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Nanocarriers have been extensively explored for cancer drug delivery with their ability to respond to cancer heterogeneity
which is recently recognized as a critical door way to a high therapeutic index. We proposed to develop a polycaprolactone
bearing acid-labile B-carboxylic amides segments with charge reversal property, which was coupled to mPEG with thioether as a
linker. The linker could respond to overproduced reactive oxygen species (ROS) of cancer cells (ROS, e.g., perhaps more than
one order of magnitude higher than healthy cells). This tailor-made surface charged nanoparticles (NPs) exhibited a capacity of
reversing its surface charge from negative to positive at tumor extracellular environment (pH ~ 6.8) for enhancing cell
internalization and an ability of response to the tumor ROS heterogeneity at the tumor intracellular environment to accelerate
the release of drug from NPs. The in vitro release studies showed that DOX release was greatly accelerated under the
intracellular prevailing ROS (hydrogen peroxide (H,0,) simulating the oxidative stress). Cell uptake showed that the NPs could
be more effectively internalized at pH 6.8 (simulating tumor extracellular condition) than at pH 7.4. The MTT assay
demonstrated that the DOX loaded NPs showed significant cytotoxicity to HepG2 cancer cells while no influence on the L02
normall cells. These ROS sensitive and surface charged NPs with superior cell internalization ability and rapid intracellular drug
release provided a novel platform for tumor-targeting drug delivery.

Introduction

Nanocarriers fabricated from amphiphilic copolymers have been extensively explored for cancer drug delivery to increase the
solubility of the drug in water and tumor accumulation by mean of its enhanced permeation and retention effect.” However,
one practical challenge of nanoparticles (NPs) was their poor cellular uptake and the unsatisfactory intracellular drug release
which always hampered the efficacy of cancer chemotherapy.&11 To overcome these limitations, environment-responsive
nanocarriers have been attempted to improve the drug bioavailability.lz'15 Their ability of responding to cancer heterogeneity
was recently recognized as a critical doorway to a high therapeutic index.’**® Cancer cells were reported to overproduce
reactive oxygen species (ROS) and thus under increased oxidative stress.”*? These cells may exist in different tumors, but may
also coexist in different regions in one tumor, and even one tumor cell at different stages may have different ROS levels. ROS
heterogeneity sensitivity is one of the promising internal stimuli interesting for biomedical applications, due to the existence of
a high ROS difference between the mildly oxidizing extracellular space and the reducing intracellular space.u’ 2 50 the
intracellular drug release could be enhanced using ROS bio-responsive biodegradable NPs. Thioethers have a characteristic of
ROS response due to the changes from hydrophobic to hydrophilic under ROS environment then triggering hydrolysis of phenol
ester linked with thioether.?

However, those responsive delivery systems only utilize ROS-triggered drug release acceleration at the tumor cells, and the
enhancement of the cell internalization was rarely involved.”>?® Cellular uptake is directly related to the interactions between
NPs and biological environment which depends on the physicochemical properties of surface charge.zg_32 Neutral and negatively
charged NPs were adsorbed less on cell membranes and consequently exhibited lower internalization extent comparing to
positively charged NPs.**%7 But the positively charged NPs showed strong interaction with bovine serum albumin protein which
caused severe aggregation and rapidly clearance from circulation.®®***° In order to balance this contradiction, pH-dependent
charge conversion which was triggered by the unique tumor extracellular pH (extracellular environment pH 6.5 - 7.2,
physiological conditions pH 7.4) has been proved to be a very efficient strategy for the improved drug delivery.‘u’43 Kataoka
reported some smart carriers that were negatively charged under physiological conditions and positively charged at endosomal
pH values.*¥ Wang Jun reported a tumor-acidity activated charge-conversional nanogel that could be transformed from a
negatively charged form into a positively charged form. The conversion enhanced the cellular uptake of the nanogel and
promoted the cargo release, which led to remarkably enhanced efficiency in killing cancer cells.”” These studies have
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demonstrated the feasibility of the tumoral extracellular acidity activated charge-reversal strategy. Those charge-reversal
delivery systems which were only response to the extracellular pH condition cannot efficiently release the drug from carriers in
intracellular environment. Furthermore, most of the charge-conversional nanomedicines studied previously were limited to
using B-carboxylic acid groups to reversibly mask the primary and secondary amine groups of cationic polymers, such as
poly(ethylene imine) and polylysine. Unfortunately, the in vivo applications of these polycations were greatly limited due to
their high cytotoxicity to cells.” As one of the most widely used biopolymers for drug delivery, PEG-b-PCL has excellent
biocompatibility. However, to the best of our knowledge, very few studies have been carried out to introduce a pH-sensitive
charge-conversion function to PEG-b-PCL Nps. >0 5152

In this paper, we reported a novel design and preparation of degradable NPs based on ROS sensitive thioether-linked PEG-b-PCL
containing pH-sensitive charge-conversional pendants to enhance cell uptake. As shown in Scheme 1, the acid-labile B-
carboxylic amides in the block copolymers provided the pH-dependent charge-conversional feature to the NPs which resulted in
the transform surface charge of the NPs depending on the environment acidity. Meantime ROS sensitive linkers of those NPs
preferentially degraded at ROS heterogeneity of cancer cells leading to an efficiency intracellular drug release. Here, the
charge-reversal and ROS sensitive NPs were prepared and the charge-reversal behavior of the NPs, DOX loading, ROS-
responsive release of DOX, as well as anti-tumor activity of DOX-loaded NPs were investigated.
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Scheme 1 lllustration of charge-conversional behavior and ROS-sensitivity of mPEG-ros-P(CL-co-DCL) NPs for active loading and

triggered release of DOX by intracellular ROS.

Experimental

Materials

y-( carbamic acid tert-butyl ester)-e-caprolactone (CATCL) and mPEG-MAA-EDT-MAA were synthesized according to a previous
method and detail information was given in supporting information*” > Methoxy poly (ethylene glycol) (mPEG,
Mn:5.0><103g/mol), stannous octoate (Sn(Oct),), e-caprolactone (e-CL), and phenylcarbinol were used as received from Sigma-
Aldrich (Milwaukee, USA). Methacryloyl chloride, trifluoroacetic acid (TFA), p-hydroxy benzaldehyde (Hy), phenylcarbinol (PA),
2-aminoethanethiol hydrochloride, 2,3-Dimethylmaleic anhydride (DMMA) and 1,2-Ethanedithiol (EDT) were purchased from
GL Biochem (Shanghai) Ltd. Tetrahydrofuran (THF) and triethylamine were dried by refluxing over Na metal under an argon
atmosphere and distilled immediately before use. Dichloromethane (DCM) was purified by vacuum distillation with CaH,. 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma-Aldrich. Doxorubicin
hydrochloride (DOX'HCI) was purchased from Wuhan Hezhong Biochemical in manufacturing co.,Ltd.

Dulbecco’s modified Eagle’s medium (DMEM), Opti-MEM and bovine serum (FBS) were purchased from Invitrogen Corporation
(Carlsbad, CA). Dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich.

HepG2 and LO2 cells were purchased from American Type Culture Collection (ATCC; Manassas, VA). Cell culture medium and
fetal bovine serum were from Wisentinc (Multicell, Wisentlnc., St. Bruno, Quebec, Canada). HepG2 and LO2 cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum and 1% antibiotic solution. All cells
were cultured in a humidified atmosphere containing 5 % CO, at 37 2C.

Measurments

'H-NMR spectra were recorded on a Varian Inova 500 spectrometer operating at 500 MHz (Varian Inc., Palo Alto, USA) using
CDCl; as a solvent and tetramethylsilane (TMS) as the internal standard. The number-average molecular weight (M,) and
polydispersity index (M,,/M,) of copolymers were determined by gel permeation chromatography (GPC) using a Malvern
Viscotek GPC max system which was equipped with a porous styrene divinylbenzene copolymer-based column (CLM3009,
T6000M, General Mixed, Org 300 x 7.8 mm). THF was used as the eluting solvent with a flow rate of 1 mL/min and polystyrene
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was used as standard for calibration. The size and size distribution (PDI) of NPs were performed using a laser particle size
analyzer (zetasizer Nano, Malvern, UK) at a wavelength of 633 nm with a constant angle of 173 °C. The diameter of NPs was
received from the average of three measurement results. Morphologies of NPs were observed under a Hitachi H600
transmission electron microscopy (TEM) system at an operated voltage of 75 kV. For TEM measurement, the sample was
prepared by adding a drop of NPs solution onto the copper grid, and then the sample was air-dried and measured at room
temperature. MALDI-TOF MS was prepared by saturating a-Cyano-4-hydroxycinnamic acid (CHCA) in solution contains 50%
(v/v) acetonitrile. A 5 ul aliquot of 0.5 mg/ml sample was mixed with 20 ul of matrix, 1 pul solution was plated onto a 96 spot
target plate. MALDI-TOF MS spectra were acquired on a Microflex LT system (Bruker Corporation, Billerica, MA) with 50% laser
intensity using standard LP (linear positive) provided by the software.

Synthesis of mPEG-MAA-EDT-MAA-Hy

The mPEG-MAA-EDT-MAA-Hy was prepared via esterification reaction of mPEG-MAA-EDT-MAA with Hy in the presence of
DCC/DMAP. Typically, to a solution of mPEG-MAA-EDT-MAA (0.3 g, 0.06 mmol) in 10 mL of dried DCM was added p-hydroxy
benzaldenyde (0.07 g, 0.6 mmol), DCC (0.12 g, 0.6 mmol) and DMAP (0.0054 g, 0.02 mmol). The solution was kept at room
temperature under stirring for 24 h. The resulting mixture was filtered and the filtrate was concentrated by vacuum rotary
evaporation then precipitated with excess diethyl. The product was collected by filtration then dried in vaccumn for 24 h at
room temperature. Yield: 93 %.

Synthesis of mMPEG-MAA-EDT-MAA-Hy-Cys

In a typical example, under a nitrogen atmosphere, a stirred solution of mPEG-MAA-EDT-MAA-Hy (0.3 g, 0.06 mmol) in DMF (25
mL) was added dropwise a solution of cysteamine hydrochloride (0.05 g, 0.06 mmol) in DMF (10 mL). The flask was sealed and
placed into an oil bath thermostatted at 30 °C. The reaction mixture was stirred for 8 h in the dark. The resulting product was
dialyzed (M,, = 3500) against water for 24 h and then freeze-dried. Yield: 88 %.

Synthesis of PA-P(CL-co-CATCL)

PA-P(CL-co-CATCL) were synthesized via the ring-opening polymerization of e-CL and CATCL, respectively using phenylcarbinol
as an initiator and Sn(Oct), as catalyst. Typically, e-CL (2.85 g, 25 mmol) and CATCL (2.29 g, 10 mmol) were dissolved in 3 mL of
anhydrous toluene in a Schlenk flask at room temperature, followed by three vacuum-nitrogen cycles. Then phenylcarbinol
(0.054 g, 0.5 mmol) and Sn(Oct), (2.8 mg, 6.94 umol) was added under nitrogen protection. The reaction mixture was stirred at
140 °C for 12 h and then precipitated with excess diethyl. The resulting white solid was purified by precipitating with diethyl
ether for three times. The final product was dried under vacuum at room temperature overnight to give a white solid in yield of
82 %.

Synthesis of PA-P(CL-co-CATCL)-MAA

To a DCM solution (20 mL) of PA-P(CL-co-CATCL) (1.0 g 0.096 mmol) and triethylamine (0.051 g, 0.5 mmol), a solution of
methacryloyl chloride (0.026 g, 0.25 mmol) in 10 mL DCM was added dropwise at 0 °C. After completion of addition, the
reaction mixture was warmed to room temperature and the reaction proceeded for another 20 h. The resulting polymer PA-
P(CL-co-CATCL)-MAA was isolated by precipitation in cold diethyl ether and dried in vacuum. Yield: 95.3%

Deprotection of PA-P(CL-co-ACL)-MAA

A solution of the protected copolymer PA-P(CL-co-CATCL)-MAA (0.5 g in TFA) was placed into a round-bottomed flask. Then, the
reaction mixture was stirred for 4 h at 25 * C and subsequently all the solvents were evaporated. The crude product was
dissolved in THF and precipitated twice into hexanes followed by filtration. The residual solvent was removed under vacuum to
obtain the deprotected copolymer PA-P(CL-co-ACL)-MAA bearing y-amino groups. Yield : 82%.

Synthesis of PA-P(CL-co-(DMMA-CL))-MAA (PA-P(CL-co-DCL)-MAA)

PA-P(CL-co-ACL)-MAA was dispersed in distilled water and the solution pH was adjusted to 8.5 using 0.1 N NaOH solution.
DMMA was added into the solution and the pH was maintained at 8.5 by adding 0.1 N NaOH. The mixture was stirred for 3 h at
room temperature and then dialyzed against distilled water followed by lyophilization.

Synthesis of and mPEG-ros-P(CL-co-DCL)

MPEG-MAA-EDT-MAA-Hy-Cys (0.20 g, 0.038 mmol) and PA-P(CL-co-ACL-co-(DMMA-CL))-MAA (0.39 g, 0.038 mmol) were
dissolved in 15 mL THF in a 100 mL round-bottom quartz flask, followed by N, bubbling with a gentle flow for 30 min to
eliminate dissolved oxygen. Then the mixture was stirred at room temperature. After 24 h, the mixture was concentrated by
evaporation in vacuo. Residues were poured into large cold diehyl ether three times to cause precipitation and give the final
product. Yield: 90 %.

Preparation of mPEG-ros-P(CL-co-DCL) NPs

MPEG-ros-P(CL-co-DCL) NPs were prepared by dialysis method. Typically, 10 mg mPEG-ros-P(CL-co-DCL) polymers was dissolved
in dimethylformamide (DMF) and added dropwise to double distilled water. After that, the solution was transferred to a dialysis
bag (Mn = 3500) and dialyzed to remove the organic solvents.

Critical aggregation concentration (CAC) determination

The CAC was measured by a steady state fluorescent-probe methodology using pyrene as probe on a Varian fluorescence
spectrophotometer at room temperature. The pyrene-loaded NPs were diluted with the concentration between 10 and 0.1
mol/L in deionized water. The final pyrene concentration in the copolymer solution was kept at 6 x 107 mol/L. The solution was
shaken vigorously and then allowed to equilibrate at 25 °C for at least 24 h. The pyrene excitation spectra with different
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copolymer concentrations were measured at the detection emission wavelength (A.,=373 nm). The CAC value was evaluated
from the intersection of the tangent to the horizontal line of l33;/1333 with relative constant value and the diagonal line with
rapidly increased l335/1535 ratio.

Drug loading and release experiments

Typically, mPEG-ros-P(CL-co-DCL) (100 mg) and DOX (15mg) were dissolved in DMF, The mixture solution was dropwise added
to double distilled water under magnetic stirring. Then, the mixture was placed in a dialysis bag (Mn 3500 Da) and free dialyzed
against a phosphate buffer (pH 7.4,) to form NPs. The amount of DOX was determined by UV-Vis spectrophotometer. Drug
loading content (DLC) and drug loading efficiency (DLE) were calculated from the following equations:

weight of loaded drug

DLC (%) =— = x100%  —----m- [1]
weight of drug - loaded micelles

DLE(%) = we1.ght of loade.d drug $100% e 2]
weight of drug in feed

In vitro release profiles of DOX from the polymer NPs were investigated in three conditions at 37 °C, i.e. (1) phosphate buffered
saline (PBS) (10 mM, pH 7.4), (2) PBS (10 mM, pH 7.4) with 10 mM H,0,, (3) PBS (10 mM, pH 6.0), (4) PBS (10 mM, pH 6.0) with
10 mM H,0, were sealed in a dialysis tube (M, = 3500). The amount of released drug in the incubation medium was quantified
by UV-Vis spectrophotometer. The cumulative drug release percentage was calculated by the following equation:

Vﬁ C,+V G

Er (%)=— x100%-------[ 3]
Mpox

Where mpox represents the amount of DOX in the NPs, V, is the whole volume of the release media (V, = 45 mL), V; is the
volume of the replaced media (V;= 10 mL), and C, represents the concentration of DOX in the sample.

ROS dependent stability monitored by an optical analyzer turbiscan

The ROS dependent stability assay was performed using an optical analyzer Turbiscan (Formulaction, France). The mPEG-ros-
P(CL-co-DCL) NPs (20 mL, 5 mg/mL) were allocated in a cylindrical glass tube and measurements were carried out using a pulsed
near infrared LED source at a wavelength of 880 nm. The light which was transmitted (T) and backscattered (BS) through the
whole height of sample was recorded. A latex suspension and a silicon oil were used as reference standards and spectroscopic
records were computed as percentage with respect to these standards. The variation of the droplet volume fraction (migration)
size (coalescence) were observed as both a variation of backscattering (ABS) and light transmission (AT) profiles. The Turbiscan
Stability Index (TSI) is a parameter, which can be used for estimation of the suspension stability. This parameter is a statistical
factor and its value is obtained as the sum of all processes taking place in the studied probe. The samples were scanned every 1
hour of 12 hours. The Turbiscan Easysoft Converter software was used for data elaboration. Experiments were carried at the
room temperature.

Cell Viability Assays

MTT Assay

The biocompatibility of NPs was assessed with a methyl tetrazolium (MTT) viability assay against HepG2 cells. The cells were
plated in a 96-well plate (SX103 cells/well) using DMEM medium supplemented with 10 % fetal bovine serum (FBS), 1 % L-
glutamine, antibiotics penicillin (100 1U/mL), and streptomycin (100 pg/mL) for 1 day. The medium was aspirated and replaced
by 80 pL of fresh medium supplemented with 10 % FBS. A total of 20 uL mPEG-ros-P(CL-co-DCL) NPs in PBS (10 mM, pH 7.4) was
added to yield final NPs concentrations. The cells were cultured at 37°C in an atomosphere containing 5 % CO, for one day. The
medium was aspirated and replaced by 100 pL fresh medium. A total of 10 uL MTT solution (5 mg/mL) was added. The cells
were incubated for another 4 h. The medium was aspirated, the MTT-formazan generated by live cells was dissolved in 200 uL
DMSO, and the absorbance at wavelength of 590 nm of each well was measured using a microplate reader. The relative cell
viability (%) was determined by comparing the absorbance at 590 nm with control, which contained only culture medium. Data
are presented as average + SD (n=4).

Cell Uptake Studies

Intracellular release of DOX from DOX-loaded mPEG-ros-P(CL-co-DCL) NPs was followed with fluorescence microscope using
HepG2 cells. The cells were cultured on microscope slides in a six well plate (5x10° cells/well) using RPMI-1640 medium
supplemented with 10 % fetal bovine serum (FBS), 1 % L-glutamine, antibiotics penicillin (100 IU/mL), and streptomycin (100
pg/mL) for 1 h. Then the cells were incubated with DOX-loaded NPs or free DOX for 4 h at 37 °C in a humidified 5 % CO,-
containing atmosphere. The culture medium was removed and the cells were rinsed three times with PBS. Thereafter, the cells
were fixed with 4 % formaldehyde for 30 min at room temperature, and the cell nuclei were stained with 4,6-diamidino-2-
phenylindole (DAPI). The fluorescence images were obtained using fluorescence microscope.

Statistical Analysis.

All statistical analysis was performed using SPSS 16.5 software. The statistical significance of differences was determined by
one-way analysis of variance (ANOVA). All statistical tests were two-sided. The results are shown as mean + standard deviation.

Page 4 of 14



Page 5 of 14

Journal of Materials Chemistry B

Results and discussion

Synthesis of mPEG-MAA-EDT-MAA-Hy-Cys

As shown in scheme 2A, the mPEG-MAA-EDT-MAA-Hy was synthesized via the esterification reaction of mPEG-MAA-EDT-MAA
with Hy in the presence of DCC/DMAP. Then, the copolymer mPEG-MAA-EDT-MAA-Hy-Cys was obtained by the coupling
reaction of mPEG-MAA-EDT-MAA-Hy and cysteamine hydrochloride. The structure and composition were well characterized by
'H-NMR and GPC. As shown in Fig 1A, a resonance at 8.2-8.4 ppm that appeared in the spectrum was assigned to the phenyl
ring protons (e and f). The esterification efficiency calculated by comparing the integrals of peak at 8.2 ppm with peak at about
3.4 (methoxy protons of PEG) ppm was about 88.5%. As shown in Fig. 1B, a resonance at 2.75 ppm that appeared in the
spectrum of MPEG-MAA-EDT-MAA-Hy-Cys was assigned to the -CH,SH protons (i). This suggested the formation of the thiols
groups of copolymers.

Furthermore, the concentration of the thiols groups of copolymers was measured using Ellman reagent 5, 5-dithio-bis(2-ni-
trobenzoci acid).54' >* The Ellmans reagent reacts with thiols to form 2-nitro-5-benzoate; the absorbance of this product can be
tracked by UV-vis spectroscopy and serves as a measure of the relative concentration of thiols as shown in Fig. S2. This test
shows that the monomer conversion of Cys was in accordance with the result calculated by 'H-NMR.

Synthesis of PA-P(CL-co-DCL)-MAA

As shown in Scheme 2B, ROP of e-caprolactone and y-(carbamic acid benzyl ester)-e-caprolactone (CATCL) monomer has been
the approach to prepare PA-P(CL-CATCL). As shown in Fig. S3A, PA-P(CL-CATCL) prepared in this way displayed the ‘H NMR
signals of both phenylcarbinol (Fig. S3A, a at 7.3 ppm) and P(CL-co-CATCL) (Fig. S3A, e at 1.37 ppm for CL and j at 3.64 ppm for
CATCL) blocks. The monomer conversion and number molecular weight (Mn) values of copolymers could be calculated by
comparing the integrals for the peak of protons in the CH, of CL (at about 1.37 ppm) and methoxy protons of CATCL (at about
3.64 ppm) with phenyl protons of phenylcarbinol (at about 7.3 ppm). As shown in Table 1, the CL and CATCL repeat units are in
line with the feed ratio, indicating living polymerization characteristics to some extent, as was confirmed by GPC results. All
these results seem to suggest that the polymerization of CL and CATCL proceeds in a controlled manner to yield well-defined
copolymers.

Secondly, through the reaction with methacryloyl chloride, PA-P(CL-CATCL)-MAA was prepared and all characteristic signals
could be clearly seen in Fig. S3B (n at 5.5 and 6.1 for the -CH, in MAA blocks). Thirdly, the deprotection of PA-P(CL-CATCL)-MAA
to generate the amino groups was carried out. After being hydrolyzed, the signal at 1.42 ppm decreases.

Then, the reaction of PA-P(CL-ACL)-MAA with DMMA to get PA-P(CL-co-DCL)-MAA was carried out. The signals at 1.8 ppm for
the CH; could be clearly seen in Fig. 1C.

Synthesis of mMPEG-ros-P(CL-co-DCL)

As shown in Scheme 2C, the mPEG-ros-P(CL-co-DCL) was sythesized via the Michael addition reaction of mPEG-MAA-EDT-MAA-
Hy-Cys with PA-P(CL-co-DCL)-MAA. As shown in Fig. 1D, mPEG-ros-P(CL-co-DCL) prepared in this way displayed the 'H NMR
signals of both PEG (Fig. 1D, at 3.6 ppm) and P(CL-co-CATCL) (Fig. 1D, g at 1.37 ppm for CL and p at 3.64 ppm for CL) blocks. As
shown in Fig. S4A, MALDI-TOF-MS analysis showed that the peak was 15000, indicating that PEG-MAA-EDT-MAA-Hy-Cys had
been successfully conjugated with PA-P(CL-co-DCL)-MAA. We also use the GPC to determine the successful preparation of
conjugated polymer mPEG-ros-P(CL-co-DCL) by mPEG-MAA-EDT-MAA-Hy and PA-P(PCL-co-DCL)-MAA. As shown in Fig. S4B, the
molecular weight of mPEG-ros-P(CL-co-DCL) (15100) was similar to the adding of mPEG-MAA-EDT-MAA-Hy (6000) and PA-
P(PCL-co-DCL)-MAA (10000) indicating the successful preparation product. Their molecular weight (Mn) and polydispersity
index (Mw/Mn) were determined by *H-NMR and GPC, and summarized in Table 1. We chose mPEG;;3-ros-P(CLy;-co-DCL,,) as
a representative sample for further study.
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Fig. 1 "H-NMR characterization of MPEG-MAA-EDT-MAA-Hy (A), mPEG-MAA-EDT-MAA-Hy-Cys (B), PA-b-P(CL-co-DCL) (C) and
mPEG-ros-P(CL-co-DCL) (D).

Table 1. Structure and composition of MPEG-ros-P(CL-co-DCL)

M, (g/mol)
Polymers * Theory 'H-NMR® _ GPC" My/M,
MPEG3-r0s-P(CLyy-co-DCLyg) 12980 11308 13000 1.2
MPEG3-r0s-P(CLyy-co-DCL,,) 15260 13018 15100 1.2
MPEG;13-ros-P(CL,3-co-DCLs;) 16780 14918 16300 1.3

? Measured by "H-NMR

® Measured by GPC

Preparation and characterization of mPEG-ros-P(CL-co-DCL) NPs mPEG-ros-P(CL-co-DCL) NPs were prepared by solvent
exchange method. As shown in Fig. 2A, Laser particle size analyzer measurements showed that mPEG-ros-P(CL-co-DCL)
polymers formed monodisperse NPs with low PDI of about 0.2 and sizes of about 100 nm. The morphology of the copolymer
NPs was further examined using TEM (Fig. 2B) and AFM (Fig. 2C). As shown in Fig. 2, the NPs were close to spherical and had an
average diameter of about 100 nm.

The CAC of mPEG-ros-P(CL-co-DCL) NPs in aqueous solution was characterized using the fluorescence technique with pyrene
probe in Table 2 and Fig. 2D, Fig.2E. The CAC values of mMPEG-ros- b-P(CL44-c0-DCL,g), MPEG-ros-P(CL,3-co-DCL,,), and mPEG-
ros- b-P(CL,s-co-DCL;3) were determined to be 3.3 pg/mL, 5.1 pg/mL, and 7.1 pug/mL, respectively. The increase of the DCL
content resulted in an increase in the CAC. These results may be due to the fact that the introduction of the dimethyl
maleamidic acid groups to the polyester of mPEG-b-PCL decreased the hydrophobicity of polyester chains. It was well-known
that the main driving force of forming NPs in water is the hydrophobic interactions of hydrophobic segments. Therefore, the
CAC value of mPEG-ros- b-P(CL-co-DCL)was increased with the increase of the number of DCL units. The amphiphilic mPEG-b-
P(CL-co-DCL) can self-assemble into NPs with a hydrophobic core (P(CL-co-DCL)) and a hydrophilic corona (mPEG) in water.
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Fig. 2 Size distributions (A), TEM micrograph (B) and AFM (C) micrograph. The scale bar is 100 nm. Fluorescence emission
spectra of pyrene in the presence of decreasing concentrations of mMPEG-ros-P(CL-co-DCL) (D) and Plot of 1337/1333 in the
excitation spectrum versus the concentrations of copolymers in water (E).

Table 2. Characteristics of blank and DOX-loaded mPEG-ros-P(CL-co-DCL) NPs.

Copolymers _ blank NPs i _ _ DOX-loaded NPs i i
Size (nm) CAC (mg/mL) PDI Size (nm) PDI DLC (%) DLE (%)
MPEG;,3-b-PCLg, 95+8 1.3x 10-3 0.13 117 +9 0.13 3.9+0.2 26+1.3
MPEG;;3-ros-P(CLs,-co-DCL,o) 105 + 10 3.3x10° 0.14 90+9 0.14 7.7+0.3 51+2
MPEGy;3-r0s-P(CLy-co-DCLy,) 116+ 11 5.1x10° 0.16 101 + 10 0.15 9.6+0.1 64+0.6
MPEG;,3-r0s-P(Clys-co-DCLss) 131+ 13 7.1x10° 0.15 122 +11 0.16 11.6+0.2 77+1.3

® Determined using Laser particle size analyzer at 25°C in PBS (10 mM, pH 7.4).
® measured by a fluorescence technique with pyrene as a probe.
“ Feed ration of DOX to polymers was 15 mg/100 mg.

Charge-conversional property of mPEG-ros-P(CL-co-DCL) NPs

The surface charge of mPEG-ros-P(CL-co-DCL) NPs was significantly influenced by environmental pH due to the acid-labile B-
carboxylic amides in the polyester moiety acid condition. As shown in Fig. 3, in order to evaluate the ability of pH-triggered
charge reversal, the effect of pH on {-potential of blank and DOX-loaded mPEG;;3-ros-P(CL,;-co-DCL,,) NPs at physiological
environment (pH 7.4) and tumor microenvironment (pH 6.0) was measured. The DOX-loaded NPs and blank NPs’ Z-potentials
was negatively charged at pH 7.4 (about -7 mV and -14 mV, respectively). It can be observed that both bland and DOX-loaded
MPEG;;3-ros-P(CL,;-co-DCL,,) NPs at pH 7.4 remained negatively charged even after 12 h. This can be ascribed to the inertness
of negatively charged dimethyl maleamidic acid groups at pH 7.4. However, at pH 6.0, the {-potential of bland and DOX-loaded
MPEG;;3-ros-P(CL;-co-DCL,,) NPs changed sharply from negative to high positive in a short time. It only took about 0.4 h for
blank NPs and about 1.0 h for DOX-loaded NPs to become positively charged. Compared with blank NPs, DOX-loaded mPEG;;5-
ros-P(CLs;-co-DCL,,) NPs had a slower charge reversal rate at pH 6.0, which may be due to the effect of the loaded DOX. Some
studies have confirmed that cationic DOX and carboxyl derivatives can form very stable ionic compIexesSG. In addition, these
results indicated the charge reversal process was very fast due to the quick and effective detachment of the acid-labile B-

carboxylic amides.
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Fig. 3 {-potentials changes of blank and DOX loaded mPEG-ros-P(CL-co-DCL) NPs at pH 7.4 (A) and 6.0 (B).
pH and ROS sensitivity of mPEG-ros-P(CL-co-DCL)
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The pH and ROS sensitivity of NPs was examined by monitoring the size change of NPs at pH 7.4, 6.0 and 5.4 with or without 10
mM H,0, at 37 °C. The Fig. S5 shown he ROS responsive mechanism of thioether. As shown in Fig. $6, after the 10 mM H,0,
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treatment, the molecular weight was smaller than that of the untreated mPEG-ros-P(CL-co-DCL) polymer, which was attributed
to the cleavage of thiother resulting the degradation of mPEG-ros-P(CL-co-DCL). In view of the potential utility of NPs
formulation for pharmaceutical applications, stability is significant for long-term storage, transportation, and scalable
processing. As shown in Table S1, stability study was carried out by re-dissolving NPs in PBS at 37 °C for 3 days to assess the size
change. The stability of the nanoparticles as drug carriers in PBS containing serum or proteins is also important. As shown in
Table S1, the particle size of nanoparticles did not change distinctly in 3 day in PBS containing 10% (v/v) FBS. As shown in Fig. 4A,
under physiological conditions (pH 7.4) without 10 mM H,0,, little size changes of NPs were observed over 24 h. However, at
the same condition of pH 7.4 with H,0, (Fig. 4B), the increase in size of mPEG-ros-P(CL-co-DCL) NPs from about 100 nm to 200
nm in 4 h was found. The fast aggregation behaviors were ascribed to that the thiother chain linker of mPEG-ros-P(CL-co-DCL)
polymers could be easily oxidized by ROS and thus become hydrophilic, triggering hydrolysis of the phenol ester of polymers.
The breakage of the phenol ester of backbone leaded to the morphological changes of the nanostructure. Furthermore, the
variation of backscattering data (ABS), depended on the mean particle size and their volume fraction was used to reflect the
ROS sensitivity of NPs as shown in Fig. 4G and H. The ABS profiles remained close to the base line value were observed for the
MPEG-ros-P(CL-co-DCL) at pH 7.4 without H,0, during the entire time of analysis. This finding showed that no creaming or
sedimentation occurred during the entire time. At the same time, positive or negative ABS profiles of the different formulation
were not correlated to destabilitzation processes under the sample height of 2 mm and over that 40 mm. The values had been
determined by enclosed air in the bottom and/or on the top of the cylindrical glass tube, respectively. Remarkably, as shown by
ABS profiles in Fig. 4H, extreme unstability behavious of mPEG-ros-P(CL-co-DCL) NPs at 10 mM H,0, were observed, reflecting
the cleavage of ROS-sensitive thioether bonds. When mPEG-ros-P(CL-co-DCL) NPs were treated in pH 6.0 and pH 5.4 with the
absence of 10 mM H,0,, significant changes of NPs sizes were observed in Fig. 4C and E. The dimethyl maleamidic acid groups,
under acidic environments, would be quickly hydrolyzed and changed into cationic primary amines. The change broke the
hydrophilic and hydrophobic balance that is critical for micellar stability. As a result, the aggregation of mPEG-b-P(CL-co-DCL)
NPs at pH 6.0 and 5.4 was happened. Under mildly acidic (pH 6.0 or 5.4) and 10 mM H,0, conditions, the fastest changes in size
of mPEG-ros-P(CL-co-DCL) NPs were also observed in Fig. 4D and F. The increase in diameter of NPs after 4 h were seen and a
large number of nano-aggregates were found. However, when the NPs suspension was incubated for 24 h, a large number of
13.0 nm particles were detected, indicating that mPEG-ros-P(CL-co-DCL) NPs were inclined to form hydrophilic unimers after
PEG shedding.
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Fig. 4 Time dependence of the size changes of NPs in pH 7.4 (A), 6.5 (C) and 5.0 (E) without 10 mM H,0, and pH 7.4 (B), 6.5 (D)
and 5.0 (F) with 10 mM H,0,. Variation of backscattering data (ABS) of mPEG-ros-P(CL-co-DCL) NPs at pH 7.4 without 10 mM
H,0, (G) and with 10 mM H,0, (H) measured along the height axis of the sample tube. Data from bottom to top are given for
different periods of time.

DOX loading and release

DOX as a model chemotherapeutic agent was used to evaluate the loading and releasing properties of mPEG-ros-P(CL-DCL) NPs
with ROS-sensitivity. DOX-loaded mPEG-ros-P(CL-co-DCL) NPs were prepared at a polymer concentration of 1 mg/mL. The
characteristic of the DOX-loaded NPs, including size, size distribution, loading content and encapsulation efficiency were
summarized in Table 2. The NPs sizes slightly decreased after loading different amount of DOX. As mentioned above, DOX can
interact with carboxyl of DCL units by electrostatic attraction, leading to a more compact structure of micellar core and thus a
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smaller size of NPs. All the PDI remained in a narrow range of 0.15-0.19. Compared with mPEG-b-PCL, mPEG-ros-P(CL-co-DCL)
NPs showed a much higher drug loading capacity. The drug loading content and encapsulation efficiency of mPEG-b-P(CL-co-
DCL) NPs were nearly 3 ~ 4 times higher than that of mPEG-b-PCL NPs. Moreover, the drug loading content and encapsulation
efficiency of mPEG-ros-P(CL-co-DCL) NPs increased with increasing the content of DCL units. These phenomena can be due to
the electrostatic interaction between DOX and carboxyl. The carboxyl derivatives, such as oleic acid, polyglutamic acid and
polymalic acid, have widely been used to enhance the DOX-loading capacity and efficiency. We chose DOX loaded mPEG;,3-ros-
P(CL41-co-DCL,,) NPs as a representative sample for next study.

The in vitro drug release studies were carried out at pH 7.4 and 6.0 with or without 10 mM H,0,. As shown in Fig. 5A, the
results showed that the release of DOX from NPs was obviously faster at 10 mM H,0, than at physiological condition. For
instance only approximately 26 % of DOX was released from DOX loaded NPs within 24 h, indicating that the NPs were relatively
stable under physiological condition (pH 7.4). However, the release of DOX was significantly accelerated at 10 mM H,0, with
about 62 % of DOX release. As shown in Fig. 5B, about 80 % DOX was released in 24 h at pH 6.0. The significant increase in DOX
release from NPs in acidic medium can be ascribed to the fact that the pH-induced hydrolysis of the dimethyl maleamidic acid
groups resulted in a quick charge reversal, as demonstrated above. Owing to the charge conversion, a repulsive electrostatic
force will generate in the DOX loaded NPs, which can greatly accelerate the release rate of the drug. Interestingly, as shown in
Fig. 5C, under mildly acidic (pH 6.0) and 10 mM H,0, conditions, the release of DOX was further improved to 91 % in 24 h,
which might be due to synergistic effect of pH and ROS dual induced disassembly of NPs.
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Fig. 5 In vitro release of DOX from DOX loaded NPs at pH 7.4 with 10 mM H,0, (A), pH 6.0 (B) and pH 6.0 with 10 mM H,0, (C).
Intracellular uptake and release

To demonstrate whether mPEG-ros-P(CL-co-DCL) NPs could be efficiently internalized by cancer cells, the cellular uptake
behaviors of mPEG-ros-P(CL-co-DCL) NPs was investigated at pH 7.4 and 6.8. We incubated the mPEG-ros-P(CL-co-DCL) NPs
with HepG2 cancer cells at each pH for 4 h, and their cellular distribution was evaluated by using confocal laser scanning
microscope (CLSM). As shown in Fig. 6A, after 4 h incubation, stronger DOX fluorescence appeared both in the cytoplasm and in
the nuclei of HepG2 cells for free DOX than the DOX-loaded mPEG-ros-P(CL-co-DCL) NPs. It had been known that DOX molecule
is membrane permeable and can be internalized into tumor cells through a passive diffusion mechanism while the DOX-loaded
NPs need to be endocytosed. Comparing DOX-loaded mPEG-ros-P(CL-co-DCL) NPs at pH 6.8 and pH 7.4, the former showed
higher DOX fluorescence than the latter. Thus DOX-loaded mPEG-ros-P(CL-co-DCL) NPs were remarkably internalized at pH 6.8,
which was mostly due to the significantly enhanced cellular internalization of charge-conventional mPEG-ros-P(CL-co-DCL) NPs.
Following cellular internalization, another key issue is whether the DOX molecule can be efficiently released from the NPs,
triggered by the intact intracellular ROS. To demonstrate this, HepG2 were treated with phorobol 12-myristate 13-acetate
(PMA) to accelerate the generation of ROS. The treatment of HepG2 cells with PMA (200 nM) increased the intracellular ROS
level, compared to cells without PMA treatment. Then we incubated HepG2 and PMA treated HepG2 cells with DOX-loaded
MPEG-ros-P(CL-co-DCL) NPs. As shown in Fig. 6B, after 4 h incubation, compared with the PMA treated HepG2 cells, the
intracellular DOX fluorescence was stronger than untreated HepG2. The enhanced fluorescence intensity in the PMA pretreated
HepG2 cells should be due to the rapid intracellular DOX release from the DOX-loaded mPEG-ros-P(CL-co-DCL). The enhanced
cellular internalization of charge-conventional mPEG-ros-P(CL-co-DCL) NPs can be also confirmed by flow cytometric analyses of
the HepG2 cells incubated with free DOX, DOX-loaded mPEG-ros-P(CL-co-DCL) NPs at pH 7.4 and 6.8 as shown in Fig. 6C. The
ROS responsive nature of DOX laoded mPEG-ros-P(CL-co-DCL) NPs was also studied by flow cytometric analyses of the PMA
treated HepG2 cells and untreated cells as shown in Fig. 6D. In order to imitate the In vivo status of tumor more accurately, the
tumor spheroid was used to evaluate the stability of charge-conventional mPEG-ros-P(CL-co-DCL) NPs. As shown in Fig. 6E, the
stronger fluorescent intensity of tumor spheroid incubated in pH 6.8 was observed than in pH 7.4, suggesting that the
enhanced cellular internalization of charge-conventional mPEG-ros-P(CL-co-DCL) NPs in extracellular environment.
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Fig. 6 (A) Representative CLSM images of HepG2 cells incubated with DOX-loaded mPEG-ros-P(CL-co-DCL) NPs and free DOX (10
ug/mL) at pH 7.4 and 6.8. (B) Flow cytometric comparison of cell uptake of NPs at different pH (10 pg/mL). (C) Representative
CLSM images of HepG2 cells incubated with DOX-loaded mPEG-ros-P(CL-co-DCL) NPs and free DOX (10 pg/mL) with or without
PMA (200 nM). (D) Flow cytometric comparison of cell uptake of NPs with or without PMA. (E) Fluorescence distribution of
HepG2 tumor spheroids after incubated with mPEG-ros-P(CL-co-DCL) (at pH 7.4 or 6.8), the concentration of DOX was 10 ug/mL
and bar represents 200 mm.

Cell Viability Assays

The cytotoxicity of NPs was investigated in HepG2 cells (tumor cells) and LO2 cells (normal cells) by MTT assays. The results
showed that mPEG-ros-P(CL-co-DCL) NPs were practically nontoxic to HepG2 and L02 cells (cell viabilities: 80-90 %), indicating
that these NPs possess excellent biocompatibility as shown in Fig. 7A. The cytotoxicity of DOX loaded mPEG-ros-P(CL-co-DCL)
was studied in HepG2 cells. To demonstrate the effect of ROS responsive ability of mPEG-ros-P(CL-co-DCL) NPs in cells, the
viability of HepG2 cells treat with or without PMA were investigated. Fig. 7B showed that DOX loaded mPEG-ros-P(CL-co-DCL)
NPs caused significant cell death (half maximal inhibitory concentration (IC50): 2.28 pg/mL) treated with PMA which was
comparable to that of without PMA group (IC50: 5.66 pg/mL). This may be due to that the high ROS concentration of HepG2
cells treat with PMA caused cleavage of ROS-sensitive bonds in NPs. This demonstrated that following cellular internalization,
DOX molecules can be efficiently released from the NPs, triggered by intracellular ROS. Besides, the DOX-loaded mPEG-ros-
P(CL-co-DCL) NPs showed a lower cytotoxicity than that of free DOX (IC50 0.66 ug/mL). The lower cytotoxicity of DOX loaded
MPEG-ros-P(CL-co-DCL) NPs may be due to the incomplete drug release from NPs and delayed nuclear uptake. Remindfully, the
intracellular uptake results in Fig. 6 showed that the charge-reversal mPEG-ros-P(CL-co-DCL) NPs could efficiently cross the cell
membrane and deliver DOX into the nuclei, so, it is supposed that the mPEG-ros-P(CL-co-DCL) NPs could simultaneously
enhance cellular uptake and promote acid-triggered intracellular drug release. Finally, to demonstrate the potential of ROS-
responsive mPEG-ros-P(CL-co-DCL) NPs as a novel approach for cancer therapy, the capability of DOX loaded mPEG-ros-P(CL-co-
DCL) NPs to selectively inhibit tumor cell proliferation was studied by testing noncancerous and cancer cells. As shown in Fig. 7C,
the cytotoxicity of DOX loaded mPEG-ros-P(CL-co-DCL) NPs against the noncancerous LO2 cells treated with or without PMA
was measured by MTT assay. The in vitro IC50 values were 5.17 pug/mL for DOX-loaded mPEG-ros-P(CL-co-DCL) NPs treated with
PMA. However, the noncancerous L0O2 cells without PMA treatment retained over 60 % viability suggesting that DOX loaded
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mMPEG-ros-P(CL-co-DCL) NPs is highly selective in inhibiting tumor cell proliferation. These results were in agreement with the
previously reports.”’
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Fig. 7 (A) Viability of HepG2 and LO2 cells after incubation for 24 h with mPEG-ros-P(CL-co-DCL) NPs at various specified
concentrations. (B) Viability of HepG2 cells after being incubated with free DOX, DOX loaded mPEG-ros-P(CL-co-DCL) NPs and
DOX loaded NPs with PMA for 24 h. (C) Viability of LO2 cell after being incubated with free DOX, DOX loaded mPEG-ros-P(CL-co-
DCL) NPs and DOX loaded NPs with PMA for 24 h.

Conclusion

In this work, we firstly reported a series of multifunctional PEG-b-PCL copolymers bearing acid-labile B -carboxylic amides-
modified PCL chain with the ability of acid-triggered charged-reversal from negative to positive to enhance cell uptake and ROS
sensitive thioether linker between PEG and PCL for targeted intracellular DOX release. Moreover, due to the electrostatic
interaction between DOX and carboxyl, the mPEG-ros-P(CL-co-DCL) NPs exhibited a very high drug loading capacity and loading
efficiency. The dimethyl maleamidic acid groups on the polyester segment of mPEG-ros-P(CL-co-DCL) can be hydrolyzed under
acidic environment and resulted in a quick charge reversal, which had great influence on the drug release profiles, cell
internalization process and endo-lysosomal escape. The ROS-response property is also favorable for targeted drug delivery.
Intracellular uptake and in vitro cytotoxicity studies confirmed that the charge-conversional DOX-loaded NPs exhibited the
remarkably enhanced cellular uptake by the combination of electrostatic absorptive endocytosis and antitumor efficiency at the
tumor intracellular ROS. The capability of DOX loaded mPEG-ros-P(CL-co-DCL) NPs to selectively inhibit tumor cell proliferation
was proved by testing noncancerous and cancer cells. We convinced that the charge-reversible and ROS-sensitive PEG-b-PCL
was demonstrated to be effective in killing tumor cells, which provided a versatile approach for efficient cancer therapy.
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