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Background
Liver cancer is a primary cause of cancer-related mortal-
ity worldwide [1], and ranks the third as regards incidence 
and fourth as regards mortality [2]. Liver cancer is par-
ticularly prevalent in China and is associated with poor 
clinical outcomes and low patient survival rates [3, 4]. 
Hepatocellular carcinoma (HCC), intrahepatic cholan-
giocarcinoma (ICC) and the ICC-HCC combination rep-
resent the three main types of liver cancer [5]. Although 
conventional therapies, including surgery, chemotherapy 
and combination therapy are sufficiently effective, there 
is a need for the identification of novel therapeutic tar-
gets and creating medications for the treatment of liver 
cancer [6, 7]. Recent advancements in the discovery of 
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Abstract
Developing targeted therapeutic drugs for liver cancer remains a significant scientific and clinical challenge. 
Previous research by the authors showed that taraxasterol (TS) can enhance the antitumor immune response of 
T-lymphocytes, inhibiting the growth of liver cancer cells both in vivo and in vitro. To improve the targeting ability 
and efficacy of TS, the authors synthesized a novel compound, Bio-SS-TS, which utilizes the high expression of 
biotin receptors on tumor cell membranes to link biotin to TS for increased targeting to hepatocellular carcinoma 
cells, and its disulfide bond can be specifically hydrolyzed by high - level glutathione (GSH) in tumor cells to 
release the active component TS. In vitro, Bio-SS-TS reduced liver cancer cell (HepG2 and Huh7) proliferation, 
impaired mitochondrial membrane potential, decreased intracellular GSH content in tumor cells, increased the 
reactive oxygen species level, and promoted the release of cytochrome c. Endogenous GSH in cancer cells reduced 
the disulfide bond in Bio-SS-TS, releasing active TS components. In vivo, treatment with Bio-SS-TS caused no 
significant change in mouse body weight and no toxicity to the main organs. The present study comprehensively 
demonstrates that Bio-SS-TS exerts a potent anti - liver cancer effect by enhancing mitochondria-dependent 
apoptosis, which may provide a new candidate for targeted liver cancer therapy.
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natural compounds with anticancer capabilities have 
provided an opportunity to identify more effective treat-
ments for liver cancer [8, 9]. Studies have shown that 
Taraxacum mongolicum, often referred to as dandelion, 
a traditional Chinese herbal remedy, exhibits potent 
therapeutic efficacy in the treatment of cancers, hepatitis 
and other disorders [10, 11]. Taraxasterol (TS), a natural 
product derived from Taraxacum mongolicum, has been 
found to possess effective physiological, pharmacological 
and biological activities [12–14]. A recent study by the 
authors using in liver cancer cell lines demonstrated that 
TS is potent in inducing apoptosis and, in addition, in 
suppressing cell proliferation by arresting the cell cycle, 
thus exhibiting a potent inhibitory anticancer effect; 
however, the low solubility and cellular uptake of TS lim-
its its anticancer capacity in vivo [15].

In recent years, research efforts have been focused on 
altering the chemical composition of drugs to enhance 
their therapeutic efficacy and decrease associated side-
effects. Biotin receptors are extensively expressed on 
the surface of several types of cancer cells [16, 17], pro-
viding an excellent avenue with which to increase drug 
uptake by biotin-conjugation and biotin receptor-medi-
ated internalization [18]. The disulfide bond (-S-S-) is an 
essential group that plays a role in numerous chemical 
and biological substances, and exhibits potent respon-
siveness to endogenous thiols, such as glutathione (GSH) 
and thioredoxin [19, 20], which can break the disulfide 
bond. The levels of both intracellular GSH and thio-
redoxin levels are elevated in cancer cells [18, 21]. In 
particular, compared to normal cells, cancer cells have 
markedly higher intracellular GSH levels, thus render-
ing GSH a critical factor in the development of antitumor 
drug delivery systems [22, 23].

In an aim to improve drug uptake, targeted specificity 
and reduce potential toxicity, the present study combined 
TS, biotin as the transporter and a disulfide linker, and 
synthesized the novel compound, Bio-SS-TS. The pres-
ent study evaluated the antitumor potency of Bio-SS-TS 
against HepG2 and Huh7 cancer cell viability in vitro 
and in the development of liver cancer in mice in vivo. In 
addition, the present study further explored the mecha-
nisms of action of Bio-SS-TS.

Materials and Methods
Preparation of Bio-SS-TS
Each experiment, unless otherwise indicated, was con-
ducted using oven-dried glassware. The method used to 
track reactions was thin-layer chromatography (TLC). 
For TLC, 8 ± 0.2  μm pre-coated glass plates (0.25  mm 
in size, MilliporeSigma, Burlington, Massachusetts) 
were used, and visualization was performed using UV 
fluorescence quenching (Beijing Inokai Technology Co., 
Ltd, Beijing, China), KMnO4 (Sigma-Aldrich, St. Louis, 

Missouri) or phosphomolybdic acid staining. Chro-
matography was carried out using Huanghai silica gel 
(Huanghai Chemical Co., Ltd., China) with a particle size 
of 200 mesh. On a Bruker ADVANCE III 400 MHz spec-
trometer (Bruker Corporation, Billerica, Massachusetts), 
1H NMR and 13C NMR spectra at room temperature 
were recorded. All additional compounds, unless other-
wise specified, were acquired from reliable vendors, such 
as Adamas-beta (Adamas Reagents Co., Ltd., Shanghai, 
China), TCI (Tokyo Chemical Industry Co., Ltd., Tokyo, 
Japan), J&K (J&K Scientific Ltd., Beijing, China), Bide 
(Bide Pharmatech Ltd., Shanghai, China) and Yinuokai 
(Beijing InnoChem Science & Technology Co., Ltd., Bei-
jing, China). Dry solvents were acquired commercially or 
dried by running them down an activated alumina col-
umn while compressing with argon.

A 25-ml reaction flask was charged with biotin 
(244 mg, 1 mM), EDC·HCl (1-Ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride), 286  mg, 1.5 mM), 
HOBT (1-Hydroxybenzotriazole, 202  mg, 1.5 mM) and 
DMF (N, N-Dimethylformamide, 3  ml). Bis (2-hydroxy-
ethyl) disulfide (770  mg, 5 mM) and Et3N (Triethyl-
amine, 1.4 ml) were added at 25˚C. These reagents were 
brought from Shanghai Bide Pharmatech Ltd. and Beijing 
Inokai Technology Co., Ltd. Following stirring overnight 
at room temperature, the mixture was quenched with 5 
ml H2O and extracted with 20  ml ×2 DCM (Dichloro-
methane, Beijing Inokai Technology Co., Ltd, China). 
To obtain Bio-SS-OH (235.8  mg, 0.62 mM, 62%), the 
blended organic layers underwent brine washing, dry-
ing on sodium sulfate, filtering, rotary evaporation for 
concentration, and flash chromatography on silica gel for 
purification.

The TS used in the present study was obtained from 
Raffines Biotechnology Co., Ltd., with a purity ≥99% and 
no endotoxins. A 25 ml flame-dried flask was filled with 
TS (213  mg, 0.5 mM) and DCM (5  ml), supplemented 
with BTC (120  mg, 0.4 mM), and DMAP (4-Dimethyl-
aminopyridine, 301  mg, 2.5 mM, 2  M in DCM, Beijing 
Inokai Technology Co., Ltd) was then gently added at 
0˚C. The flask was then chilled under nitrogen, at 0˚C. 
The mixture was agitated for 12  h at room tempera-
ture. Following the addition of Bio-SS-OH (190  mg, 0.5 
mM) and Et3N (0.7  ml, 5 mM), the mixture was left to 
stir at room temperature for 36 h. The addition of H2O 
terminated the reaction. Subsequently, the organic layer 
was dried, filtered and concentrated after the mixture 
was extracted using DCM (20 ml ×2). To create Bio-SS-
TS, the residue was cleaned using flash chromatography 
(206 mg, 0.247 mM, 49%).

Cells and Cell Culture
HepG2 and Huh7 human liver cancer cells, and normal 
human hepatocyte cells (THLE-2) used in the present 
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study were obtained from The Cell Bank of Type Cul-
ture Collection of the Chinese Academy of Sciences. The 
HepG2 and Huh7 cells were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS, Shanghai 
Zhongqiao Xinzhou Biotechnology Co., Ltd.) at 37˚C 
in a 5% CO2 humidified atmosphere. The THLE-2 cells 
were grown in specific medium (CM-0833, Pricella). 
H22 mouse hepatoma cells were obtained from the Chi-
nese Typical Culture Collection Center and maintained 
in RPMI-1640 medium with 10% FBS in a 5% CO2 incu-
bator at 37˚C. Prior to delivery, each cell line was veri-
fied using short tandem repeat (STR) profiling, and their 
propagation period was < 6 months.

Cell Counting Kit-8 (CCK-8) Assay
After seeding 2 × 103 cells/well in 96-well plates, the 
cells were kept in an incubator with 5% CO2 at 37˚C 
until they adhered to the well. The cells in the wells were 
then treated with TS or Bio-SS-TS at a final concentra-
tion of 20 µM, for 24, 48, 72, 96 and 120  h. Each well 
received 10 µl CCK-8 reagent (MedChemExpress (Mon-
mouth Junction, NJ, USA)) after each time point, and the 
wells were incubated at 37˚C for 2 h. Using a Molecular 
Devices microplate reader, the absorbance at 450 nm was 
measured, and the cell viability was calculated as per the 
manufacturer’s instructions.

Establishment of a Mouse Subcutaneous Tumor Model
Eighteen male Kunming mice with body weights ranging 
from 18 to 20 g (6–8 weeks old) were obtained from Zhe-
jiang Weitong Lihua Laboratory Animal Technology Co., 
Ltd. The mice were kept at 25 ± 2˚C in a pathogen-free 
environment with a 12  h light/dark cycle. Each mouse 
received a subcutaneous injection of H22 cells (2 × 106) 
into the right axilla. The mice were returned to their 
breeding cages to allow tumors to grow for 1 week to an 
approximate size with a diameter of 5  mm. The tumor-
bearing mice were randomly divided into three groups as 
follows: (i) The control group, in which the mice were not 
administered any treatment; (ii) the TS group, in which 
the mice received 5 mg/kg TS daily by intragastric injec-
tion for 14 days; and (iii) the Bio-SS-TS group, in which 
the mice received 12 mg/kg Bio-SS-TS daily by intragas-
tric injection for 14 days. An identical volume of 0.9% 
normal saline (NaCl) was administered to the control 
group. Preliminary tests were performed to determine the 
doses and treatment intervals. Every other day, the body 
weight and tumor size of the mice were recorded. When 
the humane endpoints of the animals were reached, the 
mice were euthanized. Cervical dislocation was used to 
euthanize the mice. The specific criteria for reaching the 
humane endpoints were as follows: (i) The tumor vol-
ume did not exceed the ethical limit of 2,000 mm³; (ii) a 
notable decrease in the body weight of the animals was 

measured; (iii) the activity level and general condition of 
the animals were observed. A weight loss of 20% due to 
cancer was set as the threshold for euthanizing the mice. 
The animal experiments were approved by the Animal 
Care and Use Committee of Xinxiang Medical University, 
Xinxiang, China (XYLL-20210489).

Immunohistochemistry (IHC)
To monitor cancer cell proliferation, tumor tissue sec-
tions were prepared for IHC staining with Ki-67. The 
portions underwent treatments with xylene and ethanol 
to dewax and dry them, followed by antigen retrieval 
using a citrate solution in a microwave oven. Follow-
ing an overnight incubation at 4˚C with a Ki-67 mono-
clonal antibody (1:2,000; Cat. No. 23709-1, Proteintech 
Group, Inc.), the sections were blocked with 1% BSA 
(Gibco; Thermo Fisher Scientific, Inc.). After staining 
with DAB and treating the sections with an HRP-con-
jugated secondary anti-rabbit IgG antibody (1:1,000; 
ZSGB-BIO, Cat. No. SP-9001), the sections were rinsed 
in PBS. Ultimately, the sections underwent hematoxylin 
counterstaining (Beyotime, C0107) at room temperature 
for 1  min. The hydrochloric acid-alcohol differentiation 
solution was prepared by mixing 75% ethanol and con-
centrated hydrochloric acid in a ratio of 100:1 and stored 
at room temperature. Then the sections were separated 
using alcohol and hydrochloric acid, and sealed with neu-
tral resin glue (Beyotime, C0173). The stained sections 
were then scanned and images captured using an optical 
microscope with a camera (Nikon Corporation, Japan). 
The Ki-67 expression in tumor tissues was analyzed using 
ImageJ (version 1.4.3.67) software (National Institutes 
of Health) to assess the effects of treatment with TS and 
Bio-SS-TS on cancer cell proliferation.

Hematoxylin and Eosin (H&E) Staining
The slides are dewaxed and hydrated in a series of ethanol 
solutions prior to being stained with hematoxylin (Beyo-
time, C0105S) at room temperature for 2–5 min, which 
binds to nuclei and gives them a blue color. The slides 
were washed with water and differentiated in hydrochlo-
ric acid alcohol to remove excess dye and highlight the 
contrast between the nuclei and cytoplasm. The slides 
were rinsed in water and counterstained with eosin, 
which stains the cytoplasm and extracellular matrix with 
pink colour. The slides were washed with water to remove 
excess dye before sealed with neutral resin sealant and 
examined under an optical microscope (Nikon Corpora-
tion, Japan).

Colony Formation Assay
For this assay, six-well plates were seeded with 2 × 103 
cells per well, and the plates were incubated at 37˚C 
with 5% CO2. After the cells adhered to the well, 20 µM 



Page 4 of 16Li et al. Biological Procedures Online           (2025) 27:11 

TS or Bio-SS-TS were added to the wells. The cells were 
examined daily, with the medium changed every 2 days. 
Once the cells formed clusters, following the removal of 
the media and two PBS washes, the cells were fixed for 
30 min at room temperature with 4% paraformaldehyde 
(Beyotime, P0099). The fixed cells were stained at room 
temperature for 15 min with crystal violet dye (Beyotime, 
C0121, ready-to-use) before being cleaned on an ultra-
pure water-based plate. The plate was inverted, and a 
mesh-covered transparent film was positioned on top of 
it. The number of colonies with > 10 cells was determined 
using a Nikon microscope (ECLIPSE Ts2R-FL, Nikon 
Corporation). Finally, the colony formation was calcu-
lated by colony number/inoculated cells ×100%.

Apoptosis Assay
A total of 5 × 104 HepG2 or Huh7 cells per well were 
seeded in six-well plates and treated with 20 µM Bio-
SS-TS or TS for 72  h. Subsequently, 5 × 105 cells were 
gathered and resuspended in 100  µl FITC-V buffer 
(DOJINDO, AD10, Japan). Following this, 5 µl V-FITC 
solution (DOJINDO, AD10, Japan) and 5 µl PI solution 
(DOJINDO, AD10, Japan) were added, and the cells were 
incubated for 15  min at room temperature in the dark. 
Using Flowjo7.6 software and a flow cytometer (Cytoflex, 
Beckman Coulter, Inc.), the proportion of apoptotic cells 
was determined.

Cell Cycle Assay
A total of 5 × 104 Huh7 and HepG2 cells were cultured 
into 6-cm cell dishes, and after the cells were adherent, 
they were exposed to either 20 µM TS or Bio-SS-TS for 
72  h. The cells were gathered and preserved at 4˚C in 
75% ethanol for 12–24  h. Following fixation, the cells 
were cleared in PBS and incubated with 50 µg/ml PI. To 
remove the RNA from the mixture and solely retain the 
DNA for analysis, RNase A (Beyotime, C1052) was intro-
duced. Data acquisition and analysis were performed 
using flow cytometry and Software Flowjo7.6 (Cytoflex, 
Beckman Coulter, Inc.).

Western Blot Analysis
Proteins were isolated from HepG2 or Huh7 cells, after 
growing in a 6-well plate and treatment with 20 µM Bio-
SS-TS for 72 h, using RIPA buffer (Beijing Solarbio Sci-
ence & Technology Co., Ltd.). Protein concentrations 
were measured using the BCA assay. Protein lysates were 
extracted from tumor tissue samples in the same man-
ner. Proteins were transferred to PVDF membranes after 
being separated using 12% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). The mem-
branes were blocked with 5% skim milk in TBST at room 
temperature on a shaker for two hours and incubated 
overnight at 4˚C with primary rabbit antibodies against 

α-tubulin (1:1,000; Cat. No. 66031-1-Ig, Proteintech 
Group, Inc.), caspase-3 (1:1,000; Cat. No. 19677-1-AP 
Proteintech Group, Inc.), Bax (1:1,000; Cat. No. 50599-
2-Ig, Proteintech Group, Inc.;) or cytochrome c (1:1,000; 
Cat. No. 11940, Cell Signaling Technology, Inc.). The 
membranes were incubated with the secondary goat anti-
rabbit IgG antibody (CW Bio, CW0103S, diluted 1:10000 
in milk) at room temperature for 45  min after being 
cleaned with TBST. Enhanced chemiluminescence was 
used for the visualization and quantification of proteins, 
using the Multifunctional Chemiluminescence Imaging 
System (Viliber).

Measurement of Mitochondrial Membrane Potential
Following the manufacturer’s instructions, the mito-
chondrial membrane potential was monitored using 
JC-1 (C2006, Beyotime Institute of Biotechnology). The 
HepG2 and Huh7 cells were seeded in 6-well plates at 
the same density as that used for the apoptosis assay and 
treated with 20 µM Bio-SS-TS for 72 h. After removing 
the culture medium, 1  ml fresh medium and 1  ml JC-1 
staining solution were added in each well, and the cells 
were incubated at 37˚C for 20 min. The media were then 
aspirated and the cells twice were washed with a staining 
buffer containing JC-1. The fluorescence was observed 
by the addition of 2 ml culture medium and observation 
using a Nikon fluorescence microscope (Nikon Corpora-
tion). For flow cytometric analysis, the HepG2 and Huh7 
cells were exposed to 20 µM Bio-SS-TS for 72 h, and and 
0.5 ml culture media were used to resuspend 5 × 105 cells. 
After being combined with 0.5 ml JC-1 staining solution, 
the cells were incubated for 20 min in a tissue incubator. 
The cells were centrifuged for 4 min at 600 ×g and 4˚C 
following incubation. The cells were twice washed with 
JC-1 staining buffer after the supernatant was removed 
before re-suspended in JC-1 staining solution and exam-
ined with Flowjo V10 software.

GSH Content Assay
HepG2 and Huh7 cells were seeded in 10  cm culture 
dishes as described above. Following incubation with 20 
µM TS or Bio-SS-TS for 72 h, the cells were washed with 
PBS twice and digested with trypsin, and collected by 
centrifugation. After washing with PBS for two or more 
times, the cells were collected by low-speed centrifuga-
tion and again suspended in 0.3–0.5 ml of PBS buffer that 
is isotonic. The centrifugation conditions in this test were 
as follows: at 157 ×g, for 3 min, and at room temperature. 
The cells were disrupted by ultrasonication, or manual 
grinding. A GSH assay kit was used to measure the GSH 
levels in accordance with the manufacturer’s instructions 
(A006-2-1, Njjcbio).
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Ultrastructure Examination Using Transmission Electron 
Microscopy
The HepG2 cells were planted in 6-cm culture dishes 
with 1 × 106 cells per well and allowed to grow overnight. 
Following treatment with 20 µM Bio-SS-TS for 72 h, the 
cells were washed with PBS before being trypsinized; 
the cells were then collected by centrifugation with the 
condition: 157 ×g, for 3 min at room temperature. After 
being fixed for 30 min at room temperature, away from 
light, the cells were re-suspended in 2.5% glutaraldehyde 
fixative solution and incubated at 4˚C before transferred 
onto an ice pack from Servicebio Company for transmis-
sion electron microscopy detection.

Detection of Intracellular Reactive Oxygen Species (ROS)
The HepG2 cells, prepared in 6-well plates and treated 
with 20 µM Bio-SS-TS for 72 h as described above, were 
collected by trypsinization and centrifugation with the 
condition: 157 ×g, for 3 min at room temperature. A total 
of 5 × 105 − 1 × 106 cells were gathered in 1.5-ml EP tubes, 
resuspended in 10 µM of H2DCFDA diluted in serum-
free DMEM, and incubated 37˚C for 30  min. The cells 
were then washed three times with serum-free medium. 
ROS within cells were measured using a flow cytometer 
(Beckman Coulter, Inc.) and Flowjo V10 software.

Safety-Testing Experiments
A total of 5 Kunming mice (6–8 weeks old) were ran-
domly assigned to the control/saline group and four Bio-
SS-TS treatment group: 2.5 mg/kg group, 5 mg/kg group, 
10 mg/kg group, 20 mg/kg group. Apart from the differ-
ent doses of the drug administered, the method of drug 
administration and other feeding conditions were the 
same as those aforementioned. The mice were treated 
via gavage on time every day for 14 consecutive days, and 
weighed every other day. On the last day, the blood col-
lection for detecting blood biochemical indexes ([alanine 
transaminase (ALT), aspartate aminotransferase (AST), 
blood urea nitrogen (BUN) and, serum creatinine (SCR)]) 
was carried out by taking blood from the eyeballs of the 
mice prior to their euthanasia. After the blood collection, 
the mice were then euthanized. The livers, kidneys, heart, 
lung and brain were taken from the mice and weighed. 
These organs were placed into embedding cassettes, and 
fixed in paraformaldehyde for subsequent H&E staining.

Statistical Analysis
The data are presented as the mean ± SD, unless other-
wise indicated. Each experiment was conducted at least 
three times. Differences between groups were examined 
using one-way ANOVA, followed by Tukey’s HSD post 
hoc test. A value of P < 0.05 was considered to indicate a 
statistically significant difference. The binding data were 

examined using GraphPad Prism software (Graphpad 
Prism 6.01, Dotmatics).

Results
Spectral Data of Bio-SS-OH and Bio-SS-TS
Bio-SS-OH: 1 H NMR (400 MHz, D6-DMSO) δ: 6.41 (d, 
J = 30.4 Hz, 2 H), 4.92–4.89 (m, 1 H), 4.32–4.29 (m, 1 H), 
4.25 (t, J = 6.4  Hz, 2  H), 4.15–4.12 (m, 1  H), 3.64–3.59 
(m, 2  H), 3.11–3.08 (m, 1  H), 2.96 (t, J = 6.4  Hz, 2  H), 
2.85–2.79 (m, 3 H), 2.58 (d, J = 12.4 Hz, 1 H), 2.33–2.29 
(m, 2  H), 1.63–1.29 (m, 6  H); 13  C NMR (100  MHz, 
D6-DMSO) δ: 173.2, 163.2, 62.2, 61.5, 59.8, 55.6, 55.8, 
41.5, 37.0, 33.7, 28.4, 24.9.

Bio-SS-TS: 1  H NMR (400  MHz, CDCl3) δ: 5.74 (s, 
1 H), 5.31 (s, 1 H), 4.62–4.60 (m, 2 H), 4.54–4.51 (m, 1 H), 
4.39–4.32 (m, 6  H), 3.19–3.15 (m, 1  H), 2.98–2.93 (m, 
5 H), 2.75 (d, J = 12.8 Hz, 1 H), 2.43 (d, J = 10.4 Hz, 1 H), 
2.38–2.35 (m, 2  H), 2.23–2.16 (m, 1  H), 2.11-2.00 (m, 
1 H), 1.74-0.085 (m, 49 H); 13 C NMR (100 MHz, CDCl3) 
δ: 173.4, 163.1, 155.0, 154.6, 107.2, 85.8, 65.4, 62.1, 61.9, 
60.1, 55.4, 55.3, 50.4, 48.6, 42.1, 40.9, 40.6, 39.4, 39.1, 38.9, 
38.4, 38.3, 38.1, 37.3, 37.1, 37.0, 34.5, 34.0, 33.7, 28.3, 28.2, 
27.9, 26.6, 26.1, 25.6, 25.5, 24.7, 23.7, 21.5, 19.5, 18.1, 16.5, 
16.3, 15.9, 14.8; HRMS (ESI) m/z: [M + H] + calcd for 
C45H73N2O6S3 833.4625; found 833.4598 (Fig. 1).

Bio-SS-TS Inhibits Liver cancer Cell Proliferation
The viability and proliferation of HepG2 and Huh7 cells 
were assessed using the CCK-8 assay to investigate the 
effect of Bio-SS-TS on liver cancer cells after exposure 
to 20 µM Bio-SS-TS for different durations, including 
24, 48, 72, 96, and 120 h. The effects were compared with 
those of treatment with the parental TS at the same con-
centration. A potent and time-dependent suppression of 
cell growth and survival was observed in the HepG2 cells 
treated with Bio-SS-TS; this inhibition was comparable 
to that observed in the cells treated with TS (Fig. 2A and 
B). Similarly, Huh7 cells treated with Bio-SS-TS exhibited 
a significant time-dependent decrease in their ability to 
proliferate and survive; this suppression was comparable 
to that observed with TS (Fig. 2C and D). Subsequently, 
the present study assessed the effects of treatment with 
Bio-SS-TS or TS on the colony-forming ability of liver 
cancer cells. Colony formation was significantly inhibited 
when the HepG2 and Huh7 cells were treated with 20 µM 
Bio-SS-TS or TS for 72 h (Fig. 2E-G). Collectively, these 
findings suggest that Bio-SS-TS, similar to TS, potently 
suppresses liver cancer cell proliferation.

Bio-SS-TS Regulates the Progression of the Cell Cycle in 
Liver cancer Cells
In order to investigate the effects of Bio-SS-TS on the 
proliferation of liver cancer cells, flow cytometry was 
used to analyze the proportion of HepG2 and Huh7 cells 
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in various cell cycle phases. The HepG2 cells treated 
with 20 µM Bio-SS-TS or TS for 72 h had a higher and 
lower percentage of cells in the G1 phase and S phase, 
respectively (Fig.  3A and B). Treatment of the Huh7 

cells with Bio-SS-TS or TS also increased the cell popu-
lation in the G1 phrase and reduced the cell population 
in the G2 phase (Fig.  3C and D). In addition, western 
blot analysis was used to examine the expression of the 

Fig. 1  Synthesis of Bio-SS-TS. A Molecular structure of Bio-SS-TS. B Synthesis method for Bio-SS-TS. C HRMS spectrum of Bio-SS-TS
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Fig. 2  Bio-SS-TS significantly inhibited the proliferation of hepatoma cells in vitro. A-D We examined the effect of 20 µM TS and Bio-SS-TS on the prolifera-
tion of HepG2/Huh7 cells at different time points (24, 48, 72, 96, and 120 h). E-G A plate clone formation assay was used to detect the effect of 20 µM TS 
and 20 µM Bio-SS-TS on the colony formation ability of HepG2/Huh7 cells. The results were obtained from tests performed in triplicate from at least three 
independent experiments. **P < 0.01; *** P < 0.001
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cell cycle-related protein, cyclin D1. Following treatment 
with Bio-SS-TS, the expression level of cyclin D1 in the 
HepG2 and Huh7 cells was significantly lower than that 
in the control cells (Fig. 3E and F). These results indicate 
that treatment with Bio-SS-TS inhibits liver cancer cell 
proliferation.

Bio-SS-TS Induces the Apoptosis of Liver Cancer Cells
Using flow cytometry in conjunction with Annexin 
V-FITC/PI double labeling, the capacity of Bio-SS-TS to 
induce the apoptosis of liver cancer cells was evaluated. 
Treatment of the HepG2 cells with Bio-SS-TS TS for 
72  h promoted cell apoptosis (Fig.  4A). Similar results 
were observed in the Huh7 cells following treatment 

with Bio-SS-TS or TS (Fig.  4B). These results, together 
with the results described above, indicate that Bio-SS-TS 
reduces liver cell viability by inducing apoptosis, as well 
as by inhibiting cell proliferation.

Bio-SS-TS Suppresses Liver Cancer Growth in Mice
To assess the inhibitory effects of Bio-SS-TS on liver can-
cer growth in vivo, using prior implanted H22 mouse 
liver cancer cells in mice, the present study first examined 
the effects of Bio-SS-TS treatment on the size and the 
mass of the tumors. Similar to TS, Bio-SS-TS significantly 
reduced the tumor volume and weight, indicating the 
inhibition of tumor growth by Bio-SS-TS in vivo (Fig. 5A-
C). Following treatment with Bio-SS-TS or TS, western 

Fig. 3  Bio-SS-TS arrested the cell cycle in vitro. A-D The effect of 20 µM TS and 20 µM Bio-SS-TS on the HepG2/Huh7 cell cycle was observed by propidium 
iodide staining. E-F The expression of Cyclin D1 was detected in HepG2/Huh7 cells. The results were obtained from tests performed in triplicate from at 
least three independent experiments. * P < 0.05; ** P < 0.01; *** P < 0.001
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blot analysis was also used to examine the expression of 
the apoptosis-related proteins, Bax and caspase-3, in the 
tumor tissues of the tumor-bearing mice (Fig. 5D). Con-
sistent with the results obtained in vitro, treatment with 
Bio-SS-TS or TS and substantially increased the expres-
sion levels of caspase-3 and Bax in the tumor tissues. 
Furthermore, the present study assessed the effects of 
treatment with Bio-SS-TS or TS on cell proliferation by 
staining with the proliferation marker, Ki-67. The stain-
ing intensity of Ki-67 in the tumor tissues was signifi-
cantly suppressed following treatment with Bio-SS-TS or 
TS (Fig. 5E). These results from the in vivo experiments 
provide further evidence to indicate that Bio-SS-TS sig-
nificantly suppresses liver cancer growth by inducing 
liver cancer cell apoptosis and inhibiting liver cancer cell 
proliferation. Moreover, the present study further exam-
ined the infiltration of T-lymphocytes in the tumor tis-
sues. The results revealed that Bio-SS-TS significantly 
increased the infiltration of CD4+ and CD8+ T-lympho-
cytes in the tumor tissues (Fig. S1).

Bio-SS-TS Has No Toxicity in Vivo
Finally, the safety of Bio-SS-TS was assessed by admin-
istering a range of doses (2.5, 5, 10 and 20  mg/kg) to 

Kunming mice. The body weight of the mice treated 
with Bio-SS-TS did not exhibit any notable alterations 
(Fig. 6A). H&E staining of the tissue sections of major tis-
sue and organs demonstrated that treatment with Bio-SS-
TS had no significant effect on the liver, kidneys, heart, 
brain and lung (Fig. 6B and S2). The ALT, AST, BUN and 
SCR levels were unaffected by treatment with Bio-SS-TS 
at the concentrations used (Fig. 6C-F). In general, these 
results indicate that Bio-SS-TS is safe for application in 
vivo.

Bio-SS-TS Induces Mitochondrial Damage in Liver Cancer 
Cells
As demonstrated above that Bio-SS-TS induces liver 
cancer cell apoptosis, the mitochondrial ultrastructure 
was examined using transmission electron microscopy. 
In the HepG2 cells treated with 20 µM Bio-SS-TS for 
72 h, the majority of the mitochondria were elongated or 
dumbbell-shaped, and there was salient mitochondrial 
membrane damage with some of the outer and inner 
membranes vanished, resulting in a blurred structure, 
and, in addition, mitochondrial fusion (Fig. 7A).

We aimed to explore the impact of Bio-SS-TS on mito-
chondrial membrane potential and apoptosis in liver 

Fig. 4  Bio-SS-TS induced apoptosis of hepatoma cells in vitro. A-B Annexin V/PI double staining was used to investigate the effect of treatment of HepG2 
(A) and Huh7 cells (B) with 20 µM Bio-SS-TS for 72 h on their apoptotic rates. The results were obtained from tests performed in triplicate from at least three 
independent experiments. * P < 0.05; ** P < 0.01; *** P < 0.001
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Fig. 5  Bio-SS-TS inhibited tumor growth in H22 tumor-bearing mice in vivo. A The tumor images of H22-bearing mice. B Changes in tumor volume in 
H22-bearing mice. C Tumor weight of H22-bearing mice. D The expression levels of Bax and Caspase-3 proteins were detected in tumor tissues after 
treatment with TS and Bio-SS-TS. E Ki-67 proliferation was detected in tumor cells. *** P < 0.001
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cancer cells. To serve as a positive control and better 
interpret mitochondrial-related changes, we employed 
CCCP (carbonyl cyanide 3-chlorophenylhydrazone), a 
well-recognized mitochondrial uncoupler. CCCP dis-
rupts the mitochondrial membrane potential by enhanc-
ing the proton permeability of the inner mitochondrial 
membrane, which dissipates the proton electrochemical 
gradient, inhibits ATP synthesis, and triggers the release 
of cytochrome c from mitochondria, ultimately leading 
to apoptosis.

We treated liver cancer cells with Bio-SS-TS and a sep-
arate group with CCCP for 72 h. Subsequently, we used 
fluorescence microscopy combined with JC−1 labeling 
and flow cytometry to evaluate the effects of Bio-SS-TS 
on the mitochondrial membrane potential of HepG2 and 
Huh7 cells.

As shown in Fig.  7B, after 72-hour treatment with 
20 µM Bio-SS-TS, HepG2 and Huh7 cells showed an 
increase in green fluorescence (JC1 monomers), which 
indicates a decrease in mitochondrial membrane poten-
tial. Flow cytometry results further confirmed these 
findings. Both HepG2 (Fig. 7C) and Huh7 cells (Fig. S3) 
displayed a significant rise in the green fluorescence 
intensity of JC−1 compared to the control group. These 
results collectively suggest that Bio-SS - TS reduces mito-
chondrial membrane potential and impairs the integrity 
of mitochondrial membranes in liver cancer cells.

Bio-SS-TS Reduces Intracellular GSH and ROS Levels
As aforementioned, in cancer cells, the intracellular GSH 
level is increased. Thus, the present study assessed the 
intracellular GSH content in both normal THLE-2 liver 
cells and HepG2 and Huh7 cells. As was expected, the 
HepG2 and Huh7 cells exhibited markedly higher intra-
cellular GSH levels than the THLE-2 normal liver cells 
(Fig. 8A). GSH is known to break disulfide bonds, thereby 
resulting in a reduction in the GSH level. The intracel-
lular GSH levels were also evaluated in the HepG2 and 
Huh7 cells treated with Bio-SS-TS for 72 h. The intracel-
lular GSH levels were significantly lower in the Bio-SS-
TS-treated cells than in the control cells (Fig. 8B and C).

As aforementioned, treatment with Bio-SS-TS caused 
damage to mitochondrial membrane potential. Thus, the 
present study also examined whether Bio-SS-TS affects 
the ROS levels in cells. The intracellular ROS level was 
found to be substantially higher in the Bio-SS-TS-treated 
HepG2 and Huh7 cells than in the control cells (Fig. 8D 
and E). Lastly, western blot analysis was used to examine 
the expression of cytochrome c, caspase-3 and Bax. The 
Bax, caspase-3 and cytochrome c levels in the Bio-SS-
TS-treated HepG2 and Huh7 cells were markedly higher 
than those in the control cells (Fig. 8F and G).

Fig. 6  Safety of Bio-SS-TS in Living Organisms. A The effect of different concentrations of Bio-SS-TS (0, 2.5, 5, 10, and 20 mg/kg) on the body weight of 
Kunming mice was examined. B The effects of Bio-SS-TS on the liver and kidney of Kunming mice were examined using H&E staining. C-F The effects of 
different concentrations of Bio-SS-TS on serological indexes were detected by blood biochemical experiments. * P < 0.05; ** P < 0.01
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Fig. 7  Effect of Bio-SS-TS on mitochondrial membrane potential in hepatoma cells. A The ultrastructure of HepG2 cells was detected by transmission 
electron microscopy. B The mitochondrial membrane potential of HepG2 cells was detected by optical microscopy. C The changes in mitochondrial 
membrane potential in HepG2 cells were detected by flow cytometry. ** P < 0.01. PS: CCCP is a mitochondrial electron transport chain inhibitor that can 
induce a decrease in mitochondrial membrane potential, and we used it as a positive control
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Discussion
Traditional medicine has long been used in the treat-
ment of cancer [24, 25], and dandelion, a classical Chi-
nese herbal medicine, has exhibited antitumor efficacy 

[10, 26]. However, the molecular mechanisms under-
lying this antitumor activity remain to be fully under-
stood, which limits its application. TS, a natural product 
extracted from dandelion [27], has been shown to exert 

Fig. 8  Bio-SS-TS Induces Apoptosis in Hepatoma Cells. A GSH content in THLE-2/HepG2/Huh7 cells. B-C Effect of Bio-SS-TS on GSH content in HepG2/
Huh7 cells. D-E Reactive oxygen species (ROS) changes in HepG2/Huh7 cells treated with Bio-SS-TS for 72 h were detected. F-G The apoptosis-related 
protein expression in HepG2/Huh7 cells was detected after 72 h. * P < 0.05; ** P < 0.01; *** P < 0.001
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anti-growth effects against liver cancer cells [28]. The 
present study modified TS by conjugating biotin, a pro-
tein that targets tumors via its receptor on cancer cell 
surface, to TS using a disulfide linker to generate a new 
molecule known as Bio-SS-TS. As demonstrated in the 
present study, this novel compound exhibited high effi-
cacy in inhibiting liver cancer cell proliferation. The 
prodrug Bio-SS-TS provides a potent new strategy for 
specific tumor-targeted therapy. In addition, Bio-SS-TS 
prevented tumor growth by disrupting mitochondria-
dependent apoptosis (Fig. 9).

We previously found that TS caused tumor cells to 
undergo apoptosis, which attracted a large number 
of CD4+ and CD8+ T-lymphocytes into tumor tissues 
[15]. Furthermore, in tumor-bearing mice, the immune 
response was significantly enhanced when TS suppressed 
the production of STAT3 protein in T-cells, enhancing 
the anticancer effect of T-cells [15]. However, the effi-
cacy of TS in the treatment of cancers is limited due to its 
poor solubility and lack of tumor selectivity. After con-
ducting a thorough literature review, the present study 
synthesized a novel prodrug, Bio-SS-TS, by linking biotin 

and disulfide bonds on TS to address the aforementioned 
issue. It is envisaged that using such a cutting-edge pro-
drug can increase drug accumulation in tumor tissues, 
thereby increasing the efficacy of tumor inhibition, and 
may provide patients with cancer with a more potent 
therapeutic option.

The present study evaluated the safety of Bio-SS-TS in 
mice by measuring the serum levels of ALT, AST, BUN 
and SCR. The results suggested that Bio-SS-TS was rela-
tively safe for use in vivo, which may be attributed to its 
optimized structure. Notably, to the best of our knowl-
edge, the present study demonstrated, for the first time, 
that treatment with Bio-SS-TS impaired mitochondrial 
membrane integrity, and also caused a considerable 
increase in ROS generation, which potentially helps to 
justify the more potent antitumor effects. However, Lu et 
al. [29] revealed that in non-small cell lung cancer, TS did 
not affect the ROS levels. Therefore, this may be a unique 
mechanism of Bio-SS-TS in liver cancer. Intracellular 
GSH levels are crucial for maintaining the redox balance 
within the cell by clearing free radicals and peroxide. 
The results of the present study indicated that the GSH 
content in liver cancer cells was significantly reduced fol-
lowing treatment with Bio-SS-TS due to the cleavage of 
disulfide bonds in Bio-SS-TS, which consumes GSH sub-
stantially; GSH depletion causes ROS to accumulate in 
the mitochondria, which damages cells and encourages 
apoptosis.

The capacity of biotin molecules or biotin conjugates to 
selectively target cancer cells is well recognized [30, 31]. 
Maiti et al. [32] designed a cancer-targeting unit by com-
bining gemcitabine, a cleavable disulfide link unique to 
thiols, and biotin, a cancer-targeting unit. Udompholkul 
et al. [33] developed EphA2-agonist-biotin-streptavidin 
conjugates to enhance the agonistic activity of EphA2-
targeting ligands. In the present study, it was discovered 
that Bio-SS-TS significantly outperformed TS in vitro in 
inducing the apoptosis of hepatoma cells, which may be 
related to the improved targeted efficacy of the biotin 
molecule.

Conclusions
In conclusion, the present study revealed a novel method 
by which Bio-SS-TS exerts its improved anticancer 
effects, thus demonstrating the potential clinical use of 
the drug. This approach can potentially deliver potent 
tumor-targeting drugs to tumor tissues to kill cancer cells 
in patients with liver cancer. Recently, Zhao et al. [34] 
revealed that TS suppressed gastric cancer progression 
by inhibiting GPD2-mediated glycolysis, suggesting a 
novel mechanism of TS. However, further investigations 
are warranted to explore the possible effects of glycome-
tabolism, which could broaden the therapeutic potential 
of the drug. The present study reveals a novel method by 

Fig. 9  Mechanism of Action of Bio-SS-TS Against LC. After the structure 
of dandelion sterol modified by the biotin disulfide bond enters the cell 
membrane, the disulfide bond is broken under reduced glutathione, re-
leasing dandelion sterol, which exerts an anti-liver cancer effect. Due to 
the decrease in reduced glutathione, the release of reactive oxygen spe-
cies in mitochondria increases, decreasing mitochondrial membrane 
potential and increasing membrane permeability. A large amount of cy-
tochrome C is released into the cell, which activates caspase-9 and further 
activates downstream caspase-3, producing a cascade of Caspase reac-
tions and causing apoptosis
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which Bio-SS-TS exerts its improved anticancer effects, 
thus paving the way for the potential clinical use of the 
drug.
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