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ABSTRACT

In situ modulation of the surface properties on the micellar drug delivery nanocarriers offer an
efficient method to improve the drug delivery efficiency into cells while maintaining stealth and
stability during blood circulation. Light has been demonstrated to be a temporally and spatially
controllable tool to improve cellular internalization of nanoparticles. Herein, we develop reactive
oxygen species (ROS)-responsive mixed polymeric micelles with photoinduced exposure of cell-
penetrating moieties via photodynamic ROS production, which can facilitate cellular
internalization of paclitaxel (PTX) and chlorin e6 (Ce6)-coloaded micelles for synergistic effect
of photodynamic and chemo-therapy. The thioketal bonds-linked block polymers poly(e-
caprolactone)-TL-poly(N, N-dimethylacrylamide) (PCL-TL-PDMA) with a long PDMA block
are used to self-assemble into mixed micelles with PCL-b-poly(2-guanidinoethyl methacrylate)
(PCL-PGEMA) consisting of a short PGEMA block, which are further used to coencapsulate
PTX and Ce6. After intravenous injection, prolonged blood circulation of the micelles guarantees
high tumor accumulation. Upon irradiation by 660 nm light, ROS production of the micelles by
Ceb induces cleavage of PDMA to expose PGEMA shells for significantly improved cellular
internalization. The combination therapy of photodynamic and chemo-therapy inside tumor cells
achieves improved antitumor efficacy. The design of ROS-responsive mixed polymeric
nanocarriers represents a novel and efficient approach to realize both long blood circulation and
high-efficiency cellular internalization for combined photodynamic and chemo-therapy under

light irradiation.
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INTRODUCTION

Over the past decade, nanomedicine is apromising aternative for diagnosis and treatment
of various intractable diseases including cancers.’-3 For efficient delivery of drugs into the target
tumor sites via systemic administration, there are a variety of physiological barriers that must be
overcome for tumor-specific drug delivery through multifunctional properties primarily
including long circulation in blood stream with stealthy surfaces, accumulation at the tumor site,
uniform distribution inside tumor tissues, and cellular internalization by sticky property for drug
release inside cancer cells* The majority of conventional nanomedicine systems that are
approved or in the clinical trials can realize the prolonged blood circulation based on the stealthy
tumor accumulation surfaces through well-known permeation and retention (EPR) effect.>”
Nevertheless, the cellular internalization is often hindered due to the weak interaction between
the nanoparticle surfaces and cell membranes, which strictly reduce the final therapeutic
efficacy. The most frequently explored strategy is that in situ transformation of the surface
properties to enhance the cellular uptake of cancer cells in tumor tissues responsive to the
internal or external stimuli, such as charge transition from neutral or negative to positive,1?
dePEGylation,’31> and exposure of targeting ligands or cell-penetrating peptide.’62° Among
them, the combination of dePEGylation and exposure of cell-penetrating peptide has shown very
high promising potential to maintain high stability of the nanocarriers in blood circulation and
achieve very efficient cellular internalization in tumor tissues.®21

On the other hand, among various stimuli as the trigger of the surface property transition of
the nanoparticles, light is especially attractive due to the possibility of high spatio-temporal
control.?%24 |n particular, the red light or near-infrared light specifically in the wavelength range

of 650-950 nm proved greater tissue-penetration depths.?>2° Meanwhile, the light can also
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perform the photodynamic therapy (PDT) via production of reactive oxygen species (ROS) to
damage cells.3%%2 |n recent decades, with the development of ROS-responsive materials, the
multifunctional nanoparticles to perform PDT were explored to simultaneously release drugs via
cleavage of ROS-responsive bonds. Notably, thioketal linker (TL) can be readily cleaved by
ROS, which was widely used as the ROS-responsive linkage to conjugate drugs or prepare
materials.3338 On the basis of this design, the combination of chemotherapy from the released
drugs and PDT can be achieved to significantly improve the final therapeutic efficacy. In
addition, PDT-generated ROS-responsive dePEGylation or nanoparticles size shrinkage have
likewise been investigated to improve the interactions between nanoparticles and cancer cells for
cellular internalization.3®4 However, complete ROS-triggered dePEGylation under PDT is
difficult, which cannot improve the intracellular drug delivery remarkably, and more efficient
strategies are still urgently needed.

Herein, we constructed the polymeric nanocarriers self-assembled from the TL linked-
amphiphilic diblock copolymer poly(e-caprolactone)-TL-poly(N, N-dimethylacrylamide) (PCL-
TL-PDMA) and PCL-b-poly(2-guanidinoethyl methacrylate) (PCL-PGEMA) to achieve PDT
and PDT ROS-responsive high-efficiency cellular uptake by co-loading the anticancer drug
paclitaxel (PTX) and photosensitizer Chlorin €6 (Ce6) (Scheme 1). In brief, PTX and Ce6-
loaded mixed nanocarriers of PCL-TL-PDMA and PCL-PGEMA (PCL-TL-NPprx/ces) With the
coverage of longer hydrophilic PDMA shells for shielding the cellular internalization function of
PGEMA to increase systemic circulation haf-life and accumulate in tumor tissues through
enhancement of EPR effect. PCL-TL-NPpryx/ces Can produce ROS upon 660 nm red light
irradiation at tumor sites, leading to cleavage of the thioketal linkers for exposure of cell-

penetrating moieties, PGEMA,* which significantly enhances the cellular uptake and
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subsequently boosts effective drug release. PCL-TL-NPprx/ces NANOCarriers were demonstrated to
facilitate combination of PDT and chemotherapy via in vitro and in vivo studies. The designed
nanocarriers represent an effective strategy to realize efficient combined PDT and chemotherapy

of cancers.

Scheme 1. Schematic illustration for preparation of (A) PTX and Ce6-coloaded ROS-responsive
nanoparticles (PCL-TL-NPprx/ces), (B) mechanism of ROS-responsive cleavage of PDMA to
improve the cellular uptake upon 660 nm red light irradiation; and synergistic effect of PDT and

chemotherapy through high-efficiency cellular uptake and drug release.
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EXPERIMENTAL PROCEDURES

Materials. Dicyclohexylcarbodiimide (DCC, 98%), azobisisobutyronitrile (AIBN, 99%), 4-
dimethylaminopyridine (DMAP, 98%), tin 2-ethylhexanoate (Sn(Oct),), and 9, 10-
diphenylanthracene DPA were procured from Sigma-Aldrich. N, N-Dimethylacrylamide was
purchased from Aldrich and purified through distillation under vacuum. e-Caprolactone (CL) and
Toluene were dried over calcium hydride CaH, and collected by distilled under vacuum before
use. PTX (98%) was supplied by Jiangyuan Natural Products Co. Ltd. Ce6 (98%) was bought
from J&K Scientific Ltd and used as received. Fetal bovine serum (FBS), Phosphate-buffered
saline (PBS), Dulbecco’'s modified Eagle’s medium (DMEM), trypsin, 3-(4, 5-dimethyl-2-
thiazolyl)-2, 5-diphenyl-tetrazolium bromide (MTT) , and 4, 6-diamidino-2-phenylindole (DAPI)
were provided by Beyotime Institute of Biotechnology (Shanghai, China). 2,2 -(Propane-2,2
diylbis(sulfanediyl))bis(ethan-1-0l) (TL),324? 4-cyano-4-(2-phenylethane sulfanylthiocarbonyl)
sulfanyl pentanoic acid (PETTC),*® PCL-based macro RAFT agent (PCL-RAFT),* and 2-
guanidinoethyl methacrylate (GEMA)*! were synthesized as previously reported procedures. The
human cervical cancer cell line HeLa and cell line H22 of murine hepatic carcinoma were kindly
provided by Chinese Academy of Sciences Cell Bank (Shanghai, China). Female BALB/c mice
at the age of 5-Week were obtained from Vital River Lab Anima Technology Co., Ltd. The
animal experiments were conducted in accordance with the Experimental Animals

Administration Regulations (Hefei, revised in June 2013).
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Synthesis of PCL-TL-PDMA. The synthetic routes to prepare block copolymers, PCL-TL-
PDM, PCL-PDMA, and PCL-PGEMA, are illustrated in Scheme S1 and the methods are

described as follows.

Synthesis of thioketal linker-containing RAFT agent (RAFT-TL). TL (0.235 g, 1.2 mmol),
DMAP (0.012 g, 0.09 mmoal), and DCC (0.20 g, 0.9 mmol) were dissolved in 5 mL of anhydrous
(DCM) and stirred under nitrogen atmosphere at 25 °C for 30 min. PETTC (0.34 g, 1 mmol) in
5 mL anhydrous DCM was then added dropwise to the mixture and allowed to react overnight
under stirring at 25 °C. Finaly, DCM was removed from the resulting product under vacuum ,
then purified by silica column chromatography eluted by (ethyl acetate: petroleum ether, 2:3 v/v)
to obtain the pure product as yellowish oily paste (0.45 g, yield: 81%). 'H NMR (Figure 1A, 300
MHz, CDCls), & (ppm): 7.35 (m, 2H), 7.24 (d, J = 1.6 Hz, 2H), 4.28 (t, J = 6.9 Hz, 2H), 3.79 (t, J
= 6.1 Hz, 2H), 3.60-3.54 (m, 2H), 2.99 (d, J = 6.9 Hz, 2H), 2.88 (d, J = 6.5 Hz, 4H), 2.68 — 2.62
(m, 2H), 2.58-2.49 (m, 1H), 2.42-2.34 (m, 1H), 1.89 (s, 3H), 1.63 (s, 6H). 13C NMR (CDCls), &
(ppm): 216.52 , 171.30, 139.18, 128.59, 61.50 , 37.97 , 34.07, 33.73, 31.13, 29.71, 29.03, 24.86.

(ESI-MYS): Calculated: [CH3,03NSs] 518.097, found: 518.098 (Figures S1 and S2).

Synthesis of TL-containing PDMA macroRAFT agent (PDMA-RAFT-TL). RAFT-TL (52
mg, 0.1 mmol), AIBN (1.8 mg, 0.011 mmol), and DMA (0.72 g, 7.3 mmol) were dissolved in
1,4-dioxane (2 mL) and added to 5 mL Schlenk flask. After degassing by three freeze-pump-
thaw cycles, the flask was sealed under vacuum. Then the polymerization was conducted into an
oil bath at 70 °C for 12 h under moderate stirring. Thereafter, the reaction tube was immersed
into liquid nitrogen to stop the polymerization, followed by precipitation into cold diethyl ether
and dissolve in DCM and then precipitate again in ether for 2 more times. The final product was

dried in a vacuum oven to obtain a yellow solid compound (0.59 g, yield: 78%, M, gpc = 7100,
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Mw/M,, = 1.13). The degree of polymerization (DP) of PDMA segment was determined to be 72
based on the 'H NMR analysis in CDCl3 (Figure S3), the obtained polymer was mentioned as

PDMA7, -RAFT-TL.

Synthesis of PCL-TL-PDMA. PDMA/-RAFT-TL (0.22 g, 0.029 mmol), CL (0.46 g, 4.1
mmol), and Sn (Oct) , (0.015 mmol) dissolved in dry toluene (3 mL), were introduced into
flamed Schlenk flask equipped with a Teflon coated magnetic stir bar. After evaporation of ~ 0.5
mL, the flask was then degassed by three freezepump-thaw cycles. The flask was flame sealed
under vacuum then placed in a thermostatted oil bath at 120 °C to initiate the polymerization.
After 12 h of polymerization, the resulting product was diluted by DCM and added dropwise into
excess cold diethyl ether for precipitation. Thereafter, the residues were redissolved again in
DCM and repeat precipitation two times in ether. Finally, the final product was dried in a
vacuum oven to obtain a yellowish solid powder (0.52 g, yield: 77%, M, = 19200, M,,/M, =
1.20). The actual DP of PCL segment was determined to be 135 by *H NMR analysis in CDCl;

(Figure 1B). Thus, the copolymer was termed as PCL 135-TL-PDMA 7.

Synthesis of PCL-PDMA. PCL-PDMA was synthesized by using PCL13,-RAFT as the chain
transfer agent. Briefly, PCL13-RAFT (0.44 g, 0.028 mmol), DMA (0.207 g, 2.1 mmoal), and
AIBN (0.5 mg, 0.003 mmol) were dissolved in 1,4-dioxane (2 mL) and poured into to flamed
flask. Then the flask was degassed by three freeze-pump-thaw cycles and sealed under vacuum.
The polymerization was initiated after immersion into an oil bath at 80 °C. After 18 h of
polymerization, the resulting product was diluted by DCM and added dropwise into excess cold
diethyl ether for precipitation. Thereafter, the product was redissolved again in DCM and repesat
precipitation two times in ether. Finally, the product was dried in a vacuum oven to obtain faint

yellow product (0.53 g, yield: 81%, M,, gpc = 18,022, M,,/M,, = 1.28). DP of PDMA segment was
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calculated to be 70 by *H NMR analysisin CDCl3 (Figure 1C). Thus, the copolymer was named
as PCL13-PDMA . According to the similar procedure, block copolymer PCL-PGEMA was
also synthesized (M,, = 14,200, M,,/M,, = 1.24). The modification of the procedure is changing
the solvent for the polymerization in DMSO. DP of PGEMA segment was calculated to be 38

according to the *H NMR analysisin DM SO-dg (Figure 1D).

Preparation of PTX and Ce6-coloaded micellar nanoparticles. The nanoprecipitation method
was used to prepare PTX and Ce6-coloaded nanocarriers (PCL-TL-NPprx/ces). Briefly, PTX (1
mg), and Ce6 (0.5 mg), PCL-TL-PDMA (5.0 mg), and PCL-PGEMA (2.0 mg) dissolved in
DMSO (1.0 mL) were charged into 10 mL vial, followed by quickly adding PBS (9 mL, pH 7.4)
under vigorous stirring. The mixture was further stirring for 2 h, and then the mixture solution
was subjected to dialysis by using dialysis bag (MWCO, 3500 Da) against PBS for 24 h to
remove DM SO. The unencapsulated PTX and Ce6 were removed through a 0.45 ym Millipore
filters. The drug loading capacities (DLCs) and drug loading efficiencies (DLES) were
determined according the equations: DL Cs (%) = [(wt of loaded drug)/ (wt of total nanocarriers)]
x 100. DLEs (%) = [(wt of loaded drug in nanocarriers)/ (wt of total drug in feed)] x 100. DLCs
of PTX and Ce6 in PCL-TL-NPegrx/ces Were determined to be 6.8 + 0.31% and 3.3 + 0.01,
respectively. As controls, PCL-NPprxces With DLC of PTX and Ce6 6.6 + 0.26% and 3.2 +
0.89%, respectively, was prepared from the mixture of PCL-PDMA and PCL-PGEMA according
to the similar procedure. Only Ce6-loaded PCL-TL-PDMA nanoparticles PCL-TL-NPcg were

prepared with Ce6 DLC of 3.6 + 0.11%.

Detection of singlet oxygen production. Singlet oxygen production from PCL-TL-NPery/ces
under light irradiation was detected by DPA.* Briefly, PCL-TL-NPpry/ces (200 yL, 1 mg/mL)

was mixed with 20 uM DPA. Subsequently, the solution was irradiated by 660 nm red light at a
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power density of 80 mW/cm? for different times. The fluorescence intensity of DPA at 400 nm
was recorded. The generation of singlet oxygen by PCL-TL-NPprx/ces Can bleach DPA, thus, the
reduction in DPA absorption at 400 nm was reflects the singlet oxygen level produced by PCL-

TL-NPery/ces -and the nanoparticle solution without light irradiation was used as the control.

Degradation of PCL-TL-NP¢e under light. PCL-TL-NPcg (1 mg/mL, 10 mL) solution in a
transparent tube was suspended in PBS at 37 °C, then exposed to 660 nm red light for a
predetermined time (O, 20, 40, 60, 80, 100, and 120 min). Subsequently, the nanoparticles

solutions were gathered and lyophilized for GPC analysis.

Drug release. PTX release profiles from PCL-TL-NPery/ces @and PCL-NPpry/ces Were studied
with or without light irradiation. Typically, freshly prepared PCL-TL-NPprx/ces and PCL-
NPerx/ces (1.0 mL) were first irradiated for 40 min under irradiation of 660 nm red light at power
density of 80 mW/cm?. Subsequently, the solutions were subjected into the dialysis membranes
and then incubated into PBS (5 mL, pH 7.4, 10 mM) at 37 °C with slow shaking (90 rpm). At
different time intervals, the releasing media (1 mL) was replaced with 1 mL fresh media. The
released amount of PTX was measured by using High-performance liquid chromatography

(HPLC) analysis (mobile phase: acetonitrile/H,0 (3:7, v/v).

Cellular uptake of PCL-TL-NPprxces. Cellular uptake of PCL-NPpryxces and PCL-TL-
NPprx/ces in HeL a cells was quantitatively detected using flow cytometry and CLSM. For flow
cytometry analysis, Hel.a cells were cultured into 12-well plates at 37 °C at a density of 5 x 10%
cells per well in medium (500 pL) at 37 °C in 5% CO, humidified atmosphere containing 10%
FBS and incubated for 24 h .Then the DMEM medium was removed and replaced by (500 pL)

fresh medium containing PBS PCL-NPpry/ces, ad PCL-TL-NPpryces a ([PTX] = 4.0 pg/mL
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and [Ce6] = 1.94 pug/mL) thisratio is fixed as the PCL-TL-NPprx/ces Nanoparticle was prepared.
After incubation for 4 h, the cells were subsequently irradiated by 660 nm light (80 mW/cm?) for
40 min and the cells without light irradiation were used as control. Thereafter further incubation
for 2 h, the cells were digested, collected, and then suspended in PBS to be measured by flow
cytometer.

For CLSM observation, HeLa cells were incubated with PCL-NPprxces and PCL-TL-
NPprx/ces a ([PTX] = 4.0 pg/mL and [Ce6] = 1.94 pug/mL) this ratio is fixed as the PCL-TL-
NPprx/ces NaNoparticle was prepared. After incubation for 4 h, the cells were irradiated by 660
nm light (80 mW/cm?) for 40 min and the cells without light irradiation were used as control.
After further incubation for 2 h, subsequently, the cells were washed with PBS, and the cell
nuclel were stained with DAPI for 15 min, followed by washing with PBS to remove free DAPI,
and imaging by CLSM.

Additionally, to detected the intracellular ROS production from PCL-TL-NPery;ces, HeLa cell
line were cultured in 24-well plates at 37 °C at adensity of 1 x 10° cells per well in DMEM (500
pL) at 37 °C in 5% CO, humidified atmosphere containing 10% FBS. After 24 h incubation for,
the medium was removed and add fresh medium (500 pL) containing PBS, free Ce6, PCL-TL-
NPprx/ces, @d PCL-NPpry/ces @nd incubated for 24 h at ([PTX] = 4.0 pg/mL and [Ce6] = 1.94
pg/mL) this ratio is fixed as the PCL-TL-NPprx/ces Nanoparticle was prepared. Then the ROS
detection reagent DCFH-DA (10 uM) was added and incubated for 30 min followed by light
irradiation for 40 min. Finally, the green fluorescence of oxidized DCFH-DA that can indicate

the intracellular ROS levels was monitored using fluorescence microscope and flow cytometer.

In vitro cytotoxicity. Hel.a cells were seeded into 96-well plates at a density of 1 x 10* cells per

well in (100 yL) of DMEM at 37 °C in 5% CO, humidified atmosphere containing 10% FBS.
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After incubation for 24 h, the medium was removed and add fresh medium containing free
PTX/Ce6, PCL-TL-NPce, PCL-TL-NPpryx, PCL-TL-NPprx/ces, @d PCL-NPpryjces @ various
concentrations. Following incubation for 4 h, then the partial groups were irradiated with red
light irradiated for 40 min. All the groups were subsequently incubated at 37 °C for another 44 h.
Therefore, the cell viability was determined by MTT assays. Briefly, MTT probe dissolved in
PBS (20 pL, 5 mg mL-1) was added to each well and further incubate for 4 h at 37 °C in the dark.
Next, the medium was removed and replaced by 200 pL of DMSO, and then the culture plate
was subjected to shaking for 30 min under dark environment to dissolve the formed purple
formazan crystals. Finally, the cell cytotoxicity was evaluated based on the recorded absorbance
intensity by microplate reader at 490 nm. Moreover, the values of half maximum inhibitory
levels (1Csp) were calculated using MTT results by GraphPad Prism software. The synergy
between PTX and Ce6, the combination index (Cl) of their 1Cs values was calculated according
to Chou-Talalay's isobol ographic method,* we also calculated the PTX and Ce6 combined index
(CI) values of PCL-TL-NP nanocarriers. The Equation (1) was described as follows, and the ClI

value (ClI >1), additively (Cl = 1), or synergism (Cl <1), respectively. Equation 1:

CPEi—TL—NPE-PT}{,’CEE ;CP{.'L—TI_-}TP'@FTI‘-"I:EE o IZCPL'L-TL-IEP@ETK,FC : } EC.F(.'L-TI_-N'P-@_:FTI‘-"EEE:I'

Cl= + -
Cory Cres (Coprx HCrus)

For cell live/dead studies, Hel a cells were cultured in 24-well at a density of 5 x 10* cells per
well in medium (500 pL) at 37 °C with 5% CO, humidified atmosphere contained 10% FBS.
After 24 h of incubation, the DMEM medium was removed and add fresh medium which
contained PBS, PCL-NPprx/ces, and PCL-TL-NPprx/ces @ ([PTX] = 4.0 pg/mL and [Ce6] = 1.94
pg/mL) this ratio is fixed as the PCL-TL-NPprx/ces Nanoparticle was prepared. After incubated

for 4 h, the cells were irradiated for 40 min by 660 nm light at the power of 80 mW/cm?. After
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20 h of incubation, the medium was completely removed and added PBS (100 pL) in each well.
Next, FDA solution in DMSO (1 L, 1 mg mL-Y) was then added to each well and subjected to
further incubation of 20 min at 37 °C in the dark to stain live cells. Subsequently, the medium
was aspirated and twice washed with PBS followed by adding 100 uL PBS PI solution in DM SO
(2 uL, 1 mg mL-Y) and subjected to further incubation of another 10 min to staining dead cells.
Then each well was washed twice with fresh PBS and the fluorescence microscopy images were
obtained.

For evaluation of the cell apoptosis, HeL a cells were cultured in 6-well plates at 37 °C at a
density of 1 x 10° cells per well in DMEM (500 pL) at 37 °C containing 10% FBS. After 24 h of
incubation, the medium was changed with fresh DMEM containing PBS, PCL-NPery/ces, and
PCL-TL-NPeryces @ ([PTX] = 4.0 pg/mL and [Ce6] = 1.94 pg/mL), this ratio is fixed as the
PCL-TL-NPerx/ces Nanoparticle was prepared. Next, the cells were subjected to irradiation with
660 nm light (80 mW/cm?) for 40 min after 4 h of incubation. As control the cells incubated with
PCL-NPeryjces, and PCL-TL-NPpryces Were used without light irradiation. After further
incubation for 20 h, the cells were washed by cold PBS three times, digested, collected and
stained with Annexin V/PI according to the manufacturer’s procedure. Finaly the apoptosis

evaluation was performed by flow cytometric. FlowJo software was utilized to analyze the data.

Animal tumor model. To establish the subcutaneous xenograft tumor models, H22 cells (1.5 x
106) were administered by subcutaneous injection into the right flanks of the mice. To evaluate in
vivo biodistribution by optical imaging, the mice bearing H22 tumors (~ 60 mm3) were used for
intravenously injection via tail vein with 200 yL of PCL-TL-NPpry/ces OF PCL-NPpry/ces @t @
PTX equivalent dose of 10 mg/kg and Ce6 dose of 4.85 mg/kg, thisratio isfixed as the PCL-TL-

NPprx/ces NANOparticle was prepared. The mice were anesthetized and observed via the IVIS in
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vivo Imaging System at 1, 6, 12, 24, and 48 h after injection. Moreover for the tissue
nanoparticles distribution study, the treated mice at 48 h after injection were sacrificed. The main
organs were collected for 1VIS observation including the heart, liver, spleen, lung, kidney, and

tumor.

Pharmacokinetics and biodistribution. Free PTX, PCL-NPpry/ces, @and PCL-TL-NPprx/ces (200
pL) at a PTX equivalent dose of 10 mg/kg were intravenously administrated to BALB/c mice
bearing H22 tumors. At given time intervals, blood samples from the retro-orbital mouse eyes
plexus were collected, and then was extracted with chloroform/acetonitrile (1.0 mL, 4:1, v/v) on
avortex for 5 min. The samples were then centrifuged at 10,000 x g for 10 min. Finally, HPLC
analysis was used to measure the PTX concentration in the supernatant.

To evaluate the biodistribution of the drugs in varying organs, mice bearing H22 tumors were
intravenously injected by free PTX, PCL-NPpry/ces, @d PCL-TL-NPpry/ces @ the injection
dosages of PTX 10 mg/kg. Thereafter, the main organs and tumor tissues at 48 h post-injection
were harvested, weighted, and homogenized in PBS. PTX was extracted with
chloroform/acetonitrile (4:1, v/v) and the solutions were centrifuged at 4 °C (3000 g, 10 min).
The resulting solvents were evaporated under reduced pressure and the HPL C analysis quantified

the PTX concentration by using acetonitrile/H,0 (3:7, v/v) as the elution solvent.

ROS production in tumor tissues. In order to evaluate the production of ROS in tumors using a
DCFH-DA fluorescence probe, the mice bearing H22 tumors (~ 60 mm?3) were injected
intravenously with free Ce6, PCL-TL-NPpry/ces, and PCL-NPpryjces (200 pL) at the PTX
equivalent dose of 10 mg/kg and Ce6 dose of 4.85 mg/kg, this ratio is fixed as the PCL-TL-
NPerx/ces Nanoparticle was prepared. After 24 h post-injection, the tumors were injected

intratumorally with (50 yL, 25 pyM) DCFH-DA probe , then irradiated with red light (80
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mW/cm?, 660 nm) for 40 min. The mice were sacrificed after 30 min, and the tumors were

collected for CLSM observation and sectioned into 10 pm thick slices.

In vivo antitumor efficacy. When H22 tumors reached ~ 60 mm3, the mice bearing H22 tumors
were spontaneously divided into 7 groups (PBS, free PTX, free Ce6, PCL-TL-NPprx/ces, PCL-
NPprx/ces) @ the PTX equivalent dose of 2.5 mg/kg and Ce6 dose of 1.21 mg/kg. The samples
(200 pL) were intravenoudly injected at day 1, 3, and 5, respectively, this ratio is fixed as the
PCL-TL-NPerx/ces Nanoparticle was prepared. After 24 h post injection, Ce6, PCL-NPpry/ces, and
PCL-TL-NPerx/ces groups received light irradiation (40 min, 660 nm, 80 mW/cm?), and without
light irradiation were used as controls. Besides, the tumor growth rate was monitored by
measuring the perpendicular diameter using calipers, and volume of the individual tumor was
calculated by the following equation: tumor volume = (length x width?)/2. At the end of the
treatment, the mice were sacrificed, and the major organs (heart, liver, spleen, lung, and kidney)
and tumors were excised for histological examination by standard the hematoxylin and eosin

(H&E) staining.

Statistical analysis. All the data were provided as the mean + SD. Assignments to treatments
and selections of fields of microscopic inspection were produced at random. The statistical
significance of distinct groups was evaluated using a Student’s t-test and in al anaysis the p

values < 0.05 were considered statistically significant.

RESULTS AND DISCUSSION
Polymers synthesis and nanoparticle preparation. We designed two block copolymers for
nanoparticle preparation, the TL-linked amphiphilic diblock copolymer, PCL-TL-PDMA, with a

longer chain of PDMA as the hydrophilic segment, and the block copolymer, PCL-PGEMA,
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with arelatively shorter PGEMA chain (Scheme S1). To prepare the block copolymer, PCL-TL-
PDMA, TL was first reacted with PETTC via esterification reaction to obtain RAFT-TL. The
preparation of RAFT-TL was fully characterized by TH NMR, 13C NMR, and ESI-MS (Figures
1A, S1, and S2). RAFT-TL was used as the RAFT agent to polymerize DMA monomer for the
synthesis of PDMA-RAFT-TL with DP of 72 as showed by *H NMR analysis and distribution of
low molecular weight (M,/M,, = 1.13) as evidenced by gel permeation chromatography (GPC)
analysis (Figures 1E and S3). Subsequently, PDMA-RAFT-TL was used as ring-opening
polymerization (ROP) macro-initiator of CL by using of Sn(Oct), as the catalyst. The block
copolymer, PCL-TL-PDMA, was finally obtained. The DP of PCL was calculated to be 135 by
IH NMR analysis via comparison of methyl groups (b, 2.8 ppm) in PDMA and methylene groups
next to ester the bonds (a, 4.1 ppm) (Figure 1B, E) and the block copolymer was denoted as
PCL135-TL-PDMA,,. GPC traces of PDMA-TL-PCL showed a narrow molecular weight
distribution with M,,/M,, of 1.2. Next, the bock copolymer, PCL-PGEMA, was also synthesized
by using PCLg-RAFT to perform RAFT polymerization of GEMA in DMSO, and the actual DP
of PGEMA segment was calculated to be 38 (Figures 1D and S4), the obtained copolymer was
abbreviated as PCL g,-PGEMA 3. As a control, we also synthesized the block copolymer, PCL 157-
PDMA 7o, with the ROS-nonresponsive linkage (Figures 1C and S4).

Subsequently, the obtained amphiphilic block polymers, PCL-TL-PDMA and PCL-PGEMA,
were utilized to self-assemble into nanoparticles for encapsulation of PTX and Ce6 via the
nanoprecipitation method. The different mixtures of PCL-TL-PDMA and PCL-PGEMA with the
varying weight ratios of them were optimized for preparation of the nanoparticles and
encapsulation of PTX and Ce6. The optimized PCL-TL-PDMA to PCL-PGEMA weight ratio of

5:2 was used to obtain the nanoparticles with the diameter of 90 + 5 and size distribution of 0.15
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(Figure 1F). The loading capacities of Ce6 and PTX in the nanoparticles were determined to be
6.8 + 0.31% and 3.3 + 0.01, respectively. The nanoparticles were denoted as PCL-TL-NPery/ces.
The TEM images showed an average diameter size of 70 + 8 nm with a spherical structure
(Figure 1G). Meanwhile, the PTX and Ce6-coloaded nonresponsive nanoparticles from the
polymer mixture of PCL-PDMA and PCL-PGEMA with the weight ratio of 5:2 were aso
formed with the PTX and Ce6 loading capacities of 6.6 £ 0.26% and 3.2 + 0.89%, respectively,
which was denoted as PCL-NPprx/ces and used as the control.

To evauate the ROS generation of PCL-TL-NPerx/ces Upon light irradiation, DPA was used
as the probe to determine the amount of produced ROS. As shown in Figure 2A, the intensity of
DPA fluorescence was stable without light irradiation of the nanoparticles. In sharp contrast, the
DPA fluorescence at 400 nm decreased quickly upon red light irradiation indicating the

production of singlet oxygen upon light irradiation.
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Figure 1. IH NMR spectra recorded for (A) macroRAFT-TL in CDCls, (B) PCL135-TL-PDMA,
in CDCl3, (C) PCL13-PDMA in CDCl3, and (D) PCLg,-PGEMA33 in DMSO-ds. (E) GPC
traces obtained for PDMA;,-TL (M;, gpc = 7100, M,,/M,, = 1.13) and PCL 135-TL-PDMA,, (M,, =
19200, M,,/M,, = 1.20). (F) Nanoparticle size distribution of PCL-TL-NPery/ces by DLS analysis,
and (G) TEM image of PCL-TL-NPerx/ces after staining with uranyl acetate.
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In addition, singlet oxygen produced by photosensitizer under light irradiation can efficiently
cleave TL moieties.*>4” To confirm that the cleavage of PCL-TL-PDMA can be achieved by the
produced singlet oxygen, we encapsulated Ce6 into PCL-TL-PDMA micellar nanoparticles with
the loading capacity of 3.6 £ 0.11% and the light irradiation was performed at the density of 80
mW/cm?. The nanoparticle solutions after light irradiation were taken out and freeze-dried for
GPC measurement. As shown in Figure 2B, PCL-TL-PDMA exhibited elution volume peak at
15.2 min. Under 660 nm light irradiation, the peak at 16.5 min corresponding to PDMA appeared
and increased as an irradiation time feature. As shown in Figure 2C, the cleavage of PCL-TL-
PDMA isrelatively rapid in the first 20 min with the ratio of 29% and increased gradually from
29% to more than 40% under continuous irradiation. In contrast, there was no degradation
observed in the absence of light irradiation. The results confirmed that the PDMA deshielding of
PCL-TL-PDMA-NPc was effectively accomplished under light irradiation due to the
photoinduced cleavage of TL linkages.

We further investigated the property changes of PCL-NPpryices and PCL-TL-NPprx/ces
including size, morphology, zeta potential, and stability with or without 660 nm red light
irradiation. As shown in Figures 2D, S5 and S6, size and size distribution measurements by
DLS aswell as TEM observation for PCL-TL-NPery/ces @and PCL-NPprx;ces With or without light
irradiation were performed. DLS result showed an average size of PCL-TL-NPpry,ces decreased
from 90 £ 5 nm to 73 = 3 nm with light irradiation for 120 min while the variation of PCL-
NPesrx/ces Size cannot be observed even after 120 min irradiation. The size decrease of PCL-TL-
NPprx/ces Under light irradiation is presumably attributed to the partial cleavage of PDMA shells
after irradiation. Additionaly, the influence of H,O, on PCL-TL-NPegry/ces Structure was also

shown in Figure S5, the average diameter of nanoparticle treated with 100 uM H,0, exhibited
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no obvious change within 24 h, which should be attributed to very slow cleavage of PDMA
under the low H,0O, concentration. TEM images for both nanoparticles before and after light
irradiation showed no obvious change Figure S6. Presumably, TEM results were observed after
the cleavage of PDMA from the nanoparticles, which did not affect their morphologies because
the left PDMA and PGEMA shells can stabilize the nanoparticles well without obvious
aggregation. These results suggested that the ROS produced within the core of the nanoparticle
can effectively cleave the thioketal linker of PCL-TL-NP. Moreover, when PCL-NPprx/ces OF
PCL-TL-NPerx/ces Was subjected to light irradiation for various time, the zeta potentials of PCL-
NPprx/ces With or without light irradiation maintained constant (Figures 2E and S7). By contrast,
the zeta potentials of PCL-TL-NPpry/ces increased from 1.8 mV to 13 mV, which can also be
attributed to the release of the PDMA from the nanocarriers and exposure of positively charged

PGEMA shells (Figure 2E).
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Figure 2. (A) Singlet oxygen generation test of PCL-TL-NPprx/ces in the presence of DPA with
or without light irradiation of 660 nm at 80 mW/cm? for various times. (B) GPC traces of PCL-
TL-NPc With light irradiation for 40, 80, and 120 min. (C) Time-dependent PDMA release
from PCL-TL-NPc With or without light irradiation. (D) The particle size distribution with or
without light irradiation. (E) Zeta potential of PCL-NPpry/ces OF PCL-TL-NPpry ces after light
irradiation for different time. Mean £ SD, n = 3. (F) Cumulative PTX release profiles of PCL-
TL-NPery/ces @nd PCL-NPprx/ces With or without 660 nm light irradiation. Mean = SD, n=3.

Additionally, PTX release profiles from the PCL-NPpryxces and PCL-TL-NPpry/ces
nanocarriers with or without light irradiation were further evaluated. As shown in Figure 2F,
only ~ 23% of PTX released from PCL-NPpry;ces and PCL-NPpry ces groups at 24 h regardless of
irradiation. In contrast, light-boosted PTX release from PCL-TL-NPesryces (+L) can be observed
with nearly 70% release at 24 h, which reflected faster release compared to PCL-TL-NPprx/ces
without light irradiation. The fast drug release under light irradiation is presumably attributed to
disturbance of singlet oxygen production and PDMA cleavage. Collectively, under 660 nm light
irradiation, PCL-TL-NPprx/ces Nanoparticles showed effective ROS production which further

triggered partial PDMA release and accelerated drug rel ease.

Cellular uptake and intracellular ROS generation. To evaluate the stability of PCL-TL-
NPprx/ces 1N Cell culture medium, DLS analysis was carried out to monitor the size of the
nanoparticles after incubation in PBS solution containing 10% FBS. The average size of the
nanoparticles remained unchanged up to 72 h of incubation at 37 °C (Figure S8), which
suggested that the long PDMA chains were able to stabilize PCL-TL-NPprx/ces a@voiding
significant protein adsorption. Notably, deshielding PDMA shells from PCL-TL-NPpry/ces WaS

expected to enhance the cellular internalization.
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Flow cytometry analysis was adapted to evaluate the internalization of PCL-TL-NPpry/ces iN
HelLacell line. The HelLa cells incubated with PCL-TL-NPpry,ces Under light irradiation (+L) the
fluorescence intensities were much stronger than those without light irradiation at 4 h (Figure
3A). The cellular uptake efficiency wasincreased 2.1 folds with light irradiation. By comparison,
the cells treated with PCL-NPpryx/ces (+L) did not showed an obvious increase in the fluorescence
intensity. Therefore, the enhanced intracellular fluorescence of PCL-TL-NPprx/ces (+L) should
be due to the fact that partial PDMA shells were efficiently deshielded from PCL-TL-NPprx/ces
under light irradiation for exposure of PGEMA as the cell-penetrating moieties.* In addition,
CLSM observation was further used to investigate the intracellular distribution upon light
irradiation. As observed in Figure S9, the cellular uptake of PCL-NPpry/ces Was not influenced
by light irradiation. Much higher intracellular green fluorescence for PCL-TL-NPprx/ces With
light irradiation for 40 min was obviously noted compared to cells treated by PCL-TL-NPprx/ces
without light irradiation (Figure 3B, C), which was in lines with the flow cytometry analysis
results. Next, we visualized intracellular ROS generation in HelLa cells after incubation with
PCL-NPepry/ces and PCL-TL-NPprxces by using DCFH-DA as the probe that can be oxidized
rapidly to DCFH by intracellular ROS to emit green fluorescence which can be used to quantify
ROS.*® As demonstrated in Figure 3D, week fluorescence was noted when the cells were treated
with PCL-NPpryces O PCL-TL-NPeryjces Without light irradiation. However, the DCF
fluorescence signals in cells treated with free Ce6, PCL-NPprx/ces, and PCL-TL-NPpryces
nanocarriers at 4 h after irradiation were significantly enhanced, confirming significantly
increased production of ROS inside cells under light irradiation due the presence of Ce6.
Moreover, when the cells were cultured with PCL-TL-NPprx/ces Under light irradiation, HelL a

cells showed more intense green fluorescence. We also determined the mean fluorescence
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intensity of ROS levels quantitatively by using flow cytometry (Figure S10). The ROS levelsin

PCL-TL-NPery ces treated cells displayed a considerably greater induction effect on the ROS

oNOYTULT D WN =

generation after irradiation by 660 nm light as compared with other groups, which was likely due
10 to the fact that the cleavage of PDMA shells on PCL-TL-NPprxces (+L) enhanced the cellular

uptake efficiency and improved intracellular ROS generation.
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51 Figure 3. (A) Cellular uptake of Hel a cells by flow cytometry analysis after treatment by PBS,
32 PCL-NPerx/ces and PCL-TL-NPpry/ces a the PTX concentration of 4.0 pg/mL and Ce6 of 1.94
54 pg/mL with or without light irradiation followed by incubation for 4 h. (B, C) Celular uptake
56 observation by CLSM of Hela cells after treatment by PCL-TL-NPerxces (-L) and (+L)
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followed by further incubation for 4 h. Cell nuclel were counterstained with DAPI (blue). The
scale bar is 20 uym. (D) Intracellular ROS level in Hel a cells after treatment by PBS, free Ce6,
PCL-NPceg/pr, and PCL-TL-NPpry,ces With or without light irradiation by using DCFH-DA asthe
probe. Scale bar is 20 pm.

In vitro cytotoxicity. In order to evaluate the cytotoxicity of the nanoparticles against Hel.a cell
line, MTT essay, live/dead essay, and flow cytometry anaysis were performed respectively.
Briefly, HeLa cells were incubated with varying concentrations of free PTX/Ce6, PCL-TL-
NPces, PCL-TL-NPprx, PCL-NPprx/ces, OF PCL-TL-NPprx/ces With or without light irradiation.
From the cell viability in Figure S11, it was observed that the combined treatment by free
PTX/Ce6 showed dlightly higher cytotoxicity under light irradiation with 1C50 of 2.6 pg/mL
PTX at the corresponding Ce6 concentration of 1.26 pg/mL as compared with that of 3.2 pg/mL
PTX without light. Moreover, as shown in Figure 4A, athough it was observed that PCL-
NPesrx/ces demonstrated a moderate cell killing efficacy, the red light irradiation did not show
much difference with the comparable 1C50 values of 5.2 pg/mL (+L) and 5.9 ug/mL (-L) PTX,
which could be due to relatively low cellular internalization and light-nonresponsive properties
of the nanoparticles. In a sharp contrast, the irradiation showed great potential to improve the
cell cytotoxicity of PCL-TL-NPpry/ces With 1C50 of 2.3 pg/mL PTX at the corresponding Ceb
concentration of 1.12 pg/mL, which was 2.56 folds lower than the treatment without light and
significantly lower than any other cytotoxicity efficacy among the evaluated formulations
(Figure 4B). The highest cytotoxicity of PCL-TL-NPerxces Under light irradiation can be
presumably elucidated by the fact that the encapsulated Ce6 can be excited to generate ROS for

PDT and also cleavage of the thioketal linkers for cellular uptake and PTX release.
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Nevertheless, in Figure S12, the treatment with TL-linked nanoparticles either loading only
Ceb or PTX (PCL-TL-NPce or PCL-TL-NPgrx) in the presence of light irradiation showed
relatively low cytotoxicity with 1C50 of 3.1 pg/mL Ce6 and 6.4 ug/mL PTX, respectively, which
suggested the significance of combined therapy. Subsequently, the synergism behavior of PTX
and Ceb6 in PCL-TL-NPpry,ces Was evaluated by calculation of combination index (CI) of their
ICso values according to Chou-Talalay’s isobolographic method based on the Equation 1.464°
From Figure 4C, it was observed that the Cl value was significantly improved with the
increasing of both Ce6 and PTX concentrations during treatment. Specifically, the calculated CI
in the range between 0.93 and 0.15 for al fraction affected suggested a strong degree of
synergism between PTX and Ce6. Therefore, the observed high cell killing capability for PCL-
TL-NPeryices  UNder light irradiation can also be elucidated by the strong synergistic effect
between the integrated PTX and Ce6 to achieve pronounced cytotoxicity against HeLa cells.

Next, after treatment of HelLa cells with PCL-NPprx/ces, and PCL-TL-NPprx/ces With Or
without light irradiation at the PTX equivalent concentration of 4.0 pg/mL and Ce6 of 1.94
pg/mL, live/dead assay was further performed by FDA and Pl co-staining cells to evaluate live
(green) and dead cells (red), respectively. From Figure 4D, it was observed that at 24 h after
light irradiation, PCL-NPegry/ces €Xhibited slightly increased ratio of dead cells compared to that
without light. By contrast, PCL-TL-NPegryx/ces Showed remarkably increased red area than that

without light irradiation, which was in good agreement with the MTT outcomes and further

confirmed the high cytotoxicity results of PCL-TL-NPpyx/ces (+L).
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Figure 4. (A, B) Cytotoxicity in HelLa cells after treatment by PCL-NPpry/ces OF PCL-TL-
NPerx/ces With or without light irradiation at different concentrations of PTX and Ce6. Mean +
SD, n = 4. (C) The combined index (Cl) synergy trends with various ratiometric mixtures of
PTX and Ce6 for PCL-TL-NPprx/ces (+L). (D) Live and dead staining images of HeL a cells at 24
h after incubation with PCL-NPepry/ces OF PCL-TL-NPprx/ces With or without light irradiation at
the PTX equivaent concentration of 4.0pg/mL and Ce6 of 1.94 pg/mL. Scale bar represents 20
pum. (E) Cell apoptosis analysis of HelLa cells by flow cytometer after incubation with PCL-
NPprx/ces OF PCL-TL-NPpry/ces With or without light irradiation at the equivalent concentration
of 4.0ug/mL PTX and 1.94 pg/mL Ce6.
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Moreover, we further evaluated the cell apoptosis by staining Hel a cells with Annexin
V/propidium iodide (Pl) assay and flow cytometer analysis after treating with PCL-NPpry/ces, OF
PCL-TL-NPeryces With or without light irradiation at the PTX equivalent concentration of 4.0
pg/mL and Ce6 of 1.94 ug/mL (Figure 4E). It was observed that PCL-NPpry,ces and PCL-TL-
NPprx/ces Without light irradiation induced comparable apoptosis of 11.2% and 12.8%,
respectively, against Hel a cells. However, when the HelLa cells were treated with PCL-NPpry/ces
(+L), the apoptotic cells levels were modestly raised to 17%. Notably, the cells treated with PCL-
TL-NPery/ces (+L) induced 24.5% cell apoptosis, which was determined to be the highest cellular
apoptotic rate. In overall, the cytotoxicity evaluation validated that the synergistic effect of PCL-
TL-NPery/ces NANocarriers can induce significantly enhanced cancer cell killing efficacy due to

more effective cell uptake and synergistic effect of PDT and chemotherapy inside cells.

In vivo biodistribution and ROS production. Female BALB/c mice bearing H22 model (~ 60
mm?q) were used to evaluate biodistribution and intratumor ROS level after intravenous injection
of PCL-NPpryces OF PCL-TL-NPprx/ces UPON exposure to light irradiation. Briefly, the
nanoparticles were intravenously injected via the tail vain. Given that the nanoparticles can emit
fluorescence due to the loaded Ce6 photosensitizer, the biodistribution was monitored by using
IVIS imaging system at predetermined time intervals of 1, 6, 12, 24, or 48 h, respectively, post
injection. As observed in Figure 5A, the comparable fluorescence intensity of Ce6 at the tumor
site for either PCL-TL-NPprx/ces O PCL-TL-NPery/ces treated groups were time-dependent and
gradually increased to the highest intensity at 12 h post-injection. In addition, the detectable
amount of fluorescence was still available even at 48 h post-injection, which showed that the

nanoparticles could accumulate efficiently at the tumor site via EPR effect with a prolonged
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bioavailability. Subsequently, the mice were sacrificed at 48 h after the post-injection, followed
by collecting the major organs and tumor tissues for fluorescence imaging (Figure S13A, B).
Although quantifiable amount of Ce6 fluorescence can still be detected at 48 h in major organs
such as kidney and liver, the significantly enhanced accumulation of PCL-TL-NPpry/ces in the
tumor was observed which is ~1.5-fold more than the fluorescence intensity in liver and ~ 2-fold
in kidney.

Furthermore, to evaluate the blood circulation of free PTX, PCL-NPprx/ces, and PCL-TL-
NPprx/ces, H22 tumor-bearing BALB/c mice were administered intravenously via the tail vein
with free PTX, PCL-NPprx/ces, OF PCL-TL-NPprx/ces, @ @ PTX-equivalent dose of 10 mg/kg.
The blood samples were collected at specified post-injection time intervals, and PTX levels were
calculated as a function of time using HPLC. From Figure 5B, it was clearly observed that PCL -
NPprx/ces @and PCL-TL-NPery/ces €Xhibited similar blood circulation curves with considerably
long circulation time compared to free PTX. Additionally, the accumulation of both PCL-
NPprx/ces @and PCL-TL-NPepryx/ces iN the magor organs such as heart, liver, spleen, lung, and
kidney as well as in the tumor at 48 h post injection also showed similar bioavailability for PTX
(Figure 5C), likely due to the similar physicochemical properties of both nanoparticles. Overall,
PCL-TL-NPerx/ces With the coverage of long hydrophilic PDMA shells could prolong circulation
in the blood stream and accumulate in tumor tissues, which can potentiate therapeutic effects

through synergistic combination of PDT and chemotherapy.
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Figure 5. (A) In vivo biodistribution analysis by 1VIS imaging of H22 tumor-bearing mice after
the intravenous injection of PCL-NPpry/ces @and PCL-TL-NPery/ces at Various predetermined post
injection time periods. (B) Blood circulation evaluation by plasma PTX concentration versus
time courses after free PTX, PCL-TL-NPpry/ces, and PCL-TL-NPery ces iNjection intravenously.
Mean £ SD, n = 3. (C) Quantification of the PTX concentrations in major organs at 48 h post-
injection. Mean + SD, n = 3. *p < 0.05. Ns means no significant. (D) Intratumor ROS levels after
intravenous injection of various formulations by fluorescence images of H22 tumor sections at
24 h. The scale bar is 20 um.

To investigate the ROS production in the tumor tissues, injection of BALB/c mice bearing
H22 tumor model with free Ce6, PCL-NPprx/ces, OF PCL-TL-NPpry/ces, fOllOwed by intratumoral
injection of DCFH-DA ROS probe and light irradiation for 40 min. Subsequently, mice were

euthanized and tumor sections were collected for ROS generation evaluation based on the
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intensity of green fluorescence emitted by the oxidized DCFH-DA product. From Figure 5D,
relatively low fluorescence intensity was observed when mice were treated with PCL-NPeryces,
PCL-TL-NPery/ces OF Ceb without light irradiation, which can be attributed to the intrinsic and
heterogeneoudly distributed ROS (e.g., H,O,) level in tumor tissue.>%51 Moreover, the treatment
with free Ce6 and PCL-NPery ces Under light irradiation showed low green fluorescence intensity
which can be possibly explained by inefficient accumulation of free Ce6 and impaired release of
loaded materials for PCL-NPgryjces @ the tumor site, respectively. In sharp contrast, PCL-
NPprx/ces (L) and PCL-TL-NPeryices (+L) were exhibited strong fluorescence intensity as
compared with free Ce6 (+L), owing to their efficient tumor accumulation. Therefore, it was
demonstrated that PCL-TL-NPery/ces Can generate high amount of ROS which can trigger
PDMA release and accelerate PTX release at the tumor site when exposed to the 660 nm red

light.

In vivo antitumor efficacy. Encouraged by the observed enhanced cell killing efficacy of PCL-
TL-NPery/ces (L) from in vitro results and improved tumor accumulation, we then performed
the in vivo antitumor investigation of PCL-TL-NPprx/ces 10 evaluate the advantages of our
designed nanocarriers. Briefly, BALB/c mice bearing H22 tumor model (~ 60 mm3) were
blindfolded divided into 7 treatment groups which are PBS, free Ce6 (+L), free PTX, PCL-
NPeryx/ces (-L), PCL-TL-NPery/ces (-L), PCL-NPery/ces (+L), or PCL-TL-NPpry/ces (+L) at PTX-
equivalent doses of 2.5 mg/kg and Ce6 of 1.21 mg/kg via i.v. injection. After 24 h post
administration, the tumor site was irradiated for 40 min by 660 nm red light at a power density of
80 mW/cm?, and then the tumor growth was monitored. We chose 40 min irradiation due to our
preliminary experiment results as shown in Figure 2C. The cleavage of PDMA is more than

40% under continuous irradiation of 40 min, which can significantly enhance the cellular uptake
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and subsequently boosts effective drug release. From Figure 6A, B, it was observed that the
treatment with PCL-TL-NPprxices and PCL-NPeryices Without light irradiation showed
comparable tumor growth inhibition effect with 13.2-fold and 11.6-fold tumor size increase,
respectively. In comparison to the PCL-NPpryx/ces (L+)-treated group which showed mild tumor
growth inhibition with 11.8-fold tumor size increase at day 21, PCL-TL-NPprx/ces (+L) exhibited
the highest tumor growth inhibition rate with only 2.1-fold tumor size increase at day 21 post
treatment, which was also supported by ex vivo tumor weigh evaluation and tumor digital images
(Figure 6B, D). The remarkably improved anticancer efficacy of PCL-TL-NPpry/ces (+L) Was
possibly due to the synergistic effect of photoinduced improved intracellular drug delivery and
combined photodynamic and chemo-therapy.

Although the mice body weight monitoring during treatment didn’t show obvious change for
all formulations used, suggesting low side toxicity of these treatments (Figure 6C), the
histological analysis of the tumor sections stained by H& E showed the greatest level of tumor
tissue damage after treatment with PCL-TL-NPeryices (+L) (Figure 6E). Additionally, the
histologic images of magor organs analyzed by H&E staining also did not show obvious
biological toxicity on the heart, liver, spleen, lung and kidney, for PCL-TL-NPprx/ces With or
without light irradiation treated groups, further confirming low side toxicity of PCL-TL-
NPprx/ces (Figure S14). Collectively, in vivo results showed that PCL-TL-NPpry/ces (L) can
achieve superior anticancer efficacy without high side effects through synergistically combined

PDT with chemotherapy.
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Figure 6. (A) H22 tumors growth curves of the mice treated with various formulations at a PTX
equivalent dose of 2.5 mg/kg or a Ce6 dose of 1.21 mg/kg with 40 min light irradiation (660 nm,
80 mW/cm?) or without light (mean + SD, n = 5). (B) Tumor weights at the end of the
treatments. (C) Body weight monitoring of the mice that received treatments with various
formulations. (D) Photographs of the tumors at day 21 post treatment. (E) H& E staining analysis

of the tumor tissues after various treatments. The scale bar is 20 pm. ***p < 0.005.

CONCLUSIONS

In conclusion, we designed a unique type of ROS-responsive nanocarriers that co-
encapsulated PTX and Ce6. Under light irradiation, PCL-TL-NPgrx/ces Nanocarriers were able to
efficiently produce ROS from the encapsulated Ce6, which led to the cleavage of thioketal
linkers. Subsequently, the PDMA shells were partially deshielded from PCL-TL-NPery/ces,

which resulted in exposure of cell-penetrating moieties of PGEMA and enhancement of the
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cellular uptake. Moreover, PCL-TL-NPprx/ces Showed significant synergistic effects on cell
killing ability by PDT and chemotherapy under light irradiation. The in vivo results showed that
PCL-TL-NPery/ces (+L) efficiently inhibited H22 tumor growth. Therefore, all these results
suggested that PCL-TL-NPegry/ces Nanocarriers could be used as novel nanocarriers for the
combined of PDT and chemotherapy through photoinduced enhancement of cellular

internalization and drug release.
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