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Pengfei Zhang, Xiuli Xu, Xiaoxi Ma

Chapter 12
NIR aggregate-biohybrid systems
for biomedical applications

12.1 Introduction of NIR aggregate

Fluorescence imaging techniques have become an indispensable imaging modality
in fundamental biological research and preclinical and clinical applications. Com-
pared to other imaging technologies, fluorescence imaging techniques possess
unique features such as high spatiotemporal resolution, high sensitivity, fast acquisi-
tion speed, low toxicity, and relatively low cost. However, biological tissues/organs
usually possess endogenous high autofluorescence in the visible region (400–700 nm),
which leads to strong interference for conventional fluorescence imaging, resulting in
reduced sensitivity and imaging contrast [1]. Infrared radiation is an electromagnetic
radiation whose wavelength is longer than the longest wavelength of red color in visi-
ble light but shorter than that of microwave. The infrared region spans from roughly
300 GHz (1 mm) to 400 THz (750 nm) and can be divided into three parts: near-infrared
(NIR), mid-infrared, and far-infrared. The NIR region typically falls in the spectrum
from 120 to 400 THz (2,500–750 nm) (Figure 12.1). NIR materials are defined as the sub-
stances that interact with NIR light, such as absorption and reflection, and emit NIR
light under external stimulation such as photoexcitation, electric field, and chemical
reaction. NIR materials can roughly be divided into two groups: inorganic materials in-
cluding metal oxides and semiconductor nanocrystals; and organic materials including
metal complexes, ionic dyes, extended p-conjugated chromophores, and donor–accep-
tor (D–A) charge transfer (CT) chromophore [2]. However, these materials are typically
restrained within inorganic compounds such as metal-containing inorganic com-
plexes, particularly rare earth luminophores where the emissions usually come
from the f–f or d–f electron transitions, or quantum dots, whose size-dependent
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Technology, Chinese Academy of Sciences, Shenzhen 518055, P.R. China,
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multiple luminescence emissions originate from the d–d electron transitions. Unfor-
tunately, the emission wavelengths of rare earth luminophores are very difficult to ma-
nipulate due to the shielding effect from exterior orbitals and the fixed energy levels of
the rare earth ions while quantum dots suffer from both high toxicity of the heavy met-
als and environmentally sensitive emissions in the NIR region, which have prevented
them from even wider applications. On the contrary, organic luminophores are more
desired due to their competitive advantages such as arbitrarily tunable molecular

Figure 12.1: (A) Human skin absorption spectra in NIR-I, NIR-II, and NIR-III regions [5]. Copyright
© 2013, The Royal Society of Chemistry. (B) Absorption and scattering spectra from oxygenated
blood, deoxygenated blood, skin, and fatty tissue [6]. Copyright © 1969, Nature Publishing Group;
Copyright © 2016, The Royal Society of Chemistry.
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structures and chemical compositions, easy for functionalization and scalable synthe-
sis, and promising potentials to satisfy biomedical-related and especially flexible elec-
tronics-oriented expectations [3]. Moreover, compared with the inorganic NIR emitters,
organic NIR emitters have attracted widespread attention due to their own advantages,
including relatively smaller molecular weight, easier functionalization, and shorter re-
tention time in organisms [4]. The organic agents with large p domains, elongated p
conjugations, or ordered packing in aggregates have been developed to redshift the
absorption and emission windows. Efforts to mitigate thermal deactivation processes,
p–p stacking interactions, and solvent-disruption effects have also been made to im-
prove the fluorescence brightness. The molecular design strategy and the underlying
mechanism for regulating the balance between fluorescence (radiative pathway), pho-
tothermal effect (nonradiative pathway), and photodynamic effect (intersystem cross-
ing (ISC) pathway) in these narrow band gap materials remain obscure.

With the development of scientific research on dye aggregation, the construction
of dye self-assembly provides new ideas for controlling photophysical properties and
in vivo delivery of dyes. Tian et al. reported a series of 2-/2,6-aryl-substituted boron-
dipyrromethene dyes with wide-range and multifluorescence emissions across red
and NIR in their aggregation states. Experimental data of X-ray diffraction, UV-vis ab-
sorption, and room temperature fluorescence spectra have proved the multiple exci-
tations and easy-adjustable emission features in aggregated boron-dipyrromethene
dyes. Temperature-dependent and time-resolved fluorescence studies have indicated
a successive energy transfer from high to step-wisely lower located energy levels that
correspond to different excitation states of aggregates. Consistent quantum chemical
calculation results have proposed possible aggregation modes of boron-dipyrrome-
thene dyes to further support the above-described scenario. Thus, this study greatly
enriches the fundamental recognition of conventional boron-dipyrromethene dyes by
illustrating the relationships between multiple emission behaviors and the aggrega-
tion states of boron-dipyrromethene molecules (Figure 12.2) [3].

J-aggregates discovery of pseudoisocyanine in 1937 launched the new chapter
in aggregate science. J-aggregation is an efficient strategy for the development of
fluorescent imaging agents in the second NIR window. However, the design of the
second NIR fluorescent J-aggregates is challenging due to the lack of suitable J-ag-
gregation dyes. The structures and properties of functional materials are inherently
linked. Generally, structure decides the material property and the property can in
part reflect the structural variation. Li et al. reported meso-[2.2]paracyclophanyl-
3,5-bis-N,N-dimethylaminostyrl BODIPY (PCP-BDP2) as an example of BODIPY dye
with J-aggregation induced the second NIR fluorescence. PCP-BDP2 shows an emis-
sion maximum at 1,010 nm in the J-aggregation state. Mechanism studies reveal
that the steric and conjugation effect of the PCP group on the BODIPY play key
roles in the J-aggregation behavior and photophysical properties tuning. Notably,
PCP-BDP2 J-aggregates can be utilized for lymph node imaging and fluorescence-
guided surgery in the nude mouse, which demonstrates their potential clinical
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application. This study demonstrates BODIPY dye as an alternate J-aggregation
platform for developing the second NIR imaging agents (Figure 12.3) [7].

Sun et al. reported a novel biocompatible NIR-II J-aggregates labeled meso-
porous implant for imaging-guided osteosynthesis with minimal invasion. The
uniform mesoporous silica-layer-coated titanium plate was fabricated through a
bi-phase stratification reaction system. Meanwhile, the NIR-II cyanine dyes of FD-
1080 were loaded into mesoporous channels by physical adsorption. Because of
the confinement of the mesopores, the uniform J-aggregates of FD-1080 dyes with
the maximum absorption and emission wavelengths beyond 1,300 nm could be
formed by adjusting the polarity of the solvent. Meanwhile, the biocompatible
NIR-II J-aggregates labeled mesoporous implant has exhibited deep tissue pene-
tration depth and high resolution for bioimaging. More importantly, the NIR-II
fluorescence of implantable plates could guide the osteosynthesis with minimal
surgical wound and operational duration (Figure 12.4) [4].

The establishment of Ben Zhong Tang’s aggregation-induced emission (AIE)
theory also provides a new direction for the design and application of aggregated
dyes [8]. Since the concept was coined in 2001, AIE has changed people’s way of think-
ing about chromophore aggregation and brought forth a revolution both conceptually

Figure 12.2: Structural details and fluorescent properties of BDP1. (A) Molecular structure of BDP1.
(B) Molecular packing diagrams of BDP1 at room temperature extracted from single-crystal XRD
data. (C) Normalized photoluminescence (PL) spectra of BDP1 in solution (green curve) and
microcrystalline powder state (red and gray curves) [3] Copyright © 2018, The Author(s).
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and technically. AIE-related research is booming now, which has permeated a large
number of research disciplines with a widespread influence [9]. Shao et al. have syn-
thesized a series of red/NIR quinoline-malononitrile (QM)-based AIEgens with different
π-bridges, that is, thiophene and 3,4-ethylene-dioxythiophene (EDOT). The thio-
phene-containing molecule (QM-2) forms rod-like structures, while the aggregate of
EDOT-based AIEgen (QM-5) is predominated with sphere nanoparticles (NPs). This
phenomenon is originated from the different packing ability of the two kinds of
AIEgens. QM-2 has a twisted conformation with large torsional angles and no obvi-
ous π–π stacking interaction is observed, while QM-5 bearing EDOT unit exhibits
totally different intermolecular interaction [10]. To further improve the imaging
quality of the NIR fluorescence imaging technique, Qi et al. reported an NIR AIEgen
(TQ (thiadiazolo[3,4-g]quinoxaline)–BPN (N,N-diphenylnaphthalen-1-amine)), the D–A
approach was employed to build the organic molecule, in which BPN and TQ were
used as the donor and acceptor units, respectively. The encapsulated TQ–BPN dots
could emit light in a broad range of 700–1,200 nm with a high QY of 13.9%, and the

Figure 12.3: Molecular structures and working principle. (A) Chemical structures of PCP-BDP1,
PCP-BDP2, Ph-BDP1 and Ph-BDP2. (B) Fluorescence spectra of PCPBDP2 in diluted dichloromethane
solution (10 μM) (black line, “M” refers to monomer), THF–water binary solvents (10 μM, 1:9, v/v)
(red line, J1-band) and the crystalline powder (blue line, J2-band). The parallelogram in red
represents the single molecular PCP-BDP2. (C) Schematic illustration of the construction of the
PCP-BDP2 nanoparticles for NIR-II imaging. Source data underlying (B) are provided as a source
data file [7]. Copyright © 2021, The Author(s).
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QY in short-wave infrared (SWIR) region (>900 nm) also reached 2.8%, which was bet-
ter than some typically used SWIR emitters, e.g., CNTs (≈0.4%) [11]. The first example
of AIEgen-based NIR-II fluorescence and photoacoustic imaging was reported by
Sheng et al. They designed a new D–A-tailored NIR-II emissive AIE molecule
called TB1. The formulated TB1 dots show a very high fluorescence QY of 6.2%
with a large absorptivity of 10.2 L g−1 cm−1 at 740 nm and emission maximum at
975 nm. The molecular structure of AIEgen TB1 was precisely designed with a
large extinction coefficient and fluorescence emission in NIR-II region centered at
around 1,000 nm. To obtain fluorescence and photothermy in one go, co-encapsulation
is a simple but straightforward method. 2,3-Bis(4-(phenyl(4-(1,2,2-triphenylvinyl)phe-
nyl)amino)phenyl) fumaronitrile (TPETPAFN), an AIEgen and a semiconducting poly-
mer (SP), was co-encapsulated into organic dots for bright red fluorescence and
photothermy, respectively. TNSP NPs emit a bright red fluorescence with a peak at
655 nm and a quantum yield (QY) of 16.5% upon excitation at 510 nm [12]. Gao et al.
reported that BPBBT is a D–A–D-structured fluorogen with both twisted intramolecu-
lar CT (TICT) and AIE characteristics [13]. The emission QY of BPBBT in solvent
decreased as the solvent polarity increased: hexane (8.72%) > toluene (5.56%) >
chloroform (0.90%) > tetrahydrofuran (THF, 0.72%) > dimethylformamide (0.42%).

Figure 12.4: (A) Schematic illustration of the preparation of NIR-II J-aggregates labeled mesoporous
silica layer-coated titanium plates (MSTPs-FDJ@PAA). (B) The NIR-II imaging-guided osteosynthesis
based on the MSTPs-FDJ@PAA [4]. Copyright © 2021, Wiley-VCH GmbH.
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An intermediate state was tailored by preparation of albumin-bound BPBBT NPs to
obtain reasonable fluorescence and photothermal efficiency at the same time. Li
et al. recently designed an AIEgen (2TT-oC26G) with emission in the NIR-IIb region
by combining the effects of both AIE and TICT. Strong electron-withdrawing unit
benzobisthiadiazole serving as an electron acceptor and triphenylamine (TPA) unit
working as both a donor and a molecular rotor was selected to denote the TICT prop-
erty. By adding multiple molecular rotors that enabled the twisted AIEgen to be intra-
molecularly mobile in its aggregated state, the resulting 2TT-oC26G showed redshifted
emission (λ = 1,600 nm) with high QY values (11.5% and 0.12% in NIR-II and NIR-IIb,
respectively), thus making its application in whole-body in vivo imaging possible (Fig-
ure 12.5) [14]. Recently, Li et al. reported a self-assembly approach to prepare AIE dots
with good consistency and uniform NP sizes (~35 nm). In their approach, amine-func-
tionalized polyethylene glycol (PEG) chains were conjugated to alkyne-containing

Figure 12.5: (A) Chemical structures and optimized ground state (S0) geometries of the molecules.
(B) PL spectra of 2TT-oC26B in THF/water mixtures with different water fractions (fw). (C) Variation
in PL intensity (I/I0) of the three molecules with fw, where I and I0 were the maximal PL intensity.
(D) PL spectra of the nanoparticles. Inset: zoom-in emission spectra in the range of 1,500–1,600
nm. (E) The plots for the integrated fluorescence spectra of the three compound nanoparticles
(1,000–1,600 nm) and IR-26 (1,050–1,500 nm, QY = 0.5% in dichloroethane) at five different
concentrations. (F) Absorption spectra of nanoparticles. (G) The plot of absorption intensity (A/A0)
under continuous irradiation (110 mW cm–2), where A and A0 were the maximal absorption
intensities before and after laser irradiation, respectively [14]. Copyright © 2020, The Author(s).
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AIEgens by an amine–alkyne click reaction to obtain an amphiphilic polymer which
self-assembled into AIE dots in aqueous solution. The resulting AIE dots exhibited
NIR-II emission at λ =1,050 nm with a QY of 10.3% in water [15]. In 2017, Cai et al.
discovered that most propeller-based AIEgens displayed significantly weaker fluo-
rescence as aggregates than in their crystalline forms. Following this concept, they
next designed a propeller-containing AIEgen (BTPETTQ) with a D-A-D configuration.
As a consequence of the strong intramolecular CT (ICT) along its backbone,
BTPETTQ exhibited strong NIR absorption and displayed strong PA signals. After en-
capsulation of BTETTQ within a phospholipid–polymer matrix endowed the result-
ing NPs (~39 nm) with good water solubility and biocompatibility [16].

According to the Jablonski diagram, organic optical agents at the S1 excited
state can also undergo a nonradiative ISC process to the highly sensitive T1 state,
followed by which, these triplet excitons are further utilized to realize phosphores-
cence or photosensitization capabilities for persistent luminescence imaging and
photodynamic therapy (PDT), respectively. Phosphorescence occurs when optical
agents undergo a radiative decay from T1 to S0 with photon emission. As compared
to fluorescence, phosphorescence possesses unique features of far longer lifetime
and larger Stokes shifts. In particular, organic optical agents with room temperature
phosphorescence (RTP) and long lifetime (4,100 ms) hold great potential in bioi-
maging applications since they eliminate the interference from tissue autofluores-
cence, hence providing excellent SBR and imaging sensitivity. When the triplet
excited energy is transferred to the surrounding molecules such as oxygen to gener-
ate reactive oxygen species (ROS), it is able to cause cell damage and apoptosis,
and such PDT modality represents one of the indispensable components of photo-
theranostic systems [1]. Liu et al. further applied polymerization-enhanced photosensi-
tization to a two-photon excited PDT (2PE-PDT) area. As compared to conventional
one-photon excited PDT, 2PE-PDT provides deeper tissue penetration depth and better
spatial control of photosensitizer (PS) activation in three dimensions as excitation of
PSs only occurs at the focal point of the two-photon absorption process. In this study,
they further adjusted the linkage position on the TPE motif, which yielded CP-based
PSs, i.e., PTPEDC-1 and PTPEDC-2. As compared to PTPEDC-1, PTPEDC-2 showed
smaller torsional angles and longer conjugation length, which made PTPEDC-2 NPs
(DSPE-PEG2000 as the encapsulation matrix) more favorable for a larger 2 PA cross
section in aqueous solution (7.36 × 105 GM for PTPEDC-2 NPs, 3.56 × 105 GM for
PTPEDC-1 NPs, and 1.13 × 105 GM for TPEDC NPs). Moreover, the denser energy levels
of PTPEDC-2 produced more efficient ISC processes and a higher 1O

2 generation ability
as compared to PTEPDC-1 under both one-photon and two-photon excitations. The im-
proved 2 PA cross section and higher 1O

2 generation ability therefore worked together
to make PTPEDC-2 NPs a promising 2PE-PDT agent for precise ablation of cancer cells.
With a zebrafish liver tumor model, intravenous microinjection of TPEDC-2 NPs led to
their effective accumulation in liver tumors and 20% reduced tumor volume post 2PE-
PDT. Collectively, polymerization of small molecules to their counterpart SPs/CPs
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could improve absorbance and promote ISC processes, which represented a prom-
ising approach to design efficient PSs for promoted PDT (Figure 12.6) [17].

The development of type-I PS that show hypoxia-tolerant PDT efficiency provides a
straightforward way to address the tumor issue. However, type-I PDT materials
have rarely been discovered. Herein, Li et al. reported a π-conjugated molecule
with A–D–A configuration, COi6-4Cl. The H2O-dispersible NP of COi6-4Cl can be
activated by an 880 nm laser, and displays hypoxia-tolerant type I/II combined
PDT capability, and more notably, a high NIR-II fluorescence with a QY over 5%.

Figure 12.6: (A) Chemical structures and singlet and triplet energy levels of three model
compounds. (B) Optimized structures of the three model compounds. Green and red colors
highlight the conjugated benzene rings within the same plane. (C) DFT-calculated HOMO and LUMO
wave functions of the geometry-optimized structures (Gaussian 09/B3LYP/6-31 G(d)) of the three
model compounds [17]. Copyright © 2019, American Chemical Society.
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Moreover, COi6-4Cl shows a negligible photothermal conversion effect. The nonradia-
tive decay of COi6-4Cl is suppressed in the dispersed and aggregated states due to the
restricted molecular vibrations and distinct intermolecular steric hindrance induced
by its four bulky side chains. These features make COi6-4Cl a distinguished single-
NIR-wavelength-activated phototheranostic material, which performs well in NIR-II
fluorescence-guided PDT treatment and shows an enhanced in vivo antitumor effi-
ciency over the clinically approved Chlorin e6, by the equal stresses on hypoxia-
tolerant antitumor therapy and deep-penetration imaging. Therefore, the great
potential of COi6-4Cl in precise PDT cancer therapy against hypoxia challenges
is demonstrated (Figure 12.7) [18].

Recently, Wan et al. developed the first type I AIE PS for NIR imaging-guided cancer
PDT. Four AIEgens were synthesized with increased electron-donating ability (TBZPy <
MTBZPy < TNZPy < MTNZPy) due to stronger electron donating ability of methoxy-
substituted TPA and naphtho[2,3-c][1,2,5]thiadiazole (NZ) compared to TPA and benzo-
2,1,3-thiadiozole (BZ). BZ-based AIEgens exhibited highly efficient 1O

2 generation,
while NZ-based AIEgens primarily generated free radical ROS (Figure 12.8) [19]. Wu
et al. developed a prodrug, DCM-S-CPT (camptothecin), with an excellent tumor-inhib-
iting ability based on dicyanomethylene-4 H-pyran derivatives as the NIR-emissive
AIEgens and CPT as the cancer drug. Owing to its D −π −A structure, DCM-S-CPT
exhibits a typical ICT broad absorption band at 455 nm with fairly weak emission
at 665 nm in DMSO/PBS buffer solution (50/50, v/v, pH = 7.4, 10 mM). On the
other hand, DCM-NH2 has a strong NIR fluorescence at 665 nm in the same condi-
tion with the absorption band at 492 nm [20].

Figure 12.7: Schematic illustration of the NIR-II-emissive photosensitizer (COi6-4Cl)
for hypoxia-tolerant photodynamic theranostics [18]. Copyright © 2020, Wiley-VCH GmbH.
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Figure 12.8: (A) ROS generation mechanism: Type II energy transfer to form singlet oxygen, and
type I electron transfer to form free radical ROS and hydrogen peroxide. (B) Chemical structures of
TBZPy, MTBZPy, TNZPy and MTNZPy. (C) PL emission spectra of four BZ/NZ-based fluorophores in
THF. (D) PL spectra of TNZPy in a mixture of DMSO/water with different fw values (inset:
photographs of TNZPy in DMSO and DMSO/water (v/v =1:90) under irradiation from a UV lamp).
(E) Nonradiative transition speeds (KIC + ISC) of the four fluorophores in DMSO solution and a film.
(F) Radiative transition speeds (Kr) of the four fluorophores in DMSO solution and a film [emitters]
= 10 μm [19]. Copyright © 2020, Wiley-VCH GmbH.
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Zhao et al. introduced a class of NIR-absorbing organic molecules with intramo-
lecular motion induced photothermic inside NPs, which enables most absorbed light
energy to dissipate as heat. Such a property makes the nanoaggregate a superior pho-
toacoustic imaging agent and allows them for high-contrast photoacoustic imaging
of tumors in live mice. This study not only provides a strategy for developing ad-
vanced photothermal/photoacoustic imaging nanoagents but also enables molecular
motion in a nanoplatform to find a way for practical application (Figure 12.9) 21].

In a single-component aggregate, the property studies mainly focus on the intrin-
sic structure of the compound under investigation and any external stimuli present.
There are generally no synergistic effects based on intermolecular interactions [22].
The CT complex (CTC) is a kind of material that involves significant charge transfer
from an electron donor (D) to an acceptor (A), resulting in electron delocalization be-
tween the two molecules. CTCs with improved photophysical/physicochemical proper-
ties over their constituting components have been employed in organic optoelectronic
devices. By manipulating the energy gaps of CTCs, their potentials have been demon-
strated for light-harvesting and amplifying, and bioimaging applications. The energy
gaps of CTCs originating from the highest occupied molecular orbital (HOMO)
level of the donor and the lowest unoccupied molecular orbital (LUMO) level of
the acceptor allows easy tuning of the absorption properties of CTCs via their con-
stituting components. Considering the prominent characteristics of organic CTCs,
it is reasonable to conceive that tunable nano-CTC with NIR-II absorption could be
a practical strategy of photothermal therapy (PTT). Herein, Tian et al. prepared
three CTC NPs (CT NPs) by combining commercially available donors and accept-
ors. Interestingly, they demonstrate for the first time CT NPs with absorption
peaks in the NIR-II region by combining perylene (PER, donor) and tetracyanoqui-
nodimethane (TCNQ, acceptor). The CT NPs showed excellent photothermal per-
formance with an absorption peak at 1,040 nm at the NIR-II therapy window, so it
was applied for antibacterial therapy by using NIR-II laser (1,064 nm). As the first
demonstration, the present nanosized PER-TCNQ NP system shows a promising
bacterial inhibition efficiency of 99% with photothermal conversion efficiency of
42% under 1,064 nm irradiation. The present work reveals that by employing dif-
ferent donor and acceptor small molecules, the optical absorption of CTCs can be
extensively tuned to enable efficient photothermal conversion extending to the
NIR-II region. Hence, CTC is considered as a promising class of photothermal
agent (PTA) materials for light-harvesting deserving more attention (Figure 12.10)
[23]. In organic cocrystal, donors (D) and acceptors (A) self-assemble with a crys-
talline structure through noncovalent interactions. The electron delocalization
from the donor to the acceptor in CT cocrystals contributes more to the appeal-
ing physicochemical properties as well as the band engineering for the orbital
hybridization. Through effective control of the CT nature, such as the degree of
CT, ground state and excited state dynamics, charge generation, separation, and
recombination processes, it is possible to achieve rational designed functional
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cocrystals. Ou et al. prepared versatile CT complex NPs (TMB-F4TCNQ and TMB-
TCNQ) via supramolecular assembly and nanoprecipitation by using multicya-
nosubstituted and strong electron-withdrawing acceptors (TCNQ and F4TCNQ).
Because of the larger energy gap beween donor and acceptor, TMB-F4TCNQ
presents higher CT degree (72%) than that of TMB-TCNQ (48%) in nanoaggregates.

Figure 12.9: Preparation and characterization of compounds and NPs. (A) Molecular structures of
NDTA, 2TPE-NDTA, and 2TPE-2NDTA. (B) Schematic of 2TPENDTA-doped NP, showing active
excited-state intramolecular motion within NPs. (C) Dynamic light scattering profiles of the NPs
indicated. Inset: transmission electron microscopy image of 2TPE-2NDTA-doped NPs. Scale bar,
200 nm. (D–F) The photoluminescence (PL) spectra of NDTA (black), 2TPENDTA (red), and 2TPE-
2NDTA (blue) in THF solution (D), the doped NPs (E) in water and thin films (F). Inset: the contrast of
the PL intensity of the as-prepared NPs in water and in a THF solution of NDTA (E), and the contrast
of the PL intensity of thin film and THF solution of NDTA (F) [21]. Copyright © 2019, The Author(s).

Chapter 12 NIR aggregate-biohybrid systems for biomedical applications 329

 EBSCOhost - printed on 2/14/2023 12:51 PM via . All use subject to https://www.ebsco.com/terms-of-use



Fi
gu

re
12
.1
0:

D
ia
gr
am

sh
ow

in
g
ph

ot
ot
he

rm
al

ef
fe
ct

in
ch

ar
ge

tr
an

sf
er

co
cr
ys
ta
ln

an
op

ar
ti
cl
e
[2
3]
.C

op
yr
ig
ht

©
20

21
,W

ile
y-
V
C
H

G
m
bH

.

330 Pengfei Zhang, Xiuli Xu, Xiaoxi Ma

 EBSCOhost - printed on 2/14/2023 12:51 PM via . All use subject to https://www.ebsco.com/terms-of-use



Fi
gu

re
12
.1
1:
Th

e
pr
ep

ar
at
io
n
of

tu
m
or
-t
ar
ge

ti
ng

ch
ar
ge

tr
an

sf
er

co
m
pl
ex

na
no

pa
rt
ic
le
s
an

d
ill
us

tr
at
io
n
of

fe
rr
op

to
si
s
an

d
N
IR
-I
I-
tr
ig
ge

re
d
ph

ot
ot
he

ra
pe

ut
ic
s
[2
4]
.C

op
yr
ig
ht

©
20

21
,W

ile
y-
V
C
H
G
m
bH

.

Chapter 12 NIR aggregate-biohybrid systems for biomedical applications 331

 EBSCOhost - printed on 2/14/2023 12:51 PM via . All use subject to https://www.ebsco.com/terms-of-use



Therefore, TMB-F4TCNQ exhibits stronger NIR-II absorption ability with a mass ex-
tinction coefficient of 15.4 Lg−1 cm−1 at 1,300 nm and excellent photothermal effect.
Impressively, the specific cysteine response can make the TMBF4TCNQ effectively in-
hibit the intracellular biosynthesis of GSH, leading to redox dsyhomeostasis and
ROS-mediated ferroptosis. TMB-F4TCNQ can serve as a contrast agent for NIR-II pho-
toacoustic imaging to guide precise and efficient PTT in vivo (Figure 12.11) [24].

12.2 Nucleic acid-based NIR aggregate-biohybrid
for biomedical applications

As the foundation of life, nucleic acids (NAs) are biomacromolecules that encode
genetic information for living organisms. Specific sequences translate certain ge-
netic traits, protein expression, and, ultimately, cellular function. Yet, NAs not only
store genetic information but they can be very useful for the recognition of biologi-
cal compounds. As solid-phase NA synthesis techniques are now well developed,
their unique molecular structure and conformation make NAs interesting molecules
in the field of materials science. Due to specific Watson–Crick base pair interac-
tions, NAs can work as building blocks or linkers to construct and regulate different
molecular aggregates. Therefore, NA-based aggregate-biohybrids feature precise
molecular recognition and sequence programmability, versatility, as well as marked
biocompatibility, providing promising candidates for biomedical applications.

Spherical NAs (SNAs) are built from multiple strands of DNA, all dangling from a
common center like the woolen threads of a pom-pom. Arranging DNA in this way
drastically changes its physical and chemical properties. Unlike isolated double heli-
ces, the spheres can penetrate the membranes of cells, cross the skin and blood–brain
barrier (BBB), and avoid attack by the human immune system. Tian et al. developed
a kind of organic SNA whose hydrophobic core can accommodate NIR-II emitting
fluorescent dyes. The resultant NIR-II emitting organic SNA can effectively cross BBB
and target brain tumors, thereby enhancing the diagnostic imaging of brain tumors
(Figure 12.12A). In order to prevent the early leakage of organic dyes in in vivo appli-
cations, polystyrene with high hydrophobicity was selected as the hydrophobic block
to synthesize DNA block copolymer, PS-b-DNA. As shown in Figure 12.12B, PS-b-DNA
was successfully synthesized by a solid-phase “Click” reaction. After cleaved from
beads, PS-b-DNA directly assembled into spherical micelles with the size of ≈20 nm in
aqueous solution, which was determined by transmission electron microscopy and dy-
namic light scattering. The densely packed DNAs on the surface of PS-b-DNA SNA
showed hybridization ability comparable to free DNA. As for biostability, the in vivo
half-life of micellar DNA was determined to be ≈65 min, which was much larger than
that of free DNA (≈19 min), because dense DNA arrangements hinder the accessibility
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of nucleases. Compared with the counterpart PS-b-PEG, PS-b-DNA SNA showed ≈3-
fold enhanced cell penetration ability, measured by flow cytometry (FCM). Specific
aptamers were introduced into the PS-b-DNA SNA with 10% of the total surface DNAs
to obtain PS-b-DNA/Apt. The cell penetration ability of PS-b-DNA/Apt was deter-
mined to be 1.5-fold stronger than that of PS-b-DNA SNA. Scavenger receptor (SR)
was proved to be a key receptor for PS-b-DNA SNA penetrating cells through competi-
tive inhibitor experiments. What is more, SR-mediated transcytosis is a promising
strategy for crossing BBB. Therefore, the ability of PS-b-SNA to cross BBB was evalu-
ated, and the results indicated that PS-b-DNA showed 4.5-fold higher traversing effi-
ciency than that of PS-b-PEG (Figure 12.12C). The NIR-II emitting organic dye (FE) was
encapsulated into the PS-b-DNA polymer matrix by using nanoprecipitation method
to obtain FE@PS-b-DNA. SNA with 25% FE showed highest brightness and a fluores-
cence QY of 9.6%. FE@PS-b-PEG and FE@PS-b-DNA/Apt were also prepared under
the same conditions. Subsequently, in vivo brain tumor imaging was performed. At
24 h administration of different samples, FE@PS-b-DNA and FE@PS-b-DNA/Apt
showed strong fluorescence signal at brain tumor sites compared with FE@PS-b-PEG.
After imaging experiment, the isolated brains were collected. The enhanced accumu-
lation of FE@PS-b-DNA was observed due to the ability of PS-b-DNA in BBB crossing;
the targeted aptamer further enhanced the tumor penetrating ability of FE@PS-b-
DNA/Apt. Therefore, compared with FE@PS-b-DNA, FE@ PS-b-DNA/Apt showed a
3.8-fold signal enhancement (Figure 12.12D). Finally, the biocompatibility of FE@ PS-
b-DNA has also been demonstrated, showing excellent biosafety. These results indi-
cate that as a versatile polymer matrix, PS-b-DNA can facilitate functional organic
dyes to cross BBB for the diagnosis and imaging of brain diseases [25].

Liu et al. developed noncationic gene carrier and achieving efficient endo/lyso-
some escape of functional NAs in cytosol are two major challenges faced by the
field of gene delivery. Herein, they demonstrate a concept of self-escape SNA to
achieve light-controlled noncationic gene delivery with sufficient endo/lysosome
escape capacity. In this system, Bcl-2 antisense oligonucleotides (OSAs) were conju-
gated onto the surface of AIE PS NPs to form core–shell SNA. Once the SNA were
taken up by tumor cells, upon light irradiation, the accumulative 1O2 produced by
AIE PSs could rupture the lysosome structure to promote OSA escape. Prominent in
vitro and in vivo results validated that the AIE-based core–shell SNA could remark-
ably downregulate the antiapoptosis protein (Bcl-2) and induce tumor cell apopto-
sis without any transfection reagent. The design of the Bcl-2 SNA starts with the AIE
PS. To realize AIE PSs with far red /NIR emission and effective 1O2 production under
white light irradiation, a D (donor)–A’ (auxiliary acceptor)–π (π spacer)–A (real ac-
ceptor) structure was applied to design. A PS with a terminal acetylene group was
synthesized, which allows for subsequent PEG conjugation to yield an amphiphilic
polymer containing a terminal -N3 group. In aqueous media, the amphiphilic polymer
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forms NPs with -N3 exposed for further conjugation with an antisense OSA targeting
Bcl-2 mRNA, named as Bcl-2 antisense OSA, to form the core–shell SNA. To realize
smart release of Bcl-2 OSA, biodegradable ester bond was introduced between OSA
and AIE PS (Figure 12.13) [26].

Figure 12.12: (A) Scheme of the preparation of NIR-II emitting organic SNAs and their application in
brain tumor imaging. (B) Scheme of PS-b-DNA synthesized by solid-phase “click” reaction.
(C) Transcytosis efficiency for different samples over time. (D) NIR-II fluorescence imaging of the
mouse heads and isolated brains by using different NIR-II emitting materials under irradiation at
808 nm. All panels are reproduced with permission [25]. Copyright © 2020, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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Recently, DNA nanotechnology, especially DNA origami technology, has been
useful in the bottom-up fabrication of well-defined nanostructures ranging from tens
of nanometers to sub-micrometers. Ding et al. demonstrate that DNA origami can
work as a multifunctional platform integrating a chemotherapeutic drug (doxorubi-
cin, DOX), gold nanorods and a tumor-specific aptamer MUC-1, to realize the effective
circumvention of drug resistance. DOX was loaded efficiently onto DNA origami
through base pair intercalation and surface-modified gold nanorods (AuNRs) were
assembled onto the DNA origami through DNA hybridization. Due to the active
targeting effect of the assembled aptamers, the multifunctional nanostructures
achieved increased cellular internalization of DOX and AuNRs. Upon NIR laser ir-
radiation, the P-glycoprotein (multidrug resistance pump) expression of multidrug re-
sistant MCF-7 (MCF-7/ADR) cells was down-regulated, achieving the synergistically

Figure 12.13: Preparation of AIE PS-based Bcl-2 SNA. Schematic representation of Bcl-2 SNA being
taken up by tumor cells. The accumulative 1O2 in the lysosome could rupture its structure, promote
Bcl-2 OSA escape from the lysosome, eventually degrade Bcl-2 mRNA and improve PDT effect [26].
Copyright © 2020, Wiley-VCH GmbH.
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chemotherapeutic (DOX) and photothermal (AuNRs) effects (Figure 12.14). In sum-
mary, they developed a synergistic cancer therapeutic platform based on self-assem-
bled DNA nanostructures and demonstrated the circumvention of drug resistance.
DOX, AuNRs, and MUC-1 aptamer sequences were incorporated in DNA origami tem-
plates, realizing tumor-targeting chemothermal therapeutic functions in mucin protein
overexpressed MCF-7/ADR cells. In their system, the doses of the DOX payload could
be fine-tuned by the DNA origami concentration and the loading conditions. Both intra-
cellular two-photon laser and single-photon laser imaging results proved that the
MUC-1 aptamer-modified DNA origami carrier enhanced the internalization of AuNRs
and DOX. Due to the hyperthermia effect caused by the laser irradiation of AuNRs, the
molecular pump overexpressed on the MCF-7/ADR cells and P-glycoprotein was inhib-
ited. The downregulation of P-gp results in circumvention of the DOX resistance by
MODA. In this work, we demonstrate that the DNA origami is a designable platform for
the integration of multiple functional elements, such as targeting aptamer sequences,
chemotherapeutic drugs, imaging probes and photothermal gold particles. Moreover,

Figure 12.14: Schematic illustration of the multifunctional carrier. A long scaffold single DNA strand
M13mp18 (gray) is folded into the triangular-shaped DNA origami structures through hybridization
with rationally designed staple strands (gray), MUC-1 aptamer strands (green), and capture strands
(blue). Doxorubicin (DOX) molecules are loaded into the origami nanostructure through intercalation
with the DNA base pairs. Functionalized by the corresponding complementary thiolated ssDNA
strands, gold nanorods (AuNRs, 50 nm × 10 nm) were assembled at the predesigned locations on the
origami template. The multifunctional DNA nanostructures (MUC-1 aptamer–DNA origami–DOX–AuNRs
complex, MODA) were administered to the MCF-7/ADR cells, and the photothermal effects were
investigated [27]. Copyright © 2017, The Royal Society of Chemistry.
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based on the addressability and programmability of the DNA origami, additional func-
tional groups, such as antibodies and therapeutic peptides, can be accurately assem-
bled. Rationally designed DNA nanostructures show tremendous potential as drug
carriers and promising candidates for the treatment of cancer. Among these succinct
nanostructures, DNA tetrahedron (DNA-T), a classical three-dimensional framework
with the strategy of DNA origami, provides a promising platform to construct promi-
nent drug delivery systems [27]. Zhu et al. employ DNA-T as the carrier for the intracel-
lular delivery of palmatine hydrochloride (PaH), which is a natural PS with AIE
characteristics. By taking advantages of DNA-T binding, the cellular uptake of PaH sig-
nificantly increases and the PaH transportation efficiency to the nucleus is accelerated
by light-driving. The combination of DNA-T and PaH not only enhances the fluores-
cence intensity but also promotes the photodynamic effects, which are beneficial to
cancer diagnosis and treatment. This study thus provides a novel pathway for the
theranostics using natural AIE luminogens [28].

NA aptamers are single-stranded DNA or RNA with a length ranging from 10 to
100 nucleotides (nt), which are produced from a process termed “systematic evolu-
tion of ligands by exponential enrichment.” Recently, micellar aggregates com-
posed of a single-stranded DNA corona and a hydrophobic polymer core have
emerged as new types of functional micelles. These micelles have been synthesized
and applied for the delivery of antisense DNA, 2a as a 3D scaffold for organic reac-
tions, and 2f as a combinatorial tool for cancer nanotechnology. Zhang et al. de-
monstrated a facile one-step assay to construct aptamer-anchored micelle-like
aggregate-biohybrids with NIR fluorescence properties. The aptamer-anchored ag-
gregate-biohybrids were fabricated through mixing of the aptamer-cholesterol,
lipids, PEG-lipids, and AIEgens under sonication. The hydrophobic lipid parts
tend to embed themselves in integrations of hydrophobic AIEgens, and the hydro-
philic PEG segments tend toward the aqueous media to provide the AIE dots with
promising water solubility. The aptamer-anchored aggregate-biohybrids can target
cancer cells with specific recognition, favorable photostability, and superior biocom-
patibility as a result of strong AIE emission and the cell-targeting ability of aptamers
(Figure 12.15) [29].

12.3 Organism-based NIR aggregate-biohybrid
for biomedical applications

An organism is an individual form of life that is capable of growing and reproduc-
ing and has one or more cells. Organism organelles are intracellular, membrane-
bound compartments that function to separate distinct biochemical pathways and
concentrate the enzyme activity within cells. Organelles are, with rare exceptions,
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uniquely eukaryotic, and their evolution is likely to have influenced the develop-
ment of multicellular organisms. Chloroplasts (cp) in the mesophyll of intact plants
localize to the cell cortex. This positioning maximizes gas exchange and light inter-
ception and is primarily enforced by the outward turgor of the vacuole [30]. The iso-
lated cp is the basic light-driven metabolic factory of higher plant cells. However,
there is an incomplete match between the solar radiation spectrum and absorption
profile of cp. It is hard for the photosynthetic pigments to fully utilize the sunlight
energy. Herein, Bai et al. synthesized cp-based aggregate–biohybrid. Under mild
conditions, the synthesized TPE–PPO and TPA–TPO were artificially manipulated
on the live cp by a metal-free “Click” reaction. Furthermore, the AIEgens could har-
vest and convert harmful ultraviolet radiation and photosynthetically inefficient ra-
diation into photosynthetically active radiation for cp absorption. As a result, the
AIEgen-cp exhibited a better capability of water splitting and electron separation,
and produced more adenosine triphosphate (ATP). For the constructed photosynthe-
sis system, the AIEgens contributed to the specific AIE characteristics and avoided
the common aggregation-caused quenching effect. In addition, the bioconjugation
strategy contributed to the directed manipulation toward photosynthetic units, be-
yond the random modification or mixture route. This work reports the first conjuga-
tion and light conversion tactics based on AIEgens for augmenting photosynthetic
efficiency. This proof of concept shows that the excellent AIE materials have enor-
mous potential to develop modern bioenergy in future. The material chemists have a
great stage for reforming the cp, optimizing the photosynthetic system, and trans-
forming Nature (Figure 12.16) [31].

Figure 12.15: Schematic illustration of aptamer-anchored micelle-like aggregate-biohybrids
preparation by one-pot self-assembly method [29]. Copyright © 2017 American Chemical Society.
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Mitochondria (Mito) are powerful and dynamic organelles, which play a funda-
mental role in growth, differentiation, survival, and apoptosis beyond sustaining the
energetics of the cell. Aging, tissue damage, and diseases challenge the cell and its
Mito, thereby affecting their integrity, function, and homeostasis. In cancer cells, the
Mito is not only severely reduced in number but also extremely abnormal in structure
and function. Owing to the malfunction of Mito, the metabolism of cancer cells would
be altered by using the aerobic glycolytic pathway for ATP synthesis. Additionally, the
mitochondrial dysfunction of cancer cells could also result in hypoxia-like pathway ac-
tivation for tumorigenesis, reduced apoptosis, and treatment resistance. Fortunately,
Mito transplantation by delivering exogenous functional Mito into damaged organ/
tissue/cells has been demonstrated to be a revolutionary treatment for a variety of

Figure 12.16: (A) Simplified illustration of photoinduced electron generation (PEG) in the
photosynthesis process of cp; reaction schedule for evaluating PEG efficiency by 2,
6-dichlorophenolindophenol (DCPIP). (B) Time dependence of absorbance of DCPIP at 600 nm in
aqueous suspensions of pristine and AIEgen-cp under irradiation of (top panel) UV light of 0.5
(weak, w) and 1 mW cm−2 (strong, s) and (bottom panel) visible light of 1 (weak, w) and 2 mW cm−2

(strong, s), *P < 0.001 and **P < 0.05. (C) Production of adenosine triphosphate (ATP) in pristine
and AIEgen-cp in the dark (D) and under light irradiation (l) [31]. Copyright © 2021, The Royal
Society of Chemistry.
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diseases or injuries. It has been found that Mito transplantation could inhibit the prolif-
eration of cancer cells by suppressing oncogenic pathways and glycolytic metabolism.
Therefore, Liu et al. fabricated Mito-based aggregate-biohybrid by labeling isolated bio-
active Mito with synthetic AIEgen-lipid molecules, which possess the natural compo-
nent of a phospholipid, through hydrophobic interaction between the conjugates and
mitochondrial membrane. After internalization into cancer cells, the Mito-AIEgen-lipid
established a more normal and efficient metabolic pathway for ATP synthesis though
reversing aerobic glycolysis into the oxidative phosphorylation. In addition, it could
reactivate the apoptotic pathway by downregulating the expression of antiapoptotic
protein and upregulating the apoptosis-inducing factors. Due to the biological regula-
tion of Mito, the PDT effect of Mito-AIEgen-lipid under light irradiation was signifi-
cantly enhanced when compared with free AIEgen-lipid. Therefore, the integration
between artificially modified organelles and PSs offers a new strategy for efficient can-
cer therapy (Figure 12.17) [32].

Live bacteria have drawn widespread interest as carriers to deliver genes and
proteins into eukaryotic cells for the treatment of various cancer types, owing to
their good biocompatibility and active targeting ability, including (i) their unique
ability to preferentially colonize tumors in an active motility by an aerotaxis or che-
motaxis pathway; (ii) their intrinsic genetic system, which allows live bacteria to be
genetically engineered to deliver tumoricidal agents such as genes or proteins; (iii)
because they are a natural protein-making factory, bacteria vectors are cost-effec-
tive compared with most artificial synthetic carriers. However, how to realize effec-
tive gene and protein release remains an issue, and whether the bacteria could
efficiently deliver therapeutic agents has not been successfully realized. Wu et al.
reported a new bacteria-based aggregate-biohybrid system composed of AIE photo-
sensitizer nanoaggregate (AIE PS NP) TDNPP-coated Escherichia coli (E. coli), which
serve as a PS delivery vector for effective imaging and ablation of tumor cells (Fig-
ure 12.18). The TDNPP coating layer on the surface of E. coli could facilitate bacteria
to invade cancer cells and efficiently release protein through the production of ROS
upon light irradiation. Furthermore, multifunctional TDNPPs delivered by bacteria
have also achieved enhanced cancer cell imaging and effective light-mediated can-
cer killing in vitro as compared to the same PS NPs without the bacteria carrier.
Their study thus presents an alternative strategy to optimize bacteria-mediated can-
cer therapy and intracellular protein delivery [33].

Liu et al. developed bacteria-based aggregate-biohybrid based on attenuated
Salmonella via metabolic engineering using an AIE photosensitizer, MeTTPy-D-Ala
(AIE PS MA), to realize light-controlled gene release for breast cancer therapy (Fig-
ure 12.19). The labeling of MA does not inhibit Salmonella reproduction so that the
administered MA-engineered Salmonella carrying vascular endothelial growth factor
receptor 2 (VEGFR2) plasmids can be localized in the tumor tissues and continue to
colonize and express exogenous genes. Following an appropriate treatment schedule,
the constructed plasmid could be released with a controlled manner into the cytoplasm
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of the host cells under light irradiation. The designed expression of VEGFR2 proteins
could then block the immunological tolerance to VEGFR2 and induce a T-cell-mediated
autoimmune antiangiogenic response. Through a series of in vitro and in vivo experi-
ments, prominent tumor suppression performance was validated with the engineered
living therapeutic system, demonstrating its great potential in precise tumor treatment
[34].

Figure 12.18: (A) The structure of TD and illustration of nanoparticle formation. (B) Process of
TDNPP-coated live E. coli. (C) Intracellular trafficking of nanoparticle-coated live E. coli and PS
delivery [33]. Copyright © 2019, American Chemical Society.
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Bacteriophage, or phage for short, is a virus that infects bacteria. Like other types
of viruses, bacteriophages vary a lot in their shape and genetic material. He et al. re-
ported bacteriophage-based aggregate-biohybrid by integrating AIEgens with bacterio-
phage to form a new class of antimicrobial bioconjugates (TVP–PAP) for the imaging
and killing of a certain species of bacterium. The generated TVP–PAP perfectly pre-
served the properties of both AIEgen and phage, with intrinsic AIE fluorescence serving

Figure 12.19: Schematic illustration of (A) the synthetic route to target compound MA and
(B) Salmonella encoding the VEGFR2 plasmid engineered with MA and its antiangiogenesis therapy
of breast cancer in vivo [34]. Copyright © 2021, The Royal Society of Chemistry.
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the function of real-time monitoring of phage–bacterium interaction and particular
specificity in bacterial targeting. What is more, the synergistic antibacterial effect
with efficiency that significantly surpassing both individuals in the bioconjugates
was achieved by integrating the PDI activity of AIEgen and the infection ability of
phage itself [35].

Immune cells have attracted substantial attention because they can act as “liv-
ing” carriers to travel through blood flow and accumulate in sites of inflammation
or injury. As the most abundant immune cells, neutrophils possess an innate ability
to penetrate the BBB and specifically infiltrate into the inflammatory sites. In addi-
tion, they can carry drugs and migrate along the chemotactic gradients toward the
inflamed target, while still maintaining physiological activities. On the basis of this
consideration, Liu et al. developed NEs-based aggregate-biohybrid. They utilized NEs
as live carriers to deliver NIR-II AIE dots for accurate diagnosis of brain inflammation
(Figure 12.20). Herein, it is shown that NEs carrying 2TT-oC6B NPs can penetrate the
BBB and visualize the deeply located inflammation through an intact scalp and skull.

Figure 12.20: (A) Schematic of the NE-mediated NIR-II AIE dots for brain inflammation imaging.
(B) NIR-II fluorescence images with different cell number (1,000 nm LP, 50 ms). (C) The average
fluorescence signals at cell number of 5 × 105. (D) Subcutaneous fluorescence images with
different cell number. (E) The average fluorescence signals of the data from (D). (F) The confocal
images of inflammation slice. Representative images of TTB@NE, NE-Gr1, Iba1, DAPI and overlap.
Scale bar = 5 mm for (B, D) [36]. Copyright © 2019, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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Notably, the bright 2TT-oC6B contributes to a significantly enhanced signal-to-back-
ground ratio of 30.6 in the brain inflammation site [36].

Recent work has shown that the primary role of the lipid-based NPs is to en-
hance cellular uptake into cancer cells rather than increasing the accumulation in
the tumur [37]. Liu et al. reported neutrophil-based aggregate-biohybrid. They syn-
thesized an AIEgen conjugated with lysophosphatidylcholine to label live neutro-
phils in an ultrafast (30 s) and wash-free manner with bright turn-on fluorescence.
The insertion of TL into the lipid bilayer of the cell membrane could lead to restric-
tion of intramolecular rotation. This contributed to the enhanced NIR fluorescence
for TL, along with the reduced microenvironment polarity in cell membrane. This
fast-labeling method does not affect the inherent neutrophil properties and physio-
logical activities, including cell viability and chemotaxis ability. In addition, neu-
trophils labeled with TL using the simple, fast yet biocompatible labeling method
have been successfully used to monitor neutrophil behaviors, such as the process
of chemotaxis and migrating function toward sites of inflammation. The TL labeling
strategy offers new opportunities to monitor the fate of neutrophils by fluorescence
imaging both in vitro and in vivo, which may provide insights for new strategy de-
sign of living neutrophil-based nanotherapeutic studies (Figure 12.21) [38].

Figure 12.21: Illustration of the fabrication and inflammation imaging of TL-labeled neutrophils.
(A) The preparation of TL-labeled neutrophils. (B) Inflammation-active TL-labeled neutrophils used
for monitoring neutrophil behaviors such as migrating function toward inflammation sites and
fluorescence imaging of inflammatory disorder [38]. Copyright © 2020, Wiley-VCH GmbH.
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By virtue of coating NPs with cell membranes from diverse cell sources, active
proteins on cell membranes can impart a variety of desired functionalities or supple-
mentary therapeutic effects to NPs, providing ways for enhanced cancer immunother-
apy. Recent advances of cell membrane camouflaged NPs applied to the improved
immunotherapy are discussed on the basis of different sources of cell membranes and
corresponding working mechanisms. These biomimetic NPs can potentially deliver
therapeutic agents to the designated sites and actively engage in particular stages of
the cancer immunity cycle, eliciting antitumor immunity with less off-target toxicities
[39]. Deng et al. developed the natural killer cell membrane-based aggregate-biohybrid
(NK@AIEdots) by coating NK cell membrane on the AIE-active polymeric endoskel-
eton, PBPTV, a highly bright NIR-II AIE-active conjugated polymer (Figure 12.22).
Owing to the AIE and soft-matter characteristics of PBPTV, as-prepared NK@AIE-
dots maintained the superior NIR-II brightness (QY ~7.9% in water) and good
biocompatibility. In addition, they could serve as tight junctions (TJs) modulator to
trigger an intracellular signaling cascade, causing TJ disruption and actin cytoskele-
ton reorganization to form intercellular “green channel” to help themselves crossing
BBB silently. Furthermore, they could initiatively accumulate to glioblastoma cells in
the complex brain matrix for high-contrast and through-skull tumor imaging. The

Figure 12.22: Schematic illustration showing the preparation and assembly process of NK cell that
mimics AIE nanoparticles (NK@AIEdots) and the “smart” tight junctions (TJs) that modulated
blood–brain barrier (BBB) penetration of NK@AIEdots for brain tumor-targeted light-up and
inhibition [40]. Copyright © 2020, American Chemical Society.
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tumor growth was also greatly inhibited by these NK@AIEdots under the NIR light
illumination. As far as we know, the QY of PBPTV is the highest among the existing
NIR-II luminescent conjugated polymers. Moreover, the NK-cell biomimetic nanoro-
bots showed great potential for BBB-crossing active delivery [40].

Xu et al. developed dendritic cell (DC) membrane-based aggregate-biohybrid
PSs with antigen-presenting and hitchhiking abilities (DC@AIEdots) by coating DC
membranes on the nanoaggregates of the AIE PSs. Notably, the inner AIE PSs could
selectively accumulate in lipid droplets of tumor cells, and the outer cell membrane
could facilitate the hitchhiking of DC@AIEdots onto the endogenous T cells and en-
hance the tumor delivery efficiency by about 1.6 times. Furthermore, DC@AIEdots
could stimulate the in vivo proliferation and activation of T cells and trigger the im-
mune system. This study not only indicates the potential applications of therapeutic
agents targeting lipid droplets for immunotherapy but also provides a new hitch-
hike approach for drug delivery. Lastly, our study presents a photoactive and artificial
antigen-presenting platform for effective T-cell stimulation and cancer photodynamic
immunotherapy (Figure 12.23) [41].

Figure 12.23: The schematic illustration represents preparation and assembly of AIE
photosensitizers with dendritic cell membrane coating (DC@AIEdots) and in vivo photodynamic
immunotherapy. The inner AIE photosensitizers selectively accumulated in tumor cells, and
the outer cell membrane facilitated DC@AIEdots to hitchhike on endogenous T cells to enhance the
tumor delivery efficiency, and stimulate in vivo T-cell proliferation and activation to activate the
immune system [41]. Copyright © 2021, Wiley-VCH GmbH.
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Conclusion

In this chapter, we introduced the recent progress of NIR materials designed based
on aggregate structures. As a promising and emerging strategy for NIR material de-
velopment, moving beyond single molecules and well-defined complexes, aggregates
serve as a particularly useful form of materials that often display modified or wholly
new properties compared to their molecular components. Many exclusive structures
and NIR properties have only been discovered in the aggregate state but not in molec-
ular species. Thus, it is foreseeable that there is a plenty room for developing NIR
materials by manipulating the molecular aggregate (i.e., irregular clusters of many
molecules) instead of complex synthesis. We also introduced different hybrids of nat-
urally biological component and artificially synthetic materials at aggregate level by
starting from different biological elements at different scales (e.g., DNA fragments,
bacteria, cells, and entire organs). By leveraging the performance of living cells and
tissues and directly interfacing them with artificial components, it should be possible
to exploit the inherent metabolic efficiency of biological functions within artificial
materials and to provide novel solutions to the problems of biocompatibility. Recent
work has shown that this is, in principle, possible and that some biohybrid systems
are working as expected and are producing a therapeutic impact in animal models of
human diseases. However, there is still a long way to go until aggregate biohybrid
systems will be a clinical reality.
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Chapter 13
Fluorescent and afterglow luminescent AIE
dots for biomedical applications

13.1 Introduction

Optical imaging has aroused increasing attention in the biomedical field, owing to
the advantages of well safety, high time-domain resolution, excellent sensitivity,
and real-time imaging [1–5]. Among various optical imaging methods, fluorescence
imaging is the longest developed and most mature imaging technology. Currently,
large amounts of fluorescent dyes, including noble metal materials, inorganic mate-
rials, and organic materials, have been developed for fluorescence imaging [6–10].
Among them, organic fluorescent dyes have attracted more attention from research-
ers due to their good biocompatibility, flexible processability, and other advantages
[2, 11–13], However, most of these traditional organic fluorescent dyes are hydro-
phobic in nature and tend to aggregate by π–π stacking in aqueous environments
[14]. The enhanced nonradiation dissipation favored by the serious π–π stacking in-
teractions releases the laser energy absorbed by fluorescent molecules, resulting in
the severely reduced luminescence efficiency of traditional organic fluorescent dyes
[14, 15]. This phenomenon of aggregation-caused quenching (ACQ) effect severely
limits the application of conventional fluorescent molecules in aqueous biological
environments [16]. Fortunately, the discovery of aggregation-induced emission
(AIE) materials provides a good solution to overcome this bottleneck [17–19]. The
motion of propellers in AIE materials is strongly restricted in the aggregated state,
leading to the significantly enhanced fluorescence emission of AIE materials ac-
cording to the Jablonski diagram [20–22].

In the past two decades, a large number of AIE fluorescent materials have been
developed for biomedical applications [23–28]. However, although great efforts
have made to improve the brightness of fluorescent materials, the signal-to-noise
(S/N) ratio of fluorescence imaging in vivo is still severely limited by the tissue au-
tofluorescence of the organism itself [4, 29, 30]. In order to improve the S/N ratio of
optical imaging, afterglow imaging, which harvests photons continuously emitted
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from luminescent materials after termination of the applied laser excitation, has
been developed in recent years [31–34]. Compared with traditional fluorescence im-
aging techniques, afterglow imaging requires no real-time laser excitation and
completely avoids the interference of tissue autofluorescence and thus has higher
sensitivity and S/N ratio, which is extremely advantageous for early detection of
diseases in vivo [35, 36]. However, most of the afterglow materials developed so far
are inorganic substances composed of rare earth/heavy metal ions such as euro-
pium, praseodymium, and chromium, whose potential biotoxicity and difficult
structural modification greatly limit their application in biomedical fields [37–40].
Compared with inorganic afterglow materials, organic afterglow materials with
good biocompatibility are more suitable for biomedical applications [35]. Neverthe-
less, only a few organic afterglow probes have been reported to be applied in the
biomedical field [41–43]. Moreover, the afterglow signal intensity of these probes
in vivo still needs to be further improved due to their intrinsic ACQ properties [44].
It has been shown that combining afterglow properties with AIE characteristics is
beneficial to enhance the afterglow emission and thus improve the S/N ratio for dis-
ease diagnosis [44, 45].

To date, although a large amount of book chapters/reviews have summarized
the biomedical applications of fluorescent or afterglow materials, however, book
chapters/reviews focusing on fluorescent and afterglow luminescent AIE dots for
biomedical applications are still rare [46–50]. In this chapter, we summarize the re-
cent advances in the biomedical applications of fluorescent and afterglow lumines-
cent AIE dots. Firstly, we expound the applications of fluorescent luminescent AIE
dots in drug-release monitoring, bacteria discrimination, fluorescent image-guided
cancer surgery, lymph node imaging, and vascular imaging. Next, we introduce the
biomedical applications of emerging afterglow luminescent AIE dots in the imaging
of tumors and lymph nodes, image-guided cancer surgery, and image-guided can-
cer surgery. Finally, a brief summary and outlook on the biomedical applications of
fluorescent and afterglow luminescent AIE dots is presented.

13.2 Fluorescent luminescent AIE dots
for biomedical applications

Fluorescence is the light emitted by a substance after it absorbs light energy. In the
fluorescence emission process, upon light irradiation, the electrons of the fluores-
cent molecules jump from the ground state to the excited singlet state, after which
they return to the ground state to emit photons. Due to the high sensitivity of fluo-
rescence imaging, fluorescent luminescent AIE dots are widely used in drug-release
monitoring, bacteria discrimination, fluorescent image-guided cancer surgery, lymph
node imaging, and vascular imaging and other fields [51–58].
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13.2.1 Monitoring of drug release

Small chemotherapeutic drugs play a key role in the clinical therapy of tumors. Due
to the inherently hydrophobic structure, the blood circulation time of most mole-
cule chemotherapeutic drugs is short. To prolong their circulation time, the hydro-
phobic small-molecule chemotherapeutic drugs are usually prepared into nanodrugs,
by being encapsulated into the hydrophobic core of amphiphilic polymers [59, 60].
The surface (or core) of these nanodrugs is usually modified (or loaded) with fluores-
cent materials to trace the destination of these chemotherapeutic drugs [61]. How-
ever, this approach is unable to trace whether these chemotherapeutic drugs are
released from the carriers.

Recently, Yi et al. reported a self-guiding polymeric prodrug micelle, TB@PMPT,
realizing the monitoring of paclitaxel (PTX) release from the micelles [57]. As shown
in Figure 13.1, by conjugating PTX and AIE photosensitizer PyTPE (yellow fluores-
cence dye) on the side chain, the reduction-sensitive polymeric prodrug PEG
(polyethylene glycol)-b-PMPMC-gPTX-g-PyTPE (PMPT) was constructed. The final
TB@PMPT micelles were prepared by encapsulating another AIE photosensitizer
TPA-BDTP (TB, red fluorescence dye) into the hydrophobic cavity of PMPT mi-
celles. Before injection, the TB@PMPT micelles can emit two kinds of fluores-
cence. After reaching the tumor sites, small amounts of reactive oxygen species
(ROS) generated by PyTPE and TB after the first light exposure-induced lipid per-
oxidation and increase the permeability of cell membranes, thus improving the
ability of cells to take up TB@PMPT micelles. Soon afterward, the disulfide bond
in PMPT was broken in response to glutathione overexpressed in tumor cells, re-
leasing PTX. Meanwhile, the hydrophilicity of the residual polymer conjugated
with PyTPE was enhanced, leading to decreased fluorescence of PyTPE. Since the
fluorescence of TB remained unchanged, the ratio of the fluorescence of TB to
PyTPE can be used to monitor the release of PTX and indicate the timing for second
laser irradiation to achieve photodynamic therapy (PDT).

13.2.2 Bacteria discrimination

Although bacteria are widespread in the human body and mostly harmless, some bac-
teria could still cause serious diseases. Antibiotics are an effective tool used clinically
to kill bacteria [62]. However, due to the abuse of antibiotics in recent years, superbugs
with antibiotic resistance have emerged. Proper selection and control of the use of anti-
biotics is beneficial to reduce the emergence of antibiotic-resistant bacteria. Bacteria
are classified into Gram-positive and Gram-negative bacteria based on the composition
of their cell walls. Gram-positive and Gram-negative bacteria have different pathogenic
mechanisms, with Gram-positive bacteria producing exotoxins and Gram-negative bac-
teria producing endotoxins. Distinguishing the type of infecting bacteria facilitates the
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targeted selection of antibacterial drugs for treatment. Gram staining is the traditional
method to identify Gram-positive and Gram-negative bacteria, but its operation is te-
dious and complicated and requires operators to have high operating skills.

Recently, Bao et al. reported a peptide-based AIE bioprobe, AIE-DCM-2 poly-
myxin B, allowing for rapid detection of Gram-negative bacteria [54]. AIE-DCM-2
polymyxin B is composed with a core of an AIE dye AIE-DCM and two heads of poly-
myxin B peptides (Figure 13.2A). Owing to the high specific binding affinity of poly-
myxin B toward lipopolysaccharides (LPS), which is the major components on the
cell wall of Gram-negative bacteria, AIE-DCM-2 polymyxin B can specifically bind to
the surface of Gram-negative bacteria [63]. In addition, the introduction of poly-
myxin B increases the hydrophilicity of AIE-DCM, resulting in a weak fluorescence
of AIE-DCM-2 polymyxin B in aqueous solution (Figure 13.2B). In contrast, for AIE-
DCM-2 polymyxin B bound to the surfaces of Gram-negative bacteria, an intense
fluorescence is emitted due to the restricted intramolecular motion of AIE-DCM, al-
lowing for rapid and specific detection of Gram-negative bacteria (Figure 13.2C, D).

Figure 13.1: Mechanistic diagram of the monitoring of PTX release from TB@PMPT. Adapted with
permission from ref. [57]. Copyright 2021, American Chemical Society.
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Moreover, AIE-DCM-2 polymyxin B is able to generate ROS under laser irradiation
and could also be used for photodynamic sterilization.

The specific identification of Gram-positive bacteria is also very important. Re-
cently, Hu et al. reported an AIE probe, 2-(((diphenylmethylene)hydrazono)methyl)
naphthalene (M1-DPAN), to be able to rapidly distinguish Gram-positive bacteria
from Gram-negative bacteria and fungus [58]. Owing to the high binding affinity to-
ward lipoteichoic acid (LTA), which is the major components on the cell wall of
Gram-positive bacteria, M1-DPAN can efficiently bind to the surface of Gram-positive
bacteria (Figure 13.3A). Subsequently, the DPAN moieties in M1-DPAN insert into the
outer layers of Gram-positive bacteria due to the strong hydrophobic interactions be-
tween DPAN and cross-linked peptidoglycan, the major components of the outer
layers of Gram-positive bacteria. On account of the restricted intramolecular motion,
M1-DPAN emits strong fluorescence upon laser irradiation (Figure 13.3B). For the
Gram-negative bacteria, except for the low binding affinity of M1-DPAN toward LPS,
the small amount of M1-DPAN that adheres to the surface of Gram-negative bacteria
is also difficult to insert into the interior of the bacteria due to the inhibition by phos-
pholipid layer, the major components of the outer layers of Gram-negative bacteria
(Figure 13.3C). While for fungus, although a small number of M1-DPAN adhering to
the surface of the fungus can insert into the interior of the fungus, the alkalinity of
morpholine moiety in M1-DPAN is not suitable for binding with the outer layer struc-
ture of fungus, resulting in the easy removal of the inserted part (Figure 13.3D). This

Figure 13.2: (A) Synthetic route of AIE-DCM-2 polymyxin B. (B) Emission spectra of AIE-DCM and
AIE-DCM-2 polymyxin B in aqueous solution. (C) Emission spectra of AIE-DCM-2 polymyxin B with and
without bacteria. (D) Confocal images of AIE-DCM-2 polymyxin B after incubation with different kinds
of bacteria. Adapted with permission from ref. [54]. Copyright 2021, The Royal Society of Chemistry.
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work provides a novel strategy to achieve specific discrimination of Gram-positive
bacteria without antibody or protein modification.

13.2.3 Fluorescent image-guided cancer surgery

Although new methods such as chemotherapy, radiotherapy, and immunotherapy
have been developed for tumor treatment, surgical resection is still an important
method to treat tumors in the clinic. However, at present, doctors mainly rely on
their experience in naked eye observation and palpation to find tumors for resec-
tion, which may cause tiny tumors to be missed and result in tumor recurrence.
Therefore, it is clinically important to develop new methods for guiding surgeons to
accurately identify and resect tiny tumors.

Recently, Gu et al. reported corannulene-incorporated AIE nanodots with highly
suppressed nonradiative decay for bright fluorescent image-guided cancer surgery [51].
By encapsulating TPP-TPA, an AIEgen with “rotor-rich” skeleton and an inherent
charge, into the hydrophobic core of corannulene-decorated PEG, a corannulene-

Figure 13.3: (A) Schematic diagram of the process of G specific discrimination by M1-DPAN. (B–D)
Schematic diagram of the binding between M1-DPAN and the outer cell walls after coincubation
with the Gram-positive bacteria (B), Gram-negative bacteria (C), or fungus (D). Adapted with
permission from ref. [58]. Copyright 2018, Elsevier.
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incorporated AIE nanodot, Cor-AIE dot, was constructed (Figure 13.4A). Owing to the
large intraparticle rigid microenvironments endowed by the large dipole moment,
superhydrophobicity, and hyper-rigidity of corannulene, the nonradiative decay of
TPP-TPA embedded inside the corannulene was highly suppressed, leading to the
greatly enhanced fluorescence emission and ROS generation compared to TPP-TPA en-
capsulated by DSPE-PEG2000. Thanks to the excellent enhanced permeability and reten-
tion (EPR) effect and bright fluorescence emission of Cor-AIE dots, the tiny tumors in
the peritoneal carcinomatosis-bearing mouse model were clearly presented by the fluo-
rescence of Cor-AIE dots, demonstrated by the overlap of the autofluorescence signal
from luciferase-expressed 4T1 cancer cells and the fluorescence signal from Cor-AIE
dots (Figure 13.4B, C). As shown in Figure 13.4D–F, a small amount of tiny tumors still
remained after a fluorescence image-blind tumor resection, while under the guidance
of the fluorescence of Cor-AIE dots, a complete removal of the tiny tumors was
achieved. In addition, owing to the excellent ROS generation capability, Cor-AIE dots
also performed well in PDT of tumors that were not appropriate for surgical excision.

Figure 13.4: (A) The preparation of Cor-AIE dots and DSPE-AIE dots. (B, C) Bright field, NIR
fluorescence, bioluminescence, and HE staining images of the tumor nodules on the surface of the
intraperitoneal intestines (B) and the peritoneum (C). (D–F) NIR fluorescence imaging of the
peritoneal cavity before surgical tumor removal (D), after unguided surgery (E), and after
the second guided surgery (F). Adapted with permission from ref. [51]. Copyright 2018, Wiley-VCH.
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13.2.4 Lymph node imaging

The sentinel lymph nodes are the first lymph nodes through which the primary
tumor metastasizes to other sites. Lymph node imaging helps clinicians to quickly
locate the sentinel lymph nodes and determine whether the tumor has metastasized
through biopsy results after resection, thus guiding whether to perform further
lymph node dissection. Blue dye staining is the traditional method for detecting
sentinel lymph nodes, however, due to the poor tissue penetration ability of the
fluorescence of blue dyes such as methylene blue, a commonly used blue dye,
naked eye observation is clinically used to look for lymph nodes marked with blue
dyes, which is ineffective and requires high skills of doctors.

In order to overcome the disadvantage of poor tissue penetration of blue dyes,
Luo et al. developed a deep-red fluorescent dye, BTA-TPA, for highly bright imaging
of lymph nodes in vivo [53]. By integrating the hybridized local and charge-transfer
state and separated dimers into one aggregate, BTA-TPA achieved a high bright and
deep-red/near-infrared (NIR) emission, with a photoluminescent quantum yield
(QY) of 54.8% for the fluorescence peak at 690 nm. Owing to the bright deep-
red/NIR fluorescence, BTA-TPA nanoparticles (NPs) were able to clearly image
tumor cells in vitro and lymph nodes in vivo.

However, NIR-I (700–900 nm) fluorescent dyes are difficult to image tiny lym-
phatic vessels due to the high background fluorescence of living organism in NIR-I
window [29]. Benefitting from the strong tissue penetration and low background fluo-
rescence, NIR-II (1,000–1,700 nm) fluorescent dyes are well suited for imaging lym-
phatic vessels [64, 65]. Recently, Liu et al. reported NIR-II fluorescent dye with planar
and twisted molecular structure for clear imaging of the lymphatic network [52]. By
integrating the planar structure of the ACQ molecule and the twisted structure of the
AIE molecule in one unit, pNIR-4 achieves the unification of a high absorption coeffi-
cient and a high fluorescence QY (Figure 13.5A). As shown in Figure 13.5B, owing to
the bright fluorescent emission of pNIR-4 NPs in NIR-IIa region (1,300 − 1,400 nm),
the lymph nodes and lymphatic vessels of mice were clearly imaged after subcutane-
ous injection of pNIR-4 NPs into the footpads of nude mice (Figure 13.5C). Moreover,
guiding by the NIR-IIa fluorescence of pNIR-4 NPs, the lymph nodes were also suc-
cessfully excised (Figure 13.5D).

13.2.5 Vascular imaging

Vascular imaging is an imaging of blood vessels, which performed after injecting a
contrast agent into the blood vessels. The visualization of the vascular system is of
great significance to the diagnosis and treatment of cardiovascular diseases [66, 67].
It can intuitively and accurately reflect the location and extent of vascular lesion,
helping doctors find the disease in time and control the progress of the disease. For
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example, diagnosis of ischemic diseases, real-time monitoring of changes in the
width of the carotid artery to evaluate the efficacy of antihypertensive drugs. At pres-
ent, there are several traditional vascular imaging methods commonly used in clini-
cal practice, such as Magnetic resonance imaging, X-ray computed tomography and
ultrasound imaging. These imaging modes had a chronic lack of micron resolution.
Fluorescence imaging has the advantages of high sensitivity and sharp spatial resolu-
tion, but it is limited by low tissue penetration depth. The NIR-II fluorescence imag-
ing is a new imaging technology that has developed rapidly in recent years. It has the
advantages of high penetration depth and high S/N ratio. Therefore, many efforts of
NIR-II fluorophores for fluorescence imaging have already been made. Among them,
AIE dots have been widely reported due to their excellent optical properties and good
stability and biocompatibility.

The most common strategy for preparing water-soluble AIEgens with good
biocompatibility is to coat hydrophobic AIE molecules in NPs composed of amphi-
philic polymers. Although this method is simple and easy to implement, it is diffi-
cult to achieve uniformity of size and load rate. Therefore, it is still a challenge to
develop a preparation strategy for AIEgens that can achieve uniform size and stable

Figure 13.5: (A) Schematic illustration of the molecular design principle of highly bright SPNs.
(B) The preparation of NIR-II NPs. (C) Bright field and fluorescence images of the lymphatic network
of mice by subcutaneous injection of pNIR-4 NPs at different times. (D) NIR-IIa fluorescence guided
surgery of lymph nodes after intradermally injection of pNIR4 NPs. Adapted with permission from
ref. [52] Copyright 2020, American Chemical Society.
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loading rate. Based on this, Li et al. developed an amphiphilic AIEgens (TTB-PEG)
composed of a hydrophobic core and a hydrophilic PEG chain, and realized its ap-
plication in vascular imaging for large animal models [56]. Assisted by self-assembly,
a nanoprobe called SA-TTB NPs that was stably dispersed in water could be obtained
(Figure 13.6A). The probe not only had a maximum emission peak of more than
1,000 nm and a highly efficient optical fluorescence QYs of more than 10%, but also
has uniform and stable physical properties of diameter. When the skin was stretched
to the right, the researchers clearly observed that the position of the superficial blood
vessels had changed, while the position of the external iliac veins in the deep tissues
remained unchanged (Figure 13.6D). Then the researchers used conventional ul-
trasound imaging to measure and observe the depth of the external iliac vein
(Figure 13.6E). In summary, the NIR-II fluorescence imaging results show that
the in vivo resolution could reach ~38 μm and the penetration depth is ~1 cm
(Figure 13.6B, C). Therefore, the efficient self-assembly strategy designed by the
researchers could effectively construct high-performance AIE dots, which had guid-
ing significance for the design and development of NIR-II self-assembled AIEgens
and its application in vascular imaging.

There is a close evolutionary relationship between nonhuman primates and hu-
mans. In order to push AIE dots into clinical translational research, imaging of non-
human primates is an essential step. Qian’s group used high-brightness NIR-II
fluorescent AIE dots to achieve large-depth cranial (thinned skull) cerebrovascular
imaging on nonhuman primates for the first time, and accurately measured the
blood flow velocity in the cerebrovascular system [55]. They first encapsulated the
hydrophobic AIE molecules into hydrophilic AIE dots (Figure 13.7A), and then in-
jected the AIE dots intravenously. With the bright emission and good biocompatibil-
ity of AIE dots, fluorescent dots floating in the blood can be captured under NIR-II
fluorescence microscopy. Next, the researchers selected six blood vessels of the
same depth, and recorded the displacement of the fluorescent spots every 40 ms
(Figure 13.7B). The same blood vessel was recorded three times repeatedly, and fi-
nally the average flow velocity of the selected six blood vessels was calculated
(Figure 13.7C). In addition, according to the flow direction, it is judged that these
six blood vessels are all venous blood vessels because veins collect blood from the
branches. More importantly, the AIE dots could be used to observe the blood ves-
sels in the brains of nonhuman primates at a depth of 700 µm (Figure 13.7D), and
the in vivo resolution could reach ~5.2 µm (Figure 13.7E). In summary, this study
used the NIR-II fluorescent AIE dots to clearly observe the deep veins of the brain
and measure the blood flow, which is of great significance for accelerating the clini-
cal transformation process of the AIE dots in the second NIR region.
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Figure 13.6: (A) The structural formulas of TTB-OH and the PEGylation of TTB-OH through click
reaction, followed by self-assembly to obtain SA-TTB NPs. (B) Schematic illustration of NIR-II
fluorescence imaging of rabbit hindlimb vasculature postintravenous injection of SA-TTB NPs. The
white arrow and the green arrow point to the superficial vein and the external iliac vein,
respectively. (C) Cross-sectional fluorescence intensity profile along the blood vessel
corresponding to the dotted line. (D) Changes of relative position between the external iliac vein
in deep tissue and superficial veins while stretching the skin. (E) The depth of the external iliac
vein of rabbit hind limbs was measured by ultrasound imaging to be 1.1 cm. Adapted with
permission from ref. [56]. Copyright 2021, Elsevier.
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13.3 Afterglow luminescent AIE dots for biomedical
applications

Afterglow luminescence refers to a process that allows continuous luminescence
after the excitation light source is removed, which substantially reduces the inter-
ference of autofluorescence from the organism because it can emit light indepen-
dently of the external light source. Therefore, afterglow imaging has the advantages
of higher sensitivity and S/N ratio compared to fluorescence imaging, which made
afterglow imaging widely concerned in the field of biomedical imaging. Afterglow
imaging consists of phosphorescence imaging and chemiluminescence imaging.
While phosphorescence imaging relies on the return of electrons from the triplet
state to the ground state to emit photons, chemiluminescence imaging relies on the
energy generated by chemical reactions for chemical excitation to emit light. In the

Figure 13.7: (A) The preparation of NIR-II AIEgen NPs from AIEgen and F-127. (B) NIR-II fluorescence
imaging of six blood vessels of the detected blood flow velocity of the cerebrovascular system.
(C) The mean blood flow rates in the vessel (1–6) in (B). (D) Schematic illustration of microscopy
imaging and its results at different depths. (E) The cross-sectional NIR-II fluorescent intensity profile
of the cerebral blood vessel. Adapted with permission from ref. [55]. Copyright 2021, Wiley-VCH.
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following, we will introduce the biomedical applications of afterglow luminescent AIE
dots by phosphorescence imaging and chemiluminescence imaging, respectively.

13.3.1 Phosphorescent imaging of tumors and lymph nodes

Unlike fluorescence emission, the electrons in the excited singlet state during phos-
phorescence emission further pass on to the excited triplet state through intersys-
tem crossing and then return to the ground state. Due to the long duration of this
process and the dissipation of much energy before radiative decay, the phosphores-
cence lifetime is generally long (>100 ms) and exhibits redshifted phosphorescence
emission [68]. As a result, the phosphorescence often exhibits photophysical prop-
erties such as longer lifetime and greater Stokes shift compared to the material’s
own fluorescence. Organic room-temperature phosphorescence (RTP) materials
have great potential for applications in the field of bioimaging, especially in vivo
imaging, since their long phosphorescence lifetime can effectively bypass the au-
tologous tissue fluorescence interference generated by real-time laser excitation
to obtain high-quality images with high sensitivity and high S/N ratio. So far, the
development of advanced organic RTP materials revolves around extending the
lifetime of phosphorescent emission and increasing the QY of phosphorescence.

Recently, Gao et al. reported an organic RTP material with long lifetime and AIE
characteristic for phosphorescence imaging of lymph nodes and orthotopic lung tu-
mors [69]. By regulating the molecular aggregation states through simple alkyl group
modifications, the luminescence performance of the compounds in 4-(9H-carbazol-9-
yl) benzaldehyde (CBA) family was successfully improved, with CBA-CH3 crystals
reaching a lifetime of 868 ms and a phosphorescence QY of 6.22% (Figure 13.8A). The
long phosphorescence lifetime and high phosphorescence QY of CBA-CH3 crystals are
very beneficial for imaging application (Figure 13.8B). In order to apply CBA-CH3 in
vivo, CBA-CH3 was encapsulated inside the hydrophobic core of PEG-b-PPG-b-PEG
(F127) to form water-soluble nanodots after co-crystallization and grinding (Figure 13.8C).
The capacity of CBA-CH3 nanodots to be applied to sentinel lymph node imaging
was first evaluated (Figure 13.8D). Owing to the high phosphorescent brightness
of CBA-CH3 nanodots and the absence of autologous tissue fluorescence interfer-
ence in phosphorescent imaging, a highly sensitive sentinel lymph node phospho-
rescent imaging with a high S/N ratio of 110 was achieved after 365 nm laser
irradiation at 30 min postinjection of CBA-CH3 nanodots. This S/N ratio is much
higher than that of sentinel lymph node fluorescence imaging. Encouraged by the
excellent performance of CBA-CH3 nanodots in sentinel lymph node imaging, the
application of CBA-CH3 nanodots in orthotopic lung tumor detection was further eval-
uated. As shown in Figure 13.8E, at 6 h postinjection of CBA-CH3 nanodots into pul-
monary metastatic carcinoma-bearing mice, strong phosphorescence signals were
detected in lung tumors, resulting in a high S/N ratio of 65 in lung tumor imaging.
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13.3.2 Chemiluminescence-guided cancer therapy

Although phosphorescence imaging has a high S/N ratio, its application in biomedical
field is still limited due to its short afterglow time. Chemiluminescence has a longer
luminescence time compared to phosphorescence. The basic principle of chemi-
luminescence is that certain organic compounds (such as reaction substrates, in-
termediates, and fluorophores) are activated by oxidation to form an oxidized
high-energy intermediate state, which is in an unstable state and will decompose
to produce energy or transfer its energy to nearby fluorophores, and then return
to the ground state along with the radiation decay pathway. Thanks to its long

Figure 13.8: (A) Chemical structures and optical parameters of CBAs. (B) Phosphorescent images of
mice before and after subcutaneous injection of CBA, CBA-CH3, and CBA-C4H9 nanodots.
(C) Phosphorescent images of CBA, CBA-CH3, and CBA-C4H9 nanodots in different kinds of aqueous
solution. (D) Phosphorescent images of the sentinel lymph node in mice before and after
subcutaneous injection of CBA-CH3 nanodots. (E) Phosphorescent images of major organs 6 h after
the injection of saline solution or CBA-CH3 nanodots into pulmonary metastatic carcinoma-bearing
mice. Adapted with permission from ref. [69]. Copyright 2021, Wiley-VCH.
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luminescence time, chemiluminescence has more applications in the biomedical
field than phosphorescence.

PDT is a new type of cancer treatment. The photosensitizer in PDT is excited by
external light and transfers energy to the surrounding oxygen to generate highly
active singlet oxygen. Singlet oxygen can oxidize with the nearby biological macro-
molecules, produce cytotoxicity, and kill tumor cells. Similar to being excited by
external light, photosensitizers can also produce singlet oxygen (1O2) when excited
by chemical energy to kill tumor cells. Therefore, Liu’s group synthesized a chemi-
luminescent NP (C-TBD) with AIE properties through a reasonable molecular struc-
ture design [41]. This NP is composed of four parts: AIE photosensitizer (TBD),
chemiluminescent molecule (CPPO), F127 polymer, and soybean oil (Figure 13.9A).
It can not only overcome the shortcomings of quenching caused by the aggregation
of dyes in chemiluminescent NPs but also undergo chemical energy (H2O2) excita-
tion that can effectively generate singlet oxygen and NIR fluorescence. C-TBD NPs
can be enriched in tumor tissues through the EPR effect, and the level of H2O2 in
the tumor microenvironment is higher, so that NPs can be specifically activated
(Figure 13.9B). In order to verify these ideas, the researchers injected C-TBD NPs
into the tail vein of mice with peritoneal tumors. The results show that the chemilu-
minescence imaging of C-TBD NPs breaks through the limitation of traditional fluo-
rescence imaging tissue penetration depth, and accurately visualizes tiny tumors in
the abdominal cavity through intravital imaging (Figure 13.9C). Next, the research-
ers also selected a clinical anti-tumor drug β-phenylethyl isothiocyanate (FEITC) for
the treatment of tumors, which can increase the concentration of H2O2 in the tumor
microenvironment without affecting the normal tissue function (Figure 13.9D). The
combination of FEITC and C-TBD NPs can further increase the intensity of the signal of
the tumor (Figure 13.9E, F). At the same time, after the combined treatment process,
the researchers also observed a significant reduction in tumor volume (Figure 13.9G).
In summary, these AIE-based chemiluminescent nanodots can provide a powerful and
effective tool for accurate tumor positioning and antitumor treatment in the future,
and it also provides novel ideas for the design of disease diagnostic materials.

13.3.3 Chemiluminescence-guided cancer surgery

Although a large number of NIR fluorescent probes, including Indocyanine Green
(ICG) approved by the FDA, have been widely used to help surgeons remove tumors
faster and more accurately, however, in the process of fluorescence-guided surgical
navigation, the background signal is often high due to the interference of tissue fluo-
rescence, which is not conducive to the surgeon’s accurate distinction between tumor
and normal tissue. Afterglow imaging has huge advantages, especially the low tissue
background signal, which makes it a more ideal imaging method for guided tumor
resection during surgery. However, most of the research on afterglow luminescent
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materials has focused on inorganic materials. Therefore, there is an urgent need to de-
velop pure organic afterglow luminescent materials with better biocompatibility and
luminescence time comparable to or even surpassing inorganic materials.

To solve this problem, Ding’s group first developed the NIR afterglow AIE dots
with ultralong afterglow emission time, and used it for imaging-guided cancer sur-
gery [45]. The researchers’ specific approach is to give the chemiluminescence
probe AIE characteristics so as to achieve NIR emission. It is worth mentioning that
AIE fluorescent molecules can not only emit NIR light but also generate singlet oxy-
gen. The chemical energy released by the decomposition of afterglow luminogen
oxidized by singlet oxygen is transferred back to the AIE luminogen (Figure 13.10A).
Multiple cycles of energy between afterglow luminogen and AIE luminogen can ex-
tend the light-emitting time to 10 days. Then, the researchers discovered that the

Figure 13.9: (A) The schematic diagram of C-TBD NPs. (B) Schematic diagram of imaging with C-TBD
NPs activated by H2O2 at the tumor site. (C) After intravenous injection of C-TBD NPs, mice were
subjected to in vivo fluorescence (left) and chemiluminescence (right) imaging of abdominal
metastatic breast tumors. (D) Schematic illustration of a hypothetical mechanism of C-TBD NPs and
FEITC combination therapy. (E) Chemiluminescence signal intensity of different tissues with or
without FEITC treatment of mouse tumors. (F) Chemiluminescence signal intensity of mouse tumors
treated with or without FEITC at different time points. (G) Changes in tumor volume over time in
different therapy groups. Adapted with permission from ref. [41]. Copyright 2017, Elsevier.
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afterglow signal of afterglow AIE dots is quickly quenched in important normal tis-
sues, which provides ultrahigh tumor-to-normal tissue signal ratio, which is more
suitable for accurate image-guided cancer surgery (Figure 13.10B). Finally, the com-
parison of the surgical resection of abdominal tumors with and without imaging
guidance proves that afterglow imaging can help doctors achieve precise tumor re-
section in mice (Figure 13.10C).

Figure 13.10: (A) Schematic illustration of the AGL AIE dots with ultrahigh signal ratio for promoted
cancer surgery. (B) Afterglow and fluorescent signal intensity of different tissues. (C) NIR
fluorescence and afterglow imaging of the abdominal cavity before tumor resection and afterglow
images of the mice after unguided surgery and after the second surgery guided. Adapted with
permission from ref. [45]. Copyright 2018, American Chemical Society.

Chapter 13 Fluorescent and afterglow luminescent AIE dots 367

 EBSCOhost - printed on 2/14/2023 12:51 PM via . All use subject to https://www.ebsco.com/terms-of-use



13.4 Conclusions and perspectives

Owing to the strong luminescence of AIE materials under aggregation conditions
and the high sensitivity of fluorescence/afterglow imaging, fluorescent and after-
glow luminescent AIE dots give excellent performance in biomedical applications.
Depending on the type of imaging, this chapter successively summarizes the recent
advances in the biomedical applications of fluorescent and afterglow luminescent
AIE dots, respectively. Specifically, among the biomedical applications of fluores-
cent luminescent AIE dots, their applications in fields such as drug-release monitor-
ing, bacteria discrimination, fluorescent image-guided cancer surgery, lymph node
imaging, and vascular imaging are highlighted. The afterglow AIE dots can be further
subdivided into phosphorescent luminescent AIE dots and chemiluminescent AIE dots.
For phosphorescent AIE dots, their properties and applications in imaging of tumors
and lymph nodes are discussed in detail. While for chemiluminescent AIE dots, the
focus is on their application in areas such as H2O2 detection, chemiluminescence-
guided cancer therapy, and chemiluminescence-guided cancer surgery. Although
great achievements have been made in the development of advanced fluorescent
and afterglow luminescent AIE dots for biomedical applications, many challenges
still exist. For instance, the tissue penetration capacity of currently developed fluores-
cent/afterglow materials is still limited, and there is an urgent need to develop fluo-
rescent/afterglow materials with longer wavelength emission for deep tissue imaging.
In addition, the short lifetime of organic RTP materials severely restricts their wider ap-
plication in biomedical field, and new strategies are urgently required to prolong the
phosphorescence lifetime of organic RTP materials. Moreover, there are few types of
chemiluminescent AIE dots. More chemiluminescent AIE dots need to be developed to
expand their application in biomedical field. In view of the increasing attention at-
tracted by fluorescent and afterglow luminescent AIE dots, the abovementioned issues
are expected to be overcome in the near future, and advanced fluorescent and after-
glow luminescent AIE dots will have better performance and more applications in the
biomedical field.
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Nuernisha Alifu, Jun Qian

Chapter 14
High-order nonlinear optical in vivo
microscopy based on AIEgens

14.1 Introduction

As a most widely used technique, fluorescence imaging plays a significant role in
biomedical research and clinical applications [1–3]. Fluorescence imaging pos-
sesses advantages of high spatial resolution, nonradiative properties, rich infor-
mation, and fast response [4, 5]. Fluorescence imaging is also a powerful tool for
detection ability of the morphological details in biological species from living
cells to animals [6, 7]. To achieve high-quality fluorescence imaging, it is important
to label biological samples (organs, cells, or tissues) with the endogenous fluores-
cence (autofluorescence) or suitable exogenous fluorescence probes [8]. Although
the endogenous fluorophores have been utilized widely, many biological samples
and processes still cannot be imaged or probed due to a lack of endogenous fluoro-
phores. Therefore, there is a great demand for well-designed organic exogenous con-
trast agents.

Organic nanoprobes such as organic dyes and organic-dye-doped nanoparticles
(NPs) with excellent biocompatibility and simple synthesis processes are favorable
for fluorescence bioimaging [9, 10]. However, a majority of conventional organic
dyes usually suffer from an aggregation-caused quenching (ACQ) effect. During the
ACQ process, the fluorescence of organic dyes would quench in aggregate state or
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at high concentration due to π–π stacking [11, 12]. In 2001, Tang’s group firstly pro-
posed the concept of aggregation-induced emission (AIE) effect, that is, 1-methyl
-1,2,3,4,5-pentaphenylsilole molecules were nonemissive when dissolved in benign
solvent but highly luminescent in the aggregation states [13, 14]. With the develop-
ment of nanotechnology, more and more AIEluminogens (AIEgens) such as tetra-
phenylethene (TPE), tetraphenylsilole, and distyrylanthracene derivatives have
been developed [15–17]. The fluorescence of these AIEgens covers from blue to red to
near-infrared (NIR) spectral region [18]. The AIEgens become a prominent candidate
with excellent fluorescence emission under restriction of intramolecular motions
(RIM) condition [19, 20]. Especially, the AIEgen-doped NPs embody high-fluorescence
brightness and photostability, which is essential for high-quality fluorescence bioi-
maging [21, 22]. Nevertheless, most of the AIEgens are always excited by one- and
two-photon absorption with limited imaging quality [23, 24]. High-order nonlinear op-
tical effects such as three-photon fluorescence (3PF) and third-harmonic generation
(THG), which occurs within a spatially confined volume at the focal plane, compared
with the traditional one- and two-photon fluorescence, can achieve higher resolution
and deeper tissue penetration [25–27].

Under 3PF and THG excitation, a single AIEgen absorbs three photons simulta-
neously and emits one-photon. In 3PF process, the AIE molecules transfer to a real ex-
cited state, while in THG process the molecules transfer to the virtual state. 3PF is
conducted under a short-pulse femtosecond (fs) near-infrared II (NIR-II, 900–1700 nm)
excitation laser with reduced photon scattering, deeper tissue penetration, and atten-
uated autofluorescence [28, 29]. In contrast, fs laser of any wavelength can excite
THG signals, and the emission wavelength is 1/3 of the excitation wavelength [30, 31].
Besides, 3PF is a third-order nonlinear optical process, and THG is a fifth-order non-
linear optical process [32, 33]. Despite these differences, the fluorescence intensity
of both 3PF and THG is proportional to the cube of the excitation power density
[34, 35]. Hence, 3PF and THG exhibit high signal-to-background ratio (SBR), good
optical sectioning capability without a confocal pinhole, and low auto-fluorescence
[36, 37]. Moreover, less tissue damage would happen in the out-of-focus region.
Compared with other imaging modalities, such as optical Doppler and laser speckle
imaging, NIR-II fs laser excitation of high-order nonlinear fluorescence (HONF) mi-
croscopic imaging could provide more clear vision of the target area [38, 39].

In view of the great progress in this field, it is necessary to summarize the latest
research results of AIEgens in HONF microscopic bioimaging. Herein, in vivo appli-
cations of AIEgens based on the HONF microscopic bioimaging were introduced
briefly. Significant progress achieved by our and other groups in the past few years
is summarized. Based on the previous research foundations and conclusions, some
challenges and opportunities for the applications of AIEgens in biomedical diagno-
sis and treatment are proposed.

374 Nuernisha Alifu, Jun Qian

 EBSCOhost - printed on 2/14/2023 12:51 PM via . All use subject to https://www.ebsco.com/terms-of-use



14.2 AIEgens for in vivo THG fluorescence imaging

Zheng et al. designed a type of nanocrystal by attaching electron-donating diphe-
nylamine and electron-withdrawing dicyanomethylenebenzopyran unit at the
2,7-positions of the electron-rich carbazole ring [40]. As shown in Figure 14.1a, the
density functional theory (DFT) calculation of DCCN nanocrystal was performed.
The electron clouds of the highest occupied molecular orbital (HOMO) were mainly
located on the diphenylamino and carbazole units, whereas the orbitals of lowest
unoccupied molecular orbital (LUMO) were primarily localized on the acceptor moi-
ety with the band gap of 2.38 eV (Figure 14.1b). This DFT result illustrated an intra-
molecular charge transfer (ICT) characteristic of DCCN. Then the AIE and optical
property of DCCN were characterized. The absorption peak of DCCN in acetone was

Figure 14.1: (a) Chemical structure and (b) HOMO and LUMO of DCCN (c) Absorption spectrum of
DCCN in acetone (black) and photoluminescence (PL) spectrum of DCCN in the solid state (red).
(d) Fluorescence decay curve of DCCN in the solid state. Inset: fluorescence photograph of powder
of DCCN taken under UV irradiation. (e) PL spectra of DCCN in acetone/water mixtures with
different water fractions: [DCCN] = 10 × 10−6 M. (f) Plot of relative PL intensity (I/I0) versus the
composition of the acetone/water mixtures of DCCN. (g) Time-resolved PL spectra of DCCN in
acetone/water mixture (10 × 10−6 M) with 50% water fraction. Inset: fluorescence photographs of
the suspensions taken under UV irradiation. Excitation wavelength: 480 nm. Adapted with
permission from [40]. Copyright (2019) John Wiley & Sons Group.
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487 nm. In addition, the polarity of the solvent on the absorption and PL (photolumi-
nescence) intensity of DCCN was studied. DCCN exhibited a bright NIR emission
centered at 704 nm in the solid state with fluorescence quantum yield of 12%
(Figure 14.1c) and lifetime of 2.44 ns (Figure 14.1d). The AIE characteristic of DCCN
was further evaluated in acetone/water mixtures with different water fractions (fw)
as shown in Figure 14.1e and 14.1f. DCCN exhibited a weak PL in pure acetone solu-
tion, and the PL intensity would decrease with increasing fw from 0% to 30% for the
enhancement of twisted ICT (TICT) effect. When fw increased from 40% to 90%, the
PL intensity strengthened again and even 7-fold higher than that in pure acetone. As
fw = 90%, the absorption/PL was getting its maximum (λabs = 509 nm and λPL =
694 nm). This result suggested the apparent AIE characteristic of DCCN. The forma-
tion of the nanoaggregates leads to the enhancement of PL. However, the PL of a
freshly prepared DCCN suspension at fw = 50% changed as time in room temperature,
as shown in Figure 14.1g. The PL intensity and peak changed with time, and up
to 2 h, the PL would enhance a 4.5-fold and PL peak would have blueshifted
from 681 to 671 nm. These results were consistent with the characteristics of
crystallization-induced emission (CIE) behavior of AIE molecules [41].

Zheng et al. then evaluated the morphology of DCCN in 50% aqueous solu-
tion at different time points by the scanning electron microscopic (SEM) image
as shown in Figure 14.2a-j. At first in 50% aqueous solution, the spherical mor-
phology began to be transformed into fibers in 2 min. As time went by, the mor-
phology of nanoaggregates was transformed from fibers to thin microrods and
eventually formed microblock morphology after 5 h. The result was the same
when increasing the fw of the suspension. The crystalline characteristics of the
nanocrystals were further verified by X-ray diffraction (Figure 14.2k). Then Zheng
et al. studied the molecular conformation and molecular packing of DCCN in the
crystalline state. They obtained the single crystal of DCCN via evaporating its eth-
anol/CH2Cl2 mixture which is suitable for X-ray crystallography with planar and
conjugated structure of good π-electron delocalization (Figure 14.2l-n). Thus, strong
push–pull character and extended π-conjugation of the fluorophore endow it NIR
emission. Further, each dimeric molecule experienced the two same intermolecu-
lar π–π interactions (3.39 Å) between the carbazole and the 2-(4H-chromen-4-
ylidene) malononitrile units with two adjacent molecules, which means that the
distances of the intermolecular π–π interactions were shorter than the typical val-
ues (3.5 Å).

To improve the colloidal stability and biocompatibility of DCCN nanocrystals in
physiological conditions, Zheng et al. encapsulated the nanocrystals (fw = 80%
aqueous solution) with F127 (Pluronic F127) matrix, to form crystalline dots (CDs)
with the size of 143 nm as shown in Figure 14.2o [41]. The morphology and crystalline
feature of CDs were well characterized by SEM and the selected area electron diffrac-
tion pattern (SAED). For better comparison, amorphous dots (ADs) were also pre-
pared by encapsulating DCCN in F127 matrix via a nanoprecipitation. As illustrated in
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Figure 14.2p, the absorption spectrum of CDs displayed slight difference from that of
ADs, both showing an absorption maximum at ≈ 458 nm. Significantly, the PL of CDs
was stronger than that of ADs by more than 320% accompanied with a blueshift in
the emission maximum by 28 nm. These results demonstrated the boosted emission

Figure 14.2: (a–g) SEM images of DCCN in an acetone/water mixture with water fraction (fw) of 50%
taken at different storage times: (a) 0 min, (b) 2 min, (c) 10 min, (d) 20 min, (e) 40 min, (f) 2 h, and
(g) 5 h. (h–j) SEM images of DCCN NPs formed in acetone/water mixtures with water fractions of
(h) 60%, (i) 70%, and (j) 80%. (k) XRD patterns of DCCN nanoaggregates before and after
crystallization in an acetone/water mixture with fw = 80%. (l–n) Single crystal structure of DCCN
(l) and molecular π–π stacking structures along the long molecule axis (m) and the short molecule
axis (n). (o) Hydrodynamic mean particle size distribution of crystalline dots (CDs) by dynamic light
scattering along with their SEM image and SAED pattern. (p) Absorption and (q) PL spectra of DCCN
in amorphous dots (ADs) and CDs in water. Excitation wavelength: 480 nm. The insets of (p) and (q)
showed the fluorescence photographs of the suspensions taken under daylight and UV irradiation,
respectively. Adapted with permission from [40]. Copyright (2019) John Wiley & Sons Group.
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property of CDs over ADs taking advantage of their regular and close molecular
packing.

The THG and 3PF scanning microscopic system is shown in Figure 14.3. A com-
mercial 1560-nm fs laser (FLCPA-01 C, Calmar Laser, 1 MHz, 400 fs) was utilized as
excitation source (average power: 90 mW) and induced into an upright scanning
microscope (BX61 + FV1200, Olympus). Then the excitation beam passed through a
series of optical elements, such as a mirror, two computer-driven galvanometers,
scan lens, tube lens, a dichroic mirror (980 nm short pass), and then focused onto
the sample by a scan lens (LSM03, 5 ×, 0.26 NA, WD = 25.1 mm, focus size = 9.2 μm,
Thorlabs, large-field imaging: imaging size = 2.5 mm × 2.5 mm) or a 25 × objective
(XLPLN25XWMP2, 1.05 NA, WD = 2 mm, focus size = 2.6 μm, Olympus). The THG
and 3PF signals excited by the 1550 nm fs laser were epicollected via the same ob-
jective, then pass through the abovementioned dichroic mirror and filter (THG sig-
nals for 495–540 nm band pass filter and 3PF signals for 570 nm long pass filter),
and finally, that emission signals are collected by a photomultiplier tube (PMT) for
computer processing.

The strong push–pull dipolar character and the extended π-conjugation en-
dowed CDs nonlinear optical property of 2PF, 3PF, and THG (Figure 14.4a) [42].
The 2PF, 3PF, and THG of the CDs were analyzed on a lab-built nonlinear optical
measurement system. The 2PF occurred when the two photons of 1,040 nm were
simultaneously absorbed by the CDs molecule and pumped to the excited state
with the relation of a photon (Figure 14.4a). Under 1,040 nm fs laser excitation,
the fluorescence intensity of CDs has a good linear relationship with the square of
incident power density, and the 2PF spectrum of CDs was recorded in Figure 14.4b
[43]. Furthermore, below 1,550 nm fs laser excitation, the 3PF and THG signals of
CDs were also recorded. As shown in Figure 14.4c, the 3PF of CDs was centered at
680 nm and THG at 517 nm. Different from the 2PF process, during the 3PF process
the CDs molecule simultaneously absorbed three photons and transferred to the
excited state, with the same radiative decay pathway of 1PF and 2PF processes,
which suggested the similar PL spectra of 1PF, 2PF, and 3PF. The power depen-
dence relationship of CDs under a 1,550 nm fs laser excitation was also studied, and
the 3PF intensity of CDs exhibited linear proportion to the cubic of the excitation in-
tensity, demonstrating that 3PF was the main nonlinear optical process [44]. Fol-
lowed by a 3PF signal, strong THG signal peaked at ≈ 520 nm under the same
excitation of a 1,560 nm fs laser occurred. Cubic of the excitation power density
had linear relationship with THG signals, which demonstrated third-order optical
nonlinearity of THG [45]. 2PF, 3PF, and THG of the capillaries containing ADs and
CDs were further imaged under the aforementioned imaging system (Figure 14.3)
with 1,040 nm (for 2PF) and 1,560 nm (for 3PF and THG) fs laser excitation. As
shown in Figure 14.4d, the DCCN solution exhibited very weak 2PF and 3PF sig-
nals. CDs showed enhanced 2PF, 3PF, and THG signals than ADs due to the stron-
ger RIM effect in CDs.
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Then, Zheng et al. used CDs for in vivo cerebral multiphoton microscopic fluo-
rescence imaging of mouse brain. About 250 µm of imaging depth was obtained
under the 3PF microscopic fluorescence imaging for the weakness of 3PF signals
from CDs. Then they conducted THG and 2PF microscopic fluorescence imaging, as
shown in Figure 14.5. Same area (500 µm × 500 µm) at the same imaging depth
(200 μm) of mouse brain was observed postinjection of CDs under the same imaging

Figure 14.4: (a) Schematic illustration of 2PF, 3PF, and THG processes. (b) 2PF spectrum of CDs in
water. (c) 3PF and THG spectra of CDs in water. Inset was the intensified spectrum at a wavelength
range of 450–870 nm. (d) 2PF, 3PF, and THG images of acetone solution, ADs, and CDs in capillary
glass tube. Adapted with permission from [40]. Copyright (2019) John Wiley & Sons Group.
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condition. There was no apparent difference between the fluorescence signal and
background, with increasing imaging depth. However, in the deep-tissue region,
the axial resolution of THG images was much better than 2PF images.

Furthermore, Zheng et al. selected an area with abundant small blood vessels for
in vivo THG microscopic imaging postinjection of CDs (Figure 14.6a–j). As shown in
Figure 14.6a–g, clear blood vessels could be detected with high spatial resolution even
at deep focal planes. The full width at half-maximum (FWHM) results illustrated the

Figure 14.5: In vivo THG microscopic images of CDs-stained cortical vasculature at different depths
as indicated. Full width at half-maximum (FWHM) of a blood vessel at depths of 400 µm and 800 µm
as indicated with the white line in images. 3D reconstruction of the vasculature from top to 800 µm
depth. The scale bars indicate 100 and 150 µm, respectively. The average power of the 1,560 nm fs
excitation laser before objective was 90 mW. Adapted with permission from [40]. Copyright (2019)
John Wiley & Sons Group.
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better imaging quality (Figure 14.6h and 14.6i). Although, 2PF and THG were both the
third-order nonlinear optical processes, the intensity of THG is proportional to the cube
of the excitation light intensity, and intensity of 2PF is proportional to the square of the
excitation light intensity. Therefore, the intensity of THG decays faster with an increase
in the defocusing distance. Thus, the THG microscopy could reach the imaging depth
of 800 µm (Figure 14.6g) with FWHM ≈ 2.7 µm (Figure 14.6i) for small blood vessels.
This result was one of the largest penetration depths and best spatial resolutions of

Figure 14.6: (a–g) In vivo THG microscopic imaging of CD-stained cortical vasculature at different
depths as indicated. (h, i) FWHM of a blood vessel at depths of 400 µm (h) and 800 µm (i) as
indicated with the white line in (c) and (g) images. (j) 3D of the vasculature from top to 800 µm
depth. The scale bars in (a–g) and (j) indicate 100 and 150 µm, respectively. The average power of
the 1,560 nm fs excitation laser before objective was 90 mW. Adapted with permission from [40].
Copyright (2019) John Wiley & Sons Group.
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in vivo THG imaging. Superiority of the high-order nonlinear optical effects for high-
quality fluorescence bioimaging was further illustrated.

In another work, DCCN nanocrystals were further utilized for in vivo brain vas-
cular THG microscopic imaging through visible-NIR-II compatible skull optical
clearing agents (VNSOCA)-induced transparent skull window by Li et al. [46]. The
current USOCA consisted of two aqueous solutions which were solution 1 (S1) and
solution 2 (S2) [47]. The optical clearing skull window is established by the treat-
ment of S1 and S2, respectively.

Next, water absorption had been measured with peak at 1,490 nm in which
only less than 10% of light can transmit, as shown in Figure 14.7. Under 1,560 nm
excitation, the transmittance of water was less than 40%. Therefore, both S1 and
S2 of USOCA suffer from strong absorption at NIR-II region, which was not good
for further imaging. By comparison, deuterium oxide (D2O) exhibited high trans-
parency from visible to NIR-II spectral region (Figure 14.7a). Thus, D2O was uti-
lized to evaluate optical clearing efficiency. As shown in Figure 14.7b and c, the
transmittance of S2 under 1550 nm laser excitation was more than 70%, which
was larger than that of S1. Further, THG imaging was conducted by the THG micro-
scopic imaging system (Figure 14.3) with imaging medium of S1 and S2. As shown in
Figure 14.7d and e, due to higher transmittance of VNSOCA under 1560-nm excitation
light, the THG signals show 5.2 and 3.6 times increase in the case of S1 and S2,
respectively.

Li et al. firstly utilized a 5× scan (NA = 0.26) lens to obtain large-field THG vas-
culature images. As shown in Figure 14.8, without clearance treatment, only a few
brain blood vessels could be observed with weak signals for the scattering of turbid
skull. After treatment of VNSOCA, rich blood vessels could be detected clearly with
high contrast. Further, a 25× objective was utilized to replace the 5× objective for its
higher NA (1.05 vs 0.26) and smaller focus size (2.3 μm vs 9.2 μm at 1,560 nm) which
could observe the invisible small vasculature. Thus, the combination of THG mi-
croscopy and VNSOCA extremely enhances the image quality and sensitivity.

Then, deep-tissue THG imaging was conducted. As shown in Figure 14.9, at the
shallow imaging depth (at 50 μm), there was no obvious difference before and after
skull optical clearing procedure (Figure 14.9a,e, and i). However, when the imaging
depth increased (Figure 14.9b–h and 14.9j–l), the THG signal intensity became
stronger in the skull optical clearing window. Finally, when the imaging depth
was up to 200 μm, the blood vessels could be hardly recognized through the tur-
bid skull, while angiography could be easily observed through the skull optical
clearing window. The brain vessels could still be distinguished at the imaging
depth of 650 μm (Figure 14.9m) and 3D reconstruction of deep-tissue vasculature
could be achieved vividly with high spatial resolution (Figure 14.9n–p).

Then, Li et al. chose a small vessel and irradiated it by 1,560-nm fs laser for 10 s,
after which the DCCN nanocrystals quickly diffused into the surrounding tissue,
as shown in Figure 14.10a. Further, they selected a larger blood vessel and scanned
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with the 1,550 nm fs laser for 15 s (Figure 14.10b). During the process, the fracture of
the vessel wall was clearly observed and up to 10 min, the broken blood vessel was
blocked as well as the DCCN nanocrystals remained in the surrounding tissue. These
results suggested that precise NIR-II light manipulation could be performed through
the established skull optical clearing window.

Figure 14.8: (a, b) Typical white-field images of cortical blood vessels before and after VNSOCA
treatment. (c) Intensity profiles along the red dashed lines across the vasculature in (a) black and
(b) red. The arrows indicate vessels that could not be observed before VSOCA treatment. (d, e)
Typical large-field THG images collected with a 5× scan lens before and after skull clearing.
(f) Intensity profiles along the red dashed lines across the vasculature in (d) black and (e) red. The
arrows indicate vessels that could not be observed before VSOCA treatment. (g–i) THG microscopic
images of various areas in (e), using a 25× objective. The frame color was used to represent the
congruent relationship. Adapted with permission from [47]. Copyright (2020) John Wiley & Sons
Group.
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Figure 14.9: (a–d) THG scanning microscopy at different depths using the 25× objective without
skull clearing. (e–h) THG scanning microscopy at different depths using the 25× objective with
skull clearing. (i–l) Intensity profiles along the white dashed lines across the vasculature in (a–h),
respectively. (m) THG imaging of cortical vasculature at particular imaging depths. (n–p) Three-
dimensional reconstruction of vasculature in certain volumes. The dwell time in the depth less than
300 μm was 10 μs/pixel; the dwell time in the depth from 300 to 500 μm was 20 μs/pixel; the
dwell time in the depth deeper that 500 μm was 40 μs/pixel. Adapted with permission from [47].
Copyright (2020) John Wiley & Sons Group.
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14.3 In vivo 3PFM imaging for cranial window

Zong et al. synthesized four kinds of perylenetetracarboxylic diimide (PDI) de-
rivatives with different isolation groups by Suzuki coupling reaction, as shown
in Figure 14.11 [48]. SPhPDI utilized the isolation group of phenyl moiety which
is the smallest one in this system. Then, the twisted structures of isolation
groups were built by the linkage of different aromatic rings to meta-position of
the involved phenyl unit, and the substituted aromatics varied from one phenyl
(DPhPDI) to one carbazolyl (SCzPDI), then to two carbazolyl (DCzPDI) moieties.
Thus, the sizes of isolation groups in spatial configuration became larger and
larger gradually, which was helpful to inhibit the π–π stacking in the aggregated
state.

The isolation groups influence the fluorescent properties of these PDI deriva-
tives in the aggregated state. This ACQ-to-AIE conversion was mainly due to the
tunable molecular packing modes and intermolecular interactions in the aggre-
gated state by the variation of isolation groups [49, 50].

Basically, the isolation groups with twisted configurations and big sizes
could enlarge the distances between π-plane efficiently, resulting in the bright
deep-red emission of DCzPDI as NPs (Figure 14.12). However, the fluorescence in-
tensity of DCzPDI in solution is not always enhanced in the formation of NPs by
the addition of methanol. It decreased slightly as fm in the region of 10–30%,
which may be related to the varied polarities of solvent systems. Thus, with the
aim to investigate the effect of solvents with different polarities on their emission
properties, the fluorescence spectra of these PDI derivatives in cyclohexane, tolu-
ene, tetrahydrofuran (THF), and dichloromethane were conducted as shown in
Figure 14.13. Interestingly, SCzPDI and DCzPDI with AIE property showed the in-
tensive fluorescence quenching effect with the increased polarities of solvents;
however, it was not so obvious in the ACQ ones with the similar conditions. These
different behaviors meant that the ICT in two kinds of PDI derivatives changed
with the incorporation of varied isolation groups, which could be proved by theo-
retical calculation.

Zong et al. designed and synthesized the isolation groups with twisted con-
figurations, and big sizes could enlarge the distances between π-plane efficiently,
which would endow DCzPDI with the bright deep-red emission (λmax = 638 nm)
and high fluorescence QY = 12.3%. The biocompatibility and fluorescence inten-
sity of DCzPDI were improved by encapsulation of F-127 to form DCzPDI-NPs as
shown in Figure 14.14a. These DCzPDI-NPs exhibited good photostability under
continuous laser excitation (450 nm, 100 mW). After 3 h of exposure, the fluores-
cence intensity of DCzPDI-NPs remained 79%. The morphology of DCzPDI-NPs
was characterized by TEM (transmission electron microscope), and the average
hydrodynamic diameter for DCzPDI-NPs was measured to be about 100 nm by
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Figure 14.12: (a) The changes of fluorescence intensities of PDI derivatives in dichloromethane
solution with the addition of different fractions of methanol (fw). Inset: the photos of DCzPDI in
different conditions under UV lamp. (b) The changes of fluorescence intensity of PDI derivatives in
different solvents. Adapted with permission from [48]. Copyright (2018) American Chemical Society.

Figure 14.13: Fluorescence spectra of PDI derivatives in solutions and thin films. Adapted with
permission from [48]. Copyright (2018) American Chemical Society.
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dynamic light scattering (DLS). A bright deep-red emission (λmax = 658 nm) with
the QY = 2.37% was observed from the single photon fluorescence spectrum of
DCzPDI-NPs in water.

The 3PF property of the DCzPDI-NPs under 1,550 nm fs laser excitation was
studied on a lab-built 3PF measuring system. The 3PF peak was at deep red wave-
length region (650 nm) and its tail extending into NIR range. Figure 14.14b shows
the linear relationship between the logarithm of 3PF intensity of DCzPDI-NPs, and
the logarithm of the excitation power was demonstrated, which illustrated that 3PF
was the main nonlinear optical process. Then the 3 PA cross section of DCzPDI-NPs
was measured to be 6.80 × 10−80 cm6 · s2 by nonlinear transmissivity method. Ac-
cordingly, under the excitation of a 1,550 nm fs laser, DCzPDI-NPs were utilized for
in vivo 3PFM imaging of cerebral vessels of mice.

As shown in Figure 14.15, DCzPDI-NPs exhibited a bright 3PF signal in brain
blood vessels, and 3PFM images of brain blood vessels at various vertical depths
could be obtained. Since some coarser vessels existed in the imaging depth from
0 to 100 μm, the structures of capillaries can be observed in the depth of 150–450
μm. Moreover, the corresponding 3D image of the DCzPDI-NPs in the blood pro-
vided a general and clear spatial picture about major blood vasculature networks
and tiny capillaries in detail. Furthermore, FWHM of 3PFM images were measured
and it was high enough to clearly observe the tiny blood vessel with diameter of
1.26 μm at the depth of 150 μm, and 2.39 μm at the depth of 435 μm (Figure 14.16).
Thus, DCzPDINPs can be served as a deep-red 3PF probe successfully to realize
the real-time monitoring of the dynamic blood flow process in vivo with high
spatial resolution.

In another work, rat was utilized as an animal model [51]. Rat brain is larger than
the mice brain, and it needs powerful imaging tools to implement better penetration
against the scattering of the thicker brain tissue. Zhang et al. utilized a kind of deep-
red emissive AIEluminogen named 5,6-bis(40-(diphenylamino)-[1,10-biphenyl]-4-yl)
pyrazine-2,3-dicarbonitrile (DCDPP-2TPA) and encapsulated DCDPP-2TPA with F-127
to form DCDPP-2TPA NPs. The chemical structure of DCDPP-2TPA and the encapsula-
tion process of DCDPP-2TPA NPs were shown in Figure 14.17.

The morphology of DCDPP-2TPA NPs was characterized by TEM as shown in
Figure 14.18a. The absorption and FL spectra were also characterized, and the peak
wavelength were λabs = 440 nm and λFL = 650 nm as shown in Figure 14.18b. The
size of the DCDPP-2TPA NPs was also characterized by DLS, and the diameter was
measured to be 40 nm which was ideal for the in vivo circulation as shown in
Figure 14.18c.

Zhang et al. further studied the nonlinear optical property of DCDPP-2TPA NPs.
The 3PF spectrum of DCDPP-2TPA NPs in aqueous dispersion was recorded under
1,550 nm fs laser excitation with a peak of ~650 nm and extended into NIR region
as shown in Figure 14.19a. The deep-red and NIR 3PF emission of DCDPP-2TPA NPs
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were beneficial for deep-tissue bioimaging for the reduced tissue absorption and
scattering in biotissues. By analyzing the linear power dependence between the 3PF
intensity from DCDPP-2TPA NPs and the power density of excitation laser, the 3PF
was demonstrated the main nonlinear optical process under 1,550 nm fs laser exci-
tation, as shown in Figure 14.19.

Zhang et al. further applied DCDPP-2TPA NPs for in vivo 3PFM imaging of the
brain vasculature in rat. Functional imaging such as blood flow velocity is of great
importance for the brain vascular research. Furthermore, Zhang et al. measured the
brain blood flow velocity noninvasively by the 3PFM imaging experiment. The
DCDPP-2TPA NPs moved with the blood flow but not attached into blood cells;
thus, in the 3PFM images the blood cells imaged as shadow. Then they calculated
the blood velocity by drawing a line scan parallel to the blood vessel which was
demonstrated to be 5.6 mm/s as shown in Figure 14.20.

Figure 14.15: 3PFM imaging of brain blood vessels of a mouse treated with DCzPDI-NPs. Individual
images taken at depths of (a) 0 μm, (b) 50 μm, (c) 100 μm, (d) 150 μm, (e) 200 μm, (f) 250 μm, (g)
300 μm, (h) 350 μm, (i) 400 μm, and (j) 450 μm, (k) a stacked three-photon fluorescence image
from a depth of 0 to 450 μm, (l) A reconstructed 3D image showing the distribution of the DCzPDI-
NPs in blood vessels of the mouse. The scale bar: 100 µm. Adapted with permission from [48].
Copyright (2018) American Chemical Society.
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For the large 3PA cross section, high QY and good biocompatibility, the
DCDPP-2TPA NPs were utilized as 3PF nanoprobes for in vivo 3PFM imaging of the
vasculature in rat brain. As shown in Figure 14.21, bright 3PF signals from DCDPP-
2TPA NPs were observed from rat brain vessels under 1,550 nm fs laser excitation.
Deep 3PFM images of the blood vessels at different vertical depths were obtained,
and the structure of cerebral vessels could still be recognized at 600 μm imaging
depth with high spatial resolution. As shown in Figure 14.22, the FWHM of the
3PFM images were calculated to be 2.57 and 4.60 μm at the depth of 100 and
600 μm. The DCDPP-2TPA NP-assisted 3PFM imaging still has much potential in
deep-tissue bioimaging.

Figure 14.16: 3PFM imaging of brain blood vessels of a mouse treated with DCzPDI-NPs at
150 μm (a) and 435 μm (b), FWHM of a blood vessel at the depth of 150 μm (c) and 435 μm (d) as
indicated with the dotted white line in the corresponding image. Adapted with permission from
[48]. Copyright (2018) American Chemical Society.
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14.4 In vivo 3PFM imaging for through skull imaging

Qin et al. designed and synthesized a new kind of non-TPE-based AIE luminogens
named BTF according to the simple synthetic pathways [52]. As shown in Figure
14.23a, the BTF chemical structure contained strong electron-donating triphenylamine
(TPA) carrying tert-butyl (t-Bu) groups and electron-accepting fumaronitrile moiety.
The donor–acceptor (D-A) structure of BTF endowed BTF with the FR/NIR emission
and distinct multiphoton absorption. Moreover, BTF contains more freely rotatable
phenyl rings and t-Bu groups to favor the consumption of excited-state energy in the
solution state through active intramolecular motions which was helpful to facilitate
the AIE process. Furthermore, the twisted TPA moieties and the bulky t-Bu groups
of BTF hampered the formation of strong π–π stacking interactions. Thus, BTF ex-
hibited long wavelength emission and high quantum efficiency.

The absorption and PL spectra of BTF were characterized, with peaks of λabs =
498 nm and λPL = 649 nm, respectively. The AIE effect and solvent polarity on the PL
of BTF in THF/water mixtures with different water fractions (fw) were measured as
shown in Figure 14.23b and c. When fw < 50%, the emission of BTF was weakened
and redshifted to 650 nm for the typical TICT effect. In polar environment, these mol-
ecules undergo rapid intramolecular electron transfer from the donor to the acceptor
moiety, and intramolecular D-A conformation changes from a coplanar structure to a

Figure 14.17: (a) Chemical structure of DCDPP-2TPA. (b) Synthesis scheme of DCDPP-2TPA NPs.
Adapted with permission from [51]. Copyright (2019) World Scientific.
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twisted conformation. And when fw > 50%, BTF molecules start to form nanoaggre-
gates due to their hydrophobic effect which would enhance the AIE effect. Up to fw =
90%, the maximum PL intensity is attained, which is 5-fold higher than that in pure
THF solution as shown in Figure 14.23d, which illustrated the AIE-active property of a
BTF molecule. The fluorescence quantum efficiency (ΦF) of BTF in pure THF solution
was measured to be 2.7%, and enhanced to 42.6% in the solid state.

Figure 14.19: (a) Nonlinear response of DCDPP-2TPA NPs solution under 1,550 nm fs laser
excitation. (b) Power dependence relationship of 3PF signal from DCDPP-2TPA NPs. Adapted with
permission from [51]. Copyright (2019) World Scientific.

Figure 14.20: Measurement of the blood flow velocity in the rat brain. (a) An area for the line scan
during 3PFM imaging, and the scan line (2S) was parallel to the blood vessel. Scale bar: 100 μm.
(b) The enlarged image of a line scan image, dx/dt of one selected 3PF signal was computed to be
5.6 mm/s. Adapted with permission from [51]. Copyright (2019) World Scientific.
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To improve the biocompatibility and dispersibility in aqueous media, BTF molecules
were further encapsulated by F-127 to form BTF dots as shown in Figure 14.24a. The aver-
age size of BTF dots in aqueous solution was measured via DLS with a hydrodynamic
diameter of 128 nm. The absorption (λabs = 500 nm) and PL (λPL = 645 nm) property of
BTF dots were characterized and ΦF was demonstrated to be 36.1%. Under 1,550 nm fs
laser excitation, three photons of 1,550 nm were absorbed simultaneously by BTF mole-
cule and emit one photon. The bright 3PF of the BTF dots was observed at 645 nm ac-
companied with a sharp signal from THG at 517 nm as shown in Figure 14.24b and c.
Then the proportional relationship of 3PF intensity from BTF dots to the cubic power of

Figure 14.21: In vivo 3PFM imaging of brain vasculature of a rat injected with DCDPP-2TPA NPs.
Each image taken at different depths from 0 to 600 μm (a–g). (h) A stacked three-photon
fluorescence image from a depth of 0 to 600 μm. (i) A reconstructed 3D image showing the blood
vessels of rat brain stained by DCDPP-2TPA NPs. Scale bar: 100 μm. Adapted with permission from
[51]. Copyright (2019) World Scientific.
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the excitation intensity at 1,550 nm was measured as shown in Figure 14.24d, which
demonstrated 3PF was the main nonlinear optical process. The 3PA of the BTF dots
was further measured to be 2.56 × 10–79 cm6· s2. Then the photostability of the BTF
dots was studied by monitoring the PL change upon continuous laser irradiation at
1,550 nm, and after 40 min the PL of BTF dots remain 90% of their initial 3PF inten-
sity which was good for long-term bioimaging applications (Figure 14.24e).

For the good 3PF and biocompatibility of the BTF dots, Qin et al. further inves-
tigated the real-time 3PF microscopic imaging of mouse cerebrovascular through
skull. As shown in Figure 14.25a–c, the 3PF and THG signals were well matched, and
the combination of 3PF and THG imaging modes enhanced the reliability of deep-
tissue imaging. Figure 14.25d–f showed the 3D high-resolution reconstruction vascula-
ture images of the mouse brain at various penetration depths from 0 µm to 900 µm.
The FWHM and SBRs of the 3PF images at different imaging depths were attributed to
the high-order nonlinear optical effect and the strong 3PF signal of the BTF dots as
well as good penetration capability of the NIR-II excitation light.

Qin et al. took full advantage of 3PF imaging, and utilized the fluorescent BTF
dots for practical applications in visualization of brain blood vessels of mouse with
intact skull in vivo. As shown in Figure 14.26a–c, high-resolution 3D reconstruction

Figure 14.22: 3PF signals in cerebral vasculature of rats at different vertical depths. (a) and (b)
3PFM images of the vasculature at 100 μm (a) and 600 μm (b) to analyze FWHMs. (c) and (d) FWHMs
of 3PF signal of images at 100 μm (c) and 600 μm (d). Scale bar: 100 μm. Adapted with permission
from [51]. Copyright (2019) World Scientific.
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images of the mouse brain vessels were obtained. The FWHM of the indicated tiny
capillary is calculated to be 0.95 µm at 200 µm depth, 1.59 µm at 300 µm depth, and
2.08 µm at 400 µm depth as shown in Figure 14.26d–f. Then the average blood flow
velocity (dx/dt) of the indicated capillary was calculated to be ~3. 8 mm/s with a vol-
ume blood flow of 1.45 × 10−2 μL/min.

Effective detection of cerebral thrombosis plays a key role in brain science. Qin
et al. further utilized the BTF dots to monitor the cerebral stroke process of mouse with
the intact skull. Firstly, 3PF imaging of mouse brain with intact skull was conducted
using BTF dots and general information on a large field of vasculature structure was
obtained via 5× objective. After the BTF dots were cleared from the mouse, a microsur-
gery was performed which was to induce occlusion in the origin of the middle cere-
bral artery (MCA). Then occlusion of MCA in mouse brain was occurred and BTF dots
were intravenously injected into the mouse. As shown in Figure 26g–I, the process of

Figure 14.23: (a) Chemical structure and (b) synthetic pathway of BTF molecules. (c) PL spectra of
BTF in THF/water mixtures with different water fractions (fw). (d) Plot of the relative PL intensity
(I/I0) versus the composition of the THF/water mixtures of BTF. I0 = emission intensity in pure THF.
Solution concentration = 10 μM; Excitation wavelength = 500 nm. Inset: fluorescent photograph of
BTF powders taken under 365 nm UV irradiation. Adapted with permission from [52]. Copyright
(2020) John Wiley & Sons Group.

400 Nuernisha Alifu, Jun Qian

 EBSCOhost - printed on 2/14/2023 12:51 PM via . All use subject to https://www.ebsco.com/terms-of-use



Figure 14.24: (a) Illustration of the formulation process of BTF dots using F127 as the polymer
matrix. (b) Schematic illustration of 1PF, 3PF, and THG processes. (c) Nonlinear optical property of
BTF in aqueous dispersion measured under 1,550 nm fs laser excitation. Inset: THG and 3PF images
of BTF aqueous dispersion in capillary glass tube. (d) Power dependence relationship of the
fluorescence intensity of the BTF dots under 1,550 nm fs laser excitation. (e) 3PF intensity of the
BTF dots at different time points under continuous laser irradiation at 1,550 nm. Adapted with
permission from [52]. Copyright (2020) John Wiley & Sons Group.
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cerebral thrombosis was clearly observed by 3PF microscopic imaging with a high
SBR value of 92.1, while the mouse without microsurgery was used as control under
the same 3PF microscopic imaging condition. No obvious cerebral thrombosis process
could be observed.

Figure 14.25: (a) THG, (b) 3PF, and (c) overlay images of the mouse brain vessels at penetration
depth of 55 µm. Scale bar: 100 μm. (d–f) In vivo 3D high-resolution images of the mouse brain
vessels at penetration depth from 0 to 900 µm. (g–h) A cross-sectional intensity profile measured
along the blue line in (d) and (e). (i) Attenuation curve of the fluorescence signal. (j) Fluorescence
images of the brain vessels at various penetration depths. Scale bar: 100 μm. (k) The side and
(l) top views of the constructed 3D images of the blood vessels of the mouse brain at penetration
depth from 0 to 900 µm. Scale bar: 100 μm. Excitation wavelength: 1,550 nm. Adapted with
permission from [52]. Copyright (2020) John Wiley & Sons Group.
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Figure 14.26: (a–c) In vivo 3D high-resolution images of the mouse brain vessels with intact skull
at penetration depth from 0 to 400 µm. Scale bar: 100 μm. (d–f) A cross-sectional intensity profile
measured along the yellow line in (a), (b), and (c). 3PF images of brain blood vessels of a mouse
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14.5 In vivo three-photon fluorescence lifetime
microscopic imaging

Weak fluorescence signals can be effectively detected by the fluorescence lifetime im-
aging microscopy (FLIM) which was based on the single photon counting (TCSPC)
technique [53, 54]. Therefore, it was very beneficial to combine the 3PFM imaging with
the FLIM. Ni et al. reported a red-emissive AIEgen DCDPP-2TPA and utilized the AIEgen
as fluorescent probes for in vivo 3PF lifetime microscopic imaging [55]. Figure 14.27a
showed the chemical structure of DCDPP-2TPA, and the DCDPP-2TPA was further en-
capsulated by F-127 as shown in Figure 14.27b. The morphology and size distribution
of DCDPP-2TPA NPs were characterized via TEM image and DLS method as shown in
Figure 14.27b. The average size of DCDPP-2TPA NPs was ~40 nm, which means that
DCDPP-2TPA NPs were suitable for in vivo blood circulation.

As shown in Figure 14.28a, the extinction spectrum and the transmission spec-
trum (the inset) of DCDPP-2TPA NPs in water (0.03 mg/mL) were recorded. The
spectra indicated that the DCDPP-2TPA NPs at 1,550 nm have very low one-photon
absorption. According to our previous study, the 3PA cross section of DCDPP-2TPA
molecule was 2.95 × 10−79 cm6·s2 at 1,550 nm. Figure 14.28b shows the 1PF and 3PF
spectra of DCDPP-2TPA NPs in water (1 mg/mL) excited under 450 nm CW laser and
1550 nm fs laser, respectively. The 1PF and 3PF spectra were almost the same with the
fluorescence peak at 645 nm.

The 3PF lifetime microscopic imaging system was shown in Figure 14.29. The
1,550 nm fs laser was adopted and divided into two perpendicular directions by a
polarization beam splitter (PBS), and one of which was utilized to excite the 3PF
and another was used to trigger the time synchronization of TCSPC system. The
stronger laser beam was introduced into a scanning microscope (FV1200&BX61,
Olympus) and was reflected by an 800 nm short-pass dichroic mirror (DC) to excite
AIEgen NPs focusing by Z-axis of the 25× water-immersed objective (XLPLN25XWMP2,
Olympus). Then the 3PF signals were collected by the same objective and DC, finally,
were captured by a PMT (HPM-100-50, Becker&Hickl GmbH). The weaker laser beam
was utilized as synchronization signals via a photodetector in the TCSPC system
(Becker&Hickl GmbH, SPC-150). Then the 3PF lifetime imaging was conducted based
on the system shown in Figure 14.29.

Figure 14.26 (continued)
with intact skull (g and h) before and (i and j) after brain thrombosis. Scale bar: 50 μm. (k) A cross-
sectional intensity profile measured along the yellow line in (g) and (i). (l) Schematic illustration of
the visualization of brain thrombosis process with intact skull based on the AIE dots through 3PF
microscopic imaging technique. Excitation wavelength: 1,550 nm. Adapted with permission from
[52]. Copyright (2020) John Wiley & Sons Group.
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Then, the 3PF lifetimes of DCDPP-2TPA molecule in THF, chloroform, and tolu-
ene were measured. As shown in Figure 14.30, the 3PF lifetime of DCDPP-2TPA mol-
ecule in THF were 570 ps, 960 ps in chloroform and 3,366 ps in toluene. The 3PF
lifetime of DCDPP-2TPA NPs in water were further measured, which was 5,215 ps for
the aggregation state of DCDPP-2TPA molecules in NPs.

3PF intensity image (in grayscale) and 3PF lifetime image (quadrate color map) of
DCDPP-2TPA NPs in water (contained in a glass capillary tube) were both recorded
as shown in Figure 14.31a. The distribution of 3PF lifetime within the color map
region (Figure 14.31a) was shown in Figure 14.31b, and the central lifetime was
measured to be 5.2 ns.

Ni et al. further performed in vivo 3PFLIM, and utilized the DCDPP-2TPA NPs as
3PF nanoprobes for brain vessels of mice (Figure 14.32). A mouse with craniotomy
was intravenously injected with DCDPP-2TPA NPs (1 mg/mL, PBS× 1, 200 μL). Then
the mouse was imaged under 1,550 nm fs laser excitation. The 3PF lifetime images
of brain vessels at different vertical depths were obtained and recorded at a step of
20 μm. Brain blood vessels having 600 μm penetration depth were achieved with a
high spatial resolution of 3D reconstruction as shown in Figure 14.33. 3PFLIM im-
ages of brain vasculatures at different depths were recorded, and some specific im-
ages (0, 200, 400, 600 μm) were shown in Figure 14.33a–d. The 3PF lifetimes of
some spots of the blood vessels in these images were further analyzed. At the im-
aging depth of 0 μm the 3PF lifetime was 4,086 ps, at the imaging depth of 200 μm
the 3PF lifetime was 4,656 ps, at 400 μm it was 4,646 ps, and at 600 μm it was
6,470 ps. Thus, the 3PF lifetime stability of DCDPP-2TPA NPs in the mouse brain
vessels was illustrated. Therefore, DCDPP-2TPA NPs have great potential in in vivo

Figure 14.30: Time-resolved decay probes of 3PF of DCDPP-2TPA in tetrahydrofuran (black line),
chloroform (red line), toluene (blue line), and DCDPP-2TPA NPs in water (pink line). The lifetimes of
each solution were measured to be 570, 960, 3,366, and 5,215 ps. Adapted with permission from
[55]. Copyright (2020) World Scientific.
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Figure 14.32: In vivo 3PFLIM stacked images (every 200 μm) of mouse with craniotomy brain
vasculature at various vertical depths: (a) 0–200 μm, (b) 200–400 μm, and (c) 400–600 μm.
(d) Three-dimensional reconstruction of the blood vessels in brain with 600 μm depth (scale bar:
50 μm). Adapted with permission from [55]. Copyright (2020) World Scientific.

Figure 14.31: (a) 3PF intensity image (in grayscale) and 3PF lifetime image (quadrate color map) of
DCDPP-2TPA NPs in water contained in a glass capillary tube (scale bar: 100 μm). (b) Distribution of
lifetime within the region of color map in (a). Adapted with permission from [55]. Copyright (2020)
World Scientific.
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3PFLIM. Further, the spatial resolution of 3PF lifetime images was analyzed by
FWHM. As shown in Figure 14.33, at the imaging depth of 600 μm, tiny capillary
vessels of 1.9 μm could still be recognized clearly.

Figure 14.33: (a), (d), (g), (j) In vivo 3PFLIM images of brain vasculature of mouse with craniotomy
at various vertical depths: 0, 200, 400, and 600 μm (scale bar: 50 μm). (b), (e), (h), (k) Time-resolved
decay of the intersection of blue lines (drawn in (a), (d), (g), (j)) at various vertical depths. (c), (f), (i),
(l) The cross-sectional intensity profiles across the capillary vessels marked with red-dashed lines in
(a), (d), (g), and (j). Adapted with permission from [55]. Copyright (2020) World Scientific.
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14.6 Summary and perspectives

In this chapter, recent advances on AIEgens-assisted in vivo THG and 3PF micro-
scopic bioimaging are summarized. The abundant biological applications based on
3PF and THG high-order nonlinear optical effect are revealed in this chapter. A vari-
ety of new AIEgens with good nonlinear optical properties have been developed
and encapsulated into multifunctional AIE nanoprobes. The as-synthesized AIE
nanoprobes presented great application potentials in high-order nonlinear optical
bioimaging. However, their further applications that are still at an early stage with
many important issues need to be addressed.

To achieve high-quality deep-tissue fluorescence imaging, it is necessary to
overcome the influence of scattering. According to Mie theory, the scattering of
light in biological tissue decreases with the increase of wavelength. Light in the
NIR-II spectral window is ideal for its low scattering coefficient. Thus, utilizing the
fs NIR-II excitation laser could improve imaging efficiency to a high degree. Mean-
while, optical, chemical, and biological properties of AIEgens are still needed to be
improved. AIEgens with excellent optical property, such as long lifetime, large 3 PA
cross section, high QY, and deep red/NIR emission are favored. Besides, photo-
chemically stable, biocompatible, and nontoxic AIEgen-based nanoprobes are still
expected. Furthermore, 3PF and THG microscopic imaging systems need to be opti-
mized according to the optical properties of AIEgens. The laser pulse, output power,
repetition rate, duty cycle and other factors, and the appropriate excitation wave-
length should be considered comprehensively during the whole experiment. The op-
tical elements used in the optical path, such as lens, mirror, and dichroic mirror,
need to be further antireflective to obtain better transmission and reflection in NIR-II
window to get enhanced excitation/emission efficiency.
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Yupeng Shi, Chuen Kam, Engui Zhao, Sijie Chen

Chapter 15
Advanced optical imaging and multimodality
imaging based on AIEgens

15.1 Introduction

Optical imaging is an important research approach in biological sciences to observe
the intricate subcellular/tissue structures and understand various physiological
functions [1]. Optical or electron microscopes are used to acquire digital images of
biological specimens, thus enabling analysis of various physiological processes
from the resulting images [2, 3]. With the rapid development of optical imaging
technique in recent years, especially the introduction of digital imaging devices
and computer image analysis, researchers are able to observe the dynamic events
in living cells that can never be seen before [4–6]. Fluorescence imaging technology
is therefore a complementary and indispensable tool in biological and biomedical
research nowadays to reveal the dynamics in physiological processes [7–9]. In com-
parison with other imaging techniques, fluorescence microscopy offers great flexibil-
ity such as noninvasiveness to biological system and allows for time-lapse imaging in
living cells. After labeling targets of interest with fluorescent probes, researchers can
acquire information such as their localizations, relative concentrations, or subcellular
structures by fluorescence imaging [10]. With these data, cellular events can be
traced, which are valuable information for researchers to understand the entire bio-
logical processes.

Conventional widefield fluorescence microscopes are convenient, easy-to-
operate, and have two-dimensional resolution. It is widely used in almost all bi-
ological research laboratories. However, with the rapid advancing progress in
biological research, this kind of imaging system lags behind the needs for cur-
rent scientific and clinical research [11, 12]. As we all know, high signal-to-noise
ratio (SNR) is an important parameter to evaluate the image quality in fluorescence im-
aging. Theoretically, prolonging the exposure time or increasing the excitation power
can improve the SNR. However, shortening the exposure time or decreasing the excita-
tion power is taken into consideration in live-cell imaging to increase frame rate or to
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avoid photobleaching and phototoxicity. This inevitably lowers the SNR [12, 13]. At the
same time, interference of weak energy coincidence and strong background fluores-
cence reduce tissue penetration, which hinders high-resolution and deep-tissue bioi-
maging in live animals [14]. Therefore, developing advanced optical imaging and
multifunctional imaging has become important development directions to reveal de-
tails of subcellular structures, accurately track physiological changes, and obtain mul-
tiple physiological parameters.

As an indispensable component in fluorescence imaging, the fluorophore plays
a core role and its photophysical properties are crucial for the performance of these
advanced optical imaging systems. Brightness, photostability, and environmental
sensitivity are some of the key parameters determining the spatial and temporal res-
olution of images acquired from the imaging system [15, 16]. Taking these factors
into consideration, conventional fluorescent dyes suitable for advanced optical im-
aging are highly limited as many of them are photosensitive and have the problem
of aggregation-caused quenching (ACQ) [17]. Many ACQ dyes are prone to form ag-
gregates in aqueous or hydrophilic biological environments because of their hydro-
phobicity, leading to severe self-quenching. Therefore, ACQ dyes are usually used
at low concentrations. On the one hand, this reduces the sensitivity of the fluores-
cent probes. On the other hand, this also makes the fluorescent molecules easily
photobleached by high-energy excitation. In addition, the ACQ effect also unfavors
preparation of nanoparticles (NPs) doped with organic dyes, because increasing the
loading rate or aggregation degree of the dyes in each NP cannot effectively im-
prove the brightness of the NPs [18–20].

In recent years, aggregation-induced emission (AIE) luminogens (AIEgens) have
emerged as a new family of luminescent material with atypical photophysical proper-
ties. In contrast to ACQ fluorophores, molecularly dispersed AIEgens in solutions are
nonemissive or weakly emissive, but their aggregates exhibit strong fluorescence. The
mechanistic study of AIE phenomenon suggests that restriction of intramolecular rota-
tion (RIR) of the AIEgen promotes the radiative decay pathway for molecule in the ex-
cited state [21]. Meanwhile, the nonplanar conformations of AIEgens also unfavor π–π
stacking and therefore inhibit fluorescence quenching. These two features account for
the strong emission of aggregated AIEgens, which make them bright and photostable
fluorescent probes with high SNRs [22]. By using conventional fluorescence or confocal
microscopy, AIE probes have excellent performance in organelle labeling, pathogen
identification, cell cycle monitoring, and photodynamic therapy [23–25]. In this chap-
ter, we will present the recent research progress of AIEgen-based fluorescent materi-
als in advanced imaging, including super-resolution imaging, fluorescence-lifetime
imaging (FLIM), fluorescence anisotropy imaging (FAIM), multiphoton imaging, and
multimodality imaging.
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15.2 Advanced imaging using AIEgens

15.2.1 Super-resolution imaging

The optical resolution of an imaging system is described as the minimum distance
between two distinguishable points. Due to the Abbe diffraction limit, the lateral
resolution of an all-optical microscope is approximately 200 nm. However, the de-
velopment of super-resolution microscopy increases the lateral optical resolution
beyond the diffraction limit from a few hundred nanometers to sub-100 nm. This
breakthrough allows researchers to observe the ultrastructure of organelles and dy-
namics of biomolecules in living cells at a nanometer scale, and thus it was ac-
knowledged by the Nobel Prize in Chemistry 2014. The current applications of
AIEgens to high-resolution imaging mainly focus on stimulated emission depletion
(STED) microscopy and stochastic optical reconstruction microscopy (STORM).

15.2.1.1 Stimulated emission depletion (STED)

In 1994, German physicist Stefan W. Hell developed STED microscopy, which is
now the mature and widely used technique in high-resolution imaging [26]. Its
working principle is to selectively deplete the fluorescence in neighboring regions
of the focal position and thus minimizing the effective fluorescence to subdiffrac-
tion regions. Two laser beams, an excitation beam and a STED beam, are paired
during STED imaging (Figure 15.1a). The electrons of a fluorophore are excited by
the excitation laser to an excited state, while the fluorophores surrounding the
focal region are selectively de-excited (Figure 15.1b) [27]. During imaging, increasing
the STED beam intensity can suppress more fluorescence in the excitation point,
thereby increasing the spatial resolution of STED microscopy. However, the high-
intensity STED beam may also cause many practical problems to biological specimens
like photobleaching and photodamage. Therefore, STED imaging usually requires fluo-
rescent probes with excellent photostability. Besides, fluorophores with large Stokes
shift not only simplify the imaging process but also minimize the re-excitation of the
probe by the STED beam. Nonetheless, conventional fluorophores with large Stokes
shifts often lack photostability. The development of various photostable AIEgens with
strong fluorescence emissions and large Stokes shifts therefore fills the existing gap of
fluorophores in high-quality STED imaging (Figure 15.2) [28–34].

The potential application of AIEgens in STED imaging was first explored by
Qian and his colleagues in 2015 [28]. They compared the photostability and emis-
sion depletion efficiencies of hexaphenylsilole (HPS, a typical AIEgen) and Couma-
rin 102, an organic fluorophore commonly used in STED imaging. It is shown that
the HPS film is much more resistant to photobleaching than Coumarin 102. Moreover,
HPS-doped NPs also exhibit higher emission depletion efficiency when compared
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with Coumarin 102 in solution. Comparable results are achieved only when Cou-
marin 102 is at a concentration seven-fold higher than that of HPS. All these ad-
vantages illustrate that AIEgens can potentially increase the spatial resolution in
STED imaging.

Later, scientists demonstrate the practical applications of AIEgen-based STED
imaging in live-cell organelle imaging using AIE-active small organic probes [29]. A
very recent example is using AIE probes for STED imaging of lysosomes and mito-
chondria. In this study led by Fu et al., two high-brightness red-emitting AIE
probes, PIZ-CN and PID-CN, are synthesized, which specifically label lysosomes
and mitochondria, respectively, without complicated bioconjugation (Figure 15.3a)
[30]. They display strong fluorescence emissions, good photostability, large Stokes
shifts, and high depletion efficiency. Moreover, the measured saturation intensities
of PIZ-CN and PID-CN are as low as 1.2 and 4.7 mW cm−2, respectively. These re-
sults indicate that they can achieve high optical resolution with a low-power STED
laser. While regular confocal microscopy is unable to resolve the ultrastructure of
lysosomes and mitochondria, STED microscopy with PIZ-CN and PID-CN can easily
reveal the sphere-shaped lysosomes (Figure 15.3b) and tubular mitochondria (Fig-
ure 15.3c) with high spatial resolution (69.0 and 70.9 nm, respectively). The increased
optical resolution provides better observation of the organelle-related physiological
processes in living cells, such as lysosomal dynamics (Figure 15.3d) and mitochon-
drial fusion and fission (Figure 15.3e). PIZ-CN and PID-CN are expected to serve as a
superior lysosomal probe and a mitochondrial probe, respectively, in STED imaging.

Researchers have also explored the applications of AIE NPs in long-term super-
resolution imaging. Li et al. encapsulate a typical AIEgen (2,3-bis(4-(phenyl(4-(1,2,2-

Figure 15.1: The principle of STED microscopy. (a) STED microscopy is paired with an excitation
laser (green) and a STED laser (red). (b) The phase-modulated STED beam forms a focal doughnut
to de-excite the fluorescence surrounding the focal position. Hence, superimposition of two laser
beams leaves an effective fluorescence spot in subdiffraction regions (<200 nm in diameter) which
allows nanoscale imaging. Reproduced from ref. [27] with permission from Annual Reviews.
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Figure 15.2: Examples of AIEgens for STED imaging.
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Figure 15.3: Lysosomal imaging and mitochondrial imaging using PIZ-CN and PID-CN by STED
nanoscopy. (a) Structures and synthetic routes of PIZ-CN and PID-CN. (b, c) Confocal (left) and
STED (right) images of lysosomes stained by PIZ-CN (b) and mitochondria stained by PID-CN (c),
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triphenylvinyl)phenyl)amino)phenyl) fumaronitrile, TTF) into colloidal mesoporous silica
to form fluorescent NPs with an average particle size of 24.3 nm (Figure 15.4a) [31]. The
synthesized TTF@ SiO2 NPs bear several significant features that can improve their
optical properties. When excited by a 594-nm laser beam paired with a 775-nm STED
beam at the laser power of 250 mW, TTF@ SiO2 NPs possess remarkably high STED
efficiency of >60%. In addition, they are highly photostable under long-term (280 s)
and high-average-power excitation (312.5 mW) by the STED beam. Notably, the large
Stokes shift of ~150 nm helps minimize the fluorescence background and observe sin-
gle TTF@ SiO2 NP. All these properties make TTF@ SiO2 NPs advantageous for long-
term super-resolution STED imaging. It is also shown that higher lateral resolution is
obtained with a STED nanoscope when compared to a laser confocal microscope (31.2
vs 267.2 nm, respectively; Figure 15.4b). As a result, fluorescent TTF@ SiO2 NPs appear
to be clearer, and five NPs in close proximity can be easily distinguished. Besides,
long-term ultrahigh-resolution imaging of HeLa cells shows that the fluorescence in-
tensity of TTF@ SiO2 NPs is only reduced by 30% in 30-min (1,925 s) imaging (Figure
15.4c), indicating that the NPs have excellent resistance to photobleaching.

Other than encapsulated fluorescent probes, the size of AIE-NPs also determines
the quality and efficiency of subcellular labeling. Fang et al. report a new strategy to
fabricate compact and ultrastable AIE nanodots through the photo-cross linking of ox-
etane-substituted AIEgens (AIE–OXE) [32]. The AIE–OXE nanodot with an average
particle size of 15 nm exhibits ultra-stability and strong fluorescence attributed to the
covalent frameworks formed inside the nanodots, which restrict the intramolecular
motion. After functionalization with targeting groups, such as streptavidin, these AIE–
OXE nanodots can recognize the biotinylated secondary antibody, which selectively
binds to the primary antibody targeting to proteins of interest. By using this strategy,
AIE–OXE nanodots are employed in microtubule imaging by STED nanoscopy. These
AIE–OXE nanodots enjoy good photostability and are free of significant dye leakage.
In the STED imaging using AIE–OXE nanodots, the spatial resolution can be increased
to 95 nm, and the detailed structures of microtubule bundles can be observed. This
streptavidin–biotin labeling approach thus enables the AIEgen-based nanodots to spe-
cifically label different subcellular structures for super-resolution imaging.

Several AIEgens tend to bind proteins and emit strong fluorescence; therefore,
they have been designed to detect protein fibrillation, such as amyloid beta (Aβ) de-
position. Imaging Aβ deposition in brain tissues using super-resolution technique is
desirable in order to observe the fine structure of Aβ plaques with nanoscale resolution.

Figure 15.3 (continued)
respectively, in living cells. Bars for panels b and c and their insets: 3 µm and 200 nm, respectively.
Corresponding fluorescence intensity profiles along the white dashed lines indicated in panel b (PIZ-
CN-stained lysosomes; top) and panel c (PID-CN-stained mitochondria; bottom) are shown. (d, e) STED
imaging of lysosomal dynamics (d) or dynamic change of mitochondrial morphology (e) in living cells.
Bars: 1 µm. Copyright 2021 Wiley. Used with permission from ref. [30].
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Figure 15.4: TTF@ SiO2 NPs for STED imaging. (a) Illustration of fabrication of TTF@ SiO2 NPs.
(b) Comparison of confocal imaging and STED imaging of TTF@ SiO2 NPs. Fluorescence intensity
profiles of the NPs along the dashed lines show full-width at half-maximum of 269.4 and 30.7 nm
for confocal microscopy and STED microscopy, respectively. (c) STED imaging of TTF@ SiO2 NPs in
HeLa cells taken at different time points in the period of 1,925 s. TTF@SiO2 NPs retain ~70% of
normalized fluorescence intensity in the end of imaging. Copyright 2017 Wiley. Used with
permission from ref. [31].
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A series of AIE-active fluorescent probes (DM-BZ, PD-BZ, PD-NA, and PD-NA-TEG) are
synthesized and used for super-resolution imaging of Aβ fibrils in the brain slices of
amyloid precursor protein transgenic Tg mice (Tg6799) [33]. As the AIE properties of
these probes are based on Aβ-binding, it is shown that these AIEgens are excellent fluo-
rescent probes to label Aβ plaques in the mouse brain slices. Further to regular fluores-
cence imaging of Aβ plaques, both PD-NA and PD-NA-TEG are shown to be compatible
to super-resolution imaging (Figure 15.5a–c). In the super-resolution images, Aβ plaques
show many radiant nanofibrils and PD-NA-TEG has a mean photon number of more
than 3,000 (Figure 15.5d), providing the detailed structure of Aβ fibrillation with spatial
resolution of ~30 nm (Figure 15.5e,f). Therefore, these data help understand the mecha-
nism of amyloid plaque growth and develop new approaches for diagnosis of Alz-
heimer’s disease.

Considering that a variety of AIEgens are widely applied to organelle labeling,
intracellular tracking of biomolecules, and cancer cell imaging, it is anticipated
that AIEgen-based STED nanoscopy is likely to attract the interest of scientists
working in biological or biomedical areas, in which high spatiotemporal resolution
is highly desirable.

Figure 15.5: STED imaging of Aβ plaques in mouse brain slices by PD-NA-TEG. (a–c) Brightfield,
confocal, and STED imaging of Aβ deposits in brain slices from a Tg6799 mouse using PD-NA-TEG.
(d) The photon count distribution of PD-NA-TEG. (e) Cross-sectional profiles of PD-NA-TEG under
conventional fluorescence or super-resolution imaging. (f) Fourier ring correlation (FRC) determines
the image resolution to be ~30.83 nm. Reproduced from ref. [33] with permission from the Royal
Society of Chemistry.
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15.2.1.2 Stochastic optical reconstruction microscopy (STORM)

STORM is another type of super-resolution optical microscopy. By stochastically
switching single molecules between the fluorescent state and the dark state, only
a random subpopulation of fluorophores in the fluorescent state will be imaged
in every single frame. Therefore, a small fraction of “switched-on” fluorophores
in each frame is physically separated from each other beyond the diffraction-lim-
ited region and are optically resolvable. By capturing thousands of frames and
determining the center position of single fluorophores using algorithm, a final
super-resolution image can be reconstructed (Figure 15.6a) [27]. The imaging
quality of STORM depends largely on the photophysical properties of the probe used.
These photoswitchable fluorophores should have a high quantum yield and a high
SNR to allow high-precision localization. Furthermore, a low duty cycle ensures the
“switched-on” fluorophores are not densely localized in each frame. Since the advent
of STORM in 2006, more and more fluorophores have been used in this imaging ap-
proach and the development of fluorophores with higher performance is still in high
demand. In recent years, several AIEgens have been successfully applied in STORM im-
aging (Figure 15.6b) [35–39].

In 2013, Li et al. report the synthesis of a photoswitchable AIEgen, DTE–TPE (Fig-
ure 15.6b), by conjugating tetraphenylethylene (TPE) and dithienylethene (DTE) [35].
The structure of DTE–TPE can be photoswitched from the closed state (DTE–TPE-C)
to the open state (DTE–TPE-O) by UV irradiation and vice versa by visible light
(>440 nm). They are nonfluorescent in the solution. While DTE–TPE-C emits green-
ish blue fluorescence in the aggregated state, DTE–TPE-O remains nonfluorescence.
As a result, DTE–TPE NPs can be photoswitched “off” by UV irradiation or photo-
switched “on” by visible light. Taking advantages of the photoswitching properties
of DTE–TPE, the DTE–TPE-doped film has high spatial resolution of 81 nm under
STORM imaging. This demonstrates the feasibility of using AIEgens as a photo-
switching probe in STORM imaging.

Gu et al. screen a new class of photoactivatable TPE derivatives for STORM imag-
ing of mitochondria in living cells [36]. Upon photoactivation, o-TPE-ON+molecules
undergo photocyclodehydrogenation and are transformed to c-TPE-ON+which is a
strong emitter (Figure 15.7a). Under continuous illumination at 561 nm, o-TPE-ON+
exhibits photoswitching property. Analysis of the intensity trajectory of each individ-
ual o-TPE-ON+ molecule shows that the mean photon count per switching is 411 and
the fluorescence on-time is 26 ms. Its photophysical properties of high photon counts
and a low duty cycle favor better resolution in STORM imaging. Due to the presence of
quaternary ammonium salt, o-TPE-ON+ is mitochondria-specific in cells. While mito-
chondria are blurred under epifluorescence, their ultrastructure is revealed using
STORM performed in a total internal reflection fluorescence mode (Figure 15.7b). The
transverse profile of a mitochondrion has a full‐width at half‐maximum (FWHM) of
104.5 nm in the super-resolution image versus 697.1 nm in the epifluorescence image
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(Figure 15.7c). The photoactivation of o-TPE-ON+ does not require the addition of addi-
tives during STORM imaging, which makes it compatible with long-term live-cell imag-
ing. In the time-lapse imaging of mitochondria, detailed mitochondrial structures can
be visualized with high resolution, and their fission and fusion dynamics can be re-
corded by using o-TPE-ON+ (Figure 15.7d).

Figure 15.7: O-TPE-ON+ in STORM imaging of mitochondria. (a) The photocyclodehydrogenation
process of transforming o-TPE-ON+ to c-TPE-ON+ under UV irradiation. (b) The diffraction-limited
total internal reflection fluorescence image (left) and the STORM image (right) of mitochondria
labeled with o-TPE-ON+ in HeLa cells. Bars: 2 µm. (c) Fluorescence intensity profiles along the
yellow dashed lines across the single mitochondrion indicated in panel b. (d) STORM imaging of
mitochondria labeled with o-TPE-ON+ in living HeLa cells shows mitochondrial dynamics of fission
(green arrowheads) and fusion (red arrowheads). Bars: 500 nm. Copyright 2016 Wiley. Used with
permission from ref. [36].
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Lo et al. report another AIEgen for direct STORM (dSTORM) imaging of mito-
chondria in living cells for the observation of mitochondrial dynamics and mem-
brane fluidity [37]. MitoRed AIE (previously known as TPE-Ph-In, Figure 15.6b) is a
mitochondrion-specific fluorescent probe (Figure 15.8a), which undergoes sponta-
neous blinking. The fluorescence on-time of a single-molecule MitoRed AIE is
480 ms at a power density of 2 kW cm−2 and decreases significantly to 120 ms,
when the power density is increased to 11 kW cm−2. Meanwhile, its mean photon
counts remain unchanged at ~800 at different laser power levels. When compared
to MitoTracker Deep Red (MTDR), a commercial fluorescent probe for dSTORM im-
aging of mitochondria, MitoRed AIE demonstrates comparable mean photon counts
and fraction of single molecules that can be localized but three times higher in the
SNR (Figure 15.8b). The high photon count rate and the high SNR of MitoRed AIE
enable its localization precision in the axial direction. By using dSTORM in three-di-
mensional imaging of mitochondria, the diameter of mitochondria is 100 nm in the
horizontal plane and 123 nm in the axial direction. Furthermore, mitochondrial dy-
namics can be tracked for more than 8 min (500 s) without significant photo-induced
mitochondrial fragmentation (Figure 15.8c), which enables the study of mitochondria
in living cells with a high spatiotemporal resolution.

Recently, Yang et al. have demonstrated a dual AIE behavior based on sterically
hindered photochromism by bridging diaromatic hydrocarbons with benzobis(thiadia-
zole) [38]. The superimposed effect is mainly caused by RIR, restricted intramolecular
vibration, and intermolecular accumulation, which promotes the AIEgens (o‐BTTE
(Figure 15.6b), o‐ABTE, and ap‐BBTE), to have excellent AIE effects and high fluores-
cence quantum yield. Under the alternate change of ultraviolet (UV) and visible light,
they exhibit excellent photoconversion and fatigue resistance, making them extraordi-
nary super-resolution imaging probes. Compared with conventional fluorescence im-
aging, STORM imaging of ap‐BBTE-doped nanostructures presents a significantly
enhanced spatial resolution of ~32 nm, which is far beyond the optical diffraction
limit. Notably, the FWHM in the super-resolution imaging is 12-fold higher than
that in regular fluorescence imaging at 387 nm.

15.2.2 Fluorescence-lifetime imaging

FLIM is an advanced imaging technique based on measuring the fluorescence life-
time of a fluorophore. By providing the fluorescence lifetime information at micro-
scopic spatial resolution, FLIM allows researchers to detect and visualize targets of
interest in biological specimens. Besides, dynamic events can be recorded at nano-
seconds resolution by FLIM. In contrast to regular fluorescence microscopy, by
which the fluorescence intensity is detected for image acquisition, FLIM measures
the decay rate of a fluorophore, which depends on the molecular microenviron-
ment, such as molecular interactions or ion concentrations. Because fluorescence
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lifetime is an inherent property of fluorescent materials and is closely related to the
microenvironment where the luminescent materials are located, it is generally not
influenced by variables, such as the fluorophore concentrations, excitation inten-
sity, or photobleaching. As a result, FLIM is more robust than fluorescence inten-
sity-based methods and can be used to assess physiological parameters in biological
systems, such as intracellular pH, subcellular ion concentrations, oxygen contents,
molecular interactions, and viscosity.

Intracellular viscosity is an important parameter for evaluating cell functions.
Chen et al. employ a cell-permeable AIEgen (TPE-Cy, Figure 15.9) as a fluorescent
probe to map the intracellular viscosity distribution in living cells [40]. Different
from the conventional molecular rotors, TPE-Cy contains more rotatable units,
which make it more sensitive to microenvironmental viscosity changes. Subse-
quently, a time-resolved spectral imaging system is used to perform FLIM in living
cells stained with TPE-Cy. Under the two-photon excitation at 600 nm, the fluo-
rescence lifetime of TPE-Cy in cells is widely distributed in a range from 300 to

Figure 15.8: MitoRed AIE (TPE-Ph-In) in dSTORM imaging of mitochondria. (a) MitoRed AIE
colocalizes with mitochondrial marker Mito-GFP in HeLa cells. Bar: 20 µm. (b) Photophysical
properties of MitoRed AIE and MitoTracker Deep Red (MTDR). While both of them have comparable
single-molecule blinking, MitoRed AIE has a SNR threefold higher than MTDR. (c) Three-
dimensional live-cell STORM imaging of mitochondria labeled with MitoRed AIE over 8 min.
Reproduced from ref. [37] under a CC-BY 4.0 International license.
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1,500 ps. In particular, the fluorescence lifetime of TPE-Cy in lipid droplets (500
ps) is significantly shorter than other stained subcellular structures, such as mito-
chondria (1 ns). The broad distribution of TPE-Cy fluorescence lifetime, therefore,
is useful in distinguishing different subcellular structures and reflecting changes
in the intracellular microenvironment. This example demonstrates the detection
of intracellular viscosity using an imaging approach.

Wang et al. crosslink a neutral TPE derivative P1 with polyelectrolytes to pre-
pare a water-soluble polymer P1+ (Figure 15.9) with AIE properties [41]. The polymer
electrolyte P1+ has good biocompatibility and emits green fluorescence in the aggre-
gated state. It is subsequently used to label mouse neuroblastoma neuro-2a cells for
FLIM. It is found that P1+ molecules at high concentrations tend to be endocytosed
into the cytoplasm of cells with a longer fluorescence lifetime, while those at low
concentrations preferentially label the cell membrane with a shorter fluorescence
lifetime. By monitoring the molecular motion of P1+ in the cell, it is possible to map
the cellular viscosity.

Considering that AIEgens are usually viscosity sensitive, Gao et al. design a sim-
ple and effective AIE nanostructure for intracellular temperature sensing [42]. The
rod-shaped nanoprobe is composed of 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG(2000)-biotin), butter, and
an AIEgen of HPS (Figure 15.10a). Its working principle is as follows: At low temper-
atures, HPS molecules are confined in the solid butter matrix to emit strong green
fluorescence. As the temperature increases, the butter gradually softens and eventu-
ally melts. This reduces the viscosity of the system and facilitates the intramolecular
motion of HPS molecules, which allows nonradiative exciton decay, and results in
decreased emission intensity. The thermal sensitivity of the nanoprobe is then inves-
tigated by monitoring the changes of fluorescence lifetime with temperature. As the

Figure 15.9: Examples of AIEgens used in FLIM.
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temperature increases, the fluorescence lifetime of HPS/butter/DSPE-PEG(2000)-
biotin nanorods shows an accelerated decay trend. The fluorescence lifetime of
the nanoprobe in cells is ~1.45 ns at 24.1 °C, but quickly decreases to 0.83 ns at
38.1 °C (Figure 15.10b). These results demonstrate that time-resolved fluorescence
imaging is an advantageous tool for research in cell biology, especially that it
does not suffer from the interference of fluorescent probe concentrations, emis-
sion intensity, and background fluorescence.

Figure 15.10: The nanorod of HPS/butter/DSPE-PEG(2000)-biotin in subcellular temperature
sensing by FLIM. (a) Schematic illustration of the fabrication for the HPS/butter/DSPE-PEG(2000)-
biotin nanorod and its temperature sensing. (b) The HPS/butter/DSPE-PEG(2000)-biotin nanorod in
living endothelial cells is incubated at indicated temperature and is acquired by FLIM.
Fluorescence lifetime of nanorods in cells is represented in pseudocolored images, and the
corresponding fluorescence decay curves are shown. Reproduced from ref. [42] with permission
from the Royal Society of Chemistry.
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15.2.3 Fluorescence anisotropy imaging

FAIM is another imaging tool for studying physiological activities in living cells by
detecting the fluorescence intensity differences of the polarized light in parallel and
perpendicular planes with respect to the excitation light. In the homogeneous state,
all fluorophores are randomly orientated; therefore, they exhibit the same emission
intensity in all orientations. However, these fluorophores will be rotated or oriented
once they are attached to large biomolecules. Their fluorescence emissions will be
polarized, causing an increase in fluorescence anisotropy signals. By recording the
changes in these anisotropy signals, the local environment, where the random mo-
tion of fluorophores is constrained, can be mapped.

By using this technique, Soleimaninejad et al. study the changes of protein net-
work and the plasma membrane in cells with an AIEgen named TPE-Py-NCS under
osmotic pressure [43]. TPE-Py-NCS has an amino-reactive isocyanine group (Figure
15.11a). Once entering the cell, it conjugates to the intracellular protein network. In
the FAIM images, pseudo-red and pseudo-blue colors indicate subcellular regions
with large fluorescence anisotropy and small fluorescence anisotropy, respectively
(Figure 15.11b). By treating the cells with sorbitol to increase the osmolarity, the
ratio of red-to-blue color in FAIM images increases, implying that the effect of mac-
romolecular crowding increases the fluorescence anisotropy. Compared with the
control group, the largest cell population treated with 450 mM of sorbitol has the
fluorescence anisotropy increased from 0.29 to 0.35 (Figure 15.11c). In the real-time
monitoring, cells treated with 450 mM sorbitol show gradual shift of the fluores-
cence anisotropy in 90 min (Figure 15.11d,e). In the FLIM experiment, the peak of
fluorescence lifetime distribution remains at ~1.65 ns, while a minor peak at ~1.5 ns
emerges when increasing osmolarity. These data suggest that the intracellular vis-
cosity does not change abruptly upon osmotic stress as the major peak at 1.65 ns
remains unchanged, while an increase in the excluded volume results in loose as-
sociation of the fluorophore subpopulation with protein networks. This study
demonstrates the successful exploration of AIEgens in FAIM and illustrates the
feasibility of using the anisotropic signals from AIEgens to sense the biophysical
microenvironment.

15.2.4 Multiphoton imaging

Single-photon excitation of AIE bioprobes is widely applied to a variety of biologi-
cal fluorescence imaging. Nonetheless, the short excitation wavelength of single-
photon fluorescence imaging is often accompanied with the limited tissue penetra-
tion depth and the potential photodamage to living biological specimens. Compared
with single-photon imaging, multiphoton imaging has low background autofluores-
cence, limited photodamage, and deep tissue penetration, which is very conducive to
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deep-tissue imaging applications. Therefore, AIEgens with large two-photon absorp-
tion cross sections and high quantum yields are designed for multiphoton imaging.
At present, the main design strategy of AIEgens for multiphoton imaging is to intro-
duce donors and acceptors into the framework of conjugated fluorophores to en-
hance the nonlinear optical properties of multiphoton absorption. Up to now, several
new AIE probes are developed for two-photon or three-photon imaging (Figure 15.12)
[44–55].

Recently, Qin et al. have prepared a red-emitting D-π-A-π-D AIEgen (TTS) in
which arylamino units are the donor, and the benzothiadiazole core is the accep-
tor (Figure 15.13a) [44]. This typical fluorescent dye exhibits strong emission at
636 nm, and its solid-state fluorescence quantum yield is as high as 34.1%. By using a
simple nanoprecipitation method, TTS nanodots decorated with DSPE-PEG are pre-
pared, which have high water solubility and light stabilization performance for biolog-
ical applications. It is worth noting that the TTS nanodot exhibits a large two-photon
absorption cross section of 310 GM at an excitation wavelength of 900 nm, which
is much higher than the conventional fluorescent protein and BODIPY dyes. Due
to multiple scattering and absorption of light in the tissue, the penetration depth
of single-photon imaging in the liver sections is limited to approximately 100 µm,
and not beyond 120 µm. In the two-photon excitation wavelength at 900 nm,
deep-tissue penetration (>200 µm) can be achieved (Figure 15.13b). In addition,
TTS nanodots can be applied to in vivo two-photon fluorescence imaging of the
blood vessels in mouse ears (Figure 15.13c), imaging of which is not feasible by
single-photon excitation, and for the first time the capillary diameter at a depth of
110 µm in the mouse ears is quantitatively measured to be 4 µm (Figure 15.13d).
Hence, the three-dimensional reconstructed images can provide detailed informa-
tion of the deep-tissue capillary networks.

On the other hand, Niu et al. design and synthesize a family of AIEgens
named NAP for two-photon lipid droplet imaging [45]. The naphthalene-core-
based NAP AIEgens have high fluorescence quantum yields in the solid state (up
to 30%), large Stokes shifts (>110 nm), high two-photon absorption cross sec-
tions (45–100 GM at 860 nm), as well as high biocompatibility. Lipid droplets
can be specifically stained by NAP AIEgens at a low concentration of 50 nM in
15 min. With these satisfactory results, they are used in two-photon fluorescence
imaging of lipid droplets in living cells. It is demonstrated that lipid droplets at a
depth of ~70 μm in living mouse liver tissues ex vivo can be selectively visualized.

Subsequently, Niu et al. develop other kinds of cyanostilbene-based near-infra-
red (NIR) AIEgens named CS-Py+SO3

− and CS-Py+ for mitochondrial imaging in liv-
ing HeLa cells and living rat skeletal muscle tissues [46]. These positively charged
AIEgens are able to label mitochondria specifically for ex vivo two-photon fluores-
cence imaging in rat skeletal muscle tissues at a depth of 100 µm. The impressive
performances of these organelle-specific AIEgens in two-photon deep-tissue imaging
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Figure 15.12: Examples of AIEgens used in multiphoton imaging.
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illustrate their potential in visualization and monitoring of diseases associated with
organelle dysfunctions, such as fatty liver disease and mitochondrial myopathies.

For clinical research and treatment of vascular-related diseases and cancers,
deep-tissue fluorescence imaging of vascular morphology and intravascular dynam-
ics in the brain and tumors is highly desirable. The use of NIR-II excitation (1,000–
1,700 nm) in fluorescence imaging has deep penetrating power, high SNR, and re-
duced photodamage to biological tissues. Wang et al. design a high-brightness
probe (BTPETQ) with long-wavelength absorption for in vivo two-photon fluores-
cence imaging of mouse brains and tumors (Figure 15.14a) [47]. BTPETQ dots are

Figure 15.13: Deep-tissue imaging of blood vessels in mouse ears by TTS nanodots. (a) Schematic
illustration of TTS nanodot fabrication. (b) The image of a dissected mouse under single-photon
excitation (top left). Normalized photoluminescence intensity of TTS nanodots in different
penetration depths under single-photon or two-photon imaging (bottom left). Ex vivo single-photon
and two-photon confocal fluorescence images of the mouse liver injected with TTS nanodots
(right). (c) Two-photon imaging of the blood vessels in a mouse brain injected with TTS nanodots at
different penetration depths or monitoring time points. The reconstructed 3D image shows the
blood vasculature in the mouse brain. (d) Single-photon (top), two-photon (bottom), and their
corresponding zoomed images of blood vessels in mouse ears. Quantitative measurement of
cross-sectional intensity profiles from two-photon imaging shows the diameter of capillary to
be ~4 µm. Reproduced from ref. [44] with permission from the Royal Society of Chemistry.

Chapter 15 Advanced optical imaging and multimodality imaging based on AIEgens 435

 EBSCOhost - printed on 2/14/2023 12:51 PM via . All use subject to https://www.ebsco.com/terms-of-use



prepared by the nanoprecipitation method and have an average particle size of
42 nm. The nanoprobe is excitable by the laser of NIR-II at 1,200 nm, showing high-
brightness fluorescence emission with central wavelength at 700 nm and a high
quantum yield of ~19%. In tumor vasculature imaging through the mouse ear skin,
NIR-II excitation at 1,200 nm shows a deeper penetration depth than the NIR-I exci-
tation (920 nm) for the BTPETQ-labeled vessels (Figure 15.14b,c). BTPETQ dots also
show two-photon fluorescence with a high SNR in leaky tumor vasculature, which
is distinguished from normal blood vessels. By using NIR-II excitation, BTPETQ
dots in tumors at the depth of 200–300 µm show a higher signal-to-background
ratio when compared with NIR-I excitation (Figure 15.14d,e). This study illustrates
the potential application of effective NIR-II fluorophores for deep-tissue and high-
contrast tumor imaging in vivo.

When compared with two-photon microscopy, three-photon microscopy has
improved penetration depth with a remarkable SNR in deep-tissue imaging. To
demonstrate the applicability of AIEgens in three-photon imaging, Wang et al. fab-
ricate an AIE NP using AIEgen DCDPP-2TPA with a strong deep-red emission [48].
The DCDPP-2TPA NP can be excited by a femtosecond laser of 1,550 nm, and brain
vasculature at a penetration depth of 785 µm can be imaged in the skull-opened
mouse by in vivo three-photon imaging. Encouraged by this performance, they fur-
ther demonstrate that the capillary with a diameter of 2.4 µm can be imaged by
using DCDPP-2TPA NPs at the penetration depth of 300 µm even in the mouse with
intact skull. This indicates the potential broad applications of AIEgens in non-inva-
sive in vivo imaging.

Liu et al. find that a red AIEgen, named 2,3-bis(4′-(diphenylamino)-[1,1′-biphe-
nyl]-4-yl) fumaronitrile (TPATCN), possesses three-photon fluorescence signals
with a deep-red emission under the excitation at 1,550 nm [49]. By co-encapsulating
TPATCN and an NIR dye NIR775, the TPATCN–NIR775 NP has an ultra-high imag-
ing depth of 730 μm in the fluorescence imaging of vessels in the mouse brain. The
subsequent vivid three-dimensional reconstructed images clearly show the tiny
blood vessels, which are very helpful for the research of cerebrovascular diseases.

Recently, another type of non-TPE-based AIEgen has been facilely synthesized
for three-photon imaging (Figure 15.12) [50]. The bright far-red/NIR AIEgen named
BTF has a high quantum efficiency of 42.6% in the solid state. The fabricated BTF
nanodot (Figure 15.15a) has a large three-photon absorption cross-section for in vivo
imaging of brain vessels by NIR-II laser excitation (Figure 15.15b,c). In mice with
intact skull, cerebral stroke can be traced noninvasively by three-photon imaging
(Figure 15d,e). This is of great significance for the study of the complex cerebral vas-
culature using three-photon fluorescence microscopy to understand the pathogene-
sis of encephalopathy.
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Figure 15.14: Tumor vasculature imaging in mice by BTPETQ under two-photon imaging. (a) A
schematic illustration of BTPETQ dot fabrication. (b) Two-photon fluorescence images at different
imaging depths and their reconstructed three-dimensional image of tumor blood vessels labeled
with BTPETQ dots under NIR-II (1,200 nm) excitation. Bars: 100 µm. (c) Two-photon fluorescence
images and their reconstructed three-dimensional images of the same tumor vasculature networks
under NIR-II (1,200 nm) or NIR-I (920 nm) excitation. Bars: 100 µm. (d) The normalized fluorescence
intensity profiles along the white lines indicated in panel b with NIR-I or NIR-II excitation. (e) NIR-II
excitation shows a higher signal-to-background ratio (SBR) when compared with NIR-I excitation in
the depth of 200–300 µm. Copyright 2019 Wiley. Used with permission from ref. [47].
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Figure 15.15: In vivo brain vascular imaging by BTF dots under three-photon imaging. (a) Schematic
illustration of BTF dot fabrication. (b) Third‐harmonic generation (THG), three-photon fluorescence
(3PF), and merged image of the mouse brain vessels at penetration depth of 55 μm. (c) In vivo
three-photon imaging of brain vessels at penetration depths from 0 to 900 µm. (d–e) Three-photon
fluorescence images of blood vessels in the brain of a mouse with the intact skull before (d) and
after (e) brain thrombosis. Copyright 2020 Wiley. Used with permission from ref. [50].
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15.3 Multimodality imaging

Multimodality imaging refers to integration of two or more imaging modes and takes
full advantage of each individual mode to overcome its inherent limitations. Despite
fluorescence imaging has excellent imaging sensitivity reaching the single-molecule
level, restricted tissue penetration depth limits its applications in in vivo deep-tissue
imaging. In contrast, the commonly used medical imaging techniques, such as
computed tomography (CT), magnetic resonance imaging (MRI), and photoacous-
tic imaging (PAI), have high tissue penetration depths but low sensitivity. As a re-
sult, multimodality imaging combining fluorescence and other imaging approaches
is expected to achieve deep-tissue penetration, high spatial resolution, and excellent
sensitivity. The superior optical properties of the AIEgens make them very suitable
for constructing multimodal fluorescent probes. Currently, a variety of multimodality
imaging techniques, such as fluorescence CT, fluorescence MRI, fluorescence posi-
tron emission tomography (PET), fluorescence PAI, and fluorescence Raman, based
on AIE bioprobes have been developed and used in in vivo imaging.

15.3.1 Fluorescence computed tomography

X-ray CT is one of the widely used imaging techniques in clinical practice with high
spatial resolution and ideal penetration depth. Nonetheless, the CT scan has the
drawback of low sensitivity. Therefore, multimodality imaging combining fluores-
cence and CT can complement each other to offer high sensitivity and high penetra-
tion depth. As an intensively studied CT contrast agent, the gold NP has a high X-ray
absorption coefficient. The bimodal contrast agent constructed by combining gold
NPs with fluorescence imaging is expected to offset the low sensitivity of CT.
Nonetheless, careful design is required to avoid the quenching effect of gold NPs
to fluorescent probes. Zhang et al. prepare a dual-functional nanoprobe named M-
NPAPF-Au by co-loading red AIEgen NPAPF and hydrophobic gold NPs into DPE-
PEG(2000) micelles for bimodal fluorescence-CT imaging [56]. The prepared NPs
with an average diameter of ~65 nm have an emission peak at ~640 nm and a
large Stokes shift of ~120 nm. Surprisingly, NPAPF inside the NPs effectively over-
comes the strong fluorescence quenching induced by the gold NPs and retains a
high quantum yield of 8%. The data show that the probe has excellent biocompat-
ibility, long blood circulation time, and excellent tumor targetability. Moreover, in
vivo studies demonstrate that the nanoprobes show excellent tumor-targeting ca-
pability, superior fluorescence emission, and high-quality CT imaging. All these
data illustrate that M-NPAPF-Au is a bimodal fluorescence-CT nanoprobe that has
potential applications in noninvasive tumor imaging.

Using different design concepts, He et al. successfully design a novel type of sil-
ver@AIEgen core–shell NPs (AACSNs) to achieve multimodal fluorescence imaging,
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dynamic force microscopy (DFM) imaging, and CT [57]. The AACSN is fabricated by a
redox reaction between phenolic hydroxyl in the redox-active AIEgen TPE-M2OH and
silver ions (Figure 15.16a). The formation of silver NPs will induce the AIEgens to ag-
gregate around the NPs at the same time, thus forming a core–shell hybrid nanostruc-
ture. Noteworthy, the shell thickness of AACSNs can be tuned by changing the
concentration of TPE-M2OH to make it larger than the Förster energy transfer distance
to retain fluorescence and plasmon modes. More importantly, AACSNs have excellent
photostability and biocompatibility, which enable live-cell imaging by bimodal fluores-
cence and DFM imaging (Figure 15.16b). In vivo imaging shows that AACSNs are en-
riched in the tumors 2 h after the intratumoral injection of AACSNs into tumor-bearing
nude mice (Figure 15.16c). The CT signal in tumors is increased by as much as 183 HU
at 5 h after injection and is gradually cleared in 10 h. The utilities of superior photo-
physical properties of AIEgens in DFM and the deep penetration depth in CT expand
the applicability of bimodal fluorescence-CT imaging in future diagnosis.

15.3.2 Fluorescence magnetic resonance imaging

As a noninvasive imaging technique, MRI has attracted widespread attention over
the past three decades because of its high spatiotemporal resolution, excellent pene-
tration depth in soft tissues, as well as no radiation exposure. However, the sensitiv-
ity of MRI is unsatisfactory. Therefore, imaging probes used in MRI, fluorescence
imaging, and other functional modules are attempted to integrate into single nano-
material matrix for multimodality imaging. Conventional MRI contrast agents are che-
lates based on paramagnetic metal ions with unpaired electrons (Gd3+, Mn4+, Fe3+,
etc.), which can reduce the T1 and T2 relaxation times of the neighboring proton
spins. The commonly used synthesis strategies for fluorescence-magnetic resonance
probes are simply co-encapsulating Gd chelates and AIEgens with DSPE-PEG, amphi-
philic polymer, or mesoporous silica by nanoprecipitation, self-assembly, or chemical
cross-linking [58–60]. A variety of dual-functional nanoprobes are reported to image
tumors and blood vessels, and to evaluate the antibacterial efficacy.

Chen et al. fabricate a dual-mode contrast agent by conjugating two hydro-
philic moieties of gadolinium-diethylenetriaminepentaacetic acid to a hydropho-
bic TPE fluorophore through a click reaction (Figure 15.17a) [61]. Interestingly,
amphiphilic TPE-2Gd molecules spontaneously aggregate in water and PBS solu-
tion at concentrations above 70 and 50 μM, respectively, to form nanoaggregates
or micelles, which exhibit strong fluorescence. TPE-2Gd nanoaggregates can be
endocytosed, showing negligible cytotoxicity and excellent photostability in cell im-
aging (Figure 15.17b). Meanwhile, the longitudinal relaxation of TPE-2Gd in water
is determined to be 3.36 mM−1 s−1 which is comparable to the commercial agent Mag-
nevist (R1 = 3.70 mM−1 s−1). TPE-2Gd nanoaggregates show a long circulation lifetime
in rats of 1 h and specifically accumulate in the liver even 150 min after the injection.
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Because of the disintegration into small molecules, TPE-2Gd NPs can be excreted via
renal filtration (Figure 15.17c). This study demonstrates that TPE-2Gd is a potential
MRI contrast agent specific to the liver.

Monitoring apoptosis is important for evaluating cancer therapy and screening
preclinical anticancer drugs. During apoptosis, caspase-3/7 is activated and there-
fore their enzymatic activities are commonly used as apoptotic biomarkers. Li et al.
design and synthesize a bimodal fluorescence-magnetic resonance probe which is
responsive to caspase-3/7 activities (Figure 15.18a) [62]. Caspase probe 1 (CP1),
which is composed of an MR contrast agent Gd-DOTA chelate, AIEgen TPE, and a
caspase-3/7 substrate DEVD peptide, is soluble in aqueous solutions. In the pres-
ence of active caspase-3/7, the hydrophilic DEVD is enzymatically cleaved, which
causes the remaining Gd-TPE more hydrophobic and spontaneously aggregates,

Figure 15.16: Fluorescence CT of tumors in mice using AACSNs. (a) Chemical structure of TPE-M2OH
and a schematic illustration of AACSN fabrication. (b) Fluorescence (top) and dark-field microscopy
(bottom) images of AACSN probes in HeLa cells. (c) Fluorescence (top) and CT (bottom) imaging of
nude mice with tumors 1–5 h after intravenous injection of AACSN nanoagents. Reprinted with
permission from ref. [57]. Copyright 2018 American Chemical Society.
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leading to the enhancement of fluorescence and MR signals. This dual fluores-
cence-magnetic resonance “turn-on” strategy is successfully applied to monitoring
the apoptotic cell (Figure 15.18b). Remarkably, the T2-weighted MRI of this respon-
sive probe can be used to evaluate caspase-3/7 activities in vitro (Figure 15.18c).
This provides a promising approach for further developing multifunctional imaging
agents against different targets.

In contrast to Gd agents, superparamagnetic Fe3O4 (SPIO) NPs have the advan-
tages of good biocompatibility, high magnetic properties, and ease of surface modifi-
cation, which are widely applied in various medical applications of MRI [63–65]. Meng
et al. design an efficient fluorescent-magnetic multifunctional probe by co-encapsulat-
ing AIEgen TB and SPIO with polystyrene–PEG [63]. The fabricated TSP NPs exhibit
red-emitting AIE properties with a maximum emission at 655 nm and a high fluores-
cence quantum yield of 14.6%, which help enhance the sensitivity and the SNR in

Figure 15.17: Fluorescence magnetic resonance imaging in mice using TPE-2Gd. (a) Structure of
TPE-2Gd. (b) Fluorescence imaging of HeLa cells stained with TPE-2Gd (blue) and propidium iodide
(red), merge of these two panels, and the brightfield image. (c) Coronal MRI of a rat before and 1–
150 min after intravenous injection of TPE-2Gd. TPE-2Gd can be excreted in the urine as
demonstrated by concentrating in the bladder. Reprinted with permission from ref. [61]. Copyright
2014 American Chemical Society.
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Figure 15.18: Caspase-3/7 activity-dependent fluorescence MRI using CP1. (a) Schematic illustration
of CP1 turned on by the enzymatic activity of caspase-3/7. (b) Time-lapse fluorescence imaging of
HeLa cells incubated with CP1 and treated with the apoptotic agent staurosporine for 3–120 min.
(c) T1-weighted (top) and T2-weighted (bottom) MRI of CP1 and CP1-control (ctrl) solutions,
respectively, incubated with or without caspase-3 overnight. T2-weighted MRI of CP1 is sensitive
enough to detect caspase-3 activity. Reprinted with permission from ref. [62]. Copyright 2012
American Chemical Society.
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fluorescence imaging. TSP NPs have great superparamagnetism and relaxation proper-
ties, which can be used for MRI and magnetic particle imaging (MPI). Because of the
high biocompatibility and photostability, TSP NPs are suitable for long-term fluores-
cence imaging. In vivo fluorescence imaging shows that the growth of subcutaneous
tumors can be monitored by TSP NPs in real-time for more than 24 days. The multi-
modal probe composed of fluorescence imaging, MRI, and MPI has remarkable tissue
penetration depth and high spatiotemporal resolution which can monitor liver tumors
in situ.

15.3.3 Fluorescence positron emission tomography

PET is an advanced imaging technique in clinical nuclear medicine. It uses short-
lived radionuclides to label glucose, proteins, nucleic acids, fatty acids, etc., followed
by injection into the body to reflect their metabolic activities and to achieve the pur-
pose of diagnosis. PET imaging is noninvasive, highly sensitive, and specific. It is
commonly used in surveillance for liver metastases or after liver transplant, as well
as in the cancer diagnosis and therapy. However, its spatial resolution is very poor
with only less than 1 cm for medical scanners. Hence, the high sensitivity and spatial
resolution of fluorescence imaging can make up for the shortcomings of PET.

Bimodal fluorescence-PET agents can locate the lesion according to PET imag-
ing and allow for surgical removal of the lesion under the guidance of fluorescence
imaging. Liu et al. design a PET probe named [nat/68Ga] 5 based on AIE and can be
uptaken by hepatic macrophages [66]. By modifying derivatives of TPE, it is possi-
ble to complex natGa3+ or 68Ga3+, thereby integrating the chelating agent, AIEgens,
and gallium ions into a single unit (Figure 15.19a). [natGa] 5 has AIE properties and
forms micelles in the nanometer scale, when its concentration is higher than the
critical micelle concentration of 1 µM (Figure 15.19b). To explore the mechanism of
[nat/68Ga] 5 in liver imaging, liver-resident macrophages Kupffer cells and hepatic
HepG2 cells in culture are incubated with [natGa] 5 for 10, 30, and 120 min, respec-
tively. Surprisingly, [natGa] 5 fluoresces in the Kupffer cell membrane at 10 min
but not in HepG2 cells even after 120 min. Further radiation experiments reveal
that Kupffer cells have a significantly higher uptake of [nat/68Ga] 5 than HepG2
cells. These data suggest that functional liver imaging is mainly attributed to up-
take of [natGa] 5 by Kupffer cells. After intravenous injection of [nat/68Ga] 5 into
rats, in vivo fluorescence imaging and autoradiography illustrate that [nat/68Ga] 5
mainly accumulates in the liver (Figure 15.19c), and in vivo PET imaging exhibits a
high liver-to-muscle ratio, which suggests that the liver has a slow washout rate
(Figure 15.19d). Therefore, [nat/68Ga] 5 can potentially serve as a liver-specific con-
trast agent for clinical PET imaging.

Aromatase is an enzyme that synthesizes estrogens and is a target to treat
breast cancer. Wu et al. design a bifunctional complexing agent for targeting the
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aromatase [67]. In the study, TPE is modified to link triazole derivatives and com-
plexed with natGa3+/68Ga3+. The resulting [natGa/68Ga] 2 is almost nonemissive in PBS
buffer solution but becomes fluorescent in the presence of aromatase with a detection
limit of 0.15 μg mL−1. Compared with estrogen-receptor-negative MDA-MB-231 cells,
MCF-7 cells that express estrogen receptors have a higher cellular uptake of [natGa] 2.
Therefore, aromatase distribution in tumors can be mapped and the expression
levels of estrogen receptors can be evaluated by using [68Ga] 2 in PET imaging. It

Figure 15.19: Fluorescence PET of the liver using [natGa] 5. (a) Structure of [natGa] 5.
(b) Transmission electron micrographs of [natGa] 5 in DMSO. (c) Fluorescence imaging (top) and in
vitro autoradiography (bottom) of liver sections from mice injected with [68Ga] 5. (d) Representative
PET images of rats (transverse, coronal, and sagittal views, respectively) after intravenous injection
of [68Ga] 5 (top). The standardized uptake value based on body weight (SUV-bw) shows uptake and
slow washout rate of [68Ga] 5 in the liver throughout 2 h scan time (bottom). Reproduced from ref.
[66] with permission from the Centre National de la Recherche Scientifique (CNRS) and the Royal
Society of Chemistry.
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is anticipated that these examples give direction to develop new PET probes with
AIE properties for bimodal fluorescence PET imaging.

15.3.4 Fluorescence Raman imaging

Raman microscopy is characterized with high-speed and high-precision scanning for
noninvasively evaluating and imaging the chemical composition in cells. Different
from fluorescence microscopy, Raman imaging is label-free and provides a wealth of
chemical information in molecular vibrations, which becomes more commonly used
to characterize biological materials. Based on the complementary advantages of fluo-
rescence microscopy and stimulated Raman scattering (SRS) microscopy, integration
of these two imaging platforms can provide more accurate detection of biomolecules
in high-speed in vivo imaging. This enables quantitative measurement of in-vivo bio-
distribution for drug or probe development.

Li et al. report a fluorescence-SRS probe named AIE-SRS-Mito for imaging mito-
chondria in living cells (Figure 15.20a) [68]. The probe has AIE properties and an
enhanced Raman peak of alkyne at 2,223 cm−1. Subsequently, selective mitochon-
drial targeting of AIE-SRS-Mito is investigated by a home-built fluorescence-SRS mi-
croscope. In the dual-modality imaging, the detection limit of the probe in SRS
imaging is 8.5 μM. Because of the linear correlation between the probe concentra-
tions and the SRS signals, the intracellular distribution of the probe is shown to be
locally concentrated in the mitochondrial matrix with >2.0 mM, which is 100-fold of
the incubation concentration (Figure 15.20b). This work encourages the use of SRS
microscopy to quantitatively characterize fluorescent probes or other nonfluores-
cent molecules in living biological systems and to develop bimodal fluorescence-
SRS probes for specific biological targets.

15.3.5 Fluorescence photoacoustic imaging

PAI is an emerging nonionizing tool for biomedical imaging. Images are acquired
by collecting the ultrasound signals generated by pulsed laser irradiation on biolog-
ical tissues. Fluorescence PAI integrates the superiority of sensitivity and spatial
resolution in deep-tissue imaging (from millimeters to centimeters) in ultrasound
tissue imaging. PAI effectively avoids the influence of light scattering and can
achieve a depth of 50 mm in in vivo tissue imaging, which can counteract the draw-
backs of fluorescence imaging [69–72].

Recently, a novel NIR-II fluorophore with AIE properties, named TB1, is de-
signed for in situ brain tumor imaging (Figure 15.21a) [69]. The nanodots are fabri-
cated by encapsulating TB1 molecules in polymer matrices, which show a high
quantum yield of 6.2% and large absorptivity of 10.2 L g−1 cm−1 at 740 nm with a
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Figure 15.20: Fluorescence Raman imaging of mitochondria using AIE-SRS-Mito. (a) Schematic
illustration of mitochondrial imaging in living cells by two-photon excitation (left) and SRS imaging
(right). (b) The two-photon excited fluorescence image of HeLa cells stained with 20 µM AIE-SRS-
Mito for 60 min. A plot of photon counts versus dye concentration and histogram of dye
concentration shows that local dye concentrations of >2 mM are present in over 1% of the
subcellular region. Reprinted with permission from ref. [68]. Copyright 2017 American Chemical
Society.
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maximum emission close to 1,000 nm. Surface modification of TB1-based nanodots
with tumor-specific c-RGD peptides further yields TB1‐RGD dots (Figure 15.21b).
This provides tumor selectivity and specificity with a high SNR of 4.4 and lateral
resolution of 38 µm. TB1‐RGD dots are compatible with deep-tissue NIR-I PAI be-
cause of their large NIR absorptivity. Furthermore, accurate tumor depth can be de-
termined through the intact scalp and skull (Figure 15.21c). This study demonstrates
the successful brain tumor diagnosis by NIR-II AIE nanodots in dual modality of
NIR-II fluorescence and NIR-I PAI.

Subsequently, Qi et al. develop and apply an organic NIR contrast nanoagent, named
OTPA-TQ3, for integrated triple-modal fluorescence-photoacoustic-Raman imaging
in cancer surgery [70]. The NIR phenylalkyne-phenyl-substituted AIEgen is encapsu-
lated by DSPE-PEG(2000), and the nanoprobes are prepared by the nanoprecipitation
method. The OTPA-TQ3-based nanoprobe exhibits NIR-I absorption and emission,
which are beneficial for PAI, and shows a strong Raman signal at 2,215 cm−1 in the
cell-silent region. About 24 h after intravenous injection of the nanoprobes, NIR fluo-
rescence and PA signals reach maximum levels in mouse tumors. In the first surgical
resection of tumors (S1) performed at 24 h postinjection of OTPA-TQ3-based nanop-
robes, the residual tumors left behind can be detected by dual-modal fluorescence-

Figure 15.21: Fluorescence PAI of brain tumors using TB1. (a) Structure of TB1. (b) Schematic
illustration of encapsulating TB1 in an NP followed by decoration with c-RGD peptides to form
TB1‐RGD dots. (c) Noninvasive ultrasonic (US) and PAI of orthotopic mouse brain tumors through
the intact scalp and skull before and 1–24 h after intravenous injection of TB1‐RGD dots. Copyright
2018 Wiley. Used with permission from ref. [69].
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Raman imaging. Subsequently, the second surgical resection (S2) is performed with
the assistance of dual-modal fluorescence-Raman imaging to further remove the resid-
ual tumors. In addition, the hematoxylin and eosin (H&E) stain histologically confirms
the complete tumor resection. This comprehensive NIR contrast nanoagent shows
great potential clinical applications in cancer imaging and surgical navigation.

15.4 Perspective

The AIEgen is advantageous in bioimaging using conventional optical microscopy
because of its intrinsic properties. In this chapter, examples of AIEgen applications
in different aspects of advanced optical imaging are reviewed. The successful appli-
cations of these AIE probes in super-resolution imaging, FLIM, FAIM, multiphoton
imaging, and multimodality imaging are expected to lead to new exciting discover-
ies. With a joint effort by researchers with different backgrounds, the development
of new AIE probes in advanced optical imaging will impact various fields from
chemistry, biology, to biomedical sciences. There are several future research direc-
tions in these aspects:

1 Development of high-quality AIE NPs for biolabeling and bioimaging
Due to the outstanding photostability and brightness, AIE NPs are excellent candi-
dates for STED imaging and in vivo imaging. However, most AIE NPs developed thus
far are in hundreds of nanometers or sub-100 nm of scales. Particles with such bulky
dimensions may physically interfere with the biological system or the conjugated bio-
molecules. Besides, the practical spatial resolution in super-resolution imaging is par-
tially determined and limited by the dimensions of the probes. Therefore, developing
AIE NPs at a sub-10 nm scale or even smaller with high brightness is necessary to
further improve the optical resolution.

2 Exploration of high-performance multiphoton AIE bioprobes and their applications
The AIE bioprobes with large multiphoton absorption cross sections are beneficial
to enhance the SNR and decrease the potential photodamage to the living biological
specimens. Therefore, multiphoton AIE bioprobes with high penetrability in biolog-
ical systems have great potential to be applied to studies using animals as model
organisms. Development of AIE probes with better performance, such as better mul-
tiphoton absorption and higher brightness, will be still highly desired. Current ap-
plications of AIE probes in in vivo imaging, including in vivo multiphoton imaging,
are mainly focused on tumor imaging or blood vessel imaging. It is also expected
that AIE probes targeting different biological structures will be developed and uti-
lized in tissue imaging and in vivo imaging.
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3 Optimization of AIE probes for AIE-based multimodality imaging
AIEgen-based multimodal probes or nanoreagents can be prepared by cross-link-
ing, adsorption, and assembly of AIEgens with other imaging agents. By integrating
fluorescence into other advanced imaging platforms, it is expected to achieve deep
tissue penetration and high sensitivity in a single imaging experiment. Although
some multimodal imaging using current AIE bioprobes has been demonstrated, NIR
AIEgens with high quantum yield have not been widely used for such applications.
In addition, this can be combined with other imaging methods, such as MRI, ultra-
sound imaging, and PET, to increase its versatility. Hence, optimizing multimodal
AIE bioprobes may broaden the applicability of multimodality imaging for in vivo
bioimaging or diagnosis.
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Chapter 16
AIEgens-based delivery systems: application
in the treatment of different diseases

16.1 Introduction

Despite great improvements at the medical level with the rapid development of
modern technology, the problem of disease treatment persists. The burden is partic-
ularly high for the treatment of diseases, including cancers, diabetes, heart disease,
stroke, and infectious diseases [1]. Benefiting from the unique physical and chemi-
cal properties at nanoscale, nanoparticle-based drug delivery systems (NDDSs)
have been extensively developed for application in the treatment of diseases [2–4].
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To better understand the treatment process of NDDSs and diagnose the status of the
disease, the integration of tracking and diagnostic function into the NDDSs has at-
tracted tremendous research [2, 5, 6].

With advantages of easy operation, rapidness, excellent sensitivity, and speci-
ficity, fluorescent drug delivery systems provide a great means to track the process
of translocation and drug release from NDDSs [7–10]. So far, lots of fluorescent
NDDSs have been designed and applied in biological systems, e.g., organic dye-
loaded NPs, quantum dots, rare-earth NPs, and metal nanostructures. However,
the inevitable defects, e.g., aggregation-caused quenching (ACQ) effect, unsatis-
factory signal-to-noise ratio, and poor photostability have limited the application
[11, 12]. Among these defects, the ACQ effect is a serious deficiency for the wide
application of traditional fluorescence materials. Upon concentration or aggrega-
tion of fluorescent molecules with the ACQ effect inside the nanostructures, the
fluorescence intensity is reduced or even quenched; thus, the traditional fluores-
cent molecule is not a very suitable candidate to some degree for tracking the be-
havior of NDDSs [13, 14]. So, it is urgently necessary to find one kind of novel
fluorescent molecule that the fluorescence is stable or enhanced when loaded into
the core of nanostructures.

Fortunately, one kind of novel fluorescence material with aggregation-induced
emission (AIE) effect was discovered by Tang’s group in 2001 [15]. In a good solvent,
the AIE molecules are in a nonaggregated state and no fluorescence emission oc-
curs. However, the fluorescence intensity is enhanced when in a poor solvent that
because of the aggregation of AIE molecules restricts the intramolecular rotations
[16–18]. Benefiting from the mechanism, if the AIE molecules are loaded into the
nanostructure, the rotation of AIE molecules would also be restricted by the rigid
structure. This hypothesis has been widely proved by the development of stable
fluorescent nanostructures and AIE molecules, which provided an alternative way
to tackle the ACQ challenge [19, 20]. By now, a great deal of AIEgens-based delivery
systems have been extensively designed and used for the treatment and diagnosis
of different diseases [21–23].

In this chapter, we summarized the recent development of AIEgens-based deliv-
ery systems. Because the AIE-related field is very active, a lot of reviews or chapters
have been reported to summarize the development and application of AIE mole-
cules in different fields, especially in biological imaging and theranostic applica-
tion [16, 17, 24–40]. Here, we focus on the application of AIEgens-based delivery
systems on the treatment of different diseases, including cancer, infectious dis-
eases, and stem cell-based therapy. A short outlook of AIEgens-based delivery
systems is also discussed in the final part. In this chapter, we hope that it will
promote the development and clinical application of AIEgens-based delivery
systems in other more diseases.
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16.2 Section 1: application in the treatment
of cancer

Cancer has gradually become an intractable challenge to global public health. As
for traditional treatment, surgical removal is considered the priority for patients.
Moreover, chemotherapy and radiotherapy have been widely studied and applied
to reduce cancer metastasis and recurrence [41]. In addition, recent advances in
cancer immunotherapy have highlighted the potency of immunotherapies in cancer
treatment [42].

In recent decades, nanotechnology has been extensively exploited to benefit
cancer treatments [43]. Due to benign biocompatibility, targeted delivery, and stim-
uli-responsive drug release, NDDSs may bring out improvements of therapeutic ef-
fects with reduced side reactions [44, 45]. As the first protein-based NDDSs were
approved by the United States Food and Drug Administration in 2005, the albumin-
coated paclitaxel nanopharmaceuticals, Abraxane, has achieved great progress in
the clinical treatment of malignant cancer. Taken advantage of AIEgens, research-
ers have developed AIEgens-based light-controllable NDDSs for cancer treatments.
Also, due to superb photosensitivity and photostability, AIEgens can be used as im-
aging tools in tumor surgical resection, promoting high-accuracy imaging guidance
for preoperative and intraoperative manipulation. In addition, recent advances also
highlight the potential of AIEgens-based monitoring of NDDSs in vitro and in vivo,
providing dynamic biological details about nano-bio interaction.

16.2.1 AIEgens-guided synergistic cancer therapy

As one of the traditional cancer treatments, radiotherapy has been widely used for
clinical cancer patients for over a century. However, high-dose X-ray irradiation
may lead to high toxicity on healthy organs and tissues. To reduce side reactions,
researchers have developed AIEgens-based radiosensitizers for image-guided ra-
diotherapy. As shown in Figure 16.1A, Chen et al. recently combined Au clusters
to form photosensitizer (PS)-conjugated nanocomplex for radiosensitization [46].
Once irradiated by the low-dose X-ray (1 Gy), the AIEgens group could rapidly pro-
duce hydroxyl radicals and singlet oxygen, leading to lipid oxidation on the cell
membrane and resensitization of tumor cells to X-ray irradiation. Through in vivo
evaluation of anticancer effects, the AIEgens-based nanocomplexes showed in-
creased DNA damage in U87MG tumors. The researchers further demonstrated
that the X-ray-induced rapid reactive oxygen species (ROS) generation from AIE-
gens-based nanocomplexes promoted enhanced therapeutic effects on radioresist-
ant solid tumors. From these results, AIEgens-based radiotherapy shows great
potential to overcome cancer resistance.
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Due to the high photosensitivity and potential phototoxicity of AIEgens, various
AIEgens-based PSs have been developed for photothermal therapy (PTT) and photo-
dynamic therapy (PDT) [47]. Recently, the research team of Tang reported an all-
round nanoprecipitation for multimodal PDT–PTT synergistic treatment for breast
cancer (Figure 16.1B) [48]. They first synthesized a simple AIEgen with 1,3-bis(dicya-
nomethylidene)indane moiety and triphenylamine (TPA), termed as TSSI. The TPA
unit is regarded as the strong electronic donor into the conjugated structured chro-
mophores as well as the intramolecular rotor. The reduced π–π stacking in propel-
ler-like twisted moieties could also inhibit the fluorescent quenching in aggregates.
Thus, the AIEgen units enable to provide a combination of PTT, PDT, photoacoustic
imaging (PAI), and fluorescent imaging. When forming lipid NPs with lipid mix-
tures, TSSI NPs exhibited spherical morphology with the diameter of 40 nm. Impor-
tantly, TSSI NPs also showed long and strong absorption in the near-infrared (NIR)
region so that they can manage deep penetration into organs and tissues. The re-
searchers also demonstrated that after internalization into the cytoplasm, TSSI NPs
preferentially accumulated into lysosomes. Upon NIR irradiation, TSSI NPs trig-
gered the rapid production of intracellular heat and ROS, leading to significant pho-
totoxicity toward 4T1 cells. In tumor-bearing mice, these light-controllable TSSI NPs
also showed prominent antitumor effects and undetectable systemic toxicity. In ad-
dition, the fluorescence-PAI-PTI trimodal imaging of TSSI NPs could bring out real-
time and long-term in vivo tracking. Conclusively, AIEgens-based TSSI NPs can act
as an all-round versatile for multimodal imaging-guided synergistic anticancer
therapy.

Apart from light-induced oncological therapy, AIEgens have been widely ex-
ploited in anticancer gene delivery [24, 49]. As traditional gene carriers, cationic
polymers are beneficial because nucleic acids can be highly compressed via electro-
static interaction [50]. Also, those positively charged polymers can manage to endo-
lysosomal escape through the proton sponge effect, promoting the cytosolic release
of loaded nucleic acids. However, owing to severe adverse effects, cationic poly-
mers meet great difficulty in clinical application [51]. Due to the high photocon-
trollability, AIEgens are expected to achieve light-driven gene delivery in living
systems. As shown in Figure 16.1C, the research team of Liu reported an AIEgens-
loaded noncationic NPs for efficient delivery of spherical nucleic acids [52]. They
fabricated the core units of NPs with AIEgens-based amphiphilic TBD-PEG-N3

moieties and then modified Bcl-2 antisense oligonucleotides to eventually form
the core–shell NPs. After light irradiation, the AIEgens-based core could be acti-
vated to produce abundant ROS to disrupt the endolysosome membrane, promot-
ing the intracellular delivery of loaded cargos. Through intracellular fluorescent
colocalization, the researchers demonstrated the light-triggered endolysosome
escape of the AIEgens-based noncationic NPs and the cytosolic release of Bcl-2 an-
tisense oligonucleotides. Also, they verified that the AIEgens-based NPs showed a
preferential accumulation in tumor sites, which efficiently reduced the systemic
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toxicity. Therefore, AIEgens can be effectively used as light-controllable nanocar-
riers for anticancer gene delivery.

Despite PDT, PTT, radiotherapy and gene therapy, other AIEgens-based syner-
getic oncological interventions have been gradually developed [53, 54]. With the de-
velopment of the Precision Medicine Project, researchers are capable of designing
versatile and smart AIEgens-based synergetic anticancer treatments to meet various
clinical demands.

Figure 16.1: (A) AIEgens-loaded Au clusters to enhance cancer sensitivity in radiotherapy. (B)
AIEgens-based lipid NPs for “all-in-one” PTT and PDT. (C) AIEgens-enhanced endolysosomal escape
in gene therapy. Reproduced with permission from refs. [46, 48, 52].
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16.2.2 AIEgens-assisted cancer surgical resection

Surgical resection was considered as the preferred clinical treatment for solid tu-
mors. However, the unclear preoperative location of tumors hindered the surgical
efficiency. Also, the inaccurate evaluation of resection completeness is likely to
lead to the residue of cancer cells, and eventually causes postoperative recurrence
in patients. Therefore, to improve the therapeutic effects of cancer surgical resec-
tions, it is in great demand to develop imaging guidance to determine tumor mar-
gins in the living bodies. Benefiting from the photostability of AIEgens, researchers
focus on the fabrication of AIEgens-assisted nanosystems for the real-time guidance
of tumor surgical resection [55, 56].

As for typical contrast agents, because of the complexity of the living bodies and
the heterogeneity of tumors, it is difficult to achieve a high signal ratio between tumor
lesions and healthy tissues. The research team of Liu reported an AIEgens-based NIR-
activated nanoprobe for fluorescence-guided tumor resection, which possesses high-
performance imaging with a high tumor-to-normal tissue signal ratio [57]. The AIEgens
backbones were derived from α-DTPEBBTD-Cx and β-DTPEBBTD-Cx units. With the
modification of DSPE-PEG2000, the researchers then prepared the AIEgens-based
nanoprobes. Using 4T1 breast cancer cells and L02 liver cells, they demonstrated high-
quality fluorescent imaging and benign biocompatibility at the cellular level. Through
4T1 tumor-bearing mouse models, they also observed the overlap between fluorescent
signals from AIEgens-based nanoprobes and the bioluminescent signals from lucif-
erase-expressed tumors, suggesting the high accuracy of AIEgens-guided tumor-to-
normal tissue fluorescent imaging.

Similarly, Wu et al. developed an AIEgens-based enzyme-responsive nanop-
robe for orthotopic hepatic tumor excision by multispectral optoacoustic tomogra-
phy (MOST) and fluorescent imaging [58]. The diphenylxanthene moiety and the
diethylaminodifluorodioxaborininochromenone unit were acted as the electron
donor and the electron acceptor, respectively. An aromatic nitro group was also
constructed near the donor to provide the recognitative ability for nitroreductase
which is highly expressed on the surface of hepatic tumor cells. That is, the BH-
NO2@BSA (bovine serum albumin) nanoprobe can be activated in the presence of
nitroreductase. More importantly, due to the diphenylxanthene moiety, the nanop-
robe can perform AIE features after the NIR-I/-II irradiation. Also, with the pres-
ence of BSA as the carrier, the nanoprobe exhibited good biocompatibility. Then,
with the orthotopic hepatic tumor model, the researchers evaluated the imaging
ability of BH-NO2@BSA nanoprobes. From the fluorescent results, both the NIR-I
and NIR-II fluorescent signals could be observed in tumor sites. In addition, tumor
margins through the NIR-II fluorescent imaging displayed more clearly than those
through the NIR-I fluorescent imaging, which may result from the decreased light
scattering and lower autofluorescence during NIR-II imaging. Furthermore, the 3D
MOST results showed clearly depicted outlines of two distinct tumor lesions. These
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findings demonstrated the potential of AIEgens-based nanosystems for imaging-
assisted tumor surgical excision.

Overall, benefiting from superb photosensitivity and photostability, AIEgens can
be used as assistant imaging agents in tumor surgical resection. Particularly, for deep-
penetrated tumors such as gastrointestinal tumors and ovarian tumors, this AIEgens-
assisted imaging promotes high-accuracy manipulation of the surgical lesions.

16.2.3 AIEgens used as anticancer therapeutic agents

Apart from the above-mentioned application of AIEgens as imaging assistance,
it has been reported that AIEgens can be directly used as anticancer agents in
PDT and other synergetic therapy. As for PDT, the anticancer intervention rely-
ing on the photodamage induced by irradiation, it is of great importance to de-
velop high-efficacy PSs to achieve enhanced oncological cytotoxicity and reduced
side effects. The group of Wang reported an AIEgens-based liposome for the anti-
cancer treatment [59]. The AIEgens-based unit consisted of bis(pyrene) and MC4,
two novel AIE fluorophores. When assembled with lipid mixtures, the liposomes
exhibited spherical nanostructures with diameters of 160−200 nm and AIE-PSs
lose their photosensitivity. However, after the liposome arrived at tumor tissues
via the enhanced permeability and retention effect, the AIE-PSs were released and
then self-assembled, thus the photosensitivity can be recovered and cause cyto-
toxicity (Figure 16.2A). Through the in vitro and in vivo studies, the researchers
evaluated the light-induced ROS generation from AIEgens-based liposomes, and
also confirmed the superb anticancer effects in the MCF-7 tumor-bearing mouse
model (Figure 16.2B). Furthermore, the phototoxicity of AIEgens-based liposomes
to normal tissues was researched with ear tissues of mice. As shown in Figure 16.2C,
the ear of mice injected with the nanoaggregates of bis(pyrene) was seriously
burned in the irradiated location. However, there were no changes when mice
were injected with nothing as a control (Figure 16.2D) or AIEgens-based liposomes
(Figure 16.2E) and then irradiated with two-photon laser, respectively. The results
demonstrated that the phototoxicity of AIEgens-based liposomes to normal tis-
sues is negligible compared with the nanoaggregates of bis(pyrene). Therefore,
AIEgens can be applied in versatile PDT-based NDDSs.

In recent years, cancer immunology has been regarded as another anticancer
antidote in clinics, which relies on the activation of innate and humoral immune
responses to eradicate tumors [60]. Based on AIEgens and upconversion NPs, Liu
et al. developed an NIR-activated nanoimmunostimulant, AUNPs, to enhance anti-
cancer immune responses [61]. They chose TPEBTPy, the AIEgens molecule, as the
PS to induce the rapid generation of ROS and trigger immunogenic cell death in
solid tumors. Also, the AIEgens-coupled nanoimmunostimulant was able to capture
tumor-associated antigens through electrostatic interaction. Thus, the antigen-
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loaded nanoimmunostimulant could further be endocytosed by antigen-presenting
cells, promoting the enhanced T-cell stimulation. The researchers demonstrated the
potent antitumor immune responses of the AIEgens-based nanoimmunostimulant

Figure 16.2: (A) Illustration of AIE-PS@liposomes in antitumor photodynamic therapy. (B) The
corresponding tumor volumes after treatment in different groups. Representative photographs of the
ear of mice injected with (C) nanoaggregates of bis(pyrene), (D) nothing as a control, and (E) AIEgens-
based liposomes and irradiated with two-photon laser. Reproduced with permission from ref. [59].
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in the B16F10 tumor-bearing mouse model. Additionally, they also confirmed the
effective long-term immune memory with the synergetic treatment of αPD-1 immune
checkpoint blockade therapy, suggesting the potential of AIEgens-based light-
activated immunotherapy in cancer treatment.

In conclusion, AIEgens could be directly used as pharmaceutical agents in
NDDSs. Further efforts are still needed in the investigation of the druggability,
pharmacodynamics, and pharmacokinetics of AIEgens. With a better understanding
of their biological properties, researchers are likely to develop more exquisite
NDDSs.

16.2.4 Monitoring the biological behavior of the delivery system

Due to high photostability, superior photosensitivity, and good biosafety, AIEgens
are likely to achieve dynamic and real-time monitoring in the living systems, which
could facilitate the pharmacokinetic and pharmacodynamic investigation of NDDSs
[23, 62].

To track the intracellular behaviors of NDDSs, our group prepared AIEgens-based
doxorubicin (DOX)-loaded nanosystems, named TD NPs [63]. When internalized into
cells, TD NPs were wrapped into lysosomes, where the acid microenvironment in-
duced the disassembly of TD NPs. Thus, the TPE carriers from TD NPs were observed
in the cytosol, suggesting the cytosolic retention of nanocarriers. However, the red
fluorescent signals from DOX were colocalized with cell nuclei, implying the success-
ful nuclear translocation of DOX (Figure 16.3A). Therefore, through the analysis of
the spatial-temporal fluorescent signals, it is possible to monitor the interaction be-
tween NDDSs and subcellular networks.

Liang et al. reported an AIEgens-based nanofiber as a self-indicating agent to
monitor intracellular delivery of target genes [64]. They developed the TPE-based
carriers to load Cy5-labeled plasmid DNA, and eventually prepared pDNA@TR4
nanofibers (Figure 16.3B). After incubation with HeLa cells for 24 h, the nanofibers
showed much colocalization with lysosomes, suggesting their endocytosis into cy-
tosol. Then, the researchers observed red fluorescent signals that were dispersed
among the cytoplasm, indicating the disassembly of pDNA@TR4 nanofibers and
the release of pDNA from lysosomes into the cytosol (Figure 16.3C). Benefiting from
the real-time visualization on their intracellular trajectory, researchers are more
likely to fabricate elaborate vectors for high-efficacy intracellular delivery and
transfection.

As mentioned above, the flexible fabrication of AIEgens into NDDSs could
achieve real-time and long-term monitoring of nanocarriers in living systems. There-
fore, with a deeper understanding of nano-bio interaction, researchers could acceler-
ate the rational design of NDDSs for clinical diagnosis and therapy.
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Figure 16.3: (A) Schematic illustration of spatiotemporal drug release. After internalization into
cells, TD NPs were wrapped into the lysosomes. The detachment of TD NPs resulted in the
lysosomal escape of TPE and DOX. After that, TPE nanocarriers were retained in cytosol, whereas
DOX was further translocated into the nucleus as an anticancer agent. (B) Schematic illustration of
the intracellular tracking of AIE nanofibers for traceable gene delivery. (C) Spatial distributions of
pDNA@TR4 nanofibers for 4 and 24 h. Reproduced with permission from refs. [63, 64].
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16.3 Section 2: application in the treatment
of infectious diseases

Infectious diseases are demons that have a serious threat to human life and health
[65]. Pathogen mainly includes bacterium, virus, fungus, protozoa, and prion. Sta-
tistically, more than 1,400 species of the pathogen have been discovered [66]. An
epidemic of infectious diseases has a huge terrible influence on human health. For
example, coronavirus disease-2019 (COVID-19), what we are fighting against caused
by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is exploding
around the world. Until June 2021, more than 170 million people have been infected
and more than 3.7 million died because of COVID-19. The treatment and eradication
of infectious disease are still a big challenge. Antibiotics are widely used for the kill-
ing of bacterial infection and antiviral compounds for the killing of a virus. How-
ever, with the overuse of antibiotics, pathogen gets resistant to the therapeutic
reagent, and the multidrug-resistant (MDR) pathogenic infection that has spread in
the world is a huge burden on public health [67]. Thus, the effort from academic
and medical communities is urgent necessity to overcome these difficulties. With
the rapid development of the AIE field, scientists have developed AIEgens-based
systems for imaging and killing of pathogens, including Gram-positive/negative
bacteria and MDR bacteria [25, 26, 28, 32, 68–70].

16.3.1 AIEgens-based delivery systems for the killing
of Gram-positive bacteria

Bacterium is one of the major pathogens for infectious diseases. Bacteria are classi-
fied into Gram-positive and -negative bacteria based on the difference between the
cell wall structure and the chemical components. Gram-positive bacteria have a
thick peptidoglycan layer with acidic residues in outer walls, but Gram-negative
bacteria have a phospholipid bilayer outside and the thinner peptidoglycan layer
embedded in the phospholipid bilayer [71]. Due to the structural difference, the sen-
sitivity of antibiotics to different bacteria is different. Thus, the reasonable selection
of antibiotics for the killing of different bacteria is important, which is one way to
avoid the abuse of antibiotics. In the past few years, a series of AIEgens-based de-
livery systems have been developed for the specific killing of Gram-positive, or
Gram-negative bacteria or both.

For the treatment of Gram-positive bacteria, the peptidoglycan on the cell wall
has been widely used as the therapeutic target. Among antibiotics, vancomycin
(Van) is a great compound for the killing of Gram-positive bacteria with a specific
binding affinity to peptidoglycan. Liu and colleagues reported a novel AIEgens-
based probe for selective recognition and photodynamic killing of Gram-positive
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bacteria [72]. After conjugating Van with AIEgens, the fluorescence intensity of the
new product AIE-2Van is very weak in an aqueous solution (Figure 16.4A). However,
when the AIE-2Van binds specifically to Gram-positive B. subtilis, they can be visu-
alized directly with the naked eye. The AIE-2Van can cause irreversible damage to
the cell wall due to the generation of toxic ROS with light irradiation (Figure 16.4B).
Importantly, the AIE-2Van can only selectively bind to Gram-positive bacteria but
not to Gram-negative bacteria.

Considering the rich lipoteichoic acid on the cell wall of Gram-positive bacteria,
Zhao et al. have designed and synthesized two AIEgens (MTMM and PTMM) with
alkalinity pendants for the specific killing of Gram-positive bacteria (Figure 16.4C)
[73]. Specifically, the yellow fluorescence was observed for S. aureus after treating
with two AIEgens, but no fluorescence signal was detected for Gram-negative bacte-
ria E. coli. The antibacterial activity of two AIEgens was evaluated by a colony
plate-counting method. As expected, no matter with or without light irradiation
after the E. coli treated with AIEgens, the colony-forming unit (CFU) has no obvious
reduction. However, after S. aureus was treated with MTMM and PTMM and then
irradiated by light, the CFU reduction rates were 52% and 77%, respectively, indi-
cating that MTMM and PTMM could selectively bind to Gram-positive bacteria and
kill them after light irradiation (Figure 16.4D). The immune response system plays
a key role in the elimination of pathogens, and the treatment of macrophage-
engulfed bacteria is an important task as they can cause severe infectious diseases.
Tang and colleagues developed a new AIEgens TTVP for the elimination of macro-
phage-engulfed bacteria [74]. Benefiting from the AIE characteristic and electro-
static interaction, the TTVP can monitor and report the internalization process and
the initiation of the digestion process of Gram-positive bacteria B. subtilis by macro-
phage Raw264.7 cells. Importantly, with the strong generation ability of ROS, TTVP
can selectively target the intracellular Gram-positive bacteria B. subtilis and ablate
them but Gram-negative bacteria. Meanwhile, the AIEgens TTVP was also used for
the ultrafast discrimination of Gram-positive bacteria and showed a great antibacte-
rial effect in vitro and in vivo [75].

16.3.2 AIEgens-based delivery systems for the killing
of Gram-negative bacteria

Generally, for the imaging and treatment of negatively charged Gram-negative bac-
teria, the positively charged AIEgens were designed and interacted with Gram-
negative bacteria based on the electrostatic interaction [76, 77]. For instance, Tang
and colleagues found that the antibacterial efficiency for Gram-negative bacteria
could be improved by increasing the positive charges of AIEgens, but the efficiency
for Gram-positive bacteria was negligible [78]. To improve the targeting ability of
the AIEgens to the Gram-negative bacteria, Ding et al. reported a peptide-based AIE
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bioprobe [79]. Lipopolysaccharide (LPS) is a major component of the cell wall of
Gram-negative bacteria and polymyxin B has a strong binding affinity with LPS.
Thus, the researchers designed a new AIEgens probe, named AIE-DCM-2 polymyxin B,
by conjugating an AIE molecule AIE-DCM with 2 of polymyxin B (Figure 16.5A). Using
two Gram-positive bacteria E. faecalis and S. mutans as well as Gram-negative bacte-
ria E. coli and S. enteritidis as models, the results indicated that AIE-DCM-2 polymyxin
B could selectively target to the Gram-negative bacteria in an aqueous solution with
significant enhancement of fluorescence intensity. When the bacteria were incubated

Figure 16.4: (A) Chemical structure of AIE-2Van. (B) Scanning electron microscopic images of
B. subtilis. Control: no treatment; AIE-2Van: treated with AIE-2Van under dark; AIE-2Van+ light:
treated with AIE-2Van and then light irradiation. The scale bar is 1 µm. (C) Chemical structure of
MTMM and PTMM. (D) Colony-forming unit reduction of E. coli and S. aureus with or without MTMM
and white light irradiation. (E) Colony-forming unit reduction of E. coli and S. aureus with or
without PTMM and white light irradiation. Reproduced with permission from refs. [72, 73].
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with AIE-DCM-2 polymyxin B and then treated with or without light irradiation, as
shown in Figure 16.5B and C, the AIE-DCM-2 polymyxin B showed some antibacterial
activity even in the absence of light irradiation, resulting from that polymyxin B
could affect the cytoplasmic membrane. In the presence of light irradiation, most of the
Gram-negative bacteria E. coli and S. enteritidis were killed (bacterial lethality to E. coli
is over 95%), but there was no obvious toxicity to Gram-positive bacteria. In summary,
compared with the Gram-positive bacteria, the treatment of Gram-negative bacteria is
more difficult as the outer membrane acts as a permeability barrier to many antibacte-
rial agents. Thus, developing AIEgens-based delivery systems with high selectivity and
penetration ability is one of major research directions.

16.3.3 AIEgens-based delivery systems for the killing
of multidrug-resistant bacteria

MDR during bacterial infection is a tricky global medical issue. At present, antibi-
otic therapy is still the main means to treat a bacterial infection, However, the ex-
cessive use of antibiotics nowadays, especially prophylactic antibiotic therapy, has
caused serious antimicrobial resistance [80]. Therefore, it is urgent to develop alter-
native strategies for better tackling MDR bacterial infection.

Among the emerging alternative strategies, PDT has attracted the most atten-
tion. It utilizes PSs, molecular oxygen, and light irradiation to generate ROS, which
causes oxidative damages and induces bacterial death [81, 82]. With the advantages
of limited antibiotic resistance, minimal invasiveness, low toxicity, and side effects,
PDT is a powerful weapon against bacterial resistance [83]. However, the traditional
PSs in the aggregated state or high concentration suffer from the ACQ effect, which
will weaken their antibacterial efficacy [32, 84, 85]. To address this issue, AIEgens-
based PSs light up a new direction of PDT. AIEgens have several distinct advan-
tages over conventional PSs: (1) the AIEgens can colocalize within the bacteria to
elevate local drug concentration and enhanced antibacterial efficacy; (2) the AIE-
gens in the aggregated state can generate abundant ROS for the efficient killing of
bacteria. At present, several AIEgens-based PSs have been successfully developed,
and these studies suggest that AIEgens are promising candidates for killing MDR
bacteria [86–88].

According to the basic mechanism of PDT, decreasing the energy gap ΔEST be-
tween the excited singlet (S1) state and the excited triplet (T1) state, promoting inter-
system crossing (ISC) from S1 state to T1 state, and closing the distance between PSs
and targeting sites are effective means to improve the generation efficiency of ROS
[32, 82]. However, photosensitization for most traditional PSs is reduced in the ag-
gregated state because nonradiative decay consumes the T1 state [81]. Fortunately,
with low nonradiative decay, AIEgens-based PSs can guarantee ROS generation in
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Figure 16.5: (A) Chemical structure of AIE-DCM-2 polymyxin B. (B) Photographs of colony formation
of various bacteria under different experimental conditions. (C) Quantitative bacterial activities of
various bacteria under different experimental conditions. Dark: keep in the dark and without
treatment; light: only light irradiation; AIEgens: keep in the dark after treating with AIE-DCM;
polymyxin B: keep in the dark after treating with polymyxin B; probe: keep in the dark after
treating with AIE-DCM-2 polymyxin B; probe + light: light irradiation after treating with AIE-DCM-2
polymyxin B. Reproduced with permission from ref. [79].
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high efficiency. AIEgens-based PSs will inject new blood into PDT treatment of MDR
bacteria-associated infection.

The distance between the PSs and the bacteria is close enough to increase the
oxidative damage of ROS to membrane structure and improve the antibacterial ac-
tivity. Recently, Lee and colleagues reported a new membrane-anchoring AIEgens
molecular named TBD-anchor [89]. Due to effective 1O2 generation and bacterial
membrane-anchoring abilities, TBD-anchor showed an excellent inhibition efficiency
on MDR bacteria. As shown in Figure 16.6A, with the help of both hydrophobic and
electrostatic interactions, the TBD-anchor could insert into the surface of bacterial
membranes. The anchoring feature is conducive to elevate the oxidative damage of
ROS to bacteria. The results showed that TBD-anchor could have a great bactericidal
effect (over 99%) on MDR bacteria, including Gram-positive and -negative bacteria.
Thus, AIEgens with PDT feature is a good sterilization assistant for eliminating MDR
microbes.

Breaking the limitation of the molecular structure design of typical AIEgens-based
PSs and exploring novel ideas of molecular design to improve the ISC efficiency
and ΔEST have always been the hot point in this field. Due to the rigid backbones of
planar luminophores, the molecular orbitals between the highest occupied molecular
orbital and lowest unoccupied molecular orbital has the favor to overlap. This prefer-
ence of planar luminophores can lead to a high quantum yield in solution but
quench in solid or aggregated state. To overcome the hurdle, Li and colleagues devel-
oped a series of novel fluorosubstituent planar AIEgens, DMA-AB-F. As shown in
Figure 16.6B, these planar AIEgens have stronger intermolecular H-bonding interac-
tion to restrict the molecular motions, which enhance the solid-state luminescence of
planar luminophores and AIE performance dramatically [84]. Furthermore, planar
AIEgens are verified to facilitate ISC and produce abundant ROS in the aggregated
state, which can lead to the efficient elimination of MDR bacteria. As expected, the
results of the scanning electron microscopic images indicated that the cell wall lysis
happened in both E. coli and methicillin-resistant Staphylococcus aureus after being
treated with DMA-AB-F and light irradiation, but the morphology and cell wall had
no change in other groups (Figure 16.6C). Using a standard third-degree burn in-
fection mouse model, the results also showed that the DMA-AB-F could effec-
tively inhibit infection in vivo and recover the wounds (Figure 16.6D and E). This
study provides a unique design principle for the development of planar AIEgens-
based PSs.

In conclusion, the elimination of MDR bacteria must be a protracted war without
gunpowder. Owing to the unique AIE mechanism and the excellent photophysical
property of AIEgens, the aggregation-induced generation of ROS effect is contributed
to the wipeout of MDR bacteria. This is a great manner to prevent antibiotic tolerance
from the source. Thus, the exquisite AIEgens display great potentialities for the kill-
ing of MDR bacteria and benefit public health.
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Figure 16.6: (A) Membrane-anchoring AIEgens-based photosensitizer for combating multidrug-
resistant bacteria. (B) Planar AIEgens with improved ROS generation for tackling multidrug-
resistant bacteria. (C) Scanning electron microscope images of E. coli and methicillin-resistant
Staphylococcus aureus treated under different conditions. The scale bar is 1 µm. (D) Representative
photographs of therapeutic effect of burned wounds infected by E. coli after treated under different
conditions. (E) Relative changes of wound area after 10 days of treatment. PS@Light: PS+ light
irradiation; PS@Dark: PS only; PBS@Dark: PBS only; PBS@Light: PBS+ light irradiation.
Reproduced with permission from refs. [84, 89].

Chapter 16 AIEgens-based delivery systems 471

 EBSCOhost - printed on 2/14/2023 12:51 PM via . All use subject to https://www.ebsco.com/terms-of-use



16.3.4 AIEgens-based delivery systems for the killing of other
pathogens

Apart from bacteria, fungi play a crucial role in the eukaryotic ecosystem. Research-
ers have developed several AIEgens-based delivery systems for the detection and
killing of fungi. For instance, Kathiravan et al. synthesized a phenol-based AIEgens
(named KB-1) for efficient fungi killing [90]. Once KB-1 interacts with the membrane
wall of fungi, the hydroxyl group of activated KB-1 would induce the “turn-on”
state of AIE fluorescence, leading to the real-time monitoring of fungi. More impor-
tantly, the interaction of KB-1 and fungi promotes the enhanced fungi membrane
permeability, which finally causes efficient fungi killing. Using C. albicans as a
model fungus, the researchers confirmed the potent antifungal capability of KB-1.
Similarly, Maurya et al. also developed supramolecular AIEgens with Cu2+ moiety
[91]. Due to the metal activity of Cu2+, the supramolecular AIEgens display efficient
inhibitory action on Bipolaris oryzae and Rhizoctonia solani. Given the antimicrobial
potential of AIEgens, more elaborate AIEgens-based delivery systems are expected
to be applied in clinical use.

Influenza viruses are RNA viruses causing influenza among humans and ani-
mals. The research team of You reported a TPE-based DNA nanosystem for influenza
virus detection [92]. Through covalent conjugation, TPE moiety was introduced with
amino-modified DNA. In the presence of an intracellular reductive environment, the
disulfide group was rapidly reduced so that the TPE moiety can be released into the
cytosol. Due to its high hydrophobicity, TPE moiety would form aggregates with en-
hanced fluorescent signals. Therefore, the TPE-based DNA nanosystem can be used
for intracellular biosensing and bioimaging of the influenza virus. In addition, with
the pandemic outbreak of COVID-19, there arises the urgent need to develop rapid,
convenient, and accurate detection and therapeutic assays for SARS-CoV-2. To realize
sensitive detection, researchers have prepared various AIEgens for high-performance
fluorescent viral detection. The research team of Li developed AIEgens-based polysty-
rene NPs for the early detection of SARS-CoV-2 [93]. BPBT, acting as the AIEgens unit
with NIR emission, was loaded onto the 300 nm polystyrene NPs to form AIE810 NP.
Through detection with clinical serum samples, AIE810NP-labeled SARS-CoV-2 anti-
gen displayed high sensitivity for both IgM and IgG, suggesting the superior potential
for point-of-care clinical diagnosis. Conclusively, due to the high performance of AIE-
gens, as well as their potential antimicrobial actions, researchers are making efforts
on the development of innovative AIEgens-based delivery systems for microbe detec-
tion and killing.
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16.4 Section 3: application in other diseases

With the unique mechanism of AIEgens, apart from the wide application in the
treatment of cancer and infectious diseases, AIEgens have also been developed and
used for the treatment of other diseases. The basic characteristic of AIEgens is that
AIE molecules are intensely emissive in aggregate form. Combining with the spe-
cific characteristic of diseases, different strategies can be designed for diagnosing
and treating diseases. The application of AIEgens-based delivery systems in other
diseases has great research potential and we believe a lot of interesting research
works will be reported. Here, we select some existing cases to discuss and show
how they can be used in the future.

16.4.1 AIEgens-based delivery systems for amyloid diseases
treatment

Amyloid diseases are a large group of misfolding diseases, including Alzheimer’s,
Parkinson’s, and Huntington’s diseases, rheumatoid arthritis, type II diabetes, car-
diac arrhythmias, atherosclerosis, and polyneuropathy [94, 95]. The amyloidal fi-
brils, which have been regarded as the hallmarks of amyloid diseases, are the toxic
aggregation of the insoluble and misfolding protein. The accumulation of amyloidal
fibrils in tissues can lead to biological dysfunctions, such as induced cognitive de-
cline and impaired brain function [96]. The aggregation of amyloid peptides and
proteins play an important role, leading to amyloid diseases [97]. Thus, the early
detection and effective inhibition of the aggregation of amyloid peptides and pro-
teins is an irreplaceable way to reduce the number of pathogenic diseases. So far,
fluorescent imaging has emerged as a powerful tool to identify and monitor the for-
mation process of amyloidal fibrils [98]. Thanks to the mechanism of AIE that the
fluorescent intensity obvious enhanced when the AIE molecules aggregated, some
AIEgens-based probes have been designed for detecting and monitoring of aggrega-
tion of amyloid peptides and proteins [99–102]. However, the treatment of amyloid
diseases is still a big challenge in the current world.

With the outstanding feature of AIE, the theranostic AIEgens have been devel-
oped for the inhibition of the aggregation of amyloidal fibrils. The first impressive
case was reported by Tang and colleagues in 2012. Using insulin as a model protein,
the researchers claimed that AIEgens, sodium 1,2-bis[4-(3-sulfonatopropoxyl)phenyl]-
1,2-diphenylethene (BSPOTPE), could probe the form of insulin in buffer, and
work as a bioprobe for quantitative analysis and kinetics study of amyloidal fibril
formation [103]. Upon incubating with native insulin, the fluorescence of BSPOTPE
is very weak. However, the fluorescence intensity of BSPOTPE is very strong when
it is incubated with insulin fibrils. Importantly, the nucleation process of fibril for-
mation can be inhibited by mixing the BSPOTPE and native insulin (Figure 16.7A).
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The inhibitory potency is also dependent on the dose of BSPOTPE. Thus, this work is a
great and first example to prove the potential that AIEgens can be used for the treat-
ment of amyloid disease. In addition, AIEgens were also used as a screening platform
for the screen of amyloid inhibitors to help the treatment of amyloid diseases. Jia et al.
developed an AIE-based antiamyloid drug platform by site-specific conjugating AIE
molecule EPB with two amyloid proteins, amyloid-β protein and α-40 synuclein
(Figure 16.7B) [104]. In the presence of an effective amyloid inhibitor, the aggregation
of AIE-amyloid probes is inhibited and thus no fluorescence can be detected. If the
candidate is not an effective inhibitor, an obvious fluorescent signal can be detected
due to the aggregation of AIE-amyloid probes. Finally, a small molecule tolcapone

Figure 16.7: (A) Mechanistic diagrams for monitoring and inhibition of amyloidal fibril formation by
BSPOTPE. (B) The workflow for screening and verification of potential amyloid inhibitors by
EPB@pAzF-amyloids probe. The AIE-based probe will exhibit strong fluorescence intensity in the
absence of amyloid inhibitors (negative molecule), but exhibit weak fluorescence intensity in the
presence of amyloid inhibitors (positive molecule). Reproduced with permission from refs. [103, 104].
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was screened from the Drugbank database as an effective amyloid inhibitor. In sum-
mary, when AIE meets the protein aggregates, the AIEgens can act as a powerful can-
didate to treat disease rooted in protein aggregation.

16.4.2 AIEgens-based delivery systems boost stem
cell-based therapy

Stem cells are undifferentiated cells. Under certain stimulus conditions, they can
be differentiated into specific cell types of organisms and have the self-renewal
ability [105]. In our body, stem cells work as an internal repair system and they are
controlled by different signals, including external (such as physical contact and chem-
ical factor) and internal signals. Taken advantage of regeneration, stem cell-based
therapy is being widely investigated and has become an advanced scientific topic.
Stem cell-based therapy has been used in different diseases, including neurodegener-
ative diseases, cardiovascular diseases, orthopedic diseases, and inflammatory dis-
eases [106–108]. However, for the best beneficial outcome, the potential risk related to
stem cell-based therapy in vivo should be considered and resolved, such as differenti-
ation into undesirable cell type, short survival, disturbed differentiation capacities,
and immune response [109]. To resolve these potential risks, the development of an
effective method to monitor the transportation behavior, differentiation process and
status is highly urgent. Without a doubt, fluorescence imaging is the most appropriate
choice with high brightness and stability and low toxicity.

Thanks to the contributions of researchers from the AIE field, some efforts have
been made with the AIEgens-based delivery systems to boost the development of
stem cell-based therapy. One of the benefits of AIEgens is that they can label stem
cells for a long time, so it is very helpful to track the activity of stem cells after
transplantation. For example, Liu and colleagues developed AIE dots for noninva-
sive in vivo long-term tracking of adipose-derived stem cells (ADSCs) in an ischemia
hindlimb disease model [110]. First, the AIE molecules, TPETPAFN, were encapsu-
lated by DSPE-PEG2000-maleimide through nanoprecipitation method, and the
loading content was up to 39.8%, which offers enough brightness of AIE dots
(Figure 16.8A). To increase the intracellular amount of AIE dots, the surface was fur-
ther modified with cell-penetrating peptide TAT. Importantly, the fluorescence
emission of AIE dots in the FR/NIR region and the Stokes shift is around 160 nm,
which ensured that the AIE dots were suitable for in vivo tracking application. The
safety evaluation results indicated that the AIE dots had low cytotoxicity and high
biocompatibility to ADSCs in vitro and were safe for in vivo application. After incu-
bation with ADSCs, the AIE dots exhibited long-term retention and had negligible
interference on pluripotency and secretome of ADSCs, which was important to en-
sure the therapeutic outcome of stem cell-based therapy in vivo and avoid the po-
tential risk as we mentioned above. More importantly, after the ischemic hindlimb
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was intramuscularly injected with AIE dots-labeled stem cells, the fluorescence
could be observed even after 42 days, indicating that AIE dots could track and re-
port the fate of ADSCs in vivo for the long term (Figure 16.8B). For the treatment of
ischemic diseases, the vascularization with subcutaneous blood flows could be easily
observed after being treated with AIE dots-labeled stem cells for 30 days. However,
the foot and even the limb were lost in the control groups due to severe ischemia
(Figure 16.8C). Taken the advantage of AIE dots, they also found that ADSCs could
treat ischemic diseases in two different ways. On the one hand, the ADSCs can secrete
angiogenic factor to promote angiogenesis. On the other hand, ADSCs can participate
in neovascularization via differentiating into necessary cells. Together, this work is a
great example to illustrate the potential of AIEgens-based delivery systems in the
tracking of stem cells and their regenerative capacity. Using the same AIE molecule
TPETPAFN, Zeng and colleagues also reported that the AIEgens-labeled human em-
bryonic stem cells were still detectable after 1 month of transplantation [111].

Stroke is ranked as the second most common single cause of death. It always
occurs in elderly people, and more than half of patients fail to recover to normal,
and long-term health care is needed [112]. Among them, stem cell-based therapy has
become a promising therapeutic approach for stroke treatment [113]. However, the
visualization of the injected stem cells in the ischemia region is highly desirable for
ensuring a higher successful therapeutic effect. In 2016, Liu and colleagues reported
a similar AIE-based system as the above case for tracking the therapy process of
bone marrow stromal cells (BMSCs) [114]. In this work, they designed and synthe-
sized a new AIE molecule, TPEEP, with bright red emission and low phototoxicity.
In vitro studies showed that the targeted AIE NPs could be highly taken up by
BMSCs, and the intracellular fluorescence was stable for more than 10 days. Using a
rat photothrombotic ischemia model, the AIEgens-labeled BMSCs were transfused,
and the density and location of BMSCs were evaluated at the lesion site after 7 days.
With the advantage of AIE visualization, the fluorescence intensity was highly bright
in the lesion site, but no fluorescence was observed in healthy brain sectioned slices,
which indicated that the BMSCs successfully migrated to the ischemic region. Be-
sides, as one kind of potential alternatives to stem cell-based therapy, extracellular
vesicles secreted from different cells are increasingly being utilized as therapeutic
agents [115, 116]. For instance, AIEgens-labeled extracellular vesicles released by
mesenchymal stem cells were used for liver regeneration and improving the mito-
chondrial function in renal ischemia-reperfusion injury [117, 118].

Comparing with the fact that AIEgens are used to treat diseases directly, AIE-
gens for stem cell-based therapy act as a guard to monitor, evaluate, and control
the therapeutic process. Moreover, unlike the small-molecule therapy that directly
targets the diseased cells, stem cell-based therapy is a tedious process, and the dif-
ferentiation process in vivo must be precisely controlled. Thus, in terms of the po-
tential risks of stem cell-based therapy, the integration of AIEgens into the stem
cell-based therapy system is a great development of regenerative medicine.
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16.5 Summary

With the high photostability, superior photosensitivity, good biosafety, and tunable
structures, AIEgens-based delivery systems have been extensively designed and
used for the treatment and diagnosis of different diseases. In this chapter, we
mainly summarized the application of AIEgens-based delivery systems on the treat-
ment of cancer, infectious diseases, amyloid diseases, and so forth. In most cases,

Figure 16.8: (A) Chemical structure of TPETPAFN and schematic illustration of the AIE dots. (B) In
vivo fluorescence monitoring of the ischemic hind limb-bearing mouse at different time points after
injected with AIE dots-labeled adipose-derived stem cells. (C) Representative photographs of the
therapeutics impact of the ischemic hind limb-bearing mice for 30 days. Reproduced with
permission from ref. [110].
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the AIE molecules were loaded or assembled into NPs, fabricated as AIEgens-based
delivery systems. More importantly, it is noteworthy that the application of AIE-
gens-based delivery systems promotes the design and development of nanomedi-
cine in different respects. The main reason can be concluded as that AIEgens make
the NDDSs traceable and multifunctional. Of course, AIEgens, with various bioac-
tive effects, also show a drug-like property for the treatment of diseases.

For better development of AIEgens-based delivery systems in the clinical applica-
tion, we proposed that the further effort can be focused on the following respects: (1)
Developing the new AIEgens-based delivery systems with multiphoton excitation and
longer wavelength emission for deep-tissue monitoring; (2) understanding the ab-
sorption, distribution, metabolism, and toxicity of AIEgens-based delivery systems;
(3) more in vivo and preclinical trials should be conducted to promote the clinical
transformation of AIEgens-based delivery systems; (4) taking the advantages of AIE
property and the physiological property of diseases, more active and multifunctional
AIEgens-based delivery systems should be designed and tested in more disease mod-
els. Finally, we hope that this chapter will bring new enlightenment and promote the
application of AIE-based delivery systems for the treatment of diseases.
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Guan Wang, Xinggui Gu, Ben Zhong Tang

Chapter 17
AIEgen-based photosensitizers
for photodynamic therapy

17.1 Introduction

Since the Dane of Finsen attempted to treat lupus vulgaris, a tubercular condition
of the skin, by directly irradiating using the heat-filtered light from a carbon arc
lamp, phototherapy has evolved and demonstrates great significance in biomedi-
cine [1]. Owing to its noninvasive characteristic, the discipline of phototherapy has
well developed and can be divided into two categories, indirect and direct photo-
therapy, according to the use of photosensitizer (PS). Indirect phototherapy of pho-
todynamic therapy (PDT) utilizing PS has become an attractive therapeutic technique
for eliminating cancer cells by generating reactive oxygen species (ROS), including
1O2, ·OH, O · −

2 , and H2O2 under light irradiation [2]. The selective cytotoxicity of PDT
toward cancer cells could be achieved by manipulating the light irradiation area that
minimizes side effects on healthy tissues or organs [3]. Taking advantage of the PSs
high efficacy for generating ROS, PDT has been widely used in medicine research
and clinical treatment. Now, PDT is being tested in the clinic for applications in on-
cology to treat cancers of the head and neck, brain, lung, pancreas, intraperitoneal
cavity, breast, prostate, and skin [4].

Elements of light and PSs comprise the general PDT. Given the practical appli-
cation of PDT, PS plays an important role in PDT processes, which should be seri-
ously selected by taking various comprehensive factors into account, such as synthetic
method, cytotoxic, vis-/near infrared absorbance, ROS productivity, targeting, and so
on. At present, various PSs have been developed, including metal [5], metal–organic
frameworks [6], polymer materials [7–10], and organic molecules. Among them, PSs
based on organic molecules have drawn great attention, resulting from the sample syn-
thesis processes and tunable absorbance.

In the past, many organic molecules have been developed as PSs as shown in
Figure 17.1. Hematoporphyrin derivative, together with its derivatives of photofrin,
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photosan, photogem, and photocarcinorin, comprised the first-generation PSs [1]. Al-
though some of them have been approved as clinic drugs for cancer treatment, they
were in serious shortages. For example, their inherent multi-composite feature leads
to bad reproduction of their composition; the relatively short wavelength absorption
(< 630 nm) results in the poor light penetration of tumor; the long residence time in
body causes cutaneous photosensitivity, which keeps the patients away from the sun-
shine; and their low molar absorption coefficient makes high concentration and in-
tense light irradiation necessary [11–13]. These deficiencies of the first-generation PSs
motivated the development of second-generation of PSs, with higher chemical purity,
higher yield of singlet oxygen generation, and deeper tissue penetration, demonstrat-
ing its potential in PDT, which include tetrapyrrolic compounds, such as benzopor-
phyrin, chlorin and porphycene [2, 14–16], However, hydrophobicity and lack of
targeting limit its further use in biomedicine applications. In order to overcome the
hurdles faced due to the second-generation PSs, PSs synthesized with enhanced af-
finity of PSs to tumor tissue, for instance, mitochondria targeting, were developed,
and these well-designed PSs lead to the application of third generation PSs [17].
These have become the primary PSs for biomedicine at present.

Besides targeting the cancer tissue, it is equally important to seek ideal PS to
produce ROS effectively. Although the mechanism to produce ROS from PS is not
clear, it is generally considered that ROS originates from the triplet state of the ex-
cited PSs. Strategies to reduce the energy gap (ΔES-T) between S1 and Tn, and boost
the transformation from S1 to Tn are employed to enhance the generation of ROS
[14]. Among these strategies, temperate aggregation of PSs might be the most feasi-
ble method to reduce ΔES-T, by promoting the intersystem crossing (ISC) [18]. For
example, Yin et al. employed self-assembly of pentamethine indocyanine (ICy5) dye
derivative to construct the nanoparticles for enhanced 1O2 generation, from which
ΔES-T significantly reduced from 1.2583 to 0.9074 eV, with increased aggregation de-
gree of ICy and a 10-fold enhanced generation of 1O2 was achieved [19]. Li et al. syn-
thesized a series of coumarin-based cationic fluorophores (Cou-n, n = 1–4), with
varied alkyl, and demonstrated that, owing to the strong hydrophobicity, longer
alkyl chains benefited the tighter molecular aggregation of fluorophores in aqueous
solution, which remarkably boosted the ROS production of the aggregates [20]. The
aggregation-enhanced photodynamic effect was also detected in the PSs of phthalo-
cyanine [21, 22] and porphyrin [23].

However, the traditional PSs suffered from the notorious aggregation-caused
quenching (ACQ) effect as they are condensed or aggregated, which made it difficult
to balance the ACQ and aggregation-enhanced photodynamic effect. Serval strategies
were developed to control PS aggregation, including chemical modification of PSs
[24] and encapsulating PSs into polymer matrix [25]. However, these strategies rely
on complicated chemical synthesis processes or low concentration of PSs in the PDT
matrix. Fortunately, the concept of aggregation-induced emission (AIE) was put for-
ward by Tang in 2001 [26–29], and PSs based on AIE-active luminogens (AIEgens)
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Figure 17.1: Chemical structure of the partial traditional PS used for PDT treatments. Modified with
permission from the reference of [55]. Copyright 2018, Wiley-VCH.
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have been substantially developed [30, 31], which cleared the way for the use of PSs
in PDT treatment, without scruples of the ACQ effect. Taking advantages of AIEgen-
based PSs, application potential of PSs has gradually emerged and makes it a promis-
ing approach for eliminating cancer tissues or bacterial infection in clinical
treatment.

17.2 Mechanism of ROS generation

Mechanism of ROS generation of AIEgen-based PSs involves three primary compo-
nents: PSs, light, and oxygen. According to the Jablonski diagram and the princi-
ples of photochemistry, as the AIEgen-based PSs absorb a photon and lead to the
formation of an “excited state,” the electron is excited to higher-energy orbitals
(S1, S2 . . .) from the singlet ground state (S0), as illustrated in Figure 17.2. The subse-
quent photophysical or photochemical processes would proceed from S0 of the ex-
cited electron according to Kasha’s rule [32]. Excited electron returns to S0 by releasing
energy via nonradiative (NR) decays through internal conversion or radiative decays
as fluorescence (FL). NR and FL are not the desired pathways for the PDT application
but can serve as a tool for tumor detection and imaging. However, the excited electron
of S1 could also transfer to the neighboring triplet (such as the excited triplet state (T1)),

Figure 17.2: Mechanism of ROS generation illustrated by the Jablonski energy level diagram.
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as their energy difference (ΔES-T) is small enough, through the ISC processes. Owing to
the quantum mechanically forbidden state of the excited electron from T1 to S0, the
excited T1 generally exhibits a longer lifetime than that of S1, which benefits from the
energy transfer (Type II) or electron transfer (Type I) of the excited PS to oxygen or
other substances, forming the toxic ROS.

17.2.1 Type-I mechanism of PS

After the PSs absorb light and transition to the excited state, they always exhibit
larger oxidation/reduction potential than their ground state counterparts [33],
which facilitates the electron/energy transfer to the surrounding substrates for pro-
ducing ROS. Hydroxyl radical is the most aggressive ROS generated from PSs,
which is originated from the cascade reactions of superoxide anions or the one-step
oxidation of water [34]. Type I mechanism is originated from the superoxide anions,
which is generated from the oxygen by capturing one electron from the reduced
substrate or directly from the exited PS. Depending on the environment, superoxide
anions could act as strong reducing agents, which could further react with the ox-
idic PS to form the perhydroxyl radical (HO ·

2 ). HO
·
2 exhibits a more potent oxidant

than superoxide anion, which could react with superoxide anion to form the H2O2,
and H2O2 could be further reacted with superoxide anion or HO ·

2 , resulting in the
formation of highly reactive hydroxyl radicals [33]. The processes of generating ROS
from Type I mechanism are dependent on the target-substrate concentration and
the microenvironment. Additionally, the PDT efficiency can be amplified by the in-
teraction of PSs with proteins, DNA, or lipids.

Owing to the hypoxic microenvironment of tumor, PSs that generated Type I
ROS exhibit great potential for eliminating cancer cells with low oxygen concen-
tration. However, few studies have been reported to produce Type I ROS for AIE-
gen-based PSs. Tang et al [34]. employed a phosphindole oxide (PIO) core as an
electron-acceptor and triphenylamine (TPA), and pyridine (Py) as an electron
donor, to construct AIEgen-based PSs with donor-acceptor pairs, and the isomeric
AIEgens of α-TPA-PIO and β-TPA-PIO were synthesized. Both the isomeric PSs
generated Type I ROS in their study. However, β-TPA-PIO exhibited a stronger ·OH
than α-TPA-PIO. From the results, it can be concluded that the increased spin–orbit
coupling (SOC) was responsible for the enhancement of Type I ROS, by comparing
the two isomeric AIEgen-based PSs and the high electron affinity of PIO endowed
PIO-based molecule with the ability to attract and stabilize an external electron. By
providing an electron-rich aggregated microenvironment to PSs, Tang et al [35]. de-
veloped a strategy to enhance Type I ROS by utilizing anion-π+ AIEgens to enhance
intramolecular charge transfer (ICT) and suppress nonradiative internal conversion,
which demonstrated the concept of “more ICT leads to more free radical ROS genera-
tion,” as proposed by them. At the same time, Qi et al. proposed their strategy to
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produce free radical ROS utilizing the interaction of electron-donating from anion-π+

AIEgens to enhance ICT for producing Type I ROS [36].

17.2.2 Type II mechanism of PS

There is a close competitive relationship between Type I and Type II processes.
Most AIEgen-based PSs would preferentially produce singlet oxygen via the Type II
pathway because the Type II process is faster [37]. In typical processes, for generat-
ing singlet oxygen, PS is excited to the exited state from the ground state by absorbing
the photons, and further transfers the energy to the surrounded oxygens (94 kJ/mol
above ground state). Owing to the fast transformation from oxygen to singlet oxygen,
Type II ROS has been the most important process for PDT, and extensively-used in
biomedicine. However, the productivity of singlet oxygen is intensely related to con-
centration of oxygen, tissue dielectric constant, pH of the microenvironment, and
photosensitizer’s structure [14]. The lifetimes of singlet oxygen range from 10 to
100 μs, which restricts its active volume to within 10 nm in diameter and limits its
efficiency in PDT [13].

17.3 PS design

As mentioned above, ROS is generally generated from the PS as it absorbs light and
is excited from S0 to S1. Consequently, ISC can occur, with the electron transferred
to Tn, resulting in cascade reactions to produce ROS. The common approaches to
develop PSs were limited by modifying traditional cores, which include tetrapyr-
role, naphthalene, benzophenone, phenothiazinium, and so on [38–41]. These strat-
egies to design PS primarily focused on the absorption of PS, cytotoxicity, water
solubility, and so on, regardless of the ISC and triplet yield. However, the properties
of PS are limited and a guideline to develop more desired PSs is needed.

Aiming to guide the design of PSs, some basic principles to synthesize PSs are
developed according to the mechanism of ROS generation, where the pivotal point
to design an effective PS is enhancing the ISC processes from S1 to Tn. The ways to
achieve this can be assigned to the following strategies.

17.3.1 Reducing Singlet–Triplet Energy Gap

Promotion of the ISC processes offers the opportunity to improve the yield of the
triplet-excited state, which would facilitate ROS generation, and the fundamental
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study of ISC gives the following equation, utilizing the ISC from S1 to T1 as the
example.

kISC ∝
hT1 HSOj jS1i2

ΔES− T

Where, kISC is the rate constant of ISC, HSO is the Hamiltonian for the SOC, and
ΔES-T is the energy gap between the S1 and T1. This equation shows the affinity
between the ISC rate and ΔES-T, and the smaller the ΔES-T would always lead to a
higher ISC rate. Reducing ΔES-T should favor ICT to benefit ROS generation.

Liu and her collaborator [42] synthesized a series of tetraphenylethylene (TPE) -
based PSs, according to the formula, with different molecular engineering strate-
gies, and initially proposed the strategies for designing PSs by reducing ΔES-T through
introducing donor-acceptor interactions and a π bridge into the PSs (Figure 17.3a).
Based on the typical AIEgens of TPE, three AIEgens, namely, TPDC, TPPDC, and PPDC,
were synthesized, and the AIE characteristics of the four molecules were verified. It is
noteworthy that TPE is an AIEgen without photosensitivity. The modified TPE with the
donor and acceptor TPDC was obtained and ROS of 1O2 was detected, as TPDC was
irradiated under light. Productivity of 1O2 was determined by 9,10-Anthracenediylbis
(methylene) dimalonic acid (ABDA), a famous indicator 1O2, and the quantum yield of
1O2 (ϕPS) was calculated by the following formula, with Rose Bengal (RB) employed as
the standard photosensitizer.

∅PS =∅RB
KPSARB

APSKRB

Where, ϕRB is the 1O2 quantum yield of RB, which is 0.75 in water; KPS/KRB repre-
sents the decomposition rate constant of PS and RB, respectively. APS/ARB is the in-
tegral area of PS and RB in UV-via absorption spectra of light that ranges from 400
to 800 nm.

Therefore, ϕPS of TPDC was calculated as 0.28, indicating that modification of
AIEgens with donor-acceptor structure would alter their properties for ROS genera-
tion. Altering the species of donor and acceptors, ϕPS could be further increased.
ΔES-T was calculated by time-dependent density functional theory (TD-DFT), which
showed that the introduction of donor and acceptor to AIEgens of TPE would conse-
quently decrease the ΔES-T, leading to an increase of ROS generation. ROS productiv-
ity of AIEgens can be tuned by manipulating ΔES-T and reducing ΔES-T for enhancing
ROS production has been the indicative guideline for PS molecular design [43, 44].
Furthermore, increasing the distance between donor and acceptor is another strategy
to separate the highest occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) of AIEgens, which can be realized by adding a phenyl
ring as an additional π-conjugation spacer in AIEgens. This yields AIEgen-based PS
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of PPDC, with a much lower ΔES-T value of 0.27 eV and a 3.2-fold improvement in 1O2

generation efficiency.
Hence, introducing strong electron-donor and electron-acceptor pair(s) with π

spacers to AIEgens can effectively manipulate the HOMO-LUMO distribution and
provide an alternative strategy to design AIEgen-based PS. Liu et al [45]. developed
the strategy for precise molecular design to produce ROS according to the principle
of manipulating the HOMO-LUMO distribution and by reducing the ΔES-T of AIEgen-
based PSs, as given in Figure 17.3b. By modifying alkoxyl and dicyanovinyl groups
of the TPE unit, ΔES-T of TP1 and TP2 exhibited a significant decrease (0.64 eV and
0.67 eV) compared with that of TPE, resulting in an ROS generation efficiency of
0.1 nmol min−1, with the decomposition of ABDA under white light (400–700 nm,
250 mW cm−2) irradiation, which implied that incorporating electron-donating and -
withdrawing moieties on different sides of TPE molecular skeleton would facilitate
the decrease of ΔES-T. By adding a methyl group to TP2, the steric hindrance of in-
troduced methyl group lead to an increase in the dihedral angle between phenyls in
TPE and the acceptor unit (plane of dicyanovinyl) in TP4, which aggravated the
separation of HOMO and LUMO of TP4 and a lower ΔES-T (0.11 eV) relative to TP2
was achieved for TP4. Specially, when a thiophene ring is employed to replace the
methyl group (TP7), ΔES-T showed a further decrease from 0.49 for TP4 to 0.29 eV
for TP7, where the LUMO electron cloud was more focused on the acceptor moiety
of TP7 by DFT calculations. Aggravated separation of HOMO and LUMO should be
responsible for this decrease, which indicated that increase in the HOMO–LUMO
distance would favor the reduction of ΔES-T. In addition, the employment of the
π-bridge between the donor and acceptor groups to increase intramolecular spatial
distance would be another option. Herein, TP5, TP6, and TP8 were designed and syn-
thesized and ΔES-T of 0.5, 0.27, and 0.13 eV were obtained, respectively. From Liu’s
studies, strategies for reducing ΔES-T and enhancing the separation of HOMO and
LUMO to realize ROS generation of AIEgen-based PSs have been demonstrated,
which have become general guidelines for designing new PSs.

Following this basic principle, more AIEgen-based PSs were successfully syn-
thesized. By extending the distance of donor and accepter in the molecules, Yang
and coauthors [46] synthesized the donor-π-acceptor-donor structured AIEgen-
based PSs (SMe2CN, Cz2CN, TPA2CN). The intrinsic AIE characteristics of the PSs
were verified. Owing to the extended distance of the donor and acceptor, HOMO
and LUMO were well separated and ΔES-T was calculated to be 0.459, 0.425, and
0.245 eV, respectively. Liu and coauthors [47] employed the stronger donor and ac-
ceptor to construct the tunable donor-donor-π-acceptor structure with twisted intra-
molecular charge transfer (TICT) characteristics. Through calculations, it was found
that the electron cloud density of the HOMO orbital was primarily distributed on
the triphenylamine group and the pyridine ring, whereas electron cloud density of
LUMO orbital was mainly distributed on various electron-withdrawing groups,
which revealed that smaller energy band gap could be obtained when a stronger
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electron-withdrawing group was introduced into the AIEgens. Cheng et al. [48] de-
signed an AIE compound consisting of a pyridinium moiety (acting as acceptor), a
carbon-carbon double bond (π-bridge), a thiophene fragment (donor and π-bridge),
and a triphenylamine fragment (donor), enhancing donor-acceptor interaction to
ensure long-wavelength fluorescence emission and high ROS quantum yield. More
AIEgen-based PSs were obtained through this strategy [47, 49, 50].

Besides, increasing the push−pull effect of the donor-acceptor-structured PSs
and/or effectively extending the π conjugation of the PSs not only reduce the ΔES-T
of the PS but also broaden their absorption and emission spectra in the red/near
infrared (NIR) region or multi-photon absorption, which benefited the applications
in PDT [51, 52]. Utilizing strong donor-acceptor pairs and extending the π-conjugation,
Tang et al. [53] synthesized the donor-π-acceptor-structured AIEgen-based PSs. By com-
bining strong electron donor-acceptor interaction and an extended π-conjugation with
good electron delocalization in the structure, the PS exhibited a great potential of red
emission and a good production of ROS. Tang et al. [54] developed a family of new
red/near-infrared AIEgens by utilizing the BDTO as an electron acceptor, and taking
triphenylamine and carbazole as electron donors. Through these strategies, effective
PS, equipped with NIR emission, large two-photon absorption cross sections, and ex-
cellent ROS production ability in the aggregate state, was achieved.

17.3.2 Attaching heavy atom to molecular skeleton

Heavy atom effect is the special phenomenon based on the spin-orbit coupling
(SOC) in quantum physics, where the SOC originated from the interaction between
electron’s spin magnetic moment and the magnetic field derived from the motion of
nucleus [55, 56]. It is well known that heavy atom effect facilitates the SOC, which
consequently enhances the ISC processes to produce exited triplet state of the PS,
and the SOC increases with increase in atomic number. Based on this consideration,
attaching heavy atom PS boosts SOC between singlets and triplets, and adding heavy
atoms to AIEgens would be another strategy for AIEgens to produce ROS for PDT.

17.3.3 Aggregation of PS

The ideal PS, equipped with the features of strong absorption in visible or NIR light,
low cytotoxicity, and effective ROS generation, attracts great attention in PDT. Aim-
ing to obtain the effective PS for enhanced PDT, research have been carried out by
scientists through reasonable molecular engineering, and many strategies to transfer
traditional AIEgens to ROS-generated PS have been well developed. However, those
strategies require precise molecular design and complex synthesis procedures. There-
fore, developing new approaches to boost the ROS generation is far from satisfactory.
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As described above, aggregation could result in enhanced ROS production of tradi-
tional PSs, as well as AIEgen-based PSs, which can result from the following rea-
sons: (a) energy transfer from S1 to T1 would be enhanced as the energy dissipation
through nonradiative channels are inhibited when AIEgens is aggregated; (2) ag-
gregation-induced intersystem crossing [18, 42, 57]. Tian et al. [58] prepared three
kinds of self-assembled nanostructured PSs based on the AIEgens of 2,3-bis(4ʹ-(di-
phenylamino)-[1,1ʹ-biphenyl]-4-yl) fumaronitrile (BDBF), as shown in Figure 17.4a. By
comparing those nanostructured PSs, including BDBF nanodots, F127@BDBF nano-
particles, and BDBF@F127 nanodots, they found that all the three aggregated AIEgens
showed enhanced 1O2 production than that of BDBF molecules solutions. Aggregation
of the binary molecule and employing the fluorescence resonance energy transfer
(FRET) could also be used for enhancing ROS generation. Chang et al. [23] combined
the FRET donor (BMVC, 3,6-bis-(1-methyl-4-vinylpyridinium)-carbazole diiodide) and ac-
ceptor (porphyrin or metalloporphyrin) to synthesize the binary molecule. After ag-
gregation of the binary molecule, FRET occurred from the aggregated donor to the
nonaggregated acceptor, which demonstrated the enhancement of ROS generation
caused by aggregation of the binary molecule. Zou and coauthors found that the
dimerization of TPE successfully transferred into a PS (Figure 17.4b) [59]. The har-
vested dimer of TPE, named BTPE, not only inherits the AIE characteristics from the
TPE but also achieves ROS generation, boosting the PDT efficacy in HeLa tumor of
the nude mice. Although Zou did not provide us with the appropriate mechanism to
explain this abnormal transformation, it offered us a valuable strategy to enhance
ROS generation.

Figure 17.4: Aggregation-induced enhanced ROS generation through (a) dimerization
and (b) self-assembly. Reprinted with permission from the references of [58, 59]. Copyright 2020,
Royal Society of Chemistry. Copyright 2019, Springer Nature.
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17.3.4 Conjugated polymers

Similar to aggregation of small molecule, conjugated polymers with backbones con-
taining π-conjugation structure obtained from the polymerization of small molecule
is the commonly used material, which endows them the ability of red-shifted absor-
bance and strong light-harvesting, when compared with that of their small-molecule
counterparts [60–62]. For example, after polymerization, the obtained conjugated
polyporphyrin exhibited an obvious red-shift in the absorption [63]; employing the
light-harvesting feature, conjugated polymers can be considered as the antenna for
effective photosensitization via energy transfer from conjugated polymers to the pho-
tosensitizer acceptors [60, 64, 65]. Based on this consideration, Liu et al. [66] synthe-
sized four AIEgens (SM 1–4) and their analogue conjugated polymers (CP 1–4), of
which CP1 exhibited the most effective ROS production under irradiation, with a 3.71-
fold higher than that of the most widely used photosensitizer Ce6, and the concept of
“polymerization-enhanced photosensitization” was proposed. To investigate the in-
herent mechanism of the concept, TD-DFT investigations (Figure 17.5a) were con-
ducted to analyze both the singlet and triplet exited states of the small molecule of
SM 1 and the conjugated polymer of CP 1 with varied repeat units. According to the
calculations, the energy gap between S1 and T1 of CP1 is 0.23 eV, which is smaller
than 0.3 eV, indicating flexibility for the ISC based on the energy gap law [67, 68].
Moreover, the transitional configurations and iso-surfaces of S1 and T3 were similar,
which made the ISC from S1 to T2 or T3 possible. Those excited channels for ISC en-
dowed SM 1 with prefect ROS generation. As the degree of CP 1 polymerization in-
creased, more exited triplet states could be employed for ISC transitions. Through
polymerization, a 5.05-fold enhancement in ROS production was achieved. From
their study, it is demonstrated that increasing the repeat units of the polymerized PS
would facilitate ROS generation by employing more energy transition channels for
ISC, which enhanced the ROS production, as the PSs were polymerized. Additionally,
polymerization-enhanced photosensitization was also verified in the non-AIE system
of SM 4 and CP 4 with a 3.42-fold higher ROS generation of CP 4 than SM 4, which
expanded the scope of the concept. Based on this concept, Liu et al. [69] synthesized
the polymerized PS conjugated polymer and prepared the nanoparticles by nanopre-
cipitation with the aid of DSPE-PEG-Mal. The obtained nanoparticles, featured with
enhanced 1O2 production and large two-photon absorption (2 PA) cross-sections were
highly desired for tumor treatment. Further studies on the concept of “polymeriza-
tion-enhanced photosensitization” were also conducted [70].

Generally, adding the donor and acceptor of the AIEgens facilitates decreased
ΔES-T of S1 and Tn. However, designing PS molecules based on the donor-acceptor
pair always relies on the trial-error methods for discovering the appropriate mo-
lecular structure by tuning the electronic properties through the D-A units [45, 71].
Polymerization provides lots of ISC channels in their aggregation form via the en-
ergy-splitting effect to enhance ISC [18, 72–74]. Combining with polymerization,
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the D-A even-odd effect would be an appropriate strategy to realize enhanced ROS
generation. Therefore, employing the concept of “polymerization-enhanced photo-
sensitization,” Tang and Liu [75] developed the D-A even-odd effect based on poly-
merization for enhanced ROS production, as shown in Figure 17.5b. In their studies,
polymerization-enhanced photosensitization was demonstrated –the donor and ac-
ceptor were polymerized together, while the even-odd effect exhibited the interesting
impacts on ROS productivity. After the polymerization, as the number of accepters
was more than donors, the obtained conjugated polymer showed smaller ΔES-T than
that of its counterparts with higher donor fraction, which consequently lead to higher
ROS production of the conjugated polymer with a high accepter fraction.

Plasmonic effect is a unique phenomenon of noble metal nanostructures to ma-
nipulate light at the nanoscale, originating from the interaction of the metal atoms
and the incident light [76], and it is widely used in optical data storage [77–79],
sensing [80, 81], solar cells [82, 83], photothermal therapy [84, 85], and so on. Com-
bining AIEgen-based PSs with the noble metal nanostructure is another effective
way to enhance ROS generation. Therefore, Tan and Liu et al. [86, 87] synthesized
the 4-mercaptobenzoic acid-capped AgNPs and used it as the PS. Taking advantage
of the plasmonic effect of Ag NPs, a 10-fold enhancement in 1O2 generation was
achieved by comparing with that of SiO2 nanoparticles.

17.3.5 Aggregation microenvironment manipulation

Although many strategies based on polymerization, D-A even-odd effect, and or-
ganic-metal composite have been developed, a method to design the appropriate mo-
lecular structure used for polymerization or composition remains a challenge. The
properties of AIEgens strongly depend on the aggregation of the microenvironment
they are located. Thus, changing the aggregation microenvironment of AIEgens can
also be employed as an alternative strategy for enhancing the ROS production. Liu
and coauthors[88] found that the aggregates of BTPEAQ could not produce ROS in
water. While 1O2 was generated from the nanoparticles obtained from the polymeric
matrix encapsulation and SiO2 matrix encapsulation, it showed a higher ROS produc-
tivity of polymeric matrix encapsulated BTPEAQ than that of SiO2 matrix, as shown
in Figure 17.6a. The reasons for the interesting phenomenon could be assigned to the
manipulation of ICT by the aggregation microenvironments. In our previous work
[89], we proposed a facile approach to enhance ROS generation by manipulating the
aggregation microenvironment of the AIEgens as shown in Figure 17.6b. As we all
know, corannulene is a conjugated molecule with a large steric hindrance and rigid
structure than that of the alkyl chain. By modifying corannulene to PEG chain (Cor-
PEG) and taking this as the polymer matrix to encapsulate the AIEgens via nanopreci-
pitation, a more rigid aggregation microenvironment inside the nanoparticles
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compared to the DSPE-PEG-composed nanoparticles was obtained. Through this alter-
ation in aggregation microenvironment in Cor-PEG dots, ROS production was signifi-
cantly boosted – a 5.4-fold enhancement than that of DSPE-PEG dots. This strategy
relied on aggregation microenvironment, a facile way to enhance ROS production
without a complicated chemical synthesis, exhibiting its potential for PDT further.

Figure 17.6: Enhanced ROS generation using aggregation microenvironment. ROS productivity
manipulated by (a) polymer matrix and SiO2 matrix, and (b) the rigidity of the polymer matrix.
Modified and reprinted with permission from the references of [88, 89]. Copyright 2016 American
Chemical Society and copyright 2018 Wiley VCH.
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17.4 Detection of ROS

Owing to the different reactive activities of the ROS included 1O2, ·OH, O · −
2 , and

H2O2 etc., detecting the species of ROS is a prerequisite for PS utilized in PDT. Many
advanced approaches for ROS detection are well developed in the direct or indirect
manner. The direct methods are based on the special absorption or electron spin
resonance (ESR) signal collected by the UV-vis or ESR spectrometer, respectively.
However, due to the short lifetimes and low concentrations of ROS in the reaction
systems or physiological conditions, direct detection of the ROS should be con-
ducted in the sub-millisecond timescale with ultrasensitive detectors, apart from
the relatively stable H2O2. Indirect methods refer to the reaction of a specificity
probe with a particular ROS, to yield a more stable, long-lived product, which has
been well developed, including fluorescence reaction, chemiluminescence reaction,
coloration reaction, spin trapping ESR, and so on [90]. Nevertheless, in employing
indirect methods, some important aspects should be considered when choosing an
ROS analysis method, which include: (1) sensitivity of the method; (2) selectivity
and specificity of the method for the analyte of interest[91]. Selecting an appropriate
approach for detecting a particular ROS specie is of great important for accuracy.

For detecting singlet oxygen, direct detection is possible owing to the phosphores-
cence of 1O2 at 1270 nm in NIR region, or dimol emission occurring at 634 nm. Emission
in NIR is more credible for direct detection of 1O2, as its lifetime could be prolonged to
5 s [92–94]. However, the quantum yield of the emission in the steady state measure-
ments is too low to detect, which makes it difficult for direct measurement of 1O2 by
emission. Direct ESR characterization could be used for measuring 1O2, benefiting from
its orbital angular momentum [95]. However, the more widely used approaches for de-
tection by ESR via the spin trapping strategies are based on the reaction between 1O2

and the spin trapping regents, with the formation of 1-oxyl radical [96]. The com-
monly utilized spin trapping regents include 4-hydroxy-2,2,6,6- tetramethylpiperi-
dine (HTMP), which form the well-known stable nitroxide radical (4-hydroxy
-2,2,6,6-tetramethylpiperidine 1-oxyl, TEMPOL) as it encounters 1O2. Apart from
spin trapping ESR measurement, indirect method of chemical reactions is most
widely used, especially for the use of the indicators of singlet oxygen sensor green
(SOSG) and 9,10-anthracenedipropanoic acid (ABDA). SOSG is the luminescence
indicator with its emission peaks being about 528 nm with excitation at 488 nm. It
shows specific sensitivity to 1O2, with no appreciable response to ·OH and O · −

2 ,
but the photodecomposition of SOSG might affect the accuracy of the detection
[97]. Resulting from the reaction between ABDA and 1O2 is endoperoxide, which is
commonly used as an 1O2 detection agent – displayed in UV-vis absorption with
the characteristic anthracene absorption bands at around 350 to 410 nm. The
bleaching rate of ABDA can be employed for quantitative analysis of 1O2 produc-
tivity upon light irradiation. Besides, AIEgen-based probes have also been devel-
oped for detecting 1O2 [98, 99].
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Direct measurement of O · −
2 generally relies on the absorption of O · −

2 at 245 nm,
with the molar absorption coefficient being 2,350 M−1cm−1, but it is difficult to real-
ize, owing to the low absorbance in UV-vis spectrum [100]. ESR is also a powerful
tool to detect O · −

2 . However, direct ESR cannot be used for measurement due to the
same position of the unpaired electron located in the energy levels of the two orbi-
tals, πx* and πy* [90]. By adding spin trapping regents, the feasibility of detection
through ESR is increased. The commonly utilized spin trapping regents include
DMPO (5,5-dimethyl-1-pyrroline N-oxide), DEPMPO (5-diethoxyphosphoryl-5-methyl
-1-pyrroline N-oxide) [101], BMPO (5-tert-butoxycarbonyl-5-methyl-1-pyrroline
N-oxide) [102], and CYPMPO (5-(2,2-dimethyl-1,3-propoxycyclophosphoryl)-5- methyl-
1-pyrroline N-oxide) [103] etc. DMPO is the most widely used spin trapping regent
for measuring O · −

2 by forming the DMPO-OOH spin adduct, and it exhibits six dou-
blets of the DMPO-OOH EPR spectrum [104]. The other widely used detection method
is based on the fluorescence reaction of probe dihydrorhodamine 123 (DHR123). As
the DHR123 encounters O · −

2 , it would be hydrolyzed into rhodamine 123 and emits
green fluorescence at 526 nm [105, 106].

Among the various ROS, the reactivity of ·OH is considerably high and the
reaction rate constants of ·OH for reacting with various substrates are near-
diffusion-controlled. As ·OH is generated in the PDT processes, it would attack
the cell membrane, leading to a series of successive destructions of the infringed
cell, including the damage of cell membrane, destruction of sugar groups, and disor-
ganization of DNA base sequences, eventually resulting in cell death and mutations.
ESR is the often-used technology to detect ·OH, however, it is difficult to measure ·OH
directly in the condensed state at room temperature because of the high reactive
activities of ·OH [90]. Methods via spin trapping are more reliable for detecting ·OH
in liquid state than that of the direct approaches. The generally used spin trap-
ping agents include DMPO [101], BMPO [107], and CPYPMPO [103], as well as O · −

2

by the transfer of the unstable ·OH into the stable DMPO-OH, BMPO-OH, and
CPYPMPO-OH, respectively. Apart from indirect ESR measurement, fluorescence
reaction based on the fluorescent probe become a more convenient and quick ap-
proach to detect ·OH. While the selection of the fluorescent probe is of great sig-
nificance, among the fluorescent probes, 3′-(p-hydroxyphenyl) fluorescein (HPF)
and 3′-(p-aminophenyl) fluorescein (APF) have been utilized in the measure-
ments [108–111]. HPF selectively reacts with ·OH by producing the fluorescent
analyst of fluorescein, which emits at 515 nm, excited by the exciting light at
488 nm. HPF shows good specificity with ·OH, which would not react with other
ROS such as 1O2, O · −

2 , and H2O2, etc. [112, 113]. APF is another fluorescent probe
used for detecting ·OH, which exhibits nonfluorescence in the solution until it
encounters hydroxyl radicals, leading to the production of the aminophenyl ring
from the fluorescein ring system, with strong emission. However, APF can also be
cleaved as they react with peroxynitrite anions (ONOO-), peroxy radicals, and the
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combination of H2O2 and horseradish peroxidase (HRP), which would decrease
its accuracy for probing ·OH [111, 114, 115].

H2O2 has the longest lifetime of the ROS although it relies on the environment it
is located in [116, 117]. Detection of H2O2 can be achieved via directly measuring the
UV-vis spectra of the concentrated solution – its special absorption peaks are
around 360 nm. However, it is difficult to detect by absorption, owing to the low
molar absorption coefficient of H2O2[90]. Besides, other measurements of coloration
and fluorescent methods are also developed, making the detection of H2O2 a facile
work [118–121]. It is worth noting that the fluorescence probe based on AIEgens is
also developed for detecting H2O2, both in vitro and in vivo [122–124].

Additionally, 2′-7′-dichlorofluorescin diacetate (DCFH-DA) is most widely used
for detecting all species of ROS, without specificity in vivo and vitro. DCFH-DA is
the nonfluorescent indictor, which can be cleaved by ROS and subsequently form
fluorescent dichlorofluorescein (DCF) with emission at 510–540 nm, exited by
490–520 nm.

17.5 Advanced development in PDT

As traditional PSs employed for PDT, aggregation of PSs is inevitably not important
as they are delivered as nanoparticles or sent inside the infringed cell, which would
result in self-quenching and lead to the failure of tumor treatment. In this regard,
AIEgen-based PS overcomes the hurdles. Even since the first AIEgen-based PS for
PDT was developed, it has boost PDT in tumor treatment [31, 125]. Here, some cut-
ting-edge concerns of AIEgen-based PSs for PDT focused on far red/NIR emissions,
smart PSs with targetable and activatable abilities, and PDT treatments in hypoxic
environment are reviewed.

17.5.1 Far Red/NIR PSs

The penetration depth of light and the effective delivery of PSs are the main factors
in PDT processes. Interactions between human tissues and light at different wave-
lengths are shown in Figure 17.7. It can be clearly seen that deep penetration depth
would be achieved when waves of longer wavelengths are employed, and as the
wavelength of light is increased to 700 nm, a depth of 10 mm is achieved. However,
most of PSs exhibited the small Stokes shifts, with its absorption in the UV or the
vis region. Developing an AIEgen-based PS with far red/NIR absorption for a deeper
penetration is highly desirable.

Strategies to achieve far red/NIR AIEgens involve the introduction of strong
electron donor and acceptor into the molecule, with the π-bridge or expansion of
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π-conjugation. By introducing a strong donor and acceptor in one molecule and
by the expansion of the π-conjugation, the electronic bandgaps would be de-
creased and the ICT would be facilitated, which consequently result in NIR ab-
sorption or emission. Based on this consideration, Liu et al. designed the NIR PSs
of TTPy and MeTTPy, with a strong accepter of pyridinium moiety, and the strong
donor of thiophene fragment and triphenylamine segment/two methyl groups as
shown in Figure 17.8 [57]. Owing to the expanded π-conjugation of the molecule
by the π-bridge of carbon–carbon double bond and thiophene fragment, AIEgens
with NIR fluorescence and high ROS production were achieved, which showed
a remarkable tumor-targeting PDT effect. By designing the bipolar molecule with
donor-acceptor interaction, Tang and coauthors [126] synthesized a series of AIEgens
by combining the donor of diphenylamine group with four different acceptors, in-
cluding malononitrile, isophorone, methylpyridinium salt, and 3-cyano-4-phenyl-2
(5 H)-furanone, through an electron-rich carbazolyl ring. From their study, AIEgens
with NIR emission and multiphoton absorption with varied 1O2 generation were ob-
tained, resulting from the strong donor-acceptor interaction and reduced TICT. The
obtained AIEgens exhibited an excellent ability of cell imaging with lipid droplets tar-
geting and elimination of the cancer cell by ROS production. Reduced TICT was also
used in molecular engineering for constructing NIR PSs [127]. Based on the manipula-
tion of donor and acceptor interaction and the extension of π-conjugation, Tang and
coauthors constructed the three-component molecule with triphenylamine as the

Figure 17.7: Light interactions with human tissues. Reprinted with permission from the reference
of [33]. Copyright 2017 Elsevier.
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donor and N-methylation as the acceptor through the conjugation of π-conjugation
thiophene units. By tuning the extension of the π-conjugation of thiophene units,
fluorescence imaging, photoacoustic imaging, photothermal imaging, PDT, and pho-
tothermal therapy functions of the obtained AIEgens of NIR were achieved [128].

BODIPY is commonly employed to develop NIR PS for PDT treatment. Gener-
ally, BODIPY is a special molecule with features of high molar absorption coeffi-
cients, environmental stability, photostability, and high light-dark toxicity ratios,
which has been widely used in PDT treatment [129, 130]. However, BODIPYs exhibit
short emission wavelengths and small Stokes shifts, which are unstratified with ap-
plications in biomedical fields. Moreover, the effect of ACQ limited its improvement
of dosage in PDT as well. Hence, modifying BODIPYs with rotated additive endow
BODIPYs with the features of AIE, making it possible for extended applications in
PDT treatments. Yoon and his collaborators [131] put forward strategies to modify
the acceptor of BODIPYs by adding twisted molecules as the donor, connected by
the π-bridge of phenyl linker, through which large molar absorption coefficients in
visible light region and large Stokes shift were achieved, and the ACQ hurdle was
overcome through the twisted molecular structure. Additionally, ΔES-T of the modi-
fied BODIPYs was manipulated by introducing a heavy atom into the molecule as
illustrated in Figure 17.9. Taking advantage of the NIR emission and ROS generation,
the modified BODIPYs have been utilized in cell imaging and displayed excellent
tumor elimination. Wu et al. [132] constructed the AIEgens with donor-acceptor-donor
structure based on BODIPY, by conjugating triphenylamine groups to BODIPY as the
donor and the 1,8-naphthalenediimide (NI) as the acceptor for enhancing the ISC pro-
cesses. With these designs, the obtained BODIPY derivative of T-BDP displayed ab-
sorption in the NIR region and significant AIE characteristics. As T-BDP self-assembled
into nanoparticles, T-BDP NPs exhibited strong ROS generation and photothermal con-
version (50.9%) simultaneously, indicating their potential in PDT and PTT treatments.

17.5.2 Smart PSs with targeting and activatable abilities

Since the normal PSs exhibit broad-light toxicity as the PS is injected into the circu-
latory system in an “always on” model, a side effect is the indiscriminate elimina-
tion of the cancer and normal cells, which hinders its development in preclinical
and clinical investigations. An ideal PS equipped with tumor-targeting and cancer-
triggered PS is highly desirable. There are several approaches to improve the target-
ing of PSs, and most research works are based on the oriented targeting toward the
organelle in the cancer cell by modifying the PS with a specific additive or altering
the charge characteristics of the PSs [30, 133–137]. For example, Liu and coauthors
[138] encapsulated the red emissive AIE PS of TTD into the amphiphilic polymer ma-
trix of DSPE-PEG2000-cRGD to form the AIE dots, and modified AIE dots with the
specific targeted protein of cRGD through the fast click reaction of the maleimide
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group and the sulfhydryl group, enjoining the specific interaction between integrin
ανβ3 and cRGD on the T-TTD dots. Targeting the PS to cholangiocarcinoma was
achieved as shown in Figure 17.10.

PSs, with activable sites, that would trigger localized or activated at the target site
could be one of the most promising strategies for tumor targeting [139]. Cathepsin B is
a lysosomal protease overexpressed in various cancer cells, which can be used as a
specific target by targeting the peptide of -Gly-Phe-Leu-Gly- (GFLG). Based on this, Liu
and coauthors [140] developed a smart AIEgen with an activatable PDT, which could
be cleaved by Cathepsin B, for eliminating cancer cells (Figure 17.11a). The special acti-
vatable PS is a four-component AIEgen that includes: a) an orange fluorescence emit-
ting AIEgen of TPECM as the photosensitizer, b) the GFLG peptide as the trigger point
that responds to Cathepsin B, c) a hydrophilic unit to increase the hydrophilicity, and
d) the cRGD-targeting moiety. Through this strategy, the four-component activatable

Figure 17.9: (a) Molecular engineering based on BOPIDY for designing NIR PS with AIE
characteristic. (b) Frontier molecular orbitals from DFT calculations of BDP dyes in the ground state.
Reprinted with permission from the reference of [131]. Copyright 2020 Wiley VCH.
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PS displays low ROS generation in aqueous solution because the excitonic energy
of the PS is dissipated via the free intramolecular motions. However, it can be trig-
gered as the peptide cleaved by Cathepsin B, and the appendant to the peptide
dissociated from the PS leads to express the ROS in the cancer cell. As the special
molecule was introduced into the cells of MDA-MB-231, MCF-7, and 293 T cells, re-
markable difference in molecular toxicity were detected, which demonstrated the
potential of the strategy for developing smart PSs.

Adding quenchers or energy acceptors to the adjacent photosensitizers covalently
is another method for designing activatable PSs. Mitomycin C (MMC) is an effective
DNA cross-linking anticancer drug, which can also be used as the photo-induced elec-
tron transfer (PET) fluorescence quencher [141]. Conjoining MMC to the normal PSs
with the tumor-responsive linker can be an effective approach to synthesize the activat-
able PS. Therefore, Liu and coauthors [142] (Figure 17.11b) synthesized the activatable
PS of TPEPY-S-MMC by connecting the MMC with Ps via a disulfide bond, which could
be cleaved by glutathione (GSH). In the propagation of cancer, GSH is one of the most
abundant biothiols in living cells, which is overexpressed in tumor tissues than in the
normal tissues, and the excess GSH generally leads to ineffective ROS for killing can-
cers and thus discounts the PDT performance [143]. Due to the presence of the
quencher, TPEPY-S-MMC showed no ROS production and no fluoresce emission.
However, TPEPY-S-MMC displayed a high level of ROS generation and bright emis-
sion in the cancer cells due to the suppression of PET from the AIEgens to MMC by
breaking the disulfide linker. Taking advantage of the effective ROS production
and the chemotherapeutics of MMC, a dual-prodrug combination for tumor treat-
ment was achieved. Similar strategies were employed in Kim’s studies [144]. In
their studies, a tetraphenylethylene derivate (TPEPY-S-Fc) with a GSH activatable
structure was used for image-guided PDT treatments. TPEPY-S-Fc comprises the
well-known quencher of ferrocene and vinyl pyridinium-substituted tetraphenyl-
ethylene (TPEPY), which was linked through a GSH cleavable disulfide bond.
Owing to the PET processes, ferrocene could quench the emission of TPEPY and
the ROS generation. As the synthesized TPEPY-S-Fc was incubated with the can-
cer cells of CT-6 cells, it exhibited biocompatibility even at high concentrations.

Figure 17.10: Generally employed strategies for constructing targeted AIE dots for smart PDT
treatments, and the obtained result exhibited excellent targeting proprieties. Reprinted with
permission from the reference of [138]. Copyright 2017 American Chemical Society.
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However, it showed aggressive toxicity toward CT-6 cells when they were irradi-
ated under light, which can be chosen as a potential candidate for efficient photo-
dynamic therapy in cancer treatment.

Although many strategies based on the energy transfer or electron transfer via
covalent conjoining of quencher and normal PSs have been developed, the compli-
cated molecule design, time-consuming synthesis, high cost, and unwanted toxicity
of the normal activatable PS limit their wide implementation in practical clinic ap-
plications. Considering this, Huang and coauthors [145] (Figure 17.12) developed a
novel approach to realize activatable PS via supramolecular host-guest interactions.
The PS of molecule G was composed with the TPE core, endowing G with the AIE
feature. Appending TPE with the pyridinium electron acceptor, HOMO and LUMO
could be well separated and the energy gap between them was reduced to 0.2 eV,
facilitating the ICT from the S1 state to T1 state and generating ROS. However, by
modifying the molecule G with the anionic water-soluble pillar [5] arene (WP5), su-
pramolecular construction of the host-guest interaction occurred, and fluorescence
and ROS generation were suppressed due to the PET processes between the mole-
cule G and WP5. Interestingly, WP5 exhibited pH sensitivity owing to the transfor-
mation from the hydrophilic carboxylate to the hydrophobic carboxy groups. By
controlling the pH of the environment, PET interaction of molecule G and WP5 was
tuned, which realized the activatable ROS generation and fluorescence. The biocom-
patibility of the host-guest complex WP5 G was demonstrated, regardless of dark-
ness or under light irradiation, and the specific activatable WP5 G PS was verified by
incubating with HeLa cells.

17.5.3 Hypoxic PDT treatments

Despite the clinical promise, PDT treatment suffers from a critical drawback, which
is associated with its oxygen-dependent nature. Based on the mechanism of ROS
generation above-mentioned, ROS is generated from PS via the different routes, in-
cluding Type I and Type II mechanisms, and the major PSs produce ROS based on
the Type II mechanism, which is dependent on the presence of oxygen. Unfortu-
nately, oxygen concentrations vary with locations in tumors tissues, which might
result from the aggressive proliferation of cancer cells and an insufficient blood
supply in tumors, leading to the discounting of PDT treatments in tumors [37].
Great efforts have gone in to overcome the problem, including catalysis of the sub-
strates in cell into oxygen and promoting the generation of ROS via Type I mecha-
nism. Huang and coauthors [146] prompted the metal-organic compositing strategy
to realize the oxygen generation via nanozyme in the hypoxic tumors for PDT treat-
ment. In their strategy, the nanozyme was prepared from the MnO2 nanoparticles,
with ferritin nanocages (FTn) inside. Later, the nanozymes were encapsulated into
the lipid bilayer with AIE-PS embedded to form the liposome (Lipo-OGzyme-AIE).

Chapter 17 AIEgen-based photosensitizers for photodynamic therapy 509

 EBSCOhost - printed on 2/14/2023 12:51 PM via . All use subject to https://www.ebsco.com/terms-of-use



Benefiting from the presence of a lipid bilayer, Lipo-OGzyme-AIE exhibited good
biocompatibility. As the nanocarriers of Lipo-OGzyme-AIE were injected into the
4T1 tumor-bearing mice, PDT treatments were conducted as the oxygen could be
generated form the hydrolysis of H2O2 by MnO2 nanoparticles, which realized the
hypoxic PDT in the real tumor tissues. In the normal PDT treatment, both limited
oxygen concentrations and the stress response from the cancer cell for the oxidative
stress decrease the PDT effect. B-cell lymphoma 2 (Bcl-2) is the most common PDT
resistance-related proteins of the cancer cells, which could further yield higher cel-
lular concentration of GSH, leading to a decrease in ROS concentrations. In line
with this, Liu and coauthors [147] developed the carrier-free hybrid nanosphere
composed of AIE PSs, ferric ions, and the Bcl-2 inhibitor to realize PDT treatments
in hypoxic tumors. Benefiting from this strategy, oxygen could be continuously gen-
erated from the cytoplasm via the ferric-ions-induced Fenton reaction. The ROS
level in the cell could be increased by inhibiting the production of Bcl-2 protein
and, eventually, the efficiency of PDT was boosted, as shown in Figure 17.13.

Compared to indirectly generating oxygen from the hypoxic environment of the
tumor tissues to promote the PDT efficiency, direct transfer of the energy or electron
from the excited PS to H2O to form the radical species via Type I routes is more conve-
nient. However, this process primarily relies on molecule designing. Anion-π+ exhibits
excellent subcellular targeting ability via charge interaction and electron-rich condition
from the anionic reductant, which could be employed as the criterion to develop Type I
PSs. For example, Qi et al. [36] developed a series of Type I PSs based on anion-π+ AIE-
gens and proposed the concept “the more ICT effect in electron-rich anion-π+ AIEgens,

Figure 17.12: Activatable AIE-PS based on the host-guest interaction with sensitivity to pH.
Reprinted with permission from the reference of [145]. Copyright 2020 Wiley VCH.
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Figure 17.13: Indirect hypoxic PDT treatments of the multicomponent AIE-PS based on the oxygen
generation. Reprinted with permission from the reference of [147]. Copyright 2020 American
Chemical Society.
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more effective is the generation of free radical ROS.” Benefitting from the suppression
of nonradiative internal conversion and activation of the ISC channels, the harvested
AIEgens provides an electron-rich microenvironment for the electron transfer processes
from AIEgens to the surrounding oxygen. Moreover, by modifying the AIEgens with
electron-donating groups, the ICT processes are improved, resulting in the effective
production of Type I ROS for PDT treatment, as shown in Figure 17.14a. Through elec-
tron transferred from the AIEgens to the oxygen, oxygenous radicals were obtained
and exhibited a therapeutic effect on HeLa cells, providing the promise to overcome
tumor hypoxia defects in PDT treatments. Similar, with that of Qi’s work, Tang and co-
authors realized that it is possible to eliminate HeLa and T24 cells in the hypoxic
environment by designing the molecule with the electron-donating effect of anion-π+

AIEgens using the concept of “greater ICT in electron-rich anion-π+ AIEgens, greater
is the free radical ROS generation with bright imaging” (Figure 17.14b) [35, 148]. Addi-
tionally, Type I ROS generated from the AIE-PS directly by the oxidation reaction of
the substrates was also established as shown in Figure 17.14c [34].

17.6 Summary

As the noninvasive treatment modality, PDT has been widely used in tumor treat-
ments for decades, and some of them have been approved by FDA for clinic treat-
ment. Photosensitizer is the most important part in the PDT processes. However,
the hurdles for the traditional photosensitizer are obvious, including the ACQ effect
in the condensed solution, short wavelength of absorption, unsatisfied ROS genera-
tion, oxygen dependence, and so on. Contrary to the traditional photosensitizer, a
photosensitizer based on AIE overcame some of the difficulties and endowed the
photosensitizer with more flexibility for further modification. Guided by the practi-
cal application in clinic treatments, many AIEgen-based PSs are developed with

Figure 17.14: Molecular engineering of AIEgens based on the anion-π+ strategies. Modified with
permission from the reference of [34]. Published by The Royal Society of Chemistry.
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features of bright emission, effective ROS generation, large Stokes shift, far red/NIR
fluorescence, and so on. In this chapter, we reviewed the development of the
photosensitizer based on AIE with the scope of ROS generation mechanism, design
strategies of photosensitizer, detection of ROS, and advanced developments in PDT
treatments. Accordingly, an elaborate overview of the AIE-PS is presented, and pro-
vides much helpful information for guiding the molecular designing and applications
in future. Prospectively, there is still a big challenge for the PSs for employing in
clinic treatments. The main concerns are focused on the advanced PSs with excellent
biocompatibility, deep penetration, effective ROS generation, oxygen-independent
therapy, and so on. Additionally, developing smart PSs based on manipulating the an-
tagonism of endogenous active substrate and ROS in cancer cells becomes another fas-
cinating method for PDT treatment.
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Shunjie Liu, Ben Zhong Tang

Chapter 18
AIEgens for photothermal theranostics

18.1 Introduction

Photothermal therapy (PTT) is a novel therapy that converts light energy into heat to
cause thermal ablation and the subsequent death of cancer cells [1–7]. PTT can pre-
cisely control the area, time, and efficacy of treatment by changing the irradiation
site, duration, and power. The resultant photothermy can also be used as photoacous-
tic (PA) imaging (PAI) by detecting the generated ultrasound signal, surpassing the
optical diffusion limit, and permits disease diagnosis in deeper tissues with higher
spatial resolution. By PAI-guided cancer diagnosis, it is easy to adjust the treatment
strategy in a timely manner according to the clinical needs. Therefore, exploring suit-
able PTT agents that can efficiently convert light energy into photothermy is of vital
importance to promote further development in this field.

Compared to inorganic PTT agents, organic counterparts are promising candi-
dates due to their excellent biocompatibility, easily tunable band gap, and accessible
structural–property relationship [8–13]. To realize strong absorption in near-infrared
(NIR) region, these organic materials normally possess large π-conjugated system
with planar architecture. In the biologically favorable aggregated state (nanopar-
ticles, NPs), the molecules display predominant nonradiative decay to produce heat,
owing to the strong intermolecular π–π interactions. However, in most cases, the
photothermal conversion efficiency (PCE) of these materials based on the mechanism
of intermolecular π–π interactions remains low. Therefore, it is urgent to develop
new photothermal mechanism to enhance the PTT efficiency and PA quality.

In 2001, Tang and coworkers coined the concept of aggregation-induced emis-
sion (AIE) [14–23]. In the AIE process, the fluorophores are nonfluorescent in the so-
lution state owing to the active intramolecular motion, while they emit strongly when
in the aggregated state due to the mechanism of restriction of intramolecular motion.
From this concept, it is clear that the active intramolecular motion in the solution
state can transform the photonic energy into thermal energy through the nonradiative
relaxation of the excitons. Therefore, if we can achieve active intramolecular motion
in the aggregated state to boost the nonradiative decay, enhanced PCE may be
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achieved. In this chapter, we summarize the recent progresses in designing highly
efficient photothermal agents using AIE technologies. We hope that this chapter
may inspire new principles to design advanced photothermal theranostic agents.

18.2 Molecular design of AIEgens

To design ideal AIE luminogens (AIEgens) as PTT and PA agents is a principle for
molecules with low bandgaps and high PCE. According to Jablonski diagram,
organic molecules absorb light energy, then transit into higher energy state (S1),
followed by reverting to lower energy state (S0) through radiative (R) and nonradia-
tive decay (NR) (Figure 18.1a) [22]. R refers to the formation of fluorescence, which
has been applied as biosensing and bioimaging. NR is always accompanied by
heat generation, which can be used as PAI and photothermal imaging (PTI) and
PTT. However, R and NR are competitive in energy dissipation manner. To design
AIEgens with high PCE, it is better to suppress R and activate NR to transform
more S1 energy into heat. So how can we control this process.

Figure 18.1: (a) Jablonski diagram. (b) Working mechanism of AIEgens. Data adapted with
permission [22].
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The physical energy dissipation pathway of AIEgens depends greatly on intra-
molecular motions, which is affected by the structure of the molecules. As shown in
Figure 18.1b, AIEgens exhibited strong fluorescence through R in aggregation or ri-
gidification state, due to the restriction of the intramolecular motions. On the con-
trary, AIEgens are almost nonemissive at molecular level or flexible state, owing to
the dominated NR by activation of intramolecular motions. At this time, it is often
accompanied by heat generation. Thus, activation of molecular motion in aggrega-
tion state is the principal strategy to design AIE-active PTT agents with high PCE.

A strategy called intramolecular motion-induced photothermy was proposed by
Tang et al. to enhance PCE inside NPs [24]. As shown in Figure 18.2a-b, to provide
enough space for AIEgens, keeping motion in NPs, the author integrated long alkyl
chains into the structure of AIEgens. The steric hindrance of alkyl chains hampers
the AIEgen forming tight stacking, consequently the molecular vibrations and rota-
tions boosting the NR and enhancing the PCE. The temperature was higher in 2TPE-
2NDTA than that of 2TPE-NDTA, and the photothermal conversion is much weaker
in AIEgens that are absent in the long alkyl chains (Figure 18.2c,d). It is worth to
note that the NPs remained disordered amorphous form with loose packing mode
encapsulated by flexible amphiphilic polymers. The author contributes a novel plat-
form for designing advanced PTT/PAI nanoagents.

In another work, Tang et al. proposed “molecular motion in aggregate” strategy
to increase PCE, utilizing the advantages of dark twisted intramolecular charge
transfer (TICT) and reversed AIE into one system [25]. The sensitivity of TICT is ben-
eficial for producing NR processes; thus enhanced TICT character could increase
heat generation (Figure 18.3a). It is worth to note that active molecular rotations are
the prerequisites to form TICT state. To realize this project and lower intermolecular
interaction, the central D-A core was grafted with molecular rotors and bulky alkyl
chains (Figure 18.3b). The enhanced molecular motion favors the formation of a
dark TICT state, whose NR will enhance the photothermal properties (Figure 18.3c).
Result shows that small-molecule NIRb14 with long alkyl chains branched at
the second carbon exhibits enhanced photothermal properties compared with
NIRb6, with short branched chains, and much higher than NIR6, with short linear
chains (Figure 18.3d).

Except involving long-branched alkyl chains and/or bulky substituents to sup-
port molecular motion in aggregate, some other strategies were also proposed to
increase molecular motion in aggregate. Li et al. put forward photoinduced nonadi-
abatic decay by adopting molecular motor with a double bond motif to develop high
PCE agents [26]. As the double bond is twisted by strong TICT upon irradiation, the
excited agents can deactivate nonradiatively through the conical intersection (CI) of
internal conversion (Figure 18.4a, b). The prepared C6T1 NPs showed higher tempera-
ture than commercial PTT agent Indocyanine Green (ICG) (Figure 18.4c). Tang et al.
also reported a mechanism to increase PCE through a bond stretching vibration-
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induced photothermy method (Figure 18.4d, e) [27]. The molecular motion was
highly boosted by introducing a pyrazine-based unit into the molecule structure.
At the same time, the enhanced vibration is activated by the additional phenyl
ring, which promotes extra intramolecular rotation. As shown in Figure 18.4f, the
DCP-PTPA NPs perform better than DCP-TPA NPs in terms of photothermal con-
version (Figure 18.4f).

Figure 18.2: (a) Representative working mechanisms of intramolecular motion-induced photothermy
for PTT/PA imaging. (b) Molecular structures of NDTA, 2TPE-NDTA, and 2TPE-2NDTA. (c) IR thermal
images of various NPs in aqueous solution upon exposure to 808 nm (0.8 W cm−2) laser irradiation
for different times. (d) The temperature changes of solutions of various NPs as a function of time.
Data adapted with permission from [24].
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18.3 Bioapplications of AIEgens in PTT theranostics

AIEgens have been widely used as efficient imaging agents for accurately guiding
the PTT process due to their outstanding luminescent performance in aggregates.
At the same time, the produced heat caused thermoelastic expansion, generating
ultrasound waves, which can be used for PAI.

Lu et al. [28] discovered that the NIR-II (the second NIR emission window,
1,000–1,500 nm) fluorophore BPBBT with AIE + TICT property can bind to human
serum albumin in high affinity through hydrogen bonds and Van der Waals interac-
tions (Figure 18.5a–c). The specific binding prevents the intramolecular rotation and
changes the planarity of the fluorophore. The temperature change and PL intensity
can be tuned by the HAS/BPBBT ratio, which is applicable to intraoperative NIR-II
fluorescence image-guided cancer PTT (Figure 18.5d).

Emission in the NIR wavelength takes advantage of simultaneously suppressed
tissue absorption, scattering, and background interference. This results in signifi-
cant improvements in image sensitivity, spatiotemporal resolution, penetration,
and signal-to-noise ratio (SNR). Meanwhile, because acoustic scattering in biologi-
cal tissues is substantially lower than optical scattering, NIR PAI will have a deeper
penetration depth than fluorescence imaging. Liu et al. contributed TB1, an NIR-II
emissive AIE molecule shown in (Figure 18.6a,b), and the formulated TB1 dots ex-
hibited high absorptivity at 740 nm and fluorescence quantum yield of 6.2%. Thus,
it is suitable for NIR-I PA imaging and NIR-II fluorescence. By decorating the TB1
dots with cRGD peptide, the TB1 dots can target the brain tumor with high signal-
to-background ratio and penetration [29]. Compared with NIR-I PAI, NIR-II PAI
performed better due to reduced scattering and absorption of biological tissue in
this region. Thus, it is desirable to implement PAI by one NP and NIR-II fluorescence.
Liu et al. constructed poly(benzodithiophene(BDT)-alt-thiadiazolobenzotriazole (TBZ))
(PBT), and the PBT NPs exhibited PA spectrum from 750 to 1,064 nm and a significant
tail extended beyond 1,650 nm, with an emission peak at 1,156 nm (Figure 18.6c-d),
which can be applied for NIR-II FLI and PAI at the same time [30]. The NIR-II fluores-
cence wide-field microscopy imaging of the brain was performed after intravenous
injection of PBT NPs, and the tiny blood capillary with an apparent width of
7.1 µm was recorded. A small vessel with a diameter of even 2.2 µm was resolved
with an SNR of 24.8, indicating that NIR-II fluorescence imaging had good spatial res-
olution (Figure 18.6e). The author uses focused ultrasound paired with microbubbles
to breach the blood–brain barrier (BBB) in a safe and transitory manner, allowing
NPs to diffuse from the bloodstream into the tumor location of the brain. The NIR-II
PAI can detect deep microscopic brain cancers less than 2 mm at a depth of 2.4 mm
underneath the dense skull and scalp (Figure 18.6f).

Through accurate diagnosis of FLI and/or PAI, the cure rate of disease can be
greatly improved by using PTT. The integration of both imaging and PTT functional-
ities inside a single AIEgen-based nanosystem represents a straightforward and
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repeatable construction technique when compared to typical imaging-guided PTT
nanoplatforms, which need multiple theranostic components. A lot of works have
been reported that the tumor has been suppressed or eliminated after treatment
with PTT. Recently, Tang and Cai have produced NK@AIEdots, which are natural
killer cell mimic nanorobots with AIE features, by coating a natural kill cell mem-
brane over an NIR-II AIE-active conjugated polymer (PTPTV) (Figure 18.7a, b) [31].
To undertake immune surveillance in the brain for tumor targeting, natural killer
cells can penetrate the BBB by employing particular membrane proteins as tight
junction modulators. The findings revealed that the NK@AIEdots can concentrate

Figure 18.5: (a) Diagrammatic description of TICT and AIE states of BPBBT tailored by HAS. (b) The
molecular structure of BPBBT and the assembled nanoparticle. (c) The plot of BPBBT versus water
fraction in H2O/THF mixtures. (d) The plot of I/I0 (red curve) and temperature (blue curve) of BPBBT in
THF:water (5%, v/v) versus human serum albumin/BPBBT ratio. Data adapted with permission from [28].
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spontaneously in glioblastoma cells in the complex brain matrix, allowing for
high contrast and through-skull tumor imaging (Figure 18.7c). Under NIR light
illumination, these NK@AIEdots also significantly slowed tumor development
(Figure 18.7d).

Single-mode therapy is insufficient for treating intractable cancers in the clinic.
Phototherapy in combination with other therapeutic treatments is a superior option

Figure 18.6: (a) The chemical structure of TB1 and (b) UV-vis and photoluminescence (PL) spectra of
TB1 NP suspension in water. (c) The chemical structure of PBT and (d) UV-vis and
photoluminescence (PL) spectra of PBT NP suspension in water. (e) A selected microscopic image
of brain vasculature and the cross-sectional fluorescence intensity profile (black color) and the
Gaussian fit profile (red color) along the white-dashed line inside the white-dashed circle.
(f) B-scan PA imaging results of microscopic brain tumor before and after dual PBT NPs treatment
and focused ultrasound combined with intravenous microbubbles injection. Data adapted with
permission from [29].
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for tumor treatment. Because of the lowered electronic bandgaps and promoted
intersystem crossing process, AIE molecules are always equipped with a strong
electron donor–acceptor (D-A) unit, which can significantly contribute to batho-
chromic absorption/emission and ROS formation. Thus, AIEgens can be used for
imaging guided-synergetic therapy of tumor. For example, Tang’s group designed
TSSI (molecular structure shown in Figure 18.8b) with D-A strength and intramolecular

Figure 18.7: (a) Schematic illustration to show the preparation and assembly process of NK-cell-
mimic AIE NPs and the “smart” tight-junction (TJ)-modulated blood–brain barrier (BBB) penetration
of NK@AIEdots for brain tumor-targeted light up and inhibition. (b) Molecular structure of PBPTV.
(c) In vitro NIR-II fluorescence imaging results of excised mouse brain without scalp and skull
(bottom) under 808 nm illumination. (d) Quantitative analysis of in vivo bioluminescence signals at
different time points in the tumor site. Data adapted with permission from [31].
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motion in aggregate state [32]. Upon NIR irradiation, the AIE fluorophore-based NPs
emit strong NIR-II fluorescence, efficiently generate reactive oxygen species, and have
a high PCE, demonstrating the realization of a balance between radiative and nonra-
diative energy dissipations (Figure 18.8a, b). The resultant NPs afford all photothera-
nostic modalities, including NIR-II FLI, PAI, PTI, PTT and PDT. Finally, the tumor was
eliminated (Figure 18.8c–f).

Figure 18.8: (a) Illustration of the reconciled photophysical processes and application of TSSI NPs
on NIR-II FLI-PAI-PTI trimodal imaging-guided PDT–PTT synergistic cancer therapy. (b) The chemical
structure of TSSI. (c) NIR-II FL images (upper row) and PA images of tumor tissues (lower row) at
different monitoring times after administration of TSSI NPs. (d) Thermal images and heating
temperatures (at tumor sites) of tumor-bearing mice during continuous NIR irradiation at 12 h
postinjection of TSSI NPs. (e) Time-dependent tumor growth curves of tumor-bearing mice with
various treatments (n = 6, *p < 0.001). (f) Photos of the tumors harvested at day 15 after different
treatments. Data adapted with permission from [32].
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Sun’s group also developed an AIE-based NIR-II phototheranostic agent, ZSY-
TPE (Figure 18.9a), which not only inhibits tumor growth but also serves as a photo-
theranostic agent for bacterial infections [33]. After being intravenously injected
with the ZSY-TPE dots, the NIR-II fluorescence images of the S. aureus-infected mice
displayed significant signals corresponding to the infected areas (Figure 18.9b). The
diseased skin of the mice in the ZSY-TPE dots and laser-treated group (808 nm,
10 mW cm–2) gradually healed and returned to normal after 5 days of treatment, but
the wounds of the mice in the control groups remained severe and even became
purulent (Figure 18.9c,d).

Figure 18.9: (a) The chemical structure of ZSY-TPE. (b) NIR-II fluorescence imaging (808 nm,
10 mW cm–2, 1,000 LP and 50 ms) of S. aureus-infected mouse after tail vein injection of ZSY-TPE dots
(0.2 mM, 150 μL). The yellow dotted circles indicate an abdominal subcutaneous infection area.
(c) Photographs of S. aureus-infected wounds after different treatments; scale bar: 10 mm. (d) Changes
in relative wound area with time (on days 1, 3, and 5) (n= 3). Data adapted with permission [33].
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18.4 Current challenge and future perspectives

Despite AIE technology displays great potential in biological theranostics, several
issues should be addressed for the future development. First, the overall PCE value
can be further increased through other channels in addition to intramolecular
motions. Second, the absorption wavelength should be further redshifted to the
NIR-II region (>1,000 nm) to enhance the light penetration depth. Third, developing
NIR-II theranostics agents with functional groups to target specific site or response
to external stimuli are also important. Last but not least, exploring NIR-II theranos-
tics agents with renal metabolism is of crucial importance for clinical applications.

18.5 Conclusion

In summary, a new concept of “active excited state intramolecular motion in the
aggregates” based on AIE technology was proposed to enhance the photothermal
properties for PTT and PA imaging of tumors in mice. The key elements in molecu-
lar design lies in introduction of specific groups such as molecular rotors, vibrators,
molecular machines, and long-branched alkyl chains, to enable the intermolecular
spatial isolation of dyes in the aggregated state to provide necessary rooms to pro-
mote intramolecular motions. The increased intramolecular motion in the aggre-
gated state will then enhance the nonradiative decay to boost the photothermal
properties, which provides a strategy for exploring advanced PTT or PA imaging
agents with a working principle distinct from the current ones based on intermolec-
ular π–π interactions.
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Lirong Wang, Xinzhe Yang, Anjun Qin, Ben Zhong Tang

Chapter 19
AIE polymers for fluorescence imaging
and therapy

19.1 Introduction

Diagnosis and treatment are very important for humans in the fight against dis-
eases. The development of various imaging methods assures accurate diagnosis.
Among the imaging methods, fluorescence imaging (FLI) is the most researched
and most common method because of its high sensitivity, flexibility, simple opera-
tion, low cost, etc. Therefore, many luminescent materials have come to be used.
Compared to inorganic materials with long-term side effects of heavy metals, or-
ganic luminescent materials have been researched more for biological applications.
In most fluorescent materials, emission is strong in a diluted solution but weakened
or becomes nonemissive in concentrated solution. This is termed aggregation-
caused quenching (ACQ) effect. This phenomenon has limited further applications
in biological and biomedicine fields. In 2001, Tang and coworker proposed the con-
cept of aggregation-induced emission (AIE) based on their observation of the
unique phenomenon that the silole derivatives are nonemissive when molecularly
dissolved but become highly emissive upon aggregation [1]. AIE broke the bottle-
neck of ACQ and promoted the rapid development of luminescent materials, be-
cause AIE luminogens (AIEgens) enjoy the advantages of good biocompatibility,
large stokes shift, and outstanding photostability. The restriction of intramolecu-
lar motion (RIM), which includes restriction of intramolecular rotation (RIR) and
restriction of intramolecular vibration (RIV), has been rationalized as the cause of
the AIE [2]. In general, organic materials with AIE property are easily constructed
by introduction of AIE groups, such as tetraphenylethylene (TPE), a star molecule
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in AIE field. Accordingly, various low-mass AIEgens [3–5] and AIE-active polymers
[6–13] have been reported and have made great progress in biosensing, imaging,
and therapy.

Compared to low mass AIEgens, AIE polymers have their unique advantages,
such as various synthesis methods and structure, easy modification, multi-
functionalization, and adjustable fluorescence emission. Moreover, AIE conjugated
polymers also have high light-harvesting ability and enhanced ROS generation capa-
bility [12]. Based on these advantages, AIE polymers have been designed for FLI-
monitoring drug delivery, tumor microenvironment response, nonconventional
luminescence, photodynamic therapy (PDT), and photothermal therapy (PTT) in
antibacterial and antitumor applications. Since the first AIE polymer was reported
in 2003 [14], this area has developed rapidly, and several review papers have sum-
marized the progress in the synthesis of AIE polymers [7, 15]. In this chapter, we
focus on the progress of AIE polymers in FLI and therapy in the past 3 years. Finally,
the conclusion and perspectives have been presented. Through this chapter, we hope
that readers would grasp the advantages of AIE polymers in biological applications
and would be inspired to develop more AIE polymers, with better performance in bio-
logical and biomedical fields.

19.2 Fluorescence imaging (FLI)

FLI is a common and important imaging mode, especially in in vitro imaging and
surgical navigation. It enjoys many advantages such as high sensitivity, nonradia-
tion, real time, and low cost. Compared to nonemissive polymers and low mass AIE
probes, AIE polymers can be easily designed to control the fluorescent “off-on” pro-
cess under H2O2, pH, Glutathione (GSH) or cystine, hypoxia, or pH/redox dual-
responsive conditions for sensitive and specific in vitro imaging. In addition, AIE
polymers can be constructed to realize the NIR and NIR-II FLI for deep penetration
in tumor detection.

19.2.1 Cell imaging based on AIE biomacromolecules

Natural macromolecules (dextran, chitosan, silkworm silk, etc.) have many advantages
of abundance, low cost, biocompatibility, and easy modification. By modification with
AIE units, AIE macromolecules were obtained. Because of their amphiphilicity, they
can self-assemble into different sizes of micelles or nanoparticles, by adjusting the
molar ratio of hydrophobic AIE units and hydrophilic macromolecules, which would
restrict the intramolecular motion of AIE units to enhance the emission. Fang, Li, and
coworkers [16] have reported AIE dextran nanoparticles (Dex-OH-CHO) via a facile
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esterification, which was composed of hydrophobic 1, 8-naphthalimide derivative, and
the hydrophilic dextran (Figure 19.1A). The Dex-OH-CHO had light-blue fluorescence
with quantum yield (ФF) of 24.4%. In addition, these nanoparticles have good photo-
stability and cell uptake ability, which makes them useful in cell imaging applications.
Besides dextran, chitosan is another frequently used macromolecule. Wang and cow-
orkers [17] had modified the chitosan with TPE units and quaternary ammonium salt to
obtain the cationic and water-soluble TPE-QCS (Figure 19.1B), which were stable over a
wide range of pH values. More importantly, the positivity of TPE-QCS was beneficial
for uptake by cells and adhesion to negative organelle membranes for ultra-long-term
cellular tracing.

Silkworm silk is a natural fibrous protein with excellent physical properties and
biodegradability. There are many primary amine groups in the lysine residues of silk
proteins, which can be conjugated with AIE units to get AIEgen-silks. Bai, Tang and
coworkers [18] modified the red-emissive MTPABP into hydrolyzed silk through
amino-yne click reaction (Figure 19.1C). With good biocompatibility, these MTPABP-
hydrolyzed silks could light up the plasma membrane of A549 cells at 2 min, and
within 2 h, the silks gradually entered the cells with increased fluorescent emission,
thus exhibiting the cellular uptake process (Figure 19.1D and E). In addition, these
MTPABP-hydrolyzed silks could image the cells for up to 11 days, which proved their
ability of long-term cell tracking.

19.2.2 Synthetic AIE polymer

The availability and structure of natural macromolecules are limited. To extend the
amount and functions of materials, it is very important to synthesize novel poly-
mers with various properties for FLI and drug tracking.

19.2.2.1 Targeted imaging

Cell or organelle imaging is the most basic and important means for studying can-
cers. Based on the integrity, permeability, charged property, and target groups of
cell membrane, many low mass fluorescence probes have been developed, and
many of them have been commercialized. However, some defects such as cytotoxic-
ity, photobleaching, and poor specificity still exist. In contrast, AIE polymers pos-
sess the advantages of good biocompatibility, anti-photobleaching, high ФF, and
multifunctional modification, which are beneficial in cell imaging.

Living-cell-targeted imaging is an important and challenging work because of
the similar structure in the early apoptosis. Qin and coworkers [19] reported an am-
phiphilic AIE conjugated polymer P(TPE-2OEG), with the TPE units in the backbone
and OEGs in the side chains (Figure 19.2A). This polymer had a large stokes shift
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Figure 19.1: Natural macromolecules with AIE property for bioimaging. (A) Synthesis of Dex-OH-CHO
polymers for cell imaging. Reproduced with permission from Ref. [16]. Copyright (Informa UK
Limited.), 2019. (B) The illustration of TPE-QCS nanoparticles internalized by living HeLa cells for
long-term cell imaging. Reproduced with permission from Ref. [17]. Copyright (Elsevier), 2019.
(C) The structure of MTPABP-hydrolyzed silk and its Fluorescence spectrum. (D) The MTT of
MTPABP-hydrolyzed silk and hydrolyzed silk, which indicated their good biocompatibility.
(E) Fluorescent images of A549 cells stained by MTPABP-hydrolyzed silk with a concentration of
100 µM. Reproduced with permission from Ref. [18]. Copyright (John Wiley & Sons Inc.), 2020.
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and high ФF of 56.2% in the solid state. Compared to Calcein AM, a commercially
viable cell dye, P(TPE-2OEG) had excellent biocompatibility. It is well-known that
cell apoptosis can be induced by H2O2, and different concentration of H2O2 can in-
duce different degrees of apoptosis in cells. Annexin V-FITC and propidium iodide
(PI) have been widely used to discriminate apoptotic and dead cells. As shown in
Figure 19.2B, after being incubated with 0, 500, and 1,000 μM H2O2, apoptosis and
even death of HeLa cells were generally stained by Annexin V-FITC and PI, respec-
tively; however, P(TPE-2OEG) showed strong fluorescence in living cells, weak fluo-
rescence in apoptotic cells, and no fluorescence in dead cells. In contrast, Calcein
AM and low-mass M(TPE-2OEG) could not distinguish the viable cells from the apo-
ptotic and dead cells. In addition, P(TPE-2OEG) could also sensitively label the via-
ble cells from the microbes. This specificity was mainly attributed to the intensity of
electrostatic repulsion and the energy-dependent endocytosis process. As we know,
the phosphatidylserine (PS) would be eversion to the surface of the early apoptosis,
leading to more negative surface than in living cells. The zeta potential of aggregates
of P(TPE-2OEG) was also negative. Therefore, the enhanced electrostatic repulsion be-
tween apoptosis and P(TPE-2OEG) hindered the endocytosis. In addition, endocytosis
process was energy dependent. The dead cells did not have enough energy to inter-
nalize P(TPE-2OEG). While low mass M(TPE-2OEG) could be easily internalized by ap-
optotic and dead cells via diffusion-dependent uptake. Moreover, the OEG side chain
of P(TPE-2OEG) could reduce the nonspecific adsorption by cell membrane and fur-
ther improve the specificity. This interaction mechanism was also applicable to the
microbes because of their negatively charged surface.

Through adjusting the backbone from phenyl to benzothiadiazole units and side
chains from OEGs to ethylenediaminetetraacetic acid (EDTA), Zhang, Qin and co-
worker [20] reported another AIE polymer of PTB-EDTA for targeting the osteoblasts
and in situ monitoring of the osteogenic differentiation process (Figure 19.2C). This
PTB-EDTA had good water solubility and biocompatibility. More importantly, they
had high affinity towards Ca2+, which ensured the specificity of osteoblasts. After che-
lation of Ga2+, osteoblasts could uptake this polymer as the required element. In
order to explore the sensitivity for the process of osteogenic differentiation, Alizarin
Red S staining, the most common method, was used as the control. As shown in
Figure 19.2D, at the 7th day of differentiation, the fluorescence of this polymer was
detected. But for Alizarin Red S staining, the signal was only recorded at the
14th day, indicating PTB-EDTA had more sensitivity than Alizarin Red S staining
for detection of osteogenic differentiation. Therefore, PTB-EDTA holds great po-
tential as a new fluorescence probe for the rapid and real-time identification of
the degree of osteogenic differentiation.

Biocompatibility is an important characteristic in biomaterials. As mentioned
above, connecting hydrophilic and biocompatible groups on the side chain of a
polymer is a good strategy to guarantee biocompatibility. In addition, mesoporous
silica hollow nanospheres (MSHNs) are also biocompatible carriers that transport
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Figure 19.2: Targeting viable cell, osteoblasts, and liver cancer cell imaging. (A) Schematic
illustration of selective discrimination of viable cells from apoptosis cells, dead cells, and bacteria
and the molecular structure of P(TPE-2OEG). (B) CLSM of HeLa cells incubated with P(TPE-2OEG)
(a-c), Calcein AM (d), and M(TPE-2OEG) (e), respectively. a–c: HeLa cells treated with 0, 500, 1,000 μΜ
H2O2. d and e: HeLa cells treated with 500 μΜ H2O2. Reproduced with permission from Ref. [19].
Copyright (Elsevier), 2020. (C) The chemical structures of PTB-EDTA and cartoon illustration of its
cellular internalization and high sensitivity for real-time detection of osteogenic differentiation.
Reproduced with permission from Ref. [20]. Copyright (John Wiley & Sons Inc.), 2020. (D) Cell imaging
of MC3T3-E1 incubated with PTB-EDTA for 12 h at indicated differentiation time. (E) (a) The synthesis of
PTPA-loaded MSHNs, (b) modification of MSHNs with GTMS, and (c) conjugation of
anti-EpCAM aptamer on the GTMS-attached PTPA-MSHNs. (F) Flow cytometric analysis of uptake of
PTPA-MSHNs and Apt-MSHNs (100 μg/mL) in Huh7 cells, MCF-7 cells, and MDA-MB-231 cells after 24 h
incubation. Reproduced with permission from Ref. [21]. Copyright (American Chemical
Society), 2020.
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the functional molecules. Moreover, the surface of MSHNs can modify with various
functional molecules. Dineshkumar, Chowdhury, Laskar, and coworkers [21] reported
a conjugated polymer PTPA with AIE property. In order to realize the good biocom-
patibility, they fabricated the MSHNs to load the hydrophobic PTPA (PTPA-MSHNs).
Furthermore, an anti-epithelial cell adhesion molecule (anti-EpCAM) aptamer was
conjugated on the surface of MSHNs through γ-glycidoxypropyltrimethoxysilane
(GTMS) to obtain the Apt-PTPA-MSHNs for targeting cancer cells imaging (Figure 19.2E).
To explore the cancer targeting, Huh7 cells, MCF-7 cells, and MDA-MB-231 cells were
incubated with PTPA-MSHNs and Apt-PTPA-MSHNs, respectively. The results of flow
cytometric analysis indicated that Apt-PTPA-MSHNs had higher specificity than PTPA-
MSHNs for Huh-7 and MCF-7 cells, but not for MDA-MB-231 cells (Figure 19.2F). This
was mainly because Huh-7 and MCF-7 cells could highly express EpCAM, and MDA-MB
-231 cells expressed none/low levels of EpCAM. These results indicated that Apt-PTPA-
MSHNs could be expected to be promising candidates for targeted cancer cell imaging.

19.2.2.2 Organelle imaging

Lysosome is an important organelle that contains a variety of hydrolases and acces-
sory proteins. They can degrade or catabolize many biological molecules into their
basic components in acidic surroundings. Lysosome dysfunction can cause various
diseases including lysosomal storage diseases, cancer, neurodegenerative diseases,
and others [22]. Therefore, visualizing and monitoring lysosome activity is meaning-
ful in the detection of lysosome related diseases. Zhou, Zhao, and coworkers [23]
synthesized two AIE conjugated polyelectrolytes (CPEs) P1+ and P2+ by Suzuki poly-
coupling (Figure 19.3A). Because of the introduction of hydrophilic long chain
groups on the thiophene monomers, P2 had a higher molecular weight than P1,
which also made P2 have a lower enhancement of fluorescence intensity and ΦF

from monodisperse state to aggregate state than P1. To explore the lysosome target-
ing, triphenyl phosphonium (PPh3), pyridine (Pyr), and morpholine (Mor) were
modified onto the side chains of P1 and P2, respectively. The confocal laser scan-
ning microscope (CLSM) results showed that P1+-PPh3 and P1+-Pyr had more speci-
ficity to lysosome than P1+-Mor (Figure 19.3B). The lysosome co-localization rate
was high, up to 94%. This result also appeared in the CLSM result of P2+-PPh3, P2

+-
Pyr, and P2+-Mor. As we know, low mass organic molecules modified with PPh3 and
Pyr cations are typical mitochondrial-guiding agents. However, when the PPh3 or
Pyr groups were conjugated onto the P1 or P2, they could target the lysosome. This
result indicated that PPh3

+ or Pyr+ on the CPE chain, with strong electrostatic repul-
sive interactions, changed the lipophilicity of polymers and decreased the electro-
phoretic force, realizing the lysosome targeting ability. For Mor groups on the low
mass organic molecules, they are targeted to the lysosome. However, when they
were linked on the CPE chains, their lysosome targeting ability disappeared. This
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was mainly because the stiff polymer chains partially block the Mor groups from
effectively contacting the lysosome, leading to the loss of lysosome targeting
ability.

Apart from modification of some targeting groups, novel polymers with facile
preparation and targeting ability are very important. Recently, Haddleton and cow-
orkers [24] have reported an AIE-active polyacrylate of TPE-poly(tert-butyl acrylate)
(TPE-PtBA) through the Cu(0)-mediated reversible deactivation radical polymeriza-
tion (RDRP). With this method, high end-group fidelity, high conversion, and low
dispersity of TPE-PtBA were obtained (Figure 19.3C). TPE-PtBA could be trans-
formed into TPE-PAA by facile deprotection. In addition, they further synthesized a
range of TPE-contained block copolymers based on TPE-PtBA, with the same Cu(0)-
wire-mediated RDRP protocol. Through introduction of different hydrophobic and
hydrophilic groups, the luminescent properties and pH-responsibility could be
tuned. Taking the TPE-PMA60-b-PAA100 as an example, when the pH values in-
creased from 4.0 to 7.0, the fluorescence intensity gradually decreased, but in-
creased again, when the pH further increased to 11.0 (Figure 19.3D). This was
mainly because the increased pH resulted in increased carboxylate negative ions of
PAA chains, hindering the effective aggregation of TPE units. The size of aggregates
decreased and fluorescence intensity also decreased, correspondingly. However, a
further increase of the pH to 11 resulted in increased Rh and PL intensity. This
should be attributed to the fact that the contact between the TPE core and water
molecules was hindered due to the interactions between Na+ and PAA chains. Fur-
thermore, TPE-PMA60-b-PAA100 with good biocompatibility could specifically stain
the lysosome (Figure 19.3E). In addition, compared with Lyso Tracker Green, TPE-
PMA60-b-PAA100 exhibited excellent photobleaching resistance (Figure 19.3F). There-
fore, these new AIE polymers with low cytotoxicity, high specificity, and excellent
photostability hold great potential in lysosome-specific imaging.

The cell nucleus has a strong negative charge because it contains a large number
of nucleic acid molecules. Ma and coworkers [25] synthesized a series of cationic AIE
hyperbranched polymers by copolymerizing TPPA, DBO, and TIPA units for cell im-
aging (Figure 19.4A). Interestingly, these polymers could stain the cell nucleus,
which was confirmed by DAPI, a cell nucleus dye (Figure 19.4B). Taking [tris(4-(pyri-
din-4-yl)phenyl)-amine]-[1,8-dibromooctane] ([TPPA-DBO]) as an example, strong
fluorescence was observed when these polymers interacted with dsDNA and RNA
with a 30-fold and 15-fold enhancement, compared to the free compound, and the
corresponding ФF increased from 6.213 to 14.41 and 7.847, respectively. As a control,
[TPPA-DBO]/PAAS exhibited negligible fluorescence enhancement after interaction
with DNA and RNA, owing to the negatively charged surface of [TPPA-DBO]/PAAS. In
living cells, TPPA-DBO staining A549 cells showed strong yellow fluorescence. After
incubation with deoxyribonuclease (DNase), the fluorescence disappeared dramati-
cally but was not influenced by ribonuclease (RNase) digest (Figure 19.4C), indicating
the specificity and sensitivity of TPPA-DBO to DNA over RNA in living cells.
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Figure 19.3: Lysosome targeted imaging. (A) Molecular structures of the AIE polymers P1+ and P2+.
The red ball refers to PPh3, Pyr, and Mor groups respectively. (B) CLSM images of HeLa cells (a, e
and i, bright field) stained with P2+–PPh3, P2

+–Pyr or P2+–Mor (b, f, and j), respectively for 48 h
and Lyso Tracker Red (c, g and k) for 20 min, and their merged images (d, h and l). Reproduced
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19.2.3 Stimuli-responsive imaging

Inspired by the multi-modification, “off-on” converted fluorescence, and good
biocompatibility, various responsive bonds or groups (e.g., CO2, pH-, temperature,
redox-, hypoxia) have been conjugated onto the backbones or side chains of AIE
polymers. Through the structure transformation from the monodisperse state to ag-
gregate state, fluorescence would be turned on or enhanced.

19.2.3.1 CO2-responsive imaging

CO2 is one of the direct signals that helps discriminate cancer cells from normal cells.
Detection of CO2 in cells with high sensitivity is challenging. Wang and coworkers
[26] reported a “breathable” triblock AIE polymer PTPE-b-PAD-b-PEO through revers-
ible addition fragmentation chain transfer (RAFT) polymerization. The PTPE-b-PAD
-b-PEO polymers consisted of an amidine-containing CO2-responsive block and an
AIE-active block. They could self-assemble into vesicles in the physiological solution
with TPE moieties at the core and the hydrophilic part on the surface (Figure 19.5A).
When CO2 is bubbled into the solution, the hydrophobic PAD block could be proton-
ated by CO2 and changed into the hydrophilic block. Meanwhile, the increase in the
hydrophilic surface area induced the aggregation of the PTPE block, and fluorescent
emission enhanced (Figure 19.5B). Subsequently, when N2 was purged into the pro-
tonated polymer solution, the PL intensity decreased (Figure 19.5C), indicating this
copolymer system had good reversibility. As is well known, cancer cells have
more vigorous breathing than normal cells, resulting in higher concentration of
CO2 in cancer cells than that in normal cells. Thereupon, the results of in vitro FLI
(Figure 19.5D) also indicated that irrespective of whether they were cancer cells
(HeLa, 5–8 F, and CNE-1) or normal cells (16HBE and GES-1), the longer the time
of incubation, the stronger the fluorescence emitted. Also, the fluorescence inten-
sity of cancer cells was brighter than that of normal cells. Therefore, these triblock
AIE polymers could be used as a cell probe for cancer diagnosis.

Figure 19.3 (continued)
with permission from Ref. [23]. Copyright (The Royal Society of Chemistry), 2018. (C) AIE active
polyacrylates via Cu(I)-mediated reversible deactivation radical polymerization. (D) The
corresponding peak intensities (λmax ≈ 468 nm) of the PL spectra versus pH values for
TPE-PMA60-b-PAA100. (E) Colocalization imaging of 4T1 cells stained with TPE-PMA60-b-PAA100,
LysoTracker Green and their merged image. (F) Fluorescence signals of 4T1 cells incubated with
TPE-PMA60-b-PAA100 and LysoTracker Green with different scan times. Reproduced with permission
from Ref. [24]. Copyright (American Chemical Society), 2020.
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19.2.3.2 Temperature and pH-responsive imaging

In general, the synthesis of polymeric fluorescent thermometers is complex, and
their π–π conjugation structures have a few restrictions in biological applications.
Recently, a nonconjugated and AIE-active poly(N-vinylcaprolactam) (PNVCL) as an
unconventional fluorescent thermometer has been reported by Mukhopadhyay,
Bauri, De, and coworkers (Figure 19.6A) [27]. PNVCL was easily synthesized from
N-vinylcaprolactam by free radical polymerization. Thanks to the C = O groups with

Figure 19.5: CO2-responsive cell imaging. (A) Schematic illustration of the response process of
PTPE-b-PAD-b-PEO with CO2 and N2 .(B) The increased PL intensity of PTPE-b-PAD-b-PEO aqueous
solution with the increased volume of CO2. (C) The decreased PL intensity of CO2-treated PAD-b-
PEO aqueous solution with the increased volume of N2. (D) CLSM images of two normal cells
(16HBE and GES-1) and three cancer cells (HeLa, 5–8 F, and CNE-1) after incubation with the
PTPE-b-PAD-b-PEO solution at 0, 2, 4, and 8 h, respectively. Reproduced with permission from
Ref. [26]. Copyright (American Chemical Society), 2019.
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π-electrons/a lone pair of electrons and N atoms with a lone pair of electrons,
PNVCL had the behavior of clusterization-triggered emission (CTE). In addition,
PNVCL had the concentration-/excitation-dependent fluorescence phenomena,
which indicated that various stable excited states with different energy levels ex-
isted in the aggregate state. Moreover, PNVCL had good water solubility and tem-
perature-dependent phase transition behavior. At 38 °C, PNVCL emitted weakly.
But when the temperature was above 38 °C, an intense blue fluorescence was ob-
served, with 365 nm light irradiation. This could be explained as the hydrogen
bonding between the C = O of lactam units and O-H of water molecules rupturing
at a higher temperature, resulting in the coiled polymer chains collapsing into
globular aggregates. This not only restricted intramolecular motion to realize the
fluorescence enhancement, but also facilitated the cell uptake of PNVCL. MCF-7
cells were incubated with PNVCL at 25, 35, and 38 °C for 24 h (Figure 19.6B) and
then were imaged under three channels, respectively. The in vitro cell imaging ex-
hibited that blue, green, and red fluorescence with strong signal could be observed
only at 38 °C (Figure 19.6C and D). All these properties enable PNVCL to serve as a next
generation fluorescent thermometer that can detect minor temperature changes for
the early detection of diseases.

Apart from temperature response, Deng, Zhu, and coworkers [28] reported two
AIE-active reversible micelles for temperature and pH-responsive cell imaging. PNI-
PAM-b-P(DPA-co-TPE) and P(NIPAM-co-TPE)-b-PDPA were conveniently prepared
through reversible addition-fragmentation chain-transfer (RAFT) polymerization
(Figure 19.6E). Both of them had similar block length but different TPE position, and
could self-assemble into reversible micelles. For PNIPAM-b-P(DPA-co-TPE) at 25 °C,
with the increase of pH from 4.0 to 7.0, they aggregated to induce PL intensity en-
hancement (Figure 19.6F). For P(NIPAM-co-TPE)-b-PDPA at pH= 4.0, with the increase
in temperature from 25 to 45 °C, the PL intensity increased due to the aggregation (Fig-
ure 19.6G). Moreover, these responses to temperature and pH were reversible. Based on
these properties, the mixture of these two micelles stained MCF-7 cells and was evalu-
ated by CLSM. As shown in Figure 19.6H, at pH 4.0 and 25 °C, bare fluorescence was
observed, but strong fluorescence could be observed at pH 7.4 and 25 °C or at pH 4.0
and 40 °C, generated from the formation of aggregates of the two polymers. These
results demonstrated that PNIPAM-b-P(DPA-co-TPE) and P(NIPAM-co-TPE)-b-PDPA
could distinguish different pH and temperatures in vitro, simultaneously.

19.2.3.3 Biothiol-responsive imaging

Biological thiols (GSH or Cys) are of vital importance. Their abnormal levels are al-
ways related to some kinds of diseases. Chen, Wang, and coworkers [29] reported a
“turn on” AIE hyperbranched poly(amido amine) with disulfide bond, named TPE-
ssHPA (Figure 19.7A). This AIE polymer is different from the common “turn on” PL

Chapter 19 AIE polymers for fluorescence imaging and therapy 551

 EBSCOhost - printed on 2/14/2023 12:51 PM via . All use subject to https://www.ebsco.com/terms-of-use



Fi
gu

re
19
.6
:T

em
pe

ra
tu
re

an
d
pH

re
sp

on
si
ve

ce
ll
im

ag
in
g.

(A
)S

yn
th
es

is
of

PN
V
C
L
vi
a
FR

P
an

d
it
s
te
m
pe

ra
tu
re
-r
es

po
ns

iv
e
co

nf
or
m
at
io
na

l
tr
an

sf
or
m
at
io
n
to

re
al
iz
e
th
e
en

ha
nc

em
en

t
of

fl
uo

re
sc
en

ce
.(
B
)C

ar
to
on

re
pr
es

en
ta
ti
on

of
M
C
F-
7
ce
lls

in
cu

ba
te
d
w
it
h
PN

V
C
L
at

di
ff
er
en

t
te
m
pe

ra
tu
re
s.

(C
)C

LS
M

im
ag

es
of

M
C
F-
7
ce
lls

st
ai
ne

d
w
it
h
PN

V
C
L
at

25
,3

5,
an

d
38

°C
fo
r
24

h
w
it
h
bl
ue

,g
re
en

,a
nd

re
d
ch

an
ne

le
xc
it
at
io
n.

(D
)A

ra
ti
o
of

in
te
ns

it
y
of

bl
ue

,g
re
en

,a
nd

re
d
fl
uo

re
sc
en

ce
ve
rs
us

th
e
bl
ue

fl
uo

re
sc
en

ce
em

it
te
d
by

4,
6
-d
ia
m
id
in
o-
2-
ph

en
yl
in
do

le
(D
A
PI
)o

nl
y
at

25
,3

5,
an

d
38

°C
,r
es

pe
ct
iv
el
y.

Re
pr
od

uc
ed

w
it
h
pe

rm
is
si
on

fr
om

Re
f.
[2
7]
.C

op
yr
ig
ht

(T
he

Ro
ya

lS
oc

ie
ty

of
C
he

m
is
tr
y)
,2

0
19
.(
E)

Th
e
st
ru
ct
ur
e
of

A
IE
-a
ct
iv
e

re
ve
rs
ib
le

po
ly
m
er
s
PN

IP
A
M
-b
-P
(D
PA

-c
o-
TP

E)
an

d
P(
N
IP
A
M
-c
o-
TP

E)
-b
-P
D
PA

w
it
h
te
m
pe

ra
tu
re

or
pH

st
im

ul
us

re
sp

on
se

im
ag

in
g.

(F
)P

L
in
te
ns

it
y
of

PN
IP
A
M
-b
-P
(D
PA

-c
o-
TP

E)
at

di
ff
er
en

t
pH

fr
om

4.
0
to

7.
0
un

de
r
25

°C
.(
G
)P

L
in
te
ns

it
y
of

P(
N
IP
A
M
-c
o-
TP

E)
-b
-P
D
PA

at
di
ff
er
en

t
te
m
pe

ra
tu
re
s
un

de
r

pH
=
4.
0
.(
H
)C

LS
M

im
ag

es
of

M
C
F-
7
ce
lls

in
cu

ba
te
d
w
it
h
th
e
m
ix
tu
re

of
PN

IP
A
M
-b
-P
(D
PA

-c
o-
TP

E)
an

d
P(
N
IP
A
M
-c
o-
TP

E)
-b
-P
D
PA

at
di
ff
er
en

t
te
m
pe

ra
tu
re

an
d
pH

.R
ep

ro
du

ce
d
w
it
h
pe

rm
is
si
on

fr
om

Re
f.
[2
8
].
C
op

yr
ig
ht

(A
m
er
ic
an

C
he

m
ic
al

S
oc

ie
ty
),
20

18
.

552 Lirong Wang et al.

 EBSCOhost - printed on 2/14/2023 12:51 PM via . All use subject to https://www.ebsco.com/terms-of-use



probes, which are always pre-quenched with metal or organic solvent in water.
TPE-ssHPA is a disulfide-functionalized hyperbranched polymer with specific topo-
logical structures. TPE units were randomly grafted onto the skeleton of the hyper-
branched structure, which could prevent the aggregation of TPE units, leading to
negligible emission. When in the presence of GSH or Cys, the disulfide bonds were
interrupted, which led to the aggregation of TPE moieties and the enhancement of
PL intensity (Figure 19.7B). Based on this detection mechanism, TPE-ssHPAs were
used in biothiol-responsive imaging in yeast cells that can produce GSH. As shown
in Figure 19.7C, TPE-ssHPAs could turn on the yeast cells, but could not light up the
thiol-consuming NEM treated cells. Upon addition of the Cys, GSH, or HCY into the
weakly emissive yeast cells, the PL of cells could be effectively enhanced, again. All
of these results suggested that TPE-ssHPAs have potential as a “turn on” probe for
biothiol-related living cells imaging.

19.2.3.4 Hypoxia-triggered imaging

Due to the rapid proliferation of tumor cells, the tumor microenvironment is hyp-
oxic, low pH, and redox. As above mentioned, various AIE polymers have been de-
signed for pH and redox-responsive imaging. Actually, being hypoxic is one of the
main characteristics of tumor microenvironment, but AIE polymers based on hyp-
oxia-triggered imaging is rarely reported. Recently, Ye and coworkers [30] reported
an intelligent AIE polymer of PEG-b-P(DEAEAN-co-TPMA) by RAFT copolymeriza-
tion for hypoxia-responsive imaging (Figure 19.8A). This polymer has no fluores-
cence due to water-solubility, but strong orange-red emission could be observed
under hypoxia conditions. This could be attributed to the following processes. The
azo bonds can be cleaved by the hypoxia triggering. After that, the quaternary am-
monium turned into tertiary amine, with the release of 4-aminobenzyl alcohol. Sub-
sequently, the ester bonds were cut off by a self-catalytic hydrolysis process to
generate a carboxylate anion (Figure 19.8B). The negatively charged carboxylate
anion could interact with the positively charged AIE moiety TPMA by electrostatic
attraction to produce nanoparticles with strong fluorescent emission, due to the
RIM of TPMA. This fluorescence “off-on” process was also observed in the cell imag-
ing. As shown in Figure 19.8C, HeLa cells could be lighted up with the reduction of
oxygen concentration. In addition, the three-dimensional multicellular spheroids
(3D MCTS) model was applied to mimic the solid tumor microenvironment in vivo
for hypoxia imaging. With the increase in incubation time, the orange-red fluores-
cence continued to increase (Figure 19.8D), which indicated the hypoxia-mediated
in situ self-assembly process promoted the enhancement of fluorescence. This work
would inspire researchers to develop the NIR or NIR-II AIE polymers for tumor hyp-
oxia imaging.
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19.2.4 NIR and NIR-IIa imaging

The abovementioned AIE polymers emit white light, which are only for in vitro im-
aging. For in vivo imaging, the photon scattering and autofluorescence of tissues
must be considered. Near-infrared (NIR) can reduce photon scattering and auto-
fluorescence of tissues, resulting in deep penetration in vivo. Recently, Wu and
coworkers [31] reported such an AIE semiconducting polymer. Phenothiazine and
benzothiazole were chosen as the electron donor and acceptor to synthesize the AIE
polymer PBT by Suzuki polycoupling. When the thiophene group was inserted into
the main chain, the PTBT obtained was AIE-inactive (Figure 19.9A) because the en-
hanced planarity led to the intense ACQ effect. PBT had NIR fluorescence emission
and high ФF. Moreover, when they were fabricated into polymer dots (Pdots), the
ФF could be improved from 9% to 23%. Thanks to the excellent fluorescence proper-
ties and biocompatibility, PBT dots were further used in in vivo imaging. As shown
in Figure 19.9B, 12 h after injection of the PBT dots, the intense fluorescence signal
in the tumor and discernible margins of tumor could be clearly observed due to the
enhanced permeability and retention (EPR) effect. Meanwhile, ex vivo fluorescence
images after 48 h injection indicated that the PBT dots were mainly excreted through
hepatobiliary pathway and feces, because of the enhanced fluorescent signals on the
liver and intestine.

Compared to NIR fluorescence imaging, the second NIR window (NIR-II, 1,000
− 1,700 nm) for in vivo fluorescence imaging is more attractive, due to minimized
photon scattering and autofluorescence of tissues. The semiconducting polymers
with π-conjugated structure are easier to construct the NIR-II AIE polymers. Ding,
Tang, and coworkers [32] have provided such a strategy for the synthesis of the
NIR-II AIE polymers. In general, rigid planar π-conjugated structures have strong
absorbance and emission in the isolated species. But the emission is easily
quenched in the aggregate state. Twisted structures could provide high ΦF but
low absorption capacity. Therefore, combining the planarization and twisting
structure into one polymer, high absorbance capability and high ΦF could be si-
multaneously obtained. Based on this, pNIR-1, pNIR-2, pNIR-3, and pNIR-4 were
synthesized (Figure 19.9C). pNIR-1 with planar structure was an ACQ emitter.
pNIR-2 with the twisted structure was AIE-active, but its absorbance and emis-
sion were both blue-shifted. Due to the change of TPA units into TPE units, pNIR-
3 had more blue-shifted absorption and emission than pNIR-2 due to the weak
electron donating ability of TPE. pNIR-4, with one part of planar structure and
one part of twisted structure, had both the NIR-II emission and AIE properties.
Moreover, pNIR-4 NPs had an emission peak at 1,040 nm, with a tail stretching
to 1,400 nm, which was suitable for the NIR-IIa imaging (1,300–1,400 nm). pNIR-
3 NPs without fluorescence signal after 1,300 nm could be used as an NIR probe
for subsequent in vivo imaging (Figure 19.9D). The images of the mouse brain
and hind limb vasculatures exhibited that pNIR-4 NPs could provide the detailed
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Figure 19.9: NIR and NIR-II fluorescence imaging. (A) The structure of PBT with AIE property and
PTBT with ACQ effect. The ΦF could be improved from 9% to 23% when PBT formed PBT-Pdots.
(B) In vivo imaging after the opening of abdominal skin at 48 h after injection of PBT-Pdots (a). (b) Ex
vivo tissue imaging of heart (H), spleen (S), lung (Lu), kidney (K), intestine (In), liver (Li), tumor (T),
and lymph nodes (LN), and their mean fluorescence intensity. Reproduced with permission from
Ref. [31]. Copyright (American Chemical Society), 2020. (C) The structure of pNIR-1, pNIR-2, pNIR-3,
pNIR-4. (D) Absorption and emission spectra of pNIR-3, pNIR-4. (E) NIR-IIa fluorescent imaging of
cerebral cortex and hind limb quality after injection of pNIR-4 and pNIR-3 nanoparticles respectively,
and their corresponding cross-sectional intensity profile along the red-dashed lines. (F) The
fabrication of pNIR4-PAE NPs with pH-responsive and targeting property. (G) Bioluminescence and
NIR-Iia imaging of resected nodules of unguided and pNIR4-PAE NPs-guided groups. (H) NIR-IIa
fluorescence images of sentinel lymph node (SLN) of pNIR-4 NPs (a), the colocalized color image of
methylene blue (b), color (c) and NIR-IIa fluorescence (d) images of SLN extracted from the mouse
guided by NIR-IIa fluorescence imaging of pNIR4 NPs. Reproduced with permission from Ref. [32].
Copyright (American Chemical Society), 2020.
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small capillaries in the NIR-IIa region, while pNIR-3 NPs only imaged the blurry
main vessels (Figure 19.9E). In order to enhance the tumor cell uptake efficiency,
pNIR-4 was encapsulated by the mixed matrix of the pH-responsive PCL-b-PAE
and PCL-b-PEG (Figure 19.9F). As shown in Figure 19.9G, the resected nodules
under unguided surgery had large-diameter (> 1 mm). With the help of pNIR4-
PAE NPs, the sub-millimeter tumor nodules could be excised under NIR-II intra-
operative imaging. Furthermore, with the guidance of NIR-IIa imaging of pNIR-4
NPs, the sentinel lymph node (SLN) could be exactly detected and the smallest SLN
(~1 mm) could be precisely dissected (Figure 19.9H). Overall, the pNIR-4 SPNs have
great potential as an NIR-IIa probe for surgical navigation in the clinic.

19.3 Therapy

Thanks to their easy construction and modification, multifunctional AIE polymers
have been synthesized and widely used in imaging-guided photodynamic therapy
(PDT), photothermal therapy (PTT), chemotherapy, and so on.

19.3.1 PDT

PDT has attracted great attention among researchers in countering diseases due to
the good biocompatibility, low side effects, and alleviation of patients’ suffering.
Light, oxygen, and photosensitizers are the main factors that influence the treat-
ment effect [33, 34]. Considering the long-term biosafety, many organic materials
have been explored for PDT. Compared to low mass molecular photosensitizers
(PSs), AIE polymers, especially AIE-conjugated polymers, enjoy the advantages of
high light-harvesting ability, high ROS generation ability, and easy multifunction,
which ensure that AIE polymers are effective diagnostic and therapeutic PSs for an-
tibacterial and antitumor therapy.

19.3.1.1 Antibacterial therapy

Bacterial infection is one of the biggest causes for serious damage to human health.
The diseases caused by pathogenic bacteria can induce mild to severe symptoms
and even death. Thanks to the excellent spatiotemporal accuracy, noninvasiveness,
and anti-multidrug resistance properties, photodynamic antibacterial therapy has
attracted wide attention. And the corresponding PSs based on AIE polymers have
been designed and synthesized. At present, there are mainly three types of the con-
structive methods of AIE polymer PSs.
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The first type is the directly modified, low mass molecular AIE PSs on the side
chains of polymers. Liu, Wang, and coworkers [35] reported zwitterionic polyure-
thane nano-micelles (PU nano-micelles), which were composed of carboxybetaine
as a shell and AIE PS as core in aqueous solution. These PU nano-micelles possess
good biocompatibility and prolonged circulation time at neutral condition and
without light irradiation. However, under white light irradiation and acidic condi-
tions, these PU nano-micelles could image and kill all of S. aureus, MRSA, and
E. coli. This was mainly because zwitterionic PU nano-micelles were positively
charged under acidic condition, which enhanced the interaction between the PU
nano-micelles and bacteria through electrostatic interaction, resulting in effective
imaging and inhibition under white light irradiation.

As opposed to the first type of AIE polymer PSs, the second type was con-
structed through D-π-A conjugated polymers with AIE property. Compared to tradi-
tional low mass PSs, AIE conjugated polymers have high light-harvesting and
enhanced ROS generation abilities. Qin, Tang, and coworkers [36] reported a benzo-
thiadiazole and tetraphenylthene (TPE)-containing conjugated polymer (PTB-APFB)
with D-π-A structure (Figure 19.10A). PTB-APFB had high ROS generation ability,
which could be greatly enhanced when they formed the aggregates in aqueous so-
lution. Compared to CE 6 and low-mass MTBAPFB, the ROS generation efficiency of
PTB-APFB showed 11- and 13-fold improvement, respectively (Figure 19.10B). Fur-
thermore, PTB-APFB could not only bind with S. aureus, E. coli, and C. albicans
efficiently, especially with S. aureus (Figure 19.10C), but could also selectively dis-
tinguish the microorganisms from the mammalian cells (Figure 19.10D). This abil-
ity of targeting the bacteria was mainly owing to the structure of PTB-APFB. The
positively charged side chains of PTB-APFB made them readily bind with micro-
organisms through electrostatic interaction. And the well-balanced hydrophilicity
and hydrophobicity of this polymer hindered interaction with mammalian cells.
On the basis of above advantages, PTB-APFB could effectively inhibit the growth
of S. aureus under white light irradiation or sunlight (Figure 19.10E) and exhibit
quicker healing rate than the commercial Cefalotin in the inflammation model ex-
periments (Figure 19.10F).

The third category is bacterium-templated polymer. Bacteria can selectively
bind their own monomers and synthesize the corresponding polymers on their
surfaces. Liu and coworkers [37] chose three specific monomers for bacterial
templating – a permanent cation, AIE moiety, and a zwitterionic sulfobetaine,
which could ensure their interaction with bacterial cell surface efficiently, along with
AIE property and photosensitization (Figure 19.10G). Subsequently, bacterium-
templated polymers could be obtained from the bacterial surfaces through copper-
catalyzed atom transfer radical polymerization (ATRP). These polymers were not
emissive in aqueous solution. However, when they were incubated with their exclu-
sive bacteria, strong fluorescence signals could be detected even at a low concentra-
tion of 600 ng/mL. Furthermore, under white light irradiation, the generated ROS
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Figure 19.10: Antibacterial PDT of AIE polymers. (A) Chemical structure of PTB-APFB and its
selective antibacterial application. (B) Relative fluorescence intensity of 2ʹ,7ʹ-dichlorofluorescein
(DCFH) with addition of PTB-APFB, MTB-APFB and CE 6, upon exposure to white light (10 mW/cm2).
(C) Fluorescent and merged CLSM images of S. aureus, E. coli, and C. albicans, respectively.
(D) CLSM images of HeLa cells and mixed sample (HeLa cells + microorganisms) incubated with
PTB-APFB or MTB-APFB, respectively. (E) Photographs of NB agar plate. (F) Photographs of the
S. aureus-infected skin of mice treated with PBS, PTB-APFB + Light, and cefalotin, respectively.
Reproduced with permission from Ref. [36]. Copyright (John Wiley & Sons Inc.), 2020.
(G) Illustration of the templating process. (H) Schematic illustration of the bacteria-mediated
polymer synthesis process. E. coli and P. aeruginosa were selected as templates to direct the
synthesis of bacterium-templated polymers via ATRP. CLSM images of E. coli and P. aeruginosa
after incubation with their templated polymers and mismatched polymers at a concentration of
600 ng/mL, respectively. Scale bars: 10 µm. Reproduced with permission from Ref. [37]. Copyright
(WILEY-VCH Verlag GmbH & Co. KGaA), 2020.
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could kill the bacteria. If bacteria and templated polymers were unmatched, fluores-
cence signal and selective ablation could not be found. In practical application, these
bacterium-templated polymers not only realized the effective detection and ablation
of E. coli and P. aeruginosa (Figure 19.10H), but were also suitable for the multidrug-
resistant bacteria, BAK085 and SGH10. Therefore, this bacterium-templated method
would be an alternative platform in developing practical materials for the specific
therapeutic applications.

19.3.1.2 Antitumor therapy

Apart from chemotherapy, radiotherapy, and surgery, PDT would be an alternative
treatment for cancer therapy. For in vivo tumor ablation, the light penetration
depth, photosensitizing efficiency, and enrichment in the tumor site of PSs are the
main key scientific issues. AIE polymers could provide a shortcut to solve these
problems.

19.3.1.2.1 Polymerization-enhanced photosensitization
To improve the photosensitization efficiency of the organic photosensitizer, the
strategy of “polymerization-enhanced photosensitization” has been put forward by
Liu and coworkers [38, 39]. This strategy implies that conjugated polymers (CPs)
can generate much higher photosensitization efficiency than their low-mass PSs.
The proposed mechanism can be explained as follows. Generally, low mass molecu-
lar PSs have only one channel from the lowest singlet excited state (S1) to the lowest
triplet excited state (T1) for intersystem crossing (ISC), while CPs contain a higher
number of repeat units and relatively compact structure, which can decrease the
energy levels of upper excited state (e.g., Sn and Tn) to get closer to the S1 and T1,
offering more possible channels for ISC (Figure 19.11A). Moreover, the π-conjugated
backbone structures of CPs enhance the light-harvesting ability, which can also im-
prove the photosensitization efficiency. To verify the strategy, low mass molecular
PSs SM1-SM4 and their corresponding CP1-CP4 were synthesized. As shown in
Figure 19.11B, CP1-CP4 exhibited 5.06-, 5.07-, 1.73-, and 3.42-fold higher 1O2 genera-
tion efficiency than SM1-SM4, respectively. Notably, SM1-SM3 and CP1-CP3 are AIE-
active while SM4 and CP4 are not. These results have confirmed that the strategy of
“polymerization-enhanced photosensitization” is feasible and universal. Moreover,
CP1 showed a 3.71-fold higher 1O2 generation than that of commercial PS CE 6,
which made CP1 a potential PS for practical applications. After encapsulation by
DSPE-PEG, CP1 NPs had good biocompatibility and water solubility. Under white
light irradiation, CP1 NPs could more effectively kill the 4T1 cancer cells than SM1
NPs and CE 6 (Figure 19.11C). Thanks to the high ΦF, CP1 had also exhibited the

Chapter 19 AIE polymers for fluorescence imaging and therapy 561

 EBSCOhost - printed on 2/14/2023 12:51 PM via . All use subject to https://www.ebsco.com/terms-of-use



ability of imaging-guided PDT in vivo (Figure 19.11D). Overall, this work has refer-
ence value for a rational photosensitizer design.

Furthermore, Tang and coworkers [40] reported that increasing the amount of
electron acceptor (A) in the D-π-A CPs could further improve the photosensitiza-
tion efficiency, which was named as D-A even-odd effect. The triphenylamine (T) as
the electron-donor (D) and benzothiadiazole (B) as the electron-acceptor (A) were ap-
plied to synthesize four compounds, TBT (D-A-D), BTB (A-D-A), TBTBT (D-A-D-A-D),
BTBTB (A-D-A-D-A) (Figure 19.11E). BTB and BTBTB with the amount of A > D exhib-
ited an increased 1O2 quantum yield (ΦO) but a decreased ΦF than TBT and TBTBT
with the amount of D > A (Figure 19.11F). This was mainly because the A > D struc-
ture had a lower △EST than its D > A counterparts, which was proved by the time-
dependent density functional theory (TD-DFT) calculations. Therefore, a combination
of polymerization-facilitated photosensitization and D-A even-odd effect could largely
improve the 1O2 generation efficiency, which provides guidance for the design and
synthesis of new and efficient PSs for biological application.

19.3.1.2.2 Two-photon-excited PDT
Another constraint for the efficient photodynamic tumor therapy is the light pene-
tration depth. In solving this problem, two-photon-excited PDT (2PE-PDT) [41, 42]
has attracted great attention due to their deep penetration depth and high spatio-
temporal resolution for accurate cancer therapy. In general, 2 PA cross-section (σ2)
and 1O2 efficiency of PSs are the main influence factors for the effective 2PE-PDT
[41]. For two-photon low-mass PSs, it is difficult to simultaneously enhance σ2 and
1O2 efficiency. Then, Liu and coworkers [43] synthesized two AIE CPs PTPEDC1 and
PTPEDC2 (Figure 19.12A). Low-mass molecular AIE PS of TPEDC was used as con-
trol. As shown in the Figure 19.12B, 1O2 generation efficiency and σ2 were in the
order of PTPEDC2 > PTPEDC1 > TPEDC. Moreover, all of them had higher 1O2 gener-
ation efficiency than CE 6. The TD-DFT revealed that compared with TPEDC,
PTPEDC2 and PTPEDC1 had denser energy levels of both singlet and triplet states
due to their π-conjugated structures, which could increase the ISC channels and
facilitate more 1O2 generation. In addition, owing to the flatter conjugated structure
than PTPEDC1, PTPEDC2 had closer energy levels, which endowed this polymer with
higher 1O2 generation efficiency and σ2 than PTPEDC1. After modification of cell pen-
etrating peptide (TAT-SH), PTPEDC2 TAT dots exhibited the strongest cancer-cell-
killing effect, as compared to PTPEDC1 TAT dots and TPEDC TAT dots (Figure 19.12C).
Furthermore, PTPEDC2 TAT dots realized the tumor ablation in the zebrafish liver
cancer model (Figure 19.12D).
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Figure 19.11: The strategy for enhancing photosensitizing efficiency. (A) The different
photosensitization processes of small molecular photosensitizer and conjugated polymer
photosensitizer. (B) The chemical structures of small molecules SM1-SM4 and conjugated
polymers CP1-CP4. (C) Live (fluorescein diacetate, green) and dead (propidium iodide, red)
staining of 4T1 cancer cells treated by CP1 NPs, SM1, and CE 6, respectively. Scale bars: 50 mm.
(D) Time-dependent in vivo fluorescent images of 4T1 tumor-bearing mouse after injection with CP1
NPs (a). (b) Average fluorescence intensity of mice tumors based on (a). (c) Tumor volume
measurement of different groups of mice after PDT. Reproduced with permission from Ref. [38].
Copyright (John Wiley & Sons Inc.), 2018. (E) Chemical structures of TBT (D-A-D), BTB (A-D-A),
TBTBT (D-A-D-A-D), and BTBTB (A-D-A-D-A). (F) 1O2 quantum yield (Φo) and fluorescence quantum
yield (ΦF) of TBT, BTB, TBTBT, and BTBTB. Reproduced with permission from Ref. [40]. Copyright
(John Wiley & Sons Inc.), 2018.
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Figure 19.12: Two-photon-excited PDT. (A) Chemical structures of TPEDC, PTPEDC1, and PTPEDC2.
(B) (a) Normalized degradation percentages of ABDA aqueous media in the presence of PS dots
upon white light irradiation (50 mW/cm2). (b) Two-photon absorption cross-section spectra of
TPEDC, PTPEDC1, and PTPEDC2. (C) Two-photon cell PDT of PTPEDC2 dots. Excitation: 488 nm
(for fluorescein diacetate) and 559 nm (for propidium iodide). (D) Schematic illustration of in vivo
two-photon liver tumor PDT of zebrafish liver tumor model treated with PTPEDC2-TAT dots.
Reproduced with permission from Ref. [43]. Copyright (American Chemical Society), 2019.
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19.3.1.2.3 Targeting PDT
By matching the localization structure of organelles, AIE polymers with organelles
targeting could be designed. Zhou, Lou, Zhao, and coworkers [44] reported three new
red conjugated polyelectrolytes (CPEs) consisted of TPE and 2, 1, 3-benzothiadiazole
in the main chain and triphenylphosphonium in the side chain (Figure 19.13A). The
conjugated structure and triphenylphosphonium endowed these CPEs with high ФF

and mitochondrial targeting ability, which permitted them for long-term FLI in vivo,
up to 20 days (Figure 19.13B). In addition, these CPEs had good biocompatibility and
strong ROS generation ability under white light irradiation, which could effectively
inhibit the growth of subcutaneous tumors and prolong the survival time of liver can-
cer tumor-bearing mice. Therefore, the introduction of mitochondrial targeting
groups to the AIE polymers would be a facile strategy to construct the AIE polymer
PSs for long-term FLI-guided PDT, which could improve the utilization rate of ROS
and reduce the damage to normal tissues.

Based on the hypoxia environment of tumor tissue, Li and coworkers [45] de-
signed a hypoxia-mediated PEGylated AIE polymer PSs (PEG-azo-PS4). The AIE PS
part (AAPS) was conjugated to the PEG chain through azo bond, which could be
cleaved in hypoxia conditions. Under normal conditions, the hydrophilic and bio-
compatible PEG-azo-PS4 hardly emitted and generated 1O2 due to energy dissipa-
tion through intramolecular rotation and vibration, which ensured good biosafety.
When these AIE polymer PSs accumulated in the tumor, the azo bond could be
cleaved by hypoxia conditions, which could lead to the aggregation of the hydro-
phobic AAPS to emit fluorescence for the detection of hypoxia levels in living cells
(Figure 19.13C). Due to the acidic environment, the amino group of the end of AAPS
could be protonated, which facilitated them to target the mitochondria for specific
tumor imaging. In addition, the AAPS aggregates could generate ROS under white
light irradiation to realize the tumor ablation in vitro and in vivo. This hypoxia-
mediated tumor-targeting imaging and ablation could also realize the specific diag-
nosis and treatment of tumor.

19.3.2 NIR-II FLI-guided PTT

Apart from the PDT effect, AIE conjugated polymers can be designed with the PTT
effect. Recently, Gong, Zhang, Cai, Tang, and coworkers [46] synthesized a NIR-II
AIE-conjugated polymer, PBPTV, which was coated by a natural kill cell membrane
to obtain the NK@AIEdots (Figure 19.14A). Due to the AIE property, NK@AIEdots
had high NIR-II fluorescence intensity, with ΦF of 7.9% and a photothermal conver-
sion rate as high as 45.3%. Natural kill cell membrane could not only improve the
blood-brain barrier (BBB) permeability of NK@AIEdots, but also could enhance the
uptake of NK@AIEdots by glioma cells. The reason could be that natural kill cell
membrane could be a tight-junction (TJ) modulator to cause TJ disruption and actin
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cytoskeleton reorganization to form an intercellular “green channel,” which helps
NK@AIEdots cross BBB silently. As shown in the Figure 19.14B, at 6 h after intrave-
nous injection of NK@AIEdots, the bright through-skull NIR-II fluorescence signal in
the brain matrix was observed and approached a maximum at 24 h post-injection.
However, there was no fluorescence signal found in the control AIE dots group.
Under the guidance of NIR-II imaging, tumor ablation was carried out with 808 nm
laser irradiation at 24 h post-injection. Compared to other control groups, NK@AIE-
dots, under 808 nm laser irradiation, exhibited obvious tumor inhibition (Figure 19.14C
and 19.14D). Therefore, NK-cell-mimetic nanorobots showed highly efficient BBB-
penetration ability, which provided the potential platform to target drug delivery for
brain-related disease therapy.

19.3.3 AIE-drug polymers

Apart from PDT and PTT, chemotherapy is one of the traditional treatments applied
to fight against disease, which was mainly restricted by the efficacy of the drug and
the dose in reaching the target. Precise drug delivery is a scientific issue that needs
to be solved. In general, amphiphilic AIE polymers easily form the micelles, which
help them load drugs through noncovalent or covalent interaction. Some tumor mi-
croenvironment (TME)-responsive bonds could be introduced in the backbone or
side chains of AIE polymers to release the drug at the tumor site, which could not
only ensure biocompatibility but also realize the visualization and targeting of
drugs. Therefore, exploring the interaction of AIE polymers and drugs is very mean-
ingful and imperative.

19.3.3.1 Single-stimulus-responsive drug delivery

Developing “visible” drug delivery systems to target drug release has attracted
great attention in the field of drug delivery polymers. AIE polymer can not only be
designed for various stimuli-responsive micelles but can also realize the visualiza-
tion. As we all know, TME is characterized by low pH and hypoxia and has a large
content of reductase and H2O2 compared with normal tissues. Based on these prop-
erties of TME, a lot of TME-responsive AIE polymers have designed to deliver drugs.

One strategy of TME-responsive AIE polymers in loading the drug is through
noncovalent interaction. Pan, Zhu, and coworkers [47] reported AIE polymer gels
(SeSey-PAA-TPEx) via free radical polymerization (Figure 19.15A). These gels con-
tained the diselenide-crosslinker, which could be fragmented in the presence of
H2O2 or dithiothreitol (DTT). The SeSey-PAA-TPEx gels could load the DOX with a
loading efficiency of 62.1%. Under conditions of H2O2 or redox agent, the blue fluo-
rescence gradually enhanced with the DOX release, realizing the visualization of
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Figure 19.14: NIR-II fluorescence imaging guided PDT. (A) (a) The structure of NIR-II AIE polymer
PBPTV and the preparation and assembly process of NK@AIEdots. (b) The “smart” tight-junction
(TJ)-modulated BBB penetration of NK@AIEdots for brain tumor targeted imaging and inhibition.
(C) Bioluminescence imaging monitored the brain tumors. And NIR-II fluorescence images of mouse
brain through intact scalp and skull, under 808 nm illumination with NK@AIEdots and AIEdots
administration at different time points, post-injection. (D) Representative in vivo bioluminescence
images of orthotopic glioma at different time points after photothermal therapy. (E) Quantitative
analysis of in vivo bioluminescence signals at different time points in the tumor site. Single
asterisks indicate p < 0.05, and double asterisks indicate p < 0.01. Reproduced with permission
from Ref. [46]. Copyright (American Chemical Society), 2021.
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drug release. Lu, He, and coworkers [48] also reported a H2O2-responsive AIE poly-
mer containing TPE unit and benzil moiety (TPG1). It has been well confirmed that
the benzil groups could react with H2O2 through Baeyer-Villiger reaction to generate
TPG2 with a benzoic acid residue, which was unstable in the presence of H2O2

(Figure 19.15B). This AIE polymer could self-assemble into micelles in aqueous solu-
tion, which could load DOX, with a loading capability of up to 59% by weight. The
benzil moiety could be cleaved by H2O2, leading to the decomposition of TPG1 mi-
celles and DOX release. Due to the disruption of the FRET process, the fluorescence
of TPE enhanced, which could monitor the DOX release process. In addition to the
H2O2 and redox-responsive AIE polymers, Zhang, Zhao, and coworkers [49] reported
an amphiphilic block copolymer (CH3O-PEG43-b-P(AA-g-TPE)) (Figure 19.15C), which
was modified with the TPE moieties through esterification. TPE segments as the func-
tional hydrophobic chain could induce self-assembly of this polymer into micelles
and further luminescence for DOX delivery and tracking. Meanwhile, the ester link-
age endowed the polymeric micelles with enzyme responsiveness. In the presence of
esterase, this polymer could collapse and release the DOX to realize the targeted
treatment.

H2S as an important signal molecule plays a key role in vasorelaxation, anti-
inflammation, and anti-cancer. Lu and coworkers [50] reported a self-fluorescent
polymeric H2S-donor system, PFHMA-g-PEG/SBTHA via RAFT polymerization and
post-modification (Figure 19.15D). The property of fluorescence came from the for-
mation of salicylaldazine AIE fluorogens, which made this polymer visible in solu-
tion and living cells. Thanks to the PEG side chains, this polymer was water-soluble
and biocompatible. In the presence of cysteine or glutathione, this polymer could
release H2S slowly, with a~55 min peak time at 1 mM cysteine or ~70 min peak time
at 1 mM glutathione, respectively. This result indicated that the release of H2S re-
quired high concentration of cysteine or glutathione, which exceeded the average
level of cysteine concentration (10 μM) in real human plasma.

19.3.3.2 Multiple stimuli-responsive drug delivery

Compared with single-stimulus response, multi-stimuli response has attracted more
and more attention in realizing multifunction, apart from drug delivery. Han, Gao,
and coworkers [51] reported such an AIE polymer, PEG-Pep-TPE. They chose the
FFKY peptide as the bridge. One end was linked with PEG by disulfide bond, ensur-
ing water-solubility and GSH response. The other end was conjugated with TPE by
the imine linkage (-HC = N-) for the AIE property and pH response. This amphiphilic
polymer could form the micelles that load the DOX (named as PEG-Pep-TPE/DOX
NPs) (Figure 19.16A). Under UV irradiation, due to the FRET effect, red fluorescence
of DOX could be detected. As is well known, cancer cells have higher concentration
of GSH and lower pH compared to normal cells. When PEG-Pep-TPE/DOX NPs was
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Figure 19.15: Responsive drug delivery of AIE polymers. (A) Redox-responsive AIE polymer gel
SeSey-PAA-TPEx with diselenide bonds. (B) H2O2-responsive AIE polymer TPG1 that could be
cleaved by H2O2 into TPG2 and TPEG. Reproduced with permission from Ref. [48]. Copyright
(The Royal Society of Chemistry), 2019. (C) The synthesis and self-assembly of block copolymer,
and enzyme-responsive drug release from polymeric micelles. Reproduced with permission from
Ref. [49]. Copyright (The Royal Society of Chemistry), 2020. (D) The structure of self-fluorescent
polymeric H2S-donor and the release of H2S under cysteine triggeration. Reproduced with
permission from Ref. [50]. Copyright (The Royal Society of Chemistry), 2018.
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incubated with A549 cells for more than 3 h, the blue fluorescence intensity of TPE
gradually became stronger, and more DOX molecules were observed in the nucleus
(Figure 19.16B), indicating that the FRET effect gradually disappeared. Meanwhile,
due to the crack of disulfide bond and imine bond, the FFKY peptide could self-
assemble into nanofiber, which could arrest the assembly of actin in the cytoplasm
and even damage the existing actin filaments in cells (Figure 19.16C). Therefore,
PEG-Pep-TPE/DOX NPs may provide a potential strategy for stimuli-responsive im-
aging-guided combination therapy.

In addition, Li, Wang, and coworkers [52] also reported GSH redox/pH dual-
responsive polymeric micelles mPEG-P(TPE-co-AEMA) through the RAFT polymeriza-
tion (Figure 19.16D). TPE units were incorporated into the polymer chain by disulfide
bonds for GSH redox response, which was mainly responsible for visualizing nano-
carriers. The 2-azepane ethyl methacrylate (AEMA) moieties were pH-sensitive. When
the pH was lower than 6.8, the hydrophobic AEMA could convert rapidly to hydro-
philic groups by protonation. This was beneficial for accumulation in the tumor and
uptake by cancer cells. After encapsulation of the DOX through the π–π stacking
and hydrophobic interaction between TPE and DOX, this polymer could achieve
the dual-color drug release and tracing (Figure 19.16E). The encapsulated DOX
could be released at targeted site, which alleviated the side effects of drugs and
improved survival rate.

To improve the deep penetration depth, they changed the TPE units into two-
photon fluorophore with AIE property [53]. In addition, pH-responsive charge-
converted units of dimethylmaleic anhydride (DA) were also conjugated into the
polymer through the introduction of PEI chains, to obtain PAEEBlink-DA micelles
(Figure 19.16F). These micelles could also encapsulate the DOX with a stealth prop-
erty in the blood circulation. When these micelles accumulated at the tumor acidic
environment through EPR effect, the DA units were triggered from negative to posi-
tive charge, which could enhance the internalization. Meanwhile, PAEMA chains
were converted from hydrophobicity to hydrophilicity to accelerate the DOX release
and expansion of micelle size. This tumor-responsive drug release could reduce the
side effects and realize the targeting therapy. Due to the two-photon property, at
12 h after injection of these micelles without DOX, the fluorescence of liver and kid-
ney at the depth of 150 μm could be observed under 800 nm two-photon excitation
by CLSM (Figure 19.16G). Therefore, this DOX-loaded PAEEBlink-DA system holds
great promise in cancer theranostic applications.

They further synthesized another AIE polymer of PMPC-b-P(DEMA-co-SS-GEM-
co-TPMA) through RAFT polymerization (Figure 19.17A) [54]. This polymer was co-
valently conjugated with the gemcitabine (GEM) drugs in the side chains through
GSH-redox disulfide bonds. PDEMA is a pH-responsive group, which could convert
the charge and solubility from hydrophobicity to hydrophilicity under lysosome
pH-triggering. Due to the amphiphilicity, this copolymer could self-assemble into
micelles with the size of 53.4 nm in the physiological conditions, which facilitated
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Figure 19.16: Multi-stimuli-responsive drug delivery. (A) Schematic illustration of pH/GSH-
responsive drug tracking and synergistic chemotherapy. (B) CLSM images of A549 cells incubated
with the PEG-Pep-TPE/DOX NPs and DOC for different time points at a dose of 10 µg/mL (DOX).
Scale bars: 20 μm in all images. (C) Confocal images of cell actin filaments stained with
Rhodamine Phalloidin. Scale bars: 20 μm. Reproduced with permission from Ref. [51]. Copyright
(The Royal Society of Chemistry), 2020. (D) The structure of P(TPE-co-AEMA)-PEG. (E) Illustration of
PEG-P(TPE-co-AEMA) micelles loading DOX for pH and redox-responsive drug release and
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passive targeting to tumor by EPR effect. Subsequently, the low pH and high GSH
concentration in the tumor microenvironment made these micelles more internalized
by cancer cells and release the GEM drug, resulting in the two-photon-excited FLI-
guided chemotherapy with high inhibition rate and reduced side effects. Overall, the
TME-responsive AIE polymers loading drugs could help the visualization of drug de-
livery and largely improve the therapeutic effect in vitro and in vivo, which is of great
significance in exploring the interaction between the drug and disease process.

19.3.4 Light-activated combination chemotherapy

Combining the abovementioned noncovalent and covalent interaction between AIE
polymer and drug, Yu, Zhou, and coworkers [55] designed and synthesized a poly-
prodrug polymer of PtAIECP (Figure 19.17B). Visible light-activated Pt(IV) prodrugs
and TPE were embedded into the backbone of PtAIECP by copolymerization. PEG
chains at both ends made this polymer water-soluble. Then, DOX could be encapsu-
lated in nanoparticles by the π–π interaction with TPE to form the PtAIECP@DOX
NPs. Due to the FRET effect between TPE and DOX and the ACQ effect of DOX, bare
fluorescence could be observed. After white light irradiation, the photoactivation of
the Pt(IV) prodrug induced the dissociation of PtAIECP@DOX NPs to release DOX.
This readily turned on the blue fluorescence of TPE and red fluorescence of DOX,
resulting in the dual-color monitoring drug delivery. Furthermore, with the visible
light-activated property and combined chemotherapy of Pt(Iv) and DOX, PtAIECP@-
DOX NPs realized better therapeutic effect than single-drug chemotherapy of
PtAIECP in vitro and in vivo.

19.3.5 Redox-responsive combination chemo-PDT

Combination of different therapeutic modalities is also an effective strategy in fighting
against cancer. However, the limitation of intracellular drug delivery system would re-
strict the effect of combined chemo-PDT. To overcome this obstacle, recently, Lou, Xia,
Tang, and coworkers [56] reported a self-guiding combination therapy based on chemo
drug PTX and PDT, with two AIE PSs (Figure 19.18). An amphiphilic block polymer,

Figure 19.16 (continued)
bioimaging. Reproduced with permission from Ref. [52]. Copyright (American Chemical Society),
2018. (F) Illustration of P(TPMA-co-AEMA)-PEI(DA)-Blink-PEG micelles loading DOX with pH-triggered
charge-conversion property for drug delivery and the two-photon bioimaging. (G) Two-photon-
excited CLSM images of the liver and kidney tissues with different penetration depth. Scale bars:
100 μm. Reproduced with permission from Ref. [53]. Copyright (Tsinghua University Press and
Springer Nature), 2019.
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PEG-b-PMPMC (PM), was used as the backbones. Redox-responsive PTX (PTX-ss-N3)
and AIE PSs (λem = 583 nm) were introduced into the polymer through Cu(I)-catalyzed
azide-alkyne click reaction, and the polymeric prodrug PEG-b-PMPMC-g-PTX-g-PyTPE
(PMPT) was eventually obtained. Owing to its amphiphilicity, this polyprodrug could
self-assemble into micelles, which was used in loading another AIE PS TM (λem =
684 nm) to obtain TM@PMPT micelles. These micelles have good biocompatibility
without light irradiation. When they passively targeted the tumor site, the first white
light (L1) irradiated for 6 min and the effective ROS could destroy the cell membrane,
which facilitated the cell uptake of TM@PMPT micelles. Thereafter, the abundant
GSH in tumor cell cytoplasm could crack the disulfide bonds to release the PTX,
which reduced the hydrophobicity of these polymers, leading to the dissolution of
these micelles and the release of TM. In this process, the dispersion of PyTPE pro-
moted free rotation, which declined the AIE effect, while for TM, the fluorescence
was barely affected. Based on the increase of the ratio of ITB/IPyTPE, the second white
light (L2) could be guided to irradiate the tumor cells for another 18 min. The cancer
cells could be effectively killed but no harm was caused to normal cells. Furthermore,
in vivo combined chemo-PDT results also indicated that TM@PMPT micelles (L1 + L2)
had better inhibition effect than other control groups. Overall, the redox-responsive
release of PTX and dual-stage light irradiation strategy of TM@PMPT exhibited en-
hanced chemo-PDT, which would inspire more valuable ideas to overcome the ob-
stacles in combination therapy.

19.3.6 Killing of intracellular bacteria (ICB)

The treatment of intracellular bacteria (ICB) is another problem for the antibacterial
agents that demanded drugs must be ingested by cells and should then target the
ICB to destroy them. To solve these problems, Li and coworkers [57] have reported a
mannose-containing AIE polymer of Man-g-P(EPE-r-TPE) to load the targeting anti-
biotics deferoxamine-ciprofloxacin conjugates with Fe3+ (DFeC) to obtain mPET@DFeC
NPs. The TPE units in the main chains made this polymer with AIE activity and hy-
drophobicity. The mannose moieties as the targeting groups were grafted into this
polymer through the PEG chains. These groups were on the surface when this poly-
mer self-assembled into micelles, which could encapsulate the DFeC (Figure 19.19A).
Due to the FRET effect, the blue fluorescence of TPE was quenched by the DFeC. It is
well known that intracellular lipase and ALP levels would increase when cells are in-
fected by the bacteria. Therefore, the ester and phosphoester bonds of mPET@DFeC
could be cleaved by these lipase and ALP to release DFeC and help in recovery of the
emission of TPE units. As shown in Figure 19.19B, the blue fluorescence of the bacte-
ria-infected macrophages imaged by CLSM gradually increased with the increase of
incubated time, while rare blue fluorescence of normal macrophages was observed,
which indicated mPET@DFeC could target the ICB by mannose-mediated endocytosis
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and further release the drugs. Due to the disappearance of FRET effect, the fluores-
cence of TPE recovered. Furthermore, mPET@DFeC showed an obvious fatality rate of
S. aureus-infected Raw 264.7 cells, compared to other control groups (Figure 19.19C),
which was owing to the effective intracellular uptake and enzyme-responsive drug de-
livery. Moreover, S. aureus-injected mice had about 100% survival rate after treatment
with mPET@DFeC, while only 66% of injected mice survived with the injection of
PET@DFeC, indicating mPET@DFeC could effectively eliminate the infection-caused tis-
sue toxicities (Figure 19.19D). Moreover, mPET@DFeC had good biocompatibility and
biosafety for other tissues, especially the liver and kidney. Therefore, this would be a
feasible strategy for using in enzyme-responsive and traceable release of antibiotics for
ICB therapy.

Figure 19.18: Self-guided combination of chemo-PDT. (A) The mechanism of PTX release from
polymeric prodrug PMPT. (B) The encapsulation of another AIE PS TM into self-assembled PMPT
micelles to obtain TM@PMPT by hydrophobic interaction. (C) Illustration of self-guided chemo-PDT
for promoting cellular uptake under the first light irradiation (L1) to combination therapy of PTX and
PDT with the second light irradiation (L2). Reproduced with permission from Ref. [56]. Copyright
(American Chemical Society), 2021.
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Figure 19.19: Targeting AIE polymer loading DFeC-antibiotics and unconventional polymer for
antibacterial therapy. (A) Molecular structure of Man-g-P(EPE-r-TPE) and DFeC and the assembly
into mPET and mPET@DFeC nanoparticles. mPET nanoparticles exhibit blue fluorescence due to the
AIE of TPE segments, and the FRET effect between mPET and DFeC causes the fluorescence
quenching of mPET@DFeC nanoparticles. (B) CLSM images of PI-stained dead ICBs (red), and blue
fluorescence of TPE was gradually increased with increased incubation time of mPET@DFeC, while
very weak blue fluorescence was found in normal macrophages even at 24 h. (C) Photographs of
LB agar plates for counting bacterial colonies extracted from macrophages after different treatment
for 24 h. (D) Survival rates of ICB-infected mice after treatment with PBS, free DFeC, mPET,
PET@DFeC and mPET@DFeC nanoparticles. Reproduced with permission from Ref. [57]. Copyright
(Elsevier), 2020. (E) Synthesis route of COS-AMP. (F) CLSM images of E. coli and S. aureus after
incubation with COS-AMP (300 µg/mL) for 12 h. (G) Colony forming units of E. coli, S. aureus, and
P. aeruginosa before and after treatment with COS and COS-AMP. Morphology of E. coli, S. aureus,
and P. aeruginosa before and after treatment with COS-AMP. Reproduced with permission from
Ref. [59]. Copyright (WILEY-VCH Verlag GmbH & Co. KGaA), 2020.
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19.3.7 Antimicrobial peptide

Antimicrobial peptide (AMP) polymers have made great progress and mainly focus
on the interaction of peptide and the cell membrane of bacteria [58]. However, the
bacterial cell wall that contains a layer of peptidoglycan directly influences the in-
teraction of antibacterial drugs and bacteria. Chitosan has garnered great attention
due to the advantages of ease of modification, good biocompatibility, and potential
anti-inflammation and antioxidation characteristics. Moreover, chitosan has the
property of unconventional luminescence that is derived from the clusterization-
triggered emission effect. Based on the above mentioned properties, Li, Wang, and
coworkers [59] chose the low molecular weight chitosan (COS) as the skeleton to
graft the copolymers of lysine and valine onto its amino group to obtain the COS-
AMP (Figure 19.19E). The combination of COS and AMP endowed this cationic pepti-
dopolysaccharide with multicolor emission and combating bacteria. As shown in
Figure 19.19F, after 12 h incubation with COS-AMP, the blue, green, and red fluores-
cence of E. coli and S. aureus were observed under 405, 488, and 561 nm laser exci-
tation, respectively, indicating the multicolor imaging of COS-AMP. Furthermore,
the plate coating method exhibited COS-AMP had a high antibacterial efficiency
over 99% on E. coli, S. aureus, and P. aeruginosa. And, the SEM results also showed
the cell walls and membranes were dramatically destroyed (Figure 19.19G). This
was mainly ascribed to two reasons: one is that the positively charged surface and
unique topological structure of COS-AMP made them adsorb onto the bacterial sur-
face and enhance the antibacterial activity; and the other is that the hydrophobic
valine of COS-AMP had similar structure as peptidoglycan, which helped COS-AMP
penetrate the bacterial cell walls and membranes, further leading to the destruction
of bacteria. More importantly, due to the amphiphilic structure of COS-AMP, it was
difficult to penetrate into mammalian cells, resulting in the good biocompatibility.
This unconventional luminance imaging-guided antibacterial therapy will have
good potential for practical clinical application.

19.3.8 Intracellular polymerization for killing of cancer cells

Cell is the chemical plant of human life. Tens of thousands of chemical or biological
reactions are efficiently going on, all the time. Therefore, cells are natural reactors
for metal-free and efficient chemical reaction to realize direct imaging and inhibi-
tion. Qin, Tang, and coworkers [60] reported a lab-in-cell strategy to synthesize the
AIE polymer using their spontaneous amino-yne click polymerization, which is
metal-free and efficient in aqueous solution. In this intracell polymerization, di-
amine-containing TPE (1) and carboxyl activated terminal alkynes (2) could sponta-
neously polymerize inside cells to obtain the AIE polymer, PAA with Mw of 7,300
(Figure 19.20A). Interestingly, the PAA synthesized inside cells could turn on the
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cells. In contrast, cells could not be lighted up if only incubated with 1 or 2 or pre-
prepared PAA (Figure 19.20B). Furthermore, the intracellularly formed PAA could
kill the cells. To study the mechanism of cell death, phalloidin and alpha-tubulin
antibody with Alexa Fluor-546 were used to stain the structure of actin and tubulin
in cells (Figure 19.20C). Compared to the pre-prepared PAA, the lab-in-cell gener-
ated PAA could destroy the actin and tubulin in cytoplasm, leading to the cell ne-
crosis. Therefore, the intracellular amino-yne click polymerization could be a new
strategy to realize drug-free therapy through reasonable drug delivery.

The abovementioned lab-in-cell reaction is an exogenous polymerization that
spontaneously occurs inside cells. As opposed to this, Lou, Xia, and coworkers [61]
reported another strategy to realize the intracellular polymerization under the medi-
ation of endogenous H2O2 and peroxidase. Two tyrosine (Tyr) groups-containing
TPE derivatives (TT) were selected as the reaction substrate (Figure 19.20D). TPE
was used as the emissive core in the middle, and tyrosine at both ends was ROS-
active. After modification of the tyrosine, TT was hydrophilic with weak fluores-
cence in aqueous solution. When H2O2 and MPO are there, they would crosslink
with each other by dityrosine linkages to form the AIE polymers, leading to AIE ac-
tivity. Since H2O2 and MPO are overexpressed in inflammatory cells, inflammatory
cells could be selectively lighted up and inhibited after incubation with TT, com-
pared to normal cells. To verify the cytotoxic effects, TT was incubated with HeLa
cells, RAW264.7 cells, and normal human lung fibroblast (HLF) cells. The MTT re-
sults confirmed that TT had higher cytotoxicity in HeLa and RAW264.7 cells than in
HLF cells. For further exploring its inhibitory effect, RAW264.7 and HLF cells were
co-cultured (Figure 19.20E). Propidium iodide (PI) with red fluorescence signal was
chosen for detecting dead cells. It was easily observed that RAW264.7 cells were si-
multaneously stained by TT (blue), MTG (green, mitochondria staining), and PI,
while no blue and red fluorescence were observed in HLF cells, excepting green
fluorescence stained by MTG. This result indicated that TT could effectively inhibit
RAW264.7 cells due to their H2O2- and MPO-overexpressing capability, but no harm
was caused to normal cells. Furthermore, TEM images of RAW264.7 cells revealed that
compared to PBS control groups, mitochondria had obvious damage after incubation
with 20 μM and 50 μM TT (Figure 19.20F). These results confirmed that H2O2-
responsive and MPO-mediated TT could selectively image and inhibit the inflam-
matory cells through mitochondria damage process. Overall, this H2O2-based and
peroxidase-specific catalyzed TT could be broadly applied in other inflammation
theranostics in the biomedical system.
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Figure 19.20: Exogenous and endogenous intracellular polymerization. (A) Illustration of the
intracellular spontaneous amino-yne click polymerization, and synthetic route to poly
(β-aminoacrylate) (PAA). (B) CLSM images of polymerization inside HeLa cells. CLSM images of
HeLa cells incubated with 1 for 20 min (a), followed by removal of 1 and incubation with 2 for
20 min (b), and continuing incubation after the removal of 2 in the medium for additional 140 min
(c). (C) Cell death mechanism. CLSM images of HeLa cells incubated with PAA (a and c) or
lab-in-cell synthesized PAA (b and d), followed by Alexa 546 phalloidin (a and b) and Alexa 546
tubulin antibody (c and d) labeling. Reproduced with permission from Ref. [60]. Copyright
(Springer Nature), 2019. (D) Weak fluorescence emissive TT crosslinked with each other by
dityrosine linkages and became aggregates in the present of H2O2 and MPO, activating AIE
process to realize the fluorescence “turn on.” (E) CLSM images of RAW264.7 cells, HLF cells,
and co-cultured RAW264.7 and HLF cells incubated with TT (24 h), MTG and PI (30 min),
respectively. (F) Bio-TEM images of RAW264.7 cells treated with PBS, 20 μM TT, and 50 μM TT
for 24 h. Scale bar: 20 μm. Reproduced with permission from Ref. [61]. Copyright (Wiley-VCH
GmbH& Co. KGaA), 2018.
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19.4 Conclusion and perspectives

This chapter reviewed the applications of AIE polymers in targeting cell or organelle
imaging, TME (CO2, H2O2, GSH, pH, hypoxia) responsive cell imaging, NIR, and
NIR-IIa tumor and lymph nodes imaging. In addition, the AIE polymers have shown
their advantages in PDT-, PTT-, TME-responsive drug delivery, and chemo-PDT. In-
tracellular polymerization for antibacterial and antitumor application was also in-
troduced. Based on the characteristics of tumor microenvironment, AIE polymers
could be designed by introducing the pH, H2O2, GSH, hypoxia-responsive bonds
(-C = N-, disulfide bond, diselenide bond, azo bond, etc.) for the responsive imaging.
Based on the “off-on” fluorescence, TME-responsive AIE polymers have been used in
drug tracking through noncovalent or covalent bonds with drugs. Furthermore, com-
bined chemotherapy and chemo-PDT could also be realized with these designed
strategies. Notably, for AIE-conjugated polymers, ROS generation could be enhanced
for efficient killing of the bacterial and tumor cells. Meanwhile, it would be a feasible
strategy to obtain high ΦF and NIR-IIa fluorescence emission through balancing
twisted and planar structure.

AIE polymers for biological applications are generally amphipathic and bio-
compatible, which make them useful in FLI and various treatment modes. However,
their degradability, especially for the conjugated polymers, needs to be further ex-
plored. For in vivo FLI and therapy, tissue penetration depth is a crucial factor. As
reviewed in this chapter, many blue or white light emissive AIE polymers have been
reported, but they are mainly used for in vitro imaging and therapy. NIR-II FLI has
reduced photon scattering and minimized tissue autofluorescence, but AIE poly-
mers with NIR-II fluorescence emission are rarely reported. How to reduce the diffi-
culty of synthesis is a problem that should be solved. In addition, multimodal
imaging of AIE polymers, such as NIR or NIR-II FLI with magnetic resonance imag-
ing, photoacoustic imaging, positron emission tomography, computed tomography,
and other imaging modes can provide more conclusive diagnostic information, but
are rarely reported. Reasonably combining AIE polymers with other imaging probes
or contrast agents into one composite material has great potential in realizing mul-
timodal imaging-guided combination therapy. Compared to typical AIE polymers,
unconventional luminescent polymers with good biocompatibility and antibacterial
ability have the potential to kill multidrug-resistant bacteria, but only few kinds of
related polymers have been reported, which limited their further biological applica-
tions. Overall, novel and multifunctional AIE polymers still need to be developed
for biomedical applications. We hope this chapter can provide more application
scenarios for the researchers, inspire them to design more fantastic AIE polymers,
and pave the way for clinical transformation.
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Shengnan Liu, Yu Pei, Dongxia Zhu

Chapter 20
AIE-based transition metal complexes
for biological applications

20.1 Introduction

Luminescent materials with aggregation-induced emission (AIE) characteristics are
becoming increasingly important for scientists due to their excellent performance
[1–6]. Various AIE-active molecules, including small organic molecules, polymers,
transition metal complexes and so on, have been reported and applied successfully
in many fields so far [4, 7]. Among them, transition metal complexes with AIE-
active have attracted more attention in various fields (such as biological applica-
tions, photoelectric fields, sensors, etc.) owing to their high luminous performance
[8–11]. These transition metal complexes with d6, d8, and d10 electron configuration
show strong spin-orbit coupling, leading to efficient intersystem crossing (ISC) from
the singlet-excited state to the triplet-excited state and exhibiting strong phospho-
rescent emission [8, 12, 13]. Meanwhile, these phosphorescence-emitting transition
metal complexes with large Stokes shifts, long excited-states lifetime, satisfactory
photostability, and tunable photophysical properties [14, 15], have extensively used
as photoluminescent probes for bioimaging [8, 16, 17]. In addition, for type II photo-
dynamic therapy (PDT), an efficient method of improving the efficiency of singlet
oxygen (1O2) generation is to accelerate the ISC by introducing heavy atoms into
photosensitizer (PS) [18–20]. Hence, transition metal complexes with AIE feature
have been considered as a promising PS for PDT [18, 21]. Moreover, the biological
applications of transition metal complexes with AIE properties in other areas, such
as antibacterial, have also been reported successively [22]. This chapter will focus
on the complexes with AIE properties that are constructed by different transition
metals such as Ir, Pt, Au, Ru, Cu, and Zn and discuss their applications in biological
fields such as bioimaging, PDT, etc.
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20.2 Ir (III) complexes

For most organic materials, the restricted intermolecular motions (RIM) are the
main mechanism of AIE [9, 23]. The RIM process can impede the radiationless
decay of the excitation energy and populate the radiative decay channels through
aggregation [9, 21, 24]. Several series of AIE-active cyclometalated Ir (III) com-
plexes with the RIM of the rotatable aromatic rings have been developed, in which
the nonradiative decay from the MLCT/LMCT/LLCT/IL-excited states are blocked
by π–π stacking between adjacent aromatic rings, resulting in photoluminescence
(PL) enhancement [9, 25–27]. In view of their ideal photophysical properties, Ir
(III) complexes have been a hot topic in luminescent biological probes and anti-
cancer agents [8, 16, 28].

The photophysical properties of AIE-active cyclometalated Ir (III) complexes
could be tuned through simple ligand modification [8]. Laskar et.al tuned the emis-
sion wavelength of mono cyclometalated Ir (III) complexes by the systematic chang-
ing of the chromophoric ligands (Figure 20.1a) [8]. A mixed LC/MLCT/LLCT nature
for the lowest excited states of the complexes with bright light in the solid-state
was revealed by photo-physical experiments and quantum chemical calculations
(Figure 20.1b, c). These Ir (III) complexes processed AIE activity (Figure 20.1d),
and a simple technique has been employed, wherein the complexes were encap-
sulated in PEG-PLA micellar nanoparticles as a low toxicity cell-imaging probes
in vitro (Figure 20.1e and f).

Besides, modified structure of Ir (III) complexes can change the luminescent
signal and direct the location to various subcellular regions [9, 28]. Introducing tri-
phenylamine (TPA) group, a propeller-like structure with electron-donating proper-
ties, into Ir (III) complexes with 1-phenyl-1H-ipidazo[4,5-f] [1, 10] phenanthroline
derivatives, Chao et al. designed the AIE active Ir (III) complexes with excellent
photostability (Figure 20.2a–c) [28]. In a short imaging time period (8 min) at a low
concentration (500 nM), with no phosphorescent intensity fluctuation in the mito-
chondrial physiological range, Ir1–r5 selectively and efficiently located the mito-
chondria and monitored mitophagy, which was induced by CCCP (Figure 20.2d–f).
The problems in mitophagy tracking, like short-time dynamics change, pH fluctua-
tion, membrane potential lost and violent morphology alteration, were tackled by
this competent mitophagy probe. In 2018, AIE-active Ir (III) complex-based nucleo-
lus-specific imaging and ribosomal RNA (rRNA)-selective probes were reported first
by Khatua et al. [9] The Ir (III) complexes were synthesized with a benzimidazole-
substituted 1,2,3-triazole-pyridine (BiPT) ligand (Figure 20.3a). According to the
density functional theory (DFT) calculations, it is obvious that the lowest energy
absorption band is mainly due to MLCT and/or LLCT (Figure 20.3b). The supramo-
lecular π–π interactions between the benzimidazole of the BiPT ligand and the
secondary structures of rRNA bring aggregation and thus enhance the PL intensity
(Figure 20.3).
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Due to the amelioration of ISC from the strong spin-orbit coupling, Ir (III) com-
plexes have excellent ability for 1O2 generation and are regarded as promising PSs
for PDT [18]. Zhu et al. have first reported a series of desirable red-emitting AIE Ir
(III) complexes, introducing Schiff bases as both chelate and bridging motifs, as
PSs for efficiency PDT (Figure 20.4a, b) [18]. The diimine spacer is flexible to permit
the ligands to bend and rotate freely and adopt the metal ions optimum coordina-
tion geometries. The Schiff base ligands constructed with TPA as a bridge can elec-
tronically couple one to three metal centers (Figure 20.4a). It has been discovered
that the 1O2 generation ability in PSs increases as the number of metal centers in-
crease, leading to enhanced efficiency of PDT (Figure 20.4c and d). Furthermore,
the nanoparticles (NPs) show more advantages than the corresponding pure Ir (III)
complexes: (i) brighter emission; (ii) higher phosphorescence quantum yields; (iii)

Figure 20.1: a) Tuning of emission color in solid state throughout the visible range with variation of
the cyclometalated and phosphine ligands. b) Solid state photoluminescence emission spectra for
complexes 2–12, showing the tuning of emission wavelengths. c) Molecular orbital energy diagram
(in eV) with respect to the HOMO energy of the frontier orbitals of 8. H and L stand for HOMO and
LUMO, respectively. d) Luminescent image of complex 4 radiated with UV light at 365 nm in water-
THF mixed solvents (0, 30, 60 and 90% water into THF solution) with the concentration of 1 × 10−4

mol L−1 (upon) and Luminescent image of complex 9 radiated with UV light at 365 nm in PEG-THF
mixed solvents (0, 30, 60 and 90% PEG into THF solution) with the concentration of 1 × 10−4 mol L−1.
e) Schematic representation of the synthesis of luminescent Ir complex-encapsulated PEG-PLA
nanoparticles. f) Photoluminescence spectra (left) and digital image (right) of Ir complex 6 in
tetrahydrofuran (THF), water and in aqueous. (a–f) Copyright 2014, The Royal Society of Chemistry [8].
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longer excited lifetime; (iv) higher 1O2 generation ability; (v) better biocompatibility;
and (vi) superior cellular uptake. The trinuclear PS3 NPs with long wavelength
emission, high phosphorescence quantum yields (35%), long excited-state lifetime
(4.61 as), high polar absorption coefficient, excellent 1O2 generation ability, and
negligible dark toxicity demonstrate an especially good effect for PDT (Figure 20.4).
Moreover, the PS3 NPs upon irradiation can efficiently inhibit tumor growth in mice
after tail vein injection (Figure 20.4g-j).

Near-infrared (NIR) emission with weaker autofluorescence interference, little
photodamage to cells and enhanced signal-to-noise ratio (SNR) of imaging is bene-
ficial to the application of bioimaging and PDT [21, 29, 30]. Zhu et al. used rigid
1,3,5-triphenyl benzene to elongate the effective π- conjugation to design mono-
and tri-nuclear NIR AIE cationic Ir (III) complexes (Figure 20.5a and b) [21]. Their

Figure 20.2: a) Chemical structures of the Ir1–Ir5 complexes. b) Images of the room temperature
luminescent emissions of Ir1 solid powder and Ir1 in DMSO-PBS mixtures with different water fractions
(fw). c) Quantitative photobleaching results indicate that Ir1–Ir5 exhibited robust emission intensity
under continuous light irradiation. d) Confocal phosphorescence images and their images overlaid with
bright-field images of living HeLa cells incubated with 500 nM of Ir1-Ir5 in DMEM with 10% FBS
(pH = 7.4) for 8 min at 37 °C followed by 100 nM of MTR. Lane 1, confocal phosphorescence images of
Ir1-Ir5; Lane 2, confocal phosphorescence images of MTR; Lane 3, Bright field; Lane 4, overlay of lane 1,
lane 2 and lane 3; Lane 4, the overlap coefficient of columns lane 1 and lane 2, and Pearson’s
colocalization coefficients are also presented. Excitation wavelength: 405 nm (for all Ir (III) complexes),
488 ns (for PTG); emission filter: 590 ± 30 ns (for all Ir (III) complexes) and 520 ± 20 ns (for MTG).
e) Phosphorescence images of CCCP (10 μM) treated living HeLa cells stained with Ir1 (0.5 μM). To
inhibit autophagic flux, the cells were preincubated with chloroquine (50 μM), prior to the addition of
CCCP. f) Confocal images of HeLa cells stained with Ir1 (500 nM, orange) and LTG (100 nM, green) in the
presence of CCCP (10 μM). (a) Time points (min) were selected from the onset and completion of the
mitophagy process. The regions (b) indicated in white boxes are enlarged from the area of this cell that
is shown. Following imaging is shown in (b) until the observed mitophagy process is completed in the
selected area. Scale bar: 20 μm (a) and 2 μm (b). (a-f) Copyright 2016, Springer Nature [28].
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corresponding NPs were obtained through π- conjugation and symmetric structure
self-assembled without any surfactants or adjuvants, avoiding structural modifica-
tions, sophisticated synthesis, potential biotoxicity, and high cost caused by the in-
troduction of amphiphilic polymers or nanocarriers (Figure 20.5a). It is significantly
important to obtain pure and efficient multinuclear Ir (III) complex NPs as PSs
based on a facile self-assembly method to realize good biocompatibility for cell im-
aging and PDT. The trinuclear PS3 NPs exhibited bright NIR emission at 730 ns,
stronger absorption, higher 1O2 generation ability and, better biocompatibility and
excellent phototoxicity, which is considered as an efficient PS for bioimaging and
PDT. (Figure 20.5c–f).

The prevailing chemistry-based strategies to approach mitochondria include
coupling lipophilic cation scaffolds or peptides [16, 31]. As reported, cyclometalated
Ir (III) complexes show a significant affinity for mitochondria, which may be similar
to the underlying mechanism of lipophilic cations [16, 32]. Chao and his colleagues

Figure 20.3: a) Chemical structures of 2[PF6]. b) (a) Optimized structure and (b) representations of
the frontier molecular orbitals (MOs) of complex. c) Digital photograph of 2[PF6] in CH3CN with
increasing amount of water (0% to 90%) under 365 nm UV illumination. DFT optimized geometry of
complex 2[PF6] showing π–π stacking between (d) two benzimidazole moieties and (e) the phenyl
pyridine and benzimidazole moieties. f) Co-staining of 2[PF6] (green) with the DNA-specific dye
DAPI (blue). g) Fluorescence images of fixed HeLa cells during DNase and RNase digest
experiments with 2[PF6] and the nucleus staining dye DAPI (shown as comparison experiments).
h) PL spectra of 2[PF6] (10 μM) upon addition of RNA, ctDNA, ssDNA, BSA and G-quadruplex DNA
(4-fold) in CH3CN/PBS buffer (v/v, 1: 1; pH 7.4). (Inset) Digital photograph of 2[PF6] (10 μM) before
and after addition of RNA (40 μM) under a UV lamp. i) PL titration of 2[PF6] with RNA (0 to 4-fold) in
CH3CN/PBS buffer (1: 1; v/v, pH 7.4). (Inset) Plot of emission intensity as a function of [RNA]. j) DLS
of 2[PF6] (10 μM) in 50% mixed aqueous buffer and in the presence of RNA (40 μM). k) Schematic of
the interaction of 2[PF6] with RNA and possible AIE enhancement. (a–k) Copyright 2018, The Royal
Society of Chemistry [9].
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have first reported three Ir (III) complexes (Ir1–Ir3) with conjugated TPA as mito-
chondria-targeted AIE-active agents for two-photon-absorbing PDT (Figure 20.6a-c)
[16]. The complexes were ingested by endocytosis, selectively accumulated in mito-
chondria and exert photocytotoxicity (Figure 20.6e–i). Among the complexes, Ir1
demonstrated the most significant two-photon-absorbing cross-sections, generated

Figure 20.4: a) Chemical structures of PS1, PS2, and PS3; The synthesis of NPs; and schematic
illustration of PS3 NPs as PSs for PDT. b) UV-vis absorption spectra and emission spectra of PS in
THF, and NPs in water, inset: emission images of the PS and NPs under 365 nm UV illuminations.
c) Comparison of the decay rates of different PSs under irradiation (450 nm, 20 mW cm−2),
A0 = absorption of ICG without irradiation. A = real-time absorption of ICG with different irradiation
time. d) Time-dependent 1O2 generation kinetics. A0 = absorption of ICG without irradiation.
A = real-time absorption of ICG with different irradiation time. e) CLSM images of HeLa cells
incubated with PS3 and PS3 NPs (20 μg mL−1) for 6 h; the scale bars are 20 μm and generation of
intracellular ROS mediated by PS3 and PS3 NPs upon irradiation (450 nm, 20 mW cm−2, 20 min) as
indicated by the fluorescence of DCF. g) Representative images of mice. The hair on the thigh was
removed immediately before irradiation. The images were taken on day 14 after irradiation and the
different hair length on the different mice is due to an inconsistent rate of hair growth.
h) Harvested tumors from various groups treated (a) with saline, (b) with saline and light, (c) with
PS3 NPs, and (d) with PS3 NPs and light (100 mg mL−1, 100 mL), light irradiation (450 nm, 200 mW
cm−2, 20 min). i) Tumor volume measurement for different groups of mice (****, P < 0.0001,
n = 5 per group, PDT vs other groups). j) Body weights of mice for different groups of mice.
Copyright 2019, Wiley‐VCH Verlag GpbH & Co. KGaA, Weinheim [18].
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the most ROS, and had higher lethality at low concentrations, and is believed to be
a promising candidate for two-photon-absorbing PDT (Figure 20.6).

Besides, dimetal complex can be obtained based on Ir with other metals for re-
search in the field of biology. As Tian et al. reported, the NIR-II cyclometalated Ir (III) −
organotin(IV) dimetal complex (IrSn1) based on terpyridine carboxylate ligands can ex-
hibit two-/three-photon phosphorescence and multiphoton AIE activity (Figure 20.7a,
b) [22]. IrSn1 specifically targeted tyrosine in both Staphylococcus aureus and cancer
cells, reacting with tyrosine or tyrosine-containing proteins in nucleus, resulting in
DNA breaking and hence leading to cell or bacterial apoptosis (Figure 20.7).

Figure 20.5: a) Structures of PS1/PS3 and schematic of PS3 NPs as a PS for PDT. b) Normalized
absorption spectra and PL spectra of (left) PS1 and (right) PS3 in DMSO, DMSO/water = 1/9, and their
corresponding NPs in water. The insets are photographs of PS1/ PS3/NPs under 365 nm UV irradiation.
(PS) = 10−5 M. c) Absorption spectra of ICG solutions containing (A) PS1 NPs and (B) PS3 NPs at
different times upon irradiation of a 450 nm LED (0.6 J cm−2). The time interval of UV recording = 30 s.
(C) Decomposition of ICG at 790 nm in the presence of various PSs with irradiation. (D) Time-dependent
1O2 generation kinetics. A0 = the absorbance maximum before irradiation. A = the absorbance
maximum after irradiation. (PS) = 5 × 10−6 M, (ICG) = 6.5 × 10−6 M. d) Fluorescence images of calcein-
AM and PI co-stained HeLa cells in the presence of PS3 and PS3 NPs (8 μM). In panels A–C, all of the
light groups were irradiated with 450 nm LED at 20 mW cm−2 for 35 min (42 J cm−2). The scale bars are
40 μm. e) CLSM phosphorescence images of various PS-treated HeLa cells for 0.5 h, 2 h and 6 h,
respectively. (PS) = 8 μM. f) Fluorescence images of ROS production in HeLa cells stained with PS3
and PS3 NPs under the light of a 450 nm LED at 20 mW cm−2 for 15 min (18 J cm−2) using DCFH-DA as
an indicator. The scale bars are 20 μm (a–f) Copyright 2020, The Royal Society of Chemistry [21].
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20.3 Pt (II) complexes

AIE-active Pt (II) complexes with stable geometry, long excitation lifetime, low photo-
bleaching and low light scattering have attracted excellent attention in bioimaging, in
recent years [17, 33]. A cyclometalated Pt (II) complex with two-photon action cross-
section was designed for bioimaging, as reported by Li et al. (Figure 20.8a–c) [17].
Benefiting from its flexible chains and abundant electronic structure, it displayed ex-
cellent AIE behavior under physiological conditions due to its self-assembly process
with the proportion of water increased. Its abundant electronic structure, increased
two-photon absorption cross-section and passive intermolecular hydrogen bonds
enhanced two-photon activity, which is beneficial in bioimaging (Figure 20.8a–c).
Another AIE-active cyclometalated Pt (II) complex [Pt(C^N) (P^P)]Cl [P^P = bis(di-
phenylphosphino)ethane (2)] was synthesized and used for cytotoxicity and cell
imaging study from Laskar and his colleagues (Figure 20.8d–g) [33]. It can be seen
that Pt (II) complex has broad application prospects in biology.

Figure 20.6: a) Chemical structures of Ir1–Ir3. b) Schematic illustration of lit up TPA-PDT in
mitochondria of by Ir1–Ir3. c) Trajectory of Ir1 emission intensity versus water fraction and visual
observation of PL. d) TPA cross-sections of Ir1; inset: logarithmic dependence of emission intensity
on incident power. e) 1O2 emission spectra in the presence of Ir1 and irradiation (lirr = 405 nm) in
varying fractions of water–DMSO mixture. f) Time-dependent ICP-PS of HeLa/L02 cells pre-
incubated with 0.5 pM Ir1. g) Confocal co-localization images of Ir1–Ir3. Inset scale bars: 20 mm. h)
Confocal images of HeLa before and after PDT. Cells were pre-incubated with DCFH-DA. i) Annexin
V-FITC/PI co-staining on HeLa cells before and after TPA-PDT. Cells were pre-incubated with Ir1.
Inset scale bar: 20 mm. (a–i) Copyright 2017, The Royal Society of Chemistry [16].
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20.4 Au (I) complexes

Recently, many Au (I) complexes have been developed for in vivo and in vitro antican-
cer research [2]. Among them, Au (I) N-heterocyclic carbene (AuI-NHC) complexes are
anticancer agents with high hopes due to their high cytotoxicity and good stability [2].
A series of tetraphenylethene (TPE) modified AuI-NHC with AIE activity is reported as a
bioimaging and theranostic agent for cancer (Figure 20.9a), according to the report by
Tang et al. [2]. The introduction of TPE with AIE activity makes the system have AIE
characteristics, and four different ligands directly affect the biological activity of the
complex (Figure 20.9a and d). The experimental results indicate that the introduction of
the bulky TPE unit not only could endow all compounds with light-upluminescence but
also enhance their binding ability to thioredoxin reductase (TrxR). The systems achieve
specific in situ bioimaging of cancer cells and high targeting specificity (Figure 20.9c),

Figure 20.7: a) Graphic Scheme of IrSn1 and Its Applications. b) Emission spectra of IrSn1 in
different H2O fraction with concentration of 1 × 10−5 mol/L. (inset) photographs of the luminescence
of IrSn1 in water fractions (0 and 98%). c) Colocalization experiments using DAPI incubated on
Staphylococcus aureus (inset: Pearson’s coefficients Rr = 0.98), scale bar = 20 μm). d) Two-photon
fluorescence confocal imaging and stipulated emission depletion (STED) microscopy of IrSn1
staining nuclear in A549 cells (inset: S/N ratio of confocal and STED, scale bar = 5 μm).
e) Transmission electron microscope (TEM) of A549 cells using osmium tetroxide (OsO4) as
membrane-localizing contrast agent, TEM microscopy of A549 cells incubated with IrSn1 stained
without osmium tetroxide (scale bar = 5 μm). f) The amount of Ir and tin in cytoplasm and nucleus
fractions was measured by ICP-PS. Data were collected at least three times, independently.
Copyright 2020, American Chemical Society [22].
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and the Au (I) complexes can effectively inhibit highly expressed TrxR activity in cancer
cells, result in a significant increase in the level of intracellular ROS, disrupt redox ho-
meostasis in the cell, and trigger specific anticancer effects (Figure 20.9b and c).

Meanwhile, AIE-active Au (I) complexes have emerged as outstanding probes for
living physiological environment monitoring owing to their excellent photophysical
properties [34]. Tang et al. reported a pH-responsive stable Au (I) complex with
intense AIE effects (Figure 20.9e-g) [34]. Disulfide bonds were formed to introduce pH-
responsive moiety cysteine (Cys) into the Au (I)-SR complex by a radical-based mecha-
nism (Figure 20.9e). Hydrophilic Cys at the outer layer of the NPs were stable and
monodisperse in water, which resulted in spherical NPs being formed (Figure 20.9h).
Owing to the change of surface charge over the acidic pH range, the aggregation ex-
tents of Au (I)-disulfide NPs varied and led to the obvious luminescence intensity
changes at various pH values (Figure 20.9i and j). Based on the pH-responsive AIE

Figure 20.8: a) Diagrammatic sketch of Pt-N1 (10–5 M) with increasing water content. b) (a) Two-Photon
Fluorescent images of HeLa cells stained with Pt-N1 (10 μM, excitation wavelength 860 nm) and
colocalization images of HeLa cells stained with Pt-N1 (10 μM, red channel, λex = 860 nm, λem =
630 ± 20 nm) and CellmaskTP green (0.5 μM, green channel, λex = 522 nm, λem = 535 ± 20 nm). c)
Photographs taken under UV illumination of Pt-N1 (10–5 M) with increasing PBS content. (a–c)
Copyright 2020, Elsevier [17]. d) Chemical structures of the Pt (II) complex. e) Image of the complex
with increasing amount of hexane. f) The time kinetic study of complex as assayed by PTT. g) Bright
field image (a) and fluorescence image (b) (right, 100×) of Hep3B cells following treatment with
complex 2. Fluorescence image depicts successful internalization of the complex by Hep3B cells and
its AIE characteristics [Scale bar (5 pp)]. (d–g) Copyright 2014, The Royal Society of Chemistry [33].
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Figure 20.9: A) Molecular design and molecular structures of a series of carbene compounds.
b) Illustration of AIE-active Au-NHC for specific cancer cell imaging and inhibition. c) Fluorescent
images and merged images of HeLa cells and 293 T cells stained with of 1–4, 1d, and 1e for 2.5 h,
respectively. Excitation wavelength: 405 nm; emission filter: 410–585 nm. d) PL spectra of 1 (2.0 ×
10−5M) in CH3CN/water mixtures as a representative. (a–d) Copyright 2020, Wiley‐VCH Verlag GpbH
& Co. KGaA, Weinheim [2]. e) Schematic illustration of the preparation of Au (I)-disulfide NPs.
f) Photoluminescence (red line, λex = 365 nm) and photoexcitation (blue line, λem= 565 nm) spectra of
Au (I)-disulfide NPs. (insets) Digital photos of Au (I)-disulfide NPs in the solid state (top row) and in
water (bottom row) under (1) visible light and (2) UV light. g) Photoluminescence spectra of Au (I)-
disulfide NPs in a mixture of water–ethanol with different ethanol fractions (fe), λex = 365 nm and (I)
variation in I/I0 with fe, λep = 565 nm. h) Schematic illustration of the structure of Au (I)-disulfide NPs.
The hydrogen bonds between Cys existed at the outer layer of Au (I)-disulfide NPs and maintain the
structural stability of NPs in water. In vitro monitoring acidity of the gastric fluid in an acid-
suppressed therapy. (i) In vitro pH values of the gastric fluid in the presence of Au (I)-disulfide NPs
adjusted by different doses of antacid. (j) pH-dependent logarithm of the PL intensity of the Au (I)-
disulfide NPs in gastric fluid. k) Monitoring intragastric acidity in an acid-suppressed therapy. (A)
Schematic illustration of the in vivo monitoring gastric acid process by Au (I)-disulfide NPs. (B)
Fluorescent images of the stomach of mice cut open along the greater curvature, which was collected
after 10 min post administration of Au (I)-disulfide NPs and antacid. The intragastric acidity was
suppressed by using different doses of antacid to achieve the pH value of 3, 5, 7. Mice treated with
water were used as a control. (C) Section of the mouse stomach from the mice treated with water
(control) and Au (I)-disulfide NPs stained with the H&E assay. (D) Sections of the mouse stomach
from the mice treated with water (control) and Au (I)-disulfide NPs stained with TUNEL assay. (e–k)
Copyright 2020, The Royal Society of Chemistry [34].
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characteristics, the Au (I) complex was employed as a luminescent probe to measure
the intragastric acidity during the acid suppression therapy (Figure 20.9k).

20.5 Other transition metal complexes

Other transition metal complexes with AIE activity obtained through different mo-
lecular design strategy are also active in the biological field for the imaging of living
cells or targeted imaging of organelles [7, 35]. Khatua et al. integrated 4,7-dichloro
phenanthroline into Ru (II) complex (Figure 20.10a), and discovered the weak su-
pramolecular interaction among the moleculars [35]. The possible reason behind
the AIE property may be the weak supramolecular π. . .π, C−H. . .π, and C−Cl. . .H
interactions between neighboring phen ligands as well as C−Cl. . .O halogen bonding
(XB), and C−Cl. . .O XB interaction in the presence of RNA, which can form an aggre-
gate and enhance the PL intensity (Figure 20.10b). The Ru (II) complex emitted red
and exhibited AIE-active. It was constructed for RNA specific nucleolar imaging
(Figure 20.10c-e). The AIE-active Zn (II) complex DZ1 with D–A type thiophene terpyr-
idine ligand can penetrate mitochondrial membranes passively, recognize mitochon-
drial RNA by charge action, and was used to label mitochondria in cells, as reported
by Tian et al. (Figure 20.10f-i) [7]. AIE-active probe DZ1 suppressed aggregation-
caused quenching (ACQ) behavior due to self-aggregation under physiological
conditions, but was also obtained simply and exhibited excellent photostability. Cu (I)
complexes possess d10 electronic structure and provide a tunable phosphorescent
emission at room temperature and a long luminescence lifetime of several micro-
seconds [12]. Li and his colleagues have reported four binuclear mixed-ligand Cu (I)
complexes [Cu2(BrphenBr)2(Ph2P(CH2)nPPh2)2](ClO4)2 (BrphenBr = 3,8-dibropo-1,10-phe-
nanthroline; Ph2P- (CH2)nPPh2 = bridging diphosphine ligands, n = 1, 4, 5, or 6
(Figure 20.10j) [12]. And it is the first example of Cu (I) complexes with significant
AIE-active applied for imaging in live cells (Figure 20.10j–l).

20.6 Conclusion

In this chapter, an overview on AIE-active transition metal complexes for bioimag-
ing, cancer therapy, antibacterial, etc. is shown. Their AIE activity may resolve fluo-
rescence quenching resulting from aggregation and permit a long-term observation
without large luminescent signal loss. By introducing various cyclometallic ligands
or ancillary ligands into transition metal complexes, the photophysical properties
of complexes could be modified, and the intracellular localization of complexes
may be targeted or the therapy effect may be improved.
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It is clear that new ideas of transition metal complexes for biological applica-
tions are reported every year. The reported works have great significance in provid-
ing insights into design and practical applications in transition metal complexes in
bioimaging and anticancer.

However, the mechanisms for the changes the intracellular localization and the
improvement of the therapeutic effect caused by various ligands of complexes are
not clear enough. And the potential cytotoxicity induced by some transition metal
complexes is nonnegligible for probes. Thus, future research need to focus on the

Figure 20.10: a) Synthesis of Ru (II) complex 1[PF6]2 and 1[ClO4]2. b) Weak supramolecular interactions
(C−H ···π and π − π stacking), C− Cl ···H interaction, and C − Cl ···O XB interaction in (a) 1[PF6]2, (b) 1
[ClO4]2, and (c) 1[ClO4]2(CH3CN)(H2O), respectively. View of the two-dimensional (2D) crystal packing in
(d) compounds 1[PF6]2, (e) 1[ClO4]2, and (f) 1[ClO4]2(CH3CN)(H2O). Fluorescence microscopy images of
HeLa cells (c) stained with different concentrations of 1[PF6]2 (1.0–10 μM) and (d) at different time
points (1[PF6]2 at 10 μM) in aqueous phosphate buffered saline (PBS) buffer. e) Fluorescence images of
fixed HeLa cells during DNase and RNase digest experiments with 1[PF6]2 and nucleus staining dye
DAPI. (a–e) Copyright 2018, American Chemical Society [35]. f, g) Three-photon property of Zn (II)
complex DZ1 in the aggregated state or upon interaction with RNA (schematic). h) photographs of the
luminescence of DZ1 in ethyl acetate fractions (0–98%) under UV illumination at 365 nm. i) The
fluorescence development of DZ1 in fixed cells and living cells, respectively. (f–i) Copyright 2019, The
Royal Society of Chemistry [7]. j) Chemical structures of complexes Cu-1-Cu-4. k) Luminescent images
of Cu-1-Cu-4 radiated with an ultraviolet light at 365 nm: (a–e) in hexane−DCMmixed solvents with
the concentration kept at 2.5 × 10−5 mol · L−1; (f) in DMSO/PBS (1:99, v:v) with concentration at
1.0 × 10−5 mol · L−1; (g) in the solid state. l) Confocal luminescence imaging of complexes Cu-1-Cu-4 in
HeLa cells, which were incubated with 10 μM complexes Cu-1-Cu-4 in DMSO/PBS (1:99, v/v) for 15 min
((a) Cu-1, (b) Cu-2, (c) Cu-3, and (d) Cu-4). (j–l) Copyright 2014, American Chemical Society [12].
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following aspects: i) develop more AIE activity transition metal complexes for more
effective biological probes and anticancer agents, ii) explore more in-depth molecu-
lar design strategy for clinical application, iii) solve problems of the potential toxic-
ity of complexes in application through various methods, iv) realize clearer imaging
and higher therapy efficiency at low concentration.
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Dan Wu, Zhixuan Zhou, Xuzhou Yan, and Guocan Yu

Chapter 21
The marriage of aggregation-induced
emission with discrete supramolecular
coordination complexes: brighter AIEgens
for biomedical applications

21.1 Introduction

To understand the molecular and cellular mechanisms involved in physiology and
disease, biomedical research increasingly aims for noninvasive imaging with cellu-
lar resolution in vivo [1–4]. In order to create the most accurate representation of
biological objects and/or processes, many cutting-edge imaging technologies have
emerged with the objective of increasing the resolution. Fluorescent imaging, in
particular, has become a promising technique in preclinical studies of human dis-
eases because of its high sensitivity, lower cost, avoidance of ionizing radiation,
and multiplex detection capabilities [5–8]. The high sensitivity of fluorescent imaging
allows the study of rapid biological processes in greater detail than the currently
available imaging modalities such as magnetic resonance imaging, ultrasound, and
computed tomography [9–12]. Fluorescent probes that can provide useful information
from biological responses through specific interactions are of paramount importance
for medicine, molecular and cellular biology, chemistry, chemical biology, and other
interdisciplinary sciences [13–16]. However, light emission from conventional fluores-
cent materials is often quenched at high concentrations and in the aggregated state,
and this phenomenon is often referred to as aggregation-caused quenching (ACQ)
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effect. The ACQ effect forces researchers to employ low concentrations of fluoro-
phores for biomedical applications, thus greatly compromising their photostability
[17]. To overcome the ACQ effect, various physical, chemical, and engineering meth-
ods have been explored. However, rare successes have been realized because it re-
mains challenging to fight against the natural tendency of aggregate formation of
fluorescent dyes [18–20].

In 2001, a novel phenomenon, defined as aggregation-induced emission (AIE),
was discovered by Tang and coworkers [21, 22]. The AIE effect is just the opposite of
the ACQ effect and can offer the ultimate solution to the ACQ issue. AIE fluorogens
(AIEgens) are weakly emissive in dilute solution or in the molecular state, but emit
bright fluorescence in the aggregate or solid state [23]. In dilute solution, the active
intramolecular motions (including vibration and rotation) of AIEgens boost the
nonradiative decay channels to quench the emission. However, in the aggregate
state, the intramolecular motions are severely restricted and the nonradiative decay
channels are blocked, thus leading to the stable and intensive fluorescence [24]. In
the meantime, owing to the nonplanar molecular structure of AIEgens, the π–π
stacking interactions during aggregation are also significantly avoided, further
lighting up the fluorescence of AIEgens [25]. The preeminent photophysical and
photochemical properties, as well as the excellent biocompatibility of AIEgens,
have promoted their application in various fields [26–32].

Although AIEgens can emit intensive fluorescence in the aggregate state, their
fluorescence can be hardly detected in the mono-dispersed state, meaning, the sen-
sitivity of AIEgens in the mono-dispersed state is likely to be low. Hence, in the pur-
suit for more efficient AIEgens, improving the sensitivity of molecular AIEgens is
the priority. Over the last few decades, coordination-driven self-assembly has devel-
oped into an efficient strategy to construct discrete supramolecular coordination
complexes (SCCs), in which functional building blocks (Lewis acidic acceptors and
Lewis basic donors) can be integrated and their unique characteristics can be main-
tained [33–37]. Attributing to the directionality and moderate bond energy of metal-
ligand bonds, the structure of SCCs can be highly tuned. To date, a wide variety of
SCCs with different topological structures, such as two-dimensional (2D) metalla-
cycles, and three-dimensional (3D) metallacages, have been ingeniously constructed
[38–41]. Owing to the excellent optical property of AIEgens and the directionality of
the metal-ligand bond, AIE-active donors have been integrated into SCCs and the in-
tramolecular rotations of AIEgens are effectively restricted, thus generating AIE-
active SCCs, which can emit strong fluorescence, both in the dilute solution and in
the aggregate state [42–45]. AIE-active SCCs usually have high sensitivity and out-
standing photostability; so, they are excellent candidates for fluorescent imaging. As
archetypical AIE-active donors, tetraphenylethylene (TPE) derivatives are widely
used in the construction of AIE-active SCCs [46–50]. Meanwhile, metal acceptors,
such as Pd, Pt, Rh, Ru, Ir, Co, Zn, and Cd, have been used as metal acceptors to con-
struct SCCs for various purposes. For example, Ir-, Zn- or Rh-containing SCCs are
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mainly used in drug delivery systems [51, 52], while the Ru- and Pt-containing metal-
lacycles and metallacages are used as drug carriers or anticancer drugs [53–55]. Upon
the formation of SCCs, the selectivity of metal chemotherapeutics towards target cells
can be significantly improved, thus reducing their side effects and enhancing their
therapeutic index. Furthermore, their drawbacks, including rapid clearance and poor
solubility, can be efficiently optimized. Based on the AIE effect and therapeutic
effects, these AIE-active SCCs have great potential in the development of high-
efficiency theranostic platforms for various diseases.

With the rapid development of AIE-active SCCs, they have been endowed with
multiple biological functions. For example, they can serve as biomolecular sensors,
cell imaging agents, anti-cancer drugs, and antimicrobial agents. In this chapter,
the design of AIE-active SCCs and the influence factors on their photophysical char-
acteristics are fully described. Moreover, the biomedical applications of AIE-active
SCCs are also discussed. Attributing to the flexibility and diversity of supramolecu-
lar coordination reactions, smarter AIE-active SCCs can be constructed and applied
in biomedical studies, even in clinical transformation stages.

21.2 Strategies for introducing AIE behaviors
in SCC-based systems

Coordination-driven self-assembly of SCCs allows the introduction of functionalities
in their structure via molecular precursor building blocks, containing specific func-
tional groups. The continuous development in the structural and synthetic chemis-
try of SCCs offers scaffolds for incorporating various functionalities where the
stoichiometry and position of the individual functional groups can be precisely con-
trolled, and novel multicomponent self-assemblies provide even more approaches
towards novel SCCs, with increased structural and functional complexities [33, 56].
Upon self-assembly, the functionalities can further interact, giving rise to a higher
level of functionality. These advances facilitate the rational design of novel, multi-
functional SCC-based systems with AIE behavior. AIE-active SCCs can be generally
classified into two types: small molecules and polymers (Figure 21.1). In the small mo-
lecular AIE-active SCCs, AIEgens usually act as the main building blocks (Figure 21.1a)
or the pendants (Figure 21.1b) of SCCs. In the AIE-active SCC-based polymers, AIE-
active SCCs act as the core or the monomer of polymers (Figure 21.1c), achieving win-
win results for AIE-active SCCs and polymers.
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21.2.1 AIEgens as structural building blocks

As a consequence of their straightforward nature, modification of known AIEgens
with functional groups that serve as the impetus for coordination driven self-assembly
is widely exploited for the construction of AIE-active SCCs. These functional groups
are often electron-rich “donor” units for coordination interaction, such as pyridyl, car-
boxylate, and N-heterocyclic carbene (NHC) groups. In comparison, modifying AIE-
gens with electron-poor “acceptor” units, including phosphine-based Pd(II) and Pt(II)
moiety, is less explored due to the challenges associated with their synthesis and the
potential of competitive nonradiative processes such as intramolecular charge transfer
(ICT) and intersystem crossing (ISC), which result in a low luminescence quantum
yield and short excited-state lifetime, relative to the free AIEgens [57]. Since high rigid-
ity is often required for the structural building block to ensure the exclusive formation
of a single, discrete SCC under thermodynamic control, TPE is extensively employed
as a structural building block for the construction of AIE-active SCCs. In addition, TPE
possesses advantageous properties such as good chemical stability under general con-
ditions, ease of modification, and a reliable AIE effect, which tolerates a great variety
of functional groups.

The first systematic investigation on AIE-active SCCs was reported in 2015 by
Yan and coworkers [50]. They coupled pyridyl groups on each phenyl ring of the
TPE, and mixed the resulting tetrapyridyl ligand (1) with benzene dicarboxylate (3)
and platinum phosphine complex (2) with two open coordination sites at 90-degree
bite angles in a 1:2:4 molar ratio to create an AIE-active discrete tetragonal metalla-
cage (5) (Figure 21.2a). In addition to the simple benzene dicarboxylate, metallacage
decorated with pendant poly(ethylene glycol) (PEG) (6) was self-assembled in the
same manner using PEG-functionalized dicarboxylate ligand (4). The charge sepa-
ration of the pyridyl and carboxylate ligands ensured the quantitative three-
component coordination-driven self-assembly in one pot. While the TPE ligand
showed almost no fluorescence emission when dissolved in CH2Cl2 solutions, both
assemblies displayed bright-yellow fluorescence in CH2Cl2 solutions, and their emis-
sion spectra were centered at 555 nm, with luminescence quantum yield (ΦF) values
of 23.2 and 10.8%, respectively. The significant increase in the fluorescence efficiency
was attributed to the attenuated phenyl-ring rotation and the ethylenic C=C bond
twisting when the TPE moiety was immobilized within the rigid 3D scaffold. In addi-
tion, the ΦF for both 5 and 6 further increased upon raising the content of hexane
(60.6% and 51.3% when hexane content in the mixed solution reached 90% for 5 and
6, respectively), a poor solvent for the metallacages, in the solution, which lead to
aggregation. The aggregation of the assemblies entirely forbade the decay of excita-
tion energy through the limitation of intramolecular motion, resulting in further en-
hancement in the fluorescence efficiency. The high fluorescence efficiencies of the
metallacages, both in the dilute solution and in the aggregate state, represent a novel
photophysical behavior that bridge the gap between conventional fluorophores,
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which are highly light-emitting in the dilute solution, but oftentimes show quenched
emission due to ACQ. In contrast, AIE-based fluorophores were highly emissive when
their intramolecular motions were restricted in the aggregate state (Figure 21.2b
and c). It should be noted that the metallacages not only showed aggregation-
induced light-emitting behavior in the mixture solution, but also displayed color-
tunable fluorescence by simply varying the volume ratio of the two solvents used
(Figure 21.2d and e). More interestingly, the absorption intensity and the shift of the
obtained tetragonal metallacages were dependent on the polarity of the solvents – 5
and 6 exhibited variable-wavelength visible light emission, including rare white-light
emission in tetrahydrofuran (Figure 21.2f and g).

In a following study, a series of 2D metallacycles were prepared by combining a
TPE-based dipyridyl ligand and appropriately designed organoplatinum(II) accept-
ors via two-component coordination-driven self-assembly [53]. The metallacycles
displayed high molar absorption coefficients but lower ΦF in dilute solutions, than
metallacages constructed by tetrapyridyl TPE because of the existence of freely ro-
tating phenyl rings in the TPE moiety. Nonetheless, these species exhibited clear
AIE-activity, as supported by fluorescence enhancements and markedly increased
quantum yields, upon aggregation caused by poor solvents and in the solid state.
The synthetic strategy enabled the precise control over the size, shape, as well as
the distribution and the total number of TPE moieties incorporated within the SCCs.
Such modularity and versatility make the SCCs excellent candidates as highly sensi-
tive fluorescence chemosensors for detecting explosive nitroaromatic molecules via
steady-state interactions that are consistent with a static quenching mechanism
due to the formation of nonemissive ground-state complexes.

The coordination between AIEgen-containing “donor” building blocks and the
metal-containing “acceptor” building blocks facilitates their interactions that may
significantly influence the optical properties of the SCCs. As a result, the metal ion or
metal complex used for self-assembly is an important concern for building AIE-active
SCCs. While Pt(II) species are widely adopted due to their simple coordination geom-
etries and low quenching effect over the fluorescence emission from the AIEgens,
other metals such as Ag(I), Au(I), Zn(II), Cd(II), Zr(IV), etc. [58–62] are also possible
candidates for the preparation of AIE-active SCCs. Hahn, Han, and coworkers synthe-
sized AIE-active dinuclear Ag(I) and Au(I) complexes using coordination interactions
between the metal ions and NHC-modified TPE ligands. These metallacycles dis-
played significant ΦF enhancement (ΦF value up to 55%) compared to the weakly
emissive free ligand (ΦF < 1%) in dilute solutions, as a result of immobilization of the
TPE moiety by metalation. AIE behavior was observed for these SCCs, which was re-
flected by fluorescence enhancements in the presence of poor solvents.

Yang and Li collaborated the synthesis of three generations of AIE-active ligands
(7, 9 and 11) with full conjugation of TPE with 2,2′,6′,2″-terpyridine (TPY). Rosette-like
SCCs, ranging from generation 1 to generation 3 (8, 10 and 12), were assembled via
the coordination interactions between the TPY groups and Cd(II) ions (Figure 21.3) [58].
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8 showed weak fluorescence due to the free rotation of two phenyl groups in the TPE
motif and a typical AIE behavior upon aggregation in poor solvents. In contrast, 10
and 12 displayed 2- and 6-fold enhancements in emission, relative to the corresponding
ligands in dilute solutions, but remained at a moderate ΦF when aggregated. This dif-
ference was ascribed to a higher number of TPY groups in the second and third genera-
tion ligands than the first generation ligand, which restricted the intramolecular
motions of the TPE units upon coordination with Cd(II) and activated the TPE-based

Figure 21.2: a) Self-assembly of 1, 2 and 3 to furnish 5 and of 1, 2 and 4 to furnish 6 via the
heteroligation-directed self-assembly of 90° Pt(II) acceptors with pyridyl and carboxylate ligands.
b) Plots of maximum emission intensity and wavelength of metallacages 5 (b) and 6 (c) versus
hexane fraction in CH2Cl2/hexane mixtures. The photographs are of metallacages 5 (d) and 6 (e) in
CH2Cl2/hexane mixtures with different fractions of hexane on excitation at 365 nm using an
ultraviolet lamp. Photographs of metallacages 5 (f) and 6 (g) in different solvents. Copyright 2015
Nature Publishing Group.
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fluorescence emission in the dilute solution (Figure 21.3d). In poor solvents, however,
the AIE phenomenon of 10 and 12 was partially offset due to their face-to-face stak-
ing, facilitated by their large planar structure, which led to ACQ. The spectra of 12
showed that the intramolecular charge transfer emission peaks centered at around
550 nm, with green-yellow color (Figure 21.3f). Intriguingly, 10 emitted pure white
light when the water fraction was 60% and emitted yellow fluorescence when the
water fraction was 90% (Figure 21.3e), suggesting that this SCC could be a brilliant
candidate for the fabrication of color-tunable optoelectronic materials.

Figure 21.3: a) 7 assembled with Cd2+ to form a mixture of trimer, tetramer, pentamer and hexamer
macrocycles (8). b) 9 assembled with Cd2+ to form a discrete hexamer (10). c) 11 assembled with Cd2+

to form a discrete heptamer (12). d) Fluorescence spectra of 12 in CH3CN/water with various water
fractions. e) Photographs of 10 in CH3CN/water with various water fractions. f) Photographs of 12 in
CH3CN/water with various water fractions. Copyright 2018 Nature Publishing Group.
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The ability of SCCs to encapsulate functional guest molecules provides ap-
proaches toward unique AIE behavior. The motivation of this strategy arises from
the increased awareness of the opportunities available for catalysis, sensing, light-
emitting materials, and drug delivery when the well-defined cavity-based microen-
vironment can be utilized. Sun and coworkers prepared a lantern-type SCC via the
coordination-driven self-assembly between TPE-based bipyridyl ligand and Pd(II)
ion [63]. Similar to other TPE-containing SCCs, the metallacage displayed AIE char-
acteristic. In a poor solvent (toluene/DMSO = 99/1, v/v), a 10-fold enhancement in
fluorescence intensity was observed for the assembly when compared with that in a
suitable solvent (pure DMSO). Notably, the authors found that the addition of tetra-
butylammonium (TBA) salts of HCO3

−, F−, Cl−, and Br− to the assembly solutions
(with OTf− as the counterion for reference) led to significant enhancement in the
fluorescence intensities. Among these anions, HCO3

− was found to be most effec-
tive, with a 2.7-fold enhancement. Given the large size of OTf− ion that forbade its
encapsulation within the cavity of the SCC, the enhancement in emission was at-
tributed to the strong hydrogen bonds between the encapsulated anions and the
inner surface of the SCC, which led to the twisting TPE motif and the inhibition of
intramolecular motions.

21.2.2 AIEgens as pendant functional groups

Introducing AIEgens into SCC-based systems through conjugation to the rigid struc-
tural precursor building blocks further expands the possible range of AIE-active
SCCs, because good structural rigidity is no longer required for the AIEgens. This
strategy also avoids the potential interference on the photophysical properties of
AIEgens by modification with the recognizing group for coordination or the subse-
quent self-assembly process responsible for the SCCs formation.

Yang and coworkers constructed an AIE-active hexagonal metallacycle via the
coordination-driven self-assembly between TPE-decorated 120° bipyridyl donor and
120° diplatinum(II) acceptor in a 3:3 molar ratio [64]. As a result, three TPE units
were presented in the exterior of the final supramolecular assembly. The assembly
showed weak luminescence when dissolved in CH2Cl2, and a gradual increase in
the hexane ratio in the mixed solvents led to the enhancement in fluorescence, sup-
porting the AIE characteristic of the metallacycle.

The use of TPY-containing ligand decorated with Pt(II) 2,6-bis(benzimidazole-
2′-yl) pyridine motifs (13) for coordination-driven self-assembly with Cd(II) ions in a
6:12 molar ratio led to the formation of a giant, discrete concentric metallahexagon
14 (Figure 21.4a) [65]. The large supramolecular architecture (>10 nm and molecular
weight > 26,000 Da) exhibited room-temperature phosphorescence emission, which
originated from the metal-perturbed [3] π,π* emission of the 2,6-bis(benzimid-
azole-2′-yl) pyridine. In the CH3CN solution containing 5% CH2Cl2, both the TPY-
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containing ligand and the assembly 14 were weakly emissive, and 14 showed
emission bands with a maximum at 567 nm and a shoulder at 607 nm. The phos-
phorescence nature of the emission was supported by its partial quenching by ox-
ygen and the long excited-state lifetime of 218 ns, which was significantly longer
than the supramolecular assembly without the Pt(II) moiety (excited-state lifetime
less than 5 ns). Increasing the fraction of the poor solvent, H2O, for 14 led to a stron-
ger phosphorescence emission (Figure 21.4b), which was attributed to molecular ag-
gregation, induced by the combined effect of the Pt(II) motif and the TPY-Cd(II) units.
An approximately 5.5-fold increase in the luminescence intensity was observed for
14, upon aggregation, higher than what was observed in the TPY-containing ligand
(1.8-fold enhancement). Transmission electron microscopy (TEM) investigation pro-
vided further insights into the origin of the AIE behavior (Figure 21.4f−i). The TPY-
containing ligand assembled into a layered nanosheet-like structure in CH3CN/H2O,
whereas 14 aggregated into a worm-like structure.

The increase of H2O fraction in the mixed solvent extended the length of the
worm-like structure, and finally yielded a crosslinked structure (Figure 21.4e). The
difference in the aggregation morphology between the precursor and the assembly
was attributed to the large size of the SCC, which effectively prohibited the π − π
stacking and Pt − Pt interaction in a face-to-face orientation but in a head-to-tail man-
ner (Figure 21.4c and d). This study suggested that the aggregation behavior of the
pendant AIEgens can be modulated through the formation of bulky SCCs, inducing
photophysical features that are not accessible to individual AIEgens. Interestingly,
the solution deoxygenated by N2 resulted in a 3.1-fold enhancement in the emission
of 14 (Figure 21.4j and k), an indicator of potential applications in gas sensing.

21.2.3 SCC-based AIE active supramolecular polymers

The ease of introducing multiple functional groups and the unique structural versa-
tility of SCCs scaffold lead them to being heavily considered for the construction of
functional supramolecular polymers, especially those with crosslinked network
structures. When AIE behavior and supramolecular polymerization are combined in
SCC-based systems, soft materials that unify interesting photophysical properties
and advantages originated from supramolecular polymerization, such as respon-
siveness and self-healing, and favorable mechanical properties can be obtained.

Metal-ligand coordination, hydrogen bonding, and crown ether-based host-guest
interaction were unified in a hierarchical system designed by Stang and coworkers
[66]. Coordination-driven self-assembly of SCCs, decorated with pendant 2-ureido-4-
pyrimidinone (UPy) group and benzo-21-crown-7 (B21C7) groups, represented the first
level of complexity. The second level of organization took advantage of the simulta-
neous dimerization of the UPy groups, which furnished supramolecular polymer net-
works with rigid SCCs as crosslinkers. The complexity was further amplified based on
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B21C7-based host-guest interactions, which led to the generation of supramolecular
networks, with designed functionalities based on the guest molecule. The addition of
a TPE-containing dialkylammonium salt endowed supramolecular system with AIE
characteristic. The light-emitting feature of the supramolecular polymer was retained
in the solid state. When swelled in an appropriate solvent, the crosslinks resulted in
light-emitting gel-like soft materials. The supramolecular polymer showed a blue-shift

Figure 21.4: a) Preparation of discrete concentric metallahexagon 14. b) Phosphorescent emission
spectra of 14 in N2 deoxygenated CH3CN/H2O solvent. c) Unfavorable face-to-face stacking.
d) Proposed head-to-tail Pt − Pt interaction bridging supramolecules without ring stacking.
e) Worm-like aggregates of 14. TEM images of the aggregates of 14 formed in CH3CN/H2O mixtures
containing f) 20%, g) 40%, h) 60%, and i) 80% water. j) Emission photographs of 14 in
nondeoxygenated CH3CN/H2O with various water fractions. k) Emission photographs of 14 in N2

deoxygenated CH3CN/H2O with various water fractions. Copyright 2020 American Chemical Society.
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in fluorescence, relative to the free AIEgen in the solid state and in the gel form, as a
consequence of the decrease in the planarization of the TPE motif within the polymeric
network.

A self-assembled metallacage 17 containing pendant B21C7 moieties was used to form
an extended supramolecular network 19, upon introduction of a bisammonium salt 18
that acted as crosslinkers, based on the host-guest interactions (Figure 21.5a) [67]. The
AIE feature of the metallacage was introduced by using a TPE-based sodium benzoate
as a building block for the self-assembly (Figure 21.5b). The formation of a supramo-
lecular gel in acetone was supported by rheological experiments, which showed a

Figure 21.5: a) Self-assembly of B21C7-functionalized metallacage 17 and formation of cross-linked
supramolecular polymer network 19 from 17 and bisammonium salt 18. b) Fluorescence emission
spectra of 17 versus hexane fraction in acetone/hexane mixtures. c) Photographs of the self-healing
process of the supramolecular gel 19. The gel was cut and left standing for 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
and 4.0 min. Storage modulus (G′) and loss modulus (G″) values of gel 19 versus d) frequency (ω);
e) strain sweep; and f) continuous step strain. Copyright 2016 American Chemical Society.
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larger storage modulus than loss modulus, and the storage modulus was independent
of the angular frequency (Figure 21.5d−f). The supramolecular gel also showed en-
hanced stiffness compared to a model gel without metallacages, due to the rigidity
and the high branch functionality of the metallacage. Further rheological investi-
gations showed that the storage modulus and loss modulus of the gel rapidly re-
covered after the gel was broken under both large (300%) and small (0.1%)
strains, indicating that the supramolecular gels possessed good self-healing prop-
erties (Figure 21.5c). The supramolecular gel exhibited a fluorescence emission
band centered at 497 nm and a ΦF value of 4.55%, higher than that of the discrete
counterpart (ΦF = 2.65%), as a result of a higher degree of restriction over the mo-
tions of the TPE motifs in the networks.

21.3 Factors influencing the photophysical
behaviors of AIE-active SCCs

Many AIEgens change their photophysical properties in response to external stimuli
or environmental variations due to their unique working mechanism that involves
the motion of chemical groups. These variations include mechanical force, pH, fum-
ing (vapor), photonic irradiation (light), solvent polarity, electric field, and so on
[23]. A majority of AIE-active SCCs preserve the responsiveness originated from
their AIEgen precursor building blocks. In some cases, the unique topologies of
SCCs can give rise to novel characteristics. Apart from the external factors, factors
internal to the SCCs, such as geometries and counterions may also play a crucial
role in determining the photophysical properties, providing an alternative approach
for exploring the working mechanism of AIEgens, and for the construction of novel
light-emitting materials.

21.3.1 Factors internal to the SCCs

As mentioned in the previous sections, using AIEgens as the structural motifs of
SCCs often enhance the ΦF via activating the irradiative decay of excitation energy
through the limitation of molecular motions. As a result, the degree of constraint
imposed on the molecular motions, which highly correlates to the geometries of the
SCCs, shows marked influence over the photophysical feature. Zhou and coworkers
synthesized discrete-fused metallarhomboid 23 and a triangle 24, wherein a TPE-
based tetrapyridyl donor was anchored within the SCCs as the bridging ligand
(Figure 21.6) [43]. Both the fused polygons were innately emissive in dilute solution
due to restriction of the intramolecular motion by SCC formation, and aggregation by
addition of poor solvent led to a further increase in the ΦF (Figure 21.6b and c).
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Interestingly, under the same conditions, fused rhomboid 23 showed a lower ΦF in
dilute solutions, relative to that of the fused triangle 24 (ΦF = 0.24% and 0.88% for
23 and 24, respectively), while a reversal of emission intensities was observed in the
aggregated state (ΦF = 14.6% and 2.5% for 23 and 24, respectively). These differences
in solution were attributed to the differences in the strength and rigidity of the assem-
blies, as supported by a lower (4.3 kJ/mol) calculated activation barrier for 23, com-
pared to that of 24. In the aggregated state, however, the higher ΦF detected for 23
was attributed to the higher flexibility of the rhomboidal skeletons, which allows
them to aggregate much more tightly than the rigid triangular structures, as well as
the higher number of Pt centers in 24 than that in 23, which might increase the inter-
system crossing and thus lower the emission of 24.

The cavity of SCCs provides a unique environment for tuning the properties of
AIEgens. Inspired by the light-emitting characteristic of green fluorescent protein,
Stang and coworkers constructed two TPE-based M12L24 nanospheres, with the TPE
moieties either confined within (endo-functionalized) or positioned outside (exo-
functionalized) of the nanospheres through covalent linkers [68]. In dilute solu-
tions, the endo-functionalized sphere showed a higher ΦF as a consequence of a
higher local concentration and more restrained motion of the enclosed 24 TPE
units, compared to the exo-functionalized counterpart, in which the 24 TPE units
could undergo free motions. Both nanospheres displayed typical AIE behavior upon
the addition of poor solvents and showed comparable fluorescence features in the
aggregate state.

The interactions between the building blocks of SCCs and the AIEgens may also
alter the photophysical feature, and such changes can be utilized for fluorescence
tracking of complex supramolecular transformation processes [69]. Yan and cow-
orkers prepared a molecular trigonal prism via the self-assembly between a TPE-
based tetrapyridyl donor and cis-Pt(PEt3)2(OTf)2. The addition of a molecular square
consisting 4,4ʹ-bipyridine and cis-Pt(PEt3)2(OTf)2 to the solution of the trigonal
prism in a 3:2 molar ratio led to a supramolecular fusion of the two assemblies that
resulted in the formation of a three-component molecular cage. The molecular cage
showed lower fluorescence intensities when compared with the trigonal prism under
the same condition (ΦF = 28.8% and 0.80% for the trigonal prism and the molecular
cage, respectively), along with a minor red-shift in the maximum emission wave-
length (490 nm to 505 nm). Based on theoretical computations, the observed de-
crease in fluorescence efficiency was the consequence of the photo-induced electron
transfer process between the TPE and 4,4ʹ-bipyridine motifs, because the LUMO of
the molecular cage was located on the bipyridine rings. The distinctive fluorescence
features of the ligands and the supramolecular assemblies allowed for facile tracking
of the supramolecular assembly and the fusion process, utilizing the changes in fluo-
rescence profiles as output signals.

Counterions are another critical factor that influence the photophysical character-
istics of AIE-active SCCs. AIE-active SCCs (27 and 29), constructed by using TPE-
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containing donor and acceptors, were found to exhibit different fluorescence emission
intensities and ΦF values, following the order of PF6

− > OTf− > NO3
− in the aggregate

state (Figure 21.7) [45]. It was hypothesized that the counterions played a vital role in
the solubility of the SCCs and the packing mode of the SCCs in the aggregate state,
which led to differences in the properties of the AIE-active SCCs.

Figure 21.6: a) Preparation of double rhomboid 23 and double triangle 24 via multicomponent
coordination-driven self-assembly. b) Fluorescence emission spectra of 23 versus hexane fraction
in CH2Cl2/hexane mixtures. c) Quantum yields of 23 and 24 versus hexane fraction in CH2Cl2/
hexane mixtures. Copyright 2016 American Chemical Society.
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21.3.2 External factors

The discrete nature of SCCs endows them with good solubility in common organic sol-
vents, making it possible to study the influence of solvent on the photophysical prop-
erties of SCCs. One major factor is the polarity of the solvent, which influences the
charge-transfer state of the excited-state AIEgens, resulting in a red-shift in the maxi-
mum fluorescence emission. Another major factor is the solubility of the SCCs. Poor
solvents often induce the aggregation of SCCs and hence increase the luminescence
emission efficiency. Additional functional groups, especially those that can promote
the hierarchical self-assembly of SCCs, may significantly affect the aggregation

Figure 21.7: a) Self-assembly of 27 and 29 with different counterions. Plots of maximum emission
intensity of b) 27 and c) 29 versus hexane fraction in CH2Cl2/hexane mixtures. Copyright 2016
American Chemical Society.
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process (in terms of time, assembly morphology, responsiveness, etc.) [70–73], and
thus the luminescence properties. Generally, all AIE-active SCCs displayed respon-
siveness to changes in solvents due to the combined effect of solvent polarity and
solvent induced-aggregation.

Temperature is another widely observed factor that influences the properties of AIE-
active SCCs. It is well known that elevated temperatures facilitate intramolecular mo-
tions and thus decrease the luminescence efficiency of the AIEgens [50, 74]. Similar
to solvents, temperature may exert a more significant effect on the properties when
SCCs undergo hierarchical self-assembly that leads to more complex supramolecular
architectures that are more sensitive to temperature changes [75].

Figure 21.8: a) Self-assembly of the complexes 31 and 33. Effects of applied pressure on AIE-based
ligand and their supramolecular derivatives. Fluorescence emission responses for b) 32, at varying
applied pressures, c) 32, gradual pressure withdrawal. Photomicrographs of d) 32 (solid) and e) 33
(solid). Fluorescence emission responses upon for f) 33, at varying applied pressures, g) 33, at
varying applied pressures, and h) 33, gradual pressure withdrawal. Copyright 2020 Chinese
Chemical Society.
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Recently, external pressure was identified as another factor that influences the
photophysical properties of AIE-active SCCs in the solid state, likely because most
studies focused on the solution phase. Wang and coworkers prepared two metalla-
cages, 31 and 33, via the self-assembly between the TPE-based tert-TPY donors (30
and 32) and Zn(II) ions (Figure 21.8) [74]. For both the donor building blocks and
assembly 31, increasing the hydrostatic pressure led to a decrease in the emission
intensity, which was ascribed to tight molecular packing that promoted π–π and
dipole–dipole interactions under high pressure (Figure 21.8b−d). In contrast, the
fluorescence intensity of 33 showed a marked increase under the low hydrostatic
pressure from 0 to 1.10 GPa, likely due to a further limitation on the rotation of TPE
moieties. Further increase in the pressure led to gradual quenching as a conse-
quence of excessive molecular packing (Figure 21.8e−h).

21.4 AIE-active SCCs for sensing biomolecules

Although TPE derivatives can emit strong fluorescence in the aggregate state owing
to the restriction of intramolecular motions, their fluorescence can hardly be de-
tected in dilute solution or in the molecular state. However, the metal-coordination
can suppress the partial intramolecular rotation of TPE units in SCCs; hence, these
AIE cages are highly emissive in dilute solution. Based on this strategy, Stang et al.
prepared three AIE-active tetragonal prismatic metallacages (35a−35c), in which
90° Pt(II) acceptors, dipyridyl ligands and benzoate-decorated TPE units, respec-
tively, served as the corners, pillars, and faces of AIE-active SCCs (Figure 21.9a, I)
[76]. The fluorescence emission of three metallacages can be smartly tuned by the
different dipyridyl ligands and solvents. For instance, 35a and 35b had good emis-
sion at around 490 nm in the different solvents, due to the presence of TPE group.
In contrast, 35c showed two distinct emissions at around 470 nm and 540 nm,
which were the characteristic emission peaks of TPE unit and BODIPY fluorophore.
Interestingly, 35b was nonemissive in the mixture of methanol and water (1:1), but
emitted strong fluorescence upon addition of thiol-containing amino acids such as
glutathione and cysteine, suggesting 35b could serve as a delicate fluorescence sen-
sor of thiol-containing amino acids (Figure 21.9a, II). After a series of studies, it was
demonstrated that the sensing process obeyed a self-destructive mechanism. In de-
tail, thiol-containing amino acids had a better complexing capability with Pt(II)
ions, resulting in the collapse of the metallacages and the formation of Pt(II)-amino
acid complexes. Meanwhile, the AIE-active ligand 7 was released, thus acting as the
fluorescent indicator of amino acid sensing (Figure 21.9a, III). Of note, the metalla-
cages could be regenerated post-addition of Pt(PEt3)2(OTf)2, suggesting the thermo-
dynamic stability of the Pt-amino acids complexes is higher than that of the cages.
Hence, these metallacages not only act as new AIE-active materials that emit strong
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fluorescence in dilute solutions but also provide an excellent possibility of serving
as chemo-sensors for thiol-containing amino acids.

For covalent fluorescent chemosensors, inherent low selectivity or high fluores-
cence background derived from the multiple interfering substances makes it difficult
for them to be widely applied in biological systems [77, 78]. Lately, indicator-displace-
ment assays (IDAs) on the basis of supramolecular self-assembly provide an alternative
strategy to overcome the limits of organic fluorescent chemosensors. Through proper
design, indicators in the system can be freely introduced or displaced with the help of
different supramolecular reactions, resulting in distinct intensity changes of fluores-
cence or UV absorption. Being able to avoid tedious synthetic steps, improve selectiv-
ity, and decrease background interference, IDAs are receiving increased attention. Zhu
et al. designed two metalla-supramolecular assemblies (Z/E-37) in which pyrocatechol
violet (PV) and TPE-based dinuclear Zn2+–cyclen complex served as building blocks
(Figure 21.9b, I) [79]. Attributing to the energy transfer, the fluorescence of the TPE unit
was completely quenched in Z/E-37. However, owing to the hydrogen bonding and
strong coordination interactions between the DNA macromolecule and the Zn2+–cyclen
group, PV molecules were displaced by the DNA, and the energy transfer process from
TPE and PV was also interrupted, eventually leading to the fluorescence recovery of
TPE. After a systematic study, it was found that both Z/E-37 had high selectivity for T-
rich DNA sequence, and Z-37 had a relatively higher selectivity than E-37, owing to
the participation of the neighboring group (Figure 21.9b, II). In living cells, Z/E-37
groups showed the lowest background interference and relatively high fluorescence
signals, compared to control groups (Figure 21.9b, III), suggesting IDAs strategy
based on these two metalla-supramolecular assemblies can be efficiently realized in
living cells, and will provide deep insights into the future development direction of
DNA probes.

Of late, the strategy of utilizing hierarchical self-assembly to construct artificial
functional materials is receiving considerable attention. Since metal-ligand bonds
are well compatible with other noncovalent interactions, SCCs are good participants
for hierarchical self-assembly. Inspired by the vast complicated supramolecular ar-
chitectures constructed by electrostatic interactions, Yang et al. envisioned that the
interactions between negatively charged polymers and positively charged metalla-
cycles might lead to the formation of novel and smart supramolecular aggregates
[64]. An AIE-active tris-TPE hexagonal metallacycle 38 and the widely used clinical
anticoagulant heparin were selected as the positively charged metallacycles and
the negatively charged polymers, respectively, to study their hierarchical self-
assembly. Upon addition of heparin into the solution of 38, the fluorescence at
486 nm was significantly enhanced (Figure 21.9c, I), suggesting that electrostatic in-
teractions occurred between 38 and the heparin chain. In the following, a series of
theoretical and experimental investigations demonstrated that electrostatic interac-
tions triggered the generation of bead-like aggregates (Figure 21.9c, II). The aggrega-
tion was ascribed to the electrostatic interactions between the positively charged
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Figure 21.9: a) AIE-active platinum(II) cages for amino acid sensing. I) Cartoon representations and
synthetic routes of 35a − 35c. II) The plots of emission intensities at 500 nm vs the glutathione or
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skeleton of 38 and the negatively charged -OSO3
− and -COO− groups of heparin,

which induced the organization of the metallacycles along the heparin chain. Subse-
quently, the positive charge on 38 further interacted with another flexible polysac-
charide chain, thus leading to the intertwining of chains. At high concentration,
these networks cross-linked with each other, eventually forming bulky bead-like mi-
crostructures (Figure 21.9c, III). Since there was a noticeable fluorescence change in
aggregation, it was hypothesized that 38 could serve as a fluorescent probe for quan-
tifying heparin. Through a fluorescence titration experiment, it was demonstrated
that the detection range of heparin was 0−28 μM, which covered the clinical dosage,
indicating 38 had a great potential to quantificationally detect heparin, which is very
important for surgery and anticoagulant therapy. Compared to other control biomole-
cules and negatively charged artificial polymers, the fluorescence increase in 38 + hepa-
rin group was the highest, suggesting that the selectivity of 38 toward heparin was
good. This study not only accurately reveals the mechanism of electrostatic interaction-
triggered hierarchical self-assembly between discrete metallacycles and clinically used
heparin, but also offers a promising strategy for quantificationally detecting biological
macromolecules.

21.5 AIE-active SCCs for cell imaging

Although AIE-active SCCs have presented excellent optical properties and have
been used in various fields, their unsatisfactory solubility is severely limiting their
further application in biological studies. Therefore, AIE-active SCCs with good
biocompatibility are urgently needed. Inspired by the biological application of
supra-amphiphiles, Yang et al. constructed a TPE-based supra-amphiphilic metalla-
cycle with good biocompatibility [71]. In the system, 120° dipyridyl donors, deco-
rated with TPE unit, coordinated with 120° di-Pt(II) acceptors, anchored with chain
transfer agents (CTAs), forming a hexagonal AIE-active metallacycle 39. Attributing
to the anchored CTAs, three N-isopropylacrylamide-based polymeric arms could be
conjugated onto the periphery of metallacycle via radical polymerization, forming a
metallacycles-cored supra-amphiphile (Figure 21.10a, I). The obtained metalla-
cycles-cored supra-amphiphile not only self-assembled into fluorescent and high-

Figure 21.9 (continued)
cysteine concentration. III) The proposed self-destructive mechanism of metallacages. Copyright
2017 American Chemical Society. b) An AIE-active metalla-supramolecular assembly for DNA sensing.
I) Schematic illustration of IDA strategy for probing T-rich DNA. II) Fluorescence spectra of Z/E-37
under different DNA concentrations. III) Fluorescence images of B16-F10 cells under different
conditions. Copyright 2018 Royal Society of Chemistry. c) AIE-active metallacycles 38 for detecting
heparin. I) Changes of fluorescence spectra of 38 upon addition of heparin. II) TEM image of 38.
III) The proposed mechanism of detecting heparin. Copyright 2015 American Chemical Society.
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ordered nanoparticles in water, but also possessed good biocompatibility, which
provided a possibility for serving as a new type of DNA probe. Because N-isopropyla-
crylamide is a thermosensitive polymer that can undergo morphological change at its
lower critical solution temperature (LCST) (about 32 °C), the hydrodynamic radius (Rh)
and optical properties of supramolecular polymer 40 were greatly influenced by the
temperature. For instance, in the low temperature range (20 to 30 °C), the Rh value
(Figure 21.10a, II) and fluorescence intensity (Figure 21.10a, III) of 40 changed slightly,
but showed a sharp change in the range of 30−70 °C, suggesting that the thermosensi-
tivity of N-isopropylacrylamide was maintained. In vitro, 40 showed no obvious cyto-
toxicity even at high concentration, indicating it was safe for biological study. After
incubation with bone mesenchymal stem cells (BMSCs), 40mainly gathered in the nu-
cleus (Figure 21.10a, IV), suggesting that the supramolecular polymer tightly interacted
with the DNA, showing great potential as a DNA probe. This AIE-active supra-
amphiphilic metallacycle provides a new strategy for constructing functional am-
phipathic SCCs that are good at imaging DNA molecules.

Although various methods have been developed to construct supramolecular
polymers and complexes, the strategy of covalently linking metallacycles to synthe-
size target polymers is rarely reported, owing to the dynamic structure of metalla-
cycle. Two metallacycle-cored polymers (46 and 47) were successfully synthesized
based on mild amidation reactions by Stang et al. (Figure 21.10b, I) [80]. In MeOH
solution, tetraamino-functionalized rhomboidal TPE-based metallacycle 43 efficiently
reacted with the activated linker 44 or 45, generating cross-linked polymers
(46 and 47). Because the polymerization of monomers enhanced the aggregation
of TPE units, the fluorescence of 46 and 47 was greatly improved. At high concen-
trations, 46 and 47 also spontaneously aggregated into the network structure, thus
further enhancing fluorescence emission. Based on these excellent optical proper-
ties, 46 and 47 demonstrate great potential as cell imaging agents. As expected,
there was a bright green signal derived from 47 in the cytoplasm after 6 h incuba-
tion in vitro (Figure 21.10b, II), indicating 47 could be efficiently phagocytized by
cells. In vivo, after intra-tumoral injection of 47, a distinct fluorescence was ob-
served at the tumor site and this signal could still be recognized even after 24 h (Fig-
ure 21.10b, III), suggesting that 47 was both photostable and chemostable in vivo,
which was a prerequisite for imaging agents. After intravenous injection of 47, 47
mainly gathered in the lung of mice (Figure 21.10b, IV). As Pt(II), with anticancer
activity, was involved in the structure of metallacycles, the lung-targeted 47 may
serve as an alternative anti-carcinogen for lung cancer therapy. With great potential
in bioimaging and lung cancer therapy, these metallacycle-cored polymers offer an-
other development direction for theranostic reagents.

Although SCCs have advantages in forming host-guest complexes via their tunable
cavities and serving as nanocarriers, there remain enormous hurdles in biological ap-
plications. For example, living cell imaging is hard to realize owing to some inherent
limitations of SCCs: (1) the hydrophobicity of SCCs; (2) the weak fluorescence signal of
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Figure 21.10: a) An AIE-active supra-amphiphilic metallacycle with good biocompatibility for cell
imaging. I) Synthetic route of 40. II) The plots of transmittance or Rh value vs temperature. III) The
relative fluorescence intensity of 40 at different temperature. IV) Confocal laser scanning
microscopy (CLSM) images of BMSCs stained with different dyes. Copyright 2017 Royal Society of
Chemistry. b) AIE-active metallacycle-cored polymers for cell imaging. I) Cartoon representations
and synthetic routes of 46 and 47. II) CLSM images of A549R cells incubated with 47. III) In vivo
fluorescence image of mice injected with 47. IV) Fluorescence images of different ex vivo organs.
Copyright 2016 National Academy of Sciences. c) AIE-active zirconium(IV) coordination cages for
live-cell imaging. I) Cartoon representations and synthetic routes of 50 and 51. II) CLSM images of four
noncancerous cells and cancerous cells incubated with 50. Copyright 2020 John Wiley & Sons, Inc.
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SCCs in living system (induced by ACQ effect or short ligand-to-metal charge
transfer (LMCT)); (3) relatively high cytotoxicity of SCCs. To overcome these prob-
lems, Zhao et al. constructed the first zirconium(IV)-based coordination cages (50,
48 ligand; 51, 49 ligand) (Figure 21.10c, I) [81]. In the structure of TPE ligands, the
carboxyl-decorated phenyl rings and free phenyl rings, respectively, served as the mo-
lecular rotors and stators. The dynamic molecular rotors assuredly exist in the structure
of coordination cages, as indicated by the tunable AIE characteristic of the cages, in-
duced by various external stimuli, such as temperature, viscosity, and guest size. At-
tributing to the strong structural stability and preeminent AIE property, 50 and 51 were
stable in neutral, acidic, and weak basic solutions. These SCCs had high quantum
yields and low cytotoxicity in the aqueous solution, suggesting that they were suitable
for living cell imaging. In vitro, 50 was efficiently internalized via an endocytic pathway
and aggregated in the lysosomes of cancerous or noncancerous cells (Figure 21.10c, II),
suggesting that these AIE-active cages could act as an effective fluorescent probe to
label various cell lines. Furthermore, the fluorescent signal from the control group,
without TPE molecular rotors, was much weaker than that in the SCCs groups, further
confirming that AIE rotors in coordination cages were vital for living cell imaging.
These AIE-active and highly stable zirconium(IV)-based coordination cages pave the
way for more biological applications such as drug delivery and cancer theranostics.

21.6 AIE-active SCCs for cancer therapy

Although SCCs are receiving increased attention because of their aesthetic architec-
ture and wide application, there are burning questions about SCCs that need to be
solved, such as their poor stability in the physiological environment, and insuffi-
cient tumor accumulation and limited solubility. Because supramolecular amphi-
phile can not only enhance the stability and solubility of SCCs but can also load
other anticarcinogen to obtain a synergistic effect, SCCs-based supramolecular am-
phiphile is an excellent answer to the above questions. Stang et al. developed an
SCCs-based amphiphilic polymer 54, in which AIE-active metallacycle 53 acted as
the core and glutathione (GSH)-responsive amphiphilic copolymers served as the
four arms (Figure 21.11a, I) [82]. This amphiphilic polymer self-assembled into nano-
particles (NP) or vesicles (VC) with various sizes through different preparation tech-
niques. For instance, 50 nm (NP1) and 500 nm (NP2) nanoparticles were acquired
by reprecipitation or dialysis method, while 0.8−3.0 μm VC were obtained by a dou-
ble emulsion technique. Possessing different sizes and morphologies, these assem-
blies had different internalization rates and endocytic pathways. For NP1 and NP2,
they were mainly phagocytized by clathrin-mediated endocytic pathway. In the
case of VC, the internalization was dependent on the micropinocytosis-mediated
pathway. Of note, the hydrophobic core of nanoparticles and the hydrophilic cavity
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Figure 21.11: a) An AIE-active self-assembled metallacycle with anti-tumor activity. I) Synthetic route
of 52. II) Illustration of cellular uptake of DOX-loaded self-assemblies. III) Blood circulation time of
different formulations. IV) Tumor growth curves of mice after different treatments. Copyright 2017
American Chemical Society. b) An AIE-active metallacycle 54 as a theranostic platform. I) Cartoon
representations and chemical structures of 54, biotin-PEG-DSPE and PEG-DSPE. II) Blood elimination
kinetics of different anticarcinogens. III) In vivo fluorescence imaging of mice injected withMNPs. IV)
Tumor growth curves of mice after different treatment. Copyright 2016 National Academy of Sciences.
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of VC can be used to encapsulate neutral doxorubicin (DOX) or doxorubicin hydro-
chloride (DOX · HCl), achieving a dual-drug delivery system (Figure 21.11a, II). Due
to the presence of the GSH-triggered self-eliminating group, the nanostructures dis-
assembled inside cancer cells expressing abundant GSH, and the loaded chemothera-
peutic agents such as PhenPt and DOX (DOX · HCl) were subsequently released,
realizing the synergistic treatment. In vitro studies indicated that the IC50 values of
assemblies loaded with DOX or DOX · HCl were relatively low. The combination index
(CI) of DOX-loaded NP1 was 0.79, suggesting that the synergistic anticancer effect of
the nanomedicines was good. As the size of NP1 was beneficial for cell uptake and
the peripheral PEG chain could protect them from being cleared by the reticuloendo-
thelial system (RES), NP1 showed the best drug delivery efficiency (Figure 21.3a, III).
Compared to other control groups, the anti-tumor effect of DOX-loaded NP1 was the
best (Figure 21.11a, IV), likely owing to the synergistic anticancer effect of PhenPt
and DOX. Moreover, there were no apparent changes in body weight and blood bio-
chemistry for the mice treated with DOX-loaded NP1, indicating the systemic toxicity
of this SCCs-based supramolecular amphiphile was negligible. Based on these satisfy-
ing results, this study offers valuable methodology and strategy for the design of al-
ternative drug delivery systems, based on supramolecular amphiphilic structures.

Except for chemical modification of SCCs, physical encapsulation by suitable co-
polymers is another effective method to solve the inherent drawbacks of SCCs such
as low selectivity, rapid clearance, poor solubility, and lack of targeting ability. Stang
et al. utilized two kinds of 1,2-distearoyl-phosphatidylethanolamine-polyethylene gly-
col-based amphiphilic copolymers (biotin-PEG-DSPE and PEG-DSPE) to modify an
AIE-active metallacage 56 (Figure 21.11b, I) [53]. Attributing to the directional metal
coordination bonds, the TPE core was tightly fixed in the structure of 56 and the AIE
effect was then introduced. Attributing to the PEG and biotin decoration, 56 showed
remarkable stability and targeting capability. In vitro investigations demonstrated
that the metallacage-loaded nanoparticles (MNPs) could be selectively internalized
by biotin receptor-overexpressing cancer cells arising from the receptor-mediated in-
ternalization. In addition, MNPs showed enhanced cytotoxicity against biotin recep-
tor-overexpressing cancer cells, compared to normal cells. Under the protection of
PEG shell, MNPs owned a longer circulation time (Figure 21.11b, II) and provided a
strong motivation to improve the efficiency of chemotherapy. Because of the optimal
size, targeting ability, and longer circulation time, MNPs were prone to accumulate
in the solid tumor aided by the enhanced permeability and retention (EPR) effect and
the active targeting effect. For imaging purpose, intensive fluorescence signals
could be observed at tumor sites, and the fluorescence maintained as long as 24 h
(Figure 21.11b, III), confirming that the targeting ability and the longer circulation
time of MNPs played important roles in in vivo imaging. In anti-tumor studies, MNPs
were most efficient in inhibiting tumor growth (Figure 21.11b, IV), demonstrating that
MNPs were an effective platinum-based anticancer drug. Furthermore, minor changes in
body weight, undetectable tissue damage, and prolonged survival rate were observed in
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the MNPs-treated group, indicating the low systemic toxicity of this novel theranostic
nanomedicine. This newly developed SCCs-based theranostic nanoplatform can
provide valuable information for the development of next-generation metal-based
targeted nanomedicine.

21.7 AIE-active SCCs for bacterial imaging
and ablation

Due to their attractive properties and moderate stabilities, SCCs have been used for
the construction of metallacage or metallacycle-cored hierarchical self-assemblies.
Utilizing the machinability of polymers and the stimuli-responsiveness of SCCs, var-
ious metallacage-crosslinked networks have been developed. Because these net-
works consist of multiple components, there is a great demand to figure out how
the components’ individual properties transfer to the entire supramolecular system,
and then influence their functions and applications. Zhang et al. treated AIE-active
hexagonal metallacycles anchored with poly(N-isopropylacrylamide) (PNIPAAM) pol-
ymers as joints to prepare three supramolecular networks (61a−61c) (Figure 21.12a)
[83]. Because the cross-linking degree in these supramolecular networks is different,
it is necessary to study the structure-property relationship of networks for further bio-
logical applications. In the system of supramolecular networks, NIPAAM polymers
endowed the networks with feasible processability and good hydrophilicity, while
the Pt-based metallacycles brought antibacterial activity and excellent imaging capa-
bility. Hence, these networks were ideal theranostic platforms for simultaneously im-
aging and killing bacteria. As the intramolecular rotation of TPE unit was restricted
by the metal-coordination bonds, 61a−61c emitted strong fluorescence even in low
concentrations. After the measurement of temperature-dependent UV/Vis spectra,
the clouding points (Tcloud) of 61a−61c were 42 °C, 38 °C, and 34.5 °C, respectively,
indicating that the introduction of PNIPAAM polymer not only introduced the thermo-
responsiveness into supramolecular networks but also increased their water solubility,
both of which were beneficial for further biomedical applications. Attributing to the
presence of trimethylamine groups and platinum(II) in metallacycles, the supramolecu-
lar networks could kill both E. coli and S. aureus, suggesting their broad-spectrum anti-
bacterial ability (Figure 21.12b). Of note, the antibacterial activity of 61a−61c followed
the same order of densities of metallacycles in networks, confirming that the platinum
(II) metallacycles played crucial roles in fighting against bacteria. Furthermore, the
bacteria could be lit up by 61a (Figure 21.12c), indicating that 61amay act as a potential
imaging agent. This study provides new methods to construct SCCs-based supramolec-
ular networks and extends their applications in imaging and killing bacteria, which
will attract more efforts for the development of metallacycle-cored supramolecular
networks.
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Because of the increasing antibiotic resistance, bacterial infection has become
a major threat to global health. Search for novel antibacterial agents that can
catch up with the evolution of antibiotic resistance is urgently needed. Attributing
to the minimal invasiveness and spatiotemporal selectivity, photodynamic inacti-
vation (PDI) strategy is attracting increasing attention. Upon light irradiation,

Figure 21.12: AIE-active metallacycle-crosslinked supramolecular networks for bacterial imaging
and killing. a) Synthetic routes of 61a − 61c. b) Colony-forming of E. coli and S. aureus incubated
with 61a − 61c. c) Fluorescence images of E. coli and S. aureus incubated with 61a. Copyright 2020
John Wiley & Sons, Inc.
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photosensitizers can transform O2 into reactive oxygen species (ROS) such as hy-
droxyl radical (∙OH) and singlet oxygen (1O2), which can destroy DNA, proteins,
or membrane lipids and eventually result in irreversible bacterial death. However,
owing to the ACQ effect, the fluorescence and ROS generation of traditional photo-
sensitizers are significantly reduced. AIE-active photosensitizers, with the ability
to maintain ROS production even in the aggregated state, are good candidates as
PDI agents. To enhance the PDI efficiency of the photosensitizers, membrane-
intercalating moieties have been introduced into the structure of photosensitizers.
Niu et al. reported a novel PDI system for anti-bacteria. Benefiting from the elec-
trostatic interactions, positively charged TPE-based metallacycle (62) was covered
with negatively charged tobacco mosaic virus coat protein, which was prema-
turely conjugated with a trans-acting activator of transduction (TAT) peptide (63)
(Figure 21.13a) [84]. The TAT peptide provided a strong membrane-intercalating abil-
ity for 63, thus remarkably enhancing their antibacterial properties. Owing to the
heavy atom effect of platinum, the ability of ROS generation of 62 was also signifi-
cantly improved. Hence, the assembled 64 could not only tightly stick to the cell
membrane of E. coli, but could also destroy cell membrane (Figure 21.13b and c).
Compared to the control groups, the survival rate of E. coli in the assembled 64 group
was the lowest and reached nearly 0% at 40 μM (Figure 21.13d), suggesting that the
enhanced bacterial accumulation contributed to the high bacterial inhibition. It is
worth noting that the cytotoxicity of 64 against mammalian cells in the dark or under
light irradiation was low, which confirmed 64 had good biocompatibility. After care-
ful observation of the bacteria morphology, the antibacterial mechanism was re-
vealed. Under light irradiation, membrane lysis was induced by the generated ROS
and the cell contents then leaked out, which eventually led to the death of bacte-
ria. Although 64 showed broad-spectrum antibacterial property, the bacterial in-
hibition rate of Gram-negative bacteria was markedly higher than that of the
Gram-positive bacteria. The reason may be that the TAT peptide on 64 had a
strong affinity to the cell-wall structure of Gram-negative, thus achieving a higher
bacterial inhibition rate. Based on the low cytotoxicity and broad-spectrum anti-
bacterial property, 64 presents as a candidate with excellent potential for control
of wound infection at superficial locations.

Owing to the prevalence of bacterial biofilms, bacterial infectious diseases can-
not be treated effectively. Although diverse biofilm inhibitors have been developed,
the one that can support an efficient and straightforward antibiotic therapy is ur-
gently desired. Because the polysaccharides layer on the surface of bacteria plays
a vital role in bacteria communication, the polysaccharides-decorated antibacte-
rial agent may be able to greatly facilitate the communication between material
and bacteria, thus significantly improving their antiseptic property. Chen et al. de-
veloped a new strategy in which saccharide-coated assemblies could closely con-
tact with bacteria to achieve an effective biofilm inhibition [85]. To improve the
biocompatibility and enhance the communication between materials and bacteria,
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Figure 21.13: An AIE-active metallacycle decorated with TAT-targeted virus coat protein for PDI of
bacteria. a) Scheme illustration of the supramolecular assembly and its antibacterial capability.
SIM images of E. coli incubated with b) 62 and c) 64. d) E. coli viability after treatment with 64
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hydrophilic moieties, such as pentaethylene glycol (EG5) or galactoside (Gal) were
introduced into the structures of donor 1 and donor 2, thus generating four glyco-
metallacycles ([2 + 2]-Gal, [3 + 3]-Gal, [3 + 3]-EG5 and [6 + 6]-Gal) with outstanding
self-assembly behaviors (Figure 21.14a). Due to the presence of multiple positive
charges, these metallacycles effectively inhibited the growth of biofilms and bacte-
ria in vitro and in vivo, providing the first example of metallacycles-cored hierar-
chical self-assembly for inhibition of bacteria and biofilms. In vitro evaluations
suggested that four glyco-metallacycles exhibited antibacterial activity and their
antibacterial efficiency followed the order: [6 + 6]-Gal > [3 + 3]-Gal > [2 + 2]-Gal >
[3 + 3]-EG5 (Figure 21.14b−e), suggesting that galactosides moiety contributed to
better antibacterial activity. The results from biofilms experiments matched well with
that in antibacterial experiments, further demonstrating that these assemblies could
also effectively inhibit biofilms formation. A pneumonia animal model induced by
S. aureus was constructed to assess the in vivo efficacy. Compared with the S. aureus
group, the expression of cytokines (IL-6 and TNF-α) in [6 + 6]-Gal-treated group de-
creased (Figure 21.14g and h), which verified that [6 + 6]-Gal assemblies efficiently
alleviated pneumonia. Based on the satisfactory in vitro and in vivo results, this study
provides a new avenue for the design of biofilm inhibitors based on the “sweet-
talking” between polysaccharides-decorated metallacycles and bacteria.

21.8 Summary and outlook

Benefiting from the excellent optical properties, good tunable shape and size, as
well as multi-functionalities, AIEgens-based SCCs have been employed in various
biomedical applications. In sharp contrast to traditional light-emitting materials
that usually need tedious and complicated synthetic processes, AIEgens-based
SCCs can be intelligently constructed by simply tuning the structure of the indi-
vidual building blocks. Attributing to the excellent compatibility and the diversity
of supramolecular chemistry, functional building blocks equipped with other non-
covalent interactions can be introduced into AIE-active SCCs to form hierarchical
self-assemblies that possess not only the perfect topological structure but also
have promising potential in biological applications. Although many AIEgens-
based SCCs have been constructed to solve biomedical problems, such as living
cell imaging, cancer theranostics, bacteria imaging, and antibacterial treatments,
the biomedical exploration of these AIEgens-based SCCs is just at the beginning,

Figure 21.13 (continued)
under different conditions. TEM section images of E. coli without any treatment in the dark e) or
incubated with 64 under 420 nm light irradiation for 15 min f). g) and h) are enlarged images of the
red squares in e) and f), respectively. Copyright 2019 National Academy of Sciences.
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Figure 21.14: Saccharide-decorated amphiphilic metallacycles for inhibiting biofilms. a) Schematic
illustration of chemical structures, synthetic process and self-assembly morphologies of
amphiphilic metallacycles. TEM images of b) [2 + 2]-Gal, c) [3 + 3]-Gal, d) [6 + 6]-Gal, and
e) [3 + 3]-EG5 self-assemblies. f) Growth curves of S. aureus treated with different amphiphilic
metallacycles. The ELISA results of g) IL-6 and h) TNF-α cytokines after different treatments.
Copyright 2020 American Chemical Society.
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and there is huge possibility to broaden their applications. (1) Until now, almost
all of the reported AIE-active SCCs are built on the TPE-based AIEgens. Novel AIE-
active building blocks with unique optical properties are urgently needed to de-
velop sophisticated SCCs, with more interesting properties. (2) The light used to
activate AIEgens is often UV or visible light. Hence, the present AIE-active SCCs
are not very suitable for living organisms. In the near future, NIR I or NIR II AIE-
gens, with low autofluorescence background, good biocompatibility, and deep tis-
sue penetration should be preferentially selected to seek biomedical applications.
(3) Owing to the hydrophobicity of common AIE-active SCCs, the limited water sol-
ubility and poor cell uptake are major hurdles for their bio-application. Further-
more, the harsh physiological environment can induce the disassembly of SCCs,
causing severe side effects and wrong diagnostic results; thus, further chemical post-
modification and physical encapsulation by amphiphilic copolymers are required.
After physical or chemical modification, metallacycle/metallacage-cored AIE-active
supramolecular assemblies are formed, in which metallacycles/metallacages are pro-
tected by copolymer shells, consequently increasing their stability and phagocytosis
efficiency. In addition, multiple stimuli-responsiveness and targeting ability can si-
multaneously be brought in these assemblies to improve therapeutic efficiency and
efficiently reduce the potential side effects. (4) The intrinsic cavity of the SCCs is
underutilized in the current biomedical applications. Since various functional guests
can be introduced into the hydrophobic cavity of SCCs via host-guest interactions,
the functionality of AIE-active SCCs can be further modulated through extrinsic guest
molecules. (5) Considering the future development of AIE-active SCCs, the synergistic
therapy that relies on the unification of multiple functional molecular building blocks
should also be prioritized to overcome the potential of resistance that is commonly
encountered in the single treatment strategy.

Recent advances of AIE-active SCCs in the biomedical field have been summa-
rized in this chapter, according to their various applications. Based on these inspiring
methods and strategies, this chapter will undoubtedly provide meaningful informa-
tion to the future development of SCCs. However, it is clear that smarter SCCs plat-
forms need to be exploited, while systematic studies and evaluations need to be
accomplished before these supramolecular self-assemblies, integrating diagnostic
and therapeutic functions become clinically available. Considering the enormous
contributions made by scientists from chemistry, materials, and biology, we are con-
fident that the AIE-active SCCs can find diverse applications in the near future.
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