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ABSTRACT

Purpose The discovery of nano drug delivery system has ren-
dered a great hope for improving cancer therapy. However,
there are some inevitable obstacles that constrain its develop-
ment, such as the physical and biological barriers, the toxicity
of carrier materials and the physiological toxicity of drugs.
Here, we report a polymeric prodrug micelle (PPM) with
pH/redox dual-sensitivity, which was prepared using
methoxy poly (ethylene glycol) (mPEG) with favorable biosafe-
ty to improve cancer therapy.

Method The tumor microenvironment stimuli-responsive
PPMs were prepared and characterized in vitro and in vivo.
Results Our data displayed that the PPMs with excellent bio-
compatibility exhibited the stimuli-responsive drug release be-
havior under the microenvironment of cancer cells, superior
cellular internalization and lower cytotoxicity. A new method
to control drug release behavior was proposed by comparing
the release behavior of PPMs formed by PEG of different
molecular weight. Furthermore, the fabricated PPMs exhibit-
ed the “oral-like” blood concentration curve, improved
biodistribution, reduced tissue toxicity and excellent antitu-
mor efficiency in vivo. Coonsistently, these results indicated that
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PPMs improved chemotherapeutic efficiency and reduced
side effects of the model drug doxorubicin (DOX).
Conclusion The prepared pH/redox dual-sensitive PPM en-
hanced the chemotherapy effect on the tumor site while re-
ducing the physiological toxicity of DOX.
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ABBREVIATIONS

'H-NMR  Nuclear magnetic resonance

4-NPC 4-nitrophenyl chloroformate

4-CBA 4-Carboxybenzaldehyde

AUC Area-under the curve

CCK-8 Cell proliferation and toxicity test kit cell
counting kit-8

CE Cellulose ester

CLSM Confocal laser scanning microscope

DCM Dichloromethane

DDS Drug delivery system

DR 1,1-dioctadecyl-3,3,3,3-
tetramethylindotricarbocyanine iodide

DLC Drug loading content

DLS Dynamic light scattering

DMAP 4-Dimethylaminepyridine

DMSO Dimethyl sulfoxide

DNR-HCl  Daunorubicin hydrochloride

DOX-HCl  Doxorubicin hydrochloride

EDC-HCI  N-+(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride

EPR Enhanced permeability and retention

FDA United States Food and Drug Administration

FT-IR Fourier transform infrared

GSH Glutathione

HPLC High performance liquid chromatography

H&E Hematoxylin and eosin
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MDR Multi-drug resistance option to improve drug loading efficiency, increase water sol-
PBS Phosphate buffer solution ubility of hydrophobic drugs and control physical form of
PEG Poly (ethylene glycol) DDSs (liquid preparation, semisolid preparation, ef.) (22,26).
PPM Polymeric prodrug micelle PPM systems have great benefits in avoiding the unde-
RES Reticuloendothelial system sired drug leakage and premature drug release from
ROS Reactive oxygen species polymer micelles, because of the covalent conjugation
SEM Scanning electron microscope between polymers and antitumor drugs (27,28).
SD Sprague-Dawley Meanwhile, the “invisibility effect” of PEG can protect
SPSS Statistic package for social science PPMs fabricated from PEG from recognizing by the
TEA Triethylamine reticuloendothelial system (RES) so that it can achieve
TEM Transmission electron microscopy long-term circulation (29). Altogether, PEG-containing
THF Tetrahydrofuran PPMs are able to improve the stability via sparing from
being rapidly metabolized or excreted by the body.

Although the long-term circulation of PEGylated PPMs

INTRODUCTION dramatically prolongs the half-life time of drugs, it is critical

Many drug delivery systems (DDSs) designed for anti-tumor
drugs, which has shown many benefits including high cargo
loading, controlled drug release and enhanced tumor-selective
targeting capability, efc. (1,2). However, the clinical applica-
tion of many materials employed in DDSs is restrained due to
their inevitable toxicity (3—6). Taking the nanoparticles act as
a case in point, the nanoparticles may cause high level of
damage to normal tissues and organs due to containing gold
or mesoporous silica components, tissue accumulation and
severe hemolysis are two abundant outcomes (7-9). The poly
(amidoamine) dendrimers which has displayed prominently in
drug delivery are limited for wide-spread clinical application
because it 1s toxic to the cell membrane (10,11). Hence, the
rational design of DDS by using materials without potential
biosafety danger is critical in improving the chemotherapy
effect on the tumor.

Recently, PEG has become the focus of new drug-loaded
material and plays a crucial role in the field of DDSs because it
exhibits advantageous properties in comparison with other
materials, such as hydrophilicity, biocompatibility, biodegrad-
ability, and long-term circulation i vwo (12,13). PEG has been
approved by the United States Food and Drug
Administration (FDA) for clinical applications of humans.
Previous researches have shown that nanomaterials modified
by PEG showed improved stability and reduced side effects
(14,15). Accordingly, PEG is usually employed as the hydro-
philic block of nano-carriers of which the diameter can be
controlled below 200 nm to accomplish the passive accumu-
lation in tumor tissues via enhanced permeability and reten-
tion (EPR) effect (16-19).

PPMs have the advantages of loading drugs into polymer
efficiently (20), improving drug stability (21) and controlling
drug release (22) of prodrug, making it increasingly investigat-
ed for cancer therapy. Polymeric micelles as one of the most
widely used DDSs can not only load drugs efficiently, but
improve the pharmacokinetic and pharmacodynamics behav-
ior of drugs (12,23-25). Prodrug polymers endow DDSs an
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for chemotherapeutics to fulfill the targeted release in tumor
tissues (30-32). Fortunately, many studies have reported that
polymeric prodrug can achieve rapid drug release through
chemical bonds such as pH-responsive bonds (hydrazide,
hydrazone and imine) (4,33), redox-responsive bonds
(disulfide) (19) and reactive oxygen species (ROS) responsive
bonds (thioether) (34). The tumor acidic microenvironment
which pH even decreases to 5.0 is caused by the hypoxia
and glycolysis of tumor cells (33). The high concentration of
glutathione (GSH) inside tumor cells allows them to maintain
an intense reducing circumstance (34). All these properties of
tumor microenvironment allow DDSs containing cleavable
chemical bonds to accelerate drug release at tumor sites or/
and in tumor cells. The PPM systems can introduce the above
sensitive chemical bonds to achieve rapid and targeted drug
release at tumor tissues.

In order to avoid the undesired potential safety hazard
caused by the complexity of multiple materials, we con-
structed a self-assembled PPM using the biocompatible poly-
mer PEG (molecular weight of 2 K/5 K) and the model
drug DOX. The PPM displayed prominent physiological
stability, rapid drug release at tumor sites and reduced inse-
curity caused by excessive polymer material. The PEG shell
helps the PPMs to achieve long-term circulation in the body.
The tumor sites can be targeted by PPMs when PPMs has in
the appropriate particle size. The stimuli-responsiveness (pH
and redox sensitivity) of PPMs enables the rapidly release of
DOX from the PPMs to the tumor cells rapidly and reduces
side effects via maintaining stable of the micelles in physio-
logical tissues. The morphology and size distribution of
PPMs were characterized. Subsequently, the behaviors of
in vitro drug release at pH 5.0 and 7.4 were investigated with
and without the presence of GSH. The endocytosis ability
and cytotoxicity of PPMs towards Ab549 cells were investi-
gated by the cellular uptake and cell proliferation assays. In
addition, a series of animal experiments were performed to
further confirm the biodistribution and antitumor efficacy of
PPMs.
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MATERIALS AND METHODS
Materials

mPEG with the average M, of 2 K and 5 K and N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC-HCL, 99.0%) were bought from Sigma-Aldrich and
used according to the manufacturer’s instruction.
Doxorubicin hydrochloride (DOX-HCI), 1,1-dioctadecyl-
3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) and cel-
lulose ester (CE) dialysis tubing (MWCO = 1000 Da) were
purchased from Dalian Meilun Biotechnology Co., LTD.
Bis(2-hydroxyethyl) disulfide (96.0%) was obtained from Alfa
Aesar Chemical Co., Ltd. Pyridine (99.5%), triethylamine
(TEA, 99.5%) and 4-nitrophenyl chloroformate (4-NPC,
97.0%) were purchased from J&K Scientific Co., Ltd. GSH,
4-Dimethylaminepyridine (DMAP, 99.0%), 4-
Carboxybenzaldehyde (4-CBA, 98.0%) and all other reagents
(analytical grade) were received from Aladdin Reagent Co.,
Ltd. and used without any further purification.

Cell proliferation and toxicity assay were performed to as-
sess the toxicity of the drug by suing Cell Counting Kit-8
(CCK-8) kit, which was purchased from Dalian Meilun
Biotechnology Co., LTD. Human lung cancer cell line
(A549) was a gift from School of Life Sciences and
Biopharmaceuticals of Shenyang Pharmaceutical University
and grown in DMEM medium containing 10% FBS in a
37°C incubator with 5% CO,.

Instruments

The structures of synthesized materials were characterized by
nuclear magnetic resonance ('H-NMR) spectra (BRUKER
600 UltraShield™) and Fourier transform infrared (FT-IR)
spectroscopy (BRUKER VERTEX 70 V). The morphology
and particle size of the PPMs were investigated by transmis-
sion electron microscopy (TEM, Hitachi HT7700-SS), scan-
ning electron microscope (SEM, Hitachi S-3400 N) and dy-
namic light scattering (DLS) assays (Malvern Zetasizer Nano
590). The specific surface area and relaxation time (spin-spin
relaxation time, Ty) of the PPMs were determined by
employing a particle surface property analyzer (Xigo Acorn
Area), using low frequency pulsed NMR. The drug loading
content and pharmacokinetics of the polymeric prodrugs were
measured on a high performance liquid chromatography
(HPLC) equipped with a Shimadzu LC-10ATVP
Separations Module combined with SPD-10AVP variable-
wavelength detector. The release of drug was examined using
UV-vis instrument (Unico 2000 UV-vis). The cellular uptake
was investigated with a Confocal Laser Scanning Microscope
(CLSM, Zeiss LSM710). The cytotoxicity of PPMs was deter-
mined by a microplate reader (Multiskan™ FC). The tissue
distribution study was detected using a Spectra Max M3

multi-function plate reader (Molecular Devices). The i vivo
imaging test was performed on an IVIS Lumina III
(PerkinElmer) small animal living imaging system.

Animals

Sprague-Dawley (SD) rats and BALB/c mice were obtained
from Experimental Animal Center of Shenyang
Pharmaceutical University. All animal experiments were con-
ducted under the approval of the ethics committee of
Shenyang Pharmaceutical University, Shenyang, China.

Synthesis of Disulfide Modified PEG (PEG-SS-OH)

4-nitrophenyl chloroformate functionalized mPEGyk (PEG-
NPC) was synthesized as reported previously (35). Briefly, cat-
alytic amount of pyridine was added dropwise to the solution
of PEGok (3 g, 1.5 mM) in dichloromethane (DCM) with
continuous stirring. Subsequently, the 4-NPC (454 mg,
2.25 mM) solution in DCM was added slowly into the above
mixture at 0°C. The reaction was placed at room temperature
overnight under nitrogen protection. The solvent was re-
moved under reduced pressure and the resultant was purified
by precipitation in cold diethyl ether. The purification was
performed at least in triplicate to collect PEGog-NPC.
Yield: 89.2%, conversion ratio: 100.0%. All the conversion
rate was calculated from the 'H-NMR spectrum based on
the ratio of proton peaks of the aromatic zone to the PEG
peak of the fat zone. The corresponding calculation method
will be presented in the “Results and Discussion” section.
PEG;k-NPC was prepared by the same method.

The introduction of the disulfide bond was easily achieved
via a simple transesterification. Typically, catalytic amount of
DMAP was added to the DCM solution of PEG,k-NPC
(1.5 g, 0.69 mM) and Bis(2-hydroxyethyl) disulfide (107 mg,
0.69 mM). The mixture was stirred vigorously under a nitro-
gen atmosphere at room temperature for 8 h. The solvent was
removed under reduced pressure and the resultant product
was dissolved by dimethyl sulfoxide (DMSO). Then the reac-
tion solution was dialyzed against DMSO for 1 day and dia-
lyzed against water for another day to obtain the purified
PEG,k-SS-OH. The resulting PEGog-SS-OH was collected
by freeze-drying. Yield: 82.4%, conversion ratio: 93.2%.
PEG;k-SS-OH was synthesized via the same procedure.

Synthesis of Disulfide and 4-CBA Functionalized PEG
(PEG-SS-CBA)

PEG-SS-CBA was synthesized via esterification. Typically, a
solution of EDC-HCI (17.6 mg, 0.46 mM), DMAP (catalytic
amount) and PEGok-SS-OH (1.0 g, 0.46 mM) was added to
the solution of 4-CBA (83.0 mg, 0.55 mM) in DCM with
magnetic stirring. Then the mixture was refluxed for another
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8 h. After evaporation, the residue was redissolved in DCM
(10 mL) and precipitated in freezing-cold. The process of pre-
cipitation was repeated at least twice to obtain pure PEGok-
SS-CBA. Yield: 90.1%, conversion ratio: 88.4%. PEG5k-SS-
CBA was obtained via the same procedure.

Synthesis of pH and Redox Dual-Sensitive Polymeric
Prodrug (PEG-SS-CBA-DOX)

Dual-sensitive polymeric prodrug PEG-SS-CBA-DOX was
prepared via Schiff base reaction. In a typical example, the
solution of PEGok-SS-CBA (600 mg, 0.257 mM) in DMSO
was added dropwise to the solution of TEA (excessive amount)
and DOX-HCI (108 mg, 0.257 mM) in DMSO. The reaction
mixture was stirred in darkness (to prevent photolysis of DOX)
at room temperature for 24 h. The resulting red powder
PEGok-SS-CBA-DOX was obtained by dialysis against dis-
tilled water and lyophilization. PEG;g-SS-CBA-DOX was
prepared according to the same method. Yield: 95.6%, con-
version ratio: 82.6%.

Synthesis of pH-Sensitive Polymeric Prodrug
(PEG-CBA-DOX)

The esterification was utilized to accomplish the linkage be-
tween PEG and 4-CBA. 4-CBA (338 mg, 2.25 mM), EDC:-
HCI (431 mg, 2.25 mM) and DMAP (catalytic amount) were
sequentially dissolved in 8 mL toluene and stirred at room
temperature for 30 min. The solution of PEG.k (3 g,
1.5 mM) in toluene was then added into the above mixture.

The reaction was allowed to proceed under nitrogen protec-
tion at 120°C for another 5 h. The product PEGok-CBA was
purified by precipitation in cold diethyl ether and filtration.
Yield: 87.3%, conversion ratio: 100.0%.

The solution of PEGok-CBA (1.0 g, 0.469 mM) in DMSO
was added dropwise to the mixture containing DOX-HCI
(272 mg, 0.469 mM) and TEA (475 mL, 0.469 mM). The
reaction was kept in darkness (to prevent DOX photolysis) at
room temperature with vigorous stirring for 24 h. The red
powder PEGog-CBA-DOX was isolated and purified after
dialysis and lyophilization. PEG;x-CBA-DOX was prepared
by the same method. Yield: 94.5%, conversion ratio: 96.8%.

Preparation and Characterization of PPMs

The PPMs were prepared by a self-assembling solvent
evaporation method. Briefly, a 5 mL tetrahydrofuran
(THF) solution of PEG-SS-CBA-DOX/PEG-CBA-
DOX (50 mg) prodrug was added dropwise into deion-
ized water (50 mL) and continued stirring at ambient
temperature for 24 h. After passing through a 0.22 um
microfiltration membrane, the collected aqueous solu-
tion was lyophilized to obtain the PPMs.

To determine the drug loading content (DLC), 10.0 mg
PPM lyophilized powder was dissolved in 10 mL of HCI
(1 M) and stirred in darkness at room temperature for 24 h.
Subsequently, the pH was adjusted to neutral with an equi-
molar amount of NaOH. The concentration of DOX disso-
ciated from PPM was analyzed by HPLC. The DLC was
calculated according to the equation, as follows:

DLC(%) = { Weight of loaded DOX in PPM | (Weight of drug carrier + Weight of loaded DOX)} x 100%

The stability of PPMs was evaluated by monitoring
the changes in particle size of polymeric micelles.
Simply, PEGok-SS-CBA-DOX and PEG,x-CBA-DOX
PPMs were stored at ambient temperature. The particle
size and zeta-potential of the two PPMs were investigat-
ed by DLS. Besides, the morphology of PEG,k-SS-
CBA-DOX PPM was observed by TEM and SEM.
Xigo Acorn Area Particle Interface Analyzer was uti-
lized to determine the relaxation time and specific sur-
face area of PPMs.

pH and Redox Triggered Release of DOX from PPMs

The pH triggered drug release profiles of PEGok-CBA-
DOX, PEGyk-SS-CBA-DOX, PEG;x-CBA-DOX and
PEG;k-SS-CBA-DOX PPMs were investigated using a
dialysis method at 37°C in phosphate buffer solution
(PBS) of pH 7.4 or 5.0, mimicking the physiological
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environment or the tumor intracellular environment/mi-
croenvironment, respectively. 5 mg of PPMs lyophilized
powder were dissolved in corresponding PBS (5 mL)
and then transferred into a dialysis tube, immersed in
30 mL of PBS and stirred at 100 rpm in darkness. At
certain time intervals, 3 mL of aliquots were pipetted
and superseded with fresh PBS. The DOX release was
determined using a UV-vis spectrometer and the con-
centration was calculated accordingly.

The pH and redox dual-triggered DOX release profiles of
PEGgk-SS-CBA-DOX and PEG;k-SS-CBA-DOX PPMs
were investigated as similar as pH triggered drug release pro-
files. The release medium was PBS of pH 7.4 or 5.0, mimick-
ing the physiological environment or the tumor intracellular
environment/microenvironment, respectively, and PBS of
pH 7.4 or 5.0 containing 10 mM GSH, mimicking the phys-
1ological environment or tumor intracellular environment un-
der high glutathione concentration, respectively.
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Cellular Uptake Assay

Cellular uptake assays of PEGog-SS-CBA-DOX and PEGok-
CBA-DOX PPMs were evaluated employing A549 cells
(Human breast cancer cell). A549 cells were seeded in 24-well
plates at a density of 1 x 10* cells/well and incubated at 37°C
for 24 h. Then the medium was removed and cells were treated
with PEGok-SS-CBA-DOX/PEGok-CBA-DOX PPMs at a
final DOX concentration of 10 mg/L. After 1, 2 and 4 h of
incubation, the cells were fixed with 4% formaldehyde for
10 min, and the nuclei were stained with Hoechst 33258. The
cellular uptake of A549 cells was examined using CLSM.

In Vitro Cytotoxicity

For in vitro cytotoxicity assay, A549 cells were seeded in 96-well
plates at a density of 1 x 10* cells/well and incubated for 24 h.
The medium was pipetted, and then cells were incubated with
PEGok-SS-CBA-DOX PPM and PEGox-CBA-DOX PPM so-
lutions diluted with DMEM at various concentrations for 72 h.
Afterward, the drug-containing medium was replaced with the
medium containing 10% CCK-8 reagent and the incubation
was continued for another 4 h. Finally, the absorbance was
measured at 450 nm using a microplate reader.

Pharmacokinetic Evaluation and Tissue Distribution
of DOX and PEG,-SS-CBA-DOX

For pharmacokinetic evaluation, male SD rats were divided
randomly into DOX group and PEG,k-SS-CBA-DOX group,
and were intravenously injected with DOX and PEGok-SS-
CBA-DOX at DOX dose of 3 mg/kg (n = 6). At predetermined
time intervals (10, 20, 30 min, 1, 2, 4, 8, 12, 24 h), 0.5 mL blood
samples were collected from orbital venous and transferred into
a heparinized tube. 0.2 mL plasma was collected after 10 min of
centrifugation at 12000 rpm. The samples were treated with
10 pL of daunorubicin hydrochloride (DNR-HCI) (20 pg/mlL)
and 0.5 mL of TrisHCI (1 M, pH = 9.0). After 3 min of vortex,
5 mL methanol - chloroform (1:2, v/v) was added to precipitate
proteins. The chloroform phase was collected and dried with
nitrogen. Afterwards, the dried mixture was dissolved in 0.2 mL
of mobile phase and the supernatant was collected after 10 min
of centrifugation (12,000 rpm). Finally, the supernatants were
collected for HPLC: analysis (Diamonsil C18 (2) column, 5 pm,
250 X 4.6 mm, acetonitrile-acidified water (1000 mL contains
1.36 mL of phosphoric acid), | mL/min, 35°C, UV = 233 nm).

SD rats were sacrificed after administration of DOX and
PEGyk-SS-CBA-DOX PPMs for 2 h. Subsequently, the
heart, liver, spleen, lung and kidney were harvested and cut
into pieces followed by grinding in 0.5 mL of PBS using tissue
grinder. The supernatant was collected after centrifugation at
12000 rpm for 10 min. The supernatant was treated accord-
ing to the processing method of plasma sample

aforementioned. Finally, 150 pL of treated samples (dissolved
in methanol) in black 96-well plates were measured by a
Spectra Max M3 multi-function plate reader (Molecular
Devices), with the excitation and emission wavelength at 480
and 550 nm, respectively.

To study the distribution of DOX and PEGok-SS-CBA-
DOX micelle in tumors and tissues of tumor-bearing mice,
2 % 10° A549 cells were injected into the left flanks of BALB/c
mice to establish xenograft tumor model. When the tumor
volume reached 50 mm®, mice were randomly divided into
2 groups (n = 6), and intravenously injected with DOX and
DiR loaded PEGyk-SS-CBA-DOX micelles (at DOX equiv-
alent 3 mg/kg). At different time intervals after intravenous
injection (2, 4, 6 and 12 h), the mice were anesthetized with
urethane and monitored using the ¢ vwo imaging system. Mice
were sacrificed at the last time interval and the heart, liver,
spleen, lung, kidney and tumor were collected and analyzed
by the  vivo imaging system.

Anti-Tumor Efficiency of DOX
and PEG,-SS-CBA-DOX

Tumor-bearing BALB/c¢ mice were randomly divided into 3
groups (n = 6). When the tumor reached a volume of 50 mm?®,
mice were intravenously injected with PBS, DOX and
PEGyk-SS-CBA-DOX PPMs at a normalized DOX dose
(3 mg/kg) once every three days, respectively. The changes
in body weights were monitored. After treatment for 3 weeks,
the mice were sacrificed and the tumors were excised for fur-
ther analysis. The tumor size was measured and the tumor
volume was calculated in terms of the formula:

V = (length/widih’) /2

The tumor weight was measured and the tumor inhabita-
tion rate (TIR) was calculated based on:

TIR = (| —tumor weight of treatment group/tumor weight of control group) x 100%

The collected tumors were fixed with 4% formaldehyde
solution and stained with hematoxylin and eosin (H&E). The
tumor histological study was analyzed on a biological
microscope.

Statistical Analysis

All data were presented as mean * standard deviation and
examined in parallel three trials. Statistic Package for Social
Science (SPSS) software (Version 17.0 for windows) was ap-
plied to analyze the processed data. The p values obtained
according to the Student’s t test were considered statistically
significant difference at p <0.05 and extremely significant
difference at p <0.01.
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RESULTS AND DISCUSSION
Synthesis and Characterization of Polymeric Prodrug

The synthetic processes of pH/redox dual-sensitive PEG-SS-
CBA-DOX and pH-sensitive PEG-CBA-DOX were detailed
illustrated in Scheme 1 and Scheme 2. To synthesize PEG-SS-
CBA-DOX successfully, PEG-NPC was firstly synthesized by
an acylation reaction and confirmed by "H-NMR (Fig. S1)

}wkg

which aromatic proton peaks at 7.39 ppm and 8.28 ppm dem-
onstrated the successful synthesis of desired product. The con-
version ratio was calculated to be 100% based on comparing
the integrals between the aromatic proton peak at 8 7.39 ppm
of 4-NPC and the peak of the repetitive units on PEG at &
3.48-3.81 ppm (8 7.39 ppm and 8.28 ppm had the same
integral.). Next, a transesterification was achieved between
PEG-NPC and bis(2-hydroxyethyl) disulfide to yield PEG-
SS-OH. The appearance of the aliphatic peaks (2.88 ppm,

o H 4-NPC BIS% -hydroxyethyl)
% isulfide
o) pyrldme
DMAP

PEGyk/sx

PEGyys-NPC

/PO\/\QO)K/\/S\S/\/O“

PEG.y5k-SS-OH

4-CBA
—>

EDC-HCI, DMAP

v*)k/\/\/\/w(@e

PEG,s¢-SS-CBA

PEG,x/sx-SS-CBA-DOX
Scheme | Synthesis of the PEG-SS-CBA-DOX prodrug.
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Scheme 2 Synthesis of the PEG-
CBA-DOX prodrug.

ANy

PEGyk sk

DOXHCI
—_—
TEA

2.96 ppm, 4.29 ppm and 4.39 ppm) were attributed to the
bis(2-hydroxyethyl) disulfide of PEG-SS-OH (Fig. S2). The
conversion ratio of PEG-SS-OH was calculated to be 93.2%
based on the integrals between the new aliphatic proton peak
of bis(2-hydroxyethyl) disulfide at 8 2.88 ppm and the peak of
the repetitive units on PEG at 3.50-3.89 ppm (6 2.88 ppm
2.96 ppm, 4.29 ppm and 4.39 ppm had the same integral).
Subsequently, PEG-SS-OH and 4-CBA were linked under
the catalysis of EDC-HCI and DMAP to introduce the termi-
nal aldehyde group of the polymer molecules. The new aro-
matic proton peaks of 4-CBA (7.96 ppm, 8.20 ppm) in the 'H-
NMR spectrum of the formed PEG-SS-CBA (Fig. S3) indi-
cated its successful synthesis, and the conversion ratio was
calculated to be 88.4% based on the integrals between the
aromatic proton peak of 4-CBA at 8.20 ppm and the peak
of repetitive units on PEG at 3.50-3.76 ppm. Finally, DOX
bound with PEG-SS-CBA easily via the imine bonds. The
successful conjugation of DOX to PEG-SS-CBA was con-
firmed by the appearance of the aromatic proton peaks at 8
7.72/7.56/7.46 ppm of DOX and the imine proton peak at 8
8.13 ppm (Iig. 1B). A high conversion ratio (82.6%) of PEG-
SS-CBA-DOX was obtained, according to the imine bond
proton peak (8.13 ppm) and the methoxy group proton peak
(3.40 ppm). To further confirm the successful synthesis of de-
sired polymers, the FT-IR spectra of the synthesized polymers
were measured. The peak of 1747 em ™" (Fig. 2) was assigned
to the -O-C=0 bond formed by PEG and bis(2-hydroxyethyl)
disulfide. After PEG-SS-CBA combined with DOX, the peak

PN

(0]
N GVAY
—_—
o

EDCHCI, DMAP
PEG,,sk-CBA

o

0 OH O

of ester bond shifted to 1726 cm ™', and a new peak of
1616 cm ™" assigned to imine bond appeared (Fig. 2) (36).

4-CBA was readily conjugated with PEG via an ester bond,
which in turn accomplished the transformation of terminal
group from hydroxyl to aldehyde group, as illustrated in
Scheme 2. The aromatic proton peaks attributed to 4-CBA
appeared at & 7.95 ppm and 8.21 ppm, and the aldehyde
group proton peak was at & 10.10 ppm (Fig. S4). The conver-
sion ratio of PEG-CBA was estimated to be 100.0% according
to the integrals between the peak of 4-CBA at 8 7.95 ppm and
methoxy group proton peak of PEG at 3.40 ppm. Next, the
imine bond was introduced to form the pH-sensitive polymer-
ic prodrug PEG-CBA-DOX. In the "H-NMR spectrum of
PEG-CBA-DOX (Fig. 1A), the imine bond proton peak ap-
peared at & 8.04 ppm, the aromatic proton peaks appeared at
0 7.79, 7.43, 7.08 ppm, and the signal peak of DOX was at &
5.30 ppm. The conversion ratio of PEG-CBA-DOX was cal-
culated to be 96.8% by the integrals between imine bond
proton peak and the methoxy group proton peak. The ester
bond was formed by PEG and 4-CBA which peak was located
at 1724 em ™" in the FT-IR spectrum (Fig. 2). After the cova-
lent conjugation of PEG-CBA and DOX, a new imine bond
absorption peak appeared at 1641 cm™' (36,37).

The DLC of PPMs were determined by the acid destruc-
tion assay and the results displayed that the DOX loading
content is 19.5% for PEG,k-SS-CBA-DOX, 20.1% for
PEGyk-CBA-DOX, 9.6% for PEG;k-SS-CBA-DOX and
9.4% for PEG;kx-CBA-DOX, respectively. The DLC of
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Fig. I 'H-NMR spectra of (A) a
PEG,-CBA-DOX and (B) PEG -
SS-CRA-DOX.

/
At
T W,
Ul

PPMs formed by PEG5k was relatively lower compared with
formed by PEGok which was attributed to that up to one
molecule of DOX can be attached per molecule of PEG.
However, compared to previous studies, the DLC of PPMs
composed of PEGyk in this study were relatively higher
(38,39).

Preparation and Characterization of PPMs

The PPMs were prepared by a simple organic solvent evapo-
ration method. The hydrophilic PEG formed a shell outward
and the hydrophobic DOX formed a core inward. PEGok,
5k-99-CBA-DOX and PEGoyk,5x-CBA-DOX micelles were
prepared, and PEGyg-SS-CBA-DOX and PEGyk-CBA-
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DOX PPM were demonstrated in Fig. 3A, which was pink
transparent.

The abundant blood vessels, wide gaps between vessel walls
and poor structural integrity in solid tumor cause the EPR
effect which is perceived as a predominant role in the success-
ful delivery of various nanoparticles (40,41). Therefore, the
appropriate particle size of nanocarriers for passively targeting
to tumor via EPR effect is crucial for improving drug delivery
efficiency. The PEG-SS-CBA-DOX PPMs and the PEG-
CBA-DOX PPMs prepared in this study had average diame-
ters of ~90 nm and ~80 nm, respectively, which made them
easy to passively accumulate in tumor tissues. The PEGok-SS-
CBA-DOX PPMs were spherical (Fig. 3B), with the average
diameter of ~90 nm (Fig. 3C), as supported by the SEM (Fig.
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Fig. 2 FT-IR spectrum of various samples during the synthesis.

S7). Meanwhile, the zeta potentials of PEGok-SS-CBA-DOX
PPMs and PEGyi-CBA-DOX PPMs were determined to be
—9.45 mV and — 11.9 mV, respectively (Fig. S5), which were
as electronegative as plasma to remain stable.

The stable of nanomicelles under physiological conditions
1s greatly warranted for reducing toxicity of chemotherapeu-
tics toward healthy cells, while the “on demand” drug release
in short order depends on the timely destruction of
nanomicelles in the acidic microenvironment. Hence, the sta-
bilities of PEGok-SS-CBA-DOX PPMs and PEGyk-CBA-
DOX PPMs in aqueous PBS solutions with pH values of 7.4
and 5.0 (physiological conditions and acidic microenviron-
ment) were investigated by measuring the changes in particle
size and the relaxation time.

There 1s no significant difference in particle size changes of
the two PPMs within 21 days in a PBS environment of pH 7.4
(Fig. 3D), indicating the excellent stability of the PPMs under
normal physiological conditions. However, in a PBS environ-
ment of pH 5.0, the particle size of these two PPMs fluctuated
significantly within 5 h (Fig. S6), which suggested that the
PPMs was broken in the presence of acid environment and
this may trigger the simultancous drug release.

The relaxation time of PEGok-SS-CBA-DOX PPMs in
aqueous solution that were measured by particle interface
analyzer to be 2351.4 ms (T), with a specific surface area of
0.8 m*/g (Fig. 4). PEG5k-SS-CBA-DOX PPMs had a relax-
ation time (T9) of 2163.2 ms with a specific surface area of
1.5 m?%/ g as depicted. PEGok /5x-CBA-DOX PPMs displayed
the similar relaxation time and specific surface area compared

with PEGok /5x-SS-CBA-DOX PPMs (Fig. S8). These results
showed that the PPMs remained stable and resisted aggrega-
tion in aqueous solution (42,43).

pH and Redox Sensitive Release Behavior of PPMs

The drug release behavior of PPMs is not only affected by the
environment, but also affected by the molecular weight of
nano-carrier (44—47). The dialysis method was applied to in-
vestigate the release behaviors of pH-sensitive and pH/redox
dual-sensitive PPMs with different molecular weights. Typical
PEGs with molecular weights of 2 K and 5 K were used to
study the impact of molecular weight on drug release.
Respectively, PBS (pH 7.4 and 5.0) were used to mimic the
normal physiological environment and the acidic tumor mi-
croenvironment. Besides, Good tumor intracellular environ-
ment performance was achieved under the simulation in PBS
(pH 7.4 and 5.0) containing 10 mM GSH..

As depicted in Fig. 5A, at a lower pH, 1.e. pH 5.0, the
release of DOX from both PEGok /5xk-SS-CBA-DOX PPMs
(37.4% and 23.6% at 72 h) and PEGyk /5x-CBA-DOX PPMs
(34.6% and 16.7% at 72 h) was significantly faster compared
with at the pH value of 7.4 (27.7%, 12.6%, 26.2% and 10.8%
at 72 h, respectively), which could be ascribed to the cleavage
of acid-labile imine bond. Meanwhile, when treated with PBS
of 5.0 with 10 mM of GSH, the cumulative release of DOX
from PEGok,/5k-SS-CBA-DOX PPMs was as efficient as to
be 84.9% in 72 h (Fig. 5B). Numerous studies have shown that
the disulfide bond can be broken easily in the presence of high
concentrations of GSH (19,48-50). The cumulative release of
DOX from PPMs at pH 5.0 with 10 mM GSH is two times
higher than that at pH 5.0, which mainly because the PPMs
were dissociated under high-concentration of GSH, resulting
in the prodrug easier to react with H" in the tumor acidic
microenvironment, thereby accelerating the drug release.
The dissociation of PPMs was dramatically accelerated under
the condition of acid and high concentration of GSH,
resulting in the rapid shedding of DOX from PPMs. Next,
the drug release behavior under physiological environment
(pH 7.4) with high concentrations of GSH was also quantified.
The cumulative release of DOX from PEGok /51-SS-CBA-
DOX PPMs under pH 7.4 with 10 mM of GSH (41.9%
and 24.4% at 72 h, respectively) was almost two times higher
than that under pH 7.4 (27.7% and 12.6% at 72 h, respec-
tively), which indicated that the unique high GSH concentra-
tion in tumor microenvironment can accelerate the drug re-
lease from PEGok /5x-SS-CBA-DOX PPMs despite of the
extra or intra pH values of tumor tissues (51,52).

The cumulative release profile of DOX from the PPMs with
the same stimuli-responsive bonds exhibited negative correlation
with the molecular weight of PEG under the same release me-
dium (Fig. 5). According to the previous report (37), the higher
the curling degree of polymers, the slower the drug diffuses from

@ Springer



4 Page 10of 17

Pharm Res (2020) 37: 4

Self-assembly

ol PEG2oK-SS-CBA-DOX
—e— PEGoK-CBA-DO

15

% Intensity
2

(&)
1

0+

10 100 1000
Size (d.nm)

180
—=— PEG,,-SS-CBA-DOX PPMs

0]  —* PEG,-CBA-DOX PPMs

- 120

[
o
1 "

Particle size (d. nm)
8

w
o
1

0 T T T T

Time (d)

Fig. 3 (A): PEG,-CBA-DOX and PEG,-SS-CBA-DOX micelles at a concentration of 0.5 mg/mL; (B): TEM image of PEG,-SS-CBA-DOX micelles; (C): Size
distribution of PEG,x-CBA-DOX and PEG,-SS-CBA-DOX micelles at a concentration of 0.5 mg/mL; (D): Stability of micelles of PEG,-CBA-DOX and PEG,-

SS-CBA-DOX in pH 7.4 PBS at room temperature.

the micelles. This provides a powerful tool to control drug release
via adjusting the molecular weight of drug carrier.

Cellular Uptake of PPMs

The PPMs composed of PEGok possessed relatively higher
DLC and exhibited improved i vitro drug release behaviors
compared with PPMs based on PEGsk. We measured the cel-
lular uptake of PEGyk-SS-CBA-DOX PPMs and PEGok-
CBA-DOX PPMs in A549 cells using CLSM. As illustrated in
Fig. 6, cells co-incubated with the two PPMs exhibited conve-
nient cellular internalization that may be achieved through
membrane fusion pathways under the unique shell-core struc-
ture of micelles. PEGog-SS-CBA-DOX PPMs showed stronger
red fluorescence intensity at 1 h. As time elapsed, the red fluo-
rescence intensity of cells incubated with two PPMs gradually
increased and tended to be equal. This may be related to
PEGyk-SS-CBA-DOX PPMs being able to show a stronger
red fluorescence intensity at 1 h when fluorescent DOX was
faster dissociated from PEGog-SS-CBA-DOX PPMs compared
to PEGog-CBA-DOX PPMs after the two PPMs were
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internalized by tumor cells. Gradually, released DOX from
PPMs reached the peak in tumor cells so that the fluorescence
intensity tended to be equal.

Difference fluorescence intensity in earlier stage of the two
PPMs in A549 cells can be attributed to the destruction of
disulfide due to the high concentration of GSH in cancer cells.
As reported previously (53), the decrease of GSH concentra-
tion owing to the existence of disulfide can alleviate the excre-
tion of chemotherapeutics. Therefore, our results demonstrat-
ed that the prepared PEGog-SS-CBA-DOX PPM provided a
novel insight in developing new drug delivery system to con-
quer the multi-drug resistance (MDR). Subsequent phenom-
ena about the equalization of fluorescence intensity indicated
that PPMs can be effectively internalized by cells. Collectively,
these observations strongly implied that the pH/redox stimuli-
responsive PPM showed favorable cellular internalization.

Anti-Tumor Activities /n Vitro

The n vitro cytotoxicity of PEGog-SS-CBA-DOX, PEGok-
CBA-DOX and free DOX was evaluated using the CCK-8
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Fig. 4 Surface area measurements of PEG,-SS-CBA-DOX PPMs (A) and PEGs-SS-CBA-DOX PPMs (B) at a concentration of | mg/mL measured using a
Xigo Acomn Area Particle Interface Analyzer. Mxy is the transverse magnetization vector.
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Fig. 5 Cumulative release of a
DOX from various PPMs at pH 5.0
and 7.4 (A); Cumulative release of
DOX from various PPMs at pH 5.0
and 7.4 with 10 mM of GSH (B).
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method (Fig. 7). A number of researches indicated that drugs
exhibited reduced cytotoxicity after loading onto polymers
(54,55). PEGyk-SS-CBA-DOX PPMs exhibited slightly
higher cytotoxicity against A549 cell lines compared with
PEGok-CBA-DOX PPMs (IC50 7.71 pg/mL vs 31.97 png/
mL), which could be attributed to the faster destruction of
dual-sensitive PPMs. However, the IC5( of these two synthe-
sized PPMs was much higher than free DOX (IC5 0.37 ng/
mL). This phenomenon was most likely ascribed to the slow
internalization and subsequent intracellular dissociation of the
nanoparticles.

Pharmacokinetic Study of DOX
and PEG2K-SS-CBA-DOX Micelles

The blood concentration and half-time of drug have an im-
portant influence on the therapy efficiency. As reported,
DOX is cleared quickly in systemic circulation (56,57), which
1s consistent with Fig. 8A. PEG,k-SS-CBA-DOX micelles ex-
hibited an “oral-like” blood concentration curve. Promisingly,
the area-under the curve (AUC) of DOX from PEGok-SS-
CBA-DOX PPMs was increased by 2.68 times compared with
free DOX (Table I). DOX dissociated from PPMs because the
PPMs were destroyed by enzymes in the tissues, such as the
liver, and thus triggered the concurrent drug release. DOX
was almost completely depleted by the body after treating with
free DOX for 12 h. The t;,9 of PPMs camouflaged DOX
were increased by 1.45 folds when compared with free
DOX, which illustrated that PPMs can effectively extend the
half-life of DOX.

Tissue Toxicity and Tissue Distribution of DOX
and PPMs

DOX has severe cardiotoxicity, nephrotoxicity and
myelosuppression although it is widely used in clinical
(58,59). To investigate the tissue toxicity of PPMs, we analyzed
the distribution of DOX and PPMs in the tissues of SD rats.
As depicted in Fig. 8B, DOX is more easily trapped in the
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heart compared with the PPMs after 2 h intravenous injection,
indicating its severe cardiotoxicity. Besides, the free DOX
accumulated in the organs (except for the spleen) was higher
than that of PPMs. The reduced distribution of DOX loaded
in PPM in most major organs resulted in a decrease in the
toxicity of DOX to normal tissues, therefore reduced side
effects.

To study the distribution law of DOX and PPMs in the
main organs and tumor, an  vwo living imaging system was
employed. Both DOX and PEGyk-SS-CBA-DOX micelles
were rapidly distributed in mice after intravenous injection.
Over time, DOX was rapidly cleared by the body (Fig. 8C).
However, the clearance rate of PEGy-SS-CBA-DOX mi-
celles was much slower than that of DOX, and PEG,-SS-
CBA-DOX micelles gradually accumulated at the tumor site
(Fig. 8C and D). The reasonable particle size (~90 nm) design
of the prepared micelles is a critical strategy to ensure that the
PPMs can effectively penetrate various barriers and accumu-
late in tumor. In addition, the PEG endows the PPMs with a
prolonged blood circulation, which also improves the accu-
mulation of PPMs in tumor indirectly.

Anti-Tumor Efficiency and Histological Analysis

To verify the enhanced antitumor efficiency of tumor mi-
croenvironment stimuli-responsive PPMs, the pharmaco-
dynamic assay was performed on A549 tumor-bearing
BALB/c¢ mice. The DOX group and PEG,k-SS-CBA-
DOX group had therapeutic effect to some extent com-
pared with the control group (PBS group). The tumor vol-
umes were significantly decreased in the PEGog-SS-CBA-
DOX group compare with DOX group after treatment for
21 days (Table II). Similarly, the tumor weights were tre-
mendously reduced, which leads to an increase in tumor
inhibition rate as illustrated in Table II, Fig. 9 A and D.
The tumor volumes and weights of PEGok-SS-CBA-DOX
group were greatly reduced compared with DOX group,
which implied that the PPMs with pH and redox-sensitive
tumor microenvironment responsiveness can achieve long-
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Fig. 6 Cellular uptake of PEG-
SS-CBA-DOX (A) and PEG,-
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term circulation i vivo, avoid rapid elimination and im-
prove the accumulation in tumor sites, thereby enhancing
the anti-tumor efficiency. The results of anti-tumor effi-
ciency tests in combination with the results of the cytotox-
icity tests and the biodistribution tests indicated that the
systemic toxicity of PEGog-SS-CBA-DOX was significant-
ly reduced in comparison with DOX. Body weight changes

Hoechst33258

DOX Merge

of tumor-bearing mice in Fig. 9B verified this result. As for
histological study, tumor tissues in the DOX group and
PEG,k-SS-CBA-DOX PPMs group displayed different
degrees of necrosis (IFig. 9E) based on the proportion of
tumor cell necrosis compared with the PBS group, and
an obviously higher degree of tumor necrosis phenomenon
was observed in the PEGok-SS-CBA-DOX PPMs group.
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Fig. 7 Cell viability of PEG,-SS-CBA-DOX, PEG,-CBA-DOX and free

DOX at a DOX equivalent. **, p < 0.01, extremely significant difference.

The improved long-term circulation and the EPR effect
which depended on particle size play important roles in
the cancer treatment of PEGyk-SS-CBA-DOX PPMs
which can accumulate in the tumor site and release DOX
rapidly, thereby maximizing desired effects of drug.
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Fig. 8 Pharmacokinetic study and biodistribution of DOX and PEG,-SS-CBA-DOX PPMs. (A): Pharmacokinetic curve of DPX and PEG,-SS-CBA-DOX
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The predominant strategy for this research is suitable particle
size of PPMs works in tandem with tumor microenvironment
stimuli-responsiveness (pH/redox dual-sensitive) to improve
therapeutic outcome and reduce side effects of chemothera-
peutics. The prepared prodrug with considerable specific sur-
face area is capable of self-assembling into micelles with ap-
propriate particle size to achieve the passive targetability via
EPR effect. The accelerated drug release in acidic/reductive
tumor microenvironments enables the PPMs advantages in
terms of improving chemotherapeutic efficacy. We proposed
a strategy to control the drug release of polymeric prodrugs
based on controlling the molecular weight of polymers.
Furthermore, the results of cellular uptake and cytotoxicity
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PPMs; (B): Tissue distribution of DOX and PEG,-SS-CBA-DOX PPMs in SD rats; (C): The distribution over time after tail vein injection of DOX and PEG,-SS-
CBA-DOX/DIR PPMs in mice; (D): Tissue and tumor distribution of DOX and PEG,-SS-CBA-DOX/DIR PPMs after |2 h of post administration.
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Table Il Tumor Weight, Volume
and Tumor Growth Inhibition Rate Group Tumor Weight (g) Tumor Volume (mm?) Tumor Growth Inhibition Rate (%)

After 21 d of Treatment

PBS 0.53 £ 0.08 731.83 = 257.56 -
DOX 031 = 0.07** 429.92 = 77.36* 41.94 £ 6.08
PEG,-SS-CBA-DOX 0.14 = 0.06** 216.17 = 109.69%* 74.60 £ 7.76%*

Values represent mean = S.D. (n = 6).

* b < 0.05, significant difference; ** p < 0.01, extremely significant difference
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Fig. 9 Antitumor efficiency and histological analysis of DOX and PEG,-5S-CBA-DOX PPMs. (A)
in body weight of mice during treatment; (C): Photographs of tumors; (D): Tumor inhibition rate of DOX and PEG,-SS-CBA-DOX PPMs after 2| d of treatment;

E: Histological analysis of tumors of mice 2| d of post administration of PBS (a), DOX (b) and PEG,-SS-CBA-DOX PPMs (c). *, p < 0.05, significant difference,
#*. p < 0.01, extremely significant difference.
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assays revealed that the prepared PPMs can be efficiently
internalized by tumor cells and reduce the side effects of
DOX. The “oral-like” drug concentration-time profiles,
biodistribution, tissue distribution, anti-tumor efficiency and
histological study revealed that the prepared dual-sensitive
PPMs are superior in improving i vitro and m vivo release
pharmacokinetics, enhancing anti-tumor therapeutic effect
and reducing side effects of DOX.
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