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The cis-diamminedichloroplatinum(i) (DDP, cisplatin) is an important antitumor drug for the therapy of
gastric cancer in clinics, but it is limited by its nonspecific tissue distribution and severe side effects.
Here, an integrin targeted drug delivery system iRGD-heparin nanocarrier (iHP) was successfully
synthesized. The iHP has several unique properties. First, this nanocarrier has excellent biodegradation
due to its heparin biopolymer frame. Second, it is biocompatible because succinic anhydride-modified
heparin has no anticoagulant activity and cell toxicity. We proved that from anticoagulant function
evaluation and a cytotoxicity test. Third, iRGD was conjugated to the nanoparticles as an integrin-
targeting ligand. Our results showed that iHP has precise targeting to integrin-overexpressed human
gastric cancer cells MKN-45P in vitro and tumor tissues in vivo. Hence, we synthesized targeted
nanoparticles iHP-DDP (iHDDP) and untargeted nanoparticles HP-DDP (HDDP). In our result, iHDDP
showed higher antitumor efficacy than HDDP in vitro and in vivo. And in comparison with free DDP, the
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Introduction

Gastric cancer (GC) is one of the most common malignancies
and is considered as the second underlying cause of cancer-
related mortality in the world." Each year, nearly 950 000
new diagnoses occur, and more than 50% of these cases
occur in Eastern Asian, especially in China. An estimated
679 100 new GC cases were diagnosed, and 498 000 patients
in China died from GC in 2015.> The standardized treatment
for GC now consists of radical surgery, a combination of
chemotherapy and/or radiotherapy, which is dependent on
the postoperative pathological stage. For advanced GC
patients, 5 year overall survival increases by 10-15% with the
addition of chemotherapy.* Yet the lack of intended targets
and the poor penetration into tumor tissue causes extensive
systemic toxicity and low drug bioavailability.> These draw-
backs largely restrict the application of conventional
chemotherapy. Thus, how to make these chemotherapy drugs
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liver and kidney damage in nude mice bearing MKN-45P tumors.

targeting remains an urgent problem to be resolved in
chemotherapy.

Targeting ligands, such as peptides and antibodies that bind
to tumor-associated markers, have advantages of low toxicity,
low immunogenicity, high specificity and biocompatibility. It
has been proved that tumor targeting drug delivery systems
modified by them, such as RGD and EGF,*” can selectively
increase drug concentration and drug penetration at the tumor
sites or tumor cells, thereby significantly improving the thera-
nostic efficacy and security. It has been reported that a N-end
cysteine peptide tumor-homing peptide known as iRGD
(CRGDK/EGPD/EC) could interact with both integrin and
neuropilin-1 receptors (NPR-1) and shows more efficient tumor
penetration than conventional RGD peptides.*® The iRGD
peptide targets tumor sites as following consecutive steps: once
the RGD motif bind to av integrins on tumor endothelium, the
CendR (R/KXXR/K) motif of iRGD is exposed through proteolytic
cleavage by a tumor-associated protease(s) such as matriptase,*®
and then the CendR motif detaches from integrin and binds to
NRP-1, triggering NPR-1-mediated cellular internalization.>™
These properties of iRGD have been exploited to enhance the
tumor targeting and internalization of imaging agents and
drugs'9,1z—15

It is known that functional nanocarriers constructed by
synthetic and natural materials are playing an important role in
drug delivery. In most cases, nanocarriers based on synthetic
materials, such as polyethylene glycol (PEG), are the most
common approach used in drug delivery through achieving
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longer circulation time of carriers in the bloodstream. However,
the biological toxicity and immunological response of synthetic
materials limit their application.® Superior to various synthetic
materials, nanocarriers based on naturally occurring poly-
saccharides, such as chitosan, hyaluronic acid, dextran, and
heparin, are more desirable for drug delivery due to their non-
immunogenic, nontoxic and well-designed properties.”

In the present work, a succinic anhydride-modified heparin
drug delivery system which is biocompatible and biodegraded
with no anticoagulant activity was constructed. To improve the
selectivity and penetration ability to tumor cell, the targeting
peptide iRGD was further conjugated on the surface of heparin
nanoparticles in this study. The iRGD-heparin (iHP) was char-
acterized for size distribution and in vitro cytotoxicity. Cells
imaging and tumor imaging were captured to demonstrate the
tumor targeting ability of iHP. The cytotoxicity in vitro of iRGD-
Heparin-DDP (iHDDP) was measured using MKN-4P human
gastric cancer cell and human gastric epithelial cell line GES-1.
Finally, the antitumor efficacy and toxicity of iHDDP nano-
particles in nude mice bearing MKN-45P tumors were evaluated.

Materials and methods
Materials

Heparin (sodium salt form, average M,: 12 000-16 000) was
purchased from Meryer (Shanghai) Chemical Technology Co.,
Ltd. iRGD (CRGDKGPDC) was purchased from Bankpeptide
(Hefei) Biological Technology Co., Ltd. Milli-Q deionized (DI)
water (Millipore, 18.2 MQ cm™") was adopted throughout the
experiments. Anhydrous methylsulfoxide (DMSO) and N,N-
dimethylformamide (DMF) were obtained from Sigma-Aldrich
(St Louis, MO). Dialysis membrane Spectra/Por 3 (MWCO: 6-
8k) was purchased from Spectrum Labs. All other reagents were
obtained from Sigma-Aldrich (St Louis, MO) at highest purity
available.

Preparation of iRGD-heparin (iHP)

Succinic anhydride heparin (Heparin-Su) were synthesized in
line with published procedures.’ Succinic anhydride heparin
(1000 mg) was dissolved in anhydrous DMSO (10 mL) together
with iRGD (20 mg, 0.021 mmol), EDAC (0.17 g, 0.233 mmol) and
NHS (0.05 g, 0.437 mmol), and the reaction was allowed to
proceed at 35 °C for 24 h to prepare iRGD-heparin (iHP) nano-
carriers. The reaction mixture was dialyzed against DI water for
24 h to remove the solvent and catalysts (Spectra/Por 3, MWCO:
3500), the solution was obtained after lyophilization at —50 °C
to give a white powder. The structure of iHP was confirmed by
NMR (NMR spectra were obtain from a Bruker 'H proton NMR
400 DRX Spectrometer). The morphology and size of iHP were
measured using transmission electron microscopic (TEM)
images (JEOL JEM-2010 (HR)) and dynamic light scattering
(DLS) (ZetaSizer Nano-ZS90, Malvern Instrument).

Preparation of iHP-cy5.5 and iHP-488

iHP-cy5.5/488 were prepared from reacting amine functional-
ized cy5.5/Oregon Green 488 and iHP in DMSO at ambient
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temperature overnight, followed by dialysis against water
(Spectra/Por 6, MWCO: 8000). After lyophilization at —50 °C, the
unreacted dye was removed by PD-10 column to give a blue/
green powder.

Preparation of HDDP and iHDDP

Succinic anhydride heparin (15 mg) and DDP (15 mg) were
mixed in DI water (10 mL, pH = 6), the mixture was allowed to
stir at RT for 72 h in the dark to prepare HDDP nanoparticles.
iHDDP nanoparticles were prepared through the same proce-
dure, except iRGD-heparin (10 mg) was used other than succinic
anhydride heparin. The free DDP was removed by dialyses
against DI water (Spectroa/Por6, MWCO = 6-8k) for 24 h. The
morphology and size of iHP were measured using transmission
electron microscopic (TEM) images (JEOL JEM-2010 (HR)). The
loading of DDP was determined using ICP-MS.

Cells and cell culture

The human gastric cancer cell line MKN-45P and human gastric
epithelial cell line GES-1 were purchased from the Shanghai
Institute of Cell Biology, Chinese Academy of Sciences
(Shanghai, China). These cell lines were maintained in 5% CO,
gas at 37 °C in RPMI-1640 medium as supplemented with 10%
(v/v) heat-inactivated FBS, 100 U mL™" penicillin and 100 g
mL ™" streptomycin.

Confocal fluorescence microscopic imaging

The MKN-45P and GES-1 cells were implanted in glass bottom
cell culture dishes and allowed to grow for 12 h. Then, cells were
rinsed with PBS twice and incubated in medium containing iH-
488 (3 mg mL ") for 2 h. Images were then captured using
confocal microscope.

Fluorescence intensity measurement

The MKN-45P and GES-1 cells were seeded and incubated in 6-
wells plate with and allowed to grow for 12 h. Then, cells were
rinsed with PBS twice and incubated in medium containing iH-
488 (3 mg mL™ ") for 2 h. The cells were then rinsed with PBS
twice and treated with trypsin. After centrifugation and sus-
pended in PBS, samples of 1 x 10* cells were measured by
FACSCalibur flow cytometer.

In vitro cytotoxicity of iHP assay

The cytotoxicity of iHP to MKN-45P and GES-1 cells was
measured by performing Cell Counting Kit-8 test (CCK-8), MKN-
45P and GES-1 cells were inoculated on 96 well plates (104 cell
per well) in 100 mL of RPMI-1640 medium supplemented with
10% FBS while the marginal wells were provided with sterile
PBS. The inoculated cells were incubated in 5% CO, atmo-
sphere at 37 °C overnight. Next, the medium in each well was
replaced with 100 mL of the fresh medium as supplemented
with different concentrations of iHP (0, 0.01, 0.1, 1, 10, 100,
1000 ug mL™ ", each of which was examined in six replicates),
and the inoculated cells were incubated at 37 °C with 5% CO,
for 24 h. Then, 10 pL Cell Counting Kit-8 test (CCK-8) was added
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into each well followed by further incubation for 4 h. The
absorbance value of each test well was measured at a wave-
length of 450 nm using ELISA microplate reader following the
description of the manufacturer.

In vitro cytotoxicity of DDP, HDDP and iHDDP assay

The cytotoxicity of DDP, HDDP, iHDDP to MKN-45P and GES-1
cells was measured by performing Cell Counting Kit-8 test
(CCK-8). MKN-45P and GES-1 cells were inoculated on 96 well
plates (10* cells per well) in 100 mL of RPMI-1640 medium
supplemented with 10% FBS while the marginal wells were
provided with sterile PBS. The inoculated cells were incubated
in 5% CO, at 37 °C overnight. Next, the medium in each well
was replaced with 100 mL of the fresh medium as supple-
mented with different concentrations of DDP, HDDP and
iHDDP (0, 1, 2, 4, 8, 16, 32 ug mL ™", DDP equivalence, each of
which was examined in six replicates), and the inoculated cells
were incubated at 37 °C with 5% CO, for 24 h, 48 h and 72 h.
Then, 10 pL Cell Counting Kit-8 test (CCK-8) was added into
each well followed by further incubation for 4 h. The absor-
bance value of each test well was measured at a wavelength of
450 nm using ELISA microplate reader, following the descrip-
tion of the manufacturer.

Establishment of gastric cancer xenografts model

Five-week-old male mice (nu/nu) with severe combined immu-
nodeficiency (SCID) were purchased from the jiesijie lab-animal
company in Shanghai (Animal License no. SCXK (HU) 2013-
0006) and maintained under specific pathogen-free conditions
at Nanjing University. All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Nanjing University and experiments were approved
by the Institutional Animal Care and Use Committee (IACUC) of
Nanjing University. The gastric cancer cell line, MKN-45P, were
grown until logarithmic phase, harvested, the cell density
measured, and a total of 1 x 10’ cells were dissolved in 200 pL
PBS. The nude mice were anesthetized with 1.5% pentobarbital
sodium. The MKN-45P suspension containing 107 cells were
injected subcutaneously into the left flank area of anesthetized
nude mice.

In vivo NIR fluorescence imaging

The nude mice with subcutaneous MKN-45P cells randomly fell
into two groups. The iHP-cy5.5 and HP-cy5.5 were injected into
tumor bearing mice, respectively (cy5.5: 2 mg kg™, tail vein
injection) and imaged by in vivo fluorescence imaging system
(Cri Inc., Woburn, MA) at 1 h,4 h, 8 h, 12 h, 24 h, 48 h, 72 h and
96 h postinjection. Then, the mice were sacrificed, and the
tumor and organs were imaging by in vivo fluorescence imaging
system (Cri Inc., Woburn, MA).

In vivo antitumor efficacy study

The nude mice with subcutaneous MKN-45P cells randomly fell
into four groups when tumor sizes were nearly 80 mm?, received
free DDP, HDDP and iHDDP injected intravenously via the tail
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vein seven times at 3 day intervals at a dose of Pt: 2.5 mg kg™ " or
DDP-loaded nanoparticles at the same dose, while the control
group was administered saline. Each group consisted six mice.
The body weight, tumor volume of each mouse were observed
and recorded. After 21 days, the mice were sacrificed, and the
tumor and organs were collected.

Peripheral blood analysis

After treated with free DDP, HDDP and iHDDP nanoparticles (7
injections, Pt: 2.5 mg kg ', 21 days), the mice were anesthetized
with 1.5% pentobarbital sodium, and 1 mL blood was imme-
diately drawn in a pro-coagulation tube, centrifuged at
3000 rpm for 10 min, and the serum was separated. By using
alkaline phosphatase (ALT), alanine aminotransferase (AST),
the serological liver function was studied, and renal function
was detected using blood urea creatinine (CRE) and nitrogen
(BUN).

Histopathology evaluation

The heart, liver, spleen and kidney were dissected from the mice
(21 days after treatment) for histopathological analysis. The
organs collected from the mice were embedded in paraffin after
immobilization in 4% paraformaldehyde at 4 °C for 4 h. Then,
the sections were stained with hematoxylin and eosin (H&E),
and observed using a light microscope. Besides, the represen-
tative images were captured.

Results
Synthesis and characterization of iRGD-heparin (iHP)

In this work, iRGD-heparin (iHP) nanocarrier was prepared by
making iRGD conjugated onto Heparin-Su through amide
linkers (Scheme 1), and it was confirmed by NMR (Fig. S1t). iHP
nanocarrier hydrodynamic size was about 30 & 5 nm (Fig. 1B),
consistent with TEM characterization of NPs, which was 20 +
5 nm (Fig. 1A), as DLS found. To evaluate its biosafety, its
anticoagulant function was tested. As the result suggests, iHP
decrease thrombin time (TT) and activated partial thrombo-
plastin time (APTT) significantly in comparison with the
unfractionated heparin (Table S17).

Next, the cytotoxicity of iHP was determined. The effect of
different concentrations of iHP solution on cell viability was
evaluated using the Cell Counting Kit-8 test. The viability of the
cells remained unaffected by increasing concentration of iHP in
the cell culture medium, as shown in Fig. 1C and D. Normal
gastric epithelial GES-1 cells and gastric cancer MKN-45P cells

retained cell viability above 80% even when the iHP
NH(C,Hy), NHCHo Nm'"’;«'mcm\, 0807 © 080 © 0
\OS:Z 00 \OS::Z Of’ O iIRGD "o\o 2 b, 0\0 Z o"“'m 0‘@0
W ond  don UM MMES s g o ° Uf °
©

iRGD
© iRGD

Scheme 1 Synthetic scheme of iIRGD-heparin (iHP).
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Fig. 1 (A) TEM image of iHP (diameter = 20 &+ 5 nm), (B) DLS measure
of iHP (hydrodynamic diameter = 35 + 10 nm). (C and D) The cyto-
toxicity of iHP in GES-1 and MKN-45P, respectively.

concentration increased to 1 mg mL ™. As this result suggested,
the iHP was non-toxic to the tested tissues and cells and showed
good biocompatible, thus supporting its utilization in clinics.

Selective uptake of iHP by gastric cancer cell

To validate the ability of the iHP to target gastric cancer cells, an
iHP-488 fluorescent probe was synthetized (Oregon Green 488:
1.33%), while the gastric cancer cell line MKN-45P with high
expression of integrin av was used as the experimental group.
The normal gastric epithelial cell line GES-1, with low expres-
sion of integrin av, served as the control group. The MKN-45P
and GES-1 cell line were treated with iHP-488 (0.3 mg mL ")
for 2 h, followed by detection of the fluorescence imaging using
the confocal fluorescence microscope. Green fluorescent spots
represent iHP-488 fluorescent probe, as shown in Fig. 2A. In
comparison with GES-1 cells, it could be observed that there was
great amount of green fluorescent spots inside MKN-45P cells
which suggested much more uptake of iHP-488 in MKN-45P
cells. Flow cytometry results further confirmed the result of
confocal fluorescence microscope imaging. The green fluores-
cence signal intensity of MKN-45P cells was significantly higher
than GES-1 cells after incubation with iHP-488 for 2 h and the
mean fluorescence intensity of MKN-45P was nearly 2.27 folds
higher than GES-1 cells (Fig. 2B and C). It is concluded that iHP-
488 shows the capability of targeted delivery toward to MKN-45P
cancer cells. Such targeted internalization of iHP-488 to MKN-
45P cancer cells can be attributed to the iRGD mediated
cellular internalization.

Selective uptake of iHP by gastric cancer xenografts model

To investigate the targeting ability of the iHP to tumor tissues in
vivo, an MKN-45P gastric cancer xenografts model was estab-
lished. iHP and HP were labeled with cy5.5 (cy5.5: 5.53% and
4.50%, respectively) and injected into nude mice (cy5.5: 2 mg
kg™"), and the fluorescence imaging results at different time
points and same scale of fluorescence signal were compared

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (A) fluorescence microscope imaging for uptake of iHP-488 in

GES-1 (Upper), fluorescence microscope imaging for uptake of iHP-
488 in MKN-45P (Lower). (B) Flow cytometry results of GES-1 and
MKN-45P after incubation with iHP-488 for 2 h. (C) Mean fluorescence
intensity of GES-1 and MKN-45P after incubation with iHP-488 for 2 h
as displayed.

and analyzed. Fig. 3A suggested that the fluorescence signal
from iHP-cy5.5 began to accumulate in liver and kidney 1 h after
injection. The signal then started to be observed in tumor tissue
nearly 4 h after injection. The signal in other part of the body
declined by 96 h, while the iHP-cy5.5 accumulating in tumor
tissues remained a strong fluorescence signal intensity. No
specific fluorescence was observed at the tumor sites at any time
after injection with HP-cy5.5. To further determine the distri-
bution of iHP-cy5.5 in the organs of mice, the nude mice were
sacrificed 96 h after iHP-cy5.5 injected to obtain the organs for
fluorescence signal detection (Fig. 3B). Ex vivo fluorescence
imaging showed higher signal intensity in tumor tissue, liver
and kidney. In comparison, no specific fluorescence was
detected in tumor tissue from mice treated with HP-cy5.5, and
the kidney was the major organ accumulated. As the results of in
vivo imaging validated, iHP showed precise targeting to tumor
tissues and complied with its ability to tumor cell in vitro.

In vitro cytotoxicity of DDP, HDDP and iHDDP

To achieve targeted drug-delivery, heparin based nanoparticles
for the delivery of cis-diamminedichloroplatinum(u) (DDP,
cisplatin) through the coordination between the carboxyl
groups and Pt>" with folate modified heparin were reported in
our previous study." In the present work, non-targeted nano-
particles heparin-DDP (HDDP) and targeted nanoparticles iHP-
DDP (iHDDP) were synthetized for cancer treatment (Scheme 2).
The content of platinum was around 32.90% and 29.45%,
respectively, as detected by ICP-MS. TEM was employed inves-
tigate the morphology of HDDP and iHDDP. As displayed in

RSC Adv., 2018, 8, 30012-30020 | 30015
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(A) Fluorescence imaging in vivo of the MKN-45P bearing nude mice postinjection of the HP-cy5.5 and iHP-cy5.5. (B) Ex vivo fluorescence

imaging of tumors and organs at 96 h. From up to down, the 1st and 3rd rows are in bright light and the other two are fluorescentimages (Lv: liver,

Sp: spleen, Kd: kidney, Ht: heart, Lg: lung, Tu: tumor).
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Scheme 2 (A) Preparation of heparin-DDP (HDDP) and TEM image of

HDDP, (B) preparation of iRGD-heparin-DDP (iHDDP) and TEM image
of iHDDP.

Scheme 2A, HDDP showed a dispersed spherical morphology
with a 40 nm mean diameter. Similar to HDDP, iHDDP also
exhibited 40 nm mean diameters (Scheme 2B).

The Cell Counting Kit-8 test was performed to assess and
compare the in vitro cytotoxicity induced by DDP among the
three administration routes with different drug concentrations
and treatment times. MKN-45P and GES-1 were cultured with
free DDP, HDDP and iHDDP at a concentration of 1 ug mL ™" to
32 pg mL " (24 h, 48 h, 72 h, DDP equivalence). Compared to
using nanocarriers, free DPP showed the greatest inhibition of
cell proliferation to MKN-45P and GES-1 which indicated the
side effects of free DDP to normal cell is as significant as its
therapeutic effect to cancer cell, especially among high
concentration administration (Fig. 4). The inhibition to MKN-
45P by iHDDP was significant greater than that of nontargeted
HDDP nanoparticles either cultured for 24 h, 48 h or 72 h, as
shown in Fig. 4A-C. The ICs, of iHDDP (Pt concentration =
4.459 pg mL™") was significantly lower than that of HDDP (Pt
concentration = 6.654 pg mL ') when cultured with them for
24 h. Comparatively, no significant difference in the inhibition
of cell proliferation was found between iHDDP and HDDP to
GES-1, which was low expression of integrin (Fig. 4D-F). Overall,
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Fig. 4 (A-C) In vitro cytotoxicity of DDP, HDDP and iHDDP in MKN-

45P cells at different concentrations after 24 h, 48 h and 72 h,
respectively. (D—F) in vitro cytotoxicity of DDP, HDDP and iHDDP in
GES-1 cells at different concentrations after 24 h, 48 h and 72 h,
respectively. The date are shown as mean + SD, *P < 0.05, **P < 0.01.

these results clearly suggested that the iHDDP maintained tar-
geted delivery function and had higher inhibitory effect against
MKN-45P.

In vivo antitumor efficacy and safety evaluation

In this work, nude mice bearing MKN-45P tumors served as
animal models to evaluate the efficacy of iHDDP in antitumor
treatment. Mouse samples fell into four groups with six mice
per group, each of which had a cell growth rate of 80 mm?® in
average. A-saline-treated group served as the control group, yet
other three groups were intravenously injected with free DDP,
HDDP and iHDDP (Pt: 2.5 mg kg~ ', 7 iv doses, 3 day intervals).

This journal is © The Royal Society of Chemistry 2018
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The saline group showed rapid tumor growth, and tumor
volume increased 29.8-fold on day 21 in comparison with day 0,
as suggested in Fig. 5A. The free DDP and iHDDP showed
similar levels of tumor inhibition (tumor volume: 770.03 +
215.88 mm® and 781.1 + 156.99 mm?®, respectively), yet the
nontargeted HDDP showed much less efficacy (tumor volume:
1677.83 + 1022.8 mm?®). As a result, by the end of this test,
tumor volumes increased approximately 20.49-fold, 9.79- and
10.89-fold for the HDDP, DDP and iHDDP groups, respectively,
as compared with initial volumes at day 0. This suggested that
iHDDP showed excellent therapeutic effects to the solid tumors
(Fig. 5A and B).

The group receiving the free DDP showed a remarkable loss
of body weight, with nearly 9.7%weight loss by the 12th day (p =
0.047) and 22.7% by the 21 day (p < 0.01) after treatment. Yet the
mice treated with HDDP and iHDDP did not show any obvious
weight loss compared with the saline group (Fig. 5C).

To evaluate the in vivo safety, heart, liver, spleen, lung,
kidney and blood were collected after 21 days of treatment since
the tumor volumes reached 2500 mm? in the saline group.

Serum levels of alkaline phosphatase (ALT) and alanine
aminotransferase (AST) were employed to assess liver function
(Fig. 6A and B). The ALT levels did not show obvious difference
in any of the treated groups in compassion with the control
group. The AST levels in DDP-treated group (468.67 + 198.62 U
L~") was notably different with the control group (255.33 =+
103.13 UL, P = 0.02), or HDDP-treated group (229.08 + 41.52
UL, P=0.008) and iHDDP-treated group (281.54 + 65.62 U
L', P = 0.03). Yet the AST levels of HDDP-treated group and
iHDDP-treated group were slightly higher than the control
group (P = 0.29 and 0.31, respectively). Though the level of AST
in DDP-treated group was increased (Fig. 6E), the
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Fig. 6 Side effects comparison of DDP, HDDP and iHDDP treatment
to liver and kidney (Pt: 2.5 mg kg™, 7 iv doses, 3 day intervals). (A)
Serum levels of alkaline phosphatase (ALT); (B) serum levels of alanine
aminotransferase (AST); (C) serum blood creatinine (CRE); (D) urea
nitrogen (BUN); (E) histopathological results (x200). Scale bar, 100 um.
The date are shown as mean =+ SD, *P < 0.05, **P < 0.01.

histopathological analysis showed no obvious changes in any
treated group. We consider that free DDP is not toxic enough to
cause severe liver impairment which can be observed in histo-
pathology. But the higher level of AST in DDP-treated group
indicated that hepatic cell damage actually occurred in these
nude mice.

Serum blood creatinine (CRE) and urea nitrogen (BUN) levels
were employed to assess renal function (Fig. 6C and D), the
DDP-treated mice showed an obviously higher concentration of
CRE (48.33 £ 11.25 pmol L™ ") than the control group (16.25 +
9.05 umol L™" p < 0.001), while the CRE levels of HDDP (17.91 +
3.68 umol L") and iHDDP (17.91 + 8.13 umol L") slightly
increased in comparison with the control group (P = 0.34 and
0.37, respectively). Serum BUN levels also showed increase in
DDP-treated group (10.92 + 3.12 mmol L") as compared with
the control group (8.42 + 1.84 mmol L"), though the difference
was insignificant (P = 0.06). Yet the BUN levels of HDDP-treated
group (7.63 + 2.64 mmol L") and iHDDP-treated group (7.92 +
0.90 mmol L") showed obvious changes in comparison with
the control group (P = 0.038 and 0.024, respectively). As the
Histopathology study suggested, the changes of glomeruli
structure was not noticeable in DDP-treated group. Yet the
tubular epithelial cells became swollen and desquamate, even
tubular necrosis. Conversely, the HDDP-treated group and
iHDDP-treated group showed no significant renal toxicity in
histopathology as compared with the control group (Fig. 6E).
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Discussion

DDP is a potent chemotherapeutic drug having shown efficacy
on GC therapy. As limited in ability to target to tumor tissues,
the free drug causes severe systemic toxicity during the DDP
treatment.”® Various nanocarriers have been developed to
increase the drug delivery to tumor and decrease side-effects.
Some nanocarriers classes, for example, lipid nanocarriers,
inorganic nanocarriers and nanotubes, are limited by their
intrinsic undesirable properties, though they have shown some
success in drug delivery. There are many different liposomal
formulations of platinum drugs have been explored currently,
including cisplatin-liposome formulation.** But the application
of these liposomal formulations is limited by several aspects.
For example, poor water solubility and low lipophilicity of
cisplatin limits it efficiently encapsulated in a liposome. In
addition, the liposomal formulations are easy to be removed
from circulation by the macrophages of the reticuloendothelial
system, thence the liposomes generally need to be modified
with polyethylene glycol (PEG) to improve their stability.”
However, the non-biodegradability and immunological
response of PEG need to be considered. Except for liposomal
formulations, several carbon nanotubes (CNTs) are used in drug
delivery of DDP, while the completely insoluble of pristine
nanotubes, low biocompatibility and immunogenicity limita-
tion also restrict their application.”®** Despite many nano-
carriers are developed to improve the biosafety and efficacy of
DDP, few technologies have been clinically approved for plat-
inum chemotherapeutics and the majority of them tend to
accumulate within tumors due to the EPR effect which is
considered as a way of passive tumor-targeting drug delivery.
Therefore, the creation of a biocompatible and active tumor-
targeting nanocarrier for drug delivery remains challenging.
Heparin, as a commonly used drug in clinics approved by
FDA, has the anti-inflammatory, anti-allergic, even anti-tumor
properties in addition to the anticoagulant property. For the
inherent biocompatibility and biodegradation of heparin, in
previous study, we have developed a novel nanocarrier based on
heparin biopolymers. Through modifying the polymers with
folate targeting molecules, DDP targeting delivery was achieved
to folate receptor over-expression cell lines.” Many malignant
cells merely show a mild increase expression of folate receptor,
such as bladder cancer, gastric cancer,” though folate receptor
is a common surface marker on the tumor cell membrane.
Except for the folate receptor, there are still many others type of
targeted molecule overexpressed on the tumor cell membrane,
such as EGFR and HER-2. If targeted, these molecules also
could achieve drug target-delivery. Integrin are transmembrane
receptors that mediate cell interactions with ECM glycopro-
teins, which have been identified highly expressed on many
tumor cell membrane®® and considered a good targeted mole-
cule for tumor-targeted drug delivery, inclusive of GC.>”"**
iRGD peptide, as an armillary av integrin ligand, is known to
induce an excellent tumor-specific function, which not only
completely binds to av integrin highly expressed on tumor cells
and tumor-associated vascular endothelium, but also improves

30018 | RSC Adv., 2018, 8, 30012-30020

View Article Online

Paper

vascular and tissue penetration of drugs.® In this work, an
integrin-targeted nanocarrier was synthesized using heparin
conjugated with iRGD. Based on the good biocompatibility of
heparin and iRGD, we propose that iRGD-heparin has no bio-
toxicity. To prove the biosafety properties of the nanocarriers,
an in vitro study was conducted to determine their effect on
tumor cells and normal cells. As the results suggested, iRGD-
heparin nanocarriers at various concentrations did not inhibit
the growth of any of these cell lines. And it is noteworthy that, to
GES-1 cells, the cell vitality increased at concentration on 0.01
pg mL~" to 10 pg mL ™" incubated with iHP, which is probably
caused by the cell growth factor activation ability of heparin,
such as VEGF, heparin-binding EGF (HB-EGF), bFGF.***> The
size of drug delivery system is a key factor for designing drug
carriers as well. Particles smaller than 10 nm are often cleaned
from blood stream by renal filtration or via extravasation from
tumors.* However, particles larger than 200 nm are at risk of
being filtered out by the liver or spleen or cleaned by the bone
marrow.** Nanoparticles with sizes of 10-100 nm are considered
able to avoid renal clearance and accumulate at tumor sites
after prolonged circulation.®® Our nanocarrier iHP and targeted
nanoparticle iHDDP, exhibiting the mean sizes of 20 nm and
40 nm respectively, might therefore provide an appropriate
biodistribution. After the iHP nanocarriers were synthesized, we
evaluated the tumor targeting ability of iHP in vitro and in vivo.
The mean fluorescence intensity of MKN-45P cells is significant
higher than GES-1 cells which indicated iHP can be selectively
uptaken by integrin av-overexpressed gastric cancer cell. Inter-
estingly, we observed weak fluorescence on the membrane of
GES-1 cell, while strong fluorescence inside of MKN-45P cell.
This might be due to the internalization function of iRGD as
previous reported.**™* In vivo, it was shown that iRGD-heparin
nanocarriers also significantly improved the delivery of
imaging agents into solid tumor.

Similar to the HFDDP that deliver more DDP to folate over-
expressed tumor cells than HDDP, we considered that iHDDP
have better antitumor effects through the targeted ability of
iRGD to integrin overexpressed on GC cells. To validate our
supposition, we assessed their effect in vitro first. As the results
suggested, the iHDDP significantly inhibit more tumor cells in
different treating times and doses in comparison with HDDP.
Unexpectedly, compared with HDDP and iHDDP, the free DDP
showed the greatest cytotoxicity to GC cells and normal cells.
This is probably attributed to the slow release of DDP from the
nanocarriers, while the free DDP rapidly act once it diffuses into
intracellular. Similar results have been reported in other in vitro
studies of nanoparticle drug-delivery systems.*® To confirm the
antitumor effects of iHDDP to solid tumor, we further assessed
it in vivo, the iHDDP-treated group showed more obvious tumor
inhibition than HDDP-treated group. The possible reason
might be that the iHDDP both homed to and penetrated
through solid tumor rely on the target and internalization
properties of iRGD," yet the untargeted HDDP accumulated
merely in the tumor periphery through EPR effects. As the DDP
release of HDDP is slower than free drug diffusion into cell
membrane, HDDP cannot show efficiently tumor inhibition like
free DDP. Although iHDDP also has a slow drug release, the

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05071f

Open Access Article. Published on 24 August 2018. Downloaded on 12/4/2025 5:50:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

antitumor effects of it is still similar to free DPP due to iRGD-
mediated target and internalization properties. Our study sug-
gested that target-delivery of DDP by iRGD-heparin significantly
reduce the relevant toxicity in liver and kidney. It is doubted
that as the DDP slowly released from the nanocarriers, the drug
concentration is not high enough to cause organ damage when
they are metabolized by liver and kidney. This suggests that
iRGD-heparin nanocarriers may be employed to decrease side
effects while maintaining drug efficacy.

Conclusions

In conclusion, we have presented that conjugated heparin with
iRGD, a biocompatible and biodegraded drug-delivery system is
highly efficient in targeting chemotherapeutic drug delivery.
Surface modification of heparin with iRGD increased the
intracellular uptake of the Oregon Green 488 and cy5.5 in GC
cells and solid tumor, respectively. Furthermore, iRGD-heparin-
DDP showed higher antitumor efficacy than untargeted nano-
particles in vitro and in vivo, while significantly reducing the
toxicity of DDP in liver and kidney. Since the iRGD and heparin
hold great promise for clinical applications with a low toxicity
profile, iRGD-heparin nanocarrier has great future potential of
application in gastric cancer therapy.
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