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Introduction: Traditional chemotherapy for ovarian cancer is limited due to drug resistance
and systemic side effects. Although various targeted drug delivery strategies have been
designed to enhance drug accumulation at the tumor site, simply improvement of targeting
capability has not consistently led to satisfactory outcomes. Herein, AMD3100 was selected
as the targeting ligand because of its high affinity to chemokine receptor 4 (CXCR4), which
was highly expressed on ovarian cancer cells. Moreover, the AMD3100 has been proved
having blockage capability of stromal cell-derived factor 1 (SDF-1 or CXCL12)/CXCR4 axis
and to be a sensitizer of chemotherapeutic therapy. We designed a dual-functional targeting
delivery system by modifying paclitaxel (PTX)-loaded PEGylation bovine serum albumin
(BSA) nanoparticles (NPs) with AMD3100 (AMD-NP-PTX), which can not only achieve
specific tumor-targeting efficiency but also enhance the therapeutic outcomes.

Methods: AMD3100 was chemically modified to Mal-PEG-NHS followed by reacting with
BSA, then AMD-NP-PTX was synthesized and characterized. The targeting efficiency of
AMD-NP was evaluated both in vitro and in vivo. The anticancer effect of AMD-NP-PTX
was determined on Caov3 cells and ovarian cancer-bearing nude mice. Finally, the potential
therapeutic mechanism was studied.

Results: AMD-NP-PTX was synthesized successfully and well characterized. Cellular uptake
assay and in vivo imaging experiments demonstrated that NPs could be internalized by Caov3
cells more efficiently after modification of AMD3100. Furthermore, the AMD-NP-PTX exhib-
ited significantly enhanced inhibition effect on tumor growth and metastasis compared with
PTX, NP-PTX and free AMD3100 plus NP-PTX both in vitro and in vivo, and demonstrated
improved safety profile. We also confirmed that AMD-NP-PTX worked through targeting
CXCL12/CXCR4 axis, thereby disturbing its downstream signaling pathways including epithe-
lial-mesenchymal transition (EMT) processes and nuclear factor kB (NF-xB) pathway.
Conclusion: The AMD-NP-PTX we designed would open a new avenue for dual-functional
NPs in ovarian cancer therapy.
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Introduction

Ovarian cancer is one of the most common gynecological malignancies, of which
the 5-year survival rate is only approximately 30%. Even after standard treatment
with surgical resection combined with first-line chemotherapy, more than 70% of
patients will eventually die due to tumor recurrence and metastasis.' In addition,
traditional chemotherapy drugs have several side effects, including lack of tumor
selectivity and proneness to drug resistance, which are not ideal for improving
patients’ survival rate and prognosis.” Therefore, exploration of new treatment

routes in ovarian cancer is urgently needed.
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Targeted therapy refers to the design of a correspond-
ing therapeutic drug at the cellular molecular level for
a well-defined tumor-related site. Thus, when the drug
enters the body, it selectively binds to specific sites of
the tumor, causing specific death of the tumor cells with-
out damaging the normal tissue cells.”> Several studies
have confirmed that nanocarriers could be regarded as the
most prospective drug delivery system owing to their
extraordinary ability to become enriched in tumor sites
through the enhanced permeability and retention effect
(EPR), combined with their advantages such as slow-
release of drugs, high tumor selectivity and reducing of
systemic adverse reactions.®” However, the passive target-
ing of NPs alone is insufficient. An active targeted drug
delivery system designed to target specific sites in the
tumor has the ability to actively seek its “target” and
could greatly improve the targeting efficiency.®’ Recent
years, various targeted drug delivery strategies have been
designed to enhance drug accumulation at the tumor site,
nevertheless, simply improvement of targeting capability
has not consistently led to satisfactory outcomes. Targeting
ligands that possess superior binding capacity and simul-
taneously have strong influence on intracellular signaling
cascades may be expected to synergistically enhance the
antitumor therapeutic efficacy. To this end, we aim to
develop a dual-functional nano-drug delivery system for
synergistic targeted therapy of ovarian cancer.

Chemokine receptor 4 (CXCR4) is a member of the
chemokine superfamily and is a specific receptor for stro-
mal cell derived factor-1 (SDF-1, CXCL12), which is
a highly conserved G protein-coupled 7-transmembrane
receptor. Scotton et al found that chemokine CXCLI12 is
present in 95% of ovarian cancer ascites, while CXCR4 is
the only chemokine receptor expressed in ovarian cancer
cells and expressed in approximately 80% of ovarian can-
cer tissues, but not in the normal ovarian epithelium,
making it an promising target for targeted therapy of
ovarian cancer.'®!" Moreover, ovarian cancer cells expres-
sing CXCR4 could be transported and homing under the
control of CXCL12/CXCR4 axis, and the metastatic can-
cer cells are closely associated with stromal cells under the
action of CXCLI12 chemokines and thus acquire drug
resistance.'>'? Several studies have revealed that the pro-
gression and metastasis of ovarian cancer could be inhib-
ited by blockage of the CXCL12/CXCR4 axis.'*'* To this
regard, the CXCL12/CXCR4 axis is a potential therapeutic
target. Overall, designing a formulation targeting ovarian
cancer through CXCR4 receptor, together suppressing

interaction between CXCL12/CXCR4 and blocking down-
stream signaling pathway can provide two-pronged attack
strategy and enhance the therapeutic outcomes.

AMD?3100, a specific non-peptide blocker of CXCR4,
has been proved to effectively inhibit the cell proliferation,
migration, and invasion of ovarian cancer by blocking the
CXCL12/CXCR4 axis. Righi et al'® showed that AMD3100
promoted the apoptosis of tumor cells and the local T-cell
mediated immune responses of ovarian cancer. Kajiyama
et al'” demonstrated that AMD3100 was capable of inhibit-
ing metastasis of epithelial ovarian cancer in xenograft
mouse models. However, all of these studies exhibit only
modest anti-cancer effects, probably because the antagonists
only block the activity of the CXCL12/CXCR4 axis without
eliminating the cancer cells. Thus, the combination of
AMD?3100 and antineoplastic drugs is particularly promis-
ing. Recently, studies have shown that the CXCR4 antagonist
in combination with low-dose chemotherapy drug PTX have
a synergistic effect on ovarian cancer.'®'® The effect may be
through interrupting the interaction between cancer cells and
stromal cells, then mobilizing cancer cells to leave the pro-
tective microenvironment and entering the blood circulation
system, thereby increasing the sensitivity of cancer cells to
chemotherapeutic drugs.”® Whereas although the synergistic
antitumor effects have been confirmed, the insufficient phar-
macokinetics as well as target-free toxicity make it difficult
to apply this combination in patients.

Based on these findings, in this study, AMD3100, the
specific non-peptide blocker and high-affinity antagonist of
CXCR4, was first selected as a specific ligand to be modified
on the surface of the PEGylation albumin nano-delivery sys-
tem loading with chemotherapy drug PTX in the treatment of
ovarian cancer. We suppose the AMD-NP-PTX can target
ovarian cancer, but also enhance the therapeutic effect syner-
gistically through the combination of low-dose PTX sus-
tained-released from NP and AMD3100. The AMD-NP-
PTX was well characterized by NMR and TEM. The targeting
efficiency was evaluated both in vitro and in vivo. The antic-
ancer effect of AMD-NP-PTX was determined on Caov3 cells
and ovarian cancer-bearing nude mice, the in vivo toxicity of
the drug delivery system was evaluated. Finally, the potential
therapeutic mechanism was also studied.

Materials and Methods

Materials, Cells and Animals
AMD3100-8HCI
bovine serum albumin (BSA) was purchased from

was purchased from Selleckchem,
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BioFroxx (German). GdCl;-6H,0O, PTX were obtained
from Meilunbio Co. Ltd. (Dalian, China). Mal-PEG-NHS
(MW 2 kDa) was obtained from JenKem Technology Co.,
Ltd. (Beijing, China). Dulbecco’s modified Eagle’s med-
ium (DMEM), fetal bovine serum (FBS), trypsin,
phosphate buffered saline (PBS, 10 mM, pH 7.4),
3-(4,5-dimethlthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT), and Annexin V-FITC Apoptosis Detection
Kit were purchased from Gibco Invitrogen Corp.
Transwell chamber (24-well, 8.0-um pore membranes)
was purchased from Corning (USA). BD MatrigelTM
Basement Membrane Matrix was purchased from BD
Biosciences. Bodipy 650/665-X NHS ester was obtained
from Life Technologies. 4.6-Diamidino-2-phenylindole
(DAPI) was purchased from Beyotime Biotech. Co. Ltd.
Primary antibodies of CXCR4, E-cadherin, N-cadherin,
vimentin, NF-kB and GADPH were purchased from
Abcam. SDF-1 protein was obtained from Sigma.

Ovarian cancer cell line Caov3 cells and the normal
ovarian cells (Chinese hamster ovary cell, CHO) were
purchased from the Shanghai Institutes for Biological
Sciences. The cells were maintained in DMEM supple-
mented with 10% FBS, 100 U/mL penicillin and strepto-
mycin at 37°C in a humidified atmosphere containing
5% COs,.

The female BALB/c nude mice (5-6 weeks old, 18-20
g) were obtained from the Shanghai SLAC Laboratory
Animal Co., Ltd (Shanghai, China). All animal experi-
ments were approved by the Institutional Use and Care
of Animals Committee and conducted according to the
approved animal protocol of the Animal Centre of Tongji
University.

Synthesis and Characterization of AMD-

PEG-BSA

AMD-PEG-NHS was synthesized by Michael addition
between the secondary amines of AMD3100 and maleimide
(Mal) group of Mal-PEG-NHS at an equimolar ratio of
AMD3100 and Mal-PEG-NHS, referring to a previously
published protocol with minor modification.?' Briefly, Mal-
PEG-NHS (50 mg, 0.025 mmol) and AMD3100-8HCI
(20 mg, 0.025 mmol) were added into a glass vial containing
MeOH/water mixture (2 mL, 7/3, v/v). The pH of the reac-
tion mixture was adjusted to 7.4 by adding of NaOH, then the
polymerization was carried out in the dark at 37°C (400 rpm)
for 48 h. The reaction was then added dropwise of NaOH so
that kept the pH of the mixture around 7.4, and stirred at 50°C

(400 rpm) for another 24 h. Then, the resulting solution was
cooled to room temperature, freeze-drying after dialysis. The
prepared AMD-PEG-NHS was characterized by NMR H
spectrum. After that, AMD-PEG-BSA was synthesized
based on the reaction mechanism that the amino group on
BSA surface reacts with the NHS ester of AMD-PEG-NHS
could form amide bond when stirring at room temperature,
according to procedures reported previously with some
modifications.”? In brief, AMD-PEG-NHS was reacted
with BSA at a molar ratio of amino group on BSA and
NHS on AMD-PEG-NHS at 1:1.5, the pH of BSA solution
was adjusted by NaHCOj to around 7.4, followed by adding
AMD-PEG-NHS to react for the whole night at room tem-
perature. The obtained product was purified using ultracen-
trifugal filter tube (MWCO: 5KDa), and the filtrate was
lyophilized to calculate the yield.

Preparation of NPs

The preparation of NPs was according to a biomineraliza-
tion approach previously published with minor
modifications.”® Briefly, GdCl5.6H,0O (5 mL, 0.4 mg/mL)
was slowly added to PEG-BSA solution (or AMD-PEG-
BSA) (10 mL, 1 mg/mL) under stirring (500 rpm/min).
Three minutes later, sodium hydroxide solution (5 mL, 0.2
mg/mL) was added and stirred for 60 min. Then PTX
solution (100 ul, 20 mg/mL) dissolved with dimethyl
sulfoxide (DMSO) was added, and the mixture was left
to interact under vigorous stirring in the dark at room
temperature for 30 min. The resulting solution was sub-
jected to exhausted dialysis with deionized water to elim-
inate excessive PTX, Gd*" and a small amount of organic
solvents, then lyophilized to collect the final product. The
AMD-PEG-BSA-NP-PTX
(AMD-NP-PTX) preparation process was shown in

schematic diagram of the

Figure 1.

Characterization of NPs
The particle size, polydispersity index (PDI) and zeta
potential of NPs were measured by a laser diffraction
instrument (Zetasizer Nano ZS, ZEN 3690, Malvern).
The morphology of NPs was observed using transmission
electron microscopy (JEM-1230, Joel). The drug loading
(DL) of PTX in NPs was examined after ultrafiltration and
calculated according to the equation: DL (%) = Wg/Wy
x 100%

(Wg represents as the encapsulated amount of PTX,
and Wy represents as the mass of AMD-NP-PTX).
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Figure | Schematic diagram of AMD-NP-PTX preparation process.

To investigate the in vitro drug release profile of PTX
from PTX-solution and AMD-NP-PTX, 3 mL of AMD-
NP-PTX and PTX-solution was sealed in a dialysis bag
(MWCO: 8000-14,000), respectively. The dialysis bags
were then introduced into 100 mL of PBS buffer with
0.5% (v/v) Tween-80 (pH=7.4 or 6.8), stirring at 37 °C
at 200 rpm for 96 h. At a predetermined time point, 0.5
mL aliquots were withdrawn and analyzed by high-perfor-
mance liquid chromatography (HPLC), and the fresh
release medium of the same volume was added. The
PTX release behavior was then obtained with time versus
cumulative PTX release.

Cellular Uptake Assay and AMD3100

Competitive Cellular Uptake Study

To detect the cellular internalization of NP and AMD-NP,
Caov3 cells were seeded in a 6-well plate at a density of
1.5 x 10° cells per well for 24 h and then incubated with
Bodipy-labeled NP and AMD-NP at 37°C for 4 h. Cells

were washed 3 times with PBS, fixed with 4% POM for
10 min, stained with 4',6-diamidino-2-phenylindole
(DAPI) for 3 min, and then imaged with a confocal laser
scanning microscope (Nikon, AIR). To testify the selec-
tive character of AMD-NP in vitro, the normal ovarian
cells (Chinese hamster ovary cell, CHO) without CXCR4
expression were also subjected to cell uptake experiments
according to the above procedure.

For the AMD3100 competitive cell uptake study, free
AMD3100 was added to the Caov3 cells with the final
concentration of 0, 0.2, 2 and 20 pmol/L for 10 min, then
the cells were treated with Bodipy-labeled AMD-NP for
4 h. The cellular uptake of Bodipy-labeled AMD-NP was
evaluated and calculated using flow cytometry.

In vivo Real-Time Imaging

Bodipy was selected as a fluorescent probe to track the
real-time distribution of NPs in ovarian cancer nude mice.
At first, the model of ovarian cancer-bearing nude mice
was established. Six nude mice were injected with Caov3
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cells (4x10° cells) and then divided into 2 groups ran-
domly. Two weeks later, 2 groups of nude mice were
intravenously administered with 200 uL. of Bodipy-labeled
NP and AMD-NP, respectively. At the predetermined time
points (1 h, 3 h, 6 h, 24 h), fluorescence images were
obtained via an in-vivo imaging system (CRI, Ma, USA).
After 24 h of administration, the nude mice were sacri-
ficed, and the organs along with tumor tissues were taken
for fluorescence imaging.

Cell Viability Assay

MTT assay was used to evaluate the cell viability of
different formulations. Caov3 cells (2000 cells per well)
were cultured in 96-well plates for 24 h and then exposed
to free PTX, NP-PTX, free AMD3100 plus NP-PTX,
AMD-NP-PTX and blank AMD-NP for further incubation
(at a PTX concentration of 0.5 umol/L). After 48 h, MTT
solution was added and incubated at 37°C for 3 h, and then
150 pL. of DMSO was added. The absorbance was mea-
sured at 570 nm using a microplate reader.

Flow Cytometric Analysis of Cell Apoptosis
Flow cytometry was used to study the apoptosis of Caov3
cells. The cells were plated in 6-well plates followed by
treatment with free PTX, NP-PTX, free AMD3100 plus
NP-PTX and AMD-NP-PTX (at a PTX concentration of
0.5 umol/L) for 48 h, then digested with trypsin, stained
with annexin V-FITC and propidium iodide (PI) using the
Annexin V-FITC Apoptosis Detection Kit I (BD
Biosciences). After 5-10 min of reaction in the dark, the
apoptotic cell was measured and calculated using a flow

cytometer.

Cell Migration Experiment

Caov3 cell suspension was inoculated in the upper cham-
ber of Transwell inserts in a 24-well plate, and serum-free
medium was placed in the lower chamber. To detect the
effects of different formulations on the migration of Caov3
cells, PTX solution, NP-PTX, free AMD3100 plus NP-
PTX and AMD-NP-PTX (at a PTX concentration of 0.5
pmol/L) were added to the upper chamber and co-culture
with Caov3 cells, serum-free medium and chemokine
SDF-1 (CXCL12) were added to the lower chamber, and
the cells were cultured in an incubator (37°C, 5% CO,) for
24 h. Under 400 x high magnification, the total number of
cells migrated from 5 fields was recorded.

Tumor Growth and Metastasis in Caov3

Ovarian Cancer Xenograft
4x10° Caov3 cells were injected subcutaneously into
female BALB/C nude mice. When the tumor volume

3 the nude mice were

reached approximately 100 mm
randomly divided into 5 groups (n = 6). The control
group was administered intravenously with normal saline,
the treatment group was injected with PTX solution, NP-
PTX, free AMD3100 plus NP-PTX and AMD-NP-PTX (at
an equal dosage of 10 mg/kg PTX) every other day for
7 times, respectively. Tumor length and width were mea-
sured and recorded with Vernier caliper every 2 days after
administration, the growth of the transplanted tumor was
observed, and the body weight of each mouse was
recorded. Nude mice were sacrificed after the experiment
was completed, and the tumor tissues were collected and
weighed. Then, the morphological changes and apoptosis
of tumor tissues in nude mice were evaluated by terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining. A commercially available TUNEL kit
(R&D Systems, Minneapolis, MN) was used to detect the
apoptotic cells in frozen sections of tumor tissues accord-
ing to the manufacture’s recommendations. Subsequently,
the major organs (heart, liver, spleen, lung and kidney) of
the mice were separated, fixed and embedded into paraffin.
The fixed organs were then sliced, subjected to the hema-
toxylin and eosin (H&E) staining and optical microscopy
study.

In order to investigate the effect of AMD-NP-PTX on
tumor metastasis in vivo, we established an intraperitoneal
ovarian cancer model in BALB/C nude mice using Caov3
cells. Thirty-six BALB/C nude mice were randomly
divided into six groups (n = 6), treatment began at
2 weeks after intraperitoneal injection of tumor cells
every other day for 7 times. Each group of nude mice
received one of the following administrations: (I) normal
saline; (II) CXCL12 (100 ng/mL) plus normal saline; (III)
CXCLI12 (100 ng/mL) plus PTX; (IV) CXCL12 (100 ng/
mL) plus NP-PTX; (V) CXCL12 (100 ng/mL) plus AMD
and NP-PTX (VI) CXCL12 (100 ng/mL) plus AMD-NP-
PTX (at an equal dosage of 10 mg/kg PTX). CXCL12 was
injected intraperitoneally, and other drugs were all admi-
nistered intravenously. At the end of the observation, the
mice were sacrificed and the tumor metastasis in mesen-
tery, abdominal wall, liver, spleen, uterine appendage,

heart, kidney, lung and brain were examined.
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Western Blotting Analysis

The tissues of different treatment groups were cut into
small pieces, and the lysate was added. After splitting,
the samples were centrifuged at 12,000g for 15 minutes,
the supernatant was taken and quantified with BCA protein
Kit (thermo). After protein sample preparation, 50 pg
protein of each sample was loaded on 10% sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride
(PVDF) membranes. Five percent skimmed milk powder
was sealed overnight at 4°C, E-cadherin (1:1000; Abcam),
N-cadherin (1:1000; Abcam), vimentin (1:1000; Abcam)
and NF-kB (1:1000; Abcam) primary antibodies were
added, respectively, incubated at room temperature for
2 h, then horseradish peroxidase (HRP)-labeled secondary
antibody was added and incubated with membrane at 37°C
for 1 h. After washing, ECL chemiluminescence was
detected and put into the imaging system for scanning.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as an internal reference.

Statistical Analysis

The results were presented as mean + standard deviation
(SD). The statistical significance was evaluated by
Student’s #-test.

Results
Synthesis and Characterization of AMD-

PEG-BSA

AMD-PEG-NHS was synthesized from Mal-PEG-NHS
and AMD3100 by Michael addition reaction. The material
was purified by dialysis with a yield of 76.67%. The
material was characterized by NMR H spectrum. As
shown in Figure 2, the absorption peak of the Mal group
in Mal-PEG-NHS appeared at 6.728 ppm (c) and the
aromatic proton peak in AMD-PEG-NHS shown at 7.26
ppm (a). The disappearance of the Mal group and the
appearance of aromatic proton peaks proved that Michael
addition made AMD3100 successfully connect to PEG-
NHS through the reaction of secondary amines with the
Mal group. The content of PEG in the copolymers was
determined from 1H-NMR integral intensity of the aro-
matic protons of AMD3100 at 7.26 ppm (a) and PEG
methylene protons at 3.58 ppm (b). As we can see in
Figure 2, the integral intensity ratio at those two chemical
shifts was 4:176, which means a 1:1 ratio between
AMD3100 and PEG in the final product of AMD-PEG-

NHS. Next, AMD-PEG-NHS was further reacted with
BSA at a molar ratio of amino group on BSA and NHS
on AMD-PEG-NHS at 1:1.5 to synthesize AMD-PEG-
BSA. The material was purified using ultracentrifugal filter
tube (MW 5KDa), and the filtrate was lyophilized, the
yield was calculated to be around 85.14%. After final
calculation, the mass ratio of AMD3100 to AMD-PEG-
BSA was about 0.1425/1 (mg/mg).

Preparation and Characterization of NPs
AMD-NP-PTX (or NP-PTX) was synthesized by biomi-
neralization based on AMD-PEG-BSA (or PEG-BSA) and
Gd**. The hydrophobicity of the anticancer drug PTX was
utilized to incorporate the drug into the NPs by non-cova-
lent binding. AMD-PEG-BSA-NP-PTX (AMD-NP-PTX)
were successfully constructed based on NMR H spectrum
characterization (Figure 2). The DL of PTX in AMD-NP-
PTX was 13.35%. The particle size of AMD-NP-PTX
were 115.8 nm with PDI of 0.126 (Figure 3A), the zeta
potential was —10.4 mv. The NPs were smooth and uni-
form under TEM (Figure 3B). Release experiments in
vitro (Figure 3C and D) showed that the AMD-NP-PTX
had an obvious sustained release profile, and the drug
release rate of the delivery system was significantly faster
at faintly acidic pH (6.8) than at neutral pH (7.4).

Cellular Uptake Assay and AMD3100

Competitive Cellular Uptake Study

The uptake efficiency of AMD3100-modified NPs by
Caov3 ovarian cancer cells with high expression of
CXCR4 receptor and CHO cells without CXCR4 receptor
expression were evaluated by CLSM using Bodipy as
tracing fluorescence. The results showed that compared
with unmodified NPs, the uptake of the AMD3100-mod-
ified drug delivery system by Caov3 cells increased sig-
nificantly (Figure 4A). The relative uptake ratios were 78.0
+6.4%, 18.5+4.2% and 2.6+0.73% for the AMD-NP, NP
and free Bodipy, respectively. However, there was no
effect on the uptake of CHO cells. These results suggested
that the AMD3100-modified NPs we constructed could
selectively and efficiently target ovarian cancer cells with
high expression of CXCR4, but not normal ovarian cells.
For the AMD3100 competitive cell uptake results evalu-
ated and calculated using flow cytometry, the uptake of
Bodipy-labeled AMD-NP was competitively inhibited by
free AMD3100, and the inhibitory effect was dose-depen-
dent (Figure 4B and C).
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In vivo Real-Time Imaging

The targeting effect and bio-distribution profile of NP and
AMD-NP in tumor-bearing nude mice were observed by
infrared fluorescence. As it can be seen in Figure 5A,
Bodipy-labeled AMD-NP maintained a strong fluores-
cence signal at the tumor site until 24 h we observed,
while the signal of the NP group at the tumor site was
very weak. In vitro fluorescence images of excised tumors
and organs removed at 24 h post-administration also con-
firmed the strong tumor-targeting effect of AMD-NP
(Figure 5B). The results of quantitative analysis exhibited
that the fluorescence intensity of AMD-NP in tumor tissue

was approximately 9.375 times that of the NP group
(p<0.01) (Figure 5C).

Cell Viability Assay

As seen in Figure 6A, the results of MTT experiment
showed that the inhibition of AMD-NP-PTX on the pro-
liferation of Caov3 cells was significantly greater than that
of the control group (p<0.01), PTX solution group
(p<0.01) and NP-PTX group (p<0.05). Free AMD3100
only slightly sensitized Caov3 cells to NP-PTX, While
AMD-NP-PTX displayed more cell killing compared
with free AMD3100 plus NP-PTX (p<0.05). These results
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Figure 3 Characterization of AMD-NP-PTX (A) Size distributions and Zeta potential of AMD-NP-PTX. (B) TEM characterization of AMD-NP-PTX. Scale bar=100 nm. (C)
In vitro drug release curve of PTX solution and AMD-NP-PTX (pH 7.4). Data are presented as the meanSD (n=3). (D) In vitro drug release profile of AMD-NP-PTX under
different pH conditions (pH 6.8 and 7.4). Data are presented as the meantSD (n=3). *p<0.05, **p<0.01 (significant difference between the two groups).

suggested that the chemical conjugation of AMD3100
with NP-PTX could obtain synergistic inhibition to
Caov3 ovarian cancer cells. We also examined the effect
of AMD3100 modified blank NPs and they were found to
have no significant effect on Caov3 cells.

Flow Cytometric Analysis of Cell
Apoptosis

The effect of different treatment group on the apoptosis of
Caov3 cells were examined by AnnexinV-FITC/PI stain-
ing method. The results were shown in Figure 6B and C.
Compared with the control group, PTX solution group,
NP-PTX group and free AMD3100 plus NP-PTX group,
the apoptosis rate of Caov3 cells induced by AMD-NP-

PTX was significantly increased (p<0.01), which sug-
gested that the connection of AMD3100 onto NP-PTX
increased the apoptosis of Caov3 ovarian cancer cells.

Cell Migration Experiment

As shown in Figure 6D and E, the migration number of
Caov3 cells increased significantly after the addition of
chemokine SDF-1 (CXCL12), while it was inhibited after
treatment with different formulations. The number of
migrated cells in the AMD-NP-PTX groups was signifi-
cantly lower than that in the PTX, NP-PTX and non-active
targeted free AMD3100 plus NP-PTX group (p<0.05), sug-
gesting that the addition of SDF-1 (CXCL12) chemokine

can promote the migration of Caov3 cells, while NP-PTX

submit your manuscript

5708

Dove!

International Journal of Nanomedicine 2020:15


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

Dove Xue et al
Control NP AMD-NP
A
. - -
: - -
B . ,
g Gate: P1 g _Gate: P1 C -
*%
2 27 %%
25000 -
- 2 - g1 =
3 2 22 20000 -
= = s
- - .8
| | =g 15000
D R . R Y D R S R o B T E 3
FL1-A FL1-A S § 10000 4
AMD-NP AMD (0.2 pmol/L)+AMD-NP < g
= _Gate: P1 = _Gate: P1 5 5000 1
g 2 0
i , s & 8 8
-2 -7 O N N O
€ g > > > S
S S X xV' xv'
& 1 g Q\) & \\\)
Q) ) )
& & &
" Sy Q
B s e St T s S PR S S & '@\QK QQ
w R IR w . )
FL1-A FL1-A ?§\ » Y§\

AMD (2 pmol/L)+AMD-NP AMD (20 pmol/L)+AMD-NP

Figure 4 (A) Laser confocal assay was used to evaluate the uptake of Bodipy-labeled NP and AMD-NP by Caov3 cells and CHO cells in vitro. Blue represents the nucleus
(DAPI) and red represents the fluorescent (Bodipy) labeled NPs. Scale bar=25 pm. (B) Competitive cell uptake study was performed by pre-addition of free AMD3100 with
different concentrations using flow cytometry. (C) Quantitative analysis of flow cytometry. Data are presented as the mean+SD (n=3). **p<0.01.

modified with CXCR4 antagonist AMD3100 blocked the
biological axis of CXCL12/CXCR4, thus enhancing the
migration inhibition of Caov3 cells.

Tumor Growth and Metastasis in Caov3

Ovarian Cancer Xenograft

We further evaluated the effects of PTX, NP-PTX, free
AMD?3100 plus NP-PTX and AMD-NP-PTX on tumor pro-
gression in Caov3 transplanted ovarian cancer xenograft
models, the treatment regimen was presented in Figure 7A.

As shown in Figure 7B-D, treatment with PTX or NP-PTX
alone only exhibited a moderate tumor growth inhibition
effect. Due to the poor pharmacokinetics of free
AMD3100, the systemic administration of free AMD3100
did not significantly sensitize ovarian cancer cells to NP-PTX
treatment in vivo (p>0.05). However, the systemic injection
of AMD-NP-PTX obtained a remarkable synergistic tumor
growth inhibition in Caov3 transplanted nude mice compared
to treatment with PTX solution, NP-PTX and free AMD3100
plus NP-PTX (p<0.01). The results of TUNEL staining

International Journal of Nanomedicine 2020:15

submit your manuscript

5709

Dove


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

Xue et al

Dove

24h

B NP AMD-NP
Heart ' 0

{-so [
r Liver r
E‘u |- 06

[ .
20 Lung “ \
) D et
02
10 .
Kidney Q .
Radiant Efficiency Radiant Efficiency

Epi-fluorescence Epi-fluorescence

Spleen

ol ey
T || Temor M) &

c 2 10000 -

E NP

£ 8000 | BAMD-NP %%

-1

(=9

-

S 6000 -

X

—

-’

2 4000 -

2

w

%]

$ 2000 -

i

[}

: ]

< 0 Y B | ;

Heart Liver Spleen Lung Kidney Tumor

Figure 5 The tumor accumulation study in vivo. (A) The whole-body imaging of Caov3 tumor-bearing mice at | h, 3 h, 6 h and 24 h after intravenous injection of Bodipy-
labeled NP, AMD-NP. (B) Tissue distribution of Bodipy-labeled NP, AMD-NP imaged 24 h post-injection. (C) Quantitative analysis of Bodipy signal from NP and AMD-NP in
different organs. Data are presented as the mean+SD (n=3). **p<0.01 compared with NP-PTX group.

(Figure 7E and F) illustrated that the cancer cells undergoing
apoptosis could be obviously seen in the AMD-NP-PTX
group, and the number of apoptotic cells was increased
significantly compared with the control group and other
treatment groups.

For in vivo tumor metastasis assay, 2 weeks after
administration, mice were sacrificed and dissected. The
results showed that tumor nodules were found in the
mesentery, peritoneum, liver and uterine appendages of
the mice, but no metastasis was observed in the heart,
kidney, lung and brain. Under the CXCL12 stimulation,
larger and more metastatic nodules formed (Figure 7G).
Compared with control-treated mice, neither treatment
with PTX, NP-PTX alone nor NP-PTX in combination
with free AMD3100 showed a reduction in tumor metas-

tasis formation (Figure 7G). In contrast, compared with the

control group and other treatment groups, nude mice
receiving AMD-NP-PTX displayed significantly fewer
metastatic lesions (p<0.01).

In vivo Toxicity Evaluation

We recorded the body weight changes of nude mice during
the treatment, and assessed the important organs with
hematoxylin and eosin (H&E) staining. As indicated in
Figure 8A, compared with the initial weight of tumor-
bearing mice, body weight of the mice in PTX solution
group decreased significantly (p<0.01), mice in NP-PTX
treatment group also showed weight loss (p<0.05), but
higher than that in PTX solution group, while there was
no significant weight loss in the AMD-NP-PTX group
during the treatment. In addition, the results of H&E
staining analysis (Figure 8B) showed that compared with
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Figure 6 Effects of AMD-NP-PTX on proliferation, apoptosis, and migration of Caov3 ovarian cancer cells (A) Cell viability. Data are presented as the mean£SD (n=3). (B)
The histogram comparing the cell apoptosis in 5 groups. Data are presented as the mean+SD (n=3). (C) Cell apoptosis mapping measured by flow cytometry. (D) Images of
Transwell migration results. Scale bar=200 um. (E) Number of migrated cells among 6 groups. Data are presented as the meanSD (n=3). #p<0.05, #p<0.01 (significant
difference compared with the control group); *p<0.05, *p<0.01 (significant difference between different treatment groups).

the saline control group, the PTX solution group had
obvious pathological changes. Inflammatory cell infiltra-
tion and hepatomegaly can be seen in many liver cells.
The lung tissue suffered a series of pathological changes,
such as ecchymosis, inflammatory cell infiltration. Blood

vessel bleeding point could be found in the heart, incom-
plete structure of spleen corpuscle could be seen in the
spleen, and the kidney morphology also showed obvious
changes. The NP-PTX group also suffered some patholo-
gical changes but were significantly better than that of the
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Figure 7 In vivo anticancer effect of AMD-NP-PTX on ovarian cancer-bearing nude mice. (A) The treatment regimen. (B) The curve of tumor volume change in each group.
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PTX group. In contrast, AMD-NP-PTX treatment group
had no obvious pathological symptoms compared to the

saline control group, which further confirmed the safety of
AMD-NP-PTX in vivo.

Western Blotting Analysis
To study the therapeutic mechanism of AMD-NP-PTX, we
examined the protein expression of CXCLI12/CXCR4

The
N-cadherin and vimentin (related to EMT process) as
well as NF-kB was detected by Western blotting. The
results (Figure 9A-E) showed that compared with the

related pathways. expression of E-cadherin,

control group, the expression of NF-kB, N-cadherin and
vimentin in the tumor tissue of nude mice treated with
AMD-NP-PTX was significantly inhibited (p<0.01), while
E-cadherin increased significantly (p<0.01), and there are
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Figure 9 Study on the mechanism of AMD-NP-PTX against the growth and metastasis of ovarian cancer through Western blotting. (A) The relative expression of
E-cadherin, N-cadherin, vimentin and NF-kB in tumor tissues of different groups measured by Western blotting. The quantification analysis of the expression of (B)
E-cadherin, (C) N-cadherin, (D) vimentin and (E) NF-kB in tumor tissues measured by Western blotting. Data are presented as the mean+SD (n=3). #p<0.05, *p<0.01
(significant difference compared with the control group); *p<0.05, **p<0.01 (significant difference between different treatment groups).

also significant differences compared with the PTX group
and the NP-PTX group, indicating that chemical bonding
of AMD3100 to the PTX-loaded NPs may disturb
CXCLI12/CXCR4 axis, thus regulate the EMT process
and NF-«B signaling pathway of ovarian cancer, thereby
exerting synergistic inhibiting effect on tumor growth and
metastasis.

Discussion
Tumor recurrence and metastasis are major causes of the
high mortality of ovarian cancer. Traditional anticancer
drug therapy is limited due to drug resistance and systemic
side effects produced during conventional chemotherapy.
Although various targeted drug delivery strategies have
been designed to enhance drug accumulation at the
tumor site, simply conversion of active targeting
approaches has not consistently shown satisfactory
outcomes.?**> Therefore, in addition to binding capability,
targeting groups that could simultaneously disturb intra-
cellular signaling cascades may be expected to synergisti-
cally enhance the antitumor therapeutic efficacy.
AMD3100, an antagonist with high affinity to CXCR4
receptor which highly expressed on ovarian cancer cells,

has been determined to inhibit progression and metastasis

of ovarian cancer by blockage of the CXCL12/CXCR4
axis.”*?’” Meanwhile, a previous study had shown that
AMD3100 combined with low-dose PTX could increase
anti-ovarian cancer efficacy.'® On the basis of these find-
ings, we designed and developed a novel active targeting
delivery system by modifying PTX-loaded PEGylation
BSA-NPs with the dual-functional ligand AMD3100
(AMD-NP-PTX). It is well known that albumin-based
NPs have been widely used for delivery of drugs with
2829 and PEGylation strategy for NPs has
become necessary to avoid their hydrophobic nature, slow

low solubility,

degradation and rapid uptake by Reticuloendothelial
System (RES).*°?' Herein, we chemically modified
AMD3100 to Mal-PEG-NHS followed by reacting with
BSA, synthesized PTX-loaded AMD-PEG-BSA NPs by
biomineralization. The mechanism of biomineralization
method for the preparation of NPs is similar to the biomi-
neralization of organisms in nature: isolation and interac-
tion with inorganic ions, and then provide a scaffold for
the formed minerals. BSA molecules separate Gd ions and
entrap them when they are added to the BSA aqueous
solution. The scaffolding ability of the BSA molecule is
activated by adjusting the pH to 12 and the entrapped ions
in a progressive reaction to form gadolinium-based hybrid
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nanoparticles in situ. We chose this method because of its
simple preparation, good repeatability, safety and environ-
mental protection. Moreover, due to the presence of Gd
ions, it is expected that the role of this system in disease
diagnosis will be tapped in further research to realize the
integration of diagnosis and treatment. Then we character-
ized the NPs with a series of methods. The diameter of the
AMD-NP-PTX we prepared was 115.8 nm, and the poten-
tial was —10.4 mv. Studies have shown that NPs with a
particle size of 100200 nm have a favorable EPR effect
on tumor blood vessels.*> Negatively charged NPs exhib-
ited long-circulation characteristics in the body®® and were
more conducive to avoiding non-specific uptake.** Release
experiments in vitro showed that the AMD-NP-PTX had
an obvious sustained release profile, and the drug release
rate was significantly faster at faintly acidic pH (6.8) than
at neutral pH (7.4). This may be because the formation of
NPs was based on coordination, which was easier to dis-
sociate in acidic environments. According to a previous
study, cancer cells are more acidic than blood or normal

35 50 the release characteristics made them more

tissues,
stable in the blood circulation while more released at the
tumor site, which was more conducive to controlling drug
release sites, thereby enhancing targeted treatment effect
and reducing damage to normal tissues.

To explore whether AMD-NP could be internalized by
tumor cells more efficiently, cellular uptake assay and in
vivo imaging experiments were performed. In this study,
Caov3 cells were selected because it has been demon-
strated to express higher levels of CXCR4 compared
with other ovarian cancer cell lines.'**® The results of
cellular uptake assay suggested that the relative uptake
ratios were 78.0+6.4%, 18.5+4.2% and 2.6+0.73% for
the AMD-NP, NP and free Bodipy with no effect on the
uptake of normal ovarian cells, and the uptake of AMD-
NP could be competitively inhibited by free AMD3100 in
a dose-dependent manner, which confirmed that AMD-NP
significantly increased targeting efficiency of ovarian can-
cer cells through the binding of AMD3100 and CXCR4. In
vivo imaging experiments showed that the AMD-NP
group exhibited a much stronger and more extensive dis-
tribution in tumor compared with the NP group and other
organs within 24 h we observed, which indicated that the
modification of AMD3100 on the surface of NPs could
significantly improve drug targeting and release at the
tumor sites, thereby beneficial to enhance the anti-tumor
effect.

Based on the profound tumor targeting and accumula-
tion characteristics, we further examined the antitumor
effect of AMD-NP-PTX in vitro and in vivo. As a result,
the chemical conjugation of AMD3100 with NP-PTX
obtained synergistic inhibition of proliferation and migra-
tion to Caov3 ovarian cancer cells, while increased their
apoptosis. Similar results were obtained from in vivo anti-
cancer evaluation. The tumor growth of the mice was
significantly suppressed in the AMD-NP-PTX group than
those in the control group and other treatment groups,
demonstrating the enhanced sensitivity of cancer cells to
chemotherapeutic drugs by AMD3100. With regard to in
vivo tumor metastasis assay, the results exhibited that
under the CXCL12 stimulation, larger and more metastatic
nodules formed, the nude mice receiving AMD-NP-PTX
displayed significantly inhibited tumor metastasis while
none of the other groups, which indicated that the
CXCL12/CXCR4 pathway might serve as a direct regula-
tor of tumor metastasis or indirectly mediate tumor metas-
tasis through stromal cells as reported before,'*'* and the
CXCR4-targeted AMD-NP-PTX we developed inhibited
the downstream pathway of CXCLI2/CXCR4 axis,
thereby effectively reducing metastatic burden. Most note-
worthy, due to the poor pharmacokinetics of free
AMD3100, the
AMD?3100 did not significantly sensitize ovarian cancer

systemic  administration of free
cells to NP-PTX treatment both in vitro and in vivo,
validating the dual-functional effect of AMD-NP-PTX.
Previous studies have reported the limitation of simple
combination of AMD3100 and low-dose PTX due to the
lack of pharmacokinetics together with the targetless
toxicity.'” Herein, the active targeted nano-drug delivery
system we designed solved these problems simultaneously,
which can not only increase tumor targeting, but also
achieve more excellent synergistic anti-cancer effect of
AMD3100 and NP-released low-dose PTX. Moreover,
there is a broad consensus that in vivo toxicity evaluation
is essential for systemic drug delivery systems. During the
study of antitumor experiment in vivo, we have monitored
the body weight of nude mice and assessed the important
organs with hematoxylin and eosin (H&E) staining. The
results indicated the AMD-NP-PTX had good biocompat-
ibility and safety in vivo.

To investigate the mechanism of tumor growth and
metastasis inhibition of AMD-NP-PTX on ovarian cancer,
we examined the protein expression of CXCL12/CXCR4
related pathways. The binding of CXCL12 to CXCR4
induces downstream signaling through multiple pathways.
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It first activates the CXCR4 receptor-coupled G protein,
then activates phosphatidyl alcohol-3 kinase (PI3), mito-
gen-bound protease (MAPK), and the transcription factor
NF-«B. Through the cascade reaction, it transmits chemo-
taxis, growth, proliferation or differentiation signals to the
nucleus, exerting its biological effects.’®>” In addition, the
CXCL12/CXCR4 axis has been shown to induce EMT
processes in various cancers, such as hepatocellular
carcinoma®® and pancreatic cancer.** EMT is a biological
process in which epithelial cells lose their polarity and are
transformed into cells with interstitial phenotype, and
acquire the ability to invade and migrate. Reactivation of
EMT can promote the development of tumor diseases such
as cancer cell migration, invasion and metastasis pheno-
type, resistance to anoikis, and drug resistance.*® It can
also make tumor cells have the characteristics of stem cells
and promote tumor drug resistance and recurrence.'
E-cadherin, N-cadherin and vimentin are considered to
be key regulatory transcription factors for EMT, of which
E-cadherin controls epithelial genes, while N-cadherin and
vimentin activate mesenchymal genes.*** Previous stu-
dies have shown that silencing the expression of CXCR4
can inhibit the protein expression of EMT-related markers
N-cadherin and MMP-2/9, and increase the expression of
E-cadherin, thereby inducing apoptosis and inhibiting the
migration of oral squamous cell carcinoma.** Other stu-
dies have determined that the CXCL12/CXCR4 axis may
induce the migration, invasion and EMT of papillary thyr-
oid carcinoma (PTC) cells by activating the NF-«kB signal-
ing pathway.*’ In this study, after being treatment with
AMD-NP-PTX, the expression of E-cadherin in the tumor
tissue increased, while the expression of N-cadherin,
vimentin and NF-«B decreased, which suggested that the
AMD-NP-PTX we developed may interrupt CXCL12/
CXCR4 axis through binding with CXCR4 protein, thus
inhibit tumor growth and metastasis through suppressing
its downstream signaling pathways including the EMT
process and NF-kB pathway.

Conclusion

In summary, we chemically modified AMD3100 to Mal-
PEG-NHS followed by reacting with BSA, synthesized
PTX-loaded AMD-PEG-BSA NPs by biomineralization.
The AMD-PEG-BSA-NP-PTX (AMD-NP-PTX) was
synthesized successfully and well characterized by NMR
and TEM. Compared with PTX, NP-PTX and free
AMD3100 plus NP-PTX, the targeted AMD-NP-PTX
exhibited excellent cellular drug uptake, controlled drug

release, remarkable anticancer efficacy and biodistribution,
good biocompatibility and safety, working both as tumor-
targeting drug carriers for the delivery of PTX into ovarian
cancer cells and as inhibitors of CXCL12/CXCR4 axis to
provide synergistic anticancer effects, which make it
a promising targeting strategy for ovarian cancer therapy.
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