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Currently, there are no effective pharmacological interventions in clinical practice to reverse liver fibrosis.
This study explores the therapeutic potential of regenerated silk fibroin (RSF) scaffolds loaded with dual
growth factors for reversing hepatic fibrosis. A chronic liver fibrosis mouse model was induced using
carbon tetrachloride (CCly) combined with a high-fat diet. RSF scaffolds, with or without hepatocyte
growth factor (HGF) and fibroblast growth factor-4 (FGF-4), were implanted onto the liver surface to
assess antifibrotic efficacy. Liver function was evaluated using biochemical analysis. Compared with con-
trols, the RSF/HGF/FGF-4 group showed significantly reduced serum levels of C-reactive protein (CRP),
alanine aminotransferase (ALT), and aspartate aminotransferase (AST). Histopathological analyses (H&E
and Masson'’s trichrome staining) on days 7, 14, and 30 demonstrated marked improvements in liver archi-
tecture and a significant reduction in fibrosis (SAF scores, P < 0.05). Immunohistochemistry further
revealed neovascularization and bile duct formation by day 14. Transcriptomic profiling showed upregula-
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tion of bile duct development pathways and downregulation of inflammatory signaling. Quantitative PCR
confirmed increased expression of bile secretion genes (FXR, OAT) and decreased expression of NF-xB
pathway genes (TRAF2, Bax). These findings highlight the RSF/HGF/FGF-4 scaffold as a promising cell-
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1. Introduction

The liver plays an essential role in metabolic regulation and
detoxification, and its functional integrity is critical for main-
taining overall health and quality of life. Globally, the number
of individuals affected by chronic liver disease has surpassed
800 million." According to the Global Burden of Disease
report, approximately 112 million patients have progressed to
compensated cirrhosis, while 10.6 million have reached the
decompensated stage. Liver cirrhosis-related mortality has
risen to 1.32 million deaths, accounting for 2.4% of all deaths
worldwide. As a country bearing high disease burden, China
accounts for 27.8% of global cirrhosis-related deaths.*™
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free strategy for promoting functional liver regeneration and reversing chronic liver fibrosis.

Hepatic fibrosis, an inevitable intermediate stage in the pro-
gression from chronic liver disease to cirrhosis, remains a
major therapeutic challenge due to the lack of effective
pharmacological interventions. Consequently, developing strat-
egies that can effectively reverse fibrosis and prevent its pro-
gression to cirrhosis has become an urgent medical priority.

In recent years, transplantation of adipose-derived stem
cells (ADSCs) or bone marrow-derived mesenchymal stem cells
(BM-MSCs) has emerged as a research hotspot in the treatment
of hepatic fibrosis due to their regenerative and tissue repair
potential.>® Evidence suggests that the therapeutic effects of
stem cell transplantation are primarily mediated by paracrine
mechanisms that facilitate liver regeneration.” However,
several critical limitations hinder the clinical translation of
this approach, including low engraftment efficiency within
hepatic tissue, the risk of embolism, and the necessity for
repeated injections. These issues not only elevate treatment
costs but also increase medical risks, significantly limiting its
widespread clinical applicability. "

To overcome these limitations, HGF and FGF-4 have drawn
increasing attention as alternative therapeutic agents for
hepatic fibrosis. These growth factors replicate the reparative
functions of stem cell-derived paracrine factors while avoiding
the risks associated with cell transplantation. HGF, by activat-
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ing the Met signaling pathway, effectively suppresses hepatic
stellate cell activation and promotes hepatocyte proliferation,*
at the same time, FGF-4 modulates extracellular matrix metab-
olism through the FGFR2 pathway. Both factors have been
shown to significantly reduce collagen deposition in experi-
mental fibrosis models.’? Furthermore, the direct delivery of
growth factors via RSF scaffolds eliminates the need for cell
transplantation, thereby avoiding associated challenges such
as poor engraftment efficiency and potential immune rejec-
tion. This scaffold-based approach offers a novel and promis-
ing therapeutic strategy for the treatment of hepatic fibrosis.

However, a major challenge in combining HGF and FGF-4
with scaffolds lies in balancing extracellular matrix (ECM) bio-
mimicry with controlled release of bioactive factors. Although
existing hydrogels and nanofibrous scaffolds have demon-
strated certain therapeutic benefits in liver injury models, they
are often limited by mismatched degradation-release kinetics
and insufficient ECM mimicry."**® Electrospun RSF nanofiber
scaffolds exhibit distinct advantages due to their biomimetic
structure (fiber diameter 500-2000 nm), high surface area
(promoting cell adhesion and recruitment), and potential for
sustained release of therapeutic agents and growth factors.
Previous studies have shown that in a murine acute liver injury
model, the RSF/HGF/FGF-4 group exhibited significantly lower
SAF scores than the RSF-only group two days post-implan-
tation.'® Moreover, RSF combined with ADSCs has been shown
to reverse chronic hepatic fibrosis, with liver function nearly
restored by day 60.'7'® Nonetheless, the therapeutic effects
and underlying mechanisms of HGF- and FGF-4-loaded RSF
scaffolds in chronic hepatic fibrosis remain unclear.
Specifically, it is yet to be studied whether these scaffolds exert
their antifibrotic effects through inhibition of hepatic stellate
cell activation via modulation of the TGF-p/Smad signaling
pathway, upregulation of matrix metalloproteinases (MMPs) to
degrade ECM components, or promotion of liver tissue remo-
deling through angiogenic factor regulation.

To address these questions, this study utilized electro-
spinning to fabricate RSF scaffolds loaded with HGF and
FGF-4. Preliminary results indicated that this functional RSF
scaffold was capable of releasing approximately 3.6% of HGF
and 2.7% of FGF-4 per day in vitro over a 16-day period, with
sustained release thereafter.'"® Following implantation in a
chronic hepatic fibrosis mouse model, systematic evaluation
revealed that the RSF/HGF/FGF-4 scaffold significantly
improved liver function, as indicated by serum biochemical
analysis, and effectively reversed fibrotic architecture, as evi-
denced by histological assessment (H&E and Masson’s tri-
chrome staining). Furthermore, immunohistochemical stain-
ing showed that the scaffold uniquely promoted the con-
current formation of functional nascent vasculature (CD34+/
ERG+) and biliary structures (MUC-1+/CK19+) at the implan-
tation site. Mechanistically, transcriptomic sequencing and
quantitative PCR analysis revealed that these therapeutic
effects stem from a dual regulatory mechanism mediated by
sustained growth factor release—simultaneously upregulating
regenerative pathways such as bile secretion while downregu-
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lating key inflammatory and fibrotic signaling pathways
including NF-kB. In summary, this work not only validates the
therapeutic potential of the RSF/HGF/FGF-4 scaffold in
chronic liver fibrosis but also systematically elucidates its
capacity to orchestrate multidimensional tissue repair through
the temporal regulation of the hepatic microenvironment

(Fig. 1).

2. Materials and methods

2.1. Establishment of the hepatic fibrosis model

The 6 to 8-week-old male BALB/c mice (SPF biotechnology,
China) were used to conduct animal experiments. Mice were
purchased from the Experimental Animal Center of the
Academy of Military Medical Sciences (Beijing, China). All pro-
cedures were approved by the Animal Ethics Committee of the
Chinese PLA General Hospital and conducted in strict accord-
ance with the institutional guidelines for the care and use of
laboratory animals. To induce chronic hepatic fibrosis, mice
received intraperitoneal injections of 40% CCl, diluted in olive
oil at a dose of 2 mL kg™, three times per week for 6-8
weeks."”

2.2. Preparation of RSF and RSF/HGF/FGF-4 scaffolds

RSF aqueous solutions at concentrations of 20 wt% and
33 wt% were prepared following previously reported proto-
cols.” To prevent gelation of the high-concentration RSF solu-
tions under neutral pH, all preparation and handling steps
were performed at 4-8 °C. Specifically, when the concentration
exceeded 15 wt%, the solution was promptly transferred to a
shaker (HS 260 basic, IKA, Germany) and concentrated gently
and uniformly at 120 rpm under cold airflow (4-8 °C) to mini-
mize the risk of premature gelation. For electrospinning,
aluminum foil was used as the fiber collector, placed 20 cm
from a nozzle with an inner diameter of 0.6 mm. The electro-
spinning parameters were set to a flow rate of 1.1 mL h™" and
a voltage of 20 kV. RSF scaffolds were obtained after 3 hours of
spinning.

Sterile lyophilized HGF and FGF-4 were purchased from
Shanghai XinYu Biotechnology Co., Ltd (China). The growth
factors were first reconstituted in phosphate-buffered saline
(PBS, Gibco, USA) to a concentration of 1 mg mL™", then
diluted in 0.1 wt% bovine serum albumin (BSA, Sigma-Aldrich,
USA) solution to a final concentration of 0.625 mg mL™". A
total of 520 pL of HGF solution and 440 pL of FGF-4 solution
were mixed with 18 mL of 20 wt% RSF solution. After concen-
tration, a 33 wt% RSF/HGF/FGF-4 spinning solution was
obtained. Electrospinning of the RSF/HGF/FGF-4 scaffolds fol-
lowed the same parameters as for the RSF-only scaffolds. Final
post-treatment was carried out under mild conditions (37 °C,
90% relative humidity) to improve the water-insolubility of the
RSF fibers.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Schematic diagram of the research. This schematic workflow showed the preparation process of RSF nanofiber scaffolds with sustained dual
release of growth factors by electro-spinning, and investigation of the effects of the scaffolds in treating liver fibrosis of mice.

2.3. Transplantation and samples collection

Surgical procedures were performed as previously described.?
Briefly, fibrotic mice were anesthetized via intraperitoneal
injection of pentobarbital. The left lateral hepatic lobe was
exposed, and the scaffold material was sutured and fixed onto
the liver surface. The abdominal incision was then closed in
layers according to standard surgical techniques. Serum and
liver tissue samples were collected on day 7, 14, and 30 after
transplantation, with n = 3 mice per group per time point.

2.4. Serological analysis of mice

To monitor dynamic changes in liver function, a fully auto-
mated biochemical analyzer (Mindray BS-240 Vet, China) was
used to assess serum biomarkers, including alanine amino-
transferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), albumin (ALB), total bilirubin (TBIL), tri-
glycerides (TG), and total cholesterol (TC). Serum levels of the
inflammatory marker C-reactive protein (CRP) were also
measured using the same analyzer.

2.5. H&E staining and Masson’s trichrome staining

To assess pathological changes in the liver during the experi-
ment, H&E staining was performed to evaluate hepatic steato-
sis, hepatocellular necrosis, inflammatory cell infiltration, and
fibrosis. In parallel, Masson’s trichrome staining was used to
assess the degree of liver fibrosis. Histological injury was eval-
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uated using the SAF scoring system (steatosis, activity, fibrosis)
by experienced pathologists from our hospital. Detailed
scoring criteria are provided in Table S1 in the appendix.>*

2.6. Immunohistochemical staining

Frozen liver tissue samples were rehydrated and fixed in 4%
paraformaldehyde. After quenching endogenous peroxidase
activity, tissues were blocked with PBS containing 5% goat
serum and 2% BSA. Primary antibodies were applied and incu-
bated overnight at 4 °C: anti-CD34 (Abcam, UK) and anti-ERG
(Abcam, UK) for vascular marker detection, and anti-MUC
(Abcam, UK) and anti-cytokeratin 19 (CK19; Abcam, UK) for
bile duct identification. The following day, sections were incu-
bated with secondary antibodies at room temperature for
1 hour, developed using 3,3'-diaminobenzidine (DAB), and
counterstained with hematoxylin. Slides were sealed with
neutral resin after dehydration in xylene and photographed
using a microscope (Nikon, Japan). Each group included n = 3
samples.

2.7. Reverse transcription polymerase chain reaction
(RT-PCR)

On day 7, RNA was extracted from liver tissue using TRIzol
reagent (Invitrogen Life Technologies), and reverse transcrip-
tion was performed to synthesize ¢cDNA under the following
conditions: 50 °C for 15 min and 85 °C for 5 s. The resulting
c¢DNA was stored at 4 °C for subsequent quantitative PCR ana-
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lysis. PCR conditions were as follows: initial denaturation at
95 °C for 30 s, denaturation at 95 °C for 10 s, and extension at
60 °C for 30 s, for a total of 40 cycles. Reactions were per-
formed in triplicate, and relative expression levels were calcu-
lated using the 2—AACt method with actin as the internal
control. Gene expression levels of TRAF2, Bax, FXR, and OAT
in liver tissue were quantified. Primer sequences are listed in
Table S2.

2.8. mRNA transcriptome sequencing analysis

Liver tissues were collected on day 7 post-scaffold transplan-
tation, immediately frozen, and stored at —80 °C. Total RNA
was extracted using TRIzol reagent or commercial RNA extrac-
tion kits, and RNA concentration, purity, and integrity were
assessed using a NanoDrop spectrophotometer and
Bioanalyzer. mRNA was enriched using poly(A) selection or
ribosomal RNA depletion and then reverse-transcribed to
cDNA. Library construction included ¢cDNA fragmentation, end
repair, A-tailing, adaptor ligation, PCR amplification, and puri-
fication. High-throughput sequencing was performed on an
Ilumina NovaSeq 6000 or HiSeq 4000 platform with appropri-
ate read length and depth. Raw data quality was assessed
using FastQC, and reads were trimmed using Trimmomatic or
Cutadapt. Clean reads were aligned to the reference genome
using HISAT2 or STAR, gene expression was quantified with
HTSeq or featureCounts, and differential expression analysis
was conducted using DESeq2 or edgeR. Differentially
expressed genes were further subjected to Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis.

2.9. Statistical analysis

Data comparisons between groups were conducted using
Student’s t-test, following a normality test check. Statistical
analyses were performed using GraphPad Prism 9 software
(GraphPad Software Inc., San Diego, USA). Data are presented
as mean * standard deviation (SD), and p < 0.05 was con-
sidered statistically significant.

3. Result

3.1. Establishment of chronic liver fibrosis mice model

To validate the hepatic fibrosis model, a systematic pathologi-
cal assessment was performed on day 56 post-induction. Gross
examination revealed that normal livers displayed a uniform
dark reddish-brown color, soft texture, and smooth surface. In
contrast, livers from fibrotic mice appeared yellowish-brown
with hardened texture, rough surface, and granular nodules
(Fig. 2a). H&E staining showed that hepatic lobular architec-
ture in fibrotic mice was deformed or even obliterated,
accompanied by inflammatory cell infiltration and intracellu-
lar lipid droplet accumulation (Fig. 2b). Masson’s trichrome
staining revealed disorganized lobular structures and pro-
nounced proliferation of blue-green fibrous tissue, forming
thick fibrous bundles or reticular networks (Fig. 2c). SAF
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scoring indicated a total score of 10 in the model group
(Fig. 2d), signifying significant fibrotic lesions consistent with
diagnostic criteria for hepatic fibrosis. These pathological find-
ings confirmed the successful establishment of a chronic
hepatic fibrosis mouse model for this study.

3.2. Biocompatibility of RSF/HGF/FGF-4 scaffolds in the liver
fibrosis animal model

To assess the biocompatibility of the scaffolds, RSF/HGF/FGF-4
scaffolds were implanted onto the liver surface of fibrotic mice
(Fig. 3a and b). Over the 30-day post-transplantation period,
the scaffold-liver interface exhibited progressive integration.
On day 7, the interface boundary was well defined, and tissue
adherence to the scaffold was limited. By day 30, the scaffold
was tightly integrated with liver tissue, with substantial neotis-
sue proliferation and seamless fusion (Fig. 3c).

H&E staining revealed a large number of inflammatory cells
surrounding the scaffold-liver interface on day 7. By day 30,
inflammatory cell infiltration had notably decreased, and the
interface appeared stabilized (Fig. 3d). These observations
indicate that the RSF/HGF/FGF-4 scaffold is well tolerated by
liver tissue and provides a reliable structural basis for thera-
peutic application. The dynamic integration process demon-
strates the scaffold’s favorable tissue compatibility in the fibro-
tic hepatic microenvironment.

3.3. Pathological study on the effects of RSF/HGF/FGF-4 in
reversing liver fibrosis of mice model

To investigate the potential of the RSF scaffold in reversing
hepatic fibrosis, Masson’s trichrome staining and reticulin
fiber analysis were performed on liver tissues collected at day
7, 14, and 30 post-transplantation (Fig. 4a and b). The extent
of hepatic fibrosis gradually improved in both the RSF and
RSF/HGF/FGF-4 groups over time. On day 7, lobular structures
in all groups remained indistinct, with extensive fibrous tissue
proliferation observed in the control and RSF groups. Blue-
green fibrous bundles were evident around the portal areas
and hepatic sinusoids, forming bundled or reticular struc-
tures. From day 14 to day 30, the RSF/HGF/FGF-4 group exhibi-
ted significantly reduced bundle thickness and density com-
pared to the control group, accompanied by decreased fibrotic
area and weakened staining intensity (P < 0.01 on day 14; P <
0.001 on day 30). By day 30, most fibrous bundles in the RSF
and RSF/HGF/FGF-4 groups had been replaced by regenerating
hepatic tissue, indicating marked fibrosis regression and
tissue repair. These findings suggest a time-dependent
reduction in fibrotic severity, decreased fibrous tissue distri-
bution, and progressive restoration of hepatic lobular architec-
ture following RSF/HGF/FGF-4 scaffold implantation.

3.4. Pathological study on the effects of RSF/HGF/FGF-4 on
hepatic steatosis and inflammation

To further assess hepatic steatosis, H&E staining (Fig. 5a) and
SAF scoring (Fig. 5b) were performed on liver tissues collected
on day 7, 14, and 30 post-transplantation. On day 7, the RSF/
HGF/FGF-4 group exhibited significantly less hepatocellular

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Hepatic features of chronic liver fibrosis (CLF) mice. (a) Gross morphology of normal liver and liver after 56 days of intraperitoneal CCly injec-
tion combined with high-fat diet. (b) H&E staining of normal liver and liver from CLF mice on day 56 (red arrows: lipid droplets; yellow arrows:
inflammatory cells). (c) Masson'’s trichrome staining of normal and fibrotic liver tissue on day 56 (red arrows: fibrous bundles). (d) SAF scoring, n = 3.

ballooning, steatosis, inflammation, and focal necrosis than
both the control and RSF-only groups. By day 14, macrovesicu-
lar steatosis was markedly reduced in the RSF/HGF/
FGF-4 group, while steatosis remained prominent in the
control group and was only moderately alleviated in the RSF
group. By day 30, hepatocytes in the RSF/HGF/FGF-4 group
appeared normal in size, with no evident inflammation or
steatosis, whereas the control group still showed signs of
inflammation, mild steatosis, and necrosis. SAF scores were
significantly lower in the RSF/HGF/FGF-4 group than in the
control group from day 7 onward (P < 0.01), reaching the
lowest levels by day 30 (P < 0.01). Additionally, the RSF/HGF/
FGF-4 group had significantly better scores than the RSF group
on both day 7 and day 14 (*P* < 0.05). These results indicate
that the combined application of RSF with HGF and
FGF-4 markedly attenuates hepatic inflammation and steato-
sis, promoting tissue regeneration and demonstrating excel-
lent biocompatibility and therapeutic efficacy.

3.5. Dynamic changes of biomarkers of liver function and
the inflammatory after scaffold transplantation

To evaluate liver function over time, serum biochemical ana-
lyses were performed on days 7, 14, 30, and 60 post-implan-

This journal is © The Royal Society of Chemistry 2026

tation. Results showed a progressive improvement in liver
function markers (ALB, ALT, AST, ALP, TBIL, TC, TG) from the
control group to the RSF/HGF/FGF-4 group, with the RSF/HGF/
FGF-4 group showing the most significant improvement (P <
0.01 for ALB, ALT, AST, TBIL; P < 0.001 for ALP, TC, TG)
(Fig. 6). The inflammatory marker CRP decreased steadily
within 7 days post-implantation and reached its lowest level by
day 30. The RSF/HGF/FGF-4 group exhibited a significantly
greater reduction in CRP levels than the other groups (P <
0.001).

3.6. Observation of vascular and biliary system in RSF
scaffold after transplantation by immunohistochemical
staining

To examine neovascularization and biliary duct formation in
liver tissue, immunohistochemistry was performed on day 14
post-transplantation. The expression of vascular markers
(CD34 and ERG) and biliary duct markers (MUC-1 and CK19)
confirmed the formation of new blood vessels and bile ducts
were only observed in the RSF/HGF/FGF-4 group (Fig. 7). In the
CD34 and ERG stained sections, red arrows indicate neoves-
sels; in the MUC-1 and CK19 images, red arrows highlight
newly formed bile ducts. In contrast, such organized, positive-
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Fig. 3 The RSF scaffold exhibits favorable biocompatibility. (a) Gross morphology of mouse liver prior to surgery. (b) Intraoperative image showing
RSF/HGF/FGF-4 scaffold adhered to the liver surface. (c) Gross appearance of liver-scaffold integration on postoperative days 7, 14, and 30. (d) H&E
staining at the liver—scaffold interface on days 7, 14, and 30 (yellow arrows: inflammatory cells; white dashed line: interface of liver tissue and

scaffold).

staining structures were not detected in the corresponding
areas of the Control or RSF groups. These findings demon-
strate that the RSF/HGF/FGF-4 scaffold promotes the formation
of vascular- and biliary-like structures.

3.7. RNA transcriptome analysis of genes expressions
involved in RSF scaffolds in reversing liver fibrosis

To explore the underlying mechanisms, transcriptome sequen-
cing was conducted to assess differentially expressed genes.
Compared with the control group, the RSF group exhibited
1916 differentially expressed genes, while the RSF/HGF/
FGF-4 group had 1496 (Fig. 8a). Hierarchical clustering ana-
lysis revealed distinct gene expression profiles in the RSF/HGF/
FGF-4 group compared with both the RSF and control groups
(Fig. 8b).

KEGG pathway enrichment analysis (Fig. 8c) showed that
the RSF/HGF/FGF-4 group significantly upregulated pathways
related to cell proliferation, energy metabolism, bile secretion,

Biomater. Sci.

immune response, and cell migration—especially pathways
involved in cholangiogenesis, bile acid transport, and lipid
metabolism. In contrast, the RSF/HGF/FGF-4 group showed
marked downregulation of pathways associated with immune
responses, inflammation, cell adhesion, and fatty acid metab-
olism. For example, the NF-«B signaling pathway, known to
play a central role in hepatic inflammation and fibrosis, was
significantly suppressed. These results suggest that the RSF/
HGF/FGF-4 scaffold may alleviate liver inflammation and fibro-
sis by modulating these molecular pathways, thereby promot-
ing hepatic repair and regeneration.

3.8. Differential expressed genes in pathway of bile secretion
signaling and NF-kB signaling were investigated by qPCR

To validate transcriptomic findings, RT-PCR was performed on
selected differentially expressed genes. Compared with the RSF
group, the RSF/HGF/FGF-4 group showed significantly elevated
expression of FXR and OAT, key genes in the bile secretion

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Masson'’s trichrome staining and quantification of collagen area in transplanted livers. (a) Representative Masson'’s trichrome staining in each
group on days 7, 14, and 30 post-transplantation. (b) Quantification of collagen area based on trichrome staining. All data is presented as mean + SD
(n = 3). Statistical analysis: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: not significant.

pathway (P < 0.001 and P < 0.0001, respectively). These genes ing TRAF2 and Bax, were significantly downregulated in the
are involved in bile acid synthesis and cellular transport. RSF/HGF/FGF-4 group (P < 0.01 and P < 0.0001, respectively),
Conversely, genes in the NF-xB inflammatory pathway, includ- both of which are associated with immune activation and
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Fig. 5 H&E staining analysis of transplanted liver tissue. (a) Representative H&E staining of liver sections from each group on days 7, 14, and 30
post-transplantation (blue arrows: hepatocyte steatosis; green arrows: macrovesicular steatosis; red arrows: inflammatory cells; black arrows: bal-
looning degeneration). (b) SAF scoring table. All data is presented as mean + SD (n = 3). Statistical analysis: *P < 0.05, **P < 0.01, ***P < 0.001, ****p

< 0.0001, ns: not statistically significant.
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Immunohistochemical staining result. Immunohistochemical staining of vascular markers CD34 and ERG (red arrows: blood vessels), and

biliary duct markers MUC-1 and CK19 (yellow arrows: bile ducts) in each group.

apoptosis. These findings provide further mechanistic evi-
dence for the antifibrotic effects of RSF/HGF/FGF-4
scaffolds (Fig. 9).

4. Discussion

The RSF/HGF/FGF-4 scaffold developed in this study demon-
strated a marked antifibrotic effect in a liver fibrosis model
through the sustained release of dual growth factors, and suc-
cessfully induced the formation of neo-bile ducts.
Transcriptomic analysis revealed a dual mechanism of action:
activation of the bile secretion pathway promoted biliary mor-
phogenesis, while inhibition of the NF-kB signaling cascade
and mitochondria-dependent apoptosis exerted antifibrotic
effects. This cell-free therapeutic strategy enables functional
liver regeneration without the need for exogenous cell implan-

Biomater. Sci.

tation, thereby overcoming key limitations of conventional cell-
based therapies, such as low engraftment efficiency and high
cell mortality in clinical applications.>**?

Mechanistically, the synergistic action of HGF and FGF-4
forms a triple regulatory network encompassing antifibrosis,
differentiation, and matrix remodeling. HGF activates the
c-Met signaling cascade, triggering the PI3K/Akt and MAPK/
ERK pathways to promote hepatic stem cell proliferation and
enhance cell survival."** Concurrently, FGF-4 acts via the
FGFR4-Ca**~-CaMKKB-AMPK axis to suppress TGF-p1/Smad3-
mediated hepatic stellate cell activation and reduce Caspase-6-
induced hepatocyte apoptosis.”” In addition, both factors col-
laboratively block the TGF-f1/Smad3 fibrotic pathway via Akt,
and jointly enhance MMP-9 activity to remodel collagen
deposition,**?® thus achieving multidimensional intervention
in the fibrotic hepatic microenvironment. It is worth noting
that most existing studies are limited to in vitro experiments or
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Fig. 8 RNA sequencing after scaffold transplantation. (a) Venn diagram showing differentially expressed genes (DEGs) among the groups. (b)
Hierarchical clustering of DEG expression levels displayed as heatmaps. (c) KEGG pathway analysis of significantly upregulated and downregulated
pathways. Red boxes indicate pathways related to immune-inflammatory regulation and metabolic modulation during liver regeneration.

in vivo models lacking integration with biomaterials. The short study, leveraging the controlled-release properties of the silk
half-lives of free cytokines hinder their capacity to sustain liver fibroin scaffold, was shown in vitro to release 3.6% HGF and
repair in vivo. The RSF/HGF/FGF-4 system developed in this 2.7% FGF-4 per day over a period of 16 days.'® This sustained
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm01314c

Open Access Article. Published on 16 January 2026. Downloaded on 2/25/2026 1:54:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
TRAF2 Bax
1.5 2.5+ % %k k%
*% —
] T 2.0
I’ -
= 1.04 =
< < 1.5
Z Z
£ o5 £
= = 0.5-
& ]
0- 0-
< S >
S 0@" & (‘OQ
<& £
©) ,z,(’
& &
& <&

View Article Online

Biomaterials Science

FXR
1.5- 151 OAT
5 * %k %k _ * %k ok
> 2
s 3
1.0 = 1.0
p <
I~ Z
. &
'E 0.5 E 0.54
< -
S =
™ &
0- o
$ $
& & & &
& N
& &
& &

Fig. 9 RT-PCR analysis of relative RNA expression levels of TRAF2, Bax, FXR, and OAT in RSF and RSF/HGF/FGF-4 groups. Compared with the RSF
group, TRAF2 and Bax were significantly downregulated, while FXR and OAT were significantly upregulated in the RSF/HGF/FGF-4 group. All data is
shown as mean + SD (n = 3). Statistical analysis: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: not significant. These findings demonstrate

significant differences between the RSF and RSF/HGF/FGF-4 groups.

release profile is markedly superior to the burst release (>65%
within 3 days) observed in PLGA microspheres and the
mechanical instability of alginate hydrogels,”*° laying a solid
foundation for long-acting growth factor therapy in vivo.

In addition to its molecular synergism, the material pro-
perties of the silk fibroin scaffold provide essential support for
its therapeutic efficacy. Its controlled release kinetics prevent
the bioavailability decline associated with rapid degradation in
traditional carriers, while optimized pore size design inhibits
nonspecific proliferation of fibroblasts, thereby reducing pro-
fibrotic risk. Compared with 3D-printed scaffolds or decellular-
ized liver matrices, which can mimic hepatic structure but fail
to maintain long-term function,®*> the RSF/HGF/FGF-4
system integrates dynamic growth factor delivery with material
stability to promote simultaneous neogenesis of bile ducts and
blood vessels within a fibrotic hepatic
Immunohistochemical results demonstrated that this system
successfully induces functional neo-biliary and neo-vascular
structures in vivo, whereas conventional VEGF-based therapies
are hindered by the short half-life of VEGF, leading to dysfunc-
tional neovasculature,®® and most studies on biliary morpho-
genesis remain confined to in vitro settings.***® These find-
ings highlight the translational potential and breakthrough
advances achieved by the RSF/HGF/FGF-4 system in in vivo
tissue reconstruction.

To further validate the transcriptomic findings, RT-PCR was
selectively performed on key differentially expressed genes.
The results confirmed that the scaffold exerts a dual regulatory
effect by coordinately modulating the FXR-OAT and NF-
KkB-TRAF2/Bax signaling axes: upregulating FXR and OAT to
enhance bile acid metabolism and biliary differentiation,
while downregulating TRAF2 and Bax to suppress inflamma-
tory cascades and reduce mitochondria-dependent apoptosis.
HGF and FGF-4 activated MAPK/ERK and PI3K/Akt signaling
cascades contribute to this coordinated regulation: on the one
hand, FXR phosphorylation promotes OAT expression and acti-
vates the FXR-OSTo/f axis, thereby modulating biliary cell
polarity and proliferation; on the other hand, inhibition of

environment.

Biomater. Sci.

TRAF2 activity and Bax mitochondrial translocation integrates
anti-inflammatory and antifibrotic effects.

Although this study has demonstrated the therapeutic poten-
tial of the system, several scientific questions remain to be
addressed. The precise mechanisms underlying the formation
of neo-bile ducts and vasculature have yet to be fully elucidated,
and the long-term functionality of these newly formed struc-
tures under physiological conditions requires further investi-
gation. Future studies may employ single-cell sequencing to
resolve lineage dynamics and incorporate long-term follow-up to
evaluate the structural stability and integration of regenerated
tissues. In summary, this cell-free therapeutic strategy based on
the RSF scaffold combined with growth factors offers an innova-
tive and translationally promising paradigm for liver regener-
ation and the treatment of chronic hepatic injury.

5. Conclusion

In this study, an RSF scaffold loaded with HGF, FGF-4 was
implanted into a chronic liver fibrosis mouse model, resulting
in marked improvements in liver function, attenuation of fibro-
sis, and the formation of neo-bile ducts and vasculature at the
implantation site. Transcriptomic analysis further revealed that
the scaffold promotes bile acid synthesis by upregulating the
bile secretion signaling pathway, while inhibiting hepatic steato-
sis through downregulation of the NF-«B signaling pathway.
Taken together, these findings demonstrate that the RSF/HGF/
FGF-4 scaffold holds great promise as an ideal biomaterial for
the treatment of liver fibrosis. This strategy provides an innova-
tive and effective approach for hepatic disease therapy and lays
a solid foundation for future advances in this field.
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