Heliyon 9 (2023) e13554

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Research article :.) |

Check for

Heparin-based sericin hydrogel-encapsulated basic fibroblast i
growth factor for in vitro and in vivo skin repair

Pan Du®, Ling Diao b Yichi Lu?, Chenyang Liu b Jin Li% Yang Chen ©,
Junfeng Chen?, Guozhong Lv*"™ ", Xue Chen ™"
# Wuxi Medical School, Jiangnan University, Wuxi, 214122, China

® The Affifiliated Hospital of Jiangnan University, Jiangsu, 214000, China
¢ Nanjing University of Chinese Medicine, Nanjing, 210000, China

ARTICLE INFO ABSTRACT

Keywords: The treatment of full-thickness cutaneous wounds remains a significant challenge in clinical
Sericin hydrogel therapeutics. Exogenous growth factor (GF) has been applied in clinics to promote wound heal-
bFGF

ing. However, the retention of GF on the wound bed after its direct application to the wound
surface is difficult. Moreover, growth factors (GFs) are always inactivated in the complex wound
healing microenvironment due to various factors, which significantly decrease the therapeutic
effect. Sericin hydrogel (S) can be used as an effective carrier for GFs owing to its low immu-
nogenicity, good biocompatibility, and good healing-promoting ability. Here, we designed a
heparin-based sericin hydrogel (HS) -encapsulated basic fibroblast growth factor (bFGF-HS) to
facilitate wound healing and skin regeneration. The hydrogel exhibited a three-dimensional (3D)
microporous structure, excellent biodegradability, good adhesiveness, and low cytotoxicity. In
vitro release of bFGF from bFGF-HS coacervates revealed that bFGF-HS might control the release
of bFGF within 25 days through heparin regulation. bFGF-HS significantly promoted vasculari-
zation and re-epithelialization and improved collagen deposition, ultimately accelerating wound
healing in vivo in mice. bFGF-HS treated wounds were also found to have more hair follicles and
milder inflammatory reactions. Overall, this study provides a new therapeutic approach for full-
thickness skin defect wounds using bFGF-HS.

Wound healin

1. Introduction

The skin is the body’s first line of defense against harmful elements in the external environment [1,2]. Various external or internal
factors can cause wounds such as burns, sharp injuries, radiation damage, pressure ulcers, and diabetic ulcers. Administering inad-
equate treatment leads to incomplete skin regeneration, wound scarring, and delayed healing [3-6]. Generally, wound healing is a
dynamic, orderly, and complex process that includes four overlapping processes: hemostasis, inflammation, proliferation, and
remodeling [7-10]. Numerous strategies are available for wound healing; among them, dressings have been demonstrated to promote
wound healing. Currently, several wound dressings are used clinically, including hemostatic sponges, bacterial cellulose, foams,
nanoparticle materials, and hydrogels [11-15]. A humid environment has been demonstrated to provide a suitable environment for the
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proliferation of wound cells. Such environment can accelerate the migration of epidermal cells and enhance the secretion of cells,
thereby effectively promoting wound healing [16,17]. The water content of hydrogel dressings is very high; this may result in the
wound surface being moist and sterile, in line with the wet wound healing theory. Numerous studies have shown that hydrogels can
effectively accelerate wound healing by promoting cell proliferation, quick hemostasis, and the absorption of secretions in wounds
[18]. Sericin can also be loaded with various drugs or active factors to more effectively accelerate wound healing [19,20].

Sericin is secreted by the silkworm’s central silk gland and is one of the two main proteins that constitute the cocoon, accounting for
approximately 20-30% of the cocoon content [21]. Sericin is a waste by-product of the textile industry that is often dumped in
wastewater used for degumming, thereby having an environmental impact as a water pollutant [22]. Sericin is a natural macromo-
lecular viscous protein that is wrapped on the surface of silk fibroin fibers. In recent years, several studies have been conducted using
sericin owing to its extraordinary qualities, such as biocompatibility, biodegradability, oxygen and water vapor permeability, and low
allergenicity and immunogenicity [23-25]. In particular, sericin as a wound dressing has been found to accelerate wound healing in
many studies [26].

Cellular interactions between several cell types, including fibroblasts, keratinocytes, endothelial cells, neutrophils, and macro-
phages, are necessary for wound healing. These interactions are mediated at the wound site by endogenously released growth factors
(GFs), cytokines, and chemokines [27-29]. GFs promote tissue regeneration by regulating cell proliferation and differentiation.
Fibroblast growth factor (bFGF) is a crucial growth factor [30]. However, endogenous bFGF is sometimes insufficient for wound
healing. Therefore, supplementation with exogenous bFGF is important to accelerate wound healing. Studies have shown that
exogenous bFGF can be used in the clinical treatment of wounds and has achieved promising results. However, because to its quick in
vivo turnover and short serum half-lives, exogenous bFGF may have a drastically reduced therapeutic impact [31]. Owing to the
controllable degradability and high porosity of hydrogels, these materials are popular drug carriers that can encapsulate and sus-
tainably release bFGF [32]. However, owing to their high water content, GFs tend to quickly diffuse out of the hydrogels as no moieties
are available for them to attach.

Heparin is a glycosaminoglycan that is commonly used as an anticoagulant. According to Johnson and Wang’s studies, a bioactive
heparin-based coacervate produced quick and thorough wound healing via regulated distribution of heparin-binding EGF-like GFs,
and they eventually proved its long-term efficacy [33]. The binding of GFs to heparin can protect their biological activity and prolong
their half-life by preventing their degradation by proteases. Additionally, free heparin has the ability to reactivate cell surface
low-affinity receptors, thereby promoting growth factor-cell interactions [34]. Heparin has a potent anticoagulant action that can
improve local blood clotting and prevent microcirculation thrombosis [35]. Notably, according to recent research, ultrasonography
does not destroy the structure or function of heparin [36].

In this study, we prepared a heparin-based sericin hydrogel (HS) precursor solution via ultrasound and added bFGF to the gel
precursor solution consisting of heparin and sericin before gelation. The external morphology and porosity of the HS were observed by
scanning electron microscopy. According to the results of the bFGF-HS in vitro release test, the hydrogel network is able to contin-
uously release bFGF under the regulation of heparin. Further, comparing bFGF-HS to a negative control, HS hydrogel dressing and
bFGF, animal experiments revealed that it can speed wound closure, decrease inflammation, and enhance vascularization. These
results suggest that HS-encapsulated bFGF has remarkable potential for wound healing in tissue regeneration engineering.

2. Materials and methods
2.1. Preparation of the bFGF-HS delivery system

Natural mutant silk cocoons lacking fibroin were used to extract sericin (Bombyx mori, 185 Nd-s. Mw 60 ~> 250 kDa), which
obtained from the Sericultural Research Institute, China Academy of Agriculture Science (Zhenjiang, Jiangsu, China). First, 1 g co-
coons were cut into small pieces and then solubilized in 6 M (50 mL) lithium bromide (Aladdin, China) solution for 24 h at 35 °C. The
dissolved sericin aqueous solutions were then added 10 mL Tris-HCL buffer (1 M, pH 9.0), and dialyzed by cellulose dialysis mem-
branes (MWCO 3500 Da, Spectrum Laboratory, Inc., USA) against deionized water at room temperature for 3 days. Centrifugation
(9000xg, 20 min, room temperature) was used to remove the insoluble residues from the dialysis membranes. The supernatant was
then further concentrated by dialysis against a 10% (w/v) polyethylene glycol (PEG-6000, MW) solution to a 2% (w/v) concentration.

To form the HS gel, first, prepare 100 mg/mL heparin solution, then the 2% (wt/vol) sericin standard solutions were putted to EP
tubes or molds of different shapes. Finally, 100 pL heparin solution (Aladdin, China) was immediately added to the sericin aqueous
solutions and sonicated for 20 s at 30% amplitude. The mixture was left at 20 °C for 10 min to form an HS gel.

To prepare the bFGF-HS gel dressing, 500 ng/mL basic fibroblast growth factor (PeproTech, USA) was immediately added to the
sericin/heparin precursor solution after sonication. After mixing, the mixed solution was placed at 20 °C for 20 min for bFGF-HS gel
formation.

2.2. Scanning electron microscope (SEM)

The HS were rapidly frozen at —80 °C for 10 h and lyophilized in a vacuum freeze dryer for 48 h. Before specimens preparation,
freezed the lyophilized sample with liquid nitrogen and break it vertically to obtain the cross section of the sample. The specimens were
sputter-coated with gold, and the surface of the solid was observed using scanning electron microscopy (SEM; TM-3030; Hitachi,
Yokohama, Japan).
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2.3. Swelling ratio

There were prepared many HS that had the same size and mass. The dried gel’s mass after lyophilization was calculated as Wd. The
incubation of every dried gel in PBS buffer (pH 7.4, 11.0, 4.0). The filter paper was used to sufficiently absorb the surface water after
periodically removing the gel blocks. WS was the mass’s designation. The hydrogels were then placed in the buffer for continued
swelling. When the mass of the hydrogels stay the same, the swelling ratio (SR) was calculated using Eq. (1)

Ws — Wd

SR(%) =g x 100% e

2.4. Degradation properties of the HS

1) The prepared HS was cut into pieces and weighed separately in a 24-aperture plank. 2) Three of the samples were dried and
weighed to obtain the dry wet ratio of the samples. The dry weight (W1) of all samples in 1) was calculated from the dry wet ratio of
samples in 2). Hydrogels were incubated in 1 mL of PBS (pH 7.4, 11.0, 4.0) at 37 °C; PBS was replaced daily. The samples were
removed at different time points, dried, and weighed (W2). The sampling for each time point was repeated three times. The
hydrogel degradation rate (DR) was calculated as follows: W2/W1 x 100%.

2.5. Mechanical properties of S and HS

First, The hydrogels were shaped into cuboid structures (length: 10 mm; width: 8 mm; height: 6 mm) for testing. Then, the
compressive properties of the S and HS were analyzed by a mechanical testing machine (SFMIT, China) equipped with a 1000 N load
cell and the speed of the compression rate was 2 mm/min. The mechanical property data was presented as mean + SD (n = 5).

2.6. Invitro release of bFGF

The bFGF-HS and bFGF-S solutions were prepared at a concentration of 500 ng/mL (500 ng bFGF/1 mL hydrogel) and added (400
pL) to a 48-well plate (n = 3). Thereafter, 1 mL PBS was added to each well, and the plates were placed in a 37 °C incubator. At
predetermined time points (1, 2, 4, 7, 14, 25, and 28 days), bFGF was collected by removing the supernatant and replacing it with an
equal volume of PBS. Thereafter, the concentration of bFGF was measured by enzyme-linked immunosorbent assay (ELISA). The bFGF
release experiment was carried out at 37 °C [37,38]; this is because the temperature of animals used in subsequent experiments was
37 °C. The amount of bFGF released was calculated using the initial and final concentrations: percentage of bFGF released (%) = final
concentration/initial concentration x 100% (n = 4).

2.7. CCK-8 assay

To examine the cell proliferation of co-culture with human keratinocytes and dermal fibroblasts on bFGF-HS on days 3, 5, and 7, the
Cell Counting Kit-8 (Beyotime, Shanghai, China) was employed. First, hydrogels were seeded at 96 wells which were covered with 2 x
102 cells. After incubation at a humidified 5% COg incubator (37 °C) at different durations (1, 3 and 5 days) for different days, CCK-8
solution (10 pL per well of 96 well plate) was added to each well and incubated the plates at 37 °C for 2 h. Thereafter, Finally, a fresh
96-well plate was then filled with an equal amount of supernatant from each well, and then the absorbance at 450 nm was measured
with a microplate reader (Epoch, BioTek, USA). Six wells were used for each sample.

2.8. Long-term growth of human dermal fibroblasts (HDFs) and keratinocytes inside bFGF-HS gels

For the co-culture model, HDFs (1 x 10%/hydrogel) were planted, followed by a 24-h incubation period. In order to generate a bi-
layered structure in vitro, human keratinocytes (HaCaT) (1 x 10%/hydrogel) were then put on top with an air-liquid interface. Cells
were pre-stained with distinct colors, red for HDFs and green for HaCaT, using cell tracker red CM-Dil (YEASEN) and green CFDA SE
(YEASEN), respectively. After five days of co-culture, the cellular dispersion and 3D perspective inside the hydrogels were analyzed by
a confocal microscope (Leica TCS SP5).

2.9. In vivo wound healing

Male BALB/c mice aged 7 weeks (SLAC, Shanghai, China) were housed in a conventional environment with a controlled tem-
perature and humidity (25 + 1 °C, 5%), as well as a light/dark cycle (12/12 h). Before operation, The mice were anaesthetized with
pentobarbital sodium (Nanjing AIBI Bio-Technology Co Ltd, China). The hair from the dorsal area was removed with an electric razor
and residual hair was removed using a depilatory cream (Veet, French). Surgical scissors and tweezers were used to excise the backs of
mice to prepare a full-thickness circular skin wound of 6 mm diameter. Four groups (n = 5) of injured mice were randomly assigned
and treated as follows: (1) blank (treated with saline), (2) HS (heparin-based sericin hydrogel), (3) bFGF (bFGF solution only, 100 ng/
50 pL); and (4) bFGF-HS (heparin-based sericin hydrogel loaded with b-FGF). Hydrogel sheets were prepared with a diameter of 6 mm
and a thickness of 1 mm. After treatment, all wounds of mice were covered with a strong adhesive 3 M membrane (Youlian, China) to
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prevent wound contraction and then covered with an adhesive bandage (Hons, China). At days O, 3, 7, and 14 after treatment, the
wounds were photographed and imported into ImageJ (v1.8.0) software. Wound closure was calculated as follows: wound closure (%)
=[A(0) — A(3,7,14)/A (0)] x 100%, where A (0) and A (3,7,14) represent the exposed wound area on postoperative days 0, 3, 7, and
14, respectively. All in vivo experiments were approved by the Jiangnan University Institutional Animal Ethical Committee and
performed in accordance with the laboratory animal guidelines. The ethical review number is JN.N020220330c0480901 [105].

2.10. Histological analysis

On day 7 and day 14, respectively, full-thickness skin tissue from the back wound was excised with surgical scissors and forceps
under anesthesia, and promptly fixed for at least 24 h at room temperature in a 4% paraformaldehyde solution. After graded dehy-
dration with different concentrations of ethanol, samples were embedded in paraffin to prepare tissue sections, and then sliced into 4-
pm-thick sections with a cryostat (RM2235; Leica CM1860/CM1860UV, Germany). After deparaffinization and rehydration, skin
tissues were stained with hematoxylin and eosin (H&E; SENBEIJIA BIOTECHNOLOGY CO. Nanjing, China) for morphological eval-
uation. Masson’s trichrome (Solarbio, China) revealed the Hair follicle regeneration and collagen dispersion at the wound site, ac-
cording to the manufacturer’s protocols [39,40]. A computerized slice scanner (Pannoramic MIDI, China) was used to see and image
the stained parts.

2.11. Immunofluorescence analysis

The tissue sections were deparaffinized with dimethylbenzene, rehydrated for 5 min, boiled in citrate buffer water bath at 100 °C
for 30 min, washed with TPBS. After that, treated with blocking buffer (Beyotime) for 1 h before overnight incubation with primary
antibodies at 4 °C. The slices were incubated with the secondary antibodies for 1 h at room temperature the next day after being rinsed
with TPBS. Staining with 4’,6-diamidino-phenylindole (DAPI, Adamas life, china) was done on the nuclei. The expression of the M1
macrophage marker CD86 (Abcam, USA) and the M2 macrophage marker CD163 (Abcam, USA) were used to assess the inflammatory
response at the wound site [41,42]. By counting the blood vessels generated by CD31 (Abcam, USA) and a-SMA (Abcam, USA) positive
cells, vascularization was assessed [43,44]. The proliferation of skin keratinocytes was evaluated by cytokeratin 14-positive cells
(Abcam, USA) and antibodies against proliferating cell nuclear antigen (PCNA , Abcam, USA) [45]. Images were captured using an
ortho-fluorescence microscope (Axio Imager Z2, Germany).
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Fig. 1. Characterization of the heparin-based sericin hydrogel. Biocompatibility and sustained release of the hydrogel. (a) Inverted vial method:
after gelation. (b) The surface, cross-sectional, and skewed cross-section micromorphology of the heparin-based sericin hydrogel. Scale bars, 200
mm. (c) Swelling ratio of the heparin-based sericin hydrogel in PBS (pH 7.4, 4.0, 11.0) at 37 °C. (d) In vitro degradation profiles of heparin-based
Sericin hydrogel in PBS (pH 7.4, 4.0, 11.0) at 37 °C. (e) Mechanical properties test of sericin hydrogel and HS hydrogel (length: 10 mm; width: 8
mm; height: 6 mm). Data are shown as mean + SD (n = 5 for each analysis).
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2.12. Statistical analysis

All experiments were performed in triplicate, and all data are expressed as mean =+ standard deviation (SD). Statistical significance
was determined using one-way ANOVA. Differences were considered significant at P < 0.05, P < 0.01 and P < 0.001, and are indicated
by *, **and ***, respectively.

3. Results
3.1. Preparation and characterization of the hydrogel

The gelation process was seen and roughly timed using the pour bottle method, as illustrated in Fig. 1a [46]. At 20 °C, the solution
formed a gel within approximately 10 min. When the sample bottle was tilted, the gel solution did not flow, indicating successful
gelation. The gelation period of 10 min enabled sufficient operation time for loading the GFs. In this study, The components
responsible for the gelation of sonicated sericin are unknown but most likely gelation was due to ultrasonic waves enabling collisions
between sericin molecules dissolved in water, by changing the protein chains’ hydrophobic hydration, this mechanism may result in
the formation of physical b-sheet cross-links [47], thereby produces highly stable covalent bonds to form a water-insoluble stable gel
network structure. Another explanation for this gelation mode is that ultrasonic vibrations cause the development of physical
cross-linkers in the gel network, which accelerates the transition of a protein from solution to gelation [48]. Ultrasonic crosslinking not
only provided time control before gelation, but also did not require bio-toxic crosslinking reagents, thereby improving hydrogel
biocompatibility and permitting the direct embedding of living cells.

The surface, cross-sectional, and skew cross-section micromorphology of heparin-based sericin hydrogel was investigated using
SEM, as shown in Fig. 1b. As indicated by their morphological appearance, the produced hydrogels consisted of an interconnected
porous network, similar to a honeycomb-like structure. The 3D network structure could allow bFGF to be loaded into and released from
the HS, and support cell seeding and growth in the regeneration and healing process for wounds. Further, the 3D network structure
should be conducive to nutrient exchange and metabolism between cells. The internal environment could effectively promote the
healing of skin wounds.

After HS had soaked in PBS (pH 7.4, 4.0, and 11.0) for various time, the water absorption ratio was assessed. In the three pH
environments, the swelling ratios of the hydrogels were very similar. In fact, the swelling ratio was approximately 1700% within 48 h
(Fig. 1c). This indicates that HS has strong water absorption performance, which may be attributed to the high porosity and hydro-
philicity of the hydrogels. The strong water absorption performance indicates that the extravasate can be effectively absorbed from the
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Fig. 2. Biocompatibility and sustained release of the hydrogel. (a) In vitro bFGF release profiles. (b) Determination of cellular proliferation by the
CCKS8 assay in growth factor (GF)-loaded HS hydrogel post co-culture with human keratinocytes and dermal fibroblasts. (c) Confocal microscopic
observation of the cellular 3D distribution of pre-stained HaCaT (green) and HDFs (red) in bFGF-HS hydrogels after three, five, and seven days of co-
culture. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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wound tissue while guaranteeing wound water content to offer a good microenvironment for GF release and skin tissue growth.

After soaking in PBS (pH 7.4, 4.0, and 11.0) solution, the degradation ratio of HS was assessed at various time intervals, which was
based on the weight loss of the hydrogels due to degradation. As shown in Fig. 1d, the degradation of HS in an alkaline solution (pH
11.0) was rapid, and the hydrogels were degraded entirely within 20 days. Correspondingly, at pH 4.0 and pH 7.4, the degradation of
HS was markedly longer than that in the alkaline environment, and HS only degraded approximately 40% within 30 days. These results
suggest that gradual degradation of HS can provide a growth space for new tissues. In addition, reoperation can be avoided to remove
material from the body.

The mechanical strength of wound dressing is one of the determinative paramete for quality of healing. According to the stress-
strain curves, the sericin hydrogel’s mechanical properties were similar to those of HS (Fig. 1e). They have same compression at
break and compressive strength. The addition of heparin did not affect the mechanical properties of sericin hydrogels. Both S and SH
have good mechanical strength and flexibility. This property enables the dressing to be well applied to wounds.

3.2. Controlled release of bFGF from the bFGF-HS hydrogels

Owing to the short half-life of GFs in vivo, bFGF supplementation after direct administration is unstable and rapidly degrades after
diffusion from the wound site. The therapeutic benefits of exogenous bFGF are greatly reduced by this drawback. However, using
hydrogel-loaded GFs can control their release and reduce the loss of GFs in the tissue regeneration process. The release profile of bFGF
from heparin-based and sericin hydrogel is depicted in Fig. 2a. Both kinds of hydrogels were shown to have an initial burst of release,
allowing the patient to get a higher dosage during the initial period of therapy. For the sericin hydrogel, complete release was observed
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Fig. 3. Mouse wound repair process. (a) Schematic of hydrogel network loading with drug. (b) Experimental scheme for the preparation of bFGF
loaded hydrogel sheet and wound healing treatment for full thickness wound. Created with BioRender.com. (c) Representative photographs of the
wounds on days 0, 3, 7, and 14, dressed using saline (control), HS hydrogel, bFGF, and bFGF-HS hydrogel. (d) Wound closure over time in the
wound healing model. Data are expressed as mean + SD (n = 5).
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after 7 days, with no release observed on the next day. Compared with sericin hydrogel, HS released less than 50% of the loaded bFGF
in 7 days, followed by a continuous slow release over 25 days. Heparin-based hydrogels could stabilize a slightly higher amount of GFs,
enabling a slow, sustained, and prolonged release. HS-encapsulated bFGF as a typical GFs delivery system, heparin can stabilize bFGF
and retain its bioactivity, therefore the bFGF-HS can sustainably release encapsulated bFGF at the wound site within a few days. Thus,
the HS-encapsulated bFGF dressing could be used for long-term wound healing without frequent alterations of the drug. This benefit
can significantly lessen the misery of patients and reduce their financial burden.

3.3. Biocompatibility of hydrogel dressings

Human keratinocytes and fibroblasts are two of the most common cells in the connective tissues of the skin and are crucial for skin
restoration. Hydrogel dressings are in direct contact with wound tissue. Thus, before the animal experiment, the hydrogel dressing was
subjected to in vitro cell culture, and its ability to accelerate wound healing was initially evaluated.

Three experimental groups, each with a different dressing, Control, heparin-based sericin (HS), and bFGF-HS were established to
examine the effects of each dressing component on cell growth. Based on the data from the CCK8 assay for days 3, 5, and 7, HS, and
bFGF-HS were found to support the initial attachment and proliferation of fibroblasts and human keratinocytes (Fig. 2b). At each time
point, the bFGF-HS group had a much higher number of live cells than the other two groups. In contrast, in the other two groups, the
number of live cells was comparable at each time point. These findings suggest that bFGF is crucial for the development and prolif-
eration of human keratinocytes and fibroblasts in hydrogel dressings.

Using a confocal microscope, after seven days of co-culture, the cell-laden hydrogels were analyzed to track how the cells had
grown and migrated. Pre-stained cells that indicated fibroblasts in the bottom layer (red) and keratinocytes in the top layer (green)
were used to assess how the cells were distributed in the hydrogels. As shown in Fig. 2¢, compared to HS, bFGF-HS better supported the
growth of the double-layered construct cells and had a deeper migration and a higher number of cells in the hydrogels. This finding
indicates that the cytocompatibility of the bFGF-HS was enhanced by bFGF loading.

3.4. In vivo wound healing

To determine whether bFGF-HS can improve wound healing, we used saline, HS, and free bFGF as controls. The prepared hydrogel
dressing was applied to full-thickness skin defects in mice (Fig. 3a and b). To track how the size of the wound changes over time, the
wound area was photographed on days 0, 3, 7, and 14, and the wound healing rate was calculated according to the formula presented
in materials and methods (Fig. 3c and d). Based on the results, on day 3 after treatment, although the wound area treated with the
bFGF-HS gel had the most obvious decrease of the three groups, there was no statistically significant difference in wound healing rate
among the three groups. However, after 7 days, the wound healing rate owing to the bFGF-HS gel was 67 + 8%. The wound healing
rate of the bFGF group was 51 + 6%, while the wound healing rates of the control group and blank gel group were 22 + 5% and 30 +
7%, respectively. Intuitively, the bFGF-HS dressings markedly increased wound closure on day 7 compared with the other dressings.
On day 14 after the operation, the wound treated with the HS containing bFGF almost completely healed, and the wound healing rate
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Fig. 4. Pathological examination of wound tissue. Proliferation of skin keratinocytes at wound sites in the different groups at 14 days post-surgery.
(a) Hematoxylin and eosin (H&E) images of wounds treated with the different treatment materials for 7 and 14 days. Scale bars = 1 mm. Arrow
indicates the epithelial junction. (b) The length of new epidermis at days 7 and 14 post-implantation. (c) Skin thickness at days 7 and 14 post-
implantation. (d) Masson’s staining images of wound tissues on day 14 post-surgery. Scale bar = 1 mm. (e) Number of hair follicles in the
wound area. Scale bar = 200 um.
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was a lot greater than the blank control group’s rate (58 + 4%), HS group (69 + 7%), and bFGF group (81 + 10%). Further, no obvious
scar was found in the bFGF-HS group. It can be seen that among the four treatment methods, the bFGF-HS group has the best healing
effect, Our results confirmed the synergistic effects of bFGF and HS.

3.5. Histological observation

In trauma therapy, the process of healing a wound involves multiple overlapping stages, including inflammatory reactions,
granulation, and epithelial formation, with a series of complex and orderly biological processes [49-51]. To compare the degree of
wound healing among the four groups, H&E staining was performed on mouse skin tissue in all treatment groups on days 7 and 14 after
wounding. As shown in Fig. 4a—c, on day 7 post-operation, the dermis’s imperfect structure in the blank group, having a lot of blank
space and immature granulation tissue under the epithelium. The new skin in the HS group was longer and thicker. Further, the bFGF
solution only and the bFGF-loaded HS groups exhibited regenerated extracellular matrix and a closed epidermal layer. After 14 days, in
every group that received treatment, the wounds were entirely covered with new skin; however, a completely closed epidermal layer
was not produced in the non-treated group. The bFGF-gel was the most effective among the four materials, and HS had a better
performance than the control. The epidermal layers have a lot of capillaries and collagen deposition, and the skin histology features in
the bFGF-HS group more resembled normal skin. Histological observations showed that wound healing by the HS loaded with bFGF
was better than that of the other materials. Thus, our dressings have promising application prospects in wound healing.

The primary component of the extracellular matrix in the healing of wounds is collagen produced by fibroblasts [52-55]. To
evaluate the quality of the regenerated skin, the number of hair follicles and collagen deposition were visualized by Masson’s tri-
chrome staining at 14 days after implantation. Collagen deposition in the blank HS group was mainly distributed in the upper
epidermis near wound defect sites. However, collagen deposition in the bFGF-HS group was distributed in different parts of the
epidermis and dermis, with evident deposition. Therefore, although collagen could be found in all four groups, bFGF gel treatment had
the best wound healing effect based on the distribution and morphological observations of collagen (Fig. 4d). The bFGF-HS group’s
blue collagen composition was denser and thicker than that of the other three groups. Further, due of the synergistic effects of bFGF
and HS, the maximum collagen deposition was seen in the bFGF-HS group. Only a few hair follicles were regenerated in the bFGF group
because bFGF was quickly inactivated from the wound sites, whereas more hair follicles were seen in the regenerated tissues in the
bFGF-HS group (Fig. 4e) owing to the retention of bFGF in HS. Therefore, HS are suitable for loading and releasing bFGF. Angiogenesis
and inflammatory responses at the wound site were actively controlled by bFGF-HS, leading to quicker, scar-free skin regeneration and
an increase in hair follicles. Therefore, the bFGF-HS promoted both wound remodeling to normal skin tissue and wound healing rate
acceleration.

Human epidermal keratinocytes are essential for wound healing, and their proliferation and migration are connected to re-
epithelialization. Patients with severe burns who lack epidermal keratinocytes would have longer disease duration, complications,
and scar formation in the later stages [56,57]. We evaluated the effect of the bFGF-HS on wound healing by assessing keratinocyte
proliferation. Keratinocytes exhibited a higher proliferation rate in wounds treated with the bFGF-HS than those treated with the HS
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Fig. 5. The proliferation of keratinocytes (a) Cutaneous wounds on day 14 post-injury were stained with PCNA antibody (red), Cytokeratin 14
antibody (green), and DAPI antibody (blue) and micrographs were taken. Scale bar = 50 pm. (b) Quantification of the number of proliferating cell
nuclear antigen (PCNA)-positive keratinocytes. Data are expressed as mean + SD (n = 5). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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gel and bFGF (Fig. 5a and b).
3.6. Macrophage infiltration

The inflammatory response is important for the wound healing process and quality [58]. M1 (pro-inflammatory state) is mainly
expressed in the early stage of inflammation, which is responsible for promoting the inflammatory response by secreting
pro-inflammatory factors. In the late stage, a key factor in the regeneration and healing of injured tissue is macrophage M1 (pro-in-
flammatory state)-M2 (anti-inflammatory state) switching. To control the granulation process and encourage cell proliferation,
collagen deposition, and angiogenesis, M2 macrophages secrete a variety of anti-inflammatory factors as well as multiple GFs (VEGF
and EGF). However, persistent inflammation may impede wound healing and leave behind scar tissue after healing [59-61].

In order to gauge the level of inflammation at the incision site, the CD68 antibody was used to label phagocytes. At 7 days after the
operation, the amount of macrophages gradually decreased when the wounds were treated with HS, bFGF, and bFGF-HS (Fig. 6a and
b). Further, comparing the bFGF-HS group to the other groups, the level of inflammation dramatically decreased. The highest ratio of
M2/M1 macrophages (CD163/CD68) was observed in the bFGF-HS group, suggesting that macrophage polarization to M2 was
increased at the wound sites following the introduction of bFGF-HS owing to the synergistic action of bFGF and HS(Fig. 6¢). Overall,
bFGF-HS can promote anastomosis healing with reduced scar formation.

3.7. Angiogenesis

As angiogenesis is a crucial element impacting the quality of wound healing [62], the formation of new blood vessels is indis-
pensable for the survival, repair, and reshaping of wounded tissues. Neovascularization quantification can be used to assess the quality
of wound healing. Smooth muscle actin (-SMA), a marker for angiogenesis, is expressed by mature myofibroblasts and smooth muscle
cells in arterial walls. The level of angiogenesis may be determined by the expression of CD31, which is mostly found in the tight
junctions between skin endothelial cells and is involved in blood vessel formantion. On day 14 post-implantation, To assess the
neovascularization of wound tissue for the four groups and investigate the mode and extent of neovascularization under various
treatments, IF staining with CD31 and -SMA antibodies was performed [63]. As shown in Fig. 7a-c, the number of blood vessels in the
blank control group was the lowest. Further, the capillaries that formed during wound healing in the HS group were mostly circular
and had a small diameter. In the bFGF and bFGF-HS groups, most newly formed capillaries were big, flat, and linear in shape.
Furthermore, the bFGF-HS group had an increased capillary content than the other groups at 14 days After the procedure. These results
indicate that the expression of SMA and CD31 in skin epidermal cells such keratinocytes and fibroblasts is influenced by bFGF-HS. And
we proved that the angiogenesis-promoting properties of bFGF-HS were applicable to wound healing.
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Fig. 6. Inflammation at wound sites in the different groups at 7 and 14 days post-surgery. (a) Immunofluorescent images of the tissue sections
stained with the CD68 antibody (red) and DAPI (blue). Scale bars = 50 pm. (b) CD68" macrophage number per mm? at wound sites treated with the
different materials. (c) The ratio of M2/M1 macrophages (CD163/CD68). Data are expressed as mean + SD (n = 5). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Angiogenesis at wound sites in the different groups at 14 days post-surgery. (a) Immunofluorescent images of the tissue sections stained with
the CD31 antibody (red), a-SMA antibody (green), and DAPI (blue). Scale bars = 50 mm. (b) Blood vessel numbers per mm? at wound sites treated
with the different materials. (c) Percentage of CD31 vessel volume in the fluorescent images. Data are expressed as mean + SD (n = 5). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

4. Conclusions

In this study, biocompatible heparin-based sericin hydrogels prepared by the ultrasound cross-linking reaction of sericin were
found to provide effective retention of loaded basic fibroblast growth factor . Heparin-based hydrogels exhibit rapid water uptake,
swelling behavior, and suitable mechanical strength to serve as wound dressings. The experiments carried out using animals revealed
that by speeding up wound healing, heparin-based sericin hydrogel-encapsulated bFGF is used to aid in wound closure, re-
epithelialization, collagen synthesis, dermis formation, hair follicle formation, and angiogenesis over the entire wound-healing period.

Collectively, the results indicate that in therapeutic settings, heparin-based sericin hydrogel encapsulated bFGF dressing has the
potential to accelerate wound healing.

However, burn wounds are also a medical problem that cannot be ignored. Our research lacks the exploration of burn wounds.
Next, we will delve into the effect of our dressings on the healing of burn wounds to facilitate the next clinical application.
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