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ABSTRACT: Photochemical reaction is expected to become a promising type of green
chemistry with merits of operational flexibility, excellent regioselectivity, high yield, and mild
reaction condition. Recently, aggregation-induced emission (AIE)-based fluorescent molecules
with photoresponsivity have been quickly developed and employed in the biomedical field. In
this Review, photoresponsive AIE materials based on the inherent photochemical reactions are
highlighted according to the photochemical pathways: photoisomerization, photocyclization,
photodimerization, and multiple photoreactions. Following this, their biomedical applications
are summarized and discussed, including photoactivatable bioimaging, diagnosis, and therapy.
Finally, the challenges and future perspectives are presented.

KEYWORDS: aggregation-induced emission, photoreactions, photoisomerization, photocyclization, photodimerization,
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1. INTRODUCTION
Photochemical reaction, as a distinctive category of chemical
reactions, plays a significant role in advancing the development
of organic synthetic chemistry and has garnered increasing
attention based on the platform of biomedicine.1−3 Based on
diverse photochemical reactions, a library of photoresponsive
“smart” materials is explored and created. The photochemical
activity endows these materials with various light-related
merits, such as remote control, convenient and accurate
adjustability, noninvasiveness, environmental friendliness, and
so forth. Hence, photochemically active materials are suitable
for a wide range of research applications, including
bioimaging,4 information storage,5 anticounterfeiting,6 etc. In
general, photochemical processes involve electronically excited
species, formed by an effective excitation, who undergo a
deactivation process to generate new chemicals.7 Since the
electronic and chemical structures of photoreaction products
are different from those before the reaction, the photophysical
properties are greatly altered, generally accompanied by
distinct photochromism and/or fluorescence “turn-on”/“turn-
off” phenomena during the reaction, making the real-time
molecular monitoring within a desired region via continuous
irradiation possible. Interestingly, photochemical reactions can
even change the self-assembled morphology of amphiphilic
polymers, showing great potential in light-gated drug delivery
(Scheme 1A, left).8 Nowadays, organic molecules with
inherent photochemical reactions are proved to be powerful
imaging tools for tracking molecular and cellular dynamics with

high spatiotemporal resolution in biomedical systems, and
photoactivatable fluorescence materials are also emerging as
promising antibacterial/anticancer diagnosis and treatment
candidates.
Nevertheless, designing photochemically active molecules

with high performance to promote practical biomedical
application is still a big challenge. One of the reasons is that
conventional organic fluorescent molecules usually adopt large
flat disc-like structures suffering from the aggregation-caused
quenching (ACQ) problem, which may lead to significantly
weakened or quenched emission in the aggregated state.
Besides, they usually have shortages of poor photostability and
small Stokes shifts, greatly restricting their practical application.
Delightfully, an intriguing aggregation-induced emission (AIE)
phenomenon was reported for some propeller-like silole
derivatives in 2001,9 which paved a new avenue toward
efficient luminescent materials free of the ACQ problem.
Different from classical fluorescent dyes that possess planar
structures, AIE luminogens (AIEgens) have twisted structures,
which can hamper the excited state energy dissipation by
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inhibiting a strong intermolecular interaction and restricting
intramolecular motion (RIM), resulting in enhanced fluo-
rescence intensity in aggregates (Scheme 1A, middle).10,11

Specifically, the RIM mechanism can include the following four
modes: restriction of vibronic coupling, restriction of access to
conical intersection, restriction of access to dark state, and
suppression of photochemical reaction.11 Furthermore, most
AIEgens can be simply synthesized and modified to achieve
multifunctionalities and superior properties such as intense
emission, large Stokes shift, good photostability, and excellent
biocompatibility, which make them great candidates in
biomedical areas. Up to now, various AIEgens have been
developed for application in chemical sensing,12,13 bioimag-
ing,14,15 photodynamic/photothermal therapy,16−19 etc.
Multifunctional materials that integrate the advantages of

AIE and photochemical activity in a single formulation for
synchronous biomedical applications are highly desired, which
can be employed in photoactivation imaging, super-resolution
imaging, photodynamic therapy, etc (Scheme 1A, right).20−26

In the past few years, there are several kinds of organic
photochemical groups that have been reported, such as
azobenzene, acyl hydrazine, diarylethenes, spiropyrans, cya-
nostyrene, benzothiophene oxide, and so on, as shown in
Scheme 1B.27−29 Generally, utilizing these photochemical
groups to construct photochemical-active AIE materials is one
of the most effective design strategies. Up to now, many
AIEgens have been designed and synthesized based on these
photochemical cores.30−36 It is noteworthy that the relation-
ship between AIE and photochemical reactions is indispen-
sable. As a dominant nonradiative transition pathway,
photochemical reaction plays a vital role in the excited state
inactivation. As discussed above, the suppression of photo-
chemical reaction is one of the important pathways to achieve

AIE. Moreover, there are a few similarities between AIEgens
and photochemically active molecules. Diphenylethene (DPE)
is one of the most typical molecules. For instance, the rotation
of Ph and torsion/twisting of C�C under light irradiation can
promote the photochemical reaction, which is also the basis of
AIE phenomenon. Therefore, DPE and its derivatives can serve
as photochromic cores to create AIEgens with multiple
photochemical activities (Scheme 1C).37 In this Review, we
mainly focus on the photochemical reactions and the
biomedical application of AIEgens with photochemical activity.
According to the photochemical pathways, three major
categories of photochemical reactions are introduced: (i)
reversible conformational photoisomerization; (ii) photo-
cyclization; (iii) photodimerization, including the reaction
mechanisms and concrete examples. We extensively describe
the photoresponsive AIEgens containing DPE groups as the
photoisomerization/photocyclization units, and then, we
highlight the most typical and promising applications of
these AIEgens in the biomedical field. Finally, the prospects for
future research directions and challenges in this field are
discussed.

2. PHOTOCHEMICAL REACTIONS OF AIEgens

2.1. Photoisomerization

Regarding the photoisomerization process of alkenes, it is
recognized that the cis−trans photoisomerization of the C�C
double bond is typical for primary photochemical reactions in
the S1 (π, π*) and T1 (π, π*) states. Similarly, photo-
isomerization can also occur for stilbene under light irradiation,
which is a temperature-dependent process. Trans- and cis-
isomers generally have different photophysical properties.
Compared to cis-isomer, the trans product has a larger molar

Scheme 1. (A) Overview of This Review;8,11,23,24 (B) Typical Photochemical Reactions; (C) Three Types of Photochemical
Reactions Mentioned in This Reviewa

aReprinted from ref 8. Copyright 2021, American Chemical Society. Reprinted with permission from refs 11, 23, and 24. Copyright 2021 Oxford
University Press. Copyright 2015 Wiley-VCH. Copyright 2016 Wiley-VCH.
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absorption coefficient and a longer absorption maximum. It is
worth noting that the trans/cis-stereoisomers with distinct
geometrical structures can be used to construct stimuli-
responsive functional materials because of different intermo-
lecular interactions and packing patterns. Better yet, the AIE
feature allows the photoisomerization process to be “seen” and
controlled. Two AIE-active isomers named (Z)-TPE-UPy and
(E)-TPE-UPy with supramolecular assembly capacity are
designed to realize this goal.38 Due to the presence of
quadruple hydrogen-bonding interactions from the 2-ureido-
4[1H]-pyrimidinone (UPy) group, (Z)-TPE-UPy and (E)-
TPE-UPy own self-assembly abilities and show dramatically
different aggregate morphologies. The experimental results
prove that the conversion efficiency of (Z)-TPE-UPy to (E)-
TPE-UPy can be well controlled by changing the solvent.
Concretely, the conversion from (Z)-TPE-UPy to (E)-TPE-
UPy would be inhibited when the hydrogen bonds are
destructed by trifluoroacetic acid (Figure 1A) but can be
promoted in tetrahydrofuran (THF) due to the poor solubility
of (E)-isomer. Meanwhile, the obvious fluorescence “turn-on”
effect in the isomerization from (Z)-TPE-UPy to (E)-TPE-
UPy allows us to directly “see” the ongoing photoisomerization
process. Interestingly, benefiting from the different aggregate
morphologies of (Z)-TPE-UPy to (E)-TPE-UPy, the photo-
isomerization process can also be monitored by scanning
electron microscopy (SEM) (Figure 1B).
The structures of substituents have a great influence on

material properties. For instance, two isomers (cis/trans-TPE-
2GA) with rigid triterpenoid units are prepared (Figure 1C),
showing distinct behaviors in fluorescence, assembly morphol-

ogy (Figure 1D), and photoisomerization rate.39 Besides, for
cis-TPE-2GA, the mechanical stimulation can lead to the
condensed state changing from crystalline to amorphous
phases, accompanied by a red-shift emission. Notably, the
emission can be reversibly recovered after cis-TPE-2GA
powder is treated with methanol vapor due to the restoration
of crystalline structure. Oppositely, the crystalline structure of
pristine trans-TPE-2GA has a more regular molecular packing
and stronger intermolecular interactions, rendering an
insensitive mechanochromic response.
Benefiting from their distinct self-assembly behaviors of

stereoisomers, trans−cis photoisomerization can be used to
prepare vesicles with various morphologies. For example, the
two stereoisomers, trans-PEG550-TPE-Chol and cis-PEG550-
TPE-Chol, show different self-assembly behaviors in water.8

trans-PEG550-TPE-Chol can form classical vesicles, while cis-
PEG550-TPE-Chol self-assembles into cylindrical micelles.
Interestingly, the ordered cylindrical micelles of cis-PEG550-
TPE-Chol can converse to meshes and nanoporous mem-
branes due to the generation of trans-isomers under UV
irradiation (Figure 1E). This work provides a valid strategy to
control pores to “open” for supramolecular capsules by UV
irradiation, which shows great potential as light-controlled
delivery vehicles in biotechnology. Additionally, some small
organic molecules are also characterized by photoisomerism,
and these two isomers show different photophysical properties
(Figure 1F).40

With the development of research, the mechanism behind
the photophysical phenomena is constantly being explored. In
general, it is considered that E−Z isomerization causes

Figure 1. (A) Schematic representation of controlling the photoisomerization efficiency of (Z)-TPE-UPy by different states of the isomers. (B)
SEM images of self-assembly nanostructures prepared by precipitating (Z)-TPE-UPy into chloroform/hexane (1/99, v/v) before and after UV
irradiation. Insets show the associated fluorescent pictures of the nanostructures in chloroform/hexane mixtures. Reprinted from ref 38. Copyright
2019 American Chemical Society. (C) Chemical structures of trans- and cis-TPE-2GA isomers. (D) SEM images of cis-TPE-2GA (top) and trans-
TPE-2GA (bottom) at fw = 60%. Reprinted with permission from ref 39. Copyright 2021 Royal Society of Chemistry. (E) Chemical structures of
the two stereoisomers, trans-PEG550-TPE-Chol and cis-PEG550-TPE-Chol, and the schematic representation of the perforated membrane and
nanoporous polymersomes. Reprinted from ref 8. Copyright 2021 American Chemical Society. (F) Schematic depiction of photoisomerization and
the AIE effect of the (E) BP-FN and (Z) BP-FN acquired in THF solution with the addition of H2O. Reprinted with permission from ref 40.
Copyright 2015 Elsevier.
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fluorescence quenching of stilbene in the solution state. A
series of photochemical experiments and quantum chemical
calculations are conducted to study the role of C�C double
bond twisting in the fluorescence quenching of AIE-active TPE
derivatives in the solution state. The experimental results prove
that the E−Z isomerization is the major factor for the
quenching of the photoexcited state of TPE derivatives in the
solution state, differently from the well-accepted propeller-like
rotation of the side phenyl rings in earlier research.41 In
contrast, experimental results from other researchers show that
the fluorescence intensity during the normal PL spectral
measurement has a negligible effect on the E−Z isomerization,
so the isomerization process is not involved in its AIE process
under this condition42 even though the photochemical reaction
plays an important role as a nonradiation pathway in the
photophysical process.
2.2. Photocyclization

In the photochemical reaction, molecules experience chemical
bond formation and breakage under light illumination, which is
considered a reversible cyclization process. Photocyclization is
one of the representatives of electrocyclization. As a particular
type of position isomerization, the electrocyclization reaction is
highly stereoselective. During the process of electrocyclization,
the positions of π and σ bonds change, accompanied by the
generation of a new σ bond. According to the Woodward−
Hoffmann rule, for the 6π electron system, the molecules in the
excited state (under light irradiation) are favorable for a cis
spin.43 Stilbene is a typical molecule that can undergo
electrocyclization into the unstable dihydrophene (DHP)
under light stimulation, which can return to stilbene by

thermal or photochemical treatments. However, the existence
of oxidant can irreversibly transfer DHP to a more stable
dehydrogenation product (PHI). Interestingly, according to
NEER’s rule,44 there will be more than one photochemical
product formed when the phenyl of stilbene is replaced by
another group, which is due to their diverse isomers in the
ground state.
DPE-based molecules generally undergo the typical

reversible cyclization reactions, which have received the most
attention and have been extensively explored. By merging a
flexible DPE moiety with a rigid spiro scaffold, Tang et al.
designed a novel class of AIEgens (DPI and SIPs), as shown in
Figure 2A.34 Compared with DPI, SIPs own ultrahigh solid-
state fluorescence quantum yields (ΦFs), and the extension of
the π-system is avoided due to the sp3-hybridized spiro. As
expected, such a rigid spiro scaffold can efficiently restrict
conformational relaxation of the molecules in the excited state
and thus suppress nonradiative transition. Besides the AIE
feature, DPE can undergo reversible photocyclization.
However, this photochemical cyclization is enhanced in
solutions but blocked by aggregation. During the irradiation
on SIP-2, an obvious absorption at 475 nm is captured, which
is ascribed to the cyclized intermediate (SIP-2H). Therefore,
photocyclization activity is evaluated by monitoring the change
of absorption at 475 nm. As shown in Figure 2B, the change of
PL intensity is negligible at low fws (0−50 vol%), and the
photocyclization activity still maintains its maximum value.
While aggregates are formed with a further increase of fws, the
PL intensity increases progressively but photocyclization-based
photochromism is limited. Notably, SIP-2/4 shows a

Figure 2. (A) AIE and photocyclization processes of SIP-2 in the dissolved and aggregated states. (B) The plot of photocyclization activity and
fluorescent intensity of SIP-2 along with the formation of aggregate. Reprinted from ref 34. Copyright 2019 American Chemical Society. (C)
Energy profiles for the photocyclization in the singlet states of SIP-2. Reprinted with permission from ref 45. Copyright 2022 Royal Society of
Chemistry. (D) Images of BS-2b in crystals and amorphous powders before and after UV irradiation at 365 nm. (E) Single crystal structures of BS-
2b and the C−Br···π intermolecular interactions. Reprinted with permission from ref 46. Copyright 2020 Wiley-VCH. (F) Proposed
photocyclization mechanism of DTMOP-BTO and crystal structures of DTMOP-BTO and PO-DTMOP-BTO. (G) UV/vis absorption spectral
changes of DTMOP-BTO in THF (1.0 × 10−3 M) upon 365 nm UV light irradiation and corresponding photographs of color changes. (H) EPR
spectra of DMPO in the presence of DTMOP-BTO before and after 365 nm UV light irradiation. Reprinted from ref 47. Copyright 2023 American
Chemical Society.

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Review

https://doi.org/10.1021/cbmi.3c00038
Chem. Biomed. Imaging 2023, 1, 785−795

788

https://pubs.acs.org/doi/10.1021/cbmi.3c00038?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00038?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00038?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00038?fig=fig2&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.3c00038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cyclization-favorable antiparallel conformation and small
distances between the photocyclization reactive carbon atoms
(d ∼ 3.40 Å). However, due to the constraint of both DPE
rotors by the benzofluorene unit from adjacent molecules, the
photochromism is highly suppressed in their crystalline states.
In addition, the theoretical calculation is a prominent method
to explore the photochemical reaction pathways and
mechanisms. As shown in Figure 2C, there is a S1/S0 conical
intersection (CI) point between the lowest excited state of
transition state (TS-S1) and the ground state of product (P-
S0), indicating SIP-2 undergoes a process of excited reactant
(*R)−CI-P under UV irradiation.45

The photoresponsive solid-state fluorescent materials have
become a research focus in the field of intelligent materials in
recent years. However, it is still a challenge to build solid-state
photochromic structures. For instance, DPE can easily undergo
photochemical transformations in the solution state, but the
photochemical activities are sensitively suppressed due to the

conformational constraints of the surrounding matrix in
aggregate. The intermolecular C−Br···π interaction can be
employed to modulate photochemical and photophysical
reactivities. Specifically, by introducing through-space Br-
mediated halogen−π interactions on the DPE moiety, a
solid-state photoresponsive molecule (BS-2b) with AIE feature
is well designed.46 The crystal of BS-2b shows a reversible
colorless-to-red photochromism with high fatigue resistance,
benefiting from the perpendicular configuration of the paired
C−Br···π bonding interactions (Figure 2D,E). In contrast, BS-
2b amorphous powders are completely inactive in terms of
photochromism but show enhanced fluorescence. This design
strategy provides unique insights into through-space halogen-π
interactions and expands the structure scope of advanced solid-
state photoresponsive materials. In addition, introducing other
halogen atoms (e.g., Cl) into TPE derivatives to construct
proper intermolecular interaction can also realize photo-
cyclization in a solid.35

Figure 3. (A) Chemical and crystal structures of 2P-BTO and the photodimerization route; the electron cloud distribution of 2P-BTO in the
excited state. (B) The ΦF values of P-BTO microcrystalline powders under irradiation with 365 nm UV for different times. Inset: fluorescent
photos of P-BTO before and after UV light irradiation. (C) Plots of relative PL intensity (I/I0) versus fws (I0 = intensity at fw = 0%). Inset:
Fluorescent image of pure 2P-BTO under UV light irradiation. (D) Fluorescence microscopy images of P-BTO crystals under 365 nm irradiation.
Reprinted with permission from ref 50. Copyright 2019 Wiley-VCH. (E) Photochemical reaction of t-FSBO and t-2FSBO. (F) Plots of relative I/I0
value versus fws of t-FSBO, t-FPCBO (left) and t-2FPCBO (right). Inset: fluorescent photos of t-FSBO, t-FPCBO, and t-2FPCBO in DMSO/water
mixtures at fw = 0% and fw = 95% under 365 nm UV light irradiation. Reprinted with permission from ref 54. Copyright 2020 Royal Society of
Chemistry. (G) Proposed mechanism of visible and rate-controllable photodimerization. (H) Photoconversion of dimer to monomer with
irradiation time evaluated from the absorbance intensity change at λ = 380 nm. (I) PL intensity at λ = 570 nm of G in water solution with and
without γ-CD before and after 365 nm UV irradiation followed by exposure to 254 nm UV light. Inset in panel I shows the contrast of PL intensity
at 570 nm of G with and without γ-CD before and after 254 nm UV irradiation. Reprinted from ref 55. Copyright 2019 American Chemical
Society.
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Monitoring the intermediates/transition states is helpful to
explore the intrinsic reaction mechanism and pathway hidden
in the photochemical process, while relevant investigations are
limited in previous work. Recently, a serious of AIE-featured
benzothiophene derivatives with sensitive photoresponsive
behavior are prepared.47 It is confirmed that DTMOP-BTO
can undergo photocyclization with the participation of more
than one intermediate (Figure 2F). As illustrated in Figure 2G,
two new absorption bands appear upon UV irradiation, one is
attributed to the cyclized intermediate (DTMOP-BTO-2H).
The other with a longer wavelength is associated with the
formation of triplet diradical species. Moreover, the obvious
electron paramagnetic resonance (EPR) signal in the mixture
of 5,5-dimethyl-1-pyrroline-1-oxide (DMPO) and DTMOP-
BTO further confirms the formation of free radicals (Figure
2H). By combining with the theoretical calculation, a
reasonable photocyclization mechanism is proposed.
DTMOP-BTO undergoes photochemical C�C bond cleavage
to generate a transition state with a diradical character after
excitation. The diradical is highly unstable and tends to migrate
and recombine to form cyclized intermediate DTMOP-BTO-
2H, which can be easily oxidated to finally yield the ring-closed
PO-DTMOP-BTO neatly. Interestingly, these newly formed
diradical intermediates can effectively inhibit the growth of
S. aureus (Gram-positive bacteria), showing great potential in
antibacterial therapy.
Due to the highly specific regioselectivity, photocyclization is

a good choice to construct polycyclic compounds under mild
conditions. Although there is more than one reactive site in o-
TPBQ, an unexpected five-membered azaheterocycle (c5-
TPBQ) is produced.48 It is generally recognized that the
reactive site of photocyclization tends to locate at the electron-
deficient region of a molecule. Interestingly, different from
most cyclization products exhibiting the ACQ effect, c5-TPBQ
shows an obvious AIE feature.
2.3. Photodimerization

For the photodimerization, it is necessary to arrange the
double bonds of neighboring molecules in a parallel manner
with a distance smaller than 4.2 Å.49 Upon photoexcitation, the
molecule undergoes intramolecular [2 + 2] cycloaddition,
rehybridizing the orbitals from sp2 to sp3, and finally generates
the photodimerization product. Among various reported
photochemical reactions, photodimerization owns distinct
merits, including solvent-free, high stereoselectivity, and so

forth. Recently, tremendous progress has been made to design
fluorescent molecules with photodimerization characteristics.
During the photodimerization process, the conversion of

molecular structure can drive the mechanical motions of
molecular crystals, making it possible to track molecular
motions on a macroscopic scale. Regrettably, during the
photodimerization process, the π-conjugation of the precursor
will be broken with the formation of the cyclobutane ring,
which invalidates the photomechanical luminescence in most
molecular crystals. Interestingly, the microcrystalline powder of
2-phenylbenzo[b]thiophene 1,1-dioxide (P-BTO) could
undergo [2 + 2] cycloaddition to generate 2P-BTO under
365 nm UV irradiation (Figure 3A),50 and the photo-
dimerization product (2P-BTO) shows stronger fluorescence
intensity than P-BTO. As illustrated in Figure 3B, the value of
ΦF increases along with the elongation of the irradiation time
(2P-BTO formation). Although it is weakly through-bond
conjugated for 2P-BTO, it exhibits a remarkable AIE feature
(Figure 3C), which is beneficial from the through-space
interaction between two stacked phenyl rings.51−53 Meanwhile,
the crystal of P-BTO shows multifarious photomechanical
behaviors (splitting, jumping, and bending) under UV
irradiation, which are driven by the slow release of strain
accumulated by atomic motion associated with the trans-
formation of crystal structures during [2 + 2] cycloaddition
(Figure 3D). [2 + 2] cycloaddition is a novel strategy to
construct solid-state fluorescent materials. Additionally, it
could also realize in situ ACQ-to-AIE transformation. Two
styrylbenzoxazole derivatives, trans-2-(4-fluorostyryl)benzo[d]-
oxazole (t-FSBO) and trans-2-(2,4-difluorostyryl)benzo[d]-
oxazole (t-2FSBO), suffer from a severe ACQ problem due
to the strong π−π interaction in their planar rigid structure.54

Interestingly, upon UV irradiation, t-FSBO and t-2FSBO can
undergo photodimerization (Figure 3E). Delightfully, as shown
in Figure 3F, all the cycloaddition products show typical AIE
properties, and their emission intensity is dramatically
increased with increasing fws. Their intramolecular or
intermolecular through-space conjugation has contributed
significantly to their strong emission in the aggregated state.
This fascinating in situ ACQ-to-AIE transformation strategy
provides new opportunities to construct intelligent solid-state
emitters in the future.
Regulating photochemical reaction rates is highly desirable

but challenging. Delightfully, this can be achieved by host−
guest chemistry.55 Cyclodextrin (CD), a typical macrocyclic
compound, tends to form host−guest complexes with

Figure 4. (A) Schematic illustration of multiple photoreactions of Z-MPPMNAN. Reprinted from ref 56. Copyright 2018 American Chemical
Society. (B) Schematic illustration of multiple photoreactions of Z-BDPA Reprinted with permission from ref 57. Copyright 2022 Science China
Press and Springer-Verlag GmbH Germany, part of Springer Nature.
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hydrophobic molecules. β-CD (7 glucopyranose units) and γ-
CD (8 glucopyranose units) are used as hosts to form 1:1 and
2:2 complexes with a guest (molecule G) in the aqueous
mixture, respectively. According to the experimental result, for
β-CD⊃G (1:1 complex), the host efficiently restricts the
dimerization (Figure 3G). Otherwise, for γ-CD2⊃G2 (2:2
complex), the average distance between two double bonds is
shortened to 3.9 Å, which is beneficial for photodimerization.
As expected, the reaction rate constants are as follows: Kγ‑CD >
KG > Kβ‑CD. Interestingly, the reversible photochemical
reaction can also occur upon irradiation by 254 nm UV
light. Moreover, compared with molecule G, the host−guest
complex (γ-CD2⊃G2) shows more obvious emission enhance-
ment due to the RIM effect. Accordingly, the photoconversion
process of γ-CD2⊃G2 can be captured by PL spectra or even by
the naked eye (Figure 3H,I). Moreover, CD-based hydrogels
are prepared to further explore their photochemical activity.
Surprisingly, the β-CD-based hydrogel can completely inhibit
the photodimerization reaction, whereas the photodimeriza-
tion and its inverse process of the γ-CD-based hydrogel can
perform efficiently. In sum, the synergy of AIE and host−guest
chemistry amplifies the signal of the photochemical reaction
and makes it possible to visualize a “tiny” ring-opening
product.
2.4. Multiple Photoreactions

Incorporation of two or three independent photoreactions into
one system to impart multiple specific functionalities while
maintaining controllability is not only of academic interest but
also of practical implication. Cyanostilbene-containing mole-

cules are one of the promising candidates to realize such a
wonderful conception. As depicted in Figure 4A, the AIE-
active molecule (MPPMNAN) exhibits efficient, multiple, and
controllable photoresponsive behaviors under different con-
ditions.56 Z-MPPMNAN can undergo reversible photoisome-
rization under room light in CH3CN to form its E-isomer,
which can convert to the initial Z-state by heating. To our
surprise, Z-MPPMNAN can efficiently transform to its E-form,
followed by a photocyclization reaction to generate the
cyclized product (c-MPPMNAN) by continuous UV irradi-
ation. During this process, the fluorescence intensity is
gradually enhanced with the elongation of exposure time.
Moreover, this photocyclization occurs at low fws in the
mixture of CH3CN/H2O but is highly inhibited at high fws.
Oppositely, at fw = 99%, photodimerization activity is
enhanced due to the increase of microcrystals. Z-MPPMNAN
can form tiny nanocrystals and then gradually changes to its
crystalline dimer under ambient condition, accompanied by
the emission color change from yellow to green.
Likewise, similar results are also observed in another

cyanostyrene-based AIEgen (Z-BDPA) (Figure 4B).57 Upon
420 nm light irradiation, Z-BDPA can undergo Z/E-
tautomerization to form E-isomer in THF, accompanied by
an obvious blue shift in the PL spectrum, and this
photoisomerization is reversible under 365 nm UV in THF.
Additionally, by prolonging 420 nm light irradiation on Z-
BDPA, the [2 + 2] cycloaddition can be observed in the THF/
H2O mixtures with fw = 90%. Benefiting from the diethylamine
moiety, Z-BDPA is pH-responsive, tending to be protonated

Figure 5. (A) Photocyclization process of o-TPP3M. (B) Bright-field and fluorescent images of living HeLa cells stained with o-TPP3M after UV
irradiation for 4 and 8 s. Scale bar: 30 μm. (C) The plot of I/I0 against irradiation time at different 405 nm laser power in HeLa cells. Insets: images
of HeLa cells before and after irradiation with 405 nm 5% power laser beam. CLSM images of HeLa cells. The cells in the white ellipse region are
selected to expose to 405 nm 35% power laser light for 1 s. Scale bar: 20 μm. Reprinted with permission from ref 23. Copyright 2015 Wiley-VCH.
(D) Photocyclization process of o-TPE-ON+. (E) Diffraction-limited TIRF image and super-resolution image of mitochondria in HeLa cells and
the corresponding transverse profiles of signal mitochondrion along the yellow dotted line. Reprinted with permission from ref 24.Copyright 2016
Wiley-VCH. (F) E−Z interconversion and photocyclization/oxidation reaction of (E)-3/(Z)-3. (G) Confocal microscopy images of HeLa cells
stained with (E)-3/(Z)-3, continuous observation at 200 alternating 150 ms pulses. Reprinted with permission from ref 36. Copyright 2015 Wiley-
VCH.
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and transform into Z-p-BDPA under acidic conditions.
Surprisingly but expectedly, Z-p-BDPA can also undergo Z/
E-isomerization under 365 nm UV irradiation, followed by
photocyclization to generate c-p-BDPA, but noteworthily, the
improved water solubility and extensive intermolecular electro-
static repulsion are averse to the formation of dimers of Z-p-
BDPA in an aqueous solution. Additionally, there are many
cyanostilbene-based molecules showing similar character-
istics.58

3. BIOMEDICAL APPLICATIONS OF
PHOTOACTIVATABLE AIEgens

The AIEgens with photochemical activity combining the
advantages of both photoactivation and AIE properties are
highly favorable in biomedical applications, including photo-
activation bioimaging, super-resolution fluorescent imaging,
photocontrolled diagnosis, and cancer/bacteria therapy.59 In
this section, we mainly focus on the recent biomedical
applications of photochemically active AIEgens.
3.1. Bioimaging
A pyridinium-bearing photoactivatable fluorescence probe (o-
TPP3M) with mitochondrion targeting ability is well-designed
and prepared (Figure 5A).23 The introduction of strong
electron-donor and electron-acceptor pairs endows o-TPP3M
with a typical twisted intramolecular charge-transfer effect,
resulting in weak emission in a high-polar solution. Meanwhile,
strong green fluorescence from the cyclized product (c-
TPP3M) is observed upon irradiation by UV light, presenting
a typical fluorescence “turn on” feature. Interestingly, with the
aid of the pyridinium salt, o-TPP3M can penetrate the cell
membrane and accumulate in the mitochondria region
selectively, whose photocyclization product (c-TPP3M) can
also generate in situ inside the living cells upon UV irradiation.
During this process, the fluorescence signal is enhanced with
the elongation of irradiation time, implying that this photo-
activation is efficient in living HeLa cells (Figure 5B).

Following this, o-TPP3M is chosen to image selected cells in
space and time. As expected, molecules can be activated by the
UV light in the optical window, and the fluorescence intensity
is 17-fold higher than that in areas without irradiation (Figure
5C).
Compared with traditional imaging technology, super-

resolution imaging possesses higher resolution even at the
nanometer scale, attracting tremendous attention in recent
years. Organelle-specific small-molecule probes with the
photoactivatable feature are a great candidate for super-
resolution imaging. As shown in Figure 5D, o-TPE-ON+, a
novel mitochondria-targeted AIEgen exhibits a similar light-up
property upon UV irradiation.24 With a lipophilic positive
charge, o-TPE-ON+ is highly cell permeable and biocompat-
ible. Better yet, it can spontaneously blink without any
additives, which makes it a promising material for single-
molecule localization microscopy imaging of mitochondria on
nanoscale. As shown in Figure 5E, the mitochondria exhibit a
clear structure for super-resolution images that is obtained by
stochastic optical reconstruction microscopy with the full
width of 104.5 nm. However, the diffraction-limited total
internal reflection fluorescence (TIRF) image shows a blurred
structure with low resolution (full-width is 697.1 nm). More
importantly, there is no unfriendly additive that participates in
this super-resolution imaging process, so the fission and fusion
behaviors of mitochondria could also be monitored in living
cells. This work proves the feasibility of AIEgens with
photochemical activity to realize super-resolution imaging of
living cells.
In general, short-wavelength emission of the photoproduct is

undesirable in biomedical applications. Different from the most
photoactivatable fluorescent probes, (E)-3/(Z)-3 has emerged
as a good alternative for photoresponsive mitochondrial-
specific imaging of living cells because its photocyclization
product has red-shift absorption and emission.36 Since only
(Z)-3 can fulfill the requirement for the photocyclization, (E)-

Figure 6. (A) The photocyclization process of TPAN-2AH and the computational docking model of TPAN-2AH and ER. (B) Fluorescent images
and merged images of ER-positive cells (T47D) or ER-negative cells (MDA-231, HeLa, HKE293) stained with TPAN-2AH for 24 h. Reprinted
from ref 60. Copyright 2022 American Chemical Society. (C) Chemical structure of TIdBO and the photoactivation process. (D) CLSM images of
HeLa cells stained with TIdBO under continuous excitation and sequential scanning by 405 nm laser. (E) Cell viability after treatment with a range
of concentrations with or without white light irradiation. (F) The killing efficiency of TIdBO on S. aureus at different concentrations; the
photographs of S. aureus cultured on an agar plate supplemented with different concentrations of TIdBO. Reprinted from ref 63. Copyright 2021
American Chemical Society.
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3 first undergoes isomerization to form a Z-isomer for
facilitating the photocyclization, as illustrated in Figure 5F.
There is a large red shift in the PL spectrum during the
photochemical process, and thus, two excitation channels can
be applied to the imaging without signal overlap. To be
specific, the signal intensity of the photoproduct can light up,
while the fluorescence from (E)-3/(Z)-3 is reduced under
continuous irradiation (Figure 5G). Such a wonderful
fluorescent molecule has great potential in photoresponsive
cellular imaging.
3.2. Antitumor/Antibacterial Therapy

Apart from fluorescence imaging in living cells, photo-
responsive AIEgens are highly desirable to provide more
opportunities for realizing precise diagnosis and therapy.
Estrogen receptors (ERs) can be activated by estrogen to
perturb the transcription process upon binding to DNA. It is
reported that more than 60% of breast cancer patients are ER-
positive, indicating that ERs have great potential to be the
targeted proteins to develop a therapeutic agent for hormone
receptor-dependent breast cancer. In response, TPAN-2AH, an
ER antagonist analogue, is prepared with good binding affinity
for ER (Figure 6A). More fascinatingly, TPAN-2AH undergoes
a photocyclization reaction to emit blue fluorescence under
UV irradiation (Figure 6B) and shows obvious cytotoxicity
toward ER-positive cells.60

Photodynamic therapy (PDT) with plenty of advantages is
expected to become a promising modality for cancer treatment.
During the PDT process, the generation efficiency of reactive
oxygen species (ROS) of photosensitizer (PS) directly affects
the therapeutic effect.61,62 A novel AIE-active PS (TIdBO)
with fantastic photoactivation properties is developed (Figure
6C).63 It is verified that the ROS generation process is
competitive with photocyclization. In general, TIdBO under-
goes photocyclization in solution exposed under UV light,
while it generates Type I ROS (free radical ROS) in aggregate
by white light irradiation. Such an excellent Type I ROS
generation ability is owed to the occurrence of electron transfer
during the photocyclization process, which makes it a good PS
to realize PDT. Better yet, together with its AIE effect, TIdBO
can efficiently achieve the integration of diagnosis and therapy
and show light-up fluorescence after 405 nm laser irradiation in
cells (Figure 6D). More importantly, TIdBO shows good
biocompatibility in the dark condition, while exhibiting
excellent PDT performance in cancer cells (Figure 6E).
Surprisingly, as illustrated in Figure 6F, TIdBO owns obvious
dark and light toxicity toward S. aureus, demonstrating the
potential to be an antimicrobial drug.

4. CONCLUSION AND PERSPECTIVE
In this Review, we have summarized recent developments and
progress of AIEgens with photochemical activity, especially
those containing DPE groups as the photoisomerization/
photocyclization units. The integration of photochemical
activity and AIE feature through elegant design into one
molecule not only holds advantages such as remote control,
adjustability, and noninvasiveness but also avoids the trouble-
some ACQ phenomenon. Based on their excellent perform-
ances, we then introduce typical applications of photo-
responsive AIEgens in biomedical applications, including
bioimaging, diagnosis, and therapy. Nevertheless, AIEgens
with photochemical activity are still at the infant stage
including structural design and practical application, and

there are still challenges and perhaps future opportunities to
further advance AIEgens for practical applications.
(1) One of the challenges for AIE-featured photoactivatable

materials is that their structures are still far from diverse,
and it is urgent to develop novel photoresponsive
molecules. Besides, to broaden their practical applica-
tions, the performances of existing photoactivatable
AIEgens, including fluorescence quantum yield, thermal
stability, switching speed, and fatigue resistance, need to
be further improved.

(2) Moreover, most photoactivatable AIEgenes only re-
spond to UV/vis light, suffering limited penetration
depth and even exhibiting damage to normal cells and
tissues, which is undesirable in biomedical applications.
Worse still, their photoproducts usually show obvious
blue-shifted emissions after photoexcitation. This can be
overcome by precise molecular engineering to construct
molecules containing strong electronic donor−acceptor
pairs to develop photoactivatable AIEgens with long-
wavelength activation, especially near-infrared light
responsiveness.

(3) It is also suggested to substantially expand the field of
practical application. In addition to designing novel
photoactivatable AIEgens, it is also important to develop
advanced devices or diagnosis kits appropriate for the
application of photoactivatable materials in the future.

Up to now, a great deal of progress has been made in the
systematic investigation of the mechanisms and applications of
photochemical reactions, and we believe that AIEgens with
photochemical activity can provide an ideal platform from
which to fabricate “smart” stimuli-responsive fluorescent
materials.
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