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Although functional aliphatic polycarbonates (APCs) have attracted prominent research interest as
stimuli-responsive biomaterials, the majority of functional APCs are fabricated by detrimental
organometallic catalysts or organo-catalysts. Herein, a facile synthetic strategy based on enzymatic
polymerization was developed to construct a selenium-containing amphiphilic aliphatic polycarbonate
(MPEG-b-CMPy,s). Specifically, the selenium in its backbone framework underwent a hydrophobic—
hydrophilic transition upon exposure to the abnormal ROS level of the tumor, thus providing
a promising platform for ROS-triggered drug release. This amphiphilic mPEG-b-CMP,s efficiently
encapsulated doxorubicin (DOX) via self-assembly in agueous solution and showed an excellent ability
to regulate the release of DOX in response to H,O, at biologically relevant concentrations (100 pM).
These DOX-loaded nanoparticles could easily be internalized into U87 cells and possess the inherent

antitumor properties of DOX, while they exhibited much lower cytotoxicity in normal cells HL-7702.
Received 15th December 2018

Accepted 4th February 2019 Moreover, in many cases, the introduction of selenium caused high cytotoxicity of the materials, but

the cytotoxicity results in HL-7702 cells demonstrated the good biocompatibility of mMPEG-b-CMPys.

DOI: 10.1039/cBral0282a These collective data suggested the potential use of mMPEG-b-CMP,5 as a biocompatible and smart
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Introduction

In the field of biomaterials, tremendous efforts have been
devoted for the development of stimuli-responsive drug
delivery systems that deliver therapeutic agents in
a controlled manner. These stimuli could be classified as
either endogenous biological parameters (e.g., pH,"™
enzyme,>® reactive oxygen species (ROS) and reduction
conditions’™®) or external triggers (e.g., light,””'® ultra-
sound® and magnetic®’). Reactive oxygen species (ROS) such
as hydrogen peroxide (H,0,), superoxide, and the hydroxyl
radical are one of the most important biological
stimuli.”®**** They are extremely common inside the body
and act as a double-edged sword. At normal conditions, they
serve as key modulators in various physiological processes.
However, the undesired elevated ROS is often implicated in
many important pathophysiological events, for example,
Alzheimer's,*® Parkinson's,”” atherosclerosis® and some
cancer.>?" Based on this difference in normal and
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pathological tissues, recent studies have proposed a variety
of smart polymers to take advantage of the increased ROS
level for cancer therapy.

Starting with the development of polypropylene sulfide (PPS)
as oxidation-responsive polymeric vesicles in 2004,*" various
ROS-responsive polymers have been constructed and investi-
gated for the therapeutic purposes. The major classes of re-
ported oxidation-responsive polymers are those containing
thioether,**** thioketal,* arylboronic ester,’® aminoacrylate®®
and peroxalate ester.*” Unfortunately, these types of materials
usually exhibit unsatisfied response to mild oxidative
atmosphere.

To cope with this problem, selenium has been proposed to
construct ROS-responsive polymers because of its excellent
oxidability. These selenium-containing polymers are more
sensitive under mild stimuli conditions than the sulfur con-
taining counterparts, which has inspired researchers to exploit
the selenium-containing polymers. Early in 2010, Xu and
Zhang successfully designed a selenium-containing polymer
PEG-PUSe-PEG and it showed a triggered release of loaded
cargos in the presence of 0.1% H,O, (v/v), which was more
sensitive than sulfur-containing analogue.*® And thenceforth,
some related studies came into being.**** Lang and his
coworkers have reported a selenium-containing polycarbonate
via enzymatic ring opening polymerization.** However, the
hydrophobicity of the polymer may restrict its application for
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drug delivery. Notably, there are few studies explored the
therapeutic application of selenium-containing polymers,
additionally, hardly any of previously reported selenium-
containing polymeric drug carriers are sufficiently sensitive
to biologically relevant concentrations of H,O, (50-100 pM)
until now. Hence, it still needs to exploit novel strategy to
develop more selenium-containing polymers emphasis on
medical potentiality.

Enzymatic polymerization is a powerful tool for synthesizing
biopolymers such as polysaccharides,* polyesters,*” polyani-
line,*® aliphatic polycarbonates (APCs)* and so on.** In our
continued efforts towards the development of functional poly-
mers via enzymatic polymerization, we have explored such as
azido-functional,® pH-responsive®* and oxidation-responsive
polyesters.>

Particularly, the development of oxidation-responsive poly-
mers is one of the most active topics in the field of stimuli-
responsive polymers. Regrettably, the oxidation-responsive
behaviour of our previously reported oxidation-responsive
polyester (MPEG-b-PTE,,) showed that mPEG-b-PTE,, was only
sensitive to H,O, of high concentration (5%).>

Inspired by our initial work and to further potentiate the
ROS-responsive capacity of our materials, herein, we developed
a selenium-containing aliphatic polycarbonate (denoted as
mPEG-b-CMP,;5) using enzymatic polymerization. APCs are one
of the most important categories of biocompatible materials on
account of the degradation of polycarbonates yield only CO,
and diols, which has attracted significant attention of applica-
tions in the medical field.*** In this work, this polycarbonate
was endowed with ultrasensitive ROS-responsive capacity with
the presence of selenium in its backbone framework. The mPEG
was used not only as the chain-terminating agent to obtain this
copolymer, but also as a hydrophilic segment endowing the
micelles with stealth properties. As shown in Scheme 1, this
copolymer was synthesized through a facile process, and it was
able to form micelles in aqueous to which the anticancer drug
doxorubicin (DOX) can be encapsulated. These DOX-loaded
micelles featured selective intracellular drug release and anti-
cancer effect. The results indicated that this selenium-
containing polycarbonate would be a promising technology in
cancer therapy.
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Scheme 1 The synthesis of mMPEG-b-CMP,s block copolymers and
preparation of DOX-loaded mPEG-b-CMP,45 micelles as oxidation-
responsive drug delivery vehicle.
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Experimental details
Materials

Doxorubicin (hydrochloride, 98%) was obtained from Aladdin
Industrial Corporation. And mPEG (M,, = 2000 Da) was ob-
tained from Sigma-Aldrich and used as received. Novozym 435
(immobilized lipase B from Candida antarctica, CALB) was
purchased from Novozymes (Bagsvaerd, Denmark) and used as
received. Sodium borohydride, selenium powder, 3-bromo-1-
propanol, dimethyl carbonate, diphenyl ether, Nile Red (99%)
and 30% (v/v) H,O, were purchased from commercial suppliers.
All solvents and other reagents were analytical grade and used
as received. Dulbecco's Modified Eagle Medium (DMEM), 1640
Medium and fetal bovine serum (FBS) were purchased from
Invitrogen Corporation. 3-(4,5-Dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium  (MTS)
was purchased from Sigma-Aldrich (St. Louis, MO). HL-7702
and U87 cells were obtained from the Shanghai Institute of
Biochemistry and Cell Biology, Chinese Academy of Sciences.

Characterizations

'H and "*C NMR spectra were recorded on a Bruker DMX 400
spectrometer with deuterated chloroform (CDCl;) as solvents.
Electrospray ionization (ESI) mass spectrometry experiments
were performed on Shimadzu LCMS-IT-TOF mass spectrometer.
The molecular weights and distributions of these copolymers
were measured by GPC in THF relative to PS standards on
a Waters HPLC system equipped a 2414 refractive index (RI)
detector with Waters Styragel® HT3 and HT4 columns in series.
The critical micelle concentration (CMC) was determined via
fluorescence measurements recorded on a Hitachi F-7000
fluorescence spectrometer using Nile Red as probe. Trans-
mission electron microscopy (TEM, Hitachi H-600) studies were
performed at an acceleration voltage of 100 kV. Dynamic light
scattering (DLS) measurements were performed in aqueous
solution using a Zetasizer Nano-ZS90 system from Malvern
Instruments with the samples filtered through a 0.45 mm
syringe filter prior. Cellular uptake and intracellular drug
release study of DOX-loaded micelles was visualized by confocal
laser scanning microscopy (CLSM, LSM 780).

Synthesis of bis(3-hydroxypropyl)selenide

Bis(3-hydroxypropyl)selenide was prepared via the previously re-
ported protocol with a few modifications.”® Typically, sodium
borohydride (0.38 g, 10 mmol) was dissolved in 5 mL of water and
Se powder (0.39 g, 5 mmol) was added slowly with magnetic stir-
ring. After the mixture turned to colorless, a solution of 3-bromo-1-
propanol (1.4 g, 10 mmol) in 25 mL of anhydrous THF was injected
into it. All the procedures were run under Ar flow to prevent
oxidation of the selenide ions and selenium-containing products.
The reaction was performed at 55 °C for 48 h and the obtained
solution was concentrated under vacuum diluted. Subsequently,
the solution was extracted with CH,Cl, and dried with anhydrous
Na,SO,. Then the product was purified by column chromatog-
raphy with a 8:1 (v/v) mixture of CH,Cl, and ethyl acetate as
eluent, and pale yellow oil was obtained with a yield of 34%. 'H

This journal is © The Royal Society of Chemistry 2019
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NMR (400 MHz, CDCl;, ppm): ¢ 3.69 (t, ] = 5.8 Hz, 4H, HOCH,),
2.66-2.62 (m, 6H, HOCH,, HOCH,CH,), 1.89 (t, ] = 6.2 Hz, 4H,
SeCH,). >*C NMR (100 MHz, CDCl;, ppm): é 62.14, 32.89, 20.25;
ESI-MS m/z: calculated 221.0057 for [M + Na]', found 221.0057.

Synthesis of 3-((3-hydroxypropyl)selanyl)propyl methyl
carbonate (HSPMC)

Bis(3-hydroxypropyl)selenide (2.3 g, 12 mmol) was dissolved in
40 mL of dimethyl carbonate, and then potassium carbonate
(1.6 g, 12 mmol) was added to catalyze the reaction. After stir-
ring for approximately 6 h at 90 °C, the residual dimethyl
carbonate was removed under reduced pressure and the crude
product was purified by column chromatography, eluting with
4:1 (v/v) petroleum ether: EtOAc. "H NMR (400 MHz, CDCl,,
ppm): & 4.21 (t, J] = 6.2 Hz, 4H, CH,OCOOCHj;), 3.76 (s, 3H
CH,0COOCH;), 3.72 (t, J = 5.6 Hz, 2H, HOCH,), 2.63 (m, 4H,
SeCH,CH,), 2.01 (m, 2H, SeCH,CH,CH,0COOCHj,), 1.90 (m,
2H, SeCH,CH,CH,OH). C NMR (100 MHz, CDCl;, ppm):
6 155.70, 67.34, 62.32, 54.76, 32.81, 29.45, 20.32, 19.54; ESI-MS
m/z: calculated 279.0112 for [M + Na], found 279.0118.

Lipase-catalyzed synthesis of mPEG-b-CMP copolymers

A series of diblock copolymers were synthesized via enzymatic
polymerization. Initially, the monomer HSPMC and mPEG (M,,
2000 Da) in various ratios were dissolved in diphenyl ether
solvent (200 wt% vs. total substrates). And then Novozym 435
(10 wt% vs. total substrates) was added to form reaction
mixtures. The reactions were carried out under reduced pres-
sure at 80 °C for 48 h. At the end of the reactions, the obtained
mixtures were diluted by CH,Cl, and were filtered to remove
Novozym 435. The obtained crude products were precipitated in
n-hexane and then washed by a 1:3 (v/v) mixed solvent of
chloroform and n-hexane for three times to get rid of the
residual diphenyl ether. The data on copolymer yield, molecular
weight is summarized in Table 1.

mPEG-b-CMP; 5. "H NMR (400 MHz, CDCl;, ppm): 6 4.23 (t, ]
= 6.2 Hz, 59H, CH,0COOCHj), 3.65 (m, 185H, OCH,CH,0), 3.38
(s, 3H, CH;0CH,CH,0), 2.64 (m, 59H, SeCH,CH,CH,), 2.04 (m,
59H, SeCH,CH,CH,). *C NMR (100 MHz, CDCl;, ppm):
0 155.08, 70.57, 67.35, 62.36, 32.88, 29.47, 20.38, 19.68.

mPEG-b-CMP;,,. "H NMR (400 MHz, CDCl,, ppm): 6 4.23 (t, ]
= 6.4 Hz, 120H, CH,0COOCHj,), 3.65 (s, 184H, OCH,CH,0),
3.38 (s, 3H, CH;0CH,CH,0), 2.64 (m, 120H, SeCH,CH,CH,),
2.04 (m, 120H, SeCH,CH,CH,). *C NMR (100 MHz, CDCl;,
ppm): ¢ 155.08, 70.57, 67.35, 62.35, 32.88, 29.47, 20.38, 19.68.

mPEG-b-CMP,5. "H NMR (400 MHz, CDCl;, ppm): 6 4.22 (t, ]
= 6.2 Hz, 180H, CH,OCOOCHj,), 3.65 (s, 185H, OCH,CH,0),
3.38 (s, 3H, CH;0CH,CH,0), 2.63 (m, 180H, SeCH,CH,CH,),
2.03 (m, 180H, SeCH,CH,CH,). "*C NMR (100 MHz, CDCl;,
ppm): 6 155.07, 70.57, 67.35, 62.34, 32.89, 29.47, 20.38, 19.68.

Determination of critical aggregate concentrations (CAC)

The CAC was determined using Nile Red as a fluorescence
probe. Briefly, various concentrations of polymers (ranged
from 1.0 x 107® mg mL ™" to 1.0 mg mL™ ") were added to the
sample bottles, and the concentration of Nile Red was fixed at
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1.0 x 10~ ° mol L. The fluorescence spectra were recorded
from 575 nm to 750 nm at an excitation wavelength of 560 nm
using a F-7000 fluorescence spectrometer (HITACHI) at room
temperature. The intensity of the intensity values of fluores-
cence emission Is;; (the maximum emission wavelength of
Nile red) was analyzed as a function of the logarithm of the
copolymer concentration. The CAC values were determined by
the cross-point of the linear regression lines.

Preparation and characterization of blank and DOX-loaded
micelles

The copolymers were directly dissolved in deionized water to
form the blank micelles. And the DOX-loaded micelles were
fabricated using a bulk solvent evaporation method. In detail,
the copolymer mPEG-b-CMP,; (50 mg) with DOX (5.0 mg) was
dissolved in 5 mL of THF. Then, 20 mL of DI water was added
dropwise into the dispersion, followed by stirred overnight to
evaporate THF. The resulting mixtures were filtered by 0.45 um
syringe filters and used for dynamic light scattering (DLS) and
transmission electron microscopy (TEM) measurements.

Determination the concentration of DOX in DOX-loaded
micelles solution

1 mL of DOX-loaded micelle aqueous solution was dissolved in
9 mL of DMF, and quantification was performed with a cali-
bration curve of DOX in DMF/water (9:1) by fluorescence
spectrophotometer with excitation wavelength at 500 nm.

Oxidation-responsive properties of mPEG-b-CMP,; micelles

To study the size and morphology change of mPEG-b-CMP,;
micelles after oxidation, the copolymer was dissolved in water
and mixed with a 10 mM H,0, aqueous solution, and the final
concentrations of the copolymer and H,O, were 340 mg L™ ' and
100 pM, respectively. The reaction was performed at 37 °C for
24 h under 100 rpm stirring and the obtained solutions were
directly detected by TEM.

In vitro drug release assay

The oxidation-responsive drug release was investigated. 2 mL of
10 times diluent DOX-loaded micellar solution was poured in
a dialysis tube (cutoff M,, 1000) that was placed into 30 mL of
100 pM H, 0, solution under constant orbital shaking (100 rpm)
at 37 °C. At different time intervals, aliquot samples of 1 mL
volume were withdrawn from the dialysis tube for fluorescence
measurements and dropped back after measurements. The
amount of released DOX was evaluated by comparing the
remaining fluorescence with the original fluorescence.

Cellular uptake and intracellular drug release study

The internalization and distribution of DOX-loaded micelles
was visualized by confocal laser scanning microscopy (CLSM).
U87 glioblastoma cells were seeded on confocal microscope
dishes in 1 mL of complete DMEM and incubated overnight at
37 °C in a humidified atmosphere containing 5% CO,. Subse-
quently, the medium was replaced with another 1 mL of fresh

RSC Adv., 2019, 9, 6003-6010 | 6005
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Table 1 Characterization of mPEG-b-CMP copolymers

mPEG/°HSPMC M,/
Sample (feed ratio) Composition® (ratio) ~ Yield (%) M,’ (Da) M.’ CAC‘(mgL™) Size? (nm)  PdI
mPEG-b- 1:12 1:15 73 4693 1.77 26.67 102.0 + 0.9 0.27 4+ 0.009
CMP, 5
mPEG-b- 1:25 1:30 84 5135 1.83 9.40 140.1 £ 0.5 0.22 + 0.003
CMP;,
mPEG-b- 1:35 1:45 82 5895 1.58 4.63 150.8 + 1.2 0.18 &+ 0.004
CMP,;

“ Determined by 'H NMR. ? The molecular weight and M,/M, were determined by GPC against PS standards. ° Calculated by fluorescence
measurements using Nile Red as probe. ¢ Measured by DLS. ¢ HSPMC represents monomer 3-((3-hydroxypropyl)selanyl)propyl methyl carbonate.

DMEM containing DOX-loaded micelles and the cells cultured
for another specified time intervals at 37 °C. Then the cells were
fixed with 5% paraformaldehyde and the nuclei were stained
with Hoechst 33342. Thereafter, fluorescence was examined by
CLSM (LSM 780) under excitation at 405 nm for Hoechst 33342
and 488 nm for DOX.

In vitro cytotoxicity study

U87 and HL-7702 cells were utilized to evaluate the cytotoxicity
of blank copolymer micelles and DOX-loaded copolymer
micelles using MTS assay. A density of 1.0 x 10" cells per well
were seeded on the 96-well plates in DMEM medium containing
9% (v/v) FBS. After 24 h of incubation, 100 pL of the medium
containing different concentrations of blank micelles and DOX-
loaded micelles were added. And the cells were cultured for an
additional 24 h, the cell viability was quantified by MTS assay.

Results and discussion
Synthesis and characterization

Bis(3-hydroxypropyl)selenide was synthesized according reported
literature, and the monomer HSPMC was obtained by the reac-
tion between it and dimethyl carbonate in the presence of
potassium carbonate. As shown in Scheme 1, the monomer was
polymerized under reduced pressure using mPEG (M,, = 2000 Da)
as a chain-terminating agent and Novozym 435 as a catalyst,
which is commercial and easy to separate. The use of reduced
pressure during the polymerization could efficiently remove the
methanol byproduct to increase the molecular weights of the
products. As shown in Table 1, a series of reactions with different
monomer feed ratios were performed to afford block copolymer
mPEG-b-CMP in good yield. The chemical structures of the
mPEG-b-CMP block copolymers were confirmed by '"H NMR and
3C NMR. As shown in Fig. 1, the "H NMR spectra of mPEG-b-
CMP,; showed that the resonance of the SeCH,CH,CH,OH for
HSPMC at 3.69 ppm completely disappeared and the character-
istic signals of both mPEG and HSPMC units were clearly
detected in the "H NMR and "*C NMR spectra of the mPEG-b-
CMP,s, which indicated the successfully synthesis of mPEG-b-
CMP,;5 diblock copolymers. The detailed assignments of protons
for other copolymers were shown in Fig. S2.1 And the degree of
polymerization (DP) of selenium-containing units in the copoly-
mers were calculated by comparing the integral ratio of the peaks

6006 | RSC Adv., 2019, 9, 6003-6010

at 3.38 ppm (terminal methyl peak of mPEG) with 2.04 ppm
(SeCH,CH,). Additionally, the composition of mPEG-b-CMH,s
was also analyzed and confirmed by 'H NMR and *C NMR
(Fig. 1). The GPC chromatograms indicated the copolymer
mPEG-b-CMP have unimodal molecular weight distributions.
And the M, values of the copolymers kept increasing on the
addition of HSPMC monomers, which was in good agreement
with hypothesis. The results suggested that the structure and the
molecular weights of the copolymers could be well controlled by
adjusting the monomer HSPMC ratio.

Self-assembly behavior of mPEG-b-CMP copolymer

The amphipathic copolymers were designed because the
architecture enables formation of nanoparticles with core-shell
structures in aqueous solution. To study the self-assembly
behavior, the critical aggregate concentrations (CAC) were
measured using Nile Red as a fluorescence probe (Fig. 2). As
shown in Table 1, the CAC values of mPEG-b-CMP,5, mPEG-b-
CMP;, and mPEG-b-CMP,; decreased from 26.67 to
4.63 mg L', indicating the copolymers could self-assemble into
nanoparticles through hydrophobic interaction and the self-
assembly could be readily controlled by adjusting the ratio of
hydrophobic segment.

Dissolving the mPEG-b-CMP in deionized water resulted in
the formation of self-assembly nanoparticles. Transmission
electron microscopy (TEM) and dynamic light scattering (DLS)

H NMR ., b d
\GOWOTO\C/\{SC\/\JZS()H
0]
C b 2
d
: h
3 4.0 3.7 34 3.1 2.8 25 2.2
Chemical shift / ppm
13C NMR

J 1 ]

150 140 130 120 110 100 9 80 70 60 50 40 30 20

Chemical shift / ppm

Fig.1 NMR spectra of mMPEG-b-CMPy4s in CDCls.
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Fig. 2 The CAC determinations of (a) MPEG-b-CMP;s, (b) mPEG-b-

CMP3, (c) mPEG-b-CMPys. The standard deviation for each data point
was averaged over three samples (n = 3).

Fig.3 TEM images of (a) copolymer mPEG-b-CMP;5 micelles (68 nm),
(b) copolymer mPEG-b-CMP3y micelles (101 nm), (c) copolymer
MPEG-b-CMP45 micelles (120 nm); and TEM images of mPEG-b-
CMP4s after reaction in (d) water and (e) 100 uM H,O, aqueous
solution after 24 h.

were utilized to investigate the properties of these nano-
particles. TEM revealed that the obtained self-assemblies were
all spherical micelles, and the mean diameters of mPEG-b-
CMP,5, mPEG-b-CMP3;, and mPEG-b-CMP,5; were increased
from 68 nm to 120 nm (Fig. 3). The results directly proved the
mPEG-b-CMP copolymers were capable of forming nano-sized
micelles via a self-assembling process and an increased ratio
of the hydrophobic segments effectively enhanced the hydro-
phobic core. And the DLS results further demonstrated these
micelles had an average diameter less than 200 nm (Table 1).
The size of nanoparticle plays pivotal role in the applications of
intracellular drug delivery because small-sized nanoparticles
(<200 nm) tend to maintain a minimal renal excretion, low-level
uptake by the reticuloendothelial system (RES), and effective
enhanced permeation and retention (EPR) effect for passive
tumour targeting. Fortunately, the data indicated these mPEG-
b-CMP micelles might be appropriate for drug delivery.

This journal is © The Royal Society of Chemistry 2019
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Based on the self-assembly behavior of mPEG-b-CMP, it is
possible to encapsulate some guest molecules into the mPEG-b-
CMP micelles. And we chose mPEG-b-CMP,; as model because
of its feasible water solubility and CAC. Doxorubicin (DOX) as
an anticancer drug was selected due to its fluorescence when
incorporated into a hydrophobic environment but non-
fluorescence while released into a polar environment. DOX-
loaded micelles were formed through the process mentioned
before, and the final loading capacity of Dox is 60.38 mg L. As
shown in Fig. 4, the TEM and DLS results confirmed that the
drug loading did not have significant effect on the morphol-
ogies of these micelles, which still had a uniform size distri-
bution and maintained the monodispersed spherical particles.

Oxidation-responsive properties of mPEG-b-CMP,; micelles

It has reported that selenium-containing molecules show
sensitive oxidation responsiveness, because the hydrophobic
selenide groups transform into the hydrophilic selenoxide or
selenone groups in the hypoxia environment.*® Thus, to assess
the ROS sensitivity, mPEG-b-CMP,5; was dissolved in 100 uM
H,0, to mimic the tumor microenvironment and DI water was
utilized as control. As shown in Fig. 3, after exposure in 100 uM
H,0,, spherical micelles were significantly dissociated whereas
they remained stable under DI water condition. The results
provide the proof of the oxidation-responsiveness of mPEG-b-
CMP,; in the tumor microenvironment and the discernment of
tumor microenvironment implied that it could be applied as
ROS-triggered drug carrier. Compared with our previously re-
ported sulfur-containing analogue mPEG-b-PTE,,,>* the ROS-
sensitivity of mPEG-b-CMP,; has been greatly improved.

In vitro oxidation-triggered drug release

The DOX-loaded mPEG-b-CMP,; micelles were incubated with
100 uM H,0, aqueous solution at 37 °C to mimic the presence
of an accelerated pathophysiologic oxidative microenviron-
ment. As given in Fig. 5, the release rate of DOX from mPEG-b-
CMP,; micelles was significantly increased within the first 2 h
when 100 pM H,O, was added. The DOX was released from
mPEG-b-CMP,; micelles in a sustained manner during a 12 h
period. The data demonstrated that the hydrophobic DOX
molecules could be shielded in the hydrophobic selenide-
containing cores of mPEG-b-CMP,; micelles, and successfully

released under hypoxic conditions, primarily owing to

——mPEG-b-CMP,,
~———DOX-loaded mPEG-6-CMP|

10 100 1000

Size (d.nm)

10000

Fig.4 (a) TEMimage of DOX-loaded mMPEG-b-CMP45 micelles and (b)
DLS results for before and after DOX-loaded in mMPEG-b-CMPys
copolymer.
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Fig. 5 In vitro DOX release profiles of DOX-loaded micelles with 100
uM H,O,. The standard deviation for each data point was averaged
over three samples (n = 3).

dissociation of the micelles via a transformation of the hydro-
phobic selenide to hydrophilic selenoxide or selenone. The
ROS-responsive released manner was also evidenced by the
elevated amount of released DOX. And this would enable the
ROS-triggered release of DOX within the abnormal environ-
ments in cancer cells.

Cellular uptake and intracellular drug release

To investigate the intracellular ROS-triggered release, we con-
ducted in vitro studies. Remarkably, efficient internalization
through cellular uptake ensures subsequent efficiency of cyto-
toxicity against cancer cells. And there was previous research
indicates that the maximum size of nanoparticles for cell
uptake is around 50 nm,* so the DOX-loaded mPEG-b-CMP,5
micelles were ideal to be utilized in drug delivery system. To
verify the internalization and distribution of DOX-loaded
mPEG-b-CMP,5; micelles, CLSM was used to monitor the

Fig. 6 Confocal laser scanning microscopy (CLSM) images of U87
cells after treatment with DOX-loaded mPEG-b-CMP,45 with different
duration. DOX dosage was 0.5 ug mL ™.

6008 | RSC Adv., 2019, 9, 6003-6010

View Article Online

Paper

micelles after incubation with U87 glioblastoma cells. After
0.5 h incubation, the micelles were efficiently internalized by
cells according to the fluorescence of DOX in cells. As shown in
Fig. 6, with increasing incubation period, the micelles were
internalized more and gradually DOX was released from the
micelles and distributed intensively in the cytoplasm and
marginally in the nucleus. In pace with the incubation time
rising to 12 h, the cellular uptake rate has reached maximum
and the entering of released DOX into the nucleus was plentiful.
The observed results suggested the fast internalization of DOX-
loaded mPEG-b-CMP,; micelles and the DOX was released form
mPEG-b-CMP,5 in a rapid process after the micelles were
endocytosed into the cells. Therefore, we conjectured the
released drug was expected to induce the apoptosis of cancer
cells.

In vitro cytotoxicity assay

As above mentioned, the DOX-loaded mPEG-b-CMP,5; micelles
were confirmed to be successfully internalized by cells and
released the loaded DOX. To evaluate the efficiency of intra-
cellular drug release from micelles and achieve its intrinsic
anticancer effect, the anticancer abilities of DOX-loaded mPEG-
b-CMP,5 micelles was measured in vitro against U87 cells using
MTS assay. Cells were cultured 24 h for adherence and then
incubated with DOX-loaded mPEG-b-CMP,s; micelles at
different concentrations from 1 x 10~ ° to 1 mg L~ for 24 h. For
comparison, MTS assay of DOX-loaded micelles in normal
human liver cells (HL-7702 cells) was also carried out. As shown
in Fig. 7, the DOX-loaded nanoparticles in HL-7702 cells
exhibited lower cytotoxicity than that in U87 cells following 24 h
of incubation. The dose of loaded DOX in mMPEG-b-CMP,5
micelles required for ICs, against HL-7702 cells is 0.71 mg L,
which is five times than U87 cells (0.13 mg L™ ). It is reasonable
that the DOX-loaded mPEG-b-CMP,s micelles exhibited the
faster drug released rate in the cancer cells and showed the
targeting toxicity on account of the abnormal microenviron-
ment of cancer cells. To further confirm whether the cytotoxicity
is induced by the DOX released from the micelles, the viability
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Fig.7 MTS assay of DOX-loaded mPEG-b-CMP,45 micelles in U87 and
HL-7702 after incubation for 24 h. The blank cells were used as control
and the standard deviation for each data point was averaged over three
samples (n = 3).
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of the U87 cells incubated with the blank micelles was
measured in the same conditions. As shown in Fig. S3,1 it was
found that no cell death was induced by the mPEG-b-CMP,5
polymer at the measured concentrations up to 100 mg L™,
while the maximum dose of mPEG-b-CMP,; in foregoing anti-
cancer experiments was less than 50 mg L~ '. This data
confirmed the DOX released form micelles possessed inherent
antitumor properties. Interestingly, the viability of normal
human liver cells (HL-7702 cells) was higher than U87 cells
incubated with mPEG-b-CMP,s at higher concentration. The
results proved the excellent biocompatibility of the copolymer
that might be attributed to the structure of the copolymer,
which was constructed by biocompatible mPEG and poly-
carbonates. The results showed clearly that the copolymer
possessed desirable traits for biomedical applications.

Conclusion

In this study, a novel oxidation-responsive polycarbonate was
successfully constructed with the stimuli-responsive segments
in its backbone framework via facile enzymic polymerization. In
aqueous solution at room temperature, this copolymer formed
micellar nanoparticles via self-assembly. It was found that this
smart polymer was able to act as a drug delivery vehicle and
undergo a controlled release of loaded DOX in a mild oxidation
environment. From the cell studies, it was clear that the DOX-
loaded copolymer micelles were internalized rapidly and
exhibited anticancer activity. We expect that the newly designed
oxidation-responsive polycarbonate may open up a new window
for more effective drug delivery carriers.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was financially supported by the National Natural
Science Foundation of China (No. 21572147 and 21877082). We
also thank the Comprehensive Training Platform of Specialized
Laboratory, College of Chemistry, Sichuan University.

References

1 H. Lee, H. Park, G. J. Noh and E. S. Lee, Carbohydr. Polym.,
2018, 202, 323-333.

2 H. Cao, C. Chen, D. Xie, X. Chen, P. Wang, Y. Wang, H. Song
and W. Wang, Polym. Chem., 2018, 9, 169-177.

3J. J. Arroyo-Crespoa, A. Armifiana, D. Charbonniera,
L. Balzano-Nogueirac, F. Huertas-Lopezc, C. Martid,
S. Tarazonad, ]. Fortezae, A. Conesac and M. J. Vicent,
Biomaterials, 2018, 186, 8-21.

4 A. Roointana, J. Farzanfarb, S. Mohammadi-Samanic,
A. Behzad-Behbahanid and F. Farjadianb, Int. J. Pharm.,
2018, 552, 301-311.

5 N. Li, N. Li, Q. Yi, K. Luo, C. Guo, D. Pan and Z. Gu,
Biomaterials, 2014, 35, 9529-9545.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

6 H. Zhang, J. Fei, X. Yan, A. Wang and J. Li, Adv. Funct. Mater.,
2015, 25, 1193-1204.

7 S. Shi, L. Zhang, M. Zhu, G. Wan, C. Li, J. Zhang, Y. Wang and
Y. Wang, ACS Appl. Mater. Interfaces, 2018, 10, 29260-29272.

8 J. B. Delehanty, S. Das, E. Goldberg, A. Sangtani and
D. A. Knight, Molecules, 2018, 23, 1809-1813.

9 V. N. Rao, H. S. Han, H. Lee, V. Q. Nguyen, S. Jeon, D. Jung,
J. Lee, G. Yia and ]J. H. Park, Nanoscale, 2018, 10, 9616-9627.

10 K. Wang, C. Guo, X. Dong, Y. Yu, B. Wang, W. Liu and
D. Chen, Mol. Pharmaceutics, 2018, 15, 2764-2769.

11 R. Sun, Q. Luo, C. Gao, Y. Wang, L. Gao, H. Du, Y. Huang,
X. Li, Z. Shen and W. Zhu, Polym. Chem., 2014, 5, 4879-4883.

12 H.Li,]. Zhang, Q. Tang, M. Du, J. Hu and D. Yang, Mater. Sci.
Eng., C, 2013, 33, 3426-3431.

13 Y. Li, J. Zhu, T. Kang, Y. Chen, Y. Liu, Y. Huang, Y. Luo,
M. Huang and M. Gou, Chem. Commun., 2018, 54, 11618-
11621.

14 X. Q. Song, C. Tao, W. Li, J. X. Wang, Y. Le and ]. J. Zhang,
Pharmaceutics, 2018, 10, 173-183.

15 Y. Zhou, K. Jie and F. Huang, Chem. Commun., 2018, 54,
12856-12859.

16 Y. Zhou, K. Jie and F. Huang, Chem. Commun., 2017, 53,
8364-8367.

17 H. P. Yeh, A. C. del Valle, M. C. Syu, Y. Qian, Y. C. Chang and
Y. F. Huang, ACS Appl. Mater. Interfaces, 2018, 10, 21160-
21172.

18 X. Zhang, B. Huang, Y. Shen, C. Yang, Z. Huang, Y. Huang,
X. Xu, Y. Jiang, X. Sun, X. Li, M. Yana and C. Zhao, J.
Mater. Chem. B, 2018, 6, 2347-2357.

19 J. L. Paris, G. Villaverde, M. V. Cabanas, M. Manzano and
M. Vallet-Regi, J. Mater. Chem. B, 2018, 6, 2785-2794.

20 M. Kwak, I Jung, Y. G. Kang, D. Lee and S. Park, Nanoscale,
2018, 10, 18690-18695.

21 M. K. Gupta, J. R. Martin, T. A. Werfel, T. W. Shen, J. M. Page
and C. L. Duvall, J. Am. Chem. Soc., 2014, 136, 14896-14902.

22 L.Yu, Y. Yang, F. S. Du and Z. C. Li, Biomacromolecules, 2018,
19, 2182-2193.

23 E. Jdger, A. Hocherl, O. Janouskova, A. Jiger, M. Hruby,
R. Konefat, M. Netopilik, J. Panek, M. Slouf, K. Ulbrich and
P. Stépanek, Nanoscale, 2016, 8, 6958-6963.

24 Q. Li, Y. Wen, X. You, F. Zhang, V. Shah, X. Chen, D. Tong,
X. Wei, L. Yin, J. Wu and X. Xu, J. Mater. Chem. B, 2016, 4,
4675-4682.

25 S. Lee, A. Stubelius, J. Olejniczak, H. Jang, V. A. Nguyen Huua
and A. Almutairi, Biomater. Sci., 2018, 6, 107-114.

26 C. Zhang, L. Xie, F. Guan and Y. Cui, Life Sci., 2018, 213, 74-
81.

27 L. Tretter, L. Sipos and V. Adam-Vizi, Neurochem. Res., 2004,
29, 569-577.

28 P. D. Ray, B. W. Huang and Y. Tsuji, Cell. Signalling, 2012, 24,
981-990.

29 D. Trachootham, J. Alexandre and P. Huang, Nat. Rev. Drug
Discovery, 2009, 8, 579-591.

30 B. Kumar, S. Koul, L. Khandrika, R. B. Meacham and
H. K. Koul, Cancer Res., 2008, 68, 1777-1785.

31 A. Napoli, M. Valentini, N. Tirelli M. Miller and
J. A. Hubbell, Nat. Mater., 2004, 3, 183-189.

RSC Adv., 2019, 9, 6003-6010 | 6009


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra10282a

Open Access Article. Published on 18 February 2019. Downloaded on 6/12/2026 7:57:40 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

32 P. Hu and N. Tirelli, Bioconjugate Chem., 2012, 23, 438-449.

33 E. Sokolovskaya, S. Rahmani, A. C. Misra, S. Brdse and
J. Lahann, ACS Appl. Mater. Interfaces, 2015, 7, 9744-9751.

34 L. H. Liu, W. X. Qiu, B. Li, C. Zhang, L. F. Sun, S. S. Wan,
L. Rong and X. Z. Zhang, Adv. Funct. Mater., 2016, 26,
6257-6269.

35 Y. Li, S. Lv, Z. Song, J. Dang, X. Li, H. He, X. Xu, Z. Zhou and
L. Yin, Nanoscale, 2018, 10, 14554-14562.

36 G. Saravanakumar, H. Park, J. Kim, D. Park, S. Pramanick,
D. H. Kim and W. J. Kim, Biomacromolecules, 2018, 19,
2202-2213.

37 S. Park, J. Yoon, S. Bae, M. Park, C. Kang, Q. Ke, D. Lee and
P. M. Kang, Biomaterials, 2014, 35, 5944-5953.

38 N.Ma, Y. Li, H. Ren, H. Xu, Z. Li and X. Zhang, Polym. Chem.,
2010, 1, 1609-1614.

39 H.Ren, Y. Wu, N. Ma, H. Xu and X. Zhang, Soft Matter, 2012,
8, 1460-1466.

40 J. Luan, W. Shen, C. Chen, K. Lei, L. Yu and J. Ding, RSC Adv.,
2015, 5, 97975-97981.

41 T. Li, M. Smet, W. Dehaen and H. Xu, ACS Appl. Mater.
Interfaces, 2016, 8, 3609-3614.

42 W. Cao, Y. Li, Y. Yi, S. Ji, L. Zeng, Z. Sun and H. Xu, Chem.
Sci., 2012, 3, 3403-3408.

43 J. Liu, Y. Pang, Z. Zhu, D. Wang, C. Li, W. Huang, X. Zhu and
D. Yan, Biomacromolecules, 2013, 14, 1627-1636.

44 Y. Zhang, C. Ma, S. Zhang, C. Wei, Y. Xu and W. Lu, Materials
Today Chemistry, 2018, 9, 34-42.

45 C. Wei, Y. Zhang, B. Yan, Z. Du and M. Lang, Chem.-Eur. J.,
2018, 24, 789-792.

6010 | RSC Adv., 2019, 9, 6003-6010

View Article Online

Paper

46 S. Kobayashi, Proc. jpn. Acad., Ser. B, 2007, 83, 215-247.

47 Q. Li, G. Li, S. Yu, Z. Zhang, F. Ma and Y. Feng, Process
Biochem., 2011, 46, 253-257.

48 N. German, A. Popov, A. Ramanaviciene
A. Ramanavicius, Polymer, 2017, 115, 211-216.

49 F. He, C. F. Wang, T. Jiang, B. Han and R. X. Zhuo,
Biomacromolecules, 2010, 11, 3028-3035.

50 Y. Cui, A. Hu, Z. Lu, L. Zhang, X. Luo and K. Du, Polym. Int.,
2010, 59, 676-679.

51 W.-X. Wu, L. Qu, B.-Y. Liu, W.-W. Zhang, N. Wang and
X.-Q. Yu, Polymer, 2015, 59, 187-193.

52 W.-X. Wu, N. Wang, B.-Y. Liu, Q.-F. Deng and X.-Q. Yu, Soft
Matter, 2014, 10, 1199-1213.

53 W.-X. Wu, X.-L. Yang, B.-Y. Liu, Q.-F. Deng, M.-M. Xun,
N. Wang and X.-Q. Yu, RSC Adbv., 2016, 6, 11870-11879.

54 J. M. W. Chan, J. P. K. Tan, A. C. Engler, X. Ke, S. Gao,
C. Yang, H. Sardon, Y. Y. Yang and J. L. Hedrick,
Macromolecules, 2016, 49, 2013-2021.

55 M. C. Arno, R. P. Brannigan, G. M. Policastro, M. L. Becker
and A. P. Dove, Biomacromolecules, 2018, 19, 3427-3434.

56 M. N. Ganivada, P. Kumar, P. Kanjilal, H. Dinda, J. D. Sarma
and R. Shunmugam, Polym. Chem., 2016, 7, 4237-4245.

57 L.Yu, Y. Yang, F. S. Du and Z. C. Li, Biomacromolecules, 2018,
19, 2182-2193.

58 D. L. Klayman and T. S. Griffin, J. Am. Chem. Soc., 1973, 95,
197-199.

59 B. D. Chithrani, A. A. Ghazani and W. C. W. Chan, Nano Lett.,
2006, 6, 662—-668.

and

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra10282a

	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a

	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a

	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a
	Enzymatic synthesis of selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery vehicleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra10282a


