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ABSTRACT

In this paper, we synthesized the pH-sensitive and biodegradable amphiphilic
polypeptide-based block copolymer methoxy-poly(ethylene
glycol)k-poly(e-caprolactone)sg-poly(glutamic  acid);x  (mMPEGk-PCL4k-PGA k).
MPEG;k-PCL4k-PGAx had low critical aggregation concentration and could
self-assemble into polymersomes in aqueous solution revealed by transmission
electron microscopy. Therefore, two hydrophilic drug doxorubicin hydrochloride
(DOX) and verapamil hydrochloride (VER) were encapsulated into the
MPEGk-PCL4k-PGA x polymersomes to form poly(DOX+VER) co-delivery system
to reverse the multidrug resistance by inhibiting the expression of P-glycoprotein and
improve the anti-cancer effect of DOX. The in vitro cytotoxicity experiments

indicated the obviously higher inhibition ratio to MCF-7/ADR resistant cells of
1
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poly(DOX+VER) compared with that of free DOX solution and polyDOX. The
release rate of the two drugs from poly(DOX+VER) were much slower than that form
the free drug solutions, and their release behaviors exhibited high pH-sensitive
character. Furthermore, the low hemolysis ratio of mPEGx-PCL4k-PGA k confirmed
that the copolymer could be applied for intravenous injection safely. Therefore, all
these findings indicated that the co-delivery of DOX and VER by
mMPEGk-PCL4k-PGA x polymersomes is very promising for cancer therapy.

1. Introduction

To these days, serious side effects and multidrug resistance (MDR) have been the
two most important issues for chemotherapeutic drugs such as doxorubicin
hydrochloride (DOX). DOX is an effective anti-cancer drug and has been used for
various tumor treatment on clinic. However, it can induce severe cardiotoxicity
because of the lack of target ability,' which limits the dosage of administration.
Though DOX-loaded drug delivery systems with target ability can send DOX into
tumor issue to reduce its cardiotoxicity,2 the MDR is still a difficult problem to
overcome. DOX is known as the P-glycoprotein (P-gp) substrate® and it can also
active the expression of P—gp.4 The over-expression of P-gp can pump drugs out of the
plasma membrane and lower the levels of drugs in the cytoplasm to decrease the
anti-tumor effect.’” Verapamil hydrochloride (VER), a kind of calcium channel
antagonist, has been applied as antiarrhythmic drugs on clinic. In these years, many

studies have shown that VER can also act as P-gp inhibitor to increase the
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accumulation of anti-cancer drugs within the cancer cells.®” Tt can also reduce the
clearance of DOX, resulting in the increased AUC and elongated half-life.t However,
the free VER administration can cause an additive cardiotoxicity.” While the VER
loaded drug delivery system is able to reduce the cardiotoxicity. Therefore, the
combination of DOX and VER is desirable for cancer therapy. The combination
therapy using drug delivery systems mainly include two ways: 1) one drug-loaded
delivery system wused with another drug-loaded delivery system; 2) the
(drug+drug)-loaded system which is also defined co-delivery system. It has been
reported that the cardiotoxicity of VER can be obviated and the anti-cancer effect of
DOX can be improved by combining the VER-loaded and DOX-loaded delivery
systems (VER and DOX are loaded 1respectively).10 However, the combination of the
respective drug-loaded systems cannot deliver the drugs to the target sites at the same
time to obtain the drug ratio as designed for guaranteeing the effective cancer therapy.

Therefore, the co-delivery of DOX and VER are studied in our manuscript.

Polymersomes are self-assembled vesicles with large hydrophilic core which can
load hydrophilic agents11 such as DOX and VER. They are usually prepared by
synthetic biodegradable amphiphilic block copolymers. Compared with liposomeg’12
which also possess a hydrophilic core and is prepared by lipid, the polymersomes has
a much tougher membrane to guarantee the better stability. So less leakage occurs in

polymersomes than that in liposomes. In addition, the polymersomes often show a

high drug loading efficiency for hydrophilic drugs compared with other drug delivery



66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

&5

RSC Advances

formulations.”*'* And the physical and chemical properties of polymersomes
including particle size, drug loading content, particle morphology and others can also
be tuned by the molecular weight, preparation and et alia for various purposes.'>"” On
the other hands, the stable polymersomes may inhibit the release of drugs. Therefore,

. . . . . . 18,19
a stimuli-response polymersomes is desirable for delivering drugs.

Therefore, in the present study we prepared the pH-sensitive polymersomes
based on the polypeptide-based mPEG,k-PCL4k-PGA x we synthesized. MPEG and
PCL are selected as hydrophilic block and hydrophobic block respectively for the
good biocompatibility and non-cytotoxicity.”>** PGA, a kind of polypeptide which
has been studied broadly for their various stimuli-responsibility23 acts as the
pH-sensitive block. Under neutral and basic conditions, the charged PGA is water
soluble. At acidic pH, the neutralized PGA shows a great decrease in solubility24. The
decrease of PGA in solubility makes the change of proportions between hydrophilic
block and hydrophobic block in the copolymer which can further vary the structure of
the aggregate to induce the release of drugs. In addition, it has been confirmed that the

pH-sensitive PGA can facilitate the endosomal escape® ™’

and guarantee the
anticancer effect of drugs. Therefore, the pH-sensitive mMPEGyk-PCL4x-PGA
polymersomes is desired to improve the accumulation of drugs in acidic tumor issue

and decrease the concentration of drugs in blood, improving the anti-cancer effect and

decreasing the cardiotoxicity of the anticancer drugs.
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Based on the theories mentioned above, we prepared the pH-sensitive
poly(DOX+VER) co-delivery systems for the reversal of MDR and high anti-cancer
effect. The polypeptide-based block copolymer mPEGk-PCL4k-PGA 1k was
synthesized by ring-opening polymerization (ROP) and characterized by 'H NMR.
And it could assemble into polymersomes in aqueous solution spontaneously with
appropriate particle size for targeting tumor issue via enhanced permeability and
retention (EPR) effect.®® The hydrophilic drug DOX and VER were physically
encapsulated into the polymersomes via the simple dialysis method. The release test
in vitro conducted in pH 7.4 and pH 5.0 PBS buffer indicated that the polymersomes
co-delivery systems showed a high pH-sensitivity and sustained release ability. The in
vitro cytotoxicity and cellular uptake were evaluated in MCF-7 and MCF-7/ADR
resistant cells, and the results confirmed that the poly(DOX+VER) could effectively

reverse MDR and improve the anti-cancer effects significantly.

2. Research methods

2.1 Materials

Methoxy-poly(ethylene glycol) (mPEGyk) was purchased from Sigma-Aldrich;
g-caprolactone, stannous octoate, dicyclohexylcarbodiimide (DCCO),
4-dimethylamiopyridine (DMAP), N-(tert-butoxycarbonyl)-L-phenylalanine
(Phe-NBOC), trifluoroacetic acid (TFA), trifluoromethane-sulfonic acid (TFMSA),
thioanisole were purchased from Aladdin; y-benzyl-L-glutamate N-carboxyanhydride

(NCA-BLG) was supplied by Chengdu Enlai Biological Technology Co., Ltd;
5
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doxorubicin hydrochloride and verapamil hydrochloride were purchased from Dalian
Meilun Biotech Co., Ltd. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT) was purchased from Sigma-Aldrich (China).
RPMI-1640 medium, fetal bovine serum (FBS) and phosphate buffer solution (PBS)
were purchased from Gibco BRL (Gaithersberg, MD, USA). MCF-7 and
MCEF-7/ADR resistant cells were kindly donated by the Department of Pharmacology,
School of Pharmacy, Shandong University. All the materials were used as received
except that e-caprolactone was purified by vacuum distillation over CaH, (purchased

from Aladdin).

2.2 Synthesis of polypeptide-based copolymer mPEG;x-PCL4x-PGA

The synthesis route of mPEG,k-PCL4k-PGA |k is shown in Scheme 1 (The
details of chemical synthesis and the determination of molecular weight are described
in the ESL). The first step was to synthesize mPEGyk-PCL4k-OH via ROP of
g-caprolactone using mPEGyk as initiator and stannous octanoate as a catalyst.29 The
OH end-group of mPEG-PCL-OH was then reacted with Phe-"BOC under the
catalysis of DCC and DMAP to synthesize mPEGzK—PCL4K—Phe—NBOC. To obtain
mPEGk-PCL4k-NH,, the BOC group was removed by the acid hydrolysis of TFA.
The NCA-BLG was also reacted with the NH, end-group of mPEG,k-PCL4x-NH;
through ROP reaction to form the mPEGzK—PCL41<—PBLG1K.23 Finally, the benzyl
protecting group was removed and the desired product mPEG;k-PCL4k-PGA x was

obtained.
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2.3 Characterizations of the synthesized mPEG,g-PCL4k-PGA

2.3.1 Nuclear magnetic resonance analysis ('"H NMR)

To verify the successful synthesis of copolymers mPEGyk-PCL4k-PGA ik, the '"H
NMR spectra of the copolymer (in DMSO-D6) were recorded on a Bruker AV400

NMR spectrometer (Bruker, German) at 400MHz.

2.3.2 Determination of CAC

To determine the critical aggregation concentration (CAC) of the synthesized
mMPEG,k-PCL4k-PGAk, the fluorescence techniques was applied using pyrene as
probe molecules as we have reported previously.30 Briefly, 40 uL stock pyrene
solution (4><10’6 mol L in ethanol) was transferred to a series of 10 mL tubes. After
the ethanol was evaporated, the desired amount of mPEGx-PCL4k-PGA  solution in
water was added to tubes to make the final pyrene concentration be 6x10°® mol L™
and the mPEGk-PCL4k-PGA g range from 0.001 to 20 mg mLL. Then all the tubes
were equilibrated with ultrasonication for 1 h and stood overnight to make the pyrene
molecules solubilize in the aggregates. After setting the excitation wavelength at 334
nm, the fluorescence spectra of the samples were recorded from 350 to 450 nm with
Hitachi F-7000 fluorescence spectrophotometer and the slit width was set at 2.5 nm
for excitation and emission. After calculating the ratio of fluorescence intensities at
373 nm (denoted as I;) and 384nm (denoted as I3), the CAC was determined using the

plot of pyrene I;/I5 ratio versus different concentration of copolymers.

8
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2.3.3 Morphology of mPEGk-PCL4k-PGA x in water

MPEG;k-PCL4k-PGA |k could spontaneously assemble in aqueous solution and
the morphology of the aggregates was confirmed by transmission electron microscopy
(TEM). Firstly, drops of sample were adsorbed onto the carbon-coated copper grid
separately and the redundant sample was removed with filter paper. After dried, the
carbon-coated copper grids with samples were observed using a JEOL JEM1400

transmission electron microscope.

2.4 Preparation of drug-loaded polymersomes

The poly(DOX+VER) were prepared via the dialysis method as follows.™
Briefly, 10 mg mPEGk-PCL4k-PGA |k was dissolved in 0.2 mL DMSQO, and then 0.3
mL of aqueous solution containing 1.5 mg VER was added dropwise. Because the
residual of acids like TFA and TFMSA introduced in the last synthesis step,
appropriate amount of NaOH (1 M) was added to tune the pH of the solution to be
neutral. After this, 0.3 mL of water solution containing 1 mg DOX was added and the
solution was sonicated for about 1 min to accelerate the entrapment of drugs. Finally,
the poly(DOX+VER) was dialysed against deionized water (400 mL) in a dialysis bag
with a molecular weight cut-off of 3500 Da for 4 h to remove the free drugs, and the
deionized water was changed once. Therefore, there is nearly no DMSO molecules

existed in the sample.
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For preparing DOX-loaded polymersomes (denoted as polyDOX), the
procedures were similar with poly(DOX+VER) preparation except that the VER

water solution was replaced by water.

The loading capacity of polymersomes was determined by measuring the amount
of DOX and VER in poly(DOX+VER) using high performance liquid
chromatography (HPLC). The poly(DOX+VER) was destroyed by DMSO and diluted
by mobile phase, and then the sample was filtered through a 0.45 pm filter and eluted
through a Phenomenex gemini Cig column (5 pm, 250 mmx4.6 mm, USA). The
conditions for HPLC analysis of DOX is listed below: the detection wavelength was
set at 266 nm, the mobile phase consists of methanol: 0.01M NH4H,POy,: acetic acid
(65: 35: 0.2, v/v/v) and the flow rate was set as 0.7 mL min”'. As for the other drug
VER, the detection wavelength was set at 278 nm, the mobile phase consisting of
acetic acid-acetic natrium: methanol: three-ethylamine (45: 55: 1, v/v/v) was
delivered at a flow rate of 0.8 mL min". Concentration was determined from the
calibration curve of drugs in the mixture of DMSO and mobile phase. Drug-loading
efficiency (DL) and encapsulation efficiency (EE) were calculated as following:

weight of the drugs in polymersomes
DL % =— - x100 %
weight of the copolymer and drugs in polymersomes

weight of the drugs in polymersomes
EE % = _ _ x100 %
weight of the feeding drugs

In order to get high EE and DL for both drugs, various amounts of drugs have

been encapsulated into 10 mg mPEGg-PCL4k-PGA ¢ (Table S1, ESIT). The results
10
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showed that when the ratio of drugs and copolymer was 1:1.5:10 (DOX: VER:
mMPEGk-PCL4k-PGA k), the average DL and EE of the two drugs was high. At the
selected ratio, the DL and EE of DOX was (5.05+£0.26)% and (59.89+3.40)% while

that of VER was (10.72+1.08)% and (84.82+9.53)%, respectively.

2.5 Size and size distribution of drug-loaded polymersomes

Dynamic light scattering (DLS) was carried out to determine the size and size
distribution of drug-loaded polymersomes using BIC-Brook-Haven (USA) with angle
detection at 90°. Before the measurements, all the samples including polyDOX and
poly(DOX+VER) were filtered through a 0.45 pm membrane filter to prepare the

dust-free solutions.

2.6 Drug release in vitro

To verify the sustained and pH-sensitive release of drugs from drug-loaded
polymersomes, polyDOX and poly(DOX+VER) which containing the same content of
drug were incubated in the dialysis membrane bag with molecular weight cut off of
3500 Da, respectively. Then the dialysis membrane bags were immersed in 20 mL of
0.01M PBS buffers (pH 7.4 and 5.0) at 37 °C with continuously stirring at 100 rpm.
At the designated time intervals, 0.5 mL of the samples was withdrawn from the
release medium and the same amount of fresh release medium was added immediately.
For comparison, the release profile of free drugs DOX and VER were also tested in
pH 7.4 and 5.0 PBS. The release solution was filtered through a 0.45 pm membrane

11
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filter which was then used to measure the amount of released DOX and VER by
HPLC. The concentration was determined from the calibration curve of DOX and
VER in PBS (pH 7.4 and 5, respectively) and the cumulative amount of drugs was

calculated with the following equation:

M,

x100 %

Cumulative amount released % =
total

M, refers to the amount of the released drug from drug-loaded polymersomes at
time ¢ and My, refers to the total amount of drugs loaded in drug-loaded

polymersomes.

2.7 Cytotoxicity assay in vitro

The in vitro cytotoxicity of free DOX, polyDOX and poly(DOX+VER) to
MCF-7 and MCF-7/ADR resistant cells were determined by MTT method.* Briefly,
MCEF-7 and MCF-7/ADR resistant cells were transferred to 96-well tissue culture
plates at a seeding density of 5000 cells per well (0.1 mL medium). Following by
attachment overnight, the culture medium in each well was carefully replaced with
medium containing serial dilutions of treatment drugs including free DOX, polyDOX
and poly(DOX+VER). The concentrations of DOX were ranging from 0.01 pg mL"
to 20 ug mL" (0.01 pgmL™, 0.1 pgmL", I pgmL", 10 ug mL™" and 20 ug mL™). At
scheduled time intervals (24 h, 48 h and 72 h), 10 uL of 5 mg mL I MTT dissolved in
PBS was added to each well and the plates were incubated for 4 h at 37 °C. After

removing the medium, 150 pL of DMSO was added to each well to dissolve the
12
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formed purple crystals derived from MTT with vigorously stirring the plates. The
absorbance of each well was read on a microplate reader (Enspire instruments, Perkin

Elmer, America) at a wavelength of 490 nm.

In the study, untreated cells served as control and were taken as 100% viability
and all the samples were performed in triplicate to give the average and standard
deviation (SD). Based on the absorbance of each well, the percentage of cell growth
inhibition was calculated as follows: inhibitory rate =
(Acontroi-Asampie) (A control-Apiank) X 100%. Aconror and Apjani referred to the absorbance of
the culture medium in the presence and absence of cells; Ay referred to the
absorbance of the cells respectively treated with free DOX, polyDOX and

poly(DOX+VER).

2.8 Cellular uptake and flow cytometric analysis

The cellular uptake of free DOX and drug-loaded polymersomes including
polyDOX and poly(DOX+VER) was tested using inverted fluorescence microscope.
Since DOX showed the red color and could act as a fluorescent probe, all the samples
were tested directly without using another fluorescence molecule.”> MCFE-7 and
MCEF-7/ADR resistant cells were seeded into 6-well culture plates at a density of
2x10° cells per well and incubated overnight. The cells were then respectively treated
with free DOX, polyDOX or poly(DOX+VER) at a final DOX concentration of 3 ng
mL"! and allowed to be incubated for 2 h. After washed three times with PBS, all the

samples were imaged using inverted fluorescence microscope.
13
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To determine the cellular uptake of free DOX, polyDOX or poly(DOX+VER)
quantitatively, the fluorescence intensity in the cells treated with different samples
was tested using flow cytometry. The cells treated as described above were also
seeded into 6-well culture plates at a density of 2x10° cells per well and incubated
overnight. After being incubated for 2 h and harvested by trypsinization with
centrifugation, the cells were suspended in 200 pL of PBS. Finally, the fluorescence
intensity in the cells was determined using a flow cytometer. The number of cells

collected was ten thousand, and the experiments were run in triplicate.
2.9 Hemolysis test

The hemoglobin released from rabbit blood was used to evaluate the hemolytic
activities of blank polymersomes by spectrophotometry. Whole rabbit blood samples
were centrifugated and resuspended in normal saline to get the red blood cells (RBCs
2%). 1.25 mL RBCs suspension mixed with 1.25 mL normal saline solution and 1.25
mL distilled water were served as negative control (producing no hemolysis) and
positive control (producing 100% hemolysis), respectively. 0.15 mL of blank
polymersomes solution with different concentration (0.014 mg mL", 0.07 mg mL™,
0.14 mg mL", 0.7 mg mL" and 1.4 mg mL™") were added into the mixture of 1.25 mL
RBCs suspension and 1.1 mL normal saline solution. After kept at (37.0+1.0) °C for
3 h, all the samples were centrifuged at 1500 rpm for 15 minutes. The absorbance of
supernatants was measured with UV spectrophotometer at 540 nm and the normal

saline was used as blank.

14
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The hemolysis ratio of RBSs was calculated using the following formula:
HemOlySiS (%) = (Asample _Anegative)/ (Apositive_Anegative) X100%, where Asamplea Anegative’
Apositive Tefer to the absorption of blank polymersomes, negative control and positive

control at 540 nm, respectively.

3. Results and discussion

3.1 Characterization of the synthesized mPEG,k-PCL4x-PGA
3.1.1 Nuclear magnetic resonance analysis ('"H NMR)

The characterization of mMPEGyk-PCL4k-PGAx was shown in Fig.1. The
location of the peaks and assignment of the letters shown in 'H NMR spectra were
listed as below: mPEG: a (6 3.32) CH3;0CH,CH,O, b (6 3.51) CH;0CH,CH;O;
PCL: c (0 2.26) COCH,CH,CH,CH,CH,0, d (¢ 1.54) COCH,CH,CH,CH,CH,O, e
(0 1.29) COCH,CH,CH,CH,CH,O, f (6 3.97) COCH,CH,CH,CH,CH;O;
BOC-Phe-OH: g (0 7.26) COCH(CH.C¢Hs)NH; PBLG: g (0
7.26)COCH(CH,CH,COOCH,CsHs)NH, h (0 5.06)

COCH(CH,CH,COOCH,CsHs)NH.

The Fig. 1A was the spectrum of mPEG;k-PCL4k-OH. Based on the comparison
of the peak areas at 3.51 ppm (b) and 2.26 ppm (c),** the molecular weight of PCL
was estimated to be 4K. Due to the fact that the peak of COC(CHj3); in BOC-Phe-OH
was overlapped with the peak of H labeled with “e” in the PCL block at 1.29 ppm, the

ratio of peak at 1.54 ppm (d) and 1.29 ppm (e) decreased from 2:1 to 1.59:1 confirmed

15
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the successful conjugation of BOC-Phe-OH which was also proved by the appearance
of the peak at 7.26 ppm (g).3 > After removing the BOC group to get
mPEGk-PCL4k-NH; by acidolysis, the ratio of the peak at 1.54 ppm (d) and 1.29
ppm (e) got back to 2:1. To back wup the successful synthesis of
mPEG,k-PCL4x-PBLGk, the representative peak of
COCH(CH,CH,COOCH,C¢H5)NH was show at 5.06 ppm (h). Based on the
comparison of the peak areas at 5.06 ppm (h) and 2.26 ppm (c), the molecular weight
of PBLG was estimated to be 1K. In the last step, the disappearance of the peak at
5.06 ppm (h) confirmed that the benzyl group of PBLG was removed and the target

product mPEGk-PCL4k-PGA ¢ was synthesized successfully.

16
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299  Fig.1 The 'H NMR spectra of (A) mPEGak-PCL4x-OH (B) mPEG,x-PCL4k-BOC (C)
300 mPEGak-PCLix-NH, (D) mPEGk-PCL4sk-PBLGx (E) mPEGyx-PCL4sx-PGAx in

301  DMSO-D6.
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3.1.2 Determination of CAC

Pyrene was the most widely used fluorescent molecule for determining the CAC
and its fluorescence spectrum was shown Fig. S1 (ESIt). The I;/I5 ration of pyrene
emission spectra was related with the polarity where the pyrene located.”® The 1,/I3
ratio of fluorescence emission spectra of pyrene versus concentration of
mPEGk-PCL4k-PGA |k was shown in Fig. 2. It could be seen that at the beginning
I)/I5 ratio slightly decreased and then abruptly decreased with the increase of
copolymer concentration. From the break point the CAC of the copolymer could be
determined about 0.0776 mg mL™ (1.1086X 10 mol L™"). At the beginning, the
pyrene molecules was in the polar environment (water), with the polymer
concentration increasing, there was aggregates formed in the solution and the pyrene
could be solubilized in the hydrophobic domain of the aggregates, leading to the
decrease of I,/I5 ratio. The low CAC of mPEG,k-PCL4k-PGA |k guarantee the stability

of the polymersomes diluted in the vivo.
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Fig. 2 The I,/1; ratio of fluorescence emission spectra of pyrene versus concentration

of mPEGzK—PCL4K—PGA1K.
3.1.3 Morphology of mPEG,kx-PCL4k-PGA |k in water

The copolymer mPEGyk-PCL4x-PGA x could self-assemble in water and the
solution was blue-opalescent (Fig. 3A) and the morphology of the aggregates was
examined by TEM images (Fig. 3B, Fig. S2 in ESI{). It could be seen that the
uniform spherical aggregates with the diameter about 50-60 nm were formed in the
solution. From Fig. 3B and Fig. S2 it could be clearly seen that the polymer assembly
were hollow spheres containing an aqueous solution in the core surrounded by a
bilayered membrane. A characteristic dark rim on the outer surface was an obvious

indication of the hollow morphology of polymersomes. 37 Therefore, they could be
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applied to deliver hydrophilic drugs efficiently. The appropriate size of polymersomes

facilitates the EPR effect for passive targeting for the tumor issue.

Fig. 3 (A) Photograph of mPEGk-PCL4k-PGA x aqueous solution. (B) Morphology
of mMPEGg-PCL4k-PGA |k self-assembly in water. Insert: the TEM blowup of a single

polymersome.

3.2 Size and size distribution of drug-loaded polymersomes

The size and size distribution of drug-loaded polymersomes were characterized
by DLS. As shown in Fig. 4, both polyDOX and poly(DOX+VER) showed a
unimodal and narrow size distribution (PDI: 0.04-0.09), and the diameter were
(58.840.3) nm and (44.9+0.5) nm, respectively. The size of the drug-loaded

polymersomes was appropriate for EPR effect to achieve passive targeting.
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342  Fig. 4 The size and size distribution of drug-loaded polymersomes (A) polyDOX and

343 (B) poly(DOX+VER).
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3.3 Drug release in vitro

The drug release profiles in PBS with different pH value were shown in Fig. 5. It
could be seen from Fig. 5A that firstly the release of DOX from polyDOX and
poly(DOX+VER) was more sustained than that from the free DOX solution. For
example, free DOX released almost completely in 24 h while polyDOX and
poly(DOX+VER) only released 19.03% and 18.94% in pH 7.4 PBS. Secondly, the
addition of VER has no effect on the release of DOX from the polymersomes, which
was proved by the almost same release plots for the polyDOX and poly(DOX+VER)
in pH 7.4 and pH 5.0 PBS. Thirdly, the drug-loaded polymersomes showed the
pH-sensitive release behavior and the release of DOX from polyDOX and
poly(DOX+VER) was higher in pH 5.0 PBS than that in pH 7.4 PBS. Though the low
pH could facilitate the solubility and accelerate the release of DOX, the faster release
rate of DOX from polyDOX and poly(DOX+VER) at pH 5.0 than that at 7.4 was
mainly due to the structure breakage of the polypeptide-based polymersomes in acid
environment. Conclusively, the prepared polymersomes showed good pH-sensitive
property and the obvious sustained release behaviour, which was desirable for the

efficient cancer therapy.

Fig. 5B showed VER release behaviour from the poly(DOX+VER). Similarly,
VER also showed a sustained and pH-sensitive release from poly(DOX+VER). The
released VER amounts were about 91.74% and 71.63% from the poly(DOX+VER) in

pH 5.0 and pH 7.4 PBS after 24 h, respectively. The sustained-release time of VER
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from poly(DOX+VER) was not as long as that of DOX was mostly due to the strong

electrostatic interactions between DOX and PGA.*®

Based on the above results, the copolymer mPEGkx-PCL4k-PGA |k could act as a
promising drug carrier with high pH-sensitive property. Thus the drug-loaded
polymersomes could accelerate the drug release and improve the accumulation of
drugs in acidic tumor issue to enhance the anti-cancer effect. In addition, the sustained
release of drugs from the polymersomes could make the drug constantly fight against

cancer cells inducing the increased cancer cells inhibition.

23



374

375

376

377

RSC Advances

120
100 - A —a— 7.4 poly(DOX+VER)
! —o— 7.4 polyDOX
—t— 7.4 DOX

oL
(—
1

—v—5.0 poly(DOX+VER)
—¢—5.0 polyDOX
=—>—15.0 DOX

Drug release %
=2
(—

——t
20
0 v T v T v T
0 24 48 72 96
t/h
120
A B —a— 7.4 poly(DOX+VER)
—o—"7.4 VER
100+ —a—5.0 poly(DOX+VER)
' —+—5.0 VER

o
(=]
1

=
=

Drug release %
=)
=
4

Fig. 5 The in vitro release profiles of (A) DOX and (B) VER from polymersomes in
different PBS (pH 7.4 and 5.0). The release profiles of free DOX and VER solutions

were investigated as control. Data as mean = SD, n=3.
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3.4 Cytotoxicity assay in vitro

To verify the antitumor effect of the drug-loaded polymersomes, the cell
inhibition of the blank polymersomes was tested with the concentration of copolymer
ranging from 0.1 to 500 pg mL’'. The blank polymersomes had no apparent
cytotoxicity on cancer cells as shown in Fig. S3 (ESIY). The in vitro antitumor activity
of drug-loaded polymersomes was tested and that of free DOX was used as control.
As illustrated in Fig. 6, the inhibition rate of the samples increased with an increasing
drug concentration from 0.01 pg mL"' to 20 ng mL"' for both MCF-7 and
MCF-7/ADR cells. For the MCF-7 cells, free DOX sample showed a little higher
inhibition ratio than that of polyDOX or poly (DOX+VER) sample due to the
incomplete release of DOX from drug-loaded polymersomes which was confirmed
from Fig. SA. The polyDOX and poly(DOX+VER) exhibited similar inhibition ratio,
which indicated that the VER had almost no cytotoxicity to cancer cells.”” However,
for the MCF-7/ADR cells, the inhibitory effect of poly(DOX+VER) was much
stronger than that of free DOX or polyDOX especially at 48 h and 72 h, indicating
that the addition of p-gp inhibitor VER could significantly improve the cytotoxicity of

DOX to cancer resistant cells.
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Fig. 6 The inhibition ratio to MCF-7 and MCF-7/ADR cells incubated with different

samples (A) DOX (B) polyDOX and (C) poly(DOX+VER).

In order to further confirm the enhanced cytotoxicity and resistant ability of
poly(DOX+VER) against MCF-7/ADR cells, the ICsy value and resistance reversion

index (RRI) were calculated and listed in Table 1. The ICsy values of
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poly(DOX+VER) were 10.14+3.02 pg ml™, 2.71+0.35 pug ml™ and 0.15+0.02 pg ml™
respectively at 24, 48 and 72 h, much lower than that of free DOX ( 55.46£3.73 png
ml" for 24 h, 31.85+6.82 pg ml™” for 48 h and 7.32+0.94 pg ml" for 72 h). The
difference in ICsy values indicated that poly(DOX+VER) has a much higher
cytotoxicity in MCF-7/ADR cells than free DOX. RRI was an important parameter for
evaluating the reversal activity of MDR reversal agents. At 24 h, 48 h and 72 h, the
RRIs of poly(DOX+VER) were 5.47, 11.75 and 48.8, respectively, indicating the
poly(DOX+VER) could reverse the resistance of MCF-7/ADR cells to DOX in 72 h
successfully. Therefore, the poly(DOX+VER) had high ability to inhibit the

proliferation of MCF-7/ADR cells.

Table 1 ICso (mean+SD, n=3) and RRI of poly(DOX+VER) against MCF-7/ADR

cells.
ICso (ugml™) RRI
24h 48h 72h 24h 48h 72h
DOX 55.46+3.73 31.85+6.82 7324094 - ; ;

Poly(DOX+VER) 10.14£3.02 2.71£0.35 0.15+£0.02 547 11.75 48.8

RRI = ICsy(free DOX)/ICso(poly(DOX+VER)).

3.5 Cellular uptake studies and flow cytometric analysis

The cellular uptake of free DOX, polyDOX and poly(DOX+VER) on MCF-7

and MCF-7/ADR cells were visualized quantitatively by inverted fluorescence
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microscope. As illustrated in Fig. 7, detectable DOX red fluorescence was present in
these cancer cells. It could be seen that the red fluorescence intensity of free DOX,
polyDOX and poly(DOX+VER) on MCEF-7 cells almost showed no difference. This is
because that the free DOX could readily diffuse across the cell membrane to induce
high cellular uptake.40 Since DOX could be easily pumped out by P-gp in
MCE-7/ADR cells membranes,*' an obvious disparity in red fluorescence intensity of
free DOX, polyDOX and poly(DOX+VER) has been revealed on MCF-7/ADR cells:
the red fluorescence intensity of poly(DOX+VER) was higher than that of polyDOX
or free DOX. All these indicated that mPEG,k-PCL4k-PGAk could deliver drugs into
cancer cells successfully, and poly(DOX+VER) could inhibit the expression of P-gp

and improve the accumulation of DOX in MCF-7/ADR cells significantly.
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(B)

©)

Fig. 7 Fluorescence microscopy images of MCF-7 cells and MCF-7/ADR cells, after
incubation for 2 h treated with (A) DOX, (B) polyDOX and (C) poly(DOX+VER)

with an equivalent DOX concentration of 3 ug mL™".

Fig. 8 quantitatively supports the results mentioned above by flow cytometry on
MCF-7 and MCF-7/ADR cells incubated in free DOX, polyDOX and
poly(DOX+VER). The untreated cells served as the control. For the MCF-7 cells, the

intracellular fluorescence intensity of free DOX, polyDOX and poly(DOX+VER) was

2
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similar. However, the intracellular fluorescence intensity of poly(DOX+VER) was
stronger than that of free DOX for MCF-7/ADR cells because the significant decrease
in pumpout of free DOX and the different mechanism to enter cells.** In addition, the
intracellular fluorescence intensity of poly(DOX+VER) was also higher than that of
polyDOX, indicating that the addition of VER could inhibit the expression of P-gp to
reduce the pumpout of DOX significantly. In a word, the poly(DOX+VER) entered
into cells via endocytosis mechanism could decrease the pumpout and increase the

accumulation of DOX in cancer cells especially resistant cancer cell successfully.
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Fig. 8 Fluorescence intensity of MCF-7 and MCF-7/ADR cells analyzed by flow
cytometry after treatment with different formulations with an equivalent DOX of 3ug

mL™" for 2 h. Control (green), DOX (red), polyDOX (blue), poly(DOX+VER) (pink).

3.6 Hemolysis test
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Hemolysis, defined as the release of hemoglobin into plasma due to damage of
erythrocytes membrane, was the important index to evaluate the blood compatibility
of copolymers. This is because that most of copolymers were designed to be
administrated via intravenous injection for the drug delivery applications.*’ The
hemolisis ratio was usually tested by the UV absorbance of hemoglobin and it has
been reported that the pharmaceutical preparation could be applied for intravenous
injection when the hemolysis ratio was under 10%.* Fig. 9 exhibited the hemolysis
ratio of copolymer mPEGk-PCL4kx-PGA |k with different concentration. At all
concentration of copolymer from 0.014 to 1.4 mg mL™, the hemolysis ratio was below
5%, indicating the high blood compatibility of the synthesized copolymer

mMPEGk-PCL4k-PGA x and it was suitable for intravenous injection.

0.10-
=
*é 0.05-
Q
E 0.00 o
0.014 0.07 0.14 0.7 1.4
_0.05- Copolymer concentration(mg mL'l)

Fig. 9 The hemolysis ratio induced by copolymer mPEGyk-PCL4x-PGAx with

different concentration incubated at (37.0%1.0) °C for 3 h.

32

Page 32 of 39



Page 33 of 39

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

RSC Advances

4. Conclusion

In the present study, a pH-sensitive polypeptide-based block copolymer
mPEGk-PCL4k-PGA|x  was synthesized and it could self-assemble into
polymersomes to co-deliver the hydrophilic drugs DOX and VER. The size of the
polymersomes was about 50-60 nm, which was the appropriate size for EPR effect to
achieve passive targeting and improve the accumulation of drugs in tumor issue. In
addition, the pH-sensitive property of poly(DOX+VER) made the high accumulation
of drugs in target site by accelerating the release of drugs at tumor issue (acidic
environment) and simultaneously reducing the amount of drugs in the blood
circulation. The poly(DOX+VER) showed much higher cytotoxicity and cellular
uptake on MCF-7/ADR resistant cells than polyDOX or free DOX. However, there
was nearly no differences for the three formulations on MCF-7 cells, suggesting that
VER could inhibit the expression of p-gp on resistant cancer cells successfully and
improve the anticancer effect of DOX. In addition, the low hemolysis ratio of
copolymer to rabbit RBCs indicated that it could be applied safely for intravenous
injection. Conclusively, encapsulating both anticancer drug DOX and p-gp inhibitor
VER in pH-sensitive polymersomes could markedly increase the tumor growth
inhibition ability and reduce the side effects of the drug during the therapeutic

procedure. Therefore, the prepared poly(DOX+VER) could effectively reverse the
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multidrug resistance and was expected to be a promising drug delivery system for

cancer therapy.
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A promising co-delivery system was proposed for effectively reversing multidrug

resistance of cancer cells and simultaneously improving the anticancer effect of the

drug.



