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Background: Osteosarcoma is a malignant bone tumor with a high rate of lung metastasis and mortality. It has been demonstrated 
that resveratrol can inhibit tumor proliferation and metastasis, but its application is limited due to poor water solubility and low 
bioavailability. In this study, we proposed to prepare folate-modified liposomes loaded with resveratrol to investigate its anti- 
osteosarcoma effect in vitro and in vivo.
Methods: We prepared and characterized resveratrol liposomes modified with folate (denoted as, FA-Res/Lps). The effects of FA-Res 
/Lps on human osteosarcoma cell 143B proliferation, apoptosis, and migration were investigated by MTT, cell cloning, wound-healing 
assay, transwell, and flow cytometry. A xenograft tumor and lung metastasis model of osteosarcoma was constructed to study the 
therapeutic effects of FA-Res/Lps on the growth and metastasis of osteosarcoma in vivo.
Results: The FA-Res/Lps were prepared with a particle size of 118.5 ± 0.71 and a small dispersion coefficient of 0.154 ± 0.005. We 
found that FA-modified liposomes significantly increased resveratrol uptake by osteosarcoma cells 143B in flow cytometric assay, 
resulting in FA-Res/Lps, which inhibit tumor proliferation, migration and induce apoptosis more effectively than free Res and Res/Lps. 
The mechanism of action may be associated with the inhibition of JAK2/STAT3 signaling. In vivo imaging demonstrated that FA- 
modified DiR-modified liposomes significantly increased the distribution of drugs at the tumor site, leading to significant inhibition of 
osteosarcoma growth and metastasis by FA-Res/Lps. Furthermore, we found that FA-Res/Lps did not cause any adverse effects on 
mice body weight, liver, or kidney tissues.
Conclusion: Taken together, the anti-osteosarcoma effect of resveratrol is significantly enhanced when it is loaded into FA-modified 
liposomes. FA-Res/Lps is a promising strategy for the treatment of osteosarcoma.
Keywords: resveratrol, liposomes, osteosarcoma, lung metastasis, JAK2/STAT3 pathway

Introduction
Osteosarcoma (OS) is the most common malignant bone tumor. Most cases occur in children and young adults 10 to 30 
years of age. Approximately 10 to 15% of patients with newly diagnosed osteosarcoma present with metastatic disease, 
primarily in the lung. The 5-year survival rate is approximately 60% among patients with localized osteosarcoma but is 
only 20% among patients presenting with metastases or recurrent disease.1,2 The mainstay of treatment for OS is surgical 
resection of the primary tumor, pre-and post-operative chemotherapy has been effective in improving patient survival. 
Unfortunately, chemotherapeutic drugs are not good for treating OS lung metastases and are susceptible to toxic side 
effects, such as adriamycin, which has significant cardiac effects, so it is urgent to find a highly effective and less toxic 

International Journal of Nanomedicine 2023:18 2677–2691                                               2677
© 2023 Zhu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 5 January 2023
Accepted: 14 April 2023
Published: 19 May 2023

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


drug for treating OS.3,4 Nowadays, scientists are investigating the use of various naturally-occurring bioactive com-
pounds against OS.5,6

Resveratrol (Res), a non-flavonoid polyphenolic organic compound, has antioxidant, anti-inflammatory,7 anti-cancer,8 

and cardiovascular protection.9 Furthermore, Res has a significant inhibitory effect on a wide range of tumor cells, 
including hepatocellular carcinoma,10 breast cancer,11 colon cancer,12 gastric cancer13, and leukemia.14 Res has been 
demonstrated that it can inhibit the growth and metastasis of OS in vitro through NF-κB inhibition15 and STAT3 pathway 
inhibition,16 but there are few studies on the in vivo anti-tumor effects of Res, especially on the inhibition of OS 
metastasis. In addition, the preparation of injectable dosage forms of Res is hampered by its poor water solubility.17,18

The development of nano-delivery systems has addressed these issues, not only by improving the water solubility of 
drugs, but also by increasing their anti-tumor effects.19 For example, liposome-encapsulated Res has been shown to 
improve the treatment of hepatocellular carcinoma10 and glioblastoma,18 and micelle-loaded Res and docetaxel have 
been shown to improve the treatment of drug-resistant tumors.20 Although liposomes have several advantages such as 
low toxicity, biodegradability, biocompatibility, and enhanced permeability and retention (EPR) effect, their therapeutic 
effectiveness can be affected by inefficient drug delivery to the target cells.21,22 Therefore, new systems of active 
targeting drug delivery have been introduced for the improvement of efficacy.23 In this study, liposomes were selected as 
nanocarriers and also modified with folate (FA). Since the folate receptor is overexpressed on tumor cells,24 we 
hypothesized that the folate-modified Res/Lps have good tumor targeting effects.

Herein, we constructed folate-modified liposome-loaded Res (denoted as, FA-Res/Lps), selected osteosarcoma 143B 
cells in vitro, a subcutaneous graft tumor in vivo, and a lung metastasis model with tail vein injection of 143B cells to 
examine the ability of FA-Res/Lps to inhibit tumor growth and lung metastasis and the possible mechanisms.

Materials and Method
Materials, Cell Culture, and Animals
Resveratrol was obtained from Macklin (Shanghai, China). DSPE-PEG2000, FA-PEG2000-DSPE was obtained from 
Ruixibio (Xi’an, China). Soy phosphatidylcholine, cholesterol, DiR iodide were purchased from Meilunbio (Dalian, 
China). Coumarin 6 (Cou-6) was obtained from Aladdin (Shanghai, China). JAK 2 antibody, P-STAT 3 antibody, 
Caspase 3 antibody, Cleaved Caspase 3 antibody were purchased from Cell Signaling Technology (Danvers, MA, 
USA). P-JAK 2 antibody was acquired from Abcam (Cambridge, UK). STAT 3 antibody, BCL-2 antibody, Bax antibody, 
Cytochrome antibody, and N Tubulin β polyclonal antibody were obtained from Bioworld Technology (Nanjing, China). 
The peroxidase-conjugated secondary antibody was obtained from CWBIO (Taizhou, China).

Human osteosarcoma cell line 143B cells were obtained from the Nanfang Hospital, Southern Medical University 
(Guangzhou, China). Cells were cultured in DMEM medium containing 10% FBS in a 37°C incubator containing 
5% CO2.

Male nude mice (6–8 weeks old) were purchased from Bestest (Zhuhai, China). All animal studies were conducted in 
accordance with the Guide for the Care and Use of Laboratory Animals. The Experimental Animal Ethics Committee of 
South China Hospital, South China University approved all experimental protocols.

Preparation and Characterization of the FA-Res/Lps
Resveratrol liposomes were prepared using the emulsification solvent volatilization method.25 To prepare FA-Res/Lps, 
soy phosphatidylcholine, cholesterol, DSPE-PEG2000, and FA-PEG2000-DSPE (8.5:1:0.3:0.2 by mass) were dissolved in 
dichloromethane, respectively, and RES was dissolved in methanol. The mixture of lipid and Res was dripped into pure 
water under magnetic stirring at 450 rpm for 60 minutes. The resulting liposomal colostrum was sonicated 50 times using 
an ultrasonic cell crusher with an ultrasonic power of 200 W. The liposome solution is filtered through a 0.22 μm 
microporous membrane, freeze-dried before use and stored at room temperature. Coumarin 6 and DiR fluorescent 
liposomes were prepared in the same manner as the Res was replaced with coumarin 6 and DiR.

Intensity particle size and zeta potential were assessed using dynamic light scattering (DLS, Malvern, nano-ZS, UK). 
Res/Lps and FA-Res/Lps were stained with 2% phosphotungstic acid and their morphology was examined by 
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transmission electron microscopy (TEM, JEM-1400plus). The drug loading and encapsulation efficiency of Res/Lps and 
FA-Res/Lps were determined by UV spectrophotometry (SHIMADZU, UV −1780, Japan).

In vitro Cellular Uptake
143B cells were seeded in 6-well plates, the serum-free medium contained free Cou-6, Cou-6/Lps, and FA-Cou-6/Lps 
(the concentration of coumarin 6 was the same, 8ug/mL) were added for 2 h. The cells were collected after trypsin 
digestion and the intracellular fluorescence intensity of Cou-6 was detected by flow cytometry (Attune NxT, Thermo 
Fisher).

Cell Viability
143B cells were inoculated in 96-well plates at a density of 3×103 cells/well. Cells were then incubated with free Res, 
Res/Lps, and FA-Res/Lps, respectively. 48 hours later, incubation was altered with DMEM medium containing MTT 
(5 mg/mL) for 4 hours. MTT was then removed and 100 µL of DMSO was added dropwise to dissolve the methanogenic 
crystals at 37°C (dark, for 4 hours). Absorbance at 490 nm was measured using a microplate reader (Bio-Rad model 
680, UK).

Colony Formation Unit Assay
143B cells were inoculated in six-well plates at a density of 1×103 cells/well. After cell attachment, cells were treated 
with free Res, Res/Lps, and FA-Res/Lps, respectively. Colonies were stained with crystal violet and photographed 7 to 10 
days after administration.

Cell Apoptosis Analysis
Apoptosis was detected by flow cytometer through apoptosis assay kit (Beyotime, China). Cells were treated with free 
Res, Res/Lps, and FA-Res/Lps, respectively. After 48 hours of administration, cells were collected by centrifugation, 
washed twice with PBS, and resuspended in 200 μL Annexin V binding solution. Then, 5 μL Annexin V-FITC staining 
solution and 10 μL PI staining solution were added and the solutions were incubated in the dark for 15 minutes and 
immediately tested by flow cytometry.

Transwell Migration Assay
Cell migration experiments were performed using transwell chambers with a pore size of 8µm. The density of the cell 
suspension was 1.5×106 cells/mL, serum-free medium was added to the upper chamber of the transwell and 10% FBS 
medium was added to the lower chamber. At the same time, drugs were added to the upper chamber and treated with free 
Res, Res/Lps, and FA-Res/Lps, individually. After 24 hours of treatment, the non-migrating cells in the upper chamber 
were wiped with a cotton swab, fixed with 4% formaldehyde and stained with crystalline violet, and photographed.

Wound-Healing Assay
The 143B cells were inoculated into 6-well plates in a 37°C, 5% CO2 incubator. When the cells reached 100% 
confluence, three parallel lines were drawn evenly at the bottom of each well with a 200 μL needle tip. Cells were 
treated with 10% fetal bovine serum medium containing free Res, Res/Lps, and FA-Res/Lps, separately. Finally, 
photographs were taken and the width of the scratch was measured at 0 h and 24 h, respectively.

Western Blot Analysis
The 143B cells were inoculated in cell culture dishes and divided into 4 groups and treated with free Res, Res/Lps, and 
FA-Res/Lps. Cells were extracted from protein by RIPA lysis buffer containing a mixture of protease and phosphatase 
inhibitors and protein concentrations were measured using the BCA method. Use SDS-PAGE gels for protein separation. 
Protein samples were transferred to PVDF membranes, closed with 5% skimmed milk (Solarbio, Beijing), washed twice 
with TBST and then treated with appropriately diluted primary antibodies (p-JAK2, diluted 1:1000; JAK2, diluted 
1:1000; p-STAT3, diluted 1:1000; STAT3, diluted 1:1000; BCL-2. diluted 1:1000; Bax, diluted 1:1000; Caspase3, diluted 
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1:1000; Cleaved Caspase3, diluted 1:1000; Cytochrome, diluted 1:1000; N-Cadherin, diluted 1:1000; Vimentin, diluted 
1:1000; Tubulin, diluted 1:1000) overnight at 4°C. After washing three times with TBST, samples were incubated with 
secondary antibodies for 1 h at room temperature and developed using ECL illumination solution (Millipore, USA).

In vivo Imaging
In vivo biodistribution of drugs was performed. Osteosarcoma 143B cells were grafted subcutaneously to nude mice, and 
when the volume grew to about 350 mm3, free DiR, DiR liposomes, and FA-DiR liposomes were injected into nude mice 
via the tail vein. The concentration of DiR was 0.5 mg/kg and the biodistribution of DiR in vivo was investigated by 
a Xenogen IVIS100 imaging system (XenogenCorp. Hopkinton, MA, USA). Mice were executed at 24 hours and the 
fluorescence intensity of major organs (heart, liver, spleen, kidney, and tumor) was measured.

In vivo Antitumor Effects
Approximately 100 μL of 7×106 143B cells in DMEM were mixed with 100 μL of matrigel gel (Corning, USA) and 
implanted subcutaneously into the backs of mice. Mice were randomly divided into 4 groups (n=3) at tumor volume of 
100 mm3 (approximately 1 week after injection) and injected intraperitoneally with saline, Res (10 mg/kg), Res/Lps 
(10 mg/kg), and FA-Res/Lps (10 mg/kg) every 2 days. Next, tumor size was measured every 3 days using vernier 
calipers, tumor volume (V) = length*width2/2. Antitumor efficacy was determined based on tumor growth and final 
tumor weight.

In Vivo Anti-Lung Metastatic Effects
Stably transfected 143B cells expressing luciferase (143B-luc; 1 x 106 Cells/Mice) were injected into mice via the tail 
vein.26,27 The development of lung metastases were assessed using the in vivo imaging system (IVIS, XenogenCorp. 
Hopkinton, MA, USA). Three days after injection, mice were randomly divided into four groups (n=5) and injected 
intraperitoneally with saline, Res (10 mg/kg), Res/Lps (10 mg/kg), and FA-Res/Lps (10 mg/kg) every two days. Mice 
were tracked for body weight and executed 4 weeks after administration. Lung tissue was extracted and luminescence 
intensity was taken.

Hematoxylin and Eosin (H&E) Staining
After execution of the mice, liver, spleen, kidney, lung, and tumor tissue were embedded in paraffin. The sections were 
dewaxed, stained with hematoxylin nuclear staining concentrate and 0.5% eosin staining solution, and sealed with neutral 
glue. These photographs were detected in five random fields using a microscope (Nikon, Ni-u, Tokyo, Japan).

Immunohistochemistry (IHC) Staining
Paraffin sections were dewaxed in xylene and then rehydrated in an alcohol gradient. Tissue antigen was then heated in 
sodium citrate at pH 6.0 for 15 minutes, sections were closed with serum and incubated with anti-ki67 primary antibody 
(diluted 1:100) overnight at 4°C. After three rinses in PBS, sections were incubated with secondary antibody for 10 
minutes at room temperature. Then, 1–2 drops of DABPlus developer were mixed with 1 mL of DAB plus substrate and 
incubated with the sections for 5 ~ 15 minutes. Samples were examined under a microscope (Nikon, Ni-u, Tokyo, Japan) 
and ki-67 positive cells were counted in 5 random fields.

TUNEL Assay
Apoptotic cells were studied in vivo by TdT-mediated dUTP nick end labeling (TUNEL, KeyGEN BioTECH, Jiangsu). 
First, paraffin sections were dehydrated and transparent, then permeabilized with DNase-free proteinase K and then 
washed three times with PBS. The prepared TUNEL assay solution was added to the sections and incubated at 37°C for 
60 minutes. Finally, sections were mounted with an anti-fluorescence burst mounting solution and observed under 
a confocal microscope (Nikon, A1R+N-STORM, Tokyo, Japan).
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Statistical Analysis
Images were drawn using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). SPSS 17.0 was used for 
statistical analysis. One-way analysis of variance (ANOVA) was used to analyze the significance between groups. All 
data are expressed as mean ± SD, with P<0.05 indicating significance.

Results
The Characterization of FA-Res/Lps
The appearance of Res/Lps and FA-Res/Lps is shown in Figure 1A, where clarified solutions of Res/Lps and FA-Res/Lps 
were observed, indicating that liposome delivery of Res optimizes solubility issues. In addition, Res/Lps and FA-Res/Lps 
can be lyophilized into powder form. TEM results show that both Res/Lps and FA-Res/Lps have a spherical shape 
(Figure 1B and C). As shown in Figure 1D and E, the particle sizes of Res/Lps and FA-Res/Lps were 100.3 ± 0.35 nm 
and 118.5 ± 0.71 nm, respectively, and the polymer dispersion index (PDI) was 0.172 ± 0.025 and 0.154 ± 0.005, 
respectively. Furthermore, the zeta potentials of Res/Lps and FA-Res/Lps were −32.8 ± 0.14 mV and −33.0±0.81 mV. 
The encapsulation efficiencies of Res/Lps and FA-Res/Lps were 93 ± 2.4% and 91 ± 1.3%, respectively (Figure 1F and 

Figure 1 Characterization of FA-Res liposomes. (A) Photographs of Res liposomes and FA-Res liposomes. (B and C) The TEM images of Res liposomes and FA-Res 
liposomes. (D and E) Particle size distribution of Res liposomes and FA-Res liposomes. (F and G) Zeta potential of Res liposomes and FA-Res liposomes.
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G). Also, the particle size and encapsulation rate of the redissolved Res/Lps and FA-Res/Lps were consistent with those 
before lyophilization.

FA-Res/Lps Inhibits Proliferation and Induces Apoptosis of Osteosarcoma Cells
We used flow cytometry to assay the cellular uptake of free Cou-6, Cou-6/Lps and different proportions of FA-PEG2000- 
DSPE modified Cou-6 Liposomes in 143B cells (Figure 2A). We found that 2% FA-PEG2000-DSPE modified Cou-6 
liposomes had the highest cumulative Cou-6 concentration. Therefore, we chose 2% FA as the modification ratio of FA- 
Res/Lps.

Next, we assessed the cytotoxicity of free Res, Res/Lps, and FA-Res/Lps in 143B cells. Notely, FA-Res/Lps 
significantly increased the cytotoxicity of 143B cells (Figure 2B). To further confirm the effect of FA-Res/Lps on the 
proliferation of 143B cells, we performed cell clone formation (Figure 2C). The number of clones in the control, free 
Res, Res/Lps, and FA-Res/Lps groups were 284.7 ± 10, 225 ± 9.2 (P < 0.05, compared to control), 141.7 ± 6.2 (P < 0.01, 
compared to control) and 14.6 ± 1.3 (P < 0.01, compared to Res/Lps), respectively (Figure 2D).

Annexin V-FITC/PI double staining was used to detect apoptosis in 143B cells (Figure 2E). The apoptosis rates in 
143B cells were 7.1±2.1%, 20.6±1.8% (P<0.01, compared with control) and 30.9±1.2% (P<0.01, compared with control) 
in the control, free Res and Res/Lps groups, respectively, while the FA-Res/Lps group significantly increased the 
apoptosis rate to 51.1±2.6% (P<0.01, compared with Res/Lps) (Figure 2F). In addition, the expression of the correspond-
ing apoptotic proteins Bax/Bcl-2 ratio, cytochrome C, and cleaved caspase-3 was significantly upregulated in the FA-Res 
/Lps group (Figure 2G).

FA-Res/Lps Inhibits Osteosarcoma Cell Invasion and Migration
The effect of FA-Res/Lps on the migration of osteosarcoma cells was examined using the transwell assay and the wound 
healing assay. In Figure 3A, the free Res and Res/Lps treatments successfully blocked the migration of OS cells through 
the pores into the inferior chamber compared to the control group (p<0.01, compared to the control group). However, the 
FA-Res/Lps group further reduced the entry of cells into the lower chamber compared to the free Res and Res/Lps groups 
(p<0.05, compared to Res/Lps) (Figure 3B). This phenomenon also occurred in the wound healing assay (Figure 3C), 24 
hours after treatment of 143B cells with Res, the wound healing rates in the control, free Res and Res/Lps groups were 
79.4±1.1%, 59.9±2.3% (p<0.01, compared to control) and 41±0.8% (p<0.0001, compared to control), respectively, 
whereas the FA- Res/Lps treatment group had a stronger inhibitory effect on wound healing than the free Res and 
Res/Lps groups, with a wound healing rate of 29.3±1.8% (p<0.05, compared with Res/Lps) (Figure 3D).

To further explore the mechanism of reduced cell migration, protein levels of metastasis-related proteins, such as 
N-cadherin and Vimentin, were measured by western blot in cells from the control, free Res, Res/Lps, and FA-Res/Lps 
groups. The results showed that FA-Res/Lps significantly decreased the expression of metastasis-related proteins 
(Figure 3E). The JAK2/STAT3 signaling pathway, as a major chain of intracellular signaling, plays an important role 
in cell proliferation, apoptosis, invasion, migration, and immune response activities. Western blot results showed that FA- 
Res/Lps significantly decreased the expression of P-JAK2 and P-STAT3 protein expression (Figure 3F).

In vivo Biodistribution of FA-DiR/Lps
The distribution of DiR liposomes in nude mice was examined by an in vivo imaging system. Identical doses of free DiR, 
DiR liposomes, and FA-DiR/Lps were injected into mice via the tail vein. The in vivo DiR distribution was examined 24 
hours after administration (Figure 4A), and the fluorescence intensity of free DiR, DiR liposomes, and FA-DiR liposomes 
was (1.5±0.3)x1010, (13.9±2.2)x1010 (P<0.05, compared with the free DiR group) and (19.5±1.7)x1010 (P<0.05, 
compared with the DiR liposome group for comparison) in vivo tumor tissues (Figure 4B). This indicates that folate- 
modified liposomes prolong liposome circulation and target tumors in vivo. Figure 4C shows fluorescence images of 
major organs and tumors 24 hours after injection, the fluorescence intensity of isolated tumor tissues was (6.7±1.6)x109, 
(57.8±7.7)x109, (88.8±4.6)x109 for free DiR, DiR liposomes and FA-DiR liposomes (P<0.05, compared to the DiR 
liposome group) (Figure 4D), which further indicated that FA-DiR liposomes exhibited high tumor accumulation.
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Figure 2 Proliferation and apoptosis of FA-Res liposome-treated osteosarcoma cells and their associated signaling pathways. (A) Cellular uptake of free COU-6, COU-6 
liposomes, and FA-COU-6 liposomes by 143B cells. (B) Cell viability of 143B cells after 48 h treatment with free Res, Res liposomes, and FA-Res liposomes. (C and D) The 
clonogenic capacity of 143B cells and their colony number were calculated. (E and F) Apoptosis analysis of 143B cells by double staining with FITC Annexin V/PI and the 
percentage of apoptosis was calculated. (G) Expression of Bax, Bcl-2, Caspase-3, Cleaved Caspase-3, and cytochrome C proteins in 143B cells was detected by western blot 
analysis. All data are expressed as mean ± SD (n=3). *p<0.05, **p<0.01 and ***p<0.001.
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FA-Res/Lps Suppresses Tumor Growth in vivo
We investigated the antitumor effect of FA-Res/Lps on 143B cell xenograft mice. Figure 5A shows photographs of mice 
from each group, the tumor volumes in the control, free Res, Res/Lps, and FA-Res/Lps groups were 1239.3±123.5 mm3, 
995.4±53.6 mm3 (P<0.05, compared with the control group), 601.7±43.3 mm3 (P<0.0001, compared with the control 
group), and 433.4±69.3 mm3 (P<0.0001, compared with the control group) (Figure 5B and C). The tumor weights were 
0.94±0.09 g, 0.69±0.05 g (P<0.05, compared with the control group), 0.45±0.04 g (P<0.01, compared with the control 
group), and 0.26±0.07 g (P<0.001, compared with the control group), respectively (Figure 5D). More importantly, we 

Figure 3 Cell migration and associated signalling pathways in FA-Res liposome-treated osteosarcoma cells. (A and B) Representative images and quantitative data of 
transwell analysis of 143B cells after 24 hours of treatment with control, free Res, Res liposomes, and FA-Res liposomes, respectively. (C and D) Wound healing of 143B cells 
after 0 h and 24 h of treatment with control, free Res, Res liposomes, and FA-Res liposomes, respectively, was photographed and their relative healing rates were calculated. 
(E) Expression of N-Cadherin and vimentin protein in 143B cells were analyzed by Western blot. (F) Expression of P-JAK 2, JAK 2, P-STAT 3, and STAT 3 proteins in 143B 
cells were analyzed by western blot. All data are expressed as mean ± SD (n=3). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4 Biodistribution of FA-DiR liposome treatment in 143B xenograft mice. (A and B) Representative in vivo fluorescence images and quantification of fluorescence 
intensity of DiR-loaded liposomes in 143B cell-induced xenograft mice. (C and D) Representative fluorescence images and quantification of fluorescence intensity of organs 
and tumors in mice 24 hours after DiR injection. (E) Representative HE-stained images of liver, spleen, and kidney tissues from each group of transplanted tumor model 
mice. All data are expressed as mean ± standard deviation (n=3). *p<0.05, **p<0.01.
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Figure 5 Antitumor effect of FA-Res liposomes treatment in 143B xenograft mice. (A) Representative in vivo animal photographs of 143B-induced xenograft tumor-bearing 
mice. (B) Curves of changes in subcutaneous tumor volume in each group. (C) Photographs of each group of subcutaneous tumors. (D) Weight of each group of 
subcutaneous tumors. (E) Body weights of transplanted tumor-bearing mice treated with control, free Res, Res liposomes, and FA-Res liposomes, respectively. (F) 
Representative HE staining images and Ki67 immunohistochemistry images of each group of tumors. (G) Quantitative Ki67 immunohistochemistry data for each group of 
tumors. (H and I) Representative TUNEL staining images and quantitative TUNEL staining data for each group of tumors. All data are expressed as mean ± standard 
deviation (n=3). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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noted no significant changes in body weight or organ morphology in mice after FA-Res/Lps treatment (Figure 4E and 
5E). These results suggest that FA-Res/Lps enhance the anti-osteosarcoma effects without causing major organ-related 
toxicity.

The HE staining of tumor tissues (Figure 5F) showed that the FA-Res/Lps treatment group had significantly more foci 
of necrosis and fibrosis than the other groups. In addition, the anti-proliferation marker Ki67 (Figure 5F) showed that FA- 
Res/Lps reduced the expression of proliferation markers in tumor cells (p<0.001, compared to the control group) 
(Figure 5G). Based on the above findings, FA-Res/Lps inhibit tumor growth in vivo by suppressing cell proliferation.

In addition, the TUNEL assay was used to detect apoptosis in vivo. As shown in Figure 5H, green fluorescence was 
observed in osteosarcoma tumor tissues from the drug-treated group. The apoptotic index was significantly higher in the 
FA-Res/Lps group (13.39 ± 0.62%, P<0.01, compared to the control group) than in the group treated with free Res (2.61 
± 0.25%, P<0.001, compared to the FA-Res/Lps group) and Res liposomes (6.52% ± 0.56%, P<0.01, compared with the 
FA-Res/Lps group) (Figure 5I) treated groups. These results suggest that induction of apoptosis in tumor cells is another 
anti-tumor mechanism in vivo.

FA-Res/Lps Inhibits Lung Metastasis of Osteosarcoma in vivo
To assess whether FA-Res/Lps inhibit the lung metastases of osteosarcoma, we monitored the lung luminescence 
intensity in mice by in vivo imaging system. As shown in Figure 6A and B, free Res and Res/Lps-treated mice had 
lower lung luminescence intensity than controls (P<0.05, compared to controls), but they had higher lung luminescence 
intensity than the FA-Res/Lps group (P<0.05, compared to the FA-Res/Lps group). We executed the mice and obtained 
lung tissues, and the luminescence intensity of isolated lung tissues obtained by the IVIS method was consistent with the 
in vivo results (P<0.01) (Figure 6C and D).

Also, there were fewer and smaller pulmonary metastases on the lung surface in the FA-Res/Lps-treated group 
compared to the free Res and Res/Lps-treated groups. The biopsy results were also confirmed by HE staining of lung 
tissues (Figure 6E and F), with the number of lung nodules in the control, free Res, Res/Lps, and FA-Res/Lps groups 
being 26.7±2.1, 19.0±1.6 (P<0.05 compared to control), 11.3±1.7 and 4.3±0.9 (P<0.05 compared to Res/Lps), respec-
tively. In addition, we noted no significant changes in the body weight of mice after FA-Res/Lps treatment (Figure 6G). 
This suggests that FA-Res/Lps are safe and non-toxic.

Discussion
In this study, FA-Res/Lps was found to significantly induce apoptosis and inhibit cell proliferation, migration in 
osteosarcoma cells, and its effect was superior to that of free Res and Res/Lps. The folate-modified liposomes had a 
good tumor-targeting effect and effectively inhibited tumor growth and lung metastasis in vivo.

Liposomes are biocompatible nanocarriers and liposomal nanomedicines on the market that show good promise for 
clinical applications.28,29 Many herbal monomers achieve improved water solubility and enhanced bioavailability 
through liposomal drugs. For example, oridonin-loaded long-circulating liposomes showed good anti-colon cancer 
activity.30 The small size (<200 nm) nanoparticles have a propensity to evade scavenging by the reticuloendothelial 
system (RES) and passively targeting solid tumors through the EPR effect.21,31 Nevertheless, passive targeting of 
nanodrugs is less effective because of insufficient accumulation of nanoparticles in the tumor and poor 
pharmacokinetics.32 More specifically, modification of folate,33 transferrin18, and cell-penetrating peptides34 on the 
surface of liposomes can enhance their active targeting effect and further improve the anti-tumor effect of the drugs.23 

Recently, folate has gained much attention as a targeted drug delivery agent due to its small size, high in vivo stability, 
low immunogenicity, and high binding affinity with folate receptors (FRs).35 The FRs are overexpressed in tumors, while 
only minimally distributed in normal tissues.24 Liposomes, dendrimers, and other nanoparticles decorated with folate 
molecules can be internalized by FRs.24 This study developed FA modification liposomes to enhance Res retention in 
tumors as well as facilitate their cellular uptake by FR-mediated endocytosis,36 allowing Res to more precisely and 
effectively target OS. Take together, the superior anticancer efficacy of FA-Res/Lps is associated with its smaller particle 
size, higher drug encapsulation efficiency, and active targeting, which is consistent with the findings of Shirleide Santos 
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Figure 6 FA-Res liposomes inhibited the lung metastases of osteosarcoma in vivo. (A–D) Fluorescence imaging of luciferase and quantitative data in OS lung metastases 
mouse model in vivo, and lung tissues ex vivo at 4 weeks. (E) Number of lung nodules in mice in each treatment group. (F) Representative photographs of lung tissues of 
mice in each group and representative HE-stained images of lung tissues. (G) Changes in body weight of mice in each treatment group. All data are expressed as mean ± 
standard deviation (n=5). *p<0.05, **p<0.01.
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Nunes,33 where the folate-coated pH-sensitive formulation had significantly better antitumor activity than the pH- 
dependent system only or the free drug.

FA-Res/Lps modified with folate increased the intracellular concentration of the drug, and we found that it was more 
effective in inhibiting tumor cell proliferation and inducing apoptosis. The JAK2/STAT3 signaling pathway, plays an 
important role in cell proliferation, apoptosis, invasion, migration, and immune response activities.37,38 Triggered by 
cytokines and interferons, this pathway rapidly transduces extracellular signals into the nucleus and is aberrantly 
expressed in a variety of tumors including head and neck squamous cell carcinoma, lung, oesophageal, gastric, liver, 
colorectal, and myeloproliferative neoplasms.38,39 Our results showed that FA-Res/Lps inhibited the expression of 
p-JAK2 and p-STAT3 proteins, thereby inducing apoptosis. In vivo, Ki67 staining confirmed that FA-Res/Lps could 
inhibit tumor cell proliferation, and TUNEL staining demonstrated that FA-Res/Lps could exert anti-tumor effects by 
inducing apoptosis in tumor cells.

The main cause of death in OS is lung metastasis, and it has been documented that Res effectively inhibits the 
invasion and migration of OS cells.40 The present study builds on previous studies and further demonstrates that Res 
loaded by folate-modified liposomes effectively enhances its ability to inhibit cell invasion and migration in vitro 
compared to free Res and Res/Lps. In addition, we also constructed a lung metastasis model by tail vein injection of 
143B-luc cells, and the results showed that FA-Res/Lps significantly inhibited OS lung metastasis. In the future, we may 
be able to develop orthotopic tumor and lung metastasis mouse models of OS to study the effects of drugs on tumor 
growth and metastasis.41,42

Finally, we also clarified that folate-modified liposomal delivery of Res did not increase toxicity to mice by examining 
body weight, liver, and kidney HE staining. Moreover, Res can enhance the sensitivity of cancer cells to doxorubicin43 and 
cisplatin44 and ameliorate their adverse impact on normal cells and organs, such as the liver, kidney, and brain.45 Overall, 
FA-Res/Lps has good safety and efficacy in the pre-clinical treatment of OS. Simultaneously, since the folate receptor is 
aberrantly expressed in numerous malignancies including breast, colon, lung, and kidney cancer,35,36 the proposed FA-Res 
/Lps may be applied to a wide variety of tumors.

Conclusion
Resveratrol loaded by folate-modified liposomes could effectively enhance its uptake by tumor cells and increase its 
enrichment at tumor sites in vivo. This makes FA-Res/Lps significantly more effective than free Res and Res/Lps in 
inhibiting osteosarcoma proliferation and metastasis in vitro and in vivo, probably through inhibition of the JAK2/STAT3 
signaling pathway. The efficacy and safety of FA-Res/Lps could provide a new strategy for osteosarcoma treatment.
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