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Plc peptide decorated liposome targeting av33-
expressing tumor cells in vitro and in vivo

Wei Xu,? Xuejiao Yan,12® Naifeng Liu*®*® and Guogiu Wu { *2¢

Integrin avB3 is a promising target for integrin-rich tumor and neovascular. In the present study, we
prepared a doxorubicin (DOX)-loaded liposome of which the surface was decorated with PEG and
a novel avB3 targeting peptide of Plc. The in vitro targeting efficiency was evaluated in avf3-positive
(U8B7MG) and -negative (MCF-7) tumor cells by flow cytometry and laser confocal scanning microscopy.
The in vivo therapeutic effects were evaluated in the glioblastoma U87MG-tumor bearing mouse model.
The results indicated that the prepared liposomes showed mean sizes of 131.2 and 128.4 nm in diameter
for Plc-modified targeting liposomes (P1c-DOXL) and non-targeting liposomes (DOXL), respectively. The
DOX encapsulation efficiencies were more than 95% in both types of liposomes. The conjugation ratio
for P1c decoration was 66.8%. The flow cytometry and confocal laser-scanning microscopy experiments
consistently showed that the intracellular fluorescence intensity of the Plc-modified targeted liposome
group was stronger than that of the non-targeted liposome group (P < 0.05) in U87MG cells. In vivo
results revealed that compared with DOX or DOXL treatment, P1c-DOXL dramatically reduced tumor
growth (P < 0.05) and tumor angiogenesis while much lower hepatotoxicity was observed. Plc-modified
targeting liposome exhibited sustained release, enhancing the antitumor effect of DOX through targeting
tumor cells and neovascular where integrin avp3 was overexpressed. The results indicated that Plc
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Introduction

Liposomes have been extensively utilized as drug delivery
carriers for cancer therapy.'” Long-circulating liposomes,
produced by modification with poly(ethylene glycol) (PEG) are
able to passively accumulate in tumors via the enhanced
permeability and retention (EPR) effect, in which case they are
usually called “sterically stable liposomes” (SSL).*” Hydroge-
nated soybean phosphatidylcholine (HSPC) and cholesterol is
a common material to prepare liposomes.*® Active targeting can
be achieved by modification of sterically stable liposomes with
various ligands, such as antibodies, peptides, folic acid, or
transferrin, to enhance distribution in tumor sites and reduce
side effects to normal tissues.'*"”

Integrins are a family of cell surface receptors that consist of
noncovalently associated a and B subunits.'® They can primarily
mediate interactions of cells with the extracellular matrix.*
avp3, one member of integrins, seems to play a critical role in
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might be promising for active targeting delivery in cancer therapy.

regulating tumor growth, metastasis, and angiogenesis. It was
reported that although integrin avB3 was significantly up-
regulated in sprouting tumor vessels and solid tumor cells of
various origins, it was only minimally expressed in quiescent
blood vessels and normal cells.***' Previous studies demon-
strated that integrin oavB3 antagonists, such as arginine-
glycine-aspartic acid (RGD) peptides conjugated drug delivery
system targeting avPB3 has been developed for target cancer
therapy and diagnostics.”*"*

Pic is a novel peptide (CIRTPKISKPIKFELSG, Chinese patent
no. ZL 2009 10025 731.0) derived from human connective tissue
growth factor (CTGF). In our previous study, we find that Plc
could specifically bind to human integrin avp3. After coupled
with ultrasuperparamagnetic iron oxide particles (USPIOs), P1c
had been successfully applied in magnetic resonance imaging
(MRI) of human primary liver cancer (Bel 7402) that up-
regulated avB3 expression.” In the present study, we investi-
gated the targeting potential of Plc after conjugated on the
surface of liposome.

Materials and methods
Materials

Hydrogenated soybean phosphatidylcholine (HSPC), choles-
terol, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000), and
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functional DSPE-PEG2000-COOH-NHS were purchased from
Shanghai A.V.T Pharmaceutical LTD (Shanghai, China). Pic
peptide was obtained from Science Peptide Biological Tech-
nology Co., LTD (Shanghai, china). Doxorubicin hydrochloride
was purchased from Dalian Meilun Biology Technology Co.,
LTD (Dalian, China). Dulbecco's Modified Eagle's Medium
(DMEM) and fetal bovine serum (FBS) were from Life Technol-
ogies, Inc (Grand island, NY). The human glioblastoma cells
(U87MG) and human breast cancer cells (MF-7) were obtained
from Cell-bio Ins, SAC (Shanghai, China). Cell Counting Kit-8
(CCK-8) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Anti-human ovB3 monoclonal antibody (mAb) was
purchased from R&D Systems (Minneapolis, MN, USA).

Synthesis of P1c-PEG2000-DSPE

The P1c-PEG-DSPE conjugate was synthesized according to the
manufactory's instruction. In brief, DSPE-PEG2000-COOH-NHS
was dropped into the MES buffer (pH 8.0) containing 1 mg
mL~" Plc peptide (peptide : DSPE-PEG2000-COOH 1.1 : 1 mol
mol ') and stirred for 24 h at room temperature. The mixture
was ready for use in the liposomes preparation.

Preparation of liposomes

A total amount of 5 mg liposomes composed of HSPC and
cholesterol (molar ratio: 2/1) was prepared by the lipid film
hydration method. After evaporation overnight, the lipid film
was hydrated with 1 mL, 250 mM ammonium sulfate for 30
minutes at 60 °C followed by sonication (400 W, 30 min). The
liposome suspensions were then applied to dialysis (MW cut off
10 kDa) against a 200-fold volume of 10% sucrose solution
overnight to establish a transmembrane NH," gradient followed

mPEG2000-DSPE
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by extruded through a polycarbonate filter of 0.22 pm for
homogenization. An amount of 0.5 mg DOX dissolved in 1 mL
10% sucrose solution was mixed with the liposomes and incu-
bated for 30 minutes at 60 °C. DSPE-PEG or P1c-PEG-DSPE was
then added by 5% of the total lipid weight and incubated for
another 30 min to prepare DOXL or P1c-DOXL, respectively. The
liposomes were finally dialyzed extensively (MW cut off 10 kDa)
against PBS (pH 7.4) for 24 h to remove free DOX or Plc.

Characterization of liposomes

The mean size, polydispersity (PDI) and zeta potential of the
prepared liposomes were determined using a Zetasizer Nano ZS
ZEN3600 instrument (Malvern Instruments LTD., Worchester-
shire, UK) in PBS (pH 7.4).

The P1c concentrations in the liposomes were determined by
the bicinchoninic acid (BCA) assay. Briefly, known amount of
liposomes were disrupted with methanol, and reacted with the
BCA assay reagents according to the manufacturer's instruc-
tions. The absorbance of the reaction product was recorded at
562 nm. To determine peptides coupling efficacy, concentra-
tions of P1c were determined before and after dialysis.

The morphological study of the prepared liposomes was
carried out with TEM (JEM-1010, JEOL, Japan). The liposomes
were dissolved in PBS and dipped on a carbon coated copper
grid. The grid was air-dried at room temperature and then
imaged with a TEM equipped at 80 kV acceleration voltage.

The DOX concentration in the liposomes was determined by
measuring absorption at 480 nm on an ultraviolet-visible
spectrometer (UV-2450, Shimadzu, Tokyo, Japan) following
liposomes lysis with methanol. To determine DOX encapsula-
tion efficiency (EE), concentrations of DOX were determined

Fig. 1 Schematic representation of P1c-PEG2000-DSPE decorated long circle liposomes.
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Table 1 Particle size, polydispersity index (PDI), zeta potential, encapsulation efficiency (EE) of liposomes

Liposomes Particle size (nm) PDI Zeta potential (mV) EE (%)
DOXL 128.5 £ 1.6 0.104 £+ 0.079 —33.1+ 1.6 95.7 £ 1.1
P1c-DOXL 131.2 + 1.8 0.187 + 0.054 —19.7 + 2.8 97.5 £ 2.1

before and after dialysis. DOX encapsulation efficiency was
calculated by the equation:

EE = (DOX concentration after dialysis/
DOX concentration before dialysis) x 100%

To evaluate the stability, the liposomes were placed in
a refrigerator at 4 °C for one month. The appearance of the
liposomes was observed at different time points, and the
particle size and DOX release were measured.

In vitro release study

The in vitro release kinetics of DOX from the P1c-DOXL was
evaluated using a dialysis method. The P1c-DOXL were
dispersed in a dialysis membrane bag (MW cut off 8-14 kDa)
and the membrane was immersed in a 100 mL beaker

200 nm

Fig.2 TEM picture of P1c-DOXL. The P1c-DOXL exhibited a spherical
shape with a diameter of 60-100 nm.

Table 2 Stability of P1c-DOXL over time

containing 50 mL pH 7.4 PBS buffer in it. The release of DOX
from the liposomes was tested under mechanical shaking (150
rpm) at 37 °C. The outer phase of dialysis membrane was
withdrawn periodically and the same volume of fresh PBS was
complemented. The release DOX was measured by UV-vis
spectrophotometry at 485 nm.

Cell culture

U87MG cells and MCF-7 cells were chosen to test as avf3 highly
expressed group and negative group, respectively. U87MG cells
and MCF-7 cells were cultured in DMEM supplemented with
10% FBS and penicillin (100 U mL™"), streptomycin (0.1 mg
mL~") at 37 °C in a humidified atmosphere containing 5% CO..

Determination of avB3 expression

The expression of integrin avf3 in cancer cells was determined
by flow cytometry. Briefly, cells were harvested and washed
twice with cool PBS containing 1% FBS. The cells were then
incubated with anti-human avf3 integrin monoclonal antibody
(2.5 mg L™, R&D Systems, Minneapolis, MN) in PBS with 1%
FBS for 1 hour at 4 °C. A mouse immunoglobulin (Ig) G (R&D
Systems, Minneapolis, MN) was used as a negative control. The
cells were then washed twice and incubated with goat anti-
mouse antibody-FITC (1 mg L™, Santa Cruz, USA) at 4 °C for
30 minutes in the dark. After washed for three times, the cells
were resuspended in PBS and analyzed by flow cytometry (Bec-
ton Dickinson, San Jose, CA, USA).

Cellular uptake of DOX

Cellular uptake of DOX was quantified by flow cytometry. Cells
were detached using trypsin and suspended in PBS. Free DOX,
P1c-DOXL and DOXL were added at equivalent DOX concen-
tration of 4 mg L ™" and incubated with aliquots of the cells for 1
hour at 37 °C. To confirm the binding of P1c with avfp3, cells
were preincubated with anti-human avf3 integrin monoclonal
antibody (0.5 mg L") for 30 minutes followed by addition of
P1c-DOXL. Cells were rinsed with cold PBS three times and

Time (days) Appearance DOX release (%) Particle size (nm)

1 Orange-red homogeneous suspension without delamination and 2.5 131.2
sedimentation

10 Orange-red homogeneous suspension without delamination and 4.8 138.9
sedimentation

30 Orange-red homogeneous suspension without delamination and 18.7 149.3
sedimentation

This journal is © The Royal Society of Chemistry 2018
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Time (days) Appearance DOX release (%) Particle size (nm)

1 Orange-red homogeneous suspension without delamination and 4.3 128.4
sedimentation

10 Orange-red homogeneous suspension without delamination and 6.4 134.9
sedimentation

30 Orange-red homogeneous suspension without delamination and 18.8 143.5
sedimentation

suspended into PBS solution containing 4% formalin before
undergoing flow cytometry analysis.

Laser confocal scanning microscope (LCSM) was performed
to further investigate cellular uptake of DOX. U§7MG and MCF-
7 cells were seeded and grown on a 35 mm cell culture dishes for
24 h. Thereafter, the cells were carefully washed with PBS and
then incubated with free DOX, P1¢-DOXL and DOXL for 1 hour
in darkness. The cells were then washed three times with PBS
and examined with a LCSM (OLYMPUS-FV1000, Japan). Some
U87MG and MCF-7 cells were pre-incubated with 0.5 mg L™"
anti-human avB3 monoclonal antibody before the addition of
P1c-DOXL for the blocking experiments to determine the
bioactivity of Pic.

Cytotoxicity assay

The sensitivity of U87MG and MCF-7 cells to DOX was deter-
mined by the in vitro WST [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
salt] assay. Briefly, 5000 cells were plated in a 96-well plate and
incubated overnight. Free DOX, DOXL or P1c-DOXL was then
added and incubated for another 48 h. The cellular viability was
evaluated using cell counting kit-8 (CCK-8) (Bio Scientific Inc.).

Tumor xenografts model

The male BALB/C nude mice (4-6 weeks old) were obtained
from the Experimental Animal Center of the Academy of Mili-
tary Medical Sciences, China, and reared in the Animal Envi-
ronmental Control Unit. About 5 x 10° U87MG cells were
subcutaneously inoculated at the right foreleg of nude mice.
Tumor volume (V) was determined by measuring length (@) and
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Fig. 3 In vivo release curves of free DOX, P1lc-DOXL and DOXL.
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width (b), and calculated as V = a x b*/2. When the tumors
reached ~100 mm?, the tumor-bearing mice were used for
experiments.

Antitumor efficacy in vivo and toxicological study

Tumor-bearing mice were weighed and randomly divided into
four groups (n = 6). Free DOX, DOXL or P1c-DOXL was
administrated via the tail vain on day 0, 3, 6 and 9 at an
equivalent dose of 1.5 mg kg~ " DOX. Saline was used as control.
Tumor size and body weight of the tumor-bearing mice were
measured every three days. At day 15 post-first drug injection,
mice were sacrificed, the tumor tissues were separated and
slices were prepared for immunostain for integrin avB3 and
CD31. CD31 is used to demonstrate the presence of endothelial
cBCAells to evaluate the degree of tumor angiogenesis. The
blood samples were collected and allowed to stand at 4 °C for
coagulation. Serum was collected by centrifuging the coagu-
lated blood at 10 000 rpm at 4 °C for 10 min. Serum alanine
transaminase (ALT) and aspartate amino transferase (AST)
enzyme levels were determined using a commercially available
kit (Wako, Nanjing, China) following the manufacturer's
instructions. Normal organs including heart, liver, spleen, lung
and kidney of the mice were also collected followed by histo-
logical evaluation with hematoxylin and eosin (HE) staining.

Data processing and statistics

All results were expressed as mean + standard deviation (SD).
One-way analysis of variance and student's ¢-test were per-
formed to compare the differences between groups. Values of P
< 0.05 were regarded as statistically significant.

Results and discussion

Preparation and characterization of liposomes

As shown in Fig. 1, the P1c-PEG2000-DSPE decorated long circle
liposomes were successfully synthesized. The particle sizes of
the prepared liposomes were around 130 nm (PDI < 0.2). The
DOX encapsulation efficiency (EE) of liposomes was more than
95% (Table 1). TEM was employed to observe the structure of
the prepared liposome, which exhibited a uniform spherical
shape with a diameter of 60-100 nm (Fig. 2).

Avolume of 10 mL liposomes withdrawn and measured with
particle size and DOX release at different time points after
stored at 4 °C. The DOX release assays were carried out by
measuring the DOX present in the outer buffer after dialysis

This journal is © The Royal Society of Chemistry 2018
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Fig.4 The expression of integrin avp3 on U87MG cells and MCF-7 cells was determined by flow cytometry. A mouse immunoglobulin (Ig) G was
used as the negative control.
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Fig. 6 Cytotoxicity of the prepared liposomes in U87MG and MCF-7 cells. *P < 0.05.
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mice. *P < 0.05.

against 50 mL pH 7.4 PBS buffer for 8 h. The results shown in
Tables 2 & 3 indicated that the prepared liposomes were stable
within 10 days without apparent appearance change, DOX
release or size degradation.

Peptide coupling efficacy

Plc coupling efficiency was determined by measuring the Plc
concentrations before and after dialysis by BCA assay. Free
peptide was removed after extensive dialysis. The P1c peptide
coupling efficacy was 66.8 £ 1.6%.

In vitro release study

The drug release rates of free DOX, P1c-DOXL and DOXL into
PBS at pH 7.4 and a temperature of 37 °C were shown in Fig. 3.
DOX release from the liposomes was characterized with an
initial burst release, reaching 45% within the first 12 hours.
Then the release became much slower and reached 65% at 72
hours. Compared to the control group, free DOX whose drug
release up to 90% within the first 12 hours, the liposomes
improved the stability and slowed the sustained release rate of
drugs.

25580 | RSC Adv., 2018, 8, 25575-25583

Integrin avB3 expression on cells

The expression of integrin avf3 on U87MG cells and MCF-7
cells was determined by flow cytometry. The positively expres-
sion rate of avf3 was about 99% in U87MG cells, while it is
2.01% for MCF-7 cells (Fig. 4).

In vitro cellular uptake study

Cellular uptake of DOX is shown in Fig. 2. U87MG and MCF-7
cells were treated with free DOX, P1c-DOXL and DOXL at an
equivalent concentration of 4 pg mL~* DOX for 1 h. Fig. 2A
showed the mean fluorescence intensity in U87MG cells by flow
cytometry analysis. Compared to DOXL, Plc-DOXL showed
greater uptake by U87MG cells (P < 0.05), which demonstrated
that Plc coupling lead to increased cellular uptake of lipo-
somes. Additionally, the cellular uptake of P1c-DOXL decreased
when U87MG cells were pre-incubated with anti-avf3 mono-
clonal antibody as shown in the block group. The phenomenon
implied anti-avf3 monoclonal antibody competed with Plc-
DOXL for avB3 docking sites. As shown in Fig. 2B, there was
no significant differences between the P1c-DOXL and DOXL
groups in MCF-7 cells (P > 0.05). The free DOX showed the
highest cellular uptake in both cell lines (Fig. 5A and B).

Laser confocal scanning microscope (LCSM) was also per-
formed to investigate cellular uptake of liposomes. Fig. 2C
showed that greater fluorescence intensity was observed in
U87MG cells treated with P1c-DOXL group compared to DOXL
group or mAb-blocking group. MCF-7 cells (Fig. 5C) were much
less attractive for P1c-DOXL. These results agreed with that of
flow cytometry analysis. Such results suggested that cellular
uptake of the DOX was enhanced by the specific interaction
between Plc and avB3 on the surface of integrin-rich U87MG
cells.

In vitro cytotoxicity study

The cytotoxicity of the liposomes in U§7MG and MCF-7 cells was
evaluated using the CCK-8 assay (Fig. 6). Cells were incubated
with free DOX, DOXL, or P1c-DOXL for 48 h, and the cell
viability was investigated.

In both U87MG and MCF-7 cells, free DOX demonstrated the
highest cytotoxicity. In U87MG cells, P1c-DOXL showed higher

This journal is © The Royal Society of Chemistry 2018
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cytotoxicity (i.e. lower ICso) than DOXL liposomes. The ICs,
values were 0.24 and 0.7 ug mL™"' for P1¢-DOXL and DOXL
liposomes, respectively. In MCF-7 cells which were negatively
expressing avf3, there was no significant differences between
the P1c-DOXL and DOXL liposomes. Improved cytotoxicity for
the P1c-DOXL in U87MG may be attributed to the specific tar-
geting of P1c as shown in the results of cellular uptake assay

(Fig. 5).

In vivo antitumor efficacy

The in vivo therapeutic efficacy of P1c-DOXL and DOXL were
evaluated in U87MG tumor engrafted mouse model. As shown
in Fig. 7, compared with saline, DOX, and DOXL groups, Plc-
DOXL dramatically reduced tumor growth (P < 0.05). The

This journal is © The Royal Society of Chemistry 2018
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Immunofluorescence analysis for integrin avf3 (green) and CD31 (orange) in tumor tissues. Nuclei were detected with DAPI (blue). Scale

results from immunofluorescence analysis (Fig. 8) showed that
both the expression of integrin avp3 and CD31 of the P1c-DOXL
group were lowest compared to treatment with non-targeting
liposome (DOXL) and DOX groups implying the anti-
angiogenesis activity of the P1c-modifid targeting liposomes.

In vivo toxicity

After three times of injection of DOX, the mice showed
remarkable decrease of body weights (Fig. 9), and one died at
day 14. There was no significant body weight loss in saline or
liposome groups (Fig. 9A). Histological evaluation showed that
compared to saline and liposome groups, DOX have notable
hepatotoxicity as shown in Fig. 9B. No unusual changes in the
heart, liver, spleen, lung and kidney were observed (Fig. 9C-F)

RSC Adv., 2018, 8, 25575-25583 | 25581
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Fig.9 The in vivo cytotoxicity of the prepared liposomes. (A) Body weights of UB7MG tumor bearing mice after injection of drugs. (B) Histological
evaluation of livers of the U87MG tumor bearing mice after injection of drugs. (C—F) Histological evaluation of heart, spleen, lung and kidney of
the U87MG tumor bearing mice after injection of drugs, respectively. (G & H) Hepatotoxicity of the prepared liposomes. Blood sample was
collected and toxicological study was performed by measuring the serum ALT and AST level.* vs. saline P < 0.05.
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in all groups. Additionally, as markers for hepatotoxicity, the
serum ALT and AST enzyme levels of mice were also measured
(Fig. 9G & H) and exhibit the highest enzymes levels in DOX
group, while no significant difference was observed in the other
groups in comparison with the saline group. These results all
indicated that the liposomes had superior in vivo security.

Conclusions

Plc-modified targeting liposomes exhibiting sustained release,
enhanced the antitumor effect of DOX through targeting tumor
cells and neovascular where integrin avB3 was overexpressed.
The results indicated that the Plc-modified drug delivery
system might be a promising solution for active targeting
delivery.
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