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ABSTRACT

Beyond traditional endothelium-dependent vessel (EDV), vascular mimicry (VM) is another critical tumor
angiogenesis that further forms in many malignant metastatic tumors. However, the existing anti-angiogenesis
combined chemotherapeutics strategies are only efficient for the treatment of EDV-based subcutaneous tu-
mors, but remain a great challenge for the treatment of in situ malignant metastatic tumor associated with EDV
and VM. Here, we demonstrate a self-assembled nanoparticle (VE-DDP-Pro) featuring self-anti-EDV and -VM
capacity enables to significantly enhance the treatment efficacy of cisplatin (DDP) against the growth and
metastasis of ovarian cancer. The VE-DDP-Pro is constructed by patching DDP loaded cRGD-folate-heparin
nanoparticles (VE) onto the surface of protamine (Pro) nanoparticle. We demonstrated the self-anti-
angiogenesis capacity of VE-DDP-Pro was attributed to VE, which could significantly inhibit the formation of
EDV and VM by regulating signaling pathway of MMP-2/VEGF, AKT/mTOR/MMP-2/Laminin and AKT/mTOR/
EMT, facilitating chemotherapeutics to effectively suppress the development and metastasis of ovarian cancer.
Thus, combing with the chemotherapeutics effectiveness of DDP, the VE-DDP-Pro can significantly enhance
treatment efficacy and prolong median survival of mice with metastatic ovarian cancer. We believe our self-
assembled nanoparticles integrating the anti-EDV and anti-VM capacity provide a new preclinical sight to

enhance the efficacy of chemotherapeutics for the treatment malignant metastasis tumor.

1. Introduction

Anti-tumor metastasis remains a major challenge to the tumor
treatment because of rapid growth and proliferation of active tumor
cells. The newly formed tumor angiogenesis provides a more efficient
avenue for the tumor metastasis [1,2]. Tumor angiogenesis usually in-
volves endothelium-dependent vessels (EDV) which almost formed in
solid tumors, enabling to provide oxygen and nutrition for tumor
growth, development and metastasis. Accompanying with the further
proliferation of tumor, especially in many malignant metastatic tumors,
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another critical tumor angiogenesis of vascular mimicry (VM) would be
formed via the proliferation of highly aggressive tumor cells [3-5].
Recent advances have suggested VM could significantly promote distant
metastasis and the migration of tumor cells, which is directly responsible
for the most of cancer deaths [6]. Consequently, VM has been identified
as an independent adverse prognostic factor for 5-year survival, tumor
staging and metastasis in clinical tumor treatment [7,8]. Traditional
anti-tumor therapy has mainly concerned on the combination chemo-
therapeutic drug with anti-EDV drug (such as bevacizumab) to suppress
tumor cell proliferation [9-14]. However, these strategies often meet
great challenge in the treatment of those malignant metastatic tumors
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Abbreviations ICP-MS inductively coupled plasma mass spectrometry
MMP-2 Matrix Metalloproteinase-2
AKT Protein Kinase B MPS mononuclear phagocyte system
CHso complement hemolysis 50% mTOR  Mammalian Target of Rapamycin
cRGD cyclic RGD peptide MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Cy3 cyanine3 bromide
Cy7 cyanine?7 p-AKT  Phospho-AKT
DDP cisplatin PAS Periodic Acid-Schiff stain
DLS dynamic lighting scatter PBS phosphate buffered saline
E-cad E-cadherin PDI Poly-dispersity Index
EE encapsulation efficiency p-mTOR Phospho-mTOR
EDV endothelium-dependent vessel Pro protamine
ELISA  enzyme linked immunosorbent assay Pt platinum
EMT Epithelial-Mesenchymal Transition SD Standard Deviation
FBS Feta Bovine Serum SPF Specific Pathogen Free
FTIR fourier transform infrared spectra TEM transmission electron microscopy
FR folate receptor uv ultraviolet
H&E hematoxylin-eosin VE cRGD-folate-heparin nanoparticles
'H NMR H nuclear magnetic resonance VE-DDP-Pro self-assembled nanoparticle
HUVEC human umbilical vein endothelial cells VEGF Vascular Endothelial Growth Factor
1Cso half maximal inhibitory concentration VEGFA Vascular Endothelial Growth Factor A
LE loading efficiency VM vascular mimicry
Luc Luciferase

associated with EDV and VM [15-18]. Ovarian cancer is prone to
metastasis via VM formed by rapidly proliferating ovarian cells and
tumor vascularization based on EDV throughout the peritoneal cavity.
Although cisplatin (DDP) is one of the most effective chemotherapeutic
drugs for ovarian cancer, the current strategy on combining DDP-based
chemotherapy with EDV-based anti-angiogenesis does not seem to
improve patient survival. Moreover, most of experimental efforts have
attempted to focus on subcutaneous tumor models (such as subcutane-
ous ovarian cancer model) rather than clinically relevant tumor models,
leading to the inaccurately reflecting primary tumor progression and
inefficient treatment strategies, particularly in the case of highly meta-
static tumor [19]. Thus, it is a critical need for new combination stra-
tegies to inhibit tumor cell proliferation and angiogenesis for the highly
treatment of in situ malignant tumor enabling to spontaneously produce
metastatic tumors associated with EDV and VM.

It was reported cRGD binding with integrin oyf3 or asp; could pre-
sent promising anti-EDV capability by down-regulating MMP-2/VEGF
expression [20]. Meanwhile, cRGD binding with integrin o3 could not
only decrease the phosphorylation of AKT/mTOR/MMP-2 and increase
the expression of Laminin5y2, but also could reduce
epithelial-mesenchymal transition (EMT) thereby inhibiting VM for-
mation in ovarian cancer cells [21]. We previously used heparin con-
jugated with folate and cRGD to fabricate cRGD-folate-heparin
nanoparticle (VE nanoparticle) [22]. In particular, it was found that
when the dose of cRGD peptide was above 15% (w:w) within VE
nanoparticles, the nanoparticles can achieve the anti-EDV and anti-VM
ability in ovarian cancer. Herein, we demonstrate a self-assembled
nanoparticle  (VE-DDP-Pro) that integrates DDP  triggered
anti-proliferation and VE nanoparticle induced self-anti-EDV and -VM,
enabling to effectively suppress the growth and metastasis of malignant
ovarian cancer. In designing our system, the fabrication of VE-DDP-Pro
was prepared by a two-steps self-assembly strategy. VE nanoparticle
with anti-VM and anti-EDV capacities was firstly fabricated by a
self-assembly of heparin, cRGD and folate. It was reported that folate
receptor (FR) is overexpressed in many human cancer cells, including
malignancies of the ovary, brain, kidney, breast, myeloid cells, and lung
[23,24]. Thus dual targeting ligands, cRGD peptide and folate, can
specifically bind with overexpressed integrins o,f3 and asf; and FR in
tumor cell to enhance the targeting [23-27]. DDP was subsequently
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chelated onto VE nanoparticle to fabricate VE-DDP nanoparticle
resulting in enhancing the anti-proliferation capacity. Furthermore,
protamine (Pro) was used to collect VE-DDP nanoparticle to generate
VE-DDP-Pro nanoparticle for increasing its transmembrane capacity by
an electrostatic interaction. Under the acidic microenvironment of the
tumor, positive-charged protamine within nanoparticle easily absorbed
with H' [28,29] and dissociated from VE-DDP-Pro, leading to release of
VE-DDP into ovarian cancer cells. The released VE-DDP could differ-
entially  bind  integrins  oyf3 or  asPy to  regulate
AKT/mTOR/MMP-2/Laminin and AKT/mTOR/EMT signaling pathway,
triggering anti-VM. Meanwhile, downregulation of MMP-2 would also
inhibit the release of VEGF, enabling the obtained VE-DDP to trigger
anti-EDV. Simultaneously, DDP could induce DNA damage, resulting in
the apoptosis of ovarian cancer cells (Scheme 1).

In anti-tumor experiments of in situ ovarian cancer mouse model,
both control group and DDP group further developed the distant
metastasis though DDP group could suppress the growth of ovarian
cancer at the early stage, which was in accordance with clinical ovarian
cancer progression and the current treatment status of DDP. While, our
VE-DDP-Pro exhibit superior self-anti-EDV and -VM capacities by
regulating signaling pathways of AKT/mTOR/MMP-2/Laminin, AKT/
mTOR/EMT, and MMP-2/VEGF expression, and thereby greatly
enhancing the anti-ovarian cancer efficacy by combing with DDP che-
motherapeutics. Thus our self-assembled VE-DDP-Pro could specifically
deliver DDP to ovarian cancer, significantly increase drug accumulation
in tumor, and efficiently improve their bioavailability in vivo, thereby
presenting the sustaining capacity to suppress the deterioration and
metastasis of ovarian cancer.

2. Materials and methods
2.1. Preparation of nanoparticles

VE was prepared according to a previously documented method
[22]. cRGD and folate concentrations of VE were separately determined
using the CQBCA protein quantitation Kit and UV spectrometer (Shi-
madzu, UV-2600). VE solution (1 mL, n = 3) was lyophilized to exclude
excess water, generating a light yellow powder (2.57 + 0.12 mg). The
heparin concentration of VE was calculated based on the following
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equation: concentration of heparin = (weight of VE-weight of cRGD and
weight of folate)/1 mL. LE of heparin, folate and cRGD was calculated as
follows: LE = (weight of loaded drug in nanoparticles)/(weight of
nanoparticles) x 100%. For preparation of VE-DDP, DDP (0.90 mg, 5%
DDP/heparin weight ratio) was added into VE (10 mL, [heparin] = 1.80
mg/mL) solution under gentle stirring at room temperature for 24 h in
the dark. Free DDP was removed via dialysis against distilled water for
48 h. VE-DDP-Pro was prepared by simple mixing of VE-DDP and
protamine solution. Protamine was prepared in deionized water at a
concentration of 5 mg/mL. Protamine (1.08 mL; 30% Pro/Heparin
weight ratio) solution was added into VE-DDP solution (10 mL, [hepa-
rin] = 1.80 mg/mL) prepared beforehand and VE-DDP-Pro solution
subjected to ultrasonication for 30 min. DDP concentrations of VE-DDP
and VE-DDP-Pro solutions were measured via ICP-MS. The following
formulae were used to calculate encapsulation efficiency (EE) and
loading efficiency (LE) of DDP: EE = (weight of loaded drug)/(weight of
initially added drug) x 100%; LE = (weight of loaded drug in nano-
particles)/(weight of nanoparticles) x 100%. VE, VE-DDP and
VE-DDP-Pro in 10% FBS solution were prepared by separately adding 1
mL FBS into 9 mL VE, VE-DDP and VE-DDP-Pro water solutions.
Different DDP/heparin (VE-DDP) and Pro/Heparin weight ratios
(VE-DDP-Pro) were obtained using the procedure specified above.
Cy3-NH; or Cy7-NH; labeled VE, VE-DDP and VE-DDP-Pro were addi-
tionally prepared in a similar manner. We used visible-light dye Cy3 to
detect the bio-function of drug delivery system in vitro. To avoid the
interference of auto-fluorescence in living body, the near-infrared dye
Cy7 was used to label drug delivery system and investigate their in vivo
bio-function.

2.2. Anti-C3a activation in vitro

To assess complement activation in vitro, we measured complement
activation fragment C3a, the common product of three complement
activation pathways, by ELISA. Human serum was donated by healthy
voluntaries. Written informed consent was obtained from all partici-
pants. The experiment was carried out in accordance with the approved
guidelines. In a typical experiment we mixed VE (2 mg), VE -DDP, VE
-DDP-Pro (containing 2 mg VE), respectively, with 2 mL undiluted
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serum in tubes, which were then incubated for 1 h at 37 °C in a shaking
water bath (80 rpm). After incubation, the mixture was centrifuged at
3000 rpm for 10 min. The supernatant was used to detect the C3a
concentration using commercially available human C3a ELISA kits ac-
cording to the manufacturer’s instruction. The experiment was per-
formed in triplicate and the result displayed a representative of three
independent experiments.

2.3. Complement hemolysis activity in vitro

The hemolytic activity of the biomaterials was investigated accord-
ing to a modified CHso method of Mayer. It measured total hemolytic
activity of the classical and terminal pathways using sensitized sheep
erythrocytes. Human serum was donated by healthy voluntaries. Writ-
ten informed consent was obtained from all participants. The serum was
diluted with barbital buffer solution pH = 7.4 in the ratio of 1:20.
Sensitized sheep erythrocytes was made of 2% sheep erythrocyte sus-
pension (20 mL) which was incubated for 30 min with an equal volume
of hemolysin (rabbit anti-sheep red blood cell antibody) at 37 °C. In a
typical experiment, we mixed VE (200 pg), VE-DDP, VE-DDP-Pro (con-
taining 200 pg VE), respectively, with 3 mL 1:20 diluted serum in tubes,
which were then incubated for 1 h at 37 °C in a shaking water bath (80
rpm). And then, the sensitized sheep erythrocytes (1 mL) was incubated
for 30 min with different mixture serums in serial volumes according to
the manufacturer’s instruction at 37 °C. After incubation, samples were
centrifuged at 2000 rpm for 10 min to obtain supernatant, containing
free hemoglobin. The hemoglobin concentration was measured by a
spectrophotometer at 542 nm. Positive reference was 50% lysis diluted
by total lysis, and negative reference was obtained after incubation with
buffer. The complement content of each sample could be calculated by
the following formula: complement content CHso (U/mL) = (1/sample
serum volume) x dilution factor. The experiment was performed in
triplicate and the result displayed a representative of three independent
experiments.

2.4. Tube formation assay

Tube formation was observed via 3D culture. Briefly, 24-well culture



J. Luo et al.

plates were coated with Matrigel Basement Membrane Matrix (0.3 mL
per well; BD Biosciences, Franklin Lakes, NJ, USA), and allowed to
polymerize for 60 min at 37 °C. Cells were seeded onto the surface of
Matrigel (1 mL per well) at a density of 1.5 x 10° cells/mL. To inves-
tigate the anti-EDV and anti-VM abilities of VE, VE-DDP and VE-DDP-
Pro, SKOV3 and HUVEC cells were incubated on 3D matrigel, fol-
lowed by treatment with PBS, VE, VE-DDP or VE-DDP-Pro for 4 days at
equivalent concentrations to cRGD (20 pg/mL). Cells treated with PBS
were used as the control group. Tubular structures were examined via
microscopy. Formation of tubes was quantified based on total length
(complete structures) and number of intersections (complete structures)
per field in five randomly selected fields using image analysis software
(Image-Pro Plus, Washington, DC, USA).

2.5. Establishment and identification of the nude mice orthotopic ovarian
carcinoma and metastasis model

All animal studies were conducted in accordance with local guide-
lines on the ethical use of animals and the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Healthy BALB/c fe-
male nude mice (15-16 g) were anesthetized via intraperitoneal injec-
tion with 1% sodium pentobarbital (8 pL/g). An incision of the
abdominal cavity was made from the back to expose the right ovary with
the left ovary used as a self-control. SKOV3-Luc cells were suspended in
ice-cold PBS at a density of 4 x 10* cells/pL and 10 pL slowly injected
into ovary tissue using a microsyringe (10 pL). Mice continued to be fed
in an SPF environment after surgery and tumor growth was monitored
using an in vivo imaging system (IVIS Lumina II, Caliper, USA) every 4
days. On day 16 (taking the day of surgery day as *day 0'), mice were
sacrificed, and the whole ovary with primary tumor, metastatic nodules
in the peritoneal cavity, metastatic nodules on mesentery, and main
organs (heart, liver, spleen, lung, kidney) were isolated to analyze
bioluminescence signals. For tracing of ovarian primary tumor devel-
opment, some mice were sacrificed every 4 days to obtain the whole
ovary with primary tumor. Pathological analysis was applied to identify
orthotopic ovarian carcinoma in nude mice, indicating successful gen-
eration of the metastasis model.

2.6. In vivo biodistribution and tumor targeting ability of nanoparticles

Mice models were constructed as above, and 4 days after surgery,
mice were treated with a single dose of free Cy7, Cy7-VE-DDP or Cy7-
CE-DDP-Pro (DDP 2 pg/g, three mice per group) via tail vein injection.
Fluorescence signals were examined at different checkpoints. After 24,
48, 72, 96 and 120 h, mice were sacrificed and their organs and tumors
isolated for directly monitoring fluorescence. Tumors of mice obtained
at different time-points were used to detect changes in the tumor-
targeting ability of nanoparticles over time.

2.7. Invivo ability of nanoparticles to inhibit ovarian cancer proliferation
and metastasis

Twenty mice models were generated as specified above and
randomly divided into four groups (control, DDP, VE-DDP, VE-DDP-Pro;
five mice per group). Mice of the control group were treated with PBS
and those of other three groups with DDP, VE-DDP and VE-DDP-Pro
(DDP 2 pg/g) via tail vein injection. Three days after administration of
SKOV3-Luc cells, mice were administered the first treatment and
bioluminescence assessed (taken as day 0). Treatments were adminis-
tered every 3 days and bioluminescence measured every 4 days. Addi-
tionally, body weights of mice were recorded every day. On day 20,
abdominal circumferences of mice were examined. Mice were sacrificed
and ovarian primary tumors, metastatic nodules in the peritoneal cavity,
metastatic nodules on mesentery, and main organs (heart, liver, spleen,
lung, kidney) were obtained. Bioluminescence signals of ovarian cancer
cells were analyzed and proliferation rate calculated as follows:
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proliferation rate = luminescence signal intensity of day n/average
luminescence signal intensity on day 0. After sacrifice of mice, weights
and volumes of ovarian primary tumors, metastasis in the peritoneal
cavity, ascites formation, bioluminescence and numbers of metastatic
nodules on mesentery were analyzed. Tumor volume was calculated as:
V = larger diameter x (smaller diameter)z/ 2. H&E staining of intestines
was applied to confirm metastasis of ovarian cancer cells on mesentery
and main organs for evaluation of nanoparticle tolerability.

2.8. Survival analysis

In total, 24 nude mice (administered SKOV3 cells for 3 days) were
randomly divided into four groups (control, DDP, VE-DDP and VE-DDP-
Pro). Mice of the control group were treated with PBS and those from
three other groups with DDP, VE-DDP and VE-DDP-Pro (DDP 2 pg/g, six
mice per group) via tail vein injection. Treatments were performed every
three days until six injections were administered. Kaplan-Meier analysis
was applied for plotting the survival curve and the median survival
times of each group calculated.

2.9. Immunohistochemical analysis

Ovarian primary tumors and metastatic nodules were embedded in
paraffin wax, cut into 3 pm thick sections, and subjected to immuno-
histochemical analysis of Ki-67, cleaved caspase-3, CD34, MMP-2 and
VEGF-A expression or CD34/PAS histochemical double-staining ac-
cording to standard clinical laboratory protocols. Images of tissues were
acquired under an optical microscope (Nikon Eclipse 80i, JAPAN). Ki-
67, cleaved caspase-3 and MMP-2 indices were calculated based on
the equation: (positive cells in an image/all cells in an image) x 100%.
Relative expression of CD34 7 structures and VM (CD34™/PAS™ vascular-
like structures) was calculated as follows: relative expression of CD34"
= (number of CD34% structures of each group/number of CD34"
structures of control group) x 100%; relative expression of VM =
(number of CD347/PAS™ structures of each group/number of CD34/
PAS™ structures of control group) x 100%. At least five images were
used to calculate the above indices or relative expression levels.

2.10. Statistical analysis

All results are presented as means + SD. Data were analyzed using
Student’s t-test or one-way analysis of variance, except where otherwise
specified. Differences between groups were considered significant at
two-sided P values < 0.05. Statistical analysis was performed using SPSS
version 20.0 software.

3. Results and discussion
3.1. Fabrication and characterization of VE-DDP-Pro

VE-DDP-Pro was prepared by a two-steps self-assembly strategy. In
brief, VE nanoparticle was chelated with DDP to generate VE-DDP by
substituting chlorides of DDP with the carboxyl group of heparin
(Fig. S1) [30], and then positively charged protamine (Pro) was used to
absorb and compress VE-DDP, thereby fabricating VE-DDP-Pro via
electrostatic interactions. It was reported that when the chlorides in DDP
are substituted with carboxylates, the newly formed carboxylic ligands
are still reversible due to their fairly low nucleophilicity [31]. Because
carboxylate as a good leaving group can be utilized for designing a
tumor-directed carrier system of a cytotoxic platinum complex with
carboxylate-containing carriers to achieve selective delivery to tumor
sites with prolonged periods of cytotoxic action due to sustained release
from carrier through ligand exchange reaction. Thus compared with
DDP, the bioactivity of DDP in VE-DDP and VE-DDP-Pro could be
enhanced instead after the chelation between DDP and VE.

The introduction of DDP to VE was carried out by varying the
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amount of DDP in distilled water. VE structure was characterized by 'H
NMR (Fig. S2). As shown in Fig. S3, it was found that 5% DDP/heparin
weight ratio of VE-DDP presented better size and polydispersity index
(PDI) than other ratios determined by dynamic lighting scatter (DLS).
Under this proportion, VE (24.8 + 3.2 nm) and DDP could assemble into
large-sized nanoparticles (VE-DDP, 77.2 + 1 nm) in distill water.
Meanwhile, the fourier transform infrared spectra (FTIR) spectra
showed a band at 3294 cm™! decreased in VE-DDP compared in VE,
which was assigned to hydroxyl group vibration of carboxyl in heparin
(Fig. S4A). The result indicated the chlorides of DDP were substituted
with carboxyl of VE to form VE-DDP. We subsequently examined the
optimal weight ratio of Pro versus heparin of VE-DDP. It was found that
30% Pro/heparin weight ratio in VE-DDP-Pro exhibited optimized
property determined by DLS. Zeta potential showed that VE and VE-DDP
had similar potential (—32~-35 mV), while VE-DDP-Pro had negative
potential (—30 mV), suggesting that the negative-charged VE-DDP was
exposed on the surface of VE-DDP-Pro due to protamine with positive
charge (Fig. S3). FTIR spectra showed compared with VE-DDP the hy-
droxyl group bands of carboxyl at 3294 cm™! and the sulfate bands of
heparin at 1030 and 1230 cm ! were decreased in VE-DDP-Pro [32],
indicating positive-charged protamine was successfully absorbed with
negative-charged heparin of VE-DDP (Fig. S4B). The DDP encapsulating
efficiency of VE-DDP-Pro was about 65% determined by ICP-MS
(Fig. S5). The loading efficiency of cRGD, folate and DDP was shown
in Table S1. Thus, a 5% weight ratio of DDP/heparin in VE-DDP and a
30% weight ratio of Pro/heparin in VE-DDP-Pro were served as the
optimized formulation and employed for subsequent experiments.

We subsequently investigated the stability of the optimized formu-
lations in mimic blood conditions (10% FBS) using DLS and transmission
electron microscopy (TEM). It showed VE (26.9 + 1.2 nm) and VE-DDP
(47.4 £ 1 nm) were uniform spherical nanoparticles in 10% FBS
(Fig. 1A-B). Interestingly, protamine exhibited spherical shape with
small size in 10% FBS (Fig. 1C). When VE-DDP was collected by prot-
amine, the size of the obtained VE-DDP-Pro was increased to 187 + 3.5
nm in 10% FBS and the morphology of VE-DDP-Pro presented

Size (d.nm)
= 8 38 g 8
C3a (ng/mL) -

Complement hemolysis activity
(U/mL)

VE VE-DDP  VE-DDP-Pro

N2

Yo

“
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monodispersed larger sphere (Fig. 1D-E, S3B). It showed VE-DDP
adhered to the outer layer and Pro located in the inner layer in
Fig. 1D. In our study, we found VE, VE-DDP and VE-DDP-Pro exhibited
excellent stability in 10% FBS at pH 7.4, through which their size was
nearly unchanged within a 72 h period (Fig. S6). It was reported that the
pH value of tumor microenvironment is approximately 6.5, which is
lower than the pH of 7.4 in normal tissues, while late endosomes and
lysosomes have much lower pH, in the range 4.5-5.5 [29,33,34]. The
decomposition of drug delivery systems at a decreased pH could accel-
erate the drug release at tumor sites and thus enhance the therapeutic
effect to tumor cells and minimize the toxic side effects to normal cells
[29,34]. Thus, we employed pH of 7.4 and 5.5 to investigate the stability
of VE-DDP-Pro. As shown in Fig. 1H, I and J, compared with VE-DDP-Pro
in 10% FBS at pH 7.4 (size, 190 4+ 10 nm, PDI, 0.1), VE-DDP-Pro in 10%
FBS at pH 5.5 exhibited changed morphology with the decreased sizes
(116 nm + 40 nm, PDI, 0.4). Because protamine is a positive-charged
protein, it can easily bind with H" under acidic condition to reduce
the interaction with VE-DDP, leading to the dissociation of VE-DDP-Pro.
This result indicated that the acidic environment was beneficial to the
release of VE-DDP from VE-DDP-Pro via electrostatic dissociation [28,
29,35,36]. Based on anti-complement activation of heparin, we further
investigated the complement activation capacity of VE, VE-DDP and
VE-DDP-Pro by measuring C3a concentration (a key complement acti-
vation component) and the complement hemolysis 50% (CHsg) in blood
serum (Fig. 1F and G). The results showed these nanoparticles possessed
significant effects on anti-complement system activation, which would
be beneficial to reduce opsonization by MPS and improve
bioavailability.

3.2. Cellular uptake ability of VE-DDP-Pro

We next investigated the biological functions of VE-DDP-Pro in vitro,
including targeting ability, cytotoxicities, anti-EDV and anti-VM capac-
ities. It was reported that cRGD could specifically bind with integrins of
ayPs3 and asPi, which are overexpressed on neovascular endothelial cells

Fig. 1. Fabrication and characterization of VE-
o DDP-Pro. (A to D) TEM images of the VE, VE-DDP,
protamine and VE-DDP-Pro in 10% FBS. (E) DLS
characterization of the sizes of VE, VE-DDP and VE-
DDP-Pro in 10% FBS. (F to G) Anti-complement
system activation ability of VE, VE-DDP and VE-
DDP-Pro. The contents of C3a in the blood serum
samples were examined via ELISA and complement
hemolysis activity were tested by CHs, assay. Data
are presented as means + SD (n = 3), **P < 0.01,

co®

pH=7.4

pH=5.5

***%p < 0.001. (H to I) TEM images of VE-DDP-Pro
in 10% FBS solution at pH 7.4 and pH 5.5, respec-
tively. (J) The sizes of VE-DDP-Pro in 10% FBS at
pH 7.4 and pH 5.5, respectively. Compared with
VE-DDP-Pro in 10% FBS at pH 7.4 (size, 187 nm +
10 nm, PDI, 0.1), VE-DDP-Pro in 10% FBS at pH 5.5
showed looser architectures and the sizes decreased
to 116 nm + 40 nm with a higher PDI (PDI, 0.4).

o
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of some tumors and low expression on normal tissues, and FR is over-
expressed in ovarian cancer cells [23,24,37,38]. Here, we firstly evalu-
ated ayPs, asp; and FR-a expression in two human ovarian cancer cells
(SKOV3 and A2780), human umbilical vein endothelial cells (HUVEC),
and normal human ovary cells (IOSE-80) via Western blot (Fig. S7). It
detected high expression of o3, asf; and FR-o in SKOV3 cells and oy, f1
and FR-a in A2780 and HUVEC cells while oy expression was partly
detected in IOSE-80 cells. Thus, we chose IOSE-80 cells as a negative
control in subsequent cellular uptake and cytotoxicity experiments. And
then fluorescent dye Cy3-NH, was conjugated with carboxyl group of
heparin in folate-heparin, cRGD-heparin, cRGD-folate-heparin (VE),
VE-DDP and VE-DDP-Pro to detect their cellular uptake ability by flow
cytometry. The results showed cRGD-folate-heparin exhibited the best
cellular uptake ability in these cell lines (Fig. S8A). The cellular uptake
of Cy3-VE, Cy3-VE-DDP and Cy3-VE-DDP-Pro was investigated by flow
cytometry and laser scanning confocal imaging, respectively. As show in
Fig. S8B, their cellular uptake abilities of the four cell lines were in the
order: SKOV3 > A2780 > HUVEC > IOSE-80, which was attributable to
the expression of o,f3, asp; and FR-a. The cellular uptake of VE-DDP-Pro
was markedly higher than that of VE-DDP and VE because of the cyto-
membrane penetration effect of protamine. Laser scanning confocal
imaging disclosed that VE and VE-DDP were observed in the cytoplasm
for these cells, while VE-DDP-Pro was distributed in cytoplasm and
nucleus in SKOV3, A2780 and HUVEC cells (Fig. 2A).

3.3. Cytotoxicity of VE-DDP-Pro

The cytotoxicity of VE, DDP, Pro, VE-DDP and VE-DDP-Pro were
subsequently examined via 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay (Fig. 2B). The half maximal
inhibitory concentration (ICsg) values were calculated and standardized
by DDP concentration (Table S2). The results showed that the cytotox-
icity of VE-DDP-Pro and VE-DDP were obviously higher than that of DDP
for SKOV3, A2780 and HUVEC cells, while no significant differences
were observed among DDP and VE-DDP for IOSE-80 cells. The levels of
cytotoxicity of VE-DDP and VE-DDP-Pro against the four cell lines were
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established as: SKOV3 (ICs¢: 3.43 + 0.61 pg/mL) > HUVEC (ICs¢: 6.50
+ 0.87 pg/mL)> A2780 (ICsp: 9.42 + 1.09 pg/mL) > IOSE-80(ICso:
14.60 + 1.09 pg/mL), indicating VE-DDP-Pro presented greater cyto-
toxicity to cancer cells compared to normal cells. Also, VE, Pro and VE-
Pro with equivalent concentration had no obvious cytotoxicity in four
cell lines (Fig. S8C). Simultaneously, ICP-MS detected Pt concentration
of DDP, VE-DDP and VE-DDP-Pro was 12.51 + 0.67 ng/10° cells, 20.54
+ 0.64 ng/10° cells and 35.49 + 0.56 ng/10° cells in SKOV3 cells
(Fig. S9), indicating the introduction of protamine could further increase
DDP concentration of VE-DDP-Pro thereby presenting superior cyto-
toxicity in SKOV3 cells. Therefore, we chose SKOV3 cells for the sub-
sequent experiments owing to their remarkable bio-function by VE-DDP-
Pro.

3.4. Anti-EDV and -VM ability of VE-DDP-Pro in vitro

Next, the microtube formation experiment by using HUVEC cells was
performed to investigate the anti-EDV activities of VE, VE-DDP and VE-
DDP-Pro while the experiment by using SKOV3 cells was performed to
verify their anti-VM activities. HUVEC and SKOV3 cells were respec-
tively incubated on 3D matrigel and treated with PBS, DDP, VE, VE-DDP
and VE-DDP-Pro with the same concentration of DDP. The cell viability
in HUVEC and SKOV3 was above 80% under the selected concentration
of DDP, VE-DDP and VE-DDP-Pro. The formation of tubular structures
was observed by optical microscopy. As shown in Fig. 2C-D, a large
number of tubular structures could be obviously observed in the control
group and DDP group, while only a few of tubular structures were
observed in the VE, VE-DDP and VE-DDP-Pro. Compared to the control
group (100% =+ 6.7 for HUVEC cells and 99.4% =+ 5.6 for SKOV3 cells)
and DDP group (64.1% + 8 for HUVEC cells and 55.6% + 2.6 for SKOV3
cells), the tube formation rate was much low in VE (32.6% = 6.5 for
HUVEC cells and 40.9% =+ 3.3 for SKOV3 cells) and VE-DDP (15.4% +
1.6 for HUVEC cells and 16.2% =+ 2.1 for SKOV3 cells), especially in VE-
DDP-Pro (8.2% =+ 2 for HUVEC cells and 7.3% =+ 1.5 for SKOV3 cells)
(Fig. S8D-E). On the basis of these results, the anti-EDV activity in
HUVEC cells and anti-VM activity in SKOV3 cells were obeyed the
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following order: VE-DDP-Pro > VE-DDP > VE > DDP, suggesting the
good anti-EDV and anti-VM capacity of our VE-DDP-Pro. Next, we tested
the migration and invasion ability of DDP, VE, VE-DDP and VE-DDP-Pro
in SKOV3 cells (Fig. 2E-F). It was obviously observed DDP (120.04% =+
6.74 for migration and 98.67% =+ 11.88 for invasion) could not inhibit
the migration and invasion of SKOV3 cells. Interestingly, VE (27.70% +
5.57 for migration and 50.92% =+ 9.16 for invasion), VE-DDP (33.02% +
10.03 for migration and 57.11% =+ 4.55 for invasion) and VE-DDP-Pro
(31.21% =+ 1.94 for migration and 60.12% =+ 6.85 for invasion) could
suppress cell migration and invasion for SKOV3 cells, especially VE
presented similar the inhibitory ability of migration and invasion as VE-
DDP and VE-DDP-Pro (Fig. S8F-G). These results suggested the
involvement of VE in VE-DDP and VE-DDP-Pro played important role on
restricting the migration and invasion ability of tumor cells.

3.5. Molecular mechanism of VE-DD-Pro in vitro

It was reported that the direct interaction between the integrin o p3
or asf; and MMP-2 could promote angiogenesis and tumor growth. And
transcriptional suppression of MMP-2 resulted in decreased VEGF
expression in several tumor cells, which led to decreased angiogenesis.
Thus, cRGD binding with integrin oyf3 or asp; could present promising
anti-EDV capability by down-regulating MMP-2/VEGF expression [20].
Laminin was essential in the VM formation, while AKT-mTOR signal
pathway could modulate MMP-2 expression important for cleavage of
the Laminin. EMT is a dynamic biological process characterized by loss
of epithelial feature and the acquisition of mesenchymal feature as well
as a change in cellular morphology [39], and EMT regulated by
AKT-mTOR signal pathway subsequently improves the motility of tumor
cells [40]. It was found tumor cells involved in VM formation exhibit
endothelial phenotypes of mesenchymal cells which is similar to process
of EMT [41]. We previously found that cRGD binding with integrin o f3
could inhibit VM formation by regulating AKT/mTOR/MMP-2/Laminin
but also reducing EMT [21]. Thus, we assayed the expression of
MMP-2/VEGF, AKT/mTOR/MMP-2/Laminin and EMT-associated pro-
teins (E-cad, Vimentin and Snail) in SKOV3 cells (Fig. 2G and S10).
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Compared with DDP, VE-DDP and VE-DDP-Pro could significantly
down-regulate the expression of AKT, mTOR and their phosphorylation,
VEGFA, MMP-2, Laminin, Vimentin and Snail, while the E-cad expres-
sion was up-regulated. Also, VE-DDP-Pro had stronger regulation ability
than VE-DDP. Thus it was confirmed that VE-DDP-Pro could efficiently
inhibit EDV and VM formation through regulating MMP-2/VEGF,
AKT/mTOR/MMP-2/Laminin and AKT/mTOR/EMT signal pathways
in ovarian cancer cells. Collectively, our VE-DDP-Pro possesses excellent
cellular internalization, enhanced cytotoxicity, anti-EDV and anti-VM
capacities in vitro, which would be beneficial to highly efficient treat-
ment of the metastatic ovarian cancer.

3.6. Biodistribution and cancer-targeting capacity of VE-DDP-Pro in vivo

The biodistribution and cancer-targeting ability of VE-DDP-Pro were
comprehensively investigated by using living imaging and ICP-MS
methods. A successful orthotopic ovarian cancer model is a prerequi-
site for in vivo clinical evaluation. A nude mouse orthotopic ovarian
cancer model was successfully constructed by directly injecting a
bioluminescence SKOV3-Luc cell suspension into ovarian parenchyma
of mouse and then by developing of primary tumor, ascites and distant
organ metastasis (Fig. S11). The fluorescent dye Cy7-NH, was conju-
gated with heparin of VE, VE-DDP and VE-DDP-Pro and Cy7-VE, Cy7-
VE-DDP and Cy7-VE-DDP-Pro were employed to real-time monitor their
targeting abilities and biodistributions via tail vein injection. The bio-
distributions of Cy7-VE-DDP and Cy7-VE-DDP-Pro were monitored at
24 h, 48 h, 72 h (Fig. 3A), 96 h and 120 h (Fig. S12A-D), and mice were
subsequently sacrificed to obtain organs and the whole ovary with pri-
mary tumor. We analyzed the Cy7 fluorescent intensity of organs and
orthotopic tumors in ovary, which was merged with bioluminescence of
SKOV3-Luc cells. As shown in Fig. 3A, Cy7-VE and Cy7-VE-DDP pre-
sented the similar cancer-targeting ability and biodistribution property,
indicating the introduction of DDP could not change the biodistribution
ability of Cy7-VE due to low DDP loading in VE-DDP. And Cy7-VE-DDP-
Pro had more efficient capacities in retention times and cancer-targeting
capacity in comparison with Cy7-VE and Cy7-VE-DDP, which is

Fig. 3. In vivo biodistribution and tumor-targeting
ability of nanoparticles. (A) Real-time imaging of
in vivo biodistribution and tumor targeting. Mice
were administered SKOV3-Luc cells into ovarian
parenchyma via directly injection, and 4 days later,
treated with a single dose of free Cy7, Cy7-VE, Cy7-
VE-DDP and Cy7-CE-DDP-Pro (DDP 2 pg/g, three
mice per group) via tail vein injection. Lumines-
cence signals were examined at different time-
points. After 72 h, mice were sacrificed and their
organs and tumors obtained for direct monitoring of
Luminescence. (B) Fluorescent intensity of their
organs and primary tumors determined by real-time
imaging. (C) In vivo tumor targeting capacity and
variations of Cy7-VE-DDP and Cy7-VE-DDP-Pro
over time in orthotopic tumor in ovary. Mice
treated with Cy7-VE-DDP and Cy7-CE-DDP-Pro
(DDP 2 pg/g, three per group) were sacrificed at
24, 48, 72, 96 and 120 h, and primary tumors in
ovary obtained for analysis. (D) ICP-MS analysis of
Pt concentration in orthotopic tumor of SKOV3
bearing nude mice treated with DDP, VE-DDP and
VE-DDP-Pro at different time. Data are presented as
means + SD (n = 3), *P < 0.05, **P < 0.01, ***P <
0.001 (DDP vs VE-DDP-Pro), #P < 0.05, ##P <
0.01, ###P < 0.001 (VE-DDP vs VE-DDP-Pro), A
AP < 0.01 (DDP vs VE-DDP).
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consistent with in vitro cellular uptake results. The highest fluorescence
signals appeared in tumor, liver, kidney and spleen in orders, while
nearly no fluorescence signal was detected in the heart and lung
(Fig. 3B). The in vivo cancer targeting capacities and variations of Cy7-
VE-DDP and Cy7-VE-DDP-Pro over time are presented in Fig. 3C and
Fig. S12E. The results showed that the highest fluorescence signal of
Cy7-VE-DDP appeared at 48 h and declined afterwards, while the
highest signal of Cy7-VE-DDP-Pro was delayed to 72 h and the signal at
120 h was still as strong as that of Cy7-VE-DDP at 72 h, indicating
protamine could delay VE carrier release.

In order to accurately characterize DDP biodistribution, we used ICP-
MS to detect Pt concentration in rat serum at different time points after
intravenous injection of DDP, VE-DDP and VE-DDP-Pro (Fig. S13A). At
initial 30 min, VE-DDP-Pro group exhibit maximal Pt concentration in
blood (0.852 + 0.112 ng/mg), while VE-DDP group and DDP group were
0.570 + 0.570 ng/mg and 0.421 + 0.076 ng/mg, respectively. It was
observed Pt concentration of DDP in blood presented dramatically
reduced tendency and there was low Pt concentration (0.041 + 0.023
ng/mg) at 12 h. In comparison, VE-DDP group and VE-DDP-Pro group
still remained fairly high concentration of Pt (0.298 + 0.085 ng/mg and
0.441 + 0.105 ng/mg). However, Pt concentration of VE-DDP group was
obviously decreased at 24 h while VE-DDP-Pro remained slow released
effect. Collectively, VE-DDP and VE-DDP-Pro had significantly extended
circulation time, and VE-DDP-Pro presented best pharmacokinetics
property, indicating the introduction of protamine enhanced VE-DDP
stability in vivo. In addition, we detected Pt concentration of DDP, VE-
DDP and VE-DDP-Pro groups in liver, spleen, kidney and tumor of
mouse at different time (Fig. 3D and S13B). It showed Pt concentration
of VE-DDP and VE-DDP-Pro in tumor was higher than that of DDP due to
cancer targeting effect of VE, and Pt concentration of VE-DDP-Pro was
higher compared with that of VE-DDP due to cytomembrane penetration
effect of protamine. In addition, Pt concentration in DDP group (2.76 +
0.13 ng/mg dry tissue) obtained highest at initial time while the highest
Pt concentration (5.71 + 0.88 ng/mg dry tissue) was obtained at 24 h for
VE-DDP and for VE-DDP-Pro 24 h and 48 h could maintain the highest
concentration of Pt (10.59 + 5.03 ng/mg dry tissue 24 h, 10.66 + 3.44
ng/mg dry tissue 48 h), which was inconsistent with the results of living
imaging. It possibly attributed to different metabolism rate between
carrier and drug. The results suggested the cytomembrane penetration

Control
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effect of protamine could further enhance VE-DDP accumulation at
tumor and further delay release of DDP in tumor. Compared with DDP,
VE-DDP and VE-DDP-Pro showed higher cumulative accumulation in
liver, spleen, kidney, indicating VE-DDP and VE-DDP-Pro prolonged
blood circulation (Fig. S13). According to the results of biodistribution,
our self-assembled VE-DDP-Pro could specifically deliver DDP to
ovarian cancer and significantly increase drug accumulation in tumor,
facilitating VE-DDP-Pro to enhance the therapeutic effect to tumor cells
and reduce the toxic side effects to normal cells [29,34]. Thus, the
excellent targeting effect of VE-DDP-Pro for ovarian cancer suggested its
anti-tumor activities in vivo were worth to be expected.

3.7. Anti-proliferation and -metastasis activity of VE-DDP-Pro in vivo

Next, we investigated the inhibitory capacity of our VE-DDP-Pro in
the development and metastasis of ovarian cancer. Mice with orthotopic
ovarian cancer were randomly divided into four groups (each with five
mice, with equal average bioluminescence signals). Mice treated with
PBS were used as the control group. The development of ovarian cancer
was traced by capturing bioluminescence signals of SKOV3-Luc cells.
DDP, VE-DDP and VE-DDP-Pro (at an equivalent dose of 2 pg/g DDP)
were administered via intravenous injection at three-day intervals,
respectively. After that, the bioluminescence of SKOV3-Luc cells was
measured every four days. As shown in Fig. 4A, ovarian cancer in the
control group developed rapidly and began to metastasize on day 4 after
the first treatment, which was systemically metastasized by day 20. In
the DDP treatment group, ovarian cancer was effectively suppressed at
an early stage (day 8). However, at the later stages, tumor was gradually
developed until systemic metastasis by day 20, indicating that rapidly
proliferating ovarian cancer cells led to metastasize and ultimately
resisted to DDP. In contrast, the development and metastasis of ovarian
cancer treated with VE-DDP-Pro was effectively suppressed throughout
the treatment period. And, tumor proliferation was significantly
inhibited, through which no metastasis was observed in mice treated
with VE-DDP-Pro by real-time imaging. The proliferation rate of SKOV3-
Luc cells in the VE-DDP-Pro group was 6.52 + 2.99 at day 20, which was
significantly lower than that of control (631.67 + 207.08) and DDP
(390.27 + 249.74) groups (Fig. 4B). It was found mice receiving the free
DDP demonstrated a sharp decrease in the body weight of mice. Body

VE-DDP-Pro

Fig. 4. VE-DDP and VE-DDP-Pro inhibit ovarian
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weight loss of 38.1 + 3.50% on 18th day after treatment with a dose of 2
pg/g DDP. In contrast, mice treated with VE-DDP and VE-DDP-Pro did
not show any significant weight loss, just similar to that of control
groups (Fig. 4C), suggesting the severe toxicity of free DDP against mice.
H&E staining showed obvious focal necrosis and inflammation were
detectable in livers of mouse treated with DDP while no symptoms were
evident in other groups. In addition, it was observed most proximal
tubular epithelial cells became edematous or exfoliated from the base-
ment membrane causing broadened renal tubules, and numerous mac-
rophages were present in spleens. It indicated DDP induced
hepatotoxicity, renal toxicity and injured spleen thereby resulting in
decreased body weight (Fig. S14 and S15). The excellent properties of
VE-DDP-Pro in vitro and in vivo, including targeting effect to tumor cells,
pH-sensitivity in tumor tissues, pharmacokinetics property, were bene-
ficial them to enhance the therapeutic effect to tumor and minimize the
toxic side effects. We then evaluated the overall survival of all the
treatment groups for the SKOV3-Luc orthotopic ovarian cancer model
(Fig. 4D). It was observed that mice treated with VE-DDP-Pro presented
the highest median survival in comparison with other groups. The order
of median survival was as follows: VE-DDP-Pro (40 days) > VE-DDP (33
days) > DDP (25 days) > control (23 days).

To further assess the anti-tumor activity of our system, mice were
sacrificed on day 20 to obtain primary tumors, multi-organ metastatic
nodules (including those in the peritoneal cavity, and mesentery meta-
static nodules). As shown in Fig. 5A-C, the average primary tumor
volume and weight treated by VE-DDP-Pro (volume, 12.99 + 9.71 mm?;
weight, 84.60 + 46.73 mg) were significantly lower than those of con-
trol (volume, 108.83 + 25.08 mm?; weight, 591.20 + 115.01 mg), DDP
(volume, 79.56 + 28.39 mm?; weight, 398.76 + 133.59 mg) and VE-
DDP (volume, 25.02 + 12.84 mm? weight, 218.18 + 132.88 mg). In
addition, mice treated with PBS and DDP were found the metastatic
nodules in peritoneal cavity (Fig. S16A). We found obviously increased
abdominal circumferences of mice treated with PBS and DDP compared
with that of VE-DDP and VE-DDP-Pro group (Fig. 5D). After dissection,
slight malignant ascites could be detected in the control group and DDP
group determined by the chest ascites smear, but was absent in the VE-
DDP group and VE-DDP-Pro group (Fig. 5E). It showed a lot of blood
cells and white blood cells in the chest ascites smears, indicating mice
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treated with PBS and DDP induced the formation of malignant ascites
(Fig. S17). We subsequently examined mesentery metastasis by detect-
ing bioluminescence and directly counting nodule numbers (Fig. 5F, G
and S16B). Compared to the control group and DDP group, there is
almost no metastasis was observed in mice treated with VE-DDP-Pro. In
VE-DDP treatment group, there is a few metastatic nodules (4.40 + 4.16)
along with extremely low luminescence signals (11.06 + 11.38 x 108).
However, several nodules and high luminescence signals were detected
in mice treated with PBS (30.40 + 3.21, 300.50 + 41.74 x 108) and DDP
(23.20 4+ 3.49, 210.32 £+ 50.32 x 108). Metastatic nodules on mesentery
were further analyzed via H&E staining and the results confirmed there
was no mesentery metastasis in VE-DDP-Pro group and mesentery
metastasis in control and DDP groups (Fig. 5H-I), and the pancreas was
invaded by cancer cells and normal structure destroyed (Fig. S18).
Collectively, our VE-DDP-Pro had a significant capacity to efficiently
suppress the development and metastasis of orthotopic ovarian cancer
and reduce side toxicity via specific delivery and enhancing tumor
accumulation.

3.8. Mechanism of anti-proliferation and -metastasis activity for VE-DDP-
Pro in vivo

To better understand the mechanisms of our VE-DDP-Pro to inhibit
tumor proliferation and metastasis associated with EDV and VM, we
further investigated the expression of MMP-2/VEGF and AKT-mTOR
signal pathway in SKOV3 xenograft tissue sections from mice treated
with PBS, DDP, VE-DDP and VE-DDP-Pro (Fig. 5J). It showed VE-DDP
and VE-DDP-Pro could down-regulate the expression of VEGFA, MMP-
2, AKT and mTOR phosphorylation, Laminin, Vimentin and Snail,
while could up-regulate E-cad expression (Fig. S19). The results sug-
gested that our VE-DDP-Pro can significantly inhibit the formation of
EDV and VM by regulating signaling pathway of MMP-2/VEGF expres-
sion, AKT/mTOR/MMP-2/Laminin and AKT/mTOR/EMT, allowing the
effectively suppressing the development and metastasis of ovarian
cancer. In addition, the immunohistochemical analysis of primary tu-
mors from control, DDP, VE-DDP and VE-DDP-Pro groups and metastatic
tumor come from control or DDP groups were further conducted. Firstly,
the cell proliferation marker, Ki-67, was employed to evaluate anti-

o
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proliferative ability of VE-DDP-Pro [42]. The result demonstrated that
the tumor Ki-67 indices of control, metastasis and DDP groups were
much higher than that of VE-DDP-Pro groups (Fig. 6A and G), suggesting
that our VE-DDP-Pro possessed good anti-proliferation effects. In addi-
tion, DDP primarily induces cell death by apoptosis which can be initi-
ated by DNA damage [43]. In this study, the cleaved caspase-3
expression was selected to investigate the apoptosis ability of VE-based
drug delivery system. The result demonstrated that the cleaved
caspase-3 expression of VE-DDP-Pro was higher than that of control,
metastatic tumor, DDP and VE-DDP groups, suggesting that the intro-
duction of VE and protamine into the VE-DDP-Pro could significantly
enhance the efficacy of DDP-mediated ovarian cancer cell apoptosis
(Fig. 6B and H). Next, CD34 and CD34/Periodic Acid Schiff (PAS)
double staining were conducted to examine anti-angiogenesis ability
[44-46]. In general, CD34" expression suggested the formation of EDV
in ovarian cancer cells, while CD347/PAS™ vascular-like structures
indicated the formation of VM [45,46]. As shown in Fig. 6C and D, a
large number of EDV structures (CD34" expression) and VM structures
(CD34 /PAS™ expression) were formed in the control group, metastasis
and DDP group, while they were nearly not observed in the VE-DDP-Pro
groups (Fig. 61 and J). And SKOV3 cells were detected in CD34" struc-
tures in the control group, metastasis and DDP group (Fig. S20). These
results indicated the hematogenous metastasis based on EDV and VM is
an essential pathway of metastasis in ovarian cancer, and our
VE-DDP-Pro can effectively suppress the formation of EDV and VM. We
next investigated the influence of MMP-2 and VEGF on angiogenesis in
VE-DDP and VE-DDP-Pro groups. As expected, high expression of
MMP-2 and VEGF in primary tumors and metastatic tumor of control
and DDP groups were observed. Especially, in DDP group, VEGF was
found highly expressed in tumor tissues around the neovascularization
area (Fig. S21). While, VE-DDP-Pro groups exhibited low expression of
MMP-2 and VEGF (Fig. 6E, F, K and L). Also, tumors from control group
and DDP group, and metastatic tumors from control or DDP groups
represented similar pathological characteristic. These results demon-
strated that our VE-DDP-Pro can significantly inhibit the formation of
EDV and VM thereby facilitating to effectively suppress the development
and metastasis of ovarian cancer. Notably, anti-angiogenic therapy
generally served as an adjuvant modality of chemotherapy to inhibit
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cancer development and metastasis. Due to fast proliferation ability of
cancer cells in orthotopic ovary tissue, single anti-angiogenic therapy
could not effectively inhibit cancer development and metastasis and
thus we did not conduct the compared in vivo experiments of VE to
further verify its anti-EDV and —-VM effect in vivo. Thus, multi-modality
therapy combined with chemotherapy could be effective treatment for
inhibit cancer growth and improve tolerance [47-49].

4. Conclusions

In summary, we have fabricated a self-assembled VE-DDP-Pro
nanoparticle that integrating DDP triggered anti-proliferation, Pro
induced the cellular uptake improvement, and VE nanoparticles regu-
lated self-anti-EDV and -VM ability. Thus, VE-DDP-Pro exhibit excellent
cancer-targeting, cellular internalization ability, and significant
enhancement of the treatment efficacy for malignant metastasis ovarian
cancer. We strongly believe that the integration of anti-proliferation and
anti-angiogenesis properties based on EDV and VM would thus present
an effective strategy to improve the efficacy of chemotherapeutic drugs
for metastatic tumor and represents a promising prospect for clinical
applications.
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