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a b s t r a c t

Activated hepatic stellate cells (aHSCs), the main source of extracellular matrix deposition, are key targets

in liver fibrosis. However, no effective drug specific to aHSCs has been clinically applied due to poor drug

delivery efficiency. Herein, we designed a CXC chemokine receptor 4 (CXCR4)-targeted reactive oxygen

species (ROS)-responsive platform AMD-Dex-ROS-responsive-sorafenib (ARS) based on natural polysac-

charide and thioctic acid frame, which can deliver anti-fibrosis drug represented by sorafenib specifically

to aHSCs on account of CXCR4 over-expression on aHSCs, and smartly disassemble via ROS-responsive

thioketal rupture relying on high intracellular ROS in HSCs, realized on-demand drug release and effec-

tive liver fibrosis reversion. Notably, in this platform, the CXCR4 antagonist AMD3100 not only enhanced

aHSCs targeting efficiency of sorafenib but also effectively magnified the aHSCs elimination of sorafenib

by blocking stroma cell derived factor-1 (SDF-1)/CXCR4-induced aHSCs protection, resulting in synergis-

tic anti-fibrosis effect. The platform provided a new approach for drug delivery system design and liver

fibrosis treatment.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Liver fibrosis, precursor of liver cirrhosis and hepatocellular car-

cinoma (HCC), typical for hindered liver function and expanded

extracellular matrix production, essentially collagens, has been a

global health problem without approved treatment [1]. As a central

contributor to collagen deposition, activated hepatic stellate cells

(aHSCs) play a pivotal role in the development of liver fibrosis and

represent a potential therapeutic target [2]. In recent study, several

therapies proposed for liver fibrosis are promising, among which

the most eye-catching one is targeting for aHSCs, including inhibit-

ing their activation or inducing their apoptosis [3].

However, the efficacy of HSC-targeted therapy is hampered by

poor drug delivery and complicated microenvironments of the fi-

brotic liver [4–6], where various cells gathered and regulated the

fibrosis process such as Kupffer cells, hepatocytes and liver sinu-

soidal endothelial cells. According to recent studies [7–9], the ten-

dency of nanoparticles to accumulate in the liver make them ideal

candidates for treating liver diseases and the targeting moiety can

be decorated on the surface of nanoparticles for targeting specific
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cells, so the potential of nanoparticles for liver fibrosis treatment

was highlighted, but there was still long way to go for efficient

drug delivery and clinical application. Designing an elaborate nano-

system with higher selectivity specific to aHSCs and intelligent on-

demand drug release is still an intractable challenge.

Elevating the selectivity of drug delivery system on HSCs is a

crucial strategy for aHSC-targeting therapy [10–12]. CXC receptor 4

(CXCR4) is a transmembrane protein overexpressing on the surface

of aHSCs, whose binding with its unique ligand stroma cell derived

factor-1 (SDF-1) seriously contributing to HSC activation, fibroge-

nesis, and proliferation [13–16]. Therefore, introduction of CXCR4

antagonist on the surface of nano-system could not only enhance

selectivity on HSCs and at the mean time reduce SDF-1/CXCR4-

induced HSC activation and proliferation.

Otherwise, the cytotoxicity of drug on normal hepatocyte or

other cells emphasize the urgent need to develop safer system

which represents selective drug release [17-19,20]. High reactive

oxygen species (ROS) production especially H2O2 during liver fibro-

sis in aHSCs was discovered [21], which plays an important role in

the pathogenesis of liver fibrosis, activating redox-sensitive intra-

cellular pathways in HSCs to increase collagen synthesis [22]. The

elevated ROS level in aHSCs has the potential to be a sensitive trig-

ger for controlled drug release in pathological microenvironments,
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Scheme 1. Schematic illustration of the preparation and the effect mechanism of

CXCR4-targeting nano-system based on ROS responsive natural polysaccharide con-

jugate for amplifying liver fibrosis therapy.

and can therefore be used to develop site-specific drug delivery

system [23].

Herein, we designed a multifunctional aHSC-targeting nanopar-

ticle based on natural polysaccharide in order to fully stimulate

the anti-fibrotic effect of sorafenib and reduce the unwanted side

effect and cytotoxicity (Scheme 1). CXCR4 antagonist AMD3100

served not only as a competitive ligand for targeting aHSCs but

also as a therapeutic agent for restraining HSCs activation. In order

to reduce unwanted release in other cells, ROS-responsive degrad-

able thioketal group was introduced into the nanoparticles via re-

constructing natural thioctic acid, contributing to on-demand so-

rafenib release in high-ROS aHSCs. Above all, a smart delivery sys-

tem with both targeting and responsive release capabilities was

skillfully constructed for magnified liver fibrosis treatment.

Natural polysaccharides are highly biocompatible and univer-

sal in nano-system design due to their biosecurity and easily-

modified hydroxyl groups [24,25]. So a representative polysaccha-

ride dextran was chosen as a nano-system frame here. First, ROS-

responsive amphiphilic conjugate dextran-ROS-responsive thioctic

acid derivative (Dex-RTA) was synthesized as described in meth-

ods and Fig. S1 (Supporting information). The first step is the re-

duction of thioctic acid. The presence of the two-SH proton peaks

at 1.28 and 1.32ppm in the 1H nuclear magnetic resonance (NMR)

spectroscopic analysis indicated the successful reduction of thioc-

tic acid and the production of the reductive product of thioctic

acid dihydro thioctic acid (DHTA) (Fig. S2A in Supporting infor-

mation). Secondly, the ROS-responsive thioctic acid derivative RTA

was synthesized through a condensation reaction of DHTA and 2,2-

methylpropane and identified by the presence of thioketal group

corresponding to the proton peak at 1.58ppm (Fig. S2B in Sup-

porting information). Thirdly, the signals at δ =1.75ppm (RTA) and

δ =4.68ppm (anomeric proton in dextran) not only verified the

successful synthesis of Dex-RTA but also determined the degree of

substitution (DS) of RTA was 55, which was defined as the num-

ber of RTA units per 100 anhydroglucosidic (AHG) units (Fig. S2C

in Supporting information).

At the same time, the non-ROS-responsive dextran-lauric acid

(Dex-LA) which possessed a similar structure with Dex-RTA except

for the thioketal group at the end of the hydrophobic substituent

was also synthesized by esterification reaction between dextran

Fig. 1. (A) Particle size of Dex-RTA, RS, ARS and ALS NPs. (B) Zeta potential of RS

and ARS NPs. (C) Particle size of ARS NPs before or after 1mmol/L H2O2 treat-

ment. (D) Transmission electron microscope (TEM) images of ARS NPs before or

after 1mmol/L H2O2 treatment. Scale bar=100nm. (E) Cumulative release of so-

rafenib after 1mmol/L H2O2 treatment. (F) Size stability of ARS NPs in phosphate

buffer solution (PBS) and 10% fetal bovine serum (FBS) solution.

and lauric acid. The DS of Dex-LA was determined by the anomeric

proton in dextran at 4.68ppm and the −CH3 proton peaks in lauric

acid at 0.86ppm, whose value was 54 similarly as that of Dex-RTA

(Fig. S2C).

As known, amphiphilic conjugates could self-assemble into

nano-sized micelles [26]. So after the synthesis of Dex-RTA and

Dex-LA, nano-systems loaded sorafenib were prepared through

solvent exchange method, forming Dex-RTA-Sora nanoparticles

(RS NPs) and Dex-LA-Sora nanoparticles (LS NPs), respectively.

Their particle size was characterized. Sorafenib-loading enhanced

the hydrophobic force of hydrophobic core so that the par-

ticle size of Dex-RTA-Sora NPs (RS) decreased than Dex-RTA

NPs, from 101.80±3.74nm to 93.74±3.52nm (Fig. 1A). After

AMD3100-adsorption, there was also slight decrease on parti-

cle size maybe because the electrostatic interaction between

dextran and AMD3100 made the particles more tightly, from

93.74±3.52nm to 91.28±4.56nm. What is more, the particle

size of ARS nanoparticles was smaller than AMD-Dex-LA-Sora

(ALS) nanoparticles, 91.28±4.56nm and 117.30±3.49nm, respec-

tively, maybe because the cross-linking of thioketal group made

the nanoparticles more tightly. At the same time, absorption of

AMD3100 caused a marked charge reversal on the surface of the RS

NPs (Fig. 1B), further proving that the positively-charged AMD3100

binds to the negatively-charged surface of the dextran nanoparti-

cles by electrostatic interactions to form AMD-dextran nanoparti-

cles.
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Drug loading capacity (DL) and encapsulation efficiency (EE) of

sorafenib in ARS NPs was measured and the results showed that

the most efficient loading with a highest encapsulation efficiency

of 77.23% ± 5.07% at the ratio of Dex-RTA:sorafenib is 1:0.2 (Fig.

S3 in Supporting information). The DL is higher when the feeding

ratio is up to 1:0.4, however, the lower EE of 1:0.4 ratio recom-

mended us to choose the 1:0.2 ratio. The DL and EE of ARS are

both higher than those of ALS, indicating tighter binding force in

ARS than ALS, due to the crosslinking of thioketal bond in ARS NPs.

Next, ROS-responsive property of ARS NPs was verified from

multiple respects. Primarily, ROS-responsive ARS NPs disassem-

bly was confirmed by size and morphology change. The transmis-

sion electronic microscope images revealed that the ARS NPs were

spherical with a black corona at the outermost layer, indicating the

successful adsorption of AMD3100, whereas after H2O2-treatment

disruption occurred and size distribution turned into no longer

uniform (Figs. 1C and D). Besides, the absence of thioketal group

after H2O2-treatment in 1H NMR spectrum also demonstrated the

structure reorganization of ARS NPs (Fig. S2C).

When the hydrophobic thioketal group converted into hy-

drophilic –SH as schemed in Fig. S1 (Supporting information), the

hydrophobic core was destructed, promoting the release of hy-

drophobic drug. So, then, the cumulative release of sorafenib in

ARS NPs was detected by dialysis method. The red line in Fig.

1E showed more release of sorafenib in ARS in the presence of

1mmol/L H2O2, indicating the ROS-responsive drug release of ARS

NPs.

Then, the size stability of ARS NPs was investigated in PBS so-

lution or 10% FBS solution. As shown in Fig. 1F, the particle size of

ARS NPs maintained below 150nm at least within 48h.

As widely reported [14,27], CXCR4 is a chemokine receptor

overexpressed on the cell surface of aHSCs during the progression

of liver fibrosis which is induced by various cellular stress, pro-

moting the activation of HSCs. Thus, we endowed CXCR4-targeted

capability to our NPs by decorating CXCR4 antagonist AMD3100

on the surface of NPs, in order to target aHSCs more selectively

in fibrotic liver. In order to verify the aHSC-targeting capacity of

ARS NPs, two aspects need to be detected. First, in cellular level,

the uptake in HSCs of AMD3100-modified NPs should be stronger

than NPs without AMD3100-modification; second, the uptake of

AMD3100-modified NPs should be stronger in fibrotic livers than

healthy livers due to the higher expression of CXCR4 in fibrotic liv-

ers than healthy livers.

At first, we examined whether AMD3100 modification en-

hanced the intracellular uptake of nanoparticles in aHSCs. Using

hydrophobic coumarin 6 (C6) as a tracer molecule, ARC (AMD-

Dex-ROS-responsive-C6) nanoparticles with same characteristics as

ARS nanoparticles were prepared (Fig. S4 in Supporting informa-

tion). Subsequently, we found that the uptake of ARC nanoparti-

cles modified with AMD3100 was significantly enhanced in aHSCs

compared with non-targeted Dex-ROS-responsive-C6 (RC) nanopar-

ticles (Fig. 2A, Figs. S5 and S6 in Supporting information). What

is more, the uptake of ARC nanoparticles by HSCs was competi-

tively inhibited by addition of free AMD3100 in advance, indicating

that the nanoparticle targeted uptake was mediated by the CXCR4

over-expression in HSCs. Hence, the HSCs targeting in vitro could

be proved by these results.

Then, we further detected the HSCs targeting ability of ARC NPs

in vivo by evaluating if AMD3100-modified NPs exhibited enhanced

liver uptake in CCl4-treated mice than normal mice. All animals re-

ceived humane care in compliance with the “Guide for the Care

and Use of Laboratory Animals” published by the China Pharma-

ceutical University, and all study procedures and protocols were

approved by the Animal Research Committee of China Pharmaceu-

tical University. Chronic liver fibrosis mice model induced by con-

tinual CCl4 intraperitoneal injection was established as portrayed

Fig. 2. The HSCs-targeting capacity of ARC (A) Cellular uptake images of free C6,

RC, ARC and ARC after AMD3100-pretreatment. Scale bar=100μm. (B) Schematic

illustration of the timeline of CCl4 fibrosis model establishment and treatment plan.

(C) The frozen liver tissue section of fibrotic mice treated with ARC and RC, and

healthy mice treated with ARC. The images below are the magnifying ones of the

upper ones. Scale bar=200μm.

in Fig. 2B, then biodistribution of C6 was detected by liver tis-

sue immunofluorescent staining 4h after intravenous (I.V.) injec-

tion. α-Smooth muscle actin (α-SMA) was labelled as a marker of

activated HSCs. According to Fig. 2C and Fig. S7 (Supporting infor-

mation), in frozen liver tissue sections of CCl4 model mice, obvi-

ous co-localization of green C6 signal and red α-SMA signal in ARC

group represented the HSCs targeting of ARC NPs. Consistently, the

more tissue distribution of C6 in fibrotic liver in ARC group than

normal liver was also observed according to Fig. S8 (Supporting in-

formation). Taken together, similar to the in vitro results, there was

increased intracellular uptake of the NPs in the fibrotic livers, indi-

cating that the CXCR4 antagonist AMD3100 can act as a targeting

moiety for specific liver delivery.

Furthermore, not only as a targeting moiety, AMD3100 also ex-

hibited strong synergistic effect with sorafenib on HSCs depletion.

Firstly, the cytotoxicity of AMD-Dex-RTA vector was excluded as

shown in Fig. 3A, proving the biocompatibility and biosafety of

vector for various cells in liver, such as hepatocytes, macrophages

and HSCs. Next, AMD3100-modified ARS NPs exerted greater cyto-

toxicity on activated HSCs compared with RS NPs in Fig. 3B. What

is more, the addition of AMD3100 enhanced the pro-apoptosis ef-
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Fig. 3. (A) Cell viability of empty vector on different cells. (B) Cell viability of ARS on HSCs. (C) Cell apoptosis of ARS on HSCs. (D) Synergistic mechanism of AMD3100 on

HSCs elimination. The concentrations of sorafenib and AMD3100 are both 2μg/mL. ∗∗ P < 0.01, ∗∗∗P < 0.001. ns, no significance, P > 0.05. Results are shown as mean ±
standard deviation (SD) (n=5).

fect of sorafenib on HSCs according to Fig. 3C and Fig. S9 (Support-

ing information), and after construction of ARS NPs, the promoting

effect of AMD3100 was even stronger. Hence, AMD3100 not only

enhanced HSC targeting but also magnified the sorafenib cytotoxi-

city on HSCs.

Next, the synergistic mechanism of AMD3100 on HSCs elimina-

tion was explored. Indeed, the sensitizing effect of AMD3100 for

sorafenib treatment was probably not caused by direct cytotoxic-

ity of AMD3100, according to the safety of AMD-Dex-RTA vector in

Fig. 3A. Previous study has reported that binding of CXCR4 and its

receptor SDF-1 promoted proliferation and activation of HSCs [27],

probably providing protective effect for HSCs against sorafenib. To

determine this, we exposed HSC-T6 cell lines to recombinant SDF-1

in advance before sorafenib treatment and explored the protective

effect of SDF-1 for HSCs. We found that SDF-1 increased the vi-

ability of HSCs despite 0 μg/mL (gray vs. red column) or 2 μg/mL

(yellow vs. orange column) sorafenib treatment (Fig. 3D). However,

the addition of AMD3100 did not represent obviously increased

HSCs cytotoxicity at the absence of SDF-1 (yellow vs. green col-

umn). Then, the CXCR4 antagonist AMD3100 prevented the effects

of SDF-1 and sensitized HSC to sorafenib treatment (orange vs. blue

column). Combined with the theory that CXCR4 is the unique re-

ceptor of SDF-1 [28], we could safely get the conclusion that the

synergistic HSCs elimination of AMD3100 was induced by antago-

nizing the binding of CXCR4 and SDF-1.

Besides, ROS-responsive drug release of ARS in HSCs was ex-

plored. It is widely reported that sorafenib could induce ROS el-

evation in HSCs [29], so ROS level in HSCs was used as a so-

rafenib release indicator. As shown in Fig. S10 (Supporting infor-

mation), the control HSCs group which was activated by transform-

ing growth factor-β (TGF-β) exhibited more ROS production than

the untreated group, confirmed higher ROS content in activated

HSCs. Furthermore, much more ROS was produced by HSCs in ARS

group than ALS group, indicating more thorough drug release of

ROS-responsive nanoparticles, which demonstrated ROS-responsive

drug release of ARS at the cellular level.

The above data have verified that the ARS nano-system not only

enhanced the specific delivery efficiency to aHSCs, but also pos-

sessed synergetic effect on HSCs depletion. Therefore, this elabo-

rate delivery system is promising for magnified liver fibrosis ther-

apy. Subsequently, CCl4-induced liver fibrosis model was used to

evaluate the therapeutic efficacy of the ARS NPs. Sorafenib loaded

in different formulations, were intravenously injected to mice with

CCl4-induced liver fibrosis (5mg/kg, every other day) illustrated

in Fig. 4A, and alterations of some physiological indexes reflect-

ing hepatic function were evaluated after 4-week CCl4 induction.

Changes in hydroxyproline (Hyp) content in the liver are consid-

ered an index of collagen metabolism and provide valuable infor-

mation about the severity of liver fibrosis [30]. Alanine amino-

transferase (ALT) and aspartate aminotransferase (AST) are im-

portant indexes representing hepatic function and damage degree

[31]. According to Figs. 4B–D, Hyp, AST and ALT levels significantly

increased in CCl4-treated mice compared with healthy mice, indi-

cating serious liver damage in CCl4-induced liver fibrosis. Sorafenib

and AMD3100 co-delivered by final ARS NPs significantly decreased

Hyp, ALT and AST compared with the model group and other treat-

ment groups, indicating that the combination treatment may facil-

itate liver repair. Compared with the free drug group, the CXCR4-

targeted ARS NP formulations were more effective due to the ame-

liorative drug delivery efficiency to aHSCs.

Next, hematoxylin & eosin (H&E), Sirius red and Masson stain-

ing were used to assess the general morphology and collagen fibers

of the liver. In the healthy liver, there was normal lobular architec-

ture, with the central vein and radiating hepatic cords (Fig. 4E).

Otherwise, in the CCl4 model group, the liver sections revealed ob-

vious collagen fiber deposition and marked fibrosis. Marked reduc-

tion in the thickening of the collagen bundles could be observed

from the Sirius red staining and Masson staining of the ARS group.

Sustained deposition of extracellular matrix mainly results from

the activation of HSCs [6]. We therefore assessed the correlation

between collagen accumulation and HSC activation by analyzing

the expression of α-SMA, a marker of activated HSCs, in liver tis-

sues by immumohistochemical staining and Western blot (Fig. 4F

and Fig. S11 in Supporting information). The expression levels of

α-SMA were markedly higher in CCl4-treated than in healthy mice.

The sorafenib alone could inhibit these pro-fibrotic factor to some

extent, indicating moderate suppression of HSC activation. Excit-

edly, ARS delivery system combining of sorafenib plus AMD3100

significantly reduced α-SMA expression, representing the most

prominent HSCs suppression and anti-fibrosis effect.

Taken together, these results confirmed that CCl4 treatment

stimulated HSCs and induced the accumulation of extracellular

matrix, which may facilitate or result in liver fibrosis. The ARS

drug delivery platform combining of sorafenib plus AMD3100 sig-
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Fig. 4. Pharmaceutical effect of ARS in liver fibrosis. (A) Scheme illustration of CCl4 model establishment and treatment. (B–D) ALT, AST and hydroxyproline content after

different treatment. (E) H&E, Masson and Sirius red staining after different treatment. (F) α-SMA immumohistochemical staining after different treatment. Scale bar=200μm.
∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001 vs. CCl4 model group. Results are shown as mean ± SD (n=5).

nificantly inhibited HSCs activation, induced aHSCs apoptosis and

reduced liver fibrosis development.

In conclusion, we designed a CXCR4-targeted nano-system ARS

NPs based on natural and biocompatible polysaccharide and thioc-

tic acid derivative frame. By targeting CXCR4 receptor, antagoniz-

ing SDF-1/CXCR4 axis and releasing drug on demand, ARS con-

tributed to high delivery efficiency and selective pharmacological

effects to HSCs. AMD3100 as a moiety for specific HSCs-targeting

and SDF-1/CXCR4-mediated HSCs protection removal, thioctic acid

derivative as a ROS-responsive cross-linker, sorafenib as a main

drug for promoting apoptosis of HSCs, ARS NPs displayed a satis-

fied anti-fibrosis effect and provided a potential research approach

for anti-fibrosis system construction. In the future, deeper intracel-

lular mechanism of the synergistic anti-fibrosis effect of AMD3100

and sorafenib could be explored and more anti-fibrosis drug could

be applied in this nano platform, which is instructive for drug de-

livery system design and liver fibrosis clinical therapeutics.
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