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Abstract 
 

Bacterial cellulose-silk sericin (BC-SS) biomaterials enhance the in vitro proliferation of skin cells, forecasting an ability to 
accelerate wound healing. In a previous study, fibroblasts aligned along the stripes of microstructured BC-SS (mBC-SS), 
whereas randomly distributed on smooth BC-SS (rBC-SS). Therefore, we hypothesized that in vivo, collagens produced by 
fibroblasts and pivotal for wound contraction could follow the alignment of these cells, which would prevent excessive fibrosis 
and scaring. The current work reports the in vivo evaluation of rBC-SS2 and mBC-SS2 in full-thickness wounds. Overall, 
improved healing rates were obtained with the composites than with pure BC. Especially, mBC-SS2 induced complete wound 
closure with hair growth at day 14. Early infiltration of inflammatory cells, fibroblasts, and keratinocytes with the composites 
led to faster re-epithelialization, vascularization, and wound contraction. Interestingly, mBC-SS2 prevented the excessive 
wound contraction responsible for hypertrophied neo-tissue formation upon application of rBC-SS2, enhancing healing while 
containing fibrosis and scar formation. 
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1. Introduction 

Bacterial cellulose (BC), a natural polymer produced by some 

bacteria including Acetobacter xylinum, has become very 

attractive in biomedical applications in the last decade due to 

its properties.[1] Specifically, due to its mechanical strength 

and flexibility, BC constitutes a potential biomaterial for 

wound dressing design.[2–5] Moreover, BC exhibits high 

crystallinity and a porous structure capable of uptaking wound 

exudate and maintaining wound site moisture; however, it 

lacks important bioactivities for tissue engineering such as the 

mitogenic ability, antioxidant and anti-inflammatory 

properties, which limits its wound healing abilities.[6] 

Nowadays, research studies focus on improving the properties 

of BC with anti-bacterial and/or other bioactivities in order to 

make it more attractive for wound healing applications.[7–10] 

Therefore, polymers that naturally exhibit such properties 

have been combined with BC to prepare composites with 

novel and improved properties.[11,12] 

Silk sericin (SS), another natural polymer produced mainly 

by silkworms, exhibits interesting bioactivities.[13–16] Several 

studies have investigated and demonstrated the ability of SS 

to induce rapid wound healing, which is believed to be due to 

its biological properties.[17–19] However, SS is brittle in nature 

and lacks mechanical stability, which limits its application as 

a wound dressing.[20,21] Therefore, BC-SS composite with a 

smooth surface (random BC-SS) was designed as a wound 

dressing in our previous study to take advantage of both their 

properties. The composite was shown (in vitro) to improve the 

proliferation of fibroblasts, and epithelial cells, pointing out 

the potential in improving wound healing.[22] 

Fibroblasts are the main component cells of the skin 

dermis,[23] and are responsible for the synthesis of collagen, the 

extracellular matrix (ECM) which confers strength and 

elasticity to skin tissue.[24] Thus, during wound healing, the 

proliferation and differentiation of fibroblasts determine 

collagen expression, which in turn regulates the healing result 

with regard to fibrosis and scar formation. In fact, when the 

proliferation of fibroblasts is not controlled, this can lead to 

anarchic deposition of collagen[25] responsible for excessive 
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fibrosis and scarring as we concluded in our recent study.[26] In 

an attempt of averting such an outcome, we designed the 

surface of the BC to possess microstructures that can control 

the distribution and alignment of fibroblasts.[27] Further in vitro 

comparative study of rBC-SS and the microstructured BC-SS 

(mBC-SS) showed that additionally to displaying the 

bioactivity necessary for improving cell proliferation, mBC-

SS presents good mechanical properties with the ability to 

induce an ordered alignment of fibroblasts.[26] In this report, 

we present in vivo studies required to assess the wound healing 

profile resulting from the proposed dressings, including the 

healing time, the thickness of the new tissue formed, the 

infiltration of inflammatory cells, the distribution of 

fibroblasts, and the deposition of collagen to invalidate or 

confirm the potential of mBC-SS to inhibiting fibrosis and scar 

formation. Furthermore, the in vivo effects of mBC-SS on re-

epithelialization, angiogenesis, and wound contraction was 

evaluated. 

 

2. Materials and methods 

2.1 Preparation of samples 

Samples were prepared according to the methodology 

described in our previous studies.[22,26,27] Briefly, to prepare BC, 

Acetobacter xylinum was inoculated in Hestrin & Schramm 

medium which was composed of citric acid (0.15%, w/v), 

disodium hydrogen phosphate dodecahydrate (0.68%, w/v), 

yeast extract (0.5%, w/v), peptone (0.5%, w/v), and glucose 

(2%, w/v). To obtain BC membranes with the microstructured 

surface, poly(dimethylsiloxane) (PDMS) with 10 µm width of 

microgrooves was deposited on the media in order to print its 

structure on the surface of synthesized BC (mBC) while the 

smooth surface of PDMS was suspended on the media to 

generate rBC. After 5 to 7 days of incubation, BC was 

harvested after having reached 1 to 2 mm thickness, purified, 

and stored at 4 ℃ until used. 

SS was also extracted according to a procedure previously 

described.[22] Bombyx mori cocoons were cut into small pieces 

and boiled under pressure in pure water at 120 ℃ for 1 hour. 

The SS solution was separated from silk fibroin by filtration 

and then dialyzed for a concentrate which was then lyophilized, 

yielding SS powder which was stored at -20 °C until use. To 

obtain BC-SS composites, priorly sterilized BC was soaked in 

the SS solution of required concentration (1%, 2%) for 24 

hours; then the composites, namely BC-SS1 (rBC-SS1 and 

mBC-SS1) and BC-SS2 (rBC-SS2 and mBC-SS2), 

respectively were rinsed with PBS to remove excess SS.[22] 

The composites were stored at 4 ℃ and used within one week 

of their preparation. 

According to the results of in vitro studies[26] where BC-

SS2 released optimum amounts of SS to improve wound 

healing parameters, mBC-SS2 and rBC-SS2 were selected for 

in vivo comparison of their effects on wound healing, with a 

focus on the microstructures imparted to BC. Moreover, mBC-

SS1 was prepared to assess the influence of SS concentration. 

 

2.2 Animal experimentation 

In vivo tests were performed on adult male Wistar rats with the 

approval of the ethics committee on animal experimentation at 

Wuhan Xavier Biotechnology Co., Ltd Laboratory. The 

animals were housed individually in cages kept at 22 ± 2 ℃ 

and 60-70% humidity, under cycles of 12 hours light-12 hours 

dark, while being provided suitable food and water at libidum, 

with good hygiene conditions. Sixteen adult male Wistar rats 

at 7-8 weeks and of 200-300 g weight were randomly divided 

into four groups to be used at different time points including 

day (D) 3, D7, D14, and D21. The rats were anesthetized with 

10% chloral hydrate (abdominal cavity injection), the volume 

of which depended on animal weight (0.3 mL/100 g). After 

anesthesia, the dorsal part of the animal was totally shaved and 

cleaned with alcohol, and six wounds of circular shape 9 mm 

in diameter were created. The latter were divided into two 

groups of three wounds per line and separated by the medium 

line of the dorsal region. The wounds were of full thickness, 

with a depth covering the epidermis, dermis, and hypodermis. 

All six wounds were treated with different dressings including 

mBC, mBC-SS1, mBC-SS2, rBC, rBC-SS2, and gauze as 

control. The microstructured surface of mBC and its 

composites was applied against the wound, whereas for rBC 

and its composites, the smooth surface was the one in contact 

with the wound. Based on the preliminary assessment (7 days 

experiment), the dressings were changed every 48 hours 

during the first 7 days whereas they were changed every 24 

hours for the rest of the experiment. At each time point of the 

test (D3, D7, D14, and D21), macroscopic and microscopic 

analyses were carried out on three different rats of each group. 

 

2.2.1 Macroscopic Analysis 

Wound healing was macroscopically observed at D3, D7, D14, 

and D21 after surgery. Photographs of the wounds were taken 

at each time point to appreciate the evolution of wound healing. 

To determine the healing rate, the wounded area was measured 

with Image J software (1.51 j8; Java1.8.0_112) and the 

following Equation (1) was used to calculate the healing rate: 

 HR =
𝐴𝑜−An

𝐴𝑜
                                    (1) 

HR is the healing rate; Ao and An correspond to the wound area 

at 0 and n days, respectively. 

2.2.2 Histological analysis 

At each time point, wound tissues were harvested, fixed with 

10% formaldehyde, and embedded in paraffin. The tissue 

samples were sectioned and stained with hematoxylin and 

eosin (H&E) or Masson trichrome. The stained samples were 

observed under Pannoramic Scanner to determine the rate of 

inflammatory cell infiltration, neovascularization, quality of 

tissue granulation, organization of fibroblast architecture, 

density, and arrangement of collagen deposition. The 

thicknesses of tissue granulation and regenerated epidermis 

were determined by randomly evaluating 10 areas (for each 

micrograph) while the collagen volume fraction was 

calculated according to Equation (2) using Image J software. 
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 𝐶𝑣 =
𝐶𝑎 ×100

𝑇𝑎
                                      (2) 

Cv is the collagen volume fraction; Ca and Ta correspond to 

collagen area and total tissue area respectively. 

 

2.2.3 Immunohistochemical staining 

For immunohistochemical staining, the tissue sections were 

dewaxed with a series of xylene and alcohol solutions and 

washed with distilled water before being treated with ethylene 

diamine tetra-acetic acid (EDTA) antigen retrieval buffer (pH 

8.0). The tissue sections were then incubated with 10% goat 

serum for 1 hour at 37 ℃ to avoid non-specific binding, 

followed by incubation with primary antibodies overnight at 

4 ℃, and then with secondary antibodies for 2 hours at 37 ℃. 

The primary antibodies were those directed against 

cytokeratin 14 (CK-14, GB11803, dilution 1: 200), vascular 

endothelial growth factor (VEGF, GB13034, dilution 1: 200), 

alpha-smooth muscle actin (α-SMA, GB111364, dilution 

1:200), collagen I (Col-I, GB11022-3, dilution 1:500), and 

collagen III (Col-III, GB111629, dilution 1:500), while the 

secondary antibody was CY3 goat anti-rabbit (GB21303, 

dilution 1:300). Finally, counterstaining with DAPI was 

performed for 10 minutes at room temperature in the dark. All 

reagents were obtained from service (China, Wuhan) and the 

stained samples were observed under Pannoramic Scanner. 

The expression rate of different markers was calculated 

according to Equation (3) using Image J software. 

𝑀𝑒 =
𝑚𝑎 ×100

𝑇𝑎
                                   (3) 

Me is the marker expression rate; ma and Ta correspond to 

marker area and total tissue area respectively. 

 

2.3 Statistical analysis 

One-way analysis of variance (ANOVA) was used with 

Tukey's multiple comparisons to compare different 

experimental groups. All statistical analyses were performed 

with Origin Pro 8 software. Statistical significance was 

obtained at P < 0.05. 

 

3. Results and discussion 

The physicochemical properties of the different samples were 

tested and reported in our previous in vitro studies.[26,27] Briefly, 

it was shown by scanning electron microscope that rBC 

exhibits random fiber distribution and low-density fiber 

network with interconnecting pores while at its surface, mBC 

presents microgrooves with denser, more compact and well-

aligned fibers which mimic the microstructure of PDMS 

templates used during BC production.[26] Moreover, the 

structure of mBC confers improved mechanical strength to the 

biomaterial compared to rBC.[27] Further, SS integrated the BC 

network without modifying its surface structure or crystallinity, 

though due to its amorphous nature, SS slightly affected the 

mechanical strength of BC; however, the mechanical 

properties of the composites remained within the required 

range for a wound dressing.[22] It was also demonstrated that 

due to its hydrophilic property, SS improves the moisture 

retention ability of BC[28] which is of great importance for 

cleaning necrotic tissue debris, and exudates, and for keeping 

the wound moist in order to avoid pain and enhance healing. 

Furthermore, it was reported that compared to mBC-SS, rBC-

SS released more SS, which was shown to be due to the higher 

porosity of the rBC structure facilitating the impregnation of 

more SS. However, both materials exhibited rapid release of 

sufficient concentration of SS capable of enhancing the 

proliferation of cells involved in the wound healing process 

and collagen synthesis. 

 

3.1 Effect of the biomaterials on wound closure  

A macroscopic examination was carried out to determine the 

ability of the different dressings to improve the reduction of 

wound area and re-epithelialization. The photographs 

presented in Fig. 1 show the variation of a wounded area over 

time in all treatment groups. At D3, the wound healing rate 

was high in rBC (20.12 ± 5.03) and mBC (25.27 ± 1.6) groups 

compared to gauze (16.53 ± 6.18), with no significant 

difference. In rBC-SS2 (36.99 ± 0.66) and mBC-SS2 (29.20 ± 

1.64) treatment groups, however, the wound area reduction 

rate was significantly higher compared to gauze. At D7 and 

D14, the healing rates were also higher in all other treated 

groups relative to gauze, except for the pristine BC group 

which showed significantly higher wound size reduction (as 

compared to the gauze group) only at D14 and not before. 

Interestingly enough, Jin et al.[29] reported that the healing rate 

in presence of gauze was higher than that with mBC; However, 

different wound models were employed in the two studies. 

At each time point, the percentage of healing in presence 

of mBC was better than that with rBC, but the difference was 

not significant. This may be explained by the structured 

surface of mBC dressing. Visual observation indicates that 

over time, the healing rates in the presence of rBC-SS2 and 

mBC-SS2 composites were higher than those of rBC and mBC, 

respectively. The healing rate in the presence of mBC-SS1 at 

different time points was also higher than that in the presence 

of pure BC and gauze; by contrast, less difference was 

observed when compared with mBC-SS2. The reduction rate 

of wounded area in the presence of rBC-SS2 was higher than 

that of mBC-SS2 at D3, while at D7 and D14 the rate in the 

presence of the latter was the highest, though with no 

statistical difference. At D21, visual observation shows fully 

healed wounds in the different treatment groups; however, hair 

grew in the healed area only in mBC-SS2 group, showing 

complete healing. These observations demonstrate that mBC-

SS2 could constitute an ideal material that can improve wound 

healing by reducing the wounded area. 

 

3.2 Wound healing cascade upon biomaterial application 

Tissue granulation is a crucial process in wound healing, and 

consists of the recruitment, proliferation, and differentiation of 

cells involved in healing, that is epithelial cells responsible for 

re-epithelialization, endothelial cells responsible for 

vascularization, fibroblasts that synthesize collagen (main 
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Fig. 1. (A) Macroscopic images of the wounds from different treatment groups. (B) Photo capture of a rat with the different treatment 

groups' positions. All images were under 10 mm magnification. (C) Variation of wound healing rate with time. Healing in presence 

of different treatment groups was faster compared to that with gauze. mBC-SS2 was the group that most accelerated healing (D7 and 

D14) with no statistical difference compared to rBC-SS2 and pure BC. The asterix (*) informs about the significant differences 

between the healing rates of the samples by comparison with gauze. (*) P < 0,05 and (**) P < 0,01. 

 

skin ECM), and immune cells responsible for cleaning up the 

wound site and triggering the proliferation step. However, 

wound healing with excessive or chronic tissue granulation 

could result in the formation of fibrosis and scar; thereby, it is 

important to control tissue granulation. To understand the 

biological events and highlight the different actors involved in 

the wound healing process, histochemical staining was 

performed. Tissue samples were stained by H&E and the 

results are shown in Fig. 2. At D3 after surgery, the wounds 

treated with rBC and mBC presented granulated tissue which 

was not observed in gauze-covered wounds. Interestingly, all 

tested composites (rBC-SS2, mBC-SS1, and mBC-SS2) led to 

significantly thicker granulation tissue with infiltration of 

numerous inflammatory cells and fibroblasts as compared to 

rBC. Moreover, many blood vessels could be detected in the 

wounds protected by these composites, with lesser numbers in 

the mBC group. However, no blood vessels could be 

evidenced in the tissues from the rBC and gauze groups at this 

time point. Reportedly, neovascularization marks the 

proliferative phase of the wound healing process during which 

newly formed vessels provide oxygen and nutrients necessary 

for the growth of new tissue.[ 2 4 , 2 5 ] Hence, from the above 

results, it appears that in the composite materials, the presence 

of SS induces an early formation of granulation tissue by 

promoting the infiltration and proliferation of the different 

cells involved in the wound healing process, specifically 

fibroblasts, in agreement with the findings of our in vitro 

studies and other previously reported studies that emphasize 

the proliferative effect of SS during wound healing.[13,14,22,30] 

Additionally, the microgrooves of mBC on their own also 

facilitated the forming of the granulation tissue which was 

thicker in mBC than in rBC at D3. At D7, increased amounts 

of granulation tissue were observed in the different test groups 

as compared to the results observed on D3, probably due to the 

enhanced cell growth with time. In fact, during normal wound 

healing, the layer of granulation tissue always thickens during 

the proliferation phase before undergoing regression due to the 

differentiation of fibroblasts into myo-fibroblasts and the 

rearrangement of collagen via the cross-linking of its fibers.[2] 

In the current study, regression of neovascularization and rare 

infiltration of inflammatory cells occurred by D7 with mBC 

and its composites while remaining intense in the presence of 

rBC, rBC-SS2, and gauze. This indicates an early 

proliferation-remodeling phase transition by this time point 

(D7) when mBC and mBC-SS2 are applied, relative to the 

other dressing materials. At D14, with the exception of the 

gauze group, the thickness of the granulation tissue reduced 

significantly compared to D7. Glands and hair follicles could 

be observed in pristine BC groups, however, the rare presence 

of inflammatory cells and fibroblasts in mBC group at this 
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Fig. 2 HE-stained wound tissue sections viewed under a panoramic microscope at days 3 (A), 7 (B), 14 (C), and 21 (D) post-treatment, 

respectively. (E): Granulation tissue thickness, and (F): Epidermal thickness. Compared to that in the presence of pure BC and gauze, 

the granulation tissue in the presence of the composites was marked by early infiltration of inflammatory cells, fibroblasts, and 

angiogenesis which already regressed at D14. However, until D21, the neo-tissue was hypertrophied (red arrow) in the presence of 

rBC-SS2 and gauze compared to mBC-SS2 and other treatment groups. a: gauze, b: rBC c: mBC, d: rBC-SS2, e: mBC-SS2, f: mBC-

SS1. (***) P < 0.001; (**) P < 0.01; (*) P < 0.05. (Arrows) black: blood vessels, blue: collagen fibers, yellow: fibroblast, red: 

inflammatory cells, green: hair follicles, and pale blue: glands. 

 

time-point was contrasted with their higher numbers in the 

rBC group. This suggests an initiation of the remodeling phase 

in presence of mBC while rBC-dressed wounds were just 

transitioning from proliferation to remodeling. The latter was 

more advanced in the composites, with more glands, hair 

follicles, and the absence of fibroblasts and inflammatory cells 

in the mBC-SS2 group compared to the mBC-SS1, and then 

mBC, respectively. Thus by D14, there is the regression of 

granulation tissue in the different treatment groups, more 

precisely those of mBC and mBC-SS2 in the remodeling stage, 

whereas the rBC and rBC-SS2 groups transition from 

proliferation to remodeling stage. At D21, the newly formed 

tissue was significantly less thick in BC alone, mBC-SS1, and 

mBC-SS2 compared to D14; whereas the thickness in rBC-

SS2 at these two-time points was similar. Hence, we deduce 

that among the different tested materials, mBC-SS2 prevents 

the hypertrophy of the neo-tissue. Thus, mBC-SS2 would be 

the best dressing to promote accelerated skin tissue repair 

without tissue hypertrophy. 

Wound re-epithelialization was observed on D7 in all 

groups; however, the entire wound area was not re-

epithelialized. At D14 and D21, the wound area of the different 

dressings was entirely covered by the epidermis, with reduced 

layer thickness as compared to D7. This corroborates the 

above results, with active cell (keratinocytes) proliferation 

responsible for thicker tissue layers at D7, followed by a 

reduction in tissue size (D14 and D21) due to maturation 

which in the specific case of epithelialization corresponds to 

the differentiation of keratinocytes into corneocytes that 

restore the normal thickness of the epidermis.[2] 

Masson’s trichrome staining was further performed to 

assess the alignment and volume fraction deposition of 

collagen, and the organization of fibroblast architecture (Fig. 

3). Collagen volume fraction increased over time and 

regressed after peaking in all treatment groups. At D3 and D7, 

the amount of collagen deposition was significantly higher in 

rBC-SS2 and mBC-SS2 compared to rBC and mBC, 

respectively. This is in accordance with the in vitro and other 

studies which state that SS enhances the synthesis of 

collagen.[15,31] The amount of collagen synthesis in the 

presence of rBC-SS2 was higher than that in the presence of 

mBC-SS2, with a significant difference at D3. This also 

confirms our in vitro test results and could be explained by the 

high quantity of SS uptake, which is facilitated by the porosity 
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Fig. 3 Masson’s trichrome-stained wound tissue sections viewed under a panoramic microscope at days 3 (A), 7 (B), 14 (C), and 21 

(D) post-treatment, respectively. (E) Collagen fraction volume at various times. Collagen (blue color) was significantly synthesized 

in the presence of composites compared to pure BC and gauze. Moreover, the collagen distribution was uniform and homogeneous 

in the presence of mBC and its composites while random collagen fibers with non-uniform distribution were observed in the presence 

of rBC and its composites. a: gauze, b: rBC c: mBC, d: rBC-SS2, e: mBC-SS2, f: mBC-SS1 (***) P < 0.001; (**) P < 0.01. 

 

of rBC. It has been reported that collagen is responsible for the 

strength and integrity of tissue matrix;[25] thereby, it could be 

speculated that rBC-SS2 and mBC-SS2 would be the best 

biomaterials that can provide strength to regenerated skin 

tissue. However, it has been shown that the anarchic 

deposition of collagen leads to the formation of fibrosis and 

dense scar tissue.[32] At D7 and D14, we observed a 

homogeneous distribution and a uniform layer of collagen in 

the mBC group and its composites whereas the distribution 

was random and non-homogeneous in the wounds from the 

groups of rBC and its composites. Fibroblasts being 

responsible for the synthesis of collagen, it thus appears that 

mBC and its composites induce the orderly, homogeneous, 

and uniform alignment of fibroblasts whereas the latter are 

randomly and non-homogeneously distributed in rBC and its 

composites-treated wounds. Hence, mBC-SS2 would 

constitute the ideal dressing, capable of enhancing the 

synthesis of collagen and inducing its homogeneous and 

uniform deposition in order to promote the regeneration of 

skin as in normal tissue and to avoid the formation of fibrosis 

and scar. At D21, the amount of collagen was reduced 

compared to the D14 in the different treatment groups, which 

could be explained by the rearrangement and differentiation of 

collagen. 

3.3 Molecular expression under biomaterial treatment 

To further elucidate the molecular process involved in wound 

healing upon the use of the different dressing materials, 

immunohistochemical staining was performed to assess the 

effect of different samples on re-epithelialization, wound 

contraction, and angiogenesis. For this purpose, CK-14, VEGF, 

Col-I, Coll-III, and α-SMA were stained, which represent 

characteristic markers of the different layers of the skin and 

whose expression thus determines the different stages of 

wound healing. Figs. 4-6 show the expression of the different 

markers in the wounds after D7 and D14 of treatment with the 

different dressings. 

Re-epithelialization is a critical and urgent part of the 

wound healing process in that it helps restore the skin's role as 

a physical barrier and prevent the body from being exposed to 

harmful substances.[23] CK-14 is a marker for the proliferation 

of keratinocytes and is expressed in the basal layer of the 

epidermis and in hair, its expression was determined to 

evaluate the re-epithelialization of the wounds.[6] At D7 of 

post-wounding and treatment with different dressings, CK-14 

was expressed in the presence of all samples including gauze, 

rBC, mBC, rBC-SS2, and mBC-SS2; however, it did not cover 

the entire wound surface. The CK-14 layer was thicker with 

the composites, especially mBC-SS2, suggesting the  
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Fig. 4 Images of immunohistochemically stained wound tissue sections viewed under a panoramic microscope at days 7 and 14 post-

treatment. CK-14 and VEGF were stained and observed under 100 µm magnification. At D14, the wound was re-epithelialized in all 

treatment groups with CK-14 marking the differentiation of keratinocytes with the composites, whereas these cells were in the active 

phase of proliferation in the presence of pure BC and gauze. Furthermore, at D14, VEGF synthesis regressed in the presence of mBC-

SS2 (angiogenesis regression) while it was still active in the other treatment groups. E and D correspond to the epidermis and dermis 

layers, respectively. Nucleus stained blue, and specific markers-stained red. 

 

improvement in the proliferation of keratinocytes by rBC-SS2 

and mBC-SS2 composites.[14,22] By D14, the CK-14 layer 

covered the entire surface of the wounds, and was thicker in 

the gauze, rBC, and mBC groups compared to the composites 

in which the thickness had regressed. This is in adequacy with 

the findings of the histological analysis; the thicker CK-14 

layer observed in the gauze and pure BC groups at this time 

point indicates the proliferation stage which was already 

terminated in the other groups (composites) where the 

expression of CK-14 had regressed as a consequence of the 

maturation of the keratinocytes indicating an ongoing wound 

healing remodeling phase.[6] 

As another determining element in the genesis of the 

dermis in the skin, wound contraction was explored. 

Fibroblasts constitute the motor cells of wound contraction; 

they are activated after wounding, proliferate, and differentiate 

into myofibroblasts expressing α-SMA.[2,29,33–36] Besides, α-

SMA is also expressed in smooth muscle cells, constituents of 

blood vessels.[37] The protein marker was thus stained as a 

measure of myofibroblast density and angiogenesis. At D7, the 

level of expressed α-SMA was higher in the presence of the 

composites (with the highest level in mBC-SS2) compared to 

mBC, rBC, and gauze, respectively, signifying a well-

advanced proliferation phase in the composites groups with 

the presence of myofibroblasts and high angiogenesis. This 

confirms the potential of SS to enhance angiogenesis and 

fibroblast proliferation as reported by other studies.[14,38–40] 

However, at D14, the rate of α-SMA expression regressed in 

the presence of all samples. This declination could be 

explained by the regression of angiogenesis and apoptosis of 

myofibroblasts during the remodeling step. VEGF, a protein 

expressed by endothelial cells was further stained to confirm 

the degree of angiogenesis estimated by the result of α-SMA 

expression. As expected, the expression of VEGF aligned with 

that of α-SMA. Overall, mBC-SS2 outstood the other dressing 

materials, orchestrating a wound-healing cascade ahead of that 

in the other experimental groups.  

Col-III, the predominant ECM protein in wound 

contraction[2] which is gradually replaced by Col-I (determines 

the strength of the skin) was also examined along with Col-I.  
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Fig. 5 Images of immunohistochemically stained wound tissue sections viewed under a panoramic microscope at days 7 and 14 post-

treatment. α-SMA, Col-I, and Col-III were stained and observed under 100 µm magnification. At D14, Col-III regressed and was 

replaced by Col-I in the presence of mBC-SS2 while both types of collagen were dense in rBC-SS2 and only Col-III was still intense 

in pure BC and gauze. Moreover, the collagens were deposited according to the orientation of mBC and its composites. Arrows 

indicate the orientation of collagen deposition. Nucleus stained blue, and other specific markers-stained red. 

 

At D7, the expression of Col-III in the composites groups was 

significantly higher compared to that in the presence of gauze 

and pure BC. The result is also consistent with that of 

histology and confirms the potential of SS to improve collagen 

synthesis. However, the amount of Col-III expression was 

higher than that of Col-I with all samples, which is in 

accordance with the results reported in other works,[2,6] and 

could be explained by the fact that Col-III is most expressed 

during the proliferation stage and is replaced by Col-I during 

remodeling. Thereby, healing in the presence of the different 

samples was at the proliferation stage, most active with the 

composites. At D14, the level of Col-III expression was still 

high in the presence of rBC-SS2 compared to that in the 

presence of gauze and pure BC while this expression 

considerably regressed in the presence of mBC-SS. By 

contrast, the level of Col-I expression in the presence of the 

latter was significantly higher than in the presence of rBC-SS2, 

pure BC, and gauze, respectively. Moreover, by D14, the 

amount of Col-I expression was significantly higher compared 

to that of D7 in the presence of all the treatment groups, 

especially mBC-SS2; this can also be explained by the 

conversion of Col-III to Col-I during the transition of 

proliferation to the remodeling step. This shows that at D14, 

healing in the presence of mBC-SS2 was at the remodeling 

stage while the other treatment groups were still in the 

proliferation phase. The high Col-III expression amount of up 

to D14 in the presence of rBC-SS2 could also be explained by 

excessive wound contraction which has been reported as a 

source of fibrosis,[25,29] Moreover, as indicated by arrows in the 

figures, the collagen fibers including Col-I and Col-III were 

aligned according to the microgroove orientation of mBC and 

its composites while their organization had no such 

architecture in the presence of rBC and its composites. The 

formation of fibrosis and scar is caused by the anarchic 

deposition of collagen, the findings confirm the hypothesis in 

our previous studies[26] and would be of great importance in 

avoiding the genesis of fibrosis. 

 

4. Conclusion 

According to our previous studies,[26,27] BC-SS composites 

enhance the proliferation of fibroblast and keratinocyte cells 

while mBC and its composites exhibit improved mechanical 

properties relative to rBC and its composites. The current 

study evaluated these biomaterials in vivo and compared their 
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Fig. 6 Expression rate of Col-I (A), Col-III (B), α-SMA (C), and VEGF (D) for different treatment groups on different days. (***/###) 

P < 0.001; (**/##) P < 0.01; (*/#) P < 0.05; (*): comparison between gauze and BC composites; (#): comparison between pure BC 

and BC composites. 

 

effects on the wound healing process and its result. 

Macroscopically, wound healing was faster in the presence of 

BC-SS2 composites whereas histologically, these composites 

had induced very early recruitment and proliferation of 

inflammatory cells, fibroblasts, and keratinocytes which 

differentiated and led to the regression of wound contraction 

at D14. By contrast, the recruitment of these cells was late, and 

their proliferation was still active until D14 in the presence of 

pure BC and gauze. The current study demonstrates in vivo 

that the application of BC-SS2 composites as wound dressings 

improves wound healing compared to pure BC. Thereby, there 

is confirmation of the potential of SS to enhance wound 

healing. Furthermore, compared to rBC-SS2, mBC-SS2 

renders faster healing, induces homogeneous distribution of 

fibroblasts and collagen deposition, and inhibits neo-tissue 

hypertrophy. Moreover, the wound contraction is less 

excessive in presence of mBC-SS2 than with rBC-SS2, which 

would prevent fibrosis and the formation of scars. 

We conclude from the present study that mBC-SS2 

represents the best dressing for inducing rapid wound re-

epithelialization, angiogenesis, and wound contraction with 

less risk of generating the formation of fibrosis and scar. 
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