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Background: Cationic and anionic polymer-modified nanoparticles offer promising proper-

ties for the drug and gene delivery. Our study uses cationic/anionic polyelectrolyte coated

vesicular phospholipid gels (VPGs) loaded with cytarabine (Ara-C) that enhance in vitro and

in vivo anti-glioma effects.

Methods: Sodium cholesteryl sulfate (SCS) or octadecylamine (ODA) incorporated in

a phospholipids phase were used to prepare charged VPGs, and cationic ε-polylysine (PLL)

coated VPGs (PLL-SCS VPGs) and anionic γ-polyglutamic acid (PGA) coated VPGs (PGA-

ODAVPGs) were prepared via electrostatic interactions, respectively. The morphology, particle

size, zeta potential, rheology properties, and in vitro release were then characterized. The in vitro

cytotoxicity and cellular uptake were evaluated on U87-MG glioma cells. The in vivo antitumor

effects were studied on BALB/c nude mice bearing a right flank U87-MG glioma model.

Results: The TEM images and physicochemical properties of cationic/anionic polyelectro-

lyte coated VPGs exhibited that polymers covered on the vesicular surface. The results of

rheologic property analysis showed that cationic/anionic polyelectrolyte coated VPGs

enhanced the viscosity of uncoated VPGs. The in vitro release experiments revealed that

cationic/anionic polyelectrolyte coated VPGs kept Ara-C sustained release up to 18 days.

Specially, compared with PLL-SCS VPGs, PGA-ODA VPGs demonstrated higher in vitro

cytotoxicity and cellular uptake efficiency in U87-MG glioma cells, and enhanced in vivo

antitumor effects when subcutaneously injected around the tumor. No severe toxicity

appeared in the right flank U87-MG glioma model of BALB/c nude mice.

Conclusion: Anionic γ-PGA coated VPGs were superior to cationic PLL coated VPGs in

terms of improving the anti-glioma effect for local delivery.

Keywords: biodegradable depots, polyelectrolyte coating, sustained release, glioma, local

therapy

Introduction
Gliomas represent 75% of all malignant brain tumors in humans.1 Due to the barrier

obstructing effects of the blood-brain barrier (BBB), it is difficult to achieve

effective treatment of neoplasms in the brain with systemic delivery of chemother-

apeutic drugs.2 To overcome the BBB blockage, researchers placed a biodegradable

delivery system into the tumor bed at the time of tumorectomy.3 Novel injectable

depots, as a sustained release drug delivery system, were designed for local
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chemotherapy, and which can be injected or implanted into

tissue to maintain high drug concentrations around the site

of implantation.4 Thus, novel injectable depots can main-

tain effective drug concentration levels for a long time,

and systemic toxicity can be avoided. VPGs are composed

of phospholipids that offer good biocompatibility and

nontoxicity,5 and VPGs have been used as a novel biode-

gradable depots for cancer chemotherapy.6,7

In our previous study, we explored the characteristics of

Ara-C loaded VPGs as a local delivery depots, and a nude

mice right flank U87-MG glioma model was used to study the

antitumor effect of Ara-C loaded VPGs in vivo, and Ara-

C-loaded VPGs, with sustained release, good stability, and

no shape restriction of the surgical cavity, offer the superior

effectiveness against glioma.8,9 Recent studies have shown

that polyelectrolytes increase the permeability of cell mem-

branes, improving siRNA delivery and enhancing the efficacy

of gene transfer.10–13 Some studies show that the surface

properties of polymer-modified tumor targeting carriers

enhance anti-tumor effects.14

Usually, polyelectrolyte modification can change the origi-

nal properties of carriers, and polyelectrolyte modified carriers

with cationic/anionic changes produce specific electrostatic

interactions with the surface charge of cancer cells.15,16

These polyelectrolytemodified carriers can deliver chemother-

apeutic drugs into the cancer cells via endosomal pathways

mediated by electrostatic interaction.16,17 As a result, the cel-

lular uptake increased, and the in vitro or in vivo antitumor

effects were enhanced. ε-Polylysine (PLL), a commercially

available and biodegradable cationic polyelectrolyte, has

been widely used in modification and coating of carriers.

Several studies reported that PLL coated complexes can

increase their stability avoiding aggregation and enhance the

permeability of complexes into cells.18,19 Comparedwith PLL,

γ-polyglutamic acid (PGA) is an anionic polyelectrolyte with

excellent biocompatibility, nontoxicity, and biodegradability;

PGAhas been utilized for drug and gene delivery, and has been

shown to improve the intracellular uptake.20–22 Recently, we

have reported that γ-PGA-coated Doxorubicin lipoplexes

exhibited higher cellular uptake, significant in vitro cytotoxi-

city inHepG2 cells, and improved in vivo antitumor efficacy.23

Based on the mentioned above promising properties of

cationic and anionic polymers modified nanoparticles used

for the drug and gene delivery. In our present study, cationic

PLL coated VPGs and anionic PGA coated VPGs as local

delivery depots were prepared, respectively, for the study of

in vitro and in vivo antitumor efficacy against glioma. We

investigated physicochemical characterization, rheological

properties, in vitro release, cellular uptake and cytotoxicity in

U87-MG glioma cells of polyelectrolyte coated VPGs loaded

withAra-C. Andwe also studied the in vivo antitumor efficacy

of polyelectrolyte coated VPGs loaded with Ara-C in a nude

mice right flank U87-MG glioma model.

Materials and Methods
Materials
Cytarabine (purity 99.6%, MW 279.68) was purchased from

Peking University Pharmaceutical Co., Ltd. (Beijing, China).

Egg lecithin (E80) was obtained from Lipoid GmbH

(Ludwigshafen, Germany). Sodium Cholesteryl sulfate (SCS,

MW 488.7) was obtained from Hubei Saibo Medical Chemistry

Goods Limited Company; Octadecylamine (ODA, MW 269.51)

was supplied by Sigma International Inc. ε-polylysine (PLL,

molecular weight 4000kDa) was purchased from Lanzhou Weiri

Bioengineering Limited Company. γ-Polyglutamic acid (PGA,

molecular weight 1200kDa) was obtained from Zhejiang

Haining City Biotechnology Violet Gold Harbour Limited

Company. Sodium sulfite was supplied by Nanjing Longyan

Chemical Co., Ltd. Methylthiazolyldiphenyl-tetrazolium bromide

(MTT) was purchased from Beyotime Institute of Biotechnology.

Fluorescein isothiocyanate (FITC) was obtained from Sigma

International Inc. Paraformaldehyde was purchased from

Guangzhou Chemical Reagent Factory. Chromatographic grade

methanolwas purchased fromConcordTechnology (Tianjin) Co.,

Inc. Water was purified by a Barnstead EASYpure® II RF/UV

ultrapure water system (Dubuque, Lowa, USA). All other materi-

als were of analytical grade.

Cell and Animals
The U87-MG glioma cell line was purchased from Shanghai

Guandao Biological Engineering Co., Ltd (Shanghai, China).

The antitumor efficacy was evaluated using U87-MG glioma

cells bearing male BALB/c nude mice. The experimental

animals protocol was approved by the University Ethics

Committee. All studies using experimental animals were car-

ried out according to the eighth edition of the Guide for Care

and Use of Laboratory Animals.

Preparation of Polyelectrolyte Coated

VPGs
Phospholipids and SCS (or ODA) with a charge molar ratio 9:1

were dissolved in the solution of chloroform and methanol.

This mixture was dried by slowly reducing the pressure at 50°C

using the rotary evaporator (Buchi, R-210, Switzerland). The

obtained film was kept under vacuum drying baker (Nanjing
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Shenwei Pharmaceutical Equipment Co., Ltd.) for 6 h at 40°C.

We hydrated 400 mg lipid complex/g with 50 mM pH7.4 PBS

for 2 h, and added the hydrated complex to a PVC container,

and then further added 10 mg Ara-C/g VPGs and 0.2 mg

sodium sulfite/g VPGs. This mixture was homogenized in

a dual asymmetric centrifuge (DAC 150 FVZ, Hauschild

GmbH&CoKG, Hamm, Germany) at the speed of 3540 rpm

in 5min runs a total of two times.24 PLL or PGA solutions were

added to complexes at a charge molar ratio of SCS or ODA

(1:2, 1:1, 2:1) respectively, and then the mixtures were homo-

genized as above. Two different polyelectrolyte coatedVPGs—

PGA-ODA VPGs and PLL-SCS VPGs—were obtained, and

they were then sealed in glass vials under nitrogen gas and

autoclaved for 15 min at 121°C in an autoclave (Nanjing

Ascent Technology Development Co., Ltd.), after which it

was stored at 4–8°C for in vitro and in vivo research. FITC

loaded polyelectrolyte coated VPGs were prepared with the

same method, but instead using FITC in place of Ara-C. The

final FITC concentration in polyelectrolyte coated VPGs was

1 mg/g. Empty polyelectrolyte coated VPGs lacked drugs.

Physicochemical Characterization of

Polyelectrolyte Coated VPGs
The morphology of VPGs was examined by freeze-fracture

electron microscopy (FF-TEM) as described in the

literature.8 The morphology of redispersed polyelectrolyte

coated VPGs was examined with a Transmission Electron

Microscope (TEM, Hitachi H600, Hitachi, Japan) by nega-

tive-staining method at an acceleration voltage of 100kV.

The particle size and zeta potential were measured with

a NicompTM 380 Particle Sizer/Zeta Potential (Particle

Sizing System, Santa Barbara, USA) at 25°C. The entrap-

ment efficiency (EE) of redispersed polyelectrolyte coated

VPGs was evaluated by the ultrafiltration (UF) method, as

described in the literature.8 All the experiments were per-

formed in triplicate.

Rheology
Rheological properties of polyelectrolyte coated VPGs were

measured by Rheometer (AR-2000, TA Instruments, New

Castle, USA) in the oscillation mode with a Cone-Plate geo-

metry of 40mm in diameter with 2° an angle. In the rheology

measurement, a 2.0 ml sample was used to fill the slit, and

stress-sweeps, strain-sweeps, temperature-sweeps and angular

frequency-sweeps were performed individually. The angular

frequency was scanned from 0.1 to 100 1/s at 37°C. The

rheological property indexes of elasticity modulus G′ (storage

modulus) and the viscosity modulus G″ (loss modulus) were

recorded. Samples were measured in triplicate.

In vitro Release
In vitro release of polyelectrolyte coated VPGs loaded with

Ara-C was determined by dialysis method. Polyelectrolyte

coated VPGs (1g) were enveloped in dialysis bags (Sigma,

12,000~14,000MW cutoff) and immersed in 10mL phos-

phate buffer solution (PBS, pH7.4) in 15mL glass vials.

The samples were held in a Water bath shaker (ZHWY-

110X30, Shanghai Zhicheng Machinery Equipment Co.,

Ltd.) at 37°C with shake speed of 100 rpm. Full release

media were taken out at predetermined time intervals and

replaced with the same volume of PBS (pH7.4). The con-

centration of Ara-C in the release medium was monitored by

HPLC.9 All experiments were carried out in triplicate.

Cellular Uptake Study
The U87-MG cells were maintained in Dulbecco’s

Modified Eagle’s Medium (DMEM; GIBCO Inc.) contain-

ing 10% fetal bovine serum, 100 U/ml penicillin and 100

μg/ml streptomycin. Cells were kept in a minimum relative

humidity of 95% air with 5% CO2 at 37°C. Cellular uptake

of FITC loaded formulations was assessed in U87-MG

glioma cells using Fluorescence Microscopy. U87-MG

glioma cells were seeded into 96-well plate at a density

of 1×104cells per well and incubated for 24 h at 37°C.

Water solution, VPGs and two kinds of polyelectrolyte

coated VPGs loaded with FITC at a concentration of 10

μg/mL were added to each well, followed by 4 h of incu-

bation, after which the medium was removed, and the cells

were rinsed with cold PBS three times. After cells were

fixed with 4% paraformaldehyde in PBS at 25°C for 15

min, the cell nuclei were stained with Hoechst 33258 for

15 min. Each well was mounted with 50% glycerol and

was then observed under Olympus IX71 fluorescence

microscope (Olympus America Inc., Japan).

To research the influence of PLL or PGA on the cellular

uptake of polyelectrolyte coated VPGs, U87-MG cells were

pre-incubated with PLL (2.5mg/L) or PGA (2.5mg/L) for 30

minutes at 37°C. Then, the medium containing the PLL or

PGA was removed, and was replaced with the medium con-

taining the polyelectrolyte coated VPGs loaded C6, and

further incubated at 37°C for 4 hours. The cells were then

washed 3 times with PBS, and then lysed by 1% Triton X-100

at 4°C for more than 0.5 h in darkness. The fluorescence

intensity was tested using a filter type multi-function micro-

plate reader (infinite F500, Tecan Austria GmbH). Cellular
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uptake of PGA-ODA VPGs and PLL-SCS VPGs was also

evaluated at a temperature of 4°C.

Cell Viability Assay
Cell viability was evaluated by the MTT method, with

5×103 U87-MG glioma cells seeded into 96-well plates.

After reaching semi-confluence, the cultures were treated

with Ara-C solution, Ara-C loaded VPGs, PLL-SCS

VPGs, PGA-ODA VPGs, and control formulations. After

24 h of exposure to the formulations, and culture medium

was removed. MTT was then added to the culture wells

and incubated for 3 h, and then the supernatant was

removed and the precipitate was retained. Then, 100 μL
DMSO was added to the wells. After vortex mixing, the

optical density was measured by ELISA at 490 nm. The

optical density was linearly proportional to the number of

live cells with active mitochondria.

Cell viability %ð Þ ¼ ODT
ODC

� 100

where ODT is the optical density of cells treated with

different formulations and ODC is the optical density of

control cells (incubated with cell culture medium only).

Therapeutic Efficacy Study
Initially, 6-week-old BALB/c nude mice (18–20 g) were

inoculated with 1×107 U87-MG glioma cells subcuta-

neously via injection to the right flanks. When the tumor

volume was allowed to grow to 100 mm3, experimental

treatment commenced. Animals were randomized into five

groups (n=6) as follows: a single dose Placebo Control

(Normal saline), Ara-C solution, Ara-C loaded VPGs,

PLL-SCS VPGs and PGA-ODA VPGs were injected

around the tumor subcutaneously (containing 50mg Ara-

C/kg body weight). The antitumor activity was evaluated

according to tumor volume, with Tumor Volume =A×B2/

2.25 In the formula, A and B are major axis (A) and minor

axis (B, perpendicular to the major axis) of the tumor that

were determined by a vernier caliper. Body weight of the

animals, along with tumor volume was measured every

two days for up to 32 days total.

Statistical Analysis
Comparisons among groups were evaluated using the two-

tailed Student’s t-test. The data were presented as mean ±

standard deviation (SD). * p < 0.05 was considered as statis-

tical significance and ** p < 0.01 as extreme statistical

significance.

Results
Characterization of Polyelectrolyte

Coated VPGs
Polyelectrolyte coated VPGs were prepared by dual asym-

metric centrifugation (DAC), and then stored in glass vials

(Figure 1A). As shown schematically in Figure 1C and D,

SCS (or ODA) incorporated in phospholipids phase were

prepared to charged VPGs, then PLL or PGA was coated

with oppositely charged vesicles in VPGs by electrostatic

interaction (Figure 1B). Polyelectrolyte coated VPGs were

gel-like semisolid dispersions (Figure 1A), and their mor-

phology was observed by FF-TEM, shown in Figure 2A

and B, with no significant difference between PGA-ODA

VPGs and PLL-SCS VPGs. While, the TEM images of

redispersed PGA-ODAVPGs in Figure 2C clearly showed

that the vesicular surface was covered a thick surface

layer, the vesicular border was visible. Figure 2D shows

that a layer of a light cloudy structure was covering the

vesicular surface of redispersed PLL-SCS VPGs.

Particle sizes and zeta potentials of redispersed polyelec-

trolyte coated VPGs are shown in Table 1. The particle size

of redispersed PGA-ODA VPGs or PLL-SCS VPGs

increased with an increasing concentration of PGA or PLL,

and the zeta potential of redispersed PGA-ODAVPGs shifted

from a positive to a strong negative with increasing PGA

concentration. On the contrary, the zeta potential of redis-

persed PLL-SCS VPGs shifted from negative to positive

with increasing PLL concentration. When the zeta potential

of redispersed polyelectrolyte coated VPGs was relatively

small, its polydispersity index (PI) was high. In this case,

the results suggested that aggregation of vesicles occurred.

The EE of redispersed PLL-SCS VPGs and PGA-ODA

VPGs showed no significant change with increasing PLL

or PGA concentration (Table 1). Yet, the EE of redispersed

PLL-SCS VPGs and PGA-ODA VPGs were lower than

that of Ara-C loaded VPGs.

Properties of Rheology
Rheological properties of polyelectrolyte coated VPGs

were measured with oscillation mode. As the angular

frequency was scanned from 0.1 to 100 1/s at 37°C, the

elasticity modulus (G′) and the viscosity modulus (G″)

were recorded in Figure 3A and B, G′ increased rapidly

with its angular frequency from 0.1 to 0.5 1/s, and G′

increased slowly with its angular frequency from 0.5 to

100 1/s, G′ was higher than G″ on the whole.

Qi et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Drug Design, Development and Therapy 2020:141828

http://www.dovepress.com
http://www.dovepress.com


As shown in Figure 3A, with increasing concentration

of PGA, G′ and G″ of PGA-ODA VPGs increased.

Rheological properties of PLL-SCS VPGs were similar

to PGA-ODA VPGs with increasing concentration of

PLL (data not shown). From Figure 3B, when the charge

molar ratio of polyelectrolyte coated VPGs is 1:2, the G′

and G″ of PGA-ODA VPGs and PLL-SCS VPGs are

higher than Ara-C loaded VPGs.

Figure 1 Schematic illustration of polyelectrolyte coated VPGs: (A) Polyelectrolyte coated VPGs stored in glass vials, (B) Polyelectrolyte coated on the surface of VPGs by

electrostatic interaction, (C) PLL-SCS VPGs, (D) PGA-ODA VPGs.

Figure 2 FF-TEM photographs of polyelectrolyte coated VPGs: (A) PGA-ODA VPGs, (B) PLL-SCS VPGs. TEM photographs of redispersed polyelectrolyte coated VPGs:

(C) PGA-ODA VPGs, (D) PLL-SCS VPGs; The bar represents 100 nm.
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In vitro Release
Figure 4 shows the in vitro release of polyelectrolyte

coated VPGs loaded with Ara-C. When compared to

Ara-C solutions, polyelectrolyte coated VPGs with

400 mg/g lipid concentration showed obvious sustained

release properties, its cumulative release rate was near to

90% up to 18 days in vitro. However, compared to Ara-C

loaded VPGs with the same lipid concentration, polyelec-

trolyte coated VPGs showed a rapid release rate slightly.

The in vitro release properties of PLL-SCS VPGs and

PGA-ODAVPGs showed no significant difference.

Cellular Uptake
The micrographs in Figure 5A showed that the cellular

uptake of U87-MG glioma cells after 4 h incubation with

FITC solution, FITC loaded VPGs and FITC loaded poly-

electrolyte coated VPGs, respectively. In Figure 5A, the

uptake of FITC loaded PGA-ODA VPGs was the highest

in four formulations, with the uptake of FITC loaded

VPGs slightly lower than that of the FITC loaded PGA-

ODA VPGs, and the uptake of FITC loaded PLL-SCS

VPGs slightly lower than that of the FITC loaded VPGs,

while the uptake of free FITC solution was the lowest.

From Figure 5B and C, uptake of PLL-SCS VPGs and

PGA-ODAVPGs was significantly reduced at 4°C incubation

at 4h (p< 0.01). And in Figure 5B, γ-PGA reduced the uptake

of PGA-ODAVPGs at 37°C incubation at 4h (p< 0.01). Yet, in

Figure 5C, ε-PLL did not affect the uptake of the PLL-SCS

VPGs at 37°C incubation at 4h.

In vitro Cytotoxicity
MTTassay was used to investigate the effect of the developed

formulations on cell viability. As Figure 6A shown, after 72h

incubation with these empty formulations containing the lipid

concentration from 0.01 to 10 mg/g, cell viability was not

significantly different from the change of lipid concentration

on U87-MG glioma cells. The results suggested that there was

no cytotoxic effect on U87-MG glioma cell line in all control

formulations. From Figure 6B, all formulations loaded with

Ara-C concentration from 0.1 to 100 μM inhibited the growth

of U87-MG glioma cells in a dose-dependent manner. For

U87-MG glioma cells, PGA-ODAVPGs loaded with Ara-C

exhibited more obvious cytotoxicity than other formulations,

and the cytotoxicity of PLL-SCS VPGs loaded with Ara-C

was lower than that of Ara-C loaded VPGs.

In vivo Antitumor Activity
The in vivo antitumor activity of formulations was eval-

uated in the U87-MG glioma on the right flank of BALB/c

nude mice. Figure 7A and B showed the change in tumor

volume of all Ara-C formulation groups, compared to the

Normal saline control group, the PGA-ODA VPGs, the

Ara-C loaded VPGs and the PLL-SCS VPGs groups

exhibited significantly more tumor growth suppression.

In particular, the PGA-ODA VPGs group showed more

significant antitumor effect than the Ara-C loaded VPGs

(p<0.01) and PLL-SCS VPGs groups (p<0.01). However,

compared to PLL-SCS VPGs group, the Ara-C loaded

VPGs group exhibited slightly more tumor growth sup-

pression (p>0.05). In addition, there was no significant

body weight loss in all test groups (Figure 7C).

Discussion
Recently, several studies have reported that polyelectro-

lytes enhanced the cells membrane permeability, and also

increased the efficacy of gene transfer and siRNA

delivery.10–13 So polyelectrolytes have been widely used

as a coating material for carriers. In the present study,

cationic/anionic polyelectrolyte coated VPGs loaded with

Ara-C were prepared to enhance both in vitro and in vivo

anti-glioma effects.

The TEM images of redispersed polyelectrolyte coated

VPGs showed a layer structure covering the vesicular

surface. The appearance was probably due to the effects

of electrostatic interaction between polyelectrolyte and

Table 1 Particle Size, Zeta Potential and EE of Redispersed Polyelectrolyte Complexed VPGs (n=3)

Formulation Charge Molar Ratio of System Particle Size (nm) PI Zeta Potential (mV) EE (%)

Ara-C loaded VPGs - 218.7±69.4 0.22±0.04 −7.41±0.96 56.47±2.00

PLL-SCS VPGs PLL:SCS (1:2) 147.9±32.5 0.19±0.05 −21.18±4.29 40.04±1.71

PLL:SCS (1:1) 284.3±79.8 0.63±0.51 −5.65±0.63 42.35±2.18

PLL:SCS (2:1) 324.5±65.6 0.43±0.32 19.76±3.52 43.67±1.94

PGA-ODA VPGs PGA:ODA (1:2) 168.2±43.6 0. 17±0.04 18.15±3.84 47.74±1.62

PGA:ODA (1:1) 192.7±51.3 0. 46±0.25 −6.15±0.68 45.28±1.97

PGA:ODA (2:1) 237.5±68.9 0.25±0.06 −27.29±4.47 46.19±2.23
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charged groups at the vesicular surface. It was presumed

that the polyelectrolyte chains are in a random coil con-

formation around the vesicular surface.26

However, we found that aggregation of polyelectrolyte

coated VPGs appeared in the process of redispersion,

which was consistent with earlier results reported by

others.27 We think that the aggregation is due to the fact

that a lower surface charge, which was not enough to

stabilize the polyelectrolyte coated VPGs, and led to

aggregations of vesicles during the redispersion course.27

Another possible cause is electrostatic interaction between

charged polyelectrolyte and opposite charge on the vesi-

cular surface, which resulted in vesicular aggregation and

fusion. Yet the reason might be a non-homogeneous over-

compensation of vesicular surface charge via adsorption of

polyelectrolyte molecules.26,27 However, the appearance

has no effect on the local delivery of polyelectrolyte

coated VPGs.

Figure 3 (A) The elasticity modulus G′ and the viscosity modulus G″ of PLL-SCS VPGs with different charge molar ratio of PLL and SCS at 37°C as a function of angular

frequency. Solid symbol represents G′ and hollow symbol represents G″. (B) The elasticity modulus G′ and the viscosity modulus G″ of polyelectrolyte complexed VPGs

(charge molar ratio of system is 1:2) and Ara-C loaded VPGs at 37°C as a function of angular frequency. Solid symbol represents G′ and hollow symbol represents G″.
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The EE of redispersed polyelectrolyte coated VPGs was

lower than that of Ara-C loaded VPGs. This result might be

due to SCS and ODA are incorporating in the vesicular lipid

phase; during the redispersed course, the nonhomogeneous

lipid membrane can increase drug leakage.28 In addition, the

effects of electrostatic interaction between polyelectrolyte and

charged groups at the vesicular surface could lead to drug

leakage. At the charge molar ratio of PLL:SCS (1:2) and

PGA:ODA (1:2), redispersed PLL-SCS VPGs and PGA-

ODA VPGs exhibit lower particle sizes than that of Ara-C

loaded VPGs, respectively. This result may be due to the

insertion of SCS and ODA in vesicular lipid phase, which

may lead to the upward curvature of the lipid vesicular mem-

brane. However, unlike liposomes, each small vesicle was

tightly packed among neighboring vesicles in polyelectrolyte

coated VPGs, when free drug was entrapped in semisolid

polyelectrolyte coated VPGs, unencapsulated drug was no

need to remove, and it was equivalent to 100% loading of

drug into it.5,29,30

We have previously reported that VPGs display gel-

like characteristics[9]. Here, the rheological curves of

polyelectrolyte coated VPGs were similar to VPGs, but

polyelectrolyte coated VPGs showed much higher viscoe-

lasticity than Ara-C loaded VPGs. With increasing con-

centration of polyelectrolytes, the viscoelasticity of

polyelectrolyte coated VPGs was strengthened. Yet, poly-

electrolyte coated VPGs still showed good syringability.

Given syringability and system stability considerations, we

have chosen polyelectrolyte coated VPGs at system charge

molar ratio of 1:2 for further studies, because the 1:2

proportion prescription showed, no aggregation of vesicles

with redispersed polyelectrolyte coated VPGs.

Usually, drug release is controlled by polymer degra-

dation via carrier and drug diffusion on the polymer sur-

face. Macromolecular polymer degradation is relatively

slow, and polymer systems with high viscosities display

slow diffusion. So, we selected high molecular weights of

PLL and PGA in this study, and we expected macromole-

cules polymers to slow down the release rate of the gel

system. According to the rheological properties of poly-

electrolyte coated VPGs, we know that the addition of

PLL and PGA as the coating material can increase the

viscoelasticity of VPGs, which should slow drug release

from polyelectrolyte coated VPGs. On the contrary, as

a result, the release rate of polyelectrolyte coated VPGs

was faster than that of Ara-C loaded VPGs. The result was

explained that polyelectrolyte can increase membrane

permeability,31 in addition, the incorporation of charged

ODA or SCS into the vesicular lipid membrane led to the

decrease of membrane homogeneity, which could acceler-

ate drug release.28 The possible mechanisms involved in

the drug release may involve permeation through the

membrane of polyelectrolyte coated VPGs via the style

of pore channels and partition diffusion.32 As for Ara-C

loaded formulations, nearly 40% of the drug was released

in the first 24 hours. We think that the drug inter-vesicles

space rapidly diffuses across the dialysis bags, leading to

the initial burst release effect.9

In our present study, FITC loaded PGA-ODA VPGs

group showed the most intense intracellular fluorescence,

and the fluorescence intensity of FITC loaded VPGs, FITC

loaded PLL-SCS VPGs and free FITC solution groups

were weakened sequentially (Figure 5A). In fact, FITC

encapsulated into lipid vesicles of VPGs can facilitate

the transportation of FITC into cells by endocytosis.25

Figure 4 (A) In vitro drug release profiles of Ara-C, Ara-C loaded VPGs, PLL-SCS

VPGs, and PGA-ODA VPGs in pH 7.4 PBS (n=3). The error bars represent the

standard deviation. (B) In vitro drug release profiles of Ara-C, Ara-C loaded VPGs,

PLL-SCS VPGs, and PGA-ODA VPGs in pH 7.4 PBS at the first 24 hours (n=3). The

error bars represent the standard deviation.
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Therefore, the cellular uptake efficacy of free FITC solu-

tion group was the lowest. Generally, polyelectrolytes with

positive charge can promote drug permeation into nega-

tively charged cancer cells and increase the cellular uptake

by electrostatic interaction.28,33 However, compared with

the FITC loaded PGA-ODA VPGs and the FITC loaded

VPGs groups, the fluorescence intensity of FITC loaded

PLL-SCS VPGs in U87-MG glioma cells were lower. We

speculate that the charge molar ratio of lysine residue and

SCS (1:2) of PLL-SCS VPGs might ensure that almost all

lysine residues of PLL electrostatically interacted with

SCS on the vesicular surface. In the prescription

Figure 5 (A) Fluorescent microscopic images of FITC uptake by U87-MG glioma cells in vitro incubated with FITC solution (a), FITC loaded VPGs (b), FITC loaded PGA-ODAVPGs

(c) and FITC loaded PLL-SCS VPGs (d). Different VPGs containing FITC (green), and Hoechst 33258 (blue) for nucleus. (B) Cellular uptake of PGA-ODA VPGs at 37°C no PGA

treatment, 4°C no PGA treatment, 37°Cwith PGA treatment. (a) 37°C, no PGA treatment; (b) 4°C, no PGA treatment; (c) 37°C, with PGA treatment. **p<0.01 vs cellular uptake of
PGA-ODAVPGs at 37°C no PGA treatment. (C) Cellular uptake of PLL-SCS VPGs at 37°C no PLL treatment, 4°C no PLL treatment, 37°C with PLL treatment. (a) 37°C, no PLL

treatment; (b) 4°C, no PLL treatment; (c) 37°C, with PLL treatment. **p<0.01 vs cellular uptake of PLL-SCS VPGs at 37°C no PLL treatment.

Figure 6 (A) Cell viability of U87-MG glioma cells treated with empty VPGs, empty PLL-SCS VPGs, empty PGA-ODA VPGs at the lipid concentration from 0.01 to 10 mg/g

(n=5). (B) Cell viability of U87-MG glioma cells treated with Ara-C solution, Ara-C loaded VPGs, PLL-SCS VPGs, and PGA-ODAVPGs at Ara-C concentrations ranging from

0.1 to 100 μM (n=5). *p<0.05, **p<0.01, vs Ara-C loaded VPGs; ΔΔp<0.01, vs PLL-SCS VPGs.
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composition of PLL-SCS VPGs, SCS was excessive, and

the whole system was negatively charged. The lack of

positively charged, residual lysine residue on the surface

of PLL-SCS VPGs, weakened the electrostatic interaction

between the PLL-SCS VPGs and the glioma cells with

negative charge. Therefore, the cellular uptake efficacy of

PLL-SCS VPGs was lower than that of Ara-C loaded

VPGs.

On the contrary, anionic complexes are generally not

taken up by negatively charged cancer cells because the

cellular membrane electrostatically repels the complex.

Recent studies have reported that PGA complexes showed

high gene expression without cytotoxicity.28,34 However, in

our study, PGA-ODA VPGs loaded with Ara-C showed

higher cellular uptake efficacy and cytotoxicity than that of

other formations (Figures 5A and 6B). We speculated that γ-
PGA with anionic charges might have a different uptake

mechanism than cationic polyelectrolytes.

In order to explore the uptake mechanism, the inhibi-

tion experiment for the uptake of PLL-SCS VPGs and

PGA-ODA VPGs was carried out at 37°C with no free

polyelectrolyte treatment, 4°C with no free polyelectrolyte

treatment, and 37°C with free polyelectrolyte treatment.

From Figure 5B, compared with the uptake of PGA-ODA

VPGs at 37°C with no PGA treatment, uptake of PGA-

ODAVPGs was significantly reduced at 4°C with no PGA

treatment and was inhibited by PGA at 37°C with PGA

treatment. Our results indicated that the PGA-ODAVPGs

were taken up by the U87-MG cells through an energy-

dependent process and the PGA-specific receptor-mediated

pathway, which is consistent with the results published by

other scientists.20,35,36 In Figure 5C, compared with the

uptake of PLL-SCS VPGs at 37°C no PLL treatment,

uptake of PLL-SCS VPGs was significantly reduced at

4°C no PLL treatment, yet, uptake of PLL-SCS VPGs

was not affected by PLL at 37°C with PLL treatment,

which suggests that uptake of PLL-SCS VPGs was just

an energy-dependent process.

For in vivo antitumor effects, from Figure 7A and B, the

PGA-ODA VPGs group showed more significant antitumor

effects than the Ara-C loaded VPGs group (p<0.01), and the

PLL-SCS VPGs group (p<0.01). However, compared to the

PLL-SCS VPGs group, the Ara-C loaded VPGs group exhib-

ited slightly stronger tumor growth suppressive effect

(p>0.05). In addition, there was no significant body weight

loss in all test groups (Figure 7C). This suggests that no severe

Figure 7 (A) In vivo tumor volume profiles of U87-MG glioma subcutaneous

bearing nude mice treated with different formulation groups for 32 days (n=6).

(◆) Normal saline; (■) Ara-C solution; (▲) Ara-C loaded VPGs; (●) PLL-SCS

VPGs; (※) PGA-ODA VPGs. Error bars represent the standard deviation.

**p<0.01, vs Ara-C loaded VPGs; ΔΔp<0.01, vs PLL-SCS VPGs. (B)
Photographs of excised tumors on U87-MG glioma subcutaneous bearing nude

mice from the tested groups (n=6). (a) Normal saline; (b) Ara-C solution; (c)

Ara-C loaded VPGs; d: PLL-SCS VPGs; e: PGA-ODA VPGs. Animals were

sacrificed after 32 days. (C) Changes in the body weight of U87-MG glioma

subcutaneous bearing nude mice (n=6). (◆) Normal saline; (■) Ara-C solution;

(▲) Ara-C loaded VPGs; (×) PLL-SCS VPGs; (※) PGA-ODA VPGs. Error bars

represent the standard deviation.
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toxicity appeared in the treated animals. The results on in vivo

antitumor effect of Ara-loaded formulations were consistent

with that of the cellular uptake (Figure 5A), and in vitro

cytotoxicity (Figure 6B). In short, the cellular uptake efficacy,

in vitro cytotoxicity, and in vivo antitumor effects of the PGA-

ODAVPGs groupwere superior to PLL-SCSVPGs. Here, our

findings have confirmed the PGA-ODAVPGs were taken up

by the U87-MG cells through the γ-PGA-specific receptor-

mediated pathway (Figure 5B). Which is in agreement with

available literatures on the subject.20,35 This uptake mechan-

ism was different from that of cationic polymeric carriers by

cancer cells.

Based upon the upper results, we surmise that PGA-

ODA VPGs have the advantageous for local delivery to

tumor tissue, and improve the anti-glioma effect both

in vitro and in vivo.

Conclusion
This work describes cationic/anionic polyelectrolytes

coated with oppositely charged vesicles in VPGs via elec-

trostatic interactions. The TEM images and physicochem-

ical properties verified the formation of polyelectrolyte

coated VPGs. Our study has shown that polyelectrolyte

coated VPGs offer distinct surface properties of VPGs, and

altered the interaction between the complexes and the

tumor cells. Notably, when compared with PLL coated

VPGs, PGA coated VPGs significantly increased cellular

uptake efficacy and in vitro cytotoxicity. Furthermore,

PGA coated VPGs enhanced in vivo antitumor effects

when subcutaneously injected around the tumor. Our

results indicate that anionic PGA coated VPGs are super-

ior to cationic PLL coated VPGs, and improve the anti-

glioma effect for local delivery.
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