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a b s t r a c t 

Hepatic fibrosis is a common pathological process in chronic liver diseases, characterized by excessive 

reactive oxygen species (ROS), activated hepatic stellate cells (HSCs), and massive synthesis of extracel- 

lular matrix (ECM), which are important factors in the development of liver cirrhosis, liver failure, and 

liver cancer. During the development of hepatic fibrosis, ECM collagen produced by activated HSCs signif- 

icantly hinders medication delivery to targeted cells and reduces the efficiency of pharmacological ther- 

apy. In this study, we designed a multifunctional hyaluronic acid polymeric nanoparticle (HA@PRB/COL 

NPs) based on autophagy inhibitor probucol (PRB) and collagenase type I (COL) modification, which 

could enhance ECM degradation and accurately target HSCs through specificity binding CD44 receptor in 

hepatic fibrosis therapy. Upon encountering excessive collagen I-deposition formed barrier, HA@PRB/COL 

NPs performed the nanodrill-like function to effectively degrade pericellular collagen I, leading to greater 

ECM penetration and prominent HSCs internalization capacity of delivered PRB. In mouse hepatic fibrosis 

model, HA@PRB/COL NPs were efficiently delivered to HSCs through binding CD44 receptor to achieve 

efficient accumulation in fibrotic liver. Further, we showed that HA@PRB/COL NPs executed the opti- 

mal anti-fibrotic activity by inhibiting autophagy and activation of HSCs. In conclusion, our novel dual- 

functional co-delivery system with degrading fibrotic ECM collagen and targeting activated HSCs exhibits 

great potentials in the treatment of hepatic fibrosis in clinic. 

Statement of significance 

The excess release of extracellular matrix (ECM) such as collagen in hepatic fibrosis hinders medication 

delivery and decreases the efficiency of pharmacological drugs. We aimed to develop a nano-delivery car- 

rier system with protein hydrolyzed surfaces and further encapsulated an autophagy inhibitor (PRB) to 

enhance fibrosis-related ECM degradation-penetration and hepatic stellate cells (HSCs) targeting in hep- 

atic fibrosis niche (HA@PRB/COL NPs). The COL of HA@PRB/COL NPs successfully worked as a scavenger to 

promote the digestion of the ECM collagen I barrier for deeper penetration into fibroid liver tissue. It also 

accurately targeted HSCs through specifically binding to the CD44 receptor and subsequently released 

PRB to inhibit autolysosome and ROS generation, thus preventing HSCs activation. Our HA@PRB/COL NPs 

system provided a promising therapeutic strategy for hepatic fibrosis in a clinic setting. 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Hepatic fibrosis is an important feature of chronic liver diseases 

nd occurs in almost all forms of liver injury, which promotes dis- 

ase progression by destroying the normal liver parenchyma [1–3] . 
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cellular matrix to target hepatic stellate cells for hepatic fibrosis therap
rovided that hepatic fibrosis is not treated promptly, it will fur- 

her deteriorate into liver cirrhosis and/or hepatocellular carcinoma 

ith a high morbidity and mortality rate worldwide [ 4 , 5 ]. Hepatic

brosis is fundamentally different from cirrhosis in that it could 

e reversible and remediable with medical therapy [ 6 , 7 ]. Hence, 

ffective treatment strategy for hepatic fibrosis is urgently needed. 

Many studies have revealed that hepatic fibrosis is regulated by 

utophagy as a repair response of chronic liver disease. Autophagy 
se type I and probucol-loaded nanoparticles penetrate the extra- 

y, Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2023.12.027 
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Fig. 1. (A) Schematic illustration of the preparation of HA@PRB/COL NPs. (B) The process of enhancing fibrosis-related ECM degradation-penetration and HSCs targeting on 

hepatic fibrosis. (C) The mechanism of HA@PRB/COL NP treating hepatic fibrosis by inhibiting autophagy and reducing the generation of ROS. 
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s a complex metabolic process, which provides energy for HSCs 

ctivation by destroying aberrant or useless cytoplasmic compo- 

ents and transports triglycerides, lipid droplets or other compo- 

ents [ 8 , 9 ]. This procedure encourages the conversion of HSCs from 

 dormant to active state, thereby worsening the hepatic fibrosis 

10] . Thus, inhibiting autophagy would be a promising strategy for 

epatic fibrosis therapy. Various drugs with the function to block 

utophagy have been developed [ 11 , 12 ]. For instance, PRB, a con-

entional hypolipidemic drug, has a considerable anti-lipid oxida- 

ion effect and has also been found to have the ability to treat hep-

tic fibrosis [ 13 , 14 ] by preventing HSCs activation and autophagy 

15] . In addition to autophagy, reactive oxygen species (ROS) are 

lso crucial for escalating the inflammatory response, promoting 

he generation of profibrotic mediators and initiating hepatic fibro- 

is [16–18] . However, the therapeutic effect of drug does not per- 

orm as well in achieving satisfactory therapeutic efficacy due to 

he lack of targeting the unique hepatic fibrosis environment and 

ffective ECM penetration capability. Besides, non-targeted drug 

elivery also leads to the uneven distribution of other organs such 

s the spleen and kidney, impacting their regular physiological 

unctions and severely restricting its clinical application. 

In response to numerous chronic liver injuries, HSCs are acti- 

ated and proliferated, producing excessive ECM proteins and lead- 

ng to escalating hepatic fibrosis [19–21] . As the main fibrotic ef- 

ector cells in the pathogenesis of hepatic fibrosis, nanodrug deliv- 

ry systems targeting the activated HSCs have emerged as a fo- 

us of hepatic fibrosis therapy research [22–24] . CD44 receptor 

s specifically overexpressed on activated HSCs, and some natu- 

al substrates such as hyaluronic acid (HA) and chondroitin sul- 

ate (CS) show a high affinity for the CD44 receptor on acti- 

ated HSCs [25] . HA with good biocompatibility and non-toxicity 

ight be used as a ligand for nano-delivery systems, lessening 

he harmful side effects of medications for hepatic fibrosis ther- 

py [26–28] . However, it is currently not fully addressed how 
2

o effectively penetrate the ECM barrier of the hepatic fibrosis 

nvironment for nano-delivery systems. For targeted drug deliv- 

ry, current medicines aim to reduce ECM deposition or speed 

p breaking ECM barrier. Studies had demonstrated that disrup- 

ion of the ECM collagen barrier by in situ collagenase increases 

rug penetration in ECM accumulation tissues and boosts ther- 

peutic effectiveness [29–32] . Consequently, aiming to penetrate 

CM collagen barrier using a collagenase-modified nano-delivery 

ystem is supposed to reinforce the therapeutic efficacy of hepatic 

brosis. 

Herein, we developed a nano-delivery carrier with protein 

ydrolyzed surfaces and further physically encapsulated autophagy 

nhibitor (PRB) to enhance fibrosis-related ECM degradation- 

enetration and HSCs targeting on hepatic fibrosis ( Fig. 1 ). A 

ulti-functional amphiphilic nanomaterial (PEI-PCL) was prepared 

o effectively encapsulate low toxic collagenase type I (COL) 

hrough electrostatic attraction and hydrophobic drug probucol by 

ydrophobic interactions. In order to improve the stability in the 

lood circulation and the active targeting ability of nanoparticles 

n activated HSCs, HA is applied to the surface of the nanoparti- 

les to obtain multi-layer nanoparticles (HA@PRB/COL NPs) with 

ultiple functions. After being administered intravenously, the 

OL of HA@PRB/COL NPs worked as a scavenger to encourage 

igestion of the ECM collagen I barrier for deeper penetration in 

broid liver, accurately targeted HSCs through specificity binding 

D44 receptor, and released PRB to inhibit autolysosome and 

OS generation, thus preventing HSCs activation. The in vivo 

iodistribution of HA@PRB/COL NPs was studied at the level of 

rgans and cells in the CCl4 -induced hepatic fibrosis model. In 

ddition, the antifibrotic activity and fibrotic ECM degradation- 

enetration efficiency of HA@PRB/COL NPs were systematically 

nalyzed. We hypothesized that the combination of chemother- 

peutic and biomacromolecular drugs could provide a promising 

elivery strategy for the therapy of hepatic fibrosis by facilitating 
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CM degradation-penetration and simultaneously decreasing HSCs 

ctivation and proliferation. 

. Materials and methods 

.1. Materials 

Hyaluronic acid was obtained from Tianjin Xiensi Biochemical 

echnology Co., Ltd. Polyethyleneimine-polycaprolactone (PEI-PCL, 

n = 50 0 0) was bought from Xi’an Ruixi Biological Co., Ltd. Col- 

agenase type I (COL) was purchased from Hefei Bomei Biotechnol- 

gy Co., Ltd (Anhui, China). DAPI solution was obtained from Be- 

otime Biotechnology Co., Ltd (Jiangsu, China). Cell Counting Kit- 

 (CCK-8) was purchased from Nanjing Vazyme Biotech Co., Ltd 

Jiangsu, China). Probucol (PRB), Lipopolysaccharide (LPS) and Ra- 

amycin (RAP) were provided by Shanghai Aladdin Biochemical 

echnology Co., Ltd (Shanghai, China). 

.2. Preparation of HA@PRB/COL NPs 

PRB and COL were loaded into PEI-PCL by the phacoemulsifi- 

ation and electrostatic adsorption method respectively. In brief, 

EI-PCL (3 mg) and PRB (2 mg) were dissolved in CHCl3 (1 mL), 

hen the solution was treated by ultrasonication and uniformly 

wirled for 2 min. Subsequently, the solution was slowly dripped 

the dripping speed was 2 s/drop) into the 5% glucose solution (5 

L) under the vortex condition to obtain the milky white solu- 

ion. After the dripping was finished, the solution was sonicated 

or 10 min to produce a milky white solution. Eventually, the CHCl3 

as removed using rotary evaporation to obtain the white trans- 

arent solution (PEI-PCL@PRB NPs). The glucose solution (5%) was 

pplied to dissolve HA and COL. To create PEI-PCL@PRB/COL NPs, 

EI-PCL@PRB NPs were first added to the COL solution (1 mg/mL) 

hile being gently stirred. After that, PEI-PCL@PRB/COL NPs (1.0 

L, the concentration of PEI-PCL: 1 mg/mL) was dropped into 

he HA solution (2.0 mL, the concentration of solution: 2 mg/mL) 

t room temperature to create HA@PRB/COL NPs. Unencapsulated 

rug was extracted through using ultrafiltration method (MWCO 

50 0 Da, 50 0 0 r/min, 30 min). The dye coumarin-6 (C6), FITC and

iR encapsulated the nanoparticles were also prepared in the same 

ay. PEG/ PEI-PCL@FITC NPs (PEG @FITC NPs) were prepared by 

hacoemulsification. 

.3. Characterization of HA@PRB/COL NPs 

The morphology of PEI-PCL@PRB/COL NPs and HA@PRB/COL 

Ps were examined by employing the transmission electron mi- 

roscope (TEM, JEM-1200EX, Japan) and atomic force microscopy 

AFM, MULTIMODE 8/innova, USA). The size distribution, poly- 

ispersity index (PDI) and zeta potential measurements of the 

anoparticles were evaluated with the Malvern panalytical ana- 

yzer (Nano-ZS 90, Malvern, UK). X-ray powder diffraction (XRD) 

attern (D/MAX-2500, Rigaku, Japan) was assessed to observe the 

tructure of PRB, HA@PEI-PCL NPs and HA@PRB/COL NPs. 

In order to distinguish between HA@PRB NPs, HA@COL NPs and 

A@PRB/COL NPs, Fourier transform infrared spectroscopy (FTIR), 
 Hydrogen-nuclear magnetic resonance (1 H-NMR) and UV-visible 

pectrophotometer were applied. 

The drug loading capacity (DLC%) and drug encapsulation effi- 

iency (DEE%) of PRB encapsulated in the nanoparticles were de- 

ermined by employing the UV spectrophotometer and measured 

t 242 nm. 

EE% = weight of encapsulated PRB in the nanoparticles 

weight of total PRB 

LC% = weight of encapsulated PRB in the nanoparticles 

weight of total nanoparticles 
3 
To assess the biocompatibility, the hemocompatibility of the 

olymeric nanoparticles was tested in vitro . In short, whole blood 

f male rat was taken, heparinized to prevent coagulation and red 

lood cells were collected by centrifugation (30 0 0 rpm, 10 min). 

00 μL of red blood cells was added to 800 μL of different concen- 

rations of HA@PRB/COL NPs (0.2, 0.4, 0.6, 0.8, 1.0 mg/mL), normal 

aline (the negative control group) and distilled water (the pos- 

tive control group). After incubation for 4 h at 37 °C, samples 

ere centrifuged at the same speed for 10 min and the OD val- 

es of supernatant were measured at 576 nm by UV-visible spec- 

rophotometer. The hemolytic percentage (HD%) was calculated as 

(Asample – Anegative )/(Apositive – Anegative )] × 100%, Asample was the 

bsorbance of HA@PRB/COL NPs solution, Anegative was the ab- 

orbance of normal saline, Apositive was the absorbance of distilled 

ater. 

In vitro the release profile of PRB from HA@PRB NPs and 

A@PRB/COL NPs was examined by dialysis method. In brief, 2 mL 

f HA@PRB NPs and HA@PRB/COL NPs dispersion were loaded into 

he dialysis bag (MWCO = 3.5 kDa) and dialyzed in 25 mL pH7.4 

BS solution containing 5% (v/v) ethanol, subsequently incubated 

t 37 °C with gentle shaking (100 rpm). Meanwhile, PRB was co- 

issolved in DMSO to form the free drug solution and put it into 

he dialysis bag. At pre-determined time points, 2ml of culture so- 

ution was sampled and replaced with 2 mL of freshly released cul- 

ure solution. The release of PRB was determined by the UV-visible 

pectrophotometer. 

.4. Cell culture 

The L02 human hepatocyte cell line was obtained from Wuhan 

hangen Biotechnology Co., Ltd (Wuhan, China). The LX2 human 

epatic stellate cell line was purchased from the Cell Bank of Chi- 

ese Academy of Sciences (Shanghai, China). L02 and LX2 cells 

ere cultured in DMEM supplemented with 10% (v/v) FBS, 100 

g/mL streptomycin and 100 U/mL penicillin at 37 °C in a humidi- 

ed 5% CO2 atmosphere. 

.5. Cellular uptake and intracellular trafficking 

L02 and LX2 cells were seeded in confocal dishes at an initial 

ensity of 80 0 0 cells/well and allowed to grow for 24 h. Then the

ulture medium was discarded and replaced by FBS-free medium 

ith free FITC, PEG@ FITC NPs, HA@FITC NPs (FITC concentration, 

.025 μg/well). To investigate the competitive behavior of CD44 re- 

eptors, LX2 cells were pre-saturated with HA solution, HA@FITC 

Ps were then added again for incubation (HA + HA@FITC NPs). 

fter incubating in 37 °C darkness for another 4 h, cells were 

ashed with cold PBS and stained for 10 min with DAPI. Finally, 

he samples were visualized thorough confocal laser scanning mi- 

roscopy (CLSM). 

To quantify the intracellular fluorescence intensity of free FITC, 

EG@ FITC NPs, HA@FITC NPs by flow cytometry. L02 and LX2 cells 

ere seeded into 12-well plates (1 ×105 cells per well) and in- 

ubated for 24 h. Then cells were treated with free FITC, PEG@ 

ITC NPs, HA@FITC NPs solution. After 4 h incubation, cells were 

ashed three times with PBS, trypsinized, centrifuged at 1500 rpm 

or 3 min, collected and suspended in PBS. The mean fluorescence 

ntensity of FITC was measured by flow cytometry (BD FACSCelesta, 

SA). 

For intracellular trafficking study of HA@FITC NPs, LX2 cells 

ere seeded in confocal dishes and incubated for 24 h. Then cells 

ere treated with HA@FITC NPs solution. After 0, 2, 4,6 h incu- 

ation, cells were washed three times with PBS and stained with 

yso-tracker red for 1 h according to the protocol. Moreover, LX2 

ells were incubated with HA@FITC NPs for 2 h, and then endo- 

lasmic reticulum (ER) marker or Golgi marker were added sepa- 
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ately for 30 min before the cells were washed. After incubation, 

he cells were washed three times again with PBS and stained for 

0 min with DAPI. Ultimately, the wells were imaged by CLSM. 

.6. Cellular uptake in the presence of collagen I barrier 

The polycarbonate membrane of Transwell chambers were uni- 

ormly coated with a collagen suspension according to the manu- 

acturer’s instructions to form the collagen I layer. LX2 cells were 

eeded in 24-well plates (5 × 104 cells/well) and grew for 24 h. 

fter that, the upper layer of collagen I in the Transwell cham- 

er was then covered with 200 μL of FBS-free medium contain- 

ng free C6, HA@C6 NPs, and HA @C6/COL NPs (C6 concentration, 

.025 μg/mL). LX2 cells were cultured for 1 and 6 h at 37 °C in

he dark. After incubation, cells were washed three times with PBS, 

rypsinized, centrifuged at 1500 rpm for 3 min, collected and sus- 

ended in PBS, flow cytometry was used to determine the mean 

uorescence intensity in the LX2 cells. 

.7 Cell proliferation and toxicity 

The cell cytotoxicity of different formulation nanoparticles was 

easured by the CCK-8 assay in vitro . LX2 and L02 cells in the log-

rithmic growth phase were seeded into 96-well culture plates at a 

ensity of 50 0 0 cells per well and incubated for 24 h. After grow-

ng by static adherence, the original culture medium was sucked 

ut and disposed with free drug (COL and PRB solution), various 

ifferent formulation nanoparticles or blank nanoparticles at a se- 

ies of concentrations for another 24 h or 48 h. Finally, the cells 

ere incubated with 100 μL fresh medium of 10 μL CCK-8 for 2 h 

nd measured at 450 nm by using a microplate reader. 

.8. Cell apoptosis 

The flow cytometry method was applied to study in vitro apop- 

osis induction, LX2 and L02 cells were seeded in a 6-well plate 

3 ×105 cells/well) and cultured overnight. The cells were incubated 

ith different formulation nanoparticles for 24 h, followed by col- 

ecting suspended in buffer, staining by Annexin V-FITC and PI 

poptosis detection kit and assaying with flow cytometry to quan- 

ify the level of cell apoptosis (BD FACS Calibur, BD Biosciences, CA, 

SA). 

.9. Acridine orange stain observing LX2 cells autophagy 

To investigate the ability of different formulation nanoparticles 

o suppress autophagy in vitro , LX2 cells were seeded into 6-well 

ell culture plates (1 × 106 cells/well) and incubated with free 

rug, HA@COL NPs, HA@PRB NPs and HA@PRB/COL NPs for 24 h, 

espectively. The level of autophagy was increased by RAP. After 

ncubation, LX2 cells were stained by acridine orange (AO) and im- 

ged using THUNDER Imaging Systems. 

.10. Hepatic fibrosis inhibition in vitro by ROS reduction 

To investigate the mechanism of PRB inhibiting hepatic fibro- 

is. LX2 cells were seeded into 6-well cell culture plates (5 × 105 

ells/well) and incubated with free drug, HA@COL NPs, HA@PRB 

Ps and HA@PRB/COL NPs for 24 h, respectively. The amount of to- 

al ROS level within the cell was raised using LPS. After incubation, 

X2 cells were stained by 2′ ,7′ -dichlorodihydrofluorescein diacetate 

DCFH-DA) for 30 min and imaged using THUNDER Imaging Sys- 

ems. Intracellular ROS levels were quantified by flow cytometry. 
4 
.10. TEM imaging of autophagosomes in LX2 cells 

RAP and RAP + HA@PRB/COL NPs were applied to LX2 cells 

eeded into 6-well cell culture plates (1 × 106 cells/well) for 24 h. 

ollowing treatment, the cells were harvested, washed with PBS, 

nd centrifuged to yield cell pellets. After that, 2.5% glutaralde- 

yde was applied to fix the cell pellets for 24 h at 4 ◦C, the glu-

araldehyde solution was removed and 2% osmium tetroxide was 

dded for another 30 min. Finally, ultrathin sections of LX2 cell 

ellets were observed using bio-transmission electron microscopy 

bio-TEM). 

.11. Immunofluorescence staining of α-SMA and collagen I in vitro 

LX2 cells were seeded into 6-well cell culture plates (5 × 105 

ells/well) and treated with various formulation nanoparticles 

or 24 h, afterwards washed and fixed for 20 min with 4 % 

araformaldehyde. Thereafter, the cells were then given three PBS 

ashes before being exposed to 0.5% Triton X-100 for 20 min 

t room temperature. The cells were incubated for 30 min with 

locking buffer (5% bovine serum albumin) to reduce nonspecific 

taining. Then after removing the blocking buffer and washing 

hree times with PBS, the cells were incubated overnight at 4 °C 

ith a rabbit anti-human α-SMA antibody (Cell Signaling Technol- 

gy, USA) or collagen I primary antibody (Absin, China) diluted in 

locking buffer, respectively. Subsequently, cells were then washed 

hree times with PBST and incubated for 2 h at room temperature 

ith Cy3-conjugated goat anti-rabbit secondary antibody (Invitro- 

en, Shanghai, China). Thereafter, cells were washed three times 

ith PBST and DAPI-containing sealing agent was used to counter- 

tain the nuclei. Finally, cell fluorescence was analyzed using the 

HUNDER Imaging Systems (Leica, Germany). 

.12. Western blot 

The expressions of collagen I, α-SMA, LC3B, p62, connective 

issue growth factor (CTGF) and transforming growth factor- β1 

TGF- β1) in LX2 cells after treatment were assessed using the 

estern blot method. LX2 cells were harvested and lysed in cold 

IPA buffer (Beyotime P0013B), the total protein concentration 

f cell lysate was determined by bicinchoninic acid assay (Bey- 

time, P0010). Thereafter, 50 μg proteins were fractionated on 10% 

DS-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted to 

olyvinylidene fluoride membrane (PVDF, 0.45 μm) membranes. 

fterwards blots were incubated with different primary antibodies 

vernight at 4 °C, washed three times with PBST and corresponded 

RP-conjugated secondary antibodies for 2 h at room temperature. 

inally, the PVDF membranes were observed by the supersensitive 

CL system (Amersham) and quantified by densitometry using Im- 

geJ software. 

.14. Induction of a mice hepatic fibrosis model 

Eight-week-old female C57BL/6 mice (20 ± 2 g) in the same 

ackground were obtained from Beijing Vitonglihua Experimental 

nimal Technology Co., Ltd (Beijing, China). All animal experiments 

ere conducted in accordance with the Guides for the Care and 

se of Laboratory Animals from the National Institutes of Health. 

he animal experiments were approved by the Research Ethics 

oard of Nanjing Drum Tower Hospital, the Affiliated Hospital of 

anjing University Medical School. 

The hepatic fibrosis mice model were induced by intraperi- 

oneal injected with 150 μL mixture of corn oil and CCl4 (corn oil: 

Cl4 = 3 : 1) twice a week, during an eight-week period. Mice in 

he untreated group were given the same volume of corn oil as 
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ealthy controls. After 8 weeks, the hepatic fibrosis mice were ver- 

fied by pathological analysis. 

.15. In vivo biodistribution studies 

Fibrotic mice and normal mice were randomly divided into 

hree groups, respectively. Free DiR, HA@DiR NPs or HA@DiR/COL 

Ps (DiR dosage, 1 mg/kg) were intravenously injected into fibrotic 

ice and normal mice. Mice were sedated with isoflurane at 6 h, 

2 h, and 1, 3, and 5 d following injection, and an in vivo imag-

ng system (AniView Kirin, China) was used to conduct fluores- 

ence imaging. On the last day, mice were sacrificed, livers, lungs, 

pleens, and kidneys were removed for ex vivo imaging using the 

ame system and settings as above. 

.16. In vivo HSCs targeting efficiency 

The efficiency of HA@PRB/COL NPs targeting HSCs in mice with 

epatic fibrosis was analyzed by tissue immunofluorescence assay. 

he fibrotic mice were treated with free FITC, HA@FITC NPs and 

A@FITC/COL NPs. The mice were sacrificed at 24 h after the final 

njection, the livers were collected and sliced, and the slices were 

ncubated with rabbit anti-mouse α-SMA antibody and goat anti- 

abbit secondary antibody conjugated to Cy3. Thereafter, the slices 

ere washed three times with PBST and DAPI-containing sealing 

gent was used to counterstain the nuclei. Finally, the fluorescence 

as analyzed using the CLSM (Leica, Germany). 

The fibrotic mice were treated with free FITC, HA@FITC NPs 

nd HA@FITC/COL NPs, mice were intravenously treated with HA 

olution (10 mg/kg) to pre-saturate the CD44 receptor. The same 

ethod was used in mice after administration. The slices were 

ncubated with rabbit anti-mouse CD44 antibody and goat anti- 

abbit secondary antibody conjugated to Cy3. Finally, the localiza- 

ion was observed using the CLSM (Leica, Germany). 

.17. In vivo anti- hepatic fibrosis therapeutic efficacy 

The fibrotic mice were randomly divided into six groups 

n = 5), whereafter various formulations were administered intra- 

enously twice a week for 3 weeks (PRB dosage, 10 mg/kg). The 

brosis model group and the healthy control group were given the 

ame amount of normal saline through the tail vein. Three days 

fter the last injection, blood was drawn to assess the serum cy- 

okines. Mice were then sacrificed, major organs were removed 

nd stored in 4 % paraformaldehyde for subsequent histological 

nalysis. 

.18. Serum cytokine and hydroxyproline measurements 

An AU480 Chemistry Analyzer (Beckman Coulter, IN, USA) was 

pplied to measure the serum levels of alanine aminotransferase 

ALT), aspartate aminotransferase (AST), and alkaline phosphatase 

ALP) according to reference procedures. 

Hydroxyproline (Hyp) content was measured using hydroxypro- 

ine assay kit (Jiancheng Biotech) according to the manufacturer’s 

nstructions. 

.19. Histopathology assays 

Mice major tissues (heart, liver, spleen, lung and kidney) were 

ormalin-fixed and paraffin-embedded for hematoxylin and eosin 

H&E) staining. Paraffin-embedded liver tissues were sectioned 

ith 5 μm. Liver tissue slices firstly were dewaxed by xylene 

nd alcohol, then corresponding steps were carried out according 

o Masson’s trichrome staining Kit (Baso, BA4079A). Furthermore, 

iver tissue slices were stained Sirius Red according to Picro Sirius 

ed Stain Kit (PHYGENE, PH1099). 
5

.20. Statistical analysis 

All data in this study was presented as means ± standard devi- 

tion (SD), The two-tailed Student’s t-test was applied to analyze 

he difference between two groups. ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p 

 0.001 were considered as statistically significant. 

. Results and discussion 

.1. Characterization of polymeric nanoparticles 

In this study, polymeric nanoparticles were prepared using the 

hacoemulsification and electrostatic adsorption procedure. The 

A shell was encapsulated on the nanoparticles surface by elec- 

ric charging attraction ( Fig. 1 A). As in listed Fig. 2 A and Table 1 ,

he zeta potential of nanoparticles rapidly decreased as the mass 

atio of HA to PEI-PCL rose. The mass ratio of HA and PEI-PCL 

as ultimately selected at 4:1 as the formulation of the subse- 

uent polymeric nanoparticles. The average size of HA@PRB NPs, 

A@COL NPs, and HA@PRB/COL NPs was 142.5 ± 7.6, 146.7 ±
3.2, and 147.1 ± 8.4 nm, respectively. The zeta potential values 

f HA@PRB NPs, HA@COL NPs, and HA@PRB/COL NPs exhibited - 

2.7 ± 0.5, -13.4 ± 0.2 and -13.7 ±0.3 mV, respectively. Polymeric 

anoparticles were shielded from cationic proteins in plasma dur- 

ng blood circulation, otherwise they would be eliminated. The 

EE% of PRB and COL were 82.4 ± 4.7 % and 83.6 ± 3.7 %, and 

he DLC% of PRB and COL were 24.7 ± 1.7 % and 14.8 ± 0.7 %, 

espectively. 

To demonstrate the structure of HA@PRB NPs, HA@COL NPs, 

nd HA@PRB/COL NPs, 1 H-NMR, FTIR spectroscopy and UV-visible 

pectrophotometer were used. The typical 1 H-NMR spectrum in- 

icated that the peaks located at δ = 1.10 - 1.50 ppm were the 

isplacement of hydrogen at the terminal methylene and inter- 

ediate methylene, respectively. δ = 5.30 ppm was the charac- 

eristic hydrogen in the PRB structure (Figure.S1). The FTIR spec- 

rum demonstrated two broad peaks at 3,300 – 3,600 cm−1 , be- 

onging to the O-H and N-H bands of the polymer and drug. The 

eaks at 1,508 - 1,669 cm−1 were characteristic bands of NH pri- 

ary bending and NH secondary bending vibrations of the poly- 

er. An intense peak at 600 - 900 cm−1 was the characteristic 

soteric (C-C) bands of drug (Figure.S2). The UV absorption wave- 

engths of PRB and HA were at 242 nm and 280 nm, respectively 

Figure.S3). Combined with the XRD pattern ( Fig. 2 B), the disap- 

earance of PRB crystal peaks indicated that PRB was encapsu- 

ated in the nanoparticles with an amorphous state. The results 

ndicated that PRB and COL had been successfully combined with 

A@PRB/COL NPs. 

Furthermore, PEI-PCL@PRB/COL NPs and HA@PRB/COL NPs in- 

icated uniformly dispersed spherical morphologies in TEM im- 

ges ( Fig. 2 C and 2D). AFM was also applied to characterize the 

orphology, the formulations of HA@PRB NPs, HA@COL NPs, and 

A@PRB/COL NPs were spherical shape (Figure.S4). 

In order to evaluate the biocompatibility of HA@PRB/COL NPs, 

emolytic activity was studied. HA@PRB/COL nanoparticles had 

o obvious hemolytic activity and had good blood compatibility 

 Fig. 2 E). The size and zeta potential of the particles did not change

ppreciably, and at the same time no drug leakage occurred for 

p to 72 h in pH 7.4 PBS and 10% FBS. The results suggested that

A@PRB/COL NPs should have strong structural stability through- 

ut blood circulation ( Fig. 2 F and Figure.S5). 

As indicated in Fig. 2 G, the free PRB solution showed a burst re- 

ease of about 80 % of the PRB within 24 h. In contrast, the relative

umulative release of PRB from HA@PRB NPs and HA@PRB/COL NPs 

xhibited no more than 45 % within 24 h, suggesting that the poly- 

eric nanoparticles followed sustained-release manners. The slow- 

elease properties might ensure effective accumulation of PRB into 
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Fig. 2. Characterization of polymeric nanoparticles. (A) Size distribution of PEI-PCL@PRB/COL NPs and HA/PEI-PCL@PRB/COL NPs. (B) XRD diffraction analysis of PRB, HA/PEI- 

PCL NPs and HA/PEI-PCL@PRB/COL NPs. (C) TEM images of PEI-PCL@PRB/COL NPs. (D) TEM images of HA@PRB/COL NPs. (E) Hemolytic analysis of HA@PRB/COL NPs at 

different concentrations. (F) Size and zeta potential change of HA@PRB/COL NPs in PBS and FBS. (G) In vitro PRB release profiles. (H) The enzyme activity of HA@COL NPs, 

HA@PRB/COL NPs and free COL solution at different incubation time points. Values are expressed as means ± SD (n = 3). 
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Table 1 

Characterization of various formulation polymeric nanoparticles. 

Formulations Mass ratio 

(HA/PEI-PCL) 

Size 

(nm) 

PDI Zeta potential 

(mV) 

DEE 

(%) 

DLC 

(%) 

PEI-PCL NPs – 89.6 ± 5.7 0.136 27.6 ± 0.2 – –

HA/PEI-PCL NPs 2/1 123.4 ± 8.6 0.154 −8.9 ± 0.1 – –

4/1 125.7 ± 11.2 0.158 −12.7 ± 0.3 – –

6/1 125.7 ± 11.2 0.156 −13.7 ± 0.3 – –

PEI-PCL@PRB/COL NPs – 106.6 ± 8.2 0.169 17.8 ± 0.6 – –

HA/PEI-PCL@PRB NPs 

(HA@PRB NPs) 

4/1 142.5 ± 7.6 0.154 −12.7 ± 0.5 85.6 ± 4.4 19.7 ± 1.3 

HA/PEI-PCL@COL NPs 

(HA@COL NPs) 

4/1 146.7 ± 13.2 0.176 −13.4 ± 0.2 81.6 ± 5.6 12.5 ± 0.9 

HA/PEI-PCL@PRB/COL NPs 

(HA@PRB/COL NPs) 

4/1 147.1 ± 8.4 0.164 −13.7 ± 0.3 82.4 ± 4.7 

83.6 ± 3.7 

24.7 ± 1.7 

14.8 ± 0.7 
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he fibrotic liver after blood circulation, which is critical for lasting 

herapeutic efficacy of hepatic fibrosis. 

So as to avoid denaturation of the COL during the loading pro- 

ess, no organic reagents were employed in the preparation of 

he nanoparticles. Additionally, COL was encapsulated based on 

lectrostatic attraction rather than chemical interactions to avoid 

enaturation and guarantee release rates at target areas. Mea- 

urements of the in vitro enzyme activity revealed that the en- 

yme activity remained after COL coated on HA@COL NPs and 

A@PRB/COL NPs, the enzyme activity was approximately 90 % 

 Fig. 2 H). This result indicated that the enzyme activity was not 

ignificantly affected by the preparation technique. The enzyme ac- 

ivity of HA@COL NPs and HA@PRB/COL NPs gradually decreased 

ver the course of an extended incubation period and it remained 

bove 50% after 24 h, which indicated slightly higher enzyme ac- 

ivity and maintained enzyme activity levels for a longer period of 

ime compared to COL solution in vitro . 

.2. Cellular uptake and intracellular distribution in vitro 

A cell surface glycoprotein called CD44 is involved in migra- 

ion, adhesion, and interactions between cells. The activation and 

roliferation of HSCs is accompanied by the overexpression of 

D44 receptors on their surface, which contributes to hepatic fi- 

rosis. The expression level of the CD44 receptors on the HSCs 

LX2 cells line) is significantly higher than on normal hepatocyte 

L02 cells line). Modification of hyaluronic acid onto nanoparti- 

les could enhance the affinity for CD44 receptors and improve 

ellular uptake of HSCs. FITC was applied to detect nanoparticles 

ptake in LX2 cells and L02 cells. After incubation of both cell 

ypes with all groups for 4 h, the FITC fluorescence signals of all 

roups were mainly observed in the cytoplasm ( Fig. 3 A). Com- 

ared with PEG@FITC NPs and the FITC solution, HA@FITC NPs 

ad the maximum fluorescence intensity in LX2 cells, demonstrat- 

ng that HA@FITC NPs efficiently increased FITC transport into LX2 

ells. In comparison, LX2 cells showed greater amounts of intra- 

ellular HA@FITC NPs than L02 cells and there was no significant 

ifference in fluorescence signals in L02 cells among all groups 

 Fig. 3 D). 

The competitive uptake of HA@FITC NPs by CD44 receptor 

as further studied. As shown in Fig. 3 A, the relevance of HA- 

ependent CD44 receptor-mediated endocytosis was demonstrated, 

his competitive interaction of CD44 receptors decreased the inter- 

alization content of HA@FITC NPs when HA solution was utilized 

o pre-saturate the CD44 receptors on the surface of HSCs. At the 

ame time, we quantitatively studied the uptake of two kinds of 

ells by flow cytometry. On the LX2 cells, the average fluorescence 

ntensity of HA@FITC NPs was higher than L02 cells ( Fig. 3 B and

C, Fig. 3 E and 3 F). The quantitative analysis of intracellular up- 

ake efficiency by flow cytometry was consistent with CLSM. 
7 
Confocal microscopy demonstrated that HA@FITC NPs internal- 

zed in LX2 cells over a period of time ( Fig. 3 G). Lysosomes and cell

uclei were labeled with lyso-tracker red and DAPI, respectively. 

fter incubating for 2 h and 4 h, lyso-tracker red and FITC fluores- 

ence (green) colocalization mainly derived from late endosomes 

nd lysosomes. The ER and Golgi were stained after 2 h of incuba- 

ion, and a small number of nanoparticles were present in the ER 

nd Golgi (Figure.S6), this result further suggested that HA@FITC 

Ps internalization were transported via the endolysosomal route 

n LX2 cells. Moreover, the fluorescence signal of HA@FITC NPs 

ncreased significantly with the extension of incubation time, the 

reen fluorescence gradually did not colocalization with red fluo- 

escence and the green fluorescence was widely distributed in cells 

fter 6 h of incubation, indicating HA@FITC NPs could escape from 

he lysosome, so that the released drug escaped from the acidic 

ndosome/lysosome into the cytoplasm. These results confirmed 

he intracellular process of polymeric nanoparticles for better ther- 

peutic efficacies. 

.3. In vitro fibrotic ECM degradation activity 

One of the key elements of the ECM in the fibrotic liver is col- 

agen I. In Transwell chambers, collagen I was pre-layered over 

olycarbonate membrane to create an ECM barrier. In order to as- 

ess the degradation-penetration ability of polymeric nanoparticles 

n vitro , flow cytometry was used to measure the uptake of all 

roups in LX2 cells at 1 and 6 h after adding free C6 or various

6 loaded polymeric nanoparticles to the upper Transwell cham- 

ers ( Fig. 4 A). In LX2 cells at 1 and 6 h, the quantitative results

howed no discernible difference in intracellular accumulation be- 

ween free C6 and HA@C6 NPs, proving that a large amount colla- 

en I acted as a barrier to polymeric nanoparticles entry ( Fig. 4 B).

n contrast, HA@C6/COL NPs effectively penetrated the ECM bar- 

ier and HA@C6/COL NPs were accessible into the lower cell cul- 

ure medium and internalized by HSCs. Compared with free C6 and 

A@C6 NPs, HA@C6/COL NPs treated for 6 h increased the fluo- 

escence intensity about 5.5 and 4.5 folds, respectively. The results 

ndicated that the presence of collagenase I on the surface of poly- 

eric nanoparticles significantly promoted the penetration of col- 

agen I barrier. 

.4. In vitro cell viability and proliferation inhibition 

The activation and proliferation of HSCs is the primary stage 

n the development of hepatic fibrosis. The viability of LX2 cells 

nd L02 cells incubated with different concentrations of drug-free 

olymeric nanoparticles, free drug, HA@PRB NPs, HA@COL NPs and 

A@PRB/COL NPs for 24 h and 48 h was evaluated by CCK-8 as- 

ay. After 48 h of incubation, the survival of drug-free polymeric 

anoparticle was higher than 90% for LX2 cells and L02 cells at 

olymeric nanoparticle concentrations below 50 μg/mL, indicating 
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Fig. 3. Cellular uptake of polymeric nanoparticles in vitro . (A) Intracellular uptake of free FITC, PEG@ FITC NPs and HA@ FITC NPs in LX2 cells and HA pre-saturated HSCs 

presented as the CLSM image after incubation for 4 h, respectively. Scale bar = 50 μm. (B) The flow cytometry after incubation with different formulations for 4 h in LX2 

cells. (C) The quantitative of flow cytometry histograms after incubation with different formulations for 4 h in LX2 cells. (D) Intracellular uptake of free FITC, PEG@ FITC NPs 

and HA@ FITC NPs in L02 cells presented as the CLSM image after incubation for 4 h, respectively. Scale bar = 50 μm. (E) The flow cytometry after incubation with different 

formulations for 4 h in L02 cells. (F) The quantitative of flow cytometry histograms after incubation with different formulations for 4 h in L02 cells. ∗∗∗p < 0.001, and ns 

means no significant difference. (G) Intracellular trafficking analysis. LX2 cells were incubated with HA@FITC NPs at different times; a lysosome marker was added before 

the cells were washed; the cells were imaged using confocal microscopy. Scale bar = 50 μm. 
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Fig. 4. Cellular uptake of polymeric nanoparticles through anti-collagen I barrier activity and therapeutic effect of HA@PRB/COL NPs in vitro . (A) Illustration of the in vitro 

collagen I barrier model. (B) The flow cytometry histogram in LX2 cells 1 and 6 h after adding free C6 or different C6-loaded polymeric nanoparticles to Transwell chambers 

(n = 3). (C) Cell viability of LX2 cells treated with drug-free polymeric nanoparticles at different concentrations. (D) Cell viability profiles of LX2 cells treated with various 

formulations for 24 h. (E) Cell viability profiles of LX2 cells treated with various formulations for 48 h. ∗∗∗p < 0.001; ns, no significant difference (n = 3, mean ± SD). (F) 

Flow cytometry analysis of the apoptosis of LX2 cells after different treatments. 
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hat drug-free polymeric nanoparticles had good biocompatibility 

t these concentrations ( Fig. 4 C and Figure.S7). More importantly, 

he activity of LX2 cells decreased significantly with the increase 

f PRB concentration ( Fig. 4 D and 4 E). The main reason for the re-

uced cell viability of free drug might be the rapid passive diffu- 

ion of the molecular form. However, compared with the LX2 cells, 

he L02 cells viability was higher than LX2 cells at the same dose 

Figure.S8), demonstrating that the polymer nanoparticles had in- 

ibitory effect on LX2 cells without causing considerable toxicity 

o normal hepatocytes, promoting the therapy of hepatic fibrosis 

nd reducing adverse effects. 

The cell cytotoxicity of the polymeric nanoparticles was an- 

lyzed by flow cytometry and the quantitative measurement of 

poptosis rate under different treatment groups were presented 

n Fig. 4 F and Figure.S9. Compared with L02 cells, the apopto- 

is rate of LX2 cells was significantly increased, indicating that 

A@PRB/COL NPs had a tendency to destroy LX2 cells and showed 

he outstanding biocompatible capacity. In addition, HA@PRB/COL 

Ps significantly increased the number of apoptotic cells (40.9 %) 

han HA@PRB NPs and HA@COL NPs, HA@PRB/COL NPs had the 

bility to inhibit the proliferation of HSCs. Therefore, the apoptotic 

esults were consistent with the cytotoxic results. 
9

.5. Anti-hepatic fibrosis activity and ECM degradation ability in 

itro 

α-SMA is one of the recognition proteins in activated HSCs, 

nd its expression level partially reflects the degree of fibro- 

is. Based on α-SMA immunofluorescence results and western 

lot ( Fig. 5 A and 5 C), the slight inhibition of α-SMA in LX2 by

A@COL NPs suggested that COL had a direct effect on colla- 

en I degradation but did not dominate anti-LX2 activation. In 

tark contrast, the α-SMA signals significantly diminished with 

he administration of free drug and HA@PRB/COL NPs, indicating 

hat the RRB significantly reduced the activation and proliferation 

f LX2. 

Dynamic collagen is involved in normal tissue development 

hrough variations in collagen synthesis and breakdown. Because 

ctivated HSCs are one of the main collagen makers in hepatic 

brosis, an imbalance in the dynamic collagen reshaping process 

ould result in anomalies in the structure and metabolism of colla- 

en. Collagen I immunofluorescence results were shown in Fig. 5 B, 

he fluorescence of HA@PRB NPs was stronger than HA@ COL 

Ps and HA@PRB/COL NPs, collagen breakdown of the ECM was 

artially mediated by COL. Additionally, the western blot results 
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Fig. 5. In vitro anti-hepatic fibrosis activity and ECM degradation ability of HA@PRB/COL NPs. (A) α-SMA immunofluorescence stainings of LX2 cells with various formulation 

treatments. Scale bar = 50 μm. (B) Collagen I immunofluorescence stainings of LX2 cells with various formulation treatments. Scale bar = 50 μm. (C) α-SMA, Collagen I, 

TGF- β1, CTGF, LC3B and p62 expression in HSCs assayed by western blot, GAPDH was included as loading control. (D) Quantitative analysis of collagen I in LX2. Data are 

mean ± SD (n = 3). ∗∗p < 0.01 and ∗∗∗p < 0.001. (G1: control, G2: control + LPS, G3: free drug + LPS, G4: HA@COL NPs + LPS, G5: HA@PRB NPs + LPS, G6: HA@PRB/COL 

NPs + LPS). 
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 Fig. 5 C and 5 D) matched the immunofluorescence staining of col- 

agen I. 

.6. The mechanism of inhibiting HSCs proliferation and activation 

.6.1. Molecular mechanisms 

The most important cytokine in hepatic fibrosis is TGF- β1, and 

hen the expression level of TGF- β1 is increased, it promotes the 

ctivation of fibroblasts and the transformation into myofibroblasts, 

hich massively express α-SMA and synthesize excess ECM. There- 

ore, the expression of TGF- β1 protein in LX2 cells was also mea- 

ured by western blot. All formulations showed some inhibition of 

GF- β1 expression ( Fig. 5 C), which was conducive to inhibit the 

ctivation of LX2 and the alleviate of hepatic fibrosis. These find- 

ngs revealed that the co-delivery of COL and PRB had anti-fibrotic 

ffects in vitro and synergistically decreased the expression of col- 

agen I and α-SMA in LX2. 

In addition, activated HSCs could produce CTGF, promote the 

roliferation, migration, adhesion and ECM production of fibrob- 

asts, and induce the production of fibrosis. CTGF may also be 

 common effect factor downstream of multiple fibrotic signal- 

ng pathways, which plays a key role in the occurrence and de- 

elopment of hepatic fibrosis. Therefore, CTGF is called a "gen- 

ral switch" generated by fibrosis in liver disease, CTGF acts as a 

ownstream mediator of TGF- β1 [ 33 , 34 ]. To explore the molec-

lar mechanism of polymeric nanoparticles in alleviating hepatic 

brosis, we investigated the expression of CTGF by western blot 

 Fig. 5 C). The results showed that free drug, HA@PRB NPs and 

A@PRB/COL NPs reduced CTGF expression to a certain extent, 

hich might be an important molecular mechanism of probucol 

gainst hepatic fibrosis. 

.6.2. Decreased generation of ROS 

One of the pathogenic mechanisms of hepatic fibrosis is exces- 

ive ROS generation, which causes an imbalance in redox states 

nd the activation of HSCs. ROS acts on the upstream and down- 

tream of TGF- β pathway. ROS activates latency-associated pep- 

ides to promote TGF- β release in the upstream, and also pro- 

otes TGF- β secretion in a positive feedback loop. According to 

he pharmacological action of probucol, probucol has the effect of 

nti-lipid oxidation, and hepatic fibrosis can be reversed by getting 

id of excess ROS. In order to investigate the ROS clearance abil- 

ty of different formulation nanoparticles in vitro , LX2 cells were 

reated with LPS. Then, free drug, HA@COL NPs, HA@PRB NPs and 

A@PRB/COL NPs were each incubated with treated LX2 cells for 

4 h, and DCFH-DA was utilized to measure the effectiveness of 

otal ROS clearance. CLSM revealed that LPS-treated LX2 cells dis- 

layed intense green fluorescence, probably caused by the accu- 

ulation of ROS ( Fig. 6 A). In contrast, HA@PRB/COL NPs signifi- 

antly reduced ROS levels from 89% to 66% during flow cytome- 

ry in LPS-treated LX2 cells ( Fig. 6 B). Meanwhile, the results of im-

unofluorescence and western blot results showed that the level 

f α-SMA decreased after HA@PRB/COL NPs treatment ( Fig. 5 A and 

 C). In conclusion, these results suggested that HA@PRB/COL NPs 

ffectively inhibited proliferation by scavenging excess ROS in LX2 

ells. 

.6.3. Inhibition of autophagy process 

It had been reported that autophagy significantly promoted the 

ccurrence of hepatic fibrosis through activating HSCs with donor 

nergy. The complex metabolic process of autophagy converts HSCs 

rom a stationary to an activated state, removes dysfunctional 

r useless cytoplasmic components, transfers triglycerides, lipid 

roplets, or other components to provide energy for HSCs activa- 

ion, and further intensifies hepatic fibrosis [ 9 , 10 ]. Therefore, in- 

ibiting autophagy might be a feasible approach for the treatment 
11 
f hepatic fibrosis. Some studies had shown that probucol signifi- 

antly inhibited the autophagy of HSCs, thereby reducing the de- 

ree of hepatic fibrosis. Western blot analysis demonstrated that 

C3B involved in autophagosome formation was down-regulated 

 Fig. 5 C), indicating a decrease in autophagosomes. As a receptor, 

62 takes part in the breakdown of ubiquitinated proteins and is 

rucial for the creation of autolysosomes and the interpretation of 

roteins. Therefore, the absence of phagocytosis results in a large 

uildup of p62 [ 35 , 36 ]. Alternatively, p62 was increased in the free

rug (G3), HA@PRB NPs (G5) and HA@PRB/COL NPs (G6), demon- 

trating that the binding and ensuing solvation of autophagosomes 

o lysosomes were prevented. Moreover, α-SMA, TGF- β1, or colla- 

en I expression were significantly reduced in both HA@PRB NPs 

nd HA@PRB/COL NPs, triggering an endogenous negative feedback 

egulatory mechanism as a result of autophagy inhibition. 

Acridine orange (AO) was used to further study the effect of 

RB on pH change of organelles. The lysotropic dye AO is a hall- 

ark of acidic vacuolar organelles, which accumulates in acidic 

esicles in a pH-dependent manner. At neutral pH, AO is green flu- 

rescence throughout the cell, while in acidic environments, it is 

rotonated and forms aggregates, emitting bright red fluorescence 

mainly in late autophagosomes and autolysosomes). As shown in 

ig. 6 C, compared to the RAP-treated group (G2) of LX2 cells, the 

O red fluorescence intensity was less intense in the HA@PRB/COL 

Ps-treated group (G6). In addition, bio-TEM was used to as- 

ess autophagy flow in LX2 cells stimulated by RAP ( Fig. 6 D). It

an be observed from bio-TEM images that the autophagosome 

embrane was destroyed and the structure became incomplete in 

A@PRB/COL NPs treatment group compared with the RAP group, 

ndicating that PRB could inhibit LX2 cells autophagy and reduced 

he number of autophagosomes. 

.7. In vivo distribution of DiR-loaded polymeric nanoparticles in 

ormal and fibrotic mice 

C57BL/6 mice were intraperitoneally injected with carbon tetra- 

hloride (CCl4 ; diluted with corn oil) twice a week for 8 weeks to 

stablish the hepatic fibrosis model ( Fig. 7 A). As displayed in Fig- 

re.S10, there was an enhanced accumulation of collagen fibrosis 

n the tissues of the dissected liver through Sirius red and Mas- 

on staining, the results further indicated that the hepatic fibrosis 

ouse model was successfully constructed. Normal mice and mice 

ith fibrotic liver not only have different degrees of fibrosis, but 

lso different liver metabolic capacity. As the degree of fibrosis in- 

reases, the fibrotic liver gradually deteriorated and could not ef- 

ectively clear polymeric nanoparticles. The activation and prolifer- 

tion of HSCs improved polymeric nanoparticle binding efficiency, 

hile the increase of collagen content reduced the permeability of 

olymeric particles. In order to investigate the targeting and distri- 

ution, free DiR, HA@DiR NPs, and HA@DiR/COL NPs were injected 

nto normal mice or mice treated with CCl4 for 8 weeks via the 

ail vein and measured near infrared fluorescence emission by em- 

loying in vivo small animal imaging system. As shown in Fig. 7 B 

nd 7 D, polymeric nanoparticles of normal mice group in the liver 

eached a peak at 24 h and then declined, which is mainly due 

o the rapid decline in normal liver metabolic capacity. Contrarily, 

he fluorescence intensity of all types of polymeric nanoparticles 

aintained at higher levels for 6 h to 5 d in the liver region of

he fibrotic mice, which might be a result of liver dysfunction and 

ollagen deposition in the Diss space ( Fig. 7 C and 7E). 

The liver, spleen, kidney, lung, and heart were harvested on 

ay 5 after injection, and ex vivo imaging was used to assess 

uorescence emission. According to the organ fluorescence data 

hown in Figure.S11 and S12, the livers of mice with fibrotic liv- 

rs and normal livers fluoresced much more than other tissues. 

urthermore, compared to free DiR and HA@DiR NPs, HA@DiR/COL 
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Fig. 6. HA@PRB/COL NPs inhibits the activation of LX2 by ROS reduction and inhibiting autophagy. (A) CLSM of the removement of ROS after different treatments were 

measured by DCFH-DA. Scale bar = 100 μm. (B) Flow cytometry analysis of the removement of ROS after different treatments were measured by DCFH-DA. (C) CLSM images 

of AO staining of LX2 cells after different treatment. Scale bar = 100 μm. (D) Bio-TEM of formation and destruction of autophagosomes. 
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Ps produced stronger signals in the liver of fibrotic and normal 

ice. 

.8. ECM degradation and activated HSCs targeting efficiency in vivo 

The constructed polymer nano-delivery system is anticipated to 

ventually target liver-based activated HSCs. We loaded different 

olymeric nanoparticles with the FITC and then intravenously ad- 

inistered FITC-labeled polymeric nanoparticles to normal mice or 

iver fibrosis model mice treated with CCl4 for 8 weeks to fur- 

her demonstrate the targeting and penetration ability of polymeric 

anoparticles. As displayed in Fig. 8 A and 8 B, mice injected with 

A@FITC/COL NPs, as opposed to free FITC and HA@FITC NPs, green 

ITC fluorescence fused heavily with the Cy3-labeled α-SMA (red 

ignal) of the liver, producing a strong yellow signal, indicating that 
12 
he majority of FITC was located in activated HSCs in HA@FITC/COL 

Ps treatment group. Together, these results clearly shown that 

ollagenase type I (COL) contributed to deeper penetration of the 

CM barrier. This property of HA@FITC/COL NPs nanocarriers had 

een shown to facilitate efficient delivery in fibrotic liver. 

To further demonstrated that HA@FITC/COL NPs selectively tar- 

eted activated HSCs through the CD44 receptor-mediated endocy- 

osis pathway, immunofluorescence staining of CD44 receptors in 

he fibrotic liver was performed. In contrast to free FITC and the 

A@FITC NPs group in fibrotic liver, the green FITC fluorescence 

f HA@FITC/COL NPs group was observed to have mainly blended 

ith the red fluorescence of HSCs, resulting in an intense yellow 

ignal ( Fig. 8 D), the majority of FITC was detected in activated HSCs 

n the HA@FITC/COL NPs group ( Fig. 8 E). However, if the CD44 

eceptor on the surface of the activated HSCs was initially pre- 
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Fig. 7. Distribution of DiR-loaded polymeric nanoparticles in normal and fibrotic mice. (A) Schematic summary of animal studies. Representative in vivo fluorescence imaging 

system images of normal mice (B) and mice treated with CCl4 for 8 weeks (C) acquired at different time points after intravenous injection with different formulations. 

Fluorescence intensity in normal mice (D) and mice treated with CCl4 for 8 weeks (E). Values are expressed as means ± SD (error bars; ∗p < 0.05, ∗∗p < 0.01, n = 3). 
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aturated with HA solution and the overlapping yellow signal was 

omparatively faint in the HA@FITC/COL NPs, demonstrating that 

he CD44 receptor was the main internalizing pathway for acti- 

ated HSCs. These results further validated that systematic admin- 

stration of HA@PRB/COL NPs could target activated HSCs in vivo 

nd deliver biomacromolecules and chemotherapy drugs into cells 

o treat hepatic fibrosis. 

The faint immunofluorescence signals for α-SMA and CD44 in 

he livers of normal mice are depicted in Fig. 8 A and 8 D, suggest-

ng the inactivation of HSCs. In addition, the fluorescence inten- 

ity of HA@FITC/COL NPs was significantly lower in normal liver 

 Fig. 8 C and 8 F), the main reason was that the activation and pro-

iferation of HSCs in liver fibrosis enhanced the binding sites, and 

he decreased clearance of fibrotic liver leaded to the accumulation 

f HA@FITC/COL NPs in the liver. 
13
.9. Antifibrotic activity of HA@PRB/COL NPs in vivo 

The delivery of PRB and COL to HSCs for treating hepatic fi- 

rosis is the goal of nano-delivery system construction. We inves- 

igated the in vivo antifibrotic activity of HA@PRB/COL NPs using 

he mice with fibrotic liver , and we administered different poly- 

eric nanoparticles formulations to mice twice weekly for three 

eeks, and evaluated therapeutic efficacy at third day after the 

ast treatment ( Fig. 9 A). Liver tissue was excised and imaged af- 

er dissection. The degree of liver fibrosis in the model group was 

ignificantly increased, and the liver fibrosis in the drug treatment 

roup was recovered to varying degrees (Figure.S13). As shown in 

ig. 8 B and 8C, HA@PRB/COL NPs group could alleviate liver fi- 

rosis in mice model by inhibiting autophagy. Hepatic fibrosis im- 

airs normal liver function, so levels of alanine aminotransferase 
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Fig. 8. Co-localization of FITC and FITC-labeled polymeric nanoparticles with activated HSCs in the livers of fibrotic mice treated with CCl4 for 8 weeks. (A) Liver tissue was 

sectioned and immune-stained with an anti- α-SMA antibody (red) for activated HSCs and counterstained with the nuclear dye, DAPI (blue). (B) and (C) Mean fluorescence 

intensity of FITC in fibrotic liver tissue and healthy liver tissue immune-stained with an anti- α-SMA antibody. (D) Liver tissue was sectioned and immune-stained with an 

anti-CD44 antibody (red) for activated HSCs and counterstained with the nuclear dye, DAPI (blue). (E) and (F) Mean fluorescence intensity of FITC in fibrotic liver and healthy 

liver tissue immune-stained with an anti-CD44 antibody. Co-localization was determined as yellow signals corresponding to perfect merges of green and red fluorescence. 

After polymeric nanoparticles were injected into HA pre-saturated mice, HSCs were labeled with CD44 antibody and the distribution of polymeric nanoparticles was observed 

in liver tissue. Scale bar = 50 μm. ∗∗p < 0.01,∗∗∗p < 0.001; ns, no significant difference (n = 3, mean ± SD). 

14 
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Fig. 9. Antifibrotic activity of HA@PRB/COL NPs in vivo. (A) Schematic diagram of anti-liver fibrosis efficacy study in vivo. (B) and (C) The protein expressions of LC3B, and 

p62 were assayed by western blot, GAPDH was included as loading control. Liver function as indicated by serum levels of AST (D), ALT (E) and ALP (F). (G) H&E, Masson, 

Sirius red staining and immunohistochemical staining of α-SMA and collagen I in livers of fibrotic mice after treatment with different formulations. Scale bar = 50 μm. G1: 

control, G2: CCl4 + control, G3: CCl4 + free drug, G4: CCl4 + HA@COL NPs, G5: CCl4 + HA@PRB NPs, G6: CCl4 + HA@PRB/COL NPs. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and 

ns means no significant difference (n = 5, mean ± SD). 

15 
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ALT), aspartate aminotransferase (AST), and alkaline phosphatase 

ALP) are used to assess liver function damage. The levels of serum 

LT, AST, and ALP in mice receiving various treatments were sug- 

ested to vary in Fig. 9 D-F. CCl4 significantly elevated AST and ALT, 

hereas serum levels of AST and ALT were definitely decreased to 

 larger extent in fibrotic mice given free drug (G3), HA@COL NPs 

G4), HA@PRB NPs (G5), or HA@PRB/COL NPs (G6) than in mice 

iven PBS. As shown in Figure.S14, hydroxyproline (Hyp) content (a 

ajor component of collagen) of HA@PRB/COL NPs-treated fibrotic 

ice showed significantly decrease, indicating that the Hyp gener- 

tion was suppressed. Notably, AST and ALT levels were nearly nor- 

al in the mice treated with HA@PRB/COL NPs, showing that the 

rug delivery effectiveness of COL modification and better HSCs 

argeting increased the therapeutic effect of hepatic fibrosis 

In addition to biochemical testing, semi-quantitative immuno- 

istochemistry was used to assess the combination therapeutic ef- 

ectiveness of HA@PRB/COL NPs. In contrast to the livers of healthy 

ice, the PBS-treated group displayed symptoms of fibrous con- 

ective tissue hyperplasia, inflammatory cell infiltration, or fibrous 

issue hyperplasia, as seen in Fig. 9 G. This inflammatory response 

as alleviated to varying degrees by treatment with free drug, 

A@PRB NPs, HA@COL NPs and HA@PRB/COL NPs. CCl4 -induced 

ice treated with HA@PRB/COL NPs showed significantly reduced 

evels of HSCs activation and hepatic collagen accumulation ac- 

ording to Masson trichromatic staining and Sirius red staining 

 Fig. 9 G). Further, semi-quantitative assays of Masson trichromatic 

taining and Sirius red staining of dissected liver tissues also in- 

icated that HA@PRB/COL NPs treatment group resulted in a sig- 

ificant reduction in collagen area and fibrous tissues were re- 

aired (Figure.S15). Additionally, immunohistochemical studies re- 

ealed that the CCl4 -induced mice treated with HA@PRB/COL NPs 

ad decreased levels of collagen I and α-SMA expression, suggest- 

ng that the process of liver fibrosis could be stopped by blocking 

he activation of HSCs (Figure.S16). In addition, mice treated with 

ll formulations demonstrated that there were few abnormalities 

bserved in histological sections of the heart, spleen, lung, or kid- 

ey tissue. The targeting delivery led to increased accumulation of 

RB in the liver, and the incidence of adverse reactions might de- 

rease. According to the safety evaluation findings suggested that 

A@PRB/COL NPs displayed good long-term biosafety (Figure.S17). 

In general, we evaluated hepatic fibrosis by a variety of meth- 

ds, including immunohistochemical staining, hydroxyproline con- 

ent measurement and examination of serum AST, ALT and ALP lev- 

ls to assess liver function. The results showed that HA@PRB/COL 

Ps could significantly improve the pathological environment of 

he liver, repair most of the fibrosis, reduce the number of acti- 

ated HSCs, and basically restore the liver cell morphology to the 

ormal level. Taken together, it concluded that the synergistic ef- 

ect of HA@PRB/COL NPs had a stronger ability to repair fibrous 

issues and better delivery efficiency. 

. Conclusions 

Current nanomedical delivery systems targeting HSCs for hep- 

tic fibrosis are difficult to reach the liver due to the excessive de- 

osition of fibrotic collagen. In this project, we designed a COL- 

odified nano-codelivery system, which could penetrate the ex- 

ess collagen barrier of fibrotic liver and ultimately achieve effi- 

ient targeting of HSCs. The construction of HA@PRB/COL NPs ef- 

ectively degraded and penetrated fibrotic ECM in the fibrotic liver 

wing to the proteolysis function of collagenase type I, then the 

A@PRB/COL NPs were internalized by the HSCs via the CD44 re- 

eptors mediated endocytosis pathway through the surface coated 

A, and finally PRB was released continuously in the cells. In 

itro and in vivo experiments showed that HA@PRB/COL NPs ex- 

ibited the ability to ameliorate hepatic fibrosis by degrading 
16
he fibrotic ECM and inhibiting HSCs activation and proliferation. 

ore important, we also demonstrated that HA@PRB/COL NPs has 

ood cytocompatibility and hemocompatibility in vitro and has no 

cute or chronic toxicity in vivo . Based on the above findings, our 

A@PRB/COL NPs system is an ideal HSCs-targeting, convenient 

ano-drug delivery system to combine biomacromolecular and 

mall-molecule drugs for hepatic fibrosis therapy. HA@PRB/COL 

Ps system demonstrated that collagenase I modified nanocarrier 

ight be a new strategy for the design of more effective therapeu- 

ic vectors targeting liver fibrosis. 
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