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Introduction: Nano-mesoporous bioactive glass and RGD peptide-coated collagen membranes have great potential in wound healing.
However, the application of their compound has not been further studied. Our purpose is to prepare a novel bioactive collagen scaffold
containing both NMBG stent and adhesion peptides (BM), which then proves its promising prospect the assessment of physical
properties, biocompatibility, GSK-3/B-catenin signaling axis and toxicological effects.

Methods: The structural and morphological changes of BM were analyzed using scanning electron microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS). In vivo, wound healing of BM was assessed in SD rats through dynamic monitoring and calculation
of wound healing rate. Immunohistofluorescence (IHF), H&E, and Masson staining were utilized; in vitro, primary cell culture, and
a variety of assays including CCK-8, Transwell, Scratch, Immunocytofluorescence (ICF), and Western blot (WB) were performed,
both for morphology and molecular analysis.

Results and Discussion: Preparation of BM involved attaching NMBG to RGD-exposed collagen while avoiding the use of toxic
chemical reagents. BM exhibited a distinctive superficial morphology with increased Si content, indicating successful NMBG
attachment. In vivo studies on SD rats demonstrated the superior wound healing capability of BM, as evidenced by accelerated
wound closure, thicker epithelial layers, and enhanced collagen deposition compared to the NC group. Additionally, BM promoted
skin fibroblast migration and proliferation, possibly through activation of the GSK-3/B-catenin signaling axis, which was crucial for
tissue regeneration. This study underscored the potential of BM as an effective wound-healing dressing.

Conclusion: A new method for synthesizing ECM-like membranes has been developed using nano-mesoporous bioactive glass and collagen-
derived peptides. This approach enhances the bioactivity of biomaterials through surface functionalization and growth factor-free therapy.
Keywords: NMBG, proliferation, RGD, migration, wound healing, GSK-3/B-catenin signaling axis

Introduction
For healing wounds, the skin has developed four main phases of sophisticated mechanisms: hemostasis, inflammation,
proliferation, and remodeling of the extracellular matrix (ECM)."* Fibroblasts, the main cell type responsible for ECM
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remodeling, produces collagen and other biological components.® Fibroblasts, which are the main component cells of the
dermis, participate in the process of wound healing and tissue remodeling after skin injury.* The migration of fibroblasts
and the extracellular matrix they secrete are vital for wound healing and tissue repair.” Furthermore, Collagen, the most
abundant protein in the extracellular matrix of human skin, has shown the ability to enhance cell migration and
proliferation, making it integral to wound healing and promoting fibroblasts’ proliferation. It plays an important role
in interacting with cells and regulating the wound healing process.” The lack of collagen also poses a significant
challenge in terms of its modification and organization, which can impair wound healing.” Mistry et al assessed
in vitro wound closure of Col 1 peptides. The results showed that collagen peptides significantly promoted wound
closure in fibroblasts’ proliferation and ki67 expression.”

RGD, found in the extracellular matrix (ECM), is a multifunctional cell attachment site in fibronectin and other
proteins.” It has been used in grafting onto synthetic and natural materials to enhance cell proliferation and organization
for regeneration.'*"!

RGD facilitates the interaction between cells and their microenvironment by providing binding sites within the ECM.
This interaction plays an essential role in regulating various cellular processes such as proliferation, migration, growth
factor sequestration, and cell signaling through cell surface receptors.'?

Yakovlev et al conducted experiments demonstrating that RGD promotes wound closure in HUVEC by interacting
with the aC domain of the HUVEC integrin binding site.'* In our study, we utilized nanobioactive glass as a cell scaffold
to investigate the migration and healing of fibroblasts. This approach addressed the limitations of insufficient thickness
and rapid degradation observed in commercial collagen membranes. Moreover, it accelerated the speed of fibroblasts
spreading and migration. Additionally, we were able to control the release rate of RGD to maintain its natural activity.'*

In their study on the thermal stability of collagen, Kronick et al utilized subcutaneous reticular collagen tissue
extracted from cattle. They subjected the tissue to heat at 68°C for 75 minutes and observed that half of the collagen
underwent deconstruction, resulting in the formation of the adhesive polypeptide RGD."”

Compared to pure collagen, the mixed structure of polypeptide and collagen serves the dual purpose of maintaining
scaffold stability and enhancing biological activity. The RGD sites of integrin binding in the injured area become exposed
to adhesion peptide molecules, thus contributing to the wound healing process.'®'” Consequently, the mixed membrane
comprising the peptide adhesion sequence RGD/collagen can be viewed as a simplified extracellular matrix (ECM)
model."®

In general, we propose a method to expose the polypeptide adhesion sequence RGD in its natural form to the
biological collagen film by appropriately heating it, while ensuring the stability of the collagen membrane, retaining at
least 50% of its original structure. The RGD sequence derived from collagen denaturation is not modified or contami-
nated with any additional substances or chemical cross-linking agents. By conjugating the RGD to the surface of the
material, the collagen membrane becomes stronger and safer. Fixed RGD sequence on the material’s surface promotes
cell attachment, while free RGD dissolved in the solution inhibits cell anchoring.'® Moreover, we embed the RGD
sequence in nano-mesoporous bioactive glass (NMBG) within the collagen membrane scaffold. Organic material
compounding frequently involves the use of NMBG scaffolds to enhance the properties of raw materials.

NMBG is always used as a scaffold, in regenerative medicine, and drug delivery in tissue engineering.”*** In
a previous work, NMBG was fabricated by dry ChG sponge scaffolds modified with nano bioactive glass and nano-
mesoporous bioactive glass possessed excellent cytocompatibility, bone-like apatite induction in vitro, and bone
regeneration capacity in vivo.”> These scaffolds have the capability to promote cell adhesion, proliferation, and
differentiation in vitro. When mesoporous bioactive glass comes into contact with body fluids, the high specific surface
area and mesoporous structure of bioactive glass react rapidly. This reaction leads to the formation of a scaffold with
hydroxyapatite product.”* NMBG also allows for a gradual release of the cell adhesion-promoting polypeptide sequence
during the degradation of the collagen membrane scaffold.’

However, the effect of RGD-loaded NMBGylated collagen membrane scaffolds on the proliferation and migration of
fibroblasts in skin connective tissue has not been investigated yet. Our previous research has demonstrated that the Wnt
signaling pathway plays a crucial role in the proliferation and migration of fibroblasts, influencing the repair and
regeneration of soft tissue through the regulation of key processes such as cell proliferation, migration, and Extra
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Cellular Matrix (ECM) synthesis. Additionally, our research group has previously shown that biomimetic extracellular
matrix collagen membranes containing BFGF and RGD can enhance the adhesion and proliferation of skin fibroblasts.*®

Some researchers have suggested that different concentrations of RGD can regulate cell movement and have analyzed
the relationship between osteoblast differentiation and cell migration, as well as the involvement of the Wnt signaling
pathway.?’ Activation of the Wnt signaling pathway leads to the phosphorylation of GSK-38 protein, allowing B-catenin
to enter the nucleus and promote growth signals for controlling cell behavior.”®

In the end, our study prepared a bioactive BM containing NMBG stent and adhesion peptides. We are supposed to
prove the novelty and promising prospect of wound healing biomaterials, through the assessment of physical properties,
biocompatibility, and toxicological effects after incorporating RGD and NMBG.

Methods

BM Production

Dissolve 4 g of PEO-PPO-PEO in 20 mL of ethanol and sonicate the mixture for 5 minutes until it is completely
dissolved. Then, add 6.7 g of TEOS, 0.73 g of TEP, and 0.6580 g of CaCl, into the solution and stir with a Vortex Mixer
(Servicebio, China) for 30 minutes vigorously. Subsequently, add 55mL HCI (0.5 mol/L) into the former liquid and place
the final mixture overnight.

A commercial collagen membrane, CO (Heal-all membrane, ZH-BIO, China), was exposed to denaturation at 122°F
and 30% humidity for 1 hour.

Two milliliters of the final mixture was evenly applied on the RGD exposed membrane in a culture dish via a dropper.
The membrane would be dried in an oven at 86°F for 2 hours. After repeating this process three times, the membrane was
dried at room temperature for 24 hours.

To prepare the NMBG-embedded RGD biomimetic extracellular matrix (BM), the last step was to soak the membrane
in a mixed solution (1 mL of 37% HCI and 99 mL of ethanol) at a constant temperature water bath at 98.6°F for 24 hours,
and totally dried BM at room temperature.

Scanning Electron Microscope (SEM)

CO, RGD exposed CO, and BM were cut to a size of 0.5 mm * 0.5 mm. Then, we sprayed gold on the prepared
membrane for electron microscope specimens and observed the materials under a scanning electron microscope. The
morphology of the surfaces was recorded by field-emission scanning electron microscopy (FESEM, FEI Quanta FEG
250, 20 kV, USA).

Energy-Dispersive Spectrometer (EDS) of BM

CO and BM samples were prepared into 0.5 mm * 0.5 mm. We used Energy-Dispersive Spectroscopy (EDS) to identify
the qualitative and quantitative analysis of C, N, O, Si, P, Cl, and Ca elements (EDAX. INC, Genesis APEX APOLLO X,
20 kV, USA) and analyzed the differences among the elements by GraphPad Prism 9.

In vivo Wound Healing of BM

SD rats were obtained from the Experimental Animal Center of Ningxia Medical University (IACUC-NYLAC-2022-
207, Yinchuan, Ningxia, China). The rats were maintained under SPF-level barrier conditions, and all procedures were
approved by the Experimental Animal Care and Experimentation Committee of Ningxia Medical University. The study
followed ARRIVE guidelines and adhered to the 4R principles. All experimental operations were performed under
inhalation anesthesia using 5% isoflurane for induction anesthesia and 1% for maintenance anesthesia. Minimal measures
were taken to alleviate discomfort and pain during the operation. When the animals woke up, they were kept warm, and
their vital signs were monitored before being returned to their cages, minimizing the influence of non-experimental
factors. After anesthesia and fur removal, a total of 27 SD rats (3w) were randomly divided into three groups. The backs
were disinfected with 75% alcohol, and a full-thickness skin resection (d=1cm) was removed from the back. The NC
(Negative Control) group served as the negative control group treated with physiological saline, while the CO and BM
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groups were treated as positive control and experimental groups, respectively. Photos were taken with a digital camera to
record the dynamic changes of the wounds on the 3rd, 7th, and 14th day.

Wound healing rate formula: wound healing rate(%)=(1—A,/Ao)x 100%

(Ap: wound surface area at 0 day; An: wound surface area at 3rd day, 7th, day, 14th day)

HE & Masson

To evaluate the histological changes, the back wound of the 3rd, 7th, and 14th day and important organs (heart, liver,
spleen, kidney, and lung) were cut for H&E and Masson staining. Additionally, the weight of the SD rats and important
organs were recorded for H&E staining, in order to detect potential toxicity. The proportion of important organs in the
body weight of SD rats was calculated using the formula:

Proportion of important organs(%)=(heart + liver + spleen + kidney + lung)/SD rat weight x 100%

All skin and organ samples were placed in 10% paraformaldehyde fixative, then dehydrated, made transparent,
immersed in wax, and embedded in 4um paraffin sections. Skin sections were stained with H&E and Masson to examine
changes in the wound-healing process of soft tissue, such as epithelial regeneration, granulation tissue, and collagen
deposition. Organ sections were stained with H&E staining to assess the in vivo toxicity of the materials.

Immunohistofluorescence (IHF)

Three groups of paraffin samples (NC, CO, and BM) were taken on the 14th day. Paraffin sections of 4um thickness were
made and then baked, dewaxed, and hydrated. Antigen retrieval was performed, followed by incubation with 0.3% PBST
(Triton X-100) at room temperature for 15 minutes. The sections were sealed with a goat serum of working solution.
Primary antibodies Ki67 (Servicebio, China) and Col 1 (Abcam, UK) were applied, followed by secondary antibodies
(Abclonal, China). The sections were observed using an inverted fluorescence microscope (Nikon, Japan), and three
fields of view were randomly selected for recording.

Primary Cell Culture of SD Rat Skin Fibroblasts

Full-thickness back skin samples from SD rats were taken after anesthesia. The samples were placed in DMEM (Gibco,
US) with 1 mg/mL Dispase II (Solarbio, China), and kept at 39.2°F for 18 hours. Afterward, 1 mg/mL Type I collagenase
(Solarbio, China) was added at 98.6°F for 1 hour to remove the epithelial layer. The skin was cut into 1 mm * 1 mm
pieces and centrifuged at 1500 rpm/min for 5 minutes. The left cells were inoculated into T25 culture flasks and
incubated upside down for 3 hours. Subsequently, the cells were cultured with 15% FBS (Viva Cell BIOSCIENCES,
Israel) for 3 passages. After 6 passages, primary skin fibroblasts were purified. The purified cells were observed and
photographed using an inverted fluorescence microscope (Nikon, Japan) to record their bright field and fluorescence
morphology.

CCK-8

The 6th-generation cells were seeded into a 96-well plate at a density of 5*10° cells per well. After the cells adhered,
they were starved for 12 hours. Each well was then added with 100ul of complete culture medium in the NC group, BM
group containing 1, 5, 10ug/mL, and 10ug/mL BM+100ng/mL DKK-1 group. The cells were cultured for 24h and 48h,
respectively, and were then detected using the CCK-8 kit (NCM Biotech, China). The absorbance value at 450 nm was
measured using a microplate reader (Bio-Rad, US) and recorded.

Transwell

TrypLE™ Express (Thermo Fisher SCIENTIFIC, US) was used to digest skin fibroblasts which were then resuspended
with DMEM. The cell density was adjusted to 3*10% mL, and 100uL of the mixed cell suspension was added to the
upper chamber coated with gel. In the lower chamber, the NC group was cultured with 700ul DMEM (10% FBS). The
CO group was in 700 ul of DMEM (10% FBS+10ug/mL CO), while the BM group was cultured with 700 ul (10% FBS
+10ug/mL BM) for 12 hours. After removing the upper chamber, it was rinsed with 4% Paraformaldehyde Fix Solution
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for 30 min then kept in 0.5% crystal violet aqueous solution at room temperature for 15 minutes. Wash and dry the
chamber. Three fields of view were randomly selected in each well to capture images. Cell counting was performed using
Image J software, and statistical analysis was conducted using GraphPad Prism 9.0.

Scratch

The skin fibroblasts were seeded in a 6-well plate at a density of 1*10°. Once the fusion reached 80%, the 10ul pipette tip
perpendicular to the bottom of the well was used to make a scratch. Subsequently, the cells were washed with PBS and
divided into three groups: NC group, CO group, and BM group. Pictures were taken at the 0, 12th, and 24th hours using
an inverted microscope (Nikon, Japan) to record the closure of the scratches. The area of scratch healing was calculated
using Image J software, and statistical analysis was performed using GraphPad Prism 9.0.

Immunocytofluorescence (ICF)

The 6th-generation cells were seeded on a 24mm cell slide at a concentration of 1*10°. After adhesion, the cells were
starved for 12 hours. Added the complete culture medium (NC group), complete culture medium along with 10ug/mL
CO (CO group), and complete culture medium 10ug/mL BM (BM group) to culture cells. After 48 hours, the cells were
fixed with 4% paraformaldehyde, permeabilized, and followed by primary antibodies Vimentin (Abcam, U.K.), Ki67
(Servicebio, China), and Col 1 (Abcam, U.K.), Secondary antibodies (Abclonal, China). Mount the slide with Dapi anti-
fade reagent. Record 3 fields of view randomly via inverted fluorescence microscope (Nikon, Japan).

WB

The cells were seeded in a 100mm culture dish at a concentration of 1*¥10”. They were divided into three groups: NC,
BM (10%FBS+10ug/mL. BM), and DKK-1 (BM+DKK-1). The DKK-1 group contained a combination of 10%FBS,
10ug/mL BM, and 100ng/mL DKK-1. After three days of culture, the proteins were extracted for SDS-PAGE electro-
phoresis. Primary antibodies B-catenin (Abcam, U.K.), GSK-3B (Abcam, UK), p-GSK-3p (Abcam, UK), and GAPDH
(Abclonal, China), before secondary antibodies (Abclonal, China), were applied. AI680 (Cytiva, US) was used for
exposure.

Statistics Method

In this study, the data is shown as mean + SD and evaluated using GraphPad Prism 9 by One-way ANOVA and two-way
ANOVA for at least three times. P < 0.05 was considered as statistically significant, and * = p < 0.05, ** = p <0.01, ***
=p < 0.001, ¥**** = p < 0.0001 in the histogram indicated that there was no statistical difference with ns or without *.

Figures
Figure 1 was created using the Figdraw website, with the authorization ID: ASWPY9dd23. From Figures 2—7, the figures
were managed by Adobe Photoshop 2022.

Result and Discussion

Preparation of BM
Figure 1 shows the BM production process. After exposing RGD, NMBG was attached to the bionic collagen membrane,
resulting in the formation of a bionic collagen membrane BM with NMBG wrapping RGD.

In the process of BM, Glutaraldehyde, a common cross-linking agent with absolute toxicity, was not used. Research
has shown that proteolysis or heating could cause partial denaturation of type I collagen, leading to the exposure of the
linear RGD cell adhesion sequence.”” Preosteoblasts were spread on collagen that had been thermally denatured and
heated for 1 hour, as well as on natural collagen that had not been denatured. After 14 minutes, it was observed that 50%
of the cells adhered and spread on the denatured collagen, which was twice as fast as on natural collagen. It was
suggested that the organizational transformation may occur later.* Furthermore, heating and denaturing collagen did not
affect the fibrous framework or the arrangement of macromolecular collagen.
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Figure | The process of making BM.

Morphological Characterization Comparison Included Surface Feature and Content of

Inorganic Element
Figure 2A shows the evaluation of the surface morphology and complex three-dimensional microstructure of the CO
Membrane, RGD-exposed Membrane, and NMBG Coated Membrane (BM).

The SEM image (Figure 2A) revealed that the smooth collagen fibers of the Primary CO Membrane were irregularly
distributed, with a certain space support. The surface of the collagen membrane exposed RGD by heated treatment
appears tabular and smooth, while the surface of the NMBG coated Membrane exhibits an irregular coral branch-like or
strip-like distribution.

Figure 2B presents the element content table of the collagen film before and after decoration. The mass percentage of
the Si element increased from 8.38% to 19.91%, indicating successful attachment of NMBG to the collagen membrane.
Figure 2C displays the fluorescence image of the content of inorganic elements such as C, N, O, Cl, P, Ca, and Si
contained in BM, with the merged image of each element (Figure 2C).

RGD could form a bioactive interface.*’ This not only allowed for the combination of composite biomolecules on the
material to promote tissue regeneration but also provided a favorable microenvironment for wound healing. The research
of Wang et al proved that multilayer material formed by NMBG exhibits biocompatibility and the ability to induce cell
adhesion and migration, ensuring the delivery of nutrients and the discharge of waste during tissue regeneration.’”
NMBG was applied in the compounding of organic materials to enhance their properties.**** Studies have once shown
that NMBG scaffolds can support cell adhesion, proliferation, and differentiation in vitro. When in contact with body
fluids in vivo, NMBG slowly released internally loaded drugs, further enhancing its biological activity.”> However, most
studies explored the usage of the NMBG scaffold for bone regeneration rather than its application in soft tissue healing.

In vivo Experiments Measured the Biological Effects

To further investigate the impact of BM on soft tissue wound healing, a full-thickness skin resection was made on the
back of SD rats, with CO or BM applied. Images of the skin wound (Figure 3A) were taken on the 3rd, 7th, and 14th day
after treatment with negative control (NC), CO, and BM. No signs of inflammation were observed on the wound surface.
New skin growth started from the edges towards the center of the wound, resulting in a continuous reduction in the
wound area. Notably, the BM group exhibited the most significant wound healing effect during the 14-day period.
Particularly, by the 7th day, the wound closure rate in the BM group reached approximately 65.2%, which was
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Figure 2 Morphological characterization comparison. (A) SEM scanning image of different status membranes, bar=200um; (B) EDS: percentage of each element in
membranes, before and after final modification; (C) Element content graph of BM.

significantly higher than the closure rates of 42.2% and 45.5% in the NC and CO groups, respectively (p < 0.0001 and
p < 0.001). It means BM accelerated the early stage of wound healing. Furthermore, on the 14th day, Figure 3B
demonstrates that the wound closure in the CO group was superior to that in the NC group, with statistical significance,
p < 0.0001.

Figure 3C presents the histopathological examination of wound healing covered with different materials. H&E
staining on the 14th day revealed that the wound covered with BM showed a complete formation of new epithelium,
with a thicker epithelial layer compared to the BM group and CO group. The Masson staining results showed that the
density of collagen fibers is highest in the BM group. These fibers were deeply stained with a regular shape, which
promoted the accelerated formation of granulation tissue.
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Figure 3 In vivo experiments of BM. (A) Wound healing among NC, CO, and BM groups on the 3rd, 7th, and |4th day; (B) Analyze of wound closure among NC, CO, and
BM groups on the 3rd, 7th, and 14th day; (C) H&E and Masson staining of NC, CO and BM groups at the |4th day; (D) Immunofluorescence assay of Ki 67 and Col | among
NC, CO and BM groups at the |4th day. (P < 0.05 was considered as statistically significant, and *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001 in the histogram
indicated that there was no statistical difference with ns or without *).
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Figure 4 Skin fibroblast morphological identification. (A) SD rat primary skin fibroblasts under bright field of, bar=100um; (B-D) Immunofluorescence verification of SD rat
primary skin fibroblasts, bar=200um.

The tissue immunofluorescence results (Figure 3D) of Ki 67 and Col 1 complemented the findings from the Masson
staining (Figure 3C). The fluorescence intensity of Ki 67 was lower in the NC group and CO group compared to the BM
group, indicating that BM was the most effective in promoting soft tissue healing among the three groups. Additionally,
the fluorescence intensity of Col 1 in the BM group and CO group was relatively close and stronger than that in the NC
group. This provided further evidence of the supplementary effect of the collagen component in the membrane on the
extracellular matrix in connective tissue.

In vivo, studies have demonstrated that collage promoted the migration of fibroblasts by providing a collagen
supporting framework in different stages of cutaneous wound healing.*” In addition, the physical sealing properties of
the collagen membrane maintained a healthy physiological barrier microenvironment at the wound site, enhancing the
contraction and closure of the wound during the initial stages of the wound healing process. Both CO and BM
contributed to accelerating soft tissue wound healing. Furthermore, RGD has been reported to promote the adhesion
and proliferation of fibroblasts, which helped create contractile forces in the wound area, primarily during the initial
stages of the wound healing process.*® The BM group demonstrated a strong ability to stimulate fibroblast migration and
proliferation, thus promoting the healing process.

Collagen, the most crucial structural protein in the skin and a vital component of the ECM, plays an indispensable
role in supporting the skeleton and facilitating the effective reconstruction of connective tissue in wounds. In Figure 3C,
the MASSON staining revealed a higher accumulation of well-organized collagen fibers in the wound tissue covered with
BM compared to the NC and CO groups. This suggested that the BM group had a greater deposition of collagen in ECM.
Moreover, the BM group exhibited higher ECM content and parallel arrangement of collagen fibers, while the other two
groups displayed loose collagen fibers with irregular arrangement. These findings, along with the data presented in
Figure 3D, further confirm that the collagen component in the collagen membrane had a supplementary effect on the
ECM in connective tissue.

Skin Fibroblasts’ Morphological Identification
Verification of SD rat primary skin fibroblasts was conducted by assessing their morphology and immunofluorescence for
Vimentin (Figure 4A-D). The purified fibroblasts were used in the cytology experiments of this study.

In vitro Experiments Measured the Biological Effects

To investigate the effect of BM on the migration of skin fibroblasts at a cellular level, migration experiments were
performed via Transwell. Skin fibroblasts were observed to migrate spontaneously to the other side of the Transwell
membrane. The number and fold of migrating cells in the BM group were significantly higher compared to the control
group and CO group (Figure SA—C). Cell migration is a crucial aspect of the wound healing process. The scratch
experiment also (Figure 5D) demonstrated the promoting effect of BM on wound closure in vitro. At the 12th hour,
indicating the initial stage of fibroblast migration, there was no significant change in the scratch curve. However, at the
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Figure 5 In vitro experiment of BM. (A) Skin fibroblast Transwell in NC, CO, and BM; (B) Analyze of skin fibroblast proliferation level in NC, CO, and BM; (C) Analyze of
skin fibroblast proliferation number in NC, CO, and BM; (D) Bright field of NC, CO and BM groups at the 12th and 24th h in the Scratch; (E) Analyze of NC, CO, and BM
groups in the Scratch; (F) Immunofluorescence assay of Ki 67 and Col | of skin fibroblast among NC, CO, and BM groups; (G) Analyze of NC, CO and BM groups in
Immunofluorescence assay. (P < 0.05 was considered as statistically significant, and *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 in the histogram indicated that there
was no statistical difference with ns or without *).
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percentage of vital organ weightlbody weight (%)

Figure 6 Detection of BM biotoxicity. (A) H&E staining lung, liver, spleen, kidney, and heart on the 14th day; (B) Color, shape, and texture presentation of vital organs on the |14th day;
(C) Analysis of vital organs proportion compared to total weight at the 14th day. (P < 0.05 was considered as statistically significant, and *p < 0.05, *p < 0.01, **p < 0.001, ¥+ =p <
0.0001 in the histogram indicated that there was no statistical difference with ns or without *).

24th hour, the BM group exhibited the strongest migration ability among the three groups, which was statistically
significant (Figure SE). Importantly, this suggested that BM could enhance the migration capacity of fibroblast better than
the CO group.

Cell immunofluorescence analysis of Ki 67 and Col 1 (Figure SF) showed that the fluorescence intensity of Ki 67 and
Col 1 was significantly lower in the NC and CO groups compared to the BM group, p < 0.0001 (Figure 5G). These
findings meant that BM was more effective in promoting soft tissue healing compared to the other two groups.

When it turned to experiments in vitro, as depicted in Figure 5, the picture demonstrated that the BM group exhibited
significantly higher cell proliferation, migration ability, secretion of main ECM components, and cell survival rate
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Figure 7 Activation of GSK-3[/B-catenin signaling pathway in BM. (A) Skin fibroblast proliferation in the NC, BM, and DKK- | groups at the 24th and 48th h; (B) GSK-3p/p-
catenin expression in NC, BM, and DKK-1 groups; (C) Analyze of B-catenin, GSK-3p, p-GSK-3p expression. (P < 0.05 was considered as statistically significant, and *p <
0.05, ¥p < 0.0, ¥¥p < 0.001, ¥**p < 0.0001 in the histogram indicated that there was no statistical difference with ns or without ¥).

compared to the positive control group. A Previous study by our research group has shown that a simple collagen
membrane would also enhance cell proliferation. It also indicated that the collage, along with adhesion peptides and
cytokines, which provide tissue support during the healing process, can be the influential factors in the proliferation of
skin fibroblasts.”® These findings further supported the potential clinical applications of BM in wound healing at the
cellular level.
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Measurement of BM Biotoxicity
During the healing process, the local membrane could cover the wound and spread to different organs through the peripheral
blood circulation system, potentially causing toxic symptoms. On the 14th day, we collected five major organs (lung, liver,
spleen, kidney, and heart) from each group of experimental animals for histological evaluation using H&E staining (Figure 6A).
Analysis of the H&E stained organ sections revealed no apparent signs of toxicity in any of those tissues. When
comparing the CO and BM groups with the NC group, there were no noticeable differences in the color, shape, and
texture of the important organs (Figure 6B). Moreover, there was no statistically significant difference in the weight ratio
of the important organs between each group on the 14th day, p > 0.05 (Figure 6C).

Activation of GSK-3f/B-Catenin Signaling Axis

We investigated the effect of different concentrations of BM on cell proliferation (Figure 7A). The results demonstrated
an increase in cell proliferation at the 24th h and the 48th h in the groups treated with 1, 5, and 10ug/mL BM. The
proliferation ability of skin fibroblasts increased with the concentration of BM, with the 10ug/mL BM group exhibiting
the highest proliferation ability. However, the addition of DKK-1 resulted in a similar cell proliferation ability to the
control group (NC), but significantly lower than the group with only BM. To further investigate the inner mechanism, we
conducted Western Blot experiments (Figure 7B and C) using SD rat skin cells treated with NC, BM, and DKK-1 (BM
+DKK-1) groups. The results revealed that the expression of B-catenin, GSK-3p, and p-GSK-3p proteins was highest in
the BM group, indicating that BM acted on the Wnt pathway and upregulated the expression of these proteins.
Furthermore, when the Wnt pathway was blocked, even with the presence of BM, the protein contents of f-catenin,
GSK-38, and p-GSK-3p decreased comparing to BM group (p < 0.05, p <0.001, and p < 0.0001), suggesting that RGD
could activate the Wnt signaling pathway at lower concentrations, but when it came with the inhibitor of Wnt pathway,
the effect of RGD reduced.

In the CCK-8 experiment (Figure 7A), DKK-1 was used as a common inhibitor of the Wnt signaling pathway.
Activation of the Wnt signaling pathway inhibited the activity of GSK-3B compounds, resulting in the accumulation of B-
catenin. Then, B-catenin entered the cell nucleus and combined with the transcription factor TCF/LEF to activate the
expression of target genes in proliferating cells such as Ki 67.%°

Previous studies have demonstrated that low concentrations of RGD could activate the Wnt signaling pathway and
promote cell migration.** It was important to note that, under normal circumstances, activation of the Wnt pathway leads to
a decrease in GSK-3pB protein expression and an increase in the expression levels of B-catenin and p-GSK-3pproteins.*!
However, since GSK-3 was a hub gene of other signaling pathways such as PI3K/Akt, NOTCH, and so on,**** there would
be some crosstalk between these pathways, resulting in similar trends in the expression levels of GSK-3f as -catenin and
p-GSK-3B.***® This suggested that when the Wnt signaling pathway was unobstructed, BM could activate Wnt to promote
wound healing. Conversely, when Wnt was blocked, the potential role of BM in proliferation was significantly reduced.

Conclusion

We proposed a novel ECM-like membrane using NMBG and collagen-derived peptides, enhancing its biomaterial bioactivity.
The mesoporous nanomaterials used in this study demonstrated excellent drug loading and sustained release properties due to
their unique structure.*’ This approach combined surface functionalization technology and growth factor-free therapy to
enhance the bioactivity of biomaterials, though researchers usually treated wound healing with growth factor, for example, Wu
et al manufactured the supramolecular hydrogel microspheres of platelet-derived growth factor mimetic peptide to promote
the recovery from Spinal Cord Injury.*® The effectiveness of this method was confirmed through SEM and EDS analysis. In
our research, the collagen scaffolds coated with the peptide-based and nano-mesoporous bioactive glass were found to
promote the proliferation and migration of skin fibroblasts and the healing of soft tissue wounds by activating the GSK-3p/p-
catenin signaling axis. The BM facilitated fibroblasts’ migration, proliferation, collagen regeneration, and the expression of Ki
67 and Col 1. The improved membrane developed in this study could be customized to accommodate different drugs, offering
versatility for various clinical usage. Overall, this research presented a practical and effective bionic scaffold that held potential
for clinical applications in the future.
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