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ABSTRACT: Nowadays, aggregation-induced emission luminogens (AIEgens)
with reactive oxygen species (ROS) generating ability have been used as
photosensitizers for imaging guided photodynamic therapy (PDT). To achieve
enhanced antitumor outcomes, combining AIEgens-based PDT with chemotherapy is
an efficient strategy. However, the therapeutic efficiency is hampered by the limited
cellular uptake efficiency and the appropriate light irradiation occasion. In this paper, a
self-guiding polymeric micelle (TB@PMPT) composed of two AIE photosensitizers
and a reduction-sensitive paclitaxel prodrug (PTX-SS-N3) was established for enhanced
chemo-photodynamic therapy by a dual-stage light irradiation strategy. When the
micelles were accumulated in tumor tissues, the first light irradiation (L1, 6 min) was
utilized to facilitate cellular uptake by “photochemical internalization” (PCI). Then the
intracellular glutathione (GSH) would induce the PTX release, micelles disassembly
and the aggregation state change of AIEgens. The fluorescence signal change of two
AlEgens-based ratiometric fluorescent probe could not only precisely guide the second
light irradiation (L2, 18 min) for sufficient ROS production, but also monitor the non-
fluorescent drug PTX release in turn. Both in vivo and in vitro studies demonstrated
that the dual-stage light irradiation strategy employed for TB@PMPT micelles

exhibited superior therapeutic effect than only 24-min continuous light irradiation.

KEYWORDS: AlEgen-based photosensitizer, dual-stage light irradiation
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photodynamic therapy.



For photodynamic therapy (PDT), photosensitizers play an important role in
generating reactive oxygen species (ROS), therefore their intracellular behaviors could
greatly influence the therapeutic effect.! For example, numerous conventional
photosensitizers with extended © conjugation, such as porphyrins and their derivatives,
could effectively emit fluorescence signal and conduct photodynamic reaction in
molecular-dissolved state, but their emission as well as ROS producing ability would
be attenuated in aggregation state, which is caused by aggregation-caused quenching
(ACQ). It significantly hampers the application of PDT, especially the fluorescence
image-guided PDT. Recently, aggregation-induced emission (AIE) photosensitizers
show their superiority and strong potential. They are nearly non-emissive in molecular-
dissolved state, but display strong emission when aggregated due to the restriction of
intramolecular motions.?> AIE photosensitizers are able to show both high fluorescence
and efficient photosensitization in the aggregate state.>® Moreover, the dynamic
fluorescence transformation of aggregation-induced emission luminogens (AIEgens)
under different circumstances is intriguing and significant, because it could be used to
reflect the specific stimuli in tumor environment and monitor the structure changes of
nanocarrier.!%!3 Though delightful developments, the anti-tumor efficiency of AIEgen-
based PDT is not as good as expected and still far away from clinical applications due
to the unsatisfying therapeutic efficiency.

Combinational therapy that integrates different therapeutic modalities provides an
opportunity to achieve better therapeutic efficacy and decreased side effects.!*!” For

instance, when combined with chemotherapy, PDT not only enhances the immune



response by triggering acute inflammation and leukocyte infiltration, but also relieves
tumor cell resistance to chemotherapeutic drug. However, the limited cellular
internalization of drug delivery systems would severely restrict the efficacy of
combined chemo-photodynamic therapy. Though tremendous efforts have been
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devoted to enhancing cellular uptake, such as grafting target parts, changing the
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morphology,~-=* and reducing the size, synthesis methods are extremely complex
to endow nanocarriers with the above functions. Encouragingly, cellular uptake
efficiency of nanocarriers can also be improved by the “photochemical internalization”
(PCI) effect. Through a short-time light irradiation, a small amount of ROS produced
by photosensitizer could induce lipid peroxidation and increase cell membrane
permeability, leading to enhanced intracellular internalization.>3° After uptake by
tumor cells, abundant ROS produced under the second light irradiation and the released
chemotherapeutic drugs would play their respective roles in the cytoplasm and kill
tumor cells. However, the second light irradiation occasion is hard to decide. The
strategy of “stimuli-triggered imaging” based on the specific tumor microenvironment
are adopted to realize visualization and choose the appropriate irradiation occasion for
performing PDT, such as ratiometric fluorescence imaging.?® 3! 32 Even so, these
traditional fluorescent dyes show no additional functions except for providing
fluorescent signals in the system. The introduction of too many fluorescent dyes reduces
the proportion of drugs and results in an increased metabolic burden, although many of

which are biocompatible. Therefore, AIE photosensitizers used as excellent theranostic

fluorescent dyes to construct ratiometric fluorescence imaging technique may guide the



second light irradiation occasion precisely. That is to say, combining dual-stage light
irradiation strategy with ratiometric fluorescence imaging based on AIE photosensitizer
helps to improve the tumor suppressing efficacy of combined chemo-photodynamic
therapy.

To overcome the limited cellular uptake efficiency of nanocarriers and to adopt the
optimal irradiation occasion for PDT, in this study, a self-guiding polymeric micelle
with two AIE photosensitizers and a reduction-sensitive paclitaxel prodrug (PTX-SS-
N3) was established for enhancing chemo-photodynamic therapy by the dual-stage light
irradiation strategy. As shown in Scheme 1, AIE photosensitizer PyTPE and anticancer
drug paclitaxel (PTX) were conjugated on backbone of amphiphilic polycarbonate to
obtain the reduction-sensitive polymeric prodrug PEG-b6-PMPMC-g-PTX-g-PyTPE
(PMPT) by azide-alkyne CuAAC click reaction. Then, another AIE photosensitizer
TPA-BDTP (TB) was entrapped into hydrophobic core of PMPT micelles to prepare
TB@PMPT micelles. The TB@PMPT micelles could emit both yellow fluorescence
from PyTPE and red fluorescence from TB. When micelles reached the tumor tissue,
the ROS produced by PyTPE and TB under the first light irradiation (L1) can induce
lipid peroxidation and increase the permeability of cell membrane, resulting in
improved cell uptake of TB@PMPT micelles. Then, the intracellular high
concentration of glutathione (GSH) can crack the disulfide bond in PMPT chains and
achieve the controlled release of PTX in the cytoplasm. Subsequently, increasing the
hydrophilicity of the residual polymer could improve the dispersion of PyTPE in

aqueous solution, while hydrophobic TB remains aggregated without change, which



would lead to the fluorescence ratio transformation. That is to say, the photosensitizers
PyTPE and TB in micelles can also be used as built-in ratiometric fluorescent probe to
precisely guide the occasion for second irradiation to achieve PDT. Reasonable
utilization of dual-stage light irradiation strategy and excellent design of AIEgen-based
ratiometric fluorescent probes are expected to improve the efficacy of combined
chemo-photodynamic therapy eventually.

RESULTS AND DISCUSSION

ROS produced under the first light irradiation (L) improves the cellular
internalization of TB@PMPT by PCI effect.

To obtain the reduction-sensitive amphiphilic polymeric prodrug PEG-6-PMPMC-
g-PTX-g-PyTPE (PMPT), the PTX prodrug (PTX-SS-N3) and AIE photosensitizer of
PyTPE were anchored on the amphiphilic block polymer PEG-6-PMPMC (PM)
through azide-alkyne CuAAC click reaction (Figure S1). PTX-SS-N3, PyTPE and PM
were synthesized according to our previous work.>* 34 The relative characterizations are
shown in Figure S2-S7 and consistent with the literatures. As revealed by 'H NMR
(Figure S8), PMPT has average 2.2 units of PTX groups and 1.1 units of PyTPE groups
on the polycarbonate backbone. Gel permeation chromatography displayed a unimodal
distribution at an elution time of 22.7 min, confirming successful synthesis of PMPT
(Figure S9). Another AIE photosensitizer of TB was synthesized according to the
literature.” The AIE photosensitizers of PyTPE and TB not only possess satisfactory
ROS yields under light irradiation in aqueous solution, but also have good

photostability and photobleaching resistance in its nanoaggregates, which makes them



suitable for image-guided PDT.3*3¢ TB@PM, TB@PMP and TB@PMPT micelles
were obtained by self-assembling of amphiphilic polymer micelles and TB. The
hydrodynamic sizes of TB@PM and TB@PMP micelles were 60.2 + 1.5 nm (PDI =
0.121 £0.016) and 73.4 £ 2.3 (PDI = 0.143 + 0.015) (Table S1). TB@PMPT micelles
with TB loading of 7.57%, 9.57%, and 10.8% were prepared by controlling feed ratio
(Table S1). When the loading contents of TB was 9.57%, the transmission electron
microscopy (TEM) images confirmed that PMPT and TB@PMPT micelles were
uniform spherical shape (Figure S10A and S10B). The hydrodynamic sizes of PMPT
and TB@PMPT were 116.8 £2.5 nm (PDI = 0.142 + 0.017) and 132.9 £+ 1.6 nm (PDI
= 0.120 £ 0.047), respectively (Figure S11A and Table S1). PMPT and TB@PMPT
micelles exhibited excellent stability at room temperature (Figure S10C, S10D and
S11B). TB@PMPT micelles displayed strong absorption peak at 400 nm and 530 nm,
which was attributed to PyTPE and TB, respectively (Figure S12). PMPT micelles
showed strong fluorescence signal at 583 nm and negligible signal at 684 nm at the
excitation wavelength (Ex) of 400 nm, and TB@PMPT micelles exhibited weak signals
at 583 nm and strong signal at 684 nm at the Ex of 530 nm, respectively, which
illustrated that the interference between the PyTPE and TB fluorescence signals was
negligible and ensured the potential of PyTPE and TB serving as a ratiometric biosensor
(Figure S13).

To demonstrate the ROS production capacity of AIE photosensitizers of PyTPE and
TB for TB@PMPT micelles, 9,10-anthracenediyl-bis(methylene)dimalonic acid

(ABDA) and 2',7'-dichlorofluorescin diacetate (DCFH-DA) were used as indicators in



aqueous solution and tumor cell environment respectively. The peak of 378 nm of
ABDA in TB@PMP, PMPT and TB@PMPT micelles decreased during irradiation,
whether these samples have been pretreated with 10 mM DL-dithiothreitol (DTT)
(Figure S14). The decomposition rate curves of ABDA generated by ROS from these
micelles samples were shown in Figure 1A. The slopes of decomposition curves of
these micelles were calculated to be 0.07347 + 0.00190, 0.08902 + 0.00198, 0.11750 +
0.00244, 0.08153 +0.00236, 0.04521 + 0.00028 and 0.08811 + 0.00237 for TB@PMP,
PMPT, TB@PMPT and their micelles pretreated with 10 mM DTT for 1 h, respectively
(Table S2). Obviously, TB@PMPT micelles with two AIE photosensitizers have better
ROS generation capacity than PMPT and TB@PMP micelles with only one AIEgen
photosensitizer. Compared with the PMPT micelles pretreated by DTT, PMPT micelles
without any treatment exhibited better ROS generation capacity, proving that the
dissociation of PTX enhances the hydrophilicity of the residual polymer, contributes to
the dispersion of PyTPE in the aqueous solution, and therefore results in a decrease in
the ROS production. In the cell sample, bright green fluorescence signal was found for
the group of HeLa cells treated with TB@PMP, PMPT and TB@PMPT micelles with
white light irradiation, while negligible green fluorescence signal was found for the
groups without light irradiation (Figure 1B and S15). Also, PMPT and TB@PMPT
micelles have better ROS generation capacity than corresponding DTT-treated
micelles, which was consistent with ROS generation in aqueous solution (Figure S16).
The above results showed that TB@PMPT micelles possessed satisfactory ROS

generation efficiency in aqueous solution and in HeLa cells.



To demonstrate enhanced cell uptake by PCI effect, the cellular internalization of
TB@PM and TB@PMPT micelles was studied by confocal laser scanning microscopy
(CLSM) under short light irradiation. The fluorescence of TB from TB@PM and
TB@PMPT micelles are mainly distributed in the cytoplasm (Figure S17). When HeLa
cells received the first light irradiation (L1, 6 min), the observed red fluorescent region
was larger than that of the cells without light irradiation for TB@PM and TB@PMPT
micelles, which indicated that the cell uptake of the micelles can be enhanced by the
first light irradiation (Figure 1C). In addition, the mean fluorescence intensity (MFI) of
cells treated with TB@PMPT (L) was about 1.4 times higher than that of TB@PM
(L1) (Figure 1D). The reason may be that TB@PMPT micelles with two AIE
photosensitizers have better ROS production efficiency than TB@PM micelles with
only one AlEgen photosensitizer, leading to enhanced cell uptake of micelles by PCI
effect. Besides, the ability of nanoparticles to escape from lysosomes can be enhanced
by photochemical disruption of endocytic membranes. The correlation between green
(lysosomes) and red (TB) fluorescence was evaluated by Pearson’s correlation
coefficients (Ry).3”-3® The magnitude of the R: value represents the probability that two
molecules will appear in the same space. With or without light irradiation (L1), the R,
values of the green and red fluorescence for TB@PMPT micelles were 0.17 and 0.49,
respectively, which indicates that the escape of TB can be facilitated under the short
light conditions (Figure 1E). Moreover, TB@PM micelles had no obvious toxicity to
HeLa cells regardless of irradiation when TB concentration was 4.79 and 7.20 pg mL-

!, respectively, but the cell viability of TB@PMP micelles decreased after light
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irradiation at the same TB concentration (Figure 1F and 1G). Also, the cellular
internalization of TB@PMPT by different time irradiation (L1) was evaluate. As shown
in Figure S18, the red fluorescent intensity of TB enhanced with the increase of light
time. After irradiation for 2, 4 and 6 minutes, the fluorescence intensity was about 1.3,
1.7 and 2.1 times higher than that without irradiation, respectively. So, 6-min was
determined as the time for the first short light irradiation. These results together
illustrated that TB and PyTPE as AIE photosensitizer could enhance the uptake by cells,
promote the escape of the micelles through the PCI effect under the first light
irradiation, and subsequently improve the efficacy of combined chemo-photodynamic
therapy.

A ratiometric fluorescence imaging probe was constructed based on AIEgens
under the reductive intracellular environment.

Glutathione (GSH), a y-glutamyl-cysteinyl-glycine tripeptide capable of reducing
disulfide bonds, is the most abundant biological reducing agent in tumor cell cytoplasm
(2-10 mM) but rarely present in plasma (~2 uM).?* Compared with normal tissues,
tumor tissues possess a high reducing potential with at least a 4-fold higher GSH
concentration. Therefore, amphiphilic copolymers or polymer prodrugs incorporated
disulfide bonds are stable under oxidizing conditions, but cleavable in a reducing
environment. In order to investigate the redox-responsive of polymer prodrug of PMPT
in response to the redox trigger (Figure 2A). The release product from the prodrug PTX-
SS-N3 under the condition of 10 mM DTT was first evaluated by high performance

liquid chromatography (HPLC) and high resolution mass spectrometry (HRMS). As
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shown in Figure 2B, PTX, PTX-SH and PTX-SS-N3 exhibited monodisperse peak at
elution time of 7.26, 13.3 and 25.0 min, respectively. After incubation of PTX-SS-N3
with 10 mM DTT, two new peaks belonged to PTX and PTX-SH appeared at elution
time of 7.29 and 13.3 min, respectively, suggesting that the active PTX can be rapidly
released by crack the disulfide bond. Then the collected PTX-SH was reanalyzed by
HPLC and HRMS, and a peak belonged to PTX at elution time of 7.26 min was still
observed, illustrating that the conversion from PTX-SH to PTX occurred rapidly. In
addition, the peaks of PTX, PTX-SH and 3-mercaptopropanoic acid was also observed
from HRMS (Figure S19). Thus, the conversion process of PTX-SH was proposed as
shown in Figure S20 that PTX can be released after the ester moiety undergoes an
intramolecular nucleophilic acyl substitution of the free thiol group. Then, to
demonstrate the effect of reducing agents on the release of prodrug PMPT micelles
(Figure 2A), the critical micelle concentrations (CMC) of PMPT micelles at different
DTT concentrations were compared to assess the disintegration of reduction-sensitive
PMPT micelles. The CMC value of PMPT micelles was 3.39 mg L', and the CMC
values of PMPT micelles were 16.9, 54.7 and 139 mg L' after pretreated with 2, 10
and 50 mM DTT for 1 h, respectively (Figure S21). The increase of CMC value was
attributed to increased hydrophilic of the residual polymer by the cleavage of disulfide
bonds under reducing conditions.*’ In addition, after incubation of TB@PMPT micelles
with 10 mM DTT, peaks of PTX (7.26 min) and PTX-SH (13.3 min) were observed by
HPLC (Figure 2B), and the mass spectrum peaks of PTX, PTX-SH, 3-

mercaptopropanoic acid and TB were also observed by HRMS (Figure S22).
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Furthermore, due to the cleavage of disulfide bonds under reducing conditions, the
micelles structure might be unstable. As seen in Figure S23, the PMPT and TB@PMPT
micelles became quite chaotic in size upon incubation with DTT and aggregates with a
hydrodynamic size were observed. The changed size was attributed to the transition
from hydrophobicity to hydrophilicity under reducing conditions.

The influence of intracellular micro-reducing environment on the release behavior
of conjugated PTX from PMPT micelles has also been investigated, 10 mM GSH was
performed to simulate the reducing environment of cytoplasm in vitro to study the
reduction-triggered transition of PMPT micelles that possessed disulfide linkages
positioned in the joints between PTX and the polycarbonate backbone. The
accumulative drug release profiles as a function of time are plotted in Figure 2C, the
higher concentration was, the faster the drug was released. For example, without or at
a GSH concentration of 10 uM, less than 5% of paclitaxel was released from PMPT
within 12 hours. While 31% of PTX was released at a GSH concentration of 2 mM and
46% was released at a GSH concentration of 10 mM in the same time period. These
results indicated that the disulfide bonds of the PMPT could be cleaved by GSH
efficiently to produce thiol groups, PTX can be released after the ester moiety
undergoes an intramolecular nucleophilic acyl substitution of the free thiol group and
form a hydroxyl group on the residual polymer segment in aqueous solution.*!

To investigate whether PTX can be released from TB@PMPT micelles under the
reducing microenvironment of cytoplasm of tumor cells or not, cell extract after

incubation of TB@PMPT micelles with HeLa cells was analyzed by HRMS (Figure
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2D). As shown in Figure S24, the mass spectra peaks of PTX-SH, PTX, 3-
mercaptopropanoic acid and TB were also observed. This demonstrated that
TB@PMPT micelles can be efficiently uptaken by tumor cells and release PTX
efficiently. Furthermore, intracellular PTX and PTX-SH were monitored by HPLC after
HeLa cells were incubated with TB@PMPT micelles for different times. PTX-SH and
PTX were observed simultaneously at different durations. The quantitative statistics of
the PTX-SH and PTX in the cells was shown in Figure 2E. The sum of the peak areas
of PTX-SH and PTX increased with time, and increased to 5.6 times after 7 h, indicating
that PTX can be released from micelles in the cytoplasm and the amount of drug
released increases with time.

The detachment of PTX from PMPT under the reducing environment could enhance
the hydrophilicity of the residual polymer and affect the aggregation morphology and
fluorescence signal of PyTPE from PMPT micelles. The fluorescence spectra of PMPT
micelles were measured after incubated with 10 mM DTT. With time elapsing, the
fluorescence of PyTPE decreased very rapidly when PMPT micelles with different
concentrations were incubated with 10 mM DTT (Figure S25 and S26). The
fluorescence could drop by about 80 times after 8 h. The rapid fluorescence decreases
of PyTPE might be attributed to the fact that the enhanced hydrophilicity of the residual
polymer by the detachment of PTX and the formation of hydroxyl groups. The
hydrophilic PEG segment of residual polymer would contribute to the dispersion of
PyTPE in the aqueous solution. Then, the enhanced hydrophilicity significantly

promoted the free rotation of phenyl, leading to the aggregation-induced emission
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decline of PyTPE. Fluorescence intensity of TB@PMP micelles was not found to
change significantly for 30 h under the reduction condition of 10 mM DTT in our
previous study.*® Furthermore, the ratio of fluorescence intensity between TB and
PyTPE (It8/Ipyrre) Was studied when TB@PMPT micelles with different concentration
and different TB loading (7.57%, 9.57% and 10.8%) were incubated with 10 mM DTT.
There is no obvious decrease for fluorescence intensity of TB (Ex = 530 nm) within 24
h, because it remains aggregated in aqueous solution, regardless of whether it is loaded
or released from the micelles (Figure S27). In addition, the fluorescence of PyTPE (Ex
= 400 nm) decreased rapidly, which was similar to that of PMPT micelles. It is
important that the ratio of Ite/IpytrE becomes larger than 80 times after 8 hours for
TB@PMPT micelles (Figure 2F). Obviously, this ratiometric fluorescence biosensor
based polymeric prodrug TB@PMPT micelles exhibited great advantages in
identifying the reducing environment by the detachment of PTX, which can be used to
guide appropriate irradiation occasion for performing PDT in reducing tumor
cytoplasmic environment. Encouraged by the satisfactory redox-induced fluorescence
changes in TB@PMPT micelles, the feasibility of using the ratiometric fluorescence
biosensor in living cells was assessed. After incubation of HeLa cells with PMPT and
TB@PMPT micelles, the fluorescence signals of TB and PyTPE were recorded by
CLSM. As shown in Figure S28A, after incubated with HeLa cells, PMPT micelles
showed gradually decreased yellow signal, and after incubation for 7 h, the fluorescence
signal intensity decreased by about 9 times of the initial value. The fluorescent signal

of PyTPE in HeLa cells was further verified by the addition of GSH-OEt and BSO,
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which were used as external enhancers/reductants to regulate intracellular GSH
concentration.*? The results showed that the addition of GSH could promote the
decrease of yellow signal, and the addition of BSO could inhibit the decrease of yellow
signal, indicating that the decrease of yellow signal is related to GSH concentration
(Figure S28B, S28C and S28D). Regardless of whether the HeLa cells were pretreated
with GSH-OEt or BSO, the yellow fluorescent signal of PyTPE of TB@PMPT micelles
has a similar trend to that of the corresponding PMPT micelles (Figure 2G, 2H, S29
and S30). It is worth noting that there was almost no difference in the signal intensity
of TB in HeLa cells pretreated with or without GSH-OEt or BSO. This shows that TB
could act as a fluorescent internal reference material for ratiometric fluorescent. These
results indicated that GSH secreted by tumor cells detached PTX from TB@PMPT
micelles, leading to decrease of fluorescence signal of PyTPE, while the fluorescence
signal of TB remains stable, which can be used to guide appropriate irradiation occasion
for performing PDT in living cells.
In vitro therapeutic efficacy of TB@PMPT by dual-stage light irradiation strategy.
As we known, the decomposition of microtubules and induce apoptosis can be
enhanced by PTX.* The effect of PMPT micelles on the microtubule integrity of HeLa
cells was recorded by CLSM using anti-a-tubulin-FITC antibody as indicator. After
incubation with PM micelles, no significant morphological change was observed in the
microtubules of HeLa cells (Figure 3A). However, the microtubules of the cells were
contracted and damaged after incubated with PMPT for 8 h and 16 h, which can be

attributed to that the release of PTX promotes the assembly of tubulins and prevents
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them from depolymerization, resulting in replication failure and apoptosis of HeLa
cells.

Furthermore, we expect the dual-stage light irradiation strategy based on the
integration of PCI to improve the tumor suppression efficacy by combined chemo-
photodynamic therapy. To confirm this speculation, CCK-8 assay was performed on
HeLa cells to assess cytotoxicity of TB@PMPT micelles under the dual-stage light
irradiation, that is, a first light irradiation (Li, 6 min) during cellular internalization,
followed by the second-time light irradiation (L2, 18 min) after cellular internalization.
TB@PM, PMPT and TB@PMPT micelles under only 24-min continuous light
irradiation (LL) for the second light irradiation was determined as the control. First,
negligible cytotoxicity was observed of light irradiation (white light, 70 mW c¢m?) with
only 24 min (LL) and dual-stage light irradiation (LiL>) on HeLa cells (Figure S31). In
addition, significant cytotoxicity was observed for TB@PM, PMPT and TB@PMPT
micelles received only 24-min irradiation (LL). The cytotoxicity was further enhanced
when the dual-stage light irradiation strategy (LiL.) was employed (Figure 3B-E).
Considering that both ROS and PTX could inhibit tumor growth, the synergetic efficacy
of TB@PMPT micelles between TB and PMPT with light irradiation against HeLa cells
was evaluated by CCK-8 assay. Our previous studies have shown that the dark toxicity
of AIE photosensitizer of TB is negligible, and the influence of light irradiation on the
toxicity of polymer prodrug PTX is negligible. Also, there was no significant

cytotoxicity difference between PMPT (-) and TB@PMPT (-) without light irradiation
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toward HeLa cells, free PTX (-) showed more efficient cell-growth inhibition than
PMPT (-) and TB@PMPT (-) (Figure S32).

TB@PMPT (LL) showed enhanced cytotoxicity compared to PMPT (LL) and
TB@PM (LL), and TB@PMPT (L1L>) also showed enhanced cytotoxicity compared
to PMPT (LiL;) and TB@PM (LiL2). The above results demonstrate that this co-
delivery micelles system shows a stronger therapeutic effect when the strategy of dual-
stage light irradiation was performed. In addition, regardless of whether the dual-stage
light irradiation strategy was implemented, compared with the sum of PMPT and
TB@PM group individually at the same PTX, TB, and PyTPE concentrations, it was
found that the cell inhibition ratio was greater for TB@PMPT (green bar) (Figure 3F,
S33, and S34). TB@PMPT micelles exhibited effective inhibition of tumor cells due to
the combination of enhanced chemotherapy and PDT. Therefore, this system
demonstrated that the PCI of AIEgen photosensitizer under the first light irradiation
improved the cellular internalization of TB@PMPT micelles. Subsequently, PTX could
release from polymeric prodrug in the cytoplasm to promote the decomposition of
microtubules. Consequently, generation of ROS in tumor cells under the second light
irradiation also induce tumor cells apoptosis to enhance the efficacy of combined
chemo-photodynamic therapy effectively. Moreover, the cell morphology was studied
by bio-TEM after treated with TB@PMPT (-), TB@PMPT (LL) and TB@PMPT
(L1L>) respectively. As shown in Figure 3G, because of the release of PTX and ROS
from AIE photosensitizers, the mitochondria and nuclear membrane with different

destructive forms can be observed. The results showed that increased cellular uptake
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and cytotoxicity of micelles can be achieved through improved membrane
permeability.
In vivo imaging and combinational therapy efficacy.

Biocompatibility of polymeric prodrug micelles of PMPT and TB@PMPT were
evaluated by hemocompatibility assays prior to in vivo application. As shown in Figure
S35, hemolysis was less than 5% at all micelle concentrations ranging from 62.5 to
2000 mg mL"!. Similarly, no morphological change of erythrocytes was observed in the
PMPT and TB@PMPT micelles at the concentration up to 2000 mg mL!, while
erythrocyte lysis occurred in the positive control (Figure S36). This indicates that the
polymeric prodrug micelles are blood compatible and can be administered
intravenously for in vivo applications. Then, the in vivo biodistribution of the
TB@PMPT micelles was studied by using HeLa tumor-bearing nude mice. TB and
PyTPE in TB@PMPT micelles were traced by utilizing a small animal imaging system.
It was found that TB@PMPT micelles gradually accumulated in tumor tissue and
reached a maximum within 8 h (Figure 4A). The fluorescence intensity of TB in tumor
tissue is much higher than that of PyTPE, which may be due to the higher permeability
of TB fluorescence in biological tissue. Fluorescence signal of TB and PyTPE in the
tumor decreased over time due to drug metabolism, but TB fluorescence was still
observed after 24 h after injection. Meanwhile, the distribution of TB@PMPT micelles
within 24 h was studied by comparing the fluorescence distribution of TB and PyTPE
in tumor and other organs. As shown in Figure 4B, strong fluorescence for TB and

PyTPE was observed in the tumor tissue, weak fluorescence was observed in the liver,
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and almost no fluorescence was observed for the spleen, lung, kidney, and heart. Figure
4C showed the average fluorescence signal of TB and PyTPE in tumors and organs.
These results suggest that TB@PMPT micelles can be selectively accumulate in tumor
tissue via enhanced permeability and retention (EPR) effect.** To evaluate the in vivo
anti-tumor efficacy of the TB@PMPT micelles (LiL2), HeLa tumor-bearing nude mice
were i.v. injected with different materials. PBS (-), TB@PMPT (-) and TB@PMPT (LL)
were employed as the controls, the anti-tumor efficacy of TB@PMPT micelles was
shown in Figure 4D-F. Compared with the group of PBS (-) and TB@PMPT (-), tumor
growth was significantly inhibited after intravenous injection of TB@PMPT micelles
with light irradiation. Especially, the tumor inhibition rate of mice treated with
TB@PMPT (LiL>) was higher than that of mice treated with TB@PMPT (LL), after 12
days of treatment, the relative volume of treated tumors in TB@PMPT (LL2) group
was smaller than that in the control group. Weight measurement is used to evaluate the
systemic toxicity. When mice were treated with TB@PMPT micelles during treatment,
the change in body weight was negligible (Figure S37), indicating that the systemic
toxicity of TB@PMPT micelles is very weak. Furthermore, hematoxylin and eosin
(H&E) assays were used to analyze the organs and tumors in each group after 12 days
of administration. As shown in Figure S38, compared with PBS group, no detectable
phenomenon of inflammation or tissue damage was found in heart, liver, lung, spleen,
and kidney. TB@PMPT (LiL2) micelles group presented significant nuclear
condensation and fragmentation, implying that the dual-stage light irradiation strategy

could enhance the combined chemo-photodynamic therapy effect.
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CONCLUSIONS

In summary, we presented a self-guiding polymeric micelle of TB@PMPT
consisting of two AIE photosensitizers and a reduction-sensitive PTX prodrug to
enhance combined chemo-photodynamic therapy by the dual-stage light irradiation
strategy. TB@PMPT micelles exhibited strong emission in both yellow fluorescence
of PyTPE and red fluorescence of TB, and performed well in ROS generation. The AIE
photosensitizer could not only enhance the cellular internalization of the TB@PMPT
micelles under the first light irradiation by PCI effect, PyTPE and TB can also be used
as ratiometric fluorescent probe to guide the second light irradiation in cytoplasm and
monitor the non-fluorescent drug release. Combing the sufficient ROS generation under
the second light irradiation with GSH responsive release of PTX in the cytoplasm could
achieve an enhanced chemo-photodynamic therapy. The design of nanosystem and the
utilization of irradiation strategy could inspire more valuable idea to overcome the

obstacles in combination therapy.
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Scheme 1. A self-guiding polymeric prodrug micelle composed of two AIE
photosensitizers (PyTPE and TB) was developed for guiding PDT precisely and
monitoring the release of PTX into one single platform for enhanced combined chemo-
photodynamic therapy by dual-stage light irradiation strategy. (A) The mechanism of
PTX release from polymeric prodrug PMPT under the reducing environment. (B) The
amphiphilic polymer PMPT can be self-assembled into micelles, and TB@PMPT
micelles were prepare by encapsulate the hydrophobic AlEgen TB through
hydrophobic interaction. (C) When the TB@PMPT micelles were accumulated in

tumor tissues, the first light irradiation (L1) was utilized to facilitate cellular uptake by
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“PCI”. Then the intracellular GSH would induce the PTX release, micelles disassembly
and the aggregation state change of AIEgens. The specific imaging of two AIEgens-
based ratiometric fluorescent probe could precisely guide the second light irradiation
(L») for sufficient ROS production and monitor the non-fluorescent drug PTX release

for chemotherapy
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Figure 1. ROS produced under the first light irradiation improves the cellular
internalization of TB@PMPT by PCI effect. (A) Decomposition rates of ABDA, which
was induced by ROS that was generated from TB@PMP, PMPT and TB@PMPT with
or without 10 mM DTT treatment at 37 °C for 1 h, were studied. (B) Detection of
intracellular ROS production by DCFH-DA in HeLa cells after incubation with
TB@PMP, PMPT and TB@PMPT micelles with or without 10 mM DTT were pre-
incubated at 37 °C for 1 h under light irradiation (6 min, white light, 70 mW c¢m). (C)
CLSM images of HeLa cells and corresponding colocalization analysis after incubation
with TB@PM and TB@PMPT micelles with or without the first light irradiation (L1).

(D) Corresponding quantitative analysis of the fluorescence intensity of TB in CLSM
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images by the Zeiss LSM 880 software. (E) Pearson’s correlation coefficient of the
red/green fluorescence which in confocal images. (F and G) CCK-8 assay of TB@PM
and TB@PMP in HeLa cells after incubation for 48 h (Li: samples received 6-min light
irradiation, white light, 70 mW cm?; F: Crpgpm = 66 pg mL™!, Cre@emp = 51 pg mL,
Crg =4.79 pg mL'; G: Cregem = 99 pg mL!, Crageme = 77 ug mL!, Crg = 7.20 ug
mL"). Scale bar: 20 um. Data was reported as mean + SD and analyzed through two-

sided Student’s #-test. (***p < 0.001, **p < 0.01, *p < 0.05)
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Figure 2. Reductive intracellular environment induces the release of PTX, disassembly
of micelles and the aggregation state change of AIEgens. (A) The release mechanism
of free PTX from PMPT under the reducing environment. (B) HPLC analysis to detect
the PTX release of prodrug PTX-SS-N3 and TB@PMPT micelles under the condition
of 10 mM DTT. (C) Drug release from PMPT micelles in PBS (pH 7.4, 0.1 M)

containing 0.1% (w/v) Tween 80 at 37°C with different concentration of GSH. (D)
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HPLC analysis of drug release of PTX and PTX-SH from TB@PMPT micelles in the
HeLa cells. (E) Quantitative analysis of the sum of the peak areas of PTX-SH and PTX
in cells by HPLC. (F) Fluorescence (FL) intensity of TB, PyTPE and Its/Ipytpe Of
TB@PMPT micelles with different concentrations and different TB loading amounts
incubated with 10 mM DTT for different times. (PyTPE: Ex = 400 nm, Em = 583 nm;
TB: Ex = 530 nm, Em = 684 nm). (G) Fluorescence change of TB@PMPT micelles
was incubated with HeLa cells for 2 h. (H) Quantitative analysis of the fluorescence
intensity of PyTPE and TB and quantitative analysis of /ts/Ipyrpe. PyTPE: yellow signal,

Ex =405 nm; TB: red signal, Ex = 543 nm.
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Figure 3. In vitro therapeutic efficacy of TB@PMPT. (A) Detection of microtubules in

HeLa cells after incubated with PM and PMPT micelles for 8 and 16 h, respectively.

(B-E) CCK-8 assay of TB@PM (LL) and TB@PM (LiL>), PMPT (LL) and PMPT

(LiL2), TB@PMPT (LL) and TB@PMPT (L:L2) in HeLa cells after incubation for 48

h (LL: samples received 24-min continuous irradiation; LiL>: samples received dual-

stage light irradiation, 6-min for L; and 18-min for L, white light, 70 mW c¢m). (F)

The inhibition ratios of TB@PM (L1L2), PMPT (L,L2), and TB@PMPT (L,L2) micelles
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treated cells upon light irradiation (white light, 70 mW cm2), respectively. The green
bar denotes the additional cell inhibition ratio gained when TB@PMPT (L,L2) are
combined, compared with the sum of TB@PM (LiL>), PMPT (LiL2). (G) Bio-TEM
images of HeLa cells treated with TB@PMPT (-), TB@PMPT (LL) and TB@PMPT
(L1L>), respectively. Nuclear membrane, mitochondria and lysosome are highlighted

by green, blue and red circles, respectively.
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Figure 4. In vivo imaging and combinational therapy efficacy. (A) Optical imaging of
HeLa tumor-bearing mice after the intravenous injection of TB@PMPT micelles at
different time. (B) Fluorescence images and (C) relative mean fluorescence intensity
(MFI) of the major organs and tumor of the TB@PMPT micelles treated mice at 24 h
post injection (n = 3). (D) Relative tumor volume and (E) tumor weight in the mice
after the intravenous of different samples: PBS (-), TB@PMPT (-), TB@PMPT (LL),
TB@PMPT (LiL>) (LL: samples received 24-min continuous irradiation; LL>: samples
received dual-stage light irradiation, 6-min for L; and 18-min for L, 532 nm, 250 mW
cm?). (F) Representative tumor images of the different groups after 12 days
intravenous injection treatment. Data was reported as mean + SD and analysed through

two-sided Student’s z-test. (*p < 0.05)
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EXPERIMENTAL SECTION

Materials. 2-Bromoethanol, 2,2-bipyridine, 3,3'-dithiodipropionic acid, 3-
bromopropyne, copper chloride, diethyl methylmalonate, NaH, LiAlH4 and paclitaxel
were used as received. Phosphate-buffered saline (PBS), Dulbecco’s Modified Eagle’s
Medium (DMEM), bovine serum albumin (BSA), trypsin and penicillin-streptomycin
were purchased from GIBCO Invitrogen Corporation.

Cell culture. HeLa cell line was purchased from the China Center for Type Culture
Collection (Wuhan, China). The cells were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS) with 1% penicillin and 1% streptomycin at 37 °C in a 5%
CO; atmosphere and 100% humidity.

Animals. BALB/c mice (4-6 weeks old, average body weight 16-18 g) were purchased
from HFK Bioscience Co. (Beijing, China). HeLa cells (1 x 10® per mouse) were
injected subcutaneously into the right flank of BALB/c mice to generate the tumor
mode. All animals received care in compliance with the guidelines set by the Animal
Care Committee at Tongji Medical College. Tumor volumes were measured every other
day using a caliper and calculated using the following formula: volume = ((tumor length)
x (tumor width)?)/2.

Characterizations. '"H Nuclear magnetic resonance ('H NMR) spectrum were
measured by Bruker AM 400 apparatus. The solvent included CDClz and DMSO-dG,
and the internal reference was tetra-methylsilane (TMS). The copolymer composition
of PEG-b-PMPMC (PM) and PEG-b-PMPMC-g-PTX-g-PyTPE (PMPT) was

calculated from the "H NMR spectrum. The average size of micelles was measured by
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dynamic light scattering (DLS, Nano-ZS ZEN3690 Malvern Instruments). The
morphology of micelles was observed by transmission electron microscopy (TEM,
JEM-2100 microscope). High performance liquid chromatography (Agilent 1260) and
liquid chromatograph mass spectrometry (LCMS, Thermo) were used to determine the
drug release.

Synthesis of PEG-b-PMPMC-g-PTX-g-PyTPE (PMPT). PTX-SS-N3, PyTPE, PM
and 2,2'-bipyridine were dissolved in dry DMF in a Schlenk flask, CuBr was added
after two freeze-pump-thaw cycles. The reaction was carried out for two days at 40 ° C
in an Ar atmosphere. The crude product solution was purified by Al,O3; chromatography
and then precipitated three times in ether. Then, the product was purified by dialysis
against DMSO for two days.

Determination of critical micelles concentration (CMC) of PMPT. PMPT solutions
with or without pretreated with 2, 10 and 50 mM DTT for 1 h were added into sample
bottles. The fluorescence emission intensity of PyTPE was analyzed as a function of
the PMPT concentration (Ex =400 nm, Em = 583 nm). When extrapolating the intensity
of PMPT concentration region, the CMC values are determined as crossing points.
Preparation of PMPT and TB@PMPT micelles. TB@PMPT micelles were prepared
by dialysis in the dark. PMPT (10 mg) and TB (1.2 mg) were dissolved in THF (2 mL),
ultrapure water (9 mL) was then slowly added to that solution. The solution of PMPT
and TB was transferred to the dialysis tube and dialyzed against ultrapure water for two
days. The preparation method of PMPT micelles is similar to that of TB@PMPT

micelles.
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The drug loading content of PTX, PyTPE and TB. The drug loading contents (DLC)
of PTX, TB and PyTPE was determined by HPLC. Briefly, lyophilized nanoparticles
(2 mg) were dissolved in THF, the DLC of PTX, PyTPE and TB was determined by
HPLC.

In vitro PTX release. PMPT and TB@PMPT micelles were continuously vibrated at
37°C in the dark with or without 10 mM GSH. Samples from the solution (1 mL) were
taken out at different time points for HPLC analysis and replaced with 1 mL of fresh
medium. The released PTX and PTX-SH from the micelles was evaluated by HPLC
(CH3CN/H,0 = 60/40, v/v; 1.0 mL min™),

Measurement of ROS generation in solution. ABDA was employed to measure ROS
generation of micelles upon light irradiation. ABDA solution (15 pL, 4.5 mg mL™! in
DMSO) was mixed to TB@PMP (30 ug mL™"), PMPT (27 pg mL™!) and TB@PMPT
(30 ug mL™!) micelles. Then, the mixed solution was irradiated under the with light
(white light, 70 mW cm2). The absorption of ABDA at 400 nm was recorded at various
irradiation times to obtain the decay rate of photosensitizing process.

Measurement of ROS generation in living cells. PMPT (94 pg mL™") and TB@PMPT
(105 ug mL™") micelles were pretreated with or without 10 mM DTT for 1 h in the dark
at 37 °C. Subsequently, then the micelles incubated with HeLa cells for 4 h. DCFH-DA
(final concentration 1 x 107> M) was added into the cells. After 20-min incubation, light
irradiation (white light, 70 mW cm™2, 6 min) was performed subsequently. The
fluorescence images of cells were obtained using CLMS (Zeiss LSM 880). DCFH

(green fluorescence, Ex: 488 nm, Em: 505-540 nm).
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Detection of microtubules in cells. PM and PMPT micelles were incubated with the
cells in dark for 8 and 16 h, respectively, the concentration of micelles were 54 pg mL™!.
Then, the cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton
X-100 in PBS and stained with anti-a-tubulin-FITC in the dark for 1 h at 37 °C. Anti-
a-tubulin-FITC (green fluorescence, Ex: 488 nm, Em: 505-540 nm)

The reductive environment response of TB@PMPT micelles in tumor cells. PMPT
(188 pg mL™") and TB@PMPT (210 pg mL™") were incubated with the cells for 2h in
dark, respectively. Then the cells were washed three time and further incubated for the
predetermined time intervals. The image of cells were observed by CLSM (Zeiss LSM
880). PyTPE (yellow fluorescence, Ex: 405 nm, Em: 500-560 nm), TB (red
fluorescence, Ex: 543 nm, Em: 620-720 nm).

The release profiles of PTX from PMPT micelles in aqueous. The release profiles
of PTX from PMPT micelles were studied at 37 °C in PBS (10 mM, pH 7.4) containing
0.1% (w/v) Tween 80 with or without 10mM GSH by dialysis method. 4 mL of release
medium was replaced with an equal volume of fresh media at predetermined time
intervals, the release medium was freeze-dried to obtain the released PTX. The
concentration of paclitaxel was determined by UV-vis spectrophotometer.

PTX release in cells. The PTX release in cells was studied as follows. After HeLa cells
were seeded in 6-well plates and cultured for 24 h at 37 °C, then TB@PMPT micelles
(210 pg mL™!) were added. After incubation for 2 h at 37 °C in dark, the cells were
replaced with PBS. At predetermined time intervals, cells were digested by trypsin,

harvested by centrifugation, and resuspended in PBS. Cell suspension was freeze-thaw
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for three times under -20 °C, broken using cell disruptor. The broken cell suspension
was centrifuged, and the supernatant was analyzed by HPLC (CH3CN/H20 =60/40, v/v;
1 mL min'). The cells treated with culture medium were used as a blank control.
Cellular uptake analysis. HeLa cells were seeded in petri dishes and treated with
TB@PM (94 pg mL™") and TB@PMPT (105 ug mL™") micelles for 1 h in dark. Then
light irradiation (white light, 70 mW c¢m™?) was performed and incubation with cells
continued for 3 h. LysoTracker Green was added and incubated with cells for 0.5 h to
identify the intracellular drug location by CLSM. Also, the fluorescence signal of TB
and Honest 33258 in HeLa cells recorded after 4 h of incubation with TB@PM and
TB@PMPT micelles, respectively. Then, the culture medium was removed and the
cells were washed three times with PBS. Then the cells were fixed with 4%
paraformaldehyde and the nuclei were stained with Hoechst 33258. Blue fluorescence
(nucleus dyed with Hoechst 33258, Ex: 405 nm, Em: 425-475 nm); red fluorescence
(TB, Ex: 543 nm, Em: 620-720 nm).

CCK-8 assay. 96-well plate was used to culture HeLa cells of 1 x 10 of cell suspension
incubated for 24 h. Subsequently, micelles (200 pL) were added, and that cell were
incubated for 1 h before the first light irradiation (L, 6 min, white light, 70 mW c¢m™).
After incubation with cells for 3 h, the cells were exposed to the second light irradiation
(L2, 18 min, white light, 70 mW c¢m). The micelles were removed and incubated for
another 44 h before analysis. Cell viability was assessed by the CCK-8 assay.
Hemolysis test. The release of hemoglobin from mice blood cells was used to evaluate

the hemolytic activities of PMPT and TB@PMPT micelles, 2 mL red blood cells (4%)
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suspension mixed with 0.2 mL phosphate buffer saline (PBS) and 0.2 mL H>O were
served as negative control (no hemolysis) and positive control (100% hemolysis),
respectively. PMPT and TB@PMPT micelles of PBS solution (0.2 mL) with different
concentration were added into the mixture of 0.2 mL red blood cells suspension. After
kept at 37 °C for 6 h in dark, all the samples were centrifuged. The hemolysis ratio of
red blood cells was calculated using the following formula: hemolysis (%) = (Asample -
Anegative)/(Apositive = Anegative) X 100%, where Asample, Anegative, and Apositive refer to the
absorption of material sample solution, negative control, and positive control at 570 nm,
respectively.

Biodistribution in vive. After the tumor volume reached to ~100 mm?, the TB@PMPT
micelles were intravenously injected into the tumor-bearing BALB/c nude mice at the
concentration of 2.0 mg mL™! in PBS through tail vein. Mice were anesthetized at
predetermined time points and imaged by small animal imaging system in Institute of
Virology (PerkinElmer). For tissue distribution studies, the mice were sacrificed at 24
hours after injection. Heart, liver, spleen, lungs, kidneys and tumors were exfoliated
and imaged.

Antitumor activity in vivo. The mice were randomly divided into four groups, and
intravenously injected with PBS (-), TB@PMPT (without light irradiation, 2.0 mg
mL™!), TB@PMPT (LL, 24 min light irradiation for PDT, 2.0 mg mL™!), and
TB@PMPT (LiL2, 6 min light irradiation to enhance endocytosis and an 18 min light
irradiation for PDT, 2.0 mg mL™") respectively on the first, fourth, seventh, and tenth

days. The dose of TB@PMPT was 12.5 mg kg~! per mouse. The 6 min light irradiation

36



was performed after injection for 6 h (L1, 532 nm, 250 mW cm™?), the 18 min light
irradiation (L) and the 24 min light irradiation (LL)were all performed after injection
for 8 h (532 nm, 250 mW cm2). Relative tumor volume and body weight was defined
as V/Vo and W/Wy, respectively (Vo and Wy was the tumor volume and body weight on
the first day before treatment). After the mice were sacrificed, muscle, heart, liver,
spleen, lung, kidney and tumor tissue were collected and stained with H&E staining.

Data availability. Data supporting the findings of this study are available within this
article and its Supplementary Information file, and from the corresponding author on

reasonable request.
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