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Abstract

Physiological dynamics in living cells and tissues are crucial for maintenance
and regulation of their normal activities and functionalities. Tiny fluctua-
tions in physiological microenvironments can leverage significant influences
on cell growth, metabolism, differentiation, and apoptosis as well as disease
evolution. Fluorescence imaging based on aggregation-induced emission
luminogens (AIEgens) exhibits superior advantages in real-time sensing and
monitoring of the physiological dynamics in living systems, including its
unique properties such as high sensitivity and rapid response, flexible molec-
ular design, and versatile nano- to mesostructural fabrication. The introduc-
tion of canonic AlEgens with long-wavelength, near-infrared, or microwave
emission, persistent luminescence, and diversified excitation source (e.g.,
chemo- or bioluminescence) offers researchers a tool to evaluate the result-
ing molecules with excellent performance in response to subtle fluctuations
in bioactivities with broader dimensionalities and deeper hierarchies.
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1. INTRODUCTION

Physiological microenvironments are essential for living organisms to stay alive and perform nor-
mal functions. Dynamics in physiological microenvironments can have significant influence on
such issues as enzymatic activity, metabolic rate, and gene expression level and, in turn, shape the
adaptive responsiveness to environmental stimuli. Studies have increasingly shown that the abnor-
mal fluctuations in physiological dynamics facilitate the occurrence and development of various
diseases (1-3). For example, different from that in normal tissues, the physiological environment
in tumoral tissues is unique and includes hypoxia, acidic extracellular pH, and tolerance to ox-
idation stress. These heterogenized microenvironments not only differentiate the tumors from
the normal tissues but also promote oncogenesis with inextricable linkages (1). Therefore, real-
time monitoring of physiological dynamics in living systems is of great importance to reveal the
initiation and evolution mechanisms of diseases and to precisely diagnose and treat diseases for
improved health.

The past few decades have witnessed remarkable progress in bioimaging techniques that form
the basis of life science research and biomedical diagnosis. Various types of tools, including com-
puted tomography, ultrasound, magnetic resonance imaging, positron emission tomography, and
cryo-electron microscopy, have been developed so that the biostructures at the tissue or even cel-
lular level could be visualized with high sensitivity, high spatial-temporal resolution, and deep
penetrability (4, 5). Among them, fluorescence imaging possesses unique advantages for in situ vi-
sualization of biotargets at the molecular level and monitoring dynamic biological processes in real
time (6-9). However, traditional organic fluorophores with large plane wt-conjugation exhibit sev-
eral drawbacks, such as severe photobleaching, moderate signal-to-noise ratio, and aggregation-
caused quenching (ACQ). Although inorganic quantum dots and upconverting nanoparticles show
bright luminescence and excellent photostability (10-12), their heavy metal components present
toxicity concerns that limit their further clinical translations (13, 14).

Unlike the ACQ fluorophores, aggregation-induced emission luminogens (AIEgens) represent
superior alternatives for fluorescence light-up imaging. The rotor-containing AIEgens undergo
low-frequency motions when they are well dissolved in good solvents. This molecular motion dis-
sipates the exciton energy through fast nonradiative pathways to contribute to the nonemissive na-
ture of molecules in the solution state. While in the aggregated form, strong emission was observed
due to the restriction of intramolecular motion to block the nonradiative decay channels (15, 16).
Owing to their large Stokes shifts, strong photobleaching resistance, and excellent biocompat-
ibility, AIE-based materials have been widely applied in the visualization of biomolecules and
structures among various hierarchies and dimensionalities, including specific biomolecule analy-
sis (17, 18), real-time subcellular or cellular imaging (19, 20), high-resolution tissue visualization
(21), and precise whole-body monitoring (22). Importantly, AlEgens are also utilized for inves-
tigating complex bioprocesses such as drug delivery (23), short interfering RNA (siRNA)/gene
interference (24, 25), bacteriophage infection (26), and cancer therapy (27, 28), thanks to their ul-
trahigh sensitivity, rapid responsiveness, and superior temporal resolution. In this review, we focus
on monitoring of physiological dynamics in intracellular pH, temperature, microviscosity and po-
larity, membrane potential, hypoxia, redox balance, and radicals to provide insightful information
to evaluate cellular dysfunctionality and the evolution of disease (Figure 1).

2. INTRACELLULAR pH MONITORING

Intracellular pH is an essential factor that regulates various cellular behaviors (29). Abnormal
intracellular pH is a hallmark of many diseases (30). Sensing and monitoring of pH changes inside
living cells are thus of great importance for gaining insights into their pathological processes.

He et al.
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Figure 1

Aggregation-induced emission (AIE) luminogens lighting up the physiological environment in living cells
through fluorescence imaging of the intracellular dynamics in pH, temperature, viscosity, potential, redox,
reactive oxygen species, and other factors.

2.1. Small-Molecule-Based Intracellular pH Sensors

Tang’s group (31) reported a full-range pH response probe, tetraphenylethene-cyanine (TPE-
Cy) adduct, with a sulfonic group and cyanine as active sites toward H* and OH™, respectively.
TPE-Cy showed strong-to-medium red emission at pH 5.0—7.0, weak-to-nil red emission at pH
7.0—10, and nil-to-strong blue emission at pH 10—14, with the conjugation structure broken
down (Figure 24). Cytoplasmic pH sensing and quantitation were thus realized via a ratiometric
manner. In particular, upon acid treatment, the pseudo red-color-stained area greatly expanded.
When the acid was replaced by Dulbecco’s Modified Eagle Medium (DMEM, pH 8.5), blue color
dominated the regions, indicating sensitive responses to pH changes (31). Similar strategies using
pyridines (32, 33), Schiff bases (34), benzimidazole (35), tertiary amines (36), quinoline (37), and
phenol (38) as proton/base reactive groups were also applied in intracellular pH monitoring.

In situ monitoring of pH at the subcellular level was also realized by functionalizing the probes
with specific organelle-targeting groups. Xi and coworkers (39) developed a near-infrared (NIR)
probe by incorporating a TPE unit with a NIR merocyanine skeleton whose positive charge could
guide the probe accumulated on the mitochondrial membrane. The hydroxyl xanthene unit en-
abled a sensitive fluorescence response to the local pH dynamics, with a high tolerance to mem-
brane potential change (39). Similarly, by specific modification of acid responsive moieties, e.g.,
morpholine groups, the monitoring of pH dynamics in lysosomes was also conducted to evaluate
the cells’ functionality (40, 41).
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Figure 2

pH sensing in living systems. (#) Working principle for the fluorescent response of TPE-Cy to pH change. Panel adapted with
permission from Reference 31; copyright 2013 American Chemical Society. (b)) Chemical responses of a ratiometric AIE-TBET probe
to pH changes by emitting various emission colors. (¢) Fluorescence images of HeLa cells incubated with probe in panel 4, with pH
changing from 3.0 to 7.0. Panels —c adapted with permission from Reference 44; copyright 2018 American Chemical Society. (4, rop)
Scheme of acid- and amine-responsive mechanisms by protonation of P1b/2b/3a and deprotonation of P1b/2b/3a%*. (d, bottor) From
left to right: After incubation with P1b/2b/3a, the confocal images of Moina macrocopa are shown with orange and red emissions and
calculated pH heat images, respectively. Panel adapted with permission from Reference 46; copyright 2019 Wiley-VCH Verlag.
Abbreviations: AIE, aggregation-induced emission; TBET, through-bond energy transfer; TPE-Cy, tetraphenylethene-cyanine.

Forster resonance energy transfer (FRET) was widely employed to achieve large Stokes shifts
that were highly desired for accurate sensing. For instance, Yang’s group (42) developed a sensor
combining AIE and FRET with Stokes shifts as large as 138 nm between the excitation and
emission from cyano-diphenylethylene and BODIPY, respectively. With a pK, value of 9.79, it
sensitively responded to pH 9.0—10 in living cells. The strict requirement of well overlapping
between the donor’s emission and acceptor’s absorbance in FRET pairs could be further re-
solved by through-bond energy transfer (TBET) (43). For example, Wang et al. (44) developed
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a TBET probe composed of a TPE donor and an NIR hemicyanine acceptor. As shown in
Figure 2b, the probe showed strong blue fluorescence at neutral or basic pH with closed hemi-
cyanine. When pH decreased from 7.0 to 3.0, the TBET effect was activated with a 238-fold
enhancement in the ratio of NIR fluorescence to blue fluorescence. Moreover, well-separated
dual emissions with a pseudo-Stokes shift up to 361 nm were realized, facilitating precise
double-checked imaging of cellular pH fluctuation (44) (Figure 2c).

2.2. Polymers

In addition, AIE-based polymers represent excellent alternatives in pH sensing with their even
broader detection range and higher signal amplification factor owing to their capability to interact
with multiple protons. Tian’s group (45) designed an amphiphilic copolymer containing TPE-
oxazolidine as a pH-sensitive chromophore and a polyethylene glycol (PEG) derivative as a water-
soluble chain. In an acidic lysosome, the probe changed from cyan to red due to intramolecular
charge transfer (ICT) effect of opening the spiro-ring of oxazolidine moiety. The probe emission
was then switched back to cyan from red in response to lysosomal inhibitors, enabling real-time
monitoring of pH-related autophagy in cancer cells (45). Expanding into in vivo pH map-
ping, Tang’s group (46) developed a multifunctional polymer [poly(2-amino-4H-1,3-oxazine)s]
(PAHOs) with N-heterocycles for pH sensing. As shown in Figure 2d, PAHOs displayed ratio-
metric sensing behavior within a broad pH window from 1.0 to 9.0 by emitting yellow to red
fluorescence accordingly. Intestinal pH in Moina macrocopa was then mapped as pH gradually
increased from 4.2 to 7.8 along the digestive process in its intestinal lumen, consistent with its
biological nature (46).

3. INTRACELLULAR TEMPERATURE SENSING

Temperature is critical for cells because it regulates every intracellular biochemical reaction (47).
Sensing the intracellular temperature, especially in inflammatory and tumor cells, can provide
valuable insights into their pathology and physiology.

Thermo-responsible AIE materials have been widely applied in temperature sensing. Chen’s
group (48) designed a fluorescence lifetime—based thermometer using AIE-active hexaphenylsilole
(HPS) as the reporter and butter as the matrix (Figure 34). The viscosity of the matrix decreased
when the butter melted under increased temperature. Thus, the intramolecular motion of HPS
was accelerated in response to fluorescence lifetime. Shorter fluorescence lifetime upon increased
temperature was observed with a resolution up to ~0.11 ns/°C. Because it was encapsulated inside,
the signal from the reporter was highly specific to the temperature change without interference
from pH or ionic strength. As shown in Figure 35, the fluorescence lifetime was 1.45 ns at 24°C,
whereas it was only 0.83 ns at 38°C in living cells (48).

Another strategy based on thermoresponsive emission color change was employed by Wang
etal. (49) for intracellular temperature sensing (Figure 3c¢). Blue AIE cages were used as initiators
to synthesize amphipathic star-like poly(N-isopropylacrylamide) (PNIPAM) polymer that can
self-assemble into nanoparticles. The PNIPAM either shrank or extended according to tempera-
ture, with characteristic lower critical solution temperature at 32°C. Therefore, the sensor could
be easily tuned to various color emissions through a cascade FRET effect after encapsulating dif-
ferent doses of guest dyes [(4-dimethylamino-2’-butoxychalcone (DMBC) and Nile red with yel-
low and red emission, respectively]. Moreover, the white emissive polymeric nanoparticles exhib-
ited a reversible response to temperature with a resolution of about 0.5°C. As shown in Figure 34,
with temperature increasing from 25°C to 45°C, the fluorescence intensity between 450 nm and
530 nm decreased but increased at 620 nm, resulting in the shift of fluorescence emission color
from red to white. This multicolor thermometer represented an excellent alternative to report
inhomogeneous physiological parameters in different cells, tissues, and organs (49).
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Figure 3

Temperature sensing in living cells. (#) Schematic diagram of the synthetic process of the HPS/butter/DSPE-PEG-biotin nanorod.
Alterations of the position of HPS molecules and the orientation of the DSPE-PEG-biotin segment are not shown and the size of the
nanorod is not drawn to scale. () In vitro fluorescence lifetime images and the corresponding fluorescence decay curves of the
HPS/butter/DSPE-PEG-biotin nanorod in live cells measured at indicated temperatures. Panels 4—b adapted with permission from
Reference 48; copyright 2020 Royal Society of Chemistry. (¢) Graphical representation of CNP assembly into hybrid nanoparticles and
the temperature-sensing profiles with varying emission colors. (d) Confocal images of HeLa cells stained with white light-emitting
hybrid nanoparticles at different temperatures. Panels c—4 adapted with permission from Reference 49; copyright 2020 American
Chemical Society. Abbreviations: CNP, cage-based poly(N-isopropylacrylamide) polymer; DMBC, 4-dimethylamino-
2'-butoxychalcone; DSPE-PEG-biotin, 1,2-distearoyl-s#-glycero-3-phosphoethanolamine-N-(biotinyl-PEG-2000)-biotin; FRET,
Forster resonance energy transfer; HPS, hexaphenylsilole; PEG, polyethylene glycol; T, temperature; THE, tetrahydrofuran.

4. VISCOSITY AND POLARITY MONITORING

Intracellular viscosity is a crucial parameter that determines the rate of diffusion-controlled pro-
cesses in living systems (50). The abnormality of intracellular viscosity has been regarded as an
indicator of various diseases (51). By coincidence, AIEgens with rotors that are sensitive to viscos-
ity have been widely applied in monitoring intracellular viscosity.

Tang’s group (52) used the abovementioned TPE-Cy for microviscosity sensing because of its
rotor-like structure and excellent permeability and biocompatibility. Longer fluorescence lifetime
was observed in higher-viscous solution and a more tightly packed membrane environment.
Two-photon fluorescence lifetime imaging in living cells revealed that lipid droplets possessed
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much lower viscosity than the surrounding cytoplasmic area, with lifetime values ranging from
a few hundred picoseconds to more than 1.5 ns, thereby providing an excellent tool for related
applications (52). Owing to the heterogenic nature of intracellular viscosity, it is essential to
develop organelle-specific probes for in situ viscosity monitoring. Jiang’s group (53) reported a
pyridinium-modified water-soluble viscometer probe, MitoAIE1, that could specifically target
the mitochondria (Supplemental Figure 1a,b). With viscosity increasing from 0.894 cP [poly
(butylene succinate) (PBS)] to 942.5 cP (99% glycerol), the fluorescence intensity of MitoAIE1
increased by 38-fold, indicating sensitive responses to viscosity (53).

A microenvironmental factor, polarity, could also have a significant influence on intracellular
biomolecular diffusion and membrane trafficking (54). To quantify the subcellular polarity change
in response to protein unfolding, Wong and colleagues (55) reported an AIE probe, NTPAN-MI,
whose fluorescence could be selectively activated upon labeling exposed thiols in unfolded pro-
teins by interrupting the photoinduced electron transfer (PET) effect. As shown in Supplemental
Figure 1¢,d, the fluorescence emission wavelength of NTPAN-MI was red shifted with increasing
solvent polarity. Through spectral phasor analysis, distinct patterns of dielectric constant distri-
bution in the cytoplasm can be observed before and after MG132 stimulation that could disrupt
the normal protein degradation pathways. In particular, in the nucleus, the unfolded proteome
experienced the most hydrophilic environment compared to that in the endoplasmic reticulum
and cytosol area, indicating a sensitive response to the subcellular polarity dynamics of living cells
during the antistress process (55).

5. MEMBRANE POTENTIAL SENSING

Membrane potential originates from the voltage difference between the inside and outside of a
cell or subcellular organelle. Changes in membrane potential can elicit action potentials in neuron
cells and affect the cellular respiration for generating energy on the mitochondrial membrane
(56, 57).

By introducing a mitochondrion targeting group, triphenylphosphonium (TPP), Yoon’s group
(58) prepared an AIE probe, TPE-ca-TPP (Supplemental Figure 24) to monitor local potential
changes (A,,). The positive-charge TPP subunit can guide the AIE probe to selectively accu-
mulate on the mitochondria because of their negative potential gradient, with a strong emission
of green fluorescence. In contrast, after treatment with an oxidative inhibitor that could neutral-
ize the mitochondrial membrane potential, the fluorescence signal from the probe almost disap-
peared, indicating its sensitive response to A, (58).

Because the mitochondria can provide energy for sperm movement, the abnormal A, may
lead to dysfunction in male infertility. Tang’s group (59) and Jiang’s group (60) independently
demonstrated two kinds of AIEgens conjugated with cationic indolium groups, TPE-In and TPE-
Ph-In, that could perfectly target mitochondria in mammalian sperm cells. Both are AIE-active
and emit in the red region in their aggregate state with a Stokes shift larger than 200 nm. Gu
and colleagues (61) further utilized TPE-Ph-In to evaluate the quality of human sperm cells via
imaging of mitochondrial membrane potential. Taking advantage of this high-throughput method,
investigators stained clinical sperm samples from 36 infertile patients with TPE-Ph-In. As shown
in Supplemental Figure 25, a positive correlation was constructed between the motility of four
grades of sperm cells and their mitochondrial membrane potentials, enabling early diagnosis of
male fertilization conditions (61).

Cationic pyridinium served as another alternative for mitochondrion targeting. Tang’s group
(62) reported an azide-functionalized tetraphenylethene pyridinium (TPE-Py-N3) probe. As
shown in Supplemental Figure 2, the excellent membrane penetrability of TPE-Py-Nj; probes
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allowed them to diffuse into all cells within the zebrafish embryos by showing a robust fluores-
cence signal. It became almost negligible after staurosporine (an apoptosis-inducing chemical)
treatment, leaving only weak autofluorescence (62).

6. HYPOXIA DETECTION IN LIVING CELLS AND TISSUES

Hypoxia caused by the lack of oxygen is associated with a variety of conditions such as cardiac
ischemia, stroke, and inflammation. In particular, as an important characteristic of solid tumors,
hypoxia is directly related to tumor progression, metastasis, and drug resistance (1).

Azoreductase, which is overexpressed in hypoxic tumor sites, can efficiently reduce the N=N
bond through a two-electron transfer process. Taking advantage of the macromolecular azo cou-
pling reaction between a PEG diazonium salt and a TPE-modified aniline, He and coworkers (63)
constructed a relevant probe, PEG-Azo-TPE. As shown in Figure 44, micelles could be formed in
aqueous solution to yield azobenzene-caged AIE dots. Their sensitive responses to hypoxia were
verified by the lit-up fluorescence signals in cancer cells after transferring to hypoxia (1% O,) from
normoxia (20% O,) (63). Recently, in situ hypoxia imaging was performed using water-soluble
azobenzene-contained copolymer (WS-AC) and anionic water-soluble tetraphenylethene (AWS-
TPE). Imaging showed a very weak fluorescence signal because of its good water solubility. When
the azobenzene moiety was cleaved by the overexpressed azoreductases, WS-AC transformed into
a cationic species, which could further assemble in situ with the opposite-charge AWS-TPE. As
a result, the AIE was activated with an intensified fluorescence signal to illuminate the hypoxia in
the multicellular tumor spheroid model (64).

With the aid of N-oxides, a new strategy was reported by Tang’s group (65) for hypoxia imaging.
The as-prepared TPE-2E N-oxide dispersed well in an aqueous medium, leading to a negligible
fluorescence signal. Cytochrome P450s existing in the hypoxic tumor can catalyze a two-electron
reduction of N-oxides. As shown in Figure 4b, along with the decrease in oxygen density from
21% to 0% in HeLa cells, TPE-2E N-oxide showed a gradually intensified fluorescence signal,
confirming its sensitivity to hypoxia (65). Studies indicated that the activity of nitroreductase is
closely related to hypoxia in living cells and tissues. Zhang’s group (66) thus explored a molecule,
TPE-NO,, for tumor hypoxia imaging by endowing the TPE unit with a nitro group. Upon treat-
ment with nitroreductase and NADH, pyridine-substituted TPE (TPE-PY) was produced, lead-
ing to the transformation from hydrophilic to hydrophobic. The resulting aggregation of TPE-PY
generated a 55-fold turn-on intensity in fluorescence signal, showing an excellent sensitivity to hy-
poxic cancer cells. By combining fluorescence and photoacoustic signals, Wu and coworkers (67)
further designed a squaraine-based dual-modality AIEgen for in vivo hypoxia imaging. As shown
in Figure 4c, the probe was readily assembled into a nanoparticle (SPT-NO,) in aqueous media
owing to its amphiphilicity. The presence of nitroreductase converted the electron-withdrawing
nitro group into an electron-donating amino group, leading to a 52-nm blue shift in absorption
peak and apparent enhancements in fluorescence signal. Therefore, strong photoacoustic and flu-
orescence signals were observed in the tumor site, providing clear information about the hypoxic
status in living animals (Figure 4d) (67).

7. REDOX BALANCE MONITORING

Biothiols, including cysteine (Cys), homocysteine (Hcy), glutathione (GSH), and hydrogen sulfide
(H;S), are essential in cell signaling, growth, and apoptosis (68). Moreover, biothiols have strong
redox properties and nucleophilicity and serve as key antioxidants to counter endogenous reactive
oxygen species (ROS) and other free radicals (2).

He et al.
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Hypoxia sensing in living systems. (#) Scheme for sensing of hypoxia-induced azoreductase by polymeric aggregation-induced emission
(AIE) aggregates. Panel adapted with permission from Reference 63; copyright 2019 Wiley-VCH Verlag. (&, top) Scheme of hypoxia
detection based on the hydrophilic to hydrophobic transition of TPE-2E N-oxide to TPE-2E catalyzed by intracellular reductases.

(b, bottorn) Fluorescent images of HelLa cells cultured with TPE-2E N-oxide under various oxygen concentrations. Panel adapted with
permission from Reference 65; copyright 2019 Wiley-VCH Verlag. (c) Scheme of the nanoprobe’s response toward nitroreductase
under tumor hypoxia by generating ultrasound and fluorescence signals. (d) Fluorescence and ultrasound imaging of mice bearing
subcutaneous tumors at various times upon injection of the nanoprobes. Panels ¢—d adapted with permission from Reference 67;
copyright 2019 Wiley-VCH Verlag.

7.1. Cys and Hcy Monitoring

Among those biothiols, Cys and Hcy are not only involved in protein and peptide structure, but
they also regulate biological nitrogen balance and redox homeostasis. The deficiency of Cys can
lead to growth retardation in children, hair depigmentation, liver damage, and muscle loss, whereas
an elevated level of Cys could cause cardiovascular disease and neurotoxicity (68).

By utilizing the PET effect, Tang and coworkers (69) reported a powerful turn-on thiol-specific
probe, TPE-MI (Figure 54, subpanel 7). The maleimide (MI) group served as a specifically rec-
ognizing thiol group. It can efficiently quench the fluorescence signal of the TPE core in both
solution and aggregate states, due to the exciton annihilation process associated with the #n-nt
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Figure 5

electronic conjugation of the carbonyl (C=0) and olefinic (C=C) groups. When the thiol group
conjugated onto the C=C bond in the MI moiety by thiol-ene hydrothiolation reaction, the -
conjugation was broken down and the PET effect of MI on TPE was interrupted. As a result, a
lit-up fluorescence signal could be achieved in the range of 1 to 100 ng/mL, which is a promising
result for intracellular Cys sensing (69).

Another strategy of introducing the excited-state intramolecular proton transfer (ESIPT)
effect into AlEgen was reported by Jiang’s group (70) for Cys detection in living cells. The
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intramolecular cyclization between acrylate and Cys broke the acryloyl group in the probe,
activating the ESIPT process by emitting a strong fluorescence signal. Superior selectivity toward
Cys over Hey and GSH was achieved with a limit of detection (LOD) down to 50 nM. Yoon’s
group (71) and Yang’s group (72) reported two other types of ESIPT probes for Cys discrimi-
nation through a kinetically resolvable fluorescence signal. As shown in Figure 54, subpanel i,
upon Cys treatment, DAP-1 with two acrylates displayed a 65-fold enhancement in fluorescence
intensity with a Stokes shift up to 162 nm as a result of the addition/cyclization of the ESIPT
effect. The LOD was as low as 30 nM with an operational time of less than 15 min. Because of
the faster reaction kinetics of the Michael addition/cyclization between the acrylic ester and Cys,
superior selectivity could be achieved and further improved by the much closer pK, of Cys to the
physiological pH condition compared to that of Hey and GSH.

By harnessing the ICT effect, Feng and colleagues (73) designed a turn-on probe, DBTC,
for Hey detection in living cells. As shown in Figure 54, subpanel #ii, when Hcy was added, the
aldehyde group of DBT'C underwent a nucleophilic addition reaction. The formed ring broke the
ICT effect, thus turning on the fluorescence signal with an LOD as low as 3.05 uM (73). Through
substituting the anthracene with a TPA moiety, the same group reported another ICT probe,
APTC. The LOD for Hcy was further lowered to 21.98 nM, with a reaction time of <5 min. More
importantly, the excellent biocompatibility allowed APTC to image Hcy in living HeLa cells (74).

7.2. Glutathione

With concentrations of 1.0-10 mM, GSH was the most abundant biothiol in cytosol. It is of
critical importance in antioxidants that regulate the intracellular buffering system. By scavenging
the ROS and free radicals, GSH prevents cells from oxidative stress and toxins (75).

Tang’s group (76) designed a malonitrile-functionalized TPE derivative (TPE-DCV) for GSH
recognition through a thiol-ene click reaction. The sensing range was as wide as 300 pM. Owing to
its excellent biocompatibility, fluorescence mapping of intracellular GSH distribution was realized
(76). Based on an AIE-active polymer, Chen and coworkers (77) reported on a polymeric probe
they created. It comprised disulfide-functionalized hyperbranched poly (amido-amine)s (ssHPAs)
as the hydrophilic matrix, TPE as the hydrophobic unit, and a disulfide bond as the reactive link-
age. The hydrophobic TPEs were randomly grafted onto the skeletons of ssHPAs, whose cavities
provided isolated spaces to facilitate the intramolecular rotation of TPE units. Upon reacting with
GSH, a bright fluorescence signal appeared as the cleavage of disulfide bonds destroyed the den-
dritic structure of TPE-ssHPAs that led to the aggregation of TPE units. A linear detection range
from 2 to 100 mM with an LOD of 0.55 mM could be achieved (77).

Alternatively, Tian’s group (78) presented a diselenide-containing probe for intracellular
GSH sensing. As shown in Figure 5b, with a diselenide bond linking to the AlEgen, diselenide-
containing 9,10-distyrylanthracene derivative (SeDSA) was generated, which could further
self-assemble into nanoparticles with enhanced fluorescence intensity in an aqueous suspension.
SeDSA nanoparticles could react with GSH because of a selenium-sulfur exchange reaction.
With increased nanosize and space occupancy and decreased m—m interactions, a much stronger
fluorescence was emitted from the product. Compared to the disulfide bond, the strength of
the diselenide bond was much weaker, leading to a higher reductive sensitivity of diselenide
bond-linked probes (78).

7.3. Hydrogen Sulfide

H,S in mammalian cells is involved in a variety of physiological processes, including the signaling
pathway, angiogenesis, and neuromodulation (79). As the concentration of H,S quickly fluctuates
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in arange from a few nanomolars to submillimolars, it is desirable to perform real-time monitoring
of local H,S with high sensitivity and selectivity (80, 81).

Taking azido (—N;) as a reaction center, Kumar and colleagues (82) reported a
hexaphenylbenzene-based AIE probe for H,S imaging in living cancer cells. H,S could then be
detected with an LOD down to 0.33 mM. By introducing an electron-accepting azido group,
Liu’s group (83) reported an a-cyanostilbene-based probe. Figure 5¢, subpanel i illustrates that
the azido group could be rapidly reduced to the electron-donating NH, group in the presence
of H,S, with enormous fluorescence spectra shifting from orange to green, indicating a robust
ratiometric signal for H,S sensing in living cells.

Through the nucleophilic reaction with an indolium group, an H,S probe, Indo-TPE-Indo,
was reported by Wang’s group (84). The probe can selectively recognize HS ™ in mitochondria via a
nucleophilic reaction, accompanied by a significant decrease in fluorescence signal in the tumor-
bearing mice (84) (Figure Sc, subpanel ). In addition, 2,4-dinitrobenzenesulfonate ester was
unitized as a reactive site for H,S sensing. Figure 5S¢, subpanel 7ii shows that the AIEgens were
first transferred to AIE dots in the presence of amphiphilic block copolymers. The fluorescence
signal was efficiently quenched by the PET effect. Upon reacting with H,S, the probes could be
specifically cleaved with the release of hydroxy-containing fluorophores. The PET effect was thus
destroyed with a strongly emitted fluorescence signal, leading to high sensitivity (43.8 nM LOD)
in the real-time visualization of lysosomal H,S (85).

By introducing nitro groups, Zeng and coworkers (86) reported an AIE/ESIPT-based
nanoprobe for H,S detection. As illustrated in Figure 5d, the ESIPT could be specifically ini-
tiated to turn on the fluorescence when the 2,4-dinitrophenyl ether moiety was cleaved by H,S.
The detection limit for H;S was down to 90 pM with an operational time of less than 5 min.
Furthermore, specific H,S imaging was realized in zebrafish larvae, owing to its excellent bio-
compatibility and penetrability from Tat peptide modification (86).

8. SENSING OF REACTIVE OXYGEN SPECIES, REACTIVE NITROGEN
SPECIES, AND RADICALS

ROS, reactive nitrogen species (RNS), and free radicals have continuously existed in biological
systems. Many diseases like cancer, diabetes, and neurodegeneration develop as the result of the
toxic effects of these molecules (3).

8.1. Superoxide Anion

The superoxide anion O,~ is a precursor of other ROS such as the hydroxyl radical (OH) and
hydrogen peroxide (H,O,). It plays a crucial role in regulating the signaling processes at very low
concentrations. Superfluous accumulation of O, ™ may damage membranes, tissues, and various
organisms (87).

Hua and coworkers (88) reported a NIR probe, BDP, for the selective detection of O, ™ in
living cells. Alkoxy-substituted TPA and dibenzo|a,c]-phenazine units were introduced to obtain
NIR emission and AIE properties (Figure 64). The diphenyl-phosphinyl group in the probe could
react with the O, 7, resulting in the decomposition of this species. As a result, NIR emission at 716
nm was generated from the product, with an LOD as low as 70.5 nM and a Stokes shift up to 216
nm (88). Furthermore, a probe with simultaneous turn-on fluorescence/chemiluminescence sig-
nals was developed using imidazopyrazinone as the reactive motif and TPE as the fluorescence-/
chemiluminescence-enhancing skeleton. The probe turned out to be highly sensitive to O, ~ with
an LOD of 0.21 nM for the fluorescence signal and 0.38 nM for the chemiluminescence signal.
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Figure 6 (Figure appears on preceding page)

Radical sensing in living systems. (#) Recognition mechanism for the transformation of BDP to BD by superoxide anions and the
relative fluorescence intensity of BD to BDP incubated with different concentrations of KO, with the photograph under a UV lamp.
Panel adapted with permission from Reference 88; copyright 2018 Royal Society of Chemistry. (b) Preparation of IRTP NPs and the
ONOO™ or ClO™ sensing mechanism by breaking the FRET effect between AlEgen (TBD-PEG) and IR786S. Panel adapted with
permission from Reference 93; copyright 2018 American Chemical Society. (c) Scheme for ratiometric detection of CIO~ by an
ATE-based nanoprobe and the fluorescence spectra of the nanoprobe in the presence of different concentrations of CIO™. Panel
adapted with permission from Reference 99; copyright 2016 Royal Society of Chemistry. (d, top) Scheme for dual-mode
chemo-fluoro-luminophore QM-B-CF for H, O, imaging. (d, bottomn) In vivo CL imaging of xenograft tumor-bearing mice after
intratumor injection of QM-B-CF (top, middle, with or without irradiation) and injection of luminol (bottonz) as well as in vivo CL and
fluorescence FL imaging of xenograft tumor-bearing mice after injection of QM-B-CF with or without NAC (N-acetylcysteine, H, O,
scavenger). Panel adapted with permission from Reference 109; copyright 2020 Wiley-VCH Verlag. Abbreviations: AlEgen,
aggregation-induced emission luminogen; BD, 4-methoxy-N-(4-methoxyphenyl)-N-(4-(13-(pyridin-4-yl)dibenzo[z,c]phenazin-10-
yl)phenyl)aniline; BDP, diphenyl-phosphinyl group-modified BD; CL, chemiluminescence; CIO~, hypochlorous acid; FL,
fluorescence; IRTP NPs, IR786S and TBD-PEG composed nanoparticles; KO,, potassium superoxide; ONOO™, peroxynitrite; PEG,
polyethylene glycol; UV, ultraviolet.

Endogenous O, in HL-7702 cells induced by acetaminophen was continuously monitored for
7,200 s with chemiluminescence signals, and the results were confirmed by fluorescence imaging,
suggesting its use as a reliable tool for real-time monitoring of endogenous O, ™ in living cells
(89).

8.2. Reactive Nitrogen Species

RNS comprise a class of chemically reactive species essential for many biological functions. As a
prototypical RNS, nitric oxide (NO) serves as an important signaling molecule. Dysregulation
of NO production is associated with various diseases (90). Tian’s group (91) reported a silica
nanoprobe based on AlE-active TPE-2NH2 for ratiometric NO detection in vitro. The fluo-
rescence signal of the silica nanoparticles changed from green to red upon the reaction of NO
with the o-phenylenediamine group in TPE-2NH2, resulting in the change in the ICT process.
It exhibited very high sensitivity and selectivity to NO, with a response time of <5 min (91).

Another RNS species, peroxynitrite (OONO™), is produced via the combination of nitric ox-
ide (NO) and O,"~. Tang and colleagues (92) designed a light-up nanoprobe based on a phenyl-
boronate TPE derivative, TPE-IPB, for the specific detection of in vivo ONOO™. Nanoprobes
formulated by a TPE-IPB and lipid-PEG matrix, TPE-IPB-PEG, were nonemissive in aque-
ous solution. However, its emission was switched on in the inflammatory region with elevated
ONOO-~. The high specificity of the nanoprobe toward ONOO™ enabled the precise and non-
invasive screening of potential anti-inflammatory agents (92). Through the self-assembly of an
ONOO™ responsive dye IR786S and an amphiphilic polymer TBD-PEG containing AIE pho-
tosensitizers, Liu’s group (93) reported a triggerable ONOO™ sensing system. As shown in
Figure 6b, within the nanoparticles, IR786S quenched both the fluorescence signal and singlet
oxygen generation of TBD due to the efficient FRET between them. Once the nanoparticles
reached bacterial infection sites, IR786S was decomposed by the overexpressed ONOO™, result-
ing in lit-up fluorescence signals from TBD (93).

8.3. Hypochlorous Acid

Among ROS, hypochlorous acid (C1O™) is generated during phagocytosis and serves as a pathogen
killer within the immune system (94). The reaction between Cl~ and H, O, generates CIO™. Ex-
cessive ClO™ can lead to inflammation-associated tissue damage and a variety of diseases (95).
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Through the oxidation of thioether, Qu’s group (96) designed a probe, PTZ-BT, for CIO~
detection. In the presence of ClO™, the sulfur atom in the phenothiazine group in PTZ-BT was
oxidized to sulfoxide, resulting in a turn-off fluorescence response with an LOD up to 0.64 pM.
The turn-off manner was improved by Zhang and colleagues (97) with a turn-on probe by taking
advantage of the quenching effect from the PET process. The specific reaction between the thione
unit and ClO™ reduced the PET effect and turned on the AIE fluorescence signal. The LOD was
significantly improved to 92 nM with a detection process of <40 s.

Harnessing the oxidation of the C=C bond, Wang’s group (98) developed a fluorescence
colorimetry—composed dual-modality probe based on a pyrene derivative appended by 2-thioxo-
dihydro-pyrimidine-4,6-dione (Py-Pd). Upon treatment with ClO~, cleavage of the C=C bridge
led to the transformation of Py-Pd to pyrene-2-carbaldehyde (Py-CHO). The ICT effect was thus
inhibited with robust fluorescence emission together with the shift in solution color from red to
colorless. Sensitivity with an LOD as low as 75 nM and response time as fast as 30 s was demon-
strated (98). Using a double bond in dicyanovinyl as a recognition group, Wu and coworkers (99)
independently reported probes for imaging endogenous ClO~. CIO™ caused the structural tran-
sition from dicyanovinyl TPE to aldehyde TPE, thereby leading to the ratiometric fluorescence
signals (100) (Figure 6¢).

Oxidation of the Schiff base is another technique used for CIO~ detection. Cao’s group (101)
developed an AIE probe with a pyrene Schiff’s base derivative. Upon nucleophilic addition and
hydrolysis, a turn-on fluorescence signal could be observed with an LOD as low as 5.7 nM. Taking
advantage of the AIE and ESIPT effects, Yan’s group (102) reported using a salicylaldehyde Schiff’s
base molecule for turn-on CIO~ detection with CIO~ complexation to initiate the ESIPT effect.

Sun’s group (103) designed a powerful probe for HCIO imaging in living cells by combining
AIE and TBET with traditional fluorophores as CIO™ recognition sites. The probe consists of
TPE and rhodamine B thiohydrazide, acting as the dark donor and acceptor, respectively. In the
absence of HCIO, the aggregated probes showed a robust blue fluorescence from TPE. After
reacting with HCIO, the rhodamine moiety became positively charged, resulting in enhanced
solubility. Thus, emission from rhodamine was recovered due to the efficient dark TBET process.
More than a 7,000-fold enhancement in fluorescence signal and ultrahigh sensitivity were achieved
in HCIO, with an LOD up to 1.29 nM (103).

8.4. Hydrogen Peroxide

H,O; is prevalent in biological systems. Abnormal levels of H, O, can cause long-term damage to
tissues and lead to neurodegeneration, oxidative stress, and cancer (104).

Boronate presents unique selectivity toward H,O,, with the aryl derivative bound to the boron
atom converting to phenol (105). Lee’s group (106) reported a sensitive boronated probe, triph-
enylimidazoleoxadiazolephenyl boronate, for H,O, recognition. The nucleophilic addition of
H,O; to the boron generated a charged tetrahedral boronate complex following the migration
of the C-B bond toward one of the electrophilic peroxide oxygen atoms. After hydrolyzation into
a phenol, significant enhancements in fluorescence signal appeared because of the reduced solu-
bility. The detection could be finished in 2 min with an LOD lowered to 8.0 nM. Moreover, more
than a 1,000-fold-higher selectivity was achieved compared to in other ROS, enabling the accurate
visualization of H,O; in cancer cells (106). Inspired by the peroxidase-catalyzed reaction in in-
flammatory cells, Xia and coworkers (107) constructed an H, O, probe with TPE modified by two
tyrosine moieties. Owing to the H,O,-dependent enzymatic dimerization, tyrosine-containing
TPE molecules cross-linked to form hydrophobic aggregates. The resulting turn-on fluorescence
signal provided in situ information of the intracellular H,O5,.
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H,O,-triggered chemiluminescence is another approach for in vivo H,O; tracking (108). Re-
cently, Guo’s group (109) reported a dual-lock AIE probe for H,O, imaging with real-time flu-
orescence and a sensitive chemiluminescence signal. With an aryl boronate moiety as the recog-
nition unit, QM-B-CF was employed for H,O, sensing (Figure 6d). The hydrolyzation of the
boronate ester group in QM-B-CF could induce the aggregation of a QM-O-CF product, along
with a robust fluorescence signal and more than a 320-fold enhancement in chemiluminescence
signal. Robust fluorescence and chemiluminescence signals could be observed in the tumor site
after 2 h postinjection when using xenograft 411 tumor mouse as an in vivo model for H,O,
imaging. In contrast, much weaker fluorescence and chemiluminescence signals appeared in the
H, O, scavenger N-acetylcysteine-pretreated groups. Furthermore, the chemiluminescence inten-
sity of QM-B-CF was around 66-fold higher than that of traditional luminol, showing an accurate
sensing platform for in vivo physiological dynamics (109).

9. CONCLUSION AND PERSPECTIVE

ATIE-derived small molecules, polymers, and nanomaterials have shown unique optical properties
that are valuable for powerful applications in visualization and imaging of critical physiological
dynamics in living systems. AIE technologies overcome the shortcomings of traditional organic
fluorophores and inorganic nanomaterials, including severe photobleaching, moderate signal-to-
noise ratio, the ACQ effect, and potential toxicity. Moreover, various novel AIE systems have re-
cently arisen, leading to unprecedented and exciting advancements in optical properties, including
long emission wavelength, extended luminescence lifetime (110, 111), multiexcitable (from photo-,
electro-, and tribo- to target-stimulated chemo- and bio-) luminescence, and smart responsiveness
with artificial intelligence.

"Two prospective areas are still in their early stages and need more exploration. Increasing evi-
dence suggests that mechanical forces are critical in regulating physiology and diseases. For exam-
ple, forces play important roles in stem cell differentiation and in organized germ layer patterning
in mammalian embryogenesis (112). Mechanical forces also participate extensively in cancer pro-
gression (113). However, quantification of mechanical forces generated by living cells and tissues
is still far from satisfactory using traditional methods that suffer from limited biointerface ability
and moderate sensitivity to tiny biomechanical changes. Based on the rapid progress in tribolumi-
nescence (111), AIE probes applied to biomechanical sensing and imaging are promising in their
excellent biocompatibilities, ultrahigh sensitivities, and rapid responsiveness. In addition, mon-
itoring neuronal activities has long been desired to understand the mysterious function of the
brain and the underlying mechanisms of neurological disorders such as Alzheimer’s disease (114).
In that respect, the potassium ion (K¥) is a key determinant of membrane potential and has been
regarded as a main target of investigation (115). Owing to the success of AIE-based ionic sen-
sors in versatile sensing applications (116, 117), AIE technologies have the potential to succeed in
neuronal activity mapping and finally deciphering mysteries of the brain.

As each system has its own pros and cons, there are still many hurdles to overcome to pro-
mote the effective use of AlEgens in physiological dynamic monitoring and visualization. The first
problem involves targeting selectivity. This may cause restrictions in the differentiation of various
subtypes of physiological items, especially when confronting intercrosslinked factors, such as vis-
cosity and polarity, redox state, and ROS/radical level. However, with the rapid developments of
AlEgens, we believe some specific candidates could be designed and selected from a variety of com-
pounds. Furthermore, after conjugation with canonic targeting moieties, such as pH-responsible
aptamers, monoclonal antibodies that can guide an AIEgen to the intracellular local site to target
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certain parameters, a promising step would be to endow the resulting fluorescent AIEgen with
specific targeting properties that could respond to a certain type of physiological dynamic.

Another challenge involves the sensitivity and accuracy of the AlEgens in physiological dy-
namic monitoring. The dynamic processes in living cells and animals normally fluctuate in a very
narrow spectrum and range, and a tiny change in physiological activity can have significant effects.
Moreover, biological processes such as membrane potential dynamics can change rapidly. These
require the AIE probes to respond sensitively in both spatial and temporal dimensions. Because
the sensing procedures of AlEgens with physiological dynamics normally depend on the efficiency
and rapidness of the reactions between them, it would be possible to select some reaction-based
systems that could meet these sensitivity requirements. Moreover, sensing precision must also be
considered. The complicated physiological environments in living cells and bodies mean the AIE
probes may simultaneously encounter thousands of stimuli, especially intercrosslinked parame-
ters. Second sets of signals to confirm multimodality sensing and imaging, such as fluorescence
intensity/wavelength (emission color)/lifetime and colorimetry, surface-plasmonic resonance, or
Raman, with distinct but complementary signals when they interreact with the same target, would
be helpful to enhance precision and eliminate false positives to a large extent.

The final challenge to overcome involves biocompatibility when using AIEgens in biosystems.
Because physiological dynamics originate from their natural growth, metabolism, differentiation,
propagation, aging, or apoptosis, the AIEgens should not disturb these bioactivities or introduce
extra stress to living systems. Otherwise, it will be very hard to determine whether the produced
signal comes from the inherent physiological dynamics.

Additional attention should be focused on the practicability and clinical translation of ATEgens.
For basic laboratory research, fluorescence imaging has unique advantages for in situ visualization
of biotargets at the molecular level and monitoring of dynamic bioprocesses in real time to discern
their distinctive sensitivity, rapidness, convenience, and spatial-temporal resolution. As superior
alternatives for light-up fluorescence imaging, AlEgens display significant improvements in pho-
tobleaching resistance and biocompatibility compared to the traditional and commercially avail-
able organic dyes and inorganic nanoparticles. AIE-based materials have already been widely ap-
plied in chemo-/bioanalyte analysis, subcellular or cellular imaging, tissue/organ visualization, and
whole-body monitoring. Importantly, AlEgens also demonstrate great potential for investigating
complex bioprocesses, such as drug delivery, siRNA/gene interference, bacteriophage infection,
and tumor tracking. Various types of AIE products, such as G-quadruplex detection, glucose/pH
sensing, and mitochondria/cardiolipin probing, are now commercially available for laboratory re-
search and show much improved properties than do existing reagents on the market (e.g., see
products from AlEgen Biotech, http://www.aiegen.com.hk/).

In the in vitro detection market, the strip-based system represents one of the most convenient
point-of-care products for signal readout in daily life. Although it is difficult to integrate AlEgens
into strip-tests for point-of-care products, owing to the natural turn-on fluorescence after they
aggregate in the strip matrix, it would be possible to develop a solution-based system for an analyte
assay. A good example is the virus immunoassay coupled with antibody-mediated enzyme-linked
immunosorbent assay (ELISA) and magnetic enzyme-linked immunoassay in the plate via reaction
in solution (18). In addition, with the development and growth of engineering methods, especially
the rapid advancement in nanotechnological strategies, it would also be promising to manipulate
AlEgens in the strip matrix to achieve fluorescent signal change. For clinical applications in vivo
for human health, the most important issue is biosafety, which must be thoroughly investigated in
the fields of pharmaceuticals, pharmacology, clinical pharmacokinetics, and toxicology. Parameters
such as blood/cell biocompatibility, colloidal stability, dosage of administration, blood circulation
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time, effective concentration in the lesion, and the biodegradation half-life should all be tested
and meet standards of the US Food and Drug Administration. Once these challenges have been
overcome, researchers will then be equipped to generate revolutionary functionalities and make
these ATE-based materials highly practicable for clinical-oriented biomedical applications.
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