2.1. Somatostatin Receptor Agonist Probe

Somatostatin receptors (SSTR’s) are overexpressed by NET cells found on the
neuroendocrine glands. There are 5 main subtypes of SSTR (SSTR1-to-5) among
which SSTR2 is the most commonly overexpressed in NET. TATE, TOC, and
NOC are the 3 main somatostatin agonist derivatives (8-membered cyclic pep-
tides) with minor deviations in one or two peptide units leading to different
binding affinities for the SSTR’s [80]. These peptides (molecular vectors) are
conjugated with a macrocyclic chelate (e.g., DOTA, NODAGA, SAR) for radio-
labeling with the PET radioisotopes 64Cu/68Ga for diagnostic imaging and with
β� (177Lu, 90Y, 67Cu) and/or α- (212Pb, 213Bi, 225Ac) radioisotopes for radiothera-
py. Many of these combinations are being developed as theranostic agents for
the treatment of NET. Netspot® (68Ga(DOTATATE)) and Lutathera®

(177Lu(DOTATATE)) represent classical molecular theranostic agents for the
management of NET overexpressing SSTR2 receptors.

Similarly, 68Ga(DOTATOC) and 177Lu/90Y(DOTATOC) represent another
theranostic pair for the treatment of SSTR2 overexpressing NET. 64Cu(DOTA-
TATE) has recently finished its phase 3 clinical trial and an NDA was filed with
the FDA in 2020. The reason for the development of 64Cu(DOTATATE) was the
cited unavailability of 68Ge/68Ga generators and identification of more lesions at
late time point (next day) PET imaging. A few more PET and theranostic agents,
such as 68Ga(DOTANOC), 64Cu(SARTATE), and AlphaMedix™ or 212Pb(DO-
TAMTATE), and 67Cu(SARTATE), respectively, are in clinical trials. Numerous
attempts to make an 18F derivate of SSTR have been documented but only a
few have been evaluated in man [80].
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5.2.2. Somatostatin Receptor Antagonist Probe

Results from the past decade have confirmed that antagonists are preferable
over agonists in the case of SSTR [81]. Antagonists have many more binding
sites on tumor cells compared to agonists and show much higher tumor uptake.
SSTR antagonists 177Lu(DOTA)-JR11 or 177Lu(OPS201), and 68Ga(NODAGA)-
JR11 or 68Ga-OPS202, are currently under phase 2 development. In a compara-
tive phase 2 study 68Ga-OPS202 was able to pick up additional liver metastases
compared to the agonist 68Ga(DOTATOC) demonstrating its higher sensitivity
and specificity [82].

5.2.3. Meta-iodo-benzyl-guanine Analog

Meta-iodo-benzyl-guanine (MIBG), a structural analog of guanethidine, resem-
bles noradrenaline/ norepinephrine, a neurotransmitter which is taken up by
certain NET. AdreView™, 123I- Iobenguane/MIBG is an FDA-approved SPECT
tracer for diagnosis of NET in the brain. Its fluorinated derivative, 18F-MFBG
is currently in phase 2 clinical trials. Recently, Azedra®, which is the high-specific
activity form of 131I-Iobenguane/MIBG, has been approved by the FDA for ther-
anostic treatment of NET [83].

5.3. Prostate Cancer: Prostate Specific Membrane Antigen

11C-choline, targeting lipid biosynthesis/metabolism, was the first PET agent ap-
proved by the FDA in 2012 for the diagnosis of prostate cancer. The short half-
life of the 11C radioisotope and the need for an onsite cyclotron are the major
barriers to the clinical adoption of 11C-choline. Axumin®, 18F-fluciclovine, is the
most recent PET radiotracer approved by the FDA for the diagnosis of prostate
cancer. Currently, it has the highest reported sensitivity, specificity and accuracy
for diagnosis at PSA values of ~2 ng/mL or higher [84]. It can be manufactured
at large scale and the long half-life of 18F ensures its reliable delivery from cen-
tralized PET radiopharmacies, similar to FDG. As the sensitivity and specificity
of both approved agents vary significantly and are still quite mediocre at low
PSA values (< 1 ng/mL), there is an unmet need to find more sensitive and spe-
cific agents for the accurate diagnosis of prostate cancer.

5.3.1. Prostate Specific Membrane Antigen Inhibitors

Some of the most exciting research and development in the field of prostate cancer
is currently focused upon small peptide inhibitors (based upon the Glu-urea-Lys/
Glu motif) for PSMA which bind to its extracellular domain. There are numerous
small molecule PSMA-targeted theranostic agents under various stages of clinical
development [85]. 68Ga(PSMA-11) and 18F-DCFPyL are the front-runner PET
imaging agents, having completed phase 3 clinical trials (NDA under process)
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while 18F-rhPSMA-7.3 is just entering a phase 3 clinical trial. Similarly, 18F-
DCFC, 68Ga(PSMA-R2), 68Ga(CTT1057), and 68Ga(P16–093) all have finished
phase 1 trials. Besides small molecules, macromolecules such as minibody
89Zr(Df-IAB2M) and mAb 89Zr(DFO)-huJ591 have also finished early clinical
trials (phase 1, 2) [78]. Interestingly, a number of small molecules such as 18F-
PSMA-1007, Al[18F](F-PSMA-11), 68Ga(PSMA-617), and 68Ga(THP-PSMA)
are also in advanced clinical trials outside the USA but none of these trials are
FDA-approved [86].

177Lu(PSMA-617) is the leading small molecule theranostic (β) radiopharma-
ceutical under development for treating metastatic castration-resistant prostate
cancer (mCRPC) [85, 87]. It is currently under a pivotal clinical trial (phase 3)
in addition to a number of early phase trials in combination with approved and
new targeted agents including checkpoint inhibitors for prostate cancer. 131I-
MIP-1095 is another small molecule β therapeutic which currently is under phase
2 clinical trial while 177Lu(PSMA-R2) is in a phase 1,2 and 177Lu(CTT1403) is
in a phase 1 trial. 177Lu(DOTA)-J591 mAb is also under a phase 2 clinical trial
for treatment of mCRPC patients.

There are also a number of α therapeutics, small molecule and mAb, labelled
with 225Ac and 227Th in early (phase 1) clinical trials. Furthermore, from clinical
trials it has been reported that mCRPC patients which are resistant to β therapy
often respond well to α therapeutics. This phenomenon has also been observed
in the case of SSTR2-targeted agents.

5.4. Breast Cancer: Human Epidermal Growth Factor

Receptor 2

18F-FDG is the most common tracer used in breast cancer for staging and follow-
up [7].

HER2 is a 185 kDa transmembrane phosphoglycoprotein belonging to the
EGFR family of tyrosine kinases [88]. HER2 overexpression in cancers is corre-
lated with tumor aggressiveness and worse survival. Overexpression and amplifi-
cation of HER2 can be detected in about 15 % of all primary breast cancers, and
this group of patients benefits significantly from anti-HER2 therapies. Various
HER2-targeted molecular vectors, such as monoclonal antibodies [78], antibody-
based fragments, diabodies, nanobodies, non-immunoglobulin scaffolds, affibod-
ies [89], peptides, and designed ankyrin-repeat proteins, have been explored in
the clinic for HER2-positive breast cancer diagnosis and therapy over the past
decade.

Antibody trastuzumab- or pertuzumab-based imaging probes have been devel-
oped by several groups for in vivo imaging of HER2 [78]. A first in-human study
with 89Zr-pertuzumab against HER2 in breast cancer has been performed at the
Memorial Sloan Kettering Cancer Center [90]. 89Zr-labelled trastuzumab and
111In-labelled trastuzumab were developed to detect HER2-positive lesions in
patients with metastatic breast cancer [78]. The radionuclides usually used for
HER2 PET imaging are 18F, 64Cu, 68Ga, 89Zr, and 124I while for theranostic
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applications 131I, 212Pb, and 177Lu have been used. Probes which are under clini-
cal trials for HER-2 associated breast cancer are described below. 18F-GE226
(or 18F-FBA-ZHER2:2891) is a molecularly targeted PET probe to image HER2
status in vivo. ZHER2:2891 (a 61 amino acid peptide) is an affibody labelled with
18F using the prosthetic approach [91]. It binds to the HER2 receptor with high
affinity at a different epitope than trastuzumab. However, the prosthetic ap-
proach using FBA relies on time-consuming multistep manipulations and the
Al[18F] labeling method has been attempted with the NOTA and NODAGA
chelate.

68Ga-ABY-025 is an affibody-based molecular vector which is the most ad-
vanced PET probe under development. Anti-HER2 affibody imaging 4 h after
injection with high peptide content discriminated HER2-positive metastases.
PET standard uptake value correlated with biopsy HER2 scores (r = 0.91,
p < 0.001). Uptake was five times higher in HER2-positive than in HER2-nega-
tive lesions with no overlap (p = 0.005). 68Ga-ABY-025 PET correctly identified
conversion and mixed expression of HER2 and targeted treatment was changed
in 3 of the 16 patients. This agent accurately quantifies whole-body HER2 recep-
tor status in metastatic breast cancer [92].

5.5. Colon Cancer: Tumor-Associated Glycoprotein 72

A literature review points to insufficient evidence for routine use of FDG PET/
CT in primary colorectal cancer (CRC) and only a small amount of evidence
supports its use in the pre-operative staging of recurrent and metastatic CRC
[93]. Among many biomarkers for colorectal cancer, the tumor-associated glyco-
protein 72 (TAG-72) has been under evaluation for quite some time. It is over-
expressed by a wide variety of adenocarcinomas including colorectal, gastric,
esophageal, pancreatic, endometrial, ovarian, lung, prostate, and breast [94].
CC49 mAb (IDEC159) is one of the most studied mAbs against TAG-72. It has
been labelled with various metallic theranostic radioisotopes such as 177Lu, 111In,
90Y, 213Bi (DOTA as the CA) as well as with 131I, 124I, 123I and evaluated in the
clinic, but has not advanced beyond phase 2 clinical trials [95]. Later, engineered
and non-engineered single-chain variable fragments (scFv) of CC49, such as dia-
bodies, AVP04–07, AVP-0458, etc. were labelled with diagnostic radioisotopes
123I, 124I, 131I, 64Cu, etc. and evaluated in preclinical and clinical settings showing
promising results [96]. 3E8 is a newer humanized mAb with superior properties
compared to humanized mAb CC49 against TAG-72. An engineered scFv frag-
ment of 3E8 is currently under preclinical development for diagnostic 123/124I,
theranostic 131I, and surgical 125I guidance [97].

5.6. Renal Cancer: Carbonic Anhydrase IX

The renal cell carcinoma (RCC) classic triad of flank pain, hematuria, and flank
mass is uncommon (10 %) and is indicative of advanced disease. 70 % of RCC
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is due to clear-cell renal cancer carcinoma (ccRCC) and in 95 % of ccRCC,
carbonic anhydrase IX (CAIX) has been found to be overexpressed [98]. The
role of CAIX in cancer biology makes it a relevant target for molecular imaging
and therapy. Imaging of CAIX would enable one to distinguish between primary
renal cell carcinoma and benign tumors of kidneys. A high level of CAIX expres-
sion is essential for finding patients who would most likely respond to CAIX-
targeting therapy. The most advanced molecule is a mAb-based probe (177Lu/
89Zr-Girentuximab, Rencarex) in phase 2/3 [78]. Girentuximab labelled with the
radioisotopes 89Zr, 177Lu, 124/131I, 90Y, and 111In has been evaluated in clinical
trials. A comparative study on four affibody variants against CAIX was recently
published [89]. Investigators from the Johns Hopkins University have published
promising preclinical studies on a CAIX high affinity dual-motif inhibitor (XY-
IMSR) that has been extensively studied using 111In and 64Cu radioisotopes with
potential towards development as a theranostic agent [99].

6. CONCLUDING REMARKS AND FUTURE DIRECTIONS

PET has unsurpassed sensitivity among diagnostic modalities, being the work-
horse for detection of oncologic and neurologic diseases. Limitations of the ar-
chetypal PET agent FDG in certain cases such as neuroendocrine tumors and
prostate cancer prompted development of new tracers, the fruits of which have
started to show in recent approval of new metal-based and non-metal-based PET
agents. Decades of highly planned research from esteemed centers around the
world identified two undisputed biomarkers, SSTR2 (neuroendocrine tumor)
and PSMA (prostate cancer) among a few others for theranostic development.

The growing importance of conjugated metallic tracers in theranostic applica-
tions will prompt continuous efforts in research and development of novel and
efficient chelating agents. Future efforts will be devoted to the development of
CAs combining a fast and efficient complexation reaction with a substantial in-
ertness of the corresponding chelate, especially for metal ions of interest for
nuclear medicine applications. Due to the spectacular performance of radiophar-
maceuticals, a renaissance of nuclear medicine, chiefly focused towards personal-
ized medicine (both diagnostics and theranostics) in the field of oncology is
happening of which the clear beneficiary is the whole society.

ABBREVIATIONS AND DEFINITIONS

1,2-HOPO 1,2-hydroxypyridinone
18F-DCFPyL 2-(3-(1-carboxy-5-[(6-[18F]fluoropyridine-3-carbonyl)-

amino]-pentyl)-ureido)-pentanedioic acid
AAZTA 6-amino-6-methylperhydro-1,4-diazepinetetraacetic acid
BFCA bifunctional chelating agent
CA chelating agent
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CAIX carbonic anhydrase IX
CB2A cross-bridged-cyclam diacetic acid
ccRCC clear-cell renal cancer carcinoma
CDTA trans-1,2-cyclohexanediamine-N,N,N′,N′-tetraacetic acid
CHX-A″-DTPA 2-aminoethyl-trans-(S,S)-cyclohexane-1,2-diaminepentaacetic

acid
CRC colorectal cancer
CRPC castration-resistant prostate cancer
CT computed tomography
CyAAZTA 3-amino-3-methyldecahydro-1H-1,5-benzodiazepine-N,N′,N″,

N″ tetraacetic acid
DATA 1,4-di(acetate)-6-(amino(methyl)-acetate)-perhydro-1,4-

diazepane
DEDPA ethylenediamine-N,N′-dipicolinic acid
DFO desferroxamine
DO2PA 1,4,7,10-tetraazacyclododecane-1,7-dipicolinic acid
DO3A 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid
DO3A-Bu 10-[1,3,4-trihydroxybut-2-yl]-1,4,7,10-tetraazacyclododecane-

1,4,7-triacetic acid
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DOTAM-TATE 1,4,7,10-tetraazacyclododecane-1,4,7-triacetamide-Tyr3-

octreotate
DOTANOC [DOTA,1-Nal3]octreotide
DOTATATE DOTA-(Tyr3)-octreotate
DOTATOC DOTA-D-Phe1-Try3-octreotide
DOTMA α,α′,α″,α‴-tetramethyl-1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid
DOTP 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetrakis(methylenephosphonic) acid
DOTPI 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetrakis[methylene(2-carboxyethylphosphinic acid)]
DTPA diethylenetriaminepentaacetic acid
EDTA ethylenediaminetetraacetic acid
EDTMP ethylenediamine-tetrakis(methylenephosphonic) acid
EGFR epidermal growth factor receptor
FDA Food and Drug Administration
FDG 2-[18F]fluoro-2-deoxy-D-glucose
HBED N,N′-bis(2-hydroxybenzyl)ethylenediamine-N,N′-diacetic

acid
HER-2 human epidermal growth factor receptor 2
HOX ethylenebis(iminomethylene)-bis(8-quinolinol)
MDP methylenediphosphonate
MIBG meta-iodo-benzyl-guanidine
MRI magnetic resonance imaging
NET neuroendocrine tumor
neunpa diethylenetriamine-N,N’-diacetic-N,N’-bis(picolinic) acid
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NODAGA 1,4,7,10-tetraazacyclododececane,1-(glutaric acid)-4,7,10-tri-
acetic acid

NOTA 1,4,7-tetraazacyclononane-1,4,7-triacetic acid
PARP1 poly(ADP-ribose) polymerase 1
PCTA 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-

3,6,9-triacetic acid
PET positron emission tomography
PIDAZTA 4-amino-4-methylperhydropyrido[1,2-a][1,4]diazepin-N,N′,N′-

triacetic acid
PRRT peptide receptor radionuclide therapy
PSMA prostate specific membrane antigen
SARTATE 1,8-diaminosarcofagine- Tyr3-octreotate
SPECT single-photon emission computed tomography
SSTR somatostatin receptor
TACN-HP 1,4,7-triazacyclononane-1,4,7-tris(3-hydroxy-6-pyridin-2-

ylmethyl)
TACN-TM 1,4,7-Tris(2-mercaptoethyl)-1,4,7-triazacyclononane
TAG-72 tumor-associated glycoprotein 72
TCMC 1,4,7,10-tetraaza-1,4,7,10-tetra-(2-

carbamoylmethyl)cyclododecane
TETA 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid
TRAP 1,4,7-tetraazacyclononane-1,4,7-tris(methylenephosphinic)

acid
uPAR urokinase-type plasminogen activator receptor
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drug delivery, non-invasive treatment monitoring and personalized medicine. Examples of
magnetic resonance imaging (MRI) theranostics are extensive in the literature, owing to the
technique’s tunable soft-tissue contrast, limitless depth penetration, high resolution, and lack
of ionizing radiation. This chapter will provide an overview of gadolinium(III)-based MRI
theranostics, and evaluate both small molecule and nanomaterial strategies. A discussion of
nanomaterial platforms will be divided into subcategories: metal-based nanomaterials encom-
passing metal oxides, metal sulfides, gold nanostructures, and lanthanide upconversion nano-
particles; carbon nanomaterials; mesoporous silica nanoparticles; dendrimers and polymers;
and biomolecular nanomaterials. While therapeutic and targeting strategies will predominantly
focus on cancer, examples featuring other disease states will be highlighted. An overview of
magnetic particle imaging (MPI) theranostics will also be included, as this emerging area holds
significant biomedical promise.

Keywords: gadolinium contrast agent · magnetic particle imaging · magnetic resonance imag-
ing · nanomaterial · small molecule · theranostic

1. INTRODUCTION

The term “theranostic” was coined in the early 2000s to define materials that
combine therapy and diagnostic imaging in a single platform [1]. Since then,
this interdisciplinary research area has grown rapidly, prompting the launch of a
dedicated journal in 2011 [2]. The primary advantage of theranostic strategies is
the power to image diseased tissue and deliver therapeutic cargo in the same
dose at the same time, overcoming differences in biodistribution, pharmacokinet-
ics and delivery that plague decoupled approaches. Additional benefits include
the ability to non-invasively evaluate therapeutic delivery kinetics and efficacy,
allowing for the visualization of drug distribution, accumulation, and release over
the course of a single treatment [1]. With these capabilities, theranostic platforms
provide a path forward for personalized medicine applications, optimizing pa-
tient care for their individual needs [3].

Theranostic agents employ several imaging modalities, including magnetic res-
onance (MR), ultrasound, nuclear (CT, SPECT, PET, see Chapter 11), and opti-
cal imaging techniques. The scope of this theranostics review will focus on MR
imaging (MRI) which benefits from excellent soft tissue contrast, high resolution,
and the lack of harmful ionizing radiation [4]. Specifically, we will provide an
overview on gadolinium(III)-based contrast agent strategies, as these agents are
a staple of clinical diagnostic imaging and provide T1-weighted positive contrast
in MRI (see Chapter 2). Beyond Gd(III)-based contrast agents, magnetic reso-
nance spectroscopy (MRS) is a notable complement to MRI theranostics, provid-
ing crucial biomarker and tumor metabolism information over the course of
treatment [5]. Readers interested in MRI theranostic applications using iron ox-
ide nanoparticles [6–9], manganese(II) contrast agents [10–15], or fluorine-19
probes [16, 17] should consult the associated references.

This chapter will cover both small molecule [18, 19] and nanomaterial [20–22]
Gd(III)-based MRI theranostics. The primary focus will be cancer therapy and
targeting, however, examples highlighting other disease states will also be dis-
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cussed. In addition, an overview of magnetic particle imaging (MPI) is included.
MPI is an emerging imaging method related to MRI that displays significant
promise in theranostic applications [23].

2. GADOLINIUM(III) SMALL MOLECULE CONJUGATES

While nanomaterial theranostics are more prevalent, small molecule Gd(III)
complex approaches are still a thriving research area [17, 18]. The diagnostic
imaging handle on these small molecule conjugates are derived from the clinical-
ly approved Gd(III) MRI contrast agent structures, i.e., they feature Gd(III)
chelated by 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetic acid (DOTA),
1,4,7,10-tetraazacyclododecane-1,4,7-trisacetic acid (DO3A), diethylenetriamine-
pentaacidic acid (DTPA), or diethylenetriaminetetraacetic acid (DTTA) ligands
[24]. These complexes are then conjugated to the therapeutic moiety of choice:
organic chemotherapeutics (Section 2.1), platinum anticancer drugs (Sec-
tion 2.2), or porphyrin derivatives for photodynamic therapy (Section 2.3). An
advantage of this approach is a potentially easier path forward towards clinical
translation. With well-established and clinically approved diagnostic and thera-
peutic components making up the theranostic platform, small molecule conju-
gates can overcome some uncertainty and barriers associated with nanomedicine
translation.

2.1. Organic Chemotherapeutic Drug Conjugates

A straightforward approach for medicinal chemists in the theranostic field is to
combine well-known organic chemotherapeutics with the diagnostic success of
Gd(III) MRI contrast agents. One challenge is ensuring that the therapeutic
and imaging capacities are maintained along with designing synergistic effects.
Targeting groups and prodrug strategies, where the agent is metabolized to the
active drug post-administration, are often employed for improved selectivity and
delivery to tumors. The drug conjugates covered in this section are summarized
in Table 1.

In an early study, doxorubicin (Dox), a widely administered chemotherapeutic,
was conjugated to Gd(III)-DO3A [25]. Dox is a DNA intercalator, interfering
with DNA replication by inhibiting the progression of topoisomerase II, leading
to apoptosis [26]. Dox-based chemotherapy is notorious for its off-target side
effects, making a prodrug strategy attractive. In this approach Dox was covalent-
ly attached to the Gd(III) complex via an acid-labile hydrazone linker. The pro-
posed prodrug-procontrast complex would cleave at this linker upon cellular
uptake (i.e., lower pH). The active drug would then release and produce a con-
current change in relaxivity of the contrast agent, allowing for visualization of
intracellular drug release. The experiments were limited to solution studies, but
analysis showed that 90 % of Dox was released within 16 hours at pH 4.5. There
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Table 1. Theranostic Gd(III)-organic chemotherapeutic drug conjugates.

Structure Notes Ref.

MR Contrast: Gd-DO3A [25]
Chemotherapeutic: Doxorubicin

(Dox)
Mechanism: DNA intercalator,

interferes with DNA
replication and induces cell
death

MR Contrast: Gd-texaphyrin [27]
Chemotherapeutic: Doxorubicin

(Dox)
Mechanism: DNA intercalator,

interferes with DNA
replication and induces cell
death

MR Contrast: Gd-DO3A [31]
Chemotherapeutic: Camptothecin

(CPT)
Mechanism: Topoisomerase I

inhibitor, causes DNA damage
and subsequent apoptosis.
Complex also features biotin
group for tumor targeting

MR Contrast: Gd-DO3A [33]
Chemotherapeutic: Chlorambucil

(CHL)
Mechanism: DNA alkylating

agent, interferes with DNA
replication and induces
apoptosis

MR Contrast: Gd-DO3A [34]
Chemotherapeutic: Methotrexate

(MTX)
Mechanism: Folate analog,

inhibits dihydrofolate
reductase, downstream effects
of inhibiting DNA, RNA,
and protein synthesis
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Structure Notes Ref.

MR Contrast: Gd-DO3A [35,
Chemotherapeutic: Benzothiazole 36]

aniline (BTA)
Mechanism: Many proposed

anticancer mechanisms
(see references)

MR Contrast: Gd-DO3A [37]
Chemotherapeutic: Colchicine
Mechanism: Tubulin binding and

vascular disrupting agent, leads
to tumor necrosis and cell
death

was a change in relaxivity upon activation, albeit producing negative contrast.
While optimization of the activatable MR contrast handle is necessary, the hy-
drazone linker is a viable potential delivery strategy [25].

In fact, a Gd(III)-texaphyrin theranostic was reported that exploited the same
acid-labile hydrazone linkage in a prodrug platform [27]. Texaphyrins are ex-
panded pentaaza porphyrins that form stable metal complexes suitable for a
variety of biomedical applications, including theranostics [28]. The first theranos-
tic Gd(III)-texaphyrin was developed to monitor radiation therapy in cancer
treatment by MRI [29]. In the hydrazone linkage study, the Gd(III)-texaphyrin
was conjugated to two Dox molecules. Upon entering acidic tumor environ-
ments, the active drug releases with a simultaneous turn-on fluorescence signal
from the free Dox molecule. The dual fluorescence-MRI imaging capabilities
were studied extensively in vitro and enabled the image-guided evaluation of
cellular uptake and localization. Anticancer efficacy was also characterized and
showed a cancer-cell selective release of the active payload [27]. A similar
Gd(III)-texaphyrin-Dox theranostic was developed with a disulfide prodrug link-
age and studied in metastatic liver cancer models. The complex was incorporated
into a targeted liposomal carrier (see Section 3.5) to improve solubility and tu-
mor uptake [30].

Exploiting a similar anticancer mechanism, the drug camptothecin (CPT) was
incorporated into a theranostic with Gd(III)-DO3A and biotin for tumor-target-
ing [31]. CPT is a topoisomerase I inhibitor, preventing DNA religation and
results in DNA damage and apoptosis [26]. Coupling CPT with hydrophilic
Gd(III)-DO3A improves water solubility of the drug, which promotes biotin
receptor-mediated endocytosis [32]. A prodrug self-immolative disulfide linker
was also incorporated to release CPT in the reducing intracellular environment,
with the active drug producing a turn-on fluorescent signal upon release. Control
compounds without the targeting biotin or disulfide linker for CPT release were
synthesized to compare in cellular and in vivo studies. By utilizing fluorescence
microscopy, the highest fluorescence was observed for the prodrug compound in
biotin receptor overexpressed cancer cell lines, supporting both the proposed
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uptake and release mechanisms. In vitro cell uptake was also visualized by MRI.
The prodrug compound had improved cytotoxicity and selectivity compared to
free CPT and the two control compounds in the same biotin receptor overex-
pression cell lines. The study culminated in an in vivo tumor model in mice. The
biotin-targeting compound showed a much brighter signal in the tumor than the
untargeted control, and mice treated with the prodrug compound had signifi-
cantly smaller tumors than those treated with free CPT [31]. These results are
very promising and adaptable for other molecular MR theranostics, demonstrat-
ing the power of targeted and prodrug strategies.

Other examples of organic chemotherapeutic conjugates for Gd(III)-DO3A
based MR theranostics include chlorambucil (CHL), methotrexate (MTX), ben-
zothiazole aniline (BTA), and colchicine (Table 1). CHL is a DNA alkylating
agent, featuring two chloroethyl groups that react to form adducts with DNA.
This reaction interferes with DNA replication and induces apoptosis. CHL was
conjugated to Gd(III)-DO3A through a tyrosine linkage and produced favorable
in vitro relaxation and cytotoxic properties [33]. MTX is a folate analog that
inhibits dihydrofolate reductase, with the downstream effects of inhibiting DNA,
RNA, and protein synthesis. Interestingly, MTX is not only an effective drug
for cancer, but also a widely used treatment for autoimmune diseases such as
rheumatoid arthritis. The Gd(III)-DO3A-MTX theranostic construct was evalu-
ated in vitro and in vivo in glioma cancer models, and it displayed especially
encouraging imaging performance [34]. There are many proposed anticancer
mechanisms for BTA derivatives, with the inhibition of carbonic anhydrase being
the best studied [35]. The theranostic conjugate DO3A-BTA with and without
Gd(III) showed antiproliferative activity in vivo, and the Gd(III) complex
showed uptake in the cytosol and nucleus by MRI of cell fractions [36]. Finally,
colchicine is a tubulin-binding and vascular-disrupting agent, leading to tumor
necrosis and inhibition of cell division. The Gd(III)-DO3A-colchicine theranos-
tic was evaluated in ovarian cancer models in vitro and in vivo. Contrast en-
hancement and evidence of necrosis was observed by MRI in the tumor and
confirmed by ex vivo histology [37]. These six examples demonstrate success
across a diverse range of anticancer mechanisms for small molecule Gd(III)-
organic chemotherapeutic theranostics. Incorporation of targeting and prodrug
handles in the molecular structure are especially impactful in terms of tumor
delivery and selectivity.

2.2. Platinum Anticancer Drug Conjugates

Two of the biggest successes in medicinal inorganic chemistry are Gd(III) MRI
contrast agents and Pt(II) anticancer drugs. Naturally, combining these platforms
into multinuclear heterometallic complexes is a compelling theranostic strategy.
Pt-based drugs are ubiquitous in chemotherapy regimens. Three are clinically
approved by the FDA, including cisplatin and carboplatin (Figure 1a). These
square planar complexes bind and crosslink DNA, leading to apoptosis. While
extremely effective at treating solid tumors, Pt-based therapies encounter signifi-

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



MAGNETIC RESONANCE THERANOSTICS 353

cant off-target effects and chemoresistance, making targeted and prodrug strate-
gies appealing [38]. Theranostic approaches can have a synergistic effect in this
regard. They can alter cell uptake or incorporate selective targeting and release
mechanisms, all with the ability to monitor treatment non-invasively. Recent
progress in this area has yielded a number of viable theranostics. Structures
of the Gd(III)-Pt anticancer complexes examined in this section are shown in
Figure 1.

In 2014, Zhu et al. reported a Gd(III)-Pt(II) complex featuring Gd(III) chelat-
ed by a modified DTPA ligand (Figure 1b) [39]. Two pyridine groups on the
Gd(III)-complex substitute for a Cl– ligand on two cisplatin molecules, producing
the final complex with two Pt(II) moieties. DNA binding was characterized by
circular dichroism, and differences were observed in the cellular uptake between
the Gd(III)-Pt(II) construct and the Gd(III)-only control. The Pt(II) units pro-
moted cellular uptake, with the theranostic accumulating in the cytoplasm at a
higher level than the control. Uptake was also observed in the nucleus, though
inspection of molar ratios suggested partial dissociation of the Pt(II) complex.
With cytotoxicity comparable to cisplatin and good in vivo MRI performance,
this theranostic was an encouraging early example [39]. Another Gd(III)-Pt(II)
approach utilized a luminescent cyclometalated Pt(II) complex to provide a bio-
imaging handle in addition to MRI (Figure 1c). This Gd(III)-Pt(II) construct
also used a pyridine substituent to coordinate Pt(II), this time from a modified
Gd(III)-DO3A chelate. Experiments primarily focused on physical characteriza-
tion of the complex with some preliminary cellular microscopy. Still, the favor-
able luminescence and relaxivity properties could provide a method to track the
intracellular fate of the Pt(II) therapeutic and to monitor off-target effects [40].

Pt(IV) prodrug strategies are an emerging tactic to combat chemoresistance
and off-target effects. Pt(IV) complexes are octahedral and inert in the extracel-
lular environment. Upon reduction to Pt(II) intracellularly, the axial ligands dis-
sociate releasing the active Pt(II) drug [41]. The first examples of theranostic
Gd(III)-Pt(IV) prodrug complexes were reported using Gd(III)-DO3A modified
with a carboxylic acid tail to act as an axial ligand for cisplatin and carboplatin
(Figure 1d). The cisplatin analogue showed better cellular uptake and toxicity
and more favorable MR contrast enhancement in vitro across multiple cancer
cell lines compared to the carboplatin platform [42]. Compellingly, the complex
can be further modified to couple targeting or multimodal imaging functionality
in the second axial position of Pt(IV).

A unique small molecule Gd(III)-Pt(II) theranostic construct benefits from
both Pt(II) anticancer therapy and photodynamic therapy (PDT) (Figure 1e).
Porphyrins are widely studied as photosensitizers for PDT (see Section 2.3). In
this example Gd(III) is coordinated in the tetra(4-pyridyl) porphyrin ring for
MRI contrast. The pyridine groups once again substitute for a Cl– ligand on
cisplatin, yielding a final complex with four Pt(II) groups. The two modes of
treatment provided synergistic antitumor effects in vivo along with positive MRI
results for image-guided cancer therapy [43]. Ultimately, the combination of
these two longstanding metals in medicine strategies has yielded multiple com-
plexes for theranostic applications.
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Figure 1. Gd(III)-Pt anticancer complexes reported to have theranostic applications. (a)
Two of the FDA-approved Pt(II) anticancer drugs (i) cisplatin and (ii) carboplatin. (b) A
Gd(III)-Pt(II) complex featuring Gd(III) chelated by a modified DTPA ligand. The pyri-
dine group on the Gd(III) complex substitutes for a Cl– ligand on cisplatin producing the
final complex with two Pt(II) moieties. The Pt(II) units promoted cellular uptake of the
Gd(III) complex and cytotoxicity was found to be comparable to cisplatin [39]. (c) A
Gd(III)-Pt(II) compound containing a cyclometalated Pt(II) complex that possesses lumi-
nescent properties. The modified Gd(III)-DO3A complex uses the pyridine substituent
to substitute for DMSO on the Pt(II) precursor molecule. The favorable luminescence
and relaxivity properties provide a method to track the intracellular fate of the therapeutic
and monitor off-target effects [40]. (d) Two Gd(III)-Pt(IV) prodrug strategies where
Gd(III)-DO3A modified with a carboxylic acid tail is used as an axial ligand for (i) cisplat-
in and (ii) carboplatin. The agent remains intact in the extracellular environment but
upon reduction to Pt(II) intracellularly, the axial ligands dissociate releasing the active
Pt(II) drug [42]. (e) A Gd(III)-Pt(II) theranostic platform functionalized with both Pt(II)
anticancer therapy and photodynamic therapy (PDT) from the porphyrin ligand. The
Gd(III) is coordinated in the tetra(4-pyridyl) porphyrin ring and the pyridine groups
substitute for a Cl– ligand on cisplatin, yielding a complex with four Pt(II) groups. The
two modes of treatment provided synergistic antitumor effects in vivo along with promis-
ing MRI results for image-guided cancer therapy [43].

2.3. Combined Magnetic Resonance Imaging

and Photodynamic Therapy

Light-activated therapies are increasingly popular due to their selective and min-
imally invasive nature. In photodynamic therapy, absorption of light excites a
photosensitizer molecule to a singlet state which undergoes intersystem crossing
(ISC) to a long-lived triplet excited state. This triplet state is quenched by reac-
tion with biomolecules or molecular oxygen to produce cytotoxic reactive oxygen
species (ROS) that prove effective for cancer therapy [44]. The primary limita-
tion of PDT is tissue depth penetration. PDT that uses two-photon excitation in
the near infrared region (NIR) is a developing direction. Careful design of the
photosensitizer is crucial to achieve excitation at the desired wavelength, as well
as provide appropriate solubility and stability for biological applications. Tetra-
pyrrolic derivatives are the most widely studied constructs, although rutheni-
um(II) polypyridyl complexes have also recently reached clinical trials for PDT
applications [45, 46]. Current research focuses on tumor targeting and tuning the
photophysical properties.

Theranostic approaches are attractive in order to monitor delivery of the photo-
sensitizer before light activation, providing high spatial control for treatment.
MRI-PDT constructs benefit from several cooperative effects: porphyrin deriva-
tives have a high affinity for tumor tissues and can act as an efficient delivery
vehicle for MR contrast; conjugation of a Gd(III) complex to a large porphyrin
moiety can slow down rotational dynamics, significantly enhancing relaxivity; and
through the heavy atom effect Gd(III) can promote ISC in the photosensitizer
[47]. A representative example of this MRI-PDT theranostic strategy is shown in
Figure 2. This complex features one Gd(III)-DOTA complex conjugated to a zinc
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Figure 2. A representative example of a combined MRI-PDT theranostic [47]. The PDT
comes from the porphyrin photosensitizer and MR contrast from the appended Gd(III)
complex. This complex has only one conjugated Gd(III)-DOTA complex, but up to four
complexes per molecule have been reported with DO3A, DTPA, DTTA being alternative
Gd(III) chelation handles. The porphyrin ring typically features functionalization to im-
prove water solubility and increase the excitation wavelength into the near infrared re-
gion. Specific strategies include metal coordination, extended conjugation, and the incor-
poration of hydrophilic groups.

porphyrin derivative functionalized with hydrophilic substituents to improve solu-
bility. Proton relaxivity at 20 MHz was found to be 20 mM–1s–1, significantly higher
than that of Gd(III)-DOTA alone (4–5 mM–1s–1). The conjugate displayed good
two-photon absorption in the 910–940 nm range, corresponding well with the ther-
apeutic window. The complex was also able to generate singlet oxygen with quan-
tum yields ranging from 0.42 to 0.68 depending on solution composition. Prelimi-
nary cellular studies show low toxicity before light activation and significant
phototoxicity with one- and two-photon light [47]. Following up on this study, the
same group developed a Zn(II) porphyrin dimer with two Gd(III)-DOTA com-
plexes attached to enhance photophysical properties and cell uptake [48].

Other examples of MRI-PDT theranostics feature modified tetraphenylpor-
phyrin molecules with Gd(III) complexes conjugated off each phenyl ring, for a
total of four Gd(III) moieties per molecule [49, 50]. Both of these examples leave
the porphyrin unmetallated and utilize linear Gd(III)-DTTA chelation handles.
Zn(II)-porphyrazine-Gd(III) conjugates were also developed bearing one, two,
four, or eight Gd(III)-DO3A complexes per molecule. Tumor targeting, MRI,
and NIR imaging abilities were all assessed with favorable in vivo results, but
PDT applications were not fully explored [51, 52]. With continued advances in
photosensitizer design and synthesis, MRI-PDT theranostics show great poten-
tial for clinical translation.

3. GADOLINIUM(III)-BASED NANOMATERIAL STRATEGIES

While small molecule strategies have a slight edge when it comes to clinical trans-
lation, nanomaterial theranostics offer a number of advantages. The size of nano-
material constructs prevents them from being rapidly cleared through the kidneys,
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promoting longer circulation and accumulation in tumors through the enhanced
permeability and retention effect [53]. The high surface area of these materials
provides high loading capacities for not only imaging and therapeutic functionality
but also targeting ligands and cloaking agents [1]. A goal of theranostic develop-
ment is the modular synthesis of multifunctional materials. Nanomaterial strate-
gies present an easier path forward, in this regard, compared to the significant
organic synthesis expertise required for small molecule approaches. This section
explores the development and evaluation of Gd(III)-based MR theranostics across
the following platforms: metal-based nanoparticles (NPs), including gadolinium
oxide, gold, and lanthanide upconversion NPs (Section 3.1); carbon nanomaterials
(Section 3.2); mesoporous silica NPs (Section 3.3); dendrimers and polymers (Sec-
tion 3.4); and biomolecular nanomaterials (Section 3.5).

3.1. Metal-Based Nanomaterials

Gadolinium oxide (Gd2O3) NPs are a growing class of T1 MRI contrast agents,
and an alternative to the well-studied Gd(III) coordination complexes. Through
tuning the synthesis, different morphologies, sizes, coatings, and relaxation prop-
erties can be obtained for the Gd2O3 NPs. They range from sub-10 nm nano-
spheres to hollow and porous NPs over 100 nm in diameter [54]. Biocompatible
coatings and functionalization of these NPs provide opportunities for multimodal
imaging, therapy, and targeting. Ultrasmall Gd2O3 NPs (1.0–2.5 nm) have found
success as theranostics, exploiting the high neutron capture cross section of 157Gd
for the combination of neutron capture therapy and MRI [55, 56]. Platforms
with cyclic arginine-glycine-aspartic acid peptides (cRGDs) for tumor targeting
[57], pH-sensitive fluorescence imaging [58], and blood-brain barrier permeabili-
ty [59] have been explored in vitro and in vivo. A unique ZnO-core Gd2O3-shell
NP system was functionalized with folic acid (FA) and Dox for targeted antican-
cer activity [60]. Another study doped Gd2O3 NPs with Mn to improve T1 con-
trast enhancement and to provide Fenton-like activity for ROS-based cancer
treatment [61]. Other Gd(III)-based nanomaterials use self-assembly strategies
to coordinate Gd3C ions with the chemotherapeutic gemcitabine [62] or PDT
photosensitizer hypericin [63], forming supramolecular structures.

Beyond primarily Gd(III) compositions, gold nanostructures are a popular in-
organic material for biomedical applications. These materials possess the unique
optical phenomenon of localized surface plasmon resonance. The wavelength of
the plasmonic resonance is dependent on particle size and shape. By tuning
particle morphology, optical absorption in the NIR region can be achieved. NIR
absorption is ideal for phototherapy applications due to high tissue depth pene-
tration, and photothermal therapy (PTT) is a common application for gold mate-
rials. PTT is similar to PDT but does not require oxygen. In PTT, the photosensi-
tizer material is excited and generates heat, thermally ablating surrounding cells
[64]. Targeting agents to tumor cells is essential for high therapeutic efficacy and
the minimization of off-target toxicity. Several Gd(III)-gold nanorod constructs
have been proposed as MRI-PTT theranostics, allowing for image-guided deliv-
ery and activation [65–67]. Gold nanospheres designed for MRI-PTT and X-ray
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computed tomography (CT) functionality have also been explored for multimo-
dal imaging applications [68]. A gold nanostar platform was developed as a quin-
tuple-modality theranostic probe. It featured surface-enhanced Raman scattering
and two-photon luminescence in addition to MRI, PTT, and CT [69]. Other
examples of MRI-PTT theranostics beyond gold nanomaterials include Prussian
blue nanoparticles [70] and molybdenum disulfide nanosheets [71].

The combination of MRI and CT contrast in the same construct is attractive
for improving the accuracy and comprehensiveness of diagnosis. CT contrast
agents need to be strong X-ray absorbers, a property that scales exponentially
with atomic number [72]. Lead sulfide and bismuth sulfide nanoparticles act as
both suitable CT contrast agents and photothermal agents. Thus, conjugation of
these materials with Gd(III) complexes yield theranostics for MRI/CT image-
guided PTT [73, 74]. Lanthanide upconversion NPs are also an attractive plat-
form for multimodal imaging, combining MRI contrast from Gd(III) with lumi-
nescent properties. Upconversion is a process where material converts low ener-
gy photons (typically NIR) to higher energy photons, minimizing photodamage
and maximizing tissue depth penetration [75]. In one study, upconversion NPs
benefitted from trimodal imaging capabilities with luminescence, MRI, and CT;
chemotherapy from Dox and CPT; and tumor targeting from folic acid [76].
Other theranostic upconversion NP platforms use their photoactive properties
for PDT coupled with Gd(III)-enhanced MRI [77, 78]. The primary challenge
for these metal-based nanomaterial theranostics is biocompatibility. Stability and
toxicity are a key consideration looking towards clinical translation, and much
work must be devoted to studying compatible and functional surface coatings.

3.2. Carbon Nanomaterials

Carbon nanomaterials benefit from high biocompatibility and low toxicity.
Strong absorption in the infrared (IR) and NIR regions also make carbon mate-
rials well-suited for PTT applications. In addition, the sp2 carbon structure pro-
vides a means of loading drugs or nucleic acid cargo via hydrophobic and π-π
stacking interactions [79, 80]. Further functionalization with imaging and target-
ing groups yield theranostic capabilities. Graphene oxide (GO) is a single sheet
carbon material with excellent properties for biomedical applications. In one
study, GO was functionalized with polyethylene glycol (PEG) to improve physio-
logical stability and as a handle to conjugate Gd(III)-DTPA. The nanocarrier
was then loaded with Dox via adsorption, with the Dox acting as an anticancer
agent as well as a fluorescent handle to monitor cellular uptake. This construct
exhibited MR relaxation enhancement and high drug loading, demonstrating
that GO is a promising theranostic nanocarrier strategy [81]. Gd(III)-GO theran-
ostic strategies using PTT [82] and non-Dox chemotherapeutics [83, 84] have
also been explored. Outside of GO, carbon quantum dots functionalized with
Gd(III)-DTPA were developed for MRI-guided radiotherapy of tumors [85].
Continued research and development is needed to capitalize on the favorable
properties and potential clinical translation for carbon nanomaterials.
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3.3. Mesoporous Silica Nanoparticles

Like carbon nanomaterials, silica NPS are chemically inert and highly biocom-
patible. While they do not possess any distinct properties on the nanoscale, silica
NPs have precise and tunable structures and surface chemistry. Mesoporous sili-
ca NPs (MSNs) are a class of silica materials that feature tunable pore sizes and
volumes. These pores can encapsulate cargo for biomedical purposes. They offer
two areas for MSN functionalization: the interior pores or exterior surface [86].
Studies examining how MSN characteristics and conjugation methods can affect
relaxation properties in Gd(III)-MSNs are prevalent in the literature. For
Gd(III)-MSNs, high MRI efficacy is not dependent on high payload of Gd(III)
chelates, but on the water exchange rates and rotational flexibility of the metal
centers in the particles [87].

Gd(III)-complex surface conjugation is the most common functionalization
method for theranostics, with chemotherapeutics loaded in the nanopores. Two
targeted Gd(III)-MSN platforms were developed for the pH-controlled [88] or
redox-responsive [89] release of Dox upon delivery to tumors. Surface-conjugat-
ed Gd(III)-MSNs have been further functionalized for bimodal imaging applica-
tions. Examples combining proton and fluorine-19 MRI [90], Ru(II)-based lumi-
nescence and PDT [91], and ultrasound-stimulated cargo release [92] were all
recently reported.

Doping Gd2O3 NPs into MSN pores is another way to produce MRI functionali-
ty. Further europium doping creates luminescent and MRI-active materials for
theranostics [93–95]. In one study, MSN pores co-loaded with Gd2O3 and Dox
were functionalized with a pH-responsive coating for controlled Dox release [96].
A trimodal imaging theranostic agent was also developed with this doping method.
Once again, Gd2O3 and Dox were loaded into the MSN pores, followed by encap-
sulation in a thermosensitive liposome. The liposome was loaded with indocyanine
green (ICG), which contributes to both PDT and PTT along with fluorescence
and photoacoustic imaging. Upon NIR irradiation, ICG generates heat to break-
down the liposome, thus releasing Dox after image-guided delivery. The proposed
theranostic was studied in vitro and in vivo with promising results [97].

3.4. Dendrimers and Polymers

Polymer nanoparticles offer controllable size, biocompatibility, and precise design
of functionality within polymer subunits [98]. Dendrimers are symmetric, hyper-
branched polymers that form near-spherical particles. The core of the dendrimer
can carry cargo through covalent or non-covalent attachment, while the surface
allows for conjugation of targeting, imaging, or therapy molecules. The high densi-
ty of dendrimers compared to linear structures is advantageous and provides many
points for incorporation of functional groups [98, 99]. While most examples of
dendrimer MR theranostics use iron oxide particles for T2 contrast, a few Gd(III)-
based constructs have been developed. Multiple studies encapsulated Gd(III)
complexes and Dox in dendrimer particles for theranostic treatment of cancer
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[100–102]. Another dendrimer approach combined Gd(III) MR contrast with
fluorescence and prostate tumor targeting for image-guided surgery [103]. A
gene therapy MR theranostic for pancreatic cancer was also developed and eval-
uated in vivo, which highlighted the benefits of targeted image-guided delivery
[104]. Other in vivo studies of Gd(III)-dendrimer theranostics demonstrate the
potential of these structures for clinical applications in skin cancer [105].

Copolymer nanoparticle platforms benefit from amphiphilic self-assembly and
release strategies for theranostic applications. Typically, a hydrophilic block on
the outside like PEG is used to provide water solubility and biocompatibility,
while a hydrophobic interior block of the polymer is used to load anticancer
drugs and other cargo [99]. One specific approach utilized polycaprolactone as
the hydrophobic block with two different lengths of hydrophilic polyglutamic
acid blocks on either end. The ends of the polymer are functionalized with FA
for targeting and Gd(III)-DTPA for MR contrast. The polymers self-assemble
into a vesicle with the FA terminal group on the outside and Gd(III)-DTPA on
the interior. Electrostatic interactions with the polyglutamic acid chains allow
for the loading of Dox to complete the theranostic particle. These particles were
studied in vitro and in vivo, demonstrating high contrast enhancement and slow
release of Dox at neutral conditions with faster release at acidic tumor conditions
[106]. Other examples of block copolymer particles loaded with Dox and func-
tionalized with Gd(III) saw analogous sustained release of the chemotherapeutic
and contrast enhancement [107–109], with some incorporating release strategies
responsive to light [110, 111] or pH and temperature [112, 113]. Similar polymer-
ic Gd(III)-theranostic particles adopted alternative therapeutic approaches in-
cluding gemcitabine [114], CPT [115, 116], and Pt anticancer drugs [117] along
with MoS2 based PTT [118]. The responsive nature of these block copolymer
materials is a distinct advantage over other nanoplatforms, allowing for program-
mable release of cargo upon irradiation or changes in cellular environment.

Multiple imaging modalities can also be incorporated into these polymeric
materials. Gd-doped upconversion particles were functionalized with a layered
copolymer coating to track gene therapy delivery by luminescence and MRI
[119]. An MR-photoacoustic imaging (PAI) theranostic was also developed with
PTT for tumor treatment. PAI activity was from a perylene derivative incorpo-
rated into the polymer [120]. PAI uses optical absorption to enable ultrasound
detection, making it a strategy well-suited to be coupled with phototherapy and
NIR imaging applications. To that end, a semiconducting polymer was developed
for PAI, PTT, and NIR fluorescence emission applications and then further func-
tionalized with Gd(III) to provide tri-modal image-guided PTT [121].

Outside of cancer treatment applications, theranostics are also being developed
for neurodegenerative disease [122]. A study using Gd(III)-based MRI targeted
cerebral amyloid angiopathy (CAA), a condition found in Alzheimer’s disease
characterized by the deposition of amyloid beta protein in blood vessels. A poly-
meric theranostic particle was constructed with chitosan, a polysaccharide, con-
jugated with Gd(III)-DTPA and loaded with cyclophosphamide, an immuno-
suppressant drug for CAA. An antibody-targeting group was conjugated to the
surface of the nanocarrier to improve localization of the amyloid protein. The
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goal of the study was to target amyloid protein, provide early detection for CAA,
and treat the resulting inflammation. In vitro and in vivo studies were promising,
showing sustained drug release and contrast enhancement in the disease model
[123].

3.5. Biomolecular Nanomaterials

Minimizing the toxicity of the nanocarrier is a high priority in theranostic design.
Therefore, an assembly of biomolecules seems like an ideal nanomaterial for in
vivo studies and clinical translation. Common biomaterials explored for these
applications include lipids, proteins, and DNA.

The amphiphilic nature of lipids makes them well-suited to form supramolec-
ular structures. Lipid micelles in aqueous conditions form by assembly of the
hydrophilic heads into a spherical particle with the hydrophobic tails oriented
towards the interior. This kind of structure makes it possible to load hydrophobic
cargo in the interior and conjugate hydrophilic groups on the exterior for multi-
functional applications [124]. One micellular theranostic used the interior core
to encapsulate a water insoluble NIR dye, IR825, for NIR fluorescent imaging
and PTT. In combination with a porphyrin-derivative photosensitizer for PDT
and Gd(III) chelation, this theranostic micelle assembly combined MR, NIR,
and PA imaging capabilities with PTT and PDT for synergistic antitumor effects
in vitro and in vivo [125]. Another micelle construct combined Gd(III)-DO3A
with Pt(II) anticancer therapy. This assembly provided enhanced contrast and
tumor growth inhibition along with fewer side effects in vivo [126].

Liposomes are spherical assemblies formed by a lipid bilayer, with a hydrophil-
ic encapsulated core and hydrophobic membrane for loading cargo. As with
micelle nanocarriers, liposomes have also been studied as MR theranostics, with
examples of multimodal imaging and therapy applications [30, 127, 128]. Liposo-
mes designed for MR-guided phototherapies are also prevalent [129, 130]. Com-
parable to polymeric theranostics, liposomal carriers can also capitalize on re-
sponsive and sustained drug release strategies. Thermosensitive liposomes were
developed for the release of cargo upon magnetic heating. The liposome was
loaded with two forms of MR contrast, Gd(III)-DTPA and iron oxide NPs. The
Gd(III)-DTPA is released along with the drug upon heating while the iron oxide
NPs remain in the liposomes. This dual contrast allows for the monitoring of
liposome position and condition by the T2-weighted MR contrast and correlate
drug release with changes in T1 MR contrast [131]. Another study investigated
the liposomal delivery of curcumol for ovarian cancer treatment with Gd(III)-
DTPA enhanced MRI. Curcumol has low bioavailability due to poor water solu-
bility, thus loading in the lipid bilayer improved delivery and antitumor effects
[132]. Finally, unique lipid-latex particles were developed for macrophage target-
ing with a fluorescent core, Gd(III)-DTPA, and hydrophobic drugs for the treat-
ment and monitoring of inflammatory disease [133].

Other common biomolecules used for theranostic strategies are protein nanocar-
riers. Bovine serum albumin (BSA) is the most popular due to its commercial
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availability. BSA effectively coordinates metal ions, such as Gd(III), and is fre-
quently used in biocompatible NP syntheses [134]. Most examples of Gd(III)-BSA
theranostics couple the MR contrast with PTT, using organic dyes [135, 136], metal
sulfides [137, 138], or Ru nanodots [139] as the phototherapy handle. The same
studies also benefit from multimodal imaging functionality, namely PAI or NIR
imaging, due to the photoactive molecules present. Beyond proteins, tobacco mo-
saic virus particles [140] and thermosensitive DNA complexes [141] were also
studied as biomolecule theranostic nanocarriers for MRI-PTT applications.

4. MAGNETIC PARTICLE IMAGING THERANOSTICS

Magnetic particle imaging is a developing tracer-based biomedical imaging mo-
dality. The use of tomographic imaging to determine the spatial distribution of
tracer particles makes MPI analogous to techniques like PET and SPECT, where
a signal is only observed when the tracer is present. However, MPI also has
strong ties to MRI. Like MRI, MPI has an excellent safety profile using applied
magnetic fields to generate the signal. The most common MPI tracers are super-
paramagnetic iron oxide NPs (SPIONs) which are widely used T2-weighted MRI
contrast agents. MPI has several distinct advantages over MRI, namely a faster
image acquisition, positive contrast enhancement with SPIONs, and no back-
ground signal allowing for direct quantitative analysis. Moreover, MPI has milli-
meter resolution and zero signal attenuation at any tissue depth [23, 142]. With
these favorable capabilities, MPI is being pursued for many biomedical applica-
tions, including theranostics. Tracer development for these purposes is an active
MPI research area, with much work devoted to NP fabrication and the under-
standing of magnetization on the nanoscale. Size, uniformity, stability, surface
coating, blood circulation time, and targeting efficiency are all important design
considerations [143, 144].

A deeper discussion of MPI physics and image generation can be found else-
where [23, 142]. Briefly, MPI depends on the electronic magnetization of SPIONs.
Changes in magnetization are visualized in the same way as MRI by using gra-
dient fields and receiver coils. However, MRI examines the change in nuclear
magnetization not electronic magnetization, a distinction that makes MPI a
much more sensitive technique. SPIONs are locked in place and oriented by the
MPI gradient field except for a small area called the field free region (FFR).
When an excitation field is applied, only the SPIONs in the FFR reorient, pro-
ducing a signal. By moving the FFR throughout the field of view, a comprehen-
sive image is created [145].

Magnetic hyperthermia is the most common therapeutic technique to be cou-
pled with MPI. Magnetic hyperthermia works by heating NPs with alternating
magnetic fields. This causes the particles to generate and release heat that can
be used to thermally ablate tissue or raise the temperature of the surrounding
tissue by a few degrees to enhance the effects of chemotherapy. The specific
excitation of particles in the FFR through MPI offers precise control of hyper-
thermia and avoids healthy tissue with high tracer accumulation. Studies have
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explored particle development [146], hardware engineering [147], and in vivo
applications of this theranostic strategy. Compellingly, the in vivo work showed
exact control of magnetic hyperthermia and impressive reduction of tumor vol-
ume [148]. The SPIONs still accumulate in many off-target organs such as the
spleen and liver. Therefore, strategies for selective delivery and targeting are
being investigated. One study found improved magnetic hyperthermia treatment
using breast cancer targeted particles, which is promising for the development
of more effective MPI-magnetic hyperthermia theranostics [149].

An alternative therapeutic method is loading SPIONs in nanocarriers for multi-
modal applications with MPI. Hypoxia-targeted exosomes were loaded with
SPIONs, lipophilic fluorescent dye, and the anticancer drug Olaparib for image-
guided tracking of delivery and treatment in a breast cancer model [150]. A
block copolymer construct that loaded a prodrug analogue of Dox and SPIONs
in the nanocarrier for quantitative imaging of drug delivery was also investigated
[151].

Another polymeric MPI-theranostic platform was developed for drug release
monitoring. SPIONs form the core of the nanocarrier, with the shell composed of
a biocompatible polymer loaded with Dox. In acidic conditions, the nanocarrier
degrades allowing for sustained Dox release and changes in SPION distribution.
This results in a linear and quantitative MPI signal change that correlates with
drug release [152].

The outlook for MPI theranostics is encouraging. SPION-labeled aerosols have
been used for MPI monitoring of lung therapies, a notoriously difficult organ to
image [153, 154]. Applications in stem cell tracking [155, 156] and brain imaging
[157] are also being explored. While MPI is a relatively new technique, its effica-
cy in a broad range of biomedical areas is quickly making it an indispensable
molecular imaging modality.

5. CONCLUSIONS

This chapter provides an overview of the current progress in Gd(III)-based MRI
theranostics. While clinical trials of MR theranostics have been limited, this field
is extremely promising for advances in personalized medicine and image-guided
therapies. Small molecule strategies have a potentially easier path forward to-
wards clinical translation by combining already approved diagnostic and thera-
peutic components into a single theranostic platform. However, nanomaterials
offer several advantages. Their large size promotes passive tumor targeting via
the enhanced permeability and retention effect and provides high surface areas
for the conjugation of various functionalities.

For MRI applications, nanomaterials provide a boost in contrast enhancement
not only from a high payload of Gd(III), but also from changes in rotational
dynamics and water exchange. Nanomaterial platforms can provide multimodal
imaging handles, synergistic therapeutic cargos, and tumor targeting all in one
construct without complex organic synthesis. Responsive and sustained drug re-
lease strategies have also been particularly effective in amphiphilic polymer and
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lipid materials. Toxicity, stability, and reproducibility remain as challenges for
nanocarrier theranostics. Thus, more rigorous in vivo testing is required to trans-
late their advantageous properties to the clinic. While still an emerging tech-
nique, MPI theranostics benefit from exceptional precision and selectivity of
treatment. These MPI platforms perhaps hold the most promise for biomedical
applications, as they are only limited by the development and access of MPI
scanners. Both MRI and MPI are excellent, noninvasive, radiation-free imaging
handles with strong potential in theranostic applications.
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ABBREVIATIONS AND DEFINITIONS

BSA bovine serum albumin
BTA benzothiazole aniline
CAA cerebral amyloid angiopathy
CHL chlorambucil
CPT camptothecin
CT computed tomography
DMSO dimethyl sulfoxide
DO3A 1,4,7,10-tetraazacyclododecane-1,4,7-trisacetic acid
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
Dox doxorubicin
DTPA diethylenetriaminepentaacidic acid
DTTA diethylenetriaminetetraacetic acid
FA folic acid
FDA Food and Drug Administration
FFR field free region
GO graphene oxide
ICG indocyanine green
IR infrared
ISC intersystem crossing
MPI magnetic particle imaging
MR magnetic resonance
MRI magnetic resonance imaging
MRS magnetic resonance spectroscopy
MSN mesoporous silica nanoparticle
MTX methotrexate
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NIR near infrared region
NP nanoparticle
PAI photoacoustic imaging
PDT photodynamic therapy
PEG polyethylene glycol
PET positron emission tomography
PTT photothermal therapy
ROS reactive oxygen species
SPECT single-photon emission computed tomography
SPION superparamagnetic iron oxide nanoparticle
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Abstract: Bioimaging in vivo and in vitro of cells and animals enables the scientific community
to study physiological processes, toxicity of compounds, and mechanisms of cell death. All the
insights gained from these studies enable the development of better therapeutics. Bioimaging
agents range from emissive organic molecules, to polymers, to systems containing metals. In
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this chapter, we will highlight recent advancements in the development and use of metal-
containing systems, molecular, polymeric and nanostructures, for bioimaging of cancer cells
and tumors in animals.

Keywords: cancer cell imaging · cytotoxicity · lanthanide-based luminophores · luminescent
sensors · nanoparticles · transition metal-based luminophores · tumor imaging · theranostics

1. LUMINESCENCE IMAGING

In vivo luminescence cell and animal imaging enables gathering of real-time
on physiological processes, increasing our understanding of cell growth and cell
metabolism, and cell death and the underlying mechanisms [1]. Many dyes and
fluorescent proteins are regularly used for bioimaging [2, 3]. Each dye has its
own chemical and photophysical properties, which affect their efficiency to target
and image different cell areas, or to sense specific products of cellular metabo-
lism. The use of common dyes is limited in an anaerobic environment, which
limits their usefulness to image frequently hypoxic tumor environments, as fluo-
rescent proteins require oxygen to generate the fluorescent chromophore [4, 5].
Other fluorophores cannot be used for deep tissue imaging, due to emission and
absorption at wavelength ranges where biological tissue is not transparent to
exciting and emitting photons [6], as highlighted in Figure 1.

The use of metal-based luminophores has several advantages. They can be
easily functionalized to tailor chemical and photophysical properties, they usually
display high emission quantum yields and long luminescence lifetimes, which

Figure 1. Tissue penetration as a function of the excitation wavelength. Reproduced
with permission from [205], copyright 2016, The Royal Society of Chemistry.
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enable time-delayed detection and thus a higher signal-to-noise ratio once back-
ground auto-fluorescence decays, and large Stokes shifts, which enable effective
discrimination between excitation and emission wavelengths and reduce self-
quenching. They are also bio-, photo-, and thermally stable and are, as small
molecules, unlikely to disrupt cellular processes. In addition, ligands bound to
the metal can be functionalized for specific applications, such as targeting bio-
molecules. Since different metal complexes emit in different regions of the elec-
tromagnetic spectrum, they can be used for multiplex imaging [7].

Several of the systems known target specific small molecules, and are thus
used as specific sensors for biologically relevant chemical species such as NO or
CO [8]. As will be reviewed in this chapter, luminophores are frequently deployed
as therapeutic agents as well [9]. Recent developments in this area have given
rise to the new designation of theranostics, a field which combines therapy, for
example through the cytotoxicity of the dye, and diagnostics, which is accom-
plished through bioimaging [10, 11]. Several of the newly isolated metal-based
systems for theranostics have the added advantage of better cancer-specific cyto-
toxicity over currently used platinum cancer drugs, and could help sidestep
known cancer resistance to cisplatin [12, 13].

The extraordinary importance of this topic has resulted in several recent re-
views [7, 9, 14–16]. To complement those efforts, in this chapter we highlight
selected recent examples of metal-based luminescent systems that have been
assessed for application in imaging, therapy or sensing.

2. CELLULAR IMAGING WITH NANOSTRUCTURES

2.1. Gold-Based Nanoparticles and Nanoclusters

Gold-based nanostructures are promising for biomedical applications due to
their high biocompatibility and chemical inertness. Additionally, the ease tuning
of their electronic and optical features through modulation of size, shape, surface
chemistry, composition, and aggregation state, has led to a plethora of systems
with distinctive photophysical and chemical properties, thus making these sys-
tems powerful and versatile platforms for imaging.

In gold nanoparticles (AuNPs), light-matter interaction results in a collective
coherent oscillation of free electrons in the conduction band, creating an en-
hanced electric field localized on the NP surface, called localized surface plasmon
resonance (LSPR). This phenomenon, which can be modulated by particle size,
shape, and composition is responsible for the large absorption and scattering
cross-sections [17, 18]. LSPR has driven the development of AuNP-based theran-
ostic materials with fluorescence imaging capability, either in conjugate systems
due to the plasmon-enhanced fluorescence effect that allows the incorporation
of weak quantum emitters [19], or by exploring the fluorescent and therapeutic
properties of AuNPs themselves, which are largely known for their photothermal
effect and application in photothermal therapy (PTT) [20].
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In AuNPs, the conventional one-photon excitation is an inefficient process
mostly due to the large density of electronic states [21]. On the other hand,
AuNPs show outstanding two-photon absorption (TPA) and two-photon excited
luminescence (TPEL) properties [17]. TPA and TPEL use low energy excitation
wavelengths that lead to reduced photodamage and deeper tissue penetration
(Figure 1). Along with the non-linearity of the process, this enables three-dimen-
sional (3D) imaging [22]. Excitation energies resonant with LSPR strongly en-
hance both incident and emitted light, and thus two-photon absorption cross-
sections (σTPA) significantly higher than other luminophores [23], without the
blinking or photobleaching seen in the latter [17].

Owing to their easily tunable LSPR, gold nanorods (AuNRs) are the most
studied for TPEL imaging. AuNRs coated with conformation-constrained pep-
tides to obtain a more rigid structure showed improved target ability for TPEL
imaging and PTT in A549 cells [24]. TPEL-guided photothermal chemotherapy
of osteosarcoma cells and 3D tumor models was achieved through the coating
of AuNRs with a folate-targeted polysaccharide; the system worked as a carrier
for the anticancer drug nutlin-3, showing near-infrared (NIR)-triggered and pH-
sensitive drug release in addition to efficient photothermal action [25]. Hierarch-
ical nanoplatforms, composed of mesoporous silica-coated AuNRs, indocyanine
green, and 5-fluorouracil (5-FU) were synthesized for in vivo multimodal imag-
ing, as well as trimodal synergistic therapy such as PTT, photodynamic therapy
(PDT), and chemotherapy in A375 cancer cells and tumor-bearing mice. Gold
nanobipyramids [26] and nanostars [27] displayed enhanced photothermal abla-
tion of cancers in vivo and in vitro. Hollow gold nanospheres coated with a
heterobifunctional polymer showed a larger σTPA than AuNRs (1.02 ! 106 GM
at 820 nm) and efficient photothermal conversion for TPEL-guided photother-
mal therapy in HeLa cells [28].

Despite all the advantages, the large size and non-biodegradable nature of
AuNRs constitute significant drawbacks for in vivo applications. Their high sur-
face energy favors serum protein adsorption, which prevents control over organ
distribution, excretion pathways, and biocompatibility. Smaller NPs with in vivo
hydrodynamic diameters below the threshold of kidney filtration (< 5.5 nm) to
allow for efficient renal clearance, such as Au nanoclusters (AuNCs) are thus
preferred [29]. AuNCs, considered a link between discrete metal-ligand complex-
es and metallic NPs, are composed of ligand-stabilized gold cores containing a
few to hundreds of atoms and have optical properties considerably different
from the conventional plasmonic NPs [30]. Due to the smaller size, usually
< 3 nm, a strong quantum confinement effect takes place, breaking the continu-
ous band structure of AuNPs into discrete energy states. This shuts down the
plasmonic properties, and gives the NCs molecule-like optical properties, with
single HOMO-LUMO electronic transitions [31, 32]. Although their emission
efficiency is higher than what is observed for AuNPs, they are still not competi-
tive when compared to organic dyes and quantum dots (QDs) [33]. The high
susceptibility of their intrinsic fluorescence to other substances [34] is another
drawback, especially if applied to the imaging of chemically complex environ-
ments like living cells and tissues. Their optical properties are highly dependent
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on structure, thus requiring stable ligand-protected NCs to ensure structural in-
tegrity [35].

Several synthetic strategies have been developed to improve structural stability
and optical properties of AuNCs through selection of appropriate ligands [36].
The encapsulation of thiolate monolayer-coated AuNCs [37–42], or the one-pot
synthesis of AuNC-coated using several molecules and macromolecules as tem-
plate [43–46] have yielded AuNCs with superior capability for the imaging of
cancer cells. Plant protein-stabilized AuNCs coated with red blood cell mem-
branes yielded NPs for imaging of MCF-7 cells and tumor bearing-mice with
excellent biocompatibility, tumor enrichment ability and prolonged blood circu-
lating life [47]. The controlled biological assembly of AuNCs conjugated with
streptavidin and biotin-specific binding motifs yielded materials with good bio-
compatibility, amplified emission signals, and long emission lifetimes. Large σTPA

(w2.27 ! 105 GM at ~770 nm) were obtained, allowing for imaging of MCF-7
breast cancer cells through one- and two-photon excitation and fluorescence
lifetime imaging [48]. Liu and collaborators synthesized a water-soluble and pho-
tostable atomic-precision AuNC with 25 gold atoms and 18 peptide ligands in a
cage-like structure as an efficient NIR-II fluorophore under 808 nm excitation.
After intravenous injection in mice, in vivo high-resolution images of tumor me-
tastasis and neovascularization of damaged brain tissue after a stroke were ob-
tained [49].

Accurate targeted cancer imaging may be achieved through the in situ biosyn-
thesis of ligand-protected AuNCs [50]. Wang and collaborators synthesized lumi-
nescent AuNC-DNA complexes through the treatment of cells or tumors with
an AuIII precursor and DNA from a tumor suppressor. They imaged the cancer
cells in real-time, and the inhibition of A549 and HeLa cell proliferation and
tumor growth in mice were observed without significant side effects in healthy
organs and tissues [51].

Sensing of species of biological interest is of particular relevance in the initial
assessment of pathological conditions and may be accomplished by monitoring
analyte-induced changes in the AuNC emission. Intracellular sensing of several
analytes has been reported [38, 39, 43, 44, 52–57]. Real-time monitoring of vis-
cosity changes inside A549 cancer cells was also demonstrated [58].

Ligand-coated AuNCs have been used as nanocarriers for the targeted delivery
of chemotherapy drugs [45] or photosensitizers (PSs) [59]. Their ability to gener-
ate singlet oxygen (1O2) [35, 60] and other highly reactive oxygen species
(hROS) [61, 62] showed promise for theranostic materials. Coupling of an anti-
microbial peptide (AMP) to conjugated polymer (CP)-coated AuNCs yielded an
image-guided multitherapeutic platform. The CP displayed high photothermal
conversion efficiency upon NIR-light irradiation for PTT, while the AMP provid-
ed a complementary antimicrobial treatment [63].

The advances in the AuNC chemistry have paved the way for the development
of other metal nanoclusters for bioimaging, such as Cu [64], Mo [65], Ru [66],
Rh [67], Pd [68], Ag [69], Ir [70], and Pt [71].
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2.2. Transition Metal-Based Nanoparticles

Quantum dots, one of the most versatile classes of semiconductor-based lumino-
phores, are classified as quasi-zero-dimensional semiconducting nanocrystals
generally composed of groups II–VI, III–V, and IV–VI of the periodic table [72,
73]. They display broad excitation and narrow emission bands with large Stokes
shifts, which are essential for efficient multiplexing imaging [74]. They possess
superior optical properties when compared to their organic counterparts, such as
high brightness, significant resistance to photobleaching, and long fluorescence
lifetime. In addition, they are easily conjugated to different biomarkers while
retaining or increasing emission efficiency [75]. Their luminescence arises from
the recombination of electron-hole pairs, or excitons, generated upon excitation
of electrons from the valence to the conduction bands. Their size, typically 2–
10 nm, results in a strong quantum confinement effect, that leads to tunable
emission wavelength depending on core size, composition and surface chemistry
[76].

Due to their reduced size, the large surface-to-volume ratios and irregular
surfaces result in a large number of defects that lead to luminescence quenching,
which can be reduced by passivating the QD surface [77–79] with organic layers
or inorganic core@shell architectures [80, 81]. Coating strategies can reduce
leaching of heavy atoms in Cd-based QDs that, although toxic both in vitro
and in vivo, still represent the vast majority of publications [82, 83]. Further
environmental concerns arise in the synthesis of Cd-based QDs, as hazardous
organometallic routes at high temperatures are generally involved [84]. Thus,
ligand-assisted aqueous routes with reduced toxicity have been described [85–
88]. A biosynthetic approach for the synthesis of Cd-based QDs in E. coli was
reported by Tian and coworkers. The resulting biocompatible QDs were success-
fully used to image MDA-MB-231 cells and 4T1 tumor-bearing nude mice [89].

Sarkar and coworkers [90] demonstrated that the emission range could be tuned
from the visible up to the NIR-II (950–2000 nm) with varying x in HgxCd1-xSe
alloy QDs while maintaining a small and equal size, allowing direct comparison
of molecular labeling performance across a broad range of wavelengths. Coating
with click-functional multidentate polymers yielded QDs with high quantum
yield (QY) in the NIR-II (14�33 %), and long-term stability in aqueous media
during continuous excitation, without inducing significant toxicity in living cells
even at high concentrations. Four different compositions conjugated to growth
factors, nucleic acids, and antibodies, were used to image human growth factor
in the breast cancer cell MDA-MB-231, RNA in HeLa cells and to label proteins
in mouse adipose tissues [90].

PbS QDs are among the most explored NIR emitters, due to QYs that can
reach 60 % [91–93]. Qiu and coworkers [94] reported the synthesis of polyethyl-
ene glycol (PEG)-coated PbS/CdS/ZnS QDs showing upconversion (UC) lumi-
nescence through a phonon-assisted single-photon process, even when excited
by a 980 nm laser at low power. The QDs exhibited high NIR emission QYs of
4.6 %, and improved water solubility and biocompatibility, enabling the bioimag-
ing of sarcoma 180-bearing nude mice with few heat effects [94].
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Due to the Cd2C toxicity and its leaching even in the presence of passivating
layers [83], other materials with lower toxicity, such as zinc [84, 95] and Mn2C-
doped zinc [96–98] chalcogenides have been pursued for fluorescence imaging
of cancer cells, while Ag chalcogenide QDs were demonstrated as a low toxicity
alternative to PbS NIR-emitting QDs [99, 100]. Zhang and coworkers [101] de-
veloped Ag2Te QDs coated with poly(lactic-co-glycolic acid) and encapsulated
within 4T1 cancer cell membranes as efficient NIR-II fluorophores. The cell
membrane-camouflaged Ag2Te QDs showed stable bright fluorescence at
1300 nm, prolonged blood circulation time, good biocompatibility, and homotyp-
ic targeting ability for enhanced in vivo tumor imaging [101].

In recent years, ternary I–III–VII-based semiconductor QDs like CuInS2 or
AgInS2 and their I–II–III–VII alloys with ZnS have gained high interest as alter-
natives to binary QDs for cancer bioimaging [102–106]. In addition to low toxici-
ty, their optical properties can be easily tuned from the visible to the NIR by
varying size, composition, and surface coating [107]. ZnAgInSe/ZnS QDs coated
with α-cyclodextrin-doxorubicin (DOX), and folic acid were applied to the multi-
color fluorescent imaging of H22 cells. The nanoprobe showed prolonged circula-
tion time in blood, effective accumulation at the tumor site, enhanced internali-
zation by tumor cells, and efficient pH and H2O2 dual-sensitive DOX-release at
malignancy sites in vivo [108].

Two-dimensional (2D) layered nanomaterials have emerged as a new genera-
tion of photoluminescent materials for bioimaging [109, 110]. Transition metal
dichalcogenides (TMDs) are an important class of 2D materials with the general
formula MX2[111]. The exfoliation of TMD into few layers leads to an indirect-
to-direct bandgap transition that results in strong luminescence [112], which can
be improved by reducing the lateral dimensions to < 100 nm, when strong quan-
tum confinement and edge effects take place [113]. These 2D-QDs have been
explored for bioimaging [114] and biosensing of molecules and macromolecules
of biological interest [115, 116] in cancer cells, and as drug nanocarriers [117]
and photothermal agents [118] for theranostics.

Sweet and coworkers [119] reported the synthesis of MoS2 QDs modified with
lipoic acid-terminated PEG and conjugated with antibodies for the TPEL imag-
ing of targeted prostate cancer LnCaP cells. The QDs showed high σTPA

(58,960 GM) and high brightness (47,000 GM) upon 1064 nm excitation, good
photostability, and biocompatibility [119]. Chen and coworkers [120] developed
a platform for cellular imaging, in vivo imaging, biosensing, and drug delivery
based on monolayer-MoS2 nanodots with the ability of surface adsorbing thiolat-
ed molecules. A turn-on luminescent probe was designed by using 6-mercapto-
purine (6-MP) as an efficient quencher of the MoS2 emission; in the presence
of glutathione (GSH), 6-MP is efficiently released, thereby switching on MoS2

fluorescence and allowing for the sensitive and selective detection of GSH in
erythrocytes and live HeLa cells. Similarly, thiolated doxorubicin (DOX-SH)-
loaded M-MoS2 nanodots (NDs) worked as GSH-responsive nanocarriers for
DOX-SH delivery in HeLa cells and mice with improved cytotoxicity [120].

MXenes, another promising class of 2D-based materials, consist of transition
metal carbides, nitrides, and carbonitriles with the general formula MnC1Xn
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(n = 1–3), where (n C 1) layers of an early transition metal M are connected by
n layers of X, carbon or nitrogen, in an [MX]nM manner [121]. Since the initial
discovery of Ti3C2 in 2011, MXenes have received growing attention in the bio-
medical area [122, 123]. They display a large active and hydrophilic surface that
eases functionalization, excellent biocompatibility, strong light absorption in the
NIR region that can be used for TPA and PTT, and ferromagnetism suitable for
magnetic resonance imaging. Nano-sized MXenes display luminescence, mainly
assigned to quantum confinement and vacancy defects, that is explored for bio-
imaging [124].

Their use in cell luminescence imaging was first reported in 2017 when Xue
and coworkers synthesized monolayered Ti3C2 MXene quantum dots (MQDs)
exhibiting excitation-dependent photoluminescence with QY ~10 % for the im-
aging of RAW264.7 cells [125]. Since then, Ti3C2 MQDs have been reported as
sensors to quantitatively monitor the intracellular pH in MCF-7 cells [126], and
for the detection of intracellular GSH in HeLa cells [127]. Yang and coworkers
[128] synthesized biodegradable, biocompatible, and photostable Nb2C MQDs
for fluorescence imaging of NIH 3T3 cells. To further demonstrate Nb2C MQDs
as fluorescent probes, poly(vinyl alcohol)/Nb2C MQDs composite hydrogels in
different shapes were subcutaneously implanted on the backs of shaved mice,
and the fluorescence imaging displayed their exact location with intact shapes
and clear boundaries between the hydrogels and surrounding tissues [128].

Although the semiconductor-based luminescent nanoparticles, as discussed
above, represent the largest segment of TM-based nanomaterials for bioimaging,
metal-centered emitting materials, with particular focus on the TM-doped oxides,
have been receiving growing attention. Persistent luminescent nanoparticles
(PLNPs), also-called long-lasting afterglow NPs, luminesce for several minutes
to even days after ceasing excitation, and can be reactivated under appropriate
excitation light [129–131]. This enables the long-term, real-time assessment of
their in vivo biodistribution [132–138]. Bioimaging, biosensing, and cell tracking

Figure 2. Comparison of optical in vivo imaging using PLNPs, ZGGO:Cr (left) or con-
ventional fluorescent probes, cyanine or QDs (middle and right). Reproduced with per-
mission from [136], copyright 2017, American Chemical Society.
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thus happen without interference of the short-lived autofluorescence and light
scattering (Figure 2), improving signal-to-noise ratio and sensitivity, with deep
tissue penetration, and low photodamage [139].

In general, two main elements are involved in persistent luminescence, namely
the emitters, which usually consist of transition metal (TM) ions or lanthanide
(Ln) ions doped in a host material, and traps, which are responsible for the
energy storage. After ceasing excitation, the energy stored in the traps gradually
returns to the emitting ion and is then released through photonic emission.

Most work has focused on chromium-doped zinc gallates (ZnGa2O4:Cr3C,
ZGO) or gallogermanates (Zn1CxGa2–2xGexO4:Cr3C). Other host lattices such
as Gd3Ga5O12 [140], LaAlO3 [132], GdAlO3 [141], LiGa5O8 [135], and emitting
ions such as Mn2C [142] have been reported. They have been used for the lumi-
nescence-guided resection of tumors [143], in vivo targeted imaging of cancers
[144], biosensing of chemical species in vitro and in vivo [145], and as nanocarri-
ers for chemotherapeutics [146] and photosensitizers [147]. ZGO:Cr3C PLNPs
and IR780 PS were encapsulated by a temperature-responsive “wax seal” shell
and used for the photothermal-triggered persistent PDT in tumor-bearing mice.
Upon 808 nm laser irradiation, the embedded IR780 generates heat that provides
tumor hyperthermia treatment, and melts the shell, turning on the photodynamic
effect. PLNPs pre-excited with a white light-emitting diode continually generated
1O2 for 25 min after excitation ceased through the persistent energy transfer
from the NPs to the IR780, thus providing localized and outstanding persistent
therapeutic effects [148].

Co-doping of NP with metallic ions provides additional energy states for trap-
ping electrons, allowing the tuning of the afterglow lifetime and intensity [130,
131, 149–152]. Co-doped PLNPs with improved properties were applied to the
real-time tracking of cancer cells [153], cell-mimicking [154] and bacterial biofilm-
coated [155] chemotherapeutic nanocarriers, and X-ray excited nanocarriers for
PSs [156]. Mesoporous silica-coated ZGO:Cr3C,Sn4C was used as a nanocarrier
for the anticancer drug afatinib. The NIR PLNPs showed persistent luminescence
lifetime lengthened by several hours after Sn4C doping. Further, coating with the
aptamer MAGE-A3 increased the accumulation in CL1–5 lung cancer metastatic
tumor cells via active transport. The NIR persistent luminescence signal was re-
peatedly observed throughout the intratracheal and intravenous treatment of tu-
mors in mice after reactivation with a UV flashlight for 120 s [157].

3. TRANSITION METAL COMPLEXES AS IMAGING

AND THERAPY AGENTS

Imaging agents based on TMs have several advantages, namely the ability of
tuning properties through targeted functionalization. Single molecule imaging
agents are more easily isolated than NPs, which frequently suffer from crystallini-
ty and aggregation problems. Earth-abundant TMs provide safer and less expen-
sive alternatives to NPs based on Cd or Au. Heavier TMs are investigated as
luminophores as well, as long lifetimes of the emissive metal-to-ligand charge-
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Figure 3. Compounds mentioned in Section 3. Arrow indicates atom at which substitu-
tion occurs.

transfer (MLCT) or ligand-to-metal charge transfer (LMCT) excited states en-
able time-gated detection, with increased signal-to-noise ratio.

Hossain and coworkers [158] described a pyrene-appended bipyridine hydra-
zone H1 (Figure 3) that showed ability to penetrate the membrane of Vero cells
with negligible cytotoxicity. Upon exposure to Cu2C in the cellular environment,
the resulting complex shows turn-on green luminescence. In vitro, the ligand
showed selectivity towards Cu2C in the presence of competing metal ions. A
bioluminescent probe based on the luciferin-luciferase system to sense Fe2C was
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described by Feng and coworkers [159]. These authors postulate that, in the
presence of Fe2C, compound 2 (Figure 3) generates an oxidized species that lu-
minesces in the presence of luciferase. The turn-on luminescence was observed
in ES-2-Fluc cells and in mice, with intensities proportional to the amount of
exogenous Fe2C.

Hetero-trimetallic complexes Re1 and Re2 (Figure 3) with red emissive ReI-
based MLCT states were described by Luengo and coworkers [160]. Confocal
microscopy showed accumulation of the complexes at the edge of the inner cell
membrane and in areas within the nucleus of A549 cells. The displayed cytotoxic-
ity is attributed to targeting of DNA by the bioactive AuI-containing fragment
with values of half maximal inhibitory concentration (IC50) of 42.44 and
36.09 μM for Re1 and Re2, respectively.

Meng and coworkers [161] isolated 14 IrIII complexes with an 8-oxychinolin-
base ligand 3 (Figure 3), where R1, R2, and R3 have different permutations of
the substituents H, Me, Cl or Br. These red-emitters were used to image HeLa,
SK-OV-3/DDP and HL-7702 cells. Confocal microscopy showed that they local-
ize in the mitochondrial inner membrane inducing mitochondrial disfunction,
which results in cell apoptosis with selected efficiencies higher than cisplatin.

Mitochondrial imaging in living cells was pursued as well by Liu and coworkers
[162], who focused on the complexes Ir1 and Ir2 (Figure 3) with phenyl-ben-
zo[g]quinoline ligands as NIR emitters. Confocal phosphorescence microscopy
showed that both complexes successfully transfect the mitochondrial membrane
of HeLa cells. Both emit at ~700 nm with efficiencies of 0.62 and 0.85, respective-
ly, are photostable and show low phototoxicity at the concentrations needed for
living cell imaging.

To allow for fluorescence sensing of periodate in the cellular environment,
Wang and coworkers [163] synthesized and isolated a bis-bipyridine IrIII com-
plex, with the phenanthroline-based ligand 4 (Figure 3). The complex, which
displayed very low cytotoxicity with an IC50 higher than the dosage used for
imaging, displayed turn-off emission, that enabled detecting different concentra-
tions of periodate in HeLa cells down to 0.077 μM.

Huang and coworkers [164] isolated complexes Ir3 and Ir4 (Figure 3), which,
upon exposure to glutathione, generate the emissive Ir5. The latter is also an
efficient 1O2 generator. Incubation of Ir3 with HeLa, A549 and HepG3 cancer
and 3T3-L1 and HL-7702 healthy cells led to increased complex luminescence
within the cancer cells and increased cytotoxicity towards these as well, which
the authors attributed to the GSH-rich environment within these cells.

The blue MLCT emission of the half-sandwich cyclopentadienyl complex of
IrIII with the iminopyridine-based ligand 5 (Figure 3) was detected through con-
focal microscopy within A549 lung cancer cells [165]. Li and coworkers demon-
strated that the complex, which accumulates in the nucleus, causes nuclear mor-
phological changes which result in cell death, with an IC50 of 5.1 μM, lower than
the value of 21.3 μM observed for cisplatin.

Another example of a red luminescent cyclopentadienyl IrIII complex has li-
gand 9 (Figure 3) bound to the metal ion [166]. The complex showed cytotoxicity
towards HeLa and A549 cancer cells, with IC50 of 1.5 and 1.2 μM, respectively,
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and accumulation in the lysosomes. The authors observed lysosomal damage
with release of cathepsin B.

Li and coworkers [165] isolated the half-sandwich cyclopentadienyl IrIII com-
plex with ligand 8 (Figure 3), as described above. They further demonstrated
that a related blue-emitting benzenyl RuII complex accumulates within A549
lung cancer cells in the lysosome and, in higher quantities, in the mitochondria
and determined an IC50 of 29.2 μM.

To increase the biocompatibility of imaging agents, Zhao and coworkers [167]
embedded a [Ru(bpy)28]2C complex (bpy = bipyridine, 8 Figure 3) with bovine
serum albumin in a hydrogel, yielding a water-soluble red and green emitting
material that could be followed in vitro by confocal microscopy. The hydrogel-
based system was readily uptaken by normal liver LO2 cells and Hep-G2 liver
cancer cells and displayed an IC50 of 15.6 μg/mL towards the latter, and an about
8-fold lower cytotoxicity (IC50 = 106.2 mg/mL) towards the former. The same
authors isolated the analogous OsII complex with ligand 8 (Figure 3) [168]. The
complex emits at 700 to 850 nm, and was readily uptaken into A549 cells, where
it accumulates in the lysosomes and displays photocytotoxicity with an IC50 of
31.7 μM, while the RuII complex shows low photocytotoxicity with IC50 = 442 μM
upon irradiation with 633 nm light.

Omar and coworkers [169] isolated a red-emitting (QY ~40 %) homoleptic
RuII complex with ligand 6 (Figure 3). Confocal microscopy showed that it accu-
mulates in the lysosome and endosome of HeLa and EJ bladder carcinoma cells,
with low dark and light toxicity.

Yu and coworkers isolated [Ru(phen)210]2C (phen = phenanthroline, 10 = 10a,
10b Figure 3), which were encapsulated into oligonucleotides [170]. The resulting
polymeric materials had improved emission with respect to the free complexes
and easily penetrated the cell membrane of MDA-MB-231 tumor cells xenograft-
ed in zebrafish. Their luminescence was observed in vivo, highlighting the loca-
tion of the xenografts (Figure 4A).

Liu and coworkers [171] isolated the weakly luminescent complex
[Ru(bpy)211]2C (11 Figure 3) which, in the presence of formaldehyde in acidic
environment, undergoes rearrangement; hydrolysis of 11 generates a lumines-
cent complex, which is a turn-on sensor for formaldehyde. The compound pene-
trated the membrane of HeLa cells, and its emission intensity was proportional
to the concentration of cell lysosomal formaldehyde and to tumor-derived en-
dogenous formaldehyde in naked mice (Figure 4B).

Yao and coworkers [172] incorporated the new PdII complexes with ligands 7
(Figure 3) into silica NPs, to prevent oxidation in the cellular environment and
incubated them with HeLa cells. NIR emission showed their localization in the
lysosomes. The silica-supported complex with 7b displayed pH-dependent emis-
sion in HeLa cells, making them potential intracellular pH sensors. Injection of
the silica-supported complexes with 7a and 7c into 4T1 tumor-bearing mice
showed accumulation at the tumor site, enabling distinction between diseased
and healthy tissue.

Lin and coworkers [173] isolated a new Schiff-base complex Pt1 (Figure 3),
which displays aggregation-induced phosphorescence. Upon co-polymerization
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Figure 5. (A) Confocal laser scanning microscopy images of HepG2 cells labeled with
Pt1 (left column) and Mito Tracker Deep Red (middle column) at 25 °C, 30 °C and 35 °C.
Scale bar is 15 μm. Reproduced with permission from [173]; copyright 2019, The Royal
Society of Chemistry. (B) Luminescence imaging of LnNPs functionalized with folic acid/
AlgPDA/DOX (first row), and free DOX (second row) in HeLa cells. First, second, and
third columns correspond to bright field channel, luminescence channel, and 3D recon-
struction, respectively. Reproduced with permission from [187]; copyright 2019, American
Chemical Society.

with the thermosensitive hydrophilic N-isopropylacrylamide hydrogel, a thermo-
sensitive probe was obtained. Incubation with HepG2 cells showed that Pt1 lo-
calizes in the mitochondria and that the observed emission intensity depends on
the temperature of the medium (Figure 5A).
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4. LANTHANIDES IN CELLULAR LUMINESCENCE

IMAGING

4.1. Lanthanide-Containing Nanoparticles

In addition to the advantageous properties displayed by NPs, lanthanide-doped
NPs (LnNPs) display emission lifetimes in the range of micro- to milliseconds,
and narrow emission bands that allow time-gated imaging and spectral resolu-
tion, respectively [174–176]. 4f-4f transitions, which are responsible for the Ln-
centered luminescence properties, are parity forbidden with low molar extinction
coefficients that lead to low emission intensity. Thus, luminescence imaging re-
quires high excitation power and long acquisition times that damage tissues, and
thus alternative sensitization strategies have been pursued [177–179].

Ln that emit in the NIR are particularly interesting for imaging, due to the
NIR-tissue transparency (Figure 1) [179–183]. NdIII-based NPs are excited and
emit at ~808 nm (4F9/2 ← 4I9/2) and ~1055 nm (4F9/2 → 4I11/2), respectively [180,
183] and are particularly interesting due to the reduced heating effect that ac-
companies excitation at ~808 nm [182]. The use of sensitizer-activator pairs YbIII/
ErIII or NdIII/HoIII enables NIR-to-NIR luminescence imaging [179, 181]. X-ray
light, which has unlimited penetrability, is an alternative to the NIR excitation
for deep tissue and in vivo luminescence imaging [184–186]. X-ray luminescence
imaging of MDA-MB-31 and MCF-7 cells was successfully obtained using the
NPs NaLuF4:GdIII, EuIII@NaLuF4:GdIII@NaLuF4:GdIII, TbIII[185]. The low X-
ray dosage needed for sensitization did not significantly affect cell viability.

LnNPs functionalized with DOX are frequently used drug delivery systems
[187–188]. Electrostatic interactions between surface-coated alginate-poly(do-
pamine) (AlgPDA) NPs and DOX enabled delivery of the drug to cancer cells
[187]. The higher cytotoxicity observed for the NP system, compared with free
DOX, is a result of higher penetration of the NPs in the cells (Figure 5B) [187].
Controlled release of DOX as a function of pH and temperature was achieved
using LnNPs functionalized with thermo-responsive poly(N-isopropylacrylamide-
co-methacrylic acid) [188].

Radiodynamic therapy was accomplished using NaLuF4:GdIII, EuIII@NaLuF4:
Gd@NaLuF4:-GdIII, TbIII functionalized with Rose Bengal, a 1O2 generator,
while luminescence was achieved using X-ray excitation. The Rose Bengal is
excited by the TbIII emission, and the TbIII and EuIII emissions are used to
image MDA-MB-31 and MCF-7 cells [185]. Absorption of secondary electrons,
generated by X-ray radiation, by CeIII in the scintillating NP NaCeF4:Gd,Tb,
which photodecomposes water and oxygen into hROS, and TbIII ions decreased
the viability of A549 cells and in vivo tumor size [186].

4.2. Up-converting Nanoparticles

Low-energy excitation of Ln compounds is achieved through TPA [189, 190] or
UC [191, 192]. The latter is achieved through excited-state absorption or energy
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transfer up-conversion [193–199]. UCNPs have large potential for luminescence
imaging; however, the synthesis of the correct crystalline phase, low σTPA, low
cell-penetrability, undesirable accumulation in the body, and limited tissue pene-
trability of the 980 nm radiation are limiting factors for their use. Several strate-
gies have been described to isolate the useful hexagonal NaYF4 host [200, 201].

In MnII-doped UCNPs, increase of the ErIII-based red emission intensity
(4F9/2 → 4I15/2) was attributed to the energy transfer ErIII(4S3/2) → MnII(4T1)
followed by back transfer MnII(4T1) → ErIII(4F9/2) [202, 203]. Use of lithography
to synthesize sandwich structures of the type Au/UCNP/Au allowed control of
the distance Au-UCNP and of the homogeneity, resulting in a 1,000-fold en-
hancement of the UC emission [204].

The most common UCNPs contain the YbIII/ErIII activator/sensitizer pair, and
the UC emission is excited at 980 nm, where there is lower tissue scattering
(Figure 1) [205]. However, the penetration depth is not high enough for in vivo
applications that require imaging of deeper parts of the body. Co-doping the
matrix with NdIII allows excitation at 808 nm (4F5/2 ← 4I9/2 transition), the region
in which scattering by the tissues and cells is lower, allowing deeper imaging
(Figure 6) [206, 207].

The large sizes of UCNPs result in accumulation in the body and low cell
penetrability, which can be improved with surface coating strategies [208–211].
Lyposome-coated NaYF4:7 % NdIII@NaYF4 UCNPs have half-lives in the blood,

Figure 6. Tissue penetration as a function of excitation wavelength. Reproduced with
permission from [207]; copyright 2015, Springer Nature.
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liver, and spleen of 17.96 min, 23 h, and 17.9 h, respectively, and non-coated ones
of 20.56 min, 52 h, and 175 h, respectively [212].

Dye-modified UCNPs have been demonstrated as sensors for a variety of ana-
lytes [198, 199, 213–220]. To avoid leaching of the dye and compromising the
sensing properties, the dye is chemically bonded to the surface of the UCNP.
NaYF4: 20 % Yb, 0.5 % Tm, chemically functionalized with the Ru-DNPH com-
plex, allows specific detection of HOCl in MDA-MB-31 cells, and in vivo in the
range 0–20 mM [215]. To modulate the energy transfer UCNP–dye, the 3-(N-
morpholino)propanesulfonic dye was chemically bonded to NaYF4@NaYF4:Yb,
Tm@NaYF4:Yb, and Er@NaYF4. The proximity of the emitting ions to the sur-
face improves the quenching efficiency of the UC emission; in the presence of
hydroxyl radicals, the azide bond is broken, and the dye is released, resulting in
the increase of the UC emission intensity [214]. Improvement of the quenching
efficiency was achieved by using complementary DNA labeled with two quench-
ers adsorbed to the NaYF4@NaYF4:Yb, Er UCNP surface for sensing of micro-
RNA-21 in MCF-7 cells with values comparable to those of established real-time
polymerase chain reaction methods [216].

Sensing of GSH in the range 0 – 3.5 nM in HeLa cells and in vivo was possible
with formation of a chromophore capable of sensitizing UC emission, resulting
in a 30-fold boost in the emission intensity [213]. The use of DNA fragments
highly selective towards ZnII [218] and formation of S–S bonds to improve ener-
gy transfer and local accumulation in inflamed areas [199] were some strategies
used to improve ZnII sensing in vitro and in vivo. Multiplex detection of intra-
cellular CaII and pH in HeLa cells was possible with NaYF4@NaYF4:Yb,
Tm/Ho@NaYF4 UCNPs functionalized with Fluo-4 and SNARF-4F [221].

UCNPs functionalized with DOX are useful drug delivery systems [222, 223],
and an increasing number of systems is available to deliver DNA or RNA frag-
ments for use in gene therapy [224]. Attachment of DOX to UCNP surfaces
via imine bonds is a strategy for specific delivery to target cells; the acidic pH
characteristic of cancer cells breaks the imine bonds, releasing the DOX in the
target cells. This kind of drug delivery system is highly selective towards cancer
cells, allowing efficient treatment using lower concentrations. Functionalization
with DOX and 5-FU enables drug release at low pH, and the system is thus
selective for cancer cells [222, 223].

UCNPs functionalized with PSs or inorganic materials capable of generating
hROS lead to theranostic compounds for PDT [225–229]. The use of quenchers
such as diarylethene, that only in its open form allows energy transfer from
NaGdF4@NaGdF4:Yb, Er@NaGdF4 to the PS, avoids producing 1O2 outside the
target cells. The closed and opened forms are achieved by exciting the sample
at 365 and 808 nm, respectively, with full reversibility even after ten cycles [225].

A MnO2 honeycomb structure loaded with NaGdF4:Yb, Er@NaGdF4:
Yb@NaNdF4:Yb and chlorin-e6 was used to decompose the H2O2 produced inside
hypoxic cancer cells, which resulted in improved photocytotoxicity when com-
pared with the system without MnO2 [228]. In NaGdF4:Yb, Tm@NaGdF4 coated
with CeOx, the latter decomposes H2O2 into hROS [229]. Emission in a broad
range of wavelengths was observed for the UCNP NaYF4:Y, Yb, Er coated with
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Zn-phthalocyanine (Pc), a green, and Rose Bengal, a red absorber, with higher
photocytotoxicity than the systems containing only ZnPc or only Rose Bengal
[227].

4.3. Molecular Luminescence Agents

4.3.1. One-Photon Excitation

The color pure emission due to the line-like spectra of Ln ion complexes is
sensitized through an appended ligand chromophore [230, 231]. This antenna
effect leads to a large Stokes shift of sensitized emission. As ligands are easily
derivatized, the chemical and spectroscopic properties of the Ln complexes can
be tuned [232–237]. The isolation of several Ln coordination complexes contain-
ing fluorobenzoate ligands with varying degrees of fluorination allowed conclud-
ing that fluorination of the orto position relative to the carboxylate group yields
the best compound for luminescence imaging of HeLa cells [237]. Amino (-NH2)
or tiol (-SH) groups from a protein or antibody react with isothiocyanato, chlo-
rosulphonyl, 2,4-dichloro-1,3,5-triazinyl, or N-hydroxysuccinimide from Ln com-
plexes to form bioconjugates [238–241]. This method yields luminescent com-
pounds with target cells [242–244]. [Eu(BHHTEGST)] (Figure 7A) conjugated
with the G2O3 antibody enabled time-gated luminescence imaging of Giardia
cyst cells [244].

Multi-dentate ligands reduce vibrational quenching and prevent coordination
of solvent molecules that contribute to quenching through, for example, O-H
oscillators. Diethylenetriaminepentaacetate or 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (dota)-based ligands (Figure 7B) with NdIII yield NIR-
emitting complexes that were used for whole-body NIR luminescence imaging,
albeit with high excitation power and long acquisition lifetimes, as direct metal-
centered excitation was used [245, 246]. More benign excitation was achieved
through heterometallic ZnII/YbIII, ZnII/NdIII metallocrowns [247, 248], and YbIII

complexes containing porphyrin-based ligands [249–251], resulting in complexes
with high emission QY in the NIR. In the complexes [Yb(LP)(LK)] (LP = por-
phyrin, LK = Kläui ligand; Figure 7A) the YbIII is well shielded from vibrational
quenching through the solvent molecules, and absorption in the green-red region
is used to sensitize the YbIII-NIR emission. [Yb(LCOOH)(LK)] (Figure 7A) was
used in NIR luminescence imaging of HeLa cells and in vivo, with -COOH-
enabled sensing of pH between pH 1 and 5, and PET quenching between pH 5
and 9 in solution and in vivo [251].

Luminescent Ln complexes are known as sensors for a variety of analytes
[252–259]. [Eu(bhhct-bped)(bpt)] (Figure 7A) selectively senses Cu2C in the
range 0.25–2.5 μM in HepG2 cells [260]. Functionalization of a terpyridine with
an anthracene moiety yielded [Eu(dhh)3(atpy)] (Figure 7A) that selectively sens-
es 1O2 in the concentration range 2.5–100 μM in HepG2 cells [261].

Substitution of ligands with triphenylphosphonium, morpholine or methyl phe-
nyl sulfonamide yielded accumulation of Ln luminescent complexes in the mito-
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Figure 7. Compounds discussed in Section 4.

chondria, lysosomes, and endoplasmic reticulum, respectively [252, 259, 262].
Functionalization of a terpyridine-based ligand with methyl phenyl sulfonamide
and trifluoromethanesulfonyl-moieties yielded [Ln(er-nftta)] (Ln = EuIII or
TbIII) (Figure 7A) that selectively sensed superoxide in the concentration range
0 – 50 μM in HepG2, HK-2 cells, kidney tissue, and in vivo [259]. In the presence
of superoxide, the trifluoromethanesulfonyl moiety was released, which caused
an increase and decrease in the TbIII and EuIII emission intensities, respectively,
allowing for ratiometric sensing.

The sensing of chemical species using specific reactions with ligands is useful,
but the process is not reversible. Zinc fingers modified with 7-nitro-2,1,3-benz-
oxadiazole (nbd) and [Nd(dota)] yielded a system that selectively sensed ZnII

using the NdIII-centered NIR emission. The presence or absence of ZnII causes
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configuration changes in the zinc finger that are reflected in changes of the NdIII

emission intensity due to modulation of the nbd → NdIII energy transfer [263].

4.3.2. Two-Photon Excitation

TPA has been used to excite Ln complexes in the biological window [264–269].
High two-photon brightness, one of the critical factors for obtaining good quality
luminescence imaging, is achieved by the presence of charge transfer states [190,
233, 270], high complex rigidity [271], or use of plasmonic bands [272]. TPEL
(λexc = 975 nm) of [Eu(dbm)3(phen-NH2)] (Figure 7A) deposited onto a glass
substrate is only observed in the presence of a layer of triangular Ag nanoprisms
[272].

NIR-to-NIR luminescence imaging allows higher signal-to-noise ratio and lu-
minescence imaging of deep tissues. Conventional confocal microscopes do not
allow measurement of emission in the 950–1050 nm range due to optical filtering
schemes, and photomultiplier tube detectors that are optimized for the visible
range. By modifying the optical filtering schemes and connecting an adequate
NIR detector, Andraud and coworkers successfully obtained images using a com-
bination of TPEL and NIR-to-NIR luminescence imaging [273]. Determination
of the 3D blood capillary network in mouse brain using the NIR-emitting
[Yb(dpaN(PEG)2)]3– (Figure 7B) validated the setup, and shortly after that, the
first example of NIR-to-NIR luminescence imaging using [Yb(tacnN(PEG)2)]C

(Figure 7B) was reported [274]. Due to the possibility of both visible and NIR
emission, SmIII complexes have been explored. TPEL imaging of T24 cells in
the visible and NIR was possible using [Sm(tacnMeO)] with an image quality
similar to the analogous YbIII complex [275].

Photoactivated DNA damage and TPEL imaging were possible using the het-
erobimetallic [Eu(dota-py)(H2O)RuCl(bpy)3]C (Figure 7B). Upon illumination
at 488 nm, [RuCl(bpy)3]C is released, which increased the EuIII emission intensi-
ty, leading to DNA damage [276].

5. CONCLUDING REMARKS

The development of improved metal-containing imaging agents has been an ac-
tive and fruitful area of research, as shown by the work highlighted here. The
versatility provided by the ability to functionalize ligands, decorate NP surfaces,
or tune photophysical properties by controlling NP size, makes metal-containing
systems especially attractive for bioimaging. They can be tailored to target specif-
ic types of cells, or display specific subcellular localization. Frequently the metal-
containing systems are cytotoxic, or they can be engineered as drug delivery
agents, making them prime candidates for use in the field of theranostics. Consid-
ering the unique photophysical properties of the systems mentioned here, one
can only expect a continued growth of the families of metal-containing com-
pounds for use as luminophores in bioimaging.
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ABBREVIATIONS

1O2 singlet oxygen
2D two-dimensional
2D-QD two-dimensional quantum dots
3D tridimensional
5-FU 5-fluorouracil
6-MP 6-mercaptopurine
AlgPDA alginate-poly(dopamine)
AMP antimicrobial peptide
AuNCs gold nanoclusters
AuNPs gold nanoparticles
AuNRs gold nanorods
bpy bipyridine
CP conjugated polymer
DAPI 4,6-diamidino-2-phenylindole
DNPH dinitrophenylhydrazine
dota 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DOX doxorubicin
GM Goeppert Mayer
HepG2 hepatocyte carcinoma
hROS highly reactive oxygen species
IC50 half maximal inhibitory concentration
LMCT ligand-to-metal charge transfer
LnNPs lanthanide-doped nanoparticles
LSPR localized surface plasmon resonance
MLCT metal-to-ligand charge-transfer
MP mercaptopurine
MQDs MXene quantum dots
nbd 7-nitro-2,1,3-benzoxadiazole
NCs nanoclusters
NDs nanodots
NIR near-infrared
NPs nanoparticles
Pc phthalocyanine
PDT photodynamic therapy
PEG polyethylene glycol
phen phenanthroline
PLNPs persistent luminescent nanoparticles
PS photosensitizer
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PTT photothermal therapy
QDs quantum dots
QY quantum yield
σTPA two-photon absorption cross-section
TM transition metal
TMDs transition metal dichalcogenides
TPA two-photon absorption
TPEL two-photon excited luminescence
UC up-conversion
UCNPs up-converting nanoparticles
ZGGO zinc gallogermanate
ZGO zinc gallate
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Abstract: Fluorescence microscopic cell imaging is a very powerful tool in medicinal research
and life sciences. Fluorescence microscopy can not only image different subcellular organelles
such as nuclei, mitochondria and lysosomes, but also monitor the contents of metabolic species
and cellular microenvironments. Many organic fluorescent probes for optical imaging have
been commercialized in the past few decades. However, organic fluorescent probes have some
disadvantages, such as relatively small Stokes shifts, low signal-to-noise ratio, obvious self-
quenching, and intolerance of photobleaching, which make them unsuitable for long-term
tracking of biological events. Compared with organic fluorescence probes, emissive transition
metal iridium(III) complexes with low-spin d6 electronic structure have been widely used as
biosensors and imaging agents in recent years. They show good chemical and photo-physical
properties including large Stokes shifts, high quantum yields, long fluorescence lifetimes, and
high photo-stability. In this chapter, we will focus on the applications of iridium(III) complexes
in biological imaging, especially in imaging of subcellular organelles including mitochondria,
lysosomes, endoplasmic reticulum, and nuclei. In order to provide readers with a comprehen-
sive understanding of the applications of iridium complexes in life sciences, we also give a
brief introduction to the progress of iridium complexes as anticancer agents in recent years,
especially the anticancer agents or photosensitizers targeting mitochondria.

Keywords: anticancer · iridium · mitochondrion · phosphorescent imaging · subcellular or-
ganelles

1. INTRODUCTION

Cell imaging techniques at subcellular resolution are very powerful tools in life
sciences [1]. Fluorescence microscopy can not only image different subcellular
organelles, such as the nuclei, mitochondria, and lysosomes, but also monitor
metabolic species and cellular microenvironments [2]. Generally, fluorescence
microscopy requires the use of cell imaging agents. Organic fluorophores for cell
imaging have been developed rapidly over the past few decades, and many
probes for optical imaging have been commercialized for various applications. It
is worth noting that organic fluorescent probes have disadvantages [3]. First, the
Stokes shift of organic molecules is relatively small. There are significant over-
laps between their absorption and emission spectra, which results in a low signal-
to-noise ratio and severe self-quenching during imaging. Due to concentration
quenching, the brightness of the probes can be reduced when they aggregate in
specific subcellular organelles. Second, due to the presence of endogenous fluores-
cent species, such as the indole group, nicotinamide, and tryptophan, it is difficult
to distinguish the signals of the probes from those of the endogenous fluorescent
substances [4]. Finally, organic molecules are intolerant to photobleaching, and
some organic fluorescent probes display photobleaching effects in less than one
minute, which makes them unsuitable for long-term observations [5].

Compared with organic fluorescent probes, emissive transition metal complex-
es with low-spin d6 electronic structures, such as ruthenium(II) and iridium(III),
have been widely used in biological sensing and imaging in recent years [6].
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They show good chemo-physical properties and are ideal complementary probes
alternative to organic molecules for cell imaging. In this chapter, we will focus
on the applications of iridium(III) complexes in biological imaging, especially in
the imaging of subcellular organelles including mitochondria.

2. STRUCTURES AND PHOSPHORESCENT PROPERTIES

OF IRIDIUM COMPLEXES IN BIO-IMAGING

The ground state of iridium(III) complexes has singlet spin multiplicity, and they
are triplet emitters. The strong spin-orbit coupling of the metal center stabilizes
the energy from the singlet state to the triplet excited state, so the Stokes shifts
of Ir(III) complexes are much larger than those of organic fluorescent molecules
[7]. The large Stokes shifts ensure a lack of overlap between the absorption and
emission profiles and greatly reduce the degree of concentration quenching.
Since the spin selection rule prohibits the change in spin multiplicity, the radia-
tive decay of Ir(III) complexes from the triplet excited state into a singlet ground
state is forbidden. The characteristic excited-state lifetimes of Ir(III) complexes
are usually longer than those of organic fluorophores [8]. Iridium(III) complexes
decay in the time range of hundreds of nanoseconds, while the lifetimes of the
spin-allowed fluorescence of organic molecules usually fall within ten nanosec-
onds, which is comparable to the lifetimes of endogenous fluorescent species in
cells [9]. Lifetime imaging techniques can selectively capture the signals with
long lifetimes, thereby significantly reducing the unwanted background fluores-
cence. Time-gated imaging of signals with several hundreds of nanoseconds can
completely eliminate the cellular background fluorescence, and the method can
ensure that the luminescence signal collected belongs to the Ir(III) complexes
completely [10]. Lifetime imaging technology is particularly useful when the ex-
citation and emission profiles of the probe overlap with those of the endogenous
fluorescent substances.

Iridium(III) complexes are kinetically inert, which can reduce the photo-
bleaching effects [11]. They are suitable for long-term observation of living cells
without causing significant loss in photoluminescence. In addition, due to the
resistance to ligand exchange, the cytotoxicity of Ir(III) complexes is relatively
low, making them highly biocompatible [12]. However, on the other hand, the
superior photophysical properties of Ir(III) complexes endow them with the ca-
pability to sensitize O2 to produce reactive oxygen species (ROS) including sin-
glet oxygen (1O2). Therefore, although Ir(III) complexes are non-toxic in the
dark, a large amount of 1O2 can be generated in living cells upon illumination,
resulting in high photocytotoxicity. In fact, many studies have shown that Ir(III)
complexes have high phototoxicity, which leads to their applications in photody-
namic therapy (PDT) [13].

Among various iridium complexes, the applications of cyclometalated Ir(III)
in the life sciences are currently the most widely investigated, especially as cellu-
lar probes and anticancer therapeutic agents. The basic structure of this kind of
complexes includes an Ir(III) center coordinated to two cyclometalated ligands
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(such as phenylpyridine) and a bidentate ligand (such as diimine). By changing
the ligands, qualities such as molecular charge, lipophilicity, solubility, and photo-
physical properties can be adjusted. At present, through structural optimization,
an iridium complex can achieve emission in the entire visible spectrum, with
some of them emitting light in the near-infrared (NIR) region [14].

In order to achieve a specific biological behavior, researchers usually use two
strategies to design the structures of metal complexes. The first method is to
introduce a targeting vector on the complexes. For example, the triphenylphos-
phine group or mitochondrial targeting polypeptides are often used to design
complexes localized in mitochondria [15, 16]. In order to image a specific intra-
cellular biological species, selective recognition groups need to be coupled into
the structures of the complexes to achieve switch-on or ratiometric responses in
the fluorescence signals [17]. Of course, rational design is not always feasible
because the intracellular environments are complex. For another strategy, com-
plexes may not have structural selectivity, but their biological behaviors can be
clarified by studying the structure-activity relationship (SAR). Charge, lipophilic-
ity, and solubility are key factors usually involved in SAR studies of Ir(III) com-
plexes [18]. The elucidation of the SAR will help to design complexes for future
applications. The disadvantage of this method is that the SAR may only be suit-
able for small sub-libraries of complexes with similar chemical properties. It
should also be noted that the specific cell lines, drug concentrations, incubation
times, and imaging protocols used by different laboratories can vary. We will
focus on describing the special chemical properties of cyclometalated Ir(III)
complexes, and also clarify the use of these complexes in imaging of subcellular
organelles, including mitochondria, lysosomes, endoplasmic reticulum (ER), and
nucleus.

3. IRIDIUM COMPLEXES AS MITOCHONDRIAL IMAGING

AGENTS

3.1. Static Imaging and Dynamic Tracking of Mitochondrial

Morphology

Mitochondria are the energy factories of a cell and play key roles in material
metabolism and cell death regulation [19]. Recent studies have shown that mito-
chondria are highly dynamic organelles. Under metabolic and environmental
stress, mitochondria change their number, size, shape, and distribution within the
cytoplasm [20]. The dynamic properties of mitochondria are closely related to
various diseases, such as Parkinson’s disease, Alzheimer’s disease, neurodegener-
ation, and cancer.

Fluorescent proteins and organic dyes are widely used to image mitochondria
[14]. As mentioned earlier, they possess poor photostability and are not suitable
for long-term tracking of dynamic mitochondria. Iridium complexes have been
widely used in static imaging and dynamic tracking of mitochondria in recent
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Structures 1 and 2.

years [15]. Interestingly, some Ir(III) complexes have intrinsic characteristics im-
proving their reliability as mitochondrial targeting agents. For example, Lo et al.
[21] reported the first usage of iridium complexes ([Ir(bt)2(en)]C (1, en = ethyl-
enediamine, bt = 2-phenylbenzothiazole) for mitochondrial imaging in 2012. The
signals of the five iridium complexes they reported can well overlap with the
signals of commercial mitochondrial dyes. These complexes do not contain tar-
geting groups and are localized to mitochondria by their inherent characteristics.
Subsequently, Lo’s group designed a series of Ir(III) complexes containing fruc-
tose groups in order to increase their specific uptake by cancer cells. Complex 2
containing a fructose moiety can be transported into breast cancer MCF-7 cells
by the GLUT5-mediated pathway [22].

Low cytotoxicity and high photostability are required for the long-term obser-
vation of dynamic mitochondria. Chao et al. [23] reported four phosphorescent
Ir(III) complexes (3–6) with tunable emission colors that can specifically image
mitochondria and track the dynamics of the mitochondrial morphology over long
periods of time. Notably, 3–6 display some advantage over commercially avail-
able mitochondria-specific dyes, as they can stain mitochondria in both live and

Structures 3–6.
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Structures 7–11.

fixed cells without prior membrane permeabilization or the replacement of the
culture medium. Moreover, 3–6 possess superior photostability and are not sensi-
tive to the loss of mitochondrial membrane potential (MMP) and the environ-
mental change.

In addition to Ir complexes containing three bidentate ligands, other coordina-
tion structures have also been investigated as mitochondrial imaging agents.
Chao et al. [24] reported five cyclometalated Ir(III) complexes (7–11) as mito-
chondria-targeted one- and two-photon phosphorescent probes for real-time im-
aging and tracking of mitochondrial fission and fusion. These complexes contain
a tripyridine derivative and a cyclometalated ligand. 8 can track the processes of
mitochondrial fission and fusion in a real-time manner with significantly simpli-
fied staining procedures as compared with commercial dyes.

As a key tool for biological imaging, NIR (emission or excitation wavelength
greater than 650 nm) probes can improve tissue permeability and minimize self-
fluorescence [25]. Chao et al. [14] selected 3-methyl-2-phenylquinoline as the
main ligand to construct a series of two-photon excited, NIR-emitting multimo-
dal phosphorescent imaging agents for mitochondria. Complexes 12–17 are able
to accumulate in mitochondria and exhibit long phosphorescent lifetimes that
can be applied for two-photon excited phosphorescence lifetime imaging micros-
copy (TPPLIM).

According to the “diffraction limit theory”, the resolution limit of optical imag-
ing is about half of the detection wavelength [26]. The wavelength range of
visible light is 400–700 nm, so the resolution limit is about 200–300 nm. The theo-
retical and physical limit was “broken” by a series of ultra-high resolution mi-
croscopy technologies including stimulated emission microscopy, structured illu-
mination microscopy (SIM) and stochastic optical reconstruction microscopy
[27]. Chao et al. [28] discovered that an Ir(III) complex 18 can be used to track
mitochondrial dynamics under SIM. The dye provides a mitochondrial image
with ≈ 80 nm resolution. The structure of mitochondrial cristae can be clearly
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Structures 12–18.

observed and the dynamic fission and fusion of mitochondria can be recorded.
Moreover, 18 can also be used to quantitatively study the functional crosstalk
between mitochondria and lysosomes.

3.2. Imaging of Metal Ions and Small Signaling Molecules

on Mitochondria

The structures of phosphorescent Ir(III) complexes can be easily modified by
introducing specific recognition groups for metal ions and small signaling mole-
cules. Similar to fluorescence lifetime imaging, phosphorescence lifetime imaging
microscopy (PLIM) can directly measure the changes in the lifetime of the sen-
sors in the presence of the analysts [9]. In this section, we will briefly introduce
the application of iridium complexes for imaging small signaling molecules and
cellular microenvironments.

He et al. [29] designed a phosphorescent cyclometalated Ir(III) complex (19)
that displays a specific Zn2C-induced enhancement of the phosphorescence
quantum yield and lifetime. Furthermore, Zn2C-induced phosphorescence life-
time enhancement is not affected by the lipophilicity, viscosity, and polarity of
the medium. Considering the O2-independent Zn2C-induced enhancement in
lifetime, 19 shows specific advantage in tracking Zn2C in mitochondria. More-
over, the endogenous labile Zn2C fluctuation in mitochondria triggered by S-
nitrosocysteine stimulation can be visualized by 19 via PLIM.
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Structures 19–21.

Chao et al. [30] reported an Ir(III) complex-based two-photon phosphorescent
mitochondrial hypochlorite ion probe, 20. The complex reacts with ClO� to form
an oxidized carboxylate product, which is highly selective for ClO� over other
ions and ROS. 20 selectively localizes to mitochondria, and a significant enhance-
ment in phosphorescence intensity indicates the presence of ClO� in mitochon-
dria.

Yuan et al. [31] reported an Ir(III) complex 21 for phosphorescence/time-gated
luminescence detection of cysteine (Cys) in vitro and in vivo. The complex shows
high sensitivity and selectivity for Cys over other amino acids. Moreover, it accu-
mulates in mitochondria after cellular internalization, and thus, one can monitor
the mitochondrial Cys levels and Cys-mediated redox activities of live cells. 21
can image Cys levels in D. magna, zebrafish, and live mice.

3.3. Imaging of Mitochondrial Hypoxia

The abnormal proliferation of cancer cells will produce a local hypoxic microen-
vironment. It is very important to develop specific and sensitive hypoxic molecu-
lar probes for tumor diagnosis [32]. Phosphorescent metal complexes (such as
platinum, iridium, and ruthenium complexes) can be used as hypoxia probes in
a non-destructive, reversible, and real-time way [33].

Chao et al. [34] reported four iridium(III) complexes, 22–25, for mitochondria
imaging in hypoxic tumor cells. Under hypoxia, the phosphorescence of 22–25
was restored. When the probes are reduced by reductase to hydroquinone deriv-
ative products under hypoxia, the intensity of the emissions increases dramatical-
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Structures 22–25.

Structures 26 and 27.
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ly. More importantly, these probes can track mitochondrial morphological
changes under a hypoxic environment over a long period of time.

Hypoxia can not only affect the optical properties of the complexes, but also
their therapeutic effects. Huang et al. [35] reported the two Ir(III) complexes 26
and 27 that could specifically target mitochondria and lysosomes, respectively.
Interestingly, they found that the mitochondria-targeted complex 26 was a more
potent photosensitizer (PS) than the lysosome-targeted complex 27, particularly
under hypoxic conditions. The reason is that the mitochondria-targeted PS inhib-
its mitochondrial respiration, resulting in a higher intra-mitochondrial oxygen
content, especially under hypoxia conditions.

4. IRIDIUM COMPLEXES AS MITOCHONDRIA-TARGETED

ANTICANCER AGENTS

4.1. Cytotoxic Agents in the Dark

Iridium complexes have also attracted great interests as anticancer agents [36].
Compared with clinically used platinum complexes with square-planar structure,
octahedral iridium complexes have the characteristics of easy modification,
which makes them rich in molecular structure diversity and biological activities
[37]. One of the obvious advantages of phosphorescent iridium complexes as
anticancer drugs is that they can be developed into multifunctional anticancer
agents with both anticancer and imaging functions.

In early studies, phosphorescent Ir complexes were mainly reported as biological
sensing or imaging probes [38]. However, it was found that the structures of iridi-
um complexes could be tuned to highly cytotoxic substances, which inspired re-
searchers to study their anticancer properties [37]. Mao and Tan et al. [39] report-
ed three cyclometalated Ir(III) complexes (28–30) bearing bis N-heterocyclic
carbene ligands as theranostic and photodynamic anticancer agents targeting mito-
chondria. Complexes 28–30 display much higher antiproliferative activities than
cisplatin in various cancer cells including cisplatin-resistant human lung cancer
A549 cells due to their ability of initiating a cascade of events related to mitochon-

Structures 28–30.
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Structures 31–34.

drial dysfunction. Particularly, 30 can be used as a novel theranostic agent by
inducing and real-time tracking the changes in mitochondrial morphology.

In recent years, many researchers have shown that targeting mitochondrial me-
tabolism is an effective strategy to combat cancer. With these considerations in
mind, Mao and Tan et al. [40] reported two mitochondria-immobilized phospho-
rescent cyclometalated Ir(III) complexes. Complexes 32 and 34, containing reac-
tive chloromethyl groups, can be fixed on mitochondria through nucleophilic sub-
stitution with reactive thiols at mitochondrial proteins. The strategy can improve
the accumulation and retention of 32 and 34 on mitochondria, as compared with
their counterparts (31 and 33) containing the hydroxymethyl groups. Mechanistic
studies show that 32 and 34 mainly induce caspase- and ROS-mediated apoptotic
cell death by attenuating the mitochondrial bioenergetic functions.

Multifunctional anticancer drugs that can kill cancer cells and visualize the
physiological processes of cells simultaneously, attract the attention of many re-
searchers [41]. Mitochondrial autophagy, termed mitophagy, is a typical example
of the latter, which can selectively degrade damaged mitochondria. Mao and Tan
et al. [42] reported two phosphorescent Ir(III) complexes (35 and 36) that can
label mitochondria and induce mitophagy simultaneously. These complexes can
specifically induce and track the morphological alterations in mitochondria dur-
ing mitophagy, including the fusion process of mitochondria with autophaga-
somes as well as the engulfment of autophagasomes by lysosomes.

Many researchers have tried to combine mitochondria-targeted anticancer
molecules with other drugs in order to achieve a synergistic effect. 4-hydroxy/
amino-2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) that is often used as a
spin label can induce apoptosis by over-activating a variety of caspases [43].
Sadler et al. [44] designed octahedral cyclometalated Ir(III) complexes contain-
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Structures 35 and 36.

Structures 37 and 38.

Structure 39.

ing one or two TEMPO substituents. Both 37 and 38 showed bright luminescence
with long lifetimes (ca. 35–160 ns). There is spin–spin interaction between the
TEMPO units in 38. 37 and 38 located in mitochondria of PC3 prostate cancer
cells. The anticancer activity of the bis-nitroxide complex 38 is much higher than
that of 37 and it shows excellent selectivity for cancer cells over normal cells.

It is a great challenge to accurately and quantitatively measure the changes of
microenvironmental parameters, such as viscosity, at the subcellular level.
TPPLIM can quantitatively reflect the change in the microenvironment around
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the fluorophores. Mao and Tan et al. [63] developed a series of Ir(III) complexes
with rotating groups as quantitative probes for mitochondrial viscosity. Among
them, 39 has a good two-photon absorption performance and viscosity-depend-
ent long emission lifetime (up to 1 μs). Using the TPPLIM technology, 39 can
induce mitochondrial dysfunction and quantitatively monitor the change in mito-
chondrial viscosity in a real-time manner.

4.2. Photodynamic Therapeutic Anticancer Agents

Photodynamic therapy (PDT) is a promising alternative treatment to traditional
chemotherapy for a variety of superficial tumors. PDT consists of two basic com-
ponents: light and a photosensitizer (PS). With the participation of O2, PS can
transfer energy from light to molecular O2, and produce cytotoxic ROS that
can eventually cause cancer cell death. Rerouting PSs to subcellular organelles
including mitochondria can improve the efficiency of PDT [45]. Many studies
have shown that iridium complexes are very effective PSs, and they can target
mitochondria to obtain high phototoxicity through novel action mechanisms [37].

Lo et al. [46] reported a class of phosphorescent cyclometalated Ir(III) poly-
pyridine poly(ethyleneglycol) (PEG) complexes (40–44) targeting mitochondria
with tunable photodynamic activity. The 1O2 production efficiency was highly
related to the emission lifetimes of the complexes, which can be systematically
controlled by changing the cyclometalating ligands. These complexes are not
cytotoxic in the dark, yet they possess a high photo-induced cytotoxicity. They
can facilitate efficient oxidative mitochondrial damage resulting in necrotic cell
death upon photo-excitation.

Structures 40–44.
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Structure 45.

In addition to photosensitization of ROS, there are other photolethal methods,
and the combination of these methods may achieve better results. Mao et al. [47]
designed a mitochondria-targeted dual-mode PDT agent, 45. Light irradiation
induces 45 to generate a photoacid. Photoacid and 1O2 function together impair
mitochondria and kill cancer cells effectively even under hypoxic conditions. 45
can make full use of the oxygen present in the tumor to induce 1O2-related
cancer cell death.

5. IRIDIUM COMPLEXES AS IMAGING AGENTS

TARGETING OTHER SUBCELLULAR ORGANELLES

5.1. Lysosome

The lysosome was once considered to be a static organelle dedicated to the
treatment and recovery of cellular waste. Recently, lysosome is found to be a
highly dynamic structure, which mediates the adaptation of cell metabolism to
environmental cues [48]. Lysosome-mediated signaling pathways and transcrip-
tion processes can control the transition between anabolism and catabolism by
sensing the state of cell metabolism [49]. Lysosomes also communicate with
other subcellular organelles through the exchange of content and information
and the establishment of membrane contact sites. More and more evidences
show that lysosomal dysfunction plays an important role in human diseases, in-
cluding neurodegenerative and metabolic diseases and cancer [50]. In summary,
these findings highlight lysosomes as attractive potential therapeutic targets for
a variety of diseases.

Mao and Tan et al. [51] developed the two Ir(III) complexes 46 and 47 as
theranostic anticancer agents to monitor autophagic lysosomes. 47 can effectively
implement two functions, namely autophagy induction and lysosomal tracking,
to visualize the process of autophagosomal–lysosomal fusion. More importantly,
46 and 47 display marked two-photon absorption and emission properties, which
can greatly enhance their sensitivity and expand their compatibility with other
staining methods by minimizing the interference with the background noises and
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Structures 46–51.

other labeling agents. On the basis of this work, they tried to find lysosomal
targeting PSs that are non-toxic under dark conditions [13]. They developed four
cyclometalated Ir(III) complexes (48–51) with β-carboline ligands as lysosome-
targeted and acidic pH-activatable cell imaging agents and PSs. Notably, complex
49 shows remarkable phototoxicity against cancer cells and high selectivity for
cancer cells over normal cells. Mechanistic studies show that 49-mediated PDT
mainly induces caspase- and ROS-dependent apoptotic cell death through lyso-
somal damage. 49 can monitor the lysosomal integrity upon PDT, which provides
a reliable and convenient method for in situ monitoring of the therapeutic effect
and real-time assessment of treatment outcome.

Metastasis of malignant tumors is the main reason for the failure of tumor
treatment [52]. PDT can eliminate solid tumors, but it cannot inhibit tumor me-
tastasis. Mao et al. [53] developed four phosphorescent cyclometalated Ir(III)
complexes, 52−55, that can effectively inhibit several cancerous processes, includ-
ing cell migration, invasion, colony formation, and angiogenesis. These complex-
es show a much higher 1O2 quantum yield in an acidic solution than in a neutral
solution, and they exhibit a high phototoxicity index, the highest being > 476.
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Structures 52–55.

5.2. Endoplasmic Reticulum

Hypoxia in tumor microenvironment can cause numerous unfolded or misfolded
proteins to gather in the endoplasmic reticulum (ER), resulting in ER stress [54].
ER stress is an important self-defense mechanism of cells, which is closely related

Structures 56–59.
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to the occurrence and development of tumors [55]. Fei et al. [56] rationally de-
signed a novel luminescent cationic Ir(III) complex 56 which prefers to accumu-
late in the ER and to cause ER stress in cells. This appears to be a main factor
for triggering the rapid downstream events of mitochondria-mediated apoptosis
in human cancer cells.

Chao et al. [57] rationally presented the three ER-targeted Ir(III) complexes
57–59 as PSs with a gradually extended conjugation area in the main ligand.
Both their 1O2 quantum yields and cytotoxicity increase along with the extent
of conjugation area. Among them, 58 shows the highest photo-cytotoxicity index
value. It can cause the up-regulation of the C/EBP homologous binding protein
in a short period of time after PDT, which highlights its potential as an ER-
localized PDT PS candidate.

5.3. Nucleus

The nucleus is the main site of genetic information storage in eukaryotic cells,
where gene replication, transcription, and the processing of transcription prod-
ucts are carried out. The nucleus controls the genetic and metabolic activities of
cells. Li et al. [58] reported a non-emissive cyclometalated Ir(III) solvent com-
plex 60 as a non-nucleic acid-bonding fluorescence-enhanced nuclear stain. The
complex specifically assembles in the nuclei of living cells and reacts with histi-
dine/histidine-containing proteins to form a luminescent emissive product in the
nuclei. 60 permeates the outer and nuclear membranes of living cells through an
energy-dependent entry pathway in a very short time, accumulates in the nuclei
and is converted into an intensely emissive adduct.

Structure 60–62.
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Huang et al. [59] reported the two multifunctional phosphorescent Ir(III) com-
plexes 61 and 62 with a long emission lifetime for specific nucleus staining and
hypoxia monitoring. Taking advantage of the long emission lifetime of 61, the
influence of the auto-fluorescence of cells can be eliminated easily. The oxygen
concentration is related to the emission intensity and lifetime of 63, so that it
can be applied to monitor O2 levels in cancer cells.

6. GENERAL CONCLUSIONS

In the last decade, researchers have made great progress on iridium complexes as
bio-probes and cell-imaging agents, especially as mitochondrial imaging agents.
Because of their inherent properties (e.g., positively charged and highly lipophil-
ic), Ir(III) complexes tend to localize to mitochondria. Attributed to their out-
standing photophysical properties, such as high emission quantum yields, long
phosphorescence lifetimes, large Stokes shift, and high photo-stability, they are
widely used as probes for the dynamic monitoring of mitochondrial behaviors,
as well as imaging probes of small signaling species and microenvironmental
parameters on mitochondria. At the same time, they can also be applied for
PLIM. Many studies have also shown that iridium complexes are potential anti-
cancer drugs, which can act through mechanisms different from those of plati-
num-based drugs. By structural modifications, Ir(III) complexes can also target
other subcellular organelles including lysosomes, ER, and nuclei.

However, we should also note that many improvements are needed before
Ir(III) complexes are ready for applications in the clinic: (1) Their mechanisms of
action in cells, including transport and metabolism, is unknown. Their metabolic
behavior in vivo is rarely studied, which provides obstacles for their further ap-
plication in medical diagnosis and treatment. (2) Their molecular targets in cells
are not clear. Because most of these complexes are not designed by targeting a
specific biomolecule, the binding targets of them are unknown, which also leads
to the randomness of results of their cellular behaviors. (3) At present, the struc-
tures of iridium complexes investigated for biomedical applications are very simi-
lar, and most of them are cyclometalated Ir(III) complexes. It is also of interest
for researchers to explore the potential applications of iridium complexes with
more diverse coordination structures.
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ABBREVIATIONS AND DEFINITIONS

Cys cysteine
ER endoplasmic reticulum
GLUT glucose transporter
MMP mitochondrial membrane potential
NIR near-infrared
1O2 singlet oxygen
PDT photodynamic therapy
PEG poly(ethylene glycol)
PLIM phosphorescence lifetime imaging microscopy
PS photosensitizer
ROS reactive oxygen species
SAR structure-activity relationship
SIM structured illumination microscopy
TEMPO 4-hydroxy/amino-2,2,6,6-tetramethylpiperidine-N-oxyl
TPPLIM two-photon excited phosphorescence lifetime imaging micros-
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Abstract: Bacteria play a two part role in contrast-enhanced magnetic resonance imaging
(MRI). Pathogenic bacteria are an increasingly important biomedical imaging target as cases
of antibiotic-resistant bacteria and hospital infection increase. However, certain bacteria have
characteristics that make them ideal for use as diagnostic and theranostic MRI contrast agents.
This chapter will review the roles bacteria play in contrast-enhanced MRI. First, targeted
imaging strategies of bacteria are discussed (molecular and nanomaterial) followed by the
ways in which bacteria and bacterial components have been used as contrast and theranostic
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agents. We would like to point out that this area of MRI probes is rather embryonic and the
number of reports in the literature limited.

Keywords: bacteria · gadolinium · iron oxide · magnetic resonance imaging · magnetosome ·
theranostic

1. INTRODUCTION

The ability to effectively detect and image bacteria continues to attract interest
as a result of the number of increased cases of antibiotic-resistant bacteria and
bacterial infection [1–3]. From a therapeutic standpoint, it is necessary to identify
bacterial infections early and decisively in order to effectively treat patients. A
substantial amount of research has focused on developing fluorescence and nu-
clear-based imaging probes (PET and SPECT) for imaging bacteria [4–6]. Re-
cently, magnetic resonance imaging (MRI) has been exploited to image bacteria
in whole animals.

MRI is the modality of choice for evaluating a number of diseases and is a
staple of clinical diagnostic radiology due to its tunable soft-tissue contrast, high
spatial and temporal resolution, and lack of ionizing radiation [7]. It is capable
of true 3D imaging of biological structures at near-cellular resolution (~10 um)
[8]. Detailed structural information in 3D can be obtained in minutes, and single
slices in seconds [9–11]. Although MRI has a number of advantages, it cannot
differentiate between bacterial infection and sterile inflammation [12, 13]. To
overcome this limitation, contrast agents have been developed for contrast en-
hanced MRI of bacteria.

There are two distinct roles bacteria play in contrast-enhanced MRI. The bac-
teria can either be the target of a contrast agent, or they can be used as contrast
agents. In the first case, bacteria-targeted MRI contrast agents are typically used
as diagnostic or theranostic tools to identify and treat pathogenic bacteria. In
the second case, whole bacteria, or parts of bacteria are used as contrast agents
for a variety of applications from tumor targeting to cell tracking. This short
review will highlight the various ways in which bacteria have been used in con-
trast-enhanced MRI, both as targets for labeling and contrast agents.

2. BACTERIA-TARGETED MAGNETIC RESONANCE

IMAGING PROBES

To our knowledge, there are only a few reports of MRI contrast agents that
target or label bacteria. These agents are designed to diagnose and treat bacterial
infections while others are used to label bacteria for cell tracking applications.
Generally speaking, bacteria-targeted MRI contrast agents can be divided into
two types: molecular and nanomaterial agents.
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2.1. Molecular Approaches

There are very few examples of small molecule MRI contrast agents that target
bacteria. A primary challenge is targeting bacteria with high specificity while
simultaneously delivering enough of the agent to significantly enhance contrast.
Meade and coworkers developed the first Gd(III) contrast agents coupled to
Zn-dipicolylamine (Zn-dpa) complexes (Figure 1) [14]. The Zn-dpa moieties are
cationic while the Gd(III) complex is neutral, therefore the agents take advan-
tage of the negatively charged plasma membranes of bacteria compared to the
near-neutral membranes of healthy mammalian cells.

More recently, Hu and coworkers developed a Gd(III) contrast agent coupled
to neomycin, an aminoglycoside antibiotic that is toxic in both gram-positive and
gram-negative bacteria (Figure 2) [15]. This theranostic agent increased the T1

relaxation rate (R1) of Staphylococcus aureus 11-fold in vitro and demonstrated
pre-labeled cells could be detected in vivo without increasing contrast in macro-
phages. Compared with Gd-DOTA-prestained bacteria, the signal intensities

Figure 1. Gd(III) MR contrast agent developed by Meade and coworkers using cationic
Zn-dpa moieties to target the negatively charged plasma membrane of S. aureus. This
agent shortened the T1 of S. aureus by 21 % at 7 T and 44 % at 1.41 T, resulting in signifi-
cant T1-weighted contrast enhancement. Reproduced with permission from [14]; copyright
2012 John Wiley and Sons.
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Figure 2. Gd(III)-neomycin conjugate developed by Hu and coworkers. Neomycin
shows specificity for both Gram-positive and -negative bacteria over macrophage-like
cells, allowing for T1-weighted contrast enhancement in a number of cell types. Repro-
duced with permission from [15]; copyright 2018 American Chemical Society.

(SIs) increased by 53 % immediately after injection and 23 % 30 min after-ad-
ministration of probe1-prestained bacteria. The signal was cleared within 4 h.
This specificity for bacterial cells makes it a promising theranostic agent though
further work is necessary to demonstrate its ability to diagnose bacterial infec-
tions in vivo.

2.2. Nanomaterial Approaches

Nanomaterial contrast agents have been more extensively used for contrast-en-
hanced MRI than molecular agents. Compared to molecular agents, nanomateri-

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



IMAGING BACTERIA WITH CONTRAST-ENHANCED MAGNETIC RESONANCE 429

als allow for more versatile functionalization and deliver a much larger payload.
Not surprisingly, whether molecular or nano, the targeting and labeling strategies
of MR probes is largely the same.

Liu and coworkers developed amphiphilic star copolymers containing hydro-
philic Gd(III) complexes and aggregation-induced emission (AIE) fluorophores
(Figure 3) [16]. The positively charged portions of the material bind to the nega-
tively charged bacterial membrane causing aggregation of the polymers. This
aggregation results in a “turn-on” fluorescence signal from the AIE fluorophores
while also inhibiting bacterial growth and replication. This multimodal theranos-
tic nanomaterial was tested in both Gram-negative and Gram-positive bacteria
(Escherichia coli, Pseudomonas aeruginosa, and S. aureus). In E. coli, the lead
agent had a minimum inhibitory concentration (MIC) of 5.5 μg/mL and was
capable of detecting ~5000 CFU/mL by MR in vitro, a remarkably low limit of
detection.

Tan and coworkers developed magnetic graphitic nanocapsules (MGNs) that
are capable of targeting Heliobacter pylori, a bacterium that can colonize and
cause disease in the gastrointestinal (GI) tract [17]. Traditional contrast agents,
such as Gd(III) complexes and superparamagnetic iron-oxide nanoparticles
(SPIONs), are not compatible with the low pH found in the gastrointestinal
tract. However, MGNs are stable under these conditions because the layers of
graphite protect the magnetic FeCo core. When functionalized with PEG and
boronic acid, these MGNs were able to target H. pylori by binding to peptidogly-
can and enhance the observed T2-weighted contrast in vivo. The MGNs had a
low detection limit of ~2,000 CFU/mL of H. pylori and contrast enhancement
was observed even after 7 days in mice.

Figure 3. Amphiphilic star copolymers developed by Liu and coworkers [16]. The agent
consists of an AIE moiety for “turn-on” fluorescence imaging and Gd(III) complexes for
MR imaging and demonstrates antibacterial activity.
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In addition to bacteria-targeted nanomaterials, there are examples of labeling
bacteria with nanomaterials for cell tracking and theranostic applications. Faber
and coworkers labeled S. aureus with iron-oxide nanoparticles through electro-
static interaction and were able to track infection in vivo [18]. Larson and co-
workers also used iron-oxide nanoparticles to label Clostridium novyi-NT spores;
however, the labeled spores were used as theranostics for bacteriolytic therapy
of liver tumors [19]. By labeling with iron-oxide nanoclusters, they were able to
monitor the distribution of spores, which are anaerobic and capable of colonizing
the hypoxic tumor microenvironment. In this way, they could confirm coloniza-
tion and monitor therapy for over a week by T2-weighted MRI.

3. EMPLOYING BACTERIA AS CONTRAST AGENTS

It is possible to use whole bacteria and bacterial components as MR contrast
agents. Notably, magnetotactic bacteria, which produce magnetite (Fe3O4) in
subcellular compartments called magnetosomes, have been used for T2-weighted
contrast enhancement [20, 21]. The use of magnetotactic bacteria and magneto-
somes as MR contrast agents offers an alternative to using typical iron-oxide
nanoparticles.

3.1. Imaging Tumors with Magnetotactic Bacteria

and Magnetosomes

There are several examples of magnetotactic bacteria and magnetosomes used as
diagnostic and theranostic MRI contrast agents. Matin and coworkers showed that
whole magnetotactic bacteria, Magnetospirillum magneticum AMB-1, were able
to colonize tumors in mice and produce T2-weighted contrast enhancement [22].
More commonly, magnetosomes are extracted from magnetotactic bacteria before
being used as tumor-targeted contrast agents. These magnetosomes are commonly
functionalized to display tumor-targeting groups. For instance, researchers have
used EGFR and HER2 targeting peptides, pH low insertion peptide (pHLIP),
and RGD/iRGD to target various different cancer types including breast cancer,
melanoma, colon cancer, and glioblastoma [23–26]. Additionally, Sbarbati and co-
workers used magnetosomes for magnetic fluid hyperthermia (MFH), which uses
an alternating magnetic field to produce heat [27]. They were able to inhibit the
growth of glioblastoma tumors using MFH while monitoring the effect of treat-
ment by MRI. Though a promising theranostic platform, the inhomogeneous dis-
tribution of the magnetosomes in the tumors limited the efficacy.

The ability to functionalize magnetotactic bacteria and magnetosomes with a
variety of groups makes them promising tools for contrast-enhanced MRI of
tumors. Furthermore, there is significant potential to further develop these
agents for theranostic applications (Figure 4) [25].
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Figure 4. Schematic demonstrating the functionalization of magnetosomes with tumor-
targeting peptides for T2-weighted contrast-enhanced MRI of tumors. Whole magnetotac-
tic bacteria or membranes surrounding magnetosomes can be functionalized. Reproduced
with permission from [25]; copyright 2020 American Chemical Society.

3.2. Cell Labeling with Magnetotactic Bacteria

and Magnetosomes

Another common application for magnetotactic bacteria and magnetosomes is
cell labeling and tracking of mammalian cells. Several groups have used whole
magnetotactic bacteria, termed magneto-endosymbionts (MEs), to label and
track a variety of cell types from cardiomyocytes to human breast cancer metas-
tases [28–30]. These MEs were formed by internalization of M. magneticum
AMB-1 and enhanced the T2-weighted contrast of the labeled cells comparably
to traditional iron-oxide nanoparticles. This strong T2-weighted contrast en-
hancement enabled Rutt and coworkers to detect a minimum of 100 231-BR
breast cancer cells in vivo in mice [28]. Surface modification of MEs allows them
to remain and live in mammalian cells, making them promising tools for extend-
ed cell tracking. Furthermore, Yang and coworkers demonstrated that upon
death of labeled cardiomyocytes in mice, MEs were cleared within one week
while SPIONs remained for over two weeks [30] (Figure 5 [29]).

In addition to whole magnetotactic bacteria, researchers have also labeled
mammalian cells with magnetosomes. This approach is analogous to using MEs,
except that only the magnetosomes are used. This approach has been used to
label and track macrophages to image inflammatory response to peritonitis in
mice in a pilot ex vivo MRI study [31]. Additionally, magnetosomes have been
coupled to near infrared fluorescent (NIRF) dyes to enable multimodal imaging
of macrophages in vitro at a concentration of 600 cells/μL [32]. Though further
work is necessary to demonstrate their in vivo utility, magnetosome-labeled mac-
rophages can provide significant T2-weighted contrast enhancement, making
them promising probes for cell tracking applications.

Finally, in addition to directly labeling mammalian cells with magnetotactic
bacteria and magnetosomes, several groups have used bacterial genes associated
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Figure 5. Schematic demonstrating interactions between bacterial cells and mammalian
host cells. Magneto-endosymbionts (MEs) survive in host mammalian cells and enable
long-term cell tracking by MRI. Reproduced with permission from [29]; copyright 2017
Springer Nature.

with magnetosome formation as reporter genes [33, 34]. MagA, a bacterial gene
associated with iron transport, has been shown to enhance T2-weighted contrast
in transfected eukaryotic cells without loss of cell viability. The ability to detect
the presence of MagA by MRI makes it a promising candidate as a reporter
gene, as well as a tool for long-term cell tracking [21].

3.3. Bacteria as Chemical Exchange Saturation Transfer

Contrast Agents

An intriguing use of bacteria in contrast-enhanced MRI is with chemical exchange
saturation transfer (CEST) MRI. Some bacteria inherently cause CEST contrast
which researchers have termed bacCEST. Van Zijl and coworkers showed that the
bacCEST from C. novyi-NT can be used to monitor germination of spores during
bacteriolytic therapy of tumors [35]. While the spores do not behave as CEST
contrast agents, they do upon germination, which provides a unique way of moni-
toring when C. novyi-NT colonizes the hypoxic tumor microenvironment. Similar-
ly, Liu and coworkers showed bacCEST from S. aureus could be used to monitor
the progress of antibiotic treatment [36]. They found that S. aureus displays similar
CEST characteristics as C. novyi-NT and that the CEST MRI signal is dependent
on the number of viable cells. Therefore, they were able to monitor the effect of
antibiotic treatment in vivo in rat brain abscess models.

Though spores do not exhibit bacCEST contrast, Dmochowski and coworkers
demonstrated that hyperpolarized 129Xe can be used to detect Bacillus anthracis
and B. subtilis spores through CEST NMR [37]. Specifically, 129Xe diffused readi-
ly within different spore layers and the spore interior, allowing them to study
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distinct spore structures at sensitivities (105 CFU/mL) ~7 orders of magnitude
lower than in previous NMR studies [37].

4. CONCLUSIONS

Bacteria have a nuanced role in contrast-enhanced MR imaging. Initially, molec-
ular agents were developed to target, detect, and treat bacteria. Following these
approaches, bacteria were employed as the MR contrast agents. While research-
ers have produced a wide variety of MR agent bacteria in contrast-enhanced
MRI, there is significant untapped potential in this subfield. To date there are
very few bacteria-targeted MR contrast agents, especially of the molecular kind.

It is not too hard to imagine that a larger library of bacteria-targeted agents
with appropriate targeting groups and high specificity and loading properties
inside bacteria can be developed. The successful use of magnetotactic bacteria,
magnetosomes, and bacterial genes for cell labeling and tracking is very promis-
ing. With the proper modifications, contrast-enhancement created by the bacte-
ria themselves could enable longer-term cell tracking when compared to tradi-
tional iron-oxide nanoparticles. While research on this approach is embryonic,
there is enormous potential for new MRI agents and bacteria as contrast en-
hanced platforms.

ACKNOWLEDGMENTS

Casey Adams acknowledges support from the National Cancer Institute (NCI)
Grant 1F31CA239426 and National Institute of General Medical Sciences of the
National Institutes of Health under award No. 5R01EB005866–08.

ABBREVIATIONS AND DEFINITIONS

AIE aggregation-induced emission
CEST chemical exchange saturation transfer
CFU colony forming unit
DOTA tetraazacyclododecane-1,4,7,10-tetraacetic acid
EGFR epidermal growth factor receptor
HER2 human epidermal growth factor receptor 2
ME magneto-endosymbiont
MGN magnetic graphitic nanocapsule
MIC minimum inhibitory concentration
MFH magnetic fluid hyperthermia
MRI magnetic resonance imaging
NIRF near infrared fluorescence
NMR nuclear magnetic resonance
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PEG polyethylene glycol
PET positron emission tomography
pHLIP pH low insertion peptide
RGD arginylglycylaspartic acid
SI signal intensity
SPECT single-photon emission computed tomography
SPION superparamagnetic iron-oxide nanoparticle
Zn-dpa zinc-dipicolylamine
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Abstract: Transition metals are not only important targets in the study of neurobiology and
neurodegeneration, but also are useful agents for the detection and sensing of molecules in-
volved in the pathology and diagnosis of neurodegenerative diseases. In this chapter, selected
examples of fluorescent probes for imaging iron, copper, and zinc ions, small molecule neuro-
transmitters and aggregated proteins will be discussed to highlight the diverse roles and appli-
cations of metal ions in neurobiology and neurodegenerative diseases.

Keywords: copper · iron · neurotransmitters · protein aggregates · zinc

1. INTRODUCTION

The human brain is the most important organ with a complex signaling network
for the proper coordination of other organs and functioning of the body. The
brain requires more energy than other organs and consumes about 20 % of the
total body oxygen [1]. The high oxygen demand in the brain underlies the critical
importance of transition metals and the associate dioxygen chemistry in the or-
gan, and a homeostatic imbalance of transition metals is associated with aging
and neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkin-
son’s disease (PD) [2]. For example, a high concentration of iron, copper, and
zinc, up to milli- and submillimolar level, has been found in amyloid-β (Aβ)
plaques which are characteristic to AD [3–5]. Emergence of transition metals in
signaling events has also led to a growing interest in understanding their neuro-
physiological and neuropathological significance [6].

Traditional views on transition metal bioinorganic chemistry are largely fo-
cused on metalloproteins with the transition metal deeply embedded in the pro-
tein active site [7, 8]. Many metalloproteins are tightly associated with neurobiol-
ogy and neurodegenerative diseases [9, 10]. From a chemistry perspective,
coordination of transition metals to protein active sites is thermodynamically
highly stable and the metals are kinetically inert to exchange with external li-
gands, and studies of metals in neurobiology are primarily centered on related
metalloproteins [11]. Recent studies, however, have revealed that exchangeable
forms of transition metals could be present in significant amount and are playing
critical roles in signaling and neural activity [11, 12]. Fluorescent imaging using
metal-specific probes has therefore emerged as an important bioanalytical tool
for the studies of these labile forms of transition metals due to its non-invasive
nature, metal and oxidation state specificity, high spatiotemporal resolution, and
applicability in live biological specimen.

In this chapter, fluorescent probes for imaging metals in neurobiology and
small molecule neurotransmitters will be discussed. General strategies for the
selective fluorescent detection of zinc, copper, and iron will be introduced and
selected examples of probes for these metals will be described. In addition to
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metal sensing, the use of metal chemical reactivity for the fluorescent detection
of small molecule neurotransmitters will be highlighted.

2. TRANSITION METAL SENSING IN NEUROBIOLOGY

2.1. Fluorescent Probes for Zinc Sensing

Zinc exists mainly in its divalent form in biological systems. The d10 Zn2C ion has
a closed shell configuration and is diamagnetic. As a borderline Lewis acid, Zn2C

is known to form stable complexes with nitrogen-based ligands, and the preferen-
tial coordination to Zn2C by a suitably designed ligand is a common strategy in
the design of Zn2C-selective fluorescent probes. In addition to achieving selectivity
to Zn2C against other competing metals, methods of inducing a fluorescent re-
sponse upon Zn2C binding and optimization of the dynamic range of the zinc
probe to match the relevant variation in zinc concentrations in a particular biologi-
cal event are other important considerations in the design of an effective zinc
probe [13–16]. In the following, selected small molecule Zn2C probes for the fluo-
rescent imaging of the metal in neurobiological studies are discussed.

Zinpyr (ZP) is a representative class of Zn2C-selective probes for fluorescent
zinc imaging. The tridentate di-2-picolylamine (DPA) ligand was employed for
selective Zn2C coordination to ZP, in which the lone pair electrons on the sp3

nitrogen also acts as an on-off switch for the photoinduced electron transfer
(PET) to a fluorescein-based fluorophore for generating a fluorescent response.
ZP1 is an early example in the ZP family that has a good affinity to Zn2C (Kd =
0.7 nM) [17, 18] (Figure 1). The probe also has a high selectivity to Zn2C over
other cellular abundant metal ions such as Mg2C and Ca2C, and is applicable in
intracellular Zn2C imaging in live cells such as COS-7 cells. ZP1 and its deriva-
tives have also been demonstrated in resolving individual synaptic boutons in
acute brain slices and imaging of vesicular Zn2C in dorsal cochlear nucleus in

Figure 1. Examples of fluorescent Zn2C probes.
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brain slices [19, 20]. ZP3 is a derivative that contains electron-withdrawing fluo-
rine groups with a lower overall pKa of 6.8 and a weaker background fluores-
cence (Φ = 0.15), and has been applied in the fluorescent imaging of Zn2C in
hippocampal neurons and slices [21]. In particular, ZP3 is able to visualize en-
dogenous neuronal Zn2C in acute hippocampal slices from adult rats, and a
strong fluorescence was found in the hilus of dentate gyrus and the stratum
lucidum of the CA3 region.

Zinc sensors based on the aminofluorescein entity (ZnAFs) are another class
of Zn2C probes that operate with a PET mechanism. Similar to ZP, the DPA
moiety is employed in ZnAF as a Zn2C-selective ligand. Compared with ZP,
ZnAF shows a wider dynamic range, weaker background fluorescent and a
stronger fluorescence enhancement upon Zn2C binding [22–24]. The cell imper-
meable ZnAF-2F (Figure 1) has been applied in the monitoring of the stimulated
release of neuronal Zn2C to the extracellular space [24]. By attaching a DPA
directly on an aryl group that decreases the Lewis basicity of the Zn2C chelator,
the Zn2C binding strength and thus the dynamic range of the Zn2C probe is
modulated. For example, NG-DCF (Kd = 1 μM) [25] and NG-PDX (Kd = 40 μM)
[26] have been designed for the imaging of Zn2C translocation and the synaptic
release of the metal (Figure 1). Substituting the pyridine donors in DPA with
electron-donating or -withdrawing groups, replacing the pyridine donors in DPA
with other donors such as pyrrole or thiophene, or changing the steric hindrance
and/or denticity of the Zn2C chelator are other reported strategies for tuning the
Zn2C affinity and dynamic range of the Zn2C probes [27–30]. Many of these
Zn2C probes have been successfully demonstrated in imaging neuronal zinc.

By incorporating the DPA chelator onto other fluorescent platforms, Zn2C

probes with other properties such as low pH sensitivity, high photostability, and
cell permeability for specific experiments can be easily obtained. Other Zn2C

probes based on other fluorophores such as tricarbocyanine, rhodamine, couma-
rin, seminaphthofluorescein, and 4-aminonaphthalimide have also been reported
[31–39]. These probes exhibit favorable photophysical properties such as ratio-
metric response or near infrared (NIR) emission [33, 34].

2.2. Fluorescent Probes for Copper Sensing

Copper can exist as the d10 diamagnetic CuC or the d9 paramagnetic Cu2C in
biological systems. For the reducing intracellular environment, a majority of fluo-
rescent probes for copper imaging is designed for CuC [40]. The redox activity
of copper and its reaction with dioxygen and reactive oxygen species are also
implicated in cellular oxidative stress and neurodegenerative diseases such as
Alzheimer’s disease and Parkinson’s disease [41].

2.2.1. Probes for CuC Imaging

CuC is a diamagnetic, soft Lewis acid. The use of sulfur-containing soft ligands
with a coordination pocket optimal for CuC is one prevalent strategy for the
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Figure 2. Examples of binding-based CuC probes.

design of CuC fluorescent probes [13, 14, 42, 43]. CTAP (copper-responsive tri-
arylpyrazoline) and CS (copper sensor) are two major families of CuC probes,
and both feature the use of thioether-based amine ligands that control the on-
off of the PET to a fluorophore for a CuC-dependent fluorescent response [44–
47] (Figure 2). These probes have been employed in the studies of intracellular
copper in various cell types including neurons. For examples, the BODIPY-based
CS3 has been applied in the imaging of copper redistribution in neuronal cells
upon KC-induced depolarization [47]. By the use of the rhodol-based CF3, it is
found that an acute copper chelation in cultured hippocampal neurons increases
the excitability of the neuronal network, suggesting a role of CuC in the modula-
tion of neural circuit activity [48]. With a CuC-selective chelator attached on
other fluorophores, a collection of copper probes with various photophysical,
organelle-targeting, and other properties is available [49–54]. Applications of
these copper probes in the detailed understanding of the roles of copper in neu-
robiology and neurodegenerative diseases are to be further explored.

Another strategy for developing selective CuC fluorescent probes is by the use
of a tris(2-pyridylmethyl)amine ligand as a CuC-selective trigger to release a
caged fluorophore [55–58] (Figure 3). The copper selectivity of this bond cleav-
age reaction comes from the complementarity of the chemical reactivity between
the tris(2-pyridylmethyl)amine-coordinated CuC and dioxygen (the oxidant).
Other transition metal ions are found to be inactive in inducing the bond cleav-

Figure 3. A CuC-induced ether bond cleavage for the release of a caged fluorophore.
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age. These probes have been applied in the studies of copper in different biologi-
cal systems but their use in neuronal systems and neurodegenerative diseases
will have to be demonstrated [55–58].

2.2.2. Probes for Cu2C Imaging

One concern in the development of a Cu2C probe is the fluorescence quenching
by the paramagnetic d9 Cu2C. Yet, there have been a few reports on Cu2C that
feature a Cu2C-selective ligand as the metal binding motif [59–62]. For example,
Tang and coworkers have reported a cyanine-based NIR probe that contains a
bis(hydroxyamide)amine ligand as the Cu2C chelator for copper imaging in rat
hippocampal slices [62]. Another major strategy in developing fluorescent probes
for Cu2C is the hydrolysis of hydrazide, ester, lactone or lactam mediated by Cu2C

[63–70]. A few of these probes have been demonstrated in intracellular imaging
of Cu2C in different cells lines and in tissue samples. Oxidation mediated by Cu2C

is another strategy for developing Cu2C-responsive fluorescent probes [71–73].

2.3. Fluorescent Probes for Iron Sensing

Iron is the most abundant transition metal in the human body with a diverse range
of biological functions such as transporting dioxygen, being a cofactor for electron
transfer and acting as an enzyme active site for substrate chemical transformations
[74]. The redox-labile metal exists mainly as Fe2C and Fe3C under biologically
relevant conditions. At physiological pH, free Fe3C has a low aqueous solubility
and trivalent iron is usually found as tightly bound form in proteins. On the other
hand, divalent iron is more soluble and kinetically labile, and is thought to be
more relevant to the intracellular labile iron pool (LIP) [75, 76]. Yet, the nature of
LIP remains poorly understood and is to be further characterized by appropriate
bioanalytical tools. Fluorescent iron probes are highly suitable for studying
changes in the LIP and their characterization [13, 14, 77, 78].

Designing fluorescent turn-on probes for Fe2C and Fe3C is highly challenging,
partly due to the paramagnetic nature of the open shell d6 (Fe2C) and d5 (Fe3C)
electronic configurations and also the weaker binding to a particular ligand com-
pared to other first row transition metals in the Irving-Williams series. Calcein
[79] and Phen Green SK [80] are two commercial probes that have been applied
for a long time for iron imaging. However, these two probes lack specificity
towards iron oxidation states and are also not selective against other metals
such as Cu2C and Co2C. Fluorescent iron probes of better metal selectivity and
oxidation state specificity are therefore highly desirable. In the following, general
strategies for iron probe development will be discussed.

2.3.1. Probes for Fe2C Imaging

An early example of a Fe2C probe features a BODIPY fluorophore linked to a
terpyridine-attached cyanine. Upon Fe2C coordination to the terpyridine, emis-
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Figure 4. Strategies of Fe2C probe development from Fe2C reactivity.

sion from the cyanine is quenched and that from BODIPY remains unaffected
to result in a change in the ratio of emissions from the two fluorophores [81].

In addition to Fe2C binding by a coordination ligand, fluorescent iron probes
that exploit chemical reactivity of Fe2C have been reported. Based on the reduc-
tion of the stable (2,2,6,6-tetramethylpiperidin-1-yl)oxy (TEMPO) radical by
Fe2C, pyrene-TEMPO and Rh-T have been reported and the latter has been
employed in the imaging of endogenous Fe2C in live human fibroblast ws1 cells
[82, 83]. More recently, Hirayama and coworkers have described a series of Fe2C-
selective fluorescent probes featuring an Fe2C-mediated N-oxide reduction [84–
90]. Upon reduction by Fe2C, the fluorescence quenching effect from the N-
oxide is removed and a fluorescence enhancement results. This family of Fe2C

probes shows different emission wavelength, sensitivity, solubility, and organelle-
targeting ability, and they have been demonstrated as useful probes for imaging
LIP in various cell types. In particular, a membrane-targeting derivative in the
series has been applied in imaging the uptake of endosomal Fe2C in primary
cultured neurons [90] (Figure 4).

Inspired by the redox activity of iron in metalloproteins, Chang and coworkers
have developed IP1 which is a fluorescein derivative caged by a pentadentate
ligand with three pyridines, one carboxylate and an sp3 nitrogen donor [91]. The
pentadentate ligand is to mimic the co-facial 2-His-1-COOH motif commonly
found in non-heme iron oxygenases. Upon Fe2C coordination to the ligand and
dioxygen activation, the benzylic ether linker between the ligand and the fluoro-
phore will be oxidatively cleaved to release the emissive reporter. Using also an
oxidation strategy, the same research group has reported the use of endoperox-
ide as a caging motif in fluorescent Fe2C probes [92, 93]. With a Fenton-like
reaction with Fe2C, the endoperoxide cage is removed to release the emissive
fluorophore. These probes have been applied in the imaging of LIP in various
cellular models such as hepatic iron import [91], ferroptosis [92], and cancer [93].
A bioluminescent probe based on similar Fe2C-mediated uncaging of endoperox-
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ide has also been developed and applied in the in vivo imaging of labile iron
levels in mice in a bacterial infection model [94]. Applicability of these Fe2C

probes in the study of neurodegenerative diseases will have to be further demon-
strated.

2.3.2. Probes for Fe3C Imaging

Because of the effective fluorescence quenching effect of the paramagnetic d5

Fe3C, there have been only a few fluorescent turn-on probes for Fe3C. Vice
versa, few studies report fluorescent turn-off probes for Fe3C that utilize a side-
rophore-like strong ligand for the metal ion [95–98].

Ring-opening of spirolactam in rhodamines is another commonly used strategy
in the development of an Fe3C probe. Upon Fe3C coordination, the spirolactam
ring of the rhodamine is opened and the absorption and emission of the probe
are restored [99–101]. Imaging of exogenously added iron in cells by using these
probes has also been demonstrated [100, 101].

3. FLUORESCENT SENSING OF SMALL MOLECULE

NEUROTRANSMITTERS

Neurotransmitters are messenger molecules that enable neural transmission in
synapses. Misregulation of neurotransmitters is often associated with neurode-
generative diseases. For example, dopamine depletion in dopaminergic neurons
is a major characteristic of Parkinson’s disease [102, 103]. Imaging by fluorescent
probes is the most direct method to study neurotransmitter dynamics for eluci-
dating their physiological and pathological roles, as well as developing new diag-
nostics and drugs for related neurodegenerative diseases [104].

Developing fluorescent probes for small molecule neurotransmitters is highly
challenging owing to the difficulty in the design of selective hosts that can bind
strongly to the small molecules. One strategy is to fuse a receptor protein for
the target neurotransmitter with a fluorescent protein, such that neurotransmit-
ter binding will lead to a conformational change of the fused protein and gener-
ate a fluorescent signal [105–107]. Although the engineered proteins offer a good
selectivity and sensitivity, their uses are limited by the need of cell transfection
and thus cannot be applied in primary tissues or cells. On the other hand, there
are also fluorescent false neurotransmitters that are fluorescent compounds with
structures highly similar to the native neurotransmitters. Neuronal activity such
as uptake, storage, and release of neurotransmitters can be indirectly visualized
by using these fluorescent analogues [108, 109].

In this section, fluorescent probes for small molecule neurotransmitters will be
discussed. In particular, examples of small molecule probes for amino acids and
catecholamines will be highlighted. Fluorescent probes for gaseous neurotrans-
mitters such as NO, CO and H2S are relatively better developed and readers are
referred to related review papers for more information [110–116].
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3.1. Fluorescent Probes for Amino Acid Neurotransmitters

In addition to being fundamental building blocks for proteins, some amino acids
such as glycine, aspartate, glutamate, and γ-aminobutyric acid (GABA) are also
important small molecule neurotransmitters in the central nervous system. Glu-
tamate and aspartate are excitatory neurotransmitters that stimulate the firing
of an action potential of the neurons, while glycine and GABA are inhibitory
neurotransmitters that decrease the chance of the neurons to produce an action
potential [104, 117].

The use of metal coordination is an early developed strategy for the detection
of amino acids. Fabbrizzi and coworkers have reported a rhodamine-complexed
dicopper cage as a fluorescent displacement indicator for glutamate [118]. The
quenched fluorescence of the rhodamine-copper(II) complex is restored upon
competitive coordination of glutamate to the two copper ions. The fluorescent
response selectivity of the glutamate is determined by the size of the cage such
that other amino acids and competitive ligands are not able to displace the com-
plexed rhodamine. Using a similar concept, a zinc complex coordinated to a
terpyridine-based bis(guanidinium) ligand has been developed for the selective
sensing of aspartate [119]. Upon aspartate binding, a pyrocatechol violet is dis-
placed to give a colorimetric response. Even though these probes show a good
selectivity and sensitivity to the amino acid neurotransmitters, no application in
biological samples has been demonstrated.

Another strategy for amino acid sensing has been centered on imine/iminium
formation between the amino group of the neurotransmitter and a carbonyl
group of the fluorescent probe. Feuster and Glass have reported a first example
of an amino acid probe featuring coumarins that are functionalized with an alde-
hyde [120]. Iminium formation between the aldehyde and a primary amine (Fig-
ure 5) changes the fluorescent quantum yield of the coumarin and results in a
fluorescent signal. A fluorescent enhancement was observed upon treating the
aldehyde-containing coumarins with glutamate, aspartate or glycine in water,
and the fluorescent response is selective to primary amines against secondary
amines and hydroxyl acids. Some of these probes have been demonstrated to be
applicable in the imaging of neurotransmitter release from an acidic secretory
vesicle to a synaptic cleft. Other primary amine-containing compounds such as
dopamine and noradrenaline also showed a fluorescent response which may limit
the specific type of neurons to which the probes can be applied [121].

Figure 5. Amino acid probes based on imine/iminium formation.
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3.2. Fluorescent Probes for Catecholamines

Catecholamines are small molecule neurotransmitters that contain both amine and
catechol functional groups and include dopamine, adrenaline, and noradrenaline.
Catecholamines are involved in a wide variety of functions such as learning, mem-
ory, motor control, attention and alert, as well as modulation of heart rate and
vasocontraction [122]. Various psychiatric and neurological disorders such as hy-
pertension, schizophrenia, psychosis, hyperactivity, anxiety, sleep disorder, and
Parkinson’s disease are associated with an imbalance of catecholamines [103].

Imine/iminium formation has also been employed to target the amine group,
in conjunction with boronate ester formation with the catechol using boronic
acid, in designing fluorescent catecholamine probes [123]. Not only the relative
positions of the aldehyde and boronic acid have to be optimal for the simultane-
ous binding of the amine and catechol groups, but also the fluorescent quenching
by the aromatic moiety of the catecholamine adds further challenges in the de-
sign of a fluorescent catecholamine probe. A modified coumarin aldehyde,
NS521, that contains an electron rich p-methoxyphenyl substituent has been re-
ported by the Glass group [124]. Fluorescent measurement with NS521 showed
that the probe has a better binding affinity towards dopamine and noradrenaline
over adrenaline and amino acids such as glycine, lysine, and glutamate. The
probe has also been applied in noradrenaline imaging in chromaffin cells that
synthesize the neurotransmitter.

Later, the quinolone-based NS510 has been reported, which showed a stronger
fluorescent response, and hence better sensitivity, towards noradrenaline and
dopamine (log K ~ 4) when compared with NS521 (log K ~ 2) [125]. The better
fluorescent response from NS521 is explained by the use of the more electron-
rich quinolone that results in a less efficient fluorescent quenching by the bound
catechol. The probe has been demonstrated in the monitoring of noradrenaline
exocytosis in chromaffin cells.

It is worth noting that the binding of catecholamine to these probes is reversi-
ble and thus could be applied for tracking changes in catecholamine levels over
time. Yet, the reversible nature of the probe-catecholamine interactions also lim-
its the applicability of the probe to samples that have a relatively high catechola-
mine content, because of the inherently weak equilibrium constants of imine and
boronate ester formation (log K ~ 2–4) [126, 127] (Figure 6).

To further improve the sensitivity of catecholamine probes, our group has ex-
ploited an irreversible bond cleavage strategy for the development of fluorescent
catecholamine probes [128] (Figure 6). Sensitivity of the reaction-based probes
is independent of the binding equilibrium and is determined by the extent of the
reaction and mechanism of fluorescent signal generation. Inspired by the select-
ive dopamine oxidation of noradrenaline by dopamine β-hydroxylase, a cop-
per(II) complex supported by a tripodal ligand containing two pyridine and one
thioether donor was developed as a selective trigger, and catecholamine fluores-
cent probes were successfully prepared by linking the copper(II) complex to a
fluorophore via an ether bond that renders the fluorophore non-emissive [128].
Upon reaction with catecholamine, dioxygen activation at the copper will gener-
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Figure 6. Strategies for catecholamine fluorescent probes.

ate an active oxidant, cleave the ether bond, and release the caged fluorophore
to result in a fluorescent turn-on signal. The probes are highly selective to cate-
cholamines against other biological amines, diols, and reductants. CAP488, a
cyan-emitting member of the series, has been applied [128] in visualizing dopam-
ine accumulation in a PC12 neuron differentiation model and also dopamine
depletion in a cellular Parkinson’s disease model, providing molecular informa-
tion on dopamine levels that complements well with morphological assessment
of the corresponding neuronal processes in a single imaging experiment.

Nucleophilic displacement of a thioester by 2-aminoethanol has been exploited
by Yin and coworkers to develop a fluorescent probe for noradrenaline which
has been applied in labelling noradrenergic neurons in brain tissues [129] (Fig-
ure 6).

3.3. Fluorescent Probes for Other Small Molecule

Neurotransmitters

In addition to fluorescent probes for amino acids and catecholamines, there are
also a few examples of fluorescent probes for other small molecule neurotransmit-
ters. For example, Hettie and Glass have reported NS715 which is an aldehyde-
containing 1,2,3,4-tetrahydroquinoxaline that can engage in reversible imine for-
mation with primary amines [130] (Figure 7). NS715 was found to exhibit a strong
fluorescent enhancement in the NIR region and selectivity to serotonin against
other biological amines including dopamine, noradrenaline, and glutamate. Al-
though NS715 can be applied in noradrenaline imaging in chromaffin cells, its use
in the study of serotonin in biological samples has to be demonstrated.

There are also few examples of fluorescent histamine probes (Figure 7). Imato
and coworkers have reported a fluorescein-based nickel(II) iminodiacetate com-
plex in which the paramagnetic metal ion quencher can be selectively displaced

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



448 AU-YEUNG and TONG

Figure 7. Fluorescent probes for detecting primary amines.

by forming a stable complex with histamine [131]. A similar nickel(II) complex
derived from Nile Red has been applied in histamine imaging in RAW263 cells
[132]. There is also Histamine Blue which is a mesoionic acid fluoride in which
the quenched fluorescence is restored upon amide formation with histamine [133].

4. METALS AND ALZHEIMER’S DISEASE

4.1. Aggregated Proteins in Alzheimer’s Disease

Alzheimer’s disease (AD) is a common cause of dementia and is characterized
by aggregation of misfolded proteins such as amyloid-β (Aβ) and tau proteins.
High levels of iron, copper, and zinc have been found in the brains of patients
with AD, and the transition metals have been shown to play important roles in
the aggregation of Aβ and tau proteins during AD progression [4, 5]. In the
following, fluorescent probes for imaging aggregated Aβ and tau proteins, as
well as metals as parts of the aggregates will be highlighted.

4.2. Fluorescent Probes for Amyloid-β Aggregates

In general, aggregated Aβ adopts a parallel, cross-β sheet structure with a hydro-
phobic interior [134]. Thus, probes for Aβ aggregates are usually designed to
display a change in fluorescence in response to a change in the polarity of the
environment. Useful probes for studying Aβ aggregates in brain tissue should
also be able to pass through the blood-brain barrier, display a low toxicity and
have a long emission wavelength for a lower background fluorescence and better
tissue penetration [135, 136].

Thioflavin-T (ThT) forms a series of fluorescent probes for staining amyloid
fibrils [137, 138]. Upon binding to Aβ, rotation of the single bond that links the
benzothiazole acceptor and benzylamine donor will be hindered and the emis-
sion is restored to result in a fluorescent enhancement. For example, PP-BTA-1
and PP-BTA-2 are two probes in the series that have a strong binding affinity
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Figure 8. Fluorescent probes for detecting amyloid-β aggregates.

for Aβ with emissions at 500 nm to 600 nm, and are applicable in labelling Aβ
plaques in human and mouse brain tissues [139] (Figure 8).

NIAD is another family of fluorescent Aβ probes. In particular, NIAD-4 has
a strong binding affinity to Aβ (Kd ~ 10 nM) and can be applied in labelling Aβ
plaques in the brain. NIAD-11 and NIAD-16 feature emissions at 650 nm–
900 nm which is suitable for in vivo imaging, and the latter has been demonstrat-
ed to distinguish vascular and non-vascular Aβ plaques through fluorescence
lifetime imaging [140]. There are other Aβ probes of different photophysical
properties and affinities for the aggregated proteins [136, 141, 142].

4.3. Fluorescent Probes for Aggregated Tau Proteins

Developing a fluorescent probe for aggregated tau proteins is in general more
challenging due to the lack of a well-defined binding site, and some probes for
tau proteins are also responsive to Aβ. Thioflavin-S, curcumin, Tau-1 and BD-tau
(Figure 9) are few examples of fluorescent probes developed for the fluorescent
imaging of tau proteins, and some of these probes have been applied in imaging
tau aggregates in live hippocampal neurons, brain tissues, and transgenic mice
[143–147]. Electrostatic binding using a Zn2C complex has also been exploited
for developing probes for aggregated tau proteins [148, 149].

4.4. Fluorescent Probes for Studying Metals in Amyloid-β
Aggregation

To study the role of transition metal ions in the aggregation of Aβ, moieties that
are known to target Aβ are modified with coordination donors for the simultane-
ous interactions with metals and Aβ. Interactions of the bifunctional compounds
with Cu2C- and Zn2C-associated Aβ have been studied [143, 150, 151]. In addi-

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



450 AU-YEUNG and TONG

Figure 9. Fluorescent probes for detecting tau aggregates.

tion to the detection of the metal-bound aggregated Aβ, these compounds are
also able to inhibit the metal-induced Aβ aggregation and thus modulate the
metal-induced Aβ activity and neurotoxicity.

5. CONCLUDING REMARKS

In summary, fluorescent probes for studying transition metal ions and the use of
chemical reactivity of metals in designing probes for neurotransmitters and pro-
tein aggregates are discussed. These fluorescent probes not only are important
bioanalytical tools for basic studies of neurobiology and neurodegenerative dis-
eases, but also highlight the diverse roles and importance of transition metal
chemistry in processes that are fundamental to human health. With innovative
designs of novel chemical probes, a deeper understanding of metals in neurobiol-
ogy and new strategies for diagnosis and treatments of neurodegenerative diseas-
es can be anticipated.
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ABBREVIATIONS AND DEFINITIONS

Aβ amyloid-β
AD Alzheimer’s disease
BODIPY boron-dipyrromethane
CAP catecholamine probe
CS copper sensor
CTAP copper-responsive triarylpyrazoline
DCF 2’,7’-dichlorofluorescein
DPA di-(2-picoyl)amine
FRET fluorescence resonance energy transfer
GABA γ-aminobutyric acid
IP1 Iron Probe 1
LIP labile iron pool
NG Newport Green
NIAD near-infrared Alzheimer’s dye
NIR near infrared
NS neurosensor
PET photoinduced electron transfer
PD Parkinson’s disease
PP-BTA push-pull benzothiazole
TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxy
ThT thioflavin-T
ZnAF aminofluorescein-based zinc sensor
ZP Zinpyr
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Abstract: X-ray imaging is the oldest, but most important ionizing radiation-based technique.
It provides information on the structural features of the human body, contributing to the
diagnosis and treatment of numerous diseases. The success of X-ray imaging depends not only
on the advances of diagnostic instruments (i.e., computed tomography (CT), mammography,
etc.), but also on the development of contrast agents. The use of contrast agents in X-ray
imaging can improve the visualization of target tissues and organs and provides anatomical
information for disease diagnosis and treatment. X-ray contrast agents are usually small mole-
cules or nanoparticles that contain high atomic number (Z) heavy elements, such as iodine,
barium, gold, silver, and so forth. The current clinically approved contrast agents for X-ray
imaging are iodinated small molecules or barium sulfate suspensions, although adverse events
can result from these agents, and they have shortcomings in their specificity, as well as contrast
generation. The development of alternative heavy element-based X-ray contrast agents has
therefore become a key focus in the field of X-ray imaging. Tremendous progress has been
made in the field over the past decade. In this chapter, we summarize the advances in the
developments of heavy elements as contrast agents for X-ray imaging. Moreover, we describe
their applications in molecular imaging, including targeted imaging, as well as CT cell tracking,
and theranostics. Finally, the prospects and the challenges in clinical translation will be discussed.

Keywords: contrast agents · gold nanoparticles · heavy elements · nanoparticles · X-ray imag-
ing

1. INTRODUCTION

The discovery of X-rays by the German physics professor Wilhelm Conrad Rönt-
gen in 1895 marked the beginning of the medical physics and imaging revolution
[1–3]. When operating with an electron-discharge tube, Röntgen inadvertently
noticed that the tube produced a fluorescent glow on a screen several feet away,
even though the tube was covered by heavy black cardboard. This previously
undiscovered ray was then dubbed “X-ray” by Röntgen because of its unknown
nature [4]. The iconic X-ray image of Mrs. Röntgen’s hand that revealed her
bones instantly aroused immense interest in the science community for X-ray’s
medical applications, and created a huge advance in medicine [1]. By 1930, X-
ray was a routine part of hospital diagnosis and clinical care [5]. Nowadays, in
the United States alone, more than 350 million medical X-ray based examina-
tions and procedures are carried out each year, making X-ray imaging one of
the most common imaging procedures [6].

While there has been enormous improvements in X-ray imaging over the last
century in regard to X-ray generation and image quality, the fundamentals of
X-ray contrast generation remain unchanged [7, 8]. Certain body tissues can be
distinguished under X-ray imaging such as bone due to high mineralization [8, 9]
However, being similar in terms of densities, some adjacent soft tissues are difficult
to distinguish on the basis of the contrast produced by the tissue itself [9–11]. As
a result, X-ray contrast agents are typically used for better differentiation and
visualization of body tissues and their significance has been widely recognized.
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Currently, barium sulfate suspensions and iodinated small molecules are the
only FDA approved and commercially available X-ray contrast agents for human
use [3, 12]. While visualizing tissues of interest effectively, both can potentially
pose serious complications such as barium sulfate aspiration and contrast-in-
duced nephropathy. These risks have created interest in developing safer and
more efficient X-ray contrast agents [13–15]. Moreover, these agents are non-
specific and are not well-suited to some newer multi-energy X-ray imaging tech-
niques, such as photon counting CT or dual-energy mammography [16]. Recent
progress in nanotechnology has created opportunities for nanoparticles based on
heavy elements to be contrast agents for X-ray imaging [17–20]. Nanoparticles
as contrast agents offer significant advantages in their design, such as coating
material, shape and size, to match various imaging purposes [21–23].

In the following sections, we will first outline the basic physics of X-ray genera-
tion, principles of contrast enhancement from heavy elements, and various imag-
ing modalities based on X-ray. In a study of historical and contemporary inquir-
ies, we will then focus on the structural characteristics, contrast enhancement
and safety of contrast agents based on heavy elements. In addition, the applica-
tions of these contrast agents in molecular imaging such as targeted imaging,
cell tracking, and therapeutics will be described. Last, the obstacles and future
prospects for these contrast agents will be discussed.

2. PHYSICS OF X-RAY CONTRAST GENERATION

2.1. Overview of X-Ray Production

X-rays are a form of electromagnetic radiation with wavelengths between 0.01
to 10 nm [24].

Figure 1. Schematic of X-ray production. (A) Bremsstrahlung radiation is produced
when the incident electrons are diverted by the electric field of the nuclei of the anode.
(B) Characteristic radiation is produced when the incident electrons collide with the elec-
trons in the inner shell and knock out an electron on the K-shell, creating a vacancy,
which is filled by an outer electron.
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They are typically produced by two mechanisms, known as Bremsstrahlung
radiation (braking radiation) and characteristic radiation. During the Brems-
strahlung process, the bombarding electrons penetrate into the target and ap-
proach to the nucleus due to the attraction of its positive charge. The electrons
are then turned away by the nucleus’ electrical field, and a part or all of their
kinetic energy is lost. The energy lost from this process is released as X-ray
photons, or Bremsstrahlung radiation (Figure 1A). Characteristic radiation is
produced when a fast-moving bombarding electron ejects a K-shell electron leav-
ing behind a ‘hole’ (Figure 1B). A higher shell electron then moves to fill the
empty space and energy is released in the form of a single X-ray photon with a
specific energy [25, 26]. An X-ray spectrum is formed that is the result of a
combination of the Bremsstrahlung radiation and characteristic radiation. The
X-ray spectrum can be altered by manipulating the X-ray tube current or poten-
tial, adding filtration, or changing the target material [27].

2.2. Principles of Contrast Enhancement

X-ray attenuation is the reduction of an X-ray beam’s intensity as it traverses
matter [28]. It results from tissue absorption or scattering of X-rays. Air absorbs
X-rays, for example, weakly, but bone intensely absorbs X-rays leading to sub-
stantial contrast between these substances. At standard pressure and tempera-
ture, water attenuation is defined as 0 HU, and while that of air is –1000 HU
[29]. However, soft tissues do not tend to have significant differences in attenua-
tion. Hence, contrast agents are often administered to better visualize and distin-
guish soft tissues. X-ray attenuation is defined in Hounsfield units (HU) for a
given material X in Equation (1):

HU (X) =
1000(μX � μwater)

(μair � μwater)
(1)

The linear X-ray mass attenuation coefficient characterizes the fraction of an
X-ray beam that is absorbed or scattered by absorber’s unit thickness, in a unit
of cm–1, or expressed in g/cm2 after normalizing the linear attenuation coefficient
per unit material density. Usually, the X-ray beam is easily attenuated by high
attenuation coefficient materials. Contrary to this, low attenuation coefficients
indicate that the material is somewhat transparent to the X-ray beam [28, 30].
Due to their different Z number and density, the elements have different charac-
teristic, energy-dependent X-ray attenuation profiles. The probability of the oc-
currence of the photoelectric effect, one of the two fundamental mechanisms
responsible for the attenuation of X-rays passing through a material, is propor-
tional to Z3 (above the K-edge of the element), suggesting that the photoelectric
effect more likely occurs for heavier elements.

The K-edge energy is the minimum energy required for the photoelectric event
to occur for a K-shell electron. Generally speaking, photoelectric events are most
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likely to occur when the energy is just above the K-edge [31]. In soft tissues, the
dominant elements (i.e., C, H, O, and N) have very low energy K-edges, thus only
attenuating very low energy X-rays. However, heavy elements such as iodine
and barium have K-edges closer in energy to X-ray beam spectra typically used
in medical imaging, resulting in greater attenuation. Certain heavy elements such
as gold, bismuth, tantalum, and ytterbium have K-edges between 50 kV and
100 kV and also attenuate strongly at clinically relevant energies [32].

On the other hand, the probability of the second major process of X-ray absorp-
tion, Compton scattering, is more dependent on the element’s physical density. A
photon strikes an atom in the Compton effect, ionizing a weakly bound electron.
Then the photon scatters in a different direction with reduced energy, attenuating
the X-ray beam. Since the Compton effect is the interaction between photons and
outer electrons, the Compton scattering is nearly independent of the X-ray energy
but depends on the electron density of the material. Therefore, heavy elements
with high densities would generally have more Compton scattering [25, 33].

Taking into consideration both the photoelectric effect and Compton scatter-
ing, heavy elements, identified as elements with high Z number, high density,
and high atomic weights, are typically considered as good candidates from which
to form X-ray contrast agents [34].

2.3. X-Ray-Based Imaging Modalities

Planar X-ray imaging, i.e., conventional radiography, produces 2-dimensional im-
ages of objects. It provides an initial screening tool for both acute injuries such
as bone fracture and chronic diseases such as gastrointestinal (GI) tract diseases
[35]. Depending upon the results of an X-ray scan, a full 3D CT scan (or other
type of imaging modality) may be requested for more detailed diagnosis. CT is
a non-destructive imaging tool that uses computerized X-ray imaging techniques
to produce detailed, cross-sectional and 3-dimensional images of anatomy. CT is
a common imaging modality used routinely in clinics for a variety of diagnostic
and therapeutic purposes [17, 36]. Unlike a conventional X-ray using a fixed
X-ray tube, a CT scanner uses a motorized X-ray source that rotates on a ring
around the patient, allowing data acquisition from every angle. X-rays emitted
from the X-ray tube travel through the patient and then encounters the X-ray
detector array system that measures the flux of X-rays. The CT scanner recon-
structs images from the dataset using sophisticated algorithms each time the
X-ray source completes a full rotation around the patients [37, 38]. Similarly,
fluoroscopy uses a mobile X-ray source to obtain real-time moving images of
anatomy in short intervals [39]. It is widely used in interventional radiology, and
image-guided surgery [40]. X-ray CT imaging can also be combined with other
imaging modalities to form a combined imaging modality, such as positron emis-
sion tomography-computed tomography (PET/CT) imaging. These combined
scans can pinpoint abnormal metabolic activity by precisely co-reregistering
functional and anatomic images [41].
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Spectral photon-counting computed tomography (SPCCT) is an investigational
X-ray imaging technique derived from conventional CT. A prominent advantage
of SPCCT includes its material-specific K-edge imaging and the potential to
identify the type of tissue based on their energy-dependent attenuation of
X-rays [42–44]. SPCCT has a standard polychromatic X-ray source and energy-
sensitive photon counting detectors that measure the energy of individual X-ray
photons and can divide the absorbed photons into several energy bins. Thus, a
material-specific map can be produced and specific information can be obtained
on elements with K-edges in the region of CT X-ray beams with high photon
flux (i.e., 40–100 keV) such as gadolinium (K-edge = 50.2 keV), gold (K-edge =
80.72 keV), or bismuth (K-edge = 90.53 keV) [23, 45, 46].

Mammography is a type of X-ray based, specialized medical imaging technique
that uses low energy X-rays (e.g., 30 kV) to examine the breast for early detec-
tion of breast cancer, usually by detecting irregular structures or microcalcifica-
tions [47, 48]. However, for patients with dense breast tissue, which, unlike non-
dense tissue, is bright in mammography images and looks similar to cancerous
tissue, the sensitivity of mammography is low [49, 50]. To overcome this con-
straint, dual energy contrast-enhanced mammography (DEM) consisting of both
high-energy and low-energy mammograms has been studied [51, 52]. The low-
energy images provide maximal soft tissue contrast, while high-energy images
are used for post-processing. The images are subtracted to cancel out the com-
mon soft tissue contrast and to isolate the contrast enhancement in the region
of interest [53, 54]. Several heavy element-based contrast agents are being inves-
tigated for this technique due to the allergic reactions posed by iodinated con-
trast agents and iodine’s suboptimal contrast generation. The best candidate ma-
terials for DEM have a Z number from 42 to 62 [55]. Molybdenum (Z = 42),
rhodium (Z = 45), palladium (Z = 46), silver (Z = 47), and tellurium (Z = 52)
are possible DEM contrast materials under investigation [19, 56].

3. HEAVY ELEMENT-BASED CONTRAST AGENTS

3.1. Current Clinically Used Contrast Agents

3.1.1. Barium Sulfate

Barium sulfate suspensions are the standard contrast agent taken orally for opac-
ification of the upper and lower GI tract in radiographic examinations [57, 58].
With a high Z number of 56, barium sulfate absorbs and scatters X-rays effec-
tively, thereby rendering the structure of the GI radiopaque. Barium sulfate is
commonly suspended as thick, chalky, cream like liquids with flavoring agents
added, which are also referred to as barium shakes. While barium is a heavy
metal, it is not absorbed by the digestive tract or metabolized in the body due
to the poor solubility of barium sulfate in aqueous media [59, 60]. In addition,
the high viscosity and insolubility of barium sulfate suspensions prevent them
from diluting in the GI tract [61–63]. Using barium sulfate as a contrast agent
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was generally thought to be a safe technique in GI examination. In addition to
the common side effects of administering barium sulfate such as diarrhea, nausea
and barium sulfate aspiration, however, a rare complication has been document-
ed worldwide. High-density aspiration is potentially life-threatening and restricts
the use of agents in patients with certain underlying conditions such as dysphagia
[13, 14, 59].

3.1.2. Iodinated Contrast Agents

Iodinated contrast agents, first introduced into clinical practice in the 1950s, are
still the most commonly used X-ray imaging intravenous radiocontrast agents
[64]. Because it is a heavy element, with a Z number of 53, iodine imparts strong
contrast to objects imaged with X-rays. Iodinated contrast agents are typically
derivatives of tri-iodinated benzene rings with various hydrophilic functional
groups appended to the ring. Their chemical compositions and structures provide
them with advantageous properties for intravenous injection. For example, io-
hexol, a nonionic monomer-iodinated small molecule has three amide and six
hydroxyl substituent groups that make it water-soluble. In addition, the covalent
bonds between the iodine atoms and benzene rings reduce the risk of side effects
that might occur from free iodine [37, 65]. Therefore, iodinated contrast agents
are usually considered safe. Nonetheless, severe reactions may occur [66]. The
most common adverse reactions in patients with iodinated contrast agent include
contrast-induced nephropathy, hypersensitivity reactions, and renal impairment
due to its high osmolarity and rapid kidney clearance [65–67]. In addition, short
blood circulation and rapid contrast washout restrict post-injection imaging time
[68]. In the past decades, significant attempts have been made to develop novel
heavy element-based agents with comparable or better contrast generation,
longer blood circulation times, and targeting capabilities.

3.2. Nanoparticle Contrast Agents

3.2.1. Gold

Gold nanoparticles (AuNP) have been extensively studied over the past fifteen
years for X-ray imaging, following Hainfeld’s report of a 1.9 nm AuNP formula-
tion as a new X-ray contrast agent [69]. Gold has several desirable properties
making it a promising candidate to be used as an X-ray contrast agent. For
example, gold has a high Z number of 79 and high electron density, resulting in
efficient X-ray absorption [70, 71]. The K-edge of gold is 80.7 kV, meaning that
it strongly absorbs X-rays within the typical clinical tube voltage range (i.e., 80–
140 kV) and provides more X-ray contrast at 120 kV than at 80 kV [37]. In fact,
several studies have shown that gold produces more contrast than iodinated
contrast agents when scanned at 120 kV [17, 72]. In addition, AuNP are bioinert
and biocompatible, and several formulations have been in clinical trials for bio-
medical uses [73–76]. Besides, the surface modification of AuNP with different
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Figure 2. (A) TEM micrographs of 4–152 nm AuNP. The scale bars represent 100 nm in
all panels. (B) 3D volume rendered CT images at 2 hours post-injection of AuNP of
different sizes in mice. Reproduced by permission from Ref. [17]; copyright 2019, Springer
Nature.

capping ligands is easy to achieve and synthetic techniques for AuNP of different
shapes and sizes are widely available [71, 75]. AuNP’s sizes and morphology can
lead to different pharmacokinetics and biodistribution [77]. For example, small
AuNP (i.e., 4 and 15 nm) have longer blood circulation times compared to the
very short circulation half-lives of iodinated small molecules and sub-6 nm AuNP
can be excreted by the kidneys, while large AuNP (i.e., 50 to 152 nm) are cleared
from the blood more rapidly and have faster accumulation in liver and spleen
(Figure 2), despite the fact that CT contrast generation is independent of AuNP
size [17]. These physico-chemical properties of AuNP allow them to detect and
image different tissues with the high temporal and spatial resolution of CT [36].

Meanwhile, AuNP have also been shown to be effective contrast agents for
SPCCT [21, 43]. Phantom imaging studies with AuNP using an SPCCT prototype
(Figure 3), illustrated that the scanner could specifically image AuNP in a milli-
molar concentration range and could distinguish them from iodine. This shows
the potential of SPCCT imaging to probe biological processes and diseases with
more than one contrast agent simultaneously [78]. Studies have shown that gold
high-density lipoprotein nanoparticles (Au-HDL) can be used to identify the
macrophage-rich aortic plaques and calcifications in atherosclerosis from a single
SPCCT scan [21, 42]. Furthermore, functionalized AuNP can enable targeted
tumor CT imaging, which will be discussed in detail later in this chapter.
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Figure 3. (A) Images derived from a SPCCT scan of a phantom that contained mixtures
of AuNP and iodine in a range of concentrations. Iodine image, gold image, water image
(top left to right), conventional CT equivalent image and overlay of gold and iodine
images on the water image (bottom left to right). (B) SPCCT images of the chest of a
rabbit at four time points. White arrows indicate the heart, arrowhead indicate bones,
black arrows indicate the aorta, and stars indicate the lungs. Reproduced by permission
from [78]; copyright 2017, Springer Nature.
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3.2.2. Silver

Currently, contrast-enhanced mammography is done with the administration of
iodinated small molecule contrast agents. Such contrast agents are rapidly fil-
tered by kidneys and therefore require fast post-injection imaging and may result
in contrast-media nephropathy in patients with renal insufficiency. These limita-
tions may be resolved by nanoparticle contrast agents since they may have in-
creased blood circulation times and can be targeted to tumors via appropriate
surface modifications [79, 80]. Silver nanoparticles (AgNP) have been of tremen-
dous scientific interest for biomedical applications including biosensing, as anti-
microbial agents, catalysis, and biomedical imaging [55, 81–84]. In X-ray imaging,
particularly in CT and DEM, AgNP have been investigated as alternatives to
iodine. As mentioned above, breast images in DEM are acquired at both low
and high tube voltages (e.g., 26 and 49 kV) [16, 85]. With its K-edge of 25.5 kV
and Z number of 47, silver is well-matched to the energies used in DEM and is
thus known as a possible DEM contrast agent [20]. Studies have shown that
AgNP provide a 43 % higher signal difference-to-noise ratio (SDNR) than iodine
with optimal DEM imaging parameters [55, 86]. Recently, Hsu et al. have devel-
oped an all-in-one nanoparticle (AION) formed by co-encapsulation of a near-
infrared fluorophore (DiR), silver sulfide nanoparticles (Ag2S-NP), and iron ox-
ide nanoparticles (IO-NP) for DEM-CT-MRI and near-infrared fluorescence
(NIRF) imaging for breast cancer screening. The safety and efficacy of AION
as an X-ray imaging contrast agent was further demonstrated by in vivo tumor
imaging of mice injected with AION with DEM and CT (Figure 4) [19].

In order to have higher chances for clinical translation as cancer imaging agents
for DEM and CT, rapid renal excretion of contrast agents should be achieved.
Hsu et al. reported Ag2S-NP of 3.1 nm that can act as both DEM and CT contrast
agents and have successful renal clearance [22]. In addition, another key for poten-
tial clinical translation of AgNP is avoiding the potential for silver ion-induced
toxicity. Unlike elemental gold, elemental silver is not stable toward oxidation.
Therefore, although AgNP have been widely used in many applications, the re-
lease of silver ions can be a safety concern [87, 88]. As a result, alternative silver
chemistries are needed to achieve biocompatibility, especially given the high doses
required in X-ray imaging. Strategies taken to address this issue have included
forming gold-silver alloy nanoparticles or silver sulfide nanoparticles, with the lat-
ter resulting in at least 10-fold lower silver ion release in media over a span of
7 days compared to elemental silver nanoparticle controls [22].

3.2.3. Tantalum

Since the 1960s, powdered tantalum has been investigated as a contrast medium
for X-ray examination of human airways [89]. Tantalum powder has subsequent-
ly been researched to provide contrast for inhalation bronchography, otolaryn-
gology, liver imaging, and GI imaging [90–95]. Historical applications of tantalum
in X-ray imaging are largely due to its high Z number of 73 and K-edge of 67 kV,
as well as its nontoxicity and low cost compared to other contrast agents (i.e.,
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gold). For example, tantalum outperforms iodine in terms of CT contrast genera-
tion by 50 % at 120 kV [34].

Over the past ten years, some tantalum oxide nanoparticle (TaONP) formula-
tions have been reported as X-ray contrast agents [96–99]. For example, Oh et al.
reported large-scale syntheses of uniformly sized PEG-silane modified TaONP
ranging from 5 to 15 nm. The nanoparticles are biocompatible and were effec-
tive in CT phantom imaging and in vivo CT angiography (Figure 5) [99]. The
tolerable dosage levels of up to 1500 mg tantalum/kg with minimal side effects,
and rapid elimination through renal clearance with low major organ retention
in rat studies, show the potential clinical utility of TaONP as X-ray contrast
agents [96, 98] In addition, TaONP have been proposed as potential contrast
agents for SPCCT [43, 100, 101]. As a proof of concept SPCCT contrast agent,
they showed excellent biocompatibility and strong contrast production [101].

TaONP have been reported as CT contrast agents for imaging articular carti-
lage with CT, as a drug-loading vehicle for synergetic chemoradiotherapy, and as
a nanotheranostic agent for CT/photoacoustic biomodal imaging-guided cancer
therapy [102–104], underscoring the versatility of this material.

3.2.4. Bismuth

Bismuth salts are noted for their low toxicity in medical applications such as
treating gastrointestinal disorders and bacterial infections [105–107]. Moreover,
bismuth is used in over-the-counter medicines (i.e., Pepto-Bismol) [108]. Thanks
to its high Z number of 83 and high electron density, bismuth produces compa-
rable contrast at 80 and 100 kV and greater contrast at 120 and 140 kV compared
with conventional iodinated contrast agents [109, 110]. To date, several nanopar-
ticle forms of bismuth, including elemental bismuth, bismuth sulfide (Bi2S3) or
bismuth selenide (Bi2Se3), with various shapes and sizes have been investigated
as X-ray contrast agents [110–114].

Bismuth can in particular be used as a radiosensitizer because of its high Z
number. Meanwhile, some forms of bismuth nanoparticles can also be used in
photoacoustic imaging (PA), making dual-modal CT/PA imaging and synergistic
photothermal therapy (PTT)/radiotherapy (RT) treatment possible (Figure 6)
[115]. Recently, additional efforts have been made to synthesize pure bismuth
nanoparticles (i.e., 100 % bismuth content) to minimize the involvement of addi-
tional compounds (i.e., sulfides and selenides), which reduce the bismuth pay-
load and maximize X-ray absorption efficiency [18, 116, 117]. Similar to other
nanoparticles, further investigations on renal clearance and safety are needed
for successful future clinical translation of these nanoparticles.

3.2.5. Other Heavy Metals

Some other heavy metals also possess strong X-ray attenuation, but have not yet
been studied extensively as X-ray contrast agents in their nanoparticle forms.
For instance, tungsten, with a Z number of 74 and K-edge of 69.5 kV, is known
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to be an X-ray contrast-generating element [3]. Tungsten clusters and tungsten
powder have been studied in vitro and yielded strong contrast under CT [93,
118, 119]. However, significant decreases in attenuation between tantalum (Z =
73) and tungsten (Z = 74) when scanned by SPCCT may be due to the fact that
the X-ray tube anode is made of tungsten and internal K-edge absorption oc-
curred within the tube [101].

Tin with a Z number of 50 also shows potential of being a candidate as X-ray
contrast agent. Tin(IV) oxide, also known as stannic oxide, has been proposed
as a liver imaging agent. Preliminary animal studies showed that it can be given
intravenously with repeated dosing without acute or delayed reaction [120]. Re-
cently, syntheses of tin nanoparticles are developed for other applications [121,
122]. The use of these nanoparticles in X-ray imaging has great promise although
their biocompatibility needs to be investigated.

3.3. Lanthanide-Based Contrast Agents

The lanthanides are a sequence of chemical elements with Z numbers of 57–71,
ranging from lanthanum to lutetium [123]. Lanthanides typically have high atom-
ic numbers, thereby fulfilling one of the basic requirements for being an X-ray
contrast agent candidate. Considering the toxicity, cost and synthetic pathways
available for these elements, gadolinium and ytterbium have been studied for
their potential as X-ray contrast agents.

3.3.1. Gadolinium

Gadolinium is known for its use as an MRI contrast agent and several gadolinium-
based contrast agents have been approved by the FDA since 1988 [124, 125]. In
recent years, gadolinium has been investigated as an alternative to iodinated con-
trast agents for X-ray imaging, especially angiography, in patients with severe io-
dine allergies [126, 127]. Typically, 70 kV is used as the tube energy in digital
angiography. Research has shown that gadolinium attenuation in X-rays at 70 kV
is approximately the same as iodine attenuation. In comparison, the X-ray attenu-
ation was observed to be nearly double that of iodine when tested at 120 kV,
which is a commonly used tube energy in clinical CT [128]. Successful X-ray angi-
ography with a gadolinium-based contrast agent (i.e., gadolinium-DTPA) was re-
ported in the clinic for CT examinations of cancer patients [126, 129]. It is often
acknowledged that information obtained from a single imaging modality cannot
provide certainty in clinical diagnosis, so multi-modal imaging is sometimes re-
quired. Combining MRI and CT to achieve high sensitivity, resolution and soft
tissue contrast with a single contrast agent injection would be possible with the
high contrast properties that gadolinium possesses for both MRI and CT [130].
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3.3.2. Ytterbium

Similar to other heavy elements, ytterbium has a high X-ray attenuation coeffi-
cient [131]. While scanned with CT, ytterbium substantially outperformed iodine
at tube voltages between 100–140 kV [34]. The earliest study on the use of ytter-
bium for X-ray imaging can be traced back to 1986, when ytterbium-DTPA syn-
thesized from ytterbium oxide and diethylene triamine penta-acetic acid (DTPA)
for pulmonary angiography was evaluated in vitro and in vivo [132].

The first case of injectable ytterbium nanoparticles was reported in 2012, when
oleic acid-stabilized ytterbium nanoparticles were doped with gadolinium and
were encapsulated with DSPE-PEG2000 copolymer. The nanoparticles exhibited
low cytotoxicity and strong CT contrast in vivo [133]. Meanwhile, an assessment
of candidate elements as contrast agents for SPCCT suggested that ytterbium
generated most contrast from the elements under evaluation (Figure 7) [101].
Indeed, an early investigation of ytterbium nanocolloids developed for SPCCT
indicated the feasibility of using ytterbium as both CT and SPCCT contrast
agents [134].

Figure 7. (A) Comparison of attenuation rates of different elements studied in conven-
tional CT. (B) The CNRR of different elements compared with their K-edge energies.
Reproduced by permission from [101]; copyright 2018, Springer Nature.
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4. X-RAY CONTRAST AGENTS IN MOLECULAR IMAGING

4.1. Targeted Contrast Agents in Molecular Imaging

Developing targeted X-ray contrast agents for imaging specific sites of disease
has recently attracted considerable attention, particularly with nanoparticle con-
trast agents such as AuNP [36]. For example, some disease sites such as tumor
tissues or atherosclerotic plaques can be passively targeted due to enhanced
permeability and retention (EPR) effects, which are largely due to “leaky” vas-
culature and impaired lymphatic drainage [135, 136]. On the other hand, active
cell surface targeting can be achieved by functionalizing contrast agents via sur-
face modification [137, 138].

Many targeted X-ray contrast agents have been evaluated in a wide range of
molecular imaging applications, including cardiovascular disease and cancer.
AuNP is one of the most popular contrast agents studied for active targeted CT
imaging thanks to its easy surface functionalization by conjugating specific li-
gands to the nanoparticle surface and high density leading to high payloads [139].
AuNP, for example, have been used to visualize myocardial lesions by targeting
collagen, atherosclerosis and cerebral thromboembolic imaging by targeting fi-
brin, lung tumor characteristics imaging by targeting epidermal growth factor
receptor (EGFR), lymph nodes imaging by targeting CD4, and so on [140–144].
In fact, targeted CT/MR dual-mode imaging of hepatocellular carcinoma can be
accomplished by coating AuNP with manganese chelates and using hyaluronic
acid (HA) to target the CD44 receptor [145]. AuNP’s passive targeting has also
been studied extensively. The retention of AuNP in tumors can be tuned by
adjusting sizes and coatings, which is advantageous for cancer imaging [146, 147].

Other heavy element-based nanoparticles have been used for targeted X-ray
imaging as well. For instance, fibrin-targeted bismuth and ytterbium nanocolloids
were used to detect ruptured atherosclerotic plaques by CT angiograms and
SPCCT, iodinated polymeric nanoparticles were targeted to macrophages for
evaluation of coronary arteries with CT, HA-modified tantalum oxide nanoparti-
cles conjugated with doxorubicin were used for tumor-targeted CT imaging, and
hybrid gold-gadolinium nanoclusters were applied for tumor CT imaging by pas-
sive targeting [104, 148–151]. The ongoing development of X-ray contrast agents
for targeted imaging could improve imaging specificity and offer improved diag-
noses for a wide range of diseases.

4.2. Nanoparticles for Cell Tracking

Cell-based treatments have made great strides over the past few decades. Re-
cently, the FDA approval of chimeric antigen receptor (CAR) T-cell therapy has
initiated a new era of immune cell therapies for cancer [152]. While the field of
cancer immunotherapy is being reenergized, there are still some daunting chal-
lenges to tackle to achieve stable therapeutic outcomes, such as possibility of
off-target effects, lack of ideal targets, and associated side effects [153]. These
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Figure 8. Time-dependent accumulation of targeted T-cells at the tumor visualized by
micro-CT scans (A) before T-cell injection, (B) 24 hours post-injection, C) 48 hours post-
injection, and (D) 72 hours post-injection. Reproduced by permission from [162]; copy-
right 2015, American Chemical Society.

issues may benefit from information derived from imaging transplanted cells
from the point of administration to the end of the treatment. CT is an emerging
method for cell tracking thanks to its high spatial resolution and wide availability.
It allows comprehensive tracking of transplanted cells in patients, thus providing
real-time information about the cells’ migration, distribution, viability, differen-
tiation, and fate [154, 155].

Recently, the development of novel X-ray contrast agents to enable cell visuali-
zation in CT through the labeling of transplanted cells has led to significant
interest in their potential to evaluate and monitor cell-based therapies. In partic-
ular, ex vivo direct cell labeling using AuNP with CT imaging is one of the most
commonly used methods. In this approach, pre-transplantation target cells are
incubated with AuNP. The AuNP will be either internalized by the cells or at-
tached to the cells’ surface [23]. Numerous studies have evidenced the signifi-
cance of AuNP size, shape, and surface properties in cellular uptake [156–158].
With the knowledge of AuNP uptake in different cell types, progress has been
made in in vivo cell tracking [159–161]. For example, T cells expressing a melano-
ma-specific T-cell receptor were labeled with AuNP and injected intravenously
into mice in the study by Meir et al. A full-body CT scan allowed the imaging
of these T-cells’ distribution, migration, and kinetics (Figure 8) [162].

Indirect cell labeling is an alternative way to label cells that can provide more
information on cell viability and enable long-term tracking of labeled cells [163].
It is implemented by reporter genes in the cells in question [154]. However, this
type of approach has yet to be implemented for CT.

4.3. Theranostic X-Ray Agents

Multifunctional X-ray contrast agents are of interest for simultaneous imaging
and therapy of a disease, which is also known as theranostics [164]. Theranostic
X-ray agents would possess, at the minimum, the dual properties of contrast
generation in X-ray imaging and be able to deliver drugs to the disease site or
otherwise providing a therapeutic benefit. The recent advances in synthetic
methods have opened a new era for nanoparticle agents in theranostics.

A significant amount of preclinical evidence has shown that nanocarriers can
improve the therapeutic index of low molecular weight drugs [165]. The combi-
nation of CT imaging and drug delivery with nanoparticles allows for noninva-
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sive assessment of drug accumulation at the disease site. A drug-loaded aptamer-
AuNP bioconjugate was developed for CT imaging and therapy of prostate can-
cer, a Gd-doped Mg-Al-LDH/Au nanocomposite demonstrated effective CT/MR
dual modal tumor imaging and drug delivery simultaneously, and a TPGS-stabi-
lized NaYbF4 exhibited X-ray imaging-guided drug delivery properties [166–
168].

On the other hand, certain heavy element-based nanoparticles themselves may
act as radiosensitizers or photosensitizers for radiotherapy or photothermal ther-
apy, respectively, and at the same time act as contrast agents. AuNP can be
engineered to have strong surface plasmon resonance in the near-infrared (NIR)
region (i.e., λ = 650–1350 nm), where light can penetrate deeply into tissue and
reach AuNP embedded within tumors [169]. Numerous studies have shown that
plasmonic AuNP can be used as theranostic probes for tumor imaging [170–172].
Other contrast agent-based nanoplatforms for combined CT and PTT, such as
tantalum sulfide nanosheets, bismuth nanoparticles, and molybdenum oxide na-
nostructures, are also being investigated [173–175]. Similarly, nanoparticle con-
trast agents usually can also serve as radiosensitizers and enable combined CT
imaging and radiotherapy [176–178]. For example, doxorubicin-loaded bismuth
nanoparticles provided CT-guided enhanced chemoradiotherapy (Figure 9)
[179]. Overall, heavy element-based theranostic contrast agents have shown sig-
nificant promise for integrated imaging and therapy of disease.

5. CONCLUDING REMARKS AND FUTURE DIRECTIONS

Overall, the development of heavy element-based X-ray contrast agents has
been remarkable over the past decade. Given the high efficacy benchmarks pre-
sented by the existing iodinated small molecule contrast agents for blood pool
imaging and barium sulfide for GI imaging that are widely used in clinics,
progress towards more efficient, functional, and practical contrast agents is chal-
lenging. Nanoparticle contrast agents in particular are growing in usefulness in
blood pool, cancer, and cell imaging, thanks to their size-dependent pharmacoki-
netics, high payloads, and ease of functionalization. Several new elements includ-
ing silver, tantalum, bismuth and ytterbium, were introduced for CT, DEM, and
SPCCT. There have also been extensive studies and reports of using X-ray con-
trast agents in targeted imaging, cell tracking, as well as in theranostic applica-
tions.

Although research on these contrast agents has bloomed over the period cov-
ered herein, only a limited number of new formulations are being investigated
in clinical trials. The distance between research and commercialization of these
contrast agents can be multifactorial. In order to be fully clinical translatable,
more comparable information related to their biodistribution, degradability, sys-
temic toxicity, renal clearance, and possible long-term accumulation in the body
is needed [180]. Besides, the lack of scale-up synthesis of these nanoparticle
contrast agents hinders their commercialization. In addition, contrast agents that
play the sole role in providing image contrast have a much lower potential reve-
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nue than drug codelivery or other therapeutic purposes [181]. Despite the fact
that a growing amount of research has focused on theranostic agents, the clinical
translation of these multifunctional contrast agents is in its infancy. Nonetheless,
the rapid development of X-ray contrast agents that focus on numerous targeting
options, being “smart”, reduced toxicity, and comparable contrast generation to
current products, has promised the potential of new X-ray contrast agents being
approved. We believe that sufficient proof-of-concept research has been done to
provide a foundation for more rapid progress in X-ray contrast agents to be
made in the coming decade.
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ABBREVIATIONS

AgNP silver nanoparticles
Ag2S-NP silver sulfide nanoparticles
AION all-in-one nanoparticle
Au-HDL gold high-density lipoprotein nanoparticle
AuNP gold nanoparticle
Bi2S3 bismuth sulfide
Bi2Se3 bismuth selenide
CAR chimeric antigen receptor
CD4 cluster of differentiation 4
CD44 cluster of differentiation 44
CEDM contrast-enhanced digital mammography
CNR contrast-to-noise ratio
CNRR contrast-to-noise ratio rate
CT computed tomography
DEM dual energy contrast-enhanced mammography
DTPA diethylene triamine pentaacetic acid
DiR near-infrared fluorophore
EGFR epidermal growth factor receptor
EPR enhanced permeability and retention
FDA Food and Drug Administration
GI gastrointestinal
HA hyaluronic acid
HRTEM high-resolution transmission electron microscopy
HU Hounsfield unit
IO-NP iron oxide nanoparticles
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LDH layered double hydroxide
MoO2 molybdenum oxide
MoS2 molybdenum sulfide
MRI magnetic resonance imaging
NIR near-infrared
NIRF near-infrared fluorescence
PA photoacoustic imaging
PEG polyethylene glycol
PET/CT positron emission tomography-computed tomography
PTT photothermal therapy
RT radiotherapy
SDNR signal difference-to-noise ratio
SPCCT spectral photon-counting computed tomography
TaONP tantalum oxide nanoparticles
TEM transmission electron microscopy
TPGS d-alpha-tocopheryl polyethylene glycol succinate
Z atomic number
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Dendrimers, 56, 121, 250, 348, 357, 359, 360
Density functional theory (DFT), 75, 78, 81, 83,

124, 126, 248, 250, 251, 255
Desferrioxamine (DFO), 62, 162, 163, 179, 181,

183, 320, 321, 329, 330, 338
structures, 54, 182

Dextran, 78, 79, 89, 214, 282
DFT, see Density functional theory
Diacetyl-2,3-bis(N4-methyl-3-

thiosemicarbazone), see ATSM
Diarrhea, 463
Diethylenetriaminepentaacetic acid, see

(DTPA)
Dioxygen, 438, 440–443, 446
Dipicolylamine (DPA), 94, 117, 205, 206, 262,

427, 439, 440
Direct current magnetometry, 276
Diseases (see also individual names), 7, 21, 28,

41, 46, 72, 90, 159, 164, 204, 321, 339,
348, 361, 429, 458, 473, 474, 476

Alzheimer’s, 119, 209, 219–221, 319, 360,
406, 438, 440, 448

cardiovascular, 3, 473
chronic, 278, 461

heart, 63
inflammatory, 361
kidney, 47
neurodegenerative, 32, 219, 360, 406, 416,

438–450
Parkinson’s (PD), 73, 319, 406, 438, 440,

444, 446, 447
Disulfide bond, 261, 351, 358
Dithiocarbamate (dtc), 210, 211, 217, 218, 224,

225
DNA, 120, 349, 352, 353, 361, 362, 375, 381, 387

damage, 323, 350, 351, 390
replication, 349, 350, 352

DO2PA (1,4,7,10-tetraazacyclododecane-1,7-
dipicolinic acid), 329, 331

DO3A (1,4,7,10-tetraazacyclododecane-1,4,7-
triacetic acid), 44, 46, 48, 50, 53, 55, 57,
58, 60, 79, 113, 117, 120, 143, 162, 248,
251, 259, 261, 262, 329, 331, 349–353,
355, 356, 361

structures, 54, 59, 164, 177, 247, 350, 351
Dopamine, 385, 444–447
DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid), 4, 6, 22, 44, 46, 48, 50,
55, 56, 58, 60, 61, 63, 79, 80, 83, 85–87,
107, 112–117, 119, 121, 128, 143, 162,
163, 165–172, 174, 176, 178, 212, 246,
248, 250, 251, 252, 255, 256, 259–262,
317, 321, 322, 326–328, 330–334, 336–
339, 349, 355, 356, 388–390, 427

structures, 54, 59, 82, 164, 175, 247, 325,
332, 356

DOTAGA, 162, 165, 171
structure, 164

DOTAM-TATE (1,4,7,10-
tetraazacyclododecane-1,4,7-
triacetamide-Tyr3-octreotate), 336

DOTANOC ([DOTA,1-Nal3]octreotide), 178,
336

Dotarem (gadoterate), 4, 44
DOTATATE (DOTA-(Tyr3)-octreotate), 166,

168, 184, 316, 319, 322, 336
structure, 165

DOTATOC (DOTA-D-Phe1-Try3-
octreotide), 172, 174, 319, 321, 322, 336,
337

structure, 165
DOTMA (a,a′,a″,a‴-tetramethyl-1,4,7,10-

tetraazacyclododecane-1,4,7,10-
tetraacetic acid), 331, 334

DOTP (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetrakis(methylenephosphonic) acid), 6,
16, 63, 326

structure, 325
DOTPI (1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetrakis[methylene(2-
carboxyethylphosphinic acid)]), 326
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Doxorubicin (DOX), 217, 222, 311, 349–351,
357–360, 363, 377, 384, 385, 387, 473,
476

DPA, see Dipicolylamine
Drugs (see also individual names), 3, 41, 47, 72,

229, 278, 304, 307, 351–353, 360, 361,
363, 377, 406, 444, 469, 476

anticancer (see also individual names), 41,
180, 349, 352, 355, 358, 360, 363, 373,
374, 379, 404, 405, 412, 413, 415, 416,
420

conjugates, 349, 350, 352
delivery, 272, 291, 348, 363, 375, 377, 385,

387, 390, 474, 476, 477
DTPA (diethylenetriaminepentaacetic acid), 9,

11, 44, 46–48, 50, 51, 53, 55, 56, 61, 78,
80, 87, 94, 162, 174, 176, 178, 179, 181,
204, 214, 256, 260, 261, 285, 317, 324,
328–330, 333, 335, 349, 353–356, 358,
360, 361, 471, 472

structure, 180, 247
Dual energy contrast-enhanced mammography

(DEM), 459, 462, 466, 467, 476
Dyes, 140, 142, 220, 289, 362, 372,–374, 387,

406–408
Alexa, 140
antenna, 140, 141
Cy5.5, 289
Eurotracker®, 138, 141, 142
fluorescent, 121, 140, 363, 431
lanthanide-based, 139, 141, 143
near-infrared, 289, 361, 431
structures, 142

Dynamic light scattering (DLS), 277, 304
Dynamic nuclear polarization (DNP), 62
Dysprosium (Dy)

Dy3C, 15, 16, 108–110, 115, 121, 123, 245,
248, 249, 251, 260, 261, 330

152Dy, 178

E

EDTA (ethylenediaminetetraacetic acid), 62,
75, 77–79, 83, 87, 91, 94, 162, 170, 181,
324, 326–328, 330, 333

structure, 167, 325
EDTMP (ethylenediamine-tetrakis

(methylenephosphonic) acid), 324, 328
EGFR, see Epidermal growth factor receptor
EGTA (ethylene glycol tetraacetic acid), 94,

261
Electron microscopy

high resolution (HR-TEM), 276, 277
transmission (TEM), 223, 276, 277, 304,

305, 464, 468, 470
Endoplasmic reticulum, 141, 389, 404, 406, 418–

420

Energy transfer, 137, 139, 141, 143–146, 148,
149–151, 289, 379, 385–387, 390, 415

Enterobactin, 179
structure, 180

Epidermal growth factor receptor
(EGFR), 172, 174, 318, 338, 430, 473

human, 183, 212, 303–310, 318, 338, 339,
430

Erbium (Er)
Er(III)/Er3C, 109, 110, 248, 250, 385, 386

Escherichia coli, 376, 429
Ethoxybenzyl (EOB), 44, 46, 47, 50, 78
Ethylene glycol tetraacetic acid, see EGTA
Ethylenediaminetetraacetic acid, see EDTA
Ethylenediamine-

tetrakis(methylenephosphonic)
acid, see EDTM

Europium (Eu), 12–4, 144, 146, 150–152, 359
Eu(III)/Eu3C, 28, 110, 113, 114, 117, 119,

121, 138, 140–142, 250, 289
Eu(DO3A), 120
Eu(DOTA), 107, 331, 390
Eu(DOTMA), 331

European Medicines Agency (EMA), 47
Eurotracker® dye, see Dyes
Extended X-ray absorption fine structure

(EXAFS), 51, 276

F

Fatty acids, 256, 317, 318
FDA, see Food and Drug Administration
FDG, see Fluorodeoxyglucose
Fibrin, 7, 473
Fluoresceins, 139–141, 262, 439, 440, 443, 447
Fluorescence/Fluorescent, 28, 95, 140, 141, 144,

206, 260–262, 405, 406, 408, 419, 420,
426, 429, 440,

dyes (see also individual names), 94, 121,
140, 363

microscopy, 206, 230, 351, 404
near-infrared (NIRF), 289, 290, 361, 375,

377, 431, 447, 467
quenching, 442–444, 448
probes, 3, 26, 31, 139, 141, 378, 404, 439–

451
sensing, 444–447

Fluorescence imaging (FLI), 29–31, 87, 204,
272, 289, 302, 303, 306, 307, 351, 357,
359, 360, 373–379, 381, 409, 429, 449

FLI/MRI, 29, 351
FLI/PET, 29–31
optical (OI), 272, 287, 289, 290

Fluorine (F)
18F, 6, 58, 158, 159, 169, 183, 219, 225, 318,

320, 322, 323, 336–339
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18FDG (2-[18F]fluoro-2-deoxy-D-
glucose), 159, 166, 317, 319, 338

19F, 13, 16, 31, 58, 61, 62, 225, 239–266
19F magnetic resonance imaging (19F

MRI), 6, 239–266
Fluorodeoxyglucose (FDG), 159, 166, 317, 319,

338
Fluorophores, 139–141, 204, 372, 375, 377, 404,

405, 415, 439–446
aggregation-induced emission, 429
BODIPY, 442, 443
caged, 441, 447

5-Fluorouracil (5-FU), 374, 387
Food and Drug Administration (FDA), 4, 8, 11,

18, 47, 166, 169, 184, 214, 223, 278, 317–
319, 335–338, 352, 355, 459, 471, 473

Förster energy transfer, 144, 148

G

Gadolinium (Gd), 3–10, 21, 301, 462, 471, 472
accumulation, 40, 46, 48, 57, 60, 72
-based nanoparticles, 356, 357
oxide (Gd2O3), 16, 283, 357, 359
toxicity, 44

Gadolinium(III)/Gd3C, 6, 10, 11, 41–48, 51–63,
72–77, 81, 86, 89, 95, 102, 107–110, 114,
123, 242–246, 250–252, 256, 257, 259–
263, 265, 279, 283, 289, 326, 330, 348–
363, 427–429

-dendrimer theranostics, 56, 359, 360
Gd3C/18F MRI/PET, 6
Gd3C/19F MRI/MRSI, 6
-graphene oxide theranostics, 358
-Pt(II), 353, 355
-Pt(IV), 353, 355
speciation, 4, 8, 47, 51, 53, 63
-texaphyrin theranostic, 351
toxicity, 41, 44, 46, 48, 72, 95, 102, 356–358

Gadolinium-based contrast agents/complexes
(GBCAs/GDBCs, see also individual
names), 3–10, 12, 18, 22, 29, 31, 40–51,
53, 56, 72, 348, 349, 427, 471

Gd(AAZTA), 55
Gd(DTPA), 11, 46, 47, 48, 56, 61, 80, 260,

261, 285, 333, 349, 353, 355, 356, 358,
360, 361, 471

Gd(BOPTA) (gadobenate Multihance), 4,
44, 46, 47, 50

Gd(BT-DO3A) (gadobutrol Gadovist), 44,
46, 48, 50

Gd(CyAAZTA), 53, 54
Gd(DO3A), 53, 55, 58, 60, 349, 351–353,

355, 356, 361
Gd-DO3A-MTX, 352
Gd(DOTA) (gadoterate Dotarem), 4, 6, 44,

46, 48, 50, 58, 60, 61, 355, 356

Gd(DOTP)5–, 6
Gd(DTPA) (gadopentetate Magnevist), 4,

11, 44
Gd(DTPA-BMA)

(gadodiamide Omniscan), 9, 44, 46, 47,
50, 51

Gd(DTPA-BMEA)
(gadoversetamide Optimark), 46, 47, 50

Gd(EOB-DTPA) (gadoxetate Primovist),
44, 46, 47, 50, 78

Gd(EPTPA), 56
Gd(HP-DO3A) (gadoteridol ProHance), 4,

44, 46, 50
Gd(MS-325) (gadofosveset Ablavar), 44, 50
Gd(OCTAPA), 53
macrocyclic, 3, 8, 10, 44, 47, 48, 50, 51
structures, 4, 45, 350, 351, 354, 356, 427–429

β-Galactosidase, 61, 119, 260
Gallates, 379
Gallium (Ga), 163, 164, 211
Gallium(III)/Ga3C, 163, 256, 257, 324, 326, 327,

328, 331, 333, 334
bisulfonated corroles, 301–303, 305–308
64Cu/68Ga, 336
66/67Ga, 320
67Ga, 19
68Ga, 19, 21, 29, 58, 161–166, 169, 172, 184,

197, 218, 219, 289, 320, 322, 323, 326,
338

68Ga-ABY-025, 339
68Ga(DOTANOC), 336
68Ga(DOTATATE) (Netspot™), 166, 168,

184, 319, 336
68Ga(DOTATOC), 319, 322, 336
68Ga(NODAGA)-JR11, 336
68Ga(PSMA-11), 164, 165, 172, 174, 178,

337
68Ga(THP-PSMA), 338
68Ga/177Lu(PSMA-617), 338
68Ga generator, 163
68Ge/68Ga generator, 163, 184, 197, 320,

336
complex structures, 165
Ga(AAZTA), 162, 326–328, 334
Ga(CDTA), 162, 327, 328
Ga(CHX-DTPA), 162
Ga(CyAAZTA), 328, 334
Ga(DEDPA), 324, 328, 333
Ga(DFO), 162, 163, 327–330
Ga(DO3A), 162, 261, 328
Ga(DOTA), 162, 163, 165, 166, 326, 328,

330, 331
Ga(DOTAGA), 162, 165, 328
Ga(DTPA), 162, 328, 330
Ga(EDTA), 162, 324, 327, 328
Ga(EDTMP), 324, 328
Ga(EHPG), 328
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Ga(HBED), 162, 165, 324, 328
Ga(NOTA), 162, 328
Ga(NOTP), 162, 328
Ga(PIDAZTA), 328
Ga(THP), 162
Ga(TRAP), 162

Gallogermanates, 379
zinc, 378

Gastrin-releasing peptide receptor
(GRPR), 168, 207, 208

Gastrointestinal tract (GI), 429, 461–463, 467,
476

cancer, 317
GBCAs/GDBCs, see Gadolinium-based contrast

agents/complexes
Gemcitabine, 357, 360
Generators

225Ac/213Bi, 322
68Ga, 163
68Ge/68Ga, 163, 184, 197, 320, 336
99Mo, 159, 199
99Mo/99mTc, 18, 196–200
1O2, 381, 385
44Ti/44Sc, 172, 320
188W/188Re, 197, 199
62Zn/62Cu, 161, 166

Germanium (Ge)
68Ge, 161, 163
68Ge/68Ga generator, 163, 184, 197, 320, 336

Giardia cyst cells, 388
Glioblastoma, 168, 290, 430
Glioma cancer, 121, 318, 322, 352
Glomerular filtration rate (GFR), 8, 18, 44,
Glutamate, 445–447
Glutathione (GSH), 90, 91, 119, 261, 377, 378,

381, 387
Gold (Au), 25, 302, 379, 386, 478, 461–463, 467

AuI, 381
AuIII, 375
nanoclusters (AuNCs), 373–375, 473
nanoparticles (AuNPs), 24, 25, 204, 223, 224,

373, 374, 458, 463–465, 473, 474, 476
nanorods (AuNRs), 357, 374

Gram-negative bacteria, 427–429
Gram-positive bacteria, 427–429
Graphene oxide (GO), 358
GRPR, see Gastrin-releasing peptide receptor

H

H22 cells, 377
HBED (N,N′-bis(2-

hydroxybenzyl)ethylenediamine-N,N′-
diacetic acid), 91, 162, 163, 165, 324, 327,
328

structure, 88, 164, 325

Head
cancer, 182, 317

Heart, 10, 209, 210, 288, 304, 307, 309, 310, 311,
446, 465

disease, 63
imaging, 216, 217

HeLa cells, 302, 374–378, 381, 382, 384, 387, 388
Helicobacter pylori, 429
HepG2 cells, 285, 384, 388, 389
HepG3 cells, 381
HER2, see Human epidermal growth factor

receptor 2
HER3, see Human epidermal growth factor

receptor 3
Herceptin receptor 2 (HER2), see Human

epidermal growth factor receptor 2
Herceptin® (Trastuzumab), see Human

epidermal growth factor receptor 2
High performance liquid chromatography

(HPLC), 203, 215, 223
High resolution electron microscopy (HR-

TEM), 206, 276, 277
Histamine Blue, 448
HK-2 cells, 389
HL-7702 cells, 381
Holmium (Ho)

HoIII/Ho3C, 109, 110, 244, 245, 248, 260, 262,
385

166Ho3C, 6
HOPO, see Hydroxypyridinones
HOX, see 8-Hydroxyquinoline
HPLC, see High performance liquid

chromatography
HSA, see Human serum albumin
Human epidermal growth factor receptor 2

(HER2), 183, 212, 307, 309, 310, 318, 338,
339, 430

Human epidermal growth factor receptor 3
(HER3), 303, 304, 306–310

Human serum albumin (HSA), 44, 56, 60, 77, 78,
81, 83, 85, 89, 121, 179, 302, 303

Hydrazine, 79, 211
Hydrogen

1H, 16, 42, 102, 106, 112, 124, 240, 261
1H ENDOR, 74
1H MRI, 62, 240, 242, 251, 259, 263–265
1H NMR, 111, 113, 122, 262
1H NMRD, 89
1H paraCEST, 251, 257, 259
1H/19F MRI, 251, 259, 260, 263–265
1H MRI/19F NMR, 61, 251

Hydrogen peroxide (H2O2), 90, 92, 93, 255, 262,
377, 387

Hydroquinone, 120, 410
4-Hydroxy/amino-2,2,6,6-tetramethylpiperidine-

N-oxyl, see TEMPO

 EBSCOhost - printed on 2/13/2023 8:07 AM via . All use subject to https://www.ebsco.com/terms-of-use



494 SUBJECT INDEX

Hydroxyl
group, 93, 113, 114, 120, 124, 126, 127, 128,

215, 445, 463
radical, 11, 287

Hydroxylamine, 119, 183
β-Hydroxylase, 446
Hydroxypyridinones (HOPO), 181, 320, 324

structures, 182, 325
tris-, 162, 163, 338

8-Hydroxyquinoline (HOX), 324, 327, 329, 330,
333

Hypericin, 357
Hypertension, 446
Hyperthermia, 272, 291, 379

magnetic, 278, 362, 363, 430
Hypoxia, 40, 59, 168, 184, 317, 363, 410–412, 418,

420

I

ICP-AES, see Inductively coupled plasma atomic
emission spectroscopy

ICP-MS, see Inductively coupled plasma mass
spectrometry

IGF, see Insulin-like growth factor-1
Impaired renal function, 3, 8, 18, 41, 46, 72
Indium (In)

111In3C, 19, 166, 219, 324, 326, 336, 338–340
111In-DOTA, 212
111In-labeled antibody, 323
111In-labeled affibody, 212
111In-labeled Trastuzamab, 328
In(DFO), 329, 330

Indole group, 79, 404
Inductively coupled plasma atomic emission

spectroscopy (ICP-AES), 50
Inductively coupled plasma mass spectrometry

(ICP-MS), 9, 50, 51, 63, 222
Infection, 166, 301, 425, 426, 428, 430, 444, 469
Inflammation, 116, 159, 278, 317, 361, 426
Infrared (IR), 358

fluorescence, see Fluorescence
near- (NIR), 138, 139, 289, 355–362, 374–379,

381, 382, 385, 388–390, 406, 431, 440, 467,
476

spectroscopy, 139, 276, 277
Insulin-like growth factor-1 (IGF), 212
Intracellular trafficking, 303, 306
Iodinated contrast agents, 22, 458, 459, 462–464,

467, 469, 471, 473, 476
Iodine (I), 22, 23, 25, 458, 461–467, 469, 471, 472

123I, 339
123I-Iobenguane/MIBG, 316, 337
123/124I, 339
124I, 339
124/131I, 340

131I, 339
131I-MIBG (Azedra®), 316, 337
131I-MIP-1095, 338
131I-Iobenguane/MIBG, 337
131I-Tositumomab, 335

Ion exchange chromatography, 172, 178, 183
IONP, see Iron oxide nanoparticles
Iridium(III) (Ir(III)), 26, 381, 382

complexes, 403–420
structures, 407–419

Iron (Fe), 11, 18, 166, 272–291, 438, 443, 444, 448
Fe(II)/Fe2C, 11, 273, 442
Fe2C/3C, 48, 274
Fe(III)/Fe3C, 10, 11, 61, 62, 179, 273, 303, 442
Fe(III)-based contrast agents, 10–12
Fe(PyC3A)0/–, 12
bis-sulfonated corroles, 303, 308
fluorescent probes, 442, 443
imaging, 442
labile pool (LIP), 442, 443
sensing, 442–444
transport, 432

Iron oxide nanoparticles (IONP), 31, 204, 205,
223, 272–291, 348, 361, 362, 426, 429–431,
433, 467

superparamagnetic (SPIONs), 18, 19, 223,
279, 283, 289, 301, 362, 363, 429, 431

Irving-Williams series, 442
Isothermal calorimetry, 304
Isotopes (see also individual elements), 19, 21, 22,

31, 159, 161, 164–173, 175, 177–182, 184
list of, 161, 162
pairs, 322, 336
positron-emitting, 158, 159, 163
production, 158
radio-, see Radioisotopes and individual

elements
theranostic application, 176, 184, 316, 319–

323

K

Kidneys, 6, 8, 11, 13–15, 18, 40, 44, 46, 47, 50, 58,
72, 73, 89, 102, 165, 168, 174, 178, 201, 207,
321, 340, 356, 374, 389, 463, 464, 467

disease, 47, 278
Kläui ligand, 388

L

Lanthanides (Ln, see also individual elements), 3,
16, 22, 28, 32, 40, 48, 102, 104, 109, 110,
114, 123, 244, 379, 385–390

Ln(III)/Ln3C, 41, 48, 50, 106–114, 116, 119,
120, 121, 124, 128, 138, 139, 144, 214, 240,
243–252, 255, 257, 259, 265, 331, 333, 334
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Ln(III) amino-polycarboxylate complexes
(APC), 41, 48

Ln(AAZTA), 334
Ln(DO3A), 259, 262
Ln(DOTA), 113, 116, 121, 250, 251, 259
Ln(NOTA), 334
Ln(PCTA), 331
-based contrast agents, 471–473
-based dyes, 139, 141, 143
-based paraCEST agents, 112, 114, 118, 120,

123, 128
complexes, 104–122, 123, 137–152, 246–252,

255, 328, 330, 331, 333, 334
complex structures, 112, 118, 142, 145, 146,

148–150, 247
-containing nanoparticles (LnNPs), 25, 28,

357, 358, 384, 385
luminescence, 138–141, 146–148
pseudo- (see also individual elements), 172,

175
radio-, 324
toxicity, 128, 471

Lanthanum (La), 172, 176, 471
132La3C, 161, 176
135La3C, 176
132/135La3C, 176, 177
isotopes, 176, 177, 184

Lactate, 16, 120, 262
β-Lactamase, 61, 260
Lead (Pb)

212Pb, 322, 336, 339
212Pb(DOTA-trastuzumab), 322
212Pb(DOTAMTATE), 336
sulfide nanoparticles, 358
PbS quantum dots, 376, 377

Leukemias, 169
Ligant-to-metal charge transfer (LMCT), 144,

146, 380
Linear

chelators, 3, 8, 40, 46, 48, 54, 72, 75, 77–79,
203, 324, 359

GBCAs, 3, 4, 8, 10, 11, 40, 41, 46–48, 51, 55,
73, 356

LIP, see Labile iron pool
LipoCEST agents, 121–123
Liposomes, 58, 73, 85, 121, 122, 359, 361
Liver, 44, 60, 63, 73, 78, 89, 120, 167, 168, 177,

179, 181, 183, 212, 214, 217, 278, 283, 285,
304, 307, 322, 337, 363, 382, 387, 464

cancer/tumor, 16, 18, 78, 80, 283, 285, 351,
382, 430

imaging, 10, 18, 47, 80, 179, 288, 464, 471
LO2 cells, 382
Localized surface plasmon resonance, 357, 373,

374, 476
Long-term cell labelling, 240, 262, 263
Lumenhance, 73

Luminescence
imaging, 317–391
near infrared, 379, 385, 388, 389

Luminophores, 373, 374, 376, 379, 390
Lung, 183, 212, 219, 336, 363, 465

cancer/tumor, 168, 317, 339, 379, 381, 382,
412, 465, 473

imaging, 14, 203
Lutathera® (177Lu(DOTATATE)), 166, 184, 316,

322, 336
Lutetium (Lu), 23, 175, 471

Lu3C, 246, 320, 326
177Lu, 21, 178, 219, 320, 321–323, 326, 336,

339, 340
177Lu(CCT1403), 338
177Lu(DOTA), 337, 338
177Lu(DOTATATE) (Lutathera®), 166, 184,

316, 322, 336
177Lu(OPS201), 337
177Lu(PSMA-617), 317, 322, 338
177Lu(PSMA-R2), 338

Lymphomas, 336
non-Hodgkin’s, 169, 183, 317, 335

Lymphoseek®, 214, 318
Lysosome, 141, 278, 306, 382, 389, 404, 405, 409,

412, 413, 416, 417, 420
Lysyl oxidase, 7

M

Macrocyclic
chelators/contrast agents (see also individual

names), 3, 4, 8, 11, 41, 48, 54, 61, 72, 77,
79, 81, 85, 87, 111, 114, 121, 124, 128, 163,
166, 171, 174, 217, 220, 246, 301, 324, 326–
328, 330, 331, 333, 334, 336

GBCAs, 3, 8, 10, 44, 47, 48, 50, 51
MAG3, see Mercaptoacetyl-glycine-glycine-

glycine
Maghemite, 273, 274, 277
Magnesium (Mg)

Mg2C, 261, 439
Magnetic nanoparticles, 205, 276, 278–280, 282,

289, 429
Magnetic particle imaging (MPI), 272–288, 290,

348, 349, 362–364
MPI/MRI, 272, 288
theranostics, 362–364

Magnetic resonance (MR), 348, 353, 355, 356,
429, 432

angiography, 44, 78, 282, 285, 287, 469, 471
CT/MR, 473, 476
PET/MR, 184
theranostics, 31, 350–352, 357–364

Magnetic resonance imaging (MRI), 2, 3, 40–42,
72–95, 101–104, 204, 240, 272–283, 288–
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301, 308, 310, 317, 348–353, 355–360, 362–
364, 378, 426, 432

13C MRS/MRI, 62, 63
19F MRI/MRS, 241, 245–247, 253, 255, 265
1H, 240, 242, 251, 259, 263–265
89Y MRI/MRS, 62, 63
contrast agents, 61, 63, 83, 72–95, 240, 241,

243, 245, 246, 248, 250–252, 257, 259, 263,
265, 283, 287, 289, 301, 308, 355, 357, 358,
430, 471

contrast-enhanced, 13, 47, 361, 425–428, 430–
433, 462, 467

DEM-CT, 467
19F, 6, 239–266, 359
FLI, 29
manganese-enhanced, 170, 171
MRI/CT, 22, 183, 289, 358
MRI/MPI, 272, 288
MRI/MRSI, 6, 240
MRI/NMR, 252, 256, 257
MRI/OI, 272
MRI/PET, 6, 21, 29, 58, 63, 204
MRI/PET/SPECT, 272, 273
SPECT/MRI, 204

Magnetic resonance spectroscopic imaging
(MRSI), 6, 15, 16, 31, 240

Magnetic resonance spectroscopy (MRS), 61,
240, 263, 348

19F, 260
Magnetite, 273, 274, 276, 283, 289, 430
Magneto-endosymbionts, 431, 432
Magnetometry, 276
Magneto-motive ultrasound imaging

(MMUS), 285
Magnetosome, 430–433
Magnetospirillum magneticum, 430, 431
Magnetotactic bacteria, 31, 430–433
Mammary carcinoma, 121
Mammography, 458, 462, 467

dual energy contrast-enhanced (DEM), 459,
462, 466, 467, 476

Manganese (Mn), 73, 95, 169
Mn(II)/Mn2C, 10–12, 72–75, 92, 93–95, 102,

124, 170, 243, 245, 252, 254, 255, 301, 326,
377, 379

Mn(III)/Mn3C, 11, 12, 72, 92, 303
51Mn, 161, 169, 170
52Mn, 170
52gMn, 161, 169, 170
52gMn-DOTA-TRC105, 170
52gMn-labeled antibody, 170
52mMn, 161, 169, 170
-enhanced magnetic resonance imaging

(MEMRI), 73, 170
MnAAZTA, 86, 87
Mn(DO2A), 83, 85, 87
MnDOTA, 85

MnDPDP (Mangafodipir), 10, 11, 18
MnDPDP (Teslacan®), 73, 86
MnDTPA, 87
MnEDTA, 75, 78
Mn(JED), 12
MnNOTA, 86
MnPCTA, 85
MnPhDTA, 78
Mn(PyC3A), 11, 80, 85
PET isotopes, 169
retention, 11

Manganese contrast agents (see also individual
names), 31, 72–95, 102, 300, 301, 348, 473

Mn(II), 10, 11, 61, 62, 73–75, 77, 79–81, 83,
85–87, 89, 90, 94, 95, 162, 167, 170, 256,
257, 262, 283, 321, 348

Mn(III), 11, 87
Mn(II)/Mn(III), 3, 61, 90–92, 262
structures, 76, 82, 84, 88

MCF-7 cells, 121, 375, 378, 385, 387, 407
MDA-MB-31 cells, 385, 387
MDA-MB-231 cells, 302, 376, 382, 383
MDA-MB-435 cells, 302, 307–309
Melanoma, 94, 117, 226, 303, 317, 430, 474
Mercaptoacetyl-glycine-glycine-glycine

(MAG3), 207
6-Mercaptopurine (6-MP), 377
Mesoporous silica nanoparticles (MSNs), 348,

357, 359, 374, 379
Meta-iodo-benzylguanidine (MIBG)

123I, 316, 337
Metabolism

amino acid, 318
cell, 372, 416, 420

Metal-to-ligand charge transfer (MLCT)
Metastasis (metastatic), 80, 164, 166, 178, 182,

183, 219, 290, 317, 324, 337, 339, 375, 417
brain cancer, 317, 318
breast cancer, 182, 307, 338, 339, 431
colorectal cancer, 339
liver tumors, 283, 351
lung cancer, 379
neuroendocrine tumor, 336
prostate cancer, 178, 219, 321, 338

Methotrexate (MTX), 350, 352
Methylenediphosphate (MDP), 225, 318
MIBG, see Meta-iodo-benzylguanidine
Micelles, 58, 79, 85, 204, 205, 241, 256, 263, 361
Microscopy

circularly polarized luminescence (CPL), 28
confocal, 206, 220, 381, 382, 390
fluorescence, 206, 230, 351, 404
high-resolution transmission electron (HR-

TEM), 206, 276, 277
phosphorescence lifetime imaging

(PLIM), 409, 420
stimulated emission, 408
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stochastic optical reconstruction, 408
structured illumination (SIM), 408
two-photon excited phosphorescence lifetime

imaging (TPPLIM), 408, 414, 415
transmission electron (TEM), 223, 276, 277,

304, 305, 464, 468, 470
Mitochondria(l), 32, 141, 222, 382, 384, 404–416,

420
imaging agents, 407–416
membrane potential (MMP), 306, 408

Mitophagy, 413
Molecular

dynamics, 304, 307
imaging, 2, 3, 31, 61, 62, 102, 128, 138, 196,

201, 220, 221, 223, 225, 272, , 273, 283, 289,
340, 363, 458, 459, 473

probe/complex, 2, 13, 29, 31, 56, 90, 121, 138,
139, 141, 240, 242, 243, 247, 253, 388, 410

target, 5–7, 25, 32, 204, 207, 339
theranostics, 223–225, 336, 352
rotation, 242
tumbling, 242, 243, 250

Molybdenum (Mo), 462
98Mo, 200
99Mo, 198, 200
99Mo generator, 159, 199
99Mo/99mTc generator, 18, 196–200
100Mo, 198, 200
oxide, 476
disulfide, 358, 360, 377

Monoclonal antibody, 121, 323, 335, 338
Mössbauer spectroscopy, 276
MR, see Magnetic resonance
MRI, see Magnetic resonance imaging
MRS, see Magnetic resonance spectroscopy
MRSI, see Magnetic resonance spectroscopic

imaging
MSNs, see Mesoporous silica nanoparticles
MTX, see Methotrexate
Multimodal imaging probes, 2, 3, 6, 21, 25, 27, 28,

171, 184, 272, 273, 288–290, 353, 357, 358,
361–363, 374, 408, 429, 431

MXenes, 377, 378
quantum dots (MQDs), 378

Myocardial
imaging, 201, 208–210, 216, 217
toxicity, 11

Myoview®, 207, 216

N

NAD, see Nicotinamide adenine dinucleotide
Nanoclusters, 373–375, 430

Au, 374, 375
Au-Gd, 473
iron-oxide, 430

Nanodots (NDs), 362, 377
Nanomaterials, 223, 228, 282, 348, 349, 356–359,

361, 363, 377, 378, 425, 426, 428–430
Nanoparticles (NP), 16–18, 25, 28, 29, 121, 123,

204, 223, 225, 241, 258, 261, 322, 357–360,
376, 385, 458, 459, 467, 469, 473, 474, 476

Ag (AgNP), 467
Au (AuNP), 24, 25, 204, 223, 224, 348, 357,

358, 373, 374, 458, 463–465, 473, 474, 476
Bi, 358, 469, 470, 473, 475. 476

corrole, 300–311
Gd-based, 356, 357
iron-oxide (IONP), 31, 204, 223, 272–291,

348, 430, 431, 433, 467
Ln-containing (LnNPs), 25, 28, 357, 358, 384,

385
luminescent, 378, 379
mesoporous silica (MSNs), 348, 357, 359,

374, 379
perfluorocarbon (PFC), 256–258, 260, 261,

264, 265
polymer, 359, 360, 363, 374, 375
superparamagnetic iron-oxide (SPION), 18,

19, 301, 289, 362, 363, 429, 431
tantalum oxide (TaONP), 468, 469, 473
tin, 471
toxicity, 18, 273, 278, 290, 303, 358, 361, 364,

376, 377
Yb, 472

Near infrared (NIR), 26, 28, 138, 139, 289, 355–
362, 374–379, 381, 382, 385, 388, 389, 406,
408, 431, 440, 442, 476

Alzheimer’s dye, 449
fluorescence (NIRF), 289, 290, 361, 375, 377,

431, 447, 467
luminescence, 379, 385, 388, 389

Neodymium (Nd)
Nd3C, 108, 110, 117, 120

Neomycin, 427, 428
NeoTect® (99mTc-depreotide), 201, 203
Nephrogenic systemic fibrosis (NSF), 3, 8, 40, 41,

46–48, 50, 51, 72
Nephropathy, 459, 463, 467
Nephrotoxicity, 322
Netspot® (68Ga(DOTATATE)), 316, 319, 336
Neurodegenerative diseases, 32, 219, 360, 406,

416, 438–450
Neuroendocrine tumors (NET), 166, 168, 174,

184, 214, 318–321, 336, 337, 340
Neurotoxicity, 73, 301, 450
Neurotransmitters (see also individual

names), 336, 337, 438, 439, 444–447, 450
Newport Green (NG), 440
Nickel (Ni)

Ni(II)/Ni2C, 104, 124, 252, 254, 255, 259, 447,
448

58Ni(p,α)55Co cyclotron, 161, 171
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64Ni, 320
64Ni(p,n)64Cu cyclotron, 161, 166

Nicotinamide adenine dinucleotide (NAD), 90,
117

Nile Red, 448
Niobium (Nb), 179, 183

90Nb, 161, 183, 184
NIR, see Near infrared
NIRF, see Near-infrared fluorescence
Nitrates, 274
Nitrogen

15N, 62
NMR, see Nuclear magnetic resonance
NMRD, see Nuclear magnetic relaxation

dispersion
NODAGA (1,4,7,10-tetraazacyclododececane,1-

(glutaric acid)-4,7,10-triacetic acid), 336,
337, 339

NODAGA (1,4,7-triazacyclononane-1-glutaric
acid-4,7-diacetic acid), 171, 172

structure, 164
Non-Hodgkin’s lymphoma, 169, 183, 335
Noradrenaline, 336, 337, 445–447
NOTA (1,4,7-tetraazacyclononane-1,4,7-triacetic

acid), 326, 328, 330, 331, 334, 339
structure, 325

NOTA (4,7-triazacyclononane-1,4,7-triacetic
acid), 77, 79, 81, 86, 162, 163, 167–170,
171, 213, 214, 230

structure, 82, 164
NOTP (4,7-triazacyclononane-1,4,7-

tri(methylene phosphonic acid), 162, 163
structure, 164

NSF, see Nephrogenic systemic fibrosis
Nuclear magnetic relaxation dispersion

(NMRD), 74, 75, 81, 83, 86, 89
Nuclear magnetic resonance (NMR), 16, 42, 62,

63, 104, 106, 222, 265, 279, 432
CEST, 432
19F, 61, 240–265
1H, 61, 111, 113, 122
17O, 75, 81, 83, 86

O

Optical fluorescence imaging (OI), 272, 287, 289,
290

Osmium(II), 382
Osteosarcoma, 374
Ovarian cancer, 83, 303, 352, 361
OVCAR-3 cells, 182, 302
Oxazines, 140
Oxygen

1O2, see Singlet oxygen
17O NMR, see NMR

P

PAI, see Photoacoustic imaging
Palladium(II), 382, 462
PAMAM, see Polyamidoamine
Pancreas, 359
ParaCEST, see Paramagnetic chemical exchange

saturation transfer
Paramagnetic chemical exchange saturation

transfer (ParaCEST), 12–13, 31, 101–129,
251, 259

1H, 251, 257, 259
agents, 61, 106, 107, 109, 110, 112–128, 251

Paramagnetic relaxation enhancement
(PRE), 74, 90, 241, 243, 251, 254, 255, 257,
261, 262

Parkinson’s disease (PD), 73, 319, 406, 438, 440,
444, 446, 447

Pathogenic bacteria, 425, 426
PCTA (3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-

1(15),11,13-triene-3,6,9-triacetic
acid), 53, 55, 85, 87, 326, 329, 331, 334

PD, see Parkinson’s disease
PDT, see Photodynamic therapy
PEG, see Polyethylene glycol
Peptide receptor radionuclide therapy

(PRRT), 321, 336
Perfluorocarbon nanoparticles, 256–258, 260,

261, 264, 265
Persistent luminescent nanoparticles

(PLNPs), 378, 379
Pertechnetate ([99mTcO4]–), 198, 199, 201, 202,

209–211, 213, 215, 226, 228, 229
PET, see Positron emission tomography
PFC, see Perfluorocarbon
Pharmacokinetics, 6, 7, 16, 21, 25, 29, 58, 80, 89,

159, 164, 174, 176, 178, 211, 222, 224, 225,
278, 320, 348, 464, 476

Phenanthroline (phen), 381, 382
1,2-Phenylenediamido (PDA), 89, 94
Phosphate, 8, 46, 48, 50, 52, 55, 77, 120, 147, 262,

333
di-, 10, 11, 18, 73, 86, 262
methylenedi- (MDP), 225, 318

Phosphatidylserine, 206
Phosphorescence lifetime imaging microscopy

(PLIM), 409, 420
Phosphorescent imaging, 404–410, 412, 413, 415,

417, 420
Phosphorus (P)

31P, 16, 62, 240
Photoacoustic imaging (PAI), 272, 285, 287, 290,

359–362, 469
Photoactivated chemotherapy, 27, 28, 374
Photocytotoxicity, 382, 387, 388, 405, 419
Photodamage, 358, 374, 379
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Photodynamic therapy (PDT), 3, 27, 87, 225, 349,
353, 355–359, 361, 374, 379, 387, 405, 412,
415–417, 419

Photoinduced electron transfer, 439–441
Photon correlation spectroscopy (PCS), 276, 277
Photosensitizer (PS), 302, 353, 355–362, 375, 379,

387, 404, 412, 415, 419, 476
Photothermal therapy (PTT), 87, 357–359, 373–

375, 377–379, 469, 476
Phototoxicity, 356, 381, 405, 415, 417
Phthalocyanines, 89, 388
PIDAZTA (4-amino-4-

methylperhydropyrido[1,2-
a][1,4]diazepin-N,N′,N′-triacetic
acid), 327, 328, 334

Platinum (Pt)
anticancer drugs, 349, 352, 355, 360, 361
Gd(III)-Pt(II), 353, 355
Gd(III)-Pt(IV), 353, 355

PLIM, see Phosphorescence lifetime imaging
microscopy

Poly(ethyleneglycol), see PEG
Polyamidoamine (PAMAM), 121, 250
Polyethylene glycol (PEG), 78, 91, 250, 260, 262,

289, 358, 360, 376, 377, 390, 415, 429, 469
Polymer nanoparticles, 359, 360, 363, 374, 375
Porphyrins, 87–91, 94, 301, 349, 353, 355, 356, 361,

388
Positron emission tomography (PET), 2, 3, 6, 18,

19, 21, 25, 31, 32, 58, 158–183, 197, 204,
218, 219, 272, 288, 289, 316–340, 348, 388,
426

FDG/PET, 317, 335, 339
FLI/PET, 29–31, 289
MRI/PET/SPECT, 272, 273
MRI/NIRF/PET, 289, 290
PET/CT, 29, 158, 159, 178, 204, 218, 339, 461
PET/MRI, 6, 21, 29, 58, 63, 184, 204, 272, 289
PET/SPECT, 287, 322

Praseodymium (Pr)
Pr3C, 108, 110, 114, 117, 209

PRE, see Paramagnetic relaxation enhancement
Prostate

cancer, 63, 150, 164, 165, 168, 169, 207, 218,
219, 178, 317–322, 337–340, 360, 377, 414,
476

-specific membrane antigen (PSMA), 164,
165, 168, 172, 174, 176–178, 201, 204, 205,
217–219, 223, 226, 227, 317, 318, 322, 337,
338, 340

Proteins (see also individual names)
aggregated, 438, 448, 449

Proton exchange, 43, 113, 120, 127
optimization, 114–117

PRRT, see Peptide receptor radionuclide therapy
PS, see Photosentitizer
Pseudomonas aeruginosa, 166, 429

PSMA, see Prostate specific membrane antigen
PTT, see Photothermal therapy
Pyoverdine (PVD), 166
Pyrazoles, 126, 216
Pyrene, 149, 380

-TEMPO, 443

Q

QDs, see Quantum dots
Quadramet® (153Sm(EDTMP)), 317
Quadrupolar relaxation enhancement (QRE), 61
Quantum dots (QDs), 223, 289, 358, 374, 376–378

MXene, 378
Quinolone, 446
Quinone, 93, 120, 410

R

Radicals, 61
free, 121
hydroxyl, 11, 387
nitroxide, 119
TEMPO, 443

Radio-guided surgery, 219
Radiodiagnosis, 319, 323, 339
Radioisotopes (see also individual elements), 3,

19, 31, 158, 159, 171, 176,–178, 219, 300,
323, 324, 326, 333, 335, 340

PET, 158, 336, 337
therapeutic, 32, 317, 319
theranostic, 319, 339

Radionuclides (see also individual elements), 19,
21, 22, 159, 196–200, 204, 214, 219, 221,
226, 336

diagnostic, 323
theranostic, 225, 316, 317, 338
therapy, 158, 199, 200, 202, 203, 214, 221–223,

321
Radiopharmaceuticals, 20, 163, 196, 197, 199,

201–203, 206–229, 316–319, 323, 327, 333,
338, 340

structures, 201
Radiotherapy, 21, 169, 319, 336, 358, 469, 475, 476
Radiotoxicity, 323
Radiotracer, 31, 158, 159, 317, 318, 337
Radium (Ra)

223Ra, 317, 322
225Ra, 321
226Ra, 321

Raman spectroscopy, 63, 276, 277, 289, 290, 358
Rat, 73, 468, 469

blood, 251
brain, 93, 94, 432, 442
muscle, 251
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Rate constants, 46, 91, 115, 142, 261
RAW263 cells, 448
Reactive oxygen species (ROS), 90, 92, 262, 278,

355, 357, 375, 405, 410, 413, 415–417
Receptor targeting, 178, 223
Redox potential, 56, 60, 90, 102, 119, 127, 145,

255, 262
Redox-responsive contrast agents, 92, 106, 119,

261, 262, 359
Relaxation rates, 13, 42, 57, 74, 104, 106, 108, 109,

241, 242, 244, 245, 265, 279, 281, 427
Renal cancer, 339, 340
RES, see Reticuloendothelial system
Resins, 171–173, 175, 176, 179–181
Reticuloendothelial system (RES), 18, 214, 178
Rhenium (Re), 21, 196, 197, 200, 202, 209, 215,

217, 218, 220–225, 228–230
186Re, 197, 200, 214, 222
186/188Re, 196, 197, 202, 221, 222, 224
188Re, 199, 200, 221, 223–225
188W/188Re generator, 197, 199
99mTc/188Re, 219, 222

Rheumatoid arthritis, 352
Rhodamines, 139, 289, 440, 444, 445
Rhodium (Rh), 375, 443, 462
Rituximab (RTX), 183, 214, 221, 222, 224
RNA, 306, 350, 352, 376, 387
ROS, see Reactive oxygen species
Rose Bengal, 385, 388
RTX, see Rituximab
Rubidium (Rb)

82Rb, 19, 319
Ruthenium (Ru), 410

Ru(II), 26, 27, 355, 359, 382, 404

S

Salivary gland, 165, 212
Samarium (Sm)

SmIII, 390
Sarcophagine (SAR), 162, 168, 326, 336
SARTATE (1,8-diaminosarcofagine-Tyr3-

octreotate), 168, 169, 336
Scandium (Sc), 172–174, 184

Sc3C, 162, 173, 320, 330, 333
43Sc, 161, 172, 320
40Ca(α,p)43Sc cyclotron, 320
44Ca(p,n) 44Sc, 161, 173
44Sc, 161, 172–175, 320, 326, 328
44Sc-DOTATOC, 174
44Sc-PSMA-617, 174
44/43/47Sc, 322
44Sc/47Sc, 21
44Ti/44Sc generator, 172, 320
47Sc-DOTA, 174
47Sc, 320–322

Schiff base, 209, 257, 282
Selenides, 469

bismuth, 469
Semiconductor-based luminescent

nanoparticles, 376, 378
Seminaphthofluorescein, 440
Siderophores, 166, 179, 181, 324, 327, 444
Silicon (Si)

29Si, 62
Silver (Ag)

107/109Ag, 62
AgInS2, 377
nanoparticles (AgNP), 467
toxicity, 467

SIM, see Structured illumination microscopy
Single-photon emission-computed tomography

(SPECT), 2, 3, 18, 19, 159, 196, 272, 316
MRI/PET/SPECT, 272, 273
SPECT/CT, 2, 3, 18, 19, 159, 196, 272, 316
SPECT/MRI, 204

Singlet oxygen (1O2), 150, 302, 303, 356, 375, 387,
388, 405, 415–417, 419

1O2 generator, 379, 381, 385
Skin cancer, 359
Small-angle neutron scattering (SANS), 277
Smart contrast agents, 40, 41, 56, 57, 60, 62, 72,

90, 119, 257
Sodium (Na)

23Na, 240
Somatostatin receptor (SSR/SSTR), 166, 172,

176, 178, 203, 213–215, 318, 319, 336–338,
340

SPCCT, see Spectral photon-counting computed
tomography

SPECT, see Single-photon emission computed
tomography

Spectral photon-counting computed tomograpgy
(SPCCT)

spectral photon-counting (SPCCT), 462
SPION, see Superparamagnetic iron oxide

nanoparticle
Spleen, 18, 179, 212, 363, 387, 464
SSR/SSTR, see Somatostatin receptor
Stability constants, 51, 330
Staphylococcus aureus, 427, 429, 430, 432
Stem cells, 8, 206, 263, 285, 287, 363
Stimulated emission microscopy, 408
Stochastic optical reconstruction microscopy, 408
Stomach, 212
Streptomyces sp., 324
Strontium (Sr)

86Sr(p,n)86Y cyclotron, 161, 175
Structure-activity relationship, 92, 208, 406
Structured illumination microscopy (SIM), 408
Subcellular organelles (see also individual

names), 306, 307, 404, 406, 414–420, 430
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Sulfates
barium, 458, 459, 462

Sulfides
barium, 475

Sulfonated corroles
bis-sulfonated Fe(III), 303, 308
bis-sulfonated Ga(III), 301–303, 305–308
bis-sulfonated Mn(III), 303, 305, 307–311

Superoxide, 306, 307, 389
dismutase (SOD), 73, 85, 92

Superparamagnetic iron oxide nanoparticles
(SPIONs), 18, 19, 301, 289, 362, 363, 429,
431

T

T-cells, 473, 474
TACN (1,4,7-triazacyclononane), 62, 215, 259,

390
TACN-HP (1,4,7-triazacyclononane-1,4,7-tris(3-

hydroxy-6-pyridin-2-ylmethyl)), 329
TACN-TM (1,4,7-tris(2-mercaptoethyl)-1,4,7-

triazacyclononane), 329
TAG-72 (tumor-associated glycoprotein 72), 339
Tantalum oxide nanoparticles (TaONP), 468,

469, 473
Tau protein, 448–450
TCMC (1,4,7,10-tetraaza-1,4,7,10-tetra-(2-

carbamoylmethyl)cyclododecane), 322
Technetium (Tc), 31, 196–230

99Tc, 198, 199
99Tc/99mTc, 197, 199
99Mo/99mTc generators, 18, 196–200
99mTc, 18, 19, 41, 159, 196–230
99mTcI, 216
99mTcIII, 208
99mTcIV, 204
99mTcV, 204, 209
99mTcVII, 215, 216
[99mTcO4]–, 18, 198, 199, 201, 202, 207, 209,

210, 211, 213, 215, 226, 228, 229
fac-[99mTcI(CO)3]C core, 196, 204, 211, 213,

214, 216–220, 223, 224, 226, 228, 229
fac-[99mTcVIIO3]C core, 202, 215, 216
[O=99mTc=O]C core, 216, 220
[99mTcV≡N]2C core, 196, 209–211, 216, 218
[99mTcV=O]3C core, 196, 201, 207–209, 211–

213
99mTcO-depreotide (NeoTect®), 201, 203
99mTc-methyl diphosphonate (99mTc-

MDP), 225, 318
99mTc radiopharmaceuticals, 197, 202, 203,

216–222
99mTc-sestamibi (Cardiolite®), 216, 318

99mTc/188Re, 219, 222
100Mo(p,2n)99mTc, 200
complex structures, 201, 205, 208, 210, 217,

224, 227
Tellurium (Te), 462
Temperature-responsive contrast agents, 259, 379
TEMPO (4-hydroxy/amino-2,2,6,6-

tetramethylpiperidine-N-oxyl), 413, 414,
443

radical, 443
Terbium (Tb), 151, 172, 177, 178, 184

Tb(III)/Tb3C, 109, 110, 116, 138, 140, 141,
162, 248, 250

149Tb, 177, 178
149Tb-DOTANOC, 178
149/152Tb, 177
152Tb, 177, 178
152Tb-PSMA-617, 178
152Gd(p,n)152Tb, 161, 178
152Tb-DOTANOC, 178
152/161Tb, 322
155Gd(p,4n)152Tb, 161, 178
161Tb, 177
161Tb/155Tb, 21

TETA (1,4,8,11-tetraazacyclotetradecane-
1,4,8,11-tetraacetic acid), 162, 167–169,
326, 327, 329, 330

structure, 167, 325
1,4,8,11-Tetraazacyclododecane, see Cyclam
1,4,7,10-Tetraazacyclododecane, see Cyclen
1,4,7,10-Tetraazacyclododecane-1,4,7-triacetate,

see DO3A
1,4,7,10-Tetraazacyclododecane-1,4,7,10-

tetraacetate, see DOTA
(2,2,6,6-Tetramethylpiperidin-1-yl)oxy

(TEMPO), 413, 414, 443
Texaphyrins, 350, 351
Thallium (Tl)

201Tl, 19
203Tl(p,n)203Pb, 322

Theranostics (see also individual names)
AlphaMedix™, 336
AdreView™, 316, 337
Gd(III)-dendrimer, 56, 359, 360
Gd(III)-graphene oxide, 358
Gd(III)-texaphyrin, 351
123I-MBG, 360
isotope pairs, 316, 322

Therapy
anticancer, 58
photodynamic (PDT), 3, 27, 87, 225, 349,

353, 355–359, 361, 374, 379, 387, 405, 412,
415–417, 419

photothermal (PTT), 87, 357–359, 373–375,
377–379, 469, 476

Thioflavin-T, see ThT
Thiols, 60, 205
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Thiosemicarbazones, 168, 210, 211
Thorium (Th)

229Th, 321
232Th(p,2p6n)225Ac, 321

ThT (thioflavin-T), 220, 448
Thulium (Tm)

Tm3C, 16, 109, 110, 115, 116, 123, 248, 257,
260–262

TmDO3A, 119
TmDOTA, 115, 117, 119
Tm(DOTP)5–, 16

Thyroid, 170, 202
Tin (Sn), 471

Sn2C, 202, 207, 208
nanoparticles, 471
tin(IV) oxide, 471

Titanium (Ti)
Ti(IV), 179
Ti3C2, 378
44Ti, 172
45Ti, 179, 180, 181, 184
44Ti/44Sc generator, 172, 320
45Ti-DTPA, 179
45TiO-HSA, 179
45TiO-citrate, 179
45TiOCl2, 179
45TiO-phytate, 179
45Sc(p,2n)44Ti, 161, 172
45Sc(p,n)45Ti, 161, 179
45Sc(d,2n)45Ti, 161, 179

Tobacco mosaic virus, 362
Topoisomerases, 222, 349–351
Tositumomab

131I-, 335
Toxicity, 19, 91, 123, 128, 170, 256, 272, 273, 321,

448, 476, 477
bismuth, 469
cadmium, 377
cardio-, 309–311
cisplatin, 353
contrast agents, 10, 11, 25, 52, 86
cyto-, 225, 301, 302, 352, 353, 355, 372, 373,

377, 380–382, 385, 387, 388, 405, 407, 415,
419, 472

gadolinium, 41, 44, 46, 48, 72, 95, 102, 356–
358

lanthanide, 128, 471
nanoparticles, 18, 273, 278, 290, 303, 358, 361,

364, 376, 377
nephro-, 322
neuro-, 73, 301, 450
photo-, 356, 381, 405, 415, 417
photocyto-, 382, 387, 388, 405, 419
radio-, 323
silver-induced, 467

TPPLIM, see Two-photon excited
phosphorescence lifetime imaging
microscopy

Transferrin, 48, 179, 302, 327
Transmission electron microscopy (TEM), 223,

276, 277, 304, 305, 464, 468, 470
high resolution (HR-TEM), 276, 277

TRAP (1,4,7-tetraazacyclononane-1,4,7-tris
(methylenephosphinic) acid), 162, 163,
326

structure, 164, 325
Trastuzamab

111In-labeled, 328
1,4,7-Triazacyclononane (tacn), 62, 215, 259, 329
1,4,7-Triazacyclononane-1-glutaric acid-4,7-

diacetic acid, see NODAGA
1,4,7-Triazacyclononane-1,4,7-triacetic acid, see

NOTA
4,7-Triazacyclononane-1,4,7-tri(methylene

phosphonic acid), see NOTP
Tricarbocyanine, 440
3,4,5-Tris(methoxymethyl)pyrazole (TMEOP),

216, 217
Tris(2-pyridylmethyl)amine, 441
Tryptophan, 404
Tumors (see also Cancer), 12, 16, 18, 21, 28, 29,

46, 58, 87, 119, 165, 172, 174, 177–183, 212,
214, 278, 283, 285, 290, 301, 303, 304, 306–
311, 316, 321–323, 338–340, 348, 349–352,
357–360, 363, 379, 382, 383, 385, 410, 415–
419, 430–432, 473–475

brain, 16, 46, 83, 290, 317, 318
imaging, 203, 218, 290, 372, 377, 383, 430,

464, 466, 467, 470, 473, 476
liver, 16, 18, 78, 80, 89, 181, 183, 283, 285, 430
lung, 203, 473
metastasis, 178, 183, 290, 375, 379, 417
mouse models, 29, 78, 80, 83, 89, 121, 176,

179, 180, 208, 214, 290, 303, 307, 310, 311
neuroendocrine (NET), 166, 168, 174, 184,

214, 318–321, 336, 337, 340
targeting, 300, 307–309, 350, 351, 355–360,

363, 426, 430, 431, 467, 473, 352, 374–376,
379, 382, 430, 431, 466, 475

Tungsten (W), 469, 471
186W, 199, 200
186W(d,2n)186Re, 200
186W(p,n)186Re, 200
[188WO4]2–, 199
188W/188Re generator, 197, 199

Two-photon
absorption (TPA), 356, 374, 385, 390, 415
excitation, 143, 355, 374, 390
excited luminescence (TPEL), 374, 377, 390
excited phosphorescence lifetime imaging

microscopy (TPPLIM), 408, 414, 415
luminescence, 358
phosphorescence, 408, 410

Tykerb® (Lapatinib), 307
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U

Uranium (U)
235U, 198, 200

UCNPs, see Up-converting nanoparticles
Ultrasound imaging (US), 204, 272, 285, 287, 289,

290, 348, 359, 360
Up-converting nanoparticles (UCNPs), 386, 387
Urokinase plasminogen activator (uPA), 119

V

Vitamin B12 (cobalamin), 301

X

Xenon (Xe)
129Xe, 432

X-ray, 2, 255, 379, 385, 458–475
absorption, 22, 358, 461, 463, 469
angiography, 471
computed tomography (CT), 2, 22, 23, 32, 75,

272, 276, 357, 358, 461, 468
contrast agents, 458, 459, 461, 463, 469, 471,

473, 474, 476, 477
diffraction (XRD), 251, 252, 275, 276
imaging, 458–463, 467, 468, 471–476
luminescence, 385
production, 459
spectroscopy, 276
structures, 79, 222

Xofigo® (223RaCl2), 317

Y

Ytterbium (Yb), 143, 144, 150, 175, 461, 471, 472,
476

YbIII/Yb3C, 28, 110, 113, 114, 150, 388, 390
YbIII/ErIII, 385, 386
YbDO3A, 117, 120
YbDOTA-monoamide, 114
Yb-DTPA, 472
nanoparticles, 472, 473
ZnII/YbIII, 388

Yttrium (Y)
Y3C, 162, 246, 248, 251, 261, 326, 330, 333
86Y, 6, 21, 29, 161, 175, 176
86Y-1B4M-DTPA-trastuzamab, 176
86Y-CHX-A″-DTPA-panitumumab, 176
86/90Y, 176, 322
86Sr(p,n)86Y, 161, 175
89Y, 62, 63
89Y(p,n)89Zr, 161, 181
89Y(p,4n)86Zr, 161
89Y(DOTP), 63
90Y, 21, 175, 176, 183, 321, 323, 335, 336, 339,

340
90Y(DOTATOC), 321
90Y-Ibritumomab, 335
177Lu/90Y(DOTATOC), 336
Y(DTPA), 333

Z

Zebrafish, 382, 383, 410
Zevalin® (90Y-DTPA-Ibritumomab), 183, 335,

336
Zinc (Zn), 94, 95, 146, 164, 355, 377, 438, 445, 448

Zn0, 207, 228
Zn(II)/Zn2C, 5, 26, 48, 50, 52, 62, 73, 79, 80,

83, 86, 92, 94, 95, 117, 226, 252, 261, 262,
333, 356, 387, 388, 389, 409, 439, 440, 449

62Zn/62Cu generator, 161, 166
68Zn(p,2n)67Cu, 321
68Zn(p,n)68Ga, 161, 163
complex structures, 439
fingers, 389, 390
gallate, 379
imaging, 439, 440
sensing, 387, 439, 440

Zinpyr (ZP), 95, 439, 440
Zirconium (Zr), 179, 181–183

Zr4C, 162, 324, 326, 330
86Zr, 175
89Zr, 170, 181, 182
89Zr-bevacizumab, 183
89Zr-DFO, 181
89Zr-HOPO, 181
89Zr-trastuzumab, 183
89Y(p,4n)86Zr, 161
89Y(p,n)89Zr, 161, 181
90Zr, 183
90Zr(p,n)90Nb, 161
Zr(DTPA), 181, 330
Zr(EDTA), 181, 330
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