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Aim: Liver fibrosis is mainly characterized by the formation of fibrous scars. Galactosylated chitosan (GC) has gained increasing
attention as a liver-targeted drug carrier in recent years. The present study aimed to investigate the availability of betulinic acid-loaded
GC nanoparticles (BA-GC-NPs) for liver protection. Covalently-conjugated galactose, recognized by asialoglycoprotein receptors
exclusively expressed in hepatocytes, was employed to target the liver.

Materials and Methods: Galactose was coupled to chitosan by chemical covalent binding. BA-GC-NPs were synthesized by
wrapping BA into NPs via ion-crosslinking method. The potential advantage of BA-GC-NP as a liver-targeting agent in the treatment
of liver fibrosis has been demonstrated in vivo and in vitro.

Results: BA-GC-NPs with diameters <200 nm were manufactured in a virtually spherical core-shell arrangement, and BA was
released consistently and continuously for 96 h, as assessed by an in vitro release assay. According to the safety evaluation, BA-GC-
NPs demonstrated good biocompatibility at the cellular level and did not generate any inflammatory reaction in mice. Importantly, BA-
GC-NPs showed an inherent liver-targeting potential in the uptake behavioral studies in cells and bioimaging tests in vivo. Efficacy
tests revealed that administering BA-GC-NPs in a mouse model of liver fibrosis reduced the degree of liver injury in mice.
Conclusion: The findings showed that BA-GC-NPs form a safe and effective anti-hepatic fibrosis medication delivery strategy.
Keywords: nanoparticles, lactobionic acid, chitosan, liver fibrosis, betulinic acid

Introduction
Liver fibrosis is a serious medical condition that develops as a result of chronic liver injury caused by various sources.'~
It is speculated to be a dynamic process marked by an excess of extracellular matrix components that lead to fibrous
scarring.>* The presence of a fibrous scar disrupts the architecture of the liver, disturbing the normal function of the
liver.™® Currently, anti-fibrosis therapy is a major concern for preventing the progression of liver disease.” One of the
limiting factors is that candidate drugs are clinically ineffective or have limited antifibrotic effects in the liver and are
frequently associated with toxicity in other organs. Therefore, developing effective anti-fibrosis therapy is critical.*’
Betulinic acid (BA) is a natural plant-derived pentacyclic triterpenoid acid that exists widely in nature and has several
biological functions.'”!'" Typically, in a specific dosage range, BA is harmless to normal tissues.'> Wan et al'® demonstrated
that BA reduces the increase in hydroxyproline and a-smooth muscle actin (0-SMA) in liver tissue mediated by thioaceta-
mide (TAA) and plays a role in the prevention and treatment, showing great efficacy in liver fibrosis. Liu et al'* showed that
BA might be a viable novel medication for the treatment of liver fibrosis because it reduces the pathological damage related
to liver fibrosis and can lower the serum platelet-derived growth factor and serum hydroxyproline levels by activating
autophagy. Although BA has significant biological activity, and some disadvantages, such as poor water solubility and short
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in vivo half-life, hinder the clinical efficacy.'>'® To overcome these drawbacks, some biodegradable polymer nanoparticles
(NPs) of BA have been developed for cancer with excellent efficacy.'”'® However, a nanoscale drug delivery carrier for BA
has not yet been reported for anti-hepatic fibrosis therapy.

Chitosan (CS) is a macromolecule straight chain polymer with unique physical and chemical properties and has
become a research hotspot because of its biodegradability and biocompatibility.'**° Protonated amino groups and other
active functional groups in CS participate in various bonding processes for chemical modification, endowing it with
specific liver targeting function.?'* In recent years, galactose-modified CS has been developed as a liver-specific drug
carrier.”>** For use as hepatocyte-specific carriers, several forms of lactosaminated or galactosylated CS (GC) derivatives
have been identified.>>*® In addition, gene vectors containing GC copolymers with liver targeting capabilities have been
employed.?”*® Therefore, GC may be a feasible carrier to deliver BA to the liver.

To the best of our knowledge, liver-targeted GC-NPs have not yet been investigated in-depth with respect to BA
administration. Accordingly, in the present study, BA-loaded GC NPs (BA-GC-NPs) were prepared and characterized
using the ion-crosslinking method. Furthermore, the in vitro cellular uptake, cytotoxicity, hemolytic activity experiments,
and in vivo imaging, anti-liver fibrosis efficacy, and inflammation of NPs were assessed. The results indicated that BA-
GC-NPs had significant advantages as a hepatic targeted transport carrier system in the treatment of hepatic fibrosis.

Materials and Methods

Materials

Betulinic acid (BA) was obtained from Derek (Chengdu, China). Chitosan (CS), Lactobionic acid (LA), 1-ethyl-
3-(3-dimethylaminopropyl))-Carbodiimide (EDC), N-hydroxysuccinimide (NHS) and Sodium dodecyl sulfate (SDS)
were purchased from Aladdin Industries Inc. (Nashville, TN, USA). Sodium tripolyphosphate (TPP) was purchased
from Ion Chemical Technology (Shanghai, China). N,N,N'N’-tetramethylethylenediamine (TEMED) was purchased from
Titan (Shanghai, China). Phosphoric acid was obtained from Beijing Chemical Plant (Beijing, China). Coumarin-6 was
obtained from Sigma Aldrich (St. Quentin Fallavier, France) and 1,1-octadecyl-3,3,3,3-tetramethylindolocyanine iodide
(DiR) was obtained from AAT Bioquest (California, USA). And 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was obtained from Solarbio (Beijing, China).

Cell Lines and Animals
Human hepatocellular carcinoma cells (HepG2) and human hepatic stellate cells (LX-2) were incubated in Dulbecco’s
Modified Eagle medium containing 10% fetal calf serum, 80 U-mL ™" penicillin and 80 ug-mL™" streptomycin. Human
hepatocyte cells (LO2) were incubated in Roswell Park Memorial Institute 1640 medium containing 10% fetal calf
serum, 80 U-mL ™" penicillin and 80 pg-mL™" streptomycin. All three kinds of cells were cultured at 37°C and 5% CO,.
All the cell lines used in this study were purchased from Procell Life Science&Technology Co., Ltd. (Wuhan, China).
Male white rabbit was provided by the Animal Center of Yanbian University. Male C57BL/6 mice (7-9 weeks old, 20
+2g) were provided by Changsheng Biotechnology Co., Ltd. (Liaoning, China). All animals were kept at 25°C and 40—
60% humidity, and the light/dark period was 12 h, and they were given free access to water and laboratory food. All
animal experiments were conducted under protocols approved by the Ministry of Health of the People’s Republic of
China and following Guidelines for the Care and Use of Laboratory Animals of Yanbian University. All animal
procedures were approved by the Animal Research Committee of Yanbian University with permission number
2017102610.

Synthesis and Characterization of GC

As previously reported,?®*° CS was coupled with LA via an active ester using EDC and NHS. Briefly, 0.5 g of chitosan
was dissolved in 50 mL of a TEMED/HCI buffer solution (10 mmol-L™', pH = 4.7). Subsequently, 2.3g of LA was
activated with a mixture of NHS and EDC dissolved in 10 mL of TEMED/HCI buffer solution, in which EDC was 4-fold
molar excess over LA and EDC/NHS was at an equivalent molar ratio. Then, the activated LA was added into the CS
solution and stirred for 72 h at room temperature. The obtained solution was purified and dialyzed against distilled water
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for 4 days with a dialysis tube to remove unreacted lactose acid monomers and excess reaction catalysts and solvents, and
GC was obtained by freeze drying at —50°C. The synthetic pathway was presented in Figure 1A.

Fourier transform infrared spectroscopy (FT-IR) (IR Prestige-21, Shimadzu, Japan) was used to analyze the chemical
structures of CS, LA and GC. Specifically, the solid samples were mixed and ground with potassium bromide powder
respectively. The tablets were pressed under the condition of keeping dry and were put into the detection light path to record
their maps. The synthesis and grafting rate of GC were further examined by dissolving CS and GC in the D20 with the final
concentration of 10 mg-mL™" and loading them into nuclear magnetic tubes, respectively. The nuclear magnetic resonance
hydrogen spectrum (‘H-NMR) was detected and recorded in NMR spectrometer (Bruker AV-500; Bruker, USA).

Preparation of BA-GC-NPs

The ionic cross-linking method used to prepare the nanoparticles was described in a previous report.®'** The steps
for making BA-GC-NPs using the ion crosslinking method are shown in Figure 1B. Before preparing BA-loaded
nanoparticles, 0.15 wt% acetic acid solution of synthetic material GC and 0.5% ethanol solution of BA were prepared.
Subsequently, 20 mL of 0.07% TPP solution was added drop by drop to a full mixture of 30 mL GC solution and
2 mL BA solution with a magnetic stirrer. After centrifugation of the above-mentioned mixture at 10,000 rpm-min ",
the collected nanoparticles were re-suspended in purified water and rinsed with purified water until the pH value of

the solution became neutral. The nanoparticles used in the following experiments were processed by lyophilization.

Determination of Entrapment Efficiency and Loading Efficiency
HPLC (1260 Infinity, Agilent Technologies, USA) was used to determine the amount of BA in the sample. The
chromatographic conditions for HPLC detection and analysis were: mobile phase was acetonitrile-0.5% phosphoric
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Figure 1 (A) Synthesis process of GC.»® (B) Preparation of BA-GC-NPs by cross-linking method.
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acid water (85:15), flow rate was 1 mL-min ', detection Wavelength was 202 nm, column temperature was 40°C, and
injection volume was 10 pL.

The drug loading (LE) and encapsulation efficiency (EE) of the nanoparticles were determined according to the
reported method.**** The lyophilized nanoparticles were first washed twice with distilled water and then centrifuged at
10,000 rpm-min~" for 30 min, with the free BA in the supernatant being discarded. After dispersing the precipitated
nanoparticles in ethanol and vortexing for 10 min, the supernatant collected by centrifugation passed through a 0.45 um
filter membrane. EE of the nanoparticles was evaluated by following equation:

174
LE(%) = —= x 100% (1)
4%
Among them, Wg, is the weight of BA wrapped in nanoparticles, and Wy is the weight of nanoparticles.

LE of the nanoparticles was evaluated as follows:

W,
EE(%) = Wi x 100% )

Among them, Wg is the weight of BA wrapped in nanoparticles, and Wr is the weight of total BA added.

Characterization of BA-GC-NPs

A Zeta potential particle size analyzer (Nanobrook 90Plus Zeta, Brookhaven Instruments, USA) was used to measure the
particle size, polydispersity index (PDI) and Zeta potential ({) of the nanoparticles. The nanoparticles were uniformly
dispersed and placed in the absorption tank, and all parameter values were recorded in the analyzer.

Transmission electron microscope (TEM) (HT7700, Hitachi, Japan) was used to watch the morphology of BA-CS-
NPs. The nanoparticles were suspended in deionized water in a low-concentration solution and treated with ultrasound
for 2 min to make them in a monodispersed state, before being placed on a clean copper net for observation.

Analysis of in vitro BA Release Behavior

The release behavior in vitro of BA from BA-GC-NPs was studied by centrifugal method with a PBS solution (pH 7.4)
containing 0.5% sodium dodecyl sulfate (SDS) and 10% ethanol as the release media. The known amount of free BA and
BA-GC-NPs in a microcentrifuge tube containing 8 mL of release medium and shaken at a set amplitude of
120 rpm'min"' on a table concentrator (GHA-E, Zhongjie, China) at 37°C. The above tubes were centrifuged at
12,000 rpm-min_ ' and 4°C for 10 minutes at predetermined intervals to collect an equal volume of supernatant and
supplemented with an equal volume of release medium. The content of BA in the released samples was determined by

HPLC in order to calculate the cumulative release rate and match with the release model.

Hemolytic Activity Test

Hemolytic activity was evaluated as previously reported.*> 200 pL of 2%(V/V) red blood cell suspension from male
white rabbit was added to 800 puL of PBS (pH 7.4) containing different amounts of BA-GC-NPs (0.01, 0.05, 0.1, 0.5,
1 mg) as the experimental group, and mixed with PBS or distilled water of equal volume as a negative control and
a positive control, respectively. After incubation at 37°C for 3 h, all sample solutions were centrifuged at 860 x g for 5
minutes, and the absorbance of the supernatant was measured at 540 nm using a microplate detector (Biotek, USA). The

hemolysis ratio was calculated using the following formula:

. Asam E_Ane ative contro
Hemolysis rate = (Asamp gative control) x 100% 3)

(Apositi ve control _Anegative control )

Among them, 4 g4z is the absorbance of sample, 4 ,eourive connror 18 the absorbance of negative controls, 4 ,osisive contror 15
the absorbance of positive controls.
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Red Blood Cell Morphology

A certain amount of different concentrations of BA-GC-NPs experimental group, negative control group, and positive
control group samples were taken into a 96-well plate, and observed under an inverted microscope to obtain the
morphology of red blood cells.

Cytotoxicity Study

The toxicity of BA, blank nanoparticles without BA (GC-NPs), and BA-GC-NPs to LX-2, HepG2, and LO2 cells were
determined by MTT method, respectively. HepG2, LX-2, and LO2 cells in the logarithmic growth phase were seeded into
a 96-well plate at a density of 1x10* cells/well, with a seeding volume of 200 pL/well. After incubating for 24 h, the culture
medium of each well was removed and replaced with 100 pL. of BA, GC-NPs or BA-GC-NPs in FBS-free medium at
a predetermined concentration, with the same volume of FBS-free medium as the control wells, and the cells were further
incubated for 24, 48 or 72 h. Then, 20 pL of MTT solution (5 mg/mL solution) was added to each well and cultured for 4
h. After aspirating the medium in each well, 150 pL of dimethyl sulfoxide (DMSO) was added into each well and the 96-well
plate was placed on a shaker to shake at a low speed for 10 minutes to fully dissolve the blue formazan crystals. Absorbance of
each well was measured at 490 nm using a microplate reader. The cell viability was calculated using the following formula:

Asample - Ablank

Survival rate = x 100% “4)

Acuntrol - Abkmk

where A gumpie, A piank, A conror TEPresent the absorbance of sample, blank and control, respectively.

Cellular Uptake

The uptake of BA-GC-NPs by cells in vitro was examined using coumarin-6(C6) as a fluorescent probe instead of BA. The drug-
loading content of C6-labeled GC-NPs (C6-GC-NPs) and C6-labeled CS-NPs (C6-CS-NPs) was determined after they were
lyophilized as indicated above. LX-2 cells were seeded on a 24-well plate at a density of 6x10* cells/well and incubated
overnight. Then, the culture medium was replaced with 1 mL FBS-free DMEM containing C6, C6- GC-NPs or C6-CS-NPs at
a concentration of 10 ng/mL of C6, and then the cells were incubated for 4 h. After aspirating the medium, the cells were washed
with ice-cold PBS three times to remove superfluous preparation and observed under a fluorescent inverted microscope.

Animal Studies

Before the experiment, the mice were randomly divided into at least six in each group. To establish a model of liver
fibrosis, after diluting carbon tetrachloride (CCL 4) with corn oil (1:7), mice were intraperitoneally injected with the
above mixture twice a week for 4 weeks (4puL/g body weight). The mice in the non-fibrotic control group were injected
with the same volume of corn oil only.

For liver toxicity and inflammation studies, normal mice were injected with 10 mg/kg of free BA or the same dose of
BA-GC-NPs through the tail vein once a day for 3 consecutive days, and injected with an equal volume of PBS as
control. After the mice were killed, blood was drawn and livers were preserved for later analysis.

For in vivo imaging studies, DiR was used in place of BA as an in vivo tracer in mice. DiR-labeled GC-NPs (DiR-GC
-NPs) and DiR-labeled CS-NPs (DiR-CS-NPs) were prepared and further lyophilized, and then the drug loading was
calculated. Free DiR, DiR-labeled DiR-GC-NPs or DiR labeled DiR-CS-NPs (DiR dose, 1 mg/kg body weight) were
injected into the fibrotic mouse group and non-fibrotic mouse control group through the tail vein at different times, and
their hair was cleaned with shaver. After the mice were anesthetized, the mice were imaged in vivo at 1, 4, 12, 24, 48, and
72 h using an in vivo imaging system (In-Vivo Xtreme, Bruker, Germany). Corresponding in vitro imaging determina-
tions were also performed using isolated organs.

For fibrosis regression studies, 200 pL of PBS containing free BA, BA-CS-NPs and BA-GC-NPs was injected into
the liver fibrosis model group of mice through the tail vein twice a week. (BA, 5 mg/kg) for 4 weeks. To compare the
therapeutic effects of injecting various preparations in other liver fibrosis mice, non-liver fibrosis mice were used as the
negative control, and liver fibrosis mice were only given PBS as the positive control. The dosing schedule is shown in
Figure 2 After the mice were killed, blood was drawn and livers were preserved for later analysis.
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i.p.CCl;x 2/ Week

i.v. BA or BA-CS-NPs or BA-GC-NPs x 2 / Week

Figure 2 The dosing schedule in liver-fibrosis regression studies.

Analysis of ALT and AST in Serum
Standard kits (Huili, BioTech, Changchun, China) were used to quantify serum levels of the liver damage indicators
alanine transaminase (ALT) and aspartate transaminase (AST) in various animal groups, according to the manufacturer’s

recommendations.

Test of Tissue Section

Deparaffinized and hydrated paraffin-embedded liver tissues were sectioned at Spum. Thereafter, sections were stained
with a hematoxylin and eosin (H&E) staining Kit (Solarbio, Beijing, China). Slides were fixed and imaged at
a magnification of 20 after being dehydrated.

Statistical Analysis

All of the experiments were conducted at least three times, and the typical data were provided as means + standard error
of the mean. For multiple groups, a one-way ANOVA analysis of variance was performed, followed by a Tukey’s post
hoc test.

Results

Characterization of GC

GC was achieved by forming amide bonds between carboxyl groups in LA and residual amine groups in CS that were
confirmed by FTIR and 'H-NMR measurements. As shown in Figure 3A, the characteristic absorption peak of the
! in the FTIR spectra of LA disappeared in the FTIR spectra of GC, indicating that the
carboxyl group of LA and the primary amine group of CS formed an amide bond. The weak absorption peak of CS at

carboxyl group at 1742 cm

1654 cm™ ' was attributed to the stretching vibration of C=0, and the strong absorption peak of CS at 1594 cm™ ' was
attributed to the stretching vibration of N-H, proving the presence of a large number of primary amino groups.*® In the
FTIR spectra of GC, the absorption peak caused by C=0 stretching vibration shifted from 1654 cm ' to 1634 cm™'
the intensity increased due to the newly formed numerous amide bonds.?” In addition, the absorption peak of GC caused

, and

by the bending vibration of N-H shifted from 1594 cm™' to 1570 cm™ ', which was attributed to the residual primary
amine groups on CS not bound to LA. The intermolecular conformational changes after the reaction of CS and LA
indicated that LA was introduced into the CS chain.

As shown in Figure 3B, "H-NMR of GC showed that the number of absorption peaks between 8:3.5 and 4.0 ppm was
more than that of CS, indicating an interaction between LA and CS.*® The ratio of the characteristic peak area of LA
(4.131 ppm, Hc) and CS (3.066 ppm, H2) in the '"H-NMR of GC was used as the grafting rate to estimate the efficiency
of LA connecting to CS, which was 18.86%.%° While considering the potential applications of the current synthetic
vectors, a high degree of galactosylation of GC might be beneficial in enhancing liver targeting.
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Figure 3 (A) FTIR spectra of GC, CS, and LA. (B) 'H-NMR spectra of GC and CS.

Characterization of BA-GC-NPs

The concentration of GC solution and the amount of TPP were identified as the key factors that regulated the morphology
and performance of BA-GC-NPs and were investigated to obtain the optimum formulation. The amount of LA in GC and
the amount of BA added to GC were maintained constant, while the concentration of GC was controlled at 0.10, 0.15,
and 0.20 wt%, and the concentration of TPP was controlled at 0.06, 0.07, and 0.08 wt% to prepare and characterize the
BA-GC-NPs, respectively. The related parameters of the various NPs are summarized in Table 1. The results showed that
the average size, EE%, and LD% of NPs in each group changed with the amount of TPP and the concentration of GC
solution, which could be attributed to the effect of charge interactions between molecules. According to the parameters of
NPs prepared by different formulas, formula 5 with the highest EE% and LD% and the smallest particle size was selected
for subsequent experiments.

The DLS study found that the average particle size of the NPs was <200 nm, indicating that the prepared NPs could be
absorbed by the liver. This is because NPs with large sizes (for example, >250 nm) can barely escape macrophage capture in
the hepatic reticuloendothelial system to reach the majority of the cell types in the liver, including the liver parenchyma cells
and liver stellate cells via the foramen of liver sinusoids endothelial cell. On the other hand, small NPs (<100 nm) accumulate
in the kidney or rapidly penetrate into the capillaries.*® Therefore, the optimal size of NPs obtained by adjusting the average

Table | Characterization Parameters of BA-GC-NPs Nanoparticles

Formula | GC (wt%) | TPP (wt%) | Partical Size (nm) PDI ¢ (mV) LE (%) EE (%)

I 0.10 0.06 212.6+9.4 0.14£0.04 | —4.12+0.51 | 9.46+0.79 | 25.0+2.89
2 0.10 0.07 119.6+1.6 020£0.01 | —1.23+0.00 | 9.60+0.54 | 21.9+3.54
3 0.10 0.08 133.3+7.9 0.10£0.01 | —0.16+0.00 | 11.66+1.56 | 19.0+2.68
4 0.15 0.06 132.945.9 0.26£0.02 | —1.30+0.00 | 12.06+0.89 | 42.245.64
5 0.15 0.07 108.245.5 02240.08 | —0.58+0.37 | 13.24%1.16 | 48.4+4.85
6 0.15 0.08 134.6+3.2 0.1740.09 | 2.37+0.07 | 11.60+0.46 | 43.0£6.58
7 0.20 0.06 143.8+13.3 02140.06 | —0.14+0.00 | 9.86+0.83 | 46.6+5.15
8 0.20 0.07 120.8+7.2 0.39£0.02 | 1.68+026 | 9.71+0.57 | 46.3+32I
9 020 0.08 142.3+8.4 023£0.04 | 0.87+0.00 | 838+0.65 | 38.9+4.56
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size of NPs was >100 nm but <250 nm. As shown in Table 1, the PDI of NPs was <0.3, suggesting that they were distributed
equally without aggregation and thus met the conditions for intravenous injection. In addition, the zeta potential of these NPs
changed from —4 mV to 1 mV, which could be attributed to the residual amino groups in the CS unit and hydrophilic CS
chains stretching out to form the outer layer during the formation process of the NPs.*!

TEM was used to examine the morphology of BA-GC-NPs. Figure 4A shows that the NPs presented a regular and
uniform spherical morphology.

Analysis of in vitro BA Release

The release curves of BA and BA-GC-NPs are shown in Figure 4B. The rapid release of free BA was released completely
only at about 8 h. The in vitro release of BA-GC-NPs exhibited a two-stage release behavior. In the initial phase of 0.5—
12 h, about 30.91% of the drugs in BA-GC-NPg were suddenly released, which might be due to the fact that the surface
of the NPs produced by crosslinking with TPP in aqueous media is hydrophilic.** Subsequently, the drug was released
gradually from the NPs, and the release rate was constant during 12-96 h, which could be due to the erosion and
degradation of NPs leading to the continuous release of BA encapsulated in BA-GC-NPs.** Contrary to free BA, the
drugs wrapped in NPs were released slowly and continuously because of the gradual dissolution of the material, which
was beneficial to the curative effect of the drug at the lesion site.**

As shown in Table 2, various kinetic models were used to explain the release behavior of BA from BA-GC-NPyg; the
drug release of BA-GC-NPs fit the Higuchi equation (r* = 0.9968 for formulations). The release behavior of BA from
BA-GC-NPS in vitro followed Fick’s diffusion theorem,***® as shown by the conformity of the release mechanism
according to Higuchi’s model. The process of drug release involves the diffusion of the drugs on the surface of the
nanoparticle, followed by the diffusion and disintegration of a significant number of drugs present in the carrier’s internal
structure. Strikingly, some of the carrier materials disintegrated along with a small amount of the drugs, the osmotic

pressure dropped, and the drug release process entered a state of dynamic equilibrium.

Hemolytic Activity Test

As shown in Figure 5A, the supernatant of the negative control group and each experimental group was clarified by
centrifugation as the red blood cells formed a pellet. Conversely, the positive control group did not see any stratification
after centrifugation; the solution was red, indicating that the red blood cells were completely ruptured and the
hemoglobin was released from the red blood cells. As shown in Figure 5B, the hemolysis rate of BA-GC-NPs increased
in a dose-dependent manner in the range of 0.01-1.0 mg-mL'; however, the increase was <10%. BA-GC-NPs
demonstrated good blood compatibility because even at high concentrations (1.0 mg-mL™"), no substantial erythrocytic
lysis was observed.*” Experimental results showed that BA-GC-NPs met the hemolysis standards of medicinal materials
and could be safely administered intravenously.
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Figure 4 (A) TEM micrograph of BA-GC-NPs (scale bar = 200 nm). (B) In vitro cumulative release curves of BA-GC-NPs and BA.
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Table 2 Interpretation of the BA Release from BA-GC-NPs Using Different Kinetic Models

Sample Zero-Order | First-Order | Higuchi | Ritger-Peppas | Weibull | Double-Exponential
r? r? r? r? r? r?
BA-GC-NPs 09316 0.7621 0.9968 0.9915 0.9963 0.9966

Red Blood Cell Morphology

Figure 5C shows, the inverted microscope image, wherein almost all the red blood cells were pierced in the positive
control group, while the experimental groups showed a complete round cake shape with convex on both sides and
concave in the middle.*® No obvious rupture, aggregation, or blistering of erythrocytes was detected even with
1.0 mg-mL™' BA-GC-NPs, which was compatible with the status of the erythrocytes in the negative control group.

Cytotoxicity Study

As shown in Figure 6A, the survival rate of the three kinds of cells was inversely proportional to the concentration and
action time of BA after administration. With the increase in BA dosage and action time, the survival rate of the three
types of cells continued to decline. Figure SA shows the strong inhibitory effect of BA on LX-2 cells under the same
conditions. When the concentration was >0.5 pg-mL ', the cell survival rate of LX-2 cells was <50%. When the
concentration of BA was 0.1-1 pug-mL™', the survival rates of LO2 and HepG2 cells were >80% at 24 h, 48 h, and 72
h. This phenomenon presented weak toxicity of BA on both LO2 and HepG2 cells at a concentration of 0.1—1 pg-mL ™"
but a strong inhibitory effect on LX-2 cells.

The cytotoxicity results of GC-NPs showed that the survival rates of the three types of cells were >90% even at a high
concentration (250 ug-mL ") after 24 h, 48 h, or 72 h incubation. The results proved that the prepared carrier GC-NPs
(50-250 pug-mL ") did not exert any toxic effect on the three types of cells and had good cytocompatibility.

After 24 h, 48 h, or 72 h of incubation, the survival rate of LX-2 cells treated with BA-GC-NPs decreased with the
increase in drug concentration and reaction time. When 1.0 pg-mL~' BA-GC-NPs were applied to LX-2 cells for 72 h,
the cell survival rate of the LX-2 cells decreased to 54.4%, showing a strong inhibitory effect. However, the survival rate
of LO2 and HepG2 cells was unaltered with the concentration and duration of reaction, and the survival rate of the two
cells was >90% even at the concentration of 1.0 ug-mL™" for 72 h.
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Figure 5 (A) Macroscopic observation of hemolysis caused by NPs in PBS. (B) Hemolysis rate of different concentrations of NPs in PBS. (C) Red blood cell state after co-
incubation with different concentrations of BA-GC-NPs (20%10).
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Figure 6 (A) Cytotoxicity of BA, GC-NPs and BA-GC-NPs on HepG2, LX-2 and LO2 cells respectively for different time points. (B) Cellular uptake behavior of free Cé6
and Cé-labeled NPs.

These results showed that these GC-NPs had no toxic effect on the three cells and had good cell compatibility, and
hence, could be used as carriers for in vivo drug delivery. When the concentration of BA-GC-NPs was in the range of
0.2-1.0 pg-mL ", it could ensure that it had no effect on the LO2 cells and had a stronger inhibitory effect on LX-2 cells.

Cellular Uptake
In order to study the effect of LA modification on cell uptake, we compared the uptake results of C6-GC-NPs and C6-CS
-NPs when C6 was used instead of BA. As shown in Figure 6B, under the same dosage conditions, LX-2 cells treated
with free C6 showed only weak fluorescence, while the fluorescence of GC-NPs labeled with C6 and the LX-2 cells
treated with Bean 6-labeled CS NPs was significantly enhanced. Under the same conditions, LX-2 cells treated with C6-
GC-NPs exerted a strong fluorescence, indicating that the cells had a high uptake of C6.

The results showed that due to the passive targeting effect of the NPs, the uptake of C6 encapsulated by the carrier
material by LX-2 cells increased significantly. In addition, the intake of LA-modified GC-NPs was higher than that of
unmodified CS NPs.

In vivo Imaging Studies

In vivo imaging results (Figure 7A) showed that DiR-CS-NPs and DiR-GC-NPs were more effective than free DiR
accumulation in mice. Furthermore, the concentration of DiR-GC-NPs was higher than that of DiR-CS-NPS in both
normal and liver fibrosis mice; this could be attributed to the enhanced uptake of DiR-GC-NPs by the liver due to LA
modification. In normal mice, the fluorescence signals of DiR-CS-NPs and DiR-GC-NPs were detected within 1 h and
decreased gradually after reaching the peak at 12 h. However, DiR-GC-NPs could still be detected in fibrotic liver mice
until day 3, while the fluorescence signal of DiR-CS-NPs was very weak at 48 h and disappeared after 72 h. These results
confirmed that DiR-GC-NPs had high liver specificity and long-term accumulation in the liver.*’

On day 3, the liver, spleen, kidney, lung, and heart of the mice were harvested for fluorescence imaging. The findings
(Figure 7B) were similar to the results of in vivo imaging. The fluorescence intensity of DiR-GC-NPs and DiR-CS-NPs
was much higher in the liver than in the other organs, and the fluorescence intensity of DiR-GC-NPs was higher than that
of DiR-CS-NPs, revealing a significant accumulation of DiR-GC-NPs in the liver. DiR-CS-NPs and DiR-GC-NPs were
more abundant in fibrotic livers than in normal livers, owing to their small particle size, which facilitated their
extravasation and retention in the damaged tissue, closed to the advanced penetrability and retention seen with
nanoparticle therapeutic agents in tumors. Moreover, the pathological state of the fibrosis liver weakened the metabolic
capacity of the liver, resulting in long-term aggregation of NPs, and the deposition of collagen protein in the fibrosis liver
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Figure 7 (A) In vivo imaging in mice. (B) Fluorescence imaging of isolated mouse organs.

accelerated this process.”® These findings revealed that DiR-GC-NPSs and DiR-CS-NPs accumulated strongly in the
spleen. The reason for this phenomenon was that the spleen, like the liver, has a leaky endothelium membrane,’’ and the
lymphocytes, macrophages, and dendritic cells also played a significant role in the spleen.>?

Liver Toxicity and Inflammation Studies
Hepatotoxicity and inflammation caused by BA-GC-NPs were studied by tail vein injection of normal C57BL/6 mice at a dose of
10 mg/kg BA once a day for 3 days. In the study of organ toxicity, as shown in Figure 8A, the histological analysis using
hematoxylin-eosin staining showed that after treatment with BA-GC-NPs and BA, the mice livers did not show any significant
lesions and inflammatory infiltration compared to the PBS control group. Moreover, in each group after treatment, the main
tissues, including the spleen, kidney, lung, and heart, did not show any obvious pathological morphology. The in vivo toxicity of
BA and BA-GC-NPs in mice was further evaluated by evaluating the serum levels of hepatotoxicity markers, AST and ALT. As
shown in Figure 8B and C, the serum AST and ALT levels of mice in the BA and BA-GC-NPs groups did not differ significantly
from those in the control group after administration, indicating that BA and BA-GC-NPs do not cause liver damage.”

These findings showed that BA-GC-NPs had no toxicity and pro-inflammatory properties in mice, which further confirmed
that BA-GC-NPs are well-tolerated, thus providing a reliable delivery strategy for the treatment of hepatic fibrosis.

Fibrosis Regression Studies
As shown in Figure 9A, the HE staining results showed that the liver of mice in the control group had a normal lobular
structure and almost no fibrous septa. On the contrary, the liver slices of mice with liver fibrosis injected with PBS
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Figure 9 (A) HE staining of the liver tissue sections (20x 10). Levels of (B) ASTand (C) ALT in mice after treatment with different drug groups. *p < 0.05, **p < 0.01, **p <0.001,
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p>0.05.
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showed severe lobular necrosis, disordered central venous sinusoid distribution of the liver lobules, deposition of
collagen fibers, and mild formation of fibrous septa.’* Compared to the control group, the treatment with BA, BA-CS-
NPs, and BA-GC-NPs reduced the degree of liver fibrosis. The liver sections of the mice in the model group treated with
BA-GC-NPs showed that the cord-like distribution disorder was improved significantly, without any inflammatory
infiltration. The test results showed that BA-GC-NPs had obvious hepatoprotective effects.

Liver damage is usually associated with elevated ALT and AST levels. Herein, the serum ALT and AST levels of the
fibrosis mice were significantly higher than those in the control group, indicating that a liver fibrosis mouse model was
established successfully.”> As shown in Figure 9B and C, the model group treated only with PBS showed a significantly
high AST level in the model group than the normal mice.’® Moreover, after administration of different drugs, significant
differences were detected in AST levels between BA and BA-CS-NPs treatment groups compared to the PBS treatment
group, indicating that BA and BA-CS-NPs treatment reduced the level of AST in vivo, but it was higher than that of the
normal mice. After treatment with BA-GC-NPs, the AST levels of mice decreased significantly compared to the fibrotic
mice treated with PBS only, which is similar to that of the control group. Thus, it could be deduced that the changes in
the ALT levels were similar to those of AST. The ALT level of the BA and BA-CS-NPs treatment groups was much
higher than that of the control group, but no significant difference was detected compared to the group administered only
PBS. Also, after treatment with BA-GC-NPs, although the ALT level was significantly lower than that of the group
administered only PBS, there was still a considerable gap between the BA-GC-NPs treatment and the control groups.
This finding suggested that the treatment with BA-GC-NPs can decrease the level of ALT in fibrosis mice, which was
already lower than the AST level.

These results suggested that the injection of BA, BA-CS-NPs, or BA-GC-NPs through the tail vein improves the
degree of liver fibrosis. Notably, BA-GC-NPs had the best therapeutic effect, which put forth that encapsulating BA into
GC-NPs facilitated BA efficacy in the diseased liver.

Discussion and Conclusions

Due to the lack of effective and specific methods, the anti-fibrosis treatment of liver fibrosis is yet an enigma.’’
Therefore, novel interventions for liver fibrosis are essential.>® Herein, we designed and evaluated the BA-GC-NPs
and confirmed that BA-GC-NPs constituted a safe, liver-targeted chemical drug delivery system to protect liver fibrosis.

First, GC was synthesized according to literature reports, and BA-GC-NPs were prepared using an ion-crosslinking
method. Different NPs were prepared by changing the concentration of GC and the crosslinking agent TPP. The particle
size, potential, and DL% of the prepared BA-GC-NPs can be regulated by the amount of GC and TPP used. Reportedly,
the main factor affecting the release of GC-NPs is the degree of substitution of LA on CS.* This study did not synthesize
GC- with different degrees of substitution. Regarding lactose, the effect of acid substitution degree on the release of CS
NPs needs to be investigated further. BA-GC-NPs prepared by the best prescription had high encapsulation efficiency and
sustainable drug release. In addition, the TEM image showed that BA-GC-NPs were spherical, well-dispersed particles,
with an average diameter of 108.2 + 5.5 nm and a modest size (200 nm), which might be beneficial for the treatment of
hepatic fibrosis. First, this allows BA-GC-NPs to be cleared from the spleen and be redirected to the liver, while due to
the small size, the particle penetrates into the fibrotic liver tissue.®® Furthermore, the zeta potential of BA-GC-NPs was
almost neutral (—0.58 mV), preventing negatively charged biomolecules from adsorbing and extending the cycle’s half-
life.®! Therefore, these functions might enhance the uptake of hepatic stellate cells.

Hepatic stellate cells are involved in the secretion of extracellular matrix and play a key role in liver fibrosis.
However, due to the anatomical location, the drugs are not easily absorbed by the hepatic stellate cells, which is why
several drugs that show antifibrotic activity in vitro are ineffective in vivo. Compared to BA-CS-NPs in LX-2 cells, BA-
GC-NPs have a higher cellular uptake. The current issue with the systemic administration of NPs is that they cannot
concentrate on the target organs.®>®* In vivo imaging results in mice showed that the accumulation of DiR-GC-NPs in
the liver was higher than that in other organs. Even after 3 days, DiR-GC-NPs were still detected in the liver. As
mentioned above, the small size and low surface charge of BA-GC-NPs prevent these particles from eliminating RES and
facilitate their preferential delivery to the liver. Next, we investigated the treatment of liver fibrosis in vivo based on the
above findings. BA-GC-NPs was more effective in treating liver fibrosis than BA-CS-NPs or BA, indicating that BA-GC
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-NPs form a precise and efficient drug delivery strategy that increases the anti-fibrosis efficacy of BA. Safety is a major
aspect of drug delivery systems in addition to therapeutic effectiveness.®® BA-GC-NPs were composed of natural
biodegradable materials and exhibited low toxicity. Therefore, BA-GC-NPs were deemed to have low toxicity and
high blood compatibility but no hepatotoxicity or inflammatory effects.

In summary, we found that BA-GC-NPs constitute a promising drug delivery mechanism with high safety for the
treatment of liver fibrosis. Taken together, BA-GC-NPs can be a safe and effective liver-targeted chemical drug delivery
system that improves the degree of liver damage in fibrotic mice and can be used for liver protection.
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