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ABSTRACT: Polyprodrug nanoparticles have been employed recently for safer
and more effective cancer treatment. However, it remains a challenge to
elucidate how and when the polyprodrug nanoparticles are dissociated and
activated to release active drugs in cancer cells. Herein, a visible light-activatable <
Pt(IV) prodrug and an aggregation-induced emission luminogen (AlEgen) were AlEgen
copolymerized and embedded in the main chain of PtAIECP, and the g
chemotherapeutic doxorubicin (DOX) was subsequently encapsulated in the pox
nanoparticles self-assembled by PtAIECP (PtAIECP@DOX NP). PtAIECP@

DOX NP enabled the monitoring of both the light-activation of Pt(IV) prodrug  pee
to active Pt(II) and release of encapsulated DOX intracellularly through the
fluorescence “turn-on” in the course of visible-light-induced polymer-main-
chain cleavage and self-assembled structure dissociation in vitro and ex vivo. P
The synergistic anticancer efficacy of the activated Pt(II) drug and DOX in
PtAIECP@DOX NP was also investigated in vitro and in vivo. The implementation of polyprodrug and AIE combination
strategy empowered dual drug release and monitoring, which could be further used to guide the temporal and spatial control of
light irradiation to maximize therapeutic efficiency, and will inspire other combinational bioimaging and therapy strategies.

PH(IV)

KEYWORDS: platinum, AIE, polyprodrug, combination therapy, drug monitoring

1. INTRODUCTION

Polymeric drug delivery systems (PDDSs) have received
increasing attention due to prolonged blood circulation,
desirable water solubility, and low toxicity.' > However,

polyprodrug nanoparticles are dissociated and activated to
release active drugs in cancer cells. Given that drug action
duration, targeting, and drug accumulation amount in lesion
site directly affect the therapeutic effect during cancer

current PDDSs are largely based on the encapsulation of
chemotherapeutic drugs.”~® The uncontrollable drug release in
these systems, to be specific, premature burst release during
circulation, and slow diffusional release after accumulation at
the tumor site readily led to side effects and yet limited
therapeutic efficiency.””"" Polyprodrug nanoparticles with
prodrug molecules imbedded into the polymeric backbone
have been employed recently for a safer and more effective
cancer treatment.'*~*° Unlike traditional PDDSs, polyprodrug
nanoparticles are inactive and stable under normal conditions
but can release intact drugs in response to stimuli®~'" such as
light,lz_16 redox,'”” ™" or enzymes,”® thus providing better
control on drug release and resulting in less side effects.
However, it remains a challenge to elucidate how and when the
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treatment,”' it is paramount to design a polyprodrug
nanoparticle-based system possessing not only precise control
on active drug release behavior but also intrinsic ability to
monitor prodrug localization and activation to guide the light-
irradiation process and to maximize therapeutic efficiency.
Fluorescence molecules can be used for constructing
fluorescent nanoprobe.”>~>° However, traditional dyes suffer
from aggregation-caused quenching (ACQ) when they are
assembled into nanoparticles.””** Different from traditional
fluorescent dyes, aggregation-induced emission luminogens
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Scheme 1. Schematic Illustration of a DOX-Loaded Light-Activatable Pt(IV) Prodrug and AlEgen TPE Copolymer
Nanoparticle System for Dual-Drug Monitoring and Combination Therapy
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(AlEgens) based bioprobes have shown their attractive
characteristics for monitoring cellular molecules.”” > Re-
cently, AIEgens were polymerized into polymer backbone to
develop AIE polymeric nanoparticles for gene/drug deliv-

3435 However, due to the restriction of intramolecular
motion mechanism of AIEgens, the fluorescence of the AIEgen
polymeric nanoparticles is “always on”.***” To obtain AIEgen
polymeric nanoparticles in situ “turn-on” at application site,
complicated molecular design and modification have to be
involved.***”

Recently, we have developed a series of Pt(IV) prodrug-
backboned polymers that could be triggered to breakdown in a
chain-shattering manner by intracellular reductive agents or
remote mild light irradiation to release the active Pt(II)
drug.">™"® In chemotherapy, the use of a single drug often fails
to eradicate tumors due to drug resistance.”””* Herein, we
designed a DOX-loaded visible-light-activatable Pt(IV) pro-
drug and AlEgen tetraphenylethene (TPE) copolymer nano-
particle (PtAIECP@DOX NP) system for dual-drug monitor-
ing and combination therapy. PPAIECP@DOX NP is expected
to be able to monitor the light activation of the Pt(IV) prodrug
to active Pt(II) and the release of encapsulated DOX
simultaneously through the turn-on of dual-color fluorescence.
When PtAIECP@DOX NP is intact, due to the fluorescence
resonance energy transfer (FRET) between DOX and TPE
and the ACQ of DOX, only very weak fluorescence of DOX
could be detected. But once PtAIECP@DOX NP is
dissociated under the light during the light activation of
Pt(IV) into Pt(II), TPE and DOX are released and separated,
and the strong fluorescence is restored (Scheme 1). Finally, the
combinational anticancer efficacy of the light-activated Pt(II)
drug and dissociation-released DOX was evaluated in vitro and
in vivo.

2. EXPERIMENTAL SECTION

2.1. Materials and Measurements. Materials and measurements
are described in detail in the Supporting Information.

2.2. Synthesis of Pt(IV) and TPE-N. Synthesis and character-
ization of Pt(IV) and TPE-N are described in detail in the Supporting
Information.

2.3. Synthesis of PtAIECP and Preparation of PtAIECP@DOX
NP. Pt(IV) (100 mg, 0.245 mmol) was dissolved in dried
dimethylformamide (DMF) (1.5 mL), and lysine diisocyanate

(LDI) (100.76 mg, 0.515 mmol) in dried DMF (1 mL) was added
dropwise under vigorous stirring; the reaction mixture was allowed to
react. TPE-N (155 mg, 0.275 mmol) in dried DMF (2 mL) was then
added dropwise under ice bath. After reacting 24 h at room
temperature, alkyne-terminated PEG,, (410 mg, 0.20S mmol) in
DMEF solution (2 mL) was added quickly and the solution was stirred
for another 24 h. The final solution was dialyzed against distilled
water (MWCO = 3500) for 48 h to remove unreacted monomers and
DMF; then, the obtained solution was freeze-dried to give the
copolymer PtAIECP.

The above-synthesized PtAIECP was further used to encapsulate
DOX. The weight ratio of PtAIECP/DOX-HCI was fixed to 5:1. In
detail, PtAIECP (100 mg) was dissolved in dimethyl sulfoxide
(DMSO) (2 mL). DOX-HCI (20 mg) was also dissolved in DMSO (2
mL) with the help of triethylamine (3 uL) to remove HCL Then,
those two solutions were mixed and stirred for another 3 h. The final
solution was dialyzed against distilled water (MWCO = 1000) for 48
h to remove unpackaged DOX and DMSO and then freeze-dried to
obtain PtAIECP@DOX NP. The determination of DOX-loading
content is described in detail in the Supporting Information according
to previous ref 44.

2.4. Light Responsiveness. Aqueous solutions of PtAIECP@
DOX NP were irradiated under different wavelengths (365, 430, S00
nm, 20 mW/cm?) for preset durations. The change of UV—vis spectra
was recorded to check the light responsiveness of PtAIECP@DOX
NP. The NP size change was monitored in time by dynamic light
scattering (DLS), and the morphology change was observed using
transmission electron microscopy (TEM).

2.5. Light-Triggered Drug Release. Light-triggered drug release
experiments are described in detail in the Supporting Information
according to previous refsl5, 16, 45.

2.6. Cell Culture. Ovarian cancer cell line Skov3 cells and Skov3/
REP cells (overexpressed red fluorescence protein) were cultured with
Gibco1640 (10% fetal bovine serum, 5% CO, at 37 °C).*

2.7. Cellular Uptake. Skov3 cells were placed into a 6-well culture
dish (5 X 10* cells per well) and cultured overnight. The cells were
treated with PtAIECP@DOX NP (20 ug/mL) for 2 h at 37 °C and
divided into two groups. One group was exposed to irradiation (500
nm, 20 mW/cm?) for 30 min and the other group was kept under
dark. The cell samples were then washed with phosphate buffered
saline (PBS) (pH 7.4) three times, followed by pancreatin digestion
and quantitative determination using flow cytometry. For confocal
laser scanning microscopy (CLSM) test, endo/lysosomes of the cells
were stained with LysoTracker Red for 30 min at 37 °C. Then, the
samples were washed with preheated PBS three times, followed by
fixing with 4% formaldehyde for 30 min under dark. For the
determination of cellular Pt uptake, the cell samples were washed with
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Figure 1. Light activation of PtAIECP NP and PtAIECP@DOX NP. (A) TEM images of (a) PtAIECP NP, (b) PtAIECP@DOX NP, and (c)
PtAIECP@DOX NP after irradiation for 3 h. (B) UV—vis absorbance changes of PtAIECP@DOX NP with irradiation for different intervals. (C)
Normalized UV—vis absorbance of PtAIECP@DOX NP at 298 nm under intermittent irradiation with different wavelengths. (D) Particle size
changes of PtAIECP NP and PtAIECP@DOX NP with irradiation. (E) X-ray photoelectron spectroscopy (XPS) spectrum change of PtAIECP NP
with irradiation for 3 h. (F) GPC curve change of PtAIECP NP with irradiation for 3 h. (G) Pt and DOX release profiles of PtAIECP@DOX NP in
different irradiation conditions. Light source: visible light (500 nm, 20 mW/cm?).

PBS three times, followed by pancreatin digestion. After cell counting,
the cells were lysed by lysis buffer (200 uL, diluted three times with
PBS) and further for Pt concentration determination by inductively
coupled plasma mass spectrometry (ICP-MS). For the determination
of Pt-DNA adducts, the cells were washed with PBS three times,
followed by lysing with lysis buffer (200 yL, diluted three times with
PBS); then, the DNA amount was determined by DNA assay kit, and
the Pt concentration was determined by ICP-MS.

2.8. MTT Assay and Combination Index (Cl) Analysis.
Evaluation of cytotoxicity by MTT assay and analysis of CI are
described in detail in the Supporting Information according to
previous refs16, 44, 45.

2.9. JC-1 Assay. Skov-3 cells (5 X 10%/per well) were seeded into
six-well plates and incubated for 24 h. The cells were then treated with
AIECP NP or PtAIECP NP with a TPE content of 30 ug at 37 °C.

18693

After 4 h, one group was exposed to irradiation (500 nm, 20 mW/
cm?) for 30 min and the other group was kept in the dark. A solution
of JC-1 reagent (10 pg/mL in medium) was added and incubation
was carried out at 37 °C for 30 min. The cells were washed with PBS
three times, fixed in 4% paraformaldehyde, and mounted onto glass
slides for visualization by the CLSM system.

2.10. Cell Apoptosis. Evaluation of cell apoptosis by flow
cytometry is described in detail in the Supporting Information
according to previous ref 16.

2.11. Animal Tumor Model Establishment. BALB/c nude
mice (male, S—6 weeks old, ~20 g) were purchased from Jilin
University (Changchun, China). All animals were maintained under
required conditions and had free access to food and water throughout
the experiments. The BALB/c nude mice bearing subcutaneous Skov3
and Skov3/RFP tumor models were developed by the subcutaneous
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Figure 2. PtAIECP@DOX NP for dual-drug monitoring in vitro and ex vivo. (A) Aggregation-induced emission of PtAIECP NP and PtAIECP@
DOX NP powders under room light and UV irradiation (365 nm). (B) Aggregation-induced emission of PtAIECP NP and PtAIECP@DOX NP
aqueous solutions with various concentrations under UV irradiation (365 nm). (C) Fluorescence spectra of PtAIECP NP and PtAIECP@DOX NP
with or without light irradiation. (D) CLSM images of Skov3 cells after treatment with PtAIECP@DOX NP with or without light irradiation. (E)
The DOX fluorescence of Skov3 cells treated with PtAIECP@DOX for 24 h measured by flow cytometry. (F) Ex vivo DOX fluorescence of tumor
tissues and (G) tumor tissue sections after intravenous injection of PtAIECP@DOX NP for 24 h with or without light irradiation. (H) Cellular
level JC-1 assay by CLSM imaging. Light source: visible light (500 nm, 20 mW/cm?).

injection of Skov3 and Skov3/RFP cells (5 X 10° cells) to the right leg
of the mice, respectively. The use of animals for this study was
approved by the Animal Ethics Committee of Changchun Institute of
Applied Chemistry, Chinese Academy of Sciences.

2.12. Biodistribution of DOX. Mice bearing subcutaneous Skov3
tumor model with a tumor volume of ~100 mm® were randomly
divided into 2 groups. Next, PtAIECP@DOX NP (2.5 mg Pt/kg,
3.125 mg DOX/kg) was injected intravenously away from light. One
group was exposed to light irradiation (500 nm, 20 mW/cm?) for 30

18694

min at the tumor site after 24 h, while the other group was maintained
in the dark all the time. Then, the tumors were excised for ex vivo
fluorescence imaging, followed by fixing with 4% formaldehyde and
embedding in paraffin. Then, the tissues were cut into slices at a
thickness of 2 ym and stained with Hoechst for the observation using
the CLSM system.

2.13. Antitumor Efficacy. Mice bearing subcutaneous Skov3/
RFP tumor model with a tumor volume of ~100 mm® were randomly
divided into 5 groups, and the initial weight and tumor volume were

DOI: 10.1021/acsami.9b02346
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recorded. Next, saline, cisplatin (2.5 mg Pt/kg, n = 5), DOX (3.12§
mg DOX/kg, n = 5), PtAIECP NP (2.5 mg Pt/kg, n = 10), and
PtAIECP@DOX NP (2.5 mg Pt/kg, 3.125 mg DOX/kg, n = 10) were
injected intravenously on day 0, 3, and 6 away from light. Then, the
mice treated with PtAIECP NP and PtAIECP@DOX NP were further
randomly divided into two groups. One group was exposed to light
irradiation (500 nm, 20 mW/cm?) for 30 min at the tumor site on day
1, 4, and 7, while the other group was maintained in the dark. Mice
treated with saline, cisplatin, and DOX were also constantly
maintained in the dark. Tumor volume was measured every 3 days
and further calculated by the following equation: tumor volume =
length X width X width/2. During the treatment, from day 0, all mice
were anesthetized with 10% chloral hydrate every week for in vivo
RFP fluorescence imaging. At the end of the experiment, the tumors
were excised for ex vivo RFP fluorescence imaging.

2.14. Histological Analysis. The major tissues and tumors were
excised at the end of the antitumor efficacy experiment, followed by
fixing with 4% formaldehyde and embedding in paraffin. Then, the
tissues were cut into slices of 2 yum thickness for H&E and Tunnel.
Then, the stained samples were observed by microscope and CLSM.

2.15. Statistical Analysis. Data were presented as the mean +
standard deviation. The statistical significance was carried out and
defined using analysis of variance test and two-tailed Student’s ¢ test as
follows: *p < 0.05, **p < 0.01, ***p < 0.001.

3. RESULTS AND DISCUSSION

Scheme 1 shows the structure of an amphiphilic ABA triblock
copolymer containing photoactivatable Pt(IV) prodrug and
aggregation-induced emission on the backbone (PtAIECP).
The end block A is water-soluble PEG,; (2000 g/mol) and the
middle block B is hydrophobic polyurethane-urea with
repeating units of photoactivatable Pt(IV) prodrug and AlEgen
TPE. The photocleavable polyurethane-urea block was first
prepared by the step-growth polymerization of biocompatible
LDI-terminated Pt(IV) with a slight excess of TPE-N and then
reacted with alkyne-terminated PEG,, through spontaneous
amino-yne click reaction to yield a triblock copolymer
PtAIECP (Figures S1—S3)."” The successful synthesis of
PtAIECP was confirmed by 'H NMR and FTIR (Figures S4
and S5). The molecular weight (M,) was measured to be 9600
g/mol by gel permeation chromatography (GPC) (Figure 1E),
and the degree of polymerization was determined to be 4 by
ICP-MS, which agrees with the 'H NMR result. The PtAIECP-
assembled nanoparticles (PtAIECP NP) have an average
hydrodynamic diameter of ~150 nm, as measured by DLS
(Figure S6). The critical micelle concentration of PtAIECP
was determined to be 1.24 X 107> mg/mL (Figure S7). Next,
the ability of PtAIECP NP to encapsulate hydrophobic
anticancer DOX was studied. The DMSO mixed solution of
DOX and PtAIECP was added dropwise into the aqueous
solution to prepare PtAIECP@DOX NP, and the DOX
encapsulating ability in NP was studied. The content of Pt in
PtAIECP remains unchanged because the polymerization
degree of the Pt(IV) prodrug is fixed. The DOX-loading
efficiency and the Pt/DOX ratio could be regulated by
changing the feeding amount of DOX (Figure S7D). The final
drug-loading contents of Pt and DOX in PtAIECP@DOX NP
used for the following experiments were 10.4 and 13.0 wt %,
respectively. The morphology of PtAIECP NP and PtAIECP@
DOX NP were characterized by TEM and DLS. Spherical
structure was observed for both nanoparticles, indicating their
micellar morphology (Figure 1A). According to the DLS
results, the hydrodynamic size of PtAIECP@DOX NP
decreased after the loading of DOX due to the 7—7 interaction
of TPE and DOX (Figure S6).

Next, we investigated the light activation of Pt(IV) in the
PtAIECP backbone. The departure of azide ligands from
Pt(IV) after irradiation could be detected by UV—vis
absorption spectroscopy by the decrease in the absorbance at
298 nm. We monitored the UV—vis absorption change of
PtAIECP@DOX NP under light irradiation at three different
wavelengths (365, 430, and 500 nm) with the light intensity
being fixed at 20 mW/cm® As shown in Figure 1B, the
absorption at 298 nm declined steadily under continuous light
irradiation (Figure S8). PtAIECP@DOX NP displayed the
fastest degradation rate under 365 nm light and was fully
dissociated within only 1 h, indicating the rapid conversion of
Pt(IV) into Pt(Il). Although the dissociation was slowest at
500 nm, the complete dissociation could still be achieved
within 3 h. These results reveal that PtAIECP@DOX NP
retained the light responsiveness while the absorption
wavelength extends to green light (500 nm). When pulsed
irradiation was applied, the absorption at 298 nm of
PtAIECP@DOX NP displayed an ON/OFF effect (Figure
2C). Irregular and smaller nanoparticles also appeared under
TEM, with the size distribution significantly changed (Figure
1A,D). Furthermore, X-ray photoelectron spectroscopy (XPS)
was used to identify the oxidation state of Pt in PtAIECP NP
(Figure 1E). The Pt 4f peaks in PtAIECP NP exhibited the
binding energies of 77.9 and 74.7 eV before irradiation, which
were changed to 76.5 and 72.8 eV, respectively, after
irradiation, indicating the reduction—activation of Pt(IV) to
Pt(II) in PtAIECP NP after irradiation. Additionally, the
retention time in GPC curves changed significantly from 14 to
20 min and a multimodal distribution appeared after light
irradiation (Figure 1F), demonstrating the light dissociation of
the PtAIECP backbone, which would further lead to light-
induced release of both activated Pt(II) and DOX. We
simulated the internal pH environment in the tumor site to
examine the drug release of PtAIECP@DOX NP in vitro. With
pre-irradiation, more than 30% of Pt and DOX were released
rapidly from PtAIECP@DOX NP in the first hour, while
negligible release was detected under dark (Figure S9A,B).
Contrary to the dark condition, PtAIECP@DOX NP showed a
sustained release under continuous light irradiation (Figure
1G). During intermittent irradiation, drug release continued to
increase in the irradiation stage, while no release was observed
in the dark, displaying a switch ON/OFF effect (Figure
S9C,D).

As shown in Figure 2A, both PtAIECP NP and PtAIECP@
DOX NP had no fluorescence under sunlight in solid state.
Upon light irradiation at 365 nm, PtAIECP NP powder
emitted strong fluorescence, while PtAIECP@DOX NP
powder did not. Figure 2B displays the photograph of the
aqueous solutions of the polymer NPs under UV lamp. The
luminescence phenomenon of aqueous solutions was similar to
that of powders. Green fluorescence was observed in PtAIECP
NP solution, and the intensity increased with increasing
polymer concentration, while PtAIECP@DOX NP was barely
fluorescent in water. The fluorescence spectra of PtAIECP@
DOX NP and PtAIECP NP solutions at different excitation
wavelengths were compared (Figure 2C). When PtAIECP@
DOX NP was excited at 330 nm, no obvious fluorescence at
480 nm for TPE was observed, while PtAIECP NP expressed
intense fluorescence at the same concentration. These results
indicate that the fluorescence energy from TPE was effectively
absorbed by DOX. Upon excitation at 488 nm, PtAIECP@
DOX NP still showed emission signal at 591 nm for DOX, but
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Figure 3. In vitro light-activatable combination efficacy and mechanism of PtAIECP@DOX NP against Skov3 cells. (A) Cell viability curves of
Skov3 cells. (B) ICs, values of cisplatin, Pt(IV), PtAIECP NP, and PtAIECP@DOX NP (1M/Pt) against Skov3 cells after 72 h of incubation with
or without irradiation. (C) ICs, values of DOX and PtAIECP@DOX NP (ug/DOX) against Skov3 cells after 72 h of incubation with or without
irradiation. (D) CI curve of Pt and DOX in PtAIECP@DOX NP at 72 h with irradiation. (E) Cellular Pt uptake and (F) Pt-DNA adducts after 4 h

incubation of drugs. Light source: visible light (500 nm, 20 mW/cm?).

the fluorescence was partially quenched compared with that of
pure DOX due to the 7—x stacking of TPE and DOX’s rigid
planar aromatic rings. The fluorescent intensity difference
could be utilized for monitoring the light activation of the
Pt(IV) prodrug and the light-induced release of Pt(II) and
DOX. When PtAIECP@DOX NP was exposed to irradiation,
the Pt(IV) prodrug in the polymer backbone was reduction-
activated to active Pt(Il), inducing the dissociation of the
nanoparticles and release of DOX. Therefore, the fluorescence
of TPE was restored because the FERT effect between TPE
and DOX was destroyed, and the fluorescent intensity of DOX
was also strengthened because of the reduction of ACQ_effect
after the release of encapsulated DOX (Figure 2C).
Furthermore, the dual-color fluorescence monitoring of
PtAIECP@DOX NP in cancer cells was investigated by
CLSM. After incubation with Skov3 cells in the dark,
compared with PtAIECP NP sample, for PtAIECP@DOX
NP sample, very weak blue fluorescence from TPE and green
fluorescence from DOX were observed in cytoplasm (Figure
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2D). However, the blue fluorescence in cytoplasm was
significantly enhanced after light irradiation, and the green
fluorescence diffused into the cell nucleus. The same
phenomenon was also observed in the flow cytometry (Figure
2E). These results suggest that the integrity of PtAIECP@
DOX NP was maintained under dark. However, upon light
irradiation, the micelles began to dissociate, resulting in the
appearance of blue fluorescence (from TPE) and the
enhancement of green fluorescence (from DOX). By
monitoring the spatiotemporal change of different fluorescent
signals of PtAIECP@DOX NP, it was apparent that after
endocytosis by endo/lysosomes, PtAIECP@DOX NP was
transported into the cytoplasm where prodrugs were activated
to release Pt(II) and DOX, which were then gradually diffused
into the cell nucleus. Furthermore, the ex vivo fluorescence
imaging of the tumor tissues and tumor tissue sections after the
intravenous injection of PtAIECP@DOX NP for 24 h with or
without light irradiation were performed. As shown in Figure
2F,G, the DOX fluorescence in the tumor tissue was barely
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Figure 4. In vivo light-activatable combinational antitumor efficacy and mechanism of PtAIECP@DOX NP. A subcutaneous Skov3/RFP tumor
model was established. (A) Tumor growth inhibition curves and (B) body weight tracing of mice during different treatments. (C) Ex vivo RFP
fluorescence imaging of tumor at the end of the treatment. (D) Immunofluorescence examination of TUNEL examination and H&E staining of

tumor tissues at the end of the treatment.

found without light irradiation, while strong fluorescence was
observed after irradiation due to the Pt(IV) prodrug light-
activation-induced dissociation of PtAIECP@DOX NP and
release of encapsulated DOX.

It is reported that TPE would compromise the mitochon-
drial membrane, inducing the mitochondrial dysfunction of
cancer cells.** The change in the mitochondrial trans-
membrane potential of Skov3 cells before and after PtAIECP
NP treatment was examined by JC-1 staining (Figure 2H). In
normal cells, JC-1 could convert to the aggregated form and
would exhibit red fluorescence in mitochondria above a critical
concentration. In contrast, JC-1 would not accumulate in
mitochondria and remains as a green fluorescent monomer in
the cytoplasm in apoptotic cells. Under light irradiation, similar
to AIECP (copolymer without the Pt(IV) prodrug, Figure
S10) NP treatment, mitochondrial membrane depolarization
was detected by a shift from red to green in the fluorescence
emission of JC-1 after PtAIECP NP treatment. Furthermore,
after irradiation, the AIECP NP treated cells showed a
significantly greater late apoptotic cell population (23.6%)
than that of its dark control (7.60%), comparable to that of
PtAIECP NP (26.7%) (Figure S11). These results demon-
strate that TPE in PtAIECP NP may induce cancer cell
apoptosis via mitochondrial dysfunction. The cytotoxicity of
PtAIECP NP and PtAIECP@DOX NP against Skov3 cells was
further evaluated by MTT assay. Higher cytotoxicity was
observed for PtAIECP@DOX NP compared to cisplatin or
DOX only (Figure 3A). After light irradiation, the ICs, values
of cisplatin and DOX remained unchanged, suggesting that
light was not conducive to cisplatin and DOX (Figure 3B,C).
Compared with that of its counterparts in dark condition, the
cytotoxicity of PtAIECP@DOX NP with light irradiation was
significantly promoted. The IC;, value of PtAIECP@DOX NP
(5.66 um/Pt, 0.2 ug/DOX) was much lower than that of
cisplatin (8.9 um/Pt) and DOX (1.09 ug/DOX). The
synergistic effect of Pt and DOX of PtAIECP@DOX NP
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with light irradiation was also evaluated by calculating the
combination indexes (CI) (Figure 3D). Cisplatin and DOX
can all serve as stand-alone regimens. The CI indexes of
PtAIECP@DOX NP were calculated to be less than 1.0,
indicating that the co-delivery of DOX and Pt(IV) in the same
vehicle showed a synergistic effect with light stimulation.” To
confirm the cancer cell killing mechanism, the cellular
accumulation of Pt and Pt-DNA adducts were quantitatively
determined by ICP-MS. Without irradiation, PtAIECP NP
(200 + 3.1 ng Pt/10° cells) and PtAIECP@DOX NP (190 +
6.2 ng Pt/ 10° cells) exhibited ca. 3.5-fold higher accumulation
in cells than cisplatin (75.0 + 7.2 ng Pt/10° cells),
demonstrating an enhanced uptake of polymer NPs (Figure
3E). The amount of Pt-DNA adducts in the PtAIECP@DOX
NP treated cells was the highest (28.2 + 1.2 ng Pt/ug DNA)
after irradiation (Figure 3F). All of the results indicate that
light-activatable PtAIECP@DOX NP promoted the DNA
platinization to induce synergistic cell apoptosis in vitro.

As we all know, Pt(II)-based anticancer drugs are the first-
line drugs for ovarian cancer chemotherapy, and ovarian cancer
is a kind of superficial cancer. Based on the excellent
cytotoxicity of PtAIECP@DOX NP against Skov3 ovarian
cancer cells, we further established a subcutaneous Skov3/RFP
ovarian cancer model in nude mice, which can be penetrated
by visible light (green light, SO0 nm) to verify the antitumor
effect in vivo.”” The antitumor effect of PtAIECP@DOX NP
was comparable to that of DOX and was lower than that of
cisplatin in the dark, which was attributed to the high dark
stability of copolymer NPs. In comparison, the antitumor
efficiency of PtAIECP NP and PtAIECP@DOX NP was
significantly improved under irradiation (Figure 4A). As
observed from the tumor inhibition curves, PtAIECP@DOX
NP with irradiation exhibited the best antitumor effect, which
is better than that of cisplatin and PtAIECP NP, demonstrating
that Pt and DOX actually exert excellent therapeutic effects in
combination therapy (Figure S12). According to the ex vivo
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tumor fluorescence images (Figures 4C and S13), the final
tumor volume in PtAIECP@DOX NP in the irradiation group
was the smallest and fluorescence intensity was much weaker,
followed by the cisplatin group. To investigate the antitumor
mechanism, H&E and TUNEL staining were performed on
tumor tissue sections (Figure 4D). Significant necrosis and
severe absence of nuclei were observed for H&E staining in the
whole area of tumor section after PtAIECP@DOX NP
treatment. TUNEL staining images also demonstrate that
PtAIECP@DOX NP exhibited an obvious superiority on
inducing apoptosis of tumor cells.”® All of the results prove the
synergistic antitumor effect of PtAIECP@DOX NP in vivo.

Furthermore, the body weights of mice were measured for
safety evaluation (Figure 4B). The mice treated with cisplatin
experienced significant body weight loss, and one mouse died
on the 24th day, implying the severe systemic toxicity of
cisplatin (Figure S14A). However, the copolymer groups
showed much lower side effects on the mice, evidenced by
their relatively stable health condition. Their body weights
were constant throughout the experiment and no death
occurred until the end of the experiment. To further evaluate
the in vivo toxicity, the clinical blood parameters were
measured. The levels of uric acid and creatinine of the mice
treated with DOX and cisplatin were obviously higher than
that of saline, PtAIECP NP, and PtAIECP@DOX NP (Figure
S14B), indicating that those small molecular drugs had
different degrees of damage to the liver and kidney functions.
The results are consistent with the results of the
biodistribution study and the H&E staining of normal organs.
Pt accumulation in the liver, kidney, and spleen after cisplatin
administration was higher than that of copolymer NPs groups
(Figure S15). Compared with other groups, cisplatin induced
noticeable signal of damage in renal area, with remarkable
necrosis in proximal tubules and loss of brush border in renal
tubules (Figure S14C). All of the results indicate that
PtAIECP@DOX NP exhibited a safer and more effective
cancer treatment performance.

4. CONCLUSIONS

We have developed a new light-activatable prodrug and
aggregation-induced emission copolymer for dual-drug mon-
itoring and combination chemotherapy. The obtained
polyprodrug nanoparticles (PtAIECP@DOX NP) can respond
to different wavelengths of light with a chain-cleavage scattered
release of bioactive Pt(II) and DOX, simultaneously, leading to
significant changes of fluorescence intensity. The in vitro and
ex vivo results also demonstrate that the polyprodrug
nanoparticles enabled monitoring of the light activation of
the Pt(IV) prodrug into active Pt(II) drug and the release of
encapsulated DOX. Besides, the combination of Pt(IV) and
DOX showed synergistic anticancer effect in vitro and in vivo.
The polyprodrug nanoparticle-based system possessing not
only precisely controlled drug release behavior but also
intrinsic ability to monitor prodrug activation and active
drug release offers a new opportunity for the development of
theranostic nanomedicine to maximize therapeutic benefits.
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