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Engui Zhao, Hui Li, Xinggui Gu, Ben Zhong Tang
Chapter1
Introduction

As human living standard improves, healthcare and medicine have drawn increas-
ing attention from both scientists and ordinary people, which promote the rapid de-
velopment of advanced diagnostic and therapeutic techniques. Fluorescence, with
the advantages of real-time imaging, high sensitivity, superb spatial and temporal
resolution, and simple operation, has been employed for the development of novel
diagnostic and therapeutic techniques [1, 2]. Most conventional fluorescent materi-
als suffer from the aggregation-caused quenching (ACQ) effect, with bright emission
in their dilute solutions, but weak or completely quenched fluorescence at high
concentrations or in the aggregated state [3]. To avoid ACQ from taking effect, con-
ventional fluorescent materials are mostly utilized at low concentrations, which intro-
duce the problems of easy photobleaching, low imaging contrast, and unsatisfying
therapeutic performance, and greatly hamper their widespread application in the bio-
medical field.

Materials with aggregation-induced emission (AIE) characteristics perfectly over-
come these problems caused by the ACQ effect [3]. Since the concept of “aggregation-
induced emission” was first coined by Tang in 2001 [4], investigations on AIE have
been a hot topic in various research fields. Luminogens, with AIE attributes (AIE-
gens), exhibit no or weak emission in solutions, and intense fluorescence in the ag-
gregated state. Thus, they break the fetters that traditional luminescent materials
with ACQ properties encounter, solve the problems that bright emissions of lumino-
gens in dilute solutions face such as weakened or quenched when the luminogens
are concentrated or aggregated, and extend the real-world application of fluorescent
materials in energy, health, and environment [5]. The past two decades have wit-
nessed the blooming development of AlEgens in biological science and biomedical
applications due to their unique merits of anti-quenching, high brightness, excellent
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photostability, fluorescence turn-on fashion, and large Stokes shift [6—9]. These en-
thusiastic research efforts have resulted in many novel AlEgens with varied biomedical
applications, which can be classified into three aspects of biosensor [10], bioimaging
[11, 12] and biomedicine [13].

1.1 AlEgen-based biosensor

Many diseases are accompanied with abnormal activities and concentrations of bio-
markers or biomolecules, such as nucleic acids [14], enzymes [15], metal ions [16]
and bio-thiols [17]. Fluorescent biosensors are powerful analytical tools for these bi-
ological targets. Development of sensitive and selective fluorescent biosensors is of
great importance, which may contribute to the early diagnosis and effective treat-
ment of diseases. Thus, a large variety of luminogens, such as fluorescent proteins,
organic dyes, and quantum dots [18-20], have been developed and utilized for sens-
ing the quantity or activity of biological targets. In sensory applications, changes in
fluorescence intensity, wavelength, or lifetime of the sensors, upon interacting with
targets are the key outputs. Conventional luminogens with their rigid and coplanar
molecular structures are emissive in solutions, which may result in high background
fluorescence with low sensitivity, and add to the difficulty for sensor designs. In con-
trast, the novel AlEgens exhibit great practical benefits in sensory applications, which
permit the use of dye solutions at any concentration for bioassays and enable the de-
velopment of fluorescence “turn-on” biosensors by taking advantage of luminogen ag-
gregation processes [21]. The fluorescence “turn-on” feature of AIE biosensors offers
higher sensitivity and better accuracy over ACQ biosensors. Thus, a lot of outstanding
AlE-active biosensors have been constructed for the detection of biomolecules and bi-
omacromolecules, such as amino acid [22], glucose [23], ATP [24], nucleic acid [25],
protease [26], and disease-related proteins [27], with the features of high sensitivity,
fast response, high signal-to-noise ratio, and extremely low background fluorescence.
AlEgen-based fluorescent biosensors are commonly composed of AIE-active fluoro-
phores and functional units. Tetraphenylethene (TPE) and tetraphenylsilole (TPS), and
their modified derivatives account for a substantial portion of the fluorophores in AIE-
active biosensors [28]. In sensors, the functional units play an important role in inter-
acting with biological targets [29, 30]. Biomacromolecules, such as nucleic acids and
proteins, possess excellent biocompatibility and outstanding specificity, and are fre-
quently used as the functional units [31]. The combination of biomacromolecules and
AlEgens not only endows the biosensors with high specificity but also improves the
biological activity and water solubility of the probe for accurate and efficient bio-
sensing. In the chapter, Modular Nucleic Acid-Functionalized AIEgen Probes for Bio-
sensing Applications, we will introduce the design mechanism of modular nucleic
acid-functionalized AIEgen probes (MNAPs) and their biosensing applications.
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In the chapter, Peptide-AlEgen Conjugates for Biomedical Diagnosis and Bioimaging,
we will discuss the design of AlEgens with various kinds of peptide modifications and
their applications in biomedical diagnosis and bioimaging.

AlE-active sensors can also be constructed by taking advantages of their state
transition process — when interacting with specific targets, the fluorescence of AIE-
active sensors can be turned on upon switching AlEgens from the dispersive state
to the aggregated state. Another widely used strategy for sensing with AlEgens is
based on exploiting the reactions between the functional groups and the targets to
realize the fluorescence turn-on process. In the chapter, The Application of Click
Chemistry in the Design of Aggregation-Induced Emission Luminogens for Activity-
Based Sensing, we will expound AlEgen-active sensors based on the mechanism of
click chemistry.

Besides focusing on development of various AlEgen-based biosensors for recogniz-
ing and detecting different biomarkers, researchers also examined their feasibility in
clinical practice by rigorous evaluations and experimentation. Some researchers have
reported point-of-care in-vitro diagnostic (POC IVD) devices based on AIE biosensors,
which greatly promote the development of AIE-based biosensors for clinical applica-
tions [32]. In the chapter, Point-of-Care in vitro Diagnostics Devices Based on Aggre-
gation-Induced Emission Biosensors: Current Situation and Future Prospective, we
will describe the current status in the development of POC IVD devices, based on lu-
minescent materials, especially AIEgens.

1.2 AlEgen-based bioimaging

Cell is the constitutional and functional unit of organisms, which contains various
subcellular structures and organelles, such as cell membrane, nucleus, mitochon-
drion, lipid droplet, lysosome, and endoplasmic reticulum [33]. These subcellular
structures and organelles separate the cell into compartments, which form different
biological environments, and carry out various processes for maintaining cellular
homeostasis, including pH, viscosity, autophagy, mitophagy, and cellular apopto-
sis [11, 34]. In this sense, monitoring and understanding the morphologies, motions,
and changes of microenvironment and physiological parameters in cells and sub-
cellular organelles are of great importance for gaining insights into cell biology,
pathological mechanism, and cellular responsive mechanism to therapy.
Fluorescence imaging is a ready-to-use method in biological labs with advan-
tages of noninvasiveness, directness, and easy operation. By endowing targets
with fluorescence, it increases the contrast of our targets and discriminates our tar-
gets from their background, enabling scientists to visualize biological processes. AIE-
gens with the properties of excellent photostability, large Stokes shift, high signal-to-
noise ratio, superb resolution, and free of self-quenching effect, have thus been
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extensively employed for bioimaging, such as cell tracking [35, 36], subcellular or-
ganelle imaging (mitochondrion, lipid droplets, lysosome, nuclear, etc.) [37], and mi-
croenvironment analysis (pH, viscosity, ROS and enzymes, etc.) [38-40]. In the
chapters, AlEgens for Organelles Imaging and Biological Process Monitoring and
AlE-active 1,3-Butadiene-Based Biosensors and Bioimagings, we will illustrate the
applications of typical AlEgens in imaging organelles and monitoring their biological
processes. In the chapter, AlEgens for Intracellular Microenvironment Analysis, we
will show the applications of AlEgen-based sensors for intracellular microenviron-
ment analysis.

Besides, AIEgens are superior in in-situ monitoring biological processes such as
autophagy, mitophagy, mitochondrion-related dynamics, cell mitosis, long-term
cellular tracing, and apoptosis, which provide comprehensive insights into the
mechanism of life and pathogenesis of diseases, and precisely guide diagnosis and
therapy [34]. In the chapter, Engineering the Bioprobes with AIE Properties to Study
Tumor Hypoxia, we will present the design of hypoxia-responsive bioprobes based
on AlEgens for studying tumor hypoxia.

Bacteria visualization constitutes an important part of biological imaging. Bacte-
ria are diverse and ubiquitous in our daily life, especially in contaminated water and
food [41], but bacterial infections can be fatal and can seriously threaten the health
of people. Therefore, it is of vital importance to detect and identify bacteria in time,
which may contribute to further diagnosis and treatment of bacteria [42]. In the chap-
ter, AIE Probes for Bacterial Detection and Antibacterial Applications, we will sum-
marize AlEgen-based probes for detecting, identifying, and killing of bacteria.

Over the past decades, fluorescence imaging with fluorescence microscopy, espe-
cially confocal laser scanning microscopy (CLSM), have made substantial progress
[43]. However, due to optical diffraction, the lateral resolution of conventional fluo-
rescence imaging is limited to around 200 nm [44]. For subcellular structures smaller
than 200 nm, traditional fluorescence microscope only captures blurred images,
which are incapable of precisely revealing their structures. In order to overcome the
diffraction limit, super-resolution imaging techniques have been developed and con-
siderable progress has been made, which enable the acquisition of accurate and de-
tailed physiological information about the changes to cellular environment [45].
However, most of these super-resolution imaging techniques, including structured il-
lumination microscopy (SIM) [46], stimulated emission depletion (STED) [47], and
stochastic optical reconstruction microscopy (STORM) [48], raised higher demand on
the fluorescent probes. By virtue of the excellent photostability, large Stokes shift, and
superior biocompatibility of AlEgens, they have been extensively applied to super-
resolution imaging techniques, especially STED and STORM [49-51]. In the chapter,
AlE-Based Systems for Photoactivatable Imaging, Delivery, and Therapy, we will intro-
duce some photoactivatable AIEgen-based materials and their progress in bioimaging.
Besides, their applications in drug/gene delivery and therapy will also be covered.
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For in-vivo fluorescence imaging, low penetration depth, and tissue autofluor-
escence are two major hurdles, which prevent its clinical application. To overcome
these two hurdles, development of fluorescent materials with long wavelengths (espe-
cially those with far red/near infrared emission) and lifetimes are two practical ways;
thus, research effort has been devoted to the investigations on phosphorescence imag-
ing and photoacoustic imaging of blood vessel, tumor, and disease sites, as well as
long-term tracking of cancer and stem cells in vivo [52, 53]. In the chapter, NIR Aggre-
gate-Biohybrid Systems for Biomedical Applications, we will discuss the recent ad-
vancements of NIR aggregate-biohybrids for biomedical applications. In the chapter,
Fluorescent and Afterglow Luminescent AIE Dots for Biomedical Applications, we
will elaborate the advances of afterglow luminescent AIE dots for biomedical applica-
tions, including imaging, long-term tracking, image-guided surgery, and so on.

Besides, there have been lots of reports on advanced imaging techniques based
on AlIE-active bioprobes, including fluorescence-lifetime imaging (FLIM), with more
reliable and stable signals than that of common fluorescence microscopy [54], multi-
photon imaging with deeper tissue penetration, and less photo-damage to biological
structure than that of single-photon imaging [55, 56], and multimodality imaging
with two or more imaging modes and the superiority of high sensitivity, and deep
penetration [57]. In the chapter, High-Order Nonlinear Optical in vivo Microscopy
Based on AlEgens, we will overview the representative progress of AlEgens in high-
order nonlinear fluorescence (HONF) microscopic imaging. In the chapter, Advanced
Optical Imaging and Multimodality Imaging Based on AlEgens, we will focus on the
applications of AIEgen-based probes in various advanced imaging techniques.

1.3 AlEgen-based biomedicine

Many diseases, such as cancer, infectious diseases, amyloid diseases, diabetes, and
so on, have seriously affected people’s health and happiness [58]. Varied therapeutic
approaches, such as conventional chemotherapy, radiotherapy, and surgery, have
been developed to treat these diseases. However, these therapeutic approaches are
far from satisfying, with obvious weaknesses of drug resistance, high expense, com-
plex procedures, and invisible treatment outcomes [59-61]. The drawbacks motivate
the rapid development of efficient and novel therapeutic methods, such as photody-
namic therapy (PDT) [62, 63], photothermal therapy (PTT) [64], and image-guided
drug delivery or surgery [65, 66], for the treatment of these diseases. In the chapter,
AlEgen-Based Delivery Systems: Application in the Treatment of Different Diseases,
we will focus on elucidating the applications of AlEgen-based delivery systems for
disease treatment.
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Owing to the features of noninvasiveness, biocompatibility and high precision,
PDT [67] is an emerging and effective technique for treatment of cancer and micro-
bial infections. There are three essential factors involved in the process of PDT, includ-
ing photosensitizer (PS), light, and oxygen. Under the irradiation of light at proper
wavelength, PSs can transfer photon energy to molecular oxygen and then generate re-
active oxygen species (ROS) [1], such as singlet oxygen (*0,), hydrogen peroxide
(H,0,) and hydroxyl radical (‘OH). ROS can damage biomolecules and kill cancer
cells and bacteria to achieve antitumor treatment [68] or antibacterial therapy
[69]. In PDT, PS is the most critical factor that determines the efficiency of ROS gen-
eration and the effect of PDT. In the chapter, AIEgen-Based Photosensitizers for Pho-
todynamic Therapy, we will elucidate the mechanism of PDT and introduce some
AlE-active photosensitizers employed for PDT.

Photothermal therapy (PTT) [70, 71] is another novel and promising tool for
cancer treatment. Different from PDT, PTT converts photon energy to heat, causing
tumor ablation with minimal side effect. In PTT, there is also accompanied photo-
acoustic effect due to the thermoelastic expansion caused by heat. Therefore, photo-
acoustic imaging (PAI), with deep tissue penetration, can greatly increase the
accuracy of PTT by providing visualization [71]. To achieve even better therapeutic
effect, many researchers combine PDT/PTT with fluorescence imaging, chemother-
apy, or surgery to achieve image-guided therapies, which provide real-time guidance
for precise diseases treatment [72, 73]. In the chapter, AlIEgens for Photothermal
Theranostics, we will introduce the applications of AlEgens in photothermal therapy.

In the past few years, AlEgens, integrated with the functionalities of long-
wavelength (especially near-infrared I and II) excitation and emission, two-photon
absorption, phosphorescence, high ROS generation efficiency, and high photo-
thermal convention yield, have been developed [68, 72, 74]. Incorporating imaging
and therapy into AlEgens boosts the development of multifunctional AIEgens for
fluorescence image-guided chemotherapy, radiotherapy, PDT, surgery, photoacous-
tic image-guided PTT, and immunotherapy. Consequently, AIEgens not only pro-
vide an excellent platform for scientists to get a deep understanding of the nature
of life, but also open up a toolbox for doctors to guide the theragnostic of diseases.

Furthermore, scientists also constructed many kinds of structures based on AIE-
gens for better biomedical performance, which include small AIE organic molecules
[75], AIE polymers [76], AIE-based transition metal complexes [77], AIE-active supra-
molecular coordination complexes [78], and so on. These studies fully demonstrate
the great progress and potential of AlEgens in biomedical applications. In the chap-
ter, AIE Polymers for Fluorescence Imaging and Therapy, we will focus on introduc-
ing the outstanding development of AIE polymers in biological and biomedical
fields. In the chapter, AIE-Based Transition Metal Complexes for Biological Appli-
cations, we will depict the diverse AIE-active transition metal complexes and their
applications in biological fields. In the chapter, The Marriage of Aggregation-
Induced Emission with Discrete Supramolecular Coordination Complexes: Brighter
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AlEgens for Biomedical Applications, we will cover the construction of AIE-active dis-
crete supramolecular coordination complexes (SCCs) and their promising applica-
tions in biomedical fields.
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Chapter 2

Modular nucleic acid-functionalized AlEgen
probes for biosensing applications

2.1 Introduction

Rapid development of biomedicine contributes to prevention, diagnosis, and treat-
ment of diseases, and is used in the detection of biological targets and direct imaging
cellular targets or processes. In biomedical study and clinical application, various im-
aging techniques that have the ability of making invisible bioprocesses into visible
ones have been developed [1-5]. Among them, fluorescence-based methods can detect
biomarkers with ease, visualize the living biomolecules in situ, and monitor dynamic
processes in real time [6]. Therefore, numerous fluorescent imaging probes, including
organic dyes, fluorescent proteins, quantum dots, and so on, have been designed and
have exhibited advantages, such as superior spatial-temporal resolution, high sensi-
tivity, fast responsiveness, as well as excellent biocompatibility [7-11]. However, pho-
tobleaching problem and high background signals restricted the development of
traditional fluorescent probes. What is worse, they have to face the difficulty of aggre-
gation-caused quenching (ACQ) effect, which would limit their effective working con-
centration and, thus, weaken performance in biosensing applications [12, 13].
Fortunately, in 2001, Tang et al. discovered that hexaphenylsiloles (HPS) molecule
with phenyl rotors structure could emit intense fluorescence in its aggregate state,
which was named aggregation-induced emission (AIE) characteristics [14]. When the
AIE luminogens (AlEgens) are in dispersed state, phenyl rotors will rotate freely, and
AlEgens will experience low-frequency motions to dissipate the excited-state energy
nonradiatively, leading to weak or no emission. However, the intramolecular motions
are restricted in aggregate state, resulting in strong emission. The aggregation of AIE-
gens also exhibits the superiority of large Stokes shift and great photobleaching resis-
tance [15]. Hence, AlEgens are promising in biomedical fields. By the rational design
of AlEgens-based probes, AIEgens are able to undergo the state transition with the
influence of biomarkers. A common strategy is designing water-soluble AIEgen probes
with relatively low fluorescence. After probes interacted with a specific target, the
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binding caused restriction of intramolecular motion, or response-induced aggregates
will produce the AIE emission, inducing the fluorescence turn-on effect for biosensing.
In addition, this wash-free characteristic of hydrophilic AIEgens-based probes makes
them more attractive in fluorescence imaging in cells and in vivo, with enhanced sig-
nal-to-noise ratios [16]. Nowadays, an increasing number of probes formed by linking
biomolecules to AIEgens have been designed, of which tetraphenylethene (TPE) mole-
cule, tetraphenylsilole (TPS) molecule, and their derivatives form a big part [17, 18]. It
has been reported that functionalized AlEgens probes are able to detect diverse bio-
logical targets, including metal ions, amino acids, carbohydrates, biomacromolecules,
etc. [19-25] and are useful in direct imaging different substances, like organelles, bac-
teria, cells, tissues, and small animals [26-30].

As the foundation of molecular biology, nucleic acids including deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA) carry genetic information. Specific sequences
of nucleic acids endow them with particular genetic information and the ability to spe-
cifically and efficiently recognize targets [31]. Also, their abnormal concentration
might be associated with the emergence of a disease [32]. Thus, with the advantages
of specific recognition, rapid response, and good biocompatibility, modular nucleic
acid-functionalized AIEgen probes (MNAPs) can be used to obtain complicated infor-
mation in molecular level, evaluate the interaction between biomacromolecules, and
investigate the pathogenesis. For MNAPs, the nucleic acid module library generally
includes (i) an aptamer for specific recognition, (ii) a complementary strand for hy-
bridizing the targeted oligonucleotide, (iii) G-rich sequence for forming G-quadruplex
structure, or (iv) a sensitive strand for evaluating the activity of telomerase. These
functional nucleic acid modules provide a variety of possibilities in applications of
MNAPs. The methods of constructing the MNAPs between nucleic acid and AIEgen
module mainly rely on electrostatic interaction and click chemistry to generate triazole
bonds.

In this chapter, we summarize the representative MNAPs for biosensing appli-
cations. First, the MNAPs for detection of diverse bio-analytes are introduced. Then,
the MNAPs for fluorescence imaging of cells and tissues are presented. We highlight
the design concept, functional mechanism, and application of presentative exam-
ples, in each section. At the end, a few challenges and opportunities in this theme
are also discussed. We hope this chapter would motivate groundbreaking ideas and
encourage sustained progress in MNAPs.

2.2 MNAPs for detection

Using the advantages of functionalized nucleic acids and AlEgens modules, MNAPs
are able to exhibit promising detection ability for biochemical molecules to indicate
their activities or concentrations of the targets. The detection mechanism includes
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the hybridized recognition, enzyme catalysis, etc. [33]. In this section, the represen-
tative design and applications of MNAPs are introduced and classified into three
groups according to the targets: (i) small molecules, like metal ions and adenosine
triphosphate (ATP); (ii) nucleic acids, like DNA and RNA; (iii) proteins, like en-
zymes and antigens [34].

2.2.1 Small molecules

The sensitive detection of small molecules is an important demand in clinical diagno-
sis, environmental monitoring, and food safety. Therefore, researchers have developed
many methods to detect small molecules, such as fluorescence, spectrophotometry,
mass spectrometry, enzyme method, and high-performance liquid chromatography.
However, the experimental processes are complicated, expensive, and involve large-
scale instruments and complex sample pretreatment, which are not conducive to real-
time analysis and detection [35-37]. Compared to the traditional analytical methods,
the detection strategy based on MNAPs has the advantages of good selectivity, high
sensitivity, rapid response and low cost, ensuring their wide utilization. At present,
the use of MNAPs to detect small molecules mainly depends on the change of nucleic
acid configuration caused by small molecules, which leads to the change of AIE
luminescence.

In 2010, Tang et al. described a label-free fluorescence detection sensor for Hg?*
based on the complex of AIE probes and anti-Hg?* aptamer single-stranded DNA
(ssDNA) formed by electrostatic interactions [38]. After the addition of Hg**, the ap-
tamer ssDNA underwent conformational transformation due to the specific ap-
tamer-Hg** recognition and formed a compact hairpin structure, leading to the AIE
molecules exhibiting a closer position. The enhancement of AIE fluorescence could
be used in the selective identification and quantification of Hg?*. The detection
limit of the sensor was measured to be close to 0.224 mM when the signal-to-noise
ratio was 3. In 2017, Xia and Lou et al. reported an AlEgen-modified nucleic acid
probe (AFNAs) containing only fluorogen but no quenching molecule, which could
detect Hg?* in real water samples (Figure 2.1A) [19]. High-sensitivity detection of the
target was carried out by using a cyclic reaction based on the dual specific nuclease
(DSN) enzyme. After the addition of Hg?*, the DNA sequence labeled by AlEgens
changed from ssDNA conformation to double-stranded DNA (dsDNA). In the mean-
time, the rigidity of the AFNAs increased, thereby inhibiting the rotation of AIE-
gens, resulting in an increase in the fluorescence signal. Then, DSN hydrolyzed
dsDNA, leading to the release of Hg2+, and thus, lighting up the fluorescence of AIE-
gens. The free Hg®* was then combined with another probe to initiate a new hydrolysis
process. For detecting Hg**, this method highlights certain advantages. (i) Because of
the high stability of thymine-Hg**-thymine (T-Hg?*-T) pairing, it had strong speci-
ficity for Hg?*. (ii) High sensitivity could be obtained by DSN-triggered isothermal
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amplification in aqueous solution. (iii) One AIEgens marker in this AFNAs probe
makes the synthesis cost lower and labor-saving.

Except detecting Hg®*, Tan et al. [39] designed an AIE derivative-linked guanine
(G)-rich oligonucleotide biosensor (TPE-oligonucleotide) for sensitive detection of
K* (Figure 2.1B). Classic AIE molecule, TPE was used as reporting module, and
G-quadruplex analogues acted as an effective sensing module that could form into
a four-stranded oligonucleotide by univalent cation. Experimental results demon-
strated that the sensitivity of the new probe was about 10 times higher than that of
the common G-quadruplex-based K* fluorescent probe. There were several reasons
behind the excellent sensitivity. The AIE characteristic of TPE was a prerequisite for
the enhanced sensitivity. As displayed in Figure 2.1B, TPE-oligonucleotide probe
was formed by covalently binding TPE derivatives to G-rich oligonucleotide by
amide bond. The TPE-oligonucleotide probe would dissolve in water to form a ran-
dom state. Then, the aggregation of TPE derivatives was conducive to face-to-face
close packing and strong m-t packing interaction, so that the G-quadruplex structure
was further stabilized. After adding K*, TPE derivatives were aggregated through
the formation of parallel G-tetraplex structure by ion selectivity, therefore impeding
their intramolecular motion and resulting in enhanced emission. The sensitivity of
the biosensor in buffer solution was as low as 5 pM. Based on these superiorities, TPE-
oligonucleotide probe could be used to study and analyze K" function.

ATP is the most important energy source in organisms, which plays an important
role in the cell metabolism, energy supplementation, and other life activities of ani-
mals and plants [40-42]. For ATP detection, Xu et al. reported an MNAP combining
an AIE probe, water-soluble carbon nanotubes, and a DNA aptamer [43]. This system
was a label-free and light-up sensor involving the specific binding principle between
the aptamer and target, fluorescence quenching effect from carbon nanotubes, and
AIE characteristics of the fluorescent probe. As shown in Figure 2.1C, specific binding
to the target ATP resulted in the release of the aptamer from the carbon nanotubes.
Therefore, the AIE probe attached to the aptamer surface, recovered fluorescence,
and showed strong emission. The presence of water-soluble carbon nanotubes could
produce low background fluorescence, which was conducive to the detection of ATP.

Ochratoxin A (OTA) is a toxic metabolite produced by penicillium and aspergil-
lus, has nephrotoxicity and teratogenicity, and exhibits great harm to human body
[44-46]. In 2018, Liu and coworkers reported a label-free fluorescent probe for the
specific and ultra-sensitive detection of OTA, by utilizing the specific aptamer of
OTA (0OSA) as the recognizing module, AIE molecule DSAI (a 9,10-distyrylanthra-
cene derivative) as a reporting module, and graphene oxide (GO) as the quenching
agent [47]. Without OTA, the DSAI and OSA complex was adsorbed on the surface
of GO. Because of the fluorescence resonance energy transfer (FRET), GO would
quench the fluorescence of DSAI. With the addition of OTA, a more stable complex
of OSA and OTA would form, thus releasing from the GO. Since the formation of
DSAI/OSA-OTA complex, fluorescence of the complex gradually recovered and
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Figure 2.1: (A) Structure of AFNAs and schematic demonstration of the detection mechanism for
Hg?* ions. (B) Structure of TPE-oligonucleotide probe and schematic demonstration of the
detection mechanism for K* ions, based on the formation of G-quadruplex. (C) Structure of DSAI,
sequence of DNA-1, and the biosensing principle for ATP.
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enhanced. With the introduction of GO and DSAI, it was easy to switch the DSAI
fluorescent signal from “off” to “on”, after adding OTA. Therefore, through monitor-
ing changes in fluorescence signal of DSAI, ultra-sensitive detection of OTA could
be realized, and the detection limit was 0.324 nM.

2.2.2 Nucleic acids

Nucleic acids, which include DNA and RNA, form the basis of molecular biology.
They play a vital role in biological processes, like growth, heredity, and variation.
Once they are damaged, a variety of diseases may occur. Therefore, specific nucleic
acid sensing is significant in the diagnosis and treatment of diseases.

In 2013, Liu et al. reported an MNAP for specific complementary DNA detection
in solution by combining TPE and single-stranded oligonucleotides [48]. Subse-
quently, they developed another MNAP for specific DNA detection. They linked the
bisazide-functionalized AIEgen to the single-stranded oligonucleotide to produce a
two-armed probe [49]. The probe showed low emission fluorescence in aqueous me-
dium and high emission fluorescence when hybridized with complementary chain.
The probe had excellent performance for DNA detection with homogeneous sequence
specificity, and could even identify the target sequence of single base mutation.

In 2014, Tian et al. designed an MNAP based on DSAI and GO for selective and
sensitive detection of targeted DNA and thrombin (Figure 2.2A) [50]. Following this
work, they further designed a label-free, ultra-sensitive, and “turn-on” MNAP based
on the AIE and GO sensing platform to detect the target DNA sequence (Figure 2.2B)
[51]. To explore the sensing mechanism and improve the sensing performance, several
experiments were designed and conducted to comprehensively study the interaction
of DNA with AIE probe and GO. Three AIE-active cationic DSA derivatives with differ-
ent length alkyl chain substituents were used as fluorescent probes. Three kinds of GO
with different oxidation levels were used for DNA structure identification and fluores-
cence quenching. Compared to the DSA derivatives substituted with long chain alkyl
chains, those with short alkyl chains bound more strongly to dsDNA, which could
avoid fluorescence quenching from GO, and thus, emitting high fluorescence signals.
Moreover, GO with low oxidation degree could distinguish the structure of different
DNA strands and quench the fluorescence more effectively, greatly sensing the plat-
form background noise. By optimizing and tuning supramolecular interactions of
DNA with AIE probe and GO, they could make the detection of target DNA sequences
more sensitive and selective, with a detection limit as low as 0.17 x 10~ M.

In post-transcriptional regulation of gene expression and RNA silencing, micro-
RNAs (miRNAs) play a significant part. As an oncogenic miRNA, miR-21 showed sig-
nificantly abnormal expression in a range of tumor cells. Lou et al. reported an
MNAP (TPE-DNA) to detect miR-21 in urine samples [52]. As shown in Figure 2.2C,
TPE-DNA was designed and prepared via the click reaction between hydrophobic
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Figure 2.2: (A) Structure of DSAI, sequence of probe ssDNA, and schematic demonstration of the
detection mechanism based on DSAI/GO probe for targeted ssDNA. (B) Structure of the DSA
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TPE and hydrophilic DNA. When there was miR-21, random coil TPE-DNA could tar-
get miR-21 and form dsDNA through hybridization. The dsDNA was digested by the
intervention exonuclease III (Exo III), which could lead to the release of miR-21,
and the fluorescent signal reported TPE. Then, the released target would hybridize
with another TPE-DNA probe to start a new cycle. Therefore, a single copy of miR-21
would generate a number of TPE molecules that would gather together to trigger the
restriction of intramolecular motion (RIM) process, thereby blocking the radiation-
free relaxation pathway of TPE and activating its fluorescence. In addition, by adjust-
ing the reaction temperature, different miR-21 detection limits could be achieved.
When incubated at 37 °C for 40 min, detection limit was 1 pM, while it was 10 aM at
4 °C for 7 d, mainly due to altered Exo III activity. The successful detection of miR-21
in the clinical urine samples of 21 bladder cancer patients indicated the possibility of
TPE-DNA for early diagnosis of patients.

MicroRNA-141 (miR-141) is known to be involved in regulating proliferation, dif-
ferentiation, and apoptosis of cells. In 2018, Xu, Lou, Zhang et al. synthesized an
AlE-based superwettable chip to detect miR-141 by combining evaporative and con-
centrated superwettable chips with AIEgens [53]. The enrichment of AlEgens in-
duced by evaporation enhances the output signal. Using the dual improvement
effect of biosensor chip, the miR-141 detection had good repeatability, high specific-
ity, and good selectivity. The sensor had a good signal-to-noise ratio, and the detec-
tion accuracy was 1 pM. As a simple biosensor platform, AIE-based microchips that
were superwettable would promote the development of various open microchip
platforms for the analysis and monitoring of biological environment samples.

MNAP could also be used to detect the G-quadruplex. Lei et al. reported a O1-DTPE
probe via dibenzylcyclooctyne cycloaddition [54]. As shown in Figure 2.2D, when DNA
existed as a single-stranded structure, there would be no fluorescence signal. After
adding TP-G4, the AlEgen would cluster in the near center area of the parallel tetrapod
DNA quadruple, and then emit strong fluorescence. The number of G-quartets and the
length of the spacer between the core structure of the scaffold and the AlEgen could
change the fluorescence intensity of AlEgens.

2.2.3 Proteins

As the essential component and main functional unit in life, labeling and detect-
ing of proteins are significant in disease prevention and treatment. For instance,

Figure 2.2 (continued)

derivatives and schematic demonstration of the detection mechanism for targeted ssDNA.

(C) Structure of TPE-DNA and schematic demonstration for detection of miR-21. (D) Structure of
01-DTPE and schematic demonstration for detection of TP-G4.
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telomerase, a ribonucleoprotein associated with the increase of tandem repeats at the
3’ end of telomere, had been reported to be active in cancer cells instead of healthy
cells. Detecting telomerase activity is very important for cancer diagnosis and treat-
ment. Xia et al. used MNAP composed of AIEgen TPE-Z and TS primer to detect
telomerase activity in 2015 [55]. From Figure 2.3A, during telomere elongation,
TPE-Z aggregated with DNA chain elongation through electrostatic adsorption.
The telomerase in the detection system could extend the TS primers into long repeat
sequences, thus enhancing fluorescence. This MNAP could specifically detect tel-
omerase activity of various cell lines (like MCF-7, HeLa, or HLF). In addition, it
had been successfully used to diagnose bladder cancer, ensuring its prospect for
preclinical diagnosis. Subsequently, Lou et al. [56] constructed a modular Silole-
R-QP probe (Figure 2.3B) for specific detection of telomerase activity by introducing a
quencher group to significantly reduce the false background signal. In the blank solu-
tion, the quenching group basically eliminated the fluorescence of AlEgens and could
greatly reduce the fluorescence background, thereby improving the signal-to-noise
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Figure 2.3: (A) The construction of TPE-Z-TS primer probe and schematic demonstration of the
detection mechanism for telomerase. (B) Chemical structure of Silole-R, scheme of the quencher-
primer, and scheme of the detection mechanism for telomerase. (C) Chemical structure of Silole-R,
schematic demonstration of Cy5-primer, and scheme of telomerase detection.

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

20 — Jing-Jing Hu et al.

ratio. In their follow-up work [57], as an internal reference, the stable red fluorophore
Cy5 was modified at the 5 end of the primer to improve the accuracy of Silole-R-TP
probe (Figure 2.3C). In this method, telomerase was detected in 10 normal urine sam-
ples and 20 blood samples of bladder cancer, and the results were all 100% positive.
The current research results would lead to new materials for the construction of biolog-
ical probes and promote their application in clinical diagnosis.

DNA methylation refers to the covalent binding of a target cytosine (C) or ade-
nine (A) base to a methyl group in a specific DNA sequence [58], which is important
in the biological process of genome expression, transcription, and cell differentia-
tion [59]. DNA methyltransferase (MTase) catalyzes the methylation process based on
the methyl donor, S-adenosylmethionine (SAM). Monitoring DNA MTase activity is of
significance in the clinical diagnosis of many diseases. Recently, the detection meth-
ods for DNA MTase contain electrochemistry [60], chemiluminescence [61], colorime-
try [62], and fluorescence [63]. Among them, fluorescence method has merits of high
sensitivity and simple operation. Yu and coworkers [64] utilized superquenching of
AIE for detecting DNA MTase, in 2014. When ssDNA was present in the system, the
positively charged TPE derivative would bind to the negatively charged ssDNA. Thus,
the TPE derivative could aggregate and emit obvious fluorescence. However, when
ssDNA was combined with a quenching part, the fluorescence of TPE derivative was
effectively quenched. By applying AIE superquenching, even simple quenching mole-
cules could quench the fluorescence of AIE. Based on this, a DNA MTase detection
system included a quencher-labeled dsDNA with AlEgen aggregation was designed.
With DNA MTase and endonuclease, the methylated DNA sequence was hydrolyzed
to release the quenched part, resulting in significantly enhanced fluorescence. The
false positive reactions could be reduced through the fluorescence light-up mode.

Besides enzymes, MNAP could also detect antigens. In 2017, a label-free fluores-
cent sensor based on AIE-SiO, nanoparticles (NPs) was reported to detect prostate-
specific antigen (PSA), sensitively [65]. The positively charged amino-modified SiO,
NPs was utilized as an effective nanotrapping agent to form SiO, NP-PA nanocompo-
sites by electrostatic adsorption of single-chain PSA aptamer (PA) and the negatively
charged TPE derivative 3 (TPE3). After PA bound to PSA to induce rigid aptamer con-
formation, PA was released from the surface of SiO, NPs. Thus, the remaining TPE3
would aggregate on the SiO, NPs surface and emit strong fluorescence. The detection
limit of the MNAP for PSA could be as low as 0.5 ng/mL.

2.3 MNAPs for bioimaging

As opposed to detection that can only confirm the existence of targets and measure
their concentration, bioimaging could obtain whole images of the bio-targets by collec-
tion of fluorescence signal. Owing to the high sensitivity and flexibility of fluorescence,
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bioimaging could further provide the spatiotemporal information in situ and in
real time, monitoring the bioanalysis at the molecular level and helping visualize
the dynamic biological processes. The analysis objects of bioimaging could include
the cell organelles, bacteria, cells, tissues, as well as small animals. For instance,
cell fluorescence imaging is a powerful means to study the diverse structures and
functions, particularly in the identification of different cell types. Unlike traditional
organic fluorophore-based probes, AlEgens probes could realize the imaging with
high signal-to-noise ratios and in a wash-free manner. In this section, the representa-
tive design of MNAPs for bioimaging is introduced.

2.3.1 Nucleic acids

With their ability to carry life genetic information and enable protein production, nu-
cleic acids are crucial biomacromolecules in cells. Due to the diverse functions, DNA
and RNA might be located at different places in the cells. Thus, imaging them would
provide more sufficient information. To achieve the aims of in situ monitoring and
tracing miR-21 in living cells, Lou et al. upgraded the mentioned TPE-DNA probe by
changing the reporting module TPE to the TPEPy with a longer fluorescence emission
wavelength, to obtain the TPEPy-LDNA (Figure 2.4A) [66]. TPEPy-LDNA could realize
the detection in clinical urine samples and imaging of miR-21 in tumor cells with
high expression of miR-21 (MCF-7 cells). Imaging results displayed that compared to
the negligible fluorescence in HeLa cells and human lung fibroblasts (HLF) with rela-
tively low expression of miR-21, remarkable yellow fluorescence of TPEPy aggregates
could be observed in MCF-7 cells for more than one hour, proving the good specificity
and photostability of TPEPy-LDNA probe. Furthermore, the detection limit of this
probe to miR-21 was 1 pM in vitro.

In 2018, Xia and Lou et al. prepared an amphipathic DNA-binding AIE probe
(TPE-R-DNA) that could image and analyze mRNA in tumors through Exo Ill-assisted
target recovery strategy [67] (Figure 2.4B). TPE-R-DNA consisted of a hydrophobic sig-
nal reporting module, TPE-R-N3, and a hydrophilic recognition module DNA strand.
Without manganese superoxide dismutase (MnSOD) mRNA, nonfluorescence emis-
sion of TPE-R-DNA could be observed as a result of the good water solubility. How-
ever, after adding the MnSOD mRNA, TPE-R-DNA would be hydrolyzed by Exo IIl and
then produce a number of hydrophobic fluorophores (TPE-R-AT). The aggregation of
TPE-R-AT would induce strong red fluorescence. The detection limit of mRNA was
0.6 pM. Furthermore, TPE-R-DNA could be used to image MnSOD mRNA in tumor tis-
sues. Results demonstrated that the expression of MnSOD mRNA in renal cancer adja-
cent tissue was higher than that in renal cancer.
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Figure 2.4: (A) Chemical Structure of TPEPy-LDNA and scheme of imaging miR-21, based on
isothermal amplification strategy. (B) Chemical Structure of the TPE-R-DNA and scheme of
detecting and imaging MnSOD mRNA.
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2.3.2 Proteins

Both structural and functional proteins are essential for maintaining the normal
physiological activities of cells. Due to the complexity of biological systems, it is im-
portant to specifically label targeted proteins with the interference of other intracel-
lular proteins. Following the work in detecting the telomerase, Lou et al. have
reported a series of work about in situ monitoring of intracellular telomerase activity
for cancer diagnosis. In 2016, they reported a kind of MNAP with simple operation,
rapid reaction, and superior photostability, which could be used for in situ “turn
on” imaging of telomerase in living cells [68]. As shown in Figure 2.5A, in the pres-
ence of intracellular telomerase, TS primer labeled with quencher group (QP) could
be extended in cells. In the meantime, the positively charged TPE-Py molecule could
bind to the negatively charged primer and the extended repeat unit, leading to the
generation of yellow fluorescence. Thus, yellow fluorescence signal could be used to
indicate intracellular telomerase activity. Subsequently, Xia and Lou et al. designed
an MNAP that utilized two AlEgens as fluorescent signals to enhance the monitoring
effect of telomerase activity by avoiding autofluorescence interference (Figure 2.5B)
[69]. In the presence of telomerase, Silole-R, TPE-H, QP and extension repeated units
combined, inducing an increase in the fluorescent signal. This MNAP could detect
the telomerase, which was extracted from several cell lines and urine samples, as
also map telomerase activity in cells. The employment of two AlEgens ensured not
only wider linear range, but also low background in cell imaging. Telomerase synthe-
sizes telomere repeats at the telomere ends during the replication phase of the cell
cycle; thus, the concentration of intracellular telomerase can be changed. Though a
lot of previous work has been done in the biosensing of a reverse transcriptase cata-
lytic component (TERT) mRNA and telomerase activity, the neglecting of heterogene-
ity in cell cycle may have an influence on the accuracy of detection. Very recently,
Lou et al. designed the AlEgen-based biosensing system, which was constructed by
PyTPA-DNA for detecting the intracellular concentration of TERT mRNA and Silole-R
for detecting the activity of telomerase (Figure 2.5C) [70]. Results illustrated that in
different cell cycles, the localization of TERT mRNA and telomerase activity were dif-
ferent. To be specific, in human cancer cells (HeLa), TERT mRNA and telomerase ac-
tivity were boosted in S phase, while they reduced in G2/M phase. Therefore, this
research not only realized the detecting and imaging of TERT mRNA and telomerase,
but also illustrated the influence of cell cycle on them, which provided an advanced
biosensor tool for accurately analyzing the cell cycle-dependent expression of TERT
mRNA and activity of telomerase.

In 2020, Lou et al. developed an MNAP (TPE-Py-DNA) for detecting and imaging
of DAM MTase, based on an Exo Ill-assisted target recovery strategy (Figure 2.5D) [71].
Here, the fluorescent imaging module TPE-Py was conjugated to the specific DNA
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Figure 2.5: (A) Chemical structure of Py-TPE, schematic depiction of the quencher-primer (QP), and
schematic demonstration of the detection mechanism for telomerase. (B) Chemical structures of
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sequence that was used as a recognition module for targeted strand. With DAM
MTase, the TPE-Py-DNA could be digested, and it generated aggregation of AIEgen
with a significantly enhanced fluorescence signal. Results illustrated that the de-
tection limit of TPE-Py-DNA for DAM MTase was 3.1 x 10> U/mL. This ultrasensitive
biosensing system could detect DAM MTase activity in real samples, evaluate DAM
MTase inhibitors, as well as visualize the expression of DAM MTase in E. coli cells
and E. coli cell-bearing tissue from confocal laser fluorescence microscopy (CLSM)
images.

Interferon-gamma (IFN-y) is a cytokine with antiviral and antiparasitic activity,
which can also inhibit cellular proliferation [72, 73]. The common method for ana-
lyzing the IFN-y expression is the ELISA test. However, the ELISA test is tedious,
time-consuming, and not suitable for continuous monitoring. To image IFN-y in liv-
ing cells, Liu and his collaborators developed a fluorescent aptamer sensor, based
on AlEgen (TPE-aptamer) with high biocompatibility, cell permeability, and noncy-
totoxicity [74]. TPE-aptamer was constructed by an oligonucleotide that could spe-
cifically recognize IFN-y and a TPE derivate that functions as an imaging module.
Since TPE-aptamer was water-dispersible, the probe exhibited no fluorescence with-
out IFN-y. After interacted with IFN-y, it could show strong fluorescence that could
be ascribed to the restriction of intramolecular rotations (RIR). TPE-aptamer could
detect intracellular IFN-y with a concentration of 10 pg/mL and be used for real-
time biological imaging.

Nucleolin is a nucleolar phosphoprotein that is overexpressed on the surface of
specific cancer cells, like the breast cancer cells (MCF-7). For instance, Xiang et al.
have designed the AlEgen-encapsulated silica nanoparticles (AIE-FSNPs) to ensure
brighter emission [75]. Then, specific DNA aptamer recognizing nucleolin was modi-
fied on the surface of AIE-FSNPs to construct the Apt-AIE-FSNPs. Compared to the
weak fluorescence in MCF-10A cells (lacking nucleolin), an obvious fluorescence
was found in MCF-7 cells, because the Apt-AIE-FSNPs could be internalized by the
cells through the selective interaction between DNA aptamer and nucleolin on the
cell membrane. Subsequently, a similar aptamer-anchored AIE dot was also devel-
oped for imaging the nucleolin in MCF-7 cells with high selectivity [76].

Figure 2.5 (continued)

TPE-H (left) and Silole-R, schematic demonstration of the quencher-primer (QP), and schematic
demonstration of the detection mechanism for telomerase. (C) Chemical structure of PyTPA-DNA,
schematic demonstration of the detection mechanism for TERT mRNA, chemical structure of
Silole-R, schematic demonstration of the TS primer, and schematic demonstration of the detection
mechanism for telomerase activity. (D) Chemical structure of TPE-Py-DNA and scheme of detecting
and imaging of DAM MTase.
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2.4 Conclusion

Nowadays, nucleic acid-functionalized AlEgens have attracted increasing attention
from researchers in many fields, such as biochemistry, molecular biology, biomedi-
cines, etc. This chapter summarized the representative MNAPs with water solubility,
biocompatibility, photostability, and specific recognition ability for biosensing appli-
cations. Firstly, the MNAPs for bio-analytes detection to achieve early-diagnosis and
prognosis were introduced. Then, we highlighted the techniques and a few represen-
tative MNAPs for high-resolution fluorescence imaging of cell and tissue. Despite the
inspiring study results, the development of MNAPs is still in its nascent stage, and
there are many problems that should be overcame. i) The AlEgens adopted currently
are mainly limited to TPE or TPS derivatives, whose wavelength is short. They are suit-
able for detection and imaging in vitro, while not in vivo owing to the inherent back-
ground of small animals. ii) Compared to other biomacromolecules-modified AIEgens
probe, the quantity of MNAP is inadequate, because long-length DNA strands are not
easily synthesized. iii) The functional linking method between nucleic acids and AIE-
gen module is limited and mainly relies on the electrostatic interaction and click
chemistry. iv) To realize the satisfying biosensing outcome of MNAPs in cells or in
vivo, equipping the MNAPs with more capabilities such as enhanced tumor accu-
mulation or tumor cells internalization is necessary. v) The strategies such as signal
amplification [77], edited dynamic ranges [78], as well as dual-signal-output nano-
channels [79] could be used to achieve accurate quantification and high sensitivity of
MNAPs. On the basis of rapid development, MNAPs are promising in solving the cur-
rent biosensing problems. We hope that this chapter could propel the practical and
clinical application of MNAPs in early-diagnosis, prognosis, and therapy of diseases.
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Chapter 3
Peptide—AlEgen conjugates for biomedical
diagnosis and bioimaging

3.1 Introduction

In recent years, increased number of fluorescent probes have been developed and
used in the field of biology and medicine. They have been widely studied and utilized
for their advantages of high sensitivity, quick response, and convenient operation [1].
However, traditional fluorescent groups still have some serious problems, such as
photonic bleaching, fluorescence quenching due to aggregation in aqueous solution,
spectral overlap with the auto-fluorescence of biological substrate itself, poor stability,
and inapplicability to biological organisms, etc. In addition, traditional fluorescent
probes have aggregation-induced quenching (ACQ) effect [2], affecting biological and
medical applications of fluorescent molecules. Nevertheless, aggregation-induced lu-
minescent molecules can solve the problem of traditional fluorescent probes. The con-
cept of aggregation-induced emission (AIE) was proposed by Tang and his colleagues
in 2001 [3]. It was used to describe the unique phenomenon that a series of fluoro-
phores exhibit strong fluorescence in the highly aggregated state and weak emission
or nonemission in the monolayer state. Luminescent agents with AIE properties were
known as AlEgens. AlEgens show stronger fluorescence in the aggregated state and
weaker fluorescence in good solvents [4, 5]; they are usually propeller shaped and act
as a rotating unit [6]. AIEgens are nonfluorescent as monomers due to the rapid
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nonradiative decay of the excited state, caused by the molecular motion of the rotat-
ing unit, which reduces the excitation energy. However, in the aggregated state, due
to impeded intramolecular rotation (RIM), minimized rt-it stacking and limit of intra-
molecular motions [7], they block the energy dissipation of excited states and activate
a barrier to nonradiation decay, and so AlEgens glow brightly. This fluorescent “turn-
on” mechanism makes AlEgens ideal for the construction of fluorescent biolumines-
cent probes [8, 9]. Although AlEgens have solved the problems of traditional dyes to
some extent and have made great progress, there is still much room for development
of novel AIE fluorescent probes with all desirable biological imaging properties. For
example, most of the existing AIE probes exhibit small Stokes shifts, lack specific
organ-targeting capabilities, and poor water solubility, which restrict their application
in tracking biological processes and pathologic pathways over long periods of time.
And almost all of the previously reported chemical sensors based on AIE process
probes have only been used in vitro because of their potential biotoxicity. Based on
these limitations, AIEgens have been coupled with many active molecules (such as
metals, DNA, proteins, sugars, etc.) [10-13]. Among them, the use of peptides or self-
assembly peptides have the characteristics of small volume, easy to synthesize, func-
tional capability, etc., which can improve the water-solubility of AIEgens and increase
the application of AlEgens in disease diagnosis or treatment.

Peptide, a biological component, composed of dozens of amino acids, has at-
tracted increased attention due to its simple structure, strong adjustability, diverse
functions, low cost, and widespread application [14]. Self-assembly of peptides can be
effectively realized through hydrogen bond and amino acid residue interaction, electro-
static interaction, hydrophobic interaction, and m-mt stacking interaction [15-17]. Al-
though it is not defined clearly at the genetic level, the nanoscale assembly of peptides
can perform many key biological functions, and previous studies have highlighted the
importance of peptide topological structure in maintaining the extracellular matrix and
normal function of cells. As a kind of biological macromolecules, peptides are widely
used in the detection of protein (enzyme) activity, molecular recognition, targeting
tumor cells, building multi-functional polymers, and in other fields [18-20]. Therefore,
peptides also have unique advantages in the construction of modular probes, as fol-
lows: (1) Peptides vary in structure and so play different roles in their function. (2) With
the development of modern organic chemistry and molecular biology, we can design
and synthesize peptide sequences. (3) Peptide is a kind of biocompatible molecule that
can be used to construct multi-component nanostructures, together with other biologi-
cal materials.

In summary, the modification of AlEgens with peptides or self-assembly peptides
can not only overcome the physical and chemical drawbacks of AlEgens and reduce
their toxicity, but can also enhance the fluorescence intensity and the anti-photonic
bleaching ability of AlEgens [21]. Peptide—AlEgen conjugate can improve its biological
activity through self-assembly or aggregation of peptides in vivo to make the conjugate
stay in the body. Therefore, the peptide—AlIEgen conjugate provides a new idea for
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the application of AIEgens in vivo. In this paper, we first focus on the application
of functional peptide in the biomedical field, followed by examples of functional
peptide and AlEgens conjugates to improve the shortcomings of AIEgens and be
used in the diagnosis and treatment of diseases. We focus on the study and utili-
zation of the conjugates of environment-responsive peptides with AIEgens.

3.2 Peptide—AlEgens conjugation
3.2.1 Targeting peptides: modification

Targeting peptides are peptide fragments with specific amino acid sequences that
can bind to specific receptors that are highly expressed in tumor tissues, and are
easy to be synthesized and modified specifically [22]. By changing the charge distri-
bution of the peptide molecular structure or connecting to specific target molecules,
peptide can be targeted to specific sites such as tumor cell membrane and endo-
plasmic reticulum. Targeting peptides are widely used in tumor imaging and ther-
apy because of their high specificity, strong function, and easy removal from
nontargeted sites. The combination of targeted peptides and AlEgens can not only
improve the imaging efficiency of targeted peptides but also improve the solubility
of AlEgens, which has become a research hotspot in recent years (Table 3.1).

Table 3.1: Classifications and functions of targeting peptides.

Name AlEgens Sequences Target Functions Ref
Q1-PEP Quino-1 RACR Endoplasmic  Targeted for vesicle transport [23]
reticulum monitoring and long-term

biological imaging

TCNTP PyTPE  RGD oyBs3 Nucleus-specific imaging, long- [24]
term low-toxicity follow-up of tumor
cells
TPE-In-PSA@Au  TPE-In  CSKLQ-OH Prostate Imaging prostate cancer cells and  [25]
specific diagnosing prostate cancer

antigen (PSA)

TPECM- TPECM  cRGD Integrin Light-up imaging and activatable [26]
2GFLGD3-cRGD photodynamic therapy
BTPEAQ-cRGD BTPEAQ cRGD Integrin Photoablation of tumor cells [28]
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Targeting peptides binding AIEgens can target specific organelles for long-term
biological imaging, such as small arginine-derived molecules that have been shown
to interact specifically with proteins in the endoplasmic reticulum (ER). Shi et al. [23]
reported a highly stable AlEgens fluorescent nanodots assembled from an amphi-
philic quinolone derivative peptide conjugate, Quino-1-Fmoc-RACR (also known as
Q1-PEP). The arginine-derived peptides contained in the nanodots has been shown
to specifically interact with ER anchored proteins, thus providing the ability to tar-
get ER, enabling the monitoring of vesicular transport, and providing long-term bio-
logical imaging. Over a long time, specific enzymes and antigens are present in in
tumor cells and other biomarkers and they can also be used as target peptides. For
example, cNGR peptides targeted aminopeptidase N (CD13), the classical targeting
sequence, arginine-glycine-asparagine (RGD), targeted integrin oy, by combining
a functional combination of peptides (TCNTs, which included two targeting pepti-
des: cNGR and RGD), a cell-penetrating peptide (CPP), a nuclear localization signal
(NLS), and a typical AlEgen tetraphenylacetylene derivative (PYTPE) as conjugate.
Cheng et al. [24] designed a double-targeting conjugated peptides multifunctional
fluorescent probe (CNGR-CPP-NLS-RGD-PYTPE, TCNTP) with AIE characteristics.
The probe emitted strong yellow fluorescence after the functional combination pep-
tide TCNT targeted the respective biomarkers. Through the AIE effect of PYTPE,
highly efficient nuclear-specific imaging and long-term low-toxicity tracking of
tumor cells could be achieved (Figure 3.1).

TPE and its derivatives are highly efficient and generable AIEgens. Ramya et al.
[25] synthesized a TPE analogue (TPE-In), used gold nanoparticles as an enhanced
Raman Scattering substrate, used TPE-In as roman reporter, and bounded with a
specific peptide based on Cys-Ser-Lys-Leu-Gln-OH, which was famous for recogniz-
ing prostate-specific antigen (PSA), a specific tumor marker of prostate cancer. Such
a conjugate could be specifically used to image prostate cancer cells and provide a
new idea for the diagnosis and discovery of early prostate cancer. The RGD sequence
consisted of arginine, glycine, and aspartic acid, and existed in various extracellular
matrices. It could specifically bind to 11 integrins and effectively promote cell adhe-
sion to biomaterial. The prodrugs could self-assemble into nanoparticles (CP-DOX NP)
in aqueous media, and these nanoparticles could target cancer cells because of their
surface functionalization with cRGD (TCP-DOX NP). Yuan et al. [26] engineered an
AIE photosensitizer TPECM and integrated it with a cathepsin B reactive- Gly- Phe-
Leu- Gly- (GFLG) peptide and a cRGD targeting ligand to develop TPECM-2GFLGD3-
cRGD bioprobe for light-up imaging and activatable photodynamic therapy [27].
Similarly, Feng et al. [28] conjugated BTPEAQ, a polymeric-encapsulated AIE par-
ticle with cRGD peptide to obtain BTPEAQ-cRGD dots. cRGD also targeted cancer
cells with overexpression of integrin, while maintaining the control cell intact.
BTPEAQ-cRGD dots showed a good photoablation effect on MDA-MB-231 cells.
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Figure 3.1: (A) Sequence and molecular structure of TCNTP; (B) High performance liquid
chromatogram of TCNTP; C TCNTP mass spectrum results. Adapted with permission from ref [24].
Copyright © The Royal Society of Chemistry 2017.
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3.2.2 Cell-penetrating peptide: conjugation

Cell, as the basic unit of life, can be used as both therapeutic drugs and targets of
drugs. Cell-penetrating peptides (CPPs) are a class of short peptides that can pene-
trate cell membranes and can be modified to improve the efficiency of drug deliv-
ery. CPPs are getting a lot of attention, of late [29]. Basic CPPs can be divided into
three types according to the differences in physical properties, such as hydropho-
bicity and polarity: cationic peptides, hydrophobic peptides, and amphipathic pep-
tides. It is a feasible strategy to modify AIEgens with CPPs to obtain cell membrane
penetrating probe. The advantages of AIE modified by cell-penetrating peptide is
that it can pass through the cell, resulting in better cell uptake efficiency and cell
image quality [30]. In this paper, the application of AIEgen-modified peptides in the
diagnosis and treatment of diseases is summarized based on several typical sequen-
ces of cell-penetrating peptides (Table 3.2).

Table 3.2: Classifications and functions of cell penetrating peptides.

Name AlEgens  Functions Ref.

AIE-PNPs TPE-TCF Cell fluorescence imaging was performed at a relatively [31]
low concentration of Aiegens

Tat-AlE dots TPETPAFN Tracking Cancer Cells [32]

DPPCPP DPP As an effective fluorescent probe for single- and [33]
two-photon excitation fluorescence imaging

DOX-FCPPs-PyTPE, DFP  PyTPE Control of drug delivery and accurate tracking of drug [35]
release in MMP-2 overexpressed cells

The translation of HIV-1 trans activator, Tat, resulted in a protein containing 86
amino acids. In 1988, Green and Frankel et al. [30] confirmed experimentally, for the
first time, that the trans-activating protein, Tat, of HIV-1 can actively transduce into
the cell and participate in the biological process of the cell. Based on this principle,
amino-functionalized AIE polymer NPs (AIE-PNPs) was effectively synthesized by
Hu et al. [31] through the one-pot miniemulsion copolymerization of methyl methac-
rylate with functional comonomers containing amino groups. The surface of AIE-
PNPs was further modified with the maleimide group and the HIV-1 Tat peptide,
which significantly improved the cell uptake efficiency of AIE-PNPs and delivered
better cell fluorescence imaging quality at a relatively low concentration of AIE-
PNPs. Li et al. [32] also reported that the lipid polyethylene glycol (PEG) and lipid-
PEG-NH, mixture was used as an encapsulation substrate to bio-combine AIEgen
particles with the cell-penetrating peptide of HIV-1 Tat protein to obtain Tat-AIE dots
with high cell-internalization efficiency. The CPPs probe obtained by combining cyste-
ine-modified transmembrane peptides with AIE molecule has been widely used. Gao
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et al. [33] used 1,2- distearoyl- sn- glycero- 3- phosphoethanol amine- N- [maleimide
(polyethyleneglycol)-2000 (DSPE-PEG-Mal) as the encapsulation matrix. Furthermore,
cysteine-modified CPPs and RKKKRRQRRRC peptide sequences were used for surface
functionalization, and DPPCPP nanoparticles, with good water dispersion and biocom-
patibility, were obtained. The results indicated that DPPCPP nanoparticles can be
highly ingested into the cell as a high efficiency fluorescent probe for single- and
two-photon excitation fluorescence imaging. Arginine is also a typical membrane-
penetrating amino acid. The Tat protein mentioned above is also an arginine-rich
polypeptide structure. The arginine-rich peptides can not only enhance the water-
solubility of AlEgens molecule and reduce the aggregation of AIE molecule, but
also the positive charge of arginine can cause osmotic swelling and rupture of the
cell membrane [34], and result in rapid delivery of a variety of substances into
cells through the endosomal escape mechanism. Cheng et al. [35] reported a prote-
ase reaction prodrug (DOX-FCPPs-PyTPE, DFP), which consisted of three compo-
nents: AIE active TPE derivative PyTPE, functionalized cell-penetrating peptide
(FCPPS), which contained arginine-rich cell-penetrating peptide (CPP) and short
protease reactive peptide (LGLAG), as well as therapeutic units (doxorubicin,
DOX) that can enter the cell. It was selectively cleaved by the cancer-associated
enzyme matrix metalloproteinase-2 (MMP-2) with AIE properties that controls
drug delivery and accurately tracks drug release in living cells. It provided a new
and promising method for controlled drug release and real-time tracking of drug
release in MMP-2 overexpressed cells (Figure 3.2).

3.2.3 Stimuli responsive peptides-modification

In the complex biological environment, there are many biological stimuli and exter-
nal stimuli. The introduction of stimulus-response characteristics of peptide ena-
bles their function to control the response to the required stimulus and becomes a
potentially valuable tool for biological applications [36]. Peptides enable to respond
to exogenous (temperature, magnetic field, light) [37] or endogenous (pH, enzyme,
redox gradient) stimuli [38]. The advantages of the stimuli-responsive peptide—AIEgen
conjugates are that they can perform specific structural changes in response to specific
stimuli, to accurately perform imaging, diagnosing, and monitoring at specific sites.
For example, Liu et al. [39] reported a reactive peptide—AlEgen conjugate that could
induce furin activity. If the peptide sequence was designed as the substrate of furin,
the cleavage product could be further self-assembled into fluorescent nanoparticles to
detect the level of furin. They designed a probe Ac-Arg-Val-Arg-Arg-Cys(StBu)-Lys
(TPE)-CBT, which contained an Ac-Arg-Val-Arg-Arg (RVRR) peptide sequence that was
the zymolyte for furin cleavage, a CBT motif and a disulfided Cys motif for CBT-Cys
condensation, and an AlEgen (TPE motif). The probe entered furin-overexpressing
tumor cells. Its disulfide bond on the cysteine motifs was reduced by intracellular
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glutathione (GSH) and its RVRR peptide substrate was cleaved by furin to yield the re-
active intermediate. Then, the reactive intermediate lead to aggregation of the TPE flu-
orogen. This approach not only took advantages of the characteristic response of the
peptide monomer to a specific stimulus, but also enabled the peptide monomer to be
further assembled, and molecular simulation results showed that the assembly led to
the orderly arrangement of AlEgens. This structure more effectively restricted the intra-
molecular rotation of the benzene ring, resulting in a strong emission [40]. The self-
assembly properties of peptide make them more useful in coupling with AlEgens, as
will be discussed below.

3.3 Triggered aggregations of peptide—AlEgens
by environmental factors

3.3.1 lonic strength-induced aggregation

Usually, AlEgens are combined with m-conjugated salt-responsive peptides in the
structure to form a material with enhanced fluorescence emission. As the ionic
strength increases, the fluorescence intensity of the molecule gradually increases
[41]. This strategy can be applied to many traditional n-conjugated luminescent gel-
ling agents, providing a general method for controlling the release of hydrogels.
Zhang et al. [41] designed a salt-responsive peptide hydrogel TPE-Q19 with en-
hanced emission during gelation. This structure had two fragments with different
functions. Tetraphenylethylene was used as a luminescent agent. TPE had almost
no fluorescence in solution, but it could effectively emit fluorescence, when aggre-
gated into nanoparticles in a poor solvent or made into a thin film in a solid state.
(Figure 3.3).

If Zn?* can be directly detected in the living body, it is extremely important for
human health. In the detection process of Zn>*, most of the AIE chemical molecules
are only used in vitro. Wang et al. [42] based on the Schiff reaction, used a fluores-
cent probe for detecting the biocompatibility of Zn** combined with TPE, and the
peptide was designed and synthesized. In the presence of Zn®', the TPE-peptide
probe formed a self-assembled complex with the three histidine residues on the two
peptide chains, and trigged the TPE group in the presence of Zn**, exhibited strong
fluorescence. This strategy opened up a new way to study other metal ions or bioac-
tive molecules that can bind to special peptides, and may be widely used in the
field of biosensing.
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Figure 3.3: (A) Describes the chemical structure of the peptide used for molecular hydrogelation;
(B) Schematic diagram of the preparation of luminescent hydrogel by TPE-Q19. Adapted with
permission from ref [41]. Copyright 2014, American Chemical Society.

3.3.2 Redox-triggered aggregation

Inflammation plays a vital role in different stages of tumorigenesis, invasion, and me-
tastasis. Reactive oxygen species (ROS) may cause mutations in neighboring cells.
Hydrogen peroxide (H,0,) is one of the most important reactive oxygen species pro-
duced endogenously by cell respiration. In particular, abnormal levels of H,0, are
closely related to inflammation, neurodegenerative diseases, diabetes, and cancer
[43]. Therefore, the use of peptide—AIEgen conjugate for H,0, responsive aggregation
has aroused increasing interest among researchers. Cheng et al. [44] designed a diag-
nostic probe with H,0, response and AIE characteristics in which, TPE was partially
modified with two tyrosines (Tyr). Due to the formation of H,0,-based dityrosine, Tyr-
containing TPE (TT) would be connected to each other through dityrosine bonds to
induce hydrophobic in aggregating and activating the AIE process, in response to
H,0,. The emission-on result of TT conversion could be used for cell-selective imag-
ing between inflammatory cells and normal cells. In addition, a large number of TT
aggregate-induced mitochondrial damage and apoptosis (Figure 3.4).
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Figure 3.4: a) The reaction mechanism of TT is the formation of TT oligomers under the catalysis of
H,0, and peroxidase. b) TT acted on selective imaging and inhibition of cultured cells. Adapted
with permission from ref [44]. Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.3.3 Enzyme-catalysis modulated aggregation

Enzymes are widely present in organisms and have high specificity and high cata-
Iytic efficiency for substrates. Enzyme deletion, activity reduction, or overexpression
is closely related to the occurrence and development of diseases. Therefore, enzymes
are often used as markers for disease detection and treatment. In order to detect en-
zyme activity and track drug release, AIE biological probes have been developed.
Among them, the peptide-based AIE bio-probes have good biocompatibility and
specificity, and are increasingly favored by researchers. Enzymatic hydrolysis of pep-
tides can cause aggregation of AlEgens and drug release [45]. Specifically, the intro-
duction of peptides can improve the hydrophilicity of AlEgens, which is conducive
to the application of biological probes in the biomedical field. In addition, after the
peptide is specifically cleaved by the enzyme, the fluorescence signal change caused
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by the aggregation of the AIE bio-probes can be used to detect the activity of the en-
zyme, and the releasing drugs can be used to treat diseases [46]. This type of struc-
ture usually contains hydrophilic peptides and hydrophobic AlEgens. The covalent
bonding of hydrophilic peptides and AlEgens make the biological probes in a dis-
persed state and nonfluorescence in the aqueous solution. When the hydrophilic
peptide substrates are hydrolyzed by the enzyme, the remaining hydrophobic AIE-
gens rapidly precipitate and aggregate, resulting in bright fluorescence. Therefore,
the change in the fluorescence signal may be closely related to the activity and loca-
tion of the enzyme. This strategy can not only improve the biocompatibility and
specificity of biological probes, but also improve the in-situ and real-time detection
capabilities of biological probes. In order to develop a stable, convenient, and sensi-
tive fluorescent probe for the detection of lipase, Tang et al. [47] combined the het-
erogeneous catalytic properties of lipase and synthesized a tetrastyrene (TPE) core
and two glutamic acid units (Figure 3.5).

. re
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COOH %OH
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Figure 3.5: Described the chemical structure and sensing principle of probe S1in lipase detection.
Adapted with permission from ref [47]. Copyright © The Royal Society of Chemistry 2017.

When the molecules were hydrolyzed by lipase to remove the ester group, the TPE
residue precipitated and emitted bright blue fluorescence. The experimental results
showed that due to the presence of interface control and the specific shearing of glu-
tamate by lipase, the detection had the characteristics of high sensitivity, low detec-
tion limit (0.13 U/1), and short response time (7 min), and it could be used to detect
the level of lipase in real human serum samples. Furin is a member of the proprotein
convertase family and is mainly located in the trans-Golgi apparatus. Its overexpres-
sion is highly correlated with tumor growth and metastasis. Therefore, it is very im-
portant to design a method to realize the in-situ detection and imaging of furin [48].
Based on this, Zhang et al. [49] developed a probe HPQF, which was composed of
insoluble fluorescent molecules 2-(2’-hydroxyphenyl)-4(3H)-quinazolinone (HPQ) and
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furin-cleavable composition of peptide RVRR. HPQF was water-soluble and nonfluo-
rescent, but when it was hydrolyzed by furin, the released CI-HPQ immediately pre-
cipitated and emitted bright fluorescence. Therefore, high-throughput fluorescence
detection technology could monitor the activity and localization of furin protein in
living cells, in real-time in situ.

3.4 Biomedical diagnosis and bioimaging
by peptide — AlEgens

3.4.1 Bio-marker detection

The integrin a,f35 is recognized as a mode protein target, because it plays an important
role in adjusting the growth and transfer of tumor [50]. It expresses in tumor cells of
different sources; the expression level is closely related to the invasion of the disease.
As a recipient, who is exposed to matrix protein outside the cell of RGD sequence,
integrin a,f3; is a unique molecular target that cures fast growing tumors and can be
used in early stage tests [51], considering the specificity and high affinity of integrin
B35 to annular RGD tripeptide (CRGD). In order to efficiently deliver fluorescent mole-
cules into cells, Cheng et al. [52] designed a peptide—AlEgen conjugate named TNCP,
including TpNCP and TgrNCP, that mainly consisted of four parts: (1) A targeting pep-
tide (DGR or RGD), which was a targeting ligand to integrin o,f3 receptor; (2) A nu-
clear localization signal peptide (KRRRR), which played an important role in nuclear
and cytoplasmic transport; (3) A cell-penetrating peptide (RRRR); (4) An AIE-based
molecule azide-functionalized tetraphenylethene derivative (PyTPE) that had good
fluorescence characteristics (Figure 3.6). With the help of cell-membrane targeting
peptides, TNCP could be recognized and taken up by cell lines with high expression
of integrin protein a,fp3; With the help of penetrating peptides, TNCP could easily
enter the cell and quickly escape from the lysosome; with the help of nuclear locali-
zation sequence, TNCP could bind to the nuclear import protein and be transported
to the nucleus, with the aid of AIEgens, TNCP could realize the regulation of fluores-
cent signals and long-term real-time tracking, that is, when TNCP was at a low con-
centration or did not bind to the target integrin protein a,Bs, there was almost no
fluorescence and when TNCP was at a high concentration or when it was bounded to
the target integrin protein a,fs, a strong fluorescence signal could be generated. The
results showed that TRNCP had better nuclear selectivity, and TpNCP had better gene
drug loading capacity. Because of a similar principle, Liang et al. [5] designed a dual
responsive and specific light-up probe to test and use in imaging of tumor bio-
markers, LAPTMB4B. This probe was based on peptide (IHGHHIISVG) conjugated
TPE. This peptide enabled specific binding on lysosomal protein transmembrane 43
(LAPT4B), which was overexpressed in tumor cells. The probe showed a specific
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luminescent reaction to LAPTM4B; the limit of test was 1.0 mg/ml and it was used
for expressing imaging of hepatocellular carcinoma cell in LAPTM4B. Transferrin
receptor (TfR) plays an important role in iron cycle and cellular respiration. It is
overexpressed on the surface of many cancer cells. Soluble transferrin receptor
(sTfR) is a truncated extracellular form of transferrin receptor in serum and in iron
deficiency anemia (IDA). In cancer patients with bone marrow failure, sTfR level in
urine has been related to a specific kidney disease — Henoch — Schénlein purpura ne-
phritis (HSPN). Zhang et al. [53] developed a kind of water-soluble peptide—AIEgen
conjugate that had the characteristics of aggregation-induced emission. Using mole-
cules to dissolve, tetraphenylethylene (TPE) could ignore emission and the probe,
TPE-27, was used for sTfR light-up detection. The probe itself did not emit in an aque-
ous solution, but it turned on its fluorescence when interacting with sTfR and gener-
ated a detection limit of 0.27 g/ml, which was much lower than the sTfR level in IDA
patients. In addition, the potential of the probe to diagnose HSPN through urinalysis
had been proved through the proof-of-concept experiment.

3.4.2 Bacteria and cell tracking

Facing the challenge of bacterial infection, developing a timely, sensitive bacterial
detection method is particularly important. Chen et al. [54] developed AIE active
probe, AMP-2HBT, by using 2-(2-hydroxyphenyl) benzothiazole (HBT) to modify
bacteriological peptide HHC36(KKWWKWWRR) (Figure 3.7).

This kind of AIE active probe showed excellent luminous fluorescence after
binding to bacteria. It was able to timely monitor the combination process. In addi-
tion, similar time-dependent bactericidal kinetics were observed in active probe
and HHC36 peptide, indicating that the bactericidal activity of peptides would not
be damaged by modification with active probes. The bactericidal mechanism of
HHC36 peptide was further studied by a super-resolution microscope — projection
electron microscope and scanning electron microscope. The results showed that the
probe was easy to accumulate and effectively destroy the membrane structure on
the bacterial membrane, thus killing Gram-positive bacteria and Gram-negative
bacteria. This kind of active probe provided a convenient tool for researching the
bactericidal mechanism of AMPs.

3.4.3 Invivo bioimaging

Photodynamic therapy (PDT) is a strategy that has both diagnosis and treatment;
which has the advantages of precise controllability and high accuracy. The active
oxygen can damage DNA, active antioncogene, and block migration. It can also re-
duce damages to the surrounding healthy tissues to the maximum level; therefore,
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Figure 3.6: a) The chemical structure of TNCP; b) TNCP/antisense single-stranded DNA
oligonucleotide — nanoparticles (TNCP/ASO-NPs) was used for efficient and controllable nuclear
targeted transport and real-time tracking of gene drugs. Adapted with permission from ref [52].
Copyright © 2019 Wiley- VCH Verlag GmbH & Co. KGaA, Weinheim.

near-infrared phosphor shows obvious advantages, minimizing biological back-
ground interference and improving detection sensitivity in biological tissues [55]. In
addition, the low energy characteristic of near-infrared light is helpful for deep tissue
imaging and tumor detection in vivo. Therefore, the development of near-infrared
photosensitizer with a good reactive oxygen species generation ability is of great sig-
nificance to achieve efficient image-guided photodynamic therapy. Dai et al. [56] de-
signed an AIEgen containing an electron-accepting benzo[1,2-b:4,5-b’] dithiophene
1,1,5,5-tetraoxide core and electron-donating 4,4’-(2,2-diphenylethene-1,1-diyl) bis
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Figure 3.7: Described a schematic diagram of AMP-2HBT for bacterial imaging and sterilization.
Adapted with permission from ref [54]. Copyright 2018, American Chemical Society.

(N,N-diphenylaniline) groups for image-guided targeting PDT application. The
fluorescein TBB showed obvious AIE characteristics and strong infrared fluores-
cence, and it could effectively generate 0>*~ and ;0 in sunlight. By wrapping TTB in
a polymer matrix and then modifying it with RGD-4R, nanoparticles (RGD-4R-MPD/TTB)
with near infrared emission (~730 nm), high light stability and low dark cytotoxicity
(RGD-4R-MPD/TTB) were achieved. They showed excellent performance in the treatment
of PC3, HeLa, and SKOV-3 cancer cells by targeting PDT in vitro. Pharmacokinetics, hio-
distribution and long-term tracking in vivo had shown that RGD-4R-MPD/TTB nanopar-
ticles can be selectively accumulated in tumors for real-time and long-term image-guided
photodynamic therapy. PDT, in a variety of xenotransplantation tumor models, medi-
ated by RGD-4R-MPD/TTBNPs revealed that it can effectively inhibit the growth of
cervical cancer, prostate cancer, and ovarian cancer in mice. These results suggested
that the reagent of near infrared fluorescein TTB as photosensitizer was expected to
be a candidate drug for image-guided photodynamic therapy in vivo (Figure 3.8).
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Figure 3.8: (A) The chemical structures of TTB, MPD and RGD-4R are described respectively.

(B) Schematic diagram of the preparation of RGD-4R-MPD / TTB NP. (C) The process of cell
absorption and photodynamic therapy of RGD-4R-MPD / TTB NPs is introduced. (D) Hela, PC3 and
SKOV-3 cells were used to establish xenograft tumor models of cervical cancer, prostate cancer and
ovarian cancer. Adapted with permission from ref [56]. Copyright 2020, American Chemical Society.

3.4.4 In vitro cell imaging

Since most anti-cancer drugs induce cell death through apoptosis, the imaging of the
cascade caspase activation is essential to screen the drugs and study their therapeutic
effects. Yuan et al. [57] designed and synthesized a fluorescent probe that can simul-
taneously detect caspase-3 and caspase-8. The probe consisted of a water-soluble
peptide that can be recognized by caspase-3 and caspase-8, and connected the AIE
fluorophores that emit blue fluorescence and red fluorescence, respectively. The
probe molecule did not emit light in the solution due to its good water solubility. Cas-
pase-8 could cleave peptides and release water-insoluble blue fluorophores; caspase-
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3 could cleave peptides and release water-insoluble red fluorophores; thus, realizing
fluorescence detection for the activities of the two enzymes. The probe achieved good
results in solution detection and intracellular imaging (Figure 3.9).
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Figure 3.9: (A) Cleavage sites of caspase-3 and caspase-8; (B) A single fluorescent probe can target
two caspase activities in living cells. Adapted with permission from ref [57] Copyright © The Royal
Society of Chemistry 2017.

Qi et al. [58] designed an AIE gen-peptide-based fluorescent bioprobe (PyTPE-CRP).
PyTPE-CRP mainly consisted of two parts: (1) an enzyme-cleavable peptide (NEAYVH-
DAP); (2) an AIE molecule (PyTPE). PyTPE-CRP could be cleaved by casp-1 in mac-
rophages that was infected by bacteria. The residues self-assembled in the cell,
eventually leading to increased fluorescence in the cell. Therefore, it was possible
to image macrophages that were infected by bacteria.

3.5 Conclusion and outlook

This chapter focused on the research progress of peptide—AIEgen aggregates. Accord-
ing to the different peptides, such as targeting peptides, cell-penetrating peptides, and
stimuli responsive peptides, their combined effects with AIE were completely different.
The combination of targeting peptides and AlEgens not only improved the imag-
ing efficiency of targeting peptides but also improved the water solubility of AlEgens,
which have become research hotspots in recent years. Targeting peptide-coupled AIE-
gens can target specific organelles for long-term biological imaging. AIEgens, modi-
fied with different types of cell penetrating peptides, for example, cationic peptides,
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hydrophobic peptides and amphipathic peptides, can penetrate cells better to obtain
good imaging characteristics. The advantages of the stimuli-responsive peptide—AIE
conjugate are that it can perform specific structural changes in response to specific
stimuli to accurately perform imaging, diagnosis, and monitoring at specific sites.
In addition, the review introduces how environmental factors trigger the aggrega-
tion of peptide-AlEgens, such as ionic strength, H,0,-triggered aggregation, and
enzyme-catalyzed aggregation. In specific applications, peptide—AIE aggregates
also made up for the shortcomings of other traditional AIEgens in biomarker, bac-
teria and cell detection, and in vivo/vitro imaging.

Although these types of peptide—AIEgens show great scope and potential for
diagnostic and imaging applications, there are still many challenges to overcome
before their translational effectiveness can be realized. The first is how to design
an intelligence-responsive peptide—AlEgens, since some biological problems can
be more appropriately addressed using response-based radiologic diagnostic
probes than traditional ones. The second is to search for an optimized reactivity-
based multifunctional biological probe for specific therapeutic and diagnostic
applications. These features include higher signal-to-noise ratios, alternative ex-
citation schemes, and integration with other imaging methods. Finally, a com-
prehensive study of the long-term bio-behavior, toxicological effects, and overall
biocompatibility of peptide—AlEgens is equally important if it is to facilitate the
transformation or optimize its performance. Therefore, this requires the full coop-
eration and unrelenting efforts of experts from different disciplines to solve this
problem and bring new hope for the clinical application of peptide.
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Chapter 4

The application of click chemistry in the
design of aggregation-induced emission
luminogens for activity-based sensing

4.1 Introduction

The development of sensitive and selective fluorescent sensors is of great impor-
tance for the visualization of numerous biological processes and the accurate diag-
nosis of diseases [1]. A wide variety of fluorescent probes have been developed and
employed in sensing applications and have been shown to exhibit high sensitivity,
fast responsiveness, and excellent biocompatibility [2, 3]. Activity-based sensing
(ABS) has emerged as a powerful approach that exploits molecular reactivity rather
than molecular recognition for analyte detection [4]. However, most of the fluores-
cent probes have been developed using a “lock and key” strategy; ABS offers sev-
eral distinct advantages over the conventional lock-and-key molecular recognition
approaches including high specificity and sensitivity, and accurate signal outputs.
Most conventional organic fluorophores such as fluorescein, rhodamine, cyanine,
etc. suffer from aggregation-caused quenching (ACQ). This significantly limits the
amount of labeling of the analyte with the fluorophores, as they must be diluted in
solution or dispersed in matrix materials, which requires complicated preparation pro-
cesses and results in severe photobleaching, low signal-to-noise ratio, and signifi-
cantly compromised sensitivity [5]. The development of aggregation-induced emission
luminogens (AIEgens) has provided an excellent class of fluorescent scaffolds for
ABS. The concept of aggregation-induced emission (AIE) refers to a unique phenome-
non where some fluorogens are nonemissive or weakly emissive in dilute solutions but
become highly luminescent when the molecules are aggregated in concentrated solu-
tions. The emergence of luminogens with AIE characteristics addresses the deficiencies
of ACQ fluorophores [6]. AlEgens generally exhibit higher photostability, extremely
high signal reliability, and high signal-to-noise ratio in comparison to traditional ACQ
fluorophores. Furthermore, the “turn on” nature of AlEgens reduces the possibility of
false positive or negative signals compared with the typical “turn off” counterparts. As
a result of these advantages, AIEgens have been widely used in fluorescent sensing.
The use of AlEgens in ABS has been proven to combine the advantages of ABS and
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AlEgens, leading to the successful development of a diverse array of sensors that have
been constructed for the detection of many reactive chemical and biological species
[7-9].

4.1.1 Design principles of activity-based AIE sensors

Compared to traditional “lock and key” strategies, an activity-based approach offers
a reliable alternative for analyte detection due to the focus on molecular reactivity
as opposed to molecular recognition, to achieve specificity. The AIEgen can only be
activated by the desired analyte facilitating the targeted chemical transformation
resulting in significant changes in fluorescence intensity, emission wavelengths, or
fluorescence lifetime. The mechanism of AIE luminescence has been rationalized
by the processes of restriction of intramolecular rotation (RIR) and/or restriction of
intramolecular vibration (RIV). AIEgens properties can be modified with a specific
reactive group for analyte recognition in order to obtain an activity-based AIE sen-
sor. Several sensing principles have been applied in the AIEgen ABS approach in-
cluding i) the modification of the AIEgen with a specific reactive moiety, which can
be deactivated or cleaved by the target analyte to give a strong fluorescence as a
result of dye aggregation caused by solubility changes (Figure 4.1A); ii) bioconjuga-
tion through a chemical reaction between the reactive groups of the AlEgen and a
matrix to induce RIR/RIV of the AlEgen (Figure 4.1B); iii) through a chemical reac-
tion between two orthogonal groups of the AlEgens that results in a fluorescence
change of the AlEgens (Figure 4.1C).

NS\ Cleavage

Bioconjugation
—_—

Orthogonal
""D Chemistry
—_—

Figure 4.1: Illustration of the design principles of activity-based AIE sensors; (A) cleavage,
(B) bioconjugation, and (C) orthogonal chemistry.
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4.1.2 Click chemistry

Several classes of reactions have been employed in the AlEgen ABS approach, of
which click chemistry has become prominent in the design of activity-based AIE
sensors for a wide range of applications including the detection of metal ions and
small molecules, tumor labeling, monitoring of DNA synthesis, and measurement
of cellular unfolded protein load.

Click chemistry was conceived by Sharpless and coworkers in 2001 as a strategic
method for the efficient combination of small modules together through heteroatom
(C-X-C) bond formation to meet the demands of modern day chemistry [10]. Click chem-
istry focuses on reactions with a high thermodynamic driving force, usually greater
than 20 kcal . These reactions are often termed “spring-loaded,” which generally pro-
ceed rapidly to completion and are highly selective for a single product. To formalize
the concept of click chemistry, Sharpless and coworkers outlined a set of stringent cri-
teria for reactions to be classified as “click reactions.” A click reaction must be modu-
lar, wide in scope, high-yielding, simple to perform, and stereospecific; it must create
only inoffensive by-products and require benign or easily removed solvent.

A selection of chemical transformations were initially identified as click reac-
tions including cycloadditions of unsaturated species, nucleophilic substitution
chemistry, ring-opening reactions, nonaldol carbonyl chemistry, and additions to
carbon-carbon multiple bond (Michael reactions, thiol-ene click chemistry, etc.)
(Figure 4.2) [11, 12]. The orthogonal and biocompatible nature of click reactions
makes them ideally suited to be applied in the design of activity-based AIE sensors.
In this chapter, we will summarize click chemistry methods applied in AIEgen ABS
strategies, particularly focusing on cycloaddition and addition to carbon-carbon
multiple bond reactions.

4.2 Cycloaddition reactions

4.2.1 Cu'-Catalyzed Azide-Alkyne Cycloaddition (CuAAC)

Of all the reactions identified as click reactions, the Cu'-catalyzed azide-alkyne cycload-
dition (CuAAC) reaction to afford 1,4-disubstituted-1,2,3-triazoles has become the pre-
mier example of a click reaction and synonymous with click chemistry [13, 14]. Azides
and alkynes can be easily introduced into a molecule and are tolerant to a wide variety
of functional groups and reaction conditions, meaning they can be installed and re-
main unaffected through a number of subsequent transformations. The copper (I) cata-
lyst results in excellent regioselectivity of the cycloaddition reaction and increases the
reaction rate up to 107 times, eliminating the need for high temperatures. The CuAAC
reaction has been applied in AIEgen ABS strategies through bioconjugation reactions
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between an alkyne- or azido-functionalized biomolecule and an AIEgen modified with
the complementary reactive group (Figure 4.3).

@ =@ — Oy

@
Q= @ — Iy
@ = AlEgen/AlE dot = Biomolecule

Figure 4.3: Schematic illustration of the use of the CuAAC reaction in AlEgen ABS.

In 2015, Tang and coworkers applied the CuAAC reaction in an ABS strategy for the
detection of S-phase DNA synthesis and cell proliferation based on 5-ethynyl-2’-
deoxyuridine (EdU) assay employing two azide-functionalized AlEgens (TPE-Py-Ns,
1 and Cy-Py-Ns, 2) [15]. Given the biological importance of DNA synthesis, it is vital
to develop techniques that aid in the understanding of the molecular mechanisms of
DNA synthesis [16, 17]. Although radioactive probes have been successfully applied
in the labeling of mitotically active cells, they suffer from several disadvantages. The
radioactive reagents are hazardous, high cost, and require time-consuming proce-
dures, limiting their use for high-throughput studies [18]. Fluorescence labeling offers
many advantages in comparison to radioactive probes including rapid detection,
high sensitivity, and less cytotoxicity. In this improved method, the thymidine ana-
logue EdU bearing a terminal alkyne moiety was first incorporated into newly synthe-
sized DNA, followed by incubation with the selected AlEgen, CuSO, and ascorbic
acid to give a dye-labeled double-stranded DNA, enabling DNA synthesis and cell
proliferation to be monitored in situ (Figure 4.4A). The capability of the two AlEgens
(1 and 2) to detect DNA synthesis was first studied in proliferating human cervix car-
cinoma Hela cells. The HelLa cells were incubated with EdU followed by staining
with the AlEgens and the addition of CuSO, and ascorbic acid. The nuclei of the
HeLa cells were found to emit intense light upon photoexcitation (Figure 4.4B). In
contrast, the HeLa cells without EdU labelling displayed no detectable fluorescence,
supporting the hypothesis that the origin of the nuclei fluorescence came from the
DNA synthesis and EAU incorporation. The nuclei of the HeLa cells also became more
emissive with a longer incubation time, implying that AIEgens 1 and 2 were able to
monitor the procession of DNA synthesis in addition to cell proliferation. When com-
pared on the Alexa-azide dye, a commercial DNA bioprobe, the AlEgens exhibited a
much wider working concentration range (10 to 100 uM), higher brightness, and
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stronger photostability, making AIEgens 1 and 2 promising candidates for intracellu-
lar DNA synthesis detection.

(2]
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Figure 4.4: (A) DNA Synthesis Detection by AlEgens through EdU Assay; (B) Detection of S-Phase
DNA Synthesis in Hela cells by Fluorescence Microscopy; (B) Reproduced from ref. [15] with
permission from Royal Society of Chemistry, copyright 2015.

Liu and coworkers designed a biorthogonal fluorescence “turn on” AlEgen for tar-
geted cancer cell imaging and ablation using the CuAAC reaction [19]. Traditional
labeling strategies that rely on biological interactions face problems of heterogene-
ity of cancer cells or saturation of receptors; therefore, conjugation with fluorescent
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probes using biorthogonal reactions has become an attractive alternative [20]. Through
metabolic approaches, unnatural targets with abiotic functional groups can be artifi-
cially introduced to specific cancer cells to achieve labeling through biorthogonal con-
jugation. To apply this strategy, an alkyne-functionalized TPE derivative, TPETSAI (3),
was first synthesized. TPETSAI (3) was found to be almost nonfluorescent in aqueous
media but displayed significant fluorescent enhancement upon restriction of molecu-
lar motion through the CuAAC reaction using 1,3,5-tris(azidomethyl)benzene as a
model azide. To explore the potential of using TPETSAI (3) for biomolecular imaging
in live cells, HeLa and breast cancer MDA-MB-231 cells were first incubated with prea-
cetylated N-azidoacetylmannosamine (Ac,ManNAz) (50 pM), which was incorporated
to form azide-functionalized glycans on the cancer cell surface followed by the addi-
tion of TPETSAI (3) (10 uM), CuSO, (25 uM), tris(3-hydroxypropyltriazolylmethyl)amine
(THPTA) (125 uM), and sodium ascorbate (2.5 mM) (Figure 4.5). A strong red fluores-
cence could then be observed in the membrane of HelLa cells that gradually increased
as the CuAAC reaction progressed. Furthermore, the specially designed AlEgen 3
could to be applied as a therapeutic agent upon visible light (A = 400-700 nm) irradia-
tion to generate reactive oxygen species (ROS), resulting in cell necrosis. This ap-
proach of fluorescence labelling of target cancer cells is a particularly promising
approach for phototherapy, as light can be applied precisely to the pathological re-
gion, while the normal cells are untouched.

In addition to the bioconjugation strategy, the CuAAC reaction has been em-
ployed in the development of activity-based AIE sensors for the detection of analytes
required to induce the reaction between the azide and alkyne moieties. For example,
the CuAAC reaction requires the copper catalyst, usually prepared with an appropriate
chelating ligand, to be maintained in the Cu' oxidation state. The most convenient
CuAAC procedure involves the use of an in situ reducing agent, often ascorbate ions.
Banerjee, Chatterjee, and coworkers exploited the need for a reducing agent in the de-
velopment of an AIE “turn on” fluorescent sensing method for the selective detection
of ascorbate ions [21]. Ascorbic acid helps to endorse tissue growth and healthy cell
development and protects tissues from oxidative damage [22]. Two TPE derivatives
bearing azide and alkyne functionalities (4 and 5) were synthesized, which would be
able to undergo the CuAAC reaction in the presence of Cu" and ascorbate ions. The
Cu" ions were reduced to Cu' in the presence of the ascorbate ions and catalyzed the
CuAAC reaction, initiating the formation of the polymer 6, comprising several TPE
moieties, which was insoluble in the solvent system (H,O/THF = 93/7 v/v) and, as a
result, the solution emitted blue fluorescent light (Figure 4.6A). The triazole polymer
formation was established by IR spectroscopy of both TPE derivatives (4 and 5), and
the CuAAC reaction product 6. AlEgens 4 and 5 displayed strong alkyne (3,300 cm™)
and azide (2,100 cm™), respectively, whereas the IR spectrum of the solid product
showed a broad band for cyclic C =C, N =N absorption in the region 3,000-3,500 cm’,
which is a characteristic peak of the 1,2,3-triazole moiety. In addition, the absorption
band corresponding to the alkyne functionality disappeared, and the intensity of the

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



60 —— Marie-Claire Giel, Yuning Hong

CuAAC

ACO~ NN T

N
(o] -
Agg’g&\\,om Metabolic

glycoengineering

Figure 4.5: Turn on AlEgen TPETSAI (3) for cancer cell imaging and ablation using the CuAAC
reaction.

azide was significantly reduced in the TPE polymer (6). The fluorescence sensing
selectivity for ascorbate acid was examined in the presence of several other cations
and anions, and the fluorescence response of the system was found to only increase
in the presence of ascorbate and Cu", highlighting the selectivity towards ascorbate
ions. The applicability of this sensing method for quantitative detection of ascor-
bate acid in commercially available Vitamin C tablets was also demonstrated, offer-
ing a rapid and economic method for the selective detection of ascorbic acid.
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A similar approach was used by Costero and coworkers for the sensing of nitric
oxide (NO) [23]. NO has a range of diverse physiological functions including acting as
a messenger molecule in white blood cells, blood vessels, and the central nervous
system [24]. Inhaled NO (iNO) improves oxygenation in respiratory failure and persis-
tent pulmonary hypertension. The initial recommended concentration of iNO in these
treatments is 20 ppm. Higher concentrations have not been shown to increase the ef-
fectiveness of the treatment and are associated with a higher incidence of methemo-
globeinemia and nitrogen dioxide formation; therefore, the monitoring and control of
iNO concentration is highly important [25]. A TPE derivative functionalized with an
alkyne moiety (7) was synthesized and reacted with 1-azidohexane in the presence
of a Cu" species, Cu(OAc), and NO, which was able to generate the required Cu' from
Cu(OAc), allowing the click reaction to proceed (Figure 4.6B). The resultant triazole
product has higher steric hindrance, promoting an increased fluorescent emission.
A detection range and limit of detection (LoD) of NO was established through testing
different concentrations of NO, ranging from 5 to 100 ppm. The selectivity of the sys-
tem was confirmed when the gases NO,, CO,, CO, and SO, were individually bubbled
through the same solution and no significant changes in the emission were seen,
compared to the use of NO. The linearity range was determined to range from 20 to
80 ppm and have a LoD of 15 ppm. Although several sensors for NO have been re-
ported, this sensing method offers several advantages, including the detection of gas-
eous nitric oxide and the use of lower pollutant compounds. In addition, the lowest
concentration of iNO used in medical treatment is 20 ppm.

In 2011, Sanji, Tanaka, and coworkers used the CuAAC for the fluorescence turn-
on detection of Cu", using an azide functionalized AlEgen (9) and a terminal diyne,
diethylene glycol dipropiolate (10) [26]. Elevated levels of Cu" are associated with sev-
eral neurodegenerative diseases, including Wilson’s and Alzheimer’s diseases [27].
Additionally, copper, usually found in the oxidized state, can be an environmental
pollutant. Therefore, a sensitive and selective detection method for Cu" is critical.
Upon the addition of Cu", AlEgen 9 and diethylene glycol dipropiolate (10), in the
presence of sodium ascorbate, yielded covalently cross-linked networks 11, which re-
sulted in a dramatic enhancement in fluorescence due to restriction of intramolecular
rotations (Figure 4.7). Upon addition of Cu" to a solution of the AlEgen 9 (20 pM),
diyne 10 (40 pM), and sodium ascorbate (40 pM) in the detection solvent (THF/H,0 =
11/1, v/v), the fluorescence emission increased gradually and reached a constant value
within 48 h, although increasing the temperature to 50 °C decreased the detection
time to 12 h. The emission intensity increased almost linearly with the concentration
of Cu™ in the range of 0-20 uM; however, further addition of Cu" caused a decrease in
fluorescence. It was proposed that the fluorescence decrease was caused by the for-
mation of highly cross-linked insoluble polymers. The detection limit was estimated
to be approximately 1 uM. The assay was shown to be highly selective for Cu", as
there was no increase in fluorescence when the assay was performed with various
other metal ions (Li*, Na*, K", Mg**, Ca®*, Mn*", Fe*", Fe**, Co?*, Ag", and Zn?*).
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Figure 4.6: Sensing methods for detecting ascorbate ions (A) and NO (B) using the CuAAC reaction.

4.2.2 Strain-Promoted [3 +2] Azide-Alkyne Cycloaddition (SPAAC)

While the CuAAC reaction has emerged as a highly versatile strategy in the develop-
ment of activity-based AIE sensors for a wide range of targets, the reaction is limited
due to the toxicity of copper ions, and their difficult removal can limit the in vivo
usage of the reaction. In 2004, Bertozzi and coworkers reported a copper-free strain-
promoted [3 +2] azide-alkyne cycloaddition (SPAAC) for the selective modification of
biomolecules and living cells without apparent physiological harm [28]. The research
group employed cyclooctyne alkynes activated by ring strain, lowering the activation
energy for the cycloaddition and enabling the reaction to be performed at lower tem-
peratures, without the need for any catalysis. The SPAAC reaction has been used in
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ABS by modifying an AIEgen with a strained alkyne for bioconjugation with an azide-
functionalized target biomolecule (Figure 4.8).

N,
@ -
V- @ — :
@ = AlEgen/AlE dot = Biomolecule

Figure 4.8: Schematic illustrating the use of the SPAAC reaction in an AlEgen ABS approach.

Liu and coworkers used the SPAAC reaction to further develop their aforementioned
work on cancer cell imaging to in vivo labeling (See Section 4.2.1) [29]. The research-
ers designed a biorthogonal “turn on” AlEgen named BCN-TPET-TEG (12) composed
of an AIE core (TPET), hydrophilic triethylene glycol (TEG), and the strain alkyne
bicyclo[6.1.0]lnonyne (BCN) (Figure 4.9A). In this design, it was envisioned that the
hydrophilic nature of TEG endows BCN-TPET-TEG (12) with good water dispersibility,
and therefore the AIEgen 12 would only emit low fluorescence until the BCN moieties
undergo the SPAAC reaction with the azide groups on tumor cells previously pretreated
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with azide modified acetyl sialic acid (AzACSA). Following the SPAAC reaction, the
fluorescence of AlEgen 12 was expected to become significantly advanced due to
RIM (Figure 4.9B). The “turn on” for BCN-TPET-TEG (12) was initially investigated
through SPAAC polymerization with 1,3,5-tris(azidomethyl) benzene (TAB), which
resulted in cross-linked aggregates and a 6-fold enhancement in fluorescence after
1 h in the detection solvent (THF/H,0 = 1/10, v/v). The potential of BCN-TPET-TEG
(12) was further evaluated by incubating the probe with ionic surfactants and solu-
tions containing different biomolecules, including DNA, proteins, and cell lysates
with no significant change in fluorescence, illustrating its potential for specific “turn
on” imaging. The in vivo tumor imaging was studied in comparison to DBCO-Cy5, an
“always on” commercial azide-reactive probe using a tumor-bearing mice model.
BCN-TPET-TEG (12) administered mice showed rapid fluorescence only at tumor sites
with no detectable signal from the rest of the mouse body, whereas DBCO-Cy5 re-
quires approximately 24 h for background probe signal to disappear before the true
tumor signal could be identified (Figure 4.9C). The photosensitizing ability of AIEgen
12 was also used to realize effective image-guided photodynamic therapy (PDT). At
6 h post injection of BCN-TPET-TEG (12), the tumor-bearing mice were irradiated with
white light for 10 min for PDT evaluation. The tumor growth was found to be much
slower in the BCN-TPET-TEG (12) click group in comparison to the control groups.

Zhang, Cai, Zhao, and coworkers used the SPAAC reaction in the development
of fully humanized antibody conjugated AIE dots for in vivo cancer imaging [30].
Compared with traditional molecular dyes, AIE dots display extraordinarily high
brightness, large Stokes shift, and excellent photostability. In addition, AIE dots are
much more biocompatible than inorganic nanoprobes, providing great clinical trans-
lation opportunities [31]. The clickable AIE dots were synthesized by encapsulating
an AlE-active polymer, PDFDP, in a strained alkyne, diarylcyclooctyne (DBCO), func-
tionalized lipids. The AIE dots showed excellent optical and colloidal properties; the
AIE dots displayed a wide absorption range (250-600 nm), a sharp emission peak at
660 nm, and a large Stokes shift. The strained alkyne-appendaged AIE dots were able
to react with azide-functionalized anti-HER2 fully human antibody (RHA) with high
specificity under mild reaction conditions, without the presence of copper ions to pre-
serve the structure and function of the antibody (Figure 4.10A). The RHA-AIE dots
were found to be stable for up to 8 months and possess high stability in different pH
environments, biological buffer, culture media, and to oxidation and reduction agents.
The RHA-AIE dots were first applied in HER2 positive SK-BR-3 cells and then HER2
negative MD-MB-231 cells for cancer cell imaging. SK-BR-3 cells treated with RHA-AIE
dots were highly fluorescent in contrast to the MD-MB-231 cells, demonstrating an en-
hanced binding of RHA-AIE dots to the HER2 highly expressed breast cancer cells
(Figure 4.10B). The RHA-AIE dots were then applied in a mouse model for in vivo ex-
periments, which indicated that the RHA-AIE dots specifically accumulated in the SK-
BR-3 tumor and emitted higher fluorescence signals, providing a clear in vivo cancer
diagnosis.
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In addition to functionalizing AIE dots with recognition moieties such as anti-
bodies, in vivo tumor imaging can be achieved through reacting the AIE dots di-
rectly with metabolically labeled cancer cells. Tang and coworkers used the SPAAC
reaction in this approach for in vivo cancer imaging [32]. In this system, a benzo[d]
imidazole-cored AlEgen (2 TPE-2 T-BI, 13) (Figure 4.10C) with long-wavelength
emission was encapsulated within DBCO-functionalized lipid to form DBCO-AIE
dots, which would be able to react with azides in the SPAAC reaction in a biological
environment (Figure 4.10D). The maximum absorption and emission peaks of DBCO-
AIE dots were 572 and 710 nm, respectively, offering the advantages of low excitation
energy and autofluorescence in biological media. The DBCO-AIE dots also had a large
Stokes shift of 138 nm to greatly minimize the self-absorption. The transmission elec-
tron microscopy (TEM) image and dynamic light scattering measurements indicated
that the DBCO-AIE dots were spherically shaped, with an average size of approxi-
mately 85 nm, making them suitable for blood circulation in vivo. The DBCO-AIE dots
were applied in a mouse model with the MCF-7 tumor pre-treated unnatural mono-
saccharides (Ac4ManNAz) to introduce azide bearing tumors. Following treatment
with the DBCO-AIE dots, the fluorescence signal for Ac4ManNAz-treated mouse was
almost exclusively located around the tumor. In comparison, the fluorescence signal
in the mouse without Ac4ManNAz treatment was distributed across the whole body,
indicating that the amount of accumulated DBCO-AIE dots in tumor tissue was highly
increased in Ac4ManNAz treated mouse (Figure 4.10E). When compared to AIE dots
with short-wavelength emission, the NIR emissive DBCO-AIE dots showed higher
contrast and signal to noise ratio for in vivo imaging due to the lower autofluores-
cence from the body in the same emission wavelength window.

4.3 Michael addition reactions

The Michael addition reaction is a versatile synthetic methodology for the efficient
coupling of electron-poor olefins with a vast array of nucleophiles [33]. The Michael
addition reaction fulfils the key criteria that qualifies the reaction as a highly modular
click reaction with the ability to product highly stereospecific and regiospecific prod-
ucts. The thermodynamically favored, facile methodology generates C-C, C-N, C-S and
C-0 bonds, requiring only mild reaction conditions and benefiting from a high func-
tional group tolerance [34, 35]. In contrast to the CuAAC reaction, the Michael addition
reaction proceeds under metal-free conditions and exploits the wealth of readily avail-
able substrates, including phenols, amines, and thiols eliminating the need for pre-
modification with azide and alkyne functional groups, which is often challenging and
can, possibly, alter the primary function of the biomolecule. Although the SPAAC reac-
tion is catalyst free, it can still be limited by the need for expensive reagents, tedious
optimizations, and complicated preparations. The application of Michael addition

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost

Chapter 4 Click chemistry in aggregation-induced emission = 67

Probe Nucleus Owverlay

. 3 5 S‘-\ RHMA-
. L AlEdots
Ny

Clickable AIE dots RHA-antibody AlEdols

P

SK-BR-3

lSF'AAC reaction

RHA-
AlEdots

MD-MB-231

AlEdots

B + " Fluorescence
oV

DSPE- -DBCO  peco-asEdon
AcAManhAZ (+)

,\,\,%

Figure 4.10: (A) Schematic illustration of the preparation of RHA-AIE dots; (B) Specific targeting and
imaging of RHA-AIE dots in HER2 positive cells; (C) Chemical structure of 2 TPE-2T-BI (13);

(D) Schematic illustration of DBCO-AIE dots composition; (E) Time-dependent fluorescence imaging
of MCF-7 tumor veering mice with/without Ac4ManNAz pre-treatment after administration of DBCO-
AIE dots; (A and B) Reproduced from ref. [30] with permission from Royal Society of Chemistry,
copyright 2018; (D and E) Reproduced from ref. [32] with permission from John Wiley and Sons,
copyright 2018.
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reactions in ABS addresses the deficiencies of both the CuAAC and SPAAC reactions
and has been widely used in the fluorescence labeling of biomolecules using AIEgens
(Figure 4.11).
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Figure 4.11: Schematic illustrating representing Michael addition reactions in an AlEgen ABS
approach.

As a part of a proof-of-concept study, Tang and coworkers demonstrated that the abun-
dant native groups, amine, thiol, and hydroxy can be directly reacted with activated
alkynes, without any modification in the absence of metal catalysis (Figure 4.12) [36].
Two AlEgens bearing an electron-withdrawing carbonyl group activated alkyne, TPA-
alkyne (14), and TPE-alkyne (15) were synthesized and examined for the fluorescence
labeling of natural polysaccharides, amine terminated polyethylene glycol (PEG), bac-
teria, peptides, and proteins. Further application for rapid whole cell mapping and
quick differentiation and labeling of gram-positive bacteria was also demonstrated.
This strategy offers several attractive features including 100% atom efficiency, mild
reaction conditions, and is catalyst-free, and therefore is a promising approach for the
development of quick fluorescence labeling of many biotargets and biotarget-related
processes in vitro and in vivo. However, site- and target-specific fluorescence labeling
using this method lacks selectivity between amine, thiol, and hydroxy functionalities
and, thus, has limitations in certain applications.

The Michael addition reaction has been widely applied in designing thiol-
specific AlEgens for protein labeling. Cellular thiols are essential biomolecules that
play a vital role in biological systems as key components of protein structures and
metabolic intermediates. Abnormal concentrations of biothiols have been reported
to be associated with many health problems including Alzheimer’s disease, hepatic
and renal failure, and impaired survival in HIV disease [37-39]. Tang and coworkers
reported with the first example of thiol-specific AIEgen through functionalizing TPE
with a maleimide (MI) group to give TPE-MI (16) (Figure 4.13A) [40]. TPE-MI was
found to be nonfluorescent in both solution and the solid state as a result of the
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Figure 4.12: Schematic illustration of the metal-free click fluorescence labeling with native groups
of biotargets.

exciton annihilation process associated with the n-m electronic conjugation of the
carbonyl (C =0) and olefinic (C=C) group present in the MI moiety. The AIE activity
was recovered by the Michael addition between the MI moiety and a free thiol group.
As a result, the AlEgen 16 was applied in the selective detection of L-cysteine (Cys) on
a TLC plate. When excited at 365 nm, the Cys spot emitted a bright blue light in the
presence of the AlIEgen 16, while other non-thiol containing amino acid spots remained
nonemissive. This technique was shown to be sensitive to Cys from 1 to 100 ng/mL.
TPE-MI (16) was also applied in the selective detection of the small biothiol glutathione
(GSH) using TLC plate. The sensing method was demonstrated to be a simple and con-
venient method for the detection of free thiols in solid state.

In 2017, Hong, Hatters and coworkers utilized TPE-MI (16) to measure cellular
unfolded protein load through the Michael addition with free Cys thiols on proteins
[41]. Disruption of the cellular protein homeostasis (proteostasis)) can promote pro-
tein unfolding, which, in turn, results in an accumulation of aggregated proteins,
which is associated with many neurodegenerative diseases [42]. Cys residues are
the least surface-exposed residue of all amino acids in proteins, and therefore an
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abundance of accessible thiols is indicative of the levels of unfolded proteins. The suit-
ability of TPE-MI (16) to be used to measure cellular unfolded protein load was first
investigated using several model proteins, beginning with three proteins containing
single free Cys residues buried in the core of the folded state (bovine B-lactoglobulin,
yeast enolase and human peroxiredoxin-3). Each of the proteins displayed far greater
reactivity to TPE-MI (16) when unfolded with guanidine hydrochloride than when in
their native state, demonstrating selectively of TPE-MI towards unfolded proteins (16).
The specificity for Cys was then demonstrated by reacting TPE-MI with ubiquitin,
which lacks any Cys residues, which showed no reactivity. Furthermore, TPE-MI (16)
was used to report the unfolding of proteins in living cells treated with stressors that
induce protein unfolding, and to detect induced protein damage in anti-malaria drug-
treated malaria parasites. This AIE-based strategy to measure unfolded load provides
insight onto proteostasis capacity on cells, is easy to perform, efficient, and of low cost
(Figure 4.13B). A follow-up study performed by Hong and coworkers reported a TPE-
MI derivative named TPE-NMI (17), which offered improved water miscibility and red-
shifted spectral profile, which is compatible with the commonly used 405 nm laser in
most of the flow cytometers and confocal microscopes (Figure 4.13C) [43, 44]. Compa-
rable with TPE-MI, TPE-NMI also displaced turn-on fluorescence upon reacting with
unfolded protein in vitro and in live cells.

TPE-NMI was then further optimized to achieve a solvatochromic fluorogenic
probe, NTPAN-MI (18), for assessing the polarity of the local environment surrounding
unfolded proteins in cells (Figure 4.13C). To achieve environmental sensitivity, a phenyl
ring of the TPE unit was replaced with an electron-withdrawing cyano group, creating
a push-pull AlEgen. Push-pull dyes with both electron donor and acceptor experience
excited-state charge transfer, which is stabilized by interactions with the dipoles of sol-
vent, resulting in emission redshift in more polar solvents (Figure 4.13D). In contrast to
TPE-MI (16) and TPE-NMI (17), AlEgen 18 offers the advantage for direct visualizing and
quantifying unfolded proteins in both the cytoplasm and the nucleus. By using spectral
phasor analysis, polarity surrounding the labeled unfolded proteins could be quantified
in terms of dielectric constant (g) in subcellular resolutions. The labeled unfolded pro-
teins experienced ¢ in a range of 22-32 in the hydrophobic environment of the endo-
plasmic reticulum, 32-36 at the interface of the endoplasmic reticulum and cytoplasm,
and 36-45 inside the nucleus, where the environment is more hydrophilic. Under con-
ditions that promote proteostasis imbalance such as tunicamycin, MG132 or puromycin
treatment, 18 revealed a large shift of the nucleus environment to a highly hydrophilic
environment (g = 45-54), suggesting the central role of nucleus in the stress response
process. AlEgen 18 was further applied to reveal proteostasis collapse in cells upon in-
fluenza virus infection, demonstrating that such a process disrupts the protein quality
control of the host cells. This approach offers future possibilities to investigate the role
of subcellular polarity in protein quality control and stress response.

Differentiating between biological thiols such as Cys, homocysteine (Hcy), and
GSH using activity-based sensors has proven challenging. In particular, Hcy is a
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Figure 4.13: (A) Sensing of Cys using TPE-MI (16); (B) Schematic illustration of the strategy for
determining unfolded protein load using TPE-MI (16); (C) Structures of TPE-NMI (17) and NTPAN-MI
(18); (D) Normalized fluorescence spectra of thiol-conjugated NTPAN-MI (18) in solvents with
different polarity; (D) Reproduced from ref. [44] with permission from John Wiley and Sons,

copyright 2018.
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homologue of Cys with only one additional methylene group, and therefore it can
be difficult to distinguish between them. High blood levels of Hcy have been identi-
fied as risk factor in Alzheimer’s disease, neural tube defects, inflammatory bowel
disease, and osteoporosis, and, therefore, selective detection of Hcy is vital for early
detection and treatment [45]. Tang and coworkers employed a red-emission AlE-active
hemicyanine dye (TPE-Cy, 19) for the selective detection of Hcy (Figure 4.16) [46].
Following the addition of Hcy, the red emission of TPE-Cy (19) in pH 8 buffer is sup-
pressed and replaced with a strong blue emission. In the cases of Cys and GSH, only
a very weak blue emission or no change in emission was observed, respectively. The
selectivity of 19 for Hcy was attributed to extra methylene presence in Hcy, creating
less steric hindrance, compared to Cys and GSH. In addition of the reactivity differ-
ences, Hcy is more hydrophobic than Cys, and, therefore, the Michael adduct of Hcy
and 19 would have a higher tendency to aggregate in the aqueous buffer solution,
resulting in an enhanced fluorescent emission. Zhao, Li, Tang and coworkers also de-
veloped a novel AlEgen (TPE-Py, 20) for the selective detection of HCy [47]. AIEgen
20 contained o,B-unsaturated ketone units, which was able to undergo a Michael ad-
dition reaction with biothiols, resulting in the disruption of molecular conjugation
and a fluorescence change. It was discovered that only Hcy triggered a significant
ratiometric fluorescence change from yellow to blue, whereas quenching of fluores-
cence was observed in the presence of Cys or GSH. As with TPE-Cy (19), the selectivity
for Hey was attributed to the poorer solubility of the Hcy TPE-Py Michael addition
product compared to the Cys and GSH adducts and, therefore, is more likely to form
aggregates in the detection mixture.

A malonitrile-functionalized TPE derivative (TPE-DCV, 21) was synthesized by
Tang and coworkers, which was able to selectively detect GSH via a Michael addition
reaction (Figure 4.15) [48]. The presence of GSH was found to trigger the fluorescence
of TPE-DCV (21) (3 pM), whereas all the other amino acids (1 mM), including Cys and
Hcy caused no fluorescence “turn on” effect of TPE-DCV (21) in the detection medium
(H,O/EtOH = 68:32 v/v). It was speculated that the selective response was to the var-
ied solubility of the Michael adduct products. The increased hydrophilicity of the
GSH adduct causes reduced solubility in the detection medium containing 32% etha-
nol and therefore forms aggregates, resulting in a fluorescence response. The selectiv-
ity of TPE-DCV (21) for GSH was applied in the real time monitoring of glutathione
reductase (GR) activity, which cleaves glutathione disulfide (GSSG) to produce GSH
to regulate the redox balance. As neither GSSG nor GR can “turn on” the fluorescence
of TPE-DCV (21), the fluorescence of TPE-DCV (21) results solely on the GSH produced
in the enzymatic reaction. A similar strategy has also been used in the malonitrile
containing silole derivates, DMTPS-p-DCV (22) and DMTPS-m-DCV (23)n designed by
Tang and coworkers for the detection of biothiols via a Michael addition reaction
(Figure 4.15) [49]. DMTPS-p-DCV (22) was able to differentiate Cys and Hcy from GSH
relying on the distinctive differences in kinetics, and DMTPS-m-DCV (23) had excel-
lent sensitivity for Cysn with a detection limit lower than 0.5 pM.
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Figure 4.14: (A) Structure of TPE-Cy (19) and emission ratio change of probe 19 upon addition of

1 mM of different amino acids and GSH in pH buffer, inset: Photo of TPE-Cy in blank buffer or 10 pM
GSH, Cys, and Hcy under UV lamp illumination; (B) Structure of TPE-Py (20) and emission ratio
change of probe 20 upon addition of 60 mM of different amino acids and GSH in solution, inset:
Photo of TPE-Py in blank solution or 60 mM Hcy, Cys and GSH under UV lamp illumination;

(A) Reproduced from ref. [46] with permission from Royal Society of Chemistry, copyright 2014;

(B) Reproduced from ref. [47] with permission from Royal Society of Chemistry, copyright 2015.

TPE-DCV (21) DMTPS-p-DCV (22) DMTPS-m-DCV (23)

Figure 4.15: Structures of TPE-DCV (21), DMTPS-p-DCV (22), and DMTPS-m-DCV (23).

An excited-state intramolecular proton transfer (ESIPT)-based AlEgen was de-
signed by Yoon and coworkers for the sensing of biothiols [50]. The AIEgen named
AIE-S (24) was designed based on salicyaldazine, in which the hydroxyl group was
protected by acryloyl group blocking the ESIPT, resulting in very weak fluorescent
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emission. However, when AIE-S (24) (10 uM) was treated with Cys (50 pM) in PBS
buffer (10 mM, pH 7.4) with 1% DMSO at 25 °C, a significant green fluorescence signal
gradually increased at the maximum wavelength 505 nm over 30 min (Figure 4.16A).
The thiol moiety of the cysteine first reacted with the acryloyl group via a Michael
addition reaction, which was followed by a spontaneous intramolecular cyclization
reaction to release the salicylazdazine AIEgen 25. After the deprotection of the hy-
droxyl group, the ESIPT process was restored, and a strong fluorescence signal was
induced. To investigate the ability of AIE-S (24) to detect other biothiols, the time-
dependent fluorescence kinetic spectra of AIE-S (24) (10 uM) to Hcy, GSH, and Na,S
(100 uM) were also tested in PBS buffer (10 mM, pH 7.4) with 1% DMSO at 25 °C, in
comparison to Cys. After 40 min, strong fluorescent emissions were observed with
both Cys and GSH but not with Hys or Na,S. After 4 h, similar intensities were ob-
served for Cys, GSH and Hys. However, as Na,S cannot induce the intramolecular cy-
clization reaction there was no significant change in fluorescence. The huge kinetic
difference between Cys and Hcy was attributed to the kinetic rate of the intramolecular
cyclization. The seven-membered ring formation in the case of Cys is kinetically fa-
vored in comparison to the eight-membered ring formed from the Hcy addition. Fi-
nally, AIE-S (24) was successfully used to image biothiols in living cells. When Cys
and GSH were added to AIE-S pretreated HelLa cells, a strong green fluorescence was
detected, following incubation for 40 min, but when Hcy was added, no fluorescence
signal was observed in alignment with the previous kinetic experiment.

More recently, another ESIPT-based AIEgen, ABTT-MA (26) was reported by
Zeng and coworkers for the selective detection of Cys [51]. The maleimide-appended
ABTT-MA (26) fluorescence signal was quenched prior to incubation with biothiols
in aqueous solution (containing 0.5% DMSO), due to the donor-excited photoin-
duced electron transfer (d-PET) from the fluorophore to maleimide moiety, while
addition of Cys triggered a strong fluorescence response, which peaked at 502 nm,
a 500-fold enhancement, compared to free ABTT-MA (26). Under the same condi-
tions, however, the addition of Hcy resulted in a much weaker fluorescence en-
hancement, approximately a 61-fold increase, and GSH addition resulted in weak
fluorescence peak at 475 nm. The high selectivity towards Cys was ascribed to the
Michael addition of the thiol moiety to the alkene of the maleimide to afford the
thiol-adduct, which subsequently undergoes an intramolecular S,N-rearrangement
to give amino-adducts that exhibit strong fluorescence. The S,N-rearrangement
from thio- to amino-adducts is thermodynamically favorable owing to the geometric
arrangement between the amino group of Cys with thioether, involving a five-
membered cyclic transition [52]. In the case of Hcy, however, the rearrangement re-
action was slowed by the additional carbon-chain extension, resulting in a weaker
fluorescence signal. While GSH possesses a free amino group, a similar rearrange-
ment required 10-membered cyclic transition state, which is highly unfavorable.
The selective detection of AIEgen 26 for Cys was also realized in a paper-based
point-of-care test (POCT). The test papers were prepared from strips of polyamide

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



Chapter 4 Click chemistry in aggregation-induced emission =—— 75

film, which were adsorbed with ABTT-MA in THF. Upon addition of Cys solution of
varying concentrations (1-20 pM), the test papers emitted bright fluorescence under
UV light, within 15 min. Finally, preliminary investigations demonstrated the capabil-
ity of ABTT-MA for imaging exogenous and endogenous Cys in living cells.
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Figure 4.16: (A) Proposed sensing mechanisms of AIE-S (24) towards Cys; (B) Proposed sensing
mechanisms of ABTT-MA (26) towards Cys, Hcy, and GSH.
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4.4 Staudinger ligation

The Staudinger ligation developed by Bertozzi and coworkers is a modification of the
classical Staudinger reaction reported in 1919, where a phosphane is reacted with an
azide to form a phospha-aza ylide [53, 54]. In Staudinger ligation, a triaryl phosphine
reagent bearing an ester ortho to the phosphine is employed as an electrophilic trap
to react with the phospha-aza ylide to cleave the ester to form an amide bond and
release the corresponding alcohol (Figure 4.17). The Staudinger ligation possesses the
crucial characteristics for click chemistry including being high-yielding, biorthogonal,
and being able to be performed under mild conditions, without any cytotoxic reagents
or byproducts [55]. The Staudinger ligation has found numerous applications in vari-
ous complex biological systems, including in the development of fluorescent probes
for ABS [56].
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Figure 4.17: The Staudinger Ligation.

In 2021, Wang, Tang, and coworkers reported a ratiometric fluorescent probe (TCFPB-
HNO, 27) with AIE features for the detection and visualization of nitroxyl (HNO)
using the Staudinger ligation [57]. HNO has been reported to possess unique and dis-
tinct biological and pharmacological properties [58]. For instance, HNO can interact
with thiol-containing enzymes to regulate enzyme activity [59]. In addition, HNO has
emerged as a novel therapy for congestive heart failure and a possible anticancer
drug. However, due to HNO’s high reactivity and short lifetime, fast, sensitive, and
selective visualization of HNO in biological systems remaining challenging [60]. The
probe TCFPB-HNO (27) was found to possess weak intramolecular charge transfer
(ICT) effects due to the weak electron-donating ability of the ester group, which con-
nected the luminescent moiety and the recognition moiety. The reaction between the
AlEgen 27 (5 pM) and Angeli’s salt (a donor of HNO, 50 uM) at 37 °C for 40 min gener-
ated the corresponding phospha-aza, which underwent a Staudinger ligation with
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the ester moiety to give tricyanofuranyl iminosalicylaldehyde (TCFIS, 28) with strong
ICT effects (Figure 4.18A). While TCFPB-HNO (27) showed weak emission at 670 nm in
phosphate buffered saline (PBS), after incubation with HNO, TCFPB-HNO exhibited
typical ratiometric changes (Is1s/Is70), With excellent sensitivity and photostability in
PBS solution. The probe could also be used for HNO detection and selective imaging
in vitro and in vivo with a high signal-to-noise ratio (Figure 4.18B). These results indi-
cated that TCFPB-HNO could be successfully applied for ABS of HNO in living systems
to provide an understanding of the physiological and pathological functions of HNO.

(2]
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Figure 4.18: (A) Recognition mechanism of TCFPB-HNO (27) towards HNO; (B) Cell imaging of probe
27 (15 pM for 30 min at 37 °C) with different concentrations of HNO, Aex = 543 nm; (B) Reproduced
from ref. [56] with permission from Royal Society of Chemistry, copyright 2021.

4.5 Conclusion

This chapter has described the applications of click chemistry in the design of activity-
based AIE sensors. The principles and advantages of AIE, ABS, and click chemistry
have been introduced, and the compatibility and synergy between them have been
highlighted through several examples. The structural design of AlEgens affords spe-
cific detection of analytes via click chemistry. These activity-based AIE sensors rely on
both molecular reactivity and their AIE characteristics to selectively detect and image
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an array of targets, including biothiols, toxic gases, and metal ions. These detections
were achieved using a selection of click reactions with cycloadditions, with Michael
addition reaction being the most prominently used. This chapter demonstrated the
substantial progress in the development of activity-based AIE sensors, using click
chemistry. However, many click reactions remain underexploited in the design of AIE-
gens for ABS and could be used to expand the diversity of AIEgens and analytes used
in the ABS approach.
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Chapter 5

Point-of-care in vitro diagnostics devices
based on aggregation-induced emission
biosensors: current situation and future
prospective

5.1 In vitro diagnostic and point-of-care device
development in health application

Over the last few decades, in vitro diagnostic (IVD) technologies have become power-
ful tools in diagnosing and monitoring diseases, providing prognosis, and predicting
treatment response,, thanks to their convenient features, such as rapid results, in-
creased patient comfort, simplicity, high portability, and cost-effectiveness [1, 2]. The
testing targets of IVD methods are generally biological samples, comprising blood,
sweat, saliva, skin tissues, and urine, which are diagnosed in a controlled environ-
ment, outside a living organism [1]. However, the traditional IVD tests are required to
be performed in the laboratories with bulky and costly equipment, by professional
staff. This requires the patients to visit the clinical facilities regularly, affecting their
work routine, spending time for traveling and waiting for the test, as well as raising
the cost to account for staff and facility’s maintenance. Additionally, Mayeux (2004)
reported that the possibility of infection, ethical responsibility, and longevity of sam-
ples are critical issues for the collection, transport, and storage of biological samples
for the laboratory-conditioned measurements [3]. Recently, the rapid development of
technological innovations in the electronics and bio-chemical fields has shifted the
biomarker monitoring from traditional laboratory conditions to more user-friendly
point-of-care (POC) devices [4]. The POC devices help users to carry out the measure-
ments outside the laboratory, which not only reduces the demand of visiting the
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healthcare facilities regularly, but also minimizes the potential spread of infection
amongst the crowd of diseased individuals [5]. The development of POC IVD devices
will help improve the quality of people’s healthcare activities.

5.2 POC IVD device based on optical methods
for health application

According to the Australian Association of Clinical Biochemists, a POC device
should satisfy certain requirements related to suitability for clinical purpose such
as simple operation, connectivity between the user and the clinical teams, reliability,
portability, rapid measurement, low cost, high feasibility, and an optimal approach
for manufacturing [6]. Although numerous reports of the POC system developments
in health application have been reported, there are a limited number of practical de-
vices that can meet the above requirements. In fact, there are several factors affecting
the feasibility of POC device development, including the biological samples* lifetime,
the proper sample collection and preparation processes, the suitable electronics com-
ponents for signal detection and analysis, and the signal’s low detectable level of the
analytes of interest [5]. The key factor that defines the feasibility of the POC IVD de-
vice development is the capability of the system in detecting and analyzing the signal
related to the monitored biological analytes.

Thousands of POC devices have been reported and developed for health applica-
tion in recent years, such as blood glucose meters, cholesterol tests, electrolyte ana-
lyzers, pregnancy tests, rapid test kits for infectious disease markers, and urinalysis
test strips [7]. In most cases, the POC medical devices are designed following the bio-
logical analyte monitoring mechanism, as shown in Figure 5.1, in that, the target ana-
lytes react with the recognizing agents to produce an output signal, which can be an
optical signal or an electrical signal. Then, a specific sensor collects that signal and
sends it to a possessor component for analysis. From the analysis result, researchers
obtain the signal’s characteristics, comprising the brightness or intensity of the opti-
cal signal, or the voltage and current of the electrical signal. The output signal is
claimed to have a certain relationship with the concentration of the target analytes in
the testing samples. Hence, monitoring the level of the output signal helps research-
ers to monitor the concentration of the target of interest. Thus, establishing a portable
disease monitoring device has the same meaning as developing a portable device
that can monitor that output signal. From the explanation, the POC IVD device typi-
cally comprises of three major parts: (1) the consumables, (2) the hardware and (3)
the software, as shown in Figure 5.2.

One of the most efficient methods to enhance the signal intensity in the measure-
ment is optical evaluation. Amongst the POC devices, optical detection has become
one of the most widely applied methods for identifying and monitoring biological
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Figure 5.2: The general structure of a POC IVD device.

molecules in body fluids, in that, the highlighted optical measuring methods are (1)
colorimetric: color changing of the final mixture, (2) chemiluminescent: a chemical
reaction results in the mixture emitting photons; and (3) fluorescent/phosphorescent:
activated molecules are excited by light of a specific wavelength to elevate from the
normal energy levels to higher energy levels; when they return to their original en-
ergy levels, the excess energy is released in the form of photons, which creates the
fluorescence [4-6, 8—17]. Their principles are based on the light response produced
when the recognizing agents react with the specific analytes during the chemical or
biochemical reactions. In comparison, although colorimetry measurement shows the
highest portability, its sensitivity is inferior to those of the other two measurements.
Thus, in this chapter, the POC IVD device development using fluorescence and
chemiluminescence will be discussed. In most of the optical measurement designs,
there are three parts, as shown in Figure 5.2, which cover the entire testing system,
i.e., the chemical reaction environment, the luminescence observation area, and the
data analyzing component. Device development is now presented in terms of three
significant components: consumables, hardware, and software.

5.3 AlEgens and consumables development strategy
in POC IVD devices

Firstly, the consumables include all components related to the chemical reaction
between the analytes of interest and the recognizing reagents. They can be, but not
limited to, the solution cuvettes, the detecting reagents, the sample containers, the
paper-based test strip, the microfluidic sensor, or even the sterile wipes for the

EBSCChost - printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of -use



Chapter 5 Point-of-care in vitro diagnostics devices =—— 87

chemical reaction-related components. In this component, the main target is the de-
tecting agent, which is the first factor to define the feasibility of the portable device
development and it relates to the signal intensity from the reaction between the
agents and the target analytes. Innumerable reagents and methods have been re-
searched in this field to enhance the optical response of the target analytes.

In the last two decades, aggregation-induced emission (AIE), the mechanism that
can enhance the performance of biological analytes measurement in terms of high sen-
sitivity, accuracy, large Stokes shift, excellent stability of fluorescence, and chemilumi-
nescence evaluation, has been introduced and developed, as well as has drawn much
attention from researchers in biomarker detection [18-21]. AIE bio-probes have been
used in food safety, drug detection, treatment evaluation, therapy diagnosis, and dis-
ease monitoring, and have brought lots of benefits to healthcare research and applica-
tions, as shown in Table 5.1. However, although there are considerable number of
reports of AIE biosensors for health application, further rigor in evaluation is required
before they can be embedded with a POC IVD device. Hence, there are lots of opportu-
nities for multidisciplinary researchers to develop AIE bio-probes embedded in POC
IVD devices. From the above introduction, it can be seen that AIE bio-probes are ma-
jorly developed in the consumables section, which plays the role of creating a suitable
case for chemical or biochemical reactions between the target analytes and the
recognizing agents. The choice of consumable depends on the type of tests, which
can either be a microfluidic paper-based test or a liquid-based test.

Table 5.1: Several reported AlEgens using fluorescence and chemiluminescence evaluations in
health applications.

Reference AIE bio-probes Medium Analytes Method Achievements
[22] BSPOTPE Urine Albumin  Fluorescence LOD: 1 nM
[23] TAE-Re(l) Urine Albumin  Fluorescence LOD: 20 pM
[24] TPE-4TA Urine Albumin  Fluorescence LOD: 0.21 nM
[25] Compound 1 Saliva Albumin  Fluorescence Up to 80 mg/L
[26] DIPIP-Ag* Saliva SCN™ Fluorescence LOD: 7.8 nM
[27] TPE-Tb Aqueous sample DPA Fluorescence LOD: 0.187 nM
[28] APtN Blood H,0, Chemiluminescence NA

[29] SPN-NIR Blood H,0, Chemiluminescence LOD: 8 nM

[30] TCPO)-H,0, Water Hg>* Chemiluminescence  LOD: 3 ng/mL
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5.3.1 Paper-based assay protocols

The microfluidic paper-based strip was first invented by Martin and Synge in 1952,
which was later developed and applied to chemical and biomedical analysis [4, 31].
Thanks to the paper strip’s unique porous structure, created by pressing cellulosic or
nitrocellulose fibers together in multiple layers, fluids can be transported from one
point to the other end of the paper strip through capillary structures, without any re-
quirement of external force. This transportation property can help the paper strip ab-
sorb and interact with the chosen fluids completely, which is a great advantage in
chemical and biomedical analysis. Other enormous advantages are its simple usage,
low-cost fabrication, high biocompatihility and biodegradation, and the nonrequire-
ment of high-standard clinical facilities, proper infrastructure, and well-trained medi-
cal staff. This makes paper-based microfluidic platforms one of the best solutions for
disease detection and monitoring in developing countries [31]. Nowadays, the tech-
nology for manufacturing paper-based microfluidic platforms has improved to be
compatible with modern technologies for POC in vitro diagnostic applications,
and most involve immunoassays, which utilize antibodies to track and detect the
biomarkers of interest [32]. Although having been developed into different forms
and applications, the paper-based microfluidic platform still follows the tradi-
tional principle of lateral flow, as shown in Figure 5.3 [31].

Sample application pad

Nitrocellulose Control line

Conjugate pad Test line Adsorbent pad

Figure 5.3: Traditional schematic diagram of the lateral flow assay [33].

There are two methods for observing the paper strip result, the sandwich and com-
petitive strategies [32, 33]. Therefore, the principle of paper strip application in diagno-
sis involves chemical reactions between the biomarkers in the body fluid samples
and the specific antibodies or antigens equipped in the cellulose or nitrocellulose mem-
branes of the strip, leading to the fact that most of paper strip measurements fol-
low optical detection methods [34]. In the following discussion, the application of
paper-based assays with fluorescence and chemiluminescence in POC IVD device
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development will be presented. Nowadays, paper strips are manufactured for
commercial usage in clinical facilities with a standard design for common testing,
such as monitoring the proteins or glucose in the urine, and pH and electrolytes
in saliva and sweat samples. This results in a limitation on using commercial
paper strips for detecting biological molecules in the research process, as different
molecules require specific detection reagents, which may experience a decrease
in their sensitivity, quality, and stability when assigned to the dry paper test strip.
Therefore, researchers have developed microfluidic chips, which follow the capil-
lary principle of the paper’s porous structure and allow the chemical reaction in a
solution state. This new development allows researchers to customize microfluidic
paper-based chips to not only satisfy the requirement of their POC devices, but
also ensure the performance of optical measurement.

For biomarker detection by the fluorescence method, an optical excitation source is
needed. This stimulates the analyte/antigen or antibody complex to produce fluorescent
light. Xie et al. [35] designed an AIE-based fluorescent test strip of OPD-TPE-Py-2CN to
detect gaseous phosgene, an industrial chemical that can damage the pulmonary
alveoli and lead to pulmonary edema, pulmonary emphysema, or death, as shown
in Figure 5.4. When combined with phosgene, the AIE probe on the test strip can
emit fluorescence and shift the color from blue to green when exposed to 365 nm UV
light. This research approaches the limit of detection (LOD) of 1.87 ppm, much lower
than the minimum allowed level for human health [35]. In 2020, [36] developed the
filter paper loaded with AlEgen, i.e., H" DQ,, to monitor the spoilage of seafood by
detecting the biogenic amine vapors. The tested strip was excited by 365 nm UV light,
and a 575 nm wavelength emission showed up in the presence of biogenic amine va-
pors in the salmon samples. This paper strip could detect 10 uM in 50 g of salmon sam-
ple. In 2021, Liu and co-workers reported a lateral flow immunoassay strip to detect
Escherichia coli 0157:H7 in food, which causes a dangerous foodborne pathogen [37].
The LOD of this test strip is 10° CFU/mL.

In chemiluminescence detection, the paper-based microfluidic platform has
also drawn significant attention from researchers in recent years. Not only do they
achieve high sensitivity and selectivity as fluorescence methods, but chemilumines-
cence detection systems also do not require an excitation light source, which is indis-
pensable in fluorescence methods. This reduces the size, power consumption, and the
cost of the chemiluminescence devices [4, 38, 39]. Wang et al. [52] reported a lab-on-
paper device, using sandwich chemiluminescence ELISA (CL-ELISA) and microfluidic
paper-based analytical devices (LPADs) to detect a-fetoprotein (AFP), cancer antigen
125 (CA125), and carcinoembryonic antigen (CEA) in human serum. This measure-
ment uses luminol-p-iodophenol-H,0,-HRP-CL as the substrate and shows a linear
performance of 0.1-35.0 ng/mL for AFP, 0.5-80.0 U/mL for CA125, and 0.1-70.0
ng/mL for CA. The limits of detection were reported to be 0.06 ng/mL, 0.33 ng/mL,
and 0.05 ng/mL for AFP, CA-125, and CEA, respectively [40]. Yang et al. [41] devel-
oped a gold nanocluster (AuNC) surface to enhance the chemiluminescence signal in
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Figure 5.4: The custom microfluidic-based paper strip using AIE probe OPD-TPE-Py-2CN to detect
gaseous phosgene; The pictures are taken when exposed to 365 nm UV. A) The schematic
illustration of the custom test strip. The paper strip is embedded with the developed AlEgen OPD-
TPE-Py-2CN. Without the presence of phosgene, the test strip stays nonfluorescent when excited by
365 nm UV. With the increase in phosgene’s concentration, the fluorescence intensity rises
dramatically. B) The variation in fluorescence intensity resulting from the OPD-TPE-Py-2CN loaded
test strip when reacting with different phosgene concentrations [35].

staphylococcal enterotoxin B (SEB) detection to indicate foodborne disease. The lumi-
nescent signal is read by a cooled CCD sensor or a plate reader, and the sensitivity of
this AuNCs sensor is reported to be 0.01 ng/mL [41].

From what has been mentioned above, the paper-based microfluidic platform has
critically advanced in biomarker diagnostic research. The specifications of portability,
low-cost fabrication, qualitative or semi-quantitative results, a simple test procedure,
and long shelf-life characterize this dry-testing platform development along with the
improvement of the POC IVD system, in recent years. However, there are some draw-
backs in the paper-based platform, such as the uncontrolled sample volume con-
sumption, sensitivity limit due to the restriction on testing volume, strict requirements
in choosing the suitable antibodies and antigens to detect the biomarkers, the analyz-
ing process’s dependence on the nature of the sample, equipping the antibodies and
antigens onto the paper surface, and the methods to ensure stability of the antibodies/
antigens after being attached to the paper surface [4, 42]. These drawbacks mean that
some biomarker detections are preferably processed in solution states of chemical and
body fluid samples.
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5.3.2 Liquid-based detections protocols

Although operating differently from the paper-based microfluidic platform, liquid-
based biomarker detections also follow similar principles, in that, the obtained results
come from reactions between the target biomarkers and the detecting agents. Some lig-
uid-based biomarker detections are now presented for fluorescence and chemilumines-
cence methods for POC IVD systems. Akraa et al. [43] used a fluorescence-based AIE
probe, BSPOTPE, to monitor HSA concentration in urine to indicate early signs of
chronic kidney disease (CKD). A urine sample is mixed with BSPOTPE to produce the
testing solution. If HSA is present in the urine sample, the solution can emit 480 nm
fluorescence when excited by 340 nm UV, with the fluorescent intensity being propor-
tional to the HSA concentration in the sample. Tu et al. [24] introduced the novel AIE
probe, TPE-4TA, and used fluorescence evaluation to monitor albumin in the human
urine sample. In the measurement, TPE-4TA is mixed with the urine sample and is ex-
amined when excited by 360 nm UV light. When there HAS is present, the solution will
emit 480 nm fluorescence, with the fluorescent intensity being proportional to the HSA
concentration in the sample. This AIEgen has LOD on HSA in urine of 0.21 nM, as
shown in Figure 5.5 [24]. Recently, Su et al. presented the novel AlEgen, TPE-Th, which
can rapidly detect the pyridine-2,6-dicarboxylic acid (DPA), the anthrax spore bio-
marker, in aqueous solutions. This AIEgen can detect DPA level as low as 0.187 nM
in aqueous samples [27]. Thus, the fluorescence-based AlEgens in solution state
shows an excellent performance in detecting bio-analytes in body fluids.

For the chemiluminescence-based AIE bio-probe, in 2021 Hou and co-workers
developed the first aggregation-induced chemiluminescence probe to measure the
concentration of mercury Hg** in a water source. The AIE probe works based on the
chemiluminescence enhancement of bis(2,4,6- trichlorophenyl)oxalate (TCPO)-H,0,
system by aggregating the thiolate-protected gold complexes (Au(I)-thiolate com-
plexes). This AIE probe shows a linear detecting range between 0.005 and 10 pgm/L
and the LOD is 3 ng/mL [16].

In conclusion, the consumable is an essential and critical part for the POC IVD
device development. It affects the mechanism of choosing the hardware and the soft-
ware design. In particular, both technologies of the liquid-based test and the micro-
fluidic paper-based assay have had a long development time and delivered numerous
achievements in health applications. Considering the usage of these two techniques,
the feasibility of practical POC IVD device development will increase in the future.

5.4 Hardware development strategy in POC IVD

The hardware part has two sub-components: the electronics and the solid support.
The electronics component has several functions, including collecting the output
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Figure 5.5: The fluorescent response of TPE-4TA to HSA in urine sample. A) The cuvette contains the
mixture of urine sample and the AlEgen TPE-4TA. There is a critical difference in the mixture’s
luminescence under excitation conditions, in that, the solution without UV excitation, will stay
nonemissive (left cuvette image) and turn fluorescent (right cuvette image) when exposed to

360 nm UV. The fluorescence intensity emitted from the mixture varies proportionally to the
change in HSA concentration. B) The fluorescence intensity is proportional to HSA concentration in
the range of 0-400 ng/mL [24].

signal, powering the device, as well as controlling the operation of the device.
Whilst solid support is the key component that combines all different parts of the
device together, protects the inner electronics and chemical reaction section, and
specially, simulates the suitable testing environment for measurement. The general
structure of the hardware consists of 3 key components: the solution and optical
source container, the signal transferring room, and the signal collection section, ar-
ranged in the order, as shown in Figure 5.6.

From the sketched diagram above, the excitation light source generates light of a
specific wavelength to excite the mixture of the recognizing reagent with the biological
sample. If the target molecule is present in the sample, the mixture will emit a lumi-
nescent output signal. This output-light is transferred to the optical sensor through an
isolated dark environment to prevent the noise of signal loss to the environment and
the effect of external light from the outside area. Then, the optical sensor collects the
output light for subsequent intensity analysis. When developing the hardware compo-
nents for the optical POC devices, the objective is to achieve an efficient optical detec-
tion. From that purpose, some electronic components play essential roles in the
hardware construction. Apart from having a high sensitivity and accuracy, these com-
ponents are also required to have an effective cost and reasonable portability.

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

Chapter 5 Point-of-care in vitro diagnostics devices =—— 93

Light isolated

D B

environment

| outputsignal {8

Mixture

Signal

solution

1

Excitation

collector

light

source

Figure 5.6: The hardware components of the optical POC IVD device. (A) and (B) The light source
generates light of the specific wavelength to excite the mixture of recognizing reagent and
biological sample in a controlled ratio. (C) If the target molecule is present in the sample, the
mixture will emit fluorescence when exposed to the excitation light. (D) The light-isolated
environment, i.e., a dark room-like section is a sealed room where the fluorescence transfers from
the mixing solution to the imaging sensor. This minimizes the optical noise from the environment
to the measurements. (E) The imaging component captures the fluorescent signal. This signal is
analyzed for fluorescent intensity in the software component.

5.4.1 Excitation light source selection

The first component is the luminescence source, as it affects the entire system’s opera-
tion. This component is also the typical difference between the fluorescence- and
chemiluminescence-based devices. Fluorescence is a type of photoluminescence, the
phenomenon where the molecules have the capability of glowing under certain condi-
tions [39]. Fluorescence involves the electronic absorption of the molecules in a specific
medium. In photoluminescence, molecules in a substance absorb photons of unique
wavelengths and emit a longer wavelength photon in a critically short time [39, 44].
Hence, the fluorescence measuring devices require a light source with a suitable wave-
length to stimulate the solution mixture. Whilst, the chemiluminescence measuring de-
vices require no external excitation light source, the chemical or biochemical reactions
produce the optical signal by themselves. This difference results in no requirement for
light source design in the POC device that measures chemiluminescence. When devel-
oping the light source for the fluorescence device, there are three types of luminescence
sources that could be considered: lamp, LED, and laser diode. The LED and laser diode
have some similar characteristics and are more common for portable device develop-
ment than the powered lamp. Depending on whether a scattered light or a strongly fo-
cused light beam is needed, LEDs or laser diodes, respectively, are employed. Table 5.2
shows the comparison of characteristics of the three types of light sources. Depending
on the requirement of specific wavelength, stable intensity, or compact size, research-
ers will decide the proper component in order to satisfy not only the requirement of the
IVD measurements, but the portable features of the POC devices.
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Table 5.2: Comparison characteristics of LED, laser diode and lamp for luminescence source of
portable device [45, 46].

Light Size Power Intensity Light Popularity Cost Electronic support

source (mm) required distribution (AUD)

LED ~5 Low Medium Scattering  High <1 Low, only power supply
circuit required.

Laser ~5 Low High Focus beam High ~10 Low, only power supply

diode circuit required.

Lamp ~10 High High Scattering  Low ~ 20 High, require complex

power supply circuit.

5.4.2 Optical signal sensor selection

The choice of the optical signal sensor is also a significant factor defining the success
of the POC device development. Recent years have witnessed a dramatic revolution of
mobile technologies, with the introduction of smartphone as the essential personal
equipment. Being equipped with a highly sensitive CMOS camera, many researchers
have used the smartphone’s camera in optical measuring devices, in that, the smart-
phone will be used to take the image of the optical signals. Aside the CMOS camera,
CCD camera and photodiode are also potential options to measure the optical values
from luminescence. A brief comparison among these optical sensors is presented in
Table 5.3. Being similar to excitation light sources, the decision of the optical signal
sensor depends on the requirement of the testing system in terms of signal sensitivity,
power consumption, compact size, and affordability issues. Consequently, although
some researchers use a CCD camera to have a better resolution in capturing optical
images or apply a photodiode to evaluate the visual numeric data, the majority use
smartphones integrated with a CMOS camera to support portable testing systems,
helping to simplify the hardware design, as well as minimizing the device’s cost.

5.4.3 Power supply system, calibration system and others

In addition, another factor contributing to a critical impact on the feasibility of the POC
IVD device development is the power supply. Fluorescence detection requires a light
source; so, the power supply should not be overlooked. Opinions vary about using an
external power supply (adapter or battery assembly) or drawing energy from integrat-
ing the smartphone through an audio output jack or charging input plug. However,
harvesting power from a smartphone to supply the luminescence source encounters
obstacles: (1) it requires a complicated converter and an amplifier because the obtained
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Table 5.3: Compare the pros and cons of CCD, CMOS cameras and photodiode.

Camera Data  Resolution Working Popularity Cost Electronic support
type Volt (V)
ccb Analog High 5-12 Medium High High. Require electronic circuits

to control the camera, regulate
power supply, convert analogy-
digital signal, etc.

CMOoS Digital Medium 3.3-5 High Medium Low. Only power supply circuit
required.

Photodiode Analog Low ~1 Low Low Medium. Require power supply
circuit and the signal detecting
circuit.

current from the audio output jack or the charging input plug on the smartphone is
significantly low and (2) the smartphone’s USB charging port is specially manufactured
with an integrated chip to protect the smartphone from overcharging damage; so, the
power going through this port is limited. In fact, most developed portable devices use
battery or outlet adapter to supply power for electronic components instead of drawing
power from a smartphone’s battery. Each solution has advantages and disadvantages,
in that, the battery can efficiently satisfy the portable requirement, but its power re-
duces over time, which requires an indicator or a regulator component to manage the
power supply from the battery. In contrast, the outer adapter has its own regulating
component, which can guarantee stability of power supply to the device. However, the
cons for using adapter are that it requires the power source and will affect the portabil-
ity specification of the device. Depending on the requirements of the portable device, a
suitable power supply can be considered. As well, most developed devices employ fil-
ters in the optical measurement process. In optical measurement, there are lots of con-
founding factors, such as effect of external light, light degradation of the luminescent
source, reflecting or scattering of light inside the optical evaluating room, or noise
from the chemical components themselves, which may add light of a different wave-
length into the data collection. Using filters helps distinguish these noises from the
preferred signal. This also reduces the complexity in designing the analyzing compo-
nent, resulting in reduction of the device’s size and cost.

Simultaneously, to ensure the precision of the testing system, quality control or
calibration is an indispensable component for all developed portable devices. There
are two opinions about the better method of operating calibration: (1) running periodic
calibration and (2) running calibration in every sample test. For the latter method of
embedding the calibration step into the device whenever users perform a single test,
two results occur. i.e., one for the new test and one for the calibrated value. Both meth-
ods have advantages and disadvantages, and researchers select one according to the
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requirement for the precision of the test or the design’s simplicity. In this selection,
consideration is given to the measurement results’ liability, the device’s portability,
and cost. Although separated into three groups, each component has a reciprocal rela-
tionship with others. The harmonious association among these three components is a
key determinant of success or failure in POC IVD development.

5.5 Software development strategy in POC IVD device

The software part analyzes the obtained signal to achieve the characteristics, which
can be used to distinguish the various situations of measurement, such as the change
in concentration of the analytes in the sample solution, the power shortage from the
electronics components, or adding interference noise from the external environment.

5.5.1 Data analyzing

The analyzed target in fluorescence and chemiluminescence measurements are the
change in output luminescence signal. There are two common methods for analyz-
ing the output luminescent signal: (1) taking images of the luminescent signal, then
analyzing the mean intensity values of the pixels in the images, or (2) using a pho-
toelectric semiconductor device to convert the optical signal into electronic signal.

For the image processing method, Red — Green — Blue (RGB) analysis is the effi-
cient technique that measures the RGB values of each pixel in the analyzed areas or
the entire region of the image. With this method, researchers can observe the change
in the luminescence intensity/color at the pixel level, which improves the sensitivity
of the signal analysis. A camera is required to take the image of the output signal. In
recent years, many researchers have used smartphones as a powerful assistant to
take images of the output signal when designing portable medical analysis devices.
With a high-resolution CMOS camera and a range of settings such as white balance,
auto-focus, custom ISO value, as well as their efficient computing processor, high
battery capacity and wired or wireless connections, such as Bluetooth, Wi-Fi, Internet,
etc., smartphone-based medical devices have been upgraded to monitor human health
conditions and to detect the micro signs of chemical or biological compounds [47]. For
the optical-electronic converting method, an electronic component will convert the lu-
minescent signal into a voltage value. According to the principle of photoelectric semi-
conductor device, the voltage value has a relationship with the luminescence arriving
to the detector. By measuring voltage values, researchers can recalculate the intensity
of the output signal. The common optical detector used in this method is the photodi-
ode, which has several advantages in developing for the POC device, as shown in
Table 5.3.
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In both methods of signal analysis, with different options for the hardware
component design, there are two typical strategies for making decision on software
development, in that, the devices integrated with the processor, such as smartphones,
will have the ability to run the analysis software themselves; whilst others are required
to transfer the obtained signal to an external instrument for further analysis. If the out-
put signal has a low detection range, or the noises require multiple steps to process,
the optical detecting device will require the support from external devices for further
processing. This external-device need is also a factor contributing to the feasibility of
POC device development, where it increases the cost and the size of the developed
device.

5.5.2 Others

When the processing signals are obtained from bio-molecule monitoring tests, re-
searchers usually compare the obtained data with a standard to make calculations for
the concentration value of the molecules in the samples. However, many chemicals,
molecules, or specimens do not have standard data to refer to, leading to incorrect
judgment of the results. There are several solutions for this issue, and the efficient
one is using machine learning in data evaluation. Applying machine learning to data
processing will help researchers to have a better overview of the bio-molecule meas-
urements, as well as to establish a database as a premise for long-term research in the
future.

5.6 Examples of AlEgen based POC IVD device
systems to monitor biological analytes
in body fluids

As mentioned in previous sections, although AIE bio-probes can enhance the opti-
cal response of the fluorescence and chemiluminescence measurements, there have
been very few reports of POC IVD device development. However, those develop-
ments of the AIE biosensors offer numerous promising opportunities for researchers
when developing the POC IVD devices. In this section, both portable AIE-relating
and nonrelating devices in monitoring biological analytes in body fluids is pre-
sented to give the general view of the POC IVD device development presently.
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5.6.1 POC IVD device systems with fluorescence methods

There are innumerable reports of AlEgen development without discussing the related
devices. In 2017, Gabr and Pigge used an AlEgen to detect HSA in a urine sample [23].
The Re(I) tricarbonyl complex is prepared from bis (pyridyl)- and bis(quinolyl) tet-
raarylethylene (TAE) ligands, which are reported to enhance the fluorescent emission
of the solution when combined with HSA. The final solution is excited by a 396 nm
UV light and emits light blue fluorescence with a wavelength of 509 nm. This method
is claimed to improve the LOD of HSA in urine sample to 20 pM. In the same year,
[20] presented an assay using aggregation-induced emission (AIE)-active fluorophore
(TPE-HPro) to detect L-Lactate oxidase (LOx) in an aqueous fluid. This assay is ex-
cited at 373 nm wavelength and yields a 570 nm green emission. The fluorescent sig-
nal stably lasts around 60 min, facilitating accurate measurement. The limitation of
detection is reported to be as low as 5.5 pM. This research offers potential for applying
AIE in tracking the L-Lactate presence in saliva and urine samples [20]. Also, in 2017,
an AlIE-based fluorescent test strip of OPD-TPE-Py-2CN was designed by Xie and co-
workers to detect gaseous phosgene. Although having not displayed the design of the
portable supporting device, researchers have introduced a nonlaboratory method for
detecting gaseous phosgene [35]. In 2019, Yu and co-workers succeeded in preparing
a portable test strip, embedded with the zinc-based metal-organic framework of pyro-
mellitic acid (Zn-BTEC), which can detect chlortetracycline (CTC) at the low limit of
28 nM [48]. Meanwhile, [49] reviewed the components and clinical biomarkers in
body fluids, such as blood, sweat, urine, and saliva, and the currently developed AIE
bio-probes that can quantitatively detect disease-related biomarkers in these fluidic
samples. The review also highlighted that several applications of AIE bio-probes,
such as lateral-flow test strips and POC devices, are currently under development,
and offer potential for improving the POC testing system by using the smartphone in
data capture and data cloud storage.

Besides the studies on AlEgens without the related devices, there are also numer-
ous reports of development of the POC devices working with AIE bio-probes to monitor
biological molecules. There is a remarkable point, in that, not all, but most reported
POC device development use smartphones as the supporting hardware component. In
2018, Akraa and co-workers reported the uTester, a smartphone-based prototype using
a commercially available AlEgen, BSPOTPE, to detect HSA in urine sample. Preliminary
evaluation of the device, combing with the AlEgen, has confirmed the effectiveness of
the proposed solution and the viability of such a smartphone-based device for people
who have already developed or are prone to CKD. The POC device is expected to sup-
port users to regularly perform urine test to self-monitor their own health conditions,
without the demand for frequent visits to their clinical staff. Those results are as shown
in Figure 5.7 [43]. In 2020, Huang and co-workers developed a coffee ring test kit using
AIE bioprobe of TPE-TS@Eu/GMP ICPs to detect dipicolinic acid (DPA), a biomarker
for Bacillus anthracis (B. anthracis) spores, which causes anthrax, after germination.
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Figure 5.7: A) external and B) internal design of an imaging housing attached to a smartphone and
C) adjustable viewports and clamp controls for the AlEgen-based 3D printing device. D) Images of
different HSA concentration levels taken by 3 smartphones after the AlEgen, BSPOTPE, been
added. E) Linear prediction model with internals with the x-axis of HSA concentration and the
y-axis of light intensity of the AlEgen probe after combining with HSA [43].
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A smartphone is used to take fluorescent images of the coffee ring when excited by a
405 nm UV lamp. Image processing focuses on analyzing the color pixel in blue chan-
nel (430-500 nm) and in the red channel (580-650 nm). On a smartphone, the soft-
ware, Image J, analyzes the red and blue values and then generates the ratio between
the red and blue values (Izeq/Ige)- When the DPA level increases, the blue area on the
coffee ring will extract, leading to a weakening of the blue signal. Meanwhile, the red
area on the coffee ring expands and makes the red color brighter. Following this meth-
odology, evaluating the red/blue ratio will give a quantitative result of the DPA level in
the biological sample. The detection limit of this coffee ring sensor is claimed to be
27 nM [50]. In the same year, Ramasubramanian’s group presented a novel AIE probe,
the anthracene-conjugated imidazo[1,5-a]pyridine (TL19), and a three-dimension (3D)
printed prototype that can track copper (Cu®*) present in an aqueous medium. This
prototype supports an android smartphone to take fluorescent images of the reaction
between Cu®" and TL19. Then, the software, DAS-6, installed on the smartphone will
analyze the RGB values to give a result of the Cu”* presence in the sample, with an
LOD of 9 pM [51]. Chen et al. [52] initially developed a fluorescent paper analytical de-
vice (FPAD), using nanoparticles (PTDNPs-0.10) and two-dimension MnO, nanoflakes
(2DMnNFs) to monitor the existence of organophosphorus pesticides (OPs). This device
uses a smartphone to capture the variation of the fluorescent intensity, and a color rec-
ognizer will analyze the RGB values to give indication of the OP levels. This device can
approach an LOD of 0.73 ng/mL [52].

POC IVD devices using a fluorescence method to detect biomarkers in body flu-
ids are shown in Table 5.4. In summary, most developed devices using the fluores-
cence method in biomarker detection have a similar mechanism, in that, they use
light of a specific wavelength to excite the mixed solution. To support the chemical
reaction, prominent researchers prefer using a microfluidic paper-based assay to re-
duce the device’s size and to broaden the observed section, where the fluorescent
intensity or color change, which supports the image capturing process. The image
processing mainly works on the analysis of the RGB values. A critical aspect of the
portable device design is the solid support component that carries the entire system
and secures the positions of every component, as well as provides a suitable envi-
ronment for running measurements. Finally, alongside the development of digital
and computing systems, the POC system is constantly being upgraded to integrate
the analyzing software into portable devices, which reduces the testing time as well
as improves the quality of the biomarker measurement.

5.6.2 POC IVD device systems with chemiluminescence methods

In chemiluminescence detection, testing devices do not require light source for ex-
citation of the luminescent properties. This helps simplify the design and structure
of such portable devices. Quimbar et al. [51] developed a smartphone-based dark
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box, using a diagnostic platform, to monitor airway hydrogen peroxide (H,0,] using
chemiluminescence. A 75 pL of exhaled breath condensate sample is added into
375 pL solution of 3.4 mM BPEA, 3.2 mM imidazole, and 1.9 mM CCPO in 9: 1 EtOAc:
CH;CN to yield a 500 nm chemiluminescent emission. The luminescent picture is
captured by the phone’s built-in CMOS camera and a customized app on the phone
runs intensity pixel analysis and then indicates the concentration of H,0, in the
sample. The dark box is 5 x 7.5 x 5.5 inches and is attached to the smartphone case
to secure the positioning of the camera and the 96-well plate located inside the box.
The LOD of this platform is 264 nM of H,0, in human-exhaled breath condensates
[60]. Not all developed smartphone-based biomarker detecting devices can analyze
the obtained signal themselves; some need an external device. Kim et al. [61] de-
signed a 3D-printing holder to secure the positioning between a smartphone and a
solution tube for chemiluminescent imaging in the quantitative measurement of the
reporter bacteria OD600. The 490 nm luminescent images were captured by the
smartphone’s camera and then wirelessly transferred to the external PC for analysis
by MATLAB. Kim and co-authors compared the performance of different brands,
such as iPhone 5S, Samsung Galaxy S4, Samsung Galaxy Note 3, Oneplus One, and
LG G2, finding that the measurement using Oneplus One showed the best the limit
of detection of 7.9 x 10° CFU/mL. Table 5.5 shows some research using chemilumi-
nescence detection with the developed portable biomarker detection devices [61].

5.7 Discussion and future prospective

The rapid development of mobile technology has promoted its application in human
health monitoring in modern society. Although optical methods for biomarker detec-
tions have varied greatly over the last decade, applying the powerful processing of
smartphones has brought numerous advantages in detecting disease markers in body
fluids. Such detection gives early indications of critical diseases and informs the modi-
fication to suit different stages of treatment. Smartphone usage for this purpose satis-
fies the requirements of POC healthcare device design, such as simple usage, rapid
result analysis, accessible communication between patients and healthcare staff, and
high reliability. However, drawbacks still exist in designing the consumables and
choosing the computing processor, which require further consideration. Firstly, the
choice of a paper-based testing platform or fluidic-based testing platform depends on
the compatible biomarker-detecting probes and the measurement conditions. The
paper-based microfluid platform has undoubted advantages in biomarker diagnostics
in terms of high portability, qualitative or semi-quantitative results, simple test proce-
dure, and long shelf life in suitable storage conditions. Nevertheless, its limitations are
also significant. The uncontrolled sample volume absorption and nonuniform chemi-
cal distribution on the paper surface results in low sensitivity. The strict requirements
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for suitable capturing agents for biomarkers lead to a limitation in the detection of
some disease types. The integration of biological molecule-detecting agents onto the
paper surface presents some hurdles for paper-based testing platform fabrication. In
contrast, the fluidic-based measurements may overcome the drawbacks of biomole-
cules detection in paper-based testing methods. However, liquid-based testing encoun-
ters trouble in dealing with the solution’s stability, depending on the environment and
time of storage. It is easily cross-contaminated and requires a training process for
chemical preparation. Besides, the synthesis of the proper AIE bio-probes also encoun-
ters issues, in that, the techniques for synthesizing AIEgen require trained-skilled staff
and a laboratory condition for operation. However, holding the outstanding features
of being selective to specific analytes, high sensitivity, and low-resource cost for mea-
surement, AIE biosensors promise potential for further development and embedding
into POC IVD devices.

Secondly, although smartphones benefit the POC system design with a high-
resolution camera, excellent mobility, powerful computing processor, and they are
being improved along with the development of modern society, numerous draw-
backs exist. The smartphone’s built-in cameras used for capturing the optical signal
yielded from chemical reactions have their setting functions, such as auto-focus,
auto-white balance, auto-ISO, and auto-filter, which support the users’ daily activi-
ties, but affect the optical result in chemical testing for biomarker detection. Some
researchers prevented these manufacturer’s functions from affecting results by
turning off the auto-functions of the camera, or choosing the specific settings for
running the test, or using a commercial or customized app to control the camera
settings. This issue has led to not all brands of smartphones being used for bio-
marker detection systems. With android phones, users can interfere with the cam-
era’s customized system. Also, due to the wide range of optical bio-signals, some
smartphones cannot be integrated with the analyzing software to process the ob-
tained data. The evidence is that in many studies, smartphones only collect the op-
tical signal and then transfer them to an external computing system for analysis.
This results in the whole design becoming bulky and complicated to manufacture.
The rapid role of technological development forces smartphones to be upgraded in
terms of integrating more imaging functions, changing the imaging processor, ex-
panding the phone’s dimensions, raising their price, as well as replacing previous
smartphone generations. These changes also contribute to the burden on the re-
search and application of smartphones for mobile medical surveillance systems.

To deal with the obstacles mentioned above, some solutions have been applied
for developing portable biomarker detectors. First, the cost-effective manufacturing
technology of 3D printing shows the potential to reduce fabrication costs in proto-
typing the devices. Widespread use of 3D printing in the market has helped this fab-
ricating method become more feasible for users and researchers. Besides, its high
flexibility allows researchers to take the most benefit from the combination of other
technologies, such as the smartphone, CCD camera, UV light source, or customized
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microfluidic paper-based platform test strip. Secondly, for data analysis, currently, re-
searchers have applied machine learning to data collection steps, as well as used digi-
tal cloud to store the obtained data. This not only helps with data processing of
projects in operation, but also establishes a database as a premise for long-term re-
search in the future. Thirdly, soft polymer, gels, and hydrogels dominate modern bio-
materials and have gained attention from researchers for decades. These technologies
can also be used as chemical carriers that can store the detecting reagents to increase
their shelf life, or create a controlled environment for chemical reactions, as well as
ensuring the stability of these chemicals. Although challenges still exist in designing
POC medical devices and further research is needed, portable biomarker detectors
have a promising future, in that, we can significantly improve our health monitoring
standards.

5.8 Conclusion

In conclusion, the development of AIE bio-probes and POC IVD devices for detect-
ing and monitoring biological analytes has been rapidly growing in recent years.
Although still experiencing drawbacks, the contribution of mobile technologies in
POC system design has a limitless potential for further development. Researchers
can take advantage of the evolution of modern technology and novel bioprobes,
such as AlEgens to improve the standards of POC IVD devices. Furthermore, design-
ing portable biomarker detection devices, which minimizes the burden of needing
high standard medical testing instruments for the same purpose in hospitals, helps
open access to swift diagnosis for patients in rural areas or those with limited time
and resources to visit clinical facilities for routine health checks.
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Chapter 6

AlEgens for organelles imaging
and biological process monitoring

6.1 Introduction

Cell is the basic building block of life, which contains diverse subcellular organ-
elles, including plasma membrane, mitochondria, lysosomes, lipid droplets, endo-
plasmic reticulum, Golgi apparatus, nucleus, and so on. Each type of organelle has
its own functions and plays a pivotal role in maintaining cellular homeostasis. For
example, as the cellular powerhouse, mitochondrion offers energy for cell activity
[1]. Lysosome is the workshop to degrade damaged, degenerated, and nonfunc-
tional bio-macromolecules and organelles [2]. Lipid droplet is the dynamic center
for neutral lipid storage [3]. In order to maintain the normal physiological functions,
subcellular organelles also involve in many interconnected cellular processes, such
as lysosome-mediated autophagy [4], mitochondrion-associated energy production
[5], lipid droplet-regulated lipid metabolism [6], and so on. Dysfunctional subcellular
organelles and abnormal organelle-associated biological processes could result in se-
vere human diseases [7-9]. Consequently, visualization of the organelle morphology
as well as the related biological processes is of great importance for both biomedical
research and early diagnosis of diseases.

Taking advantage of fast response, noninvasive testing, and real-time tracking, the
technique of fluorescence imaging provides a powerful tool to obtain the biochemical
information at the cellular level [10-17]. The process of fluorescence imaging is depen-
dent on the development of fluorescent probes, and most organic fluorescent probes
flourished in recent years owing to the ease of derivation and excellent biocompatibility.
However, the conventional organic fluorophores always encounter the aggregation-
caused quenching (ACQ) effect [18], which results in drawbacks for cell imaging, such as
low working concentration and poor signal-to-noise ratio. In 2001, Tang’s group discov-
ered the aggregation-induced emission (AIE) phenomenon [19]. Unlike the traditional flu-
orophores, the AIE luminogen (AlEgen) is weakly emissive in the dissolved state, but
exhibits intense emission in the aggregated state, which is initiated from the mechanism
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of restriction of intramolecular motions [20-23]. It is noteworthy that AlEgens enjoy a
high concentration and bright emission in the aggregated state or in an aqueous solu-
tion, which offers imaging merits, including high specificity, excellent signal-to-noise
ratio, strong photostability, and long-term retention. Therefore, AIEgens have been
widely applied for cell imaging and biology process monitoring [24-35].

In this chapter, we summarize the recent advances about AIE probes that can
specifically stain the subcellular organelles, including plasma membrane, mitochon-
dria, lysosomes, lipid droplets, endoplasmic reticulum, Golgi apparatus, and nucleus.
Monitoring the organelle-related biological processes by employing AIE probes is
also included in some sections. Finally, the perspectives for the future exploration of
organelle-targeted AIE probes are discussed.

6.2 Plasma membrane

The cell plasma membrane is semi-permeable and is mainly composed of phospholipids
and protein, which serve as a barrier to protect and keep the internal environment of
cells. The plasma membrane also plays critical roles in several biological processes, in-
cluding cell recognition and signal transduction [36, 37]. Most cell membrane-
targeted probes are lipophilic, since they can insert into the phospholipid bilayer of
the membrane [38, 39]. For instance, the commercial probes for cell membrane, 3,3’-
dioctadecyloxacarbocyanine perchlorate (DiO) [40] and 1,1’-dioctadecyl-3,3,3'3-
tetramethylindocarbocyanine perchlorate (Dil) [41], both have long alkyl chains.

Inspired by the structure of DiO and Dil, some novel AIE probes for cell mem-
brane have been developed. For example, Li and co-workers designed and synthe-
sized a 1,8-naphthalimide derivative (FD-9), which contains one butyl and two hexyl
chains (Figure 6.1a) [42]. FD-9 exhibited weak emission in methanol solution, but
gave enhanced emission with increasing water contents, revealing its AIE feature.
The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay in-
dicated that the cell viability was more than 90% when the concentration of FD-9 var-
ied from 10 to 50 pM, suggestive of its low cytotoxicity. After incubation with FD-9 in
HepG-2 cells, a bright fluorescence emerged in the cell membrane region, whereas
negligible fluorescence was observed in the cytoplasm or other organelles. Further,
intracellular colocalization with Dil demonstrated that the fluorescent signals that
originated from FD-9 were well colocalized with that of Dil, implying that FD-9 could
exclusively stain the cell membrane. Compared to Dil, FD-9 displayed a much higher
signal-to-noise ratio and photostability due to its special AIE effect. When the cells
were stained with FD-9 for 4 days, strong and clear fluorescence from the cell mem-
brane could still be observed, suggesting that FD-9 could act as an ideal agent for
long-term tracking of cells (Figure 6.1b). The strong lipophilicity of FD-9 should be
the main reason for its long-term targeting ability.
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(a)

(b) 1 day 2 day 3 day 4 day

Figure 6.1: (a) Chemical structure of FD-9. (b) Tracking of living HepG-2 cells for 4 days
by staining FD-9. Copyright 2013, Royal Society of Chemistry.

Liang’s group reported an amphipathic molecule TR,4, which is composed of a
TPE group, a palmitic acid, and a hydrophilic tetra-peptide sequence (Figure 6.2a)
[43]. With the help of the hydrophilic peptide sequence, TR, dissolved in water and
gave weak emission at low concentrations (<200 pM). At a high concentration
(>200 puM), the fluorescence of TR, was turned on in water due to the formation of
aggregates. After mixing TR, (50 pM) with liposomes, turn-on fluorescence was also
observed, which was attributed to the restriction of free intramolecular rotation by
the alkyl chains of the lipid bilayer. The positively charged arginine units of TR,
can interact with the negatively charged cell membrane, and the long alkyl chain is
able to embed in the membrane. Therefore, when the MCF-7 cells were incubated
with TR,, bright fluorescence from the cell membrane was observed, whereas no
fluorescence appeared in the cytoplasm and nucleus. From the view of merged im-
ages between TR, and Dil, green fluorescence of TR, was colocalized with the red
fluorescence of Dil (Figure 6.2b). Moreover, TR, exhibited higher photostability
than Dil under laser irradiation, indicating that TR, is an alternative probe for selec-
tively staining the cell membrane. Additionally, when excited by a 700 nm two-photon
laser, the membrane of the HUVEC cells was also specifically visualized by TR,.

The purine is a versatile fluorescent skeleton due to its large Stokes shift, excel-
lent biocompatibility, and adjustable alkyl chain. Yu and co-workers developed a
water-soluble AIE probe (Pent-TMP), based on the purine core (Figure 6.3a) [44]. For
Pent-TMP, the ((trimethylammonium) propyl) pyridine group can label the plasma
membranes through strong electrostatic interactions, and the hydrophobic pentyl
group can embed into the membrane by hydrophobic interaction. As a result, fluores-
cence was remarkably triggered once the Pent-TMP was inserted into the plasma
membrane. Owing to the unique AIE nature, Pent-TMP was able to image the cell
membrane quickly and in a washing-free manner. Pent-TMP also exhibited good
biocompatibility and long-time retention for cell membrane. The excellent mem-
brane-staining ability made Pent-TMP distinctly visualize the membrane morphology
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Figure 6.2: (a) Chemical structure of TR,. (b) Confocal laser scanning microscope (CLSM) images of
MCEF-7 cells stained with TR, Dil and their merged image. Copyright 2014, American Chemical Society.
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of neuronal cells, both in complex 2D and 3D models. Moreover, when the mouse
brain tissue was stained with Pent-TMP, the hollow circle-shaped erythrocytes in the
brain tissue were imaged very well (Figure 6.3b). It was the first fluorescent probe for
single erythrocytes in the brain tissue. Furthermore, Pent-TMP could penetrate the
hydrophilic surface of living zebrafish and selectively stain the plasma membranes of
cells on the surface of zebrafish (Figure 6.3c).

{a] i Electrostatic Interacti on
N

Pent-TMP

Figure 6.3: (a) The schematic diagram of Pent-TMP and plasma membrane. (b) The 3D image of
erythrocytes stained with Pent-TMP and their distribution in the brain tissue. (c) Image of zebrafish
gills stained with Pent-TMP and the enlarged picture of the surface of zebrafish gills. Copyright
2020, Wiley-VCH.

Using a similar strategy, Tong et al. developed an amphiphilic AIE probe TPNPDA-C12
with the long alkyl chain (Figure 6.4a) [45]. Dual-colored fluorescence was observed
for TPNPDA-C12 at different states, which showed yellow emission for molecular aggre-
gates and red emission, once the monomers were restricted. Interestingly, TPNPDA-C12
could simultaneously and selectively stain the cell membranes and mitochondria by
distinct fluorescence channels (Figure 6.4b). When the HeLa cells were incubated with
TPNPDA-C12, it inserted into the cell membrane through amphiphilic interaction,
which restricted the monomers and resulted in red fluorescence. The colocalization
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Figure 6.4: (a) Chemical structure of TPNPDA-C12. (b) The schematic diagram of TPNPDA-C12 with
plasma membrane. (c) CLSM images of HeLa cells for colocalization of TPNPDA-C12 with DiO or MTDR.
Copyright 2020, American Chemical Society.
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experiments showed that the Pearson’s correlation coefficient between TPNPDA-C12
and DiO was as high as 0.85. Meanwhile, TPNPDA-C12 also penetrated the cell mem-
brane and accumulated in the mitochondria matrix, leading to molecular aggregates
with yellow fluorescence. Additionally, TPNPDA-C12 could be used to dynamically vi-
sualize the cell membranes and mitochondria in the process of cell apoptosis and ne-
crosis, triggered by reactive oxygen species (ROS) or cytotoxin.

Some AIE probes without alkyl chains were reported to stain the cell membranes.
For instance, Tang and co-workers developed a cyanostilbene derivative (AS2CP-
TPA), which was composed of a hydrophobic triphenylamino group and a hydro-
philic pyridinium group (Figure 6.5a) [46]. Owing to the strong ICT effect, AS2CP-TPA
emitted at around 700 nm in the aggregated state. When both the commercial probe
CellMask Green Plasma Membrane and AS2CP-TPA were employed to co-stain the
cells, it was clear that the fluorescence from AS2CP-TPA overlapped very well with
the CellMask Green Plasma Membrane, suggesting that AS2CP-TPA could accumulate
in the plasma membrane. Meanwhile, AS2CP-TPA exhibited better photostability
than CellMask Green Plasma Membrane, which made it an ideal probe for monitoring
the morphology change of membrane. As shown in Figure 6.5b, when the cells were
pre-stained with AS2CP-TPA and then treated with Hg?* for 0 min and 40 min, an
obvious bleb appeared, implying that the actin filament was disrupted by the Hg*".
Conversely, a slight change of membrane morphology in the absence of Hg>* was ob-
tained. AS2CP-TPA could also be applied to monitor the detachment process of adher-
ent cells induced by trypsin.

(a) (b)

+
PBS + Hg?*

PBS

AS2CP-TPA [

Figure 6.5: (a) Chemical structure of AS2CP-TPA. (b) CLSM images of AS2CP-TPA-stained Hela cells
before (red) and after (green) incubation with PBS containing Hg®* (100 pM) for 40 min or
incubation with PBS alone for 40 min. Copyright 2018, Royal Society of Chemistry.
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By connecting a coumarin with a TPE derivative through an a,B-unsaturated ke-
tone group, another cell membrane-specific probe A, with AIE characteristic, was
developed by Liu and co-workers (Figure 6.6a) [47]. It is noteworthy that the probe
A exhibited dual emission wavelengths at 482 and 591 nm in an aqueous solution.
Meanwhile, the probe A not only displayed low cytotoxicity and excellent photo-
stability, but also gave high tolerance towards various anions, cations, and amino
acids. Because of its strong lipophilicity, the probe A could target the cell membrane of
different cell lines with high selectivity and the Pearson’s correlation coefficient with
commercial probe (Cellbrite NIR Membrane Dye) could reach 0.93 in MCF-7 cells.
Benefitting from the special dual-emission of probe A, multiple-channel imaging of the
cell membrane under different excitation wavelengths was achieved (Figure 6.6b).

(a) Cl)

O N

I J
N \O o) e N |
J

Probe A

(b) I Il 1|
Ex 405 nm Ex 405 nm Ex 488 nm Bright Field

Em 450-500 nm Em 575-625 nm Em 575-625 nm

1§
CellBrite NIR Oy
Membrane Dye

Intensity Correlationship
&IV
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Figure 6.6: (a) Chemical structure of probe A. (b) CLSM images of MCF-7 cells incubated with probe
A, CellBrite cytoplasmic NIR dye and their merged image. Copyright 2020, American Chemical
Society.
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6.3 Mitochondria

Mitochondrion, an important subcellular organelle, exists in most eukaryotic cells.
As the energy generation center, mitochondria supply energy currency ATP for cells
through oxidation of carbohydrates, fats, and amino acids. It participates in different
biological possess, such as cell differentiation, signaling, and apoptosis. Mitochon-
dria also regulate the cell growth and cycle. In order to synthesize ATP, mitochondria
continuously oxidize substrates and maintain a proton gradient across the lipid bi-
layer with a large membrane potential [48]. This negative membrane potential pro-
vides an opportunity to develop appropriate probes for targeting mitochondria, and
various cationic and lipophilic fluorophores such as cyanine dyes [49] and rhoda-
mine [50] have been reported to image mitochondria. Based on a similar mechanism,
a number of AIEgens have been developed to target mitochondria.

The triphenylphosphonium (TPP) group is a common targeting group for mi-
tochondria. The first AIE probe for mitochondrial imaging is the TPE derivative
tetraphenylethylene-triphenylphosphorus (TPE-TPP), which contains two TPP
units (Figure 6.7a) [51]. TPE-TPP exhibited typical AIE characteristics and good
biocompatibility. Upon incubation with TPE-TPP in HeLa cells, it could selectively
light up the mitochondria, owing to its suitable lipophilic and cationic nature,
which was confirmed by the colocalization experiment with the commercial probe,
MitoTracker Red FM (MTR). Moreover, after treating the cells with carbonyl cyanide m-
chlorophenylhydrazone (CCCP), an inducer that can decrease the mitochondrial mem-
brane potential, MTR, showed no more specificity to mitochondria, but high sensitivity
for mitochondria was still observed for TPE-TPP (Figure 6.7b). Thanks to its high toler-
ance toward microenvironment changes, TPE-TPP is a promising fluorescent probe for
mitochondrial targeting and morphological change tracking (Figure 6.7c).

To extend the emission wavelength of AIEgens, a heteroatom-containing TPE-Py
was developed by linking a pyridinium unit to a TPE unit, through a vinyl functional
group (Figure 6.8a) [52]. By virtue of appropriate electron-withdrawing ability of the
pyridinium unit, TPE-Py exhibited a typical intramolecular charge transfer (ICT) effect.
TPE-Py was weakly emissive in THF, but became a strong yellow emitter, peaking at
600 nm in the aggregated state. When the cells were incubated with TPE-Py and Mito-
Tracker Red CMXRos, the position and shape of mitochondria, imaged by TPE-Py, were
the same as those by MitoTracker Red, indicating that TPE-Py could selectively stain
the mitochondria in living cells (Figure 6.8b). Moreover, TPE-Py gave stronger photo-
stability than MitoTracker Red, which enabled TPE-Py, as a potential candidate, to
track the mitochondria morphology for a long time.

On the basis of TPE-Py, Zhao and co-workers synthesized a series of pyridinium-
functionalized TPE salts (TPEPy-1 to TPEPy-4) with different alkyl chains (n-CsHy,
n-C¢Hi3, n-CoH;9, and n-C;,H,s5) and systematically investigated the influence of
chain length on their optical performance as well as mitochondria-targeting ability
[53]. These fluorophores displayed different emission colors in solid state due to their
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varied molecular packing modes. Interestingly, they showed obvious cellular uptake
selectivity. Fluorophores, with a shorter chain length, (TPEPy-1 to TPEPy-3) could be
effectively taken up by HeLa cells. But, TPEPy-4, with a longer chain length, could
not enter the HeLa cells, which was mainly caused by its stronger hydrophobicity.
The highest Pearson’s correlation coefficient (0.84) between TPEPy-2 and commercial
MitoTracker Deep Red after HeLa cells staining revealed the best imaging capability
of TPEPy-2 for mitochondria (Figure 6.8c,d). The specific mitochondria-targeting of
TPEPy-2 was also achieved in HEK-293T cells.

An analogue of TPE-PyN; which contains an azide group, was developed to
image mitochondria and long-term observation cells (Figure 6.9a) [54]. HeLa cells
were stained with TPE-PyN; and sub-cultured every day, and the cell images were
then collected at each generation. As shown in Figure 6.9b, even after five genera-
tions, TPE-PyN5; was still retained in the mitochondria and gave intense emission.
But, 5-chloromethylfluorescein diacetate (CMFDA), a commercial probe for long-term
tracking of cells, could only retain in cells for a few hours at physiological conditions.
The unique AIE feature of TPE-PyN; should be responsible for its excellent long-time
retention in cells. Additionally, TPE-PyN; was able to penetrate the cell membrane and
reveal the shape, boundary, and location in zebrafish embryos (Figure 6.9c).

Another TPE-Py derivative of TPE-Py-NCS, containing an amine-reactive iso-
thiocyanate (NCS) unit, was designed and synthesized by Tang and co-workers
(Figure 6.9d) [55]. TPE-Py-NCS can conjugate to the mitochondrial proteins, which
makes it suitable to track the mitochondria in real-time and over long-term. The HeLa
cells were pre-incubated with both TPE-Py-NCS and LysoTracker Red DND-99 (LTR);
rapamycin was then added to induce mitophagy, and the mitophagy process was mon-
itored using the above two probes. As displayed in Figure 6.9e, there was no noticeable
change initially (0-72 min). At 73.5 min, however, a new red spot emerged that over-
lapped with the yellow fluorescent signals from mitochondria, suggesting the acidic
autophagosome was formed. The red spot was retained for a few minutes and disap-
peared at 79.5 min, implying that the mitophagy process was completed. On the
contrary, the commercial MTR and LysoTracker green (LTG) were not conducive to
monitor the late mitophagy process because of their serious photobleaching.

A series of full-color AlEgens (DPI-B, DPI-A, DPI-BP, and DPI-In), based on the
imidazole molecular rotors, were reported for specific imaging of mitochondria
(Figure 6.10a) [56]. When the different electron acceptors, including cyano, pyridi-
nium, and indolium were introduced, the emission color of AlIEgens could be ad-
justed from blue to deep red. All these imidazole-based AIEgens showed low
cytotoxicity at low concentrations. After incubation with four AlEgens in HeLa
cells, all of them could accumulate in the mitochondria (Figure 6.10b). Meanwhile,
the DPI-BP exhibited the best mitochondria targeting, while the overlapping coeffi-
cient with MTR was 0.92, which should be attributed to the pyridinium moiety in
DPI-BP.
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Mitochondrial membrane potential (MMP) is an important parameter reflecting
the mitochondrial functional status, and is therefore related to the cell health, in-
jury, and biofunctions [57]. By introducing the strong electron-withdrawing group
of indolium, a TPE-based red emitter of TPE-Ph-In was developed for detecting the
change of MMP (Figure 6.11a) [58]. It is noteworthy that the extra benzene ring of
TPE-Ph-In endowed it with strong AIE activity and good biocompatibility. Cell imag-
ing experiments implied that TPE-Ph-In not only accumulated in mitochondria but
was also sensitive to the change of MMP (Figure 6.11b). HeLa cells were pre-stained
by TPE-Ph-In and then treated with oligomycin. As shown in Figure 6.11c, the fluo-
rescent intensity of TPE-Ph-In in cells increased about 1.5-fold and maintained for a
few minutes. Subsequently, adding CCCP in the cell culture medium resulted in the
obvious decrease of fluorescent intensity, indicating the sensitive response of TPE-
Ph-In toward the MMP change in situ. Inspired by its excellent sensitivity for MMP,
the TPE-Ph-In was further employed to evaluate sperm vitality. As illustrated in
Figure 6.11d, the bright red fluorescent signals came from the energetic sperms
when the sperms were stained with the TPE-Ph-In, while the faint red signals were
observed for the unvital sperms.

Another MMP-sensitive AIEgen was developed, based on the TPE group
(Figure 6.12a) [59]. Unlike the above-mentioned TPE-TPP, probe 2 contains one TPP
group, and this TPP group is conjugated to TPE unit through the double bond, result-
ing in a longer emission wavelength. On the other hand, one TPP group can eliminate
the strong intermolecular electrostatic repulsive interactions, which enables probe 2
to be sensitive to the change of MMP. In the presence of various biothiols or ROS, no
observable emission change was achieved for probe 2, suggesting its excellent stabil-
ity. The specificity of probe 2 for mitochondria was obtained in the co-staining experi-
ment with MTR (Pearson’s correlation coefficient = 0.97). When the HeLa cells were
pre-stained with probe 2 or Rhodamine 123 (a commercial fluorescent probe to evalu-
ate the MMP) and then treated with CCCP, a dramatic decrease of fluorescent inten-
sity was observed for probe 2. In sharp contrast, Rhodamine 123 exhibited a slight
fluorescence change (Figure 6.12b). The results demonstrated that probe 2 exhibited a
higher sensitive response to MMP. The H,0,-induced apoptosis of the mitochondria
membrane was successfully assessed by employing probe 2.

It has been reported that cancer cells show higher MMP than that of normal cells
[60]. This intrinsic difference between cancer cells and normal cells offers an opportu-
nity to develop an appropriate AIE probe to differentiate the cancer cells. For instance,
a series of cationic AIEgens were constructed through a simple one-pot multicompo-
nent reaction between alkyne, aldehyde, and amine (Figure 6.13a, c) [61, 62]. The cat-
ionic feature of these AIEgens makes them with high specificity for mitochondria.
Importantly, since their cellular uptake is highly dependent on the MMP, they can be
utilized to differentiate cancer cells over normal cells. As shown in Figure 6.13b, when
the different cell lines were stained by TPE-IQ-20 (200 nM) for 20 min, all the cancer
cells, including MDA-MB-231, MCF-7, PC-9, A549, HCC-827, and HepG2, showed strong
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(a) (b) No treatment CCCP

. B Probe 2

Rhodamine
123

Figure 6.12: (a) Chemical structure of probe 2. (b) CLSM images of Hela cells incubated with or
without CCCP and then incubated with probe 2 or Rhodamine 123. Copyright 2018, American
Chemical Society.

greenish-yellow fluorescence. In contrast, normal cells (LX-2, HEK-293, and MDCK-II)
exhibited very faint fluorescence. It is visualized that the fluorescent intensity from
stained cancer cells was much stronger than that from normal cells. When HeLa cells
and Cos-7 cells in the same dish were simultaneously stained by other three analogues
of IQ-Naph, IQ-DPA, and IQ-TPA at the appropriate concentration, the obvious fluores-
cent signals came from the HeLa cells, rather than Cos-7 cells (Figure 6.13d). The results
indicated these AlEgens could distinguish cancer cells over normal cells even when
both cell types are co-cultured together.

Mitophagy assists cells to remove dysfunctional mitochondria and recycles their
constituent in a lysosome-dependent manner [63]. By integrating an electron-donating
alkoxyl group and different electron-accepting moieties (vinyl pyridinium or vinyl pyri-
dine) into the TPE unit, two AIEgens of AIE-Red and AIE-Green, with similar absorption
but different emission wavelengths, were developed to visualize the mitophagy process
(Figure 6.14a) [64]. Cationic AIE-Red and morpholine-functionalized AIE-Green enabled
them to target the mitochondria and lysosome, respectively, with distinguishable emis-
sion, upon single wavelength excitation. After 60 scans, the signal loss of AIE-Red and
AIE-Green was less than 8%; however, the signal loss was more than 82% for the com-
mercial MitoTracker Green FM and LysoTracker Red DND-99, indicating both AlEgens
exhibited great photostability. Benefitting from the dual organelles specificity, AIE-Red
and AIE-Green were further selected to real-time monitor the mitophagy process. The
HeLa cells were pre-stained with AIE-Red and AIE-Green, and then treated with rapa-
mycin. As the incubation time prolonged, the overlap between red signals and green
signals gradually increased, demonstrating the occurrence of the mitophagy process
(Figure 6.14b).
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Figure 6.14: (a) Chemical structures of AIE-Red and AIE-Green. (b) Overlay images of AIE-Red-
and AIE-Green-stained Hela cells after treating with rapamycin. Copyright 2018, Royal Society
of Chemistry.

6.4 Lipid droplet

Lipid droplet (LD) is a dynamic organelle in cells, which is the storage site for neutral
lipids. LDs play crucial roles in many biological processes, including lipid metabo-
lism, membrane transport, protein degradation, and signal transduction. Abnormal
lipid storage in LDs was reported to be related to several metabolic diseases, such as
fatty liver and cardiovascular diseases. In view of the hydrophobic lipid environment,
the fluorophores with high hydrophobicity, such as commercial BODIPY 493/503 and
Nile Red prefer to aggregate in the LDs [65, 66].

The first AIE probe for LDs is TPE-AmAl, which is a TPE derivative (Figure 6.15a)
[67]. TPE-AmALI exhibited excellent biocompatibility, which was verified by the MTT
assay. After incubating the HeLa cells with TPE-AmAl, the spherical LDs in cells were
selectively stained. Different from the orange emission in the aggregated state, green-
ish-blue emission in LDs was observed, which was attributed to the strong twisted
intramolecular charge transfer (TICT) effect of TPE-AmAI as well as the low polarity
of LDs interior (Figure 6.15b). Compared to the commercial Nile Red, TPE-AmAIl pos-
sesses the advantages of low background, high specificity, fast staining time, and
superior photostability, which enable it to serve as an excellent probe to track the
dynamic motions of LDs. Upon treatment of the LO2 cells with TPE-AmAI and oleic
acid, the increment of LDs in cells was clearly visualized.

To avoid the interference of autofluorescence from cells, it is necessary to extend
the emission wavelength of AIEgens. A novel AIEgen of TPE-AC with near-infrared
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emission (705 nm) was developed by conjugating the strong electron-withdrawing
group of malononitrile into the aforementioned TPE-AmAIl derivative (Figure 6.15c)
[68]. Almost no significant change in cell viability was observed even when the con-
centration of TPE-AC reached 100 pM, revealing its excellent biocompatibility. Similar
to TPE-AmAl, TPE-AC could also penetrate the cell membrane and accumulate in
LDs. The high Pearson’s correlation coefficient of 0.92 was obtained for TPE-AC by
using a BODIPY 493/503 as reference, demonstrating TPE-AC was highly specific to
LDs (Figure 6.15d). When the HeLa cells were pre-treated with oleic acid and stained
with TPE-AC, increased fluorescent intensity and a large amount of LDs in cells were
detected with increasing incubation time, which suggested TPE-AC could be utilized to
monitor the LDs accumulation in cells. Taking advantage of the long absorption and
emission wavelength, TPE-AC could be an ideal agent for imaging of LDs in vivo.

Excited-state intramolecular proton transfer (ESIPT), a four-level photochemical
process, involves the transfer of an intramolecular proton from a proton donor to a
proton acceptor, in the excited state [69, 70]. ESIPT process leads to dual emission
from keto and tautomer enol groups and offers a large Stokes shift, which is favorable
for bioimaging application. Some AlEgens with ESIPT property were reported to tar-
get LDs in living cells. For example, two AlEgens (DPAS and FAS), with ESIPT effect,
based on the salicylaldehyde Schiff group were fabricated by Tang and co-workers
(Figure 6.16a) [71]. Thanks to the unique ESIPT process, DPAS and FAS showed large
Stokes shifts (200 nm) in the aggregated state. As shown in Figure 6.16b, after incu-
bating with the A549 cells, DPAS and FAS were able to stain the LDs with good reso-
lution and high contrast, while the overlap coefficients with the BODIPY 493/503 was
97.70% and 98.30%, respectively. Moreover, no remarkable change in fluorescence
was observed for two probes when the pH varied from 1.0 to 11.0, indicating their
high tolerance to pH.

Zhao and co-workers developed a facile approach to construct a series of AIE-
gens, with the ESIPT process, termed, TS derivatives, through molecular hybridiza-
tion of triphenylamine and salicylaldehyde units, in which, triphenylamine serves as
the intramolecular rotor and salicylaldehyde unit serves as the ESIPT generator
(Figure 6.17a) [72]. Given the AIE and ESIPT features, TS derivatives exhibited strong
emissions and large Stokes shifts (>140 nm) in the aggregated state. Owing to their
good biocompatibilites and suitable lipophilicites, TS derivatives could enrich in the
LDs with high specificity. However, in the absence of the washing step, an excellent
specificity to LDs with negligible background was also observed for TS derivatives.
Conversely, BODIPY493/503 and Nile Red gave poor imaging performance for LDs,
while fluorescence from the cytoplasm and other organelles, apart from LDs, could
be visualized (Figure 6.17b). Furthermore, the bright fluorescence from the LDs was
presented when the cells were incubated with TS derivatives for 48 h, confirming
their good ability for long-term tracking of LDs.

Boranil is a kind of boron complex that adopts anil (also called salicylaldimine) as
the ligand [73, 74]. Traditional boranil complex (DEFB) is a typical ACQ fluorophore

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

132 — NaZhao

(a)

(b)

Figure 6.16: (a) Chemical structures of DPAS and FAS. (b) CLSM images of A549 cells incubated
with DPAS and FAS. Copyright 2016, Royal Society of Chemistry.

due to its coplanar configuration. By installing a benzene ring as the intramolecular
rotor into the anil ligand, Zhao and co-workers developed a facile strategy for preparing
an AIE-active boranil complex, named DPFB (Figure 6.18a) [75]. By introducing suitable
substituents, the solid-state emission of the DPFB derivatives was red-shifted from
550 nm to 610 nm. By virtue of good biocompatibility and suitable lipophilicity, DPFB
derivatives could selectively and fast stain LDs in living cells, which was further con-
firmed by the co-localization imaging with the commercial HCS LipidTOX Deep Red
Neutral Lipid Stain (Figure 6.18b). The strong fluorescence signals from LDs, with neg-
ligible background, were obtained for DPFB derivatives without washing, revealing
their excellent washing-free staining performance. Moreover, after incubating the living
zebrafish with DPFB derivatives, an intense orange fluorescence emerged from the
lipid-rich yolk sac, demonstrating that DPFB derivatives could image the lipid-rich tis-
sue in vivo (Figure 6.18c).

Most of the reported LDs, specific to AIEgens, focus on the performance of im-
aging; the multifunctional AlIEgen for tracking the dynamics, metabolism, and func-
tionalities of LDs is still rare. Recently, Zhao and co-workers developed a series of
multifunctional AlEgens (Pyr-1 to Pyr-5) by integrating various functionalized units
with the pyrazoline core (Figure 6.19) [76]. All Pyr probes have large ClogP values
(6.516-7.820), which is much higher than those of BODIPY 493/503 (5.028) and Nile
Red (4.618). Therefore, they can specifically accumulate in the LDs. Pyr probes dis-
played excellent biocompatibility and photostability, which endowed them with
the capability for high-resolution 3D imaging of LDs. Meanwhile, the long-term
tracking of lipid metabolism in live zebrafish was achieved by using Pyr probes.
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Figure 6.17: (a) Chemical structures of TS derivatives. (b) CLSM images of Hela cells stained with
TS derivatives, BODIPY493/503 and Nile Red in the absence of washing step. Copyright 2020,
Wiley-VCH.
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Interestingly, Pyr-5 contains a diethylamino group that can be protonated in the
acidic environment, accompanied by the emission color change from orange to
blue. The protonation of Pyr-5 was able to migrate from LDs to mitochondria, and
this intracellular migration was reversible when the intracellular pH changed be-
tween 5 and 7. In view of the nucleophile-based reactivity of the pentafluorophenyl
units with the thiol group, Pyr probes were further explored to label the proteins
associated with LDs.

Mitochondria LDs POI labeling

Figure 6.19: (a) Chemical structures of Pyr probes. (b) lllustration of bio-applications of Pyr probes.
Copyright 2019, Royal Society of Chemistry.

Lipophagy is an important pathway to degrade excess and damaged LDs, which is
mediated by the lysosome. An AlEgen TPA-LD was constructed to visualize the lip-
ophagy process (Figure 6.20a) [77]. Thanks to the AIE effect, TPA-LD gave intense
red emission in oil/water emulsion. Meanwhile, TPA-LD possesses high stability
even in the presence of different interfering species. When the HepG2 cells were in-
cubated with TPA-LD, the LDs could be selectively stained with a high Pearson’s
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co-localization coefficient of 0.91 between TPA-LD and commercial HCS LipidTOX
Deep Red. TPA-LD exhibited better biocompatibility and photostability than BOD-
IPY493/503. The process of LDs production and enlargement in cells was success-
fully monitored by employing TPA-LD. Meanwhile, the lipophagy process was
visualized when the cells were co-stained with TPA-LD and LysoTracker. As shown
in Figure 6.20b, the LDs and lysosomes presented distinct morphology initially. Pro-
longing the starvation time from O to 4 h, the size and number of LDs were gradually
decreased, and the Pearson’s co-localization coefficient between TPA-LD and Lyso-
Tracker increased from —0.03 to 0.46, indicating the presence of lipophagy process.

f— S\
(a) ) NN
\"\ .-'/ : I\.\ / -'|l
~— /= /=
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/ NS/ A/ /Y
N\ TPA-LD

5

LysoTracker LD channel

Merge image

Figure 6.20: (a) Chemical structure of TPA-LD. (b) Fluorescence images of HepG2 cells stained with
TPA-LD and LysoTracker in serum-free medium at different times. Copyright 2020, American
Chemical Society.

EBSCChost - printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

Chapter 6 AlEgens for organelles imaging and biological process monitoring =— 137

6.5 Lysosome

Lysosome is a crucial organelle that decomposes the biological macromolecules, in-
cluding proteins, nucleic acids, and polysaccharides. Lysosome-mediated autophagy
is a vital process that eliminates the disabled organelles in cells. The lysosomal dys-
function would result in many serious diseases. Considering the acidic environment
(pH of 4.5-5.0) in the lysosome, weak basic groups, including N,N-dimethylamino
and morpholine as the targeting group, are selected to fabricate the fluorescent
probes for lysosome [78].

An AIE probe with ESIPT process (AIE-LysoY) for lysosome imaging and autoph-
agy process tracking was prepared by combining the morpholine unit with an AIEgen
(Figure 6.21a) [79]. The cell viability was higher than 80% when the concentration
was 15 pM, indicating that AIE-LysoY has low cytotoxicity. When the MCF-7 cells
were treated with AIE-LysoY and LysoTracker Red (LTR), the yellow fluorescence
from AIE-LysoY overlapped perfectly with the red fluorescence from LTR (overlapping
coefficient is 0.90), confirming that AIE-LysoY was able to stain the lysosomes in liv-
ing cells. Moreover, AIE-LysoY exhibited better contrast and affinity to lysosome than
LTR. The higher working concentration of AIE-LysoY led to excellent photostability,
and helped AIE-LysoY to be used to monitor the autophagy process. HeLa cells were
incubated with AIE-LysoY and then treated with rapamycin for different times to trig-
ger the autophagy process. As shown in Figure 6.21b, along with the autophagy pro-
ceeding, the yellow spots increased and the new lysosomes were also lit up. Excessive
amount of AIE-LysoY was also removed by the washing step. But, for LTR, the emission
from lysosomes significantly reduced under the same conditions.

Based on the AIE-active building block of tricyano-methylene-pyridine (TCM),
an AlEgen TCM-PI was developed to specifically stain the lysosome (Figure 6.22a)
[80]. TCM-PI exhibited NIR emission (677 nm), with a large Stokes shift (162 nm), in
an aqueous solution. TCM-PI could aggregate and give strong emission in the high
viscosity environment due to the unique AIE effect. Upon illuminating with a Hg/Xe
lamp, the half-life of 6.0 min was detected for TCM-PI, which was 1.6 and 17.1-fold
than that of LTR and ICG, respectively, revealing better photostability of TCM-PI. A
high Pearson’s correlation coefficient (0.89) between TCM-PI and LTR was observed
in the co-localization experiment, suggesting excellent lysosomal targeting of TCM-
PI. Considering the excellent lysosome imaging property, TCM-PI was utilized to
track the movement of lysosomes. When the HeLa cells were stained with TCM-PI
and then treated with chloroquine to induce lysosome migration, an irregular move-
ment of lysosomes was clearly visualized (Figure 6.22b). The high-fidelity and long-
term tracking of the escaping process about the fluorescent drugs from lysosomes to
nucleus was also successfully achieved by using TCM-PI.

Recently, organic thermally-activated delayed fluorescence (TADF) materials
have received considerable attention in the field of time-resolved biological imaging
due to their long-lived fluorescence [81]. A TADF material, PXZ-NI, was obtained by
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(b)

Figure 6.21: (a) Chemical structure of AIE-LysoY. (b) Fluorescence images of AIE-LysoY stained
Hela cells after treatment with rapamycin for different times. Copyright 2016, Wiley-VCH.

conjugating the electron-donor group of phenoxazine (PXZ) into the electron-
acceptor group of 1,8-naphthalimide (NI). 2-Morpholine group, as the lysosome-
targeting moiety was then introduced into PXZ-NI to give lysosome-targeting
TADF material Lyso-PXZ-NI (Figure 6.23a) [82]. With the increasing water content
in THF solution, the emission of Lyso-PXZ-NI was enhanced gradually, suggesting
its typical AIE effect. Lyso-PXZ-NI showed very low cytotoxicity to cells even at a
high concentration of 50 pM. When the HeLa cells were stained with both Lyso-
PXZ-NI and LysoTracker green (LTG), it was clear that the signals of Lyso-PXZ-NI
overlapped very well with that of LTG (Pearson’s correlation coefficient is 0.92), dem-
onstrating that Lyso-PXZ-NI specifically stained the lysosomes (Figure 6.23b). Further-
more, fluorescence lifetime imaging of Lyso-PXZ-NI was carried out by using the
time-resolved fluorescence microscopy. After incubating HeLa cells with Lyso-PXZ-NI
for 2 h, the long fluorescence lifetime signals (>180 ns) were detected. Compared to
the fluorescence images, fluorescence lifetime images exhibited higher signal-to-
noise ratios (Figure 6.23c).
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Figure 6.22: (a) Schematic illustration of lysosome stained by TCM-PI. (b) CLSM images of HelLa
cells incubated with TCM-PI, followed by treating with chloroquine for different times. Copyright
2020, Royal Society of Chemistry.

6.6 Endoplasmic reticulum

Endoplasmic reticulum (ER) is the site for the synthesis of important bhiological macro-
molecules, including proteins, lipids, and sugars. The ER plays a vital role in biological
processes such as cellular metabolism and the transport of signaling molecules [83,
84]. Additionally, the smooth ER has the function of detoxification. For example, the
smooth ER in liver cells contains enzymes that can remove the fat-soluble waste and
harmful substances from metabolism.

Liu and co-workers developed an ER-targeting AIE probe TPECA-ER by conjugat-
ing a TPE-based AlEgen with ER-specific peptide sequence of CFFKDEL (Figure 6.24a)
[85]. The hydrophilic peptide of CFFKDEL endows the TPECA-ER with good solubility
and weak emission in an aqueous solution. Once the TPECA-ER entered the cells and
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(a)i,.'Ou (b) Lyso-PXZ-NI

FLIM

Lyso-PXZ-NI

Figure 6.23: (a) Chemical structure of Lyso-PXZ-NI. (b) Co-localization images of Lyso-PXZ-NI
and LTG. (c) Confocal and FLIM images of Hela cells stained with Lyso-PXZ-NI. Copyright 2020,
American Chemical Society.

targeted the ER, bright red emission was triggered due to the restriction of free intra-
molecular rotation. The high Pearson’s correlation coefficient (0.95) with commercial
ER tracker revealed that TPECA-ER is an excellent probe for ER (Figure 6.24b). In ad-
dition, almost no inhibition of cell growth was observed when the concentration of
TPECA-ER was 6 uM whether under dark or with light irradiation, revealing its good
biocompatibility. Meanwhile, it was observed that TPECA-ER possesses higher photo-
stability than commercial ER tracker.

Tang and co-workers reported an AIE zwitterionic pyridinium salt CDPP-3S03
(Figure 6.25a) [86]. CDPP-3S05 could form spherical nanoaggregates with high emis-
sion at water fraction of 90%. When the cells were co-stained by CDPP-3505 and
commercial ER-Tracker Red, the merged image demonstrated that fluorescence
from CDPP-3S0; overlapped well with that from ER-Tracker Red (Pearson’s correla-
tion factor = 0.85) (Figure 6.25b). An analogue of CDPP-BzBr, with one positive
charge, accumulated in the mitochondria rather than in ER, suggesting that the
zwitterionic property of CDPP-3S0s is indispensable for ER targeting. It is reported
that abundant phosphocholine cytidylyltransferase (CCT) exists on the ER mem-
brane, which is an enzyme for regulating the synthesis of membrane phospholipid.
The positive nature of the domain M region makes CCT bind to the negatively charged
membrane of ER, which might provide an appropriate site to catch the CDPP-3S0;
through efficient electrostatic interactions. CDPP-3S0; displayed minimal toxicity at its
working concentration, suggesting that it could be used for long-term tracking of ER.

Zhu and co-workers developed an amphiphilic AIEgen QM-SOs-ER through
grafting the ER-targeting moiety of p-toluenesulfonamide into an amphiphilic AIE
compound (Figure 6.26a) [87]. Taking advantage of its unique amphiphilic behavior,
QM-S0s-ER exhibited good solubility and dispersion in both hydrophilic and lipophilic
systems with faint emission. After accumulating in ER, the AIE nature of the QM-SOs-
ER was activated and intense emission was observed. The special molecular structure

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

Chapter 6 AlEgens for organelles imaging and biological process monitoring =— 141

5
/ o
N, U
N\ I
2T 0
/ Q
o= —QO
sl
- Fi
Iz
Q \
8 =0
~—( -
\ T
ZT —Z
o= —
P
_~ f'\..“ IZ.\
b

| —0Q

L‘\-.
= /

zr ¢ \\
@] —(_ e ,I'.‘
\
= &
" o T}
/ ;
Zwl S
1 o
Q
< /: =
7]
o
-
{ 7° S
\ £
/ —2 ()
N &
/
\
/
—=
=0
z /
/ Q N
Yy
Z\_ /
=\ 7\
! N {.J'}' W
2 ’
N4 o

\_\ /

P =
Ve ) i~
7\ /RN 5
/4 \ N
N 7 5 7 ©
;r. ..._‘,-' \_\_... -/ E

= TH
L4

—

O

(a)

Figure 6.24: (a) Chemical structure of TPECA-ER. (b) Co-localization images of TPECA-ER and
commercial ER tracker (ER Tracker Blue-White DPX). Copyright 2017, Royal Society of Chemistry.
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Figure 6.25: (a) Chemical structure of CDPP-3S05 and schematic representation of ER targeting
by CDPP-3S0s. (b) Co-localization images of CDPP-3S05 and ER-Tracker Red. Copyright 2020,
Wiley-VCH.

endows QM-SOs-ER with several advantages, such as washing-free behavior, super
specificity, and high fidelity for ER imaging. As shown in Figure 6.26b, after the
cells were incubated with QM-SOs-ER and commercial ER-tracker Red for varying times,
almost no fluorescence appeared for QM-SO5-ER at 10 min. With increasing incubation
time, QM-SOs-ER gradually aggregated in ER and gave distinct fluorescence with low
background at 60 min. However, the ER-tracker Red stained the ER at 10 min and gave
a significant background fluorescence around the cells. The signal-to-noise ratio of QM-
SOs-ER enhanced from 18.32 to 15436.33, while the value for ER-tracker Red did not
change (from 5.36 to 7.28) when the incubation time was prolonged from 10 to 60 min.

6.7 Golgi apparatus

Golgi apparatus is one of the components of the intimal system in eukaryotic cells,
which takes part in the process of cell secretion and intracellular substances trans-
portation [88]. The morphological change of Golgi apparatus is closely related to
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Figure 6.26: (a) Illustration of the structures and bio-applications of QM-SOs-ER. (b) HeLa cells

incubated with ER-tracker Red and QM-SOs-ER for different time. Copyright 2020,
Oxford University Press.

10 min

60 min

external stimulation, which provides key information for disease diagnosis. However,
due to the lack of targeting moiety, the fluorescent probe for specific Golgi apparatus
staining is still rare.

By introducing the 2',3"-O-isopropylideneadenosine (Ade) group, an AIE probe (TPE-
Ade), based on the TPE group was developed by Zhao and co-workers (Figure 6.27a) [89].
TPE-Ade exhibited low cytotoxicity when the concentration was less than 10 pM. When
the HL-7402 cells were incubated with TPE-Ade and Golgi-Tracker Red (a commercially
available probe for Golgi apparatus), a perfect overlap between the fluorescence of TPE-
Ade and that of Golgi-Tracker Red was obtained while the Pearson’s correlation coefficient
reached up to 0.86 (Figure 6.27b). The appropriate hydrophobicity and lipophilicity of TPE-
Ade enabled it to aggregate in the Golgi apparatus and thus exhibited intense emission.
Clearly, TPE-Ade can serve as an ideal probe for Golgi apparatus imaging.

Li and co-workers reported NIR emissive probes based on a supramolecular
co-assembly, in which, dodecyl-modified sulfonatocalix-[4]arene (SC4AD) was the
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Figure 6.27: (a) Chemical structure of TPE-Ade. (b) Co-localization images of TPE-Ade with Golgi-
Tracker Red in HL-7402 cells. Copyright 2021, Elsevier.

lower-rim and naphthyl-1,8-diphenyl pyridinium derivative (NPS) was employed
for light-harvesting (Figure 6.28a,b) [90]. NPS exhibited weak emission at 593 nm,
but gave strong emission at 550 nm, after forming supramolecular nanoparticles
with SC4AD. Nile blue (NiB) was then loaded into the above nanoparticles, result-
ing in a NIR emissive light-harvesting system (675 nm). The high antenna effect of
33.1 at a donor/acceptor ratio of 250:1 was achieved in the NPS-SC4AD-NiB system.
Interestingly, this efficient light-harvesting system was further applied for cell im-
aging. When the PC-3 cells were incubated with NPS-SC4AD-NiB for 4 h, the red
emission appeared from the Golgi apparatus under the excitation of 405 nm. The
co-staining experiments with NBD C4-ceramide (a commercial probe for Golgi appara-
tus) confirmed that the NPS-SC4AD-NiB could specifically target the Golgi apparatus
(Pearson’s correlation coefficient of 0.90) (Figure 6.28c). After treating PC-3 cells
with the cyclooxygenase-2 (COX-2), a biomarker in the Golgi apparatus of cancer
cells, the emission of NiB increased, suggesting that NPS-SC4AD-NiB accumulated in
the Golgi apparatus through interacting with COX-2.

6.8 Nucleus

The nucleus is the biggest organelle in the cell, which is the control center for cell
inheritance and metabolism. The nucleic acids, including DNA and RNA, are pri-
marily located in the nucleus [91]. The nucleus-targeting probes generally possess
the capability to target the nucleoproteins or nucleic acids. DNA-targeted fluorescent
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probes are divided into three categories: intercalating dyes (ethidium bromide, propi-
dium iodide), minor-groove binders (DAPI, Hoechst dyes), and nucleic acid stains
(acridine orange) [91, 92]. Due to the negatively-charged nature of RNA, the corre-
sponding RNA-targeted fluorescent probes are positively charged [93].

Adapting the TPE-based imidazolium salts as a cationic unit and alkyl carboxyl-
ate as counteranion, a fluorescent probe (TPEI-C8) with AIE feature was fabricated
(Figure 6.29a) [94]. TPEI-C8 could form fluorescent vesicles in an aqueous solution,
with a mean diameter of 220 nm (Figure 6.29b). When the Hela cells were incubated
with TPEI-C8 for 4 h, TPEI-C8 crossed the cell membrane and entered the nucleus with
bright blue emission, which was further confirmed by the co-staining experiment
with the red nucleus tracker of Reddotl (Pearson’s correlation coefficient = 0.83)
(Figure 6.29c). The multiple imidazolium cations and octanoate anions of TPEI-C8
provide the appropriate electrophoretic force and lipophilicity, which might be the
main reason for its precise imaging of the nucleus. Additionally, the high survival
rate of HeLa cells (>85%) was observed for TPEI-C8 even when the concentration was
as high as 80 pM, indicative of its great biocompatibility.
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Figure 6.29: (a) Chemical structure of TPEI-C8. (b) TEM micrograph of TPEI-C8 in aqueous solution. (c)
CLSM images of Hela cells stained with TPEI-C8 and Reddot1. Copyright 2018, Royal Society of Chemistry.

Zeng and co-workers designed and synthesized a water-soluble cationic molecule
(DPMPB), based on the imidazole unit (Figure 6.30a) [95]. DPMPB was weakly emis-
sive in an aqueous solution, owing to its hydrophilic nature. With the increase of

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

Chapter 6 AlEgens for organelles imaging and biological process monitoring =—— 147

the THF fraction, emission of DPMPB was enhanced, revealing its AIE effect. Mean-
while, the SEM image demonstrated that DPMPB formed the nanoparticles (DPMPB-
FONs) in an aqueous solution, with an average diameter of 219 nm (Figure 6.30b). The
presence of cationic pyridinium makes DPMPB-FONs positively charged. When dif-
ferent cancer cells (C666-1, CNE2, AGS) and normal GES-1 cells were incubated
with DPMPB-FONSs, respectively, the intense fluorescent signals mainly came from
C666-1, CNE2, and AGS cells, while faint emission stemmed from the GES-1 cells.
Furthermore, the fluorescence of DPMPB-FONs in cancer cells overlapped perfectly
with that of DAPI, manifesting that DPMPB-FONs could selectively target the nu-
cleus of cancer cells (Figure 6.30c). Even upon the indication time for 112 h, the
morphology change of nucleus was negligible, indicating low cytotoxicity and
long-term tracing capability of DPMPB-FONs. In addition, DPMPB-FONSs could dif-
ferentiate the clinic breast cancer tissues over the para-carcinoma tissues and image
the breast cancer tissues, with a penetration depth of 100 pm under the two-photon
excitation.

ASCP is an AlIE-active pyridinium salt, which could simultaneously stain the mito-
chondria and nucleus with different emissions (Figure 6.31a) [96]. Owing to the typical
TICT effect, the emission of ASCP was red-shifted with increasing solvent polarity. Low
toxicity was observed for ASCP at the concentration of 10 pM, suggestive of its good
biocompatibility. After incubating HeLa cells with ASCP, it is interesting that the or-
ange emission came from the mitochondria while the red emission was located in the
nucleolus of cells. The red-shifted emission in nucleolus could be caused by the more
co-planar conformation of ASCP as well as the polar environment of nucleolus. In
order to investigate the mechanism of nucleus targeting, the ASCP pre-stained cells
were fixed and treated with deoxyribonuclease (DNase) and ribonuclease (RNase). The
red fluorescence remained in cells treated with DNase, but disappeared in the cells
treated with RNase, indicating that the nucleolus imaging of ASCP was attributed to
the efficient interactions with RNAs. After optimizing the collecting conditions, mito-
chondria and nucleolus could be visualized individually in different channels under
405 and 560 nm light excitation, respectively (Figure 6.31b). Additionally, only a 5%
signal loss was observed after 50 scans under the 560 nm light irradiation. Conversely,
the fluorescent signal almost completely disappeared for the commercial SYTO RNAse-
lect after 15 scans under the 488 nm laser irradiation (Figure 6.31c). The above results
implied that ASCP possesses higher photostability than SYTO RNAselect.

6.9 Conclusions and perspectives

In this chapter, recent applications of AIEgens for subcellular organelles imaging and
related biological process monitoring have been summarized and discussed. Com-
pared to the conventional fluorescent probes, AlEgens exhibit distinct advantages
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Figure 6.30: (a) Chemical structure of DPMPB. (b) SEM image of DPMPB-FONs. (c) CLSM images
of different cancer cells co-stained with DPMPB-FONs and DAPI. Copyright 2018, Royal Society
of Chemistry.

such as bright emission, high specificity, strong resistance to photobleaching, and
long-term retention ability. The high photostability and biocompatibility enable AIE
probes to track the morphology and movements of organelles, as well as the related
biological processes. Future work about AlEgens for organelle imaging will focus on
the development of multifunctional AIE probes. For example, some excellent organ-
elle-targeted AIEgens not only stain the cancer cells over the normal cells, but also
generate reactive oxygen species under light illumination. These multifunctional AIE
probes can act as the theranostic reagent for precisely imaging-guided photodynamic
cancer therapy [97-100]. In addition, two probes with separated emissions are usually
employed to stain two different organelles to investigate their interactions. It is highly
desirable to develop smart AIE probes to target dual organelles simultaneously with
different emission colors and track organelle interactions. We strongly believe AlEgens
will offer new insights in the areas of organelle imaging and related biological interac-
tion tracking.
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Figure 6.31: (a) Chemical structure of ASCP. (b) CLSM images of Hela cells stained with ASCP and
collected in different channels. (c) CLSM images of HelLa cells stained with ASCP and SYTO
RNASelect acquired under continuous excitation. Copyright 2016, Royal Society of Chemistry.
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Chapter 7
AlE-active 1,3-butadiene-based biosensors
and bioimagings

7.1 Introduction

Multiphenyl-substituted 1,3-butadiene (MPB) and its derivatives are of immense im-
portance not only due to their presence as key structural units in several natural
products and important pharmaceuticals [1, 2], but also due to their considerable
potential in liquid crystals, illuminants, and nonlinear optical materials [3-8]. The
majority of the interest in MPB and its derivatives originates from their role as mod-
els in the investigation of conformational properties and photoisomerization reac-
tions involving a polyene double bond in compounds of biological interest (such as
proteins, vitamin-D, visual pigments, etc.) as well as in terms of their nonlinear op-
tical response and charge transport in conducting polymers.

Similar to the role of MPBs as a companion structure to the “star molecular” and
“iconic fluorogen” tetraphenylethene (TPE) [9-13], MPBs also exhibit an advantage in
their simple synthesis. Double bonds are added to MPBs to extend the conjugated sys-
tem on the basis of the tetraphenylethene (TPE) structure via a one-pot reaction.
Therefore, the emission wavelength of MPB is considerable red-shifted compared with
that of TPE, and its fluorescence quantum yield is slightly inferior to that of TPE. On
the other hand, compared to TPE, MPBs have a higher number of isomers due to one
more double bond. Meanwhile, tetraphenyl-1,3-butadiene (TPB, Figure 7.1) exhibits
three isomers because of the different positions of benzene ring, including 1,1,4,4-tet-
raphenyl-1,3-butadiene (1,1,4,4-TPB), 1,1,2,4-tetraphenyl-1,3-butadiene (1,1,2,4-TPB),
and 1,2,3,4—tetraphenyl-1,3-butadiene (1,2,3,4-TPB), respectively. Similarly, owing to
the different positions of the substituents, TPB and 1,1,2,3,4,4-hexaphenyl-1,3-butadi-
ene (HPB) exhibit cis-trans (E/Z) isomerism. MPBs are a new type of compounds based
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on TPE. While retaining some of the advantages of TPE, MPB derivatives exhibit their
own unique performance with respect to optical properties.

MPBs exhibit typical aggregation-induced emission (AIE), a process in which
the inhibition of the intramolecular motion by dye aggregation leads to a consid-
erable increase in the fluorescence emission efficiency [14-17]. MPBs adopt a heli-
cal structure similar to polyacetylene, which undergoes low-frequency torsional
motions as isolated molecules. MPBs satisfy conditions of multiple rotors and the
restriction of intramolecular motion (RIM) [18], as well as exhibit typical AIE
behavior.

In addition, MPBs exhibit immense potential in biosensor and bioimaging. Due
to their attractive three-dimensional helical shape and physicochemical properties,
MPBs can occupy distinct pockets in proteins for the detection and imaging of pro-
teins, viruses, cells, and tissues. Such detections or imaging exhibit the advantages
of strong specificity, high sensitivity, and short response time, which permit the di-
rect visualization of biological analytes at the molecular level, and offer beneficial
insights into complex biological structures and processes.

In this chapter, the application of MPB and its derivatives in biology is ex-
plained according to the following aspects: Structure and synthesis, Photophysical
properties, and Biological applications.

m
58
ﬁ

Figure 7.1: Structures of TPE, TPBs, and HPB.

7.2 Systematic synthesis of MPBs

MPBs can be constructed by various synthetic strategies. A majority of MPBs are
synthesized by one-pot reaction under mild conditions and easily purified in high
yields by silica-gel column chromatography.

Scheme 7.1 shows the synthetic routes for 1,2,3,4-TPB, 1,1,2,4-TPB, 1,1,4,4-TPB,
and their derivatives [19-22]. Derivatives of diphenylacetylene, iodobenzene, and
styrene-based derivatives were used to synthesize 1,1,2,4-TPB, with NaHCO;, LiCl,
Pd(OAc),, and PPhs;. Scheme 7.1 shows the synthetic route for 1,1,4,4-TPB. More-
over, a series of ester-containing 1,1,4,4-TPB compounds were easily prepared by
the Suzuki coupling reaction between phenylboronic acid or its derivatives and
bromo-substituted 1,4-diphenyl-1,3-butadienes in the subsequent synthesis and
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application [23]. The ester groups can be transformed easily to carboxyl groups by
hydrolysis using NaOH and acidification using HCl (Scheme 7.2). Pyridine can be
easily converted into pyridinium under mild experimental conditions with different
counterions (TPB-5 and HPB-2). Carboxyl and pyridinium are excellent candidates
for biological probes and/or chemical sensors. Phenylboronic acid derivatives with
different functional groups at the para-position react with 1,2-diphenylacetylene
under Pd- and Ag-based catalysis to afford HPBs decorated with different functional
groups (Scheme 7.1).
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Scheme 7.1: Synthetic routes for TPB, HPB, and their derivatives.

7.3 Structures and photophysical properties

7.3.1 Structures

Considering that their different properties are related to the different numbers and po-
sitions of aromatic groups, 1,1,2,4-TPB, 1,1,4,4-TPB, and HPB exhibit different struc-

tures, thermal stability, dipole moments, AIE performance, and applications [24].
Figure 7.2 shows the single crystals of 1,1,2,4-TPB, 1,1,4,4-TPB, and HPB. Large torsion
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angles (0) between the phenyl groups and ethylenic moieties were observed, with C—C
bond angles greater than 120° in the 1,3-butadiene building block (Table 7.1). The 1,3-
butadiene building block in TPBs was almost in a plane, while that in HPBs
adopted an extremely twisted conformation, which can maintain a;-a, for all
~120°. Large torsion angles indicated that all phenyl groups can freely rotate in solu-
tion and thus consume excitation energy, leading to no or weak emissions in their sol-
utions. Upon aggregation, these intramolecular rotations are highly restricted, thereby
enhancing emission efficiency. The synthesis of MPBs, belonging to a large family of
aggregation-enhancement emission (AEE) probes, provided further insights into the
RIM mechanism as well as additional potential platforms for the design and applica-
tion of these AEEgens.

(A) (B) (0)

Figure 7.2: Single-crystal structure, packing structure, and intermolecular forces
of (A), (D) 1,1,2,4-TPB, (B), (E) 1,1,4,4-TPB, and (C), (F) HPB.

Table 7.1: Torsion angles and angles among C-C bonds.

Compounds Torsion Angle () / ° Angle / °

Red Ph  Green Ph Purple Ph Blue Ph BlackPh ay oy o3 Oy

1,1,2,4-TPB  63.44 33 - 63.1 34.4 121.4 125.5 125.6 120.5
1,1,4,4-TPB 51.33 62 64.29 - 8.55 121.5 122.3 125.5 127.1
HPB 39.21 61.85 62.60 47.60 83.04 121.5 121.7 121.6 124.0
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7.3.2 AIE performance

MPBs have provided a number of excellent candidates for AIE/AEE-active materials.
The fluorescent intensities of their solutions are extremely low when MPBs are molec-
ularly dissolved in a good solvent. However, when the ratio of poor solvent reaches a
key point in solvent mixtures, their emissions are drastically intensified. The forma-
tion of aggregates by the addition of poor solvents into their solutions is supported by
dynamic light scattering (DLS) analysis and scanning electron microscopy (SEM). Re-
sults of size distribution by intensity analysis indicated that the content of large nano-
particles in mixtures is significantly increased in the case of gradual aggregation
under a high-poor solvent content. Rotor-containing MPBs undergo high-frequency
motions in dilute solutions, leading to the rapid nonradiative decay of the excited
states that renders MPBs nonemissive. In the aggregated states, these motions are
blocked by intermolecular tight packing, subsequently leading to the radiative path-
way. Figure 7.3 shows the AIE-active of TPB-1, TPB-2, and TPB-3 by taking 1,1,2,4-TPB
as an example [25]. The net change in the photoluminescence (PL) intensity [(I — I,)/Io]
and their maximum emission wavelengths are summarized. The fluorescence intensity
of TPBs in water fraction (f,,), less than 70%, was negligibly small due to the nonra-
diative decay caused by the free intramolecular rotation of the single bonds between
the phenyl and alkenyl groups. At f,, = 99%, the fluorescence intensity of TPB-1 in-
creased ~29-fold, while that of TPB-2 and TPB-3 increased ~5- and 0.5-fold at f,, =
99%, respectively. Moreover, DLS results revealed that the aggregate sizes of TPB-1,
TPB-2, and TPB-3 at f,, = 99% are 208.4, 156.6, and 135.0 nm, respectively (Figure 7.4).
In addition, fluorescence quantum yield (®) is also a performance indicator for AIE.
TPB-1 was weakly emissive in a THF solution with ® of 0.84%, but was highly emis-
sive in a mixture of THF/water (f,, = 99%) with ® of 17.35%, indicating that it is a typi-
cal AIE compound. The quantum yields of TPB-2 and TPB-3 in THF were 2.43% and
2.11%, respectively, while those in a mixture of THF/water (f,, = 99%) were 13.22% and
15.50%, respectively. These results indicated that TPBs exhibit good AIE properties
and can be another new series of AIE compounds.

7.3.3 E/Z isomers

In biomedicine, cis-trans isomers play a vital role in the efficacy and therapeutic
effects of drugs. Therefore, it is of significance to examine cis—trans isomers. Owing
to the presence of different substituent groups, MPBs exhibit different sterecisom-
ers, e.g., (2,Z), (Z,E), and (E,E)-isomers. Structural properties can be significantly
affected by their E/Z isomerization. TPB-4 and HPB-1 are considered as examples to
explain the effect of E/Z isomerism on their properties, including, photophysical
properties, and mechanochromic performance.
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Figure 7.3: (A) Correlation between the net change in the PL intensity [(I - 1)/lo] and (B) the
maximum emission wavelengths (A,,.,) of TPBs with different water fractions in THF/water
mixtures. lo: The maximum PL intensity in THF; I: the maximum PL intensity in a mixture

of THF/water; [TPB-1] = [TPB-2] = [TPB-3] = 1 x 10~> mol/L; excitation wavelength: 330 nm.
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Figure 7.4: Dynamic light scattering results of (A) TPB-1, (B) TPB-2, and (C) TPB-3 at f,, = 90%
and 99% in THF/water mixtures. [TPBs] =1 x 10~> mol/L.

E/Z isomers of HPB-1 containing dialdehyde groups, 4,4’-((1E,3E)-1,2,3,4-tetraphenyl-
buta-1,3-diene-1,4-diyl)dibenzaldehyde (EE-HPB-1), 4,4’-((1Z,3E)-1,2,3,4-tetraphenylbuta-
1,3-diene-1,4-diyl)-dibenzaldehyde (EZ-HPB-1) and 4,4-((1Z,3Z)-1,2,3,4-tetra-phenylbuta-
1,3-diene-1,4-diyl)dibenzaldehyde (ZZ-HPB-1), were synthesized in one-pot and readily
separated by silica gel column chromatography [26]. The three E/Z isomers containing
conjugated diene exhibited remarkable differences in terms of their AIE or AEE behavior,
thermostability, and mechanochromic performance, as shown in Figure 7.5. Among
them, with a dense molecular packing and strong intermolecular interactions, EE-HPB-1
was a better AlEgen, while EZ- and ZZ-isomers exhibited AEE behavior. Experimental
results revealed that RIR is the primary reason for the AIE/AEE behavior of HPB-1 lumi-
nogens. Moreover, EZ-HPB-1 irreversibly exhibited a blue-shift of 23 nm by grinding
treatment, which could not be restored by fuming with organic solvents or heating. EE-
HPB-1 did not exhibit the mechanochromic performance due to its blue shift from 553
to 551 nm. In contrast, owing to its twisting conformation and relative loose packing,
ZZ-HPB-1 reversibly exhibited a red-shift of 20 nm during multiple repeat cycles of grind-
ing and fuming treatments, exhibiting superior mechanochromic performance.

Owing to the presence of CN and CHO, TPB-4 also exhibits cis-trans isomerism
(Figure 7.6). Similarly, EZ- and ZZ-TPB-4 were synthesized in one-pot and readily
separated by silica-gel column chromatography.

7.4 Application of MPB-based materials

The simple synthesis and fluorescence turn-on features of MPB bioprobes offer the
direct visualization of specific analyses and biological processes in aqueous media
with higher sensitivity and better accuracy than traditional fluorescence turn-off
probes in biosensing and bioimaging.
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Figure 7.5: (A) Synthetic routes and mechanochromic performance of EE-, EZ-, and ZZ-HPB-1; (B)
Correlation between the net change in PL intensity [(I - I)/l,]. [HPB-1] =1 x 107 mol/L.
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Figure 7.6: Structures and single crystals of (A)EZ-TPB-4 and (B) EE-TPB-4.

7.4.1 Biosensors

Ionic AIE fluorogens are able to respond to different DNA structures, protein, and
virus with good sensitivity via both electrostatic and hydrophobic interactions [27].
Owing to their unique three-dimensional structures, MPBs can be combined with
protein cavities. If they are modified with positive ions, they can become a good
candidate for protein detection. By a combination of the above viewpoints, Dong
et al. developed two charged MPB derivatives, TPB-5 and HPB-2, for the specific de-
tection of y-globulin and avian influenza virus.

y-Globulins play a vital role in disease recognition and control [28]. High and low
levels of y-globulins induce diseases. High y-globulin levels can cause rheumatoid arthri-
tis, liver diseases, and infectious diseases. Low y-globulin levels can cause humoral
immunodeficiency and metabolic diseases. Therefore, the development of ultrasensitive
and reliable analytical methods for detecting and quantifying y-globulins in the human
blood serum is of great significance in diagnostics [29].

Dong et al. designed and synthesized 4-((1Z,3Z)-1,4-bis(4-(methoxycarbonyl)-
phenyl)-4-(pyridin-4-yl)buta-1,3-dien-1-yl)-1-methylpyridin-1-ium hexafluoro-phos-
phate (TPB-5), as shown in Scheme 7.2. This anionic fluorogen in different ratios of
THF/H,0 systems exhibited typical AIE performance. As a novel “turn-on” fluorescent
probe, TPB-5 was synthesized for the in situ quantification of y-globulins in the blood
serum [30].
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TPB-5 probe exhibited high selectivity for y-globulins over other components in
the blood serum, including serum albumins, fibrinogen, glucose, urea, and choles-
terol (Figure 7.7). In fact, these species can barely interfere with the molecular inter-
actions between TPB-5 and y-globulins. The high specificity of TPB-5 probe enabled
the in situ quantitative detection of y-globulins without isolating y-globulins from
the blood serum. The fluorescence intensity of TPB-5 was linearly correlated with y-
globulins concentration, in the range of 7.89 to 300 pg/mL, and the detection limit
of y-globulins was determined to be 7.89 pg/mL. The fluorescence response time of
TPB-5 for detecting y-globulins was extremely short (as low as 5 s), thereby enabling
the real-time detection of y-globulins in complicated blood serum samples. Addi-
tional studies suggested that TPB-5 interacts with y-globulins, possibly through elec-
trostatic interactions via its methylpyridinium group. The highly specific binding
between TPB-5 and y-globulins restricted intra-molecular rotation, thereby inducing
the fluorescent turn-on behavior of TPB-5. TPB-5 is a promising fluorescent biosen-
sor specific for y-globulins, with immense potential in clinical applications.

A biological virus constitutes multiple types of noncellular organisms with a small
size and simple structure. The viruses only contain one type of nucleic acid (i.e., DNA
or RNA). The high pathogenicity, infectivity, and harmfulness of the avian influenza
virus are caused by H5N1 strains [31-33]. The hemagglutinin proteins (H) and neur-
aminidase proteins (N) located in the flu surface are the main specificities that deter-
mine the pathogenicity of the virus and change the course of the disease. Therefore, it
is imperative to determine a rapid, quantitative, low-cost, and reliable detection and
staining method for H proteins, for the diagnosis of infectious diseases [34, 35].

Four salts of hexaphenylbutadiene methyl pyridine, with AIE characteristics,
were designed and synthesized (Scheme 7.3). AIE features of HPB-2 were investi-
gated in DMSO-water mixtures. Experimental results indicated that HPB-2 can be a
“turn-on” by H5 with high selectivity [36].

With the addition of 0-5.00 pg/mL of H5, a “turn-on” response was observed
using a hand-hold UV lamp, indicating that HPB-2 also can be used for the colori-
metric detection of H5 by the naked eye. The fluorescence intensity of HPB-2 rapidly
reached the maximum and was maintained constant, once H5 was added to the so-
lution of HPB-I within 10 s. This response was extremely rapid, which can be re-
garded as real-time detection and exhibits an immense advantage compared to the
traditional detection methods for H5.

To confirm the detection selectivity of H5, throat swaps, including secretions
and residues, in the oral cavity of chickens were added to detection systems to inves-
tigate whether the secretions and residues can interfere with the response of HPB-2
to H5. Experimental results of the simulation detection of the actual situation indi-
cated that the response of HPB-2 is only determined by the H5 content (Figure 7.8A).
The fluorescence intensity also exhibited an excellent linear relationship with the
H5 concentration (R®>=0.98). The limit of detection (LOD) was estimated to be
179.5 ng/mL (6.08 nM), according to the IUPAC-based approach. Notably, HPB-2 still
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Scheme 7.2: Synthetic routes for TPB-5.
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Figure 7.7: Effect of different components in the blood serum on the PL intensity of TPB-5a
(performed in the PBS buffer with 10% DMSO), TPB-5b, and TPB-5 (performed in PBS buffer).
[TPB-5] = 107> M; the concentration of each component was 300 pg/mL; Aex =370 nm.

The results are presented as means + standard deviations (n = 3).

distinguished the presence of H5 by the naked eye under a UV lamp, despite the
presence of interfering substances.

Experimental results revealed that H5 provides a special microenvironment to
restrict the intramolecular motion of HPB-2, thereby increasing the fluorescence in-
tensity of HPB-I molecules. Zeta potential ({), DLS, and simulation calculation were
performed to further elucidate the mechanism. AutoDock vina software for molecu-
lar docking was employed to simulate the optimal complex structures of HPB-I and
H5 (Figure 7.8B, C). The binding site of the small molecule with protein was in the
cavity of the top of the H trimer, and the docking score of the protein with the small
molecule was —6.38, indicative of its stable combination.

As a biosensor, it not only refers to the detection of biological components such
as proteins and viruses, but also to the surrounding biomedical industries. For exam-
ple, MPB and its derivatives can detect the oxidant cerium ion during the preparation
of modified starch, which is the main raw material of surgical implants, as well as
polyazole compounds as medicines.

Cerium (Ce) demonstrates immense potential applications in biocatalysis, drug re-
lease, and biomedical science [37]. For example, Ce** is the mainly used oxidant for
natural starch modification [38]. These modified starches are nontoxic and biodegrad-
able and are promising biomedical materials for surgical implants [39]. As a result of
its enormous usage, there is an increasing demand to investigate environmental, medi-
cal, and biological effects of cerium. A recent study also reported that Ce** exhibits a
destructive effect on several biological processes, such as the metabolism of RNA and
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DNA, gene expression, as well as signal transduction in several diseases, due to the
generation of reactive oxygen species by Ce**. Therefore, it is of significance to develop
highly selective, sensitive methods for the detection of trace cerium produced in bio-
medicine fields.

COOCH, COOCH; HOOC,

1) NaOH
2) HCI

Scheme 7.4: Synthetic route to TPB-6.

As a novel fluorescent probe, TPB-6 (shown in Scheme 7.4) was designed for the de-
tection of Ce®*. This “turn-on” chemosensor with a high selectivity, short response
time, and wide linear response range can be further exploited for several applications
such as monitoring of Ce**-based photocatalysts and optical film sensors [40].

The specific interaction between TPB-6 and Ce>* was investigated by fluorescence
spectroscopy. By the titration of TPB-6 with Ce®* in a water/THF mixture, fluorescence
was switched on with a 5-fold-enhanced fluorescence intensity (Figure 7.9A). The fluo-
rescence intensity of TPB-6 aggregates linearly increased with the Ce(NOs); concentra-
tion, from O to 18 pmol/L (R?=0.9952), as shown in Figure 7.9B. According to the
curve fitting equation, the detection limit (30/k, o = 0.213) of TPB-6 to Ce>* was calcu-
lated to be 2.27 umol/L, thereby satisfying the testing requirements for practical appli-
cations. To investigate the selectivity of the probe, 13 metal cations, with different
valences, were examined. Figure 7.9C summarizes the variations in their fluorescence
intensity. The probe rapidly responded to the titration of Ce** due to the extremely
rapid aggregation process, and the fluorescence intensity remained constant at 2 min,
providing a “highly stable” and “zero-wait” detection method for Ce** (Figure 7.9D).

Polyazole derivatives exhibit biological and/or pharmaceutical activities and
serve as vital units in antibiotics [41]. For example, triazoles can be used as antifun-
gal, antibacterial, antiviral, analgesic, and antituberculosis agents [42], while tetra-
zoles may serve as lipophilic spacers and carboxylic acid surrogates in biologically
active molecules [43]. Therefore, triazoles and tetrazoles are widely observed in
some well-known antibiotics and are key precursors in synthesis.

A novel fluorescent probe for the detection of polyazoles was developed [44].
With typical AIE features, HPB-3 (Scheme 7.5) exhibited visible emissions and a
high quantum yield (QY) in the solid state (®F = 27.90%).

As a proof-of-concept experiment, 5-nitro-2,4-dihydro-3 H-1,2,4-triazole-3-one
(NTO) was selected as the target triazole material (Figure 7.10). HPB-3 (1 x 10™* mol/L)
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Figure 7.9: (A) Emission spectra of TPB-6 (10 pmol/L, THF:H,0 = 1:9) containing different amounts
of Ce®*; (B) the linear relationship between emission and concentration of Ce** ranging from

2.27 pmol/L to 20 pmol/L. Curve-fit equation: (I-lg)/lo = — 0.2239 + 0.2809 [Ce>*], R? = 0.9952;

(C) Fluorescence response of TPB-6 (10 pmol/L, THF:H20 = 1:9) upon the addition of different metal
ions (14.8 pmol/L) (a:Ce3*, b:Al%*, c:Ba?*, d:Ca®*, e:Cd?*, f:Ag*, g:Cr37, h:Hg?*, i:K*, j:Mg?*, k:Na +,
1:Pb?*, m:Zn?*, n:Ce3* + Cr3* + APPY, 0:Ce3* + Ca?* + Zn?*, p:Ce®* + K* + Na*, q:Fe3*, r:Ce®* + Fe3*,
s:Ce>* + Fe>* + SCN, t:Ce**, u:Ce** + 1,2-propanediol). (D) Time-dependent changes in the
fluorescence intensity of TPB-6 (10 pmol/L) at 470 nm after adding different concentrations of Ce3*.

was preassembled to nanoscale particles, with a size of 172 nm in a 90% water fraction
solution, without stirring rotation. This aggregate was stable and did not coagulate for
at least one night (Figure 7.10B insets). By the titration of freshly prepared nanopar-
ticles with NTO, up to 3-fold enhancement in the PL intensity of HPB-3 particles was
noted (black line in Figure 7.10B). The dissociated HPB-3 nanoparticles further aggre-
gated to larger particles (~2,100 nm determined by DLS), and the emission was
boosted as a result of RIM. The maximum emission wavelengths exhibited a gradual
blue-shift (20 nm) as well, most likely because of the further twisting of the molecular
conformations by the condensed packing. The LOD of HPB-3, with a size of 99.5 nm
toward NTO, was calculated to be 0.9 pg/mL (7 x 107 mol/L).

To explore the sensitivity of HPB-3 to other polyazoles, fluorescence titration was
performed by the incremental addition of several triazoles and tetrazoles to water, in
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Scheme 7.5: Synthetic route to HPB-3.

which, HPB-3 was dispersed. Compared to common explosives (such as PA, TNT,
HMX, CL-20 and RDX) and imidazole derivatives (N-IM, 2N-IM and IM), triazole, and
tetrazole derivatives exhibited an outstanding “turn-on” response (Figure 7.10C), sug-
gesting that most of the explosives do not interfere with the detection of polyazoles in
water. The method exhibited advantages of universality, high sensitivity, and facile vi-
sualization, and can be practically employed for the detection of polyazoles in water.

Here is other example detected polyazoles showed in Scheme 7.6 — three metal —
organic frameworks (MOFs), TPB-7-MOF-1, TPB-7-MOF-2, and TPB-7-MOF-3, con-
structed from Mg?*, Ni**, and Co®* with deprotonated TPB-7, respectively [45].

These MOFs enable highly sensitive and selective detection of polyazoles in a
few seconds, with low detection limits, through emission shift and/or “turn-on” sig-
nal. Remarkably, the cobalt-based MOF, TPB-7-MOF-3, can selectively sense the pow-
erful explosive NTO with high sensitivity, discernible by the naked eye (detection
limit = 6.5 ng on a 1 cm? testing strip), and parts per billion-scale sensitivity by
spectroscopy via pronounced fluorescence emission. To confirm the mechanism of
NTO detection by TPB-7-MOFs, NTO explosive was added in their solutions. Experi-
mental results and analysis demonstrated that the TPB-7-MOFs barely retain their
structural integrity, upon addition of NTO, because of the competitive coordination
substitution, and thus free TPB-7 molecules were released into the solutions. Upon
evaporation of THF solvent during the paper strip tests or addition of hexane in
the solution tests, the dissociated TPB-7 molecules begin to aggregate, and the
emission was boosted as a result of the restriction of intramolecular rotations.

In addition to detecting polyazoles, TPB-based MOFs can also specifically de-
tect aluminum ions [46]. Zhao et al. have designed a hydroxyl-functionalized ligand
(TPB-8) for MOF with AIE feature. Their study shows that the occurrence of exciton
migration between the AIE linker and conjugated auxiliary ligand TPB-8 causes
fluorescence quenching.
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Figure 7.10: (A) DLS results of HPB-3 versus different stirring rotational speeds in 90% water fraction
before and after the addition of NTO (2 eq); (B) Stern-Volmer plots of different sizes of HPB-4
aggregates in 90% water fraction upon incremental addition of NTO. Inset picture, a,b: 90% water
fraction without NTO under sunlight and UV light; c,d: 90% water fraction with NTO (2 eq) under
sunlight and UV light at a size of 99.8 nm Stern-Volmer equation: (Io/1) =1+ Ks,[Q], where K, is the
quenching constant (M-1), [Q] is the molar concentration of the analyte, 10 and | are the
luminescence intensities before and after the addition of the analyte, respectively;

(O) Fluorescence enhancement ((I - 1o)/1o) of E,E-HPB-ID by different analytes (Mypg.4: Manaiytes = 1:2)
in the 90% water fraction in THF/water mixtures. [HPB-3] = 1 x 107 mol/L; Excitation wavelength:
410 nm.

Using this strategy, the prepared MOF material can perform as a fluorescence
“off — on” probe for highly sensitive detection of AI’* in aqueous media. The hydroxyl
group plays a crucial role in sensing, as it can selectively chelate Al’*, which is directly
related to the dissociation of nonfluorescent MOF and the consequent activation of the
AIE process. As is well known, excessive intake of aluminum has severe toxicity to
human health and can induce many serious diseases, including Alzheimer’s disease,
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Scheme 7.6: Synthetic route to TPB-7.
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osteoporosis, rickets, anemia, softening of the bones, etc. [47, 48]. Especially, TPB-8-
MOF exhibits superior sensitivity for AI>*, with detection limit as low as 3.73 ppb,
which is significantly lower than the higher limit of the U.S. Environmental Protection
Agency (EPA) recommendation of AI** ion for drinking water (200 ppb). At the same
time, it also demonstrated excellent specific selectivity.

7.4.2 Bioimaging

Organic dyes and proteins (e.g., green fluorescent protein) are the commonly used fluo-
rescence imaging reagents; however, their molar absorptivity and photobleaching re-
sistance are low. In addition, inorganic QDs have been used, but suffer from high
cytotoxicity in an oxidative environment. The development of organic dots has been
considerably hampered by the aggregation-caused quenching (ACQ) effect, observed in
conventional fluorophore systems. The high brightness of AIE fluorogens in the solid
state and the distinct feature that AIE fluorogens become strong emitters at high con-
centrations, make them promising candidate materials for fluorescence imaging appli-
cations. Owing to their typical AIE properties, higher fluorescence quantum yields, and
an increased number of modification sites, MPB and its derivatives have become pow-
erful candidates for bioimaging applications. Moreover, the bioimaging of MPBs dem-
onstrate immense potential for practical applications, such as real-time imaging in
cryosurgery and intraoperative pathological diagnosis of hepatocellular carcinoma.

Therapeutic use of freezing to treat infected wounds can be traced back to an-
cient Egyptian times (around 3,000 BC) [49]. Only with the recent achievement of
key technological advances, modern cryosurgery — using freezing to kill cancer cells —
can be applied to combat several of cancers, such as cancers of skin, bone, kidney,
lung, and liver [50-52]. Cryosurgery exhibits incomparable advantages for cancer treat-
ment in terms of low pain, low bleeding, low morbidity, short recovery time, as well as
lower costs [53, 54]. However, key challenges such as maximizing the therapeutic effi-
cacy of cryosurgery still remain, and one of them involves the incapability of real-time
and selective imaging of cancer cells, leading to the cryoinjury of surrounding normal
cells as well as the incomplete killing of cancer cells.

As an AlEgen, TPB-9 (Figure 7.11A, B) can specifically interact with ice crystal
and form aggregates at the ice/water interface [55]. TPB-9 molecules can be reason-
ably proposed to accumulate and aggregate at the ice/water interface when ice
grows, as can be schematically illustrated in Figure 7.11D. This special interaction
endows TPB-9 with a unique feature of freezing-induced emission. This was further
verified experimentally — TPB-9 molecules exhibited unique freezing-induced turn-
on feature inside the cancer cell. At room temperature, living HeLa cells, stained
with TPB-9, exhibited blue color under a light illumination of 405 nm, while the
cells stained with neutral red exhibited a red color, as observed by confocal laser
scanning microscopy (CLSM) images, as shown in Figure 7.12A-D. Upon freezing,
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Scheme 7.7: Synthetic route to TPB-8.
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Figure 7.11: (A) Molecular structure of TPB-9, and (B) Emission spectra of TPB-9 molecule in
acetone/water mixtures with various volume fractions of acetone (facetone)- Inset: Plot of the
emission peak intensity vs f,cetone- (C) Fluorescence pictures of a vial containing TPB-9 solution
(1072 mol/L) under UV-light irradiation of 365 nm as ice crystals form via controlled directional
freezing. (D) Optical microscope images, (E) enlarged view of fluorescence microscope images, and
(F) schematic representation of the ice growth front as well as frozen zones (insets) with the TPB-9
molecules being accumulated and aggregated at the ice/water interface. The growing ice front

velocity is 8 pm/s.
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the PL intensity of TPB-9-stained HelLa cells considerably increased, whereas that of the
cancer cells, stained with neutral red, decreased substantially (Figure 7.12E-H).

Another requirement for real-time imaging during cryosurgery involves the differenti-
ation of the surrounding normal tissues from tumor tissues. NIH 3T3 cells stained with
TPB-9 exhibited dim fluorescence at room temperature (Figure 7.13A, B); in strong con-
trast, HeLa cells exhibited clear blue fluorescence after the staining of TPB-9 under the
same condition. These results unambiguously suggested that TPB-9 exhibits the desired
selectivity to cancer cells. To evaluate the feasibility of TPB-9 for the selective im-
aging of cancer cells upon freezing, Dong et al. have further examined the fluo-
rescence images of NIH 3T3 and HeLa cells in the frozen state. The NIH 3T3 cells
exhibited an extremely weak PL intensity in the frozen state (Figure 7.13C), while
the frozen HeLa cells were highly emissive (Figure 7.13D). This unique turn-on
imaging method is of practical importance to assist surgeons in real-time to kill
cancer cells via freezing, while simultaneously preventing injury to normal cells.

Another aspect of the application of MPBs in biological imaging is mainly re-
flected in the intraoperative pathological diagnosis of hepatocellular carcinoma.
Hepatocellular carcinoma (HCC) is one of most common cancers and a leading
cause of overall cancer-related mortality worldwide due to the high incidence and
mortality. However, it is difficult to distinguish small HCC lesions in cirrhotic pa-
tients from benign-appearing regenerative and dysplastic nodules during hepatec-
tomy [56]. Thus, surgeons are troubled by this clinical difficulty, because the site and
pathological nature of suspicious nodules must be identified in order to further resect
tumor lesions completely. In clinical practice, intraoperative frozen-section consulta-
tion is commonly carried out when the surgeon cannot judge the pathological nature
of nodule [57]. However, it comprises multiple steps and is time-consuming. Further-
more, intraoperative frozen-section diagnosis needs to be performed by a senior pathol-
ogist with abundant clinical experience, who is expected to prepare an accurate report
in a short duration under immense pressure that will influence the intra-operational
decision of the surgeon. Thus, the development of a novel intraoperative rapid diagno-
sis technique is imperative to identify the nature of tumor nodules.

In the last few decades, fluorescence imaging has been developed to distinguish
cancer cells from normal cells. Herein, Dong et al. developed a one-step synthetic pro-
tocol to prepare novel HPB-4 with typical AIE characteristics, which emits strong green
fluorescence in the aggregated state or at high concentration [58]. Unexpectedly, HPB-
4 can distinguish HCC cells from normal liver cells with high specificity and only by a
simple staining procedure. Notably, after staining intraoperative specimen slides with
HPB-4, the HCC folic slides are lit up with green fluorescence, and not paratumor cir-
rhosis, benign liver focal nodular hyperplasia and healthy liver tissues, which barely
emit fluorescence, which is consistent with the conventional intraoperative frozen-
section diagnosis. This result demonstrated that intraoperative fluorescence pathologi-
cal diagnosis technique (FPDT), using HPB-4 staining, is a promising alternative for the
intraoperative diagnosis of HCC. Compared to conventional intraoperative frozen-section
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Figure 7.12: CLSM images of Hela cells incubated with TPB-9 and neutral red with (A)-(D) taken at
room temperature and (E)-(H) taken in the frozen state. (A), (E) TPB-9; (B), (F) neutral red; (C), (G)
bright field; (D) is the merged image of (A), (B) and (C), and (H) is the merged image of (E), (F) and
G).
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Figure 7.13: CLSM images of (A) NIH 3T3 cells and (B) Hela cells at room temperature. CLSM images
of (C) NIH 3T3 cells and (D) Hela cells in the frozen state. Both NIH 3T3 and Hela cells were
incubated with TPB-9. The ice domains can be observed in bright field in the frozen state.

diagnosis with ten steps, this novel technique can provide a pathological report after a
three-step treatment: staining, rinsing, and diagnosis. Moreover, it can overcome
the drawbacks of H&E staining, such as poor-quality section, ungraded cell mor-
phology and poorly stained section, as well as judgment by senior pathologist. Al-
though the mechanism via which only HCC tissues exhibit “turn-on” fluorescence
by HPB-4 is not clear and requires to be further investigated, the FPDT using HPB-4
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staining is a simple, rapid technique with a high efficiency and meets the objectives
of intraoperative HCC diagnosis, with potential clinical applications.

Figure 7.14 shows the synthetic route, AIE performance and photophysical
properties of HPB-4. Experimental results revealed that the fluorescence intensity
of HPB-4 with 90% water content is 16-fold greater than that in a pure THF solu-
tion (Figure 7.14C).
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Figure 7.14: (A) Synthesis route for HPB-4; (B) UV absorption and fluorescence spectra of HPB-4;
(C) PL intensity change of HPB-4 with different water fractions in THF/H,0 mixture, Aex =400 nm;
(D) In a DMSO/PBS mixed system, the photophysical properties of HPB-4 with different DMSO
ratios. [HPB-4] = 10 pM.
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Figure 7.15: Fluorescence images of HCC cell lines and normal liver cell lines with HPB-4 and DAPI,
[HPB-4] =10 pM, [DAPI] = 0.1 pM; the concentration-dependent fluorescence images of in the
HepG2 cell, [HPB-4] =100 pM, 10 pM, 5 pM, 1 pM, 0.5 pM.

HCC cells could be lit up, while normal hepatocytes did not emit fluorescence
after staining with HPB-4. As shown in Figure 7.15, HCC cells such as HepG2,
Hep3B, and SMMC7721 cells showed strong green fluorescence in the cytoplasm,
but no fluorescence signal was detected except blue fluorescence from commercial
nucleus probe DAPI in normal hepatocytes QSC7701 and LO2, demonstrating that
the HPB-4 can effectively distinguish HCC cells from normal hepatocytes.

FPDT, using HPB-4 staining, demonstrated that “turned-on” bright-green fluo-
rescence in all HCC foci slides, while the other slides, including paratumor cirrho-
sis, FNH and adjacent tissue, as well as healthy liver tissue, still remained dark. To
further understand the specificity of HCC staining, the slice of the border area be-
tween the tumor foci and paratumor cirrhosis was stained with 10-puM HPB-4 for
5 min (Figure 7.16B). Clearly, stronger fluorescence was observed at the tumor foci
location, but no fluorescence was observed at the paratumor cirrhosis. These results
indicated that HPB-4 can illuminate HCC cells in tissues with high specificity and no
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Figure 7.16: (A) Fluorescent images of HPB-4 in HCC, FNH and normal liver specimen compared to
frozen-section diagnosis; (B) Fluorescent images of HPB-4 in tumor foci and neighboring paratumor
cirrhosis at the same section; (C) Discrete transformation analysis of HPB-4 fluorescence strategy.
[HPB-4] =10 uM.

signal interference by a complex microenvironment, which was also consistent with
conventional frozen-section diagnosis. Quantitative analysis of the fluorescence sig-
nal recorded under the same parameters of CLSM was further performed to investi-
gate the sensitivity of this FPDT for HCC using HPB-4. The mean fluorescence intensity
of malignant HCC foci was significantly greater than that of paratumor cirrhosis (Figure
7.16C), with a high ratio of 12.2. In addition, the intensity of benign FNH was slightly
greater than that of adjacent tissues, but the intensity of HCC foci was 4.3-fold greater
than that of FNH. Furthermore, the fluorescence intensities of paratumor cirrhosis and
normal liver tissues were almost similar, including three cases of adjacent tissues from
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FNH patients. Hence, HCC can be easily diagnosed due to the high sensitivity, compared
to the other tissues, especially nontumoral liver tissues, as a negative control recom-
mended by clinical guidelines.

In summary, MPB and its derivatives can perform biological imaging, not only
at the cellular level, but also in organs and tissues, and these derivatives play a key
role for clinical surgical navigation.

7.5 Conclusion and outlook

In summary, MPBs exhibit typical AIE/AEE characteristics and are potential candi-

dates for biosensing and bioimaging due to their rich structures and conformations.

In this chapter, most of the outstanding developments in this field are summarized,

mainly outlining the syntheses, structures, and properties of MPBs as well as the

related applications of these AIE/AEEgens. According to the general mechanism of

AIE/AEE, both multiple rotors and twisted conformation are crucial for achieving

good performance in biosensing and bioimaging.

1. MPBs have enriched the AIE molecular library and expanded the AIE family.
Furthermore, the mechanism of AIE is clarified, and the relationship between
structure and performance is investigated. In addition, ideas and theoretical
guidance for the future design of new AIE molecules have been provided.

2. A deeper understanding of the cis-trans isomerism of AIE molecules is achieved, and
a new platform for the future design and synthesis of cis-trans isomerism is provided.

3. MPSs can detect viruses and proteins, and it can be used for navigation in clini-
cal operations. It has potential application prospects in biomedicine.

As a “star” class of molecules in the AIE field, TPEs have been applied in several
fields, but the development of MPBs is only in its infancy. To the best of our knowl-
edge, there is a small number of macromolecular studies probably due to its “fresh-
man” role in the AIE/AEE field. Occasionally, new developments can come along
with new possibilities and discoveries. Indeed, a considerable number of studies on
MPBs should be conducted to further deepen the understanding of the AIE/AEE
mechanism, improve AIE/AEE efficiency, and broaden AIE/AEE applications, which
include but are not limited to designing totipotent molecules, with full-color emission
in different external environments, near-infrared fluorophores with high emission in
aqueous surroundings, and pure organic materials with strong and long-lived phos-
phorescence at room temperature. In short, MPB will also become a “star” structure
suitable for the fast-developing AIE/AEE fields.
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Chapter 8
AlEgens for intracellular microenvironment
analysis

8.1 Introduction

Intracellular microenvironment plays a pivotal role in maintaining normal physio-
logical homeostasis of cells. Different subcellular organelles show different pH val-
ues. Lysosomes possess a medium acidic microenvironment to sustain the highest
activities of the hydrolases, while mitochondria need slightly basic environment to
maintain a steady proton gradient for ATP synthesis [1]. Intracellular microviscosity
has a significant impact on the transportation of mass and energy and the diffusion
of reactive metabolites [2]. Micropolarity in biological systems reflects the perme-
ability of membrane of subcellular compartments and affects the activity of a vari-
ety of proteins and enzymes [3]. Oxygen concentration determines the intracellular
metabolic pathway. Low supply of oxygen or hypoxia condition is one of the major
characteristics of tumors and their metastasis lesion [4]. The disturbance of intracel-
lular microenvironment homeostasis is closely associated with many diseases such
as cancer, diabetes, and Alzheimer’s disease. Therefore, real-time monitoring of dy-
namic changes of intracellular microenvironment is of great significance. Fluores-
cence technique shows advantages such as noninvasiveness and high sensitivity,
making it an ideal method for providing spatial-temporal information of analytes.
However, traditional fluorescent dyes have to face challenges such as aggregation-
caused quenching (ACQ) and poor photostability for long-term biological imaging.
Aggregation-induced emission luminogens (AIEgens) have emerged as a novel type
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of advanced materials with unique advantages, such as high photostability, high
quantum vyield in solid states, etc. AIEgens have attracted continuously increasing
attention and have been widely used in various fields including light emitting di-
odes, chemosensing, bioimaging and theranostics. The excellent photobleaching
resistance of AlEgens makes them ideal imaging agents for long-term tracking of
physiological processes. In this chapter, we will focus on the topic of AIEgen-based
sensors for intracellular microenvironment analysis (Figure 8.1).

L
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Figure 8.1: AlEgen-based sensors for intracellular microenvironment analysis.

8.2 AlEgen-based sensors for pH

Protons play an important role in physiological processes such as ion transport, re-
ceptor-mediated signal transduction, endocytosis, homeostasis, and cell proliferation
[1]. The urgent demand for pH measurement and imaging in biological systems pro-
motes the development of pH fluorescent probes. Under normal physiological condi-
tions, cytoplasmic pH (pH.) and extracellular pH (pH.) are between 7.2 and 7.4.
However, the pH of different subcellular organelles is different; for example, the pH
of lysosomes is in the range of 4.5-5.5, while the pH of mitochondria is about 8.0 [5].
Studies have shown that an abnormal pH value in the cell will lead to the destruction
of the pH homeostasis of the whole cell, resulting in the production of free radicals
and even cell apoptosis. Intracellular pH mutation can lead to organelle dysfunction,
and abnormal pH can lead to neurodegenerative diseases (such as Alzheimer’s dis-
ease) [6]. Therefore, the accurate monitoring of physiological pH is crucial to under-
stand the information about various cell functions and pathological processes, so as
to design better drugs and realize individualized treatment in precision medicine.
Fluorescence imaging is a necessary and effective tool for monitoring pH fluctu-
ation in life systems [7]. Compared to nuclear magnetic resonance (NMR) and micro-
electrode methods, fluorescence method has the advantages of noninvasiveness,
real-time imaging of pH distribution, and high spatial and temporal resolution,
which can help in better understanding of the internalization pathway and pathogenic
process of cells. There are two main design concepts for pH detection: (1) the acid base
neutralization reaction of phenol, amine, and N-Heterocycle (2) nucleophilic addition
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of hydroxyl ions to cyanine dyes [8, 9]. However, due to the small Stokes shift (a few to
20 nm) and concentration quenching effect (i.e., ACQ), traditional dyes such as cyanine
limit the realization of the full potential in bioimaging.

Tong and his colleagues designed a pH-sensitive fluorescent probe, which has a
Schiff base structure of carboxyl and hydroxyl groups and exhibits AIE properties.
This pH-sensitive AIE probe has been shown to monitor the pH value of living cells
[10]. In the pH range of 5.0 to 7.0, probe 1 showed the characteristic of proportional
fluorescence response by switching its aggregated and dissolved states fluorescence,
with the color changed from orange to green (Figure 8.2). It has good stability, mem-
brane permeability, and selectivity for metal ions, and has been successfully applied
in the determination of intracellular pH of HepG2 cells.

ci
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“'@‘COOH pH decrease _Q_
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Figure 8.2: Proposed deprotonation processes of probe 1.

The fluorescence response of probe 1 at different pH was studied. As shown in
Figure 8.2, probe 1 tends to aggregate at neutral pH and exhibits aggregation-
induced emission enhancement (AIEE) with a maximum fluorescence emission of
559 nm. With the increase of pH from 3.43 to 5.63, the carboxyl group gradually depro-
tonated, resulting in the weakening of AIEE effect. Then, with the increase of pH from
5.63 to 9.56, the hydroxyl group of probe 1 was deprotonated in higher pH solution,
resulting in a new emission peak for the dianion form of 1 appearing at 516 nm in a
higher pH solution. The fluorescence color of 1 changed from orange to green in the
above process, and the ratio of two channels (I5;4 nm / Is50 nm) gradually increased in
the range of pH 5.0 to 7.0. The results showed that probe 1 had good performance in
neutral pH measurement.
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Next, fluorescence imaging of pH fluctuation of HepG2 cells was performed with
probe 1. As shown in Figure 8.3, the dye-loaded cells showed weak fluorescence in
both channel I (490-535 nm) and channel II (540-585 nm), with pH of 5 in PBS. With
the increase of pH, the fluorescence brightness of channel I increased significantly.
The ratio fluorescence image is shown in Figure 8.3(g—i), which indicates that probe 1
can easily reveal the near-neutral pH change in HepG2 cells by a ratiometric response.

pH=5.0
Ratio
o ...
(i)
pH=7.0

Figure 8.3: Confocal fluorescence images of pH in HepG2 cells after incubation with 1 (60 pM)
and nigericin at 37° C (Aex 405 nm). Left: collected at channel | (490-535 nm) at pH 5.00 (a), 6.30
(b), and 7.00 (c); middle: collected at channel Il (540-585 nm) at pH 5.00 (d), 6.30 (e), and 7.00
(0; and right (g-i): ratiometric fluorescence images generated from channel | and channel II.

In 2013, Tang’s group reported an AIE fluorescent probe based on nucleophilic addi-
tion reaction, which was used to detect the whole range of intracellular pH [8]. Tetra-
phenylvinyl cyanine derivatives modified by sulfonate showed two fluorescence
responses with change of pH value (Figure 8.4). The probe TPE-Cy showed strong to
moderate red emissions at pH 5-7 (Aex = 380 nm, A.p, = 615 nm), weak-to-nil red emis-
sions at pH 7 - 10, and nil-to-strong blue emissions at pH 10 — 14 (A¢x = 380 nm, Ay, =
489 nm). In the acidic range, with the increase of pH value, the sulfonic acid and
sulfonate in TPE-Cy are in equilibrium, which leads to the change of fluorescence
emission.

At the same time, in the alkaline range, when the pH value is more than 10, the
C=N in the indolinium unit will react with hydroxyl group through nucleophilic addi-
tion reaction. The process breaks the conjugation system of TPE-Cy and further induces
fluorescence responses. Considering that TPE-Cy also has good biocompatibility, the
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Figure 8.4: Working principle: fluorescence response mechanism of TPE-Cy to different pH.

specific fluorescence signals (I,g0/I¢15, the lower the ratio, the more acidic) of blue and
red channels are further used as the indicator of pH imaging. As shown in Figure 8.5,
TPE-Cy has significant AIE properties in the n-hexane and ethanol system.
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Figure 8.5: (A) PL spectra of TPE cy in ethanol / n-hexane mixtures with different n-hexane volume
fractions. (B) The change of //1, ratio with the increase of n-hexane volume fraction.

The living cells stained with TPE-Cy were incubated with acetic acid, a weak acid
that can penetrate cells, and observed with confocal microscope (Figure 8.6). After
treatment, the acid region of pseudo red in the cell (low 1489/1615 ratio) was signifi-
cantly expanded, indicating that the acidification effect was obvious. In contrast, when
DMEM (pH 8.5) was used to treat cells, the false blue region (high I,g0/Is;5 ratio) was
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the main area. The results of flow cytometry also show that TPE-Cy has great potential
in high resolution and high-throughput analysis of the intracellular environment.

Mitochondria play an important role in the process of oxidative metabolism
and apoptosis. Their morphology is closely related to the occurrence and develop-
ment of some diseases [11]. The changes of cell microenvironment are one of the
most important indicators related to these diseases, especially the pH value in cells.
The function of mitochondria is also highly dependent on the intracellular pH
value. Therefore, it is necessary to distinguish the mitochondria at different pH val-
ues and to study the relationship between mitochondrial morphology and pH
change among cells.

(A)10

439!"51 5
&

0.1

Figure 8.6: (A) Changes of l,g0/l¢15 ratio with different pH values. 1489 and 1615 represent the
emission intensity of the solution at 489 and 615 nm, respectively. (B) Pseudo color ratio
fluorescence images of cells before and after treatment with acetic acid.

In 2017, Meng’s group reported TPE-Xan-In, which exhibits AIE characteristics at
neutral pH and can illuminate mitochondria specifically and with good biocompati-
bility, superior photostability, and tolerance to mitochondrial membrane potential
changes [12]. From Figure 8.7a, the probe shows strong fluorescence emission at
705 and 750 nm (Agy = 660 nm) at acid pH of 4.0. When the water content increases
from 0 to 70%, the fluorescence intensity of both peaks decreased, indicating that
the probe shows the traditional ACQ characteristics when pH = 4.0. On the other
hand, TPE-Xan-In has weak fluorescence emission at 705 nm at neutral pH of 7.0
(Figure 8.7b), while when the water content increases to 70%, it has obvious fluo-
rescence emission at 740-750 nm.

The author then assumes that TPE-Xan-In has pH-dependent AIE properties that
may be due to the change of phenolate to the phenolic form at different pH values
(Figure 8.8).

Then, HeLa cells were incubated with TPE-Xan-In, MTG, and then, the pH of
Hela cells was adjusted to 4.0-7.0 by nigericin. The confocal fluorescence image
(Figure 8.9) shows that the fluorescence emission of TPE-Xan-In is very weak when
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Figure 8.7: (a) Fluorescence emission spectra of TPE — Xan — In with different H,0/THF ratios
at pH 4.0 and (b) 7.0, respectively.
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Figure 8.8: Proposed mechanisms for pH-dependent AIE properties of TPE-Xan-In.

pH is 4.0. With increase in pH, the fluorescence intensity in TPE-Xan-In channel in-
creased obviously, while the change of fluorescence intensity of MTG channel was
inconspicuous. These results confirmed that TPE-Xan-In had pH dependence on mi-
tochondrial imaging and that the probe could be used to study the relationship be-
tween mitochondrial morphology and pH change between cells.

Studies have shown that 2-benzimidazole is a classical reversible pH-sensing group
[13]. In 2018, Guo’s group designed and synthesized a series of ratiometric pH probes
through modified BODIPY fluorophore, with a pH-sensitive group benzimidazole on its
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pH 6.0 pH 5.0 pH 4.0

pH 7.0

Figure 8.9: Fluorescence images of Hela cells incubated with 2.5 pM TPE — Xan — In and 0.05 pM
MTG solutions with different pH values containing 5 pg mL™" nigericin.

B-position to form three 2-(benzoimidazol-2-)yl-1,3,5,7-tetramethyl-BODIPY derivatives,
named BBI-1/2/3 (Figure 8.10) [14]. The BODIPY intrinsic emission and AIE emission of
these probes are regulated by different pH values, and the pH-sensitive range is ad-
justed by modifying benzimidazole with different substituents.

Figure 8.10: Chemical structures of BBI-1/2/3.

For the BBI-1 probe, the ratiometric pH-sensing behavior was retained when the BOD-
IPY and AIE emission were excited at 488 nm and 543 nm, respectively. When the pH
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Figure 8.11: (A) Intrinsic emission (i, Aex:488 nm) and (B) AIE (/agg, Aex: 543 nm) spectra of BBI-1.

value decreased from 7.4 to 3.0, rise in intrinsic emission (I, Figure 8.11A) and fall in
AIE emission (I,ge, Figure 8.11B) were observed. Therefore, the Ii/I g ratio is signifi-
cantly enhanced, showing the pH ratio-sensing ability through dual excitation / dual
emission mode. Next, the pH calibration curve of BBI in A549 cells was measured by
dual excitation and dual emission. As shown in the Figure 8.12, when pH is from 6.5 to
3.8, the I of green fluorescent channel is significantly enhanced, while the I, of red
channel is significantly decreased. In addition, with the decrease of pH value from 6.0
to 3.8, the ratio of green to red channels (Iin/Ioge) increased linearly, which indicated
that BBI-1 could be applied to the ratiometric pH imaging of A549 cells.

pH
=

0 ]

35 40 45 50 55 6.0 6.5
pH

Figure 8.12: (A) Ratiometric imaging (lint/lagg) of A549 cells stained by BBI-1. (B) Mean /in¢//sgq
ratios in the ratiometric images at different pH and the linear fitting line of I;,/l,g¢ ratio from
pH 3.8 to 6.0.
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8.3 AlEgen-based sensors for hypoxia

As a state of hypoxic tension in a certain area of the body, hypoxia is closely related
to a variety of pathological conditions. In many diseases, the occurrence of local
hypoxia will further increase the severity of the disease [15]. Therefore, the degree
of hypoxia can reflect the related pathological conditions and diseases, and the de-
tection of hypoxia is of great significance. In addition, hypoxia is an important fea-
ture of cancer, and the construction of fluorescent probes for early diagnosis of
cancer has become an extremely important direction for researchers. Compared
with traditional fluorophores, AIE fluorophores have many advantages, such as lin-
ear increase of brightness with concentration, long-term tracking and imaging of
cells, etc. In this section, we introduce the recently reported AIE-based hypoxic
fluorescent probes, which may be instructive for the construction of AIE probes for
tumor hypoxic imaging, in the future [16].

The basic principle of designing hypoxia-responsive fluorescent probe is to at-
tach a hypoxia-reactive group on the fluorescent molecule as a marker, such as
nitro group and azo group. Azobenzene has been used as a quencher, and together
with a variety of fluorophores, it has been used to construct hypoxic reaction fluo-
rescent probes for tumor imaging. Because the absorption spectrum of azobenzene
part overlaps with the emission spectrum of tetraphenylethylene (TPE), azobenzene
part can be used as an effective quencher of TPE. Azo reductase overexpressed in
hypoxic tumor site can effectively reduce the -N = N- via a two-electron transfer pro-
cess [17]. For example, NADPH reduction of rat liver microsomes containing various
metabolic enzymes is also an effective method to reduce -N = N- bond [18]. In addi-
tion, hydrazine and sodium dithionite (Na,S,0,) can be used as chemical agents of
-N = N- bond [19].

He and his colleagues successfully prepared a hypoxia-responsive polymer con-
taining TPE and azobenzene by azo coupling reaction (Figure 8.13). Homogeneous
nanoparticles with TPE azo core and PEG shell were synthesized by azo coupling
reaction of macromolecular diazonium salt (PEG43-b-PSN,";0), N, N-dimethylaniline
(DMA), and N-ethyl-N-(2-(4-(1,2,2-triphenylvinyl) phenoxy) ethyl) aniline in aque-
ous solution.

From the UV visible spectrum of Figure 8.14a, it can be seen that after the treat-
ment of azo reductase, the absorption peak is the maximum in the visible region
(Amax = 415 nm), which means that all azobenzene chromophores are completely
cleaved. After the reduction reaction, the color of the solution changes from yellow to
colorless, and can also be observed by naked eyes.

On the contrary, due to the FRET process, no fluorescence peak was found before
the reduction reaction (blue line in Figure 8.14b). After the reduction reaction by azo
reductase treatment under hypoxic condition, when excited by 365 nm light, an obvi-
ous emission peak of TPE was found at 475 nm (red line in Figure 8.14b). This study
not only provides a new method for the preparation of polymer aggregates containing
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Figure 8.13: Preparation of enzymatic fluorescent polymer aggregates by self-assembly of
macromolecules, induced by azo coupling reaction in aqueous solution.

azobenzene, but also provides inspiration for researchers to easily construct azoben-
zene cage-type hypoxia-responsive nanoaggregates based on TPE.

Based on the above research, He and his colleagues have recently constructed
a fluorescent probe TPE with amphiphilic PEGylated azobenzene (PEG-Azo-TPE)
(Figure 8.15a) by using the macromolecular azo coupling reaction between PEG dia-
zonium salt and TPE-modified aniline [20]. Due to the amphiphilic structure, the
probe can form micelles in aqueous medium and produce stable azobenzene cage
activator AIE quantum dots. Similarly, the fluorescence of TPE was restored under
365 nm light excitation after enzyme treatment. Azo reductase therapy and in vitro
imaging were used to verify the properties of the probe and detect tumor hypoxia.
According to the microscopic images of A549 cells incubated with PEG azo TPE
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Figure 8.14: UV-Vis (a) and fluorescence (b) spectra of the self-assembled aggregates induced by
azo coupling reaction, before and after the reduction reaction under hypoxic condition.
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Figure 8.15: (a) Fabrication and chemical structure of PEG-Azo-TPE. (b) Microscopy images of A549
cells treated with PEG-Azo-TPE probes under normoxic (20% 0,) and hypoxic (1% 0,) condition.

under normoxia (20% O,) and hypoxia (1% O0,), it was proved that the probe had
the ability to detect hypoxic tumor (Figure 8.15b).

Nitroreductase overexpressed in hypoxic tissue and tumor microenvironment
acts as a cofactor to provide electrons through NAD(P)H, and reduces nitroaromatic
compounds, nitrobenzyl alcohol derivatives, nitroimidazole, nitrofuranone, and
other oxidants in vivo through electron transfer process [21]. The reduction of elec-
tron-withdrawing nitro group by nitroreductase results in structural changes, which
may lead to fluorescence changes. Therefore, nitroreductase-sensitive fluorescent
probe can be used for tumor hypoxia imaging.

Using nitro and TPE, Zhang, and colleagues developed a nitro-containing
fluorescent probe for NTR (nitroreductase) detection and tumor hypoxia imaging
(Figure 8.16). Compared to TPE-PY, TPE-NO, shows good molecular dispersion
and weak fluorescence in aqueous medium. When treated with nitroreductase
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and NADH, the reduction of nitro group led to 2,5-rearrangement and elimination,
yielding pyridine-substituted TPE (TPE-PY). The change from hydrophilic state to
hydrophobic state made reduction product TPE-PY aggregate in aqueous medium,
resulting in strong fluorescence emission at 525 nm. As shown in Figure 8.17A, in
the presence of NADH, there was almost no fluorescence in PBS solution; how-
ever, with the addition of NTR, the fluorescence at 525 nm was significantly en-
hanced. Next, HeLa cells were used to detect whether TPE-NO, has ability to detect
tumor hypoxia (Figure 8.17B). It could be that the cell-induced red shift limits the ro-
tation of TPE-NO,, and the orange-red fluorescence of TPE-NO, can be observed
under normoxic condition. The blue-green fluorescence was observed under hypoxic
condition, which indicated that the reduction process induced by NTR occurred.
Therefore, TPE-NO, can also be used to detect different levels of NTR in tumor under
hypoxic condition. At the same time, it provides a new method for the design of
nitro-containing AIE fluorescent probe for tumor hypoxia.

TPE-PY

_——
TPE-NO, Br- TPE-PY

NTRNADH -+ e g

Solution Aggregation
Weak fluorescence Strong fluorescence

Figure 8.16: Structures of TPE-NO,, TPE-PY and detection mechanism of tumor hypoxia.

N-oxides are synthesized by adding oxygen to the lone pair electrons of nitrogen
atoms. Due to the semi-polar nature of nitrogen oxygen covalent-bond, it can be
described as N*-O~. Cytochrome P450 and other blood proteins in tumor hypoxic
microenvironment can lead to double electron reduction of N-oxides [22]. In the
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Figure 8.17: (A) Fluorescence response of TPE-NO, in the presence of NADH, upon the addition of
different amounts of NTR. (B) Bright-field (a, c) and fluorescence microphotographs (b, d) of HelLa
cells that had been incubated with TPE-NO, for 30 min.

presence of Fe?*, deoxygenation of nitrogen oxides also occurs. In recent years,
several conventional fluorescent probes have been based on N*-O~ [23].

Tang and his colleagues synthesized the first N*-O~-based hypoxia-responsive AIE
probe in 2019 (Figure 8.18) [24]. They are all derivatives based on TPE group, including
TPE-2M N-oxide, TPE-2E N-oxide, and TPE-2M2F N-oxide. As shown in Figure 8.19, the
PL intensity of TPE-2M N-oxide and TPE-2M2F N-oxide at 520 nm was significantly in-
creased by prolonging the incubation time with Fe®* to 30 min at room temperature.
The enhanced emission at 520 nm indicates that the N-oxide is reduced to TPE-2M
and TEM-2M2F. TPE-2M and TPE-2M2F are insoluble in water and form emission
aggregates.

As shown in Figure 8.20, HeLa cells showed the strongest fluorescence intensity in
the three experimental groups under extremely low oxygen environment (0% O,).
However, only HeLa cells treated with TPE-2E-N-oxide did not emit fluorescence under
normoxic condition. It is suggested that the low sensitivity of TPE-2MN-oxide and TPE-
2M2F Noxide to hypoxia may be attributed to the perfect match between their molecu-
lar structures and enzymes. In addition, TPE-2MN-oxide can selectively kill cancer cells
under hypoxic conditions, which indicates the potential application of TPE-2MN-oxide
probe in the diagnosis and treatment of AIE activation. This work provides a new
method for the design of tumor hypoxia probe, based on AIE.

8.4 AlEgen-based sensors for viscosity

Viscosity is the key factor in controlling the diffusion process. It plays an important
role in biology, chemistry, and other fields, and determines the transfer rate of fluid
system. Diffusion events usually occur at the interface of heterogeneous fluid systems.
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Figure 8.18: (A) Chemical structures of TPE-2M N-oxide, TPE-2E N-oxide, and TPE-2M2F N-oxide
fluorescent probes for tumor hypoxia imaging. (B) Tumor hypoxia detection mechanism of TPE-2E
N-oxide.
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Figure 8.19: (A) PL of TPE-2M2F N-oxide with time, upon addition of 100 x 107 M of (NH,),Fe (SO,)-.
(B) The kinetics of fluorescence change of TPE-2M N-oxide, TPE-2E N-oxide, and TPE-2M2F N-oxide.

In biological systems, intracellular viscosity plays an important role in controlling the
transport of nutrients and metabolic wastes, intracellular/intercellular signal trans-
duction, and interactions between biomacromolecules [25].

Moreover, at the subcellular level, the micro-viscosity of mitochondria has a
great influence on the respiratory state and the tricarboxylic cycle, which indicates
that the changes of mitochondrial matrix viscosity may interfere with the metabolism
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Figure 8.20: Fluorescent images of Hela cells cultured with TPE-2M N-oxide, TPE-2E N-oxide, and
TPE-2M2F N-oxide.

of mitochondria, to a great extent. Abnormal changes in viscosity are considered to
be important factors or indicators leading to a variety of serious diseases, such as ath-
erosclerosis, diabetes, Alzheimer’s disease, and even cellular malignancies [26].

With the application of fluorescence technology, the fluorescence sensor with
microviscosity as the target (called “molecular rotor”) has gradually attracted atten-
tion. It has the characteristics of fast response, high sensitivity, and easy detection.
In terms of chemical structure, they are composed of fluorophores that can rotate
freely, relative to the whole molecule, and participate in conjugation in the nonvis-
cous environment; the rapid rotation of molecules releases energy, leading to sig-
nificant quenching of fluorescence or shortening of fluorescence lifetime [27, 28]. In
the viscous medium, the rotation is gradually inhibited, which reduces the possibil-
ity of nonradiative pathway and improves the fluorescence intensity or significantly
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prolongs the fluorescence lifetime. This is mainly the mechanism of AIE effect and
is widely accepted. So far, great progress has been made in the research of AIE mo-
lecular design, and various AIE probes based on different structures have been suc-
cessfully developed.

In recent years, BODIPY and its derivatives have been widely studied because
of their excellent photophysical and chemical properties. BODIPY dye has strong
solid-state emission ability, which provides a new choice for the synthesis of new,
unconventional, and efficient viscosity probes.

In 2019, Jiao’s group first reported the meso-2-pyrrolidone viscosity probe based
on BODIPY (Figure 8.21A) [29]. The Stokes shift of the probe is much larger than that
of the traditional BODIPY probe (653-986 cm ™). It shows strong red fluorescence in
viscous solvent and powder state, and has significant AIE characteristics. In the vis-
cosity experiment, it is found that the increasing viscosity limits the rotation of meso-
2-ketopyrrole groups, reduces their nonradiative energy loss rate, and enhances their
fluorescence, when the viscosity increases from 0.6 to 360 CP (Figure 8.21B). Confocal
laser imaging showed that the two compounds could show obvious green fluores-
cence after 10 min incubation. In addition, the survival rate of MCF-7 cells incubated
with 0-10 for 24 h was still above 85%, indicating that the two compounds have low
cytotoxicity and can be used in cell imaging. The experimental results show that this
kind of probe has good applicability in real-time tracking the viscosity change in the
process of apoptosis, monitoring normal and abnormal cell viscosity, and further
quantifying the local viscosity of living cells (Figure 8.22).

Mitochondrial autophagy removes dysfunctional mitochondria and circulates
their components through lysosomal degradation pathway, leading to changes in
the mitochondrial microenvironment, which plays a key role in maintaining cell ho-
meostasis. Therefore, it is necessary to develop a low-cost and efficient method to
monitor the dynamic changes of mitochondrial phagocytosis in real time.

In 2021, Dong and his colleagues reported a mitochondria-specific AIE probe,
CS-Py-BC, which can switch the fluorescence response of viscosity to monitor the
change of viscosity during mitochondrial autophagy in real time (Figure 8.23) [30].
The system consists of a cyano-styrene skeleton as the active core and viscosity sen-
sitive unit of AIE, pyridine cation as the mitochondrial targeting group, and benzyl
chloride-induced mitochondrial immobilization.

The fluorescence emission spectra of CS-Py-BC at different viscosities are de-
picted in Figure 8.24. When the excitation wavelength is fixed at 470 nm, only weak
fluorescence can be observed in anhydrous solution. and the viscosity increases (1)
from 0.903cp (0% glycerol) to 965cp (99% glycerol); the fluorescence intensity in-
creases gradually at 650 nm, indicating that CS-Py-BC can be potentially used as a
near-infrared emission viscometer for biological imaging.

As shown in Figure 8.25, the probe CS-Py-BC was colocalized with mitochondria
and lysosome dye, respectively. The colocalization experiment showed that CS-Py-BC
could be significantly distributed in mitochondria, but less in lysosome. Then, they
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Figure 8.22: (a and b) FLIM images of MCF-7 cells incubated with etoposide for 0 and 45 min,

respectively. (c) Variation of the fluorescence lifetimes of 1a with the extension of the cell
apoptosis time.

Lysosome

Mitochondria Autophagosome Autolysosome
e

Mitophagy

Figure 8.23: Schematic illustration of real-time monitoring of mitophagy, using the mitochondria-
immobilized NIR emissive AIE probe CS-Py-BC in Cells.

co-incubated HeLa cells with CS-py-BC and MTDR, and the Pearson correlation coeffi-
cient remained above 0.90 in starvation-induced mitochondrial autophagy, which fur-
ther proved that CS-Py-BC was reliably retained in mitochondria during the process of
mitochondrial phagocytosis. In addition, colocalization imaging experiments between
CS-Py-BC and LB NIR were also performed in serum-free medium for 0, 1, 2, and 3 h,
respectively (Figure 8.26). With the prolongation of autophagy time, the overlapping
regions of CS-Py-BC and LB-NIR (lysosomal probe) increased significantly, and PC

EBSCChost - printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of -use



208 —— Minglun Liu, Yuncong Chen, Zijian Guo

3 225000 b)
200000 | g tvel) 5.5
1 o~ .
Viscosity (1) ra \\ — 9%%
175000 4 .
| sescp / \ 95% 50
= 150000 4 J,f Y —90% . Y
) 1 1 / \ 80% B -
é 125000 1 f.-“’ ] O\ ;:;a _ 45 2 50| :
2 10000 // N 50% 2 ’ - 45l
g ] e [/~ \\ =% I S
1 A " + |
o 50000 'S S \ * 38
1 //. g O 3.54 1
20001 - ' T ——
-\4'_ o —_— " = . 1.0 0.5 0.0 0.5 1.0 1.5 2.0 25 3.0
§ ——— --:-w—_\&.' log n
T T T T T r T 1 30 +—0——v T T 4 T —T Ty
§00 6§50 @00 G50 70O 7SO 800 850 0 100 200 300 400 500 600 TOO 800 900 1000 1100
Wawvelength (nm) n (cP)

Figure 8.24: (a) Fluorescence spectral changes of CS-Py-BC (5 pM) in different water/glycerol
mixtures (glycerol from 0 to 99%), excited at 470 nm. (b) Fluorescence intensity (log /) vs viscosity
(n) curves for CS-Py-BC.
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Figure 8.25: Fluorescence images of Hela cells co-incubated with (a,e) CS-Py-BC (5 uM, 30 min)
and (b) MTDR (0.3 pM, 30 min) or (f) LB-NIR (0.3 pM, 30 min). (c,g) Merged images.

increased from 0.17 to 0.72, indicating that more and more mitochondria with au-
tophagy were gradually fused by lysosomes, and CS-Py-BC can be used to track this
process. Therefore, CS-Py-BC has a good ability to target and immobilize mitochon-
dria and can monitor the changes of viscosity during starvation-induced mitochon-
drial autophagy in real time.

8.5 Probe based on AIE for detection the polarity

Polarity (hydrophilicity/hydrophobicity) is another important factor in cell microenvi-
ronment. As hydrophobic interaction plays a dominant role in biological processes, it
charges cell functional proteins and starts signal transduction and membrane system.
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0 min

Figure 8.26: Fluorescence images of Hela cells co-stained with CS-Py-BC (5 pM) and LB-NIR
(0.3 pM) in serum-free medium for 0 min, 1 h, 2 h, and 3 h, respectively.

Intracellular polarity is one of the key microenvironment factors that change the dif-
fusion, interaction, and function of biomolecules (proteins, nucleic acids, etc.) and
cell membrane transport [31]. Polarity determines the interaction activity of a large
number of proteins or reflects the permeability of membrane chambers. The specific
recognition and interaction between proteins (such as enzymes) mainly depend on
their hydrophobic interactions. These studies show that the polarity of specific organ-
elles or subcellular structures is related to cell state, endoplasmic reticulum stress,
autophagy, and so on [32].

Recent studies have shown that fluorescence imaging can provide local polarity
information of cells. The polarity-sensitive fluorescent probe is considered to be an
ideal choice for detecting polarity or its change. These probes mainly consist of en-
vironmentally sensitive chromophores composed of intramolecular electron donors
(such as amino groups), conjugated spacer groups, and electron acceptors, forming
a typical intramolecular charge transfer (ICT) system. When the surrounding polar-
ity changes, their maximum emission peak appears as obvious blue/red shift or the
fluorescence quantum yield changes greatly, sometimes showing dual emission
bands (local excitation (LE) band and ICT band).

Folding polypeptide chain into correct natural structure is a necessary condi-
tion for protein function [33]. The relationship between misfolded proteins and the
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formation of membrane-free compartments such as pressure granules, P-bodies,
and nucleosomes indicates that these compartments play a crucial role in buffering
protease deposition stress [34]. Phase separation process mediates the formation of
these bodies, in which the internal polarity is different from the general environ-
ment of cytoplasm and nucleus. Therefore, quantifying the change of environmen-
tal polarity can make us better understand the mechanism of intracellular stress
response and the pathogenicity of protein folding-related diseases.

Based on the above problems, Hong and his colleagues developed a general strat-
egy in 2019 to determine the dielectric constant € [35], to quantify the polarity of the
local environment around the unfolded protein in a cell. This method is based on a
unique environment-sensitive fluorescent dye: fluorescence is activated when it reacts
with unfolded protein, and the emission curve can be decoded to obtain quantitative
information of cell dielectric constant. The design principle of this paper is to use cyste-
ine (Cys)-reactive AIE fluorophore to target unfolded proteins in cells. There are two
criteria for the fluorescence activation of probe NTPAN-MI (Figure 8.27A): removing the
photoinduced electron transfer (PET) quenching effect of maleimide (MI) and limiting
the intramolecular movement of TPE. The MI fraction can specifically target Cys residues
in the form of free sulfhydryls, which are usually embedded in folded proteins but ex-
posed during protein unfolding. After reacting with Cys, the effect of PET can be inhib-
ited. At the same time, the hydrophobic side chain on the unfolded protein can provide
an environment conducive to the fluorescence of TPE, thus turning on the fluorescence.
In order to maintain the similar molecular structure and construct donor—acceptor type
AlIE fluorophore, one benzene ring of TPE was changed to electron-withdrawing cyano
group, and dimethylamino substituent was used as electron donor, which also improved
the water compatibility of NTPAN-MIL

With increase in solvent polarity, the emission spectrum (excitation wavelength
405 nm) of NTPAN-MI shows a large red shift. The emission peak shifts from 463 nm
in nonpolar toluene to 586 nm in PBS solution (Figure 8.27B). The relationship be-
tween the maximum emission and the dielectric constant of the solvent is linear
(Figure 8.27C). The absorption and emission properties of thiol-bound NTPAN-MI en-
able it to estimate and report the local environment of bound unfolded proteins in
cells. In cell experiments, puromycin, tunicamycin, brefeldin A, and MG132 were se-
lected to interfere with protein synthesis, folding, transport, and degradation. Disrup-
tion of any of these pathways may lead to accumulation of unfolded proteins in cells,
which is confirmed by a significant increase in NTPAN-MI fluorescence of pre-labeled
cell protein lysates.

After adding puromycin, tunicamycin, brefeldin A, and MG132, the whole intra-
cellular environment became more discrete (Figure 8.28). Although each stressor
leads to a different distribution pattern, the common feature is that the unfolded
protein environment in the nucleus becomes more hydrophilic (dielectric constant
from 45 to 54). In conclusion, they developed an AIE-based probe, NTPAN-MI, to
quantify the intracellular polarity changes associated with protein misfolding.
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Figure 8.28: Mapping and quantifying intracellular polarity of unfolded protein environment.
Representative images of intracellular dielectric constant distribution in untreated and stressed
cells stained by NTPAN-MI resolved from spectral phasor analysis.

8.6 Conclusions and future remarks

Due to the general accepted working mechanism of restriction of intramolecular mo-
tion (RIM), the spectroscopic properties of AlEgens are easily affected by environmental
factors such as viscosity, polarity, rigidity, and temperature. These features of AlEgens
offered a promising strategy for developing fluorescent sensors for intracellular micro-
environment analysis. Benefiting from the high photostability of AIEgen-based sensors,
longer-term monitoring intracellular processes can easily be achieved. In this chapter,
we have mainly introduced the imaging applications of AlEgens for intracellular vis-
cosity, polarity, pH, and hypoxia. The reports of AlEgen-based sensors for other micro-
environment such as temperature, osmotic pressure, and ionic strength are not enough
and needs further exploration. The spectroscopic change of AIEgens in response to vis-
cosity and polarity originated from their intrinsic chemical structure, resulting in a re-
versible sensing behavior. However, pH and hypoxia sensing mechanism are mainly
based on chemical reactions, which might result in irreversible response, especially for
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hypoxia sensing. For real-time monitoring of intracellular microenvironment, which
are usually changing dynamically, AlEgen-based sensors with reversible response are
in highly demand [36]. Moreover, under various internal or external stresses, the
change of microenvironment in different subcellular organelles might be different, yet
closely associated with each other. Therefore, it would be highly desirable to develop
AlEgen-based sensors that are able to monitor certain microenvironment in two or
more organelles simultaneously [37]. On the other hand, monitoring two or more mi-
croenvironment changes under different stimuli inside one organelle should also be of
great importance for the study of the physiology and pathology of microenvironment.
In addition, the resolution of tradition optical imaging techniques is 200-300 nm,
which is not enough for tracking microenvironment changes inside organelles, because
the sizes of some subcellular compartments are very small (down to 100 nm). In this
regard, developing AlEgen-based sensors suitable for super-resolution fluorescence
imaging should be an attractive approach [38]. To sum up, there is still plenty of
room to explore in the field of AIEgen-based sensors for the study of intracellular
microenvironment.
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Chapter 9
Engineering the bioprobes with AIE
properties to study tumor hypoxia

9.1 Introduction

Hypoxia refers to low oxygen conditions, which is a common characteristic of most
solid tumors due to the insufficient supply of oxygen by the abnormal vasculature to
the rapidly proliferating tumor cells. Hypoxic response is primarily associated with the
hypoxia-inducible factor 1 (HIF-1), which is a basic helix-loop—helix transcription fac-
tor, composed of two subunits, that is, HIF-1a and HIF-1B. In principle, the HIF-1a sub-
unit is regulated by oxygen tension, whereas HIF-1B is constitutively expressed [1].
Recent studies suggest that hypoxic tumors are less susceptible to traditional radio-
therapy and chemotherapy, giving rise to decreased survival rates [2, 3]. Specifically,
radiotherapy relies on the sensitization of ground-state oxygen to reactive singlet
oxygen for the killing of tumor cells, which is greatly impeded by the limited amount
of oxygen in the tumor microenvironment. Chemotherapeutic drugs are also impotent
in the treatment of hypoxic tumors due to the deficient blood supply to favor their effi-
cient diffusion into the tumor sites; moreover, some oxygen-dependent drugs
even become deactivated in the hypoxic microenvironment. In terms of photodynamic
therapy (PDT), two types of photochemical reactions have been established, which are
electron transfer-based type-I PDT and energy transfer-based type-II PDT [4, 5]. Since
type-II PDT is highly dependent on oxygen content, it exhibits limited efficacy in
combating hypoxic tumors. On the contrary, Type-I PDT involves a relatively oxygen-
independent process to produce reactive radicals for the ablation of tumor cells, hold-
ing great potential in the treatment of hypoxic tumors. However, precise control on the
molecular structure of the photosensitizers to perform type-I PDT remains a challenge.
To realize efficient ablation of hypoxic tumors, the prerequisite is to character-
ize the degree of hypoxia in the tumor microenvironment. To this end, a plethora of
approaches have been developed to monitor tumor hypoxia. Clinically, the golden
standard for hypoxia characterization is to insert electrodes into tumors to directly
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measure the contents of oxygen. Such invasive method, however, brings in high
risks of infection and potentially promotes tumor metastasis; moreover, it is unable to
portray the entire hypoxic map within solid tumors. In this respect, noninvasive char-
acterization methods, such as fluorescence imaging [6, 7], magnetic resonance imag-
ing [8], and positron emission tomography [9], have attracted extensive attention.
Among the various approaches, fluorescence imaging is particularly advantageous for
hypoxia-related studies, as the hypoxic conditions within tumors can be visualized at
the cellular and/or subcellular level. Despite hypoxia describing only the oxygen-
deficient nature of solid tumors, the tumor microenvironment also has other unique
attributes that are closely related to hypoxia [10, 11], including low pH, and high con-
tents of reactive oxygen species (ROS) and reductive substances. In hypoxic tumors,
reductive substances, such as nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FADH,), are largely accumulated due to oxygen deficiency,
which can further consume the residual oxygen to elevate the ROS level. Meanwhile,
anaerobic respiration is concurrently turned on in hypoxic cells, and the produced lac-
tic acid contributes to decreased pH in the tumor microenvironment. In addition, the
hypoxic condition of tumor also promotes the expression of a variety of reductases
[12-14], such as DT-diaphorase (DTD), cytochrome P450 reductase, cytochrome B5 re-
ductase, xanthine dehydrogenase, carbonyl reductase, azoreductase, and nitro reduc-
tase (NTR). The presence of these reductases and reductive substances contribute to
the reductive nature of hypoxic tumors, which can be delicately employed for the de-
sign of hypoxia-responsive probes.

9.2 Design principles for hypoxia-responsive
probes

In terms of the design of hypoxia-responsive probes, the regulation of a quenching
process or solubility changes are the most widely used strategies. For the quench-
ing strategy, the classical design is to shut down the probe fluorescence in nor-
moxia and selectively turn it on when in hypoxia [7]. In general, the quenching
process is primarily fulfilled by directly attaching a responsive quenching group to
the fluorophore or connecting a quenching group to the fluorophore via a respon-
sive linker. In normoxic conditions, the excitation energy of an appropriate incident
light is primarily dissipated through nonradiative pathways due to the presence of
the quenching group, leading to significant fluorescence quenching. In hypoxic
conditions, the responsive group is selectively reduced by the reductive substances,
making the quenching group either deactivated (Figure 9.1A) or disassociated from
the fluorophore (Figure 9.1B) and thus the remarkably recovered fluorescence. Typi-
cally, the involved quenching mechanisms include fluorescence resonance energy
transfer (FRET) [15, 16] and photoinduced electron transfer (PET) [17]. FRET refers to
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the energy transfer between adjacent excited fluorophores and quenchers, which
requires significant spectral overlap between the emission of the fluorophores
(donor) and the absorption of the quenchers (acceptor). In the presence of certain
factors that are able to disrupt the energy resonance, the fluorescence of the donor
molecule will recover. PET refers to the electron transfer process between or within
molecules, upon light excitation. In this case, the fluorophores are nonemissive or
weakly emissive as a result of the electron transfer from the donor to the acceptor,
giving rise to nonradiative relaxation from the excited fluorophores. In particular,
PET requires energy level matching of the molecular orbitals between the donor
and acceptor molecules, which can be easily disrupted by structural alteration.
Modern quantum chemistry software can supply adequate estimation of the ener-
gies of the frontier orbitals, greatly boosting the development of PET-based hyp-
oxia-responsive probes. Overall, if any of these quenching processes is impeded in
hypoxic conditions, the fluorophores will become emissive upon excitation.

A h
Hypoxia W Quencher
deactivation
B .
Hypoxia Quencher
e + O  disassociation
C
Hypoxia AIE
—_—— < A
activation

Figure 9.1: “Turn-on” mechanisms for hypoxia-responsive probes. (A) Fluorescence “turn-on”
via quencher deactivation. (B) Fluorescence “turn-on” via quencher disassociation (C) Fluorescence
“turn-on” via AIE activation.

In addition to the quenching mechanism, the manipulation of molecular aggrega-
tion states has emerged as another promising strategy for the investigation of tumor
hypoxia [13], in which, molecularly dispersed fluorophores with weak or no fluores-
cence become highly emissive when subjected to hypoxia-induced molecular aggre-
gation (Figure 9.1C). Such concept is also known as aggregation-induced emission
(AIE), which was coined by Tang and coworkers in 2001 to describe the “unusual”
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photophysical phenomenon of fluorescence enhancement caused by molecular ag-
gregation [18]. Different from traditional organic dyes with aggregation-caused
quenching (ACQ) effect (due to intermolecular m—m stacking), AIE luminogens
(AIEgens) exhibit completely opposite photophysical properties, that is, the more
aggregated the molecules are, stronger is the luminescence. Currently, the restric-
tion of intramolecular motions (RIM), including the restriction of intramolecular
rotations (RIR) and the restriction of intramolecular vibrations (RIV), is regarded
as the primary mechanism to interpret the AIE phenomenon [19-21]. Specifically,
the occurrence of RIM significantly alters the energy consumption pathways of
the excited AlEgens from nonradiative relaxation (in dispersed state) to radiative
decay (in solid or aggregated state); in addition, the undesired m-m stacking in
ACQ luminogens is also hindered due to the nonplanar conformations of AIEgens.
Taking advantage of the high fluorescence brightness and excellent photostability,
AlEgens are widely considered as a promising class of prominent luminescent materi-
als for long-term and stable fluorescence imaging [22, 23]. In recent years, by virtue of
hypoxia-responsive functional groups, three types of AIE-based probes have been de-
veloped for the specific monitoring of tumor hypoxia. In particular, all these groups
contain nitrogen atoms, and the involved reactions are related to the reduction of ni-
trogen atoms by the reductive substances in the hypoxic environment. To facilitate
easy comparison, the responsive mechanisms and the advantages and disadvantages
of these functional groups are summarized in Figure 9.2.

9.2.1 Nitro-containing AIE probes for hypoxic response

As a strong electron-withdrawing functional group, the nitro group significantly
shuts down the fluorescence of the fluorophore that it attaches to via a process called
intramolecular charge transfer (ICT). In mitochondria, the nitro group can be reduced
to amino group by NTR, in the presence of reducing coenzymes (e.g., NADH) [24-30].
The detailed mechanism is shown in Figure 9.2 (upper box), which involves two
routes, that is, the one-electron pathway and the two-electron pathway [30, 31]. The
two-electron pathway is relatively slow and hypoxia-independent, in which, the nitro
group can be directly reduced to the nitroso group. In contrast, the one-electron path-
way is relatively fast, in which, the nitro group is first reduced to a nitro radical by an
electron, followed by further reduction to the nitroso group via another single-
electron process. Notably, the formed nitro radical can be reversibly oxidized to the
nitro group by oxygen molecules, which is accompanied by the production of a su-
peroxide radical. As such, the one-electron pathway is highly dependent on hypoxia.
For both pathways, the nitroso group is eventually reduced to the amino group via a
two-electron process.

By means of the quenching effect of the nitro group, a series of hypoxia-triggered
fluorescence “turn-on” systems have been established for the ultrasensitive detection
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Figure 9.2: Nitrogen-containing responsive groups for the development of hypoxia-specific AIEgens
and the corresponding reaction mechanism (black), advantages (red), and disadvantages (blue).

of tumor hypoxia via the single-electron pathway [30, 31]. Besides, the nitro group
can also serve as a leaving group (e.g., 4-nitrobenzyl and 2-submethyl-5 nitromethyl
furan), in response to hypoxia, via the reduction-mediated rearrangement and/or
elimination, which provides the possibility to design AIE-type hypoxia-responsive
probes that utilize the hydrophilic-to-hydrophobic transition. In this respect, You
et al. modified TPE-PY with 2-bromomethyl 5-nitrofuran and obtained TPE-NO,,
which was characterized by a pyridinium group (Figure 9.3A) [32]. Since the pyridi-
nium salt partially improved the water solubility of TPE-NO,, the probe was weakly
emissive in aqueous solution. In the presence of NADH, the nitro group in TPE-NO,
was reduced to the amino group, followed by 2,5-rearrangement elimination to re-
lease TPE-PY. In contrast to TPE-NO,, the released TPE-PY was more hydrophobic
and thus prone to form self-aggregates, leading to the remarkable fluorescence en-
hancement, as a result of the activation of the AIE process (Figure 9.3B). As shown
in Figure 9.3C, the fluorescence signal linearly increased when different concentra-
tions of NTR were added into the aqueous solution of TPE-NO,; furthermore, the

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



Jiaxin Wang, Chunlei Zhu

222

"HOA-A311M 910Z 1yB1iAdo) “[g€] "ya1 woyy uoissiwiad yum pajdepy “wrl 0T :1eq 3]eIS (WU 08E-0EE = X3) SUOI}IPUOD

(20 %1) 21x0dAy (3) pue (20 %0¢) d1xowlou (Q) Japun uiw Q€ 10§ I, L€ 18 (WM 0T) CON-Id1 Y3Im paleqnaul s]192 BaH Jo saSewl aduadsalonid (3 ‘q)
“(wu 057 =x3 “w/3 0°0T pPue ‘0°8 ‘0" ‘0°C ‘0°T ‘0) YLN JO SUNOWE JUIBYYIP 40 uonippe ay3 uodn (wrl 0g) HAYN J0 ddudsald ayy ul (W OT) ON-3dL
J0 eJ129ds 92udIsaionyd (D) “YLN JO UOIIIAIBP ,UO-UIN],, 3IUIISAIONYY Jo d1didunid ay) SuIMmoys uoilelisn)jl 213ewaYyIS (g) "wsiueydraw pazAjeied-yIN
9y} se |]am Se Ad—3dL pPue ZON-3d1 J0 3inpnas jediway) (v) *S1192 Jown) ul SuiSew| d1xodAy pue uo112919p YN 10 uaS3|y paseq-olliu v :€*6 ainSi4

E Ad-3dL m— <8 e °ON-3dL

- L ®

. ®
— — o8
A E— -
— CE—" AQVN/ALN e o8 8°

L ] d L]
eousasaionyy Buong 8oUBsBICN] HESM
exodAy EIXOUWLION g

() pduagaae
0Fe 079 009 085 095 OFy 0D D0y DBF

IZKMV#

i g1 — =

g grg — boos 2

u/ar g — oo 2

i g — - HAYN/SLN

Juugdid grp — <

L
quad grg—
i (g - 9 v

Al use subject to https://ww.ebsco.conlterns-of-use

EBSCChost - printed on 2/14/2023 12:51 PMvia .



EBSCChost -

Chapter 9 Engineering the bioprobes with AIE properties to study tumor hypoxia =—— 223

detection limit for NTR was determined to be 5 ng/mL. It should be noted that al-
though a nitro group was attached to the AIEgen, the fluorescence of TPE-NO, was
not completely quenched; therefore, TPE-NO, still exhibited strong fluorescence upon
aggregation and/or electrostatic association with negatively charged species to trigger
AIE, regardless of hypoxia. Nevertheless, TPE-NO, and TPE-PY showed completely dif-
ferent fluorescence spectra because of the distinct electronic effect. Specifically, the
presence of the electron-withdrawing pyridinium salt greatly red-shifted the emission
color of TPE-NO, to orange, whereas TPE-PY was a green-emissive AIEgen. When
HeLa tumor cells were incubated with TPE-NO, in normoxic and hypoxic conditions,
fluorescence signals could be detected for both situations (Figure 9.3D,E). However,
the emission color significantly changed from orange to green when the hypoxic condi-
tions were exerted, indicating the specific response of TPE-NO, toward hypoxia-
upregulated NTR in tumor cells.

Although the nitro-containing probes are readily synthesized, their specificity for
hypoxia is relatively poor, primarily due to the presence of the hypoxia-independent
two-electron pathway. Moreover, the quenching effect of the nitro group does not
take effect on all fluorophores. For example, some nitro-containing molecules remain
highly emissive (e.g., nitrobenzoxadiazole); in certain cases, the fluorophores still
keep quenched even after the reduction of the nitro group [33], primarily due to the
activated charge- or electron-transfer processes (e.g., ICT and PET). Accordingly,
when designing nitro-based AIE-type hypoxic probes, these factors need to be
considered.

9.2.2 N-oxide-containing AIE probes for hypoxic response

N-oxide group is another type of functional group that can be reduced under hypoxic
conditions. Specifically, the N-oxide group is irreversibly reduced to the amino group
via a two-electron process by hypoxia-upregulated enzymes (e.g., DTD and cyto-
chrome P450 in the presence of reductive coenzymes) (Figure 9.2, lower left box) [34].
In particular, this biochemical reaction remarkably enhances the hydrophobicity of
the resultant compounds by consuming the hydrophilic N-oxide group, leading to
the formation of irregular self-aggregates in aqueous solution. Such feature can be
exquisitely borrowed for the design of AIE-based hypoxia-responsive probes. Similar
to the aforementioned nitro-based leaving groups, there is also a significant change
in the electronic effect after the reduction of the N-oxide group [35]. The resultant
product (i.e., amine) can act as a strong electron donor, which typically gives rise to
the red-shifted absorption and emission spectra. Taking advantage of these merits,
Tang and coworkers synthesized a water-soluble AIE probe, TPE-2E N-oxide, simply
by oxidizing TPE-2E with meta-chloroperoxybenzoic acid (m-CPBA) [36]. Since TPE-
2E N-oxide and TPE-2E exhibited distinct water-solubility, the reduction of TPE-2E
N-oxide in hypoxic conditions resulted in the formation of TPE-2E self-aggregates
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and thus the activation of the AIE process (Figure 9.4A). To testify this argument,
TPE-2E N-oxide was incubated with (NH,),Fe(S0,), to initiate the reduction reac-
tion, as the heme-iron center was proven to be the active site of cytochrome P450.
It was found that the remarkable fluorescence enhancement was observed when
the concentration of (NH,),Fe(SO,), increased from 100 puM to 1 mM. To verify that
the N-oxide group was indeed reduced to the amino group by Fe(Il), the size-
distribution change of the incubation system was monitored by dynamic light scatter-
ing. As shown in Figure 9.4B, incubation of TPE-2E N-oxide with (NH,),Fe(SO,), re-
sulted in a marked increase in the particle size; moreover, in contrast to the aqueous
dispersion of TPE-2E N-oxide, the resulting dispersion exhibited particularly strong
green fluorescence, suggesting the successful transformation of TPE-2E N-oxide to
TPE-2E, as well as the formation of large aggregates (Figure 9.4C). Furthermore,
TPE-2E N-oxide was incubated with HeLa tumor cells at different contents of oxy-
gen. The results shown in Figure 9.4D demonstrated that the fluorescence intensity
was negatively correlated with the contents of oxygen, with almost no signal detected
under normoxia, which agreed well with different levels of hypoxia. To prove that
such a process was specifically medicated by hypoxia-upregulated reductases, di-
phenyliodonium chloride (DPI), an inhibitor of intracellular reductases, was used
to mitigate the reduction process. When the concentration of DPI reached 500 pM,
fluorescence recovery was completely shut down (Figure 9.4E). Flow cytometry
analysis further confirmed this result (Figure 9.4F). By adopting a similar design
principle, Zhang et al. developed a four-diethylamino N-oxide decorated tetrapheny-
lethene (TPE) and further achieved deep penetration of the tumor tissue for hypoxia
detection and imaging-guided surgery in vivo [37].

Since the N-oxide-based strategy is highly dependent on the hydrophilic-to-
hydrophobic transition, the water-solubility of N-oxide-containing AIEgens and the
hydrophobicity of the reduced AIEgens need to be precisely balanced; otherwise,
no evident responses will be triggered under hypoxia conditions. In addition, the
N,N'-dialkylamine groups are able to impose a strong electron-donating effect, which
possibly compromises the fluorescence recovery via the enhanced ICT when a strong
electron acceptor is present [38].

9.2.3 Azo-containing AIE probes for hypoxic response

Similar to the nitro group, the azo group can be reduced to an anion radical by azore-
ductase (mostly in lysosomes) via a single-electron reduction process; moreover, this
process can be reversibly switched back to the azo group by oxygen, together with the
generation of a superoxide radical. The formed reactive anion radical can be further
reduced by receiving another electron to produce hydrazine, which is subsequently
split into two amino compounds by a two-electron reduction process (Figure 9.2,
lower right box) [39]. Unlike the nitro group, the azo group has two substitutable
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Figure 9.4: A N-oxide-based water-soluble AlEgen for hypoxia detection. (A) Schematic illustration
of hypoxia detection based on the hydrophilic-to-hydrophobic transition of TPE-2E N-oxide to TPE-
2E catalyzed by intracellular reductases. (B) The size distribution of TPE-2E N-oxide (2 mM)
dispersed in water with or without the addition of (NH,),Fe(S0,), (20 mM). (C) A photograph of the
aqueous solution of 2 mM TPE-2E N-oxide before (left) and after (right) treated with (NH,),Fe(S0,),
(20 mM) taken under UV light. (D) Fluorescence images of Hela cells incubated with TPE-2E N-
oxide (200 pM). The Hela cells were exposed to various oxygen concentrations for 3 h.

(E) Fluorescence images of Hela cells incubated with TPE-2E N-oxide (200 pM) and different DPI
concentrations for 3 h under hypoxic conditions. (F) Flow cytometry analysis of Hela cells
incubated with TPE-2E N-oxide (200 pM). Adapted with permission from Ref. [36]. Copyright 2019
Wiley-VCH.

sites and is commonly used in host-guest recognition, enabling their potentials in
a spectrum of applications. In particular, the N-N double bond in the azo group
can efficiently dissipate the excitation energy via fast cis—trans isomerization to
quench the fluorescence of the covalently bounded fluorophores [40, 41]. In addi-
tion, as demonstrated in a study, the azo-containing probe was able to differenti-
ate different levels of hypoxia [42]. In terms of the molecular design, the azo group
can be directly used as a quencher and/or employed as a linker to bridge hydrophobic
AlEgens with hydrophilic moieties to enhance its water solubility. In one study, Tang
and coworkers reported an azo-based pro-AlEgen for “turn-on” sensing of hyp-
oxia. Specifically, the probe TPE-Azo was synthesized via diazonium coupling of
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TPE-Am and N,N’-dimethylailine (Figure 9.5A) [43], in which, TPE-Am possessed
typical AIE character (Figure 9.5B). As shown in Figure 9.5C, the THF solution and
the powder of TPE-Azo showed no fluorescence, which was attributed to the active
photoisomerization of the azo group. Further analysis on the crystal structure of
TPE-Azo suggested the weak C-H--*N intermolecular interactions, which caused
deficient confinement on the azo group and thus accounted for the nonemission of
TPE-Azo powder at room temperature (Figure 9.5D). However, when the temperature
of the powder was cooled down to 77 K, the restricted intramolecular motions switched
the energy dissipation pathways from nonradiative transition to radiative decay, sug-
gesting that the azo group played a pivotal role in fluorescence quenching. To testify
that the cleavage of the azo group could facilitate fluorescence recovery, sodium di-
thionite (Na,S,0,), a potent reducing agent, was added into the suspension of TPE-
Azo. As shown in Figure 9.5E, the fluorescence intensity gradually enhanced when
the incubation time was prolonged, with the plateau phase occurring at 15 min (Fig-
ure 9.5E). Furthermore, TPE-Azo was applied to the detection of hypoxia in HeLa
cells. The “turn-on” fluorescence was observed for the group with low contents of
oxygen, which could be selectively shut down by the addition of DPI (Figure 9.5F). In
another study, Xue et al. attached the hydrophilic polyethylene glycol moiety to a
conventional AlEgen via the azo group so as to correlate the florescence intensity
with hypoxia by means of hydrophobicity changes [44]. Specifically, the probe PEG-
AZO-TPE was prepared by linking PEG diazonium salt and a TPE-modified aniline
through an azo coupling reaction (Figure 9.6A). The resulting probe was water-
soluble under normoxic conditions and showed no fluorescence. On the contrary,
under hypoxic conditions, the azo group was reduced by azoreductase, leading to
the separation of the AlEgen and the PEG chain. In this case, the hydrophobic AIE-
gens started to form self-aggregates, leading to decreased absorption (due to the
cleavage of azobenzene) and increased fluorescence (due to the AIE property). These
arguments could be reflected from the absorption and emission spectra of PEG-AZO-
TPE, before and after incubation with azoreductase (Figure 9.6B,C). Further incuba-
tion of A549 tumor cells with PEG-Azo-TPE, under normoxic (20% O,) and hypoxic
(1% 0,) conditions, evidenced the specific response of the probe toward hypoxia,
which was reflected by the remarkably enhanced fluorescence (Figure 9.6D). Given
that the multicellular tumor spheroid was a well-established model to recapitulate
tumor growth and hypoxia in vivo, PEG-Azo-TPE was also applied to hypoxia detec-
tion in HeLa multicellular tumor spheroids (Figure 9.6E). In contrast to the group
treated with PBS, the probe-treated one exhibited significantly enhanced fluores-
cence at 72 h post incubation, indicating its potential in labeling hypoxic areas in
solid tumors for precise surgical removal.

Since the two sides of the azo group can be pendent with different substituents,
the introduction of intramolecular FRET switches is also a feasible approach for the
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Figure 9.5: An azo-based pro-AlEgen for “turn-on” sensing of hypoxia via reductase-modulated
derotation. (A) Interconversion between TPE-Azo and TPE-Am by azo coupling (left to right) and
reduction-mediated derotation (right to left). (B) Photographs of TPE-Am in THF solution (Soln),
THF/water mixture (water fraction = 99%), and solid state taken at room temperature (RT) under UV
light. (C) Photographs of TPE-Azo in THF solution (Soln) at RT as well as TPE-Azo powders at 77 K
and RT taken under UV light. (D) Crystal packing of TPE-Azo. (E) Changes in emission intensity (/) as
a function of reaction time between TPE-Azo (50 pM) and Na,S,0, (5 mM). Insets: photographs of
TPE-Azo suspensions before (0 min) and after reaction with Na,S,0, for 25 min taken under UV
light. (F) Fluorescence images of Hela cells incubated with 200 pM TPE-Azo at various oxygen
concentrations for 3 h in the absence or presence of DPI. Adapted with permission from ref. [43].
Copyright 2021 Wiley-VCH.
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Figure 9.6: A water-soluble azo-based AlEgen for hypoxia imaging of multicellular tumor

spheroids. (A) Chemical structure of PEG-AZO-TPE and its reduction reaction under hypoxic
conditions. (B) UV/Vis absorption spectra of the self-assembled nanoaggregates in aqueous
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design of hypoxia-responsive probes [39]. In addition, for the strategy of making
use of the hydrophilic-to-hydrophobic transition, the hydrophilic group can also be
replaced by various water-soluble prodrugs, which provides multiple functionalities
to achieve simultaneous imaging and therapy. It should be noted that the azo
group is susceptible to a variety of reducing agents (e.g., intracellular glutathione)
and its specificity toward hypoxia detection is relatively limited.

9.3 Summary

In view of the advantages of high brightness and sensitivity, noninvasiveness attri-
bute, and excellent photostability, several AIE-based hypoxia-responsive probes
have been developed to enable sensitive and stable fluorescence imaging, holding
great potential for tumor diagnosis and therapy. To date, three types of functional
groups have been designed to respond to the overexpressed reductases in the hyp-
oxic environment, including the nitro, N-oxide, and azo groups. By means of the
reductase-mediated reduction reaction, a series of signal changes (primarily refer to
fluorescence) are triggered to reflect the hypoxic situations. In terms of hypoxia re-
sponsiveness, different functional groups have different unique advantages. For ex-
ample, the nitro group is able to facilitate ultrasensitive response; the N-oxide
group can bring in shifted absorption and emission spectra for improved specificity;
and the azo group can linearly reflect different levels of hypoxia in solid tumors. In
spite of these achievements, the development of AIE-based hypoxia probes is still
in its infant stage, and several issues need to be addressed in the future. On the one
hand, currently reported AIE probes are primarily based on the classical building
block, that is, TPE. However, its absorption spectrum is mainly located in the ultra-
violet region, which is not suitable for biological studies due to its photo-toxicity
toward healthy tissues and inability to penetrate deep tissues. In this respect, the
development of AIE-based probes, with near-infrared absorption and/or emission,
are greatly preferred [45, 46]. On the other hand, the functionality of the aforemen-
tioned AIE-based probes is only limited to hypoxia detection. The design of multi-
functional probes can desirably boost the establishment of “all-in-one” theranostic
systems for multi-modal treatment of hypoxic tumors [47, 48]. Looking ahead, the

Figure 9.6 (continued)

solution before and after cleavage by azoreductase. (C) The corresponding fluorescence spectra of
the systems as described in (B). Insets: photographs of the aggregates before and after the
enzymatic reaction. (D) Fluorescence images of A549 cells treated with PEG-AZO-TPE under
normoxic (20% 0,) and hypoxic (1% 0,) conditions. (E) Fluorescence images of HeLa multicellular
tumor spheroids treated with PEG-AZO-TPE and PBS. Ex = 760 nm (two-photon fluorescence
imaging). Adapted with permission from ref. [44]. Copyright 2019 Wiley-VCH.
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design and synthesis of high-performance AIE-based hypoxia probes will surely
provide in-depth understanding of the pathological status of hypoxic solid tumors,
and, hopefully, accelerate the capability of human beings to overcome tumors.

References

(1]

(2]

(3]

[4]

(5]

(6]

(7]

91

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Zhang L, Huang G, Li X, et al., Hypoxia induces epithelial-mesenchymal transition via
activation of SNAI1 by hypoxia-inducible factor-1a in hepatocellular carcinoma, BMC Cancer,
2013, 13, 108.

Harrison L, Blackwell K, Hypoxia and anemia: Factors in decreased sensitivity to radiation
therapy and chemotherapy? Oncologist, 2004, 9, 31-40.

Shannon AM, Bouchier-Hayes DJ, Condron CM, Toomey D, Tumour hypoxia, chemotherapeutic
resistance and hypoxia-related therapies, Cancer Treat Rev, 2003, 29, 297-307.

Jung HS, Han J, Shi H, et al., Overcoming the limits of hypoxia in photodynamic therapy: A
carbonic anhydrase IX-targeted approach, ) Am Chem Soc, 2017, 139, 7595-7602.

Pucelik B, Sulek A, Barzowska A, Dabrowski JM, Recent advances in strategies for overcoming
hypoxia in photodynamic therapy of cancer, Cancer Lett, 2020, 492, 116-135.

Liu HW, Chen L, Xu C, et al., Recent progresses in small-molecule enzymatic fluorescent
probes for cancer imaging, Chem Soc Rev, 2018, 47, 7140-7180.

Elmes RB, Bioreductive fluorescent imaging agents: Applications to tumour hypoxia, Chem
Commun, 2016, 52, 8935-8956.

0’Connor JP, Boult JK, Jamin Y, et al., Oxygen-enhanced MRI accurately identifies, quantifies,
and maps tumor hypoxia in preclinical cancer models, Cancer Res, 2016, 76, 787-795.
Carlin S, Humm JL, PET of hypoxia: Current and future perspectives, ) Nucl Med, 2012, 53,
1171-1174.

Challapalli A, Carroll L, Aboagye EO, Molecular mechanisms of hypoxia in cancer, Clin Transl
Imaging, 2017, 5, 225-253.

Eales KL, Hollinshead KE, Tennant DA, Hypoxia and metabolic adaptation of cancer cells,
Oncogenesis, 2016, 5, €190.

Yan ), Lee S, Zhang A, Yoon J, Self-immolative colorimetric, fluorescent and chemiluminescent
chemosensors, Chem Soc Rev, 2018, 47, 6900-6916.

Xu G, McLeod HL, Strategies for enzyme/prodrug cancer therapy, Clin Cancer Res, 2001, 7,
3314-3324.

Xue T, Shen |, Shao K, Wang W, Wu B, He Y, Strategies for tumor hypoxia imaging based on
aggregation-induced emission fluorogens, Chem Eur J, 2020, 26, 2521-2528.

Algar WR, Hildebrandt N, Vogel SS, Medintz IL, FRET as a biomolecular research tool —
Understanding its potential while avoiding pitfalls, Nat Methods, 2019, 16, 815-829.
Takahashi S, Piao W, Matsumura Y, et al., Reversible off-on fluorescence probe for hypoxia
and imaging of hypoxia-normoxia cycles in live cells, ) Am Chem Soc, 2012, 134,
19588-19591.

Daly B, Ling J, de Silva AP, Current developments in fluorescent PET (photoinduced electron
transfer) sensors and switches, Chem Soc Rev, 2015, 44, 4203-4211.

Luo J, Xie Z, Lam JWY, et al., Aggregation-induced emission of 1-methyl-1,2,3,4,5-
pentaphenylsilole, Chem Commun, 2001, 1740-1741.

Zhao Z, Zhang H, Lam JWY, Tang BZ, Aggregation-induced emission: New vistas at the
aggregate level, Angew Chem Int Ed, 2020, 59, 9888-9907.

EBSCChost - printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

(35]

[36]

[37]

(38]

[39]

Chapter 9 Engineering the bioprobes with AIE properties to study tumor hypoxia =— 231

Mei ), Leung NLC, Kwok RTK, Lam JWY, Tang BZ, Aggregation-induced emission: Together we
shine, united we soar! Chem Rev, 2015, 115, 11718-11940.

Yan L, Zhang Y, Xu B, Tian W fluorescent nanoparticles based on AIE fluorogens for
bioimaging, Nanoscale, 2016, 8, 2471-2487.

Mei ), Hong Y, Lam JWY, et al, Aggregation-induced emission: The whole is more brilliant than
the parts, Adv Mater, 2014, 26, 5429-5479.

Liu S, Feng G, Tang BZ, Liu B, Recent advances of AIE light-up probes for photodynamic
therapy, Chem Sci, 2021, 12, 6488-6506.

JiY, Wang Y, Zhang N, et al., Cell-permeable fluorogenic probes for identification and imaging
nitroreductases in live bacterial cells, ) Org Chem, 2019, 84, 1299-1309.

FangY, Shi W, Hu Y, Li X, Ma H, A dual-function fluorescent probe for monitoring the degrees
of hypoxia in living cells via the imaging of nitroreductase and adenosine triphosphate,
Chem Commun, 2018, 54, 5454-5457.

Tian X, Li Z, Sun Y, Wang P, Ma H, Near-infrared fluorescent probes for hypoxia detection via
joint regulated enzymes: Design, synthesis, and application in living cells and mice, Anal
Chem, 2018, 90, 13759-13766.

Zheng ), Shen Y, Xu Z, et al., Near-infrared off-on fluorescence probe activated by NTR for

in vivo hypoxia imaging, Biosens Bioelectron, 2018, 119, 141-148.

Liu Z, Song F, Shi W, et al., Nitroreductase-activatable theranostic molecules with high PDT
efficiency under mild hypoxia based on a TADF fluorescein derivative, ACS Appl Mater
Interfaces, 2019, 11, 15426-15435.

Luo S, Zou R, Wu J, Landry MP, A Probe for the Detection of Hypoxic Cancer Cells, ACS Sens,
2017, 2, 1139-1145.

Zheng X, Wang X, Mao H, Wu W, Liu B, Jiang X, Hypoxia-specific ultrasensitive detection of
tumours and cancer cells in vivo, Nat Commun, 2015, 6, 5834.

LiY, SunY, LiJ, et al., Ultrasensitive near-infrared fluorescence-enhanced probe for in vivo
nitroreductase imaging, ] Am Chem Soc, 2015, 137, 6407-6416.

You X, Li L, Li X, Ma H, Zhang G, Zhang D, A new tetraphenylethylene-derived fluorescent
probe for nitroreductase detection and hypoxic-tumor-cell imaging, Chem Asian J, 2016, 11,
2918-2923.

Zhao X, Long S, Li M, et al., Oxygen-dependent regulation of excited-state deactivation
process of rational photosensitizer for smart phototherapy, ] Am Chem Soc, 2020, 142,
1510-1517.

Tredan O, Garbens AB, Lalani AS, Tannock IF, The hypoxia-activated ProDrug AQ4N
penetrates deeply in tumor tissues and complements the limited distribution of
mitoxantrone, Cancer Res, 2009, 69, 940-947.

Knox HJ, Hedhli J, Kim TW, Khalili K, Dobrucki LW, Chan J, A bioreducible N-oxide-based probe
for photoacoustic imaging of hypoxia, Nat Commun, 2017, 8, 1794.

Xu C, Zou H, Zhao Z, et al., A new strategy toward “simple” water-soluble AIE probes for
hypoxia detection, Adv Funct Mater, 2019, 29, 1903278.

Zhang Z, Wang R, Huang X, et al., A simple aggregation-induced emission nanoprobe with
deep tumor penetration for hypoxia detection and imaging-guided surgery in vivo, Anal
Chem, 2021, 93, 1627-1635.

Xu S, Wu W, Cai X, et al., Highly efficient photosensitizers with aggregation-induced emission
characteristics obtained through precise molecular design, Chem Commun, 2017, 53,
8727-8730.

Kiyose K, Hanaoka K, Oushiki D, et al., Hypoxia-sensitive fluorescent probes for in vivo real-
time fluorescence imaging of acute ischemia, ] Am Chem Soc, 2010, 132, 15846-15848.

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

232 =— Jiaxin Wang, Chunlei Zhu

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Bandara HM, Burdette SC, Photoisomerization in different classes of azobenzene, Chem Soc
Rev, 2012, 41, 1809-1825.

Li S, Wang ], Shen ), Wu B, He Y, Azo coupling reaction induced macromolecular self-
assembly in aqueous solution, ACS Macro Lett, 2018, 7, 437-441.

Piao W, Tsuda S, Tanaka Y, et al., Development of azo-based fluorescent probes to detect
different levels of hypoxia, Angew Chem Int Ed, 2013, 52, 13028-13032.

Xu C, Zou H, Zhao Z, et al., Turning on light emission of a dark pro-aggregation-induced
emission luminogen in aqueous media through reductase-modulated derotation, Adv
NanoBiomed Res, 2021, 1, 2000080.

Xue T, Jia X, Wang J, et al., “Turn-on” activatable AIE dots for tumor hypoxia imaging, Chem
Eur ), 2019, 25, 9634-9638.

Fu W, Yan C, Guo Z, et al., Rational design of near-infrared aggregation-induced-emission-
active probes: In situ mapping of amyloid-beta plaques with ultrasensitivity and high-fidelity,
) Am Chem Soc, 2019, 141, 3171-3177.

Zhang R, Duan 'Y, Liu B, Recent advances of AIE dots in NIR imaging and phototherapy,
Nanoscale, 2019, 11, 19241-19250.

Wu W, Li Z, Nanoprobes with aggregation-induced emission for theranostics, Mater Chem
Front, 2021, 5, 603-626.

Zhang Z, Xu W, Kang M, et al., An all-round athlete on the track of phototheranostics: Subtly
regulating the balance between radiative and nonradiative decays for multimodal imaging-
guided synergistic therapy, Adv Mater, 2020, 32, 2003210.

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

Miaomiao Kang, Panpan Sun, Dong Wang, Ben Zhong Tang

Chapter 10
AIE probes for bacterial detection
and antibacterial applications

10.1 Introduction

Bacteria represent an important category of microorganisms and exist in every con-
ceivable area [1]. The widely distributed bacteria have a significant impact on the
daily life of humans, in various ways [2]. Most of the bacteria inhabit on the human
body in a mutualistic symbiotic way, where both bacteria and human body can ben-
efit from each other [3]. For example, intestinal bacteria can be useful for the nor-
mal physiological functions of the human body by virtue of their active metabolism
[4, 5]. However, many specific bacterial species are hostile or even fatal to mankind
because they can lead to serious diseases, such as foodborne illness, tuberculosis,
sepsis, meningitis, skin and soft tissue infection, and urinary tract infections, some
of which could even be life-threatening, especially for the patients with low im-
mune function [6, 7]. This challenging dilemma was temporarily solved, since
highly effective antibiotics such as sulfa drug [8] and penicillin [9] were discovered
in the 1930s, with many of the originally fatal bacterial infections now becoming
only minor inconveniences. However, this satisfactory scene was shattered shortly
after, with the emergence of antibiotics-resistant bacteria [11-13], which can be as-
cribed to the abuse and overprescription of antibiotics, in the past decades. At pres-
ent, the fast-increasing antibiotic resistance has been causing millions of deaths
per year, worldwide [14]. Worse still, in contrast with the alarming incidence rate of
antibiotic resistance, the development of new robust antibiotic candidates is stall-
ing. In view of this growing serious crisis in the global healthcare landscape, more
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pertinent strategies to combat pathogenic bacteria are urgently desired for human
beings to survive in the “post-antibiotic era.”

Accurate diagnosis is always the cornerstone in efficient management of antibi-
osis. Therefore, prior to antibacterial therapy, rapid detection and reliable identifi-
cation of bacteria play crucial roles in clinical practice, because determining of
bacteria type is significant for the medical staff to choose appropriate antibacterial
agents and develop pertinent therapeutic schedule, efficiently and rapidly. In the
clinical setting, culture-based diagnosis is the gold standard for bacterial identifica-
tion, but this time-consuming method requires tedious labor from specialized tech-
nicians and lacks the in situ detection capability of living bacteria [15]. In addition,
there are other techniques reported in the literature these years, like polymerase
chain reaction (PCR) [16], gene-related techniques [17, 18], immunological techni-
ques [19], fluorescence in situ hybridization (FISH) [20], mass spectrometry [21],
and surface-enhanced Raman spectroscopy (SERS) [22]. Although these techniques
could bring about relative high sensitivity and selectivity, the high expense, com-
plex procedures, and sophisticated instrumentation dependence inevitably limit
their practical applications, as well. Consequently, more advanced technologies are
urgently required for the accurate and visualized detection and discrimination of
diverse bacteria.

Under this circumstance, fluorescence technology, as a rapid and powerful tool,
has lately emerged as an ideal alternative for bacterial detection and discrimination by
virtue of its low cost, easy operation, noninvasiveness, in situ detection, and real-time
response, as well as high sensitivity and specificity [23, 24]. Nevertheless, due to the
aggregation-caused quenching (ACQ) effect, the fluorescence signals of the conven-
tional fluorescent materials are always diminished or even quenched at high concen-
trations or in the aggregated state as a result of intermolecular - stacking [25, 26].
Moreover, since most of the bioapplication scenarios are usually water-filled, these
structurally hydrophobic traditional fluorescent probes are prone to form irregular ag-
gregates in this aqueous condition, resulting in severe self-quenched fluorescence,
thus greatly restricting their bioapplication. By contrast, profiting from the aggrega-
tion-induced emission (AIE) characteristic, the fluorescent probes with AIE feature dis-
play stronger fluorescence emission upon aggregates formation than that in dilute
solutions or single molecular state, due to the restriction of intramolecular motion
(RIM) and prohibition of energy dissipation [27, 28]. The timely appearance and subse-
quent mechanism elucidation of AIE luminogens (AlEgens) successfully solved the di-
lemma of ACQ and largely expanded the application scope of fluorescent technology in
practical biological systems [29-32]. Up to now, a lot of successes in various biomedical
imaging fields based on AIE probes have been witnessed [33-35], proving their favor-
able superiorities of good biocompatibility, high fluorescence quantum efficiency in ag-
gregates, large Stokes shift, outstanding photostability, as well as facile processability.
Furthermore, combining the structural features of different bacterial membranes and
the foundation of varying mechanisms that trigger aggregate formation, different
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detection systems have been designed and synergistically integrated to realize the
light-up detection and specific classification of various bacteria [36—39].

On the other hand, effective regulation of antibiosis on the basis of accurate
bacterial detection and discrimination is the final goal in the battle against patho-
genic bacteria. Accompanying the termination of the satisfactory “antibiotic era”
indicated by the appearance of antibiotic resistance, huge research efforts have
been continuously devoted to seek alternative antibacterial therapeutics which
can potentially avoid the bacterial resistance. Among the developed alternative
therapeutics, photodynamic therapy (PDT) that has the merits of minimal inva-
sion, precise controllability, and high spatiotemporal accuracy, as well as unique
antibiosis mechanism has attracted great attention [40, 41]. Generally, PDT exerts
antibacterial effect mainly relying on the highly toxic reactive oxygen species
(ROS) generated by photosensitizers (PSs) upon light irradiation [40]; and ROS
could provide an aggressive and random attack on bacteria, even though the PSs
could not completely enter the bacteria, preventing the generation of specific resis-
tant strains [42, 43]. In this respect, the photosensitizing property of PSs presents
as the most critical factor in photodynamic bacteria killing. Contrary to the con-
ventional PSs that suffer from fluorescence quenching and reduced ROS genera-
tion caused by ACQ [44, 45], AIE-active PSs exhibit favorable aggregation-induced
enhancement of ROS generation capacity in addition to the AIE features, which
guarantees sufficient ROS generation of the aggregated PSs in the physiologi-
cal environment [25, 29, 46-48]. On the basis of these collective unique character-
istics, AIE probes exhibited great advantages in imaging-guided PDT of pathogenic
bacteria [49-53]. In addition to the photodynamic therapy, AIE probes also exhibited
outstanding performances in imaging-guided chemotherapy, biotherapy, and combi-
nation therapy of pathogenic bacteria, which constitute indispensable approaches on
the bumpy road of antibacterial therapy [54-58].

This chapter will provide a systematic overview about the wide applications of
AIE probes in bacterial detection and antibacterial therapy. For the bacterial detection
part, bacterial imaging including selective imaging over mammalian cells, discrimina-
tion of gram-positive and gram-negative bacteria, as well as selective detection and
identification of specific bacteria will be enumerated, in sequence. For the antibacterial
application part, the AlEgen-based theranostic systems including imaging-guided pho-
todynamic therapy, chemotherapy, biotherapy, and combination therapy will be de-
scribed, with an emphatic discussion on photodynamic therapy. Finally, a short
conclusion and future perspectives in this field will be also presented briefly.
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10.2 Bacterial detection and identification

Compared with the constant fluorescence signal of traditional fluorescence probes,
the aggregation-induced emission feature endows AIE probes an advantageous fluo-
rescence turn-on capacity upon binding to the bacteria, due to the restriction of in-
tramolecular motion, which favors the light-up detection of various bacteria [36, 37].
Furthermore, bacterial identification and classification could be concomitantly
achieved based on corresponding fluorescent signals. Using the RIM mechanism, a
number of AIE-based diagnostic systems for bacterial detection and identification
have been constructed, relying on the various interactions between the diagnostic
systems and bacteria, including nonspecific electrostatic or hydrophobic interactions
[59, 60], specific recognition of receptor-ligand [61, 62], biological affinity [63, 64],
and metabolic engineering [65-67], etc.

10.2.1 Bacterial imaging

In view of the negatively charged envelopes of bacteria [37, 68], several positively
charged AIE probes have been developed to realize bacterial imaging on the basis of
electrostatic interactions between cationic AIE probes and negatively charged bacterial
surface. Lu et al. [69] substantiated the role of electrostatic interactions in bacterial im-
aging through cocultivating E. coli with the cationic AIE-active surfactant, tetrapheny-
lethene-dodecyltrimethylammonium bromide (TPE-DTAB) and the anionic AIE-active
surfactant, tetraphenylethene-sodium dodecyl sulfonate (TPE-SDS), respectively. After
mixing with E. coli, turn-on fluorescence signal of cationic TPE-DTAB was observed
that could be ascribed to the RIM mechanism of TPE moiety after binding with the bac-
teria surface driven by electrostatic interactions (Figure 10.1A, B). However, the anionic
TPE-SDS hardly interacted with bacteria due to electrostatic repulsion, showing
almost no change in fluorescence signal being found in the anionic TPE-SDS
group (Figure 10.1C). The distinct fluorescence imaging results further supported
this statement (Figure 10.1D). Moreover, they demonstrated that the hydrophobic
chains of cationic TPE-DTAB could subsequently insert into the bacterial mem-
brane upon contact with the bacteria surface via hydrophobic-hydrophobic inter-
action, resulting in membrane damage and death of E. coli. On this basis, Tang et al.
[59] designed and synthesized three positively charged AIE probes with different
emission colors, namely IQ-Naph, IQ-DPA, and IQ-TPA (Figure 10.1E). Profiting from
the positive charge, all these three probes could bind onto the negatively charged
bacterial surface. Bright fluorescence could be observed from both live and dead
E. coli after staining for 10 min, respectively, attributing to the RIM of the probes,
upon being trapped in the bacterial walls or membranes (Figure 10.1F). Additionally,
no extra washing step was needed after staining, due to the good solubility of these
AIE probes in PBS buffer at the staining concentration.
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Since most of bacterial detection scenarios involve mammalian cells in the clini-
cal setting, it is fundamentally important to selectively stain the pathogenic bacteria
over cells for the purpose of accurate diagnosis. For the theranostic agents, the target-
ing ability to the pathogenic bacteria also contributes good biosafety to the healthy
cells. Tang et al. [70] reported an AlE-active conjugated polymer (PTB-APFB) based
on benzothiadiazole and TPE moieties, which exhibited ultra-strong ROS generation
ability owing to its AIE characteristics and donor-m-acceptor structure. By virtue of
the quaternary ammonium group, PTB-APFB could readily stain both gram-positive
and gram-negative bacteria efficiently, through electrostatic interaction. Meanwhile,
instead of being located in the terminal of the linker, this middle-seated cation en-
dowed the polymer balanced hydrophilicity and hydrophobicity, which accounted for
the selective binding toward bacteria over mammalian cells as well as good biosafety
for the cells. Additionally, by employing positively charged Zinc (II)-dipicolylamine
(ZnDPA) as a ligand, Liu et al. [71] developed a theranostic probe (AIE-ZnDPA) to real-
ize the selective targeting and photodynamic killing of negatively charged bacteria
over mammalian cells, due to its stronger binding affinity with bacteria. Generally, it is
the ligand-ion complex that served as the recognition group in the probe; a mass of
probes will be required to achieve good detection signal if the binding affinity be-
tween the ligand and ion is weak, and thus, they will leave more unbound free
probes in the detection system, leading to higher background signals. Therefore,
in order to reduce the background signals of the probes, Liu’s group further de-
signed and synthesized a light-up AIE probe (TPETH-2Zn) on the basis of a red-
emissive AIE PS with better zinc(II)-binding affinity (Figure 10.2A) [72]. Thanks to the
larger amount of net negative charges on the bacterial membrane surface, positively
charged TPETH-2Zn could selectively light up the gram-negative E. coli and gram-
positive B. subtilis upon binding to the bacterial membranes with no additional wash-
ing steps needed, whereas the mammalian HeLa cells could not be lighted up as the
membranes of mammalian cells were nearly neutral, with only a small quantity of
negative charge in the physiological conditions (Figure 10.2B).

Owing to its high sensitivity and specificity, direct bio-orthogonal labeling has
been emerging as a promising approach for selective bacterial detection, based on the
particular component of the bacterial peptidoglycan [73, 74]. Inspired by this strategy,
Liu et al. [66] developed a bacterial metabolic AIE probe TPACN-p-Ala, consisting of an
AIE PS and p-alanine (p-Ala). Compared to the traditional bio-orthogonal labeling that
required two steps, TPACN-p-Ala, inherently bearing AIE fluorophores (TPACN), made
the one-step bio-orthogonal labeling possible (Figure 10.2C). Since p-amino acids are
typically not needed in the biosynthesis of mammalian cells, whereas they are highly
required for the peptidoglycan of bacteria, the introduced p-amino acids (p-Ala) in
TPACN-p-Ala significantly favored the selective imaging of intracellular bacteria,
instead of their host cells. As Figure 10.2D shows, bright red fluorescence signal of
methicillin-resistant S. aureus (MRSA) was observed after 10 min incubation with
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Figure 10.2: Selective bacterial imaging over mammalian cells. (A) Molecular structure of TPETH-
2Zn and schematic illustration of the light-up imaging of bacteria. (B) CLSM images of E. coli,

B. subtilis and Hela cells after incubation with the TPEPH-2Zn probe. Reproduced with permission:
Copyright 2017, American Chemical Society [72]. (C) Schematic illustration of the developed
bacterial metabolic probe TPACN-p-Ala for bacterial tracking and photodynamic therapy. (D) CLSM
images showing the specific labeling of TPACN-p-Ala on MRSA over normal cells. Reproduced with
permission: Copyright 2020, Royal Society of Chemistry [66].
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TPACN-p-Ala, which, however, vanished when the competitive agent (Az-p-Ala)
was additionally added in the labeling process, evidently suggesting the efficient
labelling of bacteria via the metabolic integration of p-Ala into the peptidoglycan
of the bacterial wall. Expectedly, the red fluorescence signal exhibited no visual
change after the addition of noncompetitive agent, (Az-;-Ala). It was also illus-
trated that TPACN-p-Ala could precisely and specifically label the invasive bacte-
ria hiding inside the host cells through metabolic labeling of p-Ala-modified AIE
probe (Figure 10.2D).

10.2.2 Discrimination of gram-positive and gram-negative
bacteria

The efficient discrimination of gram-positive and gram-negative bacteria could pro-
vide valuable information for the prescription of antibacterial agents in clinical appli-
cation. The outer envelope of the gram-positive bacteria is a thick and porous layer of
peptidoglycan decorated with lipoteichoic acid (LTA), while that of gram-negative
bacteria is much more complicated, consisting of a relative thin peptidoglycan layer
as well as an outer membrane covered outside with lipopolysaccharide (LPS) mounted
on it [75-77]. Based on the conspicuous structural differences, Tang and coworkers
synthesized a DPAS-based AIE probe containing morpholine and naphthyl units,
namely 2-{[(diphenylmethylene)hydrazono]methyl} naphthalene (M1-DPAN) to dis-
criminate gram-positive bacteria from gram-negative ones (Figure 10.3A) [78]. Profit-
ing from the negative charge of M1-DPAN as well as the much higher binding affinity
of M1-DPAN toward gram-positive-bacteria-specific LTA than gram-negative-bacteria
-specific LPS driven by the electrostatic interaction, M1-DPAN could selectively stain
gram-positive bacteria (S. aureus, B. subtilis, and E. faecalis) even in the presence of
gram-negative bacteria (P. aeruginosa and E. coli) and fungi (S. cerecisiae and
C. albicans) (Figure 10.3B). Further, the morpholine moieties in M1-DPAN were dem-
onstrated to play a crucial role in selective recognition of gram-positive bacteria.
In addition, compared with the gram-negative bacteria with outer membrane, the
DPAN moieties could easily insert into the thick and loose outer layers of gram-
positive bacteria, resulting in the light-up response due to the AIE feature of M1-
DPAN; whereas, the inserted parts into the layer structure of fungus were easily re-
moved, leaving no fluorescence response of the fungus (Figure 10.3C).

Rapid discrimination of bacteria is persistently being pursued in the diagnosis
of bacterial infectious diseases, as it can reserve precious treatment time for pa-
tients. Recently, the ultrafast discrimination of gram-positive bacteria was actual-
ized by a water-soluble near-infrared (NIR) emissive AIE probe (TTVP) reported by
Tang and coworkers [79]. Thanks to its excellent monodispersity in the culture
media, strong electrostatic interaction with negatively charged gram-positive bacte-
ria, as well as typical AIE characteristics, TTVP could rapidly and selectively light
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Figure 10.3: Discrimination of gram-positive and gram-negative bacteria via electrostatic
interaction. (A) Illustration of applying AIEgen M1-DPAN for gram-positive bacteria specific
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up the gram-positive bacteria (S. epidermidis and S. aureus) after incubation for
only 3 s without further washing steps, which was 100-fold shorter than the already
published protocols, implying its ultrafast bacterial discrimination features. How-
ever, gram-negative bacteria (E. coli) could not be stained after the same incubation
time of 3 s even in the cocultivation systems (Figure 10.3D), and the fluorescence
signal from E. coli could only be seen when the incubation time extended to 5 min,
due to their more complicated outer envelopes that serve as efficient barriers in pre-
venting the insertion of probes.

In addition to positively charged AIE probes, antibiotic-conjugated AIE probes
have been developed for the discrimination of gram-positive and gram-negative bacte-
ria by employing antibiotics as targeting moieties. Liu et al. [80] reported a red emissive
AlE light-up probe, AIE-2Van, via conjugating a kind of glycopeptide antibiotic, vanco-
mycin (Van), to the AlEgen. Taking advantage of the specific binding affinity of Van to
peptidoglycan sequence N-acyl-D-Ala-D-Ala presented on gram-positive bacterial cell
walls, the selective recognition as well as naked-eye detection of gram-positive bacteria
including vancomycin-resistant Enterococcus (VRE) strains over gram-negative bacteria
was successfully realized. Similarly, Ding and coworkers actualized the selective visu-
alization of gram-negative bacteria by taking advantage of the conjugation of a far-
red/near-infrared emissive AlEgen and two gram-negative bacteria-targeting peptides
(polymyxin B) which intrinsically exhibited strong binding affinity to the LPS in the
cell wall of gram-negative bacteria [81].

Recently, motivated by the distinctive structures of bacteria, Liu et al. [65] re-
ported a bio-orthogonal fluorescence turn-on probe TPEPA with AIE feature for the
specific staining of both gram-positive and gram-negative bacteria. After metabolic
labeling by the metabolic precursors based on p-alanine (p-Ala) and 3-deoxy-p-
manno-octulosonic acid (Kdo), which could be specifically incorporated into peptido-
glycan and LPS on bacteria, respectively, the bacteria would be firstly modified with
azide group. Since Kdo is an essential component of LPS that exists only on the sur-
face of gram-negative bacteria, gram-negative bacteria could thus be selectively de-
tected via the click reaction of the azide group with the alkyne groups in TPEPA. For
the gram-positive bacteria detection, although p-Ala-N; could be metabolized to the
peptidoglycan on the cell wall of both gram-negative and gram-positive bacteria,

Figure 10.3 (continued)

discrimination. (B) CLSM images indicating the binding behaviors of M1-DPAN towards different
microbes including gram-positive bacteria, gram-negative bacteria and fungus. (C) Illustration of
interaction model between M1-DPAN and the outer cell walls of gram-positive bacteria, gram-
negative bacteria and fungus, respectively. Reproduced with permission: Copyright 2018, Elsevier
[78]. (D) CLSM images of S. epidermidis, S. aureus, E. coli and the corresponding mixtures after
incubation with AlEgen TTVP for different time periods. Reproduced with permission: Copyright
2020, Elsevier [79].
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azide group decorated on the gram-negative bacteria was passively prevented from
clicking with TPEPA (1,235 Da) due to the poor permeability of the bacterial outer
membrane to probes with a weight larger than 650 Da. Thus, only the gram-positive
ones of the p-Ala-N3 metabolic labeled bacteria could be selectively lit up by TPEPA
through clicking with the azide group, contributing to the specific identification of
gram-positive bacteria (Figure 10.4A). The excellent discrimination performance was
validated even in the cocultivation system of gram-positive and gram-negative bacte-
ria (Figure 10.4B). Additionally, the good water solubility and AIE feature of TPEPA
benefitted the turn-on detection of both gram-positive and gram-negative bacteria
pretreated with p-Ala-N;5 or Kdo-Ns, respectively.

10.2.3 Selective detection and identification of specific bacteria

Other than for visual imaging and discrimination of gram-positive and gram-negative
bacteria, AIEgens can also be designed to selectively identify specific bacteria. In re-
cent years, sensor arrays based on probes with fluorescence characteristics for bacte-
ria identification with the assistance of statistical methods have been extensively
explored by virtue of their good sensitivity, versatile signal output, as well as easy-to-
read features. Moreover, analytical strategy based on sensor arrays is conducive to
high-throughput screening and can be applied to identify multiple analytes, simulta-
neously. Owing to high quantum yield, good photostability, and satisfactory biocom-
patibility, AIEgens-based fluorescence arrays have recently been reported to be a
powerful tool for bacteria identification. For example, Zhou et al. [82] designed a se-
ries of AIE-active probes bearing different positive, negative, or zero charges and
used them to develop a six-channel sensor array for the pattern recognition of bacte-
ria. Due to the various charges of AlEgens as well as the different surface structures
of diverse bacteria, the interactions between AIE probes and bacteria were disparate,
accompanied by differential fluorescent responses. Through the recognition of the
fluorescence pattern of pathogens assisted by linear discriminant analysis (LDA),
these AIE probes could serve as an “artificial tongue” to rapidly and efficiently distin-
guish eight kinds of representative bacterial species including three gram-positive
bacteria and five gram-negative bacteria.

Tang et al. [83] reported a series of competent sensor arrays based on seven types
of TPE derivatives to detect and discriminate pathogens. As shown in Figure 10.5A,
these TPE-based AlEgens (TPE-ARs) had a common cationic ammonium group but
bore different hydrophobic substitutions, which endowed them with tunable ClogP
(n-octanol/water partition coefficient) values ranging from 3.426 to 6.071, to guaran-
tee the different multivalent interactions with pathogens. With the ClogP value in-
creasing, the affinity of TPE-ARs toward gram-positive bacteria and fungi gradually
weakened, while that toward gram-negative bacteria increased (Figure 10.5B). Relying
on the diverse affinity of TPE-ARs with the pathogens, each sensor array could afford a
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unique fluorescence response pattern for different pathogens (Figure 10.5C). With the
aid of special statistical analysis, these sensor arrays could effectively determine seven
different pathogens, including gram-positive and gram-negative bacteria as well as
their drug-resistant counterparts with nearly 100% accuracy (Figure 10.5D). More-
over, the advantages of simple operation, high throughput screening, and rapid
identification procedure offered an opportunity for timely and reliable pathogen
detection that could potentially be used for clinical decision-making and trend moni-
toring of infectious disease. In addition, Tang et al. [84] also built a graphene oxide
(GO)-assisted fluorescence sensor array using a range of AlEgens, with various charges
for microbial lysate determination. Microbial lysates, instead of living microbes, used
as analytical target could eliminate potential health threats to the analyst and offered
information about the inside composition of microbes, which was useful in distinguish-
ing different strains of bacteria from the same family.

In an attempt to further improve the specificity of AIE probes to specific bacte-
ria, Tang and coworkers presented a type of AIE-bacteriophage (PAP) bioconjugate
(TVP-PAP) by integrating an AIE PS (TVP-S) with PAP through a simple amino-
carboxyl reaction (Figure 10.6A) [63]. By virtue of the inherent targeting ability and
the preserved infection activity of the bacteriophage as well as the unique AIE fea-
ture of TVP-S, TVP-PAP could specifically recognize the specific host bacteria
(P. aeruginosa) from the bacteria mixture including A. baumannii and P. aeruginosa
through light-up fluorescence response. As shown in Figure 10.6B, all P. aeruginosa
could be successfully stained with red fluorescence of TVP-S, while no fluorescence
was observed from A. baumannii after 30 min incubation. The results demonstrated
that the introduction of bacteriophage could contribute to the selective detection
and identification of specific bacteria by guiding AlEgen to realize discriminative
light-up imaging of the host bacteria.

Another novel strategy was put forward, based on bacterial metabolic pathways
by Liu et al. [64]. In their contribution, they reported a material platform that ex-
ploited bacteria as a template to synthesize polymers with AIE characteristic by cop-
per-catalyzed atom transfer radical polymerization for self-selective theranostics of
bacteria. Since the bacteria were able to select the binding monomers and synthe-
size the polymers on their surface, the obtained templated polymers (TP) with the
sequence of monomers that mirrored the components of the bacterial surface exhib-
ited a better capability to recognize the matched bacterial cells. As depicted in
Figure 10.6C and D, strong red fluorescence could be clearly seen from the surfaces
of all the four types of representative bacteria including E. coli, P. aeruginosa,
BAKO85 (a multidrug-resistant K. pneumoniae strain), and SGH10 (a hypervirulent
K. pneumoniae strain with a hypermucoviscous capsule) after incubation with the
E. coli-TP, P. aeruginosa-TP, BAK085-TP, and SGH10-TP, respectively, while very
faint fluorescence was observed from only a few number of tested bacteria after in-
cubation with mismatched polymers at the same concentration. The above results
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Figure 10.5: Bacterial identification via engineering sensor arrays. (A) Structures of TPE-ARs with
various ClogP values and schematic illustration of a sensor array composed of three TPE-ARs to
achieve bacteria identification. (B) CLSM images of seven pathogens after incubation with three
TPE-ARs. (C) Fluorescence response patterns of eight microbe mixtures stained by three TPE-ARs. (D)
Canonical score plot for the fluorescence response patterns determined by LDA. Reproduced with
permission: Copyright 2018, John Wiley and Sons [83].
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Figure 10.6: Specific bacterial detection via biological affinity. (A) Cartoon illumination of TPV-S
modified phage (TVP-PAP) for specific bacterial infection, real-time fluorescent tracking, and
photodynamic bacterial killing. (B) CLSM images showing targeted recognition of TVP-PAP on
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suggested that the bacterium-templated polymers could bind to their target bacteria
with high selectivity. This work provided a new platform for the development of
adaptive materials for the selective detection and identification of specific bacteria.

10.3 AIE probes for antibacterial therapy

Facing the grave challenge that the pathogenic bacteria-related infection posed to
human beings in the “post-antibiotic era” as well as the serious situation of rapidly
increasing difficulty and cost in producing new antibiotics, researchers had been
putting in a lot of efforts to develop new antibacterial strategies based on novel ma-
terials, among which AIE materials have been proven to be promising candidates for
the construction of antibacterial agents. Integrating the outstanding fluorescence
emission with the excellent antibacterial properties, many AIEgen-based imaging-
guided antibacterial therapeutic approaches have been explored, and considerable
successes in this field have been accordingly achieved, in these years. In this section,
important achievements about AlEgen-based bacterial theranostic systems, includ-
ing imaging-guided photodynamic therapy, imaging-guided chemotherapy, imaging-
guided biotherapy, and imaging-guided combination therapy, will be discussed.

10.3.1 Imaging-guided photodynamic therapy

Thanks to its noninvasiveness and spatiotemporal controllable properties, light has
been widely used for bacterial therapeutics. PDT represents a kind of typical light-
excited treatment paradigm for bacterial killing by using ROS produced upon light
irradiation [37, 38]. Holding the advantage of aggregation-induced enhancement of
ROS generation capacity, AIE probes have achieved great breakthroughs in the im-
aging-guided photodynamic therapy of pathogenic bacteria.

Figure 10.6 (continued)

P. aeruginosa. Arrow indicated A. baumannii without staining by TVP-PAP. Reproduced with
permission: Copyright 2020, American Chemical Society [63]. (C) Schematic illustration of the
bacteria-mediated polymer synthesis process and CLSM images of E. coli and P. aeruginosa after
incubation with their templated polymers and mismatched polymers. (D) Schematic illustration of
the templated polymer grown in the presence of clinical bacterial strain of K. pneumoniae (BAK085
and SGH10) and CLSM images of subsequent self-selective binding experiments. Reproduced with
permission: Copyright 2020, John Wiley and Sons [64].
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10.3.1.1 Imaging-guided PDT against planktonic bacteria

The first example of AlEgen-based imaging-guided PDT against bacteria was re-
ported by Tang et al. in 2015 [85]. Enthused by the efficient photosensitizing prop-
erty of AlEgens, they designed a new AIE PS (TPE-Bac) for bacterial imaging as well
as light-enhanced killing of bacteria. Thanks to the two positively charged am-
monium and hydrophobic alkyl chains, the amphiphilic TPE-Bac were able to se-
lectively intercalate into the negatively charged bacterial membrane, resulting
in turn-on fluorescence imaging of both gram-positive and gram-negative bacte-
ria quickly as well as changes in bacterial membrane permeability, which is re-
sponsible for the dark toxicity of TPE-Bac. Further, TPE-Bac could exert extra
phototoxicity to the bacteria upon light irradiation due to the ROS generation.
After room-light irradiation for 1 h, the viability of both gram-positive and gram-
negative bacteria dropped to less than 1%.

Subsequently, aiming to elevate the photosensitizing property of PSs for higher
antibacterial efficiency, various strategies were developed. Typically, dwindling the
energy gap (AEs.t) between singlet state (S;) and triplet state (T;) could promote the
intersystem crossing (ISC) rate from S; to T; and increase the yield of triplet state,
representing one of the most widely used tactics [86, 87]. For example, Zhang et al.
[88] reported two positively charged AIE PSs, namely TPE-A-Py" and TPE-Py". Owing
to its lower calculated AEs 1, TPE-A-Py" with an alkyne group exhibited higher photo-
sensitizing efficiency compared to TPE-Py" (without alkyne group) when employing I
as a counter anion. The outstanding ROS generation ability of TPE-A-Py'T” endowed it
with excellent antibacterial performance against both gram-positive and gram-negative
bacteria, under white light irradiation. Similarly, Li et al. [89] reported a sequence of
cyanopyridinium (CP)-based cationic AlEgens (CP1-CP5) for multiple bacterial imaging
and photodynamic killing of bacteria. By virtue of the benign biocompatibility and cat-
ionic nature, these AlEgens could specifically image both gram-positive and gram-
negative bacteria via a wash-free procedure. Moreover, under white light irradiation,
CP1-CP5 showed obvious structure-dependent singlet oxygen (*0,) generation
ability, with CP4 exhibiting the best ROS generation efficiency, contributed by its
extremely low AEg 1 value. Particularly, with a quantum yield of '0, determined to
be 52% upon light irradiation, CP4 could serve as an ideal PS for photodynamic
elimination of bacteria.

PSs featured with typical electron donor (D) and electron acceptor (A) structure
have been proved to have reduced AEs.t value resulting from the complete separa-
tion between the occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) [86, 87]. Tang and coworkers synthesized a series of AIE-
gens with orderly enhanced D-A interaction (Figure 10.7A) [90]. Due to their inher-
ent positive charge and moderate ClogP value, four of these AIEgens were capable
of selectively staining gram-positive bacteria with high specificity. Moreover, the
strong D-A effect and the introduction of heteroatoms resulted in smaller AE5.t and
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efficient ISC, supporting the high ROS generation efficiency of TTPy and MeOTTPy. As
the best candidate, TTPy with balanced NIR emission, suitable ClogP value, and high
ROS production efficacy could stain gram-positive bacteria and eliminate S. aureus via
PDT strategy, with high specificity. This AIEgen-based PDT system successfully sup-
pressed the S. aureus-caused wound infection of rats. Additionally, Tang’s group de-
signed another D-A structured AIE-active PS, 4TPA-BQ, exhibiting extremely high
10, generation efficiency of 97.8%, which was much higher than that of the com-
monly used Chlorin E6 (Ce6) and Rose Bengal (RB) in aggregate state, thanks to its
sufficiently small AEs.t (0.03 eV) and the aggregation-induced ROS generation effect
(Figure 10.7B) [91]. Particularly, 4TPA-BQ could realize time-dependent imaging and
PDT for bacteria over mammalian cells through collaboration of the electrostatic
interactions and hydrophobic effect between 4TPA-BQ and targets. As depicted in
Figure 10.7C, bright orange fluorescence was observed on both gram-positive
S. epidermidis and gram-negative E. coli within 15 min staining. Only by extending
the incubation time to 12 h, 4TPA-BQ could effectively accumulate into cancer
cells, leaving normal cells unstained. This time-dependent property realized selec-
tive targeting of bacteria with low toxicity to normal cells. By virtue of its high 0,
generation efficiency, 4TPA-BQ exhibited prominent bacteria-eliminating capabil-
ity toward both S. epidermidis and E. coli, and even toward ampicillin-resistant
E. coli, with excellent biocompatibility in a short timescale.

Good selectivity to the infection site and activatable photosensitization of high-
performance PSs could significantly facilitate the efficient photodynamic bacterial
ablation as well as benign biosafety of an ideal theranostic system. Tang and cow-
orkers reported a bacterial infection-activatable nanotheranostic system (33%IRTP
NPs) relying on the self-assembly of amphiphilic polymer (TBD-PEG) derived from
an efficient AIE PS (TBD) as well as ONOO™ and ClO™-responsive NIR dye (IR786S)
for in vivo imaging-guided photodynamic bacterial ablation (Figure 10.7D) [92]. Be-
cause of the Forster resonance energy transfer (FRET) process between TBD and
IR786S inside the nanoparticles (NPs), the fluorescence emission as well as the 10,
generation of TBD-PEG were significantly quenched, and 33%IRTP NPs exhibited
bright NIR emission of IR786S in normal tissues. Once the NPs arrived at the bacte-
ria infection sites, IR786S could be decomposed by the overexpressed ONOO™ or
ClO7, accompanied by the inhibition of FRET process. By this time, the red emission
and '0, generation ability of TBD-PEG were recovered, facilitating the detection of
bacterial infection and photodynamic bacterial ablation. Considering the negligible
in vivo dark toxicity, the activatable 33%IRTP NPs exhibited great potential in imag-
ing-guided photodynamic antibacterial applications.

Except for the organic synthetic molecules, AIE-active natural agents can also
be engineered as theranostic agents for image-guided photodynamic antibacterial
therapy. In 2019, Tang et al. [93] investigated the application of a naturally occur-
ring AlEgen, Berberine Chloride (BBR), as a fluorescence imaging and PDT agent
against both cancer cells and bacteria (Figure 10.7E). Compared to many organic
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Figure 10.7: Imaging-guided photodynamic ablation of planktonic bacteria. (A) Molecular structures
of AIE photosensitizers and cartoon illustration of their imaging-guided antibacterial applications.
Reproduced with permission: Copyright 2019, American Chemical Society [90]. (B) Schematic
illustration, experimental evaluation and theoretical calculation elucidations of the high ROS
generation ability of 4TPA-BQ. (C) Selective bacterial imaging and killing of 4TPA-BQ over normal
cells. Reproduced with permission: Copyright 2019, John Wiley and Sons [91]. (D) Preparation
procedure and working mechanism of 33% IRTP NPs. Reproduced with permission: Copyright 2018,
American Chemical Society [92]. (E) The chemical structure of natural AIEgen BBR and schematic
illustration of their theranostic applications. Reproduced with permission: Copyright 2019, Royal
Society of Chemistry [93].
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AIE PSs, BBR was water-soluble, biocompatible and green to environment, which
enabled it to be a remarkable candidate for cell and bacterial imaging and treat-
ment. This positively charged BBR was able to successfully discriminate and effi-
ciently ablate gram-positive bacteria over gram-negative ones via fluorescence
imaging and PDT pathway. Both in vitro and in vivo studies demonstrated that BBR
exhibited excellent photo-inactivation efficiency against S. aureus-related infection.

10.3.1.2 Imaging-guided PDT against multidrug resistant (MDR) bacteria

In recent days, along with the continuing emergence of antibiotic-resistant patho-
genic bacteria, some bacteria have evolved into MDR strains that show resistance to
more than one of the most conventional antibiotics, resulting in a rapidly escalating
threat to human health worldwide. PDT, with the unique antibiosis mechanism of
ROS-mediated bacterial killing represents a promising approach to combat MDR
bacteria. Thus, AIE PSs with highly efficient ROS generation ability could serve as a
powerful weapon in this battle.

By introducing a fluorine substituent, Li’s group developed a planar AIEgen
(DMA-AB-F) with evident AIE effect and enhanced ROS generation for combating
MDR bacterial infection [94]. The AEs.t of DMA-AB-F trimer was small enough to
trigger the ISC process, resulting in efficient ROS generation. DMA-AB-F could
stain both MDR E. coli and MRSA with intense fluorescence driven by electrostatic
and hydrophobic interactions. As shown in Figure 10.8A, DMA-AB-F showed pro-
found inhibition effect against both MDR strains, under light exposure. The cell
wall of both MDR bacteria were obviously destroyed only in the group of PS plus
light, while nearly intact morphology and bacteria cell walls were observed in
other test groups. As an effective AIE PS for PDT, DMA-AB-F successfully elimi-
nated the MDR E. coli-caused infection, in vivo. Another efficient AIE PS (TBD-
anchor) exhibiting high inhibition capacity on MDR bacteria was designed and
synthesized by Liu et al. (Figure 10.8B) [95]. The '0, quantum yield of TBD-anchor
was demonstrated to be 48%. Bearing three quaternary ammonium salt tails,
TBD-anchor could anchor on the surface of bacterial membranes through both hy-
drophobic and electrostatic interactions, which contributed to the photodynamic
elimination of both gram-positive and gram-negative bacteria, under light irradiation.
Particularly, TBD-anchor displayed great potential in eliminating drug-resistant bac-
teria. More than 99.8% of MRSA could be killed by only 0.8 uM TBD-anchor, under a
low dose of light irradiation (25 mW cm ™2, 10 min).

In an attempt to actualize the systemic delivery of AIE PSs into the infection site
and realize high specific elimination of MDR bacterial infection in vivo, Liu et al. [67]
developed a novel two-step strategy for specific in vivo imaging of MDR bacteria,
based on the metabolic labeling technique for in situ imaging-guided antibacterial
therapy. By utilizing the H,0,-responsive MIL-100 (Fe) NPs as the nanocarrier, the
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Figure 10.8: Imaging-guided photodynamic ablation of MDR bacteria. (A) Design strategy of fluoro-

substituted planar AlEgens and the in vitro and in vivo bactericidal performance. Reproduced with
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metabolic precursor 3-azido-D-alanine (p-AzAla) encapsulated inside the MIL-100
(Fe) NPs could be selectively delivered to the high H,0, inflammatory environment,
released from the nanoparticles due to the degradation of MIL-100 (Fe) NPs, and
then specifically integrated into the cell walls of bacteria, leaving the bacterial cell
wall modified with unnatural azide groups. Subsequently, the dibenzocyclooctyne
(DBCO)-modified ultra small nanoparticles based on AIE PS (US-TPETM) could grad-
ually accumulate onto the azide group-labeled bacteria through in vivo click chemis-
try (Figure 10.8C). The intense fluorescence and 'O, generation ability of the AIE
NPs under light irradiation guaranteed the good performance of this system in
imaging-guided photodynamic antibacterial therapy. After successive treatments
of d-AzAla@MIL-100 (Fe) NPs and US-TPETM NPs followed by white light irradia-
tion, the number of MRSA in the infected tissue decreased significantly, and the
inflammation was successfully cured.

10.3.1.3 Imaging-guided PDT against intracellular bacteria

Serving as the front line of defense against pathogen-associated infection, phago-
cytes can attack the invading bacterial pathogens through the process of recogni-
tion, ingurgitation, and digestion [96]. However, some bacteria are capable of
surviving inside the cells, which makes the infected cells “Trojan Horses,” hampers
the detection of bacteria, and protects them from antibiotic treatment and immune
elimination [97, 98]. What’s worse, the infected cells could increase the dissemina-
tion of pathogens from the initial infection sites. Thus, it is of great importance to
exploit new approaches for the detection and elimination of intracellular bacteria.
On the basis of its good selectivity to gram-positive bacteria over gram-negative
ones, Tang et al. [99] further utilized TTVP as an effective imaging and PDT agent
for simultaneous detection and photo-inactivation of intracellular gram-positive
bacteria (Figure 10.9A). TTVP could act as not only the fluorescence probe to moni-
tor the phagocytosis process of S. aureus toward macrophages, but also as a pro-
found PS to effectively eliminate cell-entrapped S. aureus by PDT pathway, under light
irradiation. Liu et al. [100] constructed an AIE bioprobe (PyTPE-CRP) through the
conjunction of an AIE molecule (PyTPE) and a caspase-1(casp-1)-responsive peptide
linker (NEAYVHDAP) for fluorescence detection and photodynamic elimination

Figure 10.8 (continued)

permission: Copyright 2020, John Wiley and Sons [94]. (B) Molecular structure and cartoon
illustration of TBD-anchor for bacteria ablation. Reproduced with permission: Copyright 2020, John
Wiley and Sons [95]. (C) Schematic illustration of the proposed strategy of bacterial diagnosis and
elimination by the H,0,-responsive p-AzAla@MIL-100 NPs assisted in vivo metabolic labeling of
bacteria. Reproduced with permission: Copyright 2018, John Wiley and Sons [67].
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Figure 10.9: Imaging-guided photodynamic ablation of intracellular bacteria and bacterial biofilms.

(A) Chemical structure of TTVP and schematic illustration of TTVP for phagocytosis monitoring and
macrophage-engulfed gram-positive bacteria ablating. Reproduced with permission: Copyright
2020, Elsevier [99]. (B) Schematic illustration of macrophage-mediated intracellular bacteria
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detection and elimination using PyTPE-CRP. Reproduced with permission: Copyright 2019,
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of intracellular bacteria (Figure 10.9B). Owing to its good water solubility, the
PyTPE-CRP was almost nonfluorescent in aqueous staining buffer. Upon entering
the bacteria-infected macrophages, the peptide linker of PyTPE-CRP could be specifi-
cally cleaved by the casp-1 activated by proteolytic cleavage due to the bacterial in-
fection, leading to self-assembly of the resultant residues and accumulation on the
bacteria-contained phagosomes. Thanks to the typical AIE feature and aggregation-
induced ROS generation effect, the fluorescence of PyTPE and ROS generation capac-
ity could be accordingly lighted up, upon the aggregates formation inside the bacte-
ria-infected macrophages, which endowed PyTPE-CRP with great potential for
selective and sensitive detection of bacterial infection via fluorescence turn-on fea-
ture and efficient intracellular bacteria eradication through PDT.

One of the important issues in the elimination of intracellular bacteria is the
minimization of the cytotoxicity of antibacterial agents toward macrophages. Gen-
erally, this goal can be achieved by employing ingenious tactics with high specific-
ity to bacteria over the host cells. Motivated by the metabolic labeling technology,
Liu et al. [96] developed a metabolic probe (TPEPy-p-Ala) by integrating an AIE PS
(TPEPy) with p-alanine for fluorescence detection and in situ photodynamic killing
of intracellular bacteria (Figure 10.9C). The existence of hydrophilic p-Ala and pyri-
dinium resulted in the weak emission of TPEPy-D-Ala in aqueous media. Boosted
fluorescence was observed, once TPEPy-D-Ala metabolically incorporated into pep-
tidoglycan, allowing real-time imaging of bacteria in live macrophages. Subsequent
light irradiation realized efficient ablation of the labeled intracellular bacteria via
in-situ 0, generation. Since host mammalian cells do not require p-amino acids for
biosynthesis, TPEPy-p-Ala could only specifically incorporate into peptidoglycan,
but not the organelles in the macrophage. Hence, TPEPy-p-Ala could effectively ab-
late the intracellular MRSA through photodynamic killing and affect macrophage
cells only negligibly.

10.3.1.4 Imaging-guided PDT against bacterial biofilms

Generally, bacteria tend to adhere on the surface of substrates and organize themselves
into multicellular communities known as biofilms. Shielded by the self-synthesized
extracellular matrix (EPS), bacteria can significantly withstand the attack of the im-
mune response and undermine the efficiency of antibiotics [101, 102]. The inability to

Figure 10.9 (continued)

Wiley and Sons [100]. (C) The schematic illustration of intracellular bacteria labeling and
inactivation by TPEPy-p-Ala. Reproduced with permission: Copyright 2020, John Wiley and Sons
[96]. (D) Schematic illustration of the preparation and application of amino acid/berberine
hydrogels with enhanced photodynamic antibacterial and anti-biofilm activity. Reproduced with
permission: Copyright 2020, Elsevier [106].
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completely ablate bacterial biofilms often results in intractable and chronic infections
[103]. It has been reported that two-thirds of the chronic infections in humans are as-
sociated with bacterial biofilms, posing serious threat to public health [104]. Thus,
there is pressing need to develop new antibacterial strategies to counter the threat of
bacterial biofilms to human beings.

In 2020, Zhong et al. [106] designed a novel and biocompatible hybrid hydro-
gel with AIE behavior by virtue of the supramolecular self-assembly of N-(9-
fluorenylmethoxycarbonyl)-; -phenylalanine (Fmoc-F) and the natural PS (BBR)
(Figure 10.9D). Driven by the intermolecular electrostatic attraction and m—m
stacking, BBR could self-assemble into small-sized nanoparticles, which could
be further dispersed throughout the hydrogel matrix. Owing to its typical AIE be-
havior and good 'O, generation upon white light illumination, this hydrogel
could efficiently eliminate both E. coli and S. aureus via PDT mechanism. More-
over, the Fmoc-F/BBR hydrogel was demonstrated to be able to penetrate into
the bacterial biofilms, and effective elimination was observed with about 59.3% of
E. coli biofilms and 85.8% of S. aureus biofilms being eradicated, respectively, after
light irradiation for 1 h. Ding et al. [107] employed a positively charged AIE PS, DPA-
SCP, with strong '0, generation ability as an antibacterial agent to explore the anti-
bacterial application in infected root canal (RC). DPA-SCP could selectively bind to
E. faecalis and exhibited photodynamic antibacterial effect against planktonic
E. faecalis under light irradiation. Furthermore, DPA-SCP was proved to exhibit
powerful germicidal potency toward E. faecalis biofilms. An equivalent antibiofilm
potency to that resulted by 1% NaOCl was achieved via DPA-SCP-mediated PDT,
leaving no significant change and chemical corrosion in the dentin surface.

10.3.2 Imaging-guided chemotherapy

Aside from PDT-based antibacterial therapy, AIE probes have been intensively stud-
ied as direct antimicrobial agents for imaging-guided chemotherapy of bacterial in-
fection. The positive charges of AIE probes were generally designed not only for
bacteria detection relying on the contact with the negatively charged bacterial sur-
face driven by electrostatic interaction, but could also endow AIE probes with anti-
bacterial capacity, because the cationic units of AIE probes could insert into the
bacterial cell wall and may cause cell wall lysis and leakage of intracellular sub-
stances, thus leading to the bacterial death [108]. Yan et al. [109] designed and syn-
thesized a sequence of AIE-based imidazolium-type ionic liquids (ILs). Bearing the
cation-anion structure, these AIE-based ILs showed antibacterial activities against both
E. coli and S. aureus. Besides, thanks to the AIE feature, the ILs could stain the dead
bacteria after killing, with the fluorescence intensity varying along with the bacteria
concentration. Yan’s group also reported a kind of imidazolium-type poly(ionic
liquids) (PIL)s, namely PIL-TPExBr;., (x = 0.9, 0.3, 0.1), through anion exchange of
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bromide (Br”) in poly(3-butyl-1-vinylimidazolium bromide) (PIL-Br) with a 3-(4-(1,2,2-
triphenylvinyl)phenoxy)propane-1-sulfonate (TPESO5") for bacterial killing and dead
bacterial imaging (Figure 10.10A) [110]. The introduction of TPESO;~ endowed the
PILs with the AIE characteristic. Through regulating the ratio of Br /TPESO;", diverse
fluorescence intensities and antibacterial property could be obtained. Moreover, the
PILs were demonstrated to be able to effectively inhibit biofilm growth. Aiming to
realize the real-time detection of bacterial infection as well as concomitant bacteria
killing, Ren et al. [108] designed thermo- and pH-responsive poly(vinyl alcohol) de-
rivatives (PVA-TPE) consisting of the iconic AIE-active core TPE and quaternary am-
monium moieties (Figure 10.10B). At pH 7.4, PVA-TPE could selectively image and
kill gram-positive bacteria as the positively charged quaternary ammonium could
guide the PVA-TPE to interact and insert into the negatively charged cell wall of
gram-positive bacteria, rather than that of gram-negative bacteria due to the different
bacterial wall structures, leading to the death of bacteria. Nevertheless, an enhanced
broad-spectrum antimicrobial activity against both gram-negative and gram-positive
bacteria was observed at acidic environment (pH 5.5), attributable to the higher pro-
tonation degree, a condition in which the number of positive charges on PVA-TPE
increases significantly, facilitating the interactions towards cell walls of gram-
negative bacteria and, thereby, enhancing the antibacterial property. This work
represented the first example of pH-switchable integrated system for “monitor-
ing and killing of bacteria.”

Studies have shown that branched antibacterial polymers could provide rich
cations causing greater disturbance of the bacterial membrane via electrostatic in-
teractions [111]; meanwhile the formation of cationic nanostructures is able to in-
crease the local cation density of the antibacterial polymers and improve their
antibacterial properties [112]. Inspired by this fact, Wang et al. [113] constructed a
type of novel nanoengineered peptide-grafted hyperbranched polymers (NPGHPs)
by ring-opening polymerization of a-amino acid N-carboxyanhydrides on the pe-
riphery of the H-PAMAM (Figure 10.10C). Without additional introduction of fluo-
rophore, these NPGHPs could intrinsically exhibit favorable AIE property, which
fundamentally contributed to the concentration monitoring of E. coli, the exploration
of interaction between NPGHPs and bacteria, as well as the visualization of antibacte-
rial process via lighting up bacteria. As expected, the NPGHPs could penetrate the
bacteria membrane as well as cause cell rupture and apoptosis, due to the signifi-
cantly enhanced ionic interactions between the bacterial membranes and the charge-
concentrated NPGHPs resulting from its nanoengineered hyperbranched architecture.
Additionally, NPGHPs showed outstanding selectivity toxicity toward bacteria over
mammalian cells, providing promising potential in the field of in vivo theranostics of
infectious bacterial diseases.

One major issue for traditional chemotherapy is the nonspecific and premature re-
lease of antibacterial agents. The exploitation of a bacteria-targeted and image-guided
chemotherapy platform can realize boosted antibacterial effect. Gao et al. [114] designed
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Figure 10.10: Imaging-guided chemotherapy. (A) Molecular structure of PIL-TPExBry., (x = 0.9, 0.3, 0.1)
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American Chemical Society [114].
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a multifunctional nanoparticle (MSN-PGEDA-CB [7]-TPE) by the layer-by-layer (LbL) self-
assembly technique for bacterial detection and controllable antibacterial therapy, which
was composed of mesoporous silica nanoparticles (MSNs), amoxicillin (AMO), EDA-
modified polyglycerol methacrylate (PGEDA), cucurbit [7] uril (CB [7]), and TPE-(COOH),,
(Figure 10.10D). The fluorescent emission of TPE-(COOH), was significantly weakened in
the presence of bacteria, because the competitive binding between the anionic bacterial
cell wall and cationic PGEDA layer could reduce or break the interactions between the
PGEDA layer and the TPE-(COOH), layer, leading to the dissolution of TPE aggregates.
The detection limit of the nanoparticles was calculated as 2.5 x 10° and 5 x 10° CFU/mL
for E. coli and S. aureus, respectively. What’s more, the addition of adamantaneamine
(AD) would result in the formation of more stable ADcCB [7] complex and liberation of
PGEDA due to the competitive replacement, consequently leading to the release of AMO
and much higher antibacterial ability. This study successfully provided a way to control
the activity of antimicrobial through the realization of its on-demand release and opened
up an alternative new avenue for bacterial detection and eradication.

10.3.3 Imaging-guided biotherapy

As one of the major components of mammalian innate immune system, antimicrobial
peptides (AMPs) possess intrinsic defense capability against bacterial infections [115,
116]. Due to their broad-spectrum antibacterial properties and low possibility to induce
bacterial resistance, AMPs have attracted much attention as alternatives to conven-
tional antibiotics [117]. By virtue of the excellent fluorescence property of AIE
probes, several imaging-guided AMP-based systems consisting of AIEgens were
constructed to realize the visualization of AMP-based bacterial killing as well as
the exploration of antibacterial mechanism. For example, Xu et al. [118] developed
a TPE-containing AMP (TPE-AMP) by decorating the synthetic AMP (CysHHC10)
with TPE derivatives to study the bacterial membrane interactions as well as the anti-
bacterial actions of AMPs. TPE-AMP exhibited a better antibacterial performance
against gram-positive S. aureus and S. epidermidis than gram-negative E. coli and
P. aeruginosa, which can be ascribed to its higher affinity with the gram-positive bac-
terial membranes. Since the introduction of hydrophobic TPE derivatives could prob-
ably change the insertion of CysHHC10 into bacterial membranes, the minimum
inhibitory concentration (MIC) values of TPE-AMP against these bacteria were en-
hanced compared to that of CysHHC10. TPE-AMP exhibited very weak fluorescence
emission in the staining buffer, while enhanced blue fluorescence was observed at
microscopic level once the bacteria was added. The light-up characteristics of TPE-
AMP could be utilized to visualize the interactions between TPE-AMP and bacteria via
confocal microscopy. Furthermore, TPE-AMP showed negligible in vivo toxicity, pro-
viding it the potential for visualizing the location of AMPs in the infection sites of the
animal model. Tang et al. [119] constructed an AIE-active probe, AMP-2HBT, by

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



Chapter 10 AIE probes for bacterial detection and antibacterial applications =— 261

conjugation of the AMP (HHC36) and AlEgen (HBT) for the real-time monitoring of
the AMPs’ bactericidal process (Figure 10.11A). AMP-2HBT showed excellent bacte-
ricidal activities against both gram-positive S. aureus and gram-negative E. coli. Im-
portantly, the similar antibacterial performance of AMP-2HBT with HHC36 peptide
suggested that the decoration of AIEgens did not compromise the bactericidal activity
of HHC36 peptide (Figure 10.11B). The fluorescence light-up characteristic of AMP-
2HBT in the presence of bacteria could be utilized to visualize the antibacterial pro-
cess of AMPs. As revealed by the super-resolution fluorescence microscopy (STORM),
transmission electron microscope (TEM), and scanning electron microscope (SEM) im-
ages in Figure 10.11C, the membrane structure of bacteria was obviously destroyed by
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Figure 10.11: Imaging-guided biotherapy. (A) Schematic illustration of AlE-active antimicrobial
peptide AMP-2HBT for light-up fluorescence imaging and effective killing on bacteria. (B) (a)
Antimicrobial ability of HHC36 peptide and AMP-2HBT as well as (b) time-dependent motility of

E. coli before and after the adding of AMP-2HBT. (C) (a,b) Super-resolution fluorescence images of
E. coli after treatment with AMP-2HBT; TEM and SEM images of E. coli before (c,e) and after (d,f)
treatment with AMP-2HBT. Reproduced with permission: Copyright 2018, American Chemical
Society [119]. (D) Schematic illustration of the formation of Dap-AuDAMP NCs, conjugation-
enhanced AIE effect, and synergistic bactericidal efficacy. (E) SEM images of bacteria treated with
PBS, Dap, and Dap-AuDAMP. Reproduced with permission: Copyright 2019, Elsevier [120].
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the high-density aggregation of HHC36 peptide on bacteria membrane, resulting in
the flowing out of inner components and subsequent bacterial death.

To improve the bactericidal efficiency of AMPs, Wang et al. [120] reported a
novel antibacterial strategy that combined daptomycin (Dap, an acyclic lipopeptide
AMP) with 4,6-diamino-2-mercaptopyrimidine (DAMP)-anchored gold nanoclusters
(Au NCs) (Figure 11D and E). Owing to the AIE effect of Au NCs, the conjugated Dap-
AuDAMP exhibited significantly enhanced fluorescence. The conjugated structure
was capable of effectively killing 100% of the MRSA cells after a co-incubation of
1 h, while the relative viability of MRSA in the Dap-treated and AuDAMP-treated
group was 37.5% and 41.7%, respectively, indicating the enhanced synergistic anti-
bacterial effect of the Dap-AuDAMP. It was reasonable to speculate that the dam-
aged bacteria membrane disrupted by Dap motivated the antibacterial hybrid to
enter into the bacteria and resulted in more serious oxidative damage at the subcel-
lular level caused by the aggregated Au NCs.

10.3.4 Imaging-guided combination therapy

In contrast to the single therapy modality, the combination therapy consisting of mul-
tiple antibacterial modalities is effective in achieving strikingly enhanced therapeutic
potency with reduced bactericide dose and fewer side effects. Thanks to the struc-
tural diversity of AlEgens as well as the features of easy modification, multifunctional
AIE probes have been developed for the combination therapy of bacterial infection. In
2018, Tang et al. [121] synthesized a multifunctional antibacterial agent, TriPE-NT, by
conjugation of an AIE unit, triphenylethylene (TriPE) with naphthalimide triazole
(NT). The TriPE unit rendered TriPE-NT as a fluorescence agent to monitor the interac-
tions with bacteria, owing to its AIE feature. Meanwhile, since azoles-substituted
naphthalimide has been proven to be an important class of antimicrobial agents [122],
the NT unit was designed to serve as an antibacterial group favoring the dark toxicity
of TriPE-NT to the bacteria. Moreover, TriPE-NT was demonstrated to show effective
ROS generation capability under white light irradiation. The in vitro and in vivo ex-
periments suggested that this multifunctional AIE probe exhibited excellent perform-
ances in the imaging-guided chemo-photodynamic combined therapy of bacterial
infection (Figure 10.12A and 10.12B). For example, TriPE-NT could effectively kill both
gram-positive bacteria (S. aureus, S. epidermidis) and gram-negative bacteria
(E. coli, K. pneumoniae), and even their MDR strains. The outstanding bactericidal
efficiency of TriPE-NT could be ascribed to the combination of the antibacterial
ability of NT as well as ROS generated by TriPE-NT.

Aside from the multifunctional AIE probes, some novel strategies involving the
combination of AIE PSs with antibiotics or photothermal agents have emerged recently.
As a proper example, Huang et al. [123] developed an imaging-guided chemo-

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



263

Chapter 10 AIE probes for bacterial detection and antibacterial applications

'
i
I
I
I
1
[
I
I
I
I
[
]

A\

ejiajoeq peag

SdN 3IV-vS9-09N

sipuuspds g Ea....: .

HOW  AN-Sdul+

v > ]

Fmew vsonuEIn

L o
uonauny 41y

pue noneausd ooy
®
L] s @

FUAIEG-HUY & &
-] ‘\’ o UOLEXS

Wiy

Keppden

arKIy
Cag Hf
*aa
s1anpasd ssmosy q

8=
=

Sipi Wb : . .
) id

-18pde '§  IN-Sul+ Haw AN-3dUL+ AN-3duL

e wnuaoeqoadly  sawads naiAxo aanseay "oy guegdse aLL ey

&)

(+9) sipruepds 5

[l

<

Figure 10.12: Imaging-guided combination therapy. (A) Fluorescent and bright-field images of
E. coli and S. epidermidis incubated with TriPE-NT (orange) and propidium iodide (PI) (red) for

10 min. (B) Photographs of wounds treated by TriPE-NT plus white-light irradiation after bacterial
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photodynamic combined therapeutic system by employing a kind of broad-
spectrum antibiotic, rifampicin (RIF), and a type of AIE PS, 2-(2,6-bis((E)-4-(phe-
nyl(4’-(1,2,2-triphenylvinyl)-[1,1’-biphenyl]-4-yl)amino)styryl)-4H-pyran-4-ylidene)
malononitrile (TTD), for the targeted therapy of tuberculosis (TB) caused by Myco-
bacterium tuberculosis (M.tb) (Figure 10.12C). RIF and TTD were firstly fabricated
into TTD+RIF NPs through a modified bottom-up approach, using DSPE-mPEG,qqq
as encapsulation matrix. Thanks to the EPR effect, the TTD+RIF NPs could accumu-
late in the granulomas and emit fluorescent signals even at the early stage of infec-
tion, favoring the diagnosis and imaging-guided therapy of TB. Additionally, TTD
could generate ROS efficiently, and the loaded RIF could be released, which jointly
benefits the eradication of infection, endowing the TTD+RIF NPs with high bactericidal
efficacy against both M.tb and its MDR strains, under white light illumination. Further-
more, targeted therapy of TB could also be achieved relying on this synergistic effect of
light-controlled production of ROS and accurate delivery of RIF.

Photothermal therapy (PTT) excited by NIR radiation has attracted great attention
for pathogen elimination recently [124]. This method utilizes photothermal agents to
convert light energy to heat, inducing rise in local temperature to inactivate the bacte-
ria. Thus, the synergistic antibacterial system combined with photodynamic and pho-
tothermal effects, was a promising approach. Gao’s group [125] developed a ternary
nanoparticle (NGO-BSA-AIE NPs) based on nanographene oxide (NGO) and a type of
AIE PS, combining both functions together (Figure 10.12D). Taking advantage of the
moderate photothermal property of NGO under NIR laser irradiation and the efficient
ROS generation of AIE PS under daylight irradiation, NGO-BSA-AIE NPs exhibited su-
periorly antibacterial effect (more than 99%) against both amoxicillin (AMO)-resistant
E. coli and S. aureus, when compared to single photothermal or photodynamic therapy.
More importantly, the AIE feature of AIEgen made NGO-BSA-AIE NPs an ideal fluores-
cent tracer for better antibacterial therapy. Therefore, this system provided a new plat-
form for imaging-guided collaborative dual-mode phototherapy of bacterial infection.
Additionally, another synergistic antibacterial strategy involving photodynamic and
photothermal therapy was reported by Yuan et al. [126] They developed hybrid nano-
particle DDNPs by employing the conjugated polymer, DPPT as photothermal agent
and AIEgen DPATP-CN as photosensitizer. On the basis of both the efficient photo-
thermal conversion ability and outstanding ROS production capahility of DDNPs, effi-
cient killing performances on both gram-negative and gram-positive bacteria were

Figure 10.12 (continued)

infection for different time periods. Reproduced with permission: Copyright 2018, John Wiley and
Sons [121]. (C) Schematic illustration of preparation process and targeted theranostic applications
of TTD+RIF NPs on tuberculosis. Reproduced with permission: Copyright 2020, American Chemical
Society [123]. (D) Schematic illustration of the preparation process of NGO-BSA-AIE NPs and the
applications in bacterial tracking and dual-mode antibacterial phototherapies. Reproduced with
permission: Copyright 2019, BioMed Central [125].
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successfully achieved, demonstrating that this combination antibacterial strategy
held greater potential than any one of the single therapy modalities.

10.4 Conclusion and perspective

As enumerated here, intensive studies have been performed on AIE probes for bac-
terial detection and antibacterial applications. Owing to the unique AIE feature and
outstanding optical properties, such as intensive fluorescence in aggregated state,
real-time and in-situ responsive emission, excellent photostahility, etc., AIE probes
could selectively light up bacteria in a fluorescence turn-on manner, with no addi-
tional washing steps. On the basis of the structural features of different bacterial
membranes and the characterized RIM mechanism of AIE probes, smart strategies
based on AIE probes have been designed and synergistically integrated for the spe-
cific identification and classification of various bacteria. On the other hand, thanks
to the structure diversity and the flexibility in molecular designing, AIE probes
could be easily endowed with desired dark toxicity or/and phototoxicity in addition
to the AIE feature, facilitating the imaging-guided chemotherapy or/and photother-
apy of bacterial infection. Besides, by integrating other therapeutic materials, such
as AMPs and photothermal agents, imaging-guided biotherapy as well as imaging-
guided combination therapy based on AIE probes could be successfully achieved.

Although remarkable progress of AIE probes in bacterial detection and antibacte-
rial applications has been made, there are still some challenging but exciting research
directions that could be considered. Firstly, PTT based on AlIE-active photothermal
agents has rarely been applied for antibacterial application up to now. In view of the
outstanding performance of AIE-active photothermal agents in tumor eradication, it is
reasonable to anticipate the future perspectives of AIE probes on photothermal anti-
bacterial therapy. Moreover, most of the present combination therapeutic systems are
a combination of various components with individual functions. Although effective to
some extent, the further application of these systems is usually hindered by their re-
duced reproducibility and uncertain pharmacokinetics as a result of the complicated
composition. Thus, antibacterial system with one-for-all features based on single mul-
tifunctional AIE probe bearing high reproducibility and uniformity is highly desirable
for the purpose of practical/clinical application. Additionally, in order to slow down
the development of antibiotic resistance, upgrade the targeting ability of antibacterial
therapy, and reduce the systemic toxicity, more efforts should be devoted to construct-
ing stimuli-responsive AIE theranostics. We hope that this chapter can provide a com-
prehensive overview of AIE probes in bacterial detection and antibacterial applications
as well as meaningful inspiration for the further development of AlEgen-based systems
for bacterial theranostics in clinical practice.
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Chapter 11

AlE-based systems for photoactivatable
imaging, delivery, and therapy

11.1 Introduction

Photoactivatable materials have aroused wide attention over a long period of time;
they can undergo photochemical reactions or photophysical processes [1-4]. Due to
their unique features such as excellent sensitivity, high contrast ratio, and quick
responsiveness, photoactivatable materials have been developed for various ad-
vanced high-tech applications, such as super-resolution imaging [5], information
storage [6], and light stimuli-responsive drug delivery [7].

Thanks to their excellent features, such as high sensitivity and accuracy, conve-
nient adjustability and noninvasiveness, photoactivatable materials are great for
biomedical applications, such as cell lineage [8], living cell tracing [9], and super-
resolved fluorescence imaging, including photoactivated localization microscopy
(PALM), stochastic optical reconstruction microscopy (STORM) [10, 11]. In the recent
decades, some photoactivatable organic molecules, based on their own photochem-
ical reactions, including photodimerization, photocyclization, photo-isomerization,
and photo-removal, have been readily developed to meet different requirements
due to their excellent emissive properties, good biocompatibility, and rapid trans-
forming process [12]. However, some drawbacks, such as poor photostability, small
Stokes shift, and aggregation-caused quenching effect (ACQ), are also present
[13, 14], which limit their applications in some fields.

Aggregation-induced emission (AIE) is a fluorescence phenomenon first re-
ported by Ben Zhong Tang in 2001 [15, 16], which has been developed rapidly due to
its unique features, such as bright fluorescence in the solid state with a large Stocks
shift and good photostability, which overcome the phenomenon of aggregation-caused

Jiangman Sun, Hui Li, Beijing Advanced Innovation Center for Soft Matter Science and Engineer-
ing, College of Materials Science and Engineering, Beijing University of Chemical Technology,
Beijing, 100029, China

Xinggui Gu, Beijing Advanced Innovation Center for Soft Matter Science and Engineering, College
of Materials Science and Engineering, Beijing University of Chemical Technology, Beijing,
100029, China. e-mail: guxinggui@mail.buct.edu.cn

Ben Zhong Tang, Shenzhen Institute of Aggregate Science and Technology, School of Science
and Engineering, The Chinese University of Hong Kong (Shenzhen), Shenzhen, 518172, China,
e-mail: tangbenz@cuhk.edu.cn

https://doi.org/10.1515/9783110672220-011

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use


mailto:guxinggui@mail.buct.edu.cn
mailto:tangbenz@cuhk.edu.cn
https://doi.org/10.1515/9783110672220-011

EBSCChost -

274 =—— Jiangman Sun et al.

quenching effect (ACQ) suffered by most traditionally fluorescent dyes. Moreover, the
AlEgens can be synthesized and modified with different functional groups to realize
various functions easily, which makes them to be widely applied in the fields of fluo-
rescence imaging, near infrared II fluorescence imaging [17], photoacoustic (PA)
imaging [18], chemical therapy [19], photodynamic therapy (PDT) [20], photo-
thermal therapy (PTT) [21], bioprocess monitoring [22], organic light-emitting di-
odes (OLEDs) [23], and so on.

Thus, photoactivatable materials with AIE features have emerged in biomedical
imaging and clinical treatment. These materials not only display light-controlled
advantages but also show strong emissive feature in aggregated states. Owing to
their excellent features, such as touching off, noninvasive control, high spatiotem-
poral resolution, convenient adjustable properties, and bright fluorescence in ag-
gregates, AIE-based photoactivatable materials can be suitably used for biological
fields. In this chapter, we will discuss the applications of photoactivatable AIE-
based materials for biomedical applications, including various biocimaging, drug/
gen delivery, and light-controlled cancer therapy.

11.2 Bioimaging based on photoactivatable AlEgens

To realize the fluorescent visualization of biological process, it is necessary to de-
velop ideal fluorescent probes with high specificity to organelle, high photostability,
high brightness, and high resolution ratio, which can visualize the physiological pro-
cess of organelles, enzymes, and so on, in situ and over long-term, with high resolu-
tion. AIE-based fluorescent probes have been widely used to visualize and analyze
organism species and bioprocess in the recent decades [22, 24], While most of them
lack high spatiotemporal resolution, the development of photoactivatable fluoro-
phores provides an effective way to solve the problem due to the unique “turn on”
property of converting from weak or no emissive state to a fluorescent state, upon
light irradiation. Though many fluorescence protein-based photoactivatable materials
have been developed for imaging, they are far from ideal because of the tedious syn-
thesis, photobleaching, and low photoactivation efficiency [25]. Recently, due to the
efforts of researchers, photoactivable AlEgens possessing both photoactivatable and
AIE features upon light irradiation, have been investigated and have become the
most promising tool for research of biological process, for example, photoactivat-
able imaging [26], dual-color fluorescence imaging [27], spatiotemporal imaging
[28], super-resolved fluorescence imaging, including PALM [11], STORM [29], etc.
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11.2.1 Cell imaging

It is known that lots of diseases including angiocardiopathy, genopathy and meta-
bolic diseases, cancers are closely related to the morphology and dynamics of mito-
chondrion [30]. Thus, monitoring the morphology and dynamics of mitochondrion
using suitable probes are important to study the biological process in situ and over
long-term, which are essential in modern diagnosis and treatment. To realize this,
probes with high photostability, excellent fluorescence, and high resolution ratio
are desired. Of late, inherent positive-charged AlEgens, with specific targeting abil-
ity to mitochondrion, have been developed rapidly and applied in monitoring the
mitochondrial events [31, 32].

Tang and Wang et al. reported a rare N-containing fused five-membered hetero-
cycle photoactivable AIE probe 1/, with positive charge, transforming from 1 under
UV irradiation (Figure 11.1a) [33]. Owing to its positive charge and enhanced emis-
sion intensity upon light irradiation, a light-driven amplification of fluorescence
was proposed and applied in recognizing the selective mitochondria-targeted can-
cer cells. As a study, both 1 and 1’ showed acceptable biocompatibility, providing
the precondition in a biosystem, and the specificity of 1 towards mitochondria was
also demonstrated when costaining with the commercial bioprobe for mitochon-
dria, Mito Tracker Red (MTR), whose fluorescence signal well merged with that of
probe 1. Surprisingly, the visualization of mitochondria was clear even at low con-
centration of probe 1, 50 nM, employed for staining the cell; however, the emission
signal from MTR was indistinct at the same concentration (Figure 11.1b). So far,
probe 1 has held the lowest working concentration in contrast to other mitochon-
dria-targeted AlEgens. Further, an enhanced emission in cell was observed after
laser irradiation due to the formation of excellent photostable 1’ via photocycliza-
tion reaction (Figure 11.1c). On the contrary, the fluorescent signal of MTR was obvi-
ously quenched after 230 s irradiation under the same circumstances. It is indicated
that the photoactivatable probe 1, with accessible photoreaction to the exceptional
fluorescence-featured cyclized product 1/, can be applied in cell tracking and im-
prove the photostability of fluorescence imaging. What is more, probe 1 is also a
promising candidate to distinguish the cancer cells and normal cells. As shown in
Figure 11.1d, fluorescence signal from probe 1 for normal cell (including HLF and
CCOS-7 cells) is barely observed even at an enhanced concentration of 1 mM, while
a bright fluorescence is observed for cancer cell (HepG2 cells).

The excited state intramolecular proton transfer (ESIPT) process often occurs
across a hydrogen bond when excited by light, which plays an important role in
constructing hydroxyl-containing photochromic compounds due to its new excited
tautomer with an electronic structure, distinct from the original excited state. Sali-
cylaldehyde hydrazone derivatives, as a kind of hydroxyl-containing Schiff-base de-
rivatives, are considered to be potential photoactivatable compounds via a rational
molecular design, which always possess the ESIPT process [34]. However, this kind
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Figure 11.1: a) The switching of 1to 1’ under UV irradiation. b) Images for Hela cells constrained
with MTR and 1 at a Concentration of 50 nM. c¢) Images of Hela cells stained with 1 at different
photoactive times. d) Images of normal cells stained with MTR and 1 at a concentration if 1 mM.

e) The transformation of 2 to 2’ under UV light irradiation selectively. f) Ratiometric fluorescent
images of MCF-7 cells treated with 2 in dark and under UV irradiation, respectively. Reprinted with
permission from Ref. [33]. Copyright © 2021 The Royal Society of Chemistry. Reprinted with
permission from Ref. [35]. Copyright © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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of photoactivatable solid-state fluorophores for biological application, such as pho-
toactivatable cell imaging, is still rare. Xiang et al. developed a series of caged
solid-state salicylaldehyde hydrazone derivatives, in which, the ESIPT process and
strong fluorescence could recover by leaving the caging group on the hydroxyl moi-
ety under suitable light irradiation in the aggregation state [35]. Moreover, the cag-
ing group, including 2-nitrobenzyl, phenacyl, or 7-methoxylcoumarin-4-yl, together
with the substitutions on the salicylaldehyde hydrazine contributed to the multi-
color fluorescence of these photoactivatable compounds, upon selective wave-
length activation.

More interestingly, compound 2, with a caging group of 7-methoxylcoumarin-4-
yl, showed a ratiometric (photochromic) fluorescence switch after UV irradiation
(Figure 11.1e), which presents blue emission in its solid states due to the presence
of a caging group of coumarin and exhibits a doublet emission character, contrib-
uted by 7-methoxylcoumarin (blue) and salicylaldehyde hydrazones 2’ (yellow),
after the coumarin caging group was removed from 2 upon UV light irradiation at
300 nm. The application of caged compounds 2 in its colloid solution (aggregate
states) for photoactivatable cell imaging was subsequently investigated. After incu-
bating MCF-7 cells with the colloid solutions of the caged probes 2, the cells were
later washed exhaustively in dark or under light irradiation at 300 nm for 40 min
before imaging. It was found that cells containing 2 exhibited ratiometric fluores-
cence switches (Figure 11.1f) after illumination at 300 nm, where “B,” “G,” “Y,” “R”
and “L” are blue, green, yellow, red, bright channels, respectively, and “Y/B” is the
intensity ratio of yellow channel divided by the blue channel. Thus, the images
based on color scales of intensity ration, such as yellow channel divided by blue
channel (Y/B), are almost not interfered by photobleaching or concentration distribu-
tions of probes inside cells, in contrast to the images with fluorescence enhancement
alone. Due to the negative charges generated by some of the uncaged fluorophores
on the surface of the particles, it was found that probes mostly localized in the cyto-
plasm, rather than in the nucleus of the cells.

11.2.2 Dual-color fluorescence imaging

Photoswitchable fluorescent materials, with dual-color emissive properties, in high
contrast ratio have attracted enhanced attention for use in fluorescence imaging,
due to their unique advantages over conventional single-color fluorophores, such
as differentiating the emission signals, eliminating the background noise, and pro-
viding images with high signal-to-noise ratio [36—38]. Generally, photoswitchable
fluorescent materials, with fluorescence resonance energy transfer (FRET) charac-
teristics, always reveal excellent dual-color emissive materials [39]. It is well-known
that the closed spiropyran (SP) can switch to the open merocyanine (MC) form
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under UV light irradiation, which is a favorable candidate for constructing photo-
responsive AIE molecules by the strategy of connecting AlEgens into SP.

As is known, lysosomes, as a kind of cytoplasmic organelles, are closely corre-
lated to many biological processes, including intracellular transport, cellular me-
tabolism, and apoptosis [40]. Hydrogen sulfide (H,S) played a tremendous role in
lysosomes, such as disturbing the lysosomal membrane and inducing cell apoptosis
via the activation of calpain proteases [41, 42]. Therefore, it is necessary to develop
methods for monitoring the H,S levels of lysosome selectively with high signal-to-
noise ratio.

Chen et al. combined photochromic spiropyran moiety with H,S-recognizing
AIE group and obtained a novel photoswitchable AIE nanoprobe 3 for detecting ly-
sosomal H,S, with excellent spatiotemporal resolution (Figure 11.2a) [43]. The BNBS
moiety would leave from 3 due to the band cleavage induced by H,S and resulting
in 3’, which triggered fluorescence at about 592 nm, with a good sensitivity and
high specificity for monitoring H,S over other thiols. Moreover, the fluorescence of
AIE nanoprobe 3’ can be transformed through selective FRET from the AIE fluoro-
phore to ring-opened state of spiropyran (MC), rather than ring-closed SP via alter-
nating UV/visible light irradiation. As shown in Figure 11.2b, the orange emission of
3’ at 592 nm vanished and a new strong red emission of 3" at 650 nm emerged at
the same time, upon irradiation by 365 nm UV light. Subsequently, an opposite pro-
cess is observed after the visible light irradiation. Further cycled “switch-on” and
“switch-off” studies in different pH conditions demonstrated that the probe showed
a potential to realize light-controlled switchable dual-color imaging with high spa-
tiotemporal resolution even in the acidic environment of lysosomes. Later, the
nanoprobe 3 was used for performing living cells dual-color imaging. As shown in
Figure 11.2c, the reversible transformation between green and red emission color
under the irradiation of remote UV or visible light is observed in the living cells
with the H,S-activated probe. The intelligent features of this probe not only dis-
played several excellent advantages, including high signal-to-noise ratio and spa-
tiotemporal resolution, but also provided an intelligent platform of optical address
for living cells dual-color imaging. The fluorescence was from nanoparticles in cell
and not from the interference, which was further confirmed by the overlay images.

Zhang et al. also reported a spiropyran (SP) grafted polymer 4 and AlEgen 5, and
then fabricated a novel nanoparticle via a simple coprecipitation of 4 and 5, which
exhibited superior long-term photostability, sensitive photo-responsiveness, high
fluorescence contrast, and excellent photoreversibility due to the FRET from AlEgen
5 to the MC group of the polymer 4 [27]. As shown in Figure 11.2e, the fluorescence of
nanoparticles, containing 4 and 5, at 520 nm, dramatically decreased after UV irradi-
ation and emerged at the same time around 650 nm, which could be due to the FRET
process, from 5 to the MC (4’). Upon treatment with visible light, an opposite process
was observed because the FRET process from 5 to the SP (4) was inhibited. Owing to
the prominent cell-membrane permeability, fast light responsibility of the above
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Figure 11.2: a) The schematic diagram of 3 for sensing H,S and reversible dual-color imaging.

b) Fluorescence spectra of 3 in the absence (black), presence (blue) of H,S, and switched between UV
(365 nm) and visible light (525 nm) irradiation after H,S activation. c) Images of Hela cells incubated
with H,S after treated with 3 under visible light (i, ii and iii) or UV irradiation (iv, v and vi).

Aex = 468 nm, Aemy =550—-600 nm (Channel 1), Agp = 650-700 nm (Channel 2) scale bar =20 pm.

d) The Schematic of the photoswitchable behavior of 4 under UV and visible light illumination and
the molecular structure of 5. €) Fluorescence spectra of nanoparticle sample manipulated by UV or
visible light illumination. A¢x = 410 nm, 25 °C. f) Fluorescence images of Hela cells treated with a
nanoparticle dispersion at 37 °C for 2 h under visible light (iiii) or UV irradiation (iv—vi). Scale bar:
20 pm. Reprinted with permission from Ref. [43]. Copyright © 2018 Elsevier B.V. Reprinted with
permission from Ref. [27]. Copyright © 2017 The Royal Society of Chemistry.
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mentioned nanoparticle, it was promising in intracellular dual-color imaging. As
shown in Figure 11.2f, HeLa cells displayed green emissive color in high brightness
under visible light (Figure 11.2f, i) and iii), because of the unquenched fluorescence
of 5 by the nonfluorescent ring-closed SP. After UV irradiation, the green fluorescence
quenched (Figure 11.2f, iv), and red fluorescence emerged (Figure 11.2f, v and vi), due
to the presence of the FRET process from 5 to ring-opened MC. It was indicated that
the dual-color nanoparticle was a promising probe for selectively marking intricate
systems, including cell imaging, cell marking, and photo-tracking with fluorescence
in a high contrast ratio.

11.2.3 Spatiotemporal fluorescence imaging

The physiological and biochemical processes in cells almost occurred in a strictly
spatiotemporal modulated manner. It would be helpful to better understand the
functions of biological targets by studying the dynamic level of the biological tar-
gets with high spatiotemporal resolution. Thus, a fluorescence probe with a high
spatiotemporal resolution in complex biological system was desirable. Photoacti-
vatable dyes with a light triggered turn-on manner that could be controlled by light
irradiation with high spatiotemporal precision have been a promising tool, permit-
ting spatial and temporal manipulation during imaging studies [44, 45].

Cancer cells require a lot of fatty acids and phospholipids during their quick
growth; thus, the increased expression level of lipid droplets (LDs) is considered as
a biomarker of cancer [46—48]. Probes with photoactivability and LDs specificity are
powerful tools for living cell imaging to study their biological functions through ac-
curate spatial and temporal manipulation. Therefore, to develop LDs-specific photo-
activatable probes for spatiotemporal fluorescence imaging were highly desirable.
Tang et al. developed probes 6 with photoactivation property and LDs specificity
(Figure 11.3a) [26]. As shown in Figure 11.3b, a gradually enhanced emission was
observed for 6a, upon UV light irradiation at 365 nm, indicating the formation of
AlIE-featured 6’a, transformed from 6a, through a photooxidative reaction. When
6a was used as a photoactivatable probe for lung cancer HCC827 cells imaging, a
rapid fluorescence turn-on process (less than 2 min) was detected under 405 nm
light irradiation (Figure 11.3c). Further, the excitation of 6a in selected HCC827 cells
could be realized in the complex multicellular environment by using an external
light trigger in a high spatiotemporal precision.

Lysosome, as a key subcellular organelle, is important in the autophagy process
[40]. Thus, it is necessary to visualize and track lysosomal activities for deep study
of the autophagy, which depends on the development of various lysosome-specific
probes [49-51]. For example, the emerging photoactivatable probes are promising
candidates that could be used for studying the dynamics of lysosome, with both
high spatial and temporal resolution. Chenoweth et al. reported lysosome-specific
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photoactivated fluorescence probes, 7 and 7/, with good water solubility and biocom-
patibility (Figure 11.3e) [52]. Moreover, the observed emission at 525 nm was assigned
for the pre-activated, 7 and 7’, when excited by laser at 405 nm. The observed emis-
sion at 675 nm was for the post-activated species 7”, using a 488 nm excitation wave-
length. Due to the photoactivation property of 7 and 7’, a temporally manipulated
sequential photoactivation of individual cells in dense cellular environment was
demonstrated. Importantly, it was also confirmed that the monomethylated deriva-
tive could be photoactivated in cells, permitting spatiotemporal manipulation during
the imaging process.

Tang et al. developed a new mitochondria-specific fluorescence turn-on photo-
activatable probe 8 for spatiotemporal imaging of mitochondria [53]. Under light
irradiation, the weakly emissive 8 transformed to the strongly emissive 8’ by pho-
tocyclodehydrogenation. Thus, through controlling the power of laser at 405 nm,
the generation of 8 from 8’ were spatiotemporally controlled in living Hela cells
in situ. They found that the fluorescence intensity from mitochondria in the selec-
tively activated cells was 17-fold higher than that in the unactivated cells, indicating
that probe 8 was an efficient photoactivatable probe for imaging of selected cells
spatiotemporally.

Tang et al. further found that the generation compounds 9’ from 9 in situ, which
could be photoactivated and afford the AIE-featured compound 9” through photooxi-
dative dehydrogenation reaction under both one- and two-photon irradiation [28].
Under both UV irradiations, at 365 nm and two-photon excitation at 780 nm, the
PL intensity of 9’ increased to the maximum emission peak of 576 nm. Compounds
9’ with a methoxy or morpholinomethyl substituent showed specificity for lipid
droplets (LDs) and lysosomes, respectively, and also displayed excellent photoacti-
vation efficiency. Consequently, the selected cells could be sequentially photoacti-
vated with superior spatiotemporal resolution in a multi-cellular environment under
both one and two-photon illumination, indicating that the probes 9 were promising
for organelle study in a complex physiological environment.

11.2.4 Super-resolution imaging

Owing to the advantages of optical fluorescence microscopy, such as high sensitiv-
ity, in situ workability and noninvasiveness, it has been widely used in studying
cellular dynamics over the years. However, according to the Abbe’s diffraction
limit, it was hard to distinguish two objects that are closer than half the wavelength
in a target objective. Thus, a spatial resolution of about 200 nm for visible light mi-
croscopy was limiting, which seriously limited their applications [54—56]. For exam-
ple, due to the small size of mitochondria, the optical microscopy could not present
several pivotal issues relative to mitochondrial structures at the nanoscale level,
which was under the limit of diffraction of fluorescence microscopy. In the recent
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Figure 11.3: a) Photo-oxidative dehydrogenation of 6 to 6’. b) The PL spectra of 6a under different
UV light irradiation times in DMSO/water mixture with 99% water fraction. c) Images of live
HCC827 cells under white light irradiation and increasing scans at 405 nm with 1% laser power
(the upper left corner showed the number of scans with a scanning rate of 22.4 s per-frame).

d) Sequentially photo-activated HCC827 cells (cells 1, 2, and 3) under illumination at 405 nm.
Dashed lines indicated the periphery of cells. Scale bar = 20 ym. e), f) and g) Transformation of 7/,
8,9’ to 7”, 8%, 9” under light illumination, respectively. Reprinted with permission from Ref. [26].
Copyright © 2017 The Royal Society of Chemistry. Reprinted with permission from Ref. [52].
Copyright © 2015 The Royal Society of Chemistry. Reprinted with permission from Ref. [53].
Copyright © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted with permission from
Ref. [28]. Copyright © 2018 The Royal Society of Chemistry.

decades, the development of super-resolution microscopy (SRM) techniques made
it possible to achieve the fluorescence image of the subcellular organelles below
the diffraction limit (200 nm). However, SRM techniques were highly dependent on
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the validity of ideal fluorescent probes, especially the organelle-targeted markers
and probes with specificity to organelle, because of the complete exposure of the
objects to an intense laser beam in the SRM optical system. Therefore, the develop-
ment of probes exhibiting certain specialized features for SRM was key to investi-
gate subcellular organelles with high accuracy.

Tang and coworkers developed a novel mitochondrion-specified photoactivat-
able AIE bioprobe 10, which was successfully used for SRM imaging [29]. As shown
in Figure 11.4a, based on the photocyclodehydrogenation, 10’, with a closed-ring,
structure generated from 10, upon visible light irradiation (>500 nm) and displayed
pH- and environment-insensitive emission. Initially, 10 was nearly nonemissive in
aqueous solution due to the twisted intramolecular charge-transfer (TICT) and rota-
tion, while, the ring-closed 10’ with AIE feature showed strong yellow emission in
the aggregated state. Due to its high cell permeability, biocompatibility, and sponta-
neously blinking, probe 10 was successfully applied in the mitochondria imaging of
HeLa cells. As shown in Figure 11.4b and c, with increased irradiation time (20%,
405 nm), a gradually enhanced fluorescence of the activated state in HeLa cells was
observed due to the light-triggered transformation from 10 to 10’. Sequentially, the
fluorescence photobleaching process occurred under a strong power laser at 514 nm
because of the switch from 10’ to 10. After continuous scanning for 920 s, a serious
fluorescent decline of more than 90% occurred. It indicated that probe 10 was po-
tential for use in SRM imaging due to its feature of switching between the fluores-
cence in the on and off states.

The feasibility of applying 10 in SRM imaging was confirmed by performing
STORM imaging in HeLa cells treated with 10 to mark the mitochondrial structure
(Figure 11.4d-i). After preparing the sample and locating the desired area, they ac-
quired data under the excitation of a laser at 561 nm and a weak activation laser at
405 nm. As shown in Figure 11.4d-f, a blurred structure of mitochondria with low
resolution was shown in the epifluorescent image, with a large full-width at half-
maximum of 697.1 nm, while a clear structure of mitochondria with more structural
details was presented by the STORM image of the same area, with a smaller full-
width at half-maximum of 104.5 nm. It was confirmed that probe 10 was suitable
for SRM imaging with a higher resolution than traditional fluorescence-based meth-
ods because of its unique photoactivation feature. Moreover, probe 10 also monitors
the fission (green arrowheads) and fusion (red arrowheads) behaviors of mitochon-
dria successfully through STORM imaging (Figure 11.4g-i). Tang and coworkers
provided us a new general strategy to develop more organelle-specific fluorescent
probes for SRM imaging in both fixed and live cells.
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11.2.5 Dual-mode fluorescence and PA imaging

As mentioned above, fluorescence imaging showed many advantages, such as ex-
cellent sensitivity, real-time, and long-term tracking, but lacked spatial resolution
[57]. While, as a promising imaging technology, the PA technique emerged with
unique advantages, such as real-time three-dimensional (3D) images, 5-7 cm deep
imaging, and relatively high spatial resolution, but suffered from low sensitivity
[58]. Thus, realizing high sensitivity and imaging depth beyond the optical diffusion
limit by combining the advantages of both the fluorescence and PA imaging modes
was significant but challenging. According to Jablonski diagram, energy usually de-
cays in three key pathways, including radiative transition, intersystem crossing
(ISC) to a triplet excited state, and nonradiative transition, which probably happens
after light excitation. Thus, PA imaging, which originated from the absorbed energy
for nonradiation decay pathway, was competitive with fluorescence imaging, rela-
tive to the radiation decay pathway. It was difficult to develop probes with both, PA
effects and fluorescence, but really valuable [59, 60].

Tang and coworkers developed a photoactivatable probe 11, whose photophysi-
cal properties were easily tunable [61]. The absorbed energy of the probe could be
manipulated to mostly focus on either fluorescence or PA channel, according to the
requirement, by adjusting the molecular structure from opening (11’) to closing
states (11), reversibly, through controlling the external UV or visible light illumina-
tion (Figure 11.5a). In the ring-closing form 11, the nonradiation decay (NR) pathway
dominated due to its relatively planar geometric structure, which was a benefit for
intramolecular energy transfer and as a result, the absorbed energy (A) concen-
trated on PA imaging (Figure 11.5b). On the contrary, for the ring-opening form 17/,
the radiative and ISC with ROS production pathway dominated (Figure 11.5c). To
investigate the performance of the photoactivatable probes in fluorescence and PA
imaging in biological application, nanoparticles with 11 or 11’, doped with amphi-
philic maleimide-bearing lipid-PEG2000, were prepared, respectively, and yielded
11-doped or 11’-doped lipid-PEG2000 NPs, namely, RClosed NPs or ROpen NPs, re-
spectively. Then, the NPs were used for cancer surgery. Before surgery, PA imaging
was used for visualizing the deeper message of the tumors, which was carried out
after injecting nanoparticles. As shown in Figure 11.5d, for the mice in both the NPs
with YSA (a targeting ligand for activing tumor-targeting ability), modification
(RClosed-YSA NPs) and without YSA modification (RClosed NPs) groups, the PA sig-
nals reached the maximum at 4 h and then decreased with increasing time scale
(Figure 11.5d). Surgery was then carried out to cut off the tumors in vivo by the guid-
ance of the preoperative PA imaging, with RClosed-YSA NPs as the probe. What was
more, after tumor resection, the operative incision site was illuminated under light at
610 nm for 5 min. Consequently, no emissive signal was observed at/around the inci-
sion site, indicating the total removal of tumors by the surgeon, which was also dem-
onstrated by hematoxylin and eosin (H&E) histological analyses (Figure 11.5e and f).
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Figure 11.5: a) Photo-controlled reversibility structures of 11 (ring closing) and 11’ (ring opening).
b) and c) Photophysical processes of 11 and 11, respectively with photo-controlled tilts. d) PA
images of subcutaneous tumors from mice at different time after intravenously injected with
RClosed-YSA and RClosed NPs, respectively. Scale bars, 2 mm. e) Typical bright field and
fluorescence images of mice with tumor treated by RClosed-YSA NP. Scale bars, 3 mm. FL,
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However, an emissive signal gradually turned on at/around the incision site within
5 min of irradiation due to the transformation of RClosed-YSA NPs to the fluorescent
ROpen-YSA NPs, indicating residual tumors after surgery (Figure 11.5g). The existence
of residual tumors was also confirmed by H&E staining (Figure 11.5h). Therefore, this
experiment demonstrated the advantage of the transition of the nanoparticles’ PA
and fluorescence imaging properties, which could improve the results of cancer sur-
gery by combining PA imaging, fluorescent imaging of residual tumors, and PDT, to
eliminate them completely.

11.2.6 Others

According to the above, the behavior of most photoactivatable materials was relative
to their intrinsic photochemical processes, including photo-removal, photocycliza-
tion, and photoisomerization, which require energy consumption and probably im-
pose additional inconvenience [12, 62]. However, the photophysical process could be
conveniently manipulated. For example, the AIE effect, reported by Professor Tang,
was an important photophysical behavior that developed rapidly since 2001 [16],
while the photophysical-dominant behavior was rarely reported, relative to the gen-
eral photochemical mechanism. But, it was significant to develop new photoactivat-
able materials, based on photophysical processes, for photoactivation application,
such as imaging and biosensing the areas relative to light-controlled switch.

Tang and coworkers reported a luminogen with AIE characteristics, named 12,
which exhibited a photo-induced crystallization with emission enhancement (PICEE)
(Figure 11.6a, b) [63]. Under UV light irradiation, an interesting fluorescence “turn
on” phenomenon was observed in the aqueous solution of 12, whose yellow bright
fluorescence enhanced with prolonged illumination time. As previously reported,
the occurrence of the photoactivation phenomenon was a photophysics-dominant
behavior from the aggregation process, which was confirmed by visualizing the
nanostructure formation and transformation processes through the scanning electron
microscopy (SEM) [15]. As shown in Figure 11.6c, the irregular nanoparticles of 12
were observed before light illumination. However, after illumination under UV light
for 30 min, tighter nanoparticles and nano-block crystals appeared (Figure 11.6d).

Figure 11.5 (continued)

fluorescence. IT, 610 nm red light (0.3 W cm™) irradiation at the operative incision site for 5 min
after completely surgical resection of tumors. f) H & E stained tissues at the operative incision site
in €). Scale bar, 1 mm. g) Typical fluorescence images of mice treated by RClosed-YSA NP with
residual tumors after surgery. FL, fluorescence, IT, 610 nm red light (0.3 W cm™) irradiation at the
operative incision site for 5 min after surgery. h) H & E stained tissues at the operative incision site
in g) indicating the existence of residual tumors. Scale bar, 0.5 mm. Reprinted with permission
from Ref. [61]. Copyright © 2018 Springer Nature.
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Figure 11.6: a) Molecular structures and b) illustration of the photoexcitation process of 12. SEM
images for visualizing the aggregation processes of the 12 aqueous solution at different time

c) before irradiation; e) after irradiation for 30 min; e) after irradiation for 60 min; f) the controlled
group of 12 aqueous allowed to stand for 60 min. Concentration: 10 mM. g) Fluorescence imaging
of Hela cells after incubation with 12 for 15 min. Scale bar: 20 pm. Reprinted with permission from
Ref. [63]. Copyright © 2020 The Royal Society of Chemistry.

EBSCChost - printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

Chapter 11 AlE-based systems for photoactivatable imaging, delivery, and therapy —— 289

Then, nano-block crystals with larger sizes developed to a large scale with a pro-
longed irradiation time of 60 min, as shown in Figure 11.6e, whose fluorescence
intensity also increased quickly. However, irregular shapes were observed for the
12 aqueous solution, when permitted to stand for 60 min as control (Figure 11.6f),
confirming that light was a key factor to form the nanocrystals. Moreover, they ex-
plored the performance of 12 in cell imaging. As shown in Figure 11.6g, a temporal
light-up fluorescence was observed in cells due to the retentive photoactive behavior
of 12, which indicated a promising practical applications of 12, owing to its simpler
manipulation. The mitochondria-targeted ability and cancer cell killing performance
of 12 were also demonstrated. This work provided a novel photoactivatable mecha-
nism for the formation of nanocrystals in sifu, which would boost the development of
diverse photoactivatable materials.

11.3 Photoactivatable delivery

Sending therapeutic agents into the focal zone was one of the most important chal-
lenges for drug/gene delivery systems [64—66]. In order to realize precision delivery, a
stimuli-responsive delivery system was required, which should not only be responsive
to a specific stimulus, but also allow controlled drug release to enhance the therapeu-
tic index and reduce nonspecific toxicity [67, 68]. Nowadays, tremendous efforts are
involved in developing and investigating the stimuli-responsive systems, and signifi-
cant achievements have been realized [69, 70]. For example, the stimuli-responsive
delivery system explored typical endogenous stimuli, such as the reactive oxygen
species (ROS) [71], redox [72], pH [73], thermal [74] and enzyme [75], and by exoge-
nous stimuli such as light, temperature, magnetic field, and ultrasound. Among
them, light as an exogenous stimulus, possessed unique advantages including high
spatiotemporal accuracy, relative safety, and high background contrast [76-78].
Thus, photoresponsive drug/gene delivery systems have aroused increasing atten-
tion due to their advantages of enabling precision release and activation by manip-
ulating the light illumination site, dosage, and duration time, precisely. As was
known, photosensitisers (PSs) are the key factors in the photoresponsive delivery
systems. In the recent few decades, luminogens with AIE characteristics (AIEgens)
have been developed rapidly and used for biomedical applications [79]. Due to the
unique features of AIEgens as PSs, such as high signal-to-noise ratios and reactive
oxygen species (ROS) generation efficiency, it was promising for photo-controlled
ROS generation and image-guided PDT. Thus, to develop the light stimuli-responsive
delivery system by taking advantage of light-controlled release performance and AIE
characteristics would be useful and valuable.
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11.3.1 AlE-featured polymer for photo-controlled gene delivery

The development of highly efficient and low cytotoxic vectors for gene therapy are
challenging. When the vectors accessed cells through endocytosis and were en-
trapped in endo/lysosomes, resulting in the destruction of nucleic acids due to the
abundance of enzymes, they would reduce or even prohibit the release of nucleic
acids in cytosol [80]. Thus, methods for an efficient gene delivery that could facili-
tate the escape of nucleic acids from the endo/lysosomes and undergo unpacking
was required [69, 70]. Recently, light-triggered endo/lysosomal escape, based on
the generation of ROS by PSs under visible light irradiation, has attracted much
attention.

Liu and coworkers controlled the release of gene with light through the use of
AlE-featured PS nanoparticles as transporters for gene/ drug delivery with the intro-
duction of singlet oxygen responsive linker [71]. As shown in Figure 11.7a—c, an am-
phiphilic polymer of 13 was generated by linking the TPECM and hydrophilic
oligoethylenimine (OEI) with a singlet oxygen-cleavable linker, aminoacrylate (AA).
Further, the PEG side chains were introduced to fine-tune the water solubility of the
polymer. As a result, nanoparticles with hydrodynamic sizes of (134 + 12) nm were
obtained uniformly, which could serve as a gene vector to trap gene via electrostatic
interaction, due to the ability of OEI, and release DNA upon light irradiation due to
the single oxygen-cleavable linker. Through self-assembly, the mixture of polymer
13 and DNA formed into nanoparticles, with efficiency as high as (92 + 6)%. The
amphiphilic polymer 13 was then damaged and the nanoparticles were disas-
sembled under light irradiation due to the generation of singlet oxygen by PS
TPECM, and as a result, the captured genes were released due to the disassembled
nanoparticles.

Recently, Liu et al. additionally designed carrier-free hybrid DNAzyme NPs to
realize light-triggered self-delivery of DNAzymes, which presented excellent lyso-
some escape capacity by efficiently suppressing the expression of EGR-1 mRNA [81].
As shown in Figure 7d, a self-assembled spherical nucleic acids (SNA)-like micellar
nanoparticles were generated by the amphiphilic DNAzyme-TBD conjugate and the
hybrid DNAzyme NPs 14 formed with Zn®*, coordinating with the surface phospho-
ric acid group. As shown in Figure 11.7e, MCF-7 cells internalized the hybrid DNA-
zyme NPs successfully, which could be demonstrated by the time-dependent red
fluorescence enhancement of TBD in cells. Then, the intracellular situation of hy-
brid DNAzyme NPs was studied by confocal imaging, after incubating MCF-7 cells
with lyso-trackers. As shown in Figure 11.7f, well overlaid images between the sig-
nals of lyso-tracker and TBD under dark conditions indicated that the lysosomes en-
trapped a huge amount of hybrid DNAzyme NPs. Subsequently, when under light
irradiation (Figure 11.7g), the intracellular red signals of TBD escaped from lyso-
somes, indicating that the majority of hybrid DNAzyme NPs separated from lyso-
somes because of the destruction of the lysosome membrane by the generated '0,
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of TBD-Br under light irradiation. DNAzyme NPs could also be used for killing
tumor cells due to the 'O, generated by the NP core (TBD-Br) under light irradiation,
which could inhibit tumor cell growth by precisely suppressing the early growth re-
sponse factor-1 protein (EGR-1) mRNA.

11.3.2 AlEgens for light-controlled drug delivery

Compared to drug release systems that are based on external stimuli, including PH
and enzymes or reduction, light-triggered drug delivery system has been regarded as
an attractively controlled release mode due to its spatiotemporal precision [76-78].
However, most traditional carriers with photo-responsive linkers in the UV-region
limited the development of photo-controlled drug delivery. Thanks to the develop-
ment of photosensitizer for PDT, an avenue for the development light-controlled
drug delivery system was opened [82, 83]. Especially, the delivery system with
photo-release performance and the characteristics could not only realize the light-
controlled drug release but could also monitor the release process by the fluores-
cence phenomena.

Liu and coworkers developed a drug delivery system 15 for image-guided PDT
and chemotherapy with accurately controlled targeted drug delivery (Figure 11.8a)
[84]. In this work, they prepared the amphiphilic polymer 15 by conjugating poly-
ethylene glycol (PEG) and the AlEgen with a ROS cleavable thioketal (TK) linker,
which could form nanoparticles (NPs) and load drugs efficiently by self-assembly in
aqueous media. Upon white light illumination, the NPs escaped to the cytosol easily
due to the ROS-induced enhancement of permeability of the endo-/lysosomal mem-
brane. Meanwhile, drugs accumulation in cancer cells increased, which resulted
from the ROS-inducing TK linker cleavage and the broken polymer, triggering drug
release in the cytosol. The ROS-generation ability of the NPs in the MDA-MB-231/
DOX cells was demonstrated by the indicator, 2’,7’-dichlorofluorescein diacetate
(DCF-DA), whose fluorescence was very weak but could yield strong emissive 2’,7’-
dichlorofluorescein (DCF), if oxidized by ROS. As shown in Figure 11.8b, after white
light irradiation, strong green emission of DCF could be detected in MDA-MB-231/
DOX cells incubated with AIE-NPs, indicating ROS generation in the cells (A1-A4).
Further, damage of the endo-/lysosomal membrane was also evaluated by the indica-
tor, acridine orange (AO), which presented green emission in the cytoplasm or nuclei,
but showed red emission in endo-/lysosomes with low pH. As shown in Figure 11.8b,
the MDA-MB-231/DOX cells displayed red and green fluorescence without ROS gener-
ated from AIE-NPs, indicating the damage-free of the endo-/lysosomes membrane
(B1-B4). However, under light irradiation, the red emission weakened obviously, in-
dicating the damage of the endo-/lysosomal membrane due to the ROS generation of
AIE-NPs.
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The photophysical properties of ESIPT, coupled with AIE, always presented ex-
cellent photophysical characteristics, including large Stokes shift, low inner-filter
effect, and self-quenching. Singh et al. designed an intriguing photoactivatable
drugs delivery system 16 with AIE and ESIPT properties via the easy introduction of
a salicylaldazine unit into the p-hydroxyphenacyl (pHP) photo-trigger [85]. As
shown in Figure 11.8c, the drugs were successfully released from system 16 upon
visible light illumination, which were started with aggregation, and occurred from
triplet excited states through rearrangement. Due to the properties of AIE and
ESIPT, an obvious emission change from yellow to blue was observed, which was
accompanied with the process of drug release, thus offering large opportunities to
timely detect the drug release. What was more, the ability to release two different
drugs sequentially of 16 indicated an effectively application in combined chemo-
therapy. Further, Singh and coworkers developed a synergistic therapy system 17,
combining the AIE and ESIPT effects, which was based on the light-triggered drug
release of chemotherapy and PDT (Figure 11.8d) [86]. Thus, photoactivatable drug
release has great potential for application in the field of biomedicine, due to its
unique advantages, including green and tunable stimulation mode, high sensitiv-
ity, excellent spatiotemporal accuracy, and high signal-to-noise ratio. Tang et al.
designed and synthesized 18 to realize precise photo-triggered Zn?* release, which
is promising for the regulation of zinc enzymes (Figure 11.8e) [87]. The mixture of
18 as the Zn?* ligand, DSPE-PEG/DSPE-PEG-Mal polymer as matrix, and TAT pep-
tide as the cell penetrating ligand formed into nanoparticles, could quickly release
Zn?* under white light irradiation with a high spatiotemporal resolution. Thus, the
extra- and intracellular zinc enzyme bioactivities are regulated successfully.

Figure 11.8 (continued)

the ROS generation with indicator DCF-DA in in MDA-MB-231/DOX cells after incubation with AIE-
NPs (A1), DCF-DA (A2), DCF-DA and AIE-NPs with light irradiation (A3), DCF-DA and AIE-NPs in the
presence of ROS scavenger A, with light irradiation (A4). Evaluation of membrane damage of
endo-/lysosomes with indicator AO in MDA-MB-231/DOX cells treated with AO with light irradiation
(B1), AIE-NPs and AO in the dark (B2), AIE-NPs and AO with white light irradiation (B3), AIE-NPs and
AO in the presence of Asc with white light irradiation (B4). c) and d) Schematic illustration ‘AIE +
ESIPT assisted photorelease from 16 and 17, respectively. e) The design principle of the photo-
triggered Zn>* release of 18 for the regulation of zinc enzyme activities. Reprinted with permission
from Ref. [84]. Copyright © 2016 The Royal Society of Chemistry. Reprinted with permission from
Ref. [85]. Copyright © 2018 The Royal Society of Chemistry. Reprinted with permission from Ref.
[86]. Copyright © 2018 American Chemical Society. Reprint with permission from Ref. [87].
Copyright © 2021 The Royal Society of Chemistry and the Chinese Chemical Society.
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11.4 Photoactivation assistant therapy

Over the past few decades, among the diseases, cancer has been the biggest chal-
lenge to human health[88, 89]. The diagnostics and therapeutics for cancer has been
widely studied by many researchers. However, many therapeutic methods have lots
of weaknesses, such as drug resistance, nontargeted therapy, and invisible treatment
effect. In order to solve these problems, many researchers have utilized AIE materials
as powerful tools for efficient therapy, including photo-controlled treatment reagent
delivery, PDT, PTT, and so on [90, 91].

11.4.1 Photo-controlled chemotherapy

Compared to conventional chemotherapy for cancer with its drawbacks such as low
therapeutic effect and toxicity of invalid targeting, photo-controlled chemothera-
peutics is a more promising strategy that could achieve image-guided accurate ma-
nipulation of therapeutic dosage and site [92, 93]. However, so far, the development
and application of conventional photoactivatable chemotherapeutics in clinic are
still limited due to the tedious synthetic procedures and toxic byproducts. Thus,
there is urgency to develop novel photoactivatable chemotherapeutics with simple
synthetic methods and enhanced safety.

Fortunately, Tang and co-workers found that, based on a photooxidative dehydro-
genation reaction, 19a and 19b could efficiently generate 19’a and 19’b, with a high
in situ concentration in situ, which would Kkill selectively cancer cells (Figure 11.9a—c)
[19]. Moreover, under the irradiation at 365 nm, both 19a and 19b could transform to
19’a and 19'b in aqueous solution by photooxidative dehydrogenation, which was con-
firmed by the decreased fluorescence intensity of 19a and 19b at 438 nm and 436 nm,
respectively, and increased PL intensity of 19’a and 19'b at 584 nm and 602 nm, re-
spectively. Notably, the in situ generated 19’a from 19a featured AIE characteristics,
which could also be applied in image-guided cancer therapy with a high local concen-
tration of chemotherapeutics. Then, the photoactivatable cytotoxicities of 19a and 19b
were examined using the MTT assay. As shown in Figure 11.9d, e, under dark condi-
tions, the cell viabilities were stable for cancer cells, including HeLa and A549, when
treated with 19a and 19b. However, the corresponding cell viabilities decreased signifi-
cantly after light irradiation for 5 min, which was due to the rapid generation of 19’a
and 19'b, with the ability of killing cancer cells. Then, the obvious changes of fluores-
cence signal and cell morphology were also in sifu monitored by imaging experiments
after light irradiation. As shown in Figure 11.9f, g, after exposure under light for 3 min
and further incubation under dark conditions for 10 min, a significantly decreased
signal in nucleus was observed, indicating that karyolysis featured with the dam-
age nuclei and dissolution of the chromatin. Simultaneously, cell swelling and
membrane blistering were monitored because of cell apoptosis, induced by the
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Figure 11.9: a) The reaction schematic for the transformation of 19 to 19”. b) Illustration of the
selectively killing cancer cells guided by the nucleus-targeted imaging. c) The normalized
absorption and emission spectra of 19a and 19’a. Concentration-depended cell viabilities of HelLa
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generated 19’a and 19’b. The ability of photoactivatable 19a and 19b for selec-
tively killing cancer cells was also confirmed by co-culturing the Hela cancer cells
and NIH-3T3 normal cells in a multi-cellular environment, which could be distin-
guished by their different morphological characteristics. After incubation with
19a and 19b, the HeLa cells could be selectively killed gradually under photo-
illumination, which was demonstrated by images of cancer cells with red fluores-
cence turn on in the nucleus and obvious membrane blisters (Figure 11.9h, i). It
was indicated that the photoactivatable 19a and 19b could selectively kill cancer
cells at the desired site with high accuracy, without harm to the normal cells.

11.4.2 Photo-controlled PDT

PDT, which employs PSs, light, and endogenous molecular oxygen to destroy the
cell and tissue, is a kind of noninvasive clinical treatment [82, 83]. Especially in
cancer therapy, PDT displayed a lot of advantages such as selectivity, microtrauma,
high efficiency, and negligible drug resistance [94, 95]. For PDT, the key compo-
nents are the PSs that can generate ROS, which are responsible for cytotoxicity and
cell death under light irradiation. However, undesired long-lasting of photosensitiv-
ity and nonspecificity of PSs are unfavorable for disease treatment. Thus, to develop
novel PSs, whose activity could be controlled, is attractive nowadays.

Feng et al. introduced spiropyrans into the cationic polymers (20 and 20’) to
assemble plasmid DNA into the functional nanoparticles (NPs) [96]. As shown in
Figure 11.10a, the spiropyran pendent groups could isomerize between a zwitter-
ionic ring opened form (MC) and a hydrophobic ring closed form (SP). Under UV
light irradiation, 20 with SP pendent switched to 20" with MC pendent that had red
fluorescence and ROS-generation ability, whose process was the opposite of excita-
tion by visible light or thermal relaxation under the dark state. Thus, the emission
and ROS-generation ability of NPs could be controlled reversibly, using light, to re-
alize the dual functions of cell imaging and cell killing. The cell uptake of NPs was
investigated by fluorescence imaging of HeLa cells, incubated with NPs, for 4 h. As
shown in Figure 11.10b, bright red fluorescence was observed under simple UV light
irradiation (Figure 11.10b: 1, 3, 5), which was contributed by the 20’ (MC); however,
the red fluorescence disappeared after visible light irradiation due to the generation

Figure 11.9 (continued)

cells incubated with d) 19a, e) 19b in dark and under light illumination. f) and g) Images of live Hela
cells incubated with 19a and 19b before or after light illumination at 405 nm for 3 min, and further
incubation under dark conditions for 10 min. h) and i) Images of HelLa cancer cells and NIH-3T3
normal cells treated with 19a and 19b, respectively, and selectively killing of HeLa cancer cells with
spatiotemporal red fluorescence turn on. The plasma membrane blebs are indicated by blue arrows.
Reprinted with permission from Ref. [19]. Copyright © 2020 The Royal Society of Chemistry.
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of 20 (SP). Moreover, owing to the endolysosome barrier for the internalized nano-
particles, no fluorescence was observed in the nuclei, which was consistent with
the previously studied polymer-based nucleic acid delivery systems.

The light-controlled reversible ROS-generation ability of the NPs in Hela cells
was demonstrated by using DCF-DA as the indicator, whose fluorescence was very
weak but can yield strong green emissive DCF, if oxidized by ROS. As shown in
Figure 11.10c, the 20’-abundant cells, which were exposed to UV light before going
into the ROS detection procedure, presented bright green fluorescence from the
ROS-induced DCF. However, negligible green emission was monitored in the ther-
mally stable 20-abundant cells, indicating no generation of ROS and hence, no DCF.
Thus, the ROS level in cells could be manipulated by the selected light with desir-
able wavelengths at appropriate times, which is necessary for light-controlled PDT.
However, the oxygen photosensitization capability of NPs would gradually lose due
to the simultaneous transformation from 20’ to 20, during the process of ROS gener-
ation under visible light irradiation, unless they were re-activated. Then, the treat-
ment of the HeLa cells was carried out with successive alternating irradiation cycles,
which included sequential UV light for re-activing the NPs to 20’ state and visible
light for the generation of ROS. As shown in Figure 11.10d, an irradiation cycle-
dependent cytotoxicity was observed, which correlated with the ROS accumulation
level. After three irradiation cycles, about 70% of the HeLa cells were killed. Thus,
the cytotoxic effect of NPs could be manipulated conveniently by controlling the
number of irradiation cycles.

11.4.3 Photoactivatable immunotherapy

In the past few years, cancer immunotherapy has quickly become one of the most im-
portant methods of cancer therapy, owing to its ability to orchestrate the body’s own
immune system to target and eliminate tumor cells [97-99]. Compared to traditional
treatments, immunotherapy may achieve permanent antitumor responses and inhibit
metastasis and recurrence. Evidence has also been accumulated that the tumor micro-
environment can be altered by ROS generation during PDT, and the inflammatory and
immune mediators could also be recruited, which are favorable to prime the immune
response [100, 101]. Thus, among the diverse immune-stimulating methods, photody-
namic therapy (PDT), induced by ROS generated from PSs under light irradiation, has
attracted wide attention, with an initial success.

Gu and coworkers developed a kind of polymeric fluorescent particles (PFPs)
with uniform and adjustable sizes by precipitation polymerization of vinyl-modified
AlEgen (21, TPE-VBC), maleic anhydride (MAH), and styrene (St) (Figure 11.11a) [102].
Owing to the AIE features of TPE-VBC, the as-prepared PFPs presented unique photo-
physical functionalities. What was more, due to the distribution of the anhydride
groups on the surface of PFPs, it was convenient to realize the functionalization of
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Figure 11.11: a) Chemical structures of the monomers used for the precipitation polymerization and
illustration of the growth process in isopentyl acetate (IAAC) solution containing three stages

(1, 11, and I11). b) Illustration of the biolabeling mechanism of PFPs and NK cells. c¢) Images of PFPs-
coated NK cells and Native NK cells, respectively. d) Flow cytometer analysis of NK cells during the
biolabeling of PFPs. €) Lytic activity of PFPs-coated NK cells under light irradiation. Reprinted with
permission from Ref. [102]. Copyright © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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PFPs (Figure 11.11b). Thus, based on the biolabeling and photosensitizing abilities of
PFPs, they were used for modulating the activity of Natural Killer (NK) cells to realize
the light-controlled cancer immunotherapy.

As shown in Figure 11.11c, the strong red emission of 21 was monitored around
the NK cells with PFPs labeling; however, no fluorescent emission could be ob-
served in the native NK cells without PFPs marking. The membrane of the NK cells
targeted by PFPs were also verified by the circular-shaped red fluorescence cover-
ing, which is the superficial part of the NK cells. Based on this strategy, a high la-
beling efficiency of about 97.2% was achieved within 1 h, when NK cells were
coated with PFPs (Figure 11.11d), and a good biocompatibility was also confirmed
by PFPs without any dark toxicity. The ROS-generation ability of PFPs, under light
irradiation, was also confirmed by using DCFH-DA as indicator. Based on the ROS-
sensitizing ability of PFPs, the immunotherapy efficiency of PFP-coated NK cells was
regulated in the light-controlled way. By monitoring the levels of lactate dehydroge-
nase (LDH) release, the immunogenic phenotypes in cancer cells, induced by PFPs-
coated NK cells under light irradiation, was evaluated. As shown in Figure 11.11e, the
same LDH release level for PFPs-coated NK cells and native NK cells was demon-
strated upon treatment of MCF-7 cancerous cells in the dark. However, PFPs-coated
NK cells displayed distinct LDH release, from MCF-7 cancerous cells, after light irradi-
ation, compared to that of the control group. The results demonstrated that NK cells
coated with low-concentration PFPs kept its initial immunocompetence and such im-
munocompetence could be further promoted by PFPs under light irradiation in the
PFPs-coated NK cells. It was due to the promoted generation of ROS of the TPE-VBC
under light irradiation that it could activate the immunocompetence by ROS signal
transduction of the NK cells.

11.4.4 Others

Besides, it is also necessary to develop fast and efficient methods for antimicrobial
applications with high spatiotemporal accuracy due to urgency of increased drug-
resistant bacteria. Based on the ROS-generation ability, many AlEgens as PSs were
reported for antimicrobial application. Similar to photo-controlled PDT, based on
ROS mentioned above, photo-controlled antimicrobial treatments are desirable for
realizing accurate therapy, while photoacid generator, as one of the interesting
photoresponsive materials, is also an important antimicrobial agent with infrequent
bacterial resistance.

Recently, Tang and coworkers reported a kind of photoresponsive polysulfo-
nates 22 by an in situ catalyst-free spontaneous polymerization of disulfonic acids
and dihaloalkynes (Figure 11.12a), which could generate photoacid efficiently by
undergoing photodegradation, accompanied by an obvious emission change [103].
After UV irradiation, the PH of bacteria resuspension containing 22 decreased from
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Figure 11.12: a) Catalyst-free polymerization of disulfonic acids and dihaloalkynes to 22. b) Survival
rates of E. coli, S. aureus (SA), and P. aeruginosa (PA) with/without treatment of 22 in the presence
or absence of UV light irradiation. c¢) and d) Morphology change of bacteria upon diverse
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6.7 to 2.3 due to the generation of photoacid, which was promising for bacterial kill-
ing. As shown in Figure 11.12b, three representative bacteria, such as Staphylococ-
cus aureus, Escherichia coli and Pseudomonas aeruginosa, were used to evaluate
the bacteria-killing ability of 22 by the traditional plate counting method. In the
presence of 22, all three bacteria were killed effectively without colony formation,
under UV irradiation, indicating the excellent antibacterial effect of 22, which was
also verified by the obvious cell deformation, broken cells with the leakage of intra-
cellular contents, and cell fragments of bacterial cells treated with 22 and UV light,
by employing the measurement of SEM and TEM (Figure 11.12c and 11.12d). More-
over, after incubation, the bacteria treated with 22 and UV light at 37 °C for 15
days, no bacteria was observed on the agar plate, demonstrating the irreversible
bacteria-killing effect of 22 (Figure 11.12e). The potential of polysulfonates as flexi-
ble antibacterial materials for different situations, including the surface steriliza-
tion of commodities, resistance to corrosion caused by microorganisms on ships,
and customized bacterial scaffolds, was also demonstrated. The bacteria, S. aureus
on the 22 coated glass (model I) or the bacteria treated with 22 spray (model II), was
100% killed after UV irradiation for 30 min (Figure 11.12f, g).

11.5 Conclusions and perspectives

In summary, the AIE-based photoactivatable materials not only have advantages,
such as high sensitivity and accuracy, easy adjustability and noninvasiveness, but
also showed bright fluorescence and excellent photostability in the aggregated state.
Based on the advantages of the AIE-featured photoactivatable materials, various bio-
medical applications have been developed, such as organelle imaging, cell imaging,
drug/gen delivery, and cancer therapy. Nevertheless, some challenges and problems
also come into notice, which urgently need to be solved in the development of AIE-
featured photoactivatable materials. First, the structures of AIE-featured small mole-
cules with intrinsic photo-responsive properties or photo-responsive nanosystems
with AIE characteristics applied in biology are still far from a variety of classifications.
Therefore, there is urgency to develop new photo-responsive molecules or nanosystems
via elaborate molecule engineering. Second, most photoactivatable AIE-featured
photoactivatable materials work in the biological system, depending on the UV
light irradiation, which not only limits penetration depth and spatial resolution,

Figure 11.12 (continued)

treatments observed by SEM and TEM, respectively. e) Photographs of agar plates of E. coli, SA,
and PA after 1 day and 15 days. f) Two antimicrobial methods for practical applications. g)
Photographs of the agar plates from two antimicrobial methods. Reprinted with permission from
Ref. [103]. Copyright © 2021 American Chemical Society.

printed on 2/14/2023 12:51 PMvia . All use subject to https://ww.ebsco.confterns-of-use



304 — Jiangman Sun et al.

but also photo-damage to the living organisms. Therefore, it is necessary to de-
velop AIE-featured photoactivatable molecules that respond to visible or even
near-infrared light, which could be more suitable for biomedical application.
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