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Abstract: This study aimed to synthesize silica-coated gold (Au@SiO2) nanoparticles coupled to antibodies against
the scavenger receptor class B type I (SR-BI) and investigate their potential ability of visual tracking and treatment
of cervical cancer. The fluorescein isothiocyanate (FITC)-labeled Au@SiO2-SR-BI antibody was synthesized, followed
by characterization determination. The expression and location of SR-BI protein in cervical cancer cells were respectively detected by western blot and immunofluorescence assays. The effects of nanoparticles on cancer cells
were determined by adsorption assay and apoptosis detection, respectively. The effects of nanoparticles on tumor
formation in nude mice were determined. The particle sizes of Au@SiO2 ranged from 2-2.5 μm, and the particle
size distribution was relatively uniform. MS751 showed the highest expression of SR-BI. SR-BI was located in the
cytomembrane. There were more FITC-Au@SiO2-SR-BI nanoparticles on the surface of the cells compared to FITCAu@SiO2. Significant apoptosis was observed in the FITC-Au@SiO2-SR-BI-treated group in both MS751 and H8 cells.
Photothermal ablation of solid tumors was observed when FITC-Au@SiO2-SR-BI was activated using 808 nm wave.
Expressions of the apoptosis-related markers including BCL2, BCLX, and p-AKT were significantly decreased, while
those of caspase 3 and caspase 8 were significantly increased. The study presented a novel antibody-conjugated
Au@SiO2 nanoparticle specifically targeting molecular receptors on cancer cell membranes. Antibody-conjugated
Au@SiO2 nanoparticles may have therapeutic potential for the treatment of cervical cancer.
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Introduction
Cervical cancer is the fourth most frequent
malignancy in women, with an estimated
528,000 new cases and 266,000 deaths
worldwide each year [1]. Nearly 90% of cervical
cancer-related deaths occur in developing
countries [2]. Early-stage (IA2 to IIA) cervical
cancer can be treated with radiotherapy, chemotherapy, or surgery. Unfortunately however,
80% of patients have invasive or metastatic
cancer at the time of diagnosis which is nearly
always incurable [3, 4]. Thus, there is an urgent
need to find new therapeutic modalities to treat
this disease.
Recent developments in nanotheranostics
offer immense therapeutic and diagnostic
potential. Due to the unique physicochemical

properties, nanoparticles offer an opportunity
to integrate different theranostic modalities
into a single nanoplatform for combined realtime diagnosis and treatment of cancers [5-7].
The near-infrared region (800-1200 nm) is
the transparency window for human tissues,
which is less damaging to the body compared
to the other wavelengths of light [8-10].
Nanoparticle-mediated near-infrared photothermal ablation is a novel therapeutic modality
in tumors. Upon near infrared laser irradiation,
strong near infrared absorption for branched
gold nanoparticles induced photothermal-heating to destroy tumor cells. Subsequently, these
branched gold nanoparticles were bio-functionalized with cyclo (Arg-Gly-Asp-D-Phe-Glu) targeting peptides cell penetrating-targeting for photothermal cancer treatment applications [11].
Unlike the traditional therapies, such as sur-
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gery, radiotherapy, and chemotherapy, nanoparticle therapy is minimally invasive, can be
passive or targeted, and has minimal side
effects [12, 13]. Gold nanostructures (spherical silica nanoparticles wrapped in nanoscale
gold shells), in particular, can not only induce a
strong photothermal response under nearinfrared excitation, but they are also attractive
probes for cancer cell imaging due to their tunable localized surface plasmon resonance [6,
14, 15]. Therefore, gold nanostructures are
being studied as a promising platform for cancer therapy and diagnosis, and have presented
100% efficacy in the remission of tumors [16,
17].
At present, the synthesis of gold nanoparticles in the near-infrared region is complicated
and needs large amounts of organic solvents.
Silica (SiO2) is widely applied in biomedicine
due to its high stability, minimal immunogenicity, and good biocompatibility, all of which provide favorable conditions for the coating of
other materials [18]. Gold nanoparticles on the
modified SiO2 particles are used as seed crystal and nucleation points, and the prepared silica-coated gold nanoparticles (Au@SiO2) can
highly regulate the linear optical absorption
properties [19]. Au@SiO2 nanoparticles have
therefore become one of the most promising
systems for photothermal treatment [20].
Herein, we report our efforts to develop an amino-modified Au@SiO2 coupled with antibodies
to a cervical cancer-specific protein (scavenger
receptor class B type I [SR-BI]) as a novel theranostic platform and investigate its potential
ability of visual tracking and treatment of cervical cancer.
Experimental details
Synthesis of Au@SiO2
For the synthesis of gold nanoparticles, chloroauric acid (HAuCl4) was used as a metal precursor, ascorbic acid as a reducing agent, and
polyvinylpyrrolidone (PVP) as a capping material. Briefly, 300 mM of ascorbic acid and a certain amount of PVP were added to 100 mM
aqueous solution of HAuCl4, followed by ultrasonic treatment for 10 min. After centrifugation
and three washes, the product was freeze
dried. Then 0 mM (A), 5 mM (B), 15 mM (C), and
25 mM (D) prepared gold nanoparticles were
1519

added to three-mouth flasks respectively, and
15 mL pure water and 30 mL isopropanol were
added to each of them followed by ultrasonic
dispersion for 10 min. After the ultrasonic treatment, 15 mL ammonia was slowly added to
each of them, followed by 20 mM 3-aminopropyltriethoxysilane (APTES) and incubated with
mechanical stirring for 12 h at room temperature (25°C). The products were washed with
deionized water until a pH of 7 was obtained,
and then washed with anhydrous ethanol more
than five times. Finally, the products were vacuum freeze-dried for 10 h, and the dried products were collected and stored in the absence
of air. All the reagents used were purchased
from Aladdin Biochemical Technology Co. Ltd.,
Shanghai, China.
Preparation of fluorescein isothiocyanate
(FITC)-labeled Au@SiO2
NaHCO3 (30.2 mg), Na2CO3 (4.2 mg), and NaCl
(29.4 mg) were weighed precisely and placed in
a clean round-bottom flask, and 4 mL ultrapure water was added to dissolve them. Then,
5 mg of FITC and 3 mM of APTES were added to
the flask and stirred at 4°C for 8 h. The solution
was then transferred to a dialysis bag (500
MWCO) and was placed in a 1 L beaker for dialysis at 4°C for 24 h. The water was changed
every hour for the first two hours, then every
two hours, and finally it was changed every five
to six hours to obtain Product A. Product A was
evenly mixed with 3 mM APTES and then
according to the steps of preparing Au@SiO2,
the FITC-labeled Au@SiO2 was prepared. All the
preparatory procedures were carried out in the
dark. All the reagents used were purchased
from Aladdin Biochemical Technology Co. Ltd.,
Shanghai, China.
Preparation of FITC-Au@SiO2-SR-BI antibody
A total of 100 mg of FITC-Au@SiO2 was dispersed in 5 mL of PBS solution and treated with
ultrasonic dispersion. Then, 600 μL of SR-BI
antibody (ab217318; Abcam, Cambridge, MA,
USA) was added and stirred, followed by the
addition of 20 mg genipin (Maclean Biochemical
Technology Co. Ltd., Shanghai, China) and
stirred at room temperature for 2 h followed by
constant stirring for 12 h at 2-8°C. After centrifugation at 10,000 rpm for 5 min, the products were collected and freeze-dried. The preparatory procedures were carried out in the
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dark. The schematic illustration is shown in
Figure S1.
Characterization of nanoparticles
The Au@SiO2 particles were characterized using
dynamic light scattering (DLS), morphological
observations, X-ray diffraction (XRD) detection,
and Au element content analysis. Briefly, a certain amount of the prepared products was
added to 2 mL ultra-pure water, and then
placed into the sample pool following ultrasonic
treatment. The particle size and distribution of
potential of the samples were quickly tested on
a Zetasizer Nano S90 (Malvern Instruments
Ltd., Malvern, UK). For morphological observations, the prepared products were placed on
the sample table with a conductive adhesive,
sprayed with gold under argon atmosphere,
and observed using a Hitachi-S4800 scanning
electron microscope (SEM) (HITACHI, Tokyo,
Japan). For XRD detection, the prepared products were ground and filled on the sample
plate. The scanning range was set as 4-60°,
and the samples were analyzed on the D8
Advance with DaVinci X-ray diffractometer
(Bruker, Germany). The Au element content was
determined through SEM.
The fluorescence characteristics of FITC-Au@
SiO2 were determined. Briefly, the prepared
products were dispersed in water, and dropped
on a glass slide. The fluorescence was observed
under FITC channel under a fluorescence microscope (BX53; Olympus, Japan).
The infrared characteristics of FITC-Au@SiO2SR-BI were detected using infrared spectroscopy. Briefly, the prepared products were mixed
with specpure potassium bromide and ground.
The infrared characteristics were tested after
tableting using a Nicolet 6700 FT-IR spectrometer (Thermo Scientific, USA).
Cell culture
Human cervical epithelial (H8) and cervical
cancer-derived (Ca Ski) cell lines were cultured
in 90% RPMI1640 medium (Gibco, Grand
Island, NY) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin
(P/S); human endometrial adenocarcinoma
(HEC-1-A) cells were cultured in 90% McCoy’s
5A (Gibco) medium containing 10% FBS and 1%
P/S; human cervical epidermoid carcinoma
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(MS751) and human cervical carcinoma (C-33
A) cells were maintained in 90% Eagle’s minimum essential medium (MEM) supplemented
with 10% FBS and 1% P/S; Hela cells were cultured in 90% MEM with 10% FBS, 1% sodium
pyruvate, and 1% P/S. All cells were cultured at
37°C in a 5% CO2 atmosphere.
Western blotting
The cells were lysed in RIPA lysis buffer (Beyotime, China) with phenylmethylsulfonyl fluoride (PMSF, Beyotime) for protein extraction.
Concentrations of all the protein samples were
determined with a BCA Protein Assay Kit
(Thermo Scientific, Rockford, IL, USA). The proteins were separated using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membrane (Millipore,
Billerica, MA, USA), followed by blocking with
5% non-fat milk for 1-2 h at 37°C. Then the
membrane was incubated with rabbit anti-SRBI (1:2000; Abcam) and mouse anti-β-actin
(1:1000; Abcam) monoclonal antibodies at 4°C
overnight. Following that the membrane was
incubated with an anti-rabbit IgG-HRP antibody
(1:5000) at 37°C for 2 h. Specific protein bands
were photographed, and quantification of the
reactive proteins was performed using an ECL
chemiluminescence system (Santa Cruz). Blots
were detected by ECL system (Millipore) and
analyzed using Tanon Image Software (Tanon,
Shanghai, China).
Immunofluorescence assay
H8 and MS751 cells growing in logarithmic
phase were used in this experiment. Briefly,
2×105 H8 cells and 3×105 MS751 cells were
plated in 24-well plates at 0.5 mL/well. The
cells were fixed in 4% paraformaldehyde for 15
min, and washed thrice for 3 min. Then the
cells were permeabilized with 0.5% Triton X-100
for 20 min at room temperature. After washing
thrice with PBS for 3 min, the cells were blocked
with 10% goat serum for 1 h at room temperature. Then, the cells were incubated with the
primary antibody (rabbit anti-SR-BI monoclonal
antibody; 1:100) in 10% goat serum at 4°C
overnight, followed by incubation with goat antirabbit IgG (H+L) cross-adsorbed secondary
antibody conjugated to Alexa Fluor 555 (1:200;
Thermofisher, USA). Then the cells were mounted with anti-fluorescence quenching mounting
Am J Transl Res 2022;14(3):1518-1534
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solution (P0131, Beyotime). Finally, the cells
were visualized using a fluorescence microscope (Olympus, IX73, Japan).
Laser confocal scanning microscopy
H8 and MS751 cells growing in logarithmic
phase were used. The prepared nanoparticles
were dissolved and added to the media of the
following four groups: control, Au@SiO2, FITCAu@SiO2, and FITC-Au@SiO2-SR-BI. The amount of nanoparticle added to the cell culture
medium was based on the gold element content (each milliliter medium contained 1.5 mg
of gold element). After incubation with the
nanoparticles for 24 h, the cell intake and
uptake sites were observed under a laser confocal scanning microscope (Leica, SD AF,
Germany), and detected based on the FITC
marker.
TUNEL assay
The nanoparticles were added to H8 and
MS751 cell culture media as described above.
Twenty-four hours after the addition of the
nanoparticles, the cells were irradiated with
far-infrared light at 808 nm with an energy density of 2 W/cm2. The infrared irradiation methods referred to previous studies [8, 21-23] as
well as our preliminary experiments. After 5 min
of treatment, the medium was replaced with
fresh one without the nanomaterials, and cell
apoptosis was analyzed after 24 h using the insitu terminal deoxynucleotidyl transferase
dUTP nick end labelling (TUNEL) assay. Briefly,
cells were fixed in 4% paraformaldehyde for 30
min, permeabilized in 0.3% Triton X-100 for 5
min at room temperature and treated with 50
μL TUNEL reagent for 60 min in 37°C in the
dark. After being mounted with anti-fluorescence quenching mounting solution (P0131,
Beyotime), the cells were visualized using a fluorescence microscope (Olympus, IX73, Japan).
The excitation and emission wavelengths of
Cy3 were 550 and 570 nm (red fluorescence),
respectively.
Tumor-bearing animal model
Female Balb/c nude mice (4 weeks old) weighing 18±2 g were purchased from JiHui experimental animal breeding company (Shanghai,
China). All animals received human care in
compliance with the guidelines of The Second
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Affiliated Hospital of Harbin Medical University
for the maintenance and use of laboratory animals in research. All the experimental protocols involving live animals were reviewed and
approved by the Animal Experimentation Committee of The Second Affiliated Hospital of
Harbin Medical University. MS751 cervical cancer cells were trypsinized from the tissue culture flasks. Prior to the injection, the cells were
counted and suspended in sterile phosphate
buffer saline (PBS) at a density of 5×107/mL. To
induce tumor growth, a 100 μL volume of the
cell suspension was injected in the armpit of
the right forelimb of three mice in the preexperimental studies, which served as tumor
donors for the subsequent experiments. Tumor
growth was monitored after two weeks, and the
tumor volume was calculated. The tumors in
the pre-experimental mice were cut into 1 mm3
pieces and inserted into the armpits of 47 nude
mice. When the tumors grew to 100 mm3, 24
nude mice with uniform tumor size were selected and randomly divided into four groups with
six mice per group. The mice in group E were
injected with saline solution in the tail vein,
mice in group F were injected with FITC-Au@
SiO2, and those in group G were injected with
FITC-Au@SiO2-SR-BI. The mice in groups E, F,
and G were all irradiated with infrared ray.
Briefly, the mice were anesthetized with 5%
chloral hydrate at a dose of 0.08 mL/10 g. After
the mice were anesthetized, their limbs and
teeth were bound with ropes. After the mice
were fixed, local infrared irradiation was performed. The wavelength of infrared irradiation
was 808 nm, the intensity was 2 W/cm2, and
the irradiation time was 5 minutes. The mice in
group H were injected with FITC-Au@SiO2-SR-BI
without any infrared irradiation. The volume of
nanoparticle solution injected into the mice
was 100 μL, which had a gold concentration
about 1.5 mg of Au/mL.
The temperature of the mice in groups E, F, and
G was measured 1, 3, and 5 min after irradiation with the infrared rays. The body weight and
tumor volume of the mice in groups E, F, G, and
H were measured on days 1, 4, 7, 10, and 13
during the experiment. At the end of 15 days,
the mice were sacrificed and their tumors were
collected and stored at -80°C until further
investigation. Tumor tissues from the mice in
each of the four groups were analyzed by hematoxylin and eosin (HE) staining. TUNEL assay
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Table 1. The primer sequences of the detected genes
Primer
BCL2-hF
BCL2-hR
BCLX-hF
BCLX-hR
mTOR-hF
mTOR-hR
caspase 8-hF
caspase 8-hR
GAPDH-hF
GAPDH-hR

Sequence (5’-3’)
GACTTCGCCGAGATGTCCAG
GGTGCCGGTTCAGGTACTCA
GTGCGTGGAAAGCGTAGACA
TCTCGGCTGCTGCATTGTT
CCTTATGGTGCGGTCCCTT
AGCCAGCCTGCCACTCTTG
TGCCCAAACTTCACAGCATTA
TTCAAAGGTCGTGGTCAAAGC
TGACAACTTTGGTATCGTGGAAGG
AGGCAGGGATGATGTTCTGGAGAG

was performed on the tumor tissue samples to
analyze the apoptotic rate of the cells.
The expression of apoptosis-related genes
including B cell lymphoma 2 (BCL2), B cell leukemia X (BCLX), mammalian target of rapamycin (mTOR), and caspase 8 in the mice tumor
tissues were analyzed using quantitative polymerase chain reaction (qPCR). After lysis of the
tumor tissues with TRIzol (9109, TAKARA), RNA
was extracted with chloroform. The PCR reaction volume was 20 μL, which included 4 μL of
primer and 1 μL total RNA. The sequences of
the primers used are shown in Table 1. The
cDNA obtained was amplified by fluorescence
quantitative PCR instrument (7900HT FAST,
ABI). Furthermore, the expressions of caspase-3, BCL-2, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and phospho-protein
kinase B (p-AKT) in the mice tumor tissues
were analyzed using western blotting.
Statistical analysis
Results are expressed as mean ± standard
deviation (SD). All data were analyzed using
Graphpad prism 5.0 software (GraphPad Prism,
San Diego, CA). Differences for three or more
groups were analyzed using one-way ANOVA. P
value <0.05 was considered to be statistically
significant.

different (Figure 1A). The particle size distribution range was narrow for groups A, B, and C,
which met the requirements. There were two
kinds of particle sizes in group D. The hydration
particle size of the blank group (A) was larger,
while there was little difference between
groups B and C (2-2.5 μm).
According to the potential analysis diagram of
the nanoparticles, the particles prepared with
different raw material ratios all had negative
potential, but the potential values were different (Figure 1B). The main raw material of the
nanoparticles surface was SiO2, therefore all
the nanoparticles had negative potential. The
different potential values were caused by the
different content of SiO2 on the surface.
Additionally, the absolute values of potential
were all more than 0, indicating that particles
could stably exist in aqueous solution.
The SEM of the particles showed that the
shapes of the particles prepared with different
material ratios were all round or quasi-round,
and the particle size distribution was relatively
uniform (Figure 1C).
As shown in Figure 1D, a peak shape appeared
at 2θ=29°, which was the characteristic peak
of amorphous SiO2. The peaks at 2θ=38° and
44° were the characteristic diffraction peaks of
Au. The spectra showed that the materials contained SiO2 and Au.
In terms of elemental analysis, Au element was
found in groups B, C, and D. Group C had the
most Au content, followed by group B, while
group D had the least Au content. Thus, group C
was considered suitable for our experimental
requirements (Figure 1E).
Characterization of FITC-Au@SiO2 and FITCAu@SiO2-SR-BI

Characterization of Au@SiO2

As shown in Figure 2A, irregular agglomeration
of FITC-Au@SiO2 particles occurred in dry state,
which could be seen under a fluorescence
microscope. The nanoparticles emitted green
fluorescence under the excitation of incident
light, indicating that the nanoparticles were
successfully coupled with FITC.

The results of particle size analysis showed
that the particle sizes of nanoparticles prepared with different raw material ratios were

As shown in Figure 2B, the absorption peaks
around 1200 cm-1, 815 cm-1, and 478 cm-1
were the bending vibration of Si-O-Si, while that

Results and discussion
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Figure 1. Particle size analysis diagrams (A), potential analysis diagrams (B), and scanning electron microscope
diagrams (C) of Au@SiO2 prepared using different raw material ratios (group A-D). X-ray diffraction patterns of Au@
SiO2 (D). Energy spectra of Au@SiO2 prepared using different material ratios (group A-D) detected by scanning electron microscopy (E). Photo magnification, 5,000×, 3,000× (left) or 30,000×, 40,000×, 50,000× (right) for (C), and
10× for (E).

Figure 2. Scanning electron microscopy images of fluorescein isothiocyanate (FITC)-labeled Au@SiO2 (A). Infrared
spectrum of FITC-labeled Au@SiO2-SR-BI (B). Photo magnification, 10×.

around 962 cm-1 was the bending vibration of
Si-OH, which proved the existence of SiO2. The
wide peak between 3300 and 3500 was the
characteristic absorption peak of amino, suggesting that the antibody was successfully coupled on the surface of the nanoparticles.
Expression and location of SR-BI in cervical
cancer cells
The expression levels of SR-BI in the five cervical cancer cell lines (HEC-1-A, MS751, Caski,
C-33A and Hela) and normal cervical epithelial cells (H8) were detected by western blotting. As shown in Figure 3A, SR-BI had the
highest expression level in MS751 cells.
Moreover, we repeated the western blotting for
H8, MS751, and Hela again, and MS751 cells
showed the highest expression level of SR-BI
(Figure 3B). Therefore, MS751 and H8 cell lines
were used in the subsequent experiments.
Immunofluorescence analysis of SR-BI showed
that SR-BI was located on the cytomembrane
(Figure 3C).
Adsorption of nanoparticles
The adsorption of nanoparticles on cells was
observed using a laser confocal scanning
microscopy. As shown in Figure 4, compared
with FITC-Au@SiO2, there were more FITC-Au@
SiO2-SR-BI nanoparticles on the surface of
cells. Additionally, there was no significant dif-
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ference in the adsorption between MS751 and
H8 cells.
Apoptosis assay
There was almost no apoptosis without infrared
irradiation in both nanoparticle groups with and
without coupled antibodies. Additionally, there
were also fewer apoptotic cells following infrared irradiation in the nanoparticle group without coupled antibody (FITC-Au@SiO2), suggesting that the nanoparticles were rarely absorbed
by cells without antibody. Furthermore, significant apoptosis was identified in FITC-Au@SiO2SR-BI group in both MS751 and H8 cells, without significant difference between the two
types of cells (Figure 5).
Tumor formation in nude mice
There was no significant difference in the body
weight of the mice among the four groups
(Figure 6A), which indicated that infrared exposure did not affect the weight of the mice.
Additionally, there was no significant difference
in tumor volume among the groups E, F, and
H. On the 7, 10, and 13 day of the experiment,
the tumor volume in group G decreased significantly compared with that in the other groups
(P<0.0001) (Figure 6B). The results indicated
that the antibody-conjugated nanoparticles
had stronger targeting properties. Following
infrared irradiation, the tumor volume was
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Figure 3. Expression level (A and B), and location (C) of SR-BI in cervical cancer cells detected using western blotting and immunofluorescence analysis, respectively. ***P<0.001 compared with H8. SR-BI expression is highest in
MS751 cells. SR-BI is localized in the cell membrane. Photo magnification, 200×.

markedly reduced, showing therapeutic potential (Figure 6D). For the tumor surface temperature, compared with group E, the tumor surface
temperature of group F and group G increased
significantly after 1 and 3 min of irradiation.
Compared to group F, the tumor surface temperature of group G increased significantly
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after 1 and 3 min of irradiation (P<0.0001)
(Figure 6C).
The results of the HE staining showed no significant abnormalities in cells in groups E, F, and H
(Figure 7A). While most cells in group G showed
contraction, partial cell lysis, and necrosis. The
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Figure 4. Adsorption of nanoparticles on cells observed using a laser confocal scanning microscopy. More FITC-Au@
SiO2-SR-BI nanoparticles were observed on the surface of cells compared to FITC-Au@SiO2. Photo magnification,
200×.

results of the TUNEL staining revealed that
compared to group E, there was no significant
difference for the apoptotic rate in groups F
and H, while the apoptotic rate was significantly
increased in group G (Figure 7B). The q-PCR
results of the tissue samples are shown in
Figure 8A. Compared to group E, the expression of BCL-2, BCLX, and mTOR were significantly decreased in group G, while the expression of caspase 8 was significantly increased in
group G. Compared to group G, the expression
of BCL-2 and BCLX in group H increased significantly, while the expression of caspase 8
decreased significantly.
Western blot analysis of tissues showed that
compared to group E, p-AKT and BCL2 were
significantly decreased in groups F, G, and H,
while caspase 3 was significantly increased in
groups F, G, and H. Compared to group G, p-AKT
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and BCL2 were significantly increased in group
H, while caspase 3 was significantly decreased in group H (Figure 8B). Most patients with
cervical cancer receive standard radiotherapy
and chemotherapy, however, the clinical outcomes vary significantly [24]. Therefore, there
is a crucial need for therapeutic advances.
Hyperthermia, which is based on the direct
application of heat to destroy the solid tumor, is
an attractive therapeutic approach for cancer
treatment. Exogenous tumor-targeted heating
nanophase materials, such as Au@SiO2, have
been developed to provide specific heating of
the tumor regions while minimize thermal damage to normal tissues. It has been reported
that nanoparticle-mediated photothermal ablation is effective in various human cancers,
including colon [25], brain [26], breast [27],
and prostate cancer [28-31]. In this study, Au@
SiO2 was synthesized and characterized for
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Figure 5. Analysis of apoptosis using TUNEL assay. Significant apoptosis was observed in the FITC-Au@SiO2-SR-BI group in both MS751 and
H8 cells, while almost no apoptosis was found in the groups without
infrared irradiation or coupled antibodies. Photo magnification, 200×.
**
P<0.01 compared with FITC-Au@SiO2 + infrared irradiation of H8
cells.
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Figure 6. Effect of nanoparticles on tumor formation in nude mice. Monitoring of animal weights (A). Monitoring of tumor volumes (B). Tumor surface temperatures
in the infrared irradiation groups (C). Pictures of animal tumors after differential processing (groups E-H) (D). **P<0.01 compared with saline solution + infrared ray.
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Figure 7. Histological images of hematoxylin and eosin staining after differential processing (groups E-H)
(A). The area indicated by the black arrow is an obvious lesion. Photo magnification, 200×. TUNEL staining after differential processing (groups E-H) (B). The
yellow-green dots represent apoptotic cells. Photo
magnification, 200×. **P<0.01 compared with saline
solution + infrared ray, ##P<0.01 compared with FITCAu@SiO2 + infrared ray, &&P<0.01 compared with FITCAu@SiO2-SR-BI + infrared ray.
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Figure 8. Quantitative polymerase chain reaction of tumor tissues after differential processing (groups E-H) (A).
Western blotting of tumors tissues after differential processing (groups E-H) (B). *P<0.05, **P<0.01 compared with
group E, ##P<0.01 compared with group F, &&P<0.01 compared with group G.

photothermal therapy of cervical cancer. To our
best knowledge, very few studies have focused
on testing Au@SiO2-mediated targeted-therapy
in cervical cancer.
The antibody-conjugated Au@SiO2 synthesized
in our study displayed good affinity for the cervi1530

cal cancer cell line, MS751. Cellular uptake
is a complicated process, which is influenced by several factors including particle size,
composition, surface charge, and cell type [32,
33]. A previous study reported that antibodyconjugated gold nanospheres of 35 nm diameter act as efficient photothermal absorbers in
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destroying cancer cells without affecting the
surrounding normal cells [34]. Huang et al. [35]
also demonstrated that the maximum uptake
by cells occurred with particle size of 37 nm.
The present study showed that the particle
size of the nanoparticles ranged between 2-2.5
μm and the particles were negatively charged. However, the larger particle size and the
negative charge did not affect their cellular
affinity.
SR-BI is an 82-kDa glycoprotein receptor with
two transmembrane domains, which plays a
critical role in the metabolism of high-density
lipoprotein [36]. Interestingly, lipid metabolism
is a relevant target for cancer treatment [37].
Additionally, this integral membrane protein
receptor is implicated in the metabolism of cholesterol by cancer cells, whereby overexpression of SR-BI has been observed in many tumors and cancer cell lines [38]. Overexpression
of SR-BI can enhance high-density lipoproteinsmediated proliferation of the breast cancer
cells via the PI3K/AP-1 pathway [39]. Thus,
SR-BI has been considered as a potential marker for cancer diagnosis, prognosis, and treatment [40]. However, the role of SR-BI in cervical
cancer has not been reported to our knowledge. In the present study, we coupled Au@SiO2
with SR-BI for the targeted-therapy in cervical
cancer. Moreover, we compared the expression
level of SR-BI in H8 (normal cervical epithelial)
and MS751 (cervical cancer) cells and found
high expression of SR-BI in MS751 cells and
low expression in H8 cells, suggesting that
SR-BI was a specific protein in cervical epithelial cells.
Photothermal therapy utilizing nanoparticles
was introduced for their effective destruction
of cancer cells [23, 41]. A previous study has
demonstrated the ability of antibody-coated
nanoshells in targeting tumor cells in glioma
and medulloblastoma [29]. In the present study, using TUNEL assay, we found significant
apoptosis in FITC-Au@SiO2-SR-BI group in both
MS751 and H8 cells, while almost no apoptosis
was found in groups without infrared irradiation
or coupled antibodies. Our tumor formation
experiments in nude mice showed that the
tumor volume was significantly reduced in the
FITC-Au@SiO2-SR-BI group after infrared irradiation. HE staining revealed that numerous cells
in the tumor tissue were contracted, while
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some cells were lysed and necrotic. The apoptotic rate of cells in FITC-Au@SiO2-SR-BI group
was also significantly increased, when compared to the other groups without infrared irradiation or coupled antibodies. Therefore, the
apoptosis-related genes and proteins were analyzed in the tumor tissues. The results showed
that BCL2, BCLX, mTOR, and p-AKT were significantly reduced in this group, while caspase 8
and caspase 3 were significantly increased.
These results further suggested that SR-BIconjugated FITC-Au@SiO2 photothermal therapy is an effective method for targeting cervical
cancer cells.
It has been reported that AuroLase therapy, a
type of plasmonic photothermal therapy based
on 150 nm silica-gold nanoshells that are coated with polyethylene glycol, absorb near-infrared light, and produce heat, has been under
clinical trials (ClinicalTrials.gov Identifiers:
NCT00848042 for refractory and/or recurrent
tumors of the head and neck (2008-2014),
NCT01679470 for metastatic lung tumors
(2012-2014), and currently recruiting clinical
NCT02680535 for localized prostate cancer
(2016 until now)). The clinical trials for AuroLase
are based on intravenous injections of silicagold nanoshells in the blood. Due to leakage
and poor organization of tumor blood vessels,
these nanospheres can accumulate inside
tumors via the enhanced permeability and
retention effect [42]. In the present study, we
preliminarily designed FITC-Au@SiO2-SR-BI that
can target cervical cancer cells via in vitro and
in vivo experiments. Nevertheless, the toxicity,
biodistribution, and pharmacokinetics of SR-BIconjugated FITC-Au@SiO2 photothermal therapy should be systematically studied. Thus, our
future studies will focus on efficacy, mechanism, and toxicity in order to move this form of
cancer therapy to the clinical stages.
There were some limitations in this study. The
expression level of SR-B1 was not detected in
the animal model. Additionally, the absorption
and near-infrared laser hyperthermia efficiency
were not measured. Therefore, further experiments are still needed to confirm the effect of
this therapy in cervical cancer.
Conclusions
In conclusion, the study presented a novel antibody-conjugated Au@SiO2 nanoparticle specifiAm J Transl Res 2022;14(3):1518-1534
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cally targeting molecular receptors on cancer
cell membranes. SR-BI-conjugated FITC-Au@
SiO2 photothermal therapy is an effective method for the targeting of cervical cancer cells.
Antibody-conjugated Au@SiO2 nanoparticles
may have therapeutic potential in cervical
cancer.
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Figure S1. The schematic illustration of the preparation of FITC-Au@SiO2-SR-BI antibody.
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