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ARTICLE INFO ABSTRACT

Keywords: In recent years, the development of biodegradable hydrogels as an alternative over the traditional wound

Keratin dressing has become increasingly significant. These specific hydrogels are able to offer suitable microenviron-

gega“ g111m ments to further aid the process of tissue or organ regeneration. However, application of biodegradable hydrogels
ydroge

in clinical medicine remains uncommon due to most biodegradable hydrogels struggle with achieving satisfac-
tory adhesiveness property, high mechanical support and cell compatibility simultaneously. In order to overcome
these constraints and enhance the applicability of biodegradable hydrogels, methods have been employed in this
study.

By reacting gellan gum with methacrylic anhydride and incorporating a biodegradable protein, keratin, we
endowed the hydrogels with high pliability via photo-polymerization chain extension, thereby obtaining a
biodegradable hydrogel with exceptional properties. Through a series of in vitro tests, GGMA/keratin hydrogels
exhibited great cell compatibility via providing an appropriate environment for cell proliferation. Furthermore,
this hydrogel not only exhibits extraordinary adhesive ability on visceral tissues but also extends to scenarios
involving skin or organ damage, offering valuable assistance in wound healing. Our design provides a suitable
platform for cell proliferation and tissue regeneration, which shows prospects for future medical research and
clinical applications.

Wound healing
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1. Introduction

In clinical medicine, wound-induced bleeding and severe organ
hemorrhage are often regarded as recurrent obstacles. When acute
trauma results in severe blood loss, it can lead to irreversible damage
and even life-threatening situations [1]. For patients with chronic dis-
eases, the presence of wounds also poses a severe threat accompanied by
delayed wound healing, continuous bleeding, and even fatal conse-
quences due to insufficient adhesion of present dressings to tissue sur-
faces or merely serving as a barrier to the external environment but
lacking mechanical support [2-6]. Consequently, there is a significant
need to design dressings that can effectively adhere to the affected area,
quickly stop bleeding, and concurrently facilitate the wound healing
process. Innovative strategies aim to meet the comprehensive
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requirements of wound management and provide enhanced, holistic
support for patient recovery [7,8]. Exploring alternative designs could
lead to the development of a dressing that both rapidly achieves he-
mostasis and accelerates the wound healing process.

Natural biological dressings, derived from sources like collagen,
gelatin, keratin, chitosan, fucoidan, sodium alginate, and collagen
peptides, are extensively used to promote wound healing, aid skin
repair, and stimulate tissue regeneration, offering a wide range of ben-
efits and unique properties [9-15]. In addition, these dressings possess
bioactive properties, such as antimicrobial, anti-inflammatory, and cell
growth promotion, which help prevent wound expansion and support
tissue regeneration [16]. Due to their natural origins, these dressings are
more readily accepted by human tissues and are thus employed under
various conditions for different treatments [17,18]. Despite these
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benefits, traditional degradable hydrogel-based dressings made from a
single material, while somewhat elastic, still face challenges due to their
low mechanical strength [19-21]. Therefore, this study aims to address
these limitations and enhance the mechanical strength and malleability
of biodegradable hydrogels by utilizing highly-modifiable material,
gellan gum, incorporating with bioactive molecule, keratin, to enhance
the performance of hydrogel in medical applications.

Gellan gum (GG) is a linear polysaccharide derived from a bacte-
rium, Sphingomonas elodea. The overall structure of gellan gum is
composed of four units: 1,3-p-p-glucose, 1,4-p-p-glucuronic acid, 1,4--p-
glucose, and 1,4-a-L-thamnose. Additionally, it contains a carboxyl
group side chain [22]. In tissue engineering and biomaterial applica-
tions, gellan gum displays versatile characteristics including acid and
heat stability, adjustable mechanical strength, thermo-responsiveness,
excellent biocompatibility, biodegradability, and easy functionaliza-
tion [23-30]. Its broad versatility and exceptional properties, combined
with its ability to synergize with other materials like agar, keratin,
gelatin, and starch, present promising opportunities for innovative
research in tissue engineering and biomedicine [31-35].

Keratin is an insoluble protein found in epithelial tissues, part of the
fibrous structural proteins family, and prevalent in hair, feathers, claws,
hooves, and the outer layer of human skin. Research shows that keratins,
which vary by source, primarily have a-helical and p-folded sheet
structures, with high cysteine content that enhances stability and me-
chanical strength through disulfide bond formation [36,37]. Their ca-
pacity for self-assembly and cross-linking makes them highly applicable
in tissue engineering and biomedical fields, and their molecular struc-
ture includes crucial cell-adhesion motifs like leucine-aspartic acid-va-
line (LDV) and glutamic acid-aspartic acid-serine (EDS), which facilitate
cell matrix binding [38-40]. Studies confirm keratin’s role in promoting
the adhesion of various cell types crucial for tissue repair and regener-
ation [13,41-45]. Furthermore, keratin-based biomaterials are benefi-
cial in wound treatment, serving as versatile carriers that effectively
deliver cells or small molecules to expedite healing [44,46-48]. Despite
extensive research into keratin characteristics (such as structures and
amino acid compositions), comparative studies on keratins from
different sources in identical medical applications are still lacking even
though keratin of different origins contain distinct variations (e.g. Hair
keratin contain more a-helical structures while feather keratin contain
more B-folded sheet) [36,37]. This research aims to explore the effects of
keratins derived from hair and feathers in vivo.

In this study, we initiated a reaction between commonly-used poly-
mer, gellan gum, and methacrylates reagent, followed by the incorpo-
ration of biodegradable keratin extracted from hair and feathers. We
successfully achieved a high level of flexibility in the hydrogel via photo-
polymerization chain extension, leading to the preparation of biode-
gradable hydrogels. Through extensive mechanical and in vitro analysis,
this type of biodegradable hydrogel shows potential in the field of
wound care applications, providing a platform that faithfully replicates
a realistic tissue microenvironment. Moreover, after in vivo evaluations
on mouse skin and liver injury models, this biodegradable hydrogel not
only demonstrates protective potential in skin wound healing but also
extends its utility to situations involving organ damage, thus providing
assistance in wound healing and regeneration.

2. Experimental section
2.1. Gellan gum methacrylate (GGMA) fabrication

Gellan gum methacrylate (GGMA) synthesis was modified from a
method described in literature [49,50]. Gellan gum methacrylate
(GGMA) was synthesized by the substitution reaction of gellan gum (GG)
with methacrylic anhydride (MAA). 1 g of gellan gum was dissolved in
100 mL deionized water at 90 ° C for 20-30 min under constant-stirring.
After fully dissolving gellan gum, the solution is slowly cooled to 50 ° C
and 6 mL of MAA was then added into the solution for reaction. The pH
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value of solution is adjusted to maintain within the range of 8.0-9.0.
After 4 h, the product solution was dialyzed using a dialysis membrane
with a molecular weight cutoff of 12000-14000 Da (Thermo, USA)
against deionized water for at least three days. The final product was
obtained by lyophilization.

2.2. Keratin extraction

Keratin was obtained from human hair using a method previously
described in literature [44]. Initially, human hair was thoroughly
washed with distilled water and then immersed in a mixture of methanol
and chloroform (2:1, v/v; ECHO Chemical Co., Taiwan) for 18-24 h to
remove any lipid coating on the hair’s surface. Subsequently, the hair
was air-dried for 3 h and then soaked in an extraction solution con-
taining 5 M urea, 25 mM Tris-HCl, 5 % 2-mercaptoethanol (-ME), and
2.6 M thiourea at 50 °C for 72 h. The keratin solution obtained from the
extraction was filtered through a 0.22 pm filter (Thermo, USA) and then
centrifuged at 5000 g for 5 min at 4 °C. Finally, the supernatant was
extensively dialyzed using a dialysis membrane with a molecular weight
cutoff of 6000-8000 Da (Thermo, USA) for 24 h at 4 °C. The protein
concentration of the extracted keratin was determined using the Protein
Assay Dye Reagent (Bio-Rad, USA). The molecular weight of the keratin
was confirmed through sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis (Fig. S1).

Feather keratin was extracted from the feather of duck (Anas pla-
tyrhynchos domesticus) with the reduction method (Shindai method)
which is mentioned in previously reported study [51]. First, feathers were
washed by 0.5 % (w/v) sodium dodecyl sulfate(,q) to remove dust. Then,
the feathers were dried and cut into small filaments the size of 1-2 mm.
After drying, the feather filaments were soaked in 95 % (v/v) ethanol
solution for 2 h to remove the remaining lipid coating. The
ethanol-immersed feather filaments were further treated with 5 % (v/v)
hydrogen chloride(,q) (HCI) in order to break hydrogen bonding. Next,
the pretreated feather filaments were immersed in an extraction solution
containing 8 M urea, 0.2 M Tris-HCl, 1.66 M p-ME and 0.26 M SDS at 50
° C, pH 9.0 for 72 h. After reaction, the solution was filtered and dialyzed
using a dialysis membrane with a molecular weight cutoff of 3500 Da
(Thermo, USA) for 72 h. The protein concentration of the extracted
keratin was determined using the Protein Assay Dye Reagent (Bio-Rad,
USA). The molecular weight of the keratin was also confirmed through
SDS-PAGE analysis (Fig. S1).

2.3. GGMA-based hydrogels fabrication

For preparation of GGMA hydrogel, the lyophilized GGMA product
was dissolved in deionized water to total concentration of 2 % (w/v) at
40 ° C for 1 h. The photoinitiator lithium phenyl (2,4,6-trime-
thylbenzoyl) phosphinate (LAP) was also added to assist the cross-
linking process of hydrogel. For GGMA/HK and GGMA/FK hydrogel,
the deionized water in previous procedures were substituted for
respective extracted keratin solutions. And the concentration of both
types of keratin were adjusted to 2 % (w/v). All of the hydrogel samples
were exposed to 365 nm, 1 W ultra-violet light source for 1 min to form
the hydrogels.

2.4. Circular dichroism (CD) spectroscopy & amino acid analysis

CD spectroscopy was utilized to analyze the secondary protein
structure of hair and feather keratins. The diluted protein solutions (with
final concentration of 0.01 mg/mL) were placed in 1.0 cm path length
quartz cuvette and measured via J-810 CD spectropolarimeter (Jasco,
Japan) with the range from 190 to 250 nm.

The amino acid compositions of hair and feather keratins were ac-
quired by amino acid analysis. The samples were hydrolyzed in 6 N HCI
solution at 110 °C for 24 h, and the treated samples were then analyzed
via Hitachi L8900 Amino Acid Analyzer (Hitachi, Japan).
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2.5. FT-IR & NMR

In order to precisely investigate the chemical composition ratio of
hydrogels, Fourier transform infrared (FT-IR) spectroscopy and '°C
solid-state nuclear magnetic resonance (NMR) spectroscopy were
employed. All sample groups were lyophilized before the aforemen-
tioned analysis. For the FT-IR spectrum, samples for analysis were pre-
pared with potassium bromide (KBr) pellet method. Nicolet NEXUS 470
FT-IR spectrometer (Thermo/Nicolet Nexus, USA) was utilized. Spectral
data were meticulously collected within the wavenumber range of 450
em™! to 4000 cm ™, facilitating a comprehensive and in-depth analysis
of the composition. For 13C solid—state NMR, the data were obtained by
Bruker AVIII 600 WB SSNMR (Bruker, Rheinstetten, Germany).

2.6. Scanning electron microscope (SEM)

To investigate the microstructure and pore characteristics of
hydrogels with various mixing ratios, a comprehensive analysis was
conducted using a FEI NOVA NANOSEM 230 scanning electron micro-
scope (SEM) (NovaTM, USA) operating at an acceleration voltage of 10
kV. Before SEM imaging, the hydrogels underwent preparation,
including lyophilization for 18-24 h and sputter deposition of a gold
coating. SEM observations were performed at a magnification of 5000 x
to capture high-resolution details. Subsequently, the acquired SEM im-
ages and pore size observations were rigorously processed and analyzed
using Image-J software. (Image-J 1.47, ImageJ, USA).

2.7. Characterization of pore size, pore distribution, and porosity in
GGMA-based hydrogels

Mercury intrusion porosimeter (Micromeritics AutoPore® IV 9520,
USA) was utilized to analyze the porosity and pore size of the three types
of freeze-dried GGMA hydrogels. In brief, the porosimeter applies
pressure (in psi) to fill the larger pores with mercury first, and as the
pressure increases, the filling proceeds to smaller ones. The total volume
of mercury intruded into the hydrogels (in cm®) was then determined to
assess the overall porosity and pore size. To further obtain more precise
pore characteristics, cryo-fixed samples were analyzed through micro-
computed tomography (micro-CT, SkyScan 1276, Bruker, USA). The
sample preparation process is as follow. In brief, the sample is fixed with
3.7 % PFA (Paraformaldehyde) and OSO4 to maintain its structural
integrity. Subsequently, samples require vitrification. The vitrification
method applied in GGMA-based hydrogels entails plunge freezing in
liquid nitrogen to prevent the formation of water crystals. The rapid
freezing step maintains hydrogel structures with greater fidelity
compared to conventional freezing, enhancing the accuracy of data for
assessing hydrogel pore size and porosity [52,53]. Next, process the
sample using the critical point drying method (CPD, Hitachi HCP-2,
Hitachi, Japan). Finally, the internal structure of hydrogels was then
analyzed using micro-CT. This allowed assessment of the pore distri-
bution, porosity, and size of the three types of GGMA-based hydrogels.
Subsequently, the pores were colorized using image editing software to
visualize the distribution and size of pores within the hydrogel.

2.8. Rheological test

To observe the gelation properties of GGMA-based hydrogels, anal-
ysis of hydrogel rheology was conducted. The rheological properties
(storage modulus, G’; loss modulus, G”) of GGMA-based hydrogels were
obtained by stress-controlled Discovery Hybrid Rheometer HR-2
rheometer (TA Instruments, USA) with 20 mm parallel plate geometry
and UV Light Guide accessory (TA Instruments, USA). Light intensity
and wavelength of UV light source OmniCure® S2000 (Excelitas, USA)
was fixed at 3.6 mW/cm? and 365 nm, respectively. All the experiment
groups were conducted at room temperature with a strain of 1 %.
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2.9. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was utilized to analyze the ther-
mal decomposition profile for polymer components within GGMA-based
hydrogels. The experiment was carried out from 20 °C to 700 °C under
nitrogen purge (20 mL/min) in Thermogravimetric Analyzer (Pyris™ 1
TGA Thermogravimetric Analyzer, Perkin Elmer, USA). The lyophilized
hydrogel samples (3 mg) were analyzed in a platinum pan at the heating
rate of 10 °C/min.

2.10. Water uptake analysis

The water absorption capacity of the dry hydrogels was precisely
assessed by measuring their weight in a buffer solution using a highly
accurate analytical balance (ATX124, Shimadzu, Japan). To perform the
evaluation, the dry hydrogels (W) were fully immersed in a PBS solu-
tion and carefully placed in a water bath maintained at a constant
temperature of 37 °C. At specific time intervals (0, 0.5, 1, 2, 4, 8, 12, 24
h), the hydrogels were weighed with great precision to determine the
exact rate at which it absorbed water. To ensure the utmost accuracy in
the measurements, the wet hydrogels (W;) at each time point were
meticulously blotted using filter paper to eliminate any residual surface
water, and its weight was meticulously recorded. The water uptake was
calculated using the following formula:

(W1 — W)

0

Water uptake W% = x 100%

2.11. Compressive mechanical property

The mechanical properties of the GGMA-based hydrogels were
evaluated using Elastic Modulus Load Cells (LTS-200GA, Kyowa, USA).
The samples had dimensions of 8 mm/8 mm/2 mm (L/W/H). Each
hydrogel underwent compression at a rate of 6 mm/min to generate
stress-strain curves. The test was terminated as the hydrogel fractured.
Data obtained were analyzed, and the Young’s modulus was calculated
through the slope of stress-strain curve ranging from 5 to 10 strain%.
Then, the mechanical properties of the hydrogel were assessed.

2.12. Degradation assay

In order to investigate the degradation behavior of the hydrogels, a
series of experiments were conducted. Initially, the hydrogels were
immersed in a phosphate-buffered saline (PBS) solution for a duration of
1 h. After a subsequent 24-h period of lyophilization, the hydrogels were
carefully weighed, and the resulting weight was recorded as Wy. Sub-
sequently, the hydrogels were submerged in Dulbecco’s Modified Eagle
Medium (DMEM/high glucose, Thermo Fisher, USA) supplemented with
10 % (v/v) Gibco fetal bovine serum (FBS, Thermo Fisher, USA),1 % (v/
v) Penicillin-Streptomycin-Amphotericin B Solution (P/S/A, Biovision,
USA), and 2.5 mg/mL of trypsin. The incubation was conducted over
various time intervals: 0, 8, 16, 24, 32, 40, and 48 h, all maintained at a
constant temperature of 37 °C. Upon completion of each incubation
period, the hydrogels were subjected to lyophilization, and their weights
were recorded as Wj. The in vitro remaining weight (W%) of the
hydrogels was then calculated using the following formula:

(Wo —Wy)
0

Remaining weight W% = x 100%

2.13. Murine fibroblast L929 cell

The L929 cell line was obtained from the Bioresource Collection and
Research Centre (BCRC, Taiwan). The cells were cultured in high
glucose DMEM (Dulbecco’s Modified Eagle’s Medium, HyClone, USA)
supplemented with 10 % fetal bovine serum (FBS; Sigma-Aldrich, USA)



C.-W. Lin et al.

and 1 % antibiotic-antimycotic solution, which included 0.25 pg/mL
amphotericin B, 75 U/ml penicillin, and 100 pg/mL streptomycin
(Sigma-Aldrich, USA). Incubation occurred at 37 °C in a 5 % CO, hu-
midified atmosphere.

2.14. Cell culturing and seeding for cytocompatibility in GGMA-based
hydrogels

The cytocompatibility of GGMA-based hydrogels were assessed.
Prior to cell seeding, all the hydrogels (diameter: 12.5 mm, thickness:
1.65 mm) underwent six rinses with PBS solution; the total cleaning
session lasted for 6 min. The hydrogels were then immersed in culture
medium (DMEM/F-12) at room temperature in 24-well culture plates for
1 h before seeding 1929 cells (1 x 10%/hydrogel) onto the hydrogels.
Following a 6-h incubation at 37 °C with 5 % CO», the hydrogels were
supplemented with 2 mL of complete medium. The culture medium was
changed every 2 days.

2.15. Cell morphology and distribution in GGMA-based hydrogel

The 1929 cells (1 x 106/hydrogel) cultured on GGMA-based
hydrogels were stained with a phalloidin reagent (1:100 dilution, Invi-
trogen, USA) to evaluate their morphology under an inverted fluores-
cence microscope (Olympus, ix71, Japan). The GGMA-based hydrogels
with the cells were cultured in a growth medium. After 1, 3, and 5 days
of cultivation, the hydrogels were washed with PBS, fixed with 4 %
paraformaldehyde in PBS for 15 min at room temperature, and rinsed
three times with PBS to remove the fixative. Subsequently, the cells were
permeabilized in PBS with 0.1 % Triton X-100. Each hydrogel was then
immersed in 1 mL of PBS with a staining reagent for 1 h at 37 °C.
Following the staining, the hydrogels were washed again, and the nuclei
were stained with Hoechst 33342 (1:1000 dilution; Sigma-Aldrich, USA)
for 5 min. Finally, the cell morphology images on the hydrogels were
observed using a Leica TCS SP5 confocal microscope system (Zeiss,
Oberkochen, Germany). The analysis of the cell images was performed
using Leica LAS AF Lite.

2.16. Visualization of mitochondria in cells within GGMA-based
hydrogels

To visualize the distribution of mitochondria in cells on GGMA-based
hydrogels, 1L929 cells (1 x 10%/hydrogel) were treated with MitoBright
LT antibody (1:100 dilution; Dojindo, Japan) for 1 h prior to seeding
them on the hydrogels. Following a 5-day cultivation period, the sam-
ples were subjected to three washes using PBS. The cells were then
observed using a Leica TCS SP5 confocal microscope system and
analyzed using Leica LAS AF Lite software. Finally, the fluorescent in-
tensity of mitochondria of cells in each type of hydrogel was quantified
using Image-J software.

2.17. Cell distribution and penetration depth in GGMA-based hydrogel

To track the distribution and penetration depth of L929 cells on
GGMA-based hydrogels (diameter: 12.5 mm, thickness: 3.00 mm), L929
cells (1 x 10%/hydrogel) were treated with MitoBright LT antibody
(1:100 dilution; Dojindo, Japan) for 1 h prior to seeding them in the
hydrogels. The samples were then observed using a BioTek Cytation 5
Cell Imaging Multimode Reader (Agilent Technologies, USA) during a 3-
day cultivation period. Finally, the fluorescent intensity of mitochondria
of cells in each type of hydrogel was quantified using BioTek Gen5
software. This quantification allowed us to estimate the cell migration
within the hydrogels.

2.18. Cell viability in GGMA-based hydrogel

The 1929 cells were first counted, and approximately 5 x 10%/
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hydrogel were then seeded on GGMA-based hydrogels. Subsequently,
the cells were incubated at 37 °C in a humidified atmosphere with 5 %
COs, for 5 days, with the culture medium being replaced every two days.
In this study, cell viability was quantified with CCK-8 assay kit (Merck,
USA). At day 1, 3 and 5, the medium was removed, and the hydrogels
were gently rinsed with PBS, followed by soaking in a mixed solution of
10 pL of CCK-8 reagent with 90 pL of culture medium at 37 °C for 3 h.
The absorbance readings at a wavelength of 450 nm were observed
using a multimode microplate reader (SpectraMax i3x, Molecular De-
vices, USA).

2.19. dsDNA assay

Cell proliferation within the GGMA-based hydrogels was assessed
using the Quant-iT dsDNA assay (Invitrogen, USA). L929 cells (5 x 10%/
hydrogel) were cultured on the hydrogels for 1, 3, and 5 days, followed
by washing the hydrogels with PBS solution. Subsequently, the hydro-
gels were immersed in TE buffer solution (200 mM Tris-HCL, 20 mM
EDTA, pH 7.2) containing 0.5 % Triton X-100 (Sigma-Aldrich, USA) to
facilitate cell lysis through three freeze-thaw cycles. The resulting lysate
solution was then diluted with TE buffer and mixed with the PicoGreen
reagent, following the manufacturer’s instructions. Finally, the samples
were subjected to analysis using a multimode microplate reader with
excitation/emission wavelengths of 480/530 nm.

2.20. Cell proliferation and apoptosis of L929 cells within GGMA-based
hydrogels were assessed using flow cytometry

Cell proliferation and apoptosis within GGMA-based hydrogels were
assessed using the Muse® Ki67 Proliferation Kit (Luminex, USA) and the
Muse™ Annexin V & Dead Cell Kit (Luminex, USA) through flow
cytometry analysis. For intracellular staining, cells were collected and
washed three times with ice-cold PBS following the manufacturer’s
protocol. Subsequently, the cells were suspended in 1 x fixation solution
and incubated at 4 °C for 20 min. After centrifugation and removal of the
supernatant, the cells were washed three times with 1x assay buffer.
Then, they were incubated with PE-conjugated monoclonal anti-Ki-67
antibodies at room temperature for 30 min. Flow cytometry analysis
was performed using the Guava® Muse Cell Analyzer (Luminex, USA)
with Muse Cell Analyzer software for data acquisition and analysis. To
investigate cell apoptosis in GGMA-based hydrogels, flow cytometry
analysis was conducted using Annexin V-PE/7-AAD staining. Cells were
collected and rinsed three times with ice-cold PBS. Next, the cells were
washed and incubated with Annexin V-PE/7-AAD reagent (Luminex,
USA) for 20 min at room temperature. The cells were then analyzed
using the Guava® Muse Cell Analyzer with Muse Cell Analyzer software
for data acquisition and analysis. Flow cytometry collected 1 x 10° cells
from all samples analyzed.

2.21. Adhesion testing of hydrogels on mouse tissue organs

To assess the tissue adhesion strength of GGMA-based hydrogels, a
mold was first placed on a glass slide. Subsequently, 100 pL of hydrogel
was added to the mold, followed by cross-linking with UV light at the
wavelength of 365 nm. The mold was then removed, and the hearts,
livers, kidneys, and spleens of mice were placed on the hydrogel, with
organs lightly pressed and secured using forceps. Finally, the glass slide
was inverted to observe the adhesion of the organs to the hydrogel, and
photographs were taken for documentation.

2.22. Adhesion test of hydrogels on porcine skin

To assess the tissue adhesion strength of hydrogels quantitatively, we
conducted two lap-shear adhesion tests following ASTM F2255-05
guidelines, albeit with some adjustments. Initially, we obtained 1 cm
x 2 cm squares from porcine skin tissue and adhered them to two glass
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slides using cyanoacrylate glue. Subsequently, we applied 100 pL of
GGMA-based hydrogel between the two skin tissues in situ, followed by
polymerization under 365 nm UV irradiation for 1 min. Each assembly
was then subjected to a 2500 g weight for 1 h. Finally, the lap-shear
strengths of the samples were measured using a texture analyzer (A.
XTplusC Texture Analyser, Stable Micro Systems, USA) at a tracking
speed of 0.1 mm s~ (Fig. 4C and D).

2.23. Hemostatic capacity of GGMA-based hydrogels in liver tissue

To assess the hemostatic potential of the GGMA-based hydrogels, we
utilized a hemorrhaging mouse liver model. The Institutional Animal
Care and Use Committees (IACUC) of the Taipei Medical University
approved the animal care guidelines. The mice were anesthetized using
4-5% Isoflurane gas in an Induction Chamber. Once they reached a light
anesthesia stage, they were carefully positioned on a surgery board with
their abdomen facing upwards. To maintain a deep anesthesia state,
1-3% Isoflurane was continuously administered through a face mask.
Subsequently, the mouse experiment commenced. After making an
abdominal incision, medical grade paper was used to wipe the serous
fluid around the liver. A pre-weighed filter paper on a paraffin film was
placed beneath the liver. We induced bleeding from the liver using a 25G
needle to puncture and immediately applied 100 pL of GGMA-based
hydrogel solution to the site of bleeding. The hydrogel was cross-
linked by UV-light irradiation for 30 s, and recorded the time it took
for the liver tissue to stop bleeding after bleeding started. Afterward,
observed and photographed the adhesion of the hydrogel to the liver
tissue. Finally, the weight of the filter paper was measured to assess the
amount of bleeding from the liver.

2.24. Full-thickness skin wound model

Male ICR (CD1) mice weighing 24.2-26.6 g were selected for the
animal wound healing experiment. The mice, provided by the National
Laboratory Animal Center (Taipei, Taiwan), were treated following the
animal care guidelines of Taipei Medical University. For the skin wound
model, the dorsal hair of the mice was removed after administering
Zoletil (Zoletil 50, Virba, Taiwan) for paralysis. A circular skin tissue on
the back of the mice was then excised using a sterile biopsy punch to
create a full-thickness excisional wound with a diameter of 2 cm. To
prevent wound infection, Mitomycin C solution (1.5 mg/kg) was applied
to the surrounding area. The mice were divided into four groups for the
skin wound healing model: the wound treated with GGMA, GGMA/HK,
GGMA/FK, and a control group treated with PBS. The hydrogels directly
covered the wound area, and the dressing was changed every 2 days.
During the hydrogel dressing change, wound healing was observed and
photographed using a dissecting microscope photography system (SZ61
Stereo Microscope, Olympus, Japan). Afterward, the ImageJ software
system was utilized to visualize the wound area and quantify wound
contraction, providing an objective assessment of healing progress. On
the 17th day post-wounding, all mice in the groups were euthanized
using CO3 inhalation. The repaired skin tissue, along with a margin of
surrounding skin, was harvested from each group of mice. The tissues
were fixed in 10 % formaldehyde (Sigma-Aldrich, USA), embedded in
paraffin, sectioned, and stained with hematoxylin and eosin staining kit
(H&E staining kit, Abcam, USA) and Masson’s trichrome staining kit
(Merck, USA) for in vivo evaluation of epidermal wound healing and
perilesional tissue fibrosis in mice. Simultaneously, immunohisto-
chemistry CD31 staining (diluted at 1:100; Millipore, USA) was
employed to assess angiogenesis in the wound healing process. All
staining procedures were conducted according to the manufacturer’s
provided protocols.

2.25. Statistical analysis

The data are presented as means with standard deviations (SD).
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GraphPad Prism 8.3 software was utilized for comparing different
groups using either one-way analysis of variance (ANOVA) or the Stu-
dent’s t-test. Statistical significance was defined as *p < 0.05, **p < 0.01
and ***p < 0.001.

3. Results and discussion
3.1. Synthesis of GGMA-based hydrogels

Prior to fabricating the hydrogel, SDS-PAGE analysis was employed
to confirm the extracted proteins from hair and feather roots as keratin
(Fig. S1A). The keratin extracted from hair exhibited heterogeneity,
with a molecular weight range of approximately from 25 to 75 kDa.
Furthermore, SDS-PAGE revealed the presence of keratin-associated
proteins (KAPs; <20 kDa) in the hair samples. In the case of feather
keratin, smaller molecular weight proteins were observed, with frag-
ment sizes approximately within the range from 10 to 17 kDa. This
observation is consistent with previous research and confirms the ac-
curate extraction of keratin from both species. From CD spectrum result
(Fig. S1B), we can observe that hair keratin exhibit mainly alpha-helix
structure with slight amount of beta-sheet within. As for feather kera-
tin, the structure represents the combination of random coil and beta-
sheet. This finding also corresponds with previous literature [54]. For
amino acid analysis result (Fig. S1C), we can find the amino acid com-
positions between hair and feather keratin are slightly different, which
might be caused by the difference in extraction method. However, the
trends of amino acid composition are similar to results conducted from
previous literature [55,56]. Higher composition of Asp, Arg and Lys
could lead to higher possibility in forming cell adhesion motif (i.e. RGD
sequence) to promote cell adhesion [57]. Therefore, we believe that the
incorporation of hair keratin into GGMA would exhibits better perfor-
mance in cell adhesion tests than the group containing feather keratin.

In the preparation process, methacrylic acid (MA) was effectively
grafted onto gellan gum molecules, with the proportions finely adjusted
based on successful methods from previous studies [50] (Fig. 1). The
resulting hydrogels—GGMA, GGMA-Human hair keratin (GGMA/HK),
and GGMA-Feather keratin (GGMA/FK)—were synthesized through
photo-crosslinking. The distinct appearances of each hydrogel, illus-
trated in Fig. 1, reflect differences due to the inclusion or exclusion of
keratin and the use of different keratin types. Beyond visual differences,
variations in internal molecular structures and crosslinking conditions
among the hydrogels may exist and were subsequently investigated to
evaluate their chemical and physical properties.

The incorporation of feather keratin (FK) and hair keratin (HK) into
gellan gum methacrylate (GGMA) hydrogel, respectively, were verified
through FT-IR and 3C NMR. In Fourier transform infrared spectroscopy
(FT-IR) analysis, several distinctive bands can be observed, each
providing valuable information about the molecular constituents pre-
sent in the samples (Fig. 2A). 13¢ nuclear magnetic resonance (NMR)
spectroscopy analysis revealed specific peaks indicative of distinct
functional groups within the material under investigation (Fig. 2B).
Through comparing and analyzing the results of FT-IR and '3C NMR on
GGMA, HK, FK, GGMA/HK, and GGMA/FK, we can confirm the exis-
tence of keratin within the hydrogels.

3.2. Structural analysis of GGMA-based hydrogels

Appropriate pore size and porosity of hydrogels promote cell pro-
liferation and differentiation by facilitating the delivery of essential
substances. Therefore, this study investigates the internal characteristics
of three GGMA-based hydrogels (GGMA, GGMA/HK, and GGMA/FK).

The SEM images reveal the internal structures of the freeze-dried
hydrogels based on GGMA, GGMA/HK, and GGMA/FK (Fig. 52). Upon
examining the hydrogel structures, the cross-sectional images show that
three hydrogels have comparable internal structures, consisting of
extensive interwoven mesh-like formations that contain numerous
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Schematic illustration showing the fabrication pathway of GGMA-based hydrogel

Fig. 1. A graphical representation depicting several steps: preparation of the materials needed for GGMA-based hydrogels, synthesis and hydrogel preparation
process, formation of GGMA molecules through a chemical reaction between gellan gum and methacrylic anhydride (MAA), fabrication of GGMA (transparent),
GGMA/HK (pale brown), and GGMA/FK (light ivory) hydrogels, and the appearance of the structures for these three types of hydrogels arranged from left to right.

pores. Interestingly, differences were observed in the structure between
the GGMA/HK and GGMA/FK groups, suggesting that the incorporation
of keratin from different sources results in distinct structural
characteristics.

Mercury intrusion porosimetry (MIP) analysis was used to assess the
average pore sizes, the quantifications are as follow: 128.5 + 3.5 pm for
GGMA, 110.2 + 7.2 pm for GGMA/HK, and 159.3 + 2.9 pm for GGMA/
FK (Table 1). It was observed that in the GGMA-based hydrogel group
with feather-extracted keratin, the average pore size was the largest.
However, in the GGMA/HK group, the average pore size was the
smallest among these three types of hydrogels. Meanwhile, the porosity
of these three hydrogels was determined to be 87.58 % for GGMA, 82.46
% for GGMA/HK, and 77.54 % for GGMA/FK (Table 1). Based on this
data analysis, the effective porosity of these three hydrogels can be
ranked as follows: GGMA > GGMA/HK > GGMA/FK. Previous research
indicates that various cell types require different pore sizes for optimal
survival, with sizes generally beginning at approximately 50 pm [58].
Although the actual internal pore size of these hydrogels may be smaller
than what is obtained, due to formation of water crystals in sample
preparation, through mercury intrusion porosimetry, we speculate that
all three types of hydrogels should still have sufficient internal space to
provide an appropriate microenvironment, however, further investiga-
tion is needed.

In order to obtain precise information about the pore structure of the
GGMA-based hydrogel by directly visualizing and quantifying the pore
distribution and size, micro-CT was employed on cryo-fixed hydrogel
samples. The pore characteristics observed from micro-CT are likely to
be more accurate, as the formation of water crystals, which could alter
hydrogel structures during the preparation process, was minimized.
Meanwhile, this system, equipped with colorization software, visualized
the internal structures of the hydrogels and quantified their overall
porosity. By using different colors to distinguish the sizes of internal

pores in the gel, one can closely observe the distribution and dimensions
of water molecule pores. This integrated approach enables a more
comprehensive understanding of the hydrogel’s microstructure
(Fig. 20C).

Through quantitative analysis, the pore sizes and porosities for the
three hydrogels are as follows: 63.36 + 3.1 pm, 80.28 % for GGMA;
60.12 + 1.8 pum, 78.82 % for GGMA/HK; 51.71 + 2.5 pum, 73.47 % for
GGMA/FK (Table 1). Based on this data analysis, the pore sizes and
effective porosities of these three types of hydrogels can be ranked as
follows: GGMA > GGMA/HK > GGMA/FK. Based on the micro-CT
analysis, all three types of hydrogels should provide adequate perme-
ability during cell culture, suggesting that GGMA-based hydrogels offer
sufficient space for cell survival. A series of cell compatibility experi-
ments will be conducted to test whether cells can maintain normal
cellular functions within these hydrogels.

3.3. Versatile physical properties of GGMA-based hydrogels

In development of hydrogels, previous studies have adjusted their
structures and properties with various preparation processes [49,59,60].
Therefore, evaluation of GGMA-based hydrogels on their water absor-
bency, mechanical performance, and material degradation is conducted.

To investigate the photo-crosslinking gelation properties of GGMA-
based hydrogels, the rheological test with ultra-violet (UV) curing was
conducted. As shown in Fig. 2D, we could observe that the storage
modulus (G) of all hydrogel groups drastically increased as the UV light
source was activated at the 30th second of the test time, while the loss
modulus (G") also slightly increased. Furthermore, we could notice that
the values of G’ in all groups were obviously higher than that of G” and
stabilized at the 100th second of test time. This result indicates that the
hydrogels possess rapid gelation properties under UV curing which
would be helpful to the further tests. Also, we could find that the
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Fig. 2. Physical property analysis of GGMA, GGMA/FK, and GGMA/FK hydrogels. (A) Utilization of FT-IR analysis to examine the functional groups within three
GGMA-based hydrogels and the necessary constituents (feather, hair keratin) (B) Using '>C NMR instrumentation, the molecular compositions within three GGMA-
based hydrogels and the essential source materials (feather, hair keratin) are analyzed to identify their molecular functional groups. (C) Micro-CT image for pore
distribution within GGMA-based hydrogels. (D) Rheological measurement of GGMA-based hydrogels with 365 nm UV-light curing. (n = 3) (E) Evaluation of the in
vitro degradation of GGMA-based hydrogels over a 48-h period. (n = 3) (F) Measurement of the water uptake of three types of hydrogels within 8 h (n = 3).

Table 1
Pore sizes and porosities of GGMA hydrogels analyzed with mercury intrusion
porosimetry (MIP).

GGMA GGMA/HK GGMA/FK
Pore size (MIP) 128.5 + 3.5 pm 110.2 £ 7.2 ym 159.3 +£ 2.9 ym
Pore size (micro-CT) 63.36 + 3.1 pm 60.12 + 1.8 pm 51.71 + 2.5 pm
Porosity (MIP) 87.58 % 82.46 % 77.54 %
Porosity (micro-CT) 80.28 % 78.82 % 73.47 %

incorporation of keratin would slightly affect the cross-linking process of
GGMA hydrogels as the values of G’ in both groups with keratin content
were slightly lower than that of the GGMA group. As for the difference
between GGMA/HK and GGMA/FK groups in G’ values, this might be
caused by differences in crosslinking efficiency between hair and feather
keratin.

From Fig. 2D, we investigate different time point at which each
hydrogel reached the same value of storage modulus (Fig. S3A). We
assume that the networks within the hydrogels are composed entirely of
GGMA polymers, as keratin does not contain functional groups to
crosslink with GGMA polymers. Consequently, if two hydrogels achieve
the same storage modulus, implying that they have reached equivalent
crosslinking densities. By measuring the time required for each hydrogel
to attain this specific density, we can compare their crosslinking effi-
ciencies, GGMA > GGMA/HK > GGMA/FK. The main distinction be-
tween these hydrogels, influencing their crosslinking efficiency, should
be the incorporation of keratins. Since the molecular weight distribution
for the extracted feather keratin is relatively smaller than that of hair
keratin, there is more polymer chains within the hydrogel than that of
hair keratins, causing the crosslinking possibility between C-C double
bonds of GGMA polymers to be relatively lower for GGMA/FK group
than GGMA/HK group, resulting in lower G’ values. However, the result
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of the rheological test still proved that GGMA polymer could retain
sufficient gelation properties after the incorporation of hair and feather
keratin.

In the degradation test, we can observe that the remaining weight of
all groups of hydrogels are above 60 % after 48 h (Fig. 2E). We can also
find that the GGMA and GGMA/HK groups show similar trends during
the test time. However, the remaining weight of the GGMA/FK group is
relatively smaller than the other groups and this result might be caused
by lower crosslinking density, making it easier to degrade.

According to the experimental results of water absorption test, the
three types of hydrogels reached water absorption equilibrium at
approximately 1 h. Further evaluation of their water absorption capacity
revealed the following order: GGMA/FK > GGMA/HK > GGMA
(Fig. 2F). Although GGMA hydrogel itself possesses some water ab-
sorption potential, its water uptake is still inferior compared to the
hydrogels with added keratin. The superior water absorption of GGMA/
FK can be attributed to the hydrophilic groups, which facilitate water
molecule adsorption and penetration. Additionally, using an alkaline
method for extracting feather keratin resulted in the cleavage of keratin
into smaller molecule f-keratin derivatives, leading to an increased
exposure of hydrophilic groups such as amino and sulfhydryl groups.
This enhanced the water absorption ability of GGMA/FK hydrogel. On
the other hand, GGMA/HK exhibiting lower water absorption compared
to GGMA/FK due to the hair keratin extraction method using 2-mercap-
toethanol and heat, resulting in longer molecular chains with fewer
exposed hydrophilic groups. Our findings demonstrate that the addition
of keratin significantly impacts the water absorption properties of the
hydrogels, and the extent of exposure of hydrophilic groups during the
keratin extraction process may be a critical factor contributing to the
differences in water absorption.

According to previous literature, the mechanical strength charac-
teristics of materials containing keratin are generally poor, mainly due
to the hard and brittle nature of keratin proteins [36]. Since GGMA
possesses excellent mechanical properties, we introduced GGMA to
provide structural support to keratin. From the result of the compression
test, we observed that the Young’s modulus of these three hydrogels
follows the order of GGMA > GGMA/HK > GGMA/FK (Fig. S3B). We
could observe that the incorporation of keratin would slightly affect the
mechanical property of GGMA hydrogel. Interestingly, we could also
notice that GGMA/HK possess higher value in Young’s modulus than
that of GGMA/FK. One possible reason may lie in the difference of size
distribution between two extracting methods of keratins. Hair keratins
contain higher content of flexible a-keratin secondary structures. On the
other hand, due to the utilization of strong alkali during the extraction
process, the p-sheet structures of feather keratin might be degraded into
small molecule B-keratin derivatives. Their respective interference with
the crosslinking between GGMA polymers led to a lower mechanical
strength of GGMA/keratin hydrogels compared to GGMA. Nevertheless,
with the slight difference in Young’s modulus, the mechanical charac-
teristics of GGMA network were not adversely affected by the incorpo-
ration of keratin, proving GGMA to be effective in providing mechanical
support for the keratin content.

From the TGA results (Fig. S3C), we can know that there exist three
different temperature ranges of thermal decomposition. The first tem-
perature range of decomposition is 0-100 °C and the weight loss is
mainly due to the evaporation of remaining water inside the material.
The second range of thermal decomposition happens around 250 °C and
the weight loss is mainly due to the decomposition of GGMA which we
can observe in all hydrogel groups. The final temperature range of
decomposition is 300-320 °C, mainly caused by the decomposition of
the keratin component which is observed in the both groups containing
keratin. Interestingly, we can observe that the decomposition tempera-
ture of GGMA in the GGMA/FK group is relatively lower than the other
groups. The phenomenon might be caused by the interaction of feather
keratin with GGMA hydrogel which we can also notice from rheological
property, compressive test and degradation assay. The final remaining
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weight % of both GGMA /keratin groups is relatively larger than that of
the GGMA group, this might be caused by the keratin remains and im-
purities produced from the extracting process. In spite of the slight
change in degradation temperature of hydrogel groups containing ker-
atin, the incorporation of keratin would not significantly affect thermal
decomposition profile of GGMA hydrogels.

In summary, these results provided an insight into the physical
characteristics of GGMA /keratin hydrogel. With this understanding of
GGMA /keratin hydrogels, we then conducted a series of in vitro and in
vivo experiments to analyze the applicability of GGMA/keratin
hydrogels.

3.4. Cell localization, viability and proliferation throughout the GGMA-
based hydrogels

To assess cellular behavior within GGMA-based hydrogels, L929 cells
were cultured for 5 days, fixed, and stained with phalloidin for fila-
mentous actin and MitoBright LT for mitochondrial distribution.
Confocal microscopy showed strong phalloidin and MitoBright LT
expression in GGMA/HK and GGMA/FK groups compared to GGMA
alone (Fig. 3A, S4A).

The cells predominantly display spindle or spread-out morphologies,
with the staining signals and quantification of phalloidin expression
stronger in GGMA/HK and GGMA/FK groups compared to GGMA
throughout the study (Fig. 3A, S4B). W hile GGMA/HK exhibits slightly
higher staining than GGMA/FK with no significant difference.

On day 5, mitochondrial expression also revealed cell morphology
within GGMA-based hydrogels, corresponding to the spindle-shaped
morphology observed in previous result. Both GGMA/HK and GGMA/
FK groups exhibited significantly higher staining signal levels compared
to GGMA (Fig. S4A). Also, quantification result showed the same trends,
with GGMA/HK showing notably higher levels on days 3 and 5
(Fig. S4C). From the results, it is evident that the interior of GGMA/
keratin hydrogels can foster favorable conditions for cell adhesion, with
GGMA/HK demonstrating a particularly enhanced cell attachment
environment.

Next, we assessed L929 cell viability and proliferation within GGMA,
GGMA/HK, and GGMA/FK hydrogels using CCK-8 assay, dsDNA con-
tent, and Ki-67 expression from day 1 to day 5. CCK-8 assay revealed
increasing metabolic activity in all groups throughout the experiment
period. Initially, GGMA/HK and GGMA/FK groups showed higher for-
mazan products expression than GGMA, with GGMA/HK slightly higher
than GGMA/FK (Fig. 3B). At days 3 and 5, GGMA/HK displayed
significantly higher activity than GGMA/FK, while GGMA presented
lowest activity level, likely due to the absence of keratin. Despite this,
cell viability tests continue to demonstrate that all GGMA-based
hydrogels are highly compatible with cells.

The dsDNA assay detected cell proliferation in the hydrogel (Fig. 3C).
In all groups, dsDNA concentration increased from day 1 to day 5, with
the GGMA/HK group showing the highest increment. On day 5, both
GGMA/HK and GGMA/FK groups had significantly higher dsDNA con-
centrations than the GGMA group, with GGMA/HK exhibiting the
highest concentration, indicating that it is conducive for cell activity and
enhancing L929 cell proliferation within GGMA-based hydrogels con-
taining keratin.

To assess cell proliferation in GGMA-based hydrogel, we analyzed Ki-
67 expression. Ki-67, encoded by the human MKI67 gene, is predomi-
nantly expressed during active cell cycle phases (G1, S, G2, and M),
making it a common marker for assessing proliferation [61].

Based on flow cytometry, Ki-67 expression in GGMA, GGMA/HK,
and GGMA/FK groups on day 1 was 16.91 %, 31.02 %, and 21.47 %,
respectively (Fig. 3D). On day 5, expression increased: GGMA (27.29 %),
GGMA/HK (73.44 %), and GGMA/FK (67.15 %). Keratin-containing
hydrogels showed significant increase in cell proliferation from day
1-5, with GGMA/HK showing the highest increment (Fig. 4D). Also,
quantitative analysis (Fig. 3E) confirmed GGMA/Keratin hydrogels’
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Fig. 3. Investigation of the cell compatibility and proliferation of L929 cells within hydrogel structures of GGMA, GGMA/HK, and GGMA/FK. (A) Utilizing phalloidin
staining, the adhesion and distribution of L929 cells within GGMA, GGMA/HK, and GGMA/FK hydrogels are examined on day 5. (B, C) Quantitative analysis of
Formazan production using the CCK-8 assay and measurement of DNA content were performed to assess the cell viability and proliferation of L929 cells within the
GGMA, GGMA/HK, and GGMA/FK hydrogels at day 1, 3, and 5. (n = 6) (D, E) The scheme employed for flow cytometry analysis of cell proliferation and Ki67
expression in 1929 cells derived from GGMA, GGMA/HK, and GGMA/FK hydrogels. Quantitative analysis of Ki67 expression was conducted on the three groups of

hydrogels at day 1 and 5. (n = 6) *p < 0.05. **p < 0.01. ***p < 0.001.

superior performance over GGMA. This aligns with CCK-8 and dsDNA
assay results. Differences may stem from variations in RGD (arginine-
glycine-aspartate) and LDV (leucine-aspartate-valine) amino acid se-
quences in keratin extraction methods [57]. Nonetheless,
keratin-enriched GGMA hydrogels effectively promote cell adhesion and
proliferation, indicating excellent biocompatibility.

3.5. Assessment of cell apoptosis within GGMA-based hydrogels

The microenvironment of hydrogels impacts cell behaviors
throughout their lifecycle, including diffusion, migration, proliferation,
and apoptosis. To analyze these effects, we employed flow cytometric
analysis on three types of GGMA hydrogels with L929 cells (Fig. S5).
Flow cytometry quadrant analysis demonstrates the distribution of
viable (7AAD-, Annexin V-), early apoptotic (7AAD-, Annexin V+), late
apoptotic (7AAD+, Annexin V+), and dead (7AAD+, Annexin V-) cells.

On day 1, GGMA/HK and GGMA/FK groups exhibited over 98 %
viability, with less than 1 % in late apoptosis or dead stages, indicating
high cell compatibility (Fig. SS5A). In contrast, GGMA showed 84 %
viability, with 18.7 % in early apoptosis. Quantitative data from four
experiments showed significantly higher viability in GGMA/HK and
GGMA/FK groups (GGMA/HK: 97.56 %, GGMA/FK: 97.39 %) compared
to GGMA (82.26 %), with no significant apoptosis observed in GGMA/
HK and GGMA/FK groups. On day 5, GGMA/HK and GGMA/FK groups
maintained high viability (96 %), while the viability of GGMA decreased
to 70 %, with increased early apoptosis (28.72 %). Despite a slight in-
crease in early apoptosis in GGMA/HK and GGMA/FK groups, the
overall result exhibited high viability (Fig. S5B). In contrast, GGMA
showed a significant decrease in viability (72.86 %) and increase level in
early apoptosis (26.53 %) compared to day 1. This suggests that GGMA/
keratin hydrogels provide a suitable microenvironment for prolonged
cell growth, with GGMA alone showing reduced viability over time due
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Fig. 4. Tissue adhesive properties of (A) GGMA, GGMA/HK, and GGMA/FK hydrogels appear as a liquid appearance before UV crosslinking and transform into a gel
state after photo polymerization process. (B) Photos showing the adhesion ability of GGMA, GGMA/HK, and GGMA/FK hydrogels for the heart, liver, spleen, and
kidney of mice. (C, D) Schematic illustration of the prepared sample and lap shear test, as well as the actual stretching condition of the samples. (E) Evaluation of the
shear adhesion strength of GGMA, GGMA/HK, and GGMA/FK hydrogels. (n = 4) *p < 0.05. **p < 0.01.

to the absence of keratin as an adhesion substrate.

3.6. Observation of cell migration within GGMA-based hydrogels

To visualize live cell migration within the hydrogels, we utilized
Cytation 5 combined with automated microscopy to obtain fluorescence
images, as shown in Fig. S6. While the majority of the cells were
observed to remain in the top section of the hydrogel after 24 h, they
exhibited deeper migration into the hydrogel over a 72-h period
(Fig. S6A, Fig. S7). In the case of GGMA/HK and GGMA/FK groups, we
noticed that cells had penetrated approximately 2500 pm into the
hydrogel. On the contrary, when observing the GGMA group at the same
time point, most cells were confined to a specific section within the
hydrogel, with cell positions ranging from approximately 450 to 1200
pm.

By quantifying the fluorescence-based movement of live cells, we
calculated the migration distance of cells within the three types of
hydrogels. As shown in Fig. S6B, the cell migration distances in different
hydrogels were 2535 pm (GGMA/HK), 2591 pm (GGMA/FK), and 1145
pm (GGMA), respectively. Despite the GGMA hydrogel having a similar
porous structure to GGMA/HK and GGMA/FK hydrogels, difficulties
persisted in the process of cell migration within the GGMA hydrogel.

This phenomenon could be attributed to the enriched keratin protein
content within both GGMA/HK and GGMA/FK hydrogels. These
hydrogels not only exhibit a dense porous structure with appropriate
pore sizes, allowing for the smooth flow of cell-containing culture me-
dium, but also contain proteins within, serving as a substrate for cell

10

adhesion and migration. Consequently, viable cells can effectively
migrate and proliferate within the hydrogel. The results are in line with
the study conducted by Ng KW et al., which underscores the effective-
ness of keratin hydrogels in promoting fibroblast cell adhesion, prolif-
eration, and maintaining cell viability [62]. These findings suggest that
GGMA /keratin hydrogels, abundant in keratin protein, facilitate cell
migration and adhesion.

3.7. Assessing the adhesive properties, strength, and hemostatic potential
of GGMA-based hydrogels on biological tissues

To assess the adhesive effect of GGMA-based hydrogels on biological
tissues, we conducted separate tests with plain hydrogels and photo-
crosslinking to evaluate the adhesion of the GGMA-based hydrogels on
different tissues (Fig. 4A). When organs were placed on the hydrogel and
observed upside down, the GGMA-based hydrogels exhibited excellent
adhesive performance to various biological tissues, including the heart,
kidney, spleen, and liver, highlighting their importance for biomedical
applications (Fig. 4B). Additionally, two lap-shear samples were pre-
pared and the adhesion strength of the hydrogel on representative sur-
faces was determined using a tensile adhesion test (Fig. 4C and D). The
adhesion stress to GGMA, GGMA/HK, and GGMA/FK was quantified as
16.5 + 2.03, 13.5 £ 1.69, and 10.6 + 2.06 kPa, respectively, through
the tensile adhesion test (Fig. 4E). Although the keratin content may
have slightly affected the crosslinking efficiency of GGMA hydrogel,
thereby influencing its adhesive strength, GGMA/HK and GGMA/FK
hydrogels still demonstrated a considerable degree of adhesiveness in
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the tests.

Next, in order to verify the applicability of GGMA-based hydrogels in
the cases of acute trauma, in vivo tests for hemostatic capacity were
conducted on a mouse liver injury model (Fig. 5A). Fig. 5B shows the
blood loss conditions for each group on filter paper, while the liver tissue
images of hydrogel seals at the wounded site of liver tissue after being
punctured. We could observe that, without hydrogels, the amount of
blood loss was higher than the groups with hydrogels. Additionally, we
could find that the hydrogel liquid forms a protective layer (red arrows)
after photo-crosslinking, effectively isolating the wound from external
contact thereby achieving hemostasis rapidly (Fig. 5B). Next, the
quantified blood loss (Fig. 5C) revealed that the average bleeding
amount during puncture was 27.8 + 5.77 mg, 17.7 + 6.0 mg, 14.5 +
3.14 mg, and 15.3 + 2.98 mg, respectively. The quantified hemostasis
time (Fig. 5D) revealed that the average duration was 142.3 + 29.51 s
without using hydrogels, 37.6 + 6.06 s for the GGMA group, 44.2 +
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7.12 s for the GGMA/HK group, and 44.3 + 8.15 s for the GGMA/FK
group. Overall, the groups with hydrogel covered exhibited significantly
lower bleeding amounts compared to the control group. Furthermore,
when comparing the effects of the three types of hydrogels on liver
bleeding, no significant differences in bleeding time or blood loss were
observed among three groups. This is because the hydrogels could
directly fill the wound and physically isolate it from the external envi-
ronment after undergoing photo-polymerization, thus effectively
assisting in wound hemostasis. Therefore, GGMA-based hydrogels
indeed possess rapid hemostatic abilities and excellent adhesive prop-
erties, effectively preventing irregular wound bleeding.

3.8. Therapeutic effects and biocompatibility evaluation of GGMA-based
hydrogel on a mouse skin injury model

We then utilized the GGMA-based hydrogels on a mouse skin injury
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Fig. 5. Utilization of GGMA, GGMA/HK, and GGMA/FK hydrogels for achieving hemostasis in a murine liver puncture model. (A) (1) Construction of a murine liver
puncture model. (2) Drops of GGMA, GGMA/HK, and GGMA/FK hydrogels were placed onto the puncture wound site. (3) UV irradiation was employed to induce
crosslinking of the hydrogels. (4) Hydrogels transitioned into a solid state, effectively sealing and closing the hemorrhage site. (B) Images of the blood loss of each
group (Control, GGMA, GGMA/HK, GGMA/FK) on filter paper. (C, D) Quantification analysis in hemostasis time and residual blood weight on filter paper to assess
the impact of these three hydrogels on hemostasis effectiveness for liver injuries. (n = 3) ***p < 0.001.
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model to evaluate its biocompatibility and therapeutic effects in vivo
(Fig. 6A). The postoperative photographs showed no evident signs of
infection in the skin wound areas or the surrounding skin border treated
with three types of hydrogels. While slight redness and swelling were
noted at the edges, these symptoms are likely natural responses to the
surgical creation of the skin wound model, not directly attributable to
the hydrogel (Fig. 6B). Meanwhile, in the groups treated with the
hydrogel dressings, a reflective surface at the central area of the wound
could be seen, indicating the existence of the hydrogel.

From day 2 to day 8, all groups displayed a reduction in wound area.
The central areas of the wounds in the control group appeared dry, with
some slight redness, suggesting mild acute inflammation. From day 11
to day 14, the wound areas in all groups had diminished to one-fourth of
their original size on day 0, with granulation tissue forming around

(A) 7\ ©O)
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them. It was noted that the wound area in the GGMA hydrogel group
containing keratin was smaller compared to the control group. Although
the GGMA group also demonstrated a decreasing trend in wound area,
the reduction was less significant than in the other two groups, likely
due to differences in wound shape.

On day 17 post-surgery, the condition of all wounds was meticu-
lously examined. It was encouraging to find that all wounds had
completely closed. However, while the wounds in the control group had
fully healed, a visible scar remained, indicating more effective healing in
the GGMA-based hydrogel groups. Further close examination of the
central wound areas revealed that the epidermal tissues had fully
repaired, restoring a normal skin structure and appearance. Notably, no
adverse local tissue reactions, signs of infection, or fluid leakage from
the wounds were observed during treatment, affirming the effective
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Fig. 6. Treatment of the excisional dorsal full-thickness skin wound using GGMA-based hydrogels. (A) Schematic of the process for fabricating a full-thickness skin
wound model and placing a GGMA-based hydrogel on the dorsal wound area. (B) Images of the wound area treated with three types of GGMA-based hydrogels from
day 0 to day 17. (C) Simulated analysis of the contraction of mouse skin wounds using three types of hydrogels based on GGMA, and comparing them with the control
group. (D) Quantification of the extent of skin wound area contraction from day O to day 17. (E) Paraffin skin sections from the treatment with three types of GGMA-
based hydrogels and control group on the full-thickness skin wound area of mice were simultaneously subjected to H&E staining, Masson’s trichrome staining and
immunohistochemical staining (IHC) of CD31 expression for comparisons. (Black and white arrows: wound healing area; black dashed arrow: CD31 expression area).
(F, G) Quantitative analysis was conducted to assess the percentage of collagen for Masson’s trichrome staining and Immunohistochemical expression of endothelial
markers CD31 in each group on day 17. (n = 6) *p < 0.05. ***p < 0.001.
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performance of the GGMA-based hydrogels in fostering a conducive
environment for natural wound healing.

Photographs taken at each time point were analyzed, and colorized
images of the wound area for each time point were produced, showing
detailed changes in the wound area, as depicted in Fig. 6C. The group
treated with GGMA hydrogel containing keratin showed better wound
closure compared to both the GGMA and control groups. We quantified
the percentage of wound closure and noted differences between the
groups, confirming the effectiveness of GGMA hydrogels containing
keratin in wound treatment (Fig. 6D). In the analysis of wound area
quantification, the effectiveness of the GGMA/HK group in treating
wounds appeared better to that of the GGMA/FK group, suggesting
additional benefits of keratin extracted from hair for wound healing.

The typical wound healing process involves stages such as epidermal
epithelialization, inflammation, granulation tissue formation, blood
vessel generation by endothelial cells, collagen fiber thickening, and
dermal tissue remodeling [3,63]. After inspecting the actual skin wound
healing condition through H&E staining, we found that on day 17 after
surgery, all skin wounds had essentially healed. The newly formed
epidermal tissues covered the granulation tissues of the wounds, closely
resembling the natural epidermal tissues present in adjacent intact skin.
In the control group, despite the complete coverage of the wound area
by the epidermal layer, there was no significant thickening observed,
and the dermal tissue appeared loosely-structured (Fig. S8). Moreover,
the absence of new hair follicles and signs of cellular infiltration were
evident, possibly due to the acute inflammatory response in the wound
and surrounding granulation tissue from the lack of hydrogel coverage.
Conversely, the wounds treated with hydrogels showed significantly
thicker epidermal tissues than those in the control group (Fig. 6E). In the
GGMA/HK and GGMA/FK groups, we observed a significant thickening
of the dermal layer, indicating increased collagen fiber production.
Furthermore, the presence of fibroblasts and endothelial cells in the
wound area suggests that the repair of the dermis has reached a certain
level. On the contrary, the GGMA group displayed loose tissue stacking
in the dermal layer. Previous studies indicate that applying keratin
peptides to the wound bed can activate keratinocytes in the surrounding
wound area, promoting the proliferation and migration of fibroblasts,
the production of collagen, and the formation of granulation tissue,
thereby advancing to the next stages of wound healing [64]. These
studies align with the results of our wound treatment using GGMA/-
keratin hydrogels, indicating that GGMA/keratin hydrogels further
promoted the wound healing.

During the middle stage of the skin wound healing process, collagen
synthesis plays a crucial role by providing a scaffold for wound healing
cells and promoting the regeneration of blood vessels, thereby facili-
tating wound closure [65,66]. Therefore, Masson’s trichrome staining
was utilized to evaluate collagen fiber remodeling and accumulation in
the skin wounds. Through semi-quantitative scoring of Masson’s tri-
chrome staining, it was indicated that the expression levels of collagen
fiber in the newly formed skin tissue were significantly higher in the
GGMA/HK and GGMA/FK groups compared to the control group and the
GGMA group. Furthermore, the groups treated with GGMA/HK exhibi-
ted superior integrity and collagen expression levels in the newly formed
skin tissue, with the collagen fibers appearing thicker and more intact
than those in the GGMA/FK group (Fig. 6E). This suggests that
GGMA-based hydrogels containing keratin promote the proliferation of
collagen fiber in the dermis layer with hair-extracted keratin out-
performing feather extracted-keratin (Fig. 6F).

As the wound healing progressed from the middle to the late stages,
the presence of vascular endothelial cells and newly formed hair follicles
became apparent in the repaired tissue. Therefore, immunohistochem-
ical staining was utilized to evaluate the expression of the vascular
endothelial marker CD31, commonly found in tissues rich in blood
vessels, for assessing angiogenesis. A concentrated staining phenomenon
typically appears between the boundaries of endothelial cells [67]. The
quantitative results indicate that in the skin tissues, the expression levels
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of CD31 in the GGMA, GGMA/HK, and GGMA/FK groups are all higher
than those in the control group (Control: 12.66 % + 2.85 %, GGMA:
19.47 % + 2.65 %, GGMA/HK: 59.10 % + 8.01 %, and GGMA/FK:
21.50 % + 3.7 %) (Fig. 6G). Notably, the CD31 expression in the
GGMA/HK group was significantly higher than in the other groups,
indicating that hair-derived keratin may contribute to angiogenesis,
potentially accelerating tissue repair and enhancing the integrity of
newly formed tissue.

Overall, the staining results indicate that GGMA/keratin hydrogels
enhance collagen fiber deposition in wound areas, thereby accelerating
the skin wound healing process. Additionally, the GGMA/HK hydrogel
shows promise in facilitating epithelial cell proliferation, improving
tissue integrity, and promoting angiogenesis potential. These findings
strongly support the utilization of GGMA/HK hydrogel in wound treat-
ment, underscoring its potential in promoting wound healing. In sum-
mary, the application of hydrogel coverage significantly contributes to
skin wound repair and fosters neovascularization.

4. Conclusion

Based on the experimental results, we have successfully modified
and photo-crosslinked our hydrogel. Incorporation of keratin protein
species resulted in hydrogels exhibiting high plasticity, adhesiveness,
and biocompatibility. These hydrogels not only possess dense porosity
and water absorption traits but can also adjust their stiffness and elas-
ticity, suggesting potential applications in tissue engineering. In the
adhesive capability test of hydrogel on tissues, we found that GGMA-
based hydrogels exhibit excellent adhesion. They adhere not only to
the skin with a certain degree of adhesiveness but also demonstrate
outstanding adherence to other organs. Moreover, in a liver puncture
injury bleeding model, GGMA-based hydrogels can effectively seal
bleeding sites in damaged liver tissue, achieving hemostasis, effectively
isolating the wound from external contact. In cell compatibility tests, it
was demonstrated that mouse fibroblast cell L929 could adhere and
proliferate within a GGMA-based hydrogel containing keratin.
Furthermore, confirmation was obtained that the GGMA/HK hydrogel
displays excellent cell compatibility, with compatibility levels positively
correlating with the presence of keratin. Finally, in vivo studies further
validated the positive impact of hydrogels on wound healing capabil-
ities. Specifically, GGMA-based hydrogels exhibited remarkable
biocompatibility. Additionally, these hydrogels helped maintain a moist
environment around the wound, assisting in the growth of granulation
tissue for self-debridement of necrotic tissue. Moreover, GGMA/keratin
hydrogels delivered keratin factors to damaged areas, aiding in skin
repair. Immunohistochemical staining for CD31 expression revealed
significant differences between the GGMA/HK-treated skin wounds and
other hydrogel groups, indicating that keratin extracted from hair has a
certain ability to promote angiogenesis during wound healing. These
affirmative outcomes bear implications for wound healing. Collectively,
this research paves the way for the development of highly adaptable and
controllable biodegradable hydrogels. These accomplishments not only
carry a positive influence in the realm of biomedicine but also provide
guiding principles and a foundation for tissue engineering and regen-
erative medicine. Anticipations are that these research findings will
introduce greater prospects for future biomaterial design and clinical
applications.
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