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Abstract. Osteosarcoma is a common primary bone malig‑
nancy, with a 5‑year survival rate of only 20‑30% in patients 
undergoing surgical treatment. Thus, it is important to identify 
novel methods for diagnosing and treating osteosarcoma, 
which was the aim of the present study. Vascular endothelial 
growth factor (VEGF) was used as the tumor‑targeting protein 
to synthesize a multifunctional core‑shell nanostructure, 
Au@SiO2‑drug/VEGF, in which the drug can be indocyanine 
green (ICG; as an optical tracer) or doxorubicin (DOX; as 
a chemotherapeutic agent). With VEGF as the osteosar‑
coma‑targeting protein, Au exhibited optimal photothermal 
transformation performance, while SiO2 served as the carrier 
for the drug. Au@SiO2‑ICG/VEGF nanoparticles (NPs) were 
evaluated for imaging and for the monitoring of drug accu‑
mulation in a tumor region in mice. Once the optimal drug 
accumulation was achieved, combined treatment of osteosar‑
coma (chemotherapy and photothermal therapy) was assessed. 
In the perioperative period associated with minimal invasive 
embolization of osteosarcoma, photothermal therapy and 
chemotherapy were applied for osteosarcoma diagnosis using 
Au@SiO2‑DOX/VEGF NPs. Taken together, the results of the 
present study provide a promising strategy for tumor detection 
prior to surgical treatment to improve the survival outcome of 
patients with osteosarcoma.

Introduction

Osteosarcoma is a common primary bone malignancy (1). 
Originating from mesenchymal tissue, osteosarcoma is the 
most prevalent bone tumor in childhood and adolescence and 
has high malignancy (1). The incidence of osteosarcoma is 

high, with a sex ratio of 3:2 (male to female), and the 5‑year 
survival rate is only 20‑30% in patients undergoing surgical 
treatment alone (2). Although chemotherapy extends the 5‑year 
survival rate to 60‑80%, ~50% of patients with osteosarcoma 
do not respond to chemotherapy (1). Locally, osteosarcoma 
exhibits aggressive growth and is prone to recurrence  (3). 
Hematogenous metastasis to the lungs is the most common type 
of osteosarcoma metastasis, and the main cause of mortality is 
pulmonary metastasis (4). Early clinical symptoms primarily 
include local pain or swelling, related joint dysfunction, and 
in a small number of cases, pathological fractures (5). The 
majority of patients present with lung or systemic metastasis, 
low survival rate, and high mortality, and highly malignant 
osteosarcoma (unpublished data). However, the etiology and 
pathogenesis of osteosarcoma remain unclear (6). Clinically, it 
is important to improve the survival outcomes of patients with 
osteosarcoma and maintain limb function as much as possible 
to avoid the psychological trauma of amputation. Thus, it is 
critical to identify novel methods for diagnosing and treating 
osteosarcoma.

The growth and metastasis of a tumor are dependent on 
the formation of new blood vessels, and this process is under 
the joint control of oncogenic and tumor‑suppressive factors of 
angiogenesis (7). Vascular endothelial growth factor (VEGF) 
is the most important stimulatory factor of tumor angiogen‑
esis (8,9). Thus, its concentration can reflect the formation, 
progression and regression of tumors. Tumor growth and 
metastasis are rapid (7). During the transformation of a tumor 
cell mass into a solid tumor, tumor cells produce a large 
amount of VEGF to promote angiogenesis. At this point, the 
tumor is usually at an early stage, which is the best time for 
tumor screening, and can be diagnosed by existing clinical 
methods (8). Early screening can improve patient survival rate 
and prolong survival (9). A change in an angiogenesis trend 
is accompanied by a change in VEGF levels (8). Thus, VEGF 
can be employed for the screening of patients for almost any 
solid tumors, and its broad spectrum of specificity cannot be 
matched by other tumor indicators (10). In the clinic, several 
malignant tumors lack specific tumor markers, whereas VEGF 
has high sensitivity and broad specificity (11). An anomalous 
serum VEGF concentration can indicate the risk of a solid 
tumor (12). In addition, monitoring the level of VEGF regu‑
larly can help to determine the stage of tumor progression 
and to make an auxiliary judgment on the prognosis of the 
tumor (12). Thus, the higher the VEGF level, the higher the 
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tumor malignancy and the worse the prognosis within the same 
tumor type. Generally, VEGF can be found at an early stage of 
cancer, and the detection of cancer at this stage greatly affects 
the survival rate and survival time of patients (12). VEGF is 
a broad‑spectrum tumor marker suitable for the screening of 
several tumors (12) and can be combined with other tumor 
markers, thereby effectively improving the accuracy of cancer 
screening. The sensitivity of VEGF for tumor detection is high 
(better than that of traditional tumor markers), and the limit of 
detection of this assay is at the picogram level (12).

Photothermal therapy (PTT), an effective non‑invasive 
treatment for different types of diseases, has been extensively 
investigated as a cancer treatment due to its unique low 
invasiveness, relatively simple administration and convenient 
direct heating in tumors (13‑15). Several types of photosensi‑
tizers that strongly absorb near‑infrared (NIR) light have been 
used as imaging agents (16). An example is indocyanine green 
(ICG), which is the only substance approved by the U.S. Food 
and Drug Administration (FDA) for NIR imaging that has been 
used clinically for retinal imaging and for evaluation of liver 
function, as well as for guiding biopsies (17,18). However, ICG 
has low photothermal conversion efficiency (16). Thus, there is 
an urgent requirement for materials with better photothermal 
conversion to replace ICG. Among the relevant nanoparticles 
(NPs), gold NPs (AuNPs) have been investigated due to their 
favorable biocompatibility and ability to convert NIR light 
into local heat (19). A combination of PTT and chemotherapy 
should greatly improve the clinical outcomes of osteosarcoma. 
The present study conjugated doxorubicin (DOX) with AuNPs 
to achieve combined photothermal and chemotherapeutic anti‑
cancer effects to inhibit the growth of the primary tumor and 
to suppress its metastasis.

Multifunctional core‑shell nanostructures as a drug carrier 
were recently created to overcome the limitations of tumor 
imaging and therapy (20‑23). Inorganic nanocrystals, such as 
those of Au and Ag, possess excellent heat conduction proper‑
ties (19,24). In the process of ablation, the generated heat is 
rapidly transferred through inorganic crystals (AuNPs), which 
improve the heat transfer efficiency and contribute to the goal 
of killing tumor cells (23). Thus, there is an urgent requirement 
for in‑depth investigation of suitability of AuNPs and other 
NPs for cancer cell imaging and therapy (25,26). Furthermore, 
researchers have proposed targeting nanocarriers that can 
be used for improving the stability of NPs or drugs and for 
targeted imaging (27,28), such as mesoporous silica, owing 
to its large surface area, large accessible pore volume and 
well‑defined surface properties  (28). As a shell  (SiO2 or 
mSiO2), this substance may be widely used as a drug carrier to 
protect inorganic nanocrystals from aggregating (29‑31). Thus, 
the present study investigated Au@SiO2 as a core‑shell nano‑
carrier for combined PTT and chemotherapy of osteosarcoma.

Given their unique applications in cancer imaging and 
therapy (32,33), a series of nanomaterials have been success‑
fully developed, including polymeric NPs, quantum dots, 
and graphene, gold and magnetic nanomaterials. AuNPs 
possess several attractive features, such as low toxicity, 
biocompatibility, high chemical stability, and sonocatalytic 
properties (32,33). Core‑shell nanostructures are an important 
way to protect NPs from aggregation (23). Therefore, mesopo‑
rous silica‑coated Au nanorods (AuNP@SiO2) have received 

much attention in the fields of PTT (34) and sonodynamic 
cancer therapy (35,36). However, there have been no reports 
on the application of AuNP@SiO2 in osteosarcoma animal 
models for both imaging and therapy; such a study would 
be a critical step towards understanding how these mate‑
rials behave in vivo for further clinical applications against 
osteosarcoma. Thus, the present study designed a probe 
composed of SiO2‑coated AuNPs incorporating ICG or DOX 
(Au@SiO2_ICG or Au@SiO2_DOX).

The present study investigated a multifunctional 
core‑shell nanostructure composed of ICG/DOX‑loaded 
SiO2 (Au@SiO2‑drug/VEGF) for diagnosing osteosar‑
coma and for combined PTT and cytotoxic chemotherapy. 
Au@SiO2‑ICG/VEGF was used to determine tumor 
localization via fluorescence imaging (NIR) technology. 
Au@SiO2‑DOX/VEGF was used for the combined PTT 
and chemotherapy. The results demonstrated that targeted 
combination therapy is more effective against osteosarcoma 
compared with DOX chemotherapy alone. This technology can 
substantially contribute to the development and understanding 
of novel techniques for the detection of malignant tumors.

Materials and methods 

Materials. Au@SiO2 NPs were purchased from Hangzhou 
Xinqiao Biotechnology Co., Ltd., whereas ICG and DOX 
were purchased from the Alfa Aesar Company. DMEM, fetal 
bovine serum (FBS), penicillin‑streptomycin, trypsin‑EDTA 
and Hoechst were purchased from Gibco; Thermo Fisher 
Scientific, Inc. All other reagents used in the present study 
were purchased from Sinopharm Group Co., Ltd. and were of 
certified analytical reagent grade. 

Synthesis of Au@SiO2‑drug and Au@SiO2‑drug/VEGF NPs. 
First, 0.5  ml of Au@SiO2 solution was added into a flask 
and NaOH solution (100 µl; 0.1 M) was subsequently added. 
Tetraethyl orthosilicate (30 µl; 20% in methanol) was added 
at 30 min intervals. Either ICG (200 µl; 5 mg/ml) or DOX (200 µl; 
5 mg/ml) were added to the solution. After 30 min, the final 
dose of tetraethyl orthosilicate was added and the mixture was 
subjected to a lucifugal reaction, which was allowed to proceed 
for 2 days in the dark at room temperature. The Au@SiO2‑drug 
nanostructure was separated via centrifugation at 335.4 x g at 
room temperature and by decantation after the reaction. Finally, 
10 mg/ml NH2‑polyethylene glycol (PEG)‑VEGF (>3500 Da) 
was added to modify the surface of the NPs. The product, Au@
SiO2‑drug/VEGF NPs, was stored at 4˚C.

Characterization. Transmission electron microscopy (TEM, 
HITACHI JEM‑1011; Hitachi, Ltd.) and scanning electron 
microscopy (SEM, EM‑30AX; COXEM Co., Ltd.) were 
performed to evaluate the morphology and size of Au@SiO2‑ICG 
NPs (in an aqueous dispersion) at 120 kV acceleration voltage. 
The hydrodynamic particle size distribution was determined on 
a Malvern Zetasizer (ZEN 3600; Malvern Instruments, Ltd.). 
Absorbance spectra of ICG and Au@SiO2‑ICG were recorded 
via ultraviolet‑visible spectroscopy (UV‑2450; Shimadzu 
Corporation), and fluorescence spectra were acquired on a 
fluorescence spectrofluorometer (F‑7000; Hitachi, Ltd.), with 
excitation at wavelengths of 780 and 808 nm, respectively.
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Photothermal effects in vitro. Aqueous solutions (1 ml) of free 
ICG (1 mg/ml), Au@SiO2 (4 mg/ml) and Au@SiO2‑ICG (4 mg 
of Au@SiO2 per 1 mg of ICG) were irradiated with an 808 nm 
continuous laser at a power density of 8 W/cm2 for 7 min. The 
temperature was registered every minute by means of a Fluke 
infrared thermal imager (TI400; FLUKE). Each assay was 
repeated three times. As a control, 1 ml of PBS was irradiated 
to record the temperature at the same laser settings. 

Cell culture. The human osteosarcoma cell line, MG63‑Luc 
(Procell Life Science & Technology Co., Ltd.) was used for 
both in vitro and in vivo experiments. MG63‑Luc cells express 
green fluorescent protein and firefly D‑luciferin, and are 
compatible with a standard transfection protocol. Cells were 
cultured in Minimum Essential Medium supplemented with 
10% FBS and 1% penicillin/streptomycin in a CO2 incubator 
(Heracell) at  37˚C  (36), according to the manufacturer's 
recommendations.

Cytotoxicity assessment. The cytotoxicity of Au@SiO2‑ICG 
and Au@SiO2‑ICG/VEGF NPs was assessed via the MTT 
assay, in the dark. MG63‑Luc cells were seeded into 96‑well 
plates at a density of 1x104 cells/well and cultured for 24 h 
at  37˚C. Cells were incubated with different concentra‑
tions of the probe. Concentrations of Au@SiO2‑ICG and 
Au@SiO2‑ICG/VEGF NPs in 0, 6.25, 12.5, 25, 50, 100, 
200, 300 and 400 µg/ml were assessed. The viability of the 
treated cells was determined via the MTT assay. Briefly, 10 µl 
of the MTT reagent (5 mg/ml) was added into each well and 
incubated for 4 h. DMSO was subsequently added to dissolve 
the formazan crystals and absorbance was measured at 570 nm 
wavelength using a microplate absorbance reader (Bio‑Rad 
iMARK™; Bio‑Red Laboratories, Inc.). 

Animal experiments. A total of 20 BALB/c nude male mice 
(athymic, 5‑weeks‑old, ~20 g) were provided by Beijing Vital 
River Laboratory Animal Technology Co., Ltd. All animal 
experiments were approved by the Institutional Animal Care 
and Use Committee of the Capital Medical University (Beijing, 
China; approval no. CMU097230). Animal health and behavior 
were monitored every 2 days. The following housing condi‑
tions were applied: Temperature, 20˚C; humidity, 55%; air 
exchange frequency, 15/h; bedding was cleaned every 3 days; 
light/dark cycle, 12/12 h; mice had free access to food and 
water. A suspension of ~1x106 MG63‑Luc cancer cells in 100 µl 
of phosphate buffer (0.01 mol/l; pH 7.2) was subcutaneously 
injected into the axillary fossa of each mouse to establish the 
subcutaneous tumor model. The tumors were allowed to grow 
for 2‑3 weeks until a signal of a 0.8 cm diameter was detectable 
via in vivo Imaging System (IVIS). The tumor‑bearing mice 
were injected with a probe (200 µl) for in vivo detection (n=5 
for each imaging probe or dye). Each mouse was anesthetized 
with 2% isoflurane prior to IVIS imaging. Cervical dislocation 
was applied to all mice for euthanasia 25 days post‑probe injec‑
tion. The duration of the animal experiment (from injection to 
euthanasia) was ~50 days.

NIR fluorescence imaging in vivo. For in vivo fluorescence 
imaging, six subcutaneous osteosarcoma tumors were 
selected when the diameter of each tumor reached 5‑6 mm. 

The mice were randomly divided into two groups (ICG and 
Au@SiO2‑ICG; n=3/group). Each mouse was anesthetized with 
2% isoflurane. A solution of either free ICG or Au@SiO2‑ICG 
in 10 mM phosphate buffer pH 7.2 (150 µl) was injected into 
mice via the tail vein. The region of interest was examined 
after 10 min and 24, 48, 72 and 96 h using an IVIS Spectrum 
imaging system (PerkinElmer, Inc.), with an excitation wave‑
length of 745 nm and an emission wavelength of 840 nm. The 
data were analyzed using IVIS Living Imaging 3.0 software 
(PerkinElmer, Inc.).

Photothermal therapy in vivo. Mice bearing a tumor were 
injected with Au@SiO2/VEGF in the tail vein and irradiated 
for 12 min post‑injection under laser. Probe concentration was 
2, 4, 6, 8 mg/ml under 1.4 W and 0, 1, 2, 4 mg/ml under 2 W. 
The irradiation‑induced temperature rise was recorded by a 
Fluke infrared thermal imager.

Tumor xenografts and antitumor therapy. To determine the 
most appropriate laser power and probe concentration, the 
subcutaneous‑tumor model mice were divided into different 
groups, receiving either PBS or different concentrations of 
probe prior to 1.4/2 W laser power PTT. Each mouse was anes‑
thetized with 2% isoflurane prior to PTT. The laser irradiation 
time was limited to 5 min to avoid possible tissue damage by 
hyperthermia. The temperature and photothermal images of 
the tumor surface during the laser irradiation were recorded 
every minute via the infrared thermal imaging system. Once the 
optimal laser power and probe concentration were confirmed 
(1.4 W with 4 mg/ml), tumor bearing mice were treated with 
DOX (24 mg/kg) + 808 nm laser or Au@SiO2‑DOX/VEGF 
(injection volume, 200 µl and probe concentration, 4 mg/ml) + 
808 nm laser to assess the effect of PTT combined with chemo‑
therapy. Tumor size was measured using a vernier caliper, and 
body weight was measured every 5 days using an electronic 
balance. On day 25, the mice model was assessed using a small 
animal optical molecular imaging system (IVIS Spectrum 
imaging system; PerkinElmer, Inc.) and analyzed using IVIS 
Living Imaging 3.0 software (PerkinElmer, Inc.). The mice 
received 80 µl of D‑Luciferin solution (15 mg/ml) via intra‑
peritoneal injection 8 min before bioluminescence imaging was 
performed. During imaging, the mice were anesthetized with 
2% isoflurane and placed in the supine position. The param‑
eters for the bioluminescence imaging system were as follows: 
Binning 4 and exposure time 1 sec. 

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism 7.05 software (GraphPad Software, Inc.). 
All experiments were performed in triplicate and data are 
presented as the mean ± SD. One‑way ANOVA was used to 
compare differences between two groups. P<0.05 was consid‑
ered to indicate a statistically significant difference by t‑test.

Results

Characterization of Au@SiO2‑drug/VEGF. Characterization 
was performed via SEM and size measurement. SEM 
analysis demonstrated that Au@SiO2‑drug/VEGF NPs were 
successfully synthesized. Au@SiO2‑drug/VEGF NPs had a 
good shape and a uniform size of ~90 nm (Fig. 1A). TEM 
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analysis demonstrated homogeneous microstructure of the 
Au@SiO2‑drug/VEGF NPs, consistently with the SEM results 
(Fig. 1B). Hydrated‑particle size was determined to verify 
the successful preparation of Au@SiO2‑drug/VEGF NPs. 
The size distribution was mainly in the range of 60‑120 nm, 
and the average particle size of the bubbles was ~90  nm 
(Fig. 1C). Fig. 1D conveys that the absorption peak of free ICG 
was ~780 nm, while SiO2 had no absorption peak. Notably, 
SiO2 conjugated with ICG yielded two absorption peaks, at 
700 and 780 nm. Furthermore, fluorescence intensity of the 
peak at 700 nm was stronger than that of free ICG, suggesting 
that Au@SiO2‑ICG exhibits better optical performance 
compared with free ICG did. Qualitative analyses of Au@
SiO2‑ICG indicated that the fluorescence intensity increased 
in a dose‑dependent manner (Fig. 1E). 

Au@SiO2‑drug/VEGF in  vivo biodistribution and the 
potential underlying mechanism. The expected cell‑targeting 
mechanism was supported by the observed endocytosis of 
different NPs (Au@SiO2‑ICG/VEGF and Au@SiO2‑ICG) in 
the cancer cell line. This was confirmed via confocal fluores‑
cence microscopy of MG63‑Luc cells (Fig. 2A). There was an 
obvious difference in uptake between Au@SiO2‑ICG/VEGF 
and Au@SiO2‑ICG NPs (Fig. 2A). In the band of ICG, there 
were endocytosed Au@SiO2‑ICG/VEGF NPs and staining of 
the plasma membrane of MG63 cells. Furthermore, through 
quantification of cellular endocytosis of Au@SiO2‑ICG/VEGF 
and Au@SiO2‑ICG (200 mg/ml) via flow cytometry, NP uptake 
efficiency was determined in MG63 cells. A distinct change in 
the fluorescence intensity of Au@SiO2‑ICG/VEGF‑fed MG63 
cells in the fla‑1 channel (563 nm) was observed (Fig. 2B). The 
results demonstrated that the VEGF protein had high efficiency 

of cancer cell targeting. To confirm that Au@SiO2‑ICG/VEGF 
and Au@SiO2‑ICG are biocompatible agents, biodistribution 
and toxicology assays at different concentrations (0, 6.25, 
12.5, 25, 50, 100, 200, 300 and 400 µg/µl) were performed 
with irradiation via the MTT assay (Fig. 2C). The assays 
revealed notable decreases in cell viability at concentrations 
ranging from 0‑400 µg/ml. Without a marked difference, Au@
SiO2‑ICG/VEGF and Au@SiO2‑ICG yielded the same cell 
viability trends as ICG, which is approved by the FDA. Thus, 
Au@SiO2‑ICG/VEGF NPs appear to be a biocompatible and 
nontoxic agent for in vivo imaging use.

In vivo metabolism of the probe. Fluorescence imaging repre‑
sents a non‑invasive highly sensitive tissue distribution assay in 
real‑time (18). Our method of fluorescence imaging (37) enabled 
highly sensitive real‑time imaging of osteosarcoma to assess 
the metabolism of Au@SiO2‑ICG/VEGF and its accumulation 
by the subcutaneous tumor. The mice carried subcutaneous 
osteosarcoma tumors derived from MG63 cells. The Au@
SiO2‑ICG/VEGF probe generated a strong fluorescence signal 
in the tumor region (Fig. 3) according to the IVIS Spectrum 
imaging system (PerkinElmer, Inc.), and the data were analyzed 
using IVIS Living Imaging 3.0 software (PerkinElmer, Inc.). 
Following fluorescence imaging in vivo, the mice were analyzed 
for fluorescence at 24 h post injection, and both prone and supine 
views of the NIR data were obtained (Fig. 3A). As presented in 
Fig. 3A, it is easy to see that the probe accumulated at the site 
of the subcutaneous tumor and outlined the tumor boundary. 
The probe was found to be metabolized by the liver and 
kidneys for 18 h. In addition, the present study quantitated the 
probe distribution in vivo in the whole‑body tissue distribution 
analysis presented in Fig. 3A. The Au@SiO2_ICG probe, which 

Figure 1. Characterization of Au@SiO2‑ICG/VEGF. (A) A scanning electron microscopy image of Au@SiO2‑ICG/VEGF NPs. (B) A transmission electron 
microscopy image of Au@SiO2‑ICG/VEGF NPs. (C) The hydrodynamic size of the nanocomposite particles was measured via dynamic light scattering. 
(D) The fluorescence imaging hysteresis loop of the Au@SiO2‑ICG/VEGF nanocomposite recorded at 300 K. (E) Fluorescence images of Au@SiO2‑ICG 
resuspended in water at different concentrations. ICG, indocyanine green; VEGF, vascular endothelial growth factor; NPs, nanoparticles; d., diameter.  
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was found to be distributed uniformly throughout the whole 
body initially, was slowly metabolized over time (Fig. 3B). The 
time point corresponding to the optimal tumor accumulation 
of Au@SiO2‑ICG/VEGF in vivo was at 8 h, according to the 
tumor/background signal ratio (Fig. 3C).

Probe based PTT of osteosarcoma. To investigate the most 
appropriate laser power and probe concentration of Au@
SiO2/VEGF‑based PTT in vivo, the photothermal effect of 
Au@SiO2/VEGF was monitored using an infrared thermal 
imaging camera post 1.4/2 W laser power irradiation, with 
different probe concentrations. As the laser power increases, 
the temperature curve should also increase more rapidly, 
thus the concentration range assessed under 2 W is narrow 
compared with 1.4 W. The laser irradiation time was limited 
to 5 min to avoid possible tissue damage by hyperthermia. 
The mice were conscious, and the healthy epidermis was 
not burned during the laser irradiation. The temperature 
and photothermal images of the tumor surface during the 
laser irradiation were recorded every minute by the infrared 
thermal imaging system (Fig. 4A), and tumor temperature 

gradually increased with the time of laser radiation as recorded 
by thermal camera. A notable increase in tumor temperature 
was observed in Au@SiO2/VEGF‑injected mice, whereas the 
tumor temperature increase was minimal in mice injected 
with PBS (Fig. 4B). In addition, the temperature was higher 
and increased more rapidly following treatment with greater 
laser power and higher probe concentration. Furthermore, the 
temperature was higher as the probe concentration increased 
under the same laser power. A similar trend was observed 
when the laser power increased under the same probe concen‑
tration (Fig. 4B). According to a previous study (13), tumor 
cells are effectively eliminated at 42˚C, thus the present study 
selected 1.4 W laser power with 4 mg/ml probe concentration 
for subsequent experimentation. Images of mice treated with 
1.4 W laser power and 4 mg/ml probe concentration were taken 
on days 0, 1 and 20. Tumor shrinkage was observed; however, 
tumor residual remained, thus a more effective strategy against 
osteosarcoma, such as combination therapy, is required. 

Combined PTT and cytotoxic chemotherapy of osteosar‑
coma. Dual anticancer effects of Au@SiO2‑DOX/VEGF 

Figure 2. Cytotoxicity and endocytosis of Au@SiO2/VEGF NPs in vitro. (A) Confocal‑microscopy images of Au@SiO2/VEGF taken up by MG63 cells. 
The cell nuclei were stained with DAPI (blue), actin was stained with TRITC‑phalloidin (red), and Au@SiO2/VEGF NPs were visualized with near‑infrared 
light (green). (B) Flow cytometric analysis of the uptake of Au@SiO2‑ICG/VEGF (purple) and Au@SiO2‑ICG (red) by MG63 cells. (C) The MTT assay was 
performed to assess cell viability at different concentrations of Au@SiO2/VEGF NPs. *P<0.05. VEGF, vascular endothelial growth factor; NPs, nanoparticles; 
TRITC, tetramethylrhodamine; ICG, indocyanine green. 
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were assessed in tumor‑bearing nude mice. Athymic nude 
mice (5‑weeks‑old) were subcutaneously injected with 2x106 
MG63‑Luc cells into the dorsal right side. The tumor formed 
after 14 days, and its volume was calculated via multiplication 
of the largest and smallest dimensions. A total of 12 mice were 
randomly divided into two groups to assess the photothermal 
properties of Au@SiO2‑DOX/VEGF. Au@SiO2‑DOX/VEGF 
group (n=6) was treated with the 808 nm laser for 5 min 
at 1.4 W/cm2 after injection of the probe, while DOX group 
(n=6) received DOX and 808 nm laser treatment for 5 min 
at 1.4 W/cm2 (Fig. 5A). Across the 25 days, the tumors had 
disparate growth trends in both treatment groups, imaging 
of tumor region was taken at day 0, 10 and day 25 of both 
groups and tumor regrowth was detected by IVIS at day 25. 
A strong synergistic antitumor effect was achieved when 
combining PTT and chemotherapy, and the tumor growth 
in Au@SiO2‑DOX/VEGF group was almost completely 
inhibited on day 25 (upper row in Fig. 5A). Notably, both 
treatments caused major cellular damage in cancerous tissues 
but not in normal tissues. Regrowth of the tumor was detected 
in the DOX‑treated tumor group start from day 10 (lower 
row in Fig. 5A). Furthermore, in contrast to the slow linear 

decline of tumor volume in the Au@SiO2‑DOX/VEGF group, 
tumor volume in the DOX group manifested linear growth 
after 10 days of treatment (Fig. 5B). Body weight remained 
stable in the Au@SiO2‑DOX/VEGF group after 15 days, 
suggesting that mice in this group responded well to treatment 
and exhibited improved quality of life, including greater food 
and water consumption. Conversely, body weight increased in 
the DOX group after 15 days, which was associated with rapid 
tumor growth (Fig. 5C). Taken together, these results suggest 
that Au@SiO2‑DOX/VEGF and the laser are a safer and more 
effective method of eliminating tumor cells compared with 
DOX alone.

Discussion

The present study successfully synthesized a nanoscale 
probe Au@SiO2‑drug/VEGF and proved that the probe 
can specifically bind to osteosarcoma cells. Notably, Au@
SiO2‑drug/VEGF and DOX exhibited enhanced antitumor 
activity when combined with NIR laser irradiation compared 
with DOX plus laser treatment in vivo. The antitumor effect 
of Au@SiO2‑DOX/VEGF may be attributed to cell‑targeting 

Figure 3. In vivo fluorescence images of subcutaneous‑MG63‑Luc‑tumor‑bearing mice in the prone position. (A) Images were captured at different time points 
after intravenous injection of Au@SiO2/ICG/VEGF or Au@SiO2/ICG NPs. Scale bar, 1 cm. Black circle near the upper limb indicates tumor region, while black 
circles on faces indicate the region selected to calculate background signal. (B) Quantitative analysis of probe distribution. (C) The TBR. TBR, tumor/back‑
ground signal ratio; VEGF, vascular endothelial growth factor; ICG, indocyanine green; NPs, nanoparticles.  
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endocytosis of the probe and the synergistic interaction 
between chemotherapy and PTT (22). In this nanoconstruct, 
VEGF peptide with high tumor binding affinity and high 

plasma stability was conjugated to Au@SiO2 via a PEG linker, 
which ensured availability of the peptide to the target receptor. 
This strategy has been successfully used for the formulation 

Figure 4. Thermal images of mice with subcutaneous tumors after intravenous injection of the probe (4 mg/ml; 200 µl) subjected to photothermal therapy 
under the 808 nm laser, with an output power of 1.4 W. (A) Temperature variation at different concentrations and laser power levels at various time points. 
(B) Quantitative analysis of temperature variation. (C) Images of treated mice. Black circles indicate tumor regions. Scale bar, 1 cm.  

Figure 5. Performance of in vivo PTT and cytotoxic chemotherapy. (A) The effect of combination therapy on subcutaneous osteosarcoma tumor after injec‑
tion of a drug (either Au@SiO2/DOX/VEGF or DOX). Images on the first column were taken prior to PTT, while images on the second column were taken 
following PTT. Images on the third column were taken on day 25, while images on the fourth column were taken via IVIS on day 25. Scale bar, 1 cm. 
(B) In vivo tumor volumes in mice treated with either Au@SiO2‑DOX/VEGF or DOX for 25 days. (C) Body weight of osteosarcoma‑bearing mice treated 
with either Au@SiO2‑DOX/VEGF or DOX for 25 days. *P<0.05. PTT, photothermal therapy; DOX, doxorubicin; VEGF, vascular endothelial growth factor; 
IVIS, in vivo Imaging System. 

https://www.spandidos-publications.com/10.3892/ol.2021.13027
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https://www.spandidos-publications.com/10.3892/ol.2021.13027
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of other targeted NPs  (38‑41). Characterization of probe 
demonstrated that the probe NPs had a good nanosphere shape 
and a uniform size of ~90 nm. The probe exhibited optimal 
performance compared with free ICG, suggesting that the NP 
can potentially be used for tumor in vivo detection.

Both in vitro and in vivo data demonstrated that Au@
SiO2‑drug/VEGF can be cell‑targeting endocytosed. In vivo, 
Au@SiO2‑drug/VEGF displayed significantly higher accu‑
mulation compared with nontargeted Au@SiO2‑drug/VEGF 
in human osteosarcoma cells. Thus, the results of the present 
study support successful VEGF receptor‑mediated targeted 
delivery of Au@SiO2‑drug/VEGF after intravenous injection. 
In addition to active targeting mediated by receptor ligands 
exemplified in the present study, physiological and physical 
methods, such as tumor priming, vascular disruption, degra‑
dation of the extracellular matrix and vessel normalization 
may be used to improve tumor distribution of NPs (42,43). 
These studies suggest that targeted NPs, such as Au@
SiO2‑drug/VEGF, may achieve further improvement in tumor 
deposition when combined with physiological and physical 
methods.

The temperature of tumors in mice that received intra‑
venous injection of probe reached ~47˚C after 5 min of 
continuous wave NIR laser exposure at 1.4  W/cm2. This 
temperature is sufficient for inducing irreversible damage to 
cancer cells (44). In the present study, 1.4 W increased the 
temperature only when probe concentration was higher than 
2 W. Au in the probe is known to have good photothermal 
conversion performance (44). The higher the probe concen‑
tration, the more Au and more heat generated  (45,46). As 
expected, there was no temperature change in the tumors of 
mice that receives PBS injection followed by NIR irradiation. 
Therefore, Au@SiO2‑drug/VEGF mediates efficient photo‑
thermal effects. Among the different types of inorganic NPs, 
gold NPs are the most widely used for drug delivery and other 
biological applications, due to their non‑toxic and biocompat‑
ible properties, their size‑ and shape‑controllable synthesis, the 
ease of surface modification with functional thiolate ligands 
and their extremely rich and versatile optical heterogeneous 
and peculiar nature of individual cancers and the inability to 
target therapeutics to cancer cells without damaging normal 
tissues (43). There are studies using various nanostructures 
to medicate PTT, such as nanorod, nanoshell capsules and 
nancages  (46‑48), excellent photothermic conversion and 
promising antitumor activity have been observed. However, 
further studies are required to identify other nanostructured 
particles for the treatment of osteosarcoma.

The antitumor efficacy of Au@SiO2‑DOX/VEGF plus 
laser and free DOX plus laser was investigated in a 25‑day 
follow up. The follow‑up did not continue pass this point 
as the mice receiving free DOX plus laser has significantly 
weight loss and tumor size growth on day 25. The results 
demonstrated that mice receiving Au@SiO2‑DOX/VEGF 
plus laser had a significantly better prognosis. Thus, PTT 
and cell toxicity combined therapy may be a more effective 
therapy module compared with chemotherapy alone. In addi‑
tion, a previous study reported that NP loaded cytotoxicity 
drug can reduce the side effects of chemotherapy due to 
controlled release (49). Osteosarcomas are deep‑seated, bone 
tumors and their metastasis is associated with the lungs, 

which are deep‑seated organs (1), so the clinical applica‑
tion of probe‑based PTT for osteosarcomas may be tumor 
residual elimination following tumor resection. However, 
laser radiation before any incision is made considering the 
penetration of laser in human tissues.

In conclusion, the present study successfully developed 
Au@SiO2‑drug/VEGF NPs enabling simultaneous NIR 
hyperthermia and drug delivery. The Au@SiO2‑drug/VEGF 
NPs exhibited optimal antitumor efficacy and satisfactory 
biocompatibility. In addition, Au@SiO2‑drug/VEGF exhibited 
good targeting performance towards osteosarcoma due to the 
targeting agent, VEGF. It was confirmed that the combined 
treatment (cytotoxic chemotherapy and PTT) can be adminis‑
tered to mice and successfully suppress the cancer and prolong 
the survival time. Taken together, these results suggest that 
Au@SiO2‑drug/VEGF delivers targeted heating and drugs 
to tumor tissues and minimizes collateral damage to healthy 
tissues. Thus, this approach has great potential for effective 
treatment of different types of tumors. Given that this therapy 
is both feasible and effective, it may be incorporated into 
clinical practice in the near future.
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