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Abstract. All‑trans retinoic acid (ATRA) has been implicated 
in the differentiation of hepatic stellate cells (HSCs). In the 
present study, the liver‑targeting hyaluronic acid micelles 
(ADHG) were prepared for co‑delivery of ATRA and doxo‑
rubicin (DOX) to block the HSC‑hepatoma interrelation. To 
simulate the tumor microenvironment, an in vitro dual‑cell 
model and an in  vivo co‑implantation mouse model were 
established for anticancer studies. The experimental methods 
involved the MTT assay, wound‑healing assay, cellular 
uptake, flow cytometry and and in vivo antitumor study. The 
results revealed that the HSCs in the research models notably 
promoted tumor proliferation and migration. Furthermore, 
ADHG were readily internalized by cancer cells and HSCs 
simultaneously, and widely distributed in cancer regions. 
The in  vivo antitumor studies demonstrated that ADHG 
could notably decrease HSC activation and extracellular 

matrix deposition, as well as constrain tumor growth and 
metastasis. Therefore, ATRA could facilitate DOX‑induced 
anti‑proliferation and anti‑metastasis effects, and ADHG are a 
promising nano‑sized formulation for the combination therapy 
of hepatocellular carcinoma.

Introduction

All‑trans retinoic acid (ATRA) plays a vital role in the differ‑
entiation of hepatic stellate cells (HSCs)  (1). In advanced 
liver fibrosis, HSCs are activated to shift from a quiescent 
phenotype into myofibroblasts expressing α‑smooth muscle 
actin (α‑SMA), a marker of activated hepatic stellate cells), 
in the absence of ATRA. The activation of HSCs is inhibited 
when extracellular ATRA levels increase (2‑4). In the liver, 
ATRA binds to retinoic acid receptors β and α of HSCs to 
restrain the production of collagen fibers (5‑7). A recent study 
revealed that ATRA can constrain HSC proliferation and 
extracellular matrix (ECM) deposition via the JNK‑dependent 
NF‑κB signaling pathway (8). Moreover, ATRA can enhance 
the effect of cisplatin by inducing the differentiation of tumor 
initiating cells and decreasing the chemoresistant subpopula‑
tions of hepatocellular carcinoma (HCC) cells (9).

HCC cells are located in a complex microenviron‑
ment in which stromal cells, including HSCs, endothelial 
cells and immune cells, participate in the development of 
tumors (10,11). Among them, HSCs can be activated by tumor 
cells. In the tumor microenvironment (TME), HSCs not only 
induce ECM deposition by producing type I collagen, but also 
secrete various factors, such as interleukin 6 (IL‑6), IL‑8 and 
monocyte chemoattractant protein‑1, to induce cancer develop‑
ment (12‑17). Hence, inhibition of HSC‑induced tumor growth 
is an effective strategy for anti‑HCC therapy. Considering that 
activated HSCs are located in the TME of HCC, it is possible 
that a combination therapy based on ATRA and chemothera‑
peutic drugs might display a synergistic anticancer therapeutic 
approach through HSCs redifferentiation and tumor apoptosis.

However, free drug formulations are limited in their 
clinical use due to systemic toxicity, short half‑life and low 
solubility (18). Nano‑sized drug delivery systems (NDDSs) 
have been demonstrated to be potential carriers for the 
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delivery of antitumor drugs (19,20). Compared with tradi‑
tional formulations, NDDSs possess a lower systemic toxicity, 
longer circulation time in the blood and higher bioavailability. 
Moreover, nano‑sized formulations can improve the selec‑
tive solubility of insoluble drugs to tumor cells. Hyaluronic 
acid (HA), a natural polysaccharide, is abundantly present 
in the ECM and has non‑toxic, non‑immunogenic proper‑
ties  (21,22). High‑molecular weight HA has been shown 
to inhibit tumor development, while a simple degradation 
process to low‑molecular weight HA by hyaluronidase in the 
TME allows for the low‑molecular weight HA to facilitate 
tumor migration (23). sHA (sulfated HA) has been previously 
synthesized by introducing sulphation to the‑OH groups of 
HA polymers and used to block degradation by hyaluroni‑
dase, thus inhibiting the proliferation, motility and invasion 
of tumor cells (24,25). Amphiphilic conjugates based on HA 
polymers are self‑assembled into nanoparticles composed 
of hydrophobic cores and hydrophilic shells  (26,27). 
Moreover, drug‑loaded HA nanoparticles specifically bind 
to CD44 receptors, which are highly expressed on acti‑
vated HSCs, thereby enhancing the antitumor effect via 
CD44 receptor‑mediated endocytosis  (28,29). The use of 
drug‑loaded HA nanoparticles has been demonstrated in 
cancer treatment, such as that of breast cancer, HCC and 
colorectal cancer (30‑32).

In the present study, liver‑targeting co‑loaded HA nanopar‑
ticles (ADHG) were prepared to inhibit HSC‑induced tumor 
proliferation and metastasis (Fig. 1A). To mimic the TME, an 
in vitro dual‑cell research model and an in vivo co‑implantation 
mouse model composed of stromal cells and cancer cells were 
established for antitumor studies. The anti‑proliferation and 
the anti‑migration effects of ADHG were evaluated against 
cancer cells alone and the dual‑cell model. The drug distribu‑
tion and the antitumor efficacy of ADHG was also investigated 
in co‑implantation mice.

Materials and methods

Materials. ATRA was purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd. Doxorubicin (DOX), 
fluorescence probes 1,1‑dioctadecyl‑3,3,3,3‑tetramethylin‑
dotricarbocyanine iodide (DiR), RPMI‑1640 medium and 
the Calcein‑AM/PI kit were obtained from Dalian Meilun 
Biology Technology Co., Ltd. Cell culture medium and H&E 
and Masson staining kit were acquired from Beijing Solarbio 
Science & Technology Co., Ltd. The 5(6)‑carboxyfluorescein 
diacetate succinimidyl ester (CFSE) fluorescence dye was 
obtained from Abcam. Anhydrous ethanol and xylene were of 
analytical grade (Analytical Reagent; Red Label).

Cell lines and animals. Huh‑7 cells (human HCC line; cat. 
no.  1101HUM‑PUMC000679) were obtained from China 
Infrastructure of Cell Line Resources, Institute of Basic 
Medical Sciences, Chinese Academy of Medical Sciences. 
H22 (mouse HCC line; cat. no. GDC0091), LX‑2 (human 
HSC line; cat. no. GPC0076) and m‑HSC (mouse HSC line; 
cat. no.  GPC0414) cells were purchased from the China 
Center for Type Culture Collection. Human‑derived cells 
and mouse‑derived cells were used for in vitro and in vivo 
experiments, respectively. A total of 80 female BALB/c mice 

(weight, 18  g; age, 6‑8  weeks) were obtained from Jinan 
Pengyue Experimental Animal Breeding Co., Ltd.

Preparation and characterization of ADHG nanoparticles. 
The sHA is a polymer synthesized by grafting chlorosul‑
fonic acid onto HA. Considering that sHA could inhibit 
hyaluronidase‑induced HA degradation, sHA was used as 
the drug carrier in the present study. The DOX‑sHA (DH) 
polymers were laboratory‑made. DH and ATRA were 
dissolved in distilled water and anhydrous ethanol solution, 
respectively. The two solutions were mixed (final volumes, 
10 ml) at different mass ratios of DH and ATRA (10:1, 
5:1 and 2.5:1), followed by ultrasonication for 10 min (20 
KHz) under ice water bath to prepare ATRA/DH (ADH) 
nanoparticles using a probe‑type sonicator (VCX‑750; 
Sonics Vibra‑Cell™). To remove the unloaded ATRA, 
the mixed solution was dialyzed in distilled water using 
a dialysis bag (molecular weight cut‑off, 3,500) at room 
temperature for 24 h. Subsequently, the obtained solutions 
were freeze‑dried at ‑45˚C for further study. Similarly, 
ADHG nanoparticles were prepared by adding glycyrrhe‑
tinic acid (GA)‑modified HA polymers to ADH solution 
and sonicated (20 KHz) in an ice water bath for 15 min. 
DOX‑sHA‑GA (DHG) nanoparticles were prepared by 
adding GA‑modified HA polymer to DH solution and soni‑
cated using the same method.

The average particle size of ADHG was detected by 
a Malvern Nano‑ZS90 analyzer  (33). The morphology of 
nanoparticles was observed using a transmission elec‑
tron microscope (TEM; model no.  HT7700; Hitachi 
High‑Technologies Corporation). The stability of ADHG 
nanoparticles was examined in PBS solution (pH 7.4) or RPMI 
1640 medium containing 10% fetal bovine serum (FBS; ExCell 
Bio) for 7 days. The ATRA content was calculated according 
to a standard curve, and the drug‑loading rate (DL) and encap‑
sulation efficiency rate (EE) of ATRA were measured using a 
UV spectrophotometer at 340 nm.

In vitro cytotoxicity. The in vitro dual‑cell research model 
was established by mixing cancer cells and HSCs at a ratio 
of 5:1 (34). The MTT assay was then used to detect the cyto‑
toxicity of ADHG. In brief, free ATRA, free DOX, DOX + 
ATRA, DH, ADH and ADHG solutions were added into the 
96‑well plates (5x103 cells/well) to achieve DOX concentrations 
ranging from 0.01 to 10 µg/ml and incubated for 48 h at 37˚C. 
Dimethyl sulfoxide was used to dissolve the purple formazan 
and cell viability was detected using a microplate reader at 
490 nm. The experiment was repeated in triplicate. Similarly, 
a live/dead assay was performed using a Calcein‑AM/PI 
kit (Meilun Biotechnology Co., Ltd.), and the images were 
obtained using a fluorescent microscope.

Wound‑healing assay. To distinguish Huh‑7 and LX‑2 cells 
under a microscope, LX‑2 cells were labeled with CFSE. 
The wound‑healing assay was conducted using cancer cells 
and the dual‑cell system (35). Prior to the assay, the cells 
were subjected to serum starvation (2% FBS) for 24 h in 
37˚C. When the cells reached ~80% confluency in each well, 
the cells were scratched using a 200 µl pipette tip to form 
a wound area and subsequently treated with different drug 
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solutions of DOX, ATRA, DOX + ATRA, DH, ADH, ADHG 
(equivalent DOX, 2 µg/ml; ATRA, 1.47 µg/ml) for 24 h at 
37˚C. The wound‑healing images were observed with a 
Nikon fluorescence microscope, (Nikon eclipse Ti‑S; Nikon 
Corporation), and the cell migration rate was analyzed by the 
edge‑finding method using Image J 1.8.0 (National Institutes 
of Health).

Cellular uptake. The liver‑targeting ability of ADHG was 
measured against Huh‑7 cells and the dual‑cell model in vitro. 
The cells were treated with DOX, DH and DHG (equivalent 
DOX, 10 µg/ml) for 3 h at 37˚C, followed by DAPI (1 µg/ml) 
staining for 10 min and observation using a confocal laser 
microscope (CLMS). The intracellular DOX fluorescence 

intensity was also examined using analyte reporter PE by flow 
cytometry (BD accuri c6 plus; BD Biosciences) and analyzed 
by FlowJo v10 (BD Biosciences).

In vivo drug distribution. The liver‑targeting capacity of ADHG 
was also studied using an in vivo imaging system. An in vivo 
co‑implantation model was established by subcutaneous injec‑
tion of 0.2 ml of 2x106 H22/m‑HSC cells into the right flank, 
and DiR was loaded in DHG nanoparticles to evaluate drug 
distribution in vivo. The subcutaneous tumor‑bearing mice 
were injected intravenously with 0.2 ml free DiR, DH + DiR 
and DHG + DiR (DiR; 4 mg/kg). In vivo fluorescent images 
were captured at different time points by the PerkinElmer 
IVIS Spectrum system.

Figure 1. Illustration and characteristics of drug‑loaded nanoparticles. (A) Design of the combination therapy. Transmission electron microscope images and 
particle sizes of (B) DOX‑sHA‑GA and (C) ATRA/DOX‑sHA‑GA (scale bar, 200 nm). (D and E) Stability of ADHG under physiological conditions within 
7 days. (D) DLS and (E) Zeta potential. ADHG, ATRA/DOX‑sHA‑GA; DOX, doxorubicin; sHA, sulfated hyaluronic acid; GA, glycyrrhetinic acid; ATRA, 
all‑trans retinoic acid; DLS, dynamic light scattering.
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In vivo antitumor efficacy. The in vivo antitumor studies were 
performed using tumor‑bearing BALB/c mice. To mimic the 
TME, the H22/m‑HSC‑bearing mice model was established. 
In the TME, the activated HSCs could promote tumor growth, 
while the traditional HCC‑bearing mouse model was estab‑
lished by subcutaneously injecting H22 cells. Each mouse was 
subcutaneously injected with 0.2 ml 2x106 H22/m‑HSC cells 
(the ratio of H22 to m‑HSC cells was 5:1) or 2x106 H22 cells 
into the right flank. The anticancer effect of ADHG was studied 
using these co‑implantation mice. When the cancerous volume 
grew to 150 mm3, the mice were randomly divided into seven 
groups (n=5 per group), and free DOX, free ATRA, DOX + 
ATRA, DH, ADH and ADHG were administrated through the 
tail vein (equivalent DOX, 3 mg/kg; ATRA, 2.2 mg/kg) while 
the control group was injected with 0.2 ml of saline. The body 
weight and tumor volume were detected every other day. The 
mice were euthanized when they lost 20% of their original body 
weight or when the tumor volume grew beyond 2,000 mm3. 
Mice health and behavior, including activity level, appetite, 
body temperature, daily behavior, body weight and respiratory 
rate, were monitored every 2 days. During the experiment, mice 
were provided with comfortable and clean housing conditions 
and were checked daily for any abnormal behavior. Mice were 
anesthetized by intraperitoneal injection of 2% sodium pento‑
barbital (45 mg/kg) and sacrificed by cervical dislocation when 
the corneal response had disappeared, the skin pinch response 
had disappeared and the muscles had relaxed. Following eutha‑
nasia, the mice were verified as deceased by checking that the 
pain response had disappeared and the heartbeat and respira‑
tion had stopped. The mice were sacrificed 14 days after drug 
treatment, and the tumors and major organs were removed for 
H&E staining, Masson staining and immunohistochemistry 
assays. Following euthanasia, tumors and major organs were 
removed and immersed in 4% paraformaldehyde and fixed for 
48 h at 4˚C. After the tissue was paraffin‑embedded, sections 
of 4 µm thickness were prepared for H&E staining and immu‑
nohistochemistry. The slices were dewaxed in xylene twice for 
10 min, followed by rehydration with 100% ethanol twice for 
10 min and 95, 80 and 70% ethanol for 5 min each. For H&E 
staining, hematoxylin staining was performed for 8 min and 
eosin staining for 2 min at room temperature using an H&E 
staining kit (cat. no. G1120; Solarbio). Masson staining was 
performed using a Masson staining kit (cat. no. G1346; Solarbio). 
For immunohistochemistry, antigen repair by microwave heating 
at 98˚C for 5 min in citrate buffer solution, permeabilization by 
0.1% Triton‑100 (cat. no. T8200; Solarbio) for 15 min, endog‑
enous peroxidase blocker (cat. PV‑6001; OriGene) at room 

temperature for 10 min and blocking in 5% albumin bovine V 
(cat. no. A8020; Solarbio) for 60 min at 37˚C were performed. 
Samples were incubated with primary antibody at 37˚C for 1 h 
[α‑SMA antibody (cat. no. AF1032; dilution, 1:200; Affinity 
Biosciences); anti‑CD31 antibody (cat. no. ab182981; dilution, 
1:2,000; Abcam)]. As secondary antibodies, enzyme‑labeled goat 
anti‑rabbit IgG polymer (cat. no. PV‑6001; OriGene) was applied 
for 20 min at room temperature. A DAB color development kit 
(cat. no. ZLI‑9017; OriGene) was used for color development, 
and counterstaining was performed with hematoxylin for 2 min 
at room temperature. The microscopy samples were all observed 
under a light microscope (magnification, x200).

Inhibition of lung metastases. In total, 0.2 ml of 2x106 H22 
cells were intravenously injected into the tail vein of BALB/c 
mice to establish a lung metastasis model. The mice (n=4 per 
group) were treated via the tail vein with physiological saline 
(control), free DOX, free ATRA, DOX + ATRA, DH, ADH 
and ADHG (equivalent DOX, 3 mg/kg; ATRA, 2.2 mg/kg) 
every 2 days for 14 days. The health of the mice was moni‑
tored every 2 days, including activity level, appetite, body 
temperature, daily behavior, body weight and respiratory rate. 
Mice were euthanized as described above. Subsequently, the 
lungs were acquired for H&E staining assay according to the 
protocol stated above.

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism 9.0.0 (Dotmatics) and are presented as 
mean ± SD. All experiments were repeated at least three times. 
Results were analyzed using one‑way or two‑way ANOVA 
followed by Bonferroni's multiple‑comparisons test. P<0.05 
was considered to indicate a statistically significant difference.

Results and discussion

Morphology and characteristics of ADHG nanopar‑
ticles. The amphiphilic HA conjugates self‑assembled into 
nano‑sized particles. ADHG nanoparticles based on DHG 
were prepared for co‑encapsulating ATRA and DOX, and 
GA‑free co‑loaded nanoparticles were named ADH. As 
shown in Table I, when the ratio of DHG to ATRA was 5:1, 
the average size of the nanoparticles was 211.95 nm, which 
was smaller than that of other groups. The DL and EE were 
8.79 and 52.72%, respectively. In addition, the morphology of 
DHG and ADHG were investigated by TEM. In Fig. 1B and C, 
the dual drug‑loaded nanoparticles are shown to be similarly 
spherical in shape.

Table I. Characterization of the different nanoparticle formulations.

DHG:ATRA	 DLS, nm	 PDI	 ζ‑Potential, mV	 EE, %	 DL, %

10:1	 258.40±3.41	 0.149±0.02	 ‑18.01±0.55	 84.85±7.18	 7.71±0.65
5:1	 211.95±2.61	 0.110±0.01	 ‑18.97±0.46	 52.72±5.18	 8.79±0.86
2.5:1	 240.70±1.13	 0.158±0.01	 ‑22.87±0.42	 33.89±4.29	 9.68±1.23

ATRA, all‑trans retinoic acid; EE, encapsulation efficiency rate; DL, drug‑loading rate; DLS, dynamic light scattering; PDI, polymer dispersity 
index.
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To evaluate the stability of the nano‑delivery system, the char‑
acteristics of ADHG were measured for 7 days. Fig. 1D and E 
shows that no notable changes were observed in particle size and 
zeta potential within 7 days, suggesting that ADHG nanopar‑
ticles were stable under physiological conditions.

Cellular uptake and cytotoxicity assay. In the TME, stromal 
cells, such as HSCs, have been proven to facilitate cancer devel‑
opment (36). To simulate the TME, a dual‑cell research model 

was established by mixing HSCs and HCC cells together, 
while HCC cells alone were used as the control (Fig. 2A).

The cellular uptake of ADHG was detected in HCC cells, 
in which red fluorescence (DOX) tracked the intracellular drug 
distribution, and blue fluorescence (DAPI) indicated nuclear 
location. Considering that GA receptors are highly expressed 
in liver cancer cells, DHG nanoparticles were prepared 
for co‑delivery of DOX and ATRA. As shown in Fig. 2B, 
compared with ADH, there was more red fluorescence signal 

Figure 2. Cellular uptake and cytotoxicity. (A) Two research models used in the present study. Images of (B) Huh‑7 cells and (C) the dual‑cell model. White 
arrows indicate the fluorescence intensity of Huh‑7 cells. (D) Flow cytometry assay and (E) its quantitative analysis. Cytotoxicity of (F) Huh‑7 cells alone and 
(G) the dual‑cell model. (H) Live/dead staining test (scale bar, 100 µm). *P<0.05, **P<0.01 and ***P<0.001. DHG, DOX‑sHA‑GA; DH, DOX‑sHA; DOX, doxo‑
rubicin; CFSE, 5(6)‑carboxyfluorescein diacetate succinimidyl ester; ATRA, all‑trans retinoic acid; ADH, ATRA/DOX‑sHA; ADHG, ATRA/DOX‑sHA‑GA; 
sHA, sulfated hyaluronic acid.
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in the cells treated with ADHG. One possible explanation for 
this is that the GA ligand promoted ADHG internalization via 
GA/GA receptor‑mediated endocytosis.

In fact, the HCC‑HSCs interaction has been shown to facili‑
tate cancer development; hence, targeting both HSCs and tumor 
cells might be a potential anticancer strategy. In the present 
study, a dual‑cell model was established in which HSCs were 
marked with CFSE dye. In Fig. 2C, strong red fluorescence was 
observed in both HSCs and Huh‑7 cells, indicating that the drug 
was taken up by the cells. Considering that the CD44 protein is 
highly expressed on HSCs (37), ADHG might have been taken 
up by HSCs and Huh‑7 cells through HA/CD44‑ and GA/GA 
receptor‑mediated internalization, respectively. This result was 
also confirmed by FCM (Fig. 2D and E), in which more drugs 
were detected in the cells treated with ADHG.

In the present study, MTT assays were performed on 
HCC cells and the dual‑cell model. In Fig. 2F and G, all 
drug‑treated groups exhibited dose‑dependent cytotoxicity. 
Of note, the dual‑drug groups exhibited a greater inhibitory 
effect than single‑drug groups, suggesting that the combined 
treatment of DOX and ATRA enhanced the antitumor effect. 
As expected, ADHG had lower cell viability than the other 
groups. Since ATRA were modified by the GA ligand, it is 

indicated that GA/GA receptor‑mediated drug internalization 
promoted apoptosis.

Similarly, the cytotoxicity of ADHG in the dual‑cell model 
was detected by MTT assay. On note, the IC50 of free DOX 
was 6.627 µg/ml, which was 1.8‑fold of that in Huh‑7 cells 
alone. This result suggested that HSCs might induce drug 
resistance of the tumor cells in the dual‑cell model. In fact, it 
has been shown that cancer cells exist in a complex TME, in 
which HSCs have a vital role in cancer development through 
the HSC‑cancer cell interaction  (38). Hence, the dual‑cell 
research model was an appropriate model for anticancer 
studies in  vitro. Furthermore, in the two nano‑sized drug 
groups, particularly ADHG, higher cytotoxicity was observed 
than in the DOX + ATRA group. Live/dead staining (Fig. 2H) 
was further performed on the dual‑cell model. Of note, more 
red‑stained cells (dead cells) were observed in the ADHG 
group, indicating that ADHG was able to efficiently constrain 
cancer cell proliferation in the presence of HSCs.

Wound‑healing assay. To examine the anti‑migration effi‑
cacy of ADHG nanoparticles, a wound‑healing assay was 
performed on the HCC (Huh‑7) cells (Fig. 3A). However, 
it has been shown that HSCs can promote tumor migration 

Figure 3. Anti‑migration effect of ADHG. Wound‑healing assay using (A) Huh‑7 cells alone and (B) the dual‑cell research model (scale bar, 100 µm). Migration 
rates of (C) Huh‑7 cells alone and (D) the dual‑cell model. The experiment was performed in triplicate. *P<0.05, **P<0.01 and ***P<0.001. ATRA, all‑trans 
retinoic acid; ADH, ATRA/DOX‑sHA; ADHG, ATRA/DOX‑sHA‑GA; DOX, doxorubicin; DH, DOX‑sHA; sHA, sulfated hyaluronic acid.
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by secreting numerous pro‑migration factors (39). To simu‑
late the TME, a dual‑cell model composed of Huh‑7 and 
CFSE‑labeled HSCs was established (Fig. 3B). Compared 
with the control, different drug formulations had inhibi‑
tory effects on cell migration in Huh‑7 cells (Fig. 3C). As 
expected, ADHG treatment inferred a lower migration rate in 
comparison with ADH or DOX + ATRA, suggesting that the 
nano‑sized therapeutic combination approach could promote 
anti‑migration efficacy.

Interestingly, in Fig. 3D, the migration rate in the dual‑cell 
model (36.75%) was higher than in Huh‑7 cells alone (27.55%) 
in the control group, suggesting that HSCs facilitated the 
migration of Huh‑7 cells. ADHG resulted in a greater inhibi‑
tory effect than other drug formulations, indicating that the 
proliferation and migration of HCC could be effectively 
restrained by the nano‑sized combination therapy based on 
DHG conjugates.

In  vivo imaging experiments.  To invest igate the 
cancer‑ta rget ing proper ty of DHG nanopar t icles, 
DiR‑loaded nanoparticles were prepared and injected into 
tumor‑bearing mice. Fig.  4 shows that the f luorescent 
signals of free DiR groups in the tumor area reached their 
peak at 12 h, then notably decreased. Compared with the 
control, the dual drug‑loaded nanoparticles showed stronger 
fluorescence in the cancer region. A possible explanation is 
that the nano‑sized vehicles could accumulate in the tumor 
due to enhanced permeability and retention effects (40,41). 
As expected, the fluorescence intensity of the DHG + DiR 
group was higher than that of DH + DiR at 48 h, suggesting 
that the GA ligand promoted drug internalization in cancer 
cells.

In  vivo antitumor effect against HCC/HSC co‑implanted 
mice. In the TME, the activated HSCs could promote tumor 
growth, while the traditional HCC‑bearing mouse model was 
established by subcutaneously injecting H22 cells alone. To 
simulate the TME, an in vivo HCC/HSC‑bearing mice model 
was established to examine the anticancer effect of ADHG 
(Fig. 5A). In a previous study, by our group the DOX‑loaded 
formulation at 3 mg/kg could inhibit HCC development (42). 
Hence, in the present study, 3 mg/kg of DOX was chosen for 
the in vivo antitumor studies. In the present study, 5 mice in the 
co‑implantation control 2 group reached the humane endpoint 
on day 11, with tumor volumes exceeding 2,000 mm3, and 
these 5 mice were euthanized. Of note, compared with the 
traditional H22 tumor‑bearing mice model (control 1, saline), 
the cancerous volume in the co‑implantation model (control 2, 
saline) was greater (Fig. 5B and C). Since HSCs are located 
in the TME, HCC/HSC‑bearing mice are a more appro‑
priate model than HCC‑bearing model for anti‑hepatoma 
studies. After 14 days, cancer progression was constrained 
in all drug‑treated groups. Similar to the in  vitro results, 
the dual‑drug groups exhibited smaller tumor sizes than 
the single‑drug groups, suggesting that ATRA promoted a 
DOX‑induced anti‑proliferative effect. Moreover, the inhibi‑
tion rate of the ADHG group was 85.8%, which was higher 
than that in the DOX + ATRA (67.9%) or ADH (76.0%) 
groups (Fig. 5D). The anti‑proliferative assay result was also 
confirmed by the results of the H&E assay, in which severe 
apoptosis was observed in the ADHG group (Fig. 5E). One 
explanation may be that ADHG was internalized by the cancer 
cells and HSCs in an active‑targeting manner (HA/CD44 
and/or GA/GA receptor‑mediated endocytosis), resulting in a 
greater inhibitory effect.

Figure 4. In vivo drug distribution in subcutaneous tumor‑bearing mice. DiR fluorescence imaging of DiR, DH/DiR and DHG/DiR in 0‑48 h. DiR, 
1,1‑dioctadecyl‑3,3,3,3‑tetramethylindotricarbocyanine iodide; DH, doxorubicin‑sulfated hyaluronic acid; DHG, doxorubicin‑sulfated hyaluronic acid-
glycyrrhetinic acid.
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In addition, Masson staining and immunohistochemistry 
assays were conducted to further investigate the anticancer 
effect of ADHG. Studies have revealed that activated HSCs 
have an important role in ECM deposition by secreting 
collagen fibers (43,44). Fig. 5F indicated that the blue‑colored 
region (collagen fiber) was larger in Control 2 (H22/m‑HSC) 
than that in Control 1 (H22), which may be due to HSC acti‑
vation. By contrast, there was almost no blue‑colored area 
in the ADHG group indicating negative ECM deposition. In 
Fig. 5G, a notable α‑SMA+ region was present in Control 2 

(H22/m‑HSCS), suggesting that activated HSCs were distrib‑
uted in the cancerous tissues. Furthermore, the α‑SMA+ region 
was decreased in the ADHG group, indicating that ADHG 
could block HSC activation, resulting in lower ECM deposi‑
tion. In addition, it has been proven that tumor angiogenesis 
may promote tumor proliferation and metastasis (45,46). The 
platelet endothelial cell adhesion molecule CD31, a marker of 
blood vessels, was used to examine angiogenesis. In Fig. 5H, 
compared with the other drug‑treated groups, there were 
fewer vessels in the ADHG group, indicating that ADHG 

Figure 5. Evaluation of anti‑hepatoma activity in H22/m‑HSC‑bearing mice. (A) Treatment schedule. (B) Tumor images. (C) Tumor volumes. (D) Tumor 
growth inhibition rates. (E) H&E and (F) Masson staining assays. Immunohistochemical assays of (G) α‑SMA and (H) CD31 proteins, with red arrows 
indicating the tumor vessels (scale bars, 50 µm). *P<0.05 and ***P<0.001. m‑HSC, mouse hepatic stellate cells; SMA, smooth muscle actin; ATRA, all‑trans 
retinoic acid; ADH, ATRA/DOX‑sHA; ADHG, ATRA/DOX‑sHA‑GA; DOX, doxorubicin; DH, DOX‑sHA; sHA, sulfated hyaluronic acid.
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was able to inhibit tumor angiogenesis. Hence, the combined 
therapeutic design based on HA polymers could suppress 
HSCs‑HCC interaction and constrain HCC progression.

In vivo suppression of lung metastasis. Mice with lung metas‑
tases were established to examine the anti‑metastatic effect 
of ADHG (Fig. 6A). Considering that the metastatic nodules 
in the lungs were very small, it was difficult to monitor the 
progression of internal tumors in real‑time. According to 
previous lung metastasis studies  (47,48), the lung tissues 
were harvested to evaluated the anti‑metastasis effect of 
different drug groups. Similar to the anti‑proliferation 
evaluation in vivo, no significant differences in mice weight 
were observed between the healthy control and the nanopar‑
ticle‑treated mice (Fig. 6B). Notably, numerous metastatic 
nodules occurred in the control model (Fig. 6C and D), and 
the dual‑drug treatment groups contained fewer metastatic 
nodules than the free DOX group, indicating that ATRA 
improved the anti‑metastatic effect of DOX. Notably, the 
ADHG group presented the smallest number of nodules 
among all drug‑treated groups. This result was consistent 
with the H&E assay. Fig. 6E showed that no notable tumor 
regions were observed in the lungs of the mice treated with 
ADHG. These results may be due to the fact that ADHG 
could be taken up by metastatic HCC cells, resulting in an 
enhanced anti‑proliferative and anti‑metastatic effect.

Conclusion. In summary, DHG conjugates were synthesized 
for co‑delivery of ATRA and DOX for anti‑HCC therapy, 
and HCC/HSC research models were established for the 
in vitro and the in vivo anti‑HCC studies. The results showed 

that ADHG nanoparticles were spherical in shape with high 
stability and were readily taken up by HSCs and HCC cells 
simultaneously. Compared with free DOX, ATRA increased 
the inhibitory effect on tumor proliferation and migration. The 
in vivo biodistribution images indicated that DHG nanopar‑
ticles accumulated in the tumor region. The in vivo anticancer 
results showed that, compared with other groups, ADHG 
nanoparticles exhibited lower ECM deposition, less tumor 
angiogenesis and stronger pro‑apoptotic and anti‑metastatic 
effects. However, further studies are needed to explore the 
anti‑tumor mechanisms of ADHG nanoparticles, and there 
are still many difficulties to overcome in terms of clinical 
applications.
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