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Abstract 

Background: Treating skin lesions with bioscaffolds has been a new step in biotechnology and 

medical studies in recent years. Due to the multi-layered structure of skin tissue, the use of a 

three-layer scaffold made using an electrospinning technique can lead to planned and target-

ed skin regeneration. The purpose of this research is to investigate the role of effective VEGF 

expression and collagen production in healing full-thickness wounds using a three-layer 

scaffold that has a structure imitating skin tissue and can reduce the duration of wound heal-

ing. 

Materials and methods: Here, the physical properties of the scaffold were investigated using 

XRD. Also, after L929 fibroblasts were seeded, cellular scaffolds were implanted in full thick-

ness wounds of rats, and the degree of wound closure was evaluated using histological and 

genetic techniques. 

Result:The evaluations performed on the scaffold confirmed the physical characteristics. In 

vivo studies showed better wound closure with scaffolds containing zinc ions. This scaffold 

also showed better observations with histological evaluations than nontreated and control 

groups. Real-time PCR confirmed the higher expression of VEGF and FlT1 genes in mice treat-

ed with scaffolds containing zinc ions. 

Conclusion:Scaffolds with bio-nano glass, whether 45s5 type or type containing zinc ions, 

showed a better ability to heal skin injuries. 
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Introduction 

The skin is the body's largest organ, which is the interface 

between the outside and the inside of the body and pro-

tects the body against pathogenic factors. Wound healing 

naturally follows various molecular and biological events 

that depend on the type and size of the wound and occurs 

when the patient has adequate blood circulation, nutri-

tion, and an appropriate immune response [1]. Nowadays, 

tissue engineering tries to reduce the duration of wound 

healing. [2]. Recent studies have shown that skin bio-

substitutes have made major progress in tissue engineer-

ing, which has wide applications in wound healing [3]. Us-

ing biomaterials and cells to help the body heal itself is the 

most critical tissue engineering strategy [4]. To improve 

the efficiency of cell and tissue culture, three-dimensional 

conditions similar to skin tissue must be created. There-

fore, the construction of biological scaffolds should be 

done with an acceptable similarity to this tissue [5]. Bio 

scaffolds provide a surface that encourages the desired 
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Collagen is one of the main proteins of the extracellular 

matrix and contributes to the mechanical strength and 

elasticity of the skin. It also provides a suitable substrate 

for cell adhesion, proliferation, and differentiation [8,9]. 

This characteristic of collagen was confirmed by a study 

that used collagen as electrospun nanofibers to increase 

the attachment and proliferation of L-929 fibroblasts

[10].Also, in previous studies, collagen nanofibers were 

cross-linked by glutaraldehyde to increase its mechanical 

properties [11].However, this toxic solvent can be re-

placed by more biocompatible crosslinkers named Ethyl-

dimethylaminopropyl carbodiimide (EDC) and N-

Hydroxysuccinimide (NHS) [12].  

For this reason, in a study in which collagen scaffolds 

with elastin were made using the electrospinning meth-

od, cross-linking was done by EDC. The prepared scaffold 

demonstrated desired cell adhesion and proliferation 

after culture by fibroblasts and human keratinocytes 

without toxicity [13]. Research has shown that the use of 

collagen in wound dressings shows extreme changes 

within 10 to 14 days [14] and causes the absorption of 

wound fluids and secretions. On the other hand, it pro-

vides a moist environment around the wound [15]. Com-

bining collagen with skin cells in the wound bed increas-

es the speed of epithelization [16]. It has been indicated 

that wound dressings containing collagen can effectively 

release drugs, growth factors, antibiotics, and natural 

antimicrobial compounds such as silver in the wound 

bed [17]. In most cases, to regenerate damaged skin tis-

sue, especially when the scale of damage is large, it 

should be strengthened with the help of other materials, 

such as bioactive silicate materials. Among various nano-

particles, it has been shown that 45S5 bioglass can stim-

ulate fibroblasts to develop angiogenesis in the presence 

of endothelial cells. This phenomenon is required to re-

generate large skin injuries [1819]. 

 Bioglass, as a bioceramic, has the ability to connect to 

the living tissues of the body by forming a layer at the 

interface with the living tissues. [20]. Bioglass nanoparti-

cles can accelerate rats' skin damage due to increased 

cell adhesion, migration, and proliferation [[21]. The 

ability of bioglass to regenerate tissue can be enhanced 

by adding some ions. Zn ions are other nanoparticles 

that combine with bioglass due to their antibacterial 

ability [22]. Also, it has been observed that zinc ions can 

induce keratinocyte migration and promote re-

epithelialization after being released into the environ-

ment [23]. One of the growth factors involved in wound 

healing is vascular endothelial growth factor (VEGF), a 

hemodermal glycoprotein, and it also stimulates endo-

thelial cell proliferation, enhances cell migration, and 

inhibits apoptosis. The use of these ions causes prob-

lems related to factors. It dissolves biologicals such as 

vascular endothelial growth factor (VEGF). Among these 

problems, we can mention the induction of the immune 

system. Therefore, besides helping to repair skin wounds 

successfully, there is a necessity to find other substances 

to replace them [24]. 

 Fibroblasts are the main cells of the connective tissue 

and play a central role in the stages of proliferation and 

wound  healing. These cells can secrete different cyto-

kines, growth factors, and collagen [25]. Vascular endo-

thelial growth factor (VEGF) is a unique factor in initi-

ating the migration process of fibroblast cells by inducing 

components of the wound healing  cascade, such as an-

giogenesis, collagen deposition, and epithelialization. 

Human  VEGF binds to flt1-(VEGFR) and KDR(VEGFR-2) 

receptors. Angiogenesis plays an important role in form-

ing new vessels to remove cellular debris and provide 

oxygen and nutrients to the wound bed [26]. During the 

inflammatory process, many growth factors and cyto-

kines (proangiogenic molecules) are secreted by lympho-

cytes, macrophages, and epithelial cells to recruit fibro-

blast cells to the injured area. In this way, the wound 

bed becomes an angiogenic site, which increases the 

migration of endothelial cells, proliferation, and creation 

of neovascularization of the wound bed. Newly formed 

vessels from endothelial progenitor cells (EPC) are trans-

ferred to the wound area and differentiated. Angiogene-

sis and neovascularization in the wound bed (granulation 

stage) will progress during the days of wound healing. 

The electrospun scaffold by bioglass solution and zinc 

ion showed that these nanoparticles have a significant 

antibacterial effect and also increase fibroblast prolifera-

tion [27]. In addition, PU polyurethane polymer can cre-

ate mechanical properties similar to skin tissue [28].  

The mechanism of zinc ions on cell proliferation and mi-

gration is through the activation of MAPK/ERK and Akt 

pathways [29]. It is clear that divalent zinc ions must be 

released from the scaffold to the skin tissue to exert 
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their antiseptic and regenerative roles. Therefore, a suita-

ble design for the scaffold should be such that it provides 

a platform for creating a stable release pattern of growth 

factors and various ions, including zinc. In this regard, 

scaffolds with multiple layers have been introduced for 

the stable release of zinc ions. On the other hand, the 

skin tissue consists of 3 layers: epidermis, dermis, and 

hypodermis, which have protective and regenerative 

functions [30]. However, these layers have other roles  

and work together to repair skin damage. If the skin 

scaffolds are made in multilayers, they will not only be 

able to control growth factors but may also show better 

mechanical behavior. The purpose of this study is to in-

vestigate the expression level of effective genes in the 

wound healing process and to examine angiogenesis us-

ing fabricated scaffolds: PU/PCL-Collagen/PCL-Collagen, 

PU/PCL-Collagen-bioglass 45s5/PCL-Collagen and PU/ PCL

-Collagen-bioglass Zn/PCL-Collagen. 

Materials and methods 

The desired scaffolds have been examined and evaluated 
in a separate project as the first phase  

of this study.  

X-ray diffraction (XRD) analysis 

To investigate the crystal structure of standard bio glass 

nano (45s5) with Zn +2 ion used in the scaffold, the pow-

der sample is subjected to X-ray diffraction analysis using 

an XRD device with wavelength Cuka=1.5A0. The dwell 

time in each step is one second, the step size is 0.058 de-

grees, and the range of 2θ is chosen between 10 and 80 

degrees. The results will be compared in both control and 

control groups 

In vitro studies 

Cell culture 

In this study, fibroblast cell line (Pasture Institute, Iran) L-

929 was used to analyze the efficiency of the fabricated 

scaffolds. Cells were detached using trypsin (Gibco, cat. 

no 15090046) and then counted. After that, about 15 x 

10 3 were planted on scaffold samples measuring 1 x 1 

cm2. Cell plates with Dulbecco's modified Eagle's medium 

(DMEM, Thermofisher, cat. no 11965092)They were incu-

bated with 10% fetal bovine serum (FBS, Thermofisher, 

cat. no 10082147) at 370 C and 5% CO2. 

In vivo studies 

Full thickness wound design 

Animal studies were performed on 20 adult male Wister 

rats weighing 200 to 220 grams, obtained from the Clini-

cal Research Development Center of Baqiyatullah Hospi-

tal in Tehran. All animal studies were conducted accord-

ing to the regulations approved by the Islamic Azad Uni-

versity of Parand, and this project was allowed to per-

form the animal phase based on the contents of the con-

tract with the ethical code IR.IAU.PIAU REC.1399.003. 

The animals were randomly divided into four groups of 

five, which are: 

•  No treatment group 

•  PCL/Collagen-PU scaffold (without bio glass 

nanoparticles) 

•  PCL/Collagen-PCL/Collagen/45S5-PU scaffold 

•  PCL/Collagen-PCL/Collagen/ZN-PU scaffold 

All rats were kept under standard conditions with free 

access to food and water. The animals were first anesthe-

tized with ketamine (80 mg/kg, Sigma) and xylazine (6 

mg/kg, Sigma), and then, the hair on the animal's back 

was shaved to remove the hair completely. Then, the 

wound area is disinfected, and using an 8 mm punch, we 

make a full-thickness wound on the back of the animal. 

Four wounds are made on the back of each mouse for all 

four groups, and then one wound will remain untreated; 

one wound with The control scaffold is coated with Col-

lage-PCL/PU. The other wound is covered with a scaffold 

containing bioglass 45s5, PCL/Collagen-PCL-bioglass45s5/

PU, and the last wound is covered with a scaffold contain-

ing zinc bioglass, PCL/Collagen-PCL-zinc/PU. Mice were 

observed for two weeks, and gene expression evaluations 

were performed. 

Histological analysis 

Collagen staining 

In this section, on days 7 and 14 after surgery, approxi-

mately 5 mm of wound tissue was removed for histologi-

cal analysis. The prepared tissues were fixed in paraform-

aldehyde (4% Sigma) for 24 hours and embedded in par-

affin (Thermofisher). The paraffin-embedded tissues were 

subsequently cut at a thickness of 6 μm using a micro-

tome blade (Leica 2135, Germany) and then dehydrated 

by serial ethanol dilution. The dried samples were stained 
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using Masson's trichrome method and studied using a 

light microscope.   

Real-time PCR 

In this method, wound tissue was cut from all animals 

and all four wound areas on days 3 and 7 after surgery, 

and the samples were immersed in cold PBS. The tissues 

were ground in liquid nitrogen, and the total RNA of the 

samples was extracted using a Trizol reagent (Sigma). 

Possible protein contamination was detected using 2 µl 

of extracted RNA and diluted by adding 98 µl. Then, its 

OD was measured using NanoDrop USA (Thermo Fisher 

and Scientific) at 260 and 280 nm. cDNA synthesis kit 

(Sigma) was used for cDNA synthesis. RT-PCR was per-

formed on Rotor-gene Q Corbett software, and all reac-

tions were repeated three times. After the completion of 

the PCR reactions, the Mellat program was run on all 

samples, and Excel file of threshold cycle was extracted. 

Data analysis was done through Rotor-gene Q software 

(Corbett). Specific primers for VEGF and FLT1 genes are 

listed in Table 1. Target genes were normalized against 

the GAPDH gene as an endogenous reference using the 

2-ΔΔCt method [32], and the values of all groups were 

calibrated using TCPS. 

Table 1 primer list 

 

Results 

XRD 

The crystal structure of bioglass nanocomposites is of 

considerable importance and significantly impacts their 

structure and biological behavior. With the help of the 

XRD technique, it is possible to evaluate the crystal 

structure of biological nano-glasses. It can be seen in 

Figure 1 that the pure sample S1 has two crystal struc-

tures at angles of 21.4 and 23.73 degrees. In sample S2, 

where BG nanoparticles are placed, the amount of crys-

talline plates has increased dramatically, possibly due to 

the better interaction of this nanoparticle with the poly-

mers used. The crystalline structures are significantly 

reduced in sample S3, where zinc nanoparticles are lo-

cated. It seems that in this sample, these nanoparticles 

have been able to reduce the regular parts in this sam-

ple by penetrating the crystalline structures and making 

the sample move toward becoming amorphous. 

Wound morphological analysis 

The effect of fabricated scaffolds on wound closure in 

rats was investigated. This review was done on days 7 

and 14. Untreated wounds were considered as a control 

group.  

 

Figure 1- XRD analysis. S1 control group scaffold, S2 scaffold with 

45s5 bio-nanoglass, S3 scaffold with Zinc bio-nanoglass 

Wounds covered with PCL/Collagen-PU scaffold (without 

bioglass nanoparticles), PCL/Collagen-PCL/

Collagen/45S5-PU PCL/Collagen-PCL/Collagen/ZN-PU 

scaffold, different effects on wound healing at time 

points showed different through macroscopic analysis. 

Wounds treated with scaffolds containing zinc nanopar-

ticles, as shown in Figure 2, showed epithelialization 

healing much faster than other groups in the early days. 

After 14 days, they were almost covered with epidermis, 

healed faster, and provided complete wound closure 

with a value of 98.5 ± 3%.  

Histological analysis 

Collagen evaluation 

Collagen formation during the wound healing process 

was studied using Masson's trichrome staining. All 

groups formed Collagen fibers during wound healing, as 

seen in Figure 3. However, in the group treated by Zinc 

scaffold, the amount of collagen fibers is much higher 

compared to other groups. Figure 3 shows hair follicles 

Oligo name Seq(5-3) 

Flt1-F CGGCAGACCAATACAATCCT 

Flt1-R TGTATTGAGGTCCGTGGTGA 

VEGF-F GCAATGATGAAGCCCTGGAG 

VEGF-R CCTATGTGCTGGCTTTGGTG 
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on the 14th day, which shows the regeneration of ECM by collagen. As can be seen in Figure 3, on both the seventh and 

fourteenth days after surgery in the groups without treatment and treated with control scaffolds, the border between 

the epidermis and the dermis is hardly visible, but in the groups treated with scaffolds With bio-nanoglass with ECM 

regeneration as well as neovascularization that occurred beyond the thickness of the dermis in scaffolds containing bio-

nanoglass, this border is well visible. 

Figure 3: Micrographs of 

Masson's trichrome and 

skin wounds on days seven 

and fourteen. A) group 

without treatment. B) 

group treated with control 

scaffold. C) 45s5 scaffold-

treated group. D) Zinc 

scaffold treated group. 

Abbreviations: epithelial 

layer: EL, collagen fibers: 

CF, hair follicle: HF. 
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Figure 2:An overview of the wound healing process during 14 days of treatment 

 

 

Real time 

The expression of factors involved in wound healing 

was evaluated by RT-PCR (Figure 4). The obtained data 

showed that three days after the operation, the 

scaffolds of the control group led to significantly higher 

levels of VEGF and Flt1 compared to the scaffolds of 

the control group (P < 0.05). However, increased ex-

pression was observed in the scaffold of the control 

group compared to the control group. On the seventh 

day after surgery, an increase in VEGF expression was 

observed in the control group compared to the control 

group. Furthermore, as seen in Figure 4C, all synthe-

sized scaffolds induced VEGF expression on day seven 

after surgery. 

Discussion 

The design of the dressings that affect wound healing is 

an optimal biocompatible skin substitute that guides 

cell adhesion to facilitate infiltration, proliferation of 

fibroblasts and keratinocytes, and angiogenic potential 

for wound healing.Wound healing in wounds covered 

by bio-active glass scaffolds was higher than in the con-

trol group. The results show that using bioactive glass in 

the composition of scaffolds increases the speed of 

wound healing and the expression of VEGF. Many stud-

ies have shown that using PU polymer in the scaffold 

structure leads to higher surface tension in the scaffold 

[33]. Also, according to the results from the studies, 

scaffolds containing PCL polymer have shown potential 

for tissue engineering applications due to their mechan-

ical and morphological properties [34]. Many studies 

have shown that combining artificial polymers with col-

lagen provides an ideal system for tissue engineering 

applications[35].  
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Figure 4: Expression level of VEGF and FLt1 genes. A,B three days 

after surgery, C,D seven days after surgery. 

maintain cell differentiation, direct cell growth, and sup-

port ECM function [36]. Collagen is the main component 

of connective tissues and is characterized by the pres-

ence of a proline-rich peptide-binding domain[37]. Type 

I, II, and III collagens are the most common collagens and 

are called classic fibril forming collagens [38]. Collagen 

has a relatively stable structure due to the formation of 

covalent bonds among fibers[39]. However, its proteina-

ceous nature determines its biodegradability [40].  Colla-

gen is widely used as a significant component in wound 

dressings due to its hemostatic and proliferative effects 

in fibroblasts and keratinocytes [41]. Collagen is electro-

spun with other natural and artificial polymers and cross-

links to form bonds with various materials [42]. The re-

sults of the studies have shown that the combination of 

two natural and synthetic polymers, PLGA and collagen 

nanofibers, did not show any evidence of cytotoxicity 

and increased cell adhesion and proliferation in natural 

human fibroblasts [43]. The present study's results indi-

cate collagen's influential role in ECM regeneration and 

neovascularization.  

Bioactive nanoglasses (BG), such as 45s5 Bioglass, com-

posed of 45% SiO2,24.5% Na2O, 24.5% CaO, and 6% 

P2O5, are the first synthetic mineral materials reported 

to be able to accelerate wound healing[44].The bioactive 

glass composite scaffolds in this study have acceptable 

biocompatibility for cell growth, and this feature is found 

in the zinc scaffold containing zinc ions. Previous studies 

have shown that bioactive glasses can stimulate the pro-

liferation and migration of endothelial cells and fibro-

blasts to wound sites, increase collagen deposition and 

the formation of new blood vessels, and ultimately accel-

erate the wound healing process[45]. In addition, bioac-

tive glass not only stimulates the expression of essential 

growth factors in cells but also enhances cell-cell com-

munication between endothelial cells or between endo-

thelial cells and fibroblasts [46]. Hoppe and colleagues 

have shown that various ions released through the disso-

lution of bio-nano glasses in biological solutions produce 

antibacterial, anti-inflammatory, and angiogenic effects

[47]. 

 Cordero and colleagues showed that the scaffold con-

taining 45s5 biological nanoglass as well as Zn can ob-

serve the antibacterial effects of Zn against E. coli [48]. 

Because the growth of fibroblasts is necessary for skin 

repair, this study's beneficial result shows better skin 

regeneration due to the presence of zinc ions. The mech-

anism of this method includes Zn2+ ions reaching the 

wound area and then fibroblast proliferation[49].The 

higher expression of FLt1 and VEGF with the fabricated 

scaffold in the presence of bioactive zinc glass nanoparti-

cles indicates the vital role of these ions in stimulating 

the dermal molecular signaling pathway. This result is 

consistent with previous studies in which the level of 
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VEGF expression was investigated on the same scaffold 

[50]. In this study, the amount of collagen fibers, followed 

by re-epithelialization, has increased in the scaffolds con-

taining bioactive nanoglass, consistent with the results 

reported in other studies conducted on a full thickness 

mouse wound model [51]. 
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