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KEY WORDS Abstract  An ideal dermal filler should integrate filling, repair, and anti-aging effects, with immediate
tissue augmentation, slow degradation, and progressive stimulation of collagen regeneration. However,
commonly used hyaluronic acid (HA) hydrogels, while effective for rapid filling, suffer from limited
duration of support, weak cell adhesion, and an inability to promote collagen regeneration. Silk fibroin
(SF), a natural protein from silkworm cocoons, is known for its excellent cell adhesion and collagen-
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ggﬁg;i?’regeneraﬁom stimulating abilities. However, its limited gelation capability restricts its potential application as a stan-
Anti-aging; dalone injectable hydrogel. Based on a complementary strategy, this study combines the rapid gelling
Type III collagen; properties of HA with the collagen regenerative properties of SF to create a co-crosslinked HA-SF hydro-
Extracellular matrix gel. The composite hydrogel merges HA’s rapid filling effect with SF’s strong tissue adhesion and

remodeling collagen-stimulating abilities. The formulation, physicochemical properties, degradation, biocompati-

bility, and filling effects of the HA-SF hydrogel were systematically investigated. HA-SF hydrogel
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exhibits excellent mechanical properties and ensures long-term support while maintaining injectability.
Interestingly, after intradermal injection in the UVB-induced photoaging model, HA-SF hydrogel not
only enhances hydrogel—cell interaction but also continues to stimulate collagen regeneration, especially
type III collagen. This dual action achieves the biological effects of repair and anti-aging while maintain-
ing the filling effect. Proteomic analysis confirms that repair and anti-aging effects are enhanced by the
regulation of skin fibroblasts and modulation of amino acid and lipid metabolism. This composite hydro-
gel holds strong promise for clinical applications, offering a safer, long-lasting, and more natural inject-
able filler that combines filling, repair, and anti-aging into one system.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Skin aging, whether attributable to intrinsic chronological factors
or extrinsic photoaging, is primarily characterized by dryness, an
increase in wrinkles, and a reduction in facial soft tissue volume.
Soft tissues serve as essential components of the skin, primarily
consisting of collagen and elastin within the dermis, as well as
muscle and water'. With the progression of aging, collagen
depletion results in a diminished structural framework, which
manifests as epidermal wrinkles and facial depressions. Thus, loss
of collagen is considered a significant intrinsic factor contributing
to skin aging. Injectable dermal fillers have emerged as popular
non-surgical interventions for volume restoration, contour
enhancement, and aesthetic correction®.

Current dermal fillers include those based on natural polymers,
such as hyaluronic acid (HA) and collagen, as well as synthetic
polymers, such as polycaprolactone (PCL) and poly-L-lactic acid
(PLLA) microsphere fillers. HA, a natural polysaccharide, is
abundant in the extracellular matrix (ECM) of skin, vitreous body,
and joints3’4. Advances in microbial fermentation, molecular
weight (MW) control, and crosslinking have led to diverse HA
hydrogel products. HA fillers are available in different MW ranges:
low MW (for hydration and wrinkle reduction), medium MW (for
soft tissue repair), and high MW (for structural contouring), making
them widely useful in facial contouring and soft tissue repair’.
While HA is valued for its biocompatibility and contouring effects,
it has key limitations: short dermal longevity, minimal cell adhe-
sion, and lack of collagen-regenerative capacity®®. HA fillers
mainly provide temporary structural support and hydration, often
requiring reinjection without promoting collagen synthesis, thus
limiting their use in advanced anti-aging therapies’.

To address these limitations, synthetic fillers like poly-
methylmethacrylate (PMMA), PCL, and PLLA microspheres have
been developed, providing prolonged maintenance (2—10 years)
and ongoing collagen stimulation'®'?. However, these lack
inherent biological functions, relying on external stimulation
rather than true dermal regeneration. Additionally, PLLA degra-
dation can lower pH and cause irritation'®. Hydroxyapatite mi-
crospheres, valued for osteogenic properties, have been used
mainly in bone treatments and were only recently FDA-approved
as facial fillers, with limited research on their collagen effects'>'*.
Fat-derived stem cell fillers, while generally safe, pose challenges
including complex preparation, allergy risks, and potential for
vascular occlusion'>'. Thus, finding natural polymers that sup-
port controllable collagen regeneration and adaptable half-life
remains difficult.

Silk fibroin (SF) is a promising natural polymer, derived from
the inner proteins of silkworm cocoons after degumming. SF
consists of 18 amino acids, forming heavy, light, and P25 chains.
Due to its excellent biocompatibility and biodegradability, SF has
expanded from traditional textiles to applications in biomimetic
materials'”’, nanomaterialslg, and optoelectronic materials'®.
Regenerated SF solutions can be processed into various SF-based
materials suitable for tissue engineering scaffolds®®, controlled-
release nanoparticles for drug delivery systems®', and micro-
needles for wound dressings>>.

In aesthetic fillers, SF offers several advantages, including
safety from its protein composition, durable mechanical support
due to its (-sheet structure>>, strong cell adhesion24, and immu-
nomodulatory functions?>. Despite its mechanical properties and
bioactivity, the intrinsic gelation of SF is poor, which hinders its
standalone application as a facial filler®®. To address this, SF can
be chemically modified to include cross-linkable groups or com-
bined with appropriate crosslinking agents or auxiliary polymers.
Rather than modifying SF chemically, it is advantageous to
combine it with complementary materials to overcome its limi-
tations. As mentioned above, HA is known for its excellent
gelation properties and clinical use but lacks regenerative and
adhesive capabilities, whereas SF offers strong bioactivity but has
limited gelation capacity. Therefore, based on the advantageous
complementary strategy, the combination of SF and HA highlights
their synergistic advantages and overcomes individual limitations,
yielding hydrogels with superior bioactivity and gelation capacity
suitable for dermal fillers. This composite HA-SF hydrogel (HA-
SF gel) not only meets conventional filler requirements but also
promotes collagen regeneration and enhances the dermal condi-
tion through both physical and biological modulations. Integration
of “filling, repairing, anti-aging” into one: the first rapid filling,
and then stimulate collagen regeneration, to achieve “safer, more
natural, more long-lasting” effects. To our knowledge, there has
been no research focusing on HA-SF dermal fillers.

In this study, HA-SF gel was developed as an injectable dermal
filler for soft tissue restoration using a low-high temperature
co-crosslinking method. The formulation was systematically
analyzed for mechanical and physicochemical properties,
including particle size, pore size, porosity, and mechanical sta-
bility. The supporting effects of composite hydrogel in vitro and
in vivo and the biocompatibility with blood, cells, tissues, and
organoids were systematically evaluated. Biological effect studies
demonstrate that HA-SF gel promotes regeneration of type III
collagen, the non-renewable “gold collagen” that increases
skin elasticity and smoothness, effectively countering aging. This
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anti-aging effect cannot be achieved by single HA or SF hydro-
gels. This study skillfully exploits material properties to design
fillers that specifically address clinical problems, integrating
physical repair with endogenous regeneration to achieve anti-
aging through symptomatic relief and root cause targeting. At
the same time, this ingenious preparation method supports further
scale-up production, positioning HA-SF gel as a promising filler
with significant clinical translation potential.

2. Methods and materials

2.1. Materials

HA (average Mn = 800—1500 kDa) was purchased from Macklin
(Shanghai, China). SF (average Mn = 50—100 kDa) was gener-
ously provided by Huasi Biotechnology Co., Ltd. (Shenzhen,
China). 1,4-Butanediol diglycidyl ether (BDDE) was purchased
from Sigma—Aldrich. (St. Louis, USA). Fluorescein isothiocya-
nate (FITC) and IR-820 dyes were purchased from Macklin
(Shanghai, China). Fetal bovine serum (FBS, No. FBS01) was
purchased from Sino Biological (Beijing, China).

2.2.  Cells and animals

L929 and RAW264.7 cells were obtained from the Cell Resource
Center of the Peking Union Medical College (Beijing, China).
Horse serum (HS), fetal bovine serum (FBS), Dulbecco’s modified
Eagle’s medium (DMEM), L-glutamine, penicillin, streptomycin,
and 0.25% trypsin were purchased from Thermo Fisher Scientific
(MA, USA). The L929 cells were cultured in DMEM supple-
mented with 10% HS, 1% L-glutamine, 100 U/mL penicillin, and
100 pg/mL streptomycin. The RAW?264.7 cells were cultured in
DMEM supplemented with 10% FBS, 1% L-glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin. All cells were maintained
at 37 °C in a humidified chamber with 5% CO,. Female ICR mice
(6—8 weeks old) were purchased from HFK Bioscience Co., Ltd.
(Beijing, China). All animal experiments were conducted in
compliance with protocols approved by the Institutional Animal
Care and Use Committee of the Chinese Academy of Medical
Sciences & Peking Union Medical College.

2.3.  Preparation and formulation screening of HA-SF gel

An injectable hydrogel was prepared using a chemical cross-
linking method at two different temperatures. First, a NaOH so-
lution containing 1% BDDE was prepared for the HA-SF gel.
Next, 10% HA and 2% SF powders were thoroughly mixed, and
the BDDE solution was added to this mixture. The mixture was
initially crosslinked at 4 °C for 48 h and then further crosslinked at
37 °C for 3 h. The hydrogel was purified using PBS. The hydrogel
was sieved through an 80-mesh screen to obtain granules. The
granules were combined with 5% non-crosslinked sodium HA
solution and PBS. The mixture was then sealed and stored at 4 °C,
forming injectable HA-SF co-crosslinked hydrogel particles (HA-
SF gel Particle).

The gelation performance and time were assessed as critical
parameters for hydrogel formulation. Single-factor investigations
explored the effects of various HA concentrations (2.5%, 5%, 7.5%,
10%, and 20%). Mechanical properties, specifically the storage
modulus (G’) and loss modulus (G”), were used as evaluative in-
dicators. Single-factor investigations were performed to examine

the effect of varying BDDE concentrations (1%, 2%, 3%, and 4%).
Appearance, storage modulus (G'), loss modulus (G”), and viscosity
were evaluated as key parameters. Single-factor investigations were
performed to assess the influence of varying SF concentrations (1%,
1.25%, 1.5%, 2%, 5%, and 10%). Mechanical properties were
determined using a Kinexus Lab + rotational rheometer (Netzsch,
Germany), with frequency sweep measurements at 1% stress and a
frequency range of 0.01—1 Hz. The G’ and G” values were recorded
at a frequency of 0.1 Hz.

2.4.  Characterization of HA-SF gel

The transparency and uniformity in the appearance of the HA-SF
gel were evaluated and compared with that of the HA gel to assess
the gelation performance. The mechanical properties were deter-
mined using the same methodology as that for the BDDE con-
centration screening. For Fourier transform infrared spectroscopy
(FTIR), approximately 2 mg of the freeze-dried hydrogel sample
was ground with potassium bromide, pressed at 20 MPa, and
analyzed using an iS10 FT-IR spectrometer (Thermo Fisher, USA)
over a wavenumber range of 400—4000/cm. Shear thinning
measurements were conducted using a Kinexus Lab + rotational
rheometer with a shear rate ranging from 0.1 to 100/S, a Ramp
time of 0:00—02:00, and a sample per decade of 10.

FITC-loaded gel: A 1% BDDE solution was prepared and mixed
with 0.05 mg/mL FITC (Macklin, China); subsequently, SF and HA
were dissolved using the same procedure. After sieving, the
hydrogel was dispersed by ultrasonication for fluorescence micro-
scopy. The gross morphology of the lyophilized hydrogels was
observed using scanning electron microscopy (SEM) (Thermo
Fisher, USA) at an accelerating voltage of 20 kV. Mercury poros-
imetry measurements were conducted using an AutoPore IV 9620
automated mercury porosimeter (Micromeritics, USA). The linear
viscoelastic region of the hydrogel was quantified using a Kinexus
Lab + rotational rheometer with an amplitude sweep low-viscosity
dynamic rheometry (LVDR) program. The measurement was per-
formed at shear stresses ranging from 0.1% to 100% and a frequency
of 1000 Hz, 25 °C. Continuous alternating strain measurements
were performed using a Kinexus Lab + rotational rheometer. The
program consisted of five cycles, each lasting for 5 min, with a stress
range of 1%—300%, 25 °C. G’ and G” were thus determined.

Push force measurement: The sample was filled into a 2.25 mL
syringe, a 30 G injection needle was installed, a small amount of
air at the front end of the syringe was discharged, and then
installed on the universal material testing machine (Jinan
Zhongzheng ZDW-T100, China), and the testing parameters of the
universal material testing machine were set. One hour in advance,
it was placed at RT for equilibrium and measurement, and the
pushing speed was set at 30 mm/min.

Mechanical strength assessment of hydrogels: The mechanical
strength of the hydrogel samples was evaluated using a Universal
TA texture analyzer (Shanghai Tengba Instrument Technology
Co., Ltd., China) through a compression test. A 10 mm cylindrical
probe was used, with a testing speed of 0.5 mm/s, a compression
distance of 8 mm, and a trigger force of 0.049 N. The
displacement-load stress curve was recorded for further analysis.

Particle size analysis of injected hydrogel: The prepared
hydrogel was injected through a 30 G syringe needle, and 10 mg
of the sample was dispersed in 15 mL of PBS. The particle size
distribution (Dn10, Dn50, and Dn90) before and after injection
was measured using a laser particle size analyzer (Malvern,
Switzerland).
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The unscreened dialyzed hydrogel (W) was immersed in PBS
at 25 °C, and its weight change was recorded periodically until a
steady state was reached (W¢). To determine the water-holding
capacity of the hydrogel, it was placed at water equilibrium
(W) in an oven at 37 °C for 12 h and the weight change (Wy)
was measured according to Egs. (1) and (2).

Swelling ratio (SD) = (Wc—W,) / Wy x 100% (1)
Water holding capacity (WHD) = (Wc—Wy) / We x 100%  (2)

Further, the hydrogel (W,) was immersed in PBS containing
200 U/mL HA to assess reversibility. The system was incubated at
37 °C for 10 h with periodic samples taken and weighed until the
hydrogel was completely degraded (W). As shown in Eq. (3):

Degradation rate = (W / W) x 100% 3)

2.5.  Stability and degradation of HA-SF gel

The in vitro degradation rate of the gels was determined using a
gravimetric method. Samples were incubated at 37 °C for 1, 3, 5,
10, and 15 days in PBS containing 76.1 + 51.8 ng/mL. HA en-
zymes (Sigma, USA), 26.84 £+ 10.1 ng/mL Cathepsin XIV
(Sigma, USA) (Human Protein Atlas, https://www.proteinatlas.
org). The initial mass (dissolved mass W;) and mass at pre-
determined time points (W,) were recorded according to Eq. (4).

Degradation rate = (W, / W;) x 100% “4)

The IR-820-stained gels were prepared using the same method
as that of the FITC-stained gels, with an IR-820 concentration of
0.1 mg/mL. Healthy 4—6 weeks-old ICR mice were ear-tagged
and injected subcutaneously with approximately 0.1 mL of HA-SF
hydrogel and 0.1 mL of IR-820 solution (SOL). In vivo fluores-
cence imaging was used to assess the initial fluorescence intensity
of the hydrogel 1 h after injection, followed by imaging at various
time points.

2.6.  Biocompatibility assessment of HA-SF gel

The hydrogel was prepared by mixing with 0.9% NaCl at a ratio of
0.05:10 (Mpydroger: Vo.0%Nac))- Physiological saline was used as the
negative control and deionized water was used as the positive
control for hemocompatibility assessment. Samples were incu-
bated at 37 °C for 30 min, and then 250 pL of diluted anticoag-
ulant blood was added. After mixing, the samples were incubated
for 1 h at 37 °C. The supernatant was collected after centrifugation
at 111.8x g for 5 min, and the optical density (OD) was measured
at A = 540 nm. As shown in Eq. (5):

Hemolysis rate = (ODsample_ODnegative control) / (ODpositive control
_ODnegative control) X 100% (5)

Cell compatibility was assessed using a CCK-8 assay. The
hydrogel was soaked in DMEM at 37 °C for at least 72 h to
prepare the hydrogel extract. The L929 cells were counted using a
Countstar automated cell counter (Countstar Mira FL, Shanghai,
China). The L929 cells were seeded at 5 x 10* cells/mL for 1 day,
2 x 10 cells/mL for 3 days, and 8 x 10° cells/mL for 7 days.

RAW264.7 cells were seeded at 8 x 10* cells/mL for 1 day,
4 x 10* cells/mL for 3 days, and 1 x 10* cells/mL for 7 days. The
cells were incubated with 200 pL of hydrogel extract at 37 °C in a
CO; incubator for 1, 3, and 7 days. Absorbance at 450 nm was
measured after the addition of the CCK-8 detection solution
(Solarbio, China). A sterile bottom-water hydrogel was prepared
and preincubated with 100 pL of culture medium for 4 h. After
removing the medium, the hydrogel was washed three times with
PBS. Cells were seeded as per the previous CCK-8 method, with
6000 L929 cells per well and 8000 RAW?264.7 cells per well.
After 2 days of co-culture, wells were selected for LIVE/DEAD
staining (Thermo Fisher, USA), and the samples were observed
by fluorescence microscopy (Biotek, USA).

The L.929 cells in the logarithmic growth phase were prepared
at a density of 2500 cells/mL for the skin organoids. The cell
suspension was added into ultra-low adhesion 96-well plates and
centrifuged at 1000x g for 10 min at 25 °C. The plates were then
incubated for 14 days. On Day 3, the medium was replaced with a
3% lyophilized hydrogel extract solution, ensuring no stirring of
the culture plates before medium replacement. Observations and
cross-sectional area measurements were performed on Days 3, 6,
9, and 14. After 14 days, the organoids were fixed and stained with
hematoxylin and eosin (H&E).

In vivo, animal studies were performed using healthy female
ICR mice. The mice were divided into four experimental groups:
CTRL, commercial HA hydrogel (HA Product), homemade HA
hydrogel (HA gel), and 2% SF HA-SF hydrogel (HA-SF gel). The
HA product name: BIOHYALUX (Modified sodium hyaluronate
gel for injection), 20 mg/1.0 mL. Batch number: 36926107.
Product code: 06948060430686. Manufacturer: Bloomage
Biotechnology Corporation Limited. Approximately 0.05 mL of
hydrogel per 10 g body weight was injected subcutaneously. The
mice were assigned to three time points: on Days 7, 14, and 21. At
each time point, the mice were euthanized and blood samples were
collected and centrifuged to separate the serum for future analysis.
Subcutaneous tissues were collected for subsequent analyses.

The levels of inflammatory factors IL-6 and TNF-« in serum
were measured using an enzyme-linked immunosorbent assay
(ELISA) kit (Elabscience, China). Serum samples were collected
from all groups on Days 7, 14, and 21. Pro-inflammatory cyto-
kines levels in mouse serum were evaluated using a flow cytom-
etry assay kit (BioLegend, USA), with serum samples collected on
Days 7, 14, and 21.

2.7.  Investigation of bioactivity of HA-SF gel

Cell Immunofluorescence: Sterile 48-well culture plates were
prepared with the hydrogel, and the 1929 cells were seeded at a
density of 3000 cells per well. After fixation with 4% para-
formaldehyde, permeabilization, and blocking with 1% BSA, the
cells were incubated with vinculin and fibronectin antibodies
(Abcam, USA) at 4 °C overnight. The cells were then washed and
incubated with secondary antibodies (diluted in 1% BSA) at
25 °C. After washing, the cells were stained with DAPI and
observed under an inverted fluorescence microscope.

Measurement of collagen I and III: Skin tissues were collected
from the CTRL, HA product, HA gel, and HA-SF gel groups. The
hydroxyproline content was determined using a hydroxyproline
assay kit (Nanjing Jiancheng, China). Collagen I and III levels
were quantified using ELISA kits (NOVUS, USA), according to
the manufacturer’s instructions.
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Table 1  UVB irradiation dose schedule. Table 2 Scoring scale for skin wrinkling and redness.
Time (Week) 1 2 3 4 5 6 Grade Characteristics
Irradiation intensity (mJ/cm?) 60 60 120 150 180 180 0 No sagging or wrinkles; normal skin texture visible
Irradiation time (min) 2 2 4 5 6 6 1 Fine wrinkles visible, mild skin flaking
2 Few shallow wrinkles visible, moderate skin flaking
3 Multiple shallow wrinkles visible, severe skin
flaking
The 1929 cells in the logarithmic growth phase were har- 4 Skin surface roughened and thickened, a few deep
vested, centrifuged, and resuspended. The cells were seeded at a wrinkles and mild sagging visible
density of 2500 cells/mL in 200 pL in ultra-low attachment 96- 5 Significant increase in deep wrinkles, skin damage

well plates (Sigma, USA) and centrifuged at 1000x g for 10 min at
25 °C. The plate was incubated for 7 days, with 100 pL of fresh
medium replaced on Day 3. Imaging was performed to observe
morphology and measure area. Organoid-like structures were
collected for H&E staining and immunofluorescence (IF) staining.

The skin tissues were soaked in polyformaldehyde at 25 °C for
24 h, dehydrated, and embedded in paraffin. Each tissue was then
sectioned into five slices, 3-um thick, for histological staining.
The staining techniques included H&E, Masson’s trichrome,
Sirius Red, and immunostaining with antibodies against collagen
type I (Col-I) (Novus, USA), type III (Col-III) (Abcam, USA),
vinculin (Abcam, USA), and fibronectin (Abcam, USA). The
tissues were scanned for observational purposes.

2.8.  UVB-induced skin photoaging model and treatment

Six-week-old female BALB/c nude mice were divided into six
groups. The mice’s dorsal skin was irradiated using a UVB pho-
totherapy device (UV9B3H, Beijing Saibaio Technology Co.,
Ltd.) at 312 nm. The exposure time per session ranged from 2 to
8 min over 6 weeks. The UV lamp was positioned 28 cm above
the dorsal skin. The irradiation intensity, measured in minimal
erythema dose (MED), was gradually increased from 1 MED
(60 mJ/cm®) to 3 MED (180 mJ/cm?), controlled by a UV-B
radiometer (UV-297 probe, Beijing Normal University Optoelec-
tronic Technology Co., Ltd.)*”*°. Mice were irradiated every
other day, with the dosing regimen detailed in Table 1.

After 3 weeks of UVB irradiation, visible signs of skin aging,
including increased wrinkling, confirmed the success of the pho-
toaging model. At the wrinkled dorsal areas, HA-SF gel or other
gels (7 mL/kg) were injected intradermally, followed by a 15-min
saline wet compress. Additionally, 0.1% all-trans retinoic acid was
topically applied once a week, while UVB irradiation continued
for an additional 4 weeks to deepen the aging model. Throughout
the study, skin hydration and ultrasound parameters were moni-
tored using a skin analysis device (DermalLab Combo 4, Cortex
Technology, Denmark). At the end of 6 weeks, tissues were
collected, fixed, and cryopreserved for further anFalysis. Skin
wrinkles and erythema were observed and recorded weekly from
the start of irradiation, with evaluations detailed in Table 2. Skin
Condition Assessment. The primer sequences for collagen-related
assays are provided in Supporting Information Table S1.

2.9. D DIA proteomics analysis

Injected skin tissues from mice were used for proteomic assays
commissioned by Novogene Co., Ltd. Shotgun proteomic analyses
for transition library construction were performed using an EASY-
nLCTM 1200 UHPLC system (Thermo Fisher, Germany) coupled
with a Q ExactiveTM HF-X mass spectrometer (Thermo Fisher,

with bleeding

Germany) in data-dependent acquisition (DDA) mode at Novo-
gene Co., Ltd. (Beijing, China).

The DIA data were imported into the Spectronaut software
(Biognosys) to generate a DDA library and extract ion-pair
chromatographic peaks. Ion matching and peak area calculations
were performed for qualitative and quantitative peptide analyses.
iRT was used for retention time correction, with a precursor ion
Q-value cutoff of 0.01. Statistical analysis was performed using
Student’s t-test for protein quantification. Proteins showing sig-
nificant differences between experimental and control groups
(P < 0.05, JlogoFC| > * (FC > * or FC < * [FC]) were defined as
differentially expressed proteins (DEP).

2.10.  Statistical analysis

Quantitative data were expressed as mean + standard error of
mean (SEM) for n > 3. Statistical analysis was performed by one-
way or two-way ANOVA followed by Tukey’s test using
GraphPad Prism 9.5.1 for Windows (GraphPad Software, San
Diego, CA, USA, www.graphpad.com). Statistical significance
was defined as *P < 0.05, with highly significant differences
denoted as **P < 0.01, ***P < 0.001, and ****P < 0.0001.

3. Result and discussion

3.1.  Preparation of HA-SF gel

The HA-SF co-crosslinked injectable hydrogel was prepared using
a potent chemical crosslinking method (Fig. 1A) employing
BDDE: a crosslinking agent widely used in commercial products.
The gel-forming properties of SF are suboptimal, and several
strategies can address this limitation. One approach is to modify
SF properties directly, either by introducing gel-promoting func-
tional groups or by genetically enhancing gel formation during SF
extraction. For example, SF was modified to create SilMA, which
can independently form a gel’®. However, this methacrylate-
modified SF yields a hydrogel with excessively high mechanical
strength, suitable for load-bearing joints but less appropriate for
facial applications. Another study’' enhanced SF gel properties
using high-reactivity L-DNA/Y-DNA in the extraction process,
enabling gelation with mild HRP reactions. While effective, this
method is complex and reliant on DNA, which is less practical for
large-scale production. An alternative approach is to incorporate a
complementary material to compensate for SF’s limitations, such
as sodium alginate or chitosan. Here, we selected HA, commonly
applied in dermatology, due to its intrinsic gel-forming properties
that balance SF’s deficiencies. This method avoids complicated
preparation processes by using a straightforward ring—opening
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Figure 1
HA-SF hydrogel (no sieving) with different HA concentrations (2.5, 5, 7.5,
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(D) physicochemical properties, including G’, G”, and viscosity of HA-SF gel with different SF concentrations (1, 1.25, 1.5, 2, 5, and 10% SF) and
10%HA. (n = 3 trials) (E) Physicochemical properties of HA-SF gel with varying BDDE concentrations (1, 2, 3, and 4% BDDE). (n = 3 trials)
(F) Injectability through shear rate variation and rheological analysis (1, 1.25, 1.5, 2, 5, 10% SF and 10% HA). (G) Morphology, (H) particle size
uniformity analysis, and (I) particle size of FITC-stained hydrogel particles of HA-SF gel (1, 2, 5% SF, and 10% HA) and HA gel (10% HA). All
data are representative of at least three independent experiments. Data are presented as mean += SEM.
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reaction with BDDE (epoxy propyl) to form ether bonds with
hydroxyl groups in SF or HA, tightly interlinking the two com-
ponents into a robust three-dimensional network (Supporting In-
formation Fig. S1). The resulting hydrogel meets the structural
and performance requirements for facial applications. The
formulation was simplified by minimizing the additional compo-
nents. Preliminary crosslinking was achieved at a low temperature
for 48 h. Subsequently, further crosslinking was performed at a
higher temperature to avoid direct exposure to high temperatures
(60 °C) that could introduce impurities resulting from BDDE
decomposition®34,

Dialysis was performed to remove the residual BDDE and
ensure the safety of the hydrogel. The hydrogel was then sealed to
injectable HA-SF co-crosslinked hydrogel particles (HA-SF gel
Particle). The particle size was reduced by physical sieving to
enhance injectability. A co-crosslinked HA-SF injectable hydrogel
was obtained by mixing the sieved hydrogel particles with a non-
crosslinked HA solution and PBS, resulting in a biphasic system
(HA-SF gel). The entire preparation process was straightforward
as well as highly feasible and conducive to scaling up production.

3.2.  Formulation screening of HA-SF gel

The hydrogel formulation comprised three main components: HA,
SF, and BDDE. Different HA concentrations resulted in different
gelation properties. Concentrations of 2.5% and 5% remained as
sols even with prolonged crosslinking, whereas 7.5% produced an
excessively soft hydrogel lacking filling support. Conversely, the
20% concentration exhibited strong mechanical properties, but
was too hard and lacked elasticity (Fig. 1B). Therefore, 10% HA
was selected as an optimal filling material.

The SF concentration was determined based on the hydrogel’s
appearance, mechanical properties, and viscoelasticity. Incorpo-
rating SF improved the appearance of the hydrogel, making it less
transparent than pure HA gels and with reduced surface defects
(Fig. 1C). Hydrogels with an SF concentration of 1.5%—2%
exhibited optimal mechanical properties. Higher SF concentra-
tions led to a decline in the mechanical properties (Fig. 1D). This
may be attributed to excessive long-chain SF molecules
competing with HA for crosslinking, which reduces the cross-
linking efficiency and hydrogel structural density. Corresponding
with existing research, increasing the connection “LDH” into
chitosan (CS)/SF hydrogels decreased the covalent crosslinking
density™®. Finally, an optimal HA-SF concentration ratio of 5:1,
along with the addition of 1% BDDE as a crosslinking agent, was
selected for hydrogel preparation.

As a crosslinking agent, BDDE facilitated the formation of a
three-dimensional hydrogel structure through ring—opening re-
actions between HA and SF. Increasing the BDDE concentration
led to a higher elastic modulus (G") and a lower viscous modulus
(G”) of the hydrogel (Fig. 1E), indicating increased hydrogel
hardness but decreased viscoelasticity. High BDDE concentrations
result in excessively rigid and brittle gels. Therefore, it is crucial
to avoid excessive BDDE concentrations. The data demonstrated
that a 1% BDDE concentration was sufficient to satisfy the me-
chanical property requirements.

3.3.  Excellent characterization and gelation benefits
3.3.1.  Validation of crosslinking by FTIR

Cross-linking between HA and SF was achieved by the formation
of ether bonds via BDDE. The C—O—C stretching vibration was

primarily observed in the range of 1310—1000/cm for asymmetric
stretching and 1055—870/cm for symmetric stretching. A signifi-
cant increase in the C—O—C peak was observed in the HA-SF gel
compared to HA and SF, indicating successful crosslinking
(Supporting Information Fig. S2). The 5% SF hydrogel showed a
significantly weaker C—O—C stretching vibration peak compared
to the other concentrations, suggesting that an excessively high SF
concentration may hinder efficient crosslinking, which is consis-
tent with the observed decrease in mechanical properties. The
FTIR spectrum of the HA-SF gel exhibited several characteristic
HA peaks. The peaks at 1407 and 3418/cm are attributed to —OH
stretching, whereas the peaks at 2909 and 1630/cm are attributed
to —COOH and —NH, groups, respectively*®’.

The absorption peaks of Silk I appear at 1650—1655/cm
(amide I), 1525—1540/cm (amide II), and 1266/cm (amide III).
The absorption peaks of Silk II appear at 1620—1635/cm (amide
D), 1531/cm (amide II), and 1230—1235/cm (amide II1)*%*!. The
HA-SF gel exhibited a prominent absorption peak at 1638/cm,
indicating a predominant (-sheet structure. Additionally, the
characteristic amide II peak at 1535/cm significantly diminished
in the HA-SF gel, suggesting the transformation of the original
random structure into a @-sheet form.

3.3.2.  PFarticle size and compressive force assessment for
injectability

The hydrogel particle size and rheological properties are critical
factors for successful injection. The shear-thinning behavior of the
HA-SF gels, which showed an increasing and then decreasing
viscosity with increasing shear stress, indicated their shear-
thinning properties for injectability (Fig. 1F). The sieved hydro-
gel particles stained with FITC exhibited irregularly fragmented
shapes (Fig. 1G). The analysis indicated a uniform particle size
distribution, with an average particle size of 150—200 pm for both
HA and HA-SF gels (Fig. 1H and I). We measured the injection
force, which remained steady between 18 and 20 N, similar to
existing HA products (22 N). The results (Supporting Information
Table S2) show that the HA-SF gel has uniform particle size and
meets the injectability requirements. The selected particle size
range of 150—200 pm for HA and HA-SF gels is appropriate for
intermediate to deep dermal repair, aligning with the typical range
of dermal fillers used for structural support. This choice is further
validated by its consistency with commercial products and smooth
injection performance, as well as literature findings highlighting
the influence of particle size on filler integration and mechanical
support. Physical sieving has limited control over particle size,
suggesting the need for a hydrogel particle-sizing machine for
industrial scale-up**.

The compression stress—strain properties of the hydrogel were
assessed to determine whether it could maintain structural integ-
rity during injection. As shown in Supporting Information Fig. S3
and Supporting Information Table S3, HA-SF hydrogel particles
withstood the mechanical stress generated during injection
without rupture, ensuring their effectiveness as a filler. Addition-
ally, the impact of the injection process on hydrogel particle size
was evaluated. The results indicated that both HA gel and HA-SF
hydrogel maintained a particle size of approximately 190 pum
before and after injection, with only a slight reduction post-
injection (Supporting Information Fig. S4 and Table S4). This
suggests that the hydrogel retained its mechanical properties and
particle integrity, further supporting its suitability for injection-
based applications. The current research underscores the
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importance of reducing the hydrogel particle size to ensure
injectability, providing a theoretical foundation for further
development.

3.3.3. Porous structure beneficial for cell proliferation

The microstructure and porosity of the gels are crucial for cell
adhesion*’. SEM images of the freeze-dried gels showed a porous
sponge-like structure for both HA and HA-SF gels at different
concentrations (Fig. 2A). The non-crosslinked HA solution
exhibited a denser structure, while the HA-SF gels had a network
structure similar to that of the biological scaffold, facilitating
dermal cell and tissue adhesion after injecti0n44.

Mercury intrusion porosimetry was used to analyze the pore
distribution and porosity of the lyophilized gels. The predominant
pore sizes for HA and HA-SF (1% SF) gels were 50—75 pm.
When the SF concentration increased, the pore size distribution
increased to approximately 150—200 pum (Fig. 2B). The strong
hydrophilicity and flexibility of SF contribute to a loosely packed
three-dimensional network with larger pores compared to the rigid
HA structure. Additionally, the incorporation of SF alters the
cross-linking density, leading to a more dispersed network with
increased pore size due to the longer and more flexible nature of
SF molecules. Differences in pore structures affect the promotion
of various cell types. For dermal layer filling, a moderate pore size
(150 um) of the HA-SF composite hydrogel was considered
favorable for skin cell proliferation®.

The differences in testing principles and sample preparation
contribute to variations in measured pore sizes, as SEM examines
dried hydrogels, which may shrink, while the mercury intrusion
method assesses pores in their original hydrated state. Addition-
ally, the mercury intrusion method provides a broader measure-
ment range, capturing larger pores that SEM might overlook due
to resolution and magnification limits.

3.3.4.  Reversibility reduce adverse reactions

In aesthetic medicine, the reversible degradation of HA gels al-
lows for corrective measures using high-concentration enzymes.
We investigated whether the addition of SF maintained this
reversibility in vitro by simulating rapid degradation. The HA gel
exhibited the fastest reversible degradation because of its higher
affinity for HA enzymes. Reversibility experiments on the HA-SF
gels (1%, 2%, and 5% SF) indicated slower degradation rates
compared to the HA gel (Fig. 2C). However, all gels achieved
complete degradation within 8 h, meeting the clinical re-
quirements of rapid hydrogel degradation within 24 h. HA-SF gels
also demonstrated reversible degradation, allowing for the
correction of unsatisfactory injection results. These results
confirm the reversibility of HA-SF gels and their potential for
adjustment and reversal in aesthetic medicine.

3.3.5.  Better performance in swelling and moisturizing

The swelling index and equilibrium water content of the hydrogel
directly affect the nutrient and gas exchange®. The HA gel
exhibited the highest water-uptake capacity. The addition of SF
reduced the swelling capacity and prevented excessive swelling
(Fig. 2D), maintaining a moderate swelling ratio without
competing with the skin for water molecules. The water retention
capacity was significantly improved; the mixed gels containing
1%—5% SF demonstrated 1.5 times higher retention than the HA
control. These results demonstrate the enhanced moisturizing ca-
pacity of the HA gel. The addition of SF significantly increased
the hydrophilicity of the hydrogel, resulting in a tighter

association between SF and H,O molecules and improved the
moisturizing capacity of HA gel.

3.3.6.  Strong stress—strain stability

Stress—strain stability tests were conducted to assess stability
under in vivo stress conditions. The mechanical properties of
hydrogel G’ were tabulated by two measurement modes,
amplitude sweep mode, and continuous alternate strain sweep
mode. If G’ is stable, it indicates that the internal structure of
hydrogel is stable. The gels maintained stable G’ values, indi-
cating excellent structural stability and fulfilling of the stress
requirements (Fig. 2E). These data confirm the stability of HA-
SF and HA gel, supporting the reliability of the preparation
method. The gels exhibited good mechanical performance under
various stresses, making them suitable for tissue filling or
biomedical applications and providing mechanical support to the
surrounding tissues.

3.4.  Raising stability and support of HA-SF gel

3.4.1.  Enhanced support effect in vitro

The supportiveness of the filler materials is critical for the eval-
uation of injectable hydrogels (Fig. 3A). The degradation rate of
the HA-SF gel was monitored over time and compared with that of
the HA gel (Fig. 3B). The hydrogel initially absorbed water in
PBS, reaching its maximum swelling after 3 days, followed by
linear degradation (Fig. 3C). The incorporation of 1%—2% SF
notably reduced the degradation rate compared to HA gel,
extending the complete degradation time to 30 days. SEM analysis
showed that the HA-SF gel (2% SF) had smaller and denser pores
compared to the HA gel at 15 and 20 days, due to increased
crosslinking density from the addition of SF, resulting in a more
compact structure (Fig. 3E). These results indicate that the pres-
ence of SF effectively prolongs the support time and stability of
the injectable filler.

3.4.2.  Prolonged subcutaneous support duration

Live animal fluorescence imaging was performed at different time
points to compare the residence times of the IR-820 labeled gels.
Results showed that CTRL (IR-820 Sol) diffused the fastest and
had the shortest fluorescence quenching time (Fig. 3D and F). The
HA gel had undetectable fluorescence after 40 days, while the
composite hydrogel still exhibited fluorescence after 54 days. ROI
analysis revealed prolonged residence time and increased support
with the addition of SF to the hydrogel. The in vivo and in vitro
results confirmed that the SF incorporation into facial fillers ex-
tends the support time, reduces the injection frequency, and im-
proves patient compliance. This provides a potential solution to
the multiple injections required by current HA gels.

3.5.  Biocompatibility assessment of HA-SF gel

3.5.1.  Extremely low hemolysis rate of the HA-SF gel
Evaluating the hemocompatibility of medical devices is crucial for
assessing risks such as hemolysis and thrombus formation in
medical aesthetics. The hemolysis rate results (Fig. 4A) showed
that both the HA and HA-SF gels had a hemolysis rate of
approximately 2%, which was significantly lower than the in-
dustry standard of 5%, confirming the excellent hemocompati-
bility and safety of the HA-SF gel.
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Figure 2  Physicochemical properties of HA-SF gel. (A) SEM images of HA gel and HA-SF gel with varying SF concentrations (1, 1.5, 2, 5%
SF, and 10% HA). (B) Pore size distribution and porosity of lyophilized HA-SF gel (1, 2, 5% SF, and 10% HA) and HA gel (10% HA). (C) Rapid
degradation curves in response to enzymatic activity (200 U/mL HA enzyme) of the hydrogel (n = 3). (D) Swelling curve, swelling rate, and
water retention rate of HA-SF gel (1.25, 1.5, 2, 5, 10% SF and 10% HA) and HA gel (10% HA) (n = 3 trials). (E) The mechanical stability was
assessed through a frequency sweep of HA-SF gel (2% SF, 10% HA) and continuous-discontinuous scanning in 1—100 y*% of HA-SF gel (1,
1.25, 1.5, 2, 5, 10% SF and 10% HA) and HA gel (10% HA). Data are expressed by mean == SEM.
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Figure3  Enhanced stability and support effect of HA-SF gel. (A) Schematic of stability and support effect. (B) Degradation kinetics of HA-SF
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Cathepsin XIV) (n = 3). (C) Micrographs illustrating degradation, and (E) SEM images of HA gel (10% HA) and HA-SF gel (10% HA, 2% SF)
on Days 1, 5, 10, 20, and 25. (D) Fluorescence ROI intensity monitoring and (F) in vivo fluorescence imaging on Days 1, 3, 7, 25, 40, and 54 after
subcutaneous injection of IR-820 HA-SF gel (10% HA, 2% SF) and HA gel (10% HA) in mice (n = 5). Data are expressed by mean + SEM.
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3.5.2.  HA-SF gel promotes cell proliferation

In this study, L929 and RAW264.7 cells were used to assess
material safety. A CCK-8 assay kit was used to evaluate the
in vitro cell compatibility of the hydrogel at 1, 3, and 7 days, and
the results (Fig. 4B and C) showed that the addition of SF
significantly promoted the growth and proliferation of both cell
types, especially RAW264.7.

To investigate the biocompatibility of the hydrogels, calcein-
AM/EthD-1 (live/dead) staining was performed on co-cultured
L929 (Fig. 4D) and RAW264.7 (Fig. 4E) cells, with live cells
stained green and dead cells stained red. Green fluorescence
indicated excellent cell morphology and growth after co-
incubation with the HA-SF gel. The HA-SF gel significantly
enhanced the proliferation of L.929 and RAW264.7, as confirmed
by increased cell density, consistent with the CCK-8 results. No
evident cell death (red fluorescence) was observed, highlighting
the non-cytotoxicity of the HA-SF gel to fibroblasts and macro-
phages, ensuring a favorable proliferative environment. The po-
tential modulation of LPS-induced inflammatory responses was
also investigated. The results revealed that both HA and HA-SF
gels suppressed the secretion of NO (an inflammatory marker)
in LPS-induced RAW264.7, protecting against potential adverse
reactions (Supporting Information Fig. SS5).

3.5.3.  HA-SF promotes proliferation of skin 3D organoids
Organoids can mimic real organs in terms of both structure and
function by simulating the tissue architecture and activities found
in vivo. Previous 2D cell experiments demonstrated that SF
significantly promotes cell proliferation. To further validate the
efficacy of SF, we established a 3D skin fibroblast organoid model
designed to mimic the functionality of the dermal layer. SF was
co-cultured with organoids, and their growth was monitored over
2 weeks. The organoid volume in the SF group was significantly
greater than that in the HA group between 9 and 13 days (Sup-
porting Information Fig. S6). HE staining of the fixed organoids
revealed no necrosis in the SF group; the cells were healthy, well
concentrated, adhered well, and showed high density. This sup-
ports the benefits of SF in skin fibroblast proliferation, indicating
that fibroblasts play a critical role as the main producers of
collagen and elastic fibers in the dermal layer. The increased
number of fibroblasts induced by SF may enhance collagen pro-
duction, increase elasticity, reduce wrinkles, and improve key
indicators of skin youthfulness.

3.5.4.  Compatibility and reliability post-injection
The in vivo tissue compatibility of the gels was evaluated by
injecting the hydrogel into the subcutaneous dermis tissue
(Fig. 5A and D). IL-6 and TNF-« were measured using ELISA at
7, 14, and 21 days. The results showed consistently low levels of
inflammatory factors in the three experimental groups compared
with those in the CTRL group. Further analysis of the 13 pro-
inflammatory factors revealed the highest inflammation on
Dayl4 after injection. Similarly to many situations, material
debris implanted in vivo can cause non-infectious inflammation®®.
HA-SF gel exhibited inflammation levels similar to CTRL and
lower than HA gel and commercial HA Product, particularly in
reducing Eotaxin, IP-10, MIP1-8, and BLC. This indicated that
the HA-SF gel maintained good biocompatibility and did not
induce significant inflammation (Fig. 5B and C).

Furthermore, histological staining, including H&E staining,
was performed on the filled dermal sections. Representative im-
ages are shown in Fig. 4F. After 14 days, H&E staining revealed

mild inflammatory reactions and a few neutrophils in all groups.
The CTRL group had the highest safety score “A”, followed by the
HA-SF gel, HA gel, and commercial HA gel, all with a “B” rating.
This indicates that the skin was stratified and structurally com-
plete, representing a healthy state. In conclusion, the HA-SF gel
not only matches the safety of the CTRL group but also shows the
potential to reduce certain inflammatory factors, further improving
the safety profile.

3.6.  Investigation of bioreactivity of HA-SF gel

3.6.1.  Enhancement of adhesion-related protein expression

In addition to safety, the future direction of aesthetic dermal fillers
will focus on bioreactivity. Insufficient adhesion of the injected
hydrogel can lead to its isolation in the dermis, thereby increasing
hydrogel displacement in extreme adverse reactions. The addition
of SF improved the adhesion of the filler materials to tissues.
During growth and maturation, cells express adhesion-related
proteins such as vinculin and fibronectin. Vinculin links actin
filaments to the plasma membrane and is associated with trans-
membrane protein induction. Fibronectin plays a vital role in cell
adhesion, and cell polarity, and is involved in cell proliferation,
migration, hemostasis, and tissue repair®’*5.

IF analysis of the adhesion functionality was performed using
both cellular and histopathological methods. After co-incubation
on the hydrogel for 3 days, results showed that Vinculin (Fig. 6A)
and Fibronectin (Supporting Information Fig. S7) exhibited
excellent adhesion to the HA-SF gel, with large spreading areas
and prominent filamentous junctions. The expression of vinculin
and fibronectin was significantly increased, especially fibronectin,
which showed a remarkable increase in the HA-SF gel compared
to that in CTRL (Fig. 6B).

Histopathological sections of mouse dermal tissue stained with
adhesion antibodies (Fig. 6C and D) revealed an increased fluo-
rescence intensity of fibronectin and vinculin in the dermis
compared to that in CTRL, indicating that SF in the hydrogel
enhanced adhesion. However, this enhancement was less pro-
nounced at the cellular level, possibly because of the greater in-
dividual variability in mice, where protein expression is influenced
by multiple factors (Supporting Information Fig. S8).

Opverall, both cell-based and animal studies demonstrated that
the HA-SF gel exhibited superior adhesive functionality compared
with the HA gel. Improving tissue adhesion to filler materials
offers potential advantages for future applications, underscoring
the importance of bioactivity and safety in the development of
filler materials.

3.6.2.  Stimulation of collagen type Il regeneration in dermis

Current fillers rely primarily on the physical filling of concave
areas, which, although safe, lack inherent bioactivity. An exciting
prospect lies in HA-SF gels, which can stimulate fibroblasts in the
dermis, increase collagen secretion, and promote skin rejuvenation
at the source, reducing the need for frequent injections. Skin
collagen primarily consists of types I and III collagen. Type I
collagen, which accounts for 80%, supports the skin structure and
tissue integrity, whereas type III collagen (15%) provides skin
elasticity, stretchability, and suppleness. Infants have abundant
type III collagen (30%—60%) in their skin, which decreases to
10%—20% in adults with age**>°. We hypothesized that SF would
stimulate collagen regeneration and selectively increase type 111
collagen levels. Based on this hypothesis, the hydrogel may not
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Figure 5

Biocompatibility evaluation of HA-SF gel. (A) Descriptive diagram of biocompatibility. (B) Distribution of inflammatory factors by

flow cytometry analysis. (C) Diagram of intradermal injection experiment. (D) Quantification of inflammatory factors of Eotaxin, MIG, MCP-1,
BLC, LIX, MIP-3a, MIP-13, MIP-1a, KC, TARC, RANTES, IP-10, and MDC in the serum of hydrogel-injected mice, including HA-SF gel, HA
gel, and HA Product on Days 7, 14 and 21 (n = 6 mice per group). Measurement of TNF-« and IL-6 levels in the serum of hydrogel-injected
mice, including HA-SF gel (2% SF and 10% HA), HA gel (10% HA), and HA Product on Days 7, 14, and 21 (n = 6 mice per group). Data are

expressed by mean + SEM.

only serve as a physical filler but also actively promote rejuve-
nation by influencing the ECM.

To test this hypothesis, Masson’s trichrome staining of a
hydrogel-filled dermal section was performed. Collagen fibers
were stained blue and muscle fibers were red. The results showed
that both commercially available HA Product, HA gel and HA-SF

gel, promoted collagen fiber formation compared with the CTRL
group, with no significant differences observed between them
(Fig. 7A and C). Masson’s trichrome staining provides an overall
view and cannot differentiate between type I and type III collagen.

Picrosirius red staining (PSR) was performed using polarized
light to scan the sections. PSR allowed the identification of Type I
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collagen (yellow) and Type III collagen (green). The results
showed that the dermis consisted primarily of type I collagen, with
type III collagen dispersed in a star-like pattern among the type I
collagen (Fig. 7A and D). Quantification revealed that the HA-SF
gel exhibited significantly higher type III collagen content, sug-
gesting that SF may facilitate type III collagen secretion.

The quantitative results of IF double staining for collagen I and
IIT in pathological sections further confirmed this finding (Fig. 7B
and E). Precise quantification of both collagen types in tissues was
achieved by ELISA, confirming higher secretion of type III
collagen in the skin of mice injected with the HA-SF gel (Fig. 7F).

Additionally, results of IF in skin organoids following co-culture
with HA-SF gel also confirmed that the secretion of collagen I
in the HA group was close to in HA-SF group (Supporting In-
formation Fig. S9), but there was more red fluorescence in the
HA-SF group, suggesting that type III collagen was secreted more
due to SF.

Additionally, we validated two aging-related skin markers. SF
treatment significantly enhanced the expression of collagen IV
(Supporting Information Fig. S10), a key component of the
basement membrane that maintains skin structural stability, cell
adhesion, and barrier function. Age-related collagen IV reduction
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compromises basement membrane integrity, and our findings
suggest that SF may help counteract this aging process. Analysis
revealed that SF treatment promoted elastin expression (Sup-
porting Information Fig. S11), contributing to improved skin
elasticity. Since elastin degradation is a major factor in skin laxity
and wrinkle formation, this finding further highlights the potential
anti-aging benefits of SF.

Taken together, SF enhances collagen secretion and specif-
ically favors the generation and transformation of type III
collagen. These promising results have significant implications for
future applications of skin-filling materials, potentially providing
an effective means for improving skin rejuvenation. However, we
also recognize certain limitations that require reflection. We used
the ICR mouse model to simulate human skin regeneration,
recognizing, however, key differences in skin structure and
collagen metabolism between mice and humans®'. Mouse skin has
a thinner epidermis, higher follicle density, and faster collagen
turnover, which may influence the hydrogel’s effectiveness,
particularly in adult human skin where collagen type III synthesis
differs. In the discussion, we address these model limitations and
recommend further studies in human skin models to better predict
clinical outcomes.

3.6.3.  Enhancing type Il collagen in the UVB photoaging SKIN
The UVB-induced photoaging model successfully simulates the
progressive nature of skin aging. Over time, accumulated UVB
exposure increases the tolerance levels of BALB/c nude mice,
leading to gradually worsening skin damage (Fig. 8A). Changes
range from mild erythema and scaling to more severe roughness
and hemorrhage, in Supporting Information Table S5. Addition-
ally, the model group (UVB) showed significant weight loss over
the 6 weeks irradiation period (Fig. 8B). Following HA-SF gel
injections, signs of delayed skin aging were observed, with im-
provements in skin smoothness, hydration, elasticity, and wrinkle
scores approaching those of the unirradiated CTRL group
(CTRL).

Skin conditions were carefully monitored throughout the
experimental period. UVB exposure led to significant skin dehy-
dration in UVB group, while HA-SF gel injections gradually
restored hydration, reaching nearly normal levels by 6 weeks
(Fig. 8C). Ultrasound imaging showed changes in dermal collagen
density, with collagen (high-intensity regions) marked in white
and yellow (Fig. 8D and E). Initially, collagen was abundant but
decreased over time with UVB exposure. Notably, collagen levels
in the HA-SF gel group increased significantly between 5 and 6
weeks, while the HA gel and HA Product groups showed mod-
erate increases by 6 weeks.

Molecular analysis of skin samples, including gene and protein
assessments on Week 6, revealed a notable increase in collagen in
the HA-SF gel group, particularly in type III collagen (Fig. 8F and
G). In contrast, the HA gel and commercial HA products produced
only minor increases in type I collagen with negligible impact on
type III collagen. Histopathological analysis with HE staining
showed variations in dermal thickness, with the UVB group dis-
playing substantial skin thickening and coarseness, while the HA-
SF gel group showed reduced thickness. Masson staining
demonstrated the collagen fiber density, showing sparse blue-
stained fibers in the UVB group and a more compact fiber
network in HA-SF gel (Fig. 8H and I).

All-trans retinoic acid (at-RA), the only FDA-approved anti-
aging agent for skin, was used as a positive control. At-RA
enhanced skin turnover and collagen synthesis, confirmed by

Western blot, PCR, and histopathological analyses, though its
effect on type III collagen was minimal. Notably, it caused
considerable adverse effects, including substantial peeling, ery-
thema, and marked weight loss (Fig. 8H and I), with histopa-
thology indicating skin thinning, consistent with known clinical
side effects. In comparison, HA-SF gel demonstrated a balanced
promotion of endogenous collagen production, effectively coun-
teracting age-related dehydration and wrinkle formation,
contributing to smoother, more youthful skin.

3.7.  Regulate skin metabolism and improve skin vitality of SF

To further explore the mechanisms underlying the cellular
behavioral properties of the HA-SF gel, a proteomic analysis was
performed. We compared the influence of CTRL (A), HA-product
(B), HA gel (C), and HA-SF gel (D) using principal component
analysis (PCA) (Fig. 9A). Significant differences were observed
between the CTRL and HA-SF groups as well as between HA-gel
and HA-Pro. The HA-SF gel samples exhibited different protein
expression levels compared to the HA gel and commercial HA gel,
and subsequent analyses were performed.

In Fig. 9B, the heatmap shows the differential protein
expression in groups A—D, with 7423 proteins identified. The
volcano map showed 1342 differentially expressed proteins,
including 508 upregulated and 834 downregulated proteins
marked in red and green, respectively (Fig. 9C). In the C—D group
(Supporting Information Fig. S12), 7447 proteins and 145 differ-
entially expressed proteins were identified, including 88 upregu-
lated and 58 downregulated proteins. In groups B—D (Supporting
Information Fig. S13), 7545 proteins and 340 differentially
expressed proteins were identified, including 217 upregulated and
122 downregulated proteins. The distribution of samples within
group C showed significant variability, precluding further ana-
lyses. (P < 0.05, fold change (FC) > 1.2).

Among the 10 most significantly enriched gene ontology (GO)
terms in each category for the A—D comparison (Fig. 9D), terms
such as biosynthetic process of peptide, cellular macromolecule,
cellular, and organic substance in biological process (BP) cate-
gory; nucleic acid binding, tropomyosin, voltage-gated ion chan-
nel activity in the molecular function (MF) category; and
intracellular organelle, cytoskeletal part, cytoskeleton, and ribo-
some in cellular component (CC) category suggested the benefi-
cial biosynthesis effects and cell proliferation of HA-SF gel on the
dermis (Fig. 8D).

In the B—D comparison, proteins were enriched in biosynthetic
processes, metabolic processes, and transmembrane transport of
alpha-amino acids in BP, cytoskeletal part, keratin filament, and
intracellular organelle in CC, and structural molecule activity,
receptor activity, and transferase activity in MF (Supporting In-
formation Fig. S14) that are closely related to cell adhesion and
metabolism. Both in vitro and in vivo experiments demonstrated
that HA-SF effectively promoted cell growth, proliferation, and
adhesion.

We performed Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis to further evaluate the pathways
affected by HA-SF gel. In A—D comparison, proteins were
enriched in amino acid metabolism, carbohydrate metabolism,
protein metabolism, and other general cellular metabolism, such
as “Ribosome,” “DNA replication,” “Mismatch repair,” “RNA
transport,” all closely related to adhesion (Fig. 9E).

Notably, the analysis revealed potential associations between
the HA-SF gel and cardiac diseases such as dilated
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cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM),
and arrhythmogenic right ventricular cardiomyopathy (ARVC).
We hypothesized that HA-SF gel may enhance cardiac myofila-
ment contractility, thereby increasing myocardial strength and
potentially reducing the risk associated with these conditions.
Thus, this study provides a novel perspective on the role of SF in
the treatment of heart disease (Fig. 9F).

KEGG enrichment analysis in the B—D comparison indicated
that proteins were enriched in lipid metabolism, including
arachidonic acid and linoleic acid metabolism; amino acid meta-
bolism; alanine, aspartate, and glutamate metabolism; and
phenylalanine metabolism (Supporting Information Fig. S15).
This suggests that the addition of SF may benefit the metabolism
of the organism, with potential improvements in key physiological
processes such as lipid, amino acid, and protein metabolism.

In conclusion, our study systematically analyzed the proteomic
data of HA-SF gels. Differentially expressed proteins were pre-
dominantly enriched in various physiological processes related to
cell proliferation, including amino acid and lipid metabolism.
Consequently, the incorporation of this gel into the skin results in
improved cellular conditions. In the long term, it positively affects
skin vitality and contributes to a more youthful complex.

4. Conclusions

In this study, natural SF and HA were chemically crosslinked to
form an injectable hydrogel. Based on its physicochemical prop-
erties, the preparation method and formulation were optimized to
determine the optimal substance composition. The HA-SF gel
exhibited enhanced basic properties such as swelling rate, mois-
ture retention, stress stability, porosity, and reversibility compared
to single HA gel. This resulted in longer support duration, safety,
and an inflammation-modulating capacity. Besides providing
physical support, HA-SF gel demonstrated multiple biological
activities, enhancing cell adhesion, boosting skin collagen (espe-
cially type III), and providing anti-aging benefits. Developed to
address clinical concerns, the HA-SF gel exemplifies the com-
plementary strengths of HA and SF, resulting in a dual-function
filler that promotes bioactive effects. This filler not only addresses
facial soft tissue loss but also replenishes collagen, supporting
endogenous skin renewal and reducing signs of aging.
Limitations and future directions: while this study conducted
extensive characterization of the hydrogel, the underlying mech-
anisms by which SF exerts its beneficial effects—particularly its
role in skin improvement and anti-aging—remain unexplored. In
future research, we will systematically investigate the mechanisms
through which SF enhances skin quality and combats aging,
providing deeper insights into its biological functions. Addition-
ally, while this study was conducted on mouse models—where
relevant similarities to human skin exist—further research is
necessary to verify the effects on human skin. Beyond the current
findings, this cross-linking approach applies to other poly-
saccharides (e.g., sodium alginate) and proteins (e.g., gelatin),
expanding the hydrogel’s potential use. Beyond dermatologic
aesthetics, HA-SF gel could be beneficial for acute and chronic
skin wounds, bone and joint treatments, and male genital fillers.

Further studies will explore HA gel in combination with filipin
protein microspheres, seeking to refine its structural support and
better understand its bioactivity mechanisms.
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