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<ABSTRACT> 

 

Wound healing activity of bioactive compound and 

application of composite scaffold 

 

Hye – Lee Kim 

 

Department of Medical Science 

The Graduate School, Yonsei University  

 

(Directed by Professor Jong – Chul Park) 

 

 

 

 

Wound sites in skin must be immediately repaired because the skin 

isolates and protects from the outside. Wound sites become healing with three 

processes such as inflammation, proliferation and tissue remodeling. Treatment 

in wound sites is aiming to accelerate the wound healing, to protect the wound 

sites and to reduce the pain. A skin substitute, one of the treatment methods in 

wound sites, is used in complete section that requires epidermis and dermis. A 

skin substitute used commercially is made of the extracellular matrix (ECM), 

the living cells, the cytokines and the growth factors. However, these materials 

have some problems to induct the over expression of matrix metalloproteinase 

in wound sites and to require the cell culture times and the less validity date. In 

this study, we investigated the biodegradable scaffolds as a skin substitute. The 

scaffolds made of poly (lactic-co-glycolic acid) (PLGA) what is one of the most 

used biodegradable polymers was fabricated using electrospinning. 
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Electrospinning easily fabricates the multi-fiber structure with the polymers. 

This structure has the advantages to provide the large surface area for cell 

attachment and the fluid passages. The fabricated scaffolds were investigated to 

composite with natural bioactive compounds instead of the cytokines and the 

growth factors what accelerate the wound healing. The natural bioactive 

compounds instead of them were used (1,3)-(1,6)-β-D-glucans (BGs) and 

epigallocatechin-3-O-gallate (EGCG). BGs, a natural product of glucose 

polymers, have immune stimulatory activity that is especially effective in 

wound healing. EGCG is the major polyphenolic compound in green tea, and 

has been investigated to regulate the secretion of cytokines and the activation of 

skin cells during wound healing.  

First of all, the porous PLGA scaffolds were investigated by 

electrospinning using different process parameters. The electrospun scaffolds 

showed the uniformity structures when the scaffolds were fabricated with 

PLGA (PLA:PGA = 75:25) in HFIP or THF/DMF at 20% (w/v). These process 

parameters had been used for this study because the scaffolds as a skin 

substitute were demanded the uniformity shapes. The scaffolds processed with 

dry ice had a loose connection between the fibers and showed large pore sizes. 

The infiltration of the adult human fibroblasts was directly improved with the 

increase of the pore sizes of the scaffolds. Biodegradable scaffolds were 

sometimes deformed by heat, high temperature, pressure and moisture during 

sterilization. In this study, the electrospun scaffolds were treated with direct 

current (DC) for sterilization. During sterilization with DC treatment, the fiber 

structures were maintained and the microorganism sterilized with a short time. 

Therefore, DC treatment has the possibility of applying in the sterilization 

method for biodegradable scaffolds.  

The scaffolds composed of PLGA and BGs (BGs/PLGA scaffold) or 

EGCG (EGCG/PLGA scaffold) was investigated using electrospinning. The 

growth rate of human dermal fibroblasts (HDFs) increased in 50BGs/PLGA 
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scaffolds (PLGA scaffolds included 50 wt% BGs) because BGs improved the 

HDFs proliferation. HDFs showed the cytotoxicity in PLGA scaffolds included 

5 wt% EGCG (5EGCG/PLGA scaffolds) because EGCG induced caspase-3 

activity to enhance that caused apoptosis. Therefore, 50BGs/PLGA scaffolds 

and 1EGCG/PLGA scaffolds (PLGA scaffolds included 1 wt% EGCG) were 

examined the wound healing effect in the animal study. According to H&E 

staining results, the re-epithelialization in wound sites and the cell infiltration in 

scaffolds were significantly accelerated the sites treated with the scaffolds 

included BGs or EGCG at 2 weeks after scaffold implantation. At 2 weeks, the 

proliferating cells (Ki-67 staining) in basal layers and the angiogenesis (CD 31 

staining) in new dermis were also improved with the scaffolds included BGs or 

EGCG. 

In conclusion, BGs/PLGA scaffolds and EGCG/PLGA scaffolds should 

be applied as a skin substitute for accelerated wound healing. Before application 

to a skin substitute, the EGCG concentration in a skin substitute should be 

regulated because the EGCG has cytotoxicity at high concentration. 
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I.  INTRODUCTION 

 

1. Wound healing processes 

The skin, the largest organ in the body, is composed of the epidermis 

and the dermis with a complex nerve and blood supply. The skin provides vital 

barrier function and protects the outside world. Trauma, disease, burn or 

surgery cause the wound sites in skin, and any wound in it must rapidly and 

efficiently heal. Wound healing is a dynamic, interactive process involving 

soluble mediators, blood cells, keratinocytes, fibroblasts and extracellular 

matrix. Wound healing process divides three phases such as inflammation, 

proliferation and tissue remodeling.
1
 First of all, a clot immediately formed for 

hemostasis, and a clot also provides a provisional extracellular matrix for cell 

migration in wound sites. A clot consists of the platelet aggregation, the blood 

coagulation and fibrinogen. Several mediators for wound healing are also 

present in a clot, and the mediators attract and activate the cells such as 
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inflammatory cells, fibroblasts and keratinocytes. Inflammatory cells migrate in 

a clot and begin the wound repair. During the inflammation, foreign particles 

and bacteria are extruded or phagocytosed by neutrophils and macrophage for 

cleaning the wound sites. Growth factors and inflammatory cytokines are 

expressed and secreted for the migration and proliferation of cells involved in 

the next phase. In the proliferation phase, keratinocytes grow and divide for 

re-epithelialization. Macrophages and fibroblasts induce the collagen deposition 

and granulation tissue formation, and compose the dermis layer. Fibroblasts 

stimulated by transforming growth factor have differentiated into 

myofibroblasts, and myofibroblasts induce wound contraction by connection to 

the ECM. Epithelial cells proliferate and crawl for formation new blood vessels 

(angiogenesis). Finally, disorganized collagen is remodeled and rearranged in 

the dermis layer. Over-expressed extracellular matrix degrades by matrix 

metalloproteinase that secreted macrophages and fibroblasts, and the cells that 

are no longer needed are removed by apoptosis. According to these processes, 

wound healing is the active participation of blood cells, tissue types, cytokines 

and growth factors. Recently, researchers have investigated that wound healing 

is accelerated and efficient by cells, cytokines and growth factors.
1-5
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2. Skin substitute 

The wound sites commonly are treated with ointment and coverage with 

wound dressing and grafts. These treatments are proposed to protect the wound 

site, to accelerate the wound healing, to reduce the pain and to decrease the 

scarring in wound sites. Wound dressing is one of the immediate treatment 

methods, and they removed from wound sites after wound healing. Grafts 

degrade during repair in wound sites. Grafts usually applied the damaged 

full-thickness wound sites that are complete sections of epidermis and dermis. 

The grafts used to wound sites improve the wound healing by the excellent 

coverage and the reduction of wound contraction. Allograft and heterograft 

skins are tissues that are removed from person or animals. The grafts required to 

transplant within a short time after harvest and the ultimate rejection following 

withdrawal of immune-suppression therapies. Therefore, a skin substitute has 

being investigated through tissue engineering and regenerative medicine. A skin 

substitute is commercially fabricated with the protein components of 

extracellular matrix (ECM) such as collagen, fibrin, laminin and elastin or the 

combination with the protein components and the living cells, and the 

commercially used the a skin substitute shows in Table 1-1.
6
  

A skin substitute is widely applied to the scaffold that has 

three-dimension (3D) structure. The 3D scaffold encourages ingrowth of 

fibroblast and epithelial cells and improves granulation tissue deposition when 

implanted in wound sites. Some scaffolds combined with the living cells such as 

keratinocytes and fibroblasts. Keratinocytes and fibroblasts cultured in the 

scaffolds have the advantages of the rapid proliferation in wound sites, the 

producing collagen and the secreting growth factors to aid wound healing in 

wound sites. According to Table 1-1, the cytokines and the growth factors have 

been applied to mix with the scaffolds for improvement of wound healing. 

However, the skin substitute created commercially has the problems that cause 

the failure of wound healing. ECM, a main composition of scaffolds, induce the 
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over expression of matrix metalloproteinase (MMP) in wound sites. The need 

for cell culture and proliferation time requires upwards of two or three weeks. 

Cell age and other factors may affect viability and persistence of donor cells. 

Also, the ECM proteins and the processing of a skin substitute fabrication are 

too expensive, and a skin substitute has a short shelf life.
4,6-8

  

Therefore, the biodegradable polymers for the scaffolds used to a skin 

substitute are required to develop and to research. The additives to instead of 

the cytokine for improvement of wound healing were also desired to research.  
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Table 1-1. Kinds of commercially created a skin substitute.
6
   

 

Structure Composition 

 

Dermal 

substitutes 

• Collagen coated nylon mesh  

+ Neonatal allogenic fibroblasts 

• 3D scaffold (Collagen, GAGs, Growth factor) 

+ Allogenic neonatal fibroblasts 

• Bovine type I collagen + GAGs 

 

Composite 

substitutes 

• Human allogenic neonatal keratinocytes  

+ Human allogenic neonatal foreskin fibroblasts 

+ Bovine type I collagen + ECM proteins 

+ Cytokines 

• Human allogenic neonatal keratinocytes 

+ Human allogenic neonatal foreskin fibroblasts 

+ Bovine collagen sponge 
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3. Biodegradable polymer 

A skin substitute is demanded to degrade during wound healing. 

Biodegradable polymers break down and lose their initial integrity inside body, 

and degrade inside body. Therefore, biodegradable polymers have potential 

materials for artificial compounds. Biodegradable scaffolds made of 

biodegradable polymers are not necessary to be removed surgically once they 

are no longer needed. Using the properties, biodegradable polymers have been 

used for the solid dispersions, the suture, the drug delivery system and the 

biodegradable scaffolds for the injured organs. Poly (lactic-co-glycolic acid) 

(PLGA) is one of the most widely used biodegradable polymers. Because the 

PLGA properties such as the biodegradable rate, the mechanical strengths, the 

molecular weights and the glass transition temperature are easily controlled. 

These PLGA properties are regulated by the chemical composition of poly 

(lactic acid) (PLA) and poly (glycolic acid) (PGA) because PLGA degrade by 

hydrolytic attack of their ester bonds, resulting in the formation of PLA and 

PGA.
9,10

 PLGA also has excellent biocompatibility. Therefore, PLGA was 

applied to the skin substitute compound in this study. 

 

4. Natural bioactive compound 

Beta-glucans are natural products of glucose polymers, and have been 

found to promote immune stimulatory activity.
11

 Particularly in wound sites, it 

was researched that β-glucan enhanced wound healing by increasing infiltration 

of macrophages, stimulating tissue granulation, collagen deposition, and 

re-epithelialization.
12-14

 The combination with β-glucans and collagen matrix 

has been investigated to reduce the scarring and to decrease the pain.
15

 Kwon et 

al. demonstrated that Sparassis crispa, a medicinal mushroom that has more 

than 40% of β-glucans, significantly improved the wound healing in patients 

with diabetes by oral administration.
16

  

Epigallocatechin-3-O-gallate (EGCG) is the major polyphenolic comp- 
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ound in green tea, and has excellent antioxidant activities.
17

 Moreover, EGCG 

has other advantageous effects such as antimicrobial, anti-inflammatory, and 

immunomodulatory activities.
18

 These advantageous effects including anti- 

oxidant effects can be applied to regulate the wound healing process. EGCG has 

been demonstrated effectively protect against UV-induced damage to skin. 

Collagen production in keloid fibroblasts were suppressed by EGCG 

treatment.
19

 These studies suggest that EGCG can be applied to a skin substitute 

that can promote the activity of skin cells. 

According to these reports, it can be suggested that β-glucans can be 

applied to the addition instead to the cytokine and the growth factors for the 

acceleration of wound healing. 

 

5. Objectives of this study 

In the present study, we investigated to fabricate PLGA scaffolds using 

electrospinning and to combine with β-glucans or EGCG for the improvement 

of wound healing. The behaviors of human dermal fibroblasts were researched 

in the fabricated PLGA scaffolds with β-glucans or EGCG. Furthermore, the 

wound healing effects of the scaffolds were evaluated in an animal study. 
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II.  FABRICATION OF POLY (LACTIC-CO-GLYCOLIC ACID) (PLGA) 

SCAFFOLDS 

 

1. Introduction 

A skin substitute is demanded to mimic the structures of ECM because 

the skin dermal structure is comprised of ECM.
1,2

 The structure of natural ECM 

is 3D network composed of multi-fibers. The scaffolds which have 3D network 

are made by several methods such as solvent casting method
3
, gas 

forming/salt-leaching method
4
 and electrospinning method.

5,6
 Especially, 

electrospinning method easily fabricated the multi-fiber structure with the 

synthetic and the natural polymers. Electrospinning technology enables to 

generate micro/nano scale features with polymers. These structures provide 

large surface-to-volume ratios and offer a large area for cells attachment and 

cells growth.
6-8

 Thus, scaffolds fabricated electrospinning were suggested to 

apply to a skin substitute. Recently, research has been developed on high 

porosity scaffolds using electrospinning by mixing with other materials
9
 and 

control of the process parameters such as solvents
10

 and voltage
11

. These 

methods have to use their process parameters, and have a limitation of materials. 

Nam J. et al. previously investigated a simple method to increase the porosity of 

mesh by ice crystals. According to the research, polymer were manufactured as 

a high porous structure with ice crystals at high humidity.
12,13

 

Biodegradable scaffolds sometimes deform after sterilization, due to 

instability of composing polymer at high temperature, pressure and moisture. 

To avoid the deforming, biodegradable scaffolds are sterilized by ethylene 

oxide (EO) because EO sterilization method is processed at low temperature 

under low humidity.
14

 However, EO treatment can potentially leave residues on 

the surface and within the scaffolds. Especially, the high porosity scaffolds can 

be easily remained EO residues in harmful quantities. Sterilization methods 

using irradiation do not need chemical reagents, heat and moisture, but cause 
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sectioning of polymer chemical bonds.
14,15

 Therefore, the sterilization without 

deforming and sectioning of chemical bonds should be investigated. In the 

previous study, we researched the electrical treatment including direct-current 

could inactivate microorganism in solution. The experimental results were 

suggested that the electrical treatment leads to sterilization of microorganism in 

solution by breakdown or disruption of their membranes. The bacteria were 

sterilized after electrical treatment at a short time (>3 msec) with low electric 

currents (>300 mA) in electric vessels. Moreover, the electrical treatment 

method does not require chemical reagents and heat.
16-18

  

The present study was investigated the ability of the electrospinning 

using various process parameters such as the solvent, the ratio of PLA and PGA, 

the PLGA concentration in solution and the processing temperature. Cells 

infiltration effects into the scaffolds were also researched. The sterilization 

effects on the fabricated PLGA scaffolds were investigated. 
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2. Materials and methods 

 

A. Materials 

PLGA polymer was purchased from Lakeshore Biomaterials 

(Birmingham, AL, USA). The molecular weights (Mw) were 120 kDa of the 

75:25 (75% PLA and 25% PGA) and 65 kDa of the 50:50 PLGA (50% PLA 

and 50% PGA). PLGA was dissolved in a 1:4 mixture of dimethylformamide 

(DMF, Duksan Pure Chemicals Co. Ltd., Ansan city, Gyeonggi do, Korea) and 

tetrahydrofuran (THF, Duksan Pure Chemicals Co. Ltd.). 1,1,1,3,3,3,- 

hexafluoro-2-propanol (HFIP, Wako pure chemical industries, Ltd., Chuo-ku, 

Osaka, Japan) and acetone (Duksan Pure Chemicals Co. Ltd.) were also used 

for solvent. The electrospinning system was purchased from NanoNC (Seoul, 

Korea). Adult human dermal fibroblasts (HDFs) were obtained from Cambrex 

BioScience Walkersville Inc. (Walkersville, MD, USA), and maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) containing 4.0 mM 

L-glutamine, 1.5 g/L sodium bicarbonate 4.5 g/L glucose, 1.0 mM sodium 

pyruvate, 10% fetal bovine serum and 1% antibiotic antimycotic solution. All 

supplements for HDFs were obtained from Welgene Inc. (Daegu, Korea). HDFs 

were incubated in a humidified atmosphere containing 5% CO2 at 37 
o
C. 
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B. Electrospinning setup 

The electrospinning system is shown in Fig. 2-1 (A). The polymer 

solution was then loaded into a syringe with a 21 gauge metal needle tip. The 

metal needle tip was connected to 20 kV of a high-voltage source, and a metal 

collection drum was connected to ground. The distance between the needle tip 

and the collector drum was measured at 10 cm, and the polymer solution was 

ejected at 2 mL/h. For low temperature process, dry ice (Fine dryice, Seoul, 

Korea) was loaded in the metal collector drum. Dry ice causes the deposition of 

ice crystals on the collector surfaces and maintained at low temperature on the 

collector surfaces. The collector deposited ice crystals and polymer fibers are 

shown in Fig. 2-1 (B). The condition without dry ice was processed at room 

temperature. Both environmental humidities were maintained at 50% using a 

boiling water bath. All scaffolds were dried by a deep freezer.  
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Fig. 2-1. The schematic of electrospinning system is used in this study (A). The sur- 

faces are shown in the collector deposited ice crystals and polymer fibers 

(B).  
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C. Measurement of surface morphology on fibrous PLGA scaffolds 

The shapes of fibrous PLGA scaffolds were photographed by a digital 

camera (Sony Inc, Minato-ku, Tokyo, Japan). A scanning electron microscopy 

(SEM, Minato-ku, Tokyo, Japan) was used to observe the surface morphology 

of the fibrous PLGA scaffolds and bacteria. Before the observed the SEM, the 

scaffolds observed the surface morphology were coated with Pt for 120 sec. The 

inoculated samples were fixed using 2.5% glutaraldehyde solution. After 

fixation, samples were dehydrated using graded ethanol, and dried. The dried 

samples were coated with gold before observing by a SEM. The number 

averages and the weight averages of molecular weight (Mn and Mw) of each 

sample (n = 5) were determined by gel permeation chromatography (Viscotek 

Corp., Houson, TX, USA) with chloroform. 

 

D. Measurement of pore size on fibrous PLGA scaffolds 

Surface morphology images were used for a measurement of the 

scaffolds porosity. For the calculation of the pore sizes of the scaffolds, SEM 

images (a magnification of 1,000) were estimated by Image J software 

(National Institutes of Health, Bethesda, MD, USA), as shown in Fig. 2-2. The 

original images improved the contrast by expanding the grayscale range of the 

histogram (B). After controlling the contrast, their binary images were created 

using a threshold of Image J software (C). Finally, the pore sizes of the 

scaffolds were selected using a wand tool, and then the selected areas were 

measured.  
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Fig. 2-2. Images of surface morphologies for the measurement of pore areas 

(magnification of 1000). Surface morphology of the scaffold was observed 

by a SEM (A), and controlled of the contrast of each grayscale image (B). 

The controlled image was assigned a threshold value (C). 
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E. Measurement of cell infiltration  

Cell infiltration into the scaffolds was investigated with HDFs and an 

inverted fluorescent microscope (Olympus, Hachioji-shi, Tokyo, Japan). The 

scaffolds were punched at Ф12 mm, and treated with plasma. The prepared 

scaffolds were placed on well-plates, and seeded HDFs with 5 x 10
5
 cells. After 

the incubation for 1 day, the scaffolds were fixed with 70% ethanol diluted with 

distilled water (DW), and stained with propidium iodide (PI, Sigma-Aldrich 

Corp., St. Louis, MO, AR, USA) for observation of cell infiltration. To 

characterize the HDFs infiltration, the cross-sectional areas of the fixed 

scaffolds were observed with a blue filter on an inverted fluorescent microscope. 

The depth of infiltrated cells was calculated by Image J using fluorescent 

images. 
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F. Sterilization methods 

The electrolysis vessel used for treatment with DC is shown in Fig. 2-3. 

The electrolysis vessel was made of two platinum electrodes (25 mm x 25 mm) 

which were 10 mm apart. Each platinum electrode was connected to a 

computer-based timing control through a parallel port interface which was used 

to control the power transistor. The electrolysis vessel was filled with 3 ml of 

saline solution, and then the inoculated sample was soaked in the solution. The 

inoculated sample in the electrolysis vessel was treated with DC at 4 V or 6 V 

for 10 sec to 60 sec. 

The traditional sterilization methods for comparing with the DC 

treatment methods were used EO gas, gamma ray and electron beam. One group 

of samples was sterilized by EO. The fibrous PLGA scaffolds were exposed to 

EO at 37 
o
C for 4 hours in 3M Steri-Vac 5XL sterilizer (3M Health Care Ltd., 

St. Paul, MN, USA), and vented over 12 hours at room temperature in the same 

space. The other groups of samples were irradiated with gamma or e-beam. 

Gamma irradiation was carried out in the air with a 
60

Co source at a 1 kGy/h 

dose rate to 25 kGy final dose at room temperature (Greenpia Tech. Inc. 

Yujoo-Kun, Gyeonggi do, Korea). The e-beam irradiation of fibrous PLGA 

scaffolds were carried out by a tray and exposed with a surface dose of 15 - 25 

kGy at room temperature in air, using electron acceleration (EB Tech Co., Ltd., 

Daejeon, Korea). Electron energy was maintained at 1 eV and with the tray 

speed of 1 cm/min. 
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Fig. 2-3. The electrolysis vessel used in this study. (A), Schematic of electrolysis 

vessel; (B), Experimental electrolysis vessel for treatment with direct 

current. 
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G. Sterility test 

Escherichia coli (E. coli, ATCC 8739) and Staphylococcus aureus (S. 

aureus, ATCC 6358p) were used for the sterilization test because these bacteria 

cause significant public health problems worldwide.
19,20

 The bacteria suspension 

for inoculation into the samples were prepared with saline solution (0.9% NaCl 

in DW). The density of the suspensions was 1 x 10
6
 colony forming units/ml. 

Each electrospun PLGA was inoculated by the immersion in the each 

suspension for 10 min with shaking. The inoculated samples were then treated 

with DC or traditional sterilization methods. After treatment, the samples were 

incubated in standard agar media (Becton Dickinson, Franklin Lakes, NJ, USA) 

at 36 
o
C for 14 days. The sterilization efficiency of DC treatment was 

determined by the number of colonies, and the methods are shown in Fig. 2-4. 

The samples inoculated with E. coli or S. aureus are shown in Fig. 2-4 after 

incubation. Non-sterilized samples inoculated with E. coli or S. aureus were 

used as controls (Fig. 2-4. (A) and (D)). Appearance of colonies on the agar 

media after 14 days indicated contamination and inefficient sterilization (Fig. 

2-4. (B) and (E)); while a clear, uncontaminated media indicated efficient 

sterilization (Fig. 2-4. (C) and (F)), producing a sterile product. Five days after 

putting the inoculated samples on the agar media pictures were taken using a 

digital camera (Sony Inc.). All the treatment conditions were independently 

repeated 10 times. 

 

H. Statistical analysis 

All quantitative data are reported as means ± SDs. Statistical analyses 

were performed using Student’s t-test. A p-value < 0.05 was considered 

statistically significant. 
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Fig. 2-4. Digital photograph of the electrospun PLGA inoculated with Escherichia 

coli (A - C) and Staphylococcus aureus (D - F) after incubation on standard 

agar at 36 
o
C for 7 days. (A, D), Untreated electrospun PLGA; (C, E), 

Electrospun PLGA treated with 6 V for 10 sec; and (D, F), Electrospun 

PLGA treated with 6 V for 50 sec (n = 10, scale bar: 30 mm). 
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3. Results 

 

A. Characterization of electrospun PLGA scaffolds 

Electrospun PLGA scaffolds were affected by the various parameters 

such as the ratio of PLA and PGA, the solution and the polymer concentration, 

as shown in Fig. 2-5. These parameters influenced the fiber shapes, the fiber 

thickness and the surface morphology of the PLGA scaffolds. The ratio of PLA 

and PGA and the PLGA concentration in solution influenced the formation of 

bead. The solvents have an effect on the dispersion of the fiber thickness. A 

skin substitute is demanded to the uniformity shapes because of the uniformity 

quality. Therefore, the electrospun PLGA (PLA:PGA = 75:25) scaffolds solved 

at 20% (v/v) in HFIP or THF/DMF had been used for this study.  

SEM images of the electrospun PLGA scaffolds using dry ice are shown 

in Figs. 2-6 and 2-7. Using HFIP, the average fiber diameter of the scaffolds 

without dry ice was 0.95 ± 0.32 μm. With dry ice, the scaffolds fabricated using 

HFIP showed 0.94 ± 0.26 μm as the average fiber diameter. The average fiber 

diameters of the meshes using the THF/DMF with and without dry ice were and 

0.95 ± 0.57 μm and 0.93 ± 0.40 μm (Fig. 2-6), respectively. Their cross-section 

images were different between them (Fig. 2-7). At both temperatures, the fibers 

manufactured with HFIP showed a similar connection with the surrounding 

fibers, and their connections were compact. The fibers deposited with 

THF/DMF at room temperature also had a compact connection with the 

surrounding fibers, and consequently showed a large number of fibers. However, 

the fibers fabricated with THF/DMF at low temperature showed loose 

connections, and the scaffolds manufactured with ice crystals showed large void 

spaces.  
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Fig. 2-5. Fibers of the electrospun PLGA were detected with a SEM. Fibers of the 

electrospun PLGA were deposited with various parameters such as the 

PLA/PGA ratio of PLGA (A), the kinds of solvent (B) and the PLGA 

concentration of polymer solution (C).  
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Fig. 2-6. Fiber morphology of the electrospun PLGA scaffolds was measured by a 

SEM. The electrospun fibers were deposited using HFIP (A) and THF/DMF 

(B). 
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Fig. 2-7. SEM images of cross-section of the scaffolds. The scaffolds were fabricated 

with HFIP (A) and THF/DMF (B). 
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B. Influence of dry ice on pore size 

The pore sizes of the scaffolds were calculated by the Image J software 

(Fig. 2-8). The pore sizes average of the scaffolds fabricated using HFIP were 

5.67 ± 3.91 μm without dry ice and 25.42 ± 13.94 μm with dry ice. Using 

THF/DMF, the scaffolds without and with dry ice showed 11.84 ± 9.99 μm and 

126.1 ± 86.08 μm. For both solvent systems, the pore sizes of the scaffolds 

using dry ice are significantly higher than those of the scaffolds fabricated 

without dry ice. This suggests that the electrospinning process using dry ice 

caused a decrease in the loose connections of the fibers and their loose 

connections induced the pore size to expand. Also, the average of pore sizes 

gradually increased from 25.42 ± 13.94 μm to 126.1 ± 86.08 μm with 

THF/DMF. 

 

C. Influence of the pore sizes on the cell infiltration 

For the influence of the pore sizes on the cell infiltration, the scaffolds 

using THF/DMF were applied to the cell infiltration because the scaffolds have 

the significantly different connection with the surrounding fibers. After HDFs 

seeded on the scaffolds were incubated for 1 day, the location of HDFs on the 

scaffolds are shown in Fig. 2-9. HDFs infiltrated 14.83 ± 10.78 μm of the 

scaffolds fabricated without dry ice and 141.48 ± 60.20 μm of the scaffolds 

fabricated with dry ice. As a result, the scaffolds fabricated with dry ice 

improved the infiltration of the cells, compared with the scaffolds fabricated 

without dry ice. 
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Fig. 2-8. Images of surface morphologies (magnification of 1000) were assigned a 

threshold value (A), and the pore areas of the electrospun scaffolds were 

calculated with the images (B). The scaffolds were fabricated using HFIP 

without dry ice (a) and with dry ice (b). The scaffolds were electrospun 

using THF/DMF without dry ice (c) and with dry ice (d) (*p < 0.05 versus 

the pore size fabricated without dry ice, as analyzed by a t-test). 
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Fig. 2-9. Infiltrated cells into the scaffolds were fixed and stained with Pi (red). Cells 

(red) and scaffolds (white) were observed with a digital fluorescence 

microscope (A) (scale bar: 500 µm). The calculated the cells distances from 

the surfaces using image J (B). 
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D. Sterilization effects on electrospun PLGA scaffolds 

The different of the DC treatment times and the treatment voltages were 

tested, as summarized in Table 2-1. At 4 V, the complete sterility was achieved 

over 30 sec for E. coli and 40 sec for S. aureus. At 6 V, E. coli was sterilized 

over 20 sec and S. aureus was sterilized over 30 sec. These results were 

concluded that sterility could be using DC treatment at 4 V with longer 

treatment times. Both bacteria were completely sterilized within 40 sec 

independently of process voltage without any electrolysis. According this 

results, subsequent studies compared DC treatment of electrospun PLGA at 6 V 

and 50 sec. The morphologies of E. coli and S. aureus in samples are shown in 

Fig. 2-10. Both of bacteria were distributed inside and outside of samples. The 

inoculated bacteria in the samples showed normal morphology before treatment 

with DC (Fig. 2-10 (A) and (C)). After DC treatment, all inoculated bacteria in 

samples were reduced in size and exhibited transformed morphologies (Fig. 

2-10 (B) and (D)).  

Images of the scaffolds and fiber shapes of the electrospun PLGA are 

shown in Fig. 2-11. The photography was observed by a digital camera and the 

surface morphology was observed by a SEM. The results of the Mn and Mw of 

the electrospun PLGA are illustrated in Fig. 2-12. After DC treatment and 

irradiation using gamma or e-beam, the shapes and the fibers of electrospun 

PLGA were preserved. However, the electrospun PLGA were stick to each 

other after sterilization using EO (Fig. 2-11). The Mn and Mw of the electrospun 

PLGA after treatment with DC or EO were preserved. Their Mn and Mw 

decreased after irradiated with gamma and e-beam (Fig. 2-12).  
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Table 2-1. Sterilization effects of DC on Escherichia coli (E. coli) and Staphylococcus 

aureus (S. aureus) in the electrospun PLGA scaffolds. (n = 10) 

 

Treatment 

Voltage 

Treatment Time 

(in seconds) 
E. coli S. aureus 

4V 10 X X 

 20 X X 

 30 O X 

 40 O O 

 50 O O 

6V 10 X X 

 20 O X 

 30 O O 

 40 O O 

 50 O O 

 

X, inefficient sterilization after treatment with DC 

O, efficient sterilization after treatment with DC  
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Fig. 2-10. SEM images of Escherichia coli (A, B) and Staphylococcus aureus (C, D) 

in the electrospun PLGA. (A, C), Untreated; (B, D), Treated with 6 V for 60 

sec. 
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Fig. 2-11. Shape and surface morphology of the electrospun PLGA. The images were 

observed by (A) a digital photograph (scale bar: 1 mm) and (B) a SEM. 
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Fig. 2-12. The number average and the weight average of molecular weight (Mw and 

Mn) of the electrospun PLGA (n = 5). 
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4. Discussion 

The porous structures provide the passage for the fluid exchange and the 

cell infiltration into the scaffolds. Increase of the pore sizes improves their 

passage. The pore sizes of the electrospun scaffolds were increased by the 

process using dry ice. Dry ice induces the collector drum to deposit of the ice 

crystals. The ice crystals were deposited with polymer fiber during 

electrospinning. After drying the scaffolds, the sites of ice crystals were pores in 

scaffolds. Therefore, the pore sizes of scaffolds increased using dry ice.
12

 

However, the scaffolds using HFIP at both temperatures showed a similar 

connection with the surrounding fibers, and their connections were compact. 

HFIP and THF have different vapor pressures, such as 269 hPa and 357 hPa at 

30 
o
C. The vapor pressures induce the residual solvent in the scaffolds after 

electrospinning. The residual solvent in scaffolds causes to connect the 

surrounding fibers.
5
 In this study, the electrospinning was processed at low 

temperature for the formation of ice crystals. The low temperature has disturbed 

the solvent volatilization, especially HFIP. When electrospinning used the 

solvent had a low vapor pressure, such as HFIP, the ice crystals did not have an 

effect on the connection. The ice crystals should improve the pore sizes of the 

electrospun scaffolds using a high vapor pressure solvent without the 

morphology transformation of the fibers, according to the Figs. 2-6 and 2-8. The 

increase the pore sizes by ice crystals also enhances the cell infiltration (Fig. 

2-9). Therefore, the pore sizes and the cell infiltration of the electrospun 

scaffolds should be easily improved by the dry ice.  

Sterilization is an essential process for biodegradable polymers to be 

used as biomaterials or tissue engineered scaffolds. The characteristics of 

biodegradable scaffolds can change due to decomposition of constituent 

polymers due to high temperature, pressure or moisture during sterilization. In 

this study, DC treatment was applied to sterilization methods for biodegradable 

scaffolds. In the previous studies, the treatment with electric current caused 
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breaks and ruptures in bacteria scaffolds.
18-20

 The cellular contents were 

released into the surrounding surface from the parts of broken scaffolds. As a 

result, the bacteria treated with DC reduced their sizes and were sterilized. 

Sterilization method using EO requests several days for removed the resided EO. 

Irradiation methods also need to several days for sterilization depending on the 

size and quantity of the medical devises.
15

 Schlapp M. et al consisted that 

deformation of the microparticles occurs as a consequence of the high pressure 

at low sterilization temperature (32 
o
C), which is below the glass transition 

temperatures (40 
o
C - 60 

o
C).

21
 Thus, EO gas under applied conditions (32 

o
C, 4 

bar for 6 h) is incompatible for the biodegradable polymers. The scaffolds 

sterilized EO were transforming during imaging at magnification higher than 

1,000 using a SEM. Because EO treatment reduced the physical properties of 

the scaffolds, including the yield stress and break stress.
22

 The molecular weight 

of PLGA decreased after the irradiation with gamma or e-beam. Many 

researchers have reported that gamma or e-beam irradiation caused polymer 

degradation through chain scission. In particular, backbone chain scission 

results from exposure to gamma or e-beam radiation, and is the reason for the 

rapid decrease in the molecular weights. The decrease in the molecular weights 

of polymers is also related to significantly less crystalline structure. It has been 

demonstrated that the crystal structure can delay degradation because the 

crystalline regions in the polymer have resistant chains that are more oriented 

and closely packed compared to amorphous regions.
14,23

 These results suggested 

that the treatment method with DC was considered the sterilization methods of 

biodegradable polymers without deforming and change the chemical bonding.  
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5. Conclusion 

The electrospinning using ice crystals should improve the porosity of the 

structure by disturbing the contact with the fibers. However, the polymer should 

be solved with a solvent that has a high vapor pressure. Cell infiltration was 

accelerated on the scaffolds that had large pore sizes due to the ice crystals. 

Therefore, the electrospinning method using ice crystals with low volatile 

solvents can improve the pore sizes of the scaffolds, and induce the acceleration 

of the cells infiltration. 

All the above results show that the treatment method with DC did not 

deform the electrospun PLGA and change molecular weight of PLGA. This 

method also requires within 40 sec of treatment time and process than 

traditional sterilization methods without any harmful effect. These results 

suggested that the DC treatment method provides proper sterilization method 

for the biodegradable polymer used in tissue engineering without any damage. 
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III. EVALUATION OF ELECTROSPUN (1,3)-(1,6)-β-D-GLUCANS (BGs) 

/PLGA SCAFFOLDS 

 

1. Introduction 

Treatment of a wound site is thought to improve wound healing by 

stimulating the host to produce various cytokines.
1
 β-glucans are natural 

products of glucose polymers, and have been found to promote immune 

stimulatory activity.
2
 β-glucans improve wound healing in wound sites because 

of the acceleration of the macrophage infiltration and the stimulation of tissue 

granulation by the deposited collagen increase.
3-6

  In previous studies, the 

wound healing effects of water-soluble (1,3)-(1,6)-β-D-glucans (BGs) have 

been demonstrated on the skin-derived cells such as HDFs and adipose 

tissue-derived mesenchymal stem cells (ADSCs). BGs accelerated the 

proliferation and the migration of them. In addition, the contraction of the 

collagen gels formed by fibroblasts was accelerated after BGs treatment. Thus, 

BGs should be infiltrated into HDFs and ADSCs in order to activate them in 

wound sites.
7,8

 Tsubaki K. et al. who produced BGs for this study have been 

researched that BGs strongly induced the production of various cytokines, 

especially interferon γ (IFN- γ), tumor necrosis factor-α (TNF- α) and interlukin 

6 (IL-6).
9-11

 These previous results suggest that BGs may accelerate wound 

healing, and that a skin substitute containing BGs could improve wound 

healing.  

In the present study, we purposed to fabricate scaffolds with BGs and 

PLGA using electrospinning, and investigated the behavior of fibroblasts in 

these scaffolds. Furthermore, the wound healing effects of the scaffolds were 

evaluated in an animal study. 
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2.  Materials and methods 

 

A. Evaluation of wound healing effects of BGs using the skin- 

derived cells 

Water-soluble BGs powder was obtained from Adeka Corp. (From 

Aureoubasidium pullulans). HDFs and adult normal human epidermal 

keratinocytes (NHEKs) were used in this study. NHEKs were obtained from 

Lonza group. Ltd. (Basel, Switzerland). HDFs were maintained in DMEM with 

all supplements. NHEKs were maintained in KGM-Gold kit (keratinocytes 

growth medium, Lonza group Ltd.). After reaching confluence, the cells were 

washed with PBS, and detached using 0.025% trypsin in 0.04mM 

ethylenediaminetetraacetic acid (EDTA, Welgene Inc.). 

These cells were seeded in culture well (24-well culture plate, Falcon, 

NJ, SUA) with 1 mL growth medium containing 2 x 10
4
 cells. After 1 day 

incubation, the cells were treated with BGs in medium without growth factors. 

The proliferating cells were quantified using MTT assay which measures the 

mitochondrial dehydrogenase activity of living cells. The yellow tetrazolium 

salt-3-(4,5-dimethylthiazol-2-yi)-2,5-diphenyltetrazolium bromide (MTT, 

Sigma) was reduced by metabolically activity cells to form insoluble purple 

formazan crystals. The cell viability and the cell proliferation were estimated by 

detected the produced formazan salts. The produced formazan salts were 

dissolved with dimethyl sulphoxide (DMSO, Duksan Pure Chemicals Co. Ltd.), 

and the solution was transferred to a 96-well plate (Falcon, Atlanta, CA, USA). 

The absorbance was measured using the ELISA reader at a wavelength of 570 

nm. Migration assay for wound closure experiment was used with the silicon 

culture insert (Ibidi, Munich, Germany). HDFs and NHEKs were seeded in the 

silicon culture insert at a culture dish, and attached for 1 day in incubation. The 

silicon culture inserts were removed from culture dishes after 1 day, and treated 

with BGs. The cells migration was observed by microscope. 
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B. Fabrication of electrospun BGs/PLGA scaffolds 

The solvent for polymer solution used was HFIP. The PLGA 

concentration was 20% (w/v) of the solvent volume, and the BGs 

concentrations were 25 wt% and 50 wt% of the total PLGA weight. Only BGs 

were dispersed in solvent, and the concentration of BGs was 50% (w/v) of the 

solvent. All solutions were used to manufacture the scaffolds at 15 kV by an 

electrospinning system. The solution flow rate was maintained at 2 mL/h using 

a syringe infusion pump. After electrospinning, the scaffolds were dried for 2 

days at room temperature. The scaffolds were sterilized with 25 kGy gamma 

irradiation at room temperature. 

  

C. Characterization of electrospun BGs/PLGA scaffolds 

The surface morphology of the scaffolds was observed by a SEM. The 

scaffolds were Pt sputter-coated for 120 sec before a SEM analysis. For release 

kinetics of BGs from the scaffolds, the scaffolds were immersed in 2 mL PBS 

which was boiled at 36 
o
C in incubation. During the immersion, the scaffolds in 

PBS were protected from light for 16 days in a shaking incubator. The weight of 

the scaffolds was determined at 2 mg/mL before their immersion in PBS. The 

BGs concentration in PBS at each time point was calculated with a BGSTAR 

kit (Wako Pure Chemical Industries Ltd.). The samples were conjugated with 

the detected reagent, and then reacted in 37 
o
C for 30 min. The reacted samples 

were added the color-developing reagents in numerical order, and detected by 

ELISER reader.  
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D. Viability and proliferation of HDFs on electrospun BGs/PLGA 

scaffolds 

Scaffolds were cut out into circles 12 mm in diameter, and put onto 

24-well culture plates. HDFs were placed in scaffolds at a density of 5 x 10
4
 

cells per scaffold for a proliferation assay. HDFs on scaffolds were incubated in 

humidified atmosphere containing 5% CO2 at 36 
o
C for 1, 3, 5, and 7 days. The 

proliferation assays were performed with an ATP bioluminescence assay kit 

(Roche Molecular Biochemicals, Manheim, Germany). At each time point, the 

scaffolds were immersed in 0.1% Triton-X in 100 mM Tris and 4 mM EDTA 

(pH 7.81) during 30 min for the cell lysis. ATP from the cells lysis was 

collected by a centrifuge at 1000 g for 60 sec, and then each supernatant was 

transferred to each fresh tube. The luciferase reagent was added to the 

supernatant, and the ATP concentration was quantified using a microplate 

luminometer (Berthold Technologies GmbH & Co., Germany). To calculate the 

cell numbers using ATP concentrations, the ATP standard curve was plotted 

using serial dilutions of the cells and the ATP concentrations. The morphology 

of the cells incubated for 5 days in scaffolds was observed by a SEM. The cells 

in the scaffolds were fixed in PBS included 2% glutaraldehyde (Merck KGaA, 

Darmstadt, Germany), 2% paraformaldehyde (Merck KGaA) and 0.5% CaCl2 

for 6 h. Then, the scaffolds were treated with 1% OsO4 (Polysciences, Inc., 

Warrington, PA, USA) in 0.1 M PBS for 2 h, and washed twice with 0.1M PBS. 

The fixed cells in the scaffolds were dehydrated with absolute alcohol (Merck 

KGaA). The dehydrated cells were treated with isoamylactete (Merck KGaA) 

and dried. Finally, the cells in the scaffolds were coated with gold by an ion 

coater (Eiko Engineering Co. Ltd., Kawachinagano City, Osaka, Japan) and 

observed with a SEM (Hitachi Ltd.). 
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E. Animals and surgical manipulations 

Male BALB/c nude mice (7-week old) were used for the animal study. 

This animal experiment was performed in accordance with the Guidelines for 

the Care and Use of Laboratory Animals, and the protocol was approved by the 

Animal Care and Use Committee of Yonsei University College of Medicine.  

A single full-thickness skin wound (diameter of 12 mm) was created on 

the upper back of each mouse. The animal models were described in Fig. 3-1. 

There were the study groups (n = 6): PLGA scaffolds, 50BGs/PLGA scaffolds 

(PLGA scaffolds including 50 wt% BGs). The study groups were shown in 

Table 3-1. Each scaffold was placed into the wound site, and then the scaffolds 

were attached to the surrounding tissue by suturing. The sutured wound sites 

were covered with Tegaderm®  (3M Co.). At 1, 2 and 4 weeks after the 

scaffolds were transplanted, the mice were euthanized using zoletile (120 mg/kg; 

Boehringer Ingelheim Agrovet, Hellerup, Denmark) and rompun (40 mg/kg; 

Bayer, Pittsburgh, PA, USA). The transplanted scaffolds and the surrounding 

tissues were isolated, and fixed with 10% formaldehyde for 2 days. After 

fixation, they were embedded in paraffin for the histological and the 

immunohistochemical evaluation.  
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Fig. 3-1. Surgical procedure of the full-thickness wound model in nude mice (scale 

bar: 12 mm). 
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Table 3-1.  The experimental numbers of nude mice for the animal study. 

 

PLGA scaffolds: Fabrication with PLGA 

50BGs/PLGA scaffolds: Fabrication with PLGA and 50 wt% BGs  

 

 

 

 

 

 

 

 

Treatment times Experimental scaffolds 
Number of 

nude mouse 

1 week PLGA scaffolds 

50BGs/PLGA scaffolds 

6 

6 

2 weeks PLGA scaffolds 

50BGs/PLGA scaffolds 

6 

6 

4 weeks PLGA scaffolds 

50BGs/PLGA scaffolds 

6 

6 
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F. Determination of wound sites 

The wound sites were measured with a digital camera (Canon Inc., 

Ohta-ku, Tokyo, Japan), and hematoxylin and eosin staining (H&E, 

Dakocytomation Inc., Carpinteria, CA, USA). The wound sites were 

photographed at 1, 2 and 4 weeks with a digital camera, and isolated at each day 

for H&E staining. The isolated tissues were fixed using 10% neutral buffered 

formaldehyde. The fixated tissues were formed into paraffin-embedded tissue 

blocks. The blocks were sectioned at a thickness of 4 μm, and then underwent 

deparaffinization and rehydration. The H&E stained sections were prepared for 

the examination of epithelial regeneration and interaction with original tissues. 

The sections were scanned with a digital virtual microscope (Olympus) and 

measured with OlyVIA 6711 (Olympus). Viewing programs were also used 

with OlyVIA 6711. 

  

G. .Immunohistochemical analysis of wound area 

The isolated tissues for staining Ki-67 and CD 31 were fixed with 10% 

neutral buffered formaldehyde. The fixed tissues were formed into 

paraffin-embedded tissue blocks. The blocks were sectioned at a thickness of 4 

μm, and then underwent deparaffinization and rehydration. The rehydrated 

sections were placed in target retrieval solution (0.01 M citrate buffer) and 

heated in a microwave oven at two times, followed by washing with PBS. The 

sections were the incubated with rat monoclonal anti-mouse Ki-67 

(Dakocytomation Inc.) and mouse monoclonal antibody CD 31 (Novacastra, 

Newcastle, UK). The sections treated with anti Ki-67 were incubated for 30 min 

at room temperature, and then rinsed with PBS. The rinsed sections were 

exposed to polyclonal rabbit anti-rat Ig/HRP (Dakocytomation Inc.) for 30 min 

at room temperature, and then treated with α-rabbit Envision-HRP solution 

(Dakocytomation Inc.) for 30 min. The sections treated with anti CD 31 were 

stored at 4 
o
C overnight, and then rinsed with PBS. Prior to the exposition of 
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anti CD 31, the sections were blocked at non specific binding sites with 1% 

bovine serum albumin in Tris-buffered saline for 10 min. Both antibody binding 

sites were visualized by incubation with Envision-HRP-DAB (Dako- 

cytomation Inc.). The sections were counterstained for 3 min with hematoxylin 

(Dakocytomation Inc.), and then dehydrated with sequential ethanol for sealing 

and microscopic observation. The sections that expressed anti Ki-67 and anti 

CD 31 were observed under 200 magnifications using a microscope (Olympus). 

The number of Ki-67 positive cells at the basement layers of the epidermis was 

counted in both wound margin areas. The numbers of Ki-67 positive cells were 

calculated the percentage of the total numbers of the cells at the basement layers 

of the epidermis. The positive stained capillaries of CD 31 were measured in 

three different areas at both ends of the operated sites, the middle of the 

operated sites.  

 

H. Statistical analysis 

Cells proliferation assays were conducted in three independent cultures 

for each experiment. Quantitative data are expressed as means ± SDs. Statistical 

comparisons were carried out using the Student’s t-test (one-way). A p-value < 

0.05 was considered statistically significant. 

Animal studies were conducted with 6 mice per group. The results are 

reported as mean ± SDs and were compared to those of PLGA scaffolds. 

Statistical analyses were performed using ANOVA, followed by Tukey’s HSD 

test and Fisher’s PLSD test using SPSS software (12.0 Ko for windows). A 

p-value < 0.05 was considered statistically significant. 
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3. Results 

 

A. Evaluation of wound healing effects of BGs on HDFs and 

NHEKs 

The growth rate effects of BGs are illustrated in Fig. 3-2. The 

proliferation of HDFs and NHEKs for 5 days was enhanced with the BGs dose 

dependently. HDFs and NHEKs proliferation was significantly enhanced on the 

treated 0.5 mg/mL and 1 mg/mL BGs after 5 days. At 5 days after treatment 

with 1 mg/mL BGs, the growth rate of HDFs and NHEKs increased by 4.38 

times and 3.70 times, especially. Cell movement is combined effect of cell 

division and cell migration. The migration speeds of HDFs and NHEKs are 

illustrated in Fig. 3-3. Both cells were improved the migration speed after 

treatment with 1mg/mL BGs. These results can be beneficial for acceleration of 

wound healing by proliferation and cell migration.  
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Fig. 3-2. Growth rate effects of BGs on HDFs (A) and NHEKs (B). (*p < 0.05 versus 

the control group (0 mg/mL), as analyzed by a t-test). 
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Fig. 3-3. Migration effects of BGs on HDFs (A) and NHEKs (B) (scale bar: 100 µm). 
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B. Characterization of electrospun BGs/PLGA scaffolds 

Influence of BGs concentration in scaffolds on their surface morphology 

is shown in Fig. 3-4. The fibers made of PLGA had 1.96 ± 0.09 μm of an 

average fiber diameter. The average fiber diameter of the scaffolds with 25 wt% 

BGs (25BGs/PLGA scaffolds) was 1.42 ± 0.34 μm. In the scaffolds with 50 wt% 

BGs (50BGs/PLGA scaffolds), their fiber diameter ranged from 1.25 to 0.52 μm, 

with an average fiber diameter of 0.89 ± 0.37 μm. The fiber diameters were 

reduced with the increase of BGs concentration on the scaffolds. While the 

solution containing a mixture of PLGA and BGs was electrospinning, several 

beads were deposited on the collector. The bead number on the scaffolds 

increased with the increase of the BGs concentration in the polymer solutions. 

The BGs in solvent without PLGA were deposited as several sizes of the 

particles on the collector during electrospinning because BGs were insoluble in 

the solvent. 
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Fig. 3-4. SEM images of the PLGA scaffolds and the BGs/PLGA scaffolds. The 

collector surface images were detected by a SEM after electrospinning of 

BGs without PLGA. 
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C. BGs release pattern from BGs/PLGA scaffolds 

Figure 3-5 illustrates the cumulative release of BGs at a 16 day period 

from the scaffolds. After incubation for 4 days in PBS, the cumulative amount 

of BGs released from the 25BGs/PLGA scaffolds was 0.41 ± 0.5 mg, which 

was 51.86 ± 6.52% of the total BGs concentration on the scaffolds. The BGs on 

the 25BGs/PLGA scaffolds were released in a logarithmic manner for up to 6 

days, after which the release rate decreased with time. In the 50BGs/PLGA 

scaffolds, 0.81 ± 0.09 mg of BGs had been released in 4 days, which was 61.12 

± 7.12 % of the total BGs concentration on the scaffolds. The amount of BGs 

released from the 50BGs/PLGA scaffolds decreased after 4 days. As shown in 

Fig. 3-5, the release profiles of BGs from the 50BGs/PLGA scaffolds were an 

initial burst release within 4 days upon contact with PBS. Figure 3-6 shows the 

surface morphology of the scaffolds incubated for 7 days. Some beads on the 

50BGs/PLGA scaffolds specifically had holes in their surfaces. 
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Fig. 3-5. Cumulative release of BGs from the electrospun scaffolds containing 

different amounts of BGs into PBS at 37 
o
C during 16 days. The BGs 

concentration in PBS at each time point was calculated with a BGSTAR kit. 
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Fig. 3-6. SEM images of (A, C) the PLGA scaffolds and (B, D) the 50BGs/PLGA 

scaffolds incubated for 7 days at 37 
o
C. 
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D. Viability and proliferation of HDFs on electrospun BGs/PLGA 

scaffolds 

The viability and growth rate of HDFs on scaffolds were measured using 

an ATP assay and a SEM (Figs. 3-7 and 3-8). The same amounts of cells were 

seeded onto all scaffolds. For the 5 days after cell seeding, there were no 

distinct differences in the growth rate associated with the BGs concentrations in 

the scaffolds. The cell density significantly (*p < 0.05) increased in the 

50BGs/PLGA scaffolds after 7 days. The 50BGs/PLGA scaffolds were 

considered a significant effect on the growth rate of HDFs after 7 days. The 

morphology of HDFs on scaffolds incubated for 5 days at 36 
o
C is shown in Fig. 

3-8. On the both scaffolds, HDFs exhibited the polygonal shape that is typical 

of the normal cell morphology. The growth rate of the HDFs was improved in 

the 50BGs/PLGA scaffolds, and the morphology of the HDFs was the normal 

shapes changes to the morphology of the HDFs in both scaffolds showed the 

normal shapes. 
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Fig. 3-7.  Influence of HDFs proliferation on the scaffolds containing different 

amounts of BGs. After incubation for 1, 3, 5 and 7 days, the cell viability 

was detected by an ATP assay. (*p < 0.05 versus the PLGA scaffolds at the 

same time, as analyzed by a t-test with n = 5). 
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Fig. 3-8.  SEM images of HDFs incubated for 5 days at 37 
o
C on (A, C) the PLGA 

scaffold and (B, D) the 50BGs/PLGA scaffold.  
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E. Wound healing and histological examination 

The full-thickness skin wounds were made on the back of each mouse 

for a wound-healing test. Figures 3-9, 3-10 and 3-11 show the appearance of the 

wounds after the operations. At 2 weeks after treatment, the connective tissues 

had slightly repaired with some local infection. Microscopic findings did not 

reveal any significant differences between the PLGA and the 50BGs/PLGA 

scaffolds with respect to wound contraction at 2 weeks (Fig. 3-9). However, the 

rate of re-epithelialization at 2 weeks is 29.23 ± 2.34% of PLGA scaffolds and 

77.26 ± 10.08 % of 50BGs/PLGA scaffolds (Fig. 3-10). Also, the 50BGs/PLGA 

scaffolds significantly enhanced the infiltration of the surrounding cells (Figs. 

3-10 and 3-11). PLGA scaffolds can be clearly distinguished from the tissue 2 

weeks after the operations. In contrast, the boundary line between the 

50BGs/PLGA scaffold and the tissue was barely distinguishable in the wound 

site, and cells were abundantly evident inside the 50BGs/PLGA scaffolds. At 2 

weeks, the ECM was sufficiently expressed the surrounding of the 

50BGs/PLGA compared with PLGA scaffolds. 
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Fig. 3-9. Appearance of the wounds in mice at 0, 1, 2 and 4 weeks after treatment 

with the PLGA scaffolds and the 50BGs/PLGA scaffolds. (scale bar: 6 mm)   
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Fig. 3-10.  Histological morphology with hematoxylin and eosin of wound sites treated 

with the PLGA scaffolds and the 50BGs/PLGA scaffolds. (S: Scaffold, 

Orange line: Normal epidermal, Yellow line: Re-epithelialization, scale bar: 

2 mm) 
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Fig. 3-11. Interaction with the surrounding cells and the electrospun scaffolds. The 

wound sites were treated with hematoxylin and eosin. (Scale bar: 200 µm)    
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F. Immunohistochemical analysis of wound healing 

Figure 3-12 shows the representative immune localization of anti Ki-67 

and anti CD 31 after 2 weeks in a wound treated with PLGA or 50BGs/PLGA 

scaffolds. Ki-67 positive cells were counted at the basal layers of the epidermis 

(Fig. 3-12). The positive cells that were stained Ki-67 were 77.2 ± 5.6 % in the 

50BGs/PLGA scaffolds and 51.3 ± 7.0 % in the PLGA scaffolds. The strongest 

positive staining for Ki-67 was evident after 2 weeks in the wound treated with 

the 50BGs/PLGA scaffolds. Moreover, the wounds treated with the 

50BGs/PLGA scaffolds showed significantly higher positive staining for CD 31 

(34 ± 8.6 capillaries) than the PLGA scaffolds (22.7 ± 8.6 capillaries). After 4 

weeks in the wound treatment, the wound sites treated with the 50BGs/PLGA 

scaffolds were completely closing. Therefore, the Ki-67 positive cells in the 

basal layer decreased compared with them which were treated after 2 weeks. 
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Fig. 3-12. Immunohistochemical observation of wounds treated with the PLGA 

scaffolds and the 50BGs/PLGA scaffolds, and stained with anti Ki-67 and 

anti CD 31. (A) Microscopic observation of immunohistochemical results 

(S: scaffold, scale bar: 200 µm); (B) Quantitative analyses of cells showing 

immunopositivity for Ki 67 or CD31 (*p < 0.05, as analyzed by one-way 

followed by the Tukey HSD test). 
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4. Discussion 

HDFs are the main cell type involved in the regulation of ECM protein 

production in wound sites, and the formation of ECM promotes the granulation 

tissue. Improvement of the HDF activity induces the acceleration of ECM 

production, and the HDF activity is reflected by their growth rate.
12-14

 

Keratinocytes is in epidermal layer and formed the barrier against 

environmental damage such as pathogens, UV radiation and water loss. 

Keratinocytes in wound sites grow from the survive cells and the hair follicle, 

and then migrate for filling the gap created by the wound.
15,16

 The growth rate 

and the migration of HDFs and NHEKs were improved by BGs in media (Figs. 

3-2 and 3-3). The researchers have demonstrated that BGs stimulated fibroblast 

NF-κB nuclear binding activity and IL-6 gene expression in a time-dependent 

manner.
17

 NF- κB plays an important role in wound healing, inflammation and 

apoptosis because the expression of the pro-inflammation cytokines such as 

TNF-α, interleukin 1β (IL-1β) and bacterial lipopolysaccharides (LPS) are 

controlled.
18,19

 According to the researches, these results suggest that BGs 

directly enhance the wound healing in skin. Therefore, BGs has the potentiality 

as the addition in the skin substitute for the accelerated wound healing.  

The skin substitute was manufactured with the scaffolds composted with 

PLGA and BGs using electrospinning (Fig. 3-4). The beads in scaffolds can be 

expected BGs particles because the beads showed the holes after incubation for 

7 days (Fig. 3-6). BGs particles suggested the disruption of the polymer chain 

entanglement. The polymer chain entanglement causes the fiber formation, and 

the high concentration of the entanglement induces the increase of the fiber 

thickness.
20

 It suggested that BGs dispersed in the solution and then disrupted 

the entanglements. Therefore, the increase of BGs concentration induced 

increase of the bead numbers and the decrease of the fiber thickness. However, 

BGs/PLGA scaffolds were able to be manufactured using electrospinning, and 

BGs can be supplied in the wound site using BGs/PLGA scaffolds. Researchers 
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demonstrated that the attachment area and the growth rate of HDFs have been 

reduced dramatically by the decrease in fiber diameters.
12,21

 According to the 

results, the 50BGs/PLGA scaffolds cannot support sufficient areas for the 

attachment and growth of HDFs as compared with the PLGA scaffolds. 

However, HDFs showed normal shapes on both scaffolds (Fig. 3-8). The 

growth rate of HDFs was improved in the 50BGs/PLGA scaffolds after 

incubating for 7 days (Fig. 3-7). In previous studies, BGs dose dependently 

enhanced the proliferation of HDFs on well plates for 5 days.
6,22

 According to 

the release profile (Fig. 3-5), the BGs continually released from the scaffolds 

during 16 days. The released BGs from the scaffolds can accelerate the HDF 

activity by the improvement of the attachment area and the growth rate of HDFs 

on the scaffolds. Therefore, the 50BGs/PLGA scaffolds could accelerate wound 

healing by improving the HDF activity.  

Clinically, it is a significant factor to wound repair as fast as possible. 

For the acceleration of wound healing, the skin substitute required the 

interaction with the surrounding cells and the excellent infiltration of them.
23

 

Their interaction should directly influence cellular activity such as the adhesion, 

proliferation, and migration of cells.
13,22

 BGs have been demonstrated to 

stimulate the immune system and to enhance macrophage infiltration into injury 

sites.
9
 In the present study, 50BGs/PLGA scaffolds significantly improved the 

interaction with the surrounding cells and the infiltration of them (Figs. 3-10 

and 3-11). These suggest that the BGs in the wound site can improve the wound 

healing by the induction of the interaction with the surrounding cells and the 

stimulation of inflammatory. It is demonstrated that phagocytes, natural killer 

cells, dendritic cells and langerhans cells of skin has specific BGs receptor sites 

that are termed dectin-1 and toll like receptor 2 and 6.
22

 The receptors initiate 

the immune activity, and accelerate the pro-inflammatory factors such as 

interferon-γ, TNF-α, IL-6 and IL-1β. Also, BGs have been demonstrated to 

increase the expression of pro-inflammatory factors such as IL-6 and 
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interferon-γ in splenocytes.
23,24

 These factors are secreted by macrophages and 

T cells to stimulate an immune response and promote proliferation, migration, 

and activation.
25

 As a result, proliferated cells (the positive cells stained Ki-67) 

were obtained at high levels in the wound site treated with 50BGs/PLGA 

scaffolds as compared with those treated with PLGA scaffolds (Fig. 3-12). The 

stronger staining of Ki-67 was considered that the keratinocytes were 

proliferated on the basement layer. Improvement of keratinocytes proliferation 

can enhance the re-epithelialization, because keratinocyte is a main cell of the 

epidermal layer.
26

 Thus, 50BGs/PLGA scaffolds were regarded to improve the 

re-epithelialization by the increase of keratinocyte proliferation on the basement 

layer. IL-6 had been reported to have multiple functions in angiogenesis and 

vascular remodeling. Fan et al. had concluded that IL-6 significantly improved 

the proliferation of endothelial cells.
27

 Therefore, 50BGs/PLGA scaffolds 

enhanced angiogenesis because of the promotion of IL-6 expression by BGs.  
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5. Conclusion 

BGs have been demonstrated to enhance the cellular responses, 

proliferation, and migration of HDFs. In this study, we investigated the possible 

roles of the electrospun scaffolds including BGs for the acceleration of skin 

wound healing. The proliferation of HDFs improved as the ratio of BGs 

increased in the electrospun scaffolds. At 2 weeks after scaffolds application, 

the 50BGs/PLGA scaffolds had enhanced the interaction of the wound with 

surrounding cells, proliferation, and angiogenesis as compared with the PLGA 

scaffolds. Therefore, the BGs/PLGA scaffolds may be applied as a skin 

substitute for accelerated wound healing. 
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IV. EVALUATION OF ELECTROSPUN EPIGALLOCATECHIN-3-O- 

GALLATE (EGCG)/PLGA SCAFFOLDS 

 

1. Introduction 

In the normal physiology of wound healing, the levels of reactive 

oxygen species and oxidative stress have influences on the wound healing 

process. Wound sites exposed to the high levels of oxidative stress become 

repaired.
1
 To inhibit wound site injury by oxidative stress, antioxidants have 

been applied to balance oxidative stress on the wound sites.
2-4

 The green tea 

extracts have antioxidant activities, antimicrobial effects and anti-inflammatory 

effects. It has been studied that catechin epicatechin gallate (ECG), found in 

green tea extract, improves the quality of wound healing in a full-thickness 

wound healing model in rats. ECG enhances angiogenesis, nitric oxide synthase 

activation, and cyclooxygenase-2 activation in the earliest phase of wound 

healing. After this phase, ECG promotes the inhibition of these compounds. 

These effects of ECG accelerate the compacts the epidermal layer.
5
 Especially, 

epigallocatechin-3-O-gallate (EGCG), the major polyphenolic compound in 

green tea, has much stronger antioxidant activities than vitamin C that is one of 

the most utilized antioxidants.
6
 EGCG is regulated of mitochondrial integrity 

and antioxidative enzyme activity of HDFs, resulting the increase of the HDFs 

viability.
7
 The researches have focused on the wound healing effects of collagen 

sponge immersed in EGCG with saline. Those studies showed that collagen 

sponge immersed in EGCG solution can improve wound healing in diabetic 

mice by accelerating re-epithelialization and angiogenesis.
8
 The studies suggest 

being a potentially effective a skin substitute to the scaffolds including EGCG. 

In the present study, we fabricated scaffolds with EGCG and PLGA 

using the electrospinning method, and investigated the behavior of fibroblasts in 

these scaffolds. Furthermore, the wound healing effects of the scaffolds were 

evaluated in an animal study. 
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2. Materials and methods 

 

A. Viability of the skin-derived cells on EGCG 

EGCG was purchased from TeavigoTM (DSM Nutritional Products Ltd., 

Basel, Switzerland), and solved in DMSO. HDFs and NHEKs were inoculated 

in 24-weel culture plate with 1 mL medium. After 1 day incubation, the cells 

were treated with EGCG in medium without growth factors. Cell viability was 

quantified using MTT assay and measured using ELISA reader at a wavelength 

of 570 nm. 

 

B. Electrospun EGCG/PLGA scaffolds 

PLGA and EGCG dissolved in DMF/THF. The PLGA concentration 

was 20% (w/v) of the solvent volume, and the ratio between DMF and THF was 

1:4. The EGCG concentrations were 1 wt% and 5 wt% of the total PLGA 

weight. All scaffolds dried for 2 days were sterilized with 25 kGy gamma 

irradiation at room temperature.  

  

C. Characterization of electrospun EGCG/PLGA scaffolds 

The surface morphology of the electrospun scaffolds was determined by 

a SEM. For the analysis of the released EGCG patterns, the pre-warmed PBS 

(37 
o
C in an incubation) was used. The calculated scaffolds were placed in the 

pre-warmed PBS, and incubated at 36 
o
C in a shaking incubator. The scaffolds 

in the PBS were protected from light until each time point. The EGCG 

concentration in the PBS analyzed with ELISER reader at 275 nm. 

 

D. Viability of HDFs on electrospun EGCG/PLGA scaffolds 

HDFs were maintained in DMEM with all supplements. The HDFs were 

incubated in humidified atmosphere containing 5% CO2 at 37 
o
C. The HDFs 
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were placed in the scaffolds at a density of 5 x 10
4
 cells per scaffold. HDFs on 

the scaffolds were incubated for 5 days. The cell morphology was fixed and 

determined using a SEM.  

 

E. Animals and surgical manipulation 

A single full-thickness skin wound (diameter of 12 mm) was created on 

the upper back of each mouse (Male BALB/c nude mice, 7-week old). There 

were the study groups (n = 6): PLGA scaffolds, 1EGCG/PLGA scaffolds 

(scaffolds including 1 wt% EGCG). The study groups were shown in Table 4-1. 

At 1, 2 and 4 weeks after implanted the scaffolds, the transplanted scaffolds and 

the surrounding tissue were isolated, and then fixed. The fixed samples were 

embedded in paraffin.  

 

F. Determination and immunohistochemical analysis of wound area 

The wound areas were observed by a digital camera and H&E staining. 

The sections were scanning with a digital virtual microscope. Others isolated 

samples were stained with Ki-67 and CD 31.  

 

G. Statistical analysis 

Cells proliferation assays were conducted in three independent cultures 

for each experiment. Quantitative data are expressed as means ± SDs. Statistical 

comparisons were carried out using the Student’s t-test (one-way). A p-value < 

0.05 was considered statistically significant. 
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Table 4-1. The experimental numbers of nude mice for the animal study. 

 

 

PLGA scaffolds: Fabrication with PLGA 

1EGCG/PLGA scaffolds: Fabrication with PLGA and 1 wt% EGCG 

 

 

Treatment times Experimental scaffolds 
Number of 

nude mouse 

1 week PLGA scaffolds 

1EGCG/PLGA scaffolds 

6 

6 

2 weeks PLGA scaffolds 

1EGCG/PLGA scaffolds 

6 

6 

4 weeks PLGA scaffolds 

1EGCG/PLGA scaffolds 

6 

6 
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3. Results 

 

A. Viability of the skin-derived cells on EGCG 

In treated with EGCG, the viability of HDFs and NHEKs was reduced 

with the increase of EGCG concentration (Fig. 4-1). EGCG has been 

demonstrated to involve an apoptotic mechanism by the enhancement of 

caspase-3 activity and the caspases activety, consequently show cytotoxicity at 

the high concentration. The proliferation assay and the migration assay of HDFs 

and NHEKs treated with EGCG did not experiment because EGCG has 

cytotoxicity to HDFs and NHEKs according to viability assay.  

 



 

- 81 - 

 

 

 

Fig. 4-1. Cell viability effects of EGCG on (A) HDFs and (B) NHEKs. (*p < 0.05 

versus the control group (0 µM), as analyzed by t-test). 
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B. Characterization of electrospun EGCG/PLGA scaffolds 

Figure 4-2 shows the surface images of electrospun scaffolds observed 

by a SEM. The fibers of the PLGA scaffold had 1.44 ± 0.14 μm of an average 

fiber diameter, as measured from SEM images. The average fiber diameter of 

the electrospun scaffolds with 1% EGCG (1EGCG/PLGA scaffold) and 5% 

EGCG (5EGCG/PLGA scaffold) were 1.54 ± 0.36 μm and 1.07 ± 0.26 μm, 

respectively. With the increase of EGCG concentration in the PLGA scaffolds, 

the average fiber diameter decreased.  

The release kinetics of EGCG from the scaffolds were investigated 

using PBS. Figure 4-3 illustrates the cumulative release of EGCG and the 

remaining EGCG concentration on the scaffolds. The EGCG on the scaffolds 

were released in a logarithmic manner for up to 12 days. At 12 days after 

immersion in PBS, the number of released EGCG from the 5EGCG/PLGA 

scaffolds was about 5 times higher than that released from the 1EGCG/PLGA 

scaffolds. The released EGCG percentage in the total EGCG on the scaffolds 

was 16.5% for the 1EGCG/PLGA scaffolds and 16.2% for the 5EGCG/PLGA 

scaffolds. These results suggest that EGCG is regularly released from scaffolds 

without a burst phase.  
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Fig. 4-2. SEM images of the PLGA scaffolds and the EGCG/PLGA scaffolds. 
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Fig. 4-3. Cumulative release of EGCG from the electrospun scaffolds containing 

different amounts of EGCG into PBS at 37 
o
C. 
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C. Viability and proliferation of HDFs on electrospun EGCG/ 

PLGA scaffolds 

To examine the cytocompatibility of the PLGA scaffolds containing 

EGCG, HDFs were incubated on them for 5 days. Figure 4-4 shows the HDFs 

morphology on the PLGA scaffolds with and without EGCG. The HDFs 

maintained normal cell morphology of the standard spindle form on the PLGA 

scaffolds and the 1EGCG/PLGA scaffolds. HDFs lost their spindle shape and 

exhibited a round shape on the 5EGCG/PLGA scaffolds. Their shapes 

suggested that the 5EGCG/PLGA scaffolds supplied the EGCG that produce the 

cytotoxicity. The PLGA scaffolds and the 1EGCG/PLGA scaffolds were used 

for an animal study. 
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Fig. 4-4. SEM images of HDFs incubated for 5 days at 37 
o
C on the PLGA scaffold 

(A), the 1EGCG/PLGA scaffold (B) and the 5EGCG/PLGA scaffolds (C). 
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D. Wound healing and histological examination 

The appearance of the wound sites and the H&E stained sections is 

illustrated on Figs. 4-5, 4-6 and 4-7. According to the photographic results (Fig. 

4-5), there was no significant difference in the wound reduction effects between 

the wounds treated with scaffolds with and without EGCG on any day. In 

contrast, the histological observations showed significant results. According to 

the H&E stained sections (Fig. 4-6), the rate of re-epithelialization at 2 weeks is 

29.23 ± 2.34% of the PLGA scaffolds and 35.56 ± 1.46% of the 1EGCG/PLGA 

scaffolds. However, the surrounding cells infiltrated well into the 1EGCG/ 

PLGA scaffolds compared to the PLGA scaffolds (Fig. 4-7). The ECM of the 

surrounding of the 1EGCG/PLGA scaffolds also stronger expression than that 

of the surrounding of the PLGA scaffolds. The inflammatory cells and the 

epidermal cells were abundant within the 1EGCG/PLGA scaffolds, where the 

epidermal cells migrated to the tops of the scaffolds. The inflammatory cells 

and epidermal cells surrounded the PLGA scaffolds.  

 

E. Immunohistochemical analysis of wound healing 

Sections exposed to anti Ki-67 and anti CD 31 were used to determine 

the number of proliferated and the endothelia cells. Figure 4-8 shows the 

sections exposed to anti Ki-67 and anti CD 31, and the results of the 

quantitative analysis of the positive cells. In wounds treated with the 

1EGCG/PLGA scaffolds, the positive cells stained of Ki-67 and CD 31 

significantly improved. The percentage of Ki-67 and the capillaries in wound 

sites treated with the 1EGCG/PLGA scaffolds increase by 1.6 times and 1.2 

times. These results suggested that re-epithelialization in wounds treated with 

the 1EGCG/PLGA may improve the proliferation of basal epidermal cells, and 

provide fluid from new capillaries. 
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Fig. 4-5. Appearance of the wounds in mice at 0, 1, 2 and 4 weeks after treatment 

with the PLGA scaffolds and the 1EGCG/PLGA scaffolds. (scale bar: 6 

mm) 

 

 

 



 

- 89 - 

 

 

 

Fig. 4-6. Histological morphology with hematoxylin and eosin of wound sites treated 

with the PLGA scaffolds and the 1EGCG/PLGA scaffolds. (S: Scaffold, 

Orange line: Normal epidermal, Yellow line: Re-epithelialization, scale bar: 

2 mm) 
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Fig. 4-7. Interaction with the surrounding cells and the electrospun scaffolds. The 

wound sites were treated with hematoxylin and eosin. (Scale bar: 200 µm) 
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Fig. 4-8. Immunohistochemical observation of wounds treated with the PLGA 

scaffolds and the 1EGCG/PLGA scaffolds, and stained with anti Ki-67 and 

anti CD 31. (A), Microscopic observation of immunohistochemical results 

(S: scaffold, scale bar = 200 µm); (B), Quantitative analyses of cells 

showing immunopositivity for Ki 67 or CD 31 (*p < 0.05, as analyzed by 

one-way followed by the Tukey HSD test) 
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4. Discussion 

The scaffolds composted with PLGA and EGCG for the skin substitute 

was manufactured using electrospinning method, as shown in Fig. 4-1. The 

fiber diameters decrease with the increase of EGCG concentration in the 

electrospun scaffolds. Polymer fibers are formed by polymer chain 

entanglement during electrospinning. The polymer chain entanglement is 

influenced by the molecular weights of the polymers. The reduction molecular 

weight suppresses the entanglement and reduces the average fiber diameter.
8
 

The molecular weight of EGCG is 458.4 Da, and the molecular weight is lower 

than other polymers’. The entanglement of PLGA chains can be disrupted by 

EGCG during electrospinning; thus their fiber diameters decrease with an 

increase of EGCG concentration (Fig. 4-2). However, the skin substitute can be 

fabricated with PLGA and EGCG using electrospinning.  

EGCG is expected to be release from the scaffolds during wound 

healing when the EGCG/PLGA scaffolds are used for a skin substitute. EGCG 

should be applied in the early phase of wound healing because neutrophils, mast 

cells, macrophages, and lymphocytes are activated and proliferate in the wound 

sites within 2 days after the injury.
9
 According to the release kinetics, EGCG is 

released from the scaffolds over the span of 12 days (Fig. 4-3). As a result, the 

EGCG/PLGA scaffolds can be released in the early phase of wound healing to 

influence the process. The released EGCG from the scaffolds was also in direct 

proportion to the EGCG concentration on the scaffolds. Therefore, the exposed 

EGCG concentration in wound sites can easily be regulated by the EGCG 

concentration in scaffolds. However, this suggests that the 5EGCG/PLGA 

scaffolds may have cytotoxicity (Fig. 4-4) because HDFs on the 5EGCG/PLGA 

scaffolds were transformed into uncommon shapes. Caspase-3 activity and 

caspases in cells were enhanced by a high concentration of EGCG, and then 

cells become an apoptosis.
10,11

 These studies suggest that the 5EGCG/PLGA 

scaffolds may supply the EGCG concentration that entails the cytotoxicity.  
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The evidence indicates that wound healing has multiple mechanisms, 

and these responses consist of migration of immune cells to wound sites, 

proliferation of skin cells and angiogenesis.
4,9,12

 The migration of immune cells 

to wound sites and the proliferation of skin cells induce the reduced wound size 

which is important to alleviate suffering, protect from infection and avoid of 

dehydration. Newly formed capillaries in wound sites, one of the responses of 

the wound healing mechanism, provides nutria supplements and the required 

cytokines to the cells that are located in the wound sites.
13

 According Figs. 4-8, 

wound sites treated with the 1EGCG/PLGA scaffolds significantly improved 

with the percentage of Ki-67 and CD31 positive cells. Ki-67 is expressed in 

proliferating cells and is widely used as a proliferation marker. The expression 

of CD 31 in wound sites is suggested to cause the formation of new capillaries 

because CD 31 is a maker of the endothelial cells. Thus, wound sites treated 

with the 1EGCG/PLGA scaffolds experience accelerated proliferation of 

epithelial cells, and formation of new capillaries, compared to the wound sites 

treated with the PLGA scaffolds. The 1EGCG/PLGA scaffolds can enhance 

re-epithelialization through the acceleration of proliferation of epithelial cells. 

Therefore, the 1EGCG/PLGA scaffolds can be used as a skin substitute for the 

improvement of wound healing. 

 

5. Conclusion 

In conclusion, the wound healing effects of the fabricated scaffolds were 

investigated using a full-thickness wounds created in nude mice. The 

5EGCG/PLGA scaffolds induced morphologic transformation of the HDFs. The 

1EGCG/PLGA scaffolds enhanced the infiltration of the surrounding cells, and 

significantly increased the immunoreactive of proliferation cells and 

angiogenesis. Therefore, the scaffolds containing low EGCG concentration can 

be applied to a skin substitute to influence wound healing with EGCG. 
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피부손상은 다양한 세포와 여러 성장인자들에 의해 염증기와 

증식기, 재형성기를 통해 치유된다. 심한 화상이나 외과수술로 인해 

피부손상이 진피까지 광범위하고 형성되면 3차원 구조의 피부 대치

물을 사용한다. 현재 상용화된 피부 대치물은 천연고분자를 이용하

여 지지체를 만들거나, 제조한 지지체에 피부유래세포 또는 성장인

자를 내포시켜 제조한다. 그러나 천연고분자는 기질금속단백질 분해

효소의 과발현을 유도하며, 세포를 배양하기 위해 제조시간은 긴데 

반해 짧은 유통기한을 갖는다는 문제점이 있다. 그러므로 본 연구에

서는 생분해성 합성고분자 중 Poly (lactic-co-glycolic acid) (PLGA)를 

이용하여 3차원 구조의 피부 대치물을 만들고자 하였다. PLGA는 생

분해속도를 쉽게 조절할 수 있으며, 생체적합성이 우수하여 주로 사

용되는 고분자이다. 또한 고분자를 섬유형태로 제조하여 적층하는 
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방법인 전기방사법을 이용하여 다공성의 지지체를 제조하고자 하였

다. 또한 지지체에 천연 생리활성물질을 혼합하여 창상치유를 촉진

하고자 하였다. 천연 생리활성물질로는 창상치유 효과가 있다가 보

고되고 있는 물질 중 (1,3)-(1,6)-β-D-glucans (BGs)과 Epigallocatechin- 

3-O-gallate (EGCG)를 사용하였다. BGs는 글루코스 폴리머로 창상부

위의 면역반응을 활성화시키고, 녹차추출물인 EGCG는 창상부위의 

피부세포와 cytokine의 분비를 조절하여 창상치유를 촉진시킨다고 

보고되고 있다.  

첫 번째로 전기방사법의 공정조건에 따른 PLGA 지지체의 변화

를 확인하였다. 제조된 인공피부의 균일한 물성을 위하여 전기방사법

으로 제조한 PLGA 섬유의 획일성을 확인하였다. PLA와 PGA의 비율

이 75:25인 PLGA를 tetrahydrofuran (THF)와 N,N dimethylmethanamide 

(DMF)이 혼합된 용매 (THF/DMF)나 1,1,1,3,3,3,-hexafluoro-2-propanol 

(HFIP)에 녹였을 때 균일한 섬유가 형성되는 것을 확인하였다. 또한 

드라이 아이스를 이용하여 공정온도를 낮추어 주면 PLGA 섬유와 얼

음 알갱이가 같이 적층되어 pore의 크기를 증가시켰다. Pore 사이즈가 

증가함에 따라 human dermal fibroblasts (HDFs)의 침투도 향상되었으므

로 드라이 아이스에 의한 pore 크기의 증가가 주변 세포의 침투를 용

이하게 하여 창상부위의 치유를 촉진시킬 수 있을 것으로 판단된다. 

생분해성 폴리머는 고열과 고온, 압력, 고습에 약하여 멸균하는 동안 

형태의 변형이 유발된다. 본 연구에서 전기방사법으로 제조한 PLGA 

지지체를 direct current (DC) treatment를 이용하여 단시간에 지지체의 모

양 및 분자량의 변화 없이 멸균할 수 있었다. 그러므로 전기방사한 

지지체와 유사하게 가능 파이버로 만들어진 지지체의 멸균으로 DC 

treatment의 활용이 가능할 것으로 판단된다.  

제조한 PLGA 지지체에 생리활성물질인 BGs (BGs/PLGA)와 
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EGCG (EGCG/PLGA)를 혼합하고자 하였다. BGs이 HDFs의 성장을 촉

진시키므로 BGs/PLGA 지지체에서도 HDFs의 성장이 촉진되었다. 반

면 세포독성을 보이는 EGCG는 고농도의 EGCG를 포함하고 있는 

EGCG/PLGA 지지체에서 HDFs의 독성이 확인되었다. 그러므로, 총 

PLGA 무게의 50 wt% BGs를 혼합한 50BGs/PLGA 지지체와 총 PLGA 

무게의 1 wt% EGCG를 혼합한 1EGCG/PLGA 지지체를 이용하여 동물

실험을 진행하였다. H&E 염색 결과를 토대로 50BGs/PLGA 지지체와 

1EGCG/PLGA 지지체로 인공피부로 사용하였을 때, PLGA 지지체보다 

창상부위의 재상피화가 촉진되었으며, 지지체로의 세포 침투도 활성

화된 것을 확인할 수 있었다. 또한 50BGs/PLGA 지지체와 1EGCG 

/PLGA 지지체로 창상부위에 처리하였을 때, the basal layer에서 증식세

포의 양 (Ki-67 staining)과 형성된 진피층에서 신생혈관 (CD 31)이 확

연하게 증가하였음을 확인할 수 있었다.  

본 연구를 통하여 전기방사법을 이용하여 세포의 침투가 용이

한 지지체를 만들 수 있었으며, DC treatment를 이용하여 변형 없이 멸

균을 할 수 있는 것을 확인할 수 있었다. 또한 BGs 또는 EGCG를 

PLGA와 혼합하여 지지체를 제조함으로써 지지체의 재생과 창상부위

의 신생혈관 형성 및 재상피화를 촉진하여 창상치유 효과를 촉진시킬 

수 있을 것으로 판단된다. 따라서 BGs 또는 EGCG를 포함하고 있는 

지지체는 창상치유를 촉진시킬 수 있는 피부 대치물로 활용이 가능할 

것으로 판단된다.  
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핵심되는 말: 창상치유, 피부 대치물, 생분해성 지지체, poly (lactic-co-glycolic 

acid), (1,3)-(1,6) 베타글루칸, 에피갈로카테킨-3-O-갈레이트, 전기방사, direct- 

current treatment  


