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AlEgens for synergistic anticancer therapy

Xinyan Lyu, @@ 12 Junjie Yu,1? Liping Zhang,7® Yun Zhao,? Zijie Qiu, (°
Youbai Chen,*® Zheng Zhao () **° and Ben Zhong Tang**°

Cancer is a mortal disease that can invade other parts of the body and cause severe complications.
Despite their continuous progress, conventional cancer therapies including surgery, chemotherapy, and
radiation therapy have their inherent limitations. To improve the precision of cancer treatment, maximize
the therapeutic effect and minimize mortality, synergistic therapies combining imaging guiding
technologies, phototherapy, and other therapies have emerged due to the mutually strengthening
therapeutic efficacy. However, traditional organic phototherapeutic agents are limited since their
aggregation in aqueous media usually affects both their luminescence behavior and therapeutic effect.
In contrast, aggregate-induced emission luminogens (AlEgens) provide an ideal solution to develop
phototherapy with bright fluorescence and a significant treatment effect in the aggregate state.
Combining AlE-based phototherapy and conventional therapies benefits from synergistic effects and
extends the potential of developing accurate cancer therapy. AlE-based synergistic therapy has been
popularly discussed with such unexplored potential in recent years. This review will introduce the most
recent progress of AlE-based synergistic cancer therapy.

1. Introduction

Cancer, one of the leading causes of death globally, is relatively
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properties." Conventional therapeutic methods, including
surgical treatment, chemotherapy, and radiation therapy, are
the primary cancer therapies in clinics, although more
advanced therapeutic modes like gene therapy and immu-
notherapy have been widely investigated and explored recently.
However, these therapies generally have various drawbacks,
including drug resistance, severe side effects, limited applica-
tion scenarios, and potential gene mutation.*”” Compared with
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conventional therapies, phototherapy exhibits great potential
for treating various types of cancers with a lot of advantages,
i.e., non-invasiveness, no tolerance, low side-effects, convenient
operation, etc.® Typical phototherapy modes like photothermal
therapy (PTT) that can convert light energy into heat to ablate
tumors, and photodynamic therapy (PDT) that produces reac-
tive oxygen species (ROS) to exert cytotoxic activity in cancer
cells have attracted great attention.” " More importantly, apart
from the therapeutic effect, many phototherapeutic agents also
exhibit fluorescence imaging properties, enabling the integra-
tion of diagnostic and therapeutic functions into one platform
to achieve accurate image-guided cancer treatment."”
Although phototherapy is considered a safe and secure
approach to destroying tumor cells, the therapeutic efficiency
of PTT or PDT alone is still unsatisfactory. In this regard,
integrating phototherapy and other therapeutic modalities
has great potential in precise diagnostics and more efficient
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therapy.”™'® These synergistic therapies combining more
than one therapeutic modality are anticipated to develop new
treatments to meet the requirements of future personalized
therapeutic approaches.”” In addition, in comparison with
inorganic fluorophores, organic fluorophores demonstrate
excellent biocompatibility and good modifiability, conse-
quently having more potential for clinical application."®°

Nevertheless, conventional organic fluorophores such as
rhodamine, fluorescein, and cyanine derivatives have one fatal
limitation of the aggregation-caused quenching (ACQ)
effect.”’ ™ In the aggregate state, most of them suffer from
severe self-quenching and a poor signal-to-noise ratio, resulting
in a poor imaging performance. Furthermore, the PDT effect of
many traditional photosensitizers would be reduced due to the
aggregation boosted non-radiative decay.>**® In contrast,
aggregation-induced emission (AIE) fluorophores provide an
elegant alternative to construct synergistic theranostics due to
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Fig. 1 The proposed mechanism of AIE phenomena observed in organic molecules. Tetraphenylethene (TPE) is non-emissive in solution but becomes
emissive in the aggregate state due to RIR. Cyclooctatetrathiophene (COTh) presents similar AIE properties due to RIV. Reproduced with permission from

Wiley-VCH, copyright 2020.2°

their outstanding advantages of high emission intensity in the
aggregation state, large Stokes shift, remarkable photostability,
as well as in vivo switch-on ability.>® The AIE mechanism,
restriction of intramolecular motion (RIM), as shown in
Fig. 1, can be categorized as a restriction of intramolecular
rotation (RIR) and restriction of intramolecular vibration (RIV),
which can boost non-radiative decay of isolated molecules to
show weak emission and block non-radiative decay of
aggregate-state molecules to enhance emission.*>” Moreover,
their therapeutic effect such as PDT performance could even be
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enhanced in aggregates which provides more possibility for
developing advanced synergistic theranostics.

To date, numerous AlE-based phototherapies have been
developed for tumor treatments, including a large amount of
synergistic therapeutic systems. However, there has been no
comprehensive survey of AlEgen-based synergistic systems.”®
This review thus summarizes the latest progress of synerg-
istic anticancer therapy based on AIEgens (Scheme 1). The
contents discussed under this topic mainly include photo-
chemotherapy, photo-immunotherapy, and photo-radiation
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Scheme 1 AlEgen-based synergistic therapy.

therapy etc., in which more detailed classification like PDT-
chemotherapy, PTT-chemotherapy, PDT-immunotherapy, PTT-
immunotherapy, PDT-radiation therapy, PDT-gene therapy etc.
will be presented and discussed. We hope this review can
provide an overview of AlE-based synergistic therapies and
stimulate more interest in this area.

2. Photo-chemotherapy

Chemotherapy uses chemical drugs to disrupt the functions of
tumor cells, reduce tumor growth, and induce the death of
tumor cells, contributing to the therapeutic effects of cancer.>®
However, chemotherapy drugs can also damage normal cells
while killing tumor cells, resulting in severe drug resistance
and some side effects.>* Photo-chemo therapy uses photother-
apy like PDT or PTT to synergize with chemotherapy to improve
the therapeutic effect, removing the limitations of using che-
motherapy alone.*'*?

2.1. PTT-chemotherapy

PTT is a noninvasive and low-toxic approach to Kkilling
tumors.”® The photothermal agents absorb light at a specific
wavelength, convert light energy into heat to thermally ablate
tumor cells, and elevate the tissue temperature. The resulting

5956 | J Mater. Chem. B, 2023, 11, 5953-5975
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overheating microenvironment of the tissue can enhance cell
membrane permeability and improve the cellular uptake of the
drugs, increasing the sensitivity of chemotherapy.***°

In 2016, Wei et al. developed a novel AIEgen-based nanosys-
tem via paclitaxel (PTX) induced protein assembly for the first
time, which achieved fluorescence imaging-guided synergistic
PTT-chemotherapy in vivo.>® The AlEgen PhENH, was conju-
gated with human serum albumin (HSA), a major component
of serum proteins contributing to inherent biocompatibility,
for fluorescent imaging reagent, while cyclic arginine-glycine-
aspartic acid (cRGD) was used to premodify HSA as the target-
ing moiety. Polypyrrole (PPy) acted as a PTT agent to increase
the tumor temperature for tumor ablation, and PTX was
assembled to form a HSA-PhENH,-PPy-PTX-cRGD nanoplatform
(Fig. 2a). Since the targeting agent cRGD could bind specifically to
avB3-integrin, US7MG human primary glioblastoma cells overex-
pressing avf33-integrin were chosen for the cell experiment (Fig. 2b).
With intravenous injection of HSA-PhENH,-PPy-PTX-cRGD into
tumor-bearing mice and exposure to an 808 nm laser, the average
temperature of the tumor region in mice increased rapidly, which
indicated the constructed nanoplatform was feasible for PTT
(Fig. 2c). Furthermore, the tumor growth of mice with HSA-
PhENH,-PPy-PTX-cRGD was inhibited effectively (Fig. 2d), proving
the efficacy of tumor-targeted synergistic PTT-chemo nanothera-
nostics based on AlEgens.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Illustration of the preparation of HAS-PhENH, and the PTX induced assembly of AlEgens. (b) Relative cell viability of U87MG cells after
incubation of HSA-PhENH,-PPy-PTX-cRGD and HSA-PhENH,-PPy-PTX with or without 808 nm laser irradiation. The cells were washed with phosphate
buffer solution (PBS) and then incubated in fresh medium for 24 h before the CCK-8 assay. (c) IR thermal images of mice bearing U87MG tumors treated
with PBS, HSA-PhENH,-PPy-PTX, and HSA-PhENH,-PPy-PTX-cRGD after exposure to 808 nm laser irradiation for 5 min. (d) The relative tumor growth
curves of different groups of tumor-bearing mice after different treatments. Reproduced with permission from Wiley-VCH, copyright 2016.3¢

An, Yu, and Zhang et al. developed a synergistic PTT-
chemotherapy nanoplatform based on IR-797 chloride
(Fig. 3a).” IR-797 as a AlEgen and PTT agent was self-
assembled into the polymer to form PEG-IR-797 NPs and could
work as a chemotherapeutic drug to kill tumor cells (Fig. 3b).
The PEG-IR-797 NP could achieve real-time monitoring of
cancer treatment by its fluorescence imaging (Fig. 3c). More-
over, the PEG-IR-797 NP under light irradiation could not only
trigger chemotherapy but also induce PTT to accomplish
synergistic PTT-chemotherapy (Fig. 3d).

Recently, NIR fluorescence of AIEgens has attracted great
attention due to its noninvasiveness, high sensitivity, and
precise tumor visualization abilities. Combining NIR fluores-
cence with a photothermal process could effectively enhance
the cellular uptake of drugs due to increasing permeability of
the cell membrane and accelerating drug delivery.***! Zhang,
Wang, Hou, and Tang et al. constructed multifunctional
BITT@BSA-DSP NPs with photo-enhanced chemotherapeutic
effects (Fig. 4a).*> Glutathione (GSH) was utilized to improve
chemotherapy efficiency. As shown in Fig. 4b, the antitumor
drug release behavior of cisplatin Pt was investigated: the

This journal is © The Royal Society of Chemistry 2023

release percentage of Pt with GSH only was 39.4% at 3 h, while
the release percentage of Pt with GSH under light irradiation
reached 71.2% at 3 h, demonstrating the photothermal effects
generated by BITT AlEgens could effectively enhance disaggre-
gation of the NPs and facilitate drug release to improve
chemotherapeutic efficacy. Moreover, compared with PBS,
BITT@BSA NPs and BITT@BSA-DSP NPs could increase tem-
perature quickly in the tumor region to perform PTT (Fig. 4c).
Therefore, the photoactive agents with AIE properties and
anticancer drug could lower the dosage of chemotherapeutic
drug, thus diminishing side-effects created by the drug.

2.2. PDT-chemotherapy

Many PSs have been developed, which can be categorized into
two types with different mechanisms when considering the type
of ROS. The type I reaction involves photo-induced electron
transfer and is characterized by hypoxia-tolerance; while the
type II reaction involves energy transfer to oxygen and produces
singlet oxygen species ('0,).**** Combining PDT and che-
motherapy can effectively address limitations of drug resistance
and the side effects of chemotherapy, resulting ina “1+1 > 2”

J. Mater. Chem. B, 2023, 11, 5953-5975 | 5957
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synergistic effect. Yan et al. replaced one amine ligand of Pt
with a nitrogenous AIE-based PS (BT), thus achieving a high-
efficiency antitumor drug (BT-Pt).*> BT-Pt exhibits NIR fluores-
cence with a large Stokes shift, which could guide the location
of the drug (Fig. 5a and b). The confocal laser scanning
microscopy (CLSM) images indicated effective cellular uptake
of BT-Pt in HeLa cells as an obvious fluorescence signal was
observed from the cytoplasm (Fig. 5c). More significantly,
compared to BT, the ROS generation efficiency of BT-Pt has
been highly promoted by the fabrication of Pt. Consequently,
BT-Pt exhibited favorable therapeutic efficacy for HeLa cells
under light irradiation, which was attributed to its synergetic
effect of PDT-chemotherapy (Fig. 5d). The design strategy of
such platinated PSs showed great potential in developing
multifunctional anticancer drugs with combinatorial PDT-
chemotherapy.

To avoid the side effect of the PSs to normal tissues,
researchers have developed specific tumor microenvironment-

5958 | J Mater. Chem. B, 2023, 11, 5953-5975

A
DI HyoW2 >

6 h

6 min

.... .. |

Fig. 3 (a) Molecular structure of IR-797 chloride.
imaging of Hela tumor-bearing mice after i.v. |nJect|on of PEG-IR-797 NPs with different time periods. (d) /n vivo IR thermal imaging of HelLa tumor-
bearing mice with different treatments under 808 laser irradiation. Reproduced with permission from Wiley-VCH, copyright 2019.%”

View Article Online

Journal of Materials Chemistry B

o

\) IR-797 chloride / CH,CN

‘ IR-797 NPs

O cispmpecsoon /im0 () PEGAR-797 NP

12h 24 h

High

8 min 10 min

30°C

) Schematic illustration of the preparation process of PEG-IR-797 NPs. (c) In vivo fluorescence

activated PSs to silence the photosensitivity of PSs in normal
tissue locations. After entering cancer cells, the PS-loaded
probes disassemble under reaction with a specific substance,
and the fluorescence property and the photosensitivity of
PSs are restored. Gao, Ren, and Tang et al. developed a
dual-organelle-targeted probe for precise synergistic PDT-
chemotherapy.*® The probe could decompose in the acidic
lysosome and then release the mitochondria-targeted che-
motherapeutic agent AIE-Mito-TPP and commercial PSs
AlPcSNa, (Fig. 6a). The fluorescence of the two agents is
activated simultaneously for in situ monitoring of the decom-
position process of the nanoparticles. The AIE-Mito-TPP could
significantly disrupt the mitochondria by decreasing the
membrane potential and restraining ATP synthesis, and the
AlPcSNa, could generate ROS and break lysosomes. The experi-
ment results showed that the probe exhibited strong cytotoxi-
city towards melanoma A375 cells, and the in vivo tumor growth
could be significantly restrained (Fig. 6b and c). These

This journal is © The Royal Society of Chemistry 2023
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observations suggested that the dual-organelle-targeted AIEgen
strategy can effectively improve PDT-chemotherapy, which is
reliable for cancer treatment.

Chemotherapeutic drugs could also work as quenchers to
silence the PDT effect of AIE PSs. Zhang and Liu et al. reported
a tetraphenylethylene-thiophene (TPETH) based theranostic
probe consisting of two mitochondria-targeted arms decorated

This journal is © The Royal Society of Chemistry 2023

with artemisinin (ART).*” The ART groups showed high selec-
tivity toward tumor cells, two mitochondria-targeted arms
could navigate the probe towards mitochondria inside tumor
cells, and the TPETH core showed fluorescence once the probe
was accumulated in mitochondria. When the probe entered the
mitochondria of a tumor cell, heme was generated which
activated ART and triggered the generation of ROS. The half

J. Mater. Chem. B, 2023, 11, 5953-5975 | 5959
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maximal inhibitory concentration (ICs,) values toward cancer
cells and normal cells indicated the significant tumor killing
ability of directing ART to mitochondria. In addition, the
mitochondrial membrane was depolarized under the attack of
ROS and reduced the migration activity of tumor cells.

Liu et al. developed a monitorable therapeutic system
TPEPY-S-MMC with a chemo-prodrug mitomycin C (MMC)
and PSs TPEPY-SH for traceable combinational PDT-
chemotherapy.*® Only GSH could activate the photosensitizing
and chemotherapy, constructing an activatable nanotheranos-
tic with reduced side effects promising for use in personalized
medicine. Xia and Yi et al. designed a light-trigger decompo-
sable nanoplatform TB/PTX@RTK that was loaded with AIE-PSs
(TB) and chemotherapeutic drug PTX, aiming at regulatable
drug releases.”” The TB/PTX@RTK nanoparticle mediated
synergistic chemo-PDT effects were assessed both in vitro and
in vivo and demonstrated superior targeting selectivity, chemo-
photodynamic “1 + 1 > 2” ablation efficiency, and surprising
promotion of antitumor immune responses.

3. Photo-immunotherapy

Traditional cancer immunotherapy utilizes chemical therapy
treatments to trigger the immune system to recognize and kill
tumors. Cancer immunotherapy advances our understanding
on interactions between the immune system and tumors, but it
is challenged by a low immune response rate, immunosuppres-
sive mechanisms, and insufficient immunogenicity.>® Photo-
therapy can induce the death of cancer cells and express
specific antigens to trigger the immune system. Concomitantly,

5960 | J Mater. Chem. B, 2023, 11, 5953-5975

the target approach combined with immunotherapy can facil-
itate antigen uptake and presentation, thus stimulating specific
antitumor immunity.

3.1. PTT-immunotherapy

Upon light irradiation, PTT can not only ablate cancer cells but
also affect the tumor microenvironment (TME): hyperthermia
could cause cancer cell death and activate the immune system
to inhibit tumor growth.>® Therefore, the synergy of PTT and
immunotherapy has been introduced as an attractive method
to enhance cancer therapeutic efficacy with precise imaging,
enhanced immunogenicity, and efficient thermal eradication of
tumors.

Zhao, Shi, and Tang et al. developed a high-performance
phototherapeutic nanoconjugate (TPA-NDTA) as displayed in
Fig. 7a, which was based on a ferroptosis pathway and could
avoid the tumor resistance to apoptosis/necroptosis, generating
adequate immunogenicity to induce cancer cell death.*> The
photothermal nanocomposite TPA-NDTA was designed by
introducing a molecular rotor with substantial electron donor
properties to attain a high photothermal conversion efficiency
and broad NIR absorption (from 700 to 1100 nm). TPA-NDTA,
aided by photo-hyperthermia (PHT), could perform high effi-
cacy ras-selective lethal small molecule 3 (RSL3)-triggered fer-
roptosis and advances the effect of immunogenicity in tumors
(Fig. 7b). In addition, the mouse model with bilateral tumors
showed that locally triggering ferroptosis of the tumor in one
side initiated a systemic CD8+ T cell-mediated antitumor
immunity and inhibited the tumor growth of distant tumors.
The exciting results performed in methyltransferase (MTT)
assays and measurements of tumor volume provided a

This journal is © The Royal Society of Chemistry 2023
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promising mode for durable antitumor therapy (Fig. 7c and d).
This work introduced a strategy of augmenting the immuno-
genicity of ferroptosis-driven cancer cell death assisted by PHT
to improve therapeutic effectiveness.

Peptides are promising for immunotherapy as they can
enhance receptor binding affinity and have lower immunogeni-
city as targeted and therapeutic agents.”® Wang, Hu, and Wang
et al. reported the novel peptide-based nanofibers (TAP) con-
taining hydrophobic AIE molecule TPE, which were self-
assembled into the nanoparticles with a targeted affinity to
programmed death 1 (PD-1) and its ligand PD-L1.>* The self-
assembled peptide-based nanomaterials TAP@TTP could have
much better targeting capability for tumor and photothermal
conversion efficiency in vivo as the TAP@TTP group could
afford a higher temperature than the other two comparison
groups. Therefore, the self-assembled peptide-based nanoma-
terials were expected to provide more options for complemen-
tary PTT-immunotherapy.

This journal is © The Royal Society of Chemistry 2023

Wang, Yao, and Yu et al. synthesized a near-infrared II (NIR-
II) emissive molecule TST with AIE property and photothermal
effect, which could be used for in vivo imaging with deeper
tissue penetration depth and higher imaging resolution.>® TST
was further assembled with camptothecin prodrug (CPT-S-PEG)
and a new immune checkpoint inhibitor AZD4635, affording
the CAT nanoparticles for drug delivery (Fig. 8a). The non-
radiation attenuation is inhibited by the strong interaction
between CPT and TST, promoting NIR-II fluorescence genera-
tion. After entering cancer cells, the CAT nanoparticles disin-
tegrated, and TST were released to exhibit a photothermal effect
and enhance non-radiation attenuation (Fig. 8b). The heat
generated by TST could induce immunogenic cell death (ICD)
of tumor cells and release ATP to recruit immune cells in the
TME. To avoid superfluous ATP converting and restricting the
immunosuppressive adenosine pathway, the AZD4635 was
released by photothermal disintegration, enhancing the immu-
notherapy effect on tumors. Since ATP can be converted to
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Fig. 7 (a) Molecular structure of TPA-NDTA. (b) Illustration of the mechanism of immunogenic ferroptosis assisted by TPA-NDTA NP-based PHT in a
bilateral tumor mouse model. (c) Cell viability of 4T1 cancer cells after various treatments, detected using MTT assay after 24 h. (d) Graphic illustration of
the tumor volume of distant tumors after various treatments. Reproduced with permission from Wiley-VCH, copyright 2022,

adenosine which inhibited immune cell activity, the level of
ATP and adenosine in MTE was determined by enzyme linked
immunosorbent assay (ELISA). Even though CAT-NP could
produce the largest amount of ATP, the level of adenosine did
not increase in the CAT-NP group and was the lowest of all
groups, which demonstrated AZD4635 inhibited the conversion
of ATP to adenosine (Fig. 8c and 8d). Therefore, the integration
of photothermal and immunotherapy allows the CAT-NP sys-
tem to inhibit tumor growth effectively.

Zhou, Wang, and Tang et al. designed multifunctional
AlEgen-based nanoparticles (TPA-BT-DPTQ) as displayed in
Fig. 9.%® The TPA-BT-DPTQ nanoparticles could achieve trimo-
dal NIR-II fluorescence imaging (FLI)/photoacoustic imaging
(PAT)/photothermal imaging (PTT). The photoluminescence (PL)
of TPA-BT-DPTQ was located at 900-1400 nm with a maximum
NIR-II emission peak around 1100 nm. To investigate the
antitumor effects of the nanosystem, the measurements of
tumor volume in vivo of tumor-bearing mice were conducted:
compared with all parallel groups, the tumor volumes of mice
treated with TPA-BT-DPTQ nanoparticles and exposed to laser
irradiation were much smaller. When the cancer cells were
treated with TPA-BT-DPTQ nanoparticles, severe 4T1 cell death
was observed in Calcein-AM/PI staining images. Therefore, the
TPA-BT-DPTQ system could effectively inhibit tumor growth by
synergistic PTT-immunotherapy and achieve trimodal imaging-
guided cancer theranostics.

3.2. PDT-immunotherapy

PDT can induce the death of tumor cells and release damage-
associated molecular patterns (DAMPs) to trigger an immune
response in the process of cell death.””*® The synergistic PDT-
immunotherapy could not only use ROS to kill tumor cells but

5962 | J Mater. Chem. B, 2023, 11, 5953-5975

also activate immune responses by inducing immunogenic cell
death to enhance the treatment effect.

Xia, Wang, and Hong et al. designed red blood cell (RBC)
membrane-packed nanoparticles M@AP.>® The nanoparticles
were constructed by self-assembly of positively charged AlEgen
P2-PPh3 and negatively charged Poly(I:C) in a PLGA matrix
(Fig. 10a). The nanoparticles accumulated in tumor tissue and
were enriched in the spleen due to the homing effect of the RBC
membrane, stimulating the immune cells and strengthening
the antitumor immune response. Under white light irradiation,
the AIE PSs generated ROS to penetrate tumor cells, further
promoting tumor antigen (TA) release, and combined with
Poly(I:C) to enhance immunity with a synergistic effect
(Fig. 10b). In addition, red fluorescence was observed from
propidium iodide (PI) staining images, which indicated the
antitumor effect of M@AP under light exposure (Fig. 10c). This
strategy provides potential treatment for preventing tumor
recurrence and metastasis.

Tumor-associated macrophages (TAMs) are joint compo-
nents of the TME, which could assist tumor progression,
invasion, and metastases.®® TAMs acted as an immunosuppres-
sor to protect the tumor from the immune response. The
selective penetration of TAMs could significantly disrupt the
TME and improve immunotherapy efficiency. Liu and Tang
et al. developed a PS, TPE-Man, by decorating TPE with man-
nose moieties.®" Since mannose receptors are overexpressed on
TAMs, TPE-Man could specifically target TAMs via sugar-
receptor interaction, allowing fluorescent visualization of TAMs
in high contrast and selective eradication of TAMs. Upon
exposure to white light irradiation, ROS was generated by the
TPE core, and the photodynamic ablation of TAMs was enabled,
consequently improving immunotherapy efficiency by modu-
lating the immune microenvironment.

This journal is © The Royal Society of Chemistry 2023
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Dendritic cell (DC)-derived small extracellular vesicles
(DEVs) are an effective alternative to DC vaccines.’> However,
the therapeutic efficacy of DEV-based immunotherapy still
needs to be improved. Zhang, Cai, and Tang et al. reported a
biomimetic DC@AIEdots system with characteristics of
antigen-presenting and hitchhiking.®® The DC@AIEdots were
coated by DC membranes on the AlEgens, and the internal AIE
molecules were able to accumulate in the lipid droplets of
tumors selectively (Fig. 11a). The tumor delivery efficiency of
the photosensitizers was enhanced about 1.6 times because the
outer cell membrane facilitated the hitchhiking of DC@AIEdots
onto T cells (Fig. 11b and c¢). The PDT events could kill
primary tumors and delay the distant tumors, indicating that
tumor proliferation could be effectively inhibited by a strong
immune response induced by photo-irradiated DC@AIE dots

This journal is © The Royal Society of Chemistry 2023

(Fig. 11d and 11e). Thus, the DC@AIEdots system demon-
strated potential in PDT-immunotherapy.

Wang et al. developed a nanosystem, DEV-AIE nanoparticles,
which employed DCs as a cell reactor for exocytosis, achieving
synergistic effects of PDT-immunotherapy.®® The DEV-AIE
nanoparticles were exocytosed by the biosynthesis of MBPN-
TCyP with DCs. The DEV-AIE nanoparticles could trigger T cell
activation due to the immune-modulation proteins from par-
ental DCs. Moreover, the AIE PSs of MBPN-TCyP were loaded
onto the nanoparticles to accumulate in mitochondria of tumor
cells selectively and induce ICD. Moreover, the DEV-AIE nano-
particles could trigger significant immune responses, eradicate
primary tumors effectively, inhibit distant tumors, and suppress
tumor metastases. The proposed DEV-AIE nanosystem provided a
favorable strategy to prepare clinical anticancer nanovaccines.
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4. Photo-radiation therapy

Traditional radiation therapy (RT) introduces ionizing radia-
tion to kill cancer cells and inhibit the growth and recurrence of
tumors.®> However, severe damage to normal tissues during RT
is usually experienced due to low radiation absorption of
tumors and high doses of ionizing radiation. Since photother-
apy can effectively intensify the radiation sensitivity of tumor
cells,® the synergy of RT and phototherapy could enhance the
cancer theragnostic effect.

4.1. PTT-radiation therapy

Since radiation therapeutic effectiveness is often limited by
severe side effects of excessive radiation doses, a combination
of PTT and radiation therapy allows radiation therapy to kill
tumor cells under a lower radiation dose.®”®® In addition,

This journal is © The Royal Society of Chemistry 2023

hyperthermia caused by PTT could directly enhance antitumor
effects and intensify hypoxic sensitivity of tumor cells.

Tang et al. presented a novel strategy for multimodal ima-
ging and PTT-radiation synergistic therapeutics with silver
core/AIE shell nanoparticles.®® The nanoparticles were pre-
pared via redox reaction between TPE-M20H and Ag', and
the nanoparticles are further coated by TPE-M2OH through
donor-acceptor interactions (Fig. 12). The nanoparticles not
only demonstrated inherent AIE FLI, metal-based computed
tomography (CT), and RT properties, but also exhibited func-
tionality of good photothermal (PT) and PAI performance at the
core/shell interface. Consequently, the three imaging modal-
ities (FLI, CT and PAI) and synergistic PTT-radiation treatment
were combined within a single structural unit for accurate
tumor imaging and therapy. The cell viability in vitro decreased
to 19% at an AACSN concentration of 1.0 mg mL~". The tumor
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assigned to the origin of PT and PA properties. (b) AACSNs were applied for five-modality tumor imaging (FL, PT, PA) and synergistic PTT and RT therapy.

Reproduced with permission from Elsevier, copyright 2020.%°

growth in vivo was significantly inhibited, and the 30 day
survival rate of mice increased to 100% under “AACSN +
PTT + RT” treatment. The proposed nanosystem based on a
“less is more” strategy constructed a simple core@shell nano-
particle and achieved multi-modal imaging synergistic PTT-
radiation cancer therapy. Cai and Han et al. also constructed a
multifunctional imaging-guided PTT-radiation cancer therapy
based on AlEgen (TPA-BT-DPTQ), which could thermally ablate
tumors and achieve multimodal imaging.”® The gold nanorod
(GNR)-mediated nanoagents (NPAPF-GNRS@PEG) were engi-
neered with AIEgen TPA-BT-DPTQ to achieve PTT-radiation
synergistic therapy, and the nanoplatform demonstrated
photothermal-enhanced radiation effects and an efficient capa-
city for killing primary and distant tumors, effectively prevent-
ing recurrence of cancers. The NPAPF-GNRs@PEG nanosystem
achieved multi-modal (CTI/PAI/FLI/PTI) imaging-guided and
photothermal-enhanced radiation therapy in vivo.

4.2. PDT-radiation therapy

Radiation therapy directly kills tumor cells by exposing the
tumor issue to high-energy radiation. Theoretically, the tumor
can be destroyed under a significant radiation dose. However,
the radiation has a strong penetrability and might cause severe
lesions to the surrounding healthy tissue.”" Specific PDT agents
can enhance the radiation sensitivity of tumor cells, conse-
quently reducing the required dose of radiation treatment.
Combining PDT and radiation therapy could reduce radiation
side effects and improve the therapeutic efficacy.

Li, Ding, and Tang et al. reported an AIE-based method to
promote the radiosensitivity of tumor cells.”> A mitochondria-

5966 | J Mater. Chem. B, 2023, 11, 5953-5975

targeted PS DPA-SCP was constructed by connecting an AIE core
with pyridinium salt (Fig. 13a). DPA-SCP could selectively
accumulate in mitochondria, generate fluorescence, and gen-
erate '0, under white light irradiation. The 10, generation in
tumor cells could significantly promote radiosensitivity of
cancer cells and inhibit the phosphorylation of Akt and ERK
in tumor cells to induce apoptosis. Consequently, the sensitizer
enhancement ratio at 10% cell survival rate (SER10) value was
1.62, which was higher than those of the popular radiosensiti-
zers of Au nanoparticles and paclitaxel (Fig. 13b).

Zheng and Tang et al. reported an AIE PS based on triphe-
nylamine and azafluorenone, TPANPF, (Fig. 14a), with out-
standing photodynamic properties compared with the other
three derivatives.”® The cationization of the core enhanced the

4
Percent survival

—=—R )
4--DPA-SCP +R
DPA-SCP —e—DPA-SCP + Light + R
0.19 - v--DPA-SCP + Light + NaN, + R \]

0 2 4 6
Radiation dose (Gy)

Fig. 13 (a) The chemical structure of DPA-SCP. (b) Survival rate of A549
cancer cells after various treatments. Reproduced with permission from
Wiley-VCH, copyright 2017.72
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ROS generation efficiency and the mitochondria-targeting abil-
ity of the PSs. The PSs showed poor solubility and high
aggregation degree in aqueous solutions and achieved good
ROS generation and fluorescence. As a radiosensitizer,
TPANPFs demonstrated excellent enhancement in radiation
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therapy efficiency. The data of colony development indicated
that the “radiation + TPANPF, + light” exhibited more signifi-
cant inhibitory effects on the tumor colony formation than
radiation and “TPANPF, + light” alone (Fig. 14b). The catio-
nized mitochondria-targeting PSs indicated cationization as a
potential strategy to improve ROS generation efficiency, and the
synergy of PDT and radiotherapy improves cancer therapeutic
efficiency.

Chen et al. designed AlIE-based clustoluminogens (AIE-Au)
for low-dose X-ray-induced PDT (X-PDT) to achieve synergistic
PTT-radiation therapy with reduced side effects.”* The conse-
quent aggregation of AIE-Au enhanced the X-ray luminescent
emission by 5.2-fold. Under low-dose X-ray irradiation, the AIE-
Au significantly absorbed X-ray and generated abundant OH*®
radicals, which enhanced the radiosensitivity of targeted cells
and promoted the radiotherapy effect. Meanwhile, the X-ray
luminescence further excited the conjugated PSs, resulting in a
photodynamic effect. The in vitro and in vivo experiments
implied that AIE-Au efficiently triggered ROS generation with
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a considerable proportional reduction in X-ray dose, which
reduced side effects and promoted treatment efficiency.

5. PDT-gene therapy

Gene therapy traditionally uses small interfering RNA (siRNA)
to knockdown the target gene’s expression for gene silencing.
Nevertheless, it is limited by low gene transfer efficiency and
the selection of gene delivery vectors.”> Some cases of combin-
ing PDT and gene therapy have been introduced as an effective
strategy to improve anticancer therapeutic effectiveness.

Gao et al. developed a gene delivery system consisting of a
ROS-labile diselenide linkage and an AlEgen.”® The proposed
system could achieve unprecedented 'O, production efficiency
(80.14%). Under daylight irradiation, the internalized plasmid
DNA (pDNA) self-assembled into AIE nanoparticles, forming
OEI-SeSex-AlIE (Fig. 15a). Meanwhile, daylight irradiation could
elicit ROS-labile diselenide bond cleavage and destabilize the
structure of AIE nanoparticles to release pDNA. As a result, the
proposed delivery system exerted self-sufficient ROS production
to facilitate endosomal escape, thus greatly improving gene
delivery efficiency.
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Cancer cells can induce angiogenesis to resist ROS genera-
tion by upregulating the expression of vascular endothelial
growth factor (VEGF), resulting in attenuation of the PDT
effect.”” To address the resistance issue, Liu and Li et al
reported a combination of surface siRNA decoration and AIE-
gens for PDT and RNA interference therapy synergy.”® The
siRNA played a crucial role in inhibiting VEGF expression.
2-(2,6-bis((E)-4-(phenyl(40-(1,2,2-triphenylvinyl)-[1,10-biphenyl]-
4-yl)amino)styryl)-4H-pyran-4-ylidene)malononitrile (TTD), as
shown in Fig. 15b, was employed as the AIE PS to generate
ROS under light irradiation, yielding bright fluorescence, high
phototoxicity, high spatiotemporal accuracy, and precise con-
trollability. The nanoparticles’ surface was decorated with
small interfering RNA-vascular endothelial growth factor
(SiVEGF) and cRGD to integrin-overexpressed cells and deliv-
ered siRNA. Thus, this anticancer system achieved a synergistic
PDT-RNA interfering therapeutic effect.

Gao and Liu et al. constructed a light-induced carrier-free
DNAzyme delivery system.”” DNAzymes are more stable in a
biological environment without hijacking the endogenous
RNA-induced pathway relative to siRNA.*° TBD-Br was fabri-
cated onto hybrid DNAzyme nanoparticles with the thiopho-
sphate group in order to become amphiphilic and to enhance
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the ROS generation efficiency and fluorescence intensity, form-
ing hybrid DNAzyme nanoparticles (Fig. 15¢). DNAzyme-based
spherical nucleic acids (SNA) were employed as ligands to
obtain a high encapsulation rate of cofactor (Zn>") and tackle
the insufficient metal ion coenzyme supply. When the hybrid
DNAzyme nanoparticles entered cancer cells, the AIEgen TBD-
Br induced the production of 'O, under light irradiation to
destroy the lysosome structure and help hybrid DNAzyme
nanoparticles escape from lysosomes. The red fluorescence
emitted from TBD could be observed as shown in Fig. 15d,
demonstrating successful cellular uptake of hybrid DNAzyme
nanoparticles in MCF-7 cells. The cytotoxicity analysis indi-
cated the antitumor effects of hybrid DNAzyme nanoparticles
(Fig. 15e). As a result, the hybrid DNAzyme nanoparticles could
generate 'O, to induce tumor cell apoptosis under light irradia-
tion as well as regulate the expression of the early growth
response factor-1 protein (EGR-1) mRNA to inhibit tumor cell
growth. Therefore, the DNAzyme-mediated conjugate with TBD-
Br achieved the synergistic effect of PDT-gene therapy. Zhao,
Lou, and Xia et al developed a GSH-responsive MnO,-
DNAzyme-TB (MDT) nanocomposite for cancer imaging and
PDT-gene synergistic therapy.’’ While TB acted as an AIE
photosensitizer, DNAzyme was employed to catalyze degrada-
tion of EGR-1 mRNA and to silence the gene. When internalized
into cancer cells, MDT nanoparticles could downregulate the
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expression of EGR-1 to suppress cell growth. Additionally, the
aggregated TB can produce 'O, to destroy cancer cells further.
The MDT system thus inhibited cancer cell growth by synergis-
tic gene silencing and PDT.

6. Other synergistic therapy
6.1. PTT-PDT

PTT and PDT have emerged as safe and secure ways to destroy
established tumor cells, whereas single PDT or PTT is not
enough to realize high treatment efficiency.®” To achieve the
maximized therapeutic effects, synergistic theranostics of PTT
and PDT have been developed to compensate for each method’s
defects.

Integrating host-guest interactions with AlEgens can facil-
itate the modulation of photo-related properties.®*** Yang,
Wang, and Tang et al. constructed versatile theranostic nano-
composites TTPY-Py < CP5@AuNR based on host-guest inter-
actions for synergistic PTT-PDT.*> Au nanorods (AuNRs)
possessed an photoacoustic feature, and the surfaces of AuNRs
were further modified by supramolecular building blocks to
decrease cytotoxicity and increase the dispersibility of AuNRs
(Fig. 16a). TTPY-Py « CP5@AuNR exhibited high photothermal
conversion efficiency due to rod-like shape and surface electron

EDC/NHS

TBFT, UCNPs@DSPE-PEG@TixC:
Nanoparticles (TUT NPs)

Nanoparticles(TU NPs)

Fig. 17 (a) The preparation of TUT nanoparticles. (b) NIR FLI of tumor-bearing mice taken at different periods after injection of TUT nanoparticles or
TisCo/PLL-CY5.5 nanosheets. Reproduced with permission from Wiley-VCH, copyright 2022.8
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resonance of AuNRs (Fig. 16b). TTPY-Py serves as PS with AIE
characteristics that can target mitochondria and generate ROS
for PDT. TTPY-Py — CP5@AUNR can achieve synergistic PTT-
PDT antitumor effects upon the irradiation of both white
light and NIR laser (Fig. 16¢). The TTPY-Py = CP5@AuNR
phototheranostics can thus achieve therapeutic goals with
precise dual-modal-imaging-guided (FLI-PAI) synergistic PTT-
PDT treatment. Wang et al. constructed the supramolecular
complex with a similar strategy to achieve synergistic PDT-
chemo therapy.®¢

Wang and Tang et al. reported a multifunctional nanosys-
tem (TUT nanoparticles), as shown in Fig. 17a, comprised of
early-transition-metal carbides (MXenes), AlE-active PSs, and
upconversion nanoparticles (UCNPs) for cancer phototherano-
stics.®” Typical MXenes, TizC, nanosheets were employed due
to their outstanding photothermal conversion efficiency and
high absorption ability in the long-wavelength region, while
UCNPs were used to extend the excitation wavelength of the
AlIE-active PSs (TBFT) via a Forster resonance energy transfer
(FRET) process.®®°® The resulting TUT nanoparticles were
covalently bonded, giving efficient tumor accumulation with
better physiological stability in vivo and in vitro assessment. As
shown in Fig. 17b, TUT nanoparticles outperform the Ti;C,/
PLL-CY5.5 nanosheet group in tumor accumulation, as
the covalently bonded surface makes TUT nanoparticles
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impregnable in the physiological environment. Based on the
aggregation-enhanced FLI/PAI/PTI guided synergistic PTT-
PDT, the TUT nanoparticles exhibited high antitumor efficacy
and further encouraged the exploration of inorganic-organic
nanocomposites for synergistic anticancer therapy.

6.2. Multimodal therapy

Multimodal synergistic therapies have been developed to
make up for the defects of individual approaches and integrate
their collective advantages to improve treatment efficacy.”’
Wang and Tang et al reported an acidic TME-activatable
nanosystem, AD-Cu-DOX-HA as displayed in Fig. 18.°> Due to
capping of hyaluronic acid (HA), the AIEgen MeOTTVP could
be selectively activated, proposing a promising strategy for
the formation of intelligent aggregates. The nanosystem
could precisely distinguish cancer cells from normal cells;
additionally, it possessed multiple functions including high-
performance ROS generation, selective accumulation, Cu>*
mediated rapid decomposition, and activable fluorescence in
tumor tissue simultaneously. Consequently, AD-Cu-DOX-HA
demonstrated efficient tumor diagnosis and tumor-growth
inhibition through FLI-navigated synergistic therapy of
stimuli-responsive chemotherapy, Cu**-mediated chemody-
namic therapy (CDT), and PDT.

TEOS/APS

DOX

AD-Cu

Fig. 18 The chemical structure of MeOTTVP and the preparation process of AD-Cu-DOX-HA nanosystems. Reproduced with permission from

American Chemical Society, copyright 2022.%2
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Even though multimodal therapy can enhance cancer ther-
apeutic efficiency, it usually requires complicated parameters to
construct the theranostic system. Zhao, Lou, and Tang et al.
effectively designed a novel versatile nanosystem based on a
single AIEgen, DDTB as displayed in Fig. 19a, to integrate NIR
fluorescence, immunotherapy, PTT, and PDT.*? The proposed
nanosystem can be used for preoperative diagnosis as the
nanoparticles accumulate in tumors with NIR fluorescence. In
addition, DDTB-DP nanoparticles held great potential as a NIR-
II FLI probe (Fig. 19b). The fluorescence intensity of the nano-
particles at the tumor site increased over time to a maximal level at
24 h post-injection (Fig. 19c). DDTB-DP nanoparticles can effec-
tively inhibit tumor progression when combined with PD-L1 anti-
body and laser irradiation (Fig. 19d and e). No significant weight
loss of tumor-bearing was observed, indicating the low systematic
toxicity of the nanoparticles (Fig. 19f). PTT-PDT combined with PD-

View Article Online

Review

L1 antibody significantly suppresses tumor growth by heightening
the immunotherapy effect.

The design of NIR-II fluorescence imaging is receiving more
and more attention due to its higher penetration depth, weaker
light damage to  normal  tissues, and
autofluorescence.”*®® Tang and Wang et al. constructed an
AlE-active supramolecular metallacage with fluorescence ima-
ging at the NIR-II region for the first time.”® The MgLs-type
metallacage C-DTTP exhibited AIE properties and photother-
mal conversion and ROS generation (Fig. 20a). The maximum
emission length can reach 1005 nm, which is the longest
fluorescence emission compared with previously reported
fluorescent supramolecular coordination complexes and allows
C-DTTP to achieve NIR-II fluorescence/photothermal dual-
imaging-guided synergistic PDT-PTT cancer theranostics. The
metallacage and its ligands were encapsulated into mPEG-
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Fig. 19 (a) The chemical structure of DDTB. (b) Absorption and emission spectra of DDTB-DP nanoparticles in aqueous solution. (c) In vivo fluorescence

images of Hela tumor-bearing mice after various time periods of intravenous injection of DDTB-DP nanoparticles. (d) Tumor images of B16-F10 tumor
bearing mice after various treatments (the red X indicated no tumor was detected). (€) Tumor volume growth curves of B16-F10 tumor bearing mice after
various treatments. (f) Measurements of the body weight of B16-F10 tumor bearing mice after various treatments. Reproduced with permission from
Wiley-VCH, copyright 2021.%%

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. B, 2023, 11, 5953-5975 | 5971


https://doi.org/10.1039/d3tb00219e

Published on 10 May 2023. Downloaded on 3/10/2026 10:44:50 PM.

Review

a b

View Article Online

Journal of Materials Chemistry B

(£]
3

. Self-assembly
+

DTTP PHPEL,),(0T1),

o
aat
g

O
o
o

Il

%

©,©
Aquasse-jjas

3501 __CNPs

. cPt [ LNPs + L

_120] EEcPt+L EECNPs
EELNPs I CNPs+L

100+

Relative cell viability (%
& 8 8

n
o
i

» Second near-
infrared emission

» Enhanced ROS

generation 0min 2 min

» Efficient
photothermal
conversion

CNPs Control

LNPs

NIR-II FLI/PTI Guided PDT/PTT

—=—LNPs
3001 ——DCFH
250 -
200 K
1501
100+ ]
mPEG-PLGA 504
0- 04
0 50 100 150

200 DTTPO 20 40 60
cPt 0 40 80 120 160

t(s) Concentration (uM)

4 min 6 min 8 min 10 min

o

55°C

-
n

—=—Control
—— Laser
——cPt
——LNPs
—+—LNPs + L
——CNPs
—+—CNPs +L

-
N

<
<
<

Tumor volume index (V V)
©

'
!
55
'
!
55°C
'

0 2 4 6 8 10 12 14 16

s Time (day)

Fig. 20 (a) The designed C-DTTP metallcage. (b) ROS generation of LNPs and CNPs exposed to an 808 nm laser. (c) Cell viability of MDA-MB-231 cells
after various treatments (L: 808 nm laser irradiation). (d) Thermal images of MDA-MB-231 tumor-bearing mice with different treatments. (e) Tumor
volume growth curves of tumor-bearing mice with different treatments. Reproduced with permission from American Chemical Society, copyright

2022.99

PLGA, respectively, to form CNPs and LNPs to test the applic-
ability of the designed supramolecular system in biological
applications. The performance of ROS generation can be better
in CNPs than in LNPs under 808 nm laser irradiation (Fig. 20b).
CNPs displayed greater temperature evaluation in thermal
images, indicating the excellent photothermal conversion effi-
ciency of CNPs in vivo (Fig. 20d). The cancer cell viability
decreased remarkably when CNPs were exposed to laser irra-
diation compared to CNPs alone and LNPs under irradiation,
and the tumor growth was suppressed when the tumor-bearing
mice were treated with CNPs and irradiation, proving the
antitumoral capability of the designed PTT-PDT synergistic
theranostics (Fig. 20c and e).

Zhao et al. synthesized NIR AlEgen-based fluorophore TACQ
with mitophagy regulating activity for mitochondria-targeted
cancer theranostics.'® The TACQ AlIEgen was based on a
donor-acceptor structure and had a longer emission in the
NIR-II window due to the strong push-pull effect. Concurrently,
the rotor structure and twisted molecular conformation
enabled TACQ to balance the nonradiative and radiative energy
dissipation, resulting in efficient ROS generation, high photo-
thermal conversion efficiency, and high quantum efficiency,
which could be employed in synergistic therapy. The lipocatio-
nic property of TACQ allowed the nanothernostics to selectively
target the mitochondria of cancer cells, trigger mitophagy, and
inhibit mitophagy flux. Both in vitro and in vivo experiments
demonstrated that the theranostic platform based on TACQ
was promising for mitochondria-targeting with NIR FLI and

5972 | J Mater. Chem. B, 2023, 11, 5953-5975

PTI-guided synergistic chemo-PTT-PDT. The satisfying thera-
peutic efficiency indicated the future trend of combining more
than two approaches to improve the therapeutic efficiency.

7. Conclusions and outlook

AlEgen-based synergistic cancer therapy has captured signifi-
cant attention to maximize therapeutic effectiveness by inte-
grating collective capacities and making up for deficiencies of
each approach. This review summarized recent advancement of
AlEgen-based synergistic cancer therapy, which is based on the
combination of phototherapy with other therapeutic modalities
to construct a multifunctional nanoplatform for precise tumor
treatments. Although AIEgen-based synergistic anticancer ther-
anostic systems have obtained colossal progress, there are still
challenges to be tackled before practical application. First, the
absorption and emission range of AlEgens should be further
expanded; more AIEgens with NIR-II-range emission need to be
developed to cater for in vivo imaging with a higher penetration
depth and signal-to-noise ratio. Second, further investigation in
incorporating various therapeutic modalities into one single
nanoplatform can be conducted to improve theranostic efficacy
and reduce drug resistance. Third, a reduction in phototoxicity
is urgently needed to minimize adverse effects and prevent
damage to healthy tissues. Fourth, the design of photosensiti-
zers which can generate ROS in a hypoxic environment holds
promising potential in cancer theranostics. Even though there
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are some challenges, the AlIEgen-based synergistic anticancer
therapy is promising for the future development of cancer
treatment in preoperative diagnosis and optical theranostics.
We hope more innovative ideas and breakthroughs in this
emerging field can be inspired by this review.
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