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Tumor-targeting templated silica nanoparticles as a dual-drug
delivery system for anti-angiogenic ovarian cancer therapy
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Abstract. The present study indicated the successful construc-
tion of a silica nanoparticle (SLN)-based drug delivery
system (DDS) for the tumor-targeted co-delivery of two anti-
angiogenic drugs, candesartan (CD) and trastuzumab (Tra), for
ovarian cancer therapy via different anti-angiogenic mecha-
nisms using hyaluronic acid (HA)/Tra/CD/SLNSs. In vitro
and in vivo anti-angiogenic assays indicated that CD and Tra
exert beneficial functions on suppressing cancer angiogen-
esis, and exhibited significantly enhanced effects compared
with the angiotensin stimulated group (P<0.01). CD and Tra
co-delivery also significantly increased the anti-angiogenic
effect compared with applying either drug alone (P<0.01).
Furthermore, HA on the surface of the DDS was demonstrated
to reduce the cytotoxicity of the DDS and also endowed the
particles with an advanced tumor-homing property in vitro and
in vivo. The present results revealed that HA/Tra/CD/SLNs
may be a preferable formulation for anti-angiogenic ovarian
cancer therapy.

Introduction

Cancers remain to be a lethal disease worldwide, with ovarian
cancer exerting a particularly great threat to women, which
has been identified as the one of the leading causes of fatality
for female patients with cancer (1). To date, chemotherapy
remains to be the most commonly used technique for treating
cancer, including ovarian cancer (2). However, the final
outcomes remain problematic, due to the limited anti-cancer
effect. This may be due to the potent side effects and the
limited cancer-killing ability of the drug itself (3). In vivo
studies have indicated that the untargeted delivery of unnec-
essary drug molecules to normal tissues may induce severe
damage to patient health (4). Despite the untargeted approach,
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drug molecules reach tumor sites by chance; however the
anti-cancer effects may not be fully realized due to the
inherent drug-resistant mechanisms within the cancer cells,
such as multiple drug resistance effect (3).

Various drug delivery systems (DDSs) have been success-
fully developed with the aim to cure multifarious types of
cancer, including ovarian cancer, and have demonstrated specific
therapeutic effects, including enhanced accumulation in tumor
and controlled drug release. These DDSs are based on various
materials ranging from organic to inorganic, including soft
materials such as polymeric micelles, liposomes and polyplexes,
or hard materials such as gold, zirconium dioxide and silica
nanoparticles (4-13). However, since the desired anti-cancer
effect still cannot be fully achieved via these DDSs (3), more
efforts should be made in developing an ideal DDS.

In previous decades, DDSs equipped with tumor-targeting
ligands and specific tumor-homing properties have been
identified as a favorable way to avoid unwanted side effects.
These desired properties have paved the way for the develop-
ment of multiple DDSs (14-16). As a widely-adopted targeting
ligand, hyaluronic acid (HA) has been demonstrated in a
previous study to be a safe and effective material that may be
easily modified and applied to multiple other materials (17).
Additionally, as a natural product, HA is considered to be
cheap and safe (17,18).

Single-DDSs typically fail to effectively eradicate cancer
cells due to the drug resistant mechanisms that exist in the
majority of cancer cells (19-21). To finally address this
dilemma, the idea of co-delivery of two or more drugs to the
same cancer cell in order to exert their specific anti-cancer
effects at the same time has been proposed (22-24). In the
present study, a combined DDS comprised of soft (HA) and
hard materials (silica nanoparticles; SLNs) was constructed to
deliver two different drugs [candesartan (CD) and trastuzumab
(Tra)] that are involved in different anti-angiogenic pathways.
Amine-functionalized SLNs were firstly synthesized and
subjected to successive loading of CD and Tra via physical
absorption (Tra/SLN/CD). The negatively charged HA was
coated on Tra/SLN/CD to formulate HA/Tra/SLN/CD, which
was expected to remain stable within the circulatory system
once being applied in vivo. Once the DDS reached the tumor
site and was internalized by the cancer cells, the loaded binary
drugs were expected to exert their respective anti-cancer
roles through different mechanisms with the aim to achieve
improved therapeutic effects on ovarian cancer.
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Materials and methods

Reagents. Triton X-100, tetraethyl orthosilicate (TEOS),
N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPS),
CD,HA (molecularweight=10kDa),coumarin-6(C6),1,1'-diocta-
decyl-3,3,3".3'-tetramethylindotricarbocyanine (DiR)
iodide and MTT were obtained from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). Tra was obtained from F.
Hoffmann-La Roche, Ltd. (Basel, Switzerland). All other
solvents and chemicals used were obtained from Nanjing
Chemical Reagent Co., Ltd. (Nanjing, China) and were of
analytical grades.

Preparation of HA/Tra/CD/SLNs. The preparation of
amine-functionalized SLNs was conducted in accordance
with a previous report (5). The prepared SLNs were dispersed
in ethanol to obtain a concentration of 10 mg/ml. CD (5 mg)
was dissolved in chloroform and was added into the solution
with agitation. The mixture was agitated for 6 h at room
temperature and centrifuged at 5,000 x g for 10 min at 4°C to
isolate the CD/SLNs from the solution. The precipitation was
repeatedly washed (3x5 min) with ethanol and chloroform,
desiccated (in a vacuum drying oven at 40°C) and stored at
4°C until use.

Tra was dissolved in phosphate buffer solution (PBS;
0.01 M; pH 7.4) to achieve a final concentration of 10 mg/ml.
CD/SLNs were dispersed within the solution to a final concen-
tration of 2 mg/ml. The mixture was gently agitated for 6 h
at room temperature and then centrifuged at 5,000 x g for
10 min at 4°C to isolate the Tra/CD/SLNs from the solution.
The precipitation was repeatedly washed (3x5 min) with PBS
and resuspended in distilled water (Merck KGaA; Darmstadt,
Germany).

HA polymer was dissolved in distilled water to a final
concentration of 1 mg/ml. Subsequently, the prepared
Tra/CD/SLNs were added drop-wise into the aqueous solution
of HA at the weight/weight (w/w) ratio (HA:SLNs, 0.1:2) and
the mixture was vortexed (Vortex-Genie 2; Mo Bio; Qiagen,
Inc., Valencia, CA, USA; 10 W for 5 min at room temperature)
to form HA/Tra/CD/SLNs. The final mixture was allowed to
stand at room temperature for 30 min prior to use. The particle
size and zeta potential of the nanoparticles were determined
using a Dynamic Light Scattering Analyzer and ZetaPlus
Zeta Potential Analyzer (90Plus; Brookhaven Instruments
Corporation, Holtsville, NY, USA), respectively.

Drug loading content.CD content within the HA/Tra/CD/SLNs
was measured as previously reported (25). HA/Tra/CD/SLNs
were dispersed in acetone/methanol (1/1, v/v) with gentle agita-
tion for 24 h at room temperature, the supernatant was obtained
by centrifugation (20,000 x g for 10 min) and subjected to high
performance liquid chromatography (HPLC) analysis using an
HPLC system (LC-2010CHT; Shimadzu Corporation, Kyoto,
Japan) with a Europspher-100 (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) CI18 column (length, 250 mm; inner
diameter, 4.6 mm; pore size, 5 ym) under the following condi-
tions: The sample (20 ul) was eluted with a mobile phase of
methanol/potassium dihydrogen phosphate buffer (66/34, v/v;
pH 2.5) at 25°C at a flow rate of 1.0 ml/min. Excitation and
emission wavelengths of 265 and 395 nm, respectively, were
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applied for the measurement of CD concentrations as indicated
previously (25).

The loading content of Tra in HA/Tra/CD/SLNs was calcu-
lated as the difference between the total amount of charged Tra
and the amount of Tra determined in the supernatant obtained
following drug loading. The samples were analyzed by size
exclusion chromatography (SEC) as reported previously (26).
SEC equipped with an SWXL column (7.8 mm x30 cm) and
a TSKgel SWXL guardcolumn (6 mm x4 cm; both Tosoh
Bioscience GmbH, Griesheim, Germany) was applied, using
PBS (pH 7.0) as an eluent at a flow rate of 0.8 ml/min at room
temperature. Aliquots of 20 ul were injected and the eluent
fraction was monitored by ultraviolet detection at 280 nm. The
SEC system was calibrated for molecular weight with globular
protein standards (26).

Intracellular uptake. To evaluate the cellular uptake of
Tra/CD/SLNs and HA/Tra/CD/SLNs in a SKOV3 cell line
(Cell Bank of Shanghai Institute of Biochemistry and Cell
Biology; Chinese Academy of Sciences, Shanghai, China), fluo-
rescent C6 was encapsulated in the nanoparticles (14) via the
same method used for CD loading. SKOV3 cells were seeded
in confocal dishes (@=15 mm) at a density of 1x10° cells/dish
and cultured overnight (humidified atmosphere containing
5% CO, at 37°C). The dishes were then supplemented with 2 ml
serum-free medium [Dulbecco's modified Eagle's medium
(DMEM); Gibco; Thermo Fisher Scientific, Inc.] containing
C6-loaded Tra/CD/SLNs and HA/Tra/CD/SLNs (C6 concen-
tration, 5 yg/ml; C6 alone was used as control). Additionally,
cells were incubated with 10 mg/ml HA solution at 37°C for
1 h prior to nanoparticles addition. Following 2, 4 and 6 h of
incubation (37°C) with nanoparticles, cells were fixed with
4% formaldehyde for 15 min at 37°C. Cells were qualita-
tively and quantitatively assessed using a Leica confocal
laser scanning microscope (CLSM; LSM 710; Carl Zeiss
AG, Oberkochen, Germany; magnification, x600) and a flow
cytometer (FCM; BD FACSCalibur; BD Biosciences, Franklin
Lakes, NJ, USA) as described previously (27).

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR), western blotting and ELISA assays. Variation
of vascular endothelial growth factor (VEGF) mRNA
expression levels in SKOV3 cells treated with different formu-
lations (untreated blank control group, Ang treated positive
control, Ang plus CD/SLNs, Tra/SLNs, Tra/CD/SLNs and
HA/Tra/CD/SLNs) were evaluated via RT-qPCR, following
the protocols reported previously (25). Further to this, expres-
sion levels of VEGF protein in the same cells was evaluated
via western blotting as previously reported (28). VEGF expres-
sion level in the serum-free DMEM culture was evaluated by
ELISA assay (abl00662, Abcam, Cambridge, UK) as reported
previously (12).

In vitro cytotoxicity assay. For the cell viability assay of
drug-free carriers, SKOV3 human ovarian carcinoma cells
were seeded at 1.0x10* cells/well in 96-well plates and
cultured overnight at 37°C to 70-80% cell confluence. The
primary growth medium (DMEM with 10% fetal bovine
serum; Gibco; Thermo Fisher Scientific, Inc.) was removed
and replaced with 200 ul serum-free folate-deficient DMEM,
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to which amine-functionalized SLNs and HA/SLNs were
added to a final concentration of 10, 25, 50, 75 and 100 pg/ml.
The plates were subsequently returned to the incubator for
further incubating at 37°C. At predetermined time interval
(48 h) 20 u1 5 mg/ml MTT solution in PBS was added to each
well for additional 4 h incubation at 37°C. The medium was
carefully removed and replaced with 150 1 dimethyl sulfoxide
for 30 min at 37°C to dissolve the formazan crystals. The
absorbance was measured at 570 nm using a microplate reader
(Synergy 2, Bio-Tek Instruments, Inc., Winooski, VT, USA)
and untreated cells were used as a control with 100% viability
as indicated previously (4).

Invivo distribution of HA/Tra/CD/SLNs. Female BALB/c nude
mice (n=50; mean body weight, 16-18 g; age, 3-4 weeks) were
donated from Shanghai Laboratory Animal Center (Shanghai,
China). Mice were housed under pathogen-free conditions and
allowed free access to food and water with a 12-h light/dark
cycle, temperature of 25°C and humidity of 55%. All proce-
dures were in strict accordance with the National Institutes of
Health guidelines and ethical approval was received from the
Ethics Committee of Qilu Hospital of Shangdong University
(Jinan, China). SKOV3 tumor-bearing mice (n=50) were
generated using protocols described previously (4).

Using near-infrared fluorescence (NIR), DiR iodide
was encapsulated in the nanoparticles in the same way as
for the CD-loaded nanoparticles. Mice were administered
(n=3 in each group) via tail vein injection with DiR-loaded
HA/Tra/CD/SLNs (experimental group) and DiR-loaded
Tra/CD/SLNs nanoparticles (control group), respectively,
at the DiR dose of 20 ug/mouse. In vivo tumor-targeting
efficacy and biodistribution of different nanoparticles at pre-
determined time intervals (1, 3 and 6 h) were evaluated using
an in vivo imaging system (FXPROj; Kodak, Rochester,
NY,USA) as previously reported (10), with excitation and emis-
sion wavelengths at 720 and 790 nm, respectively. Following
live imaging, the mice were sacrificed and the tumor tissues
as well as major organs (heart, liver, spleen, lung and kidney)
were excised for ex vivo imaging using the same imaging
system as previously described (10).

In vivo anti-cancer study. To further evaluate the perfor-
mance of HA/Tra/CD/SLNs within the living mice, an
in vivo anti-cancer study was performed. A total of 6 mice
were randomly assigned to each of the following groups:
Saline (control group, 0.9% sodium chloride, 200 ul/mouse);
CD/SLNs group; Tra/SLNs group; Tra/CD/SLNs group and
HA/Tra/CD/SLNs group. SKOV3 tumor-baring mice with a
tumor volume at ~100 mm? were included in the study. Mice
were injected intravenously via the tail vein at a dose of
5 mg/kg Tra and/or 30 ug CD/mouse every 2 days for a 14-day
therapeutic period. The dimension of the tumor was measured
using a caliper and the total body weight was also measured
simultaneously. After the final day of collecting measure-
ments, 3 mice from each group were randomly selected
and sacrificed, and their tumor tissues were extracted and
subjected to hematoxylin and eosin staining (29) to compare
the anti-cancer effect of each treatment. Additionally, 3 mice
in each group were randomly sacrificed and their tumor tissues
excised. The 10% formalin-fixed tumors were embedded
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in paraffin blocks to prepare 10 ym sections. The sections
were processed and immunostained with rabbit anti-CD31
antibodies (ab28364, Abcam) as reported previously (30),
followed by microvessel density (MVD) calculation. MVD
(number/mm?) in each field was calculated as number of
cluster of differentiation CD 31-positive objects identified.
Four fields per section were randomly analyzed, excluding
peripheral surrounding connective tissues and central necrotic
tissues. The average quantity of microvessels was represented
as the MVD value (25).

Statistical analysis. Data are expressed as the mean =+ standard
deviation. P<0.05 was considered to indicate a statistically
significant difference. Statistical significance was tested using
the two-tailed Student's t-test or one-way analysis of variance
and Fisher's least significant difference post hoc test, on Origin
8.0 software (OriginLab, Northampton, MA, USA).

Results and Discussion

Characterization of nanoparticles. Particle size measure-
ment using the dynamic light scattering technique was
initially conducted (Fig. 1A). According to previous results,
the as-prepared amine-functionalized SLNs were nanoscaled
particles with a diameter ~100 nm and monodispersed
morphology (5). The present results demonstrated consistent
results, revealing that the amine-functionalized SLNs were
99.3 nm with narrow dispersion range, as supported by the
small polydispersion index of 0.116. The zeta potential
measurement indicated that amine groups were successfully
modified onto the surface of SLNs as the surface charge the
amine-functionalized SLNs was positive which was in contrast
to original amine free SLNs reported elsewhere (5).

It is well established that the positive charge on the surface
of nanoparticles may interact with negatively charged poly-
mers. This phenomenon has been widely-adopted to coat the
nanoparticles using the so-called layer-by-layer technique to
shape the properties of the final nanoparticle. In the present
study, HA, a natural product composed of repeating disaccha-
rides of N-acetyl-galactosamine and D-glucuronic acid that
is negatively charged under physiological environments (14),
was used to render the final nanoparticles with tumor-targeting
capability. As shown in Fig. 1B, the addition of negatively
charged HA to the HA/Tra/CD/SLNs led to fluctuation in
particle size. The first addition of HA led to a sudden increase
(compared with SLNs) in particle size to a maximum size
of 289 nm, this may be attributed to the adhesion of nearby
SLNs mediated by HA. Subsequent addition of HA continued
relieving the adhesion with a persistent decrease in particle
size, which reached a minimum at the w/w ratio of 1.4. Further
addition of HA demonstrated an adverse effect by slowly
increasing the particle size of the resultant HA/Tra/CD/SLNS,
possibly due to the anchoring of excess HA on the surface of
HA/Tra/CD/SLNs. During this process, the zeta potential of
HA/Tra/CD/SLNs consistently decreased with the introduc-
tion of HA, indicating that HA was anchored on the surface
of SLNs, reducing their positive charges and resulting in the
formation of HA/Tra/CD/SLNs. These findings suggest that
HA/Tra/CD/SLNs at the w/w ratio of 1.4 with a proper particle
size and negative surface charge were a suitable formulation
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Figure 1. (A) Particle size (left) and zeta potential (right) of the amine-functionalized silica nanoparticles. (B) Particle size and zeta potential of hyaluronic
acid/candesartan/trastuzumab/silica nanoparticles at different w/w ratios (silica nanoparticles to hyaluronic acid, 10-100). Data are presented as mean + stan-

dard deviation (n=3).

and were thus selected as model complexes in the following
experiments.

Angiotensin II (Ang IT) is a multifunctional bioactive peptide
that was recently demonstrated to have an important role in
modulating tumor angiogenesis and progression by regulating
angiogenesis-associated genes, such as VEGF (25). This effect
was possibly via the recognition of the Ang II type 1 receptor
(AT,R) (31), whose overexpression is frequently observed in
various types of neoplastic cells, including ovarian carcinoma
cells (32). AT,R is the molecular target in anti-angiogenic
cancer therapy using Ang II type 1 receptor blockers (ARBs),
and beneficial effects on tumor progression, vascularization and
metastasis have been indicated (33,34). Among the commonly
adopted ARBs, CD has been suggested to possess preferable
AT R affinity that has been applied in several anti-angiogenic
cancer therapy studies (12,25). Tra, which is also known as
Herceptin, is a monoclonal antibody that interferes with the
human epidermal growth factor receptor-2 (HER2). HER
receptors have been identified to be a series of proteins that
are embedded in the cell membrane and transport extracellular
molecular signals into the cell to modulate the switching ‘on’
and ‘off” of genes that encode HER protein (33). HER protein,
which binds to human epidermal growth factor, stimulates
cell proliferation that causes cancer cells to reproduce uncon-
trollably (35). Due to this phenomenon, HER has become a

noteworthy target for anti-angiogenic cancer therapy (36,37). In
the present study, SLNs were employed as carriers of CD and
Tra, with the aim to exert both their anti-angiogenic functions to
the same cell. The drug loading efficiency of HA/Tra/CD/SLN
for Tra and CD was assessed and calculated to be 18.76+4.67%
and 9.36+3.51%, respectively (data not shown), which was suffi-
cient for their in vitro and in vivo applications. Results showed
that HA/Tra/CD/SLNs may efficiently act as an anti-cancer
DDS.

Cellular uptake of HA/Tra/CD/SLNs. The cellular uptake
profiles of nanoparticles are typically characterized using
the fluorescence method. C6, which is a model fluorescent
molecule, was entrapped in the nanoparticles and monitored
by fluorescence microscopy and FCM at different time points.
The C6 loading of the Tra/CD/SLNs and HA/Tra/CD/SLNs was
adjusted to 0.12%, which was determined using a fluorescence
spectrophotometer.

As shown in Fig. 2A, the fluorescence signal gradually
became stronger with extended incubation time, indicating that
the intracellular uptake of cells occurred in a time-dependent
manner. In addition, compared with the free C6 group, both
C6-loaded nanoparticles displayed markedly higher fluores-
cence signals under the same conditions, suggesting that DDS
may be able to enhance the uptake efficiency of free drugs. This
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Figure 2. In vitro cellular internalization evaluation of HA/Tra/CD/SLNs. (A) Cellular uptake of free C6, C6-loaded Tra/CD/SLNs and C6-loaded
HA/Tra/CD/SLNs with and without pretreatment with free HA polymer in SKOV3 cells for 2 and 4 h at 37°C. (B) Quantitative flow cytometric analysis of the
intracellular uptake of free C6, C6-loaded Tra/CD/SLNs, and C6-loaded HA/Tra/CD/SLNs with and without pretreatment with free HA polymer in SKOV3
cells for 2,4 and 6 h. Data are expressed as mean + standard deviation (n=3). Scale bar=20 ym (magnification, x600). “P<0.01 vs. C6. HA, hyaluronic acid; CD,
candesartan Tra, trastuzumab; SLNs, silica nanoparticles; C6, coumarin-6.
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transcription-quantitative polymerase chain reaction. (B) The secretion of VEGF protein in culture media tested by ELISA at 48 h after transfection. "P<0.05,
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Figure 4. (A) In vivo time-dependent tumor-targeting images following intravenous injection of DiR-loaded Tra/CD/SLNs and DiR-loaded HA/Tra/CD/SLNs
in SKOV3 tumor-bearing mice and (B) representative ex vivo mean fluorescence intensity of dissected tumors and major organs at 6 h post-injection. Data are
presented as mean + standard deviation (n=3). “P<0.01 vs. Tra/CD/SLNs. DiR, 1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine; HA, hyaluronic acid;

CD, candesartan; Tra, trastuzumab; SLNG, silica nanoparticles.

conclusion was further supported by quantitative analysis using
FCM, as displayed in Fig. 2B. The fluorescence intensities of
C6-loaded Tra/CD/SLNs and C6-loaded HA/Tra/CD/SLNs
were significantly higher compared with free C6 at all time
points (P<0.01). At 6 h, the fluorescence intensities of C6-loaded
Tra/CD/SLNs and C6-loaded HA/Tra/CD/SLNs were ~3.54-fold
and 7.01-fold higher, respectively, compared with that of free
C6. Furthermore, CLSM results demonstrated that markedly
higher fluorescence signals were obtained in the cells treated
with HA/Tra/CD/SLNs compared with that of Tra/CD/SLNS,
indicating that HA/Tra/CD/SLNs entered cells more effectively.
This may be associated with the fact that HA modification is
able to enhance the cellular uptake of HA/Tra/CD/SLNs via
certain pathways (such as CD44 mediated pathway) as it has
been demonstrated that modified HA polymers exposed on the

surface of the nanoparticles are able to target CD44, which is
excessively expressed in various cancer cell types (such as
liver, lung and ovarian) (38). In order to address the concept
of HA-mediated-targeting, SKOV3 ovarian cancer cells were
employed for cellular uptake evaluation, since it has been
demonstrated in a previous report that CD44 is overexpressed on
the surface of SKOV3 (39). As expected, following HA pretreat-
ment, the fluorescence intensity of C6-loaded HA/Tra/CD/SLNs
group declined, whereas the fluorescence intensity of C6-loaded
Tra/CD/SLNSs group remained almost the same level. These results
provided convincing evidence that C6-loaded HA/Tra/CD/SLNs
were internalized into cells via HA-mediated endocytosis.

Analysis of VEGF expression level in vitro. VEGF has been
identified as a potent and specific mitogen for endothelial cells,
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the most important cytokine in angiogenesis and a target for
human cancer therapy (25). Therefore, following treatment with
HA/Tra/CD/SLNs, the expression levels of VEGF mRNA and
protein in SKOV3 cells was evaluated by RT-qPCR, western
blotting and ELISA assays, respectively (Fig. 3).

As shown in Fig. 3A, treatment with CD/SLNs, Tra/SLNs
or Tra/CD/SLNs for 24 and 48 h resulted in significantly
decreased expression levels of VEGF mRNA in SKOV3
cells compared with Ang treated groups (P<0.05, P<0.01
and P<0.01, respectively). Tra/CD/SLNs, which simultane-
ously delivered CD and Tra into the same SKOV3 cells,
exhibited the most potent suppression effect in VEGF mRNA
expression level among these three groups. Notably, this
suppression effect in VEGF mRNA expression level was
further enhanced in the HA/Tra/CD/SLNs group, which was
lower than the untreated control cells following 48 h of incu-
bation, suggesting that in CD44 overexpressed SKOV3 cells,
HA modification may be favorable in targeting delivery of the
encapsulated drugs. The synergy of the two therapeutic agents
was further supported by the reduced VEGF protein expres-
sion levels following Tra/CD/SLNs treatment as compared
with CD/SLNs and Tra/SLNs, as indicated by western blot-
ting data (Fig. 3C). Likewise, the HA/Tra/CD/SLNs group
demonstrated a superior anti-cancer effect compared with
the Tra/CD/SLNs group. ELISA analysis obtained VEGF
expression results that were consistent with the RT-qPCR
and western blotting results. As shown in Fig. 3B, at 48 h
post-transfection, HA/Tra/CD/SLNs as a tumor-targeting
and co-delivery system significantly downregulated the
mRNA expression level of VEGF compared with the Ang
treated group (P<0.01). These results demonstrated that effec-
tive co-delivery of CD and Tra into SKOV3 cells may have
synergistic effects in suppressing the over-expression of the
angiogenesis-related VEGF expression, which may suppress
tumor-associated angiogenesis.

In vivo imaging. In the in vitro experiments, HA modification
of HA/Tra/CD/SLNs was indicated to increase the cellular
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uptake of nanoparticles into SKOV3 cells. As a result, it
was expected that HA modification would also increase the
accumulation of HA/Tra/CD/SLNs at the tumor site. In order
to monitor the in vivo distribution of HA/Tra/CD/SLNs, a
fluorescence probe was encapsulated and monitored using an
NIR fluorescence imaging system for 6 h. The targeting ability
of different nanoparticles in SKOV3 tumor-bearing nude
mice was compared according to the fluorescence intensity
at the tumor site. In vivo images relating to the distribution
of nanoparticles at the tumor site at different time points are
displayed at Fig. 4A. Marked differences in targeting efficacy
were revealed between Tra/CD/SLNs and HA/Tra/CD/SLNs.
The fluorescence intensity of HA/Tra/CD/SLNs at the tumor
site was markedly stronger compared with that of Tra/CD/SLNs
at each time point. Notably, the fluorescence intensity of
HA/Tra/CD/SLNs at 1 h was as strong as that of Tra/CD/SLNs
at 6 h, indicating the accumulation of HA/Tra/CD/SLNs at the
tumor site. The potent tumor target ability of HA/Tra/CD/SLNs
may be attributed to a combination of an enhanced perme-
ability and retention effect and HA-mediated endocytosis
mechanism. Analysis concerning the fluorescence intensity
of tumors and major organs in Fig. 4B demonstrated that
Tra/CD/SLNs were predominantly distributed in the liver
and spleen, which may be due to induced reticuloendothelial
system (RES) capture (10).

In vitro studies of cytotoxicity. To explore the safety profile
of amine-functionalized SLNs and HA/SLNs, SKOV3 cells
cultured with nanoparticles without drugs were investigated
as the first-level evaluation (nanoparticle concentration range,
10-100 pg/ml; Fig. 5). When treated with amine-functional-
ized SLNs, >80% of the cells survived at the highest dose,
suggesting that amine-functionalized SLNs were a safe mate-
rial. It was noted that HA/SLNs demonstrated a safer profile
compared with amine-functionalized SLNs, with >90%
cell survival at the highest dose. The dose-dependent cyto-
toxicity of amine-functionalized SLNs was predominantly
due to the positive surface charge that may damage the cell
membrane (5). Conversely, HA/SLNs with HA modification
shielded the positive surface charge and converted the charge
to negative (Fig. 1B), which decreased its cytotoxicity towards
cells. This finding is consistent with a previous study (4). The
present results indicate that the HA/Tra/CD/SLNs exhibit low
cytotoxicity, which suggests that they may have a wide poten-
tial range of applications in the field of biomedical science and
cancer therapy.

In vivo studies of anticancer activity. The potential synergistic
antitumor efficacy of the HA/Tra/CD/SLNs co-delivery system
was assessed in SKOV3 xenograft nude mice. As shown in
Fig. 6A, although tumor growth was suppressed to some
extent following administration of mono-delivery groups, the
combined therapy of CD and Tra appeared to exhibit a more
potent reduction in tumor volume. HA/Tra/CD/SLNs with
tumor targeting modifications displayed the smallest final
tumor volume of 346+49 mm®. These observations suggested
the synergistic delivery of CD and Tra was beneficial as an
anti-cancer therapy and HA modification was able to further
potentiate the effect due to the acquired tumor-homing
property. The corresponding body weight variation was also
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Figure 6. (A) Tumor volume, (B) body weight, (C) hematoxylin and eosin staining (magnification, x200; purple indicates the cytoplasm and the extracellular
matrix, black indicates the nuclei) and (D) MVD (vessel/mm?) analysis of tumor tissues of SKOV3 tumor-bearing BALB/c mice following intravenous admin-
istration of saline and different complexes, respectively. The measurement of tumor volume, body weight and the injection of formulations were repeated every
two days for two weeks. Results are represented as mean + standard deviation (n=6). “P<0.01 vs. HA/Tra/CD/SLNs. HA, hyaluronic acid; CD, candesartan;
Tra, trastuzumab; SLNs, silica nanoparticles; MVD, microvessel density; a, Saline group; b, CD/SLNs group; ¢, Tra/SLNs group; d, Tra/CD/SLNs group;

e, HA/Tra/CD/SLNs group.

recorded (Fig. 6B). It was revealed that the untreated mice
suffered from a steady decrease in body weight, likely due to
the burden of increasing tumor volume. However, no signifi-
cant body weight loss was observed in other treatment groups.
Notably, in the HA/Tra/CD/SLNs group, the body weight of
mice increased, suggesting an improvement in the condition
of health of the treated mice. Hematoxylin and eosin staining
of murine tumor tissues from each group are displayed in
Fig. 6C. Tumor tissue from the saline group displayed evident
characteristics of cancer cells with large nuclei and closely
packed cells, which suggested cells in this group were growing
immoderately. However, both mono-delivery and co-delivery
systems exerted specific anti-cancer effects with cancer cell
remission being observed. The HA/Tra/CD/SLNs group
demonstrated the greatest anti-cancer effect and exhibited
the largest area of cancer cell remission. Furthermore, results
of MVD, a marker of tumor-associated angiogenesis (25),
revealed the tumor angiogenesis suppression as an underlying
reason for the synergistic therapeutic effect in vivo of CD
and Tra delivered by the co-delivery system. As shown in
Fig. 6D, MVD in tumors from the different groups followed
an order: Saline >CD/SLNs >Tra/SLNs >Tra/CD/SLNs
>HA/Tra/CD/SLNs, which was consistent with the in vitro
results obtained for the analysis of VEGF expression levels.

The above results indicated that for the treatment of ovarian
cancer, using HA/Tra/CD/SLNs may be a preferable strategy
due to the notable inhibition of angiogenesis induced by the
combination of CD and Tra.

In conclusion, the present study suggests that a well-formed
SLN-based combined anti-angiogenesis therapy and
tumor-targeting strategy for ovarian cancer was successfully
constructed for simultaneous and accurate delivery of CD and
Tra. The obtained SLNs with suitable amine groups provided
adequate drug loading, and the well-formed HA/Tra/CD/SLNs
exhibited desirable particle size and reasonable surface charges
in vitro. Furthermore, HA/SLNs exhibited low cytotoxicity.
More importantly, HA/Tra/CD/SLNs as a co-delivery system
simultaneously delivered CD and Tra into the same cells and
achieved a superior inhibitory effect on angiogenesis in vitro
as compared with mono-delivery system, resulting in marked
downregulation of mRNA and protein VEGF expression,
possibly via the combined anti-angiogenic effect of CD and
Tra and the enhanced cellular uptake of HA modification. In
particular, in vivo investigation on nude mice bearing SKOV3
xenografts indicated that the HA/Tra/CD/SLNs co-delivery
system exerted superior anti-tumor efficacy by a synergistic
anti-angiogenic mechanism and HA-related tumor-homing

property.
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