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ABSTRACT

Evaluation of Functions and Tissue compatibility of

Poly (D,L-lactic-co-glycolic acid) (PLGA) for Tissue        

Engineering Applications

Won Sun Yang

The Graduate Program in Biomedical Engineering

The Graduate School

Yonsei University

This study is divided into two categories. In part one, functions and tissue 

compatibility were evaluated in a composite of fibroblasts and poly 

(D,L-lactic-co-glycolic acid) (PLGA) scaffold. In part two, TiO2-coated PLGA film 

was developed and evaluated for tissue engineering. 

Part I : In tissue engineering and wound-healing applications, scaffold 

materials are utilized to provide a mechanical support for cell growth and 

tissue formation. Generally, three classes of biomaterials have been used for 

engineering of genitourinary tissues: naturally derived materials (e.g., collagen 

and alginate), acellular tissue matrices (e.g. bladder submucosa and 

small-intestinal submucosa), and synthetic polymers [e.g., polyglycolic acid 

(PGA), polylactic acid (PLA), poly (lactic-co-glycolic acid) (PLGA)]. A dermal 

substitute should function as a guide for cells moving into the repair area, and  

serve as a scaffold for cells such as fibroblasts, and help synthesize 

extracellular matrix (ECM) components. It must adhere to the wound bed, 

support local defense mechanisms and wound healing.  It must be elastic and 
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have long-term durability and growth potential similar to human skin with 

good aesthetic quality.

On the basis of previous study, we selected a three dimensional porous 

PLGA 65/35 and made composites of PLGA and human dermal fibroblast. The 

aim of this study is to develop the evaluation methods of function and tissue 

compatibility for tissue engineered dermal substitute. 

This study was focused on the functional analysis and tissue compatibility 

of artificial dermal substitute. The experiments were performed and confirmed 

at a level of gene expression (RT-PCR), protein expression (total collagen 

quantities) and histological analysis. 

Part II : Plasma technique can easily be used to introduce the desired 

functional groups or chains onto the surface of materials, so it has a special 

application to improve the cell affinity of scaffolds. Additionally, it has been 

demonstrated that plasma treatment is a unique and powerful method for 

modifying polymeric materials without altering their bulk properties. Cell 

affinity is the most important factor to be concerned with when biodegradable 

polymeric materials such as PLGA are utilized as a cell scaffold in tissue 

engineering. 

Therefore, in order to improve PLGA surface/cells interaction, we modified 

PLGA surface with TiO2 using magnetron sputtering method. The changes of 

their surface properties have been characterized by means of contact angle 

measurement and X-ray photoelectron spectroscopy (XPS). To confirm cell 

attachment and proliferation, MTT assay and scanning electron microscopy 

(SEM) were carried out.

The results indicate TiO2-coated PLGA film became hydrophilic and 

enhanced cell affinity and proliferation. We expect TiO2-coated PLGA matrix 

can be a candidate for cell scaffolds in tissue engineering.
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Part I. Evaluation of Functions and Tissue 

Compatibility of Poly (D,L-lactic-co-glycolic acid) 

(PLGA) for Tissue Engineered Skin

1.1. Introduction

Trauma to the skin can be caused by heat, chemicals, electricity, ultraviolet, 

or nuclear energy and can result in several degrees of skin damages. The body 

cannot heal dermal injuries properly [1]. Skin substitutes containing living cells 

have been produced in vitro using a three-dimensional culture technique [2]. In 

the early stages of treatment, it should be considered that an epidermal 

coverage alone is by no means sufficient to prevent functional and aesthetic 

impairment of the new skin due to a lack of mechanical stability or scar 

contractions. Therefore, this always requires the transplantation of a suitable 

dermal component [3-5]. Various approaches have been designed to produce 

dermal substitutes in vitro from fibroblasts cultured in collagen gels, or 

collagen-glycosaminoglycan sponges, or fibroblasts seeded on synthetic or 

polyglycolic acid meshes [6-10]. One crucial factor in skin tissue engineering is 

the construction of a scaffold [11]. In tissue engineering and wound-healing 

applications, several scaffold materials are utilized to provide a mechanical 

support for cell growth and tissue formation [12]. Generally, three classes of 

biomaterials have been used for engineering of genitourinary tissues: naturally 

derived materials (e.g., collagen and alginate), acellular tissue matrices (e.g. 

bladder submucosa and small-intestinal submucosa), and synthetic polymers 

[e.g., polyglycolic acid (PGA), polylactic acid (PLA), poly (lactic-co-glycolic acid) 
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(PLGA)]. Naturally derived materials and acellular tissue matrices have the 

potential advantage of biologic recognition. Synthetic polymers can be 

manufactured reproducibly on a large scale with controlled properties of their 

strength, degradation rate, and microstructure [13]. An ideal scaffold used for 

skin tissue engineering should possess the characteristics of excellent 

biocompatibility, suitable microstructure such as 100-200 um mean pore size 

and porosity above 90 %, controllable biodegradability, and suitable mechanical 

property [11, 14-17]. 

The original hypothesis that cells on polymer scaffolds could give rise to 

organized tissue extended from several biological observations [18, 19]: (1) all 

tissues undergo constant remodeling, (2) dissociated mature cells can reorganize 

themselves into their native histological structures when placed in appropriate 

cell culture conditions, (3) while isolated cell populations are capable of 

histological reorganization, this is limited when they are delivered as a cell 

suspension because they are lack a template to guide restructuring, and (4) the 

volume of tissue that can be implanted is restricted by diffusion requirements 

for gas and nutrient exchanges [19]. A dermal substitute should function as a 

guide for cells moving into the repair area, and serve as a scaffold for cells 

such as fibroblasts, and help synthesize extracellular matrix (ECM) components 

[2,20-22]. It must adhere to the wound bed, support local defence mechanisms 

and wound healing. It must be elastic and have long-term durability and 

growth potential similar to human skin with good aesthetic quality [23]. 

On the basis of previous study, we selected a three dimensional porous 

PLGA 65/35 and made composites of PLGA and human dermal fibroblast. The 

aim of this study is to develop the evaluation methods of function and tissue 

compatibility for tissue engineered dermal substitute. 
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1.2. Materials and methods

1.2.1. Preparation of porous PLGA scaffold

The PLGA scaffold used in this study was porous, 10 mm in diameter, 3 

mm in thickness, and 65/35(lactic acid : glycolic acid) composite ratios. The 

porosity of PLGA was above 85 % and the mean pore size was 200-250 um.

1.2.2. Human dermal fibroblast culture

Dermal fibroblasts were isolated from human foreskin. Fibroblasts at their 

5th to 8th passages were used in the experiment. Dulbecco's Modified Eagle 

Medium (DMEM; GIBCO Lab. USA) supplemented with 10 % fetal bovine 

serum (FBS; GIBCO Lab. USA) and 1 % antibiotic-antimycin (GIBCO Lab. USA) 

was used in the experiment. Cells were incubated at 37℃ in a humidified 

atmosphere of 5 % CO2. The medium was refreshed every other day. 

Confluent cultures of dermal fibroblasts were trypsinised using 0.05 % trypsin 

(Sigma, USA) in 0.02 % ethylenediaminotetraacetic acid (EDTA) and 

subcultured. 

1.2.2. Cell seeding on PLGA scaffold

To improve hydrophilicity of the surface and the porosity of three 

dimensional scaffold, the PLGA scaffold was immersed in 90 % ethanol for 1-2 

h and rinsed sufficiently with sterilized distilled water. Then the PLGA scaffold 

was treated in vacuum oven for 25 min to make a road for cell migration. 

After pre-treatment of the scaffold, mono-layer cultured human fetal dermal 

fibroblasts were seeded on the PLGA scaffold at an initial cell density of 

2.0×10
5
 cells/scaffold. The composite of cells and the scaffold was incubated at 
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37℃ in a humidified atmosphere of 5 % CO2.  

    

1.2.3. RNA precipitation and RT-PCR for type I collagen

Total RNA was isolated from the composite by an acid guanidine method 

using TRIzol reagent (GIBCO Lab. USA) and was dissolved in 

diethylphyrocarbonate (DEPC; Sigma) treated water. RT-PCR was carried out 

using one-step RT-PCR system (GIBCO Lab. USA). Reactions (50 ul of final 

volume) were assembled by mixing 25 ul of 2X reaction mixture [2X buffer 

includes 2.4 mM MgSO4, 400 uM dNTPs, and 4 ug/ml BSA], 1 ul of enzyme 

mixture [SUPERSCRIPT II RT and recombinant Taq DNA polymerase in 20 mM 

Tris-HCl (pH 7.5 at 25°C), 100 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 50 % 

glycerol (v/v), and stabilizer], 200 nM of each primer, and 3 ul of sample 

RNA [24]. The primer sequences of type I collagen are as follows: sense 

primer is 5-GATGATGCCAATGTGGTTCGTG-3, anti-sense primer is 

5-CAGGCTCCGG-TGTGACTCGT-3. To synthesize cDNA, the samples were 

incubated at 50°C for 30 min and then 94°C for 2 min. PCR was carried out 

35 cycles at 94°C for 30 s, 64°C for 60 s, and 72°C for 60 s. PCR products 

were anlalyzed on 1.0 % (w/v) agarose gels containing 0.5 ug/ml ethidium 

bromide. 

 

1.2.4. Total collagen assay

Total collagen content was measured with a Sircol　 soluble collagen assay 

kit (Biocolor Ltd. UK). The soluble collagen content was measured once every 

three days from 6th day until 18th day. Briefly, the dye reagent was added to 

collagen standards and test samples, and they were mixed gently for 30 min. 

After all tubes were centrifuged at 13,000 g, the supernatants were drained off 

and discarded. The Alkali reagent was added to the collagen bound pellet. The 
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collagen bound pellet was dissolved and quantitized by spectrophotometer 

(Spectronic Genesys 10, Spectronic Unicam, USA) at 540 nm [25].  

1.2.5. Histology and immunohistochemistry

A formalin-fixed, paraffin-embedded composite of cells and scaffold was cut 

into 4 um thick sections. Preparations were stained with haematoxylin and 

eosin. For immunohistological staining, paraffin embedded slices were on 

microscope slides. Xylene was used to remove the paraffin, and the sections 

were rehydrated. Endogenous peroxidase activity was destroyed by incubation 

with 3 % hydrogen peroxide at room temperature for 5 min. The specimens 

were rinsed with phosphate-buffered saline (PBS; GIBCO, USA) and incubated 

with a 1:2,000 dilution of mouse monoclonal antibody to type I collagen 

(Sigma, USA). Specific binding was detected using LSAB
™
 kit (Dako, USA) 

according to the manufacturer's instructions. The slides were counter-stained 

with hematoxylin.  

1.3. Results and discussion

Although the barrier function depends on the epidermis (through 

keratinocyte differentiation), there is a need to improve cultured epithelial 

autograft (CEA) grafting by incorporating dermal tissue to promote the 

functionality of the engrafted zone. It is necessary to distinguish between the 

immediate benefit (promotion of cultured epidermis graft take), in which the 

extracellular matrix has a key role, and the medium- and long-term benefits, 

where fibroblasts become more important given their involvement in 

extracellular matrix synthesis and remodeling and in keratinocyte growth and 

differentiation [26]. Therefore, dermal substitutes have been received much 

attention to replace damaged dermis. Dermal fibroblasts, when seeded onto a 
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lactate/glycollate copolymer scaffold and were incubated for about 2 weeks, 

form a three-dimensional collagen-based tissue. During the first week, the cells 

proliferated with little matrix deposition. During the second week, they 

deposited large amounts of collagen to form an extracellular matrix as much as 

they do during wound healing [27].

The high hydrophobicity of polymer prohibited entry of water in the 

air-filled porous PLGA scaffold. However, when the disks were first prewet 

with ethanol and then placed in contact with water, water diffused into the 

pores, diluted, and eventually replaced the ethanol. Water and ethanol caused 

no swelling, shrinkage, disintegration, or dissolution of the polymer foams [28].

This study was focused on the functional analysis and tissue compatibility 

of an artificial dermal substitutes. The experiments were performed at a level 

of gene expression (RT-PCR), protein expression (total collagen quantities) and 

histological analysis. It has been reported that the functions of fibroblasts in a 

cellular wound bed are the synthesis of collagen, fibronectin, proteoglycans, 

and glycosaminoglycans [29]. It is assumed that the presence of fibroblasts in a 

dermal equivalent accelerates the healing process by reducing the time needed 

for the fibroblasts to invade the wound tissue and by early synthesis of new 

skin tissue because the fibroblasts on the artificial dermis can release 

biologically active substrates such as cytokines [29,30]. To evaluate functions of 

a composite of scaffolds and cells, main extracellular matrix of dermis such as 

type I collagen was observed. 

1.3.1. Gene expression of type I collagen 

Figure 1 shows the mRNA expression of type I collagen in fibroblast cells  

adhered to PLGA scaffold. The experiments were carried out once every week. 

As shown in Figure 1, the amplified products were confirmed to be those of 
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the gene transcripts by the detection of a 600-700 bp band (type I collagen 

mRNA) and a 200-300 bp band (GAPDH, the housekeeping gene). Therefore, 

PCR products indicate that the composite of PLGA scaffold and cells expressed 

the mRNA expression of type I collagen that was mainly secreted by dermal 

fibroblast.

1.3.2. Quantitative analysis for total collagen amount

In the two-dimensional fibroblast culture on the tissue culture plates, newly 

formed ECM was not observed because the plate adsorbed fibronectin and 

other glycoproteins needed for cell attachment [29, 31]. In the three-dimensional 

scaffold, the degree of cell spreading and secretion of newly formed ECM from 

the cells could be an important trigger to evaluate how suitable the scaffold is 

in an in vitro culture [2]. The amount of collagen synthesized by the composite 

of cells and scaffold gradually increased during experimental period (Figure 2).
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Figure 1. The result of RT-PCR. Lane 1,4: marker, lane 2: GAPDH, 

lane 3: type I collagen. The amplified products were 

confirmed by RT-PCR. Type I collagen mRNA was

detected at 600-700 bp and GAPDH mRNA was detected 

at 200-300 bp. Therefore, PCR products indicate the composite 

of PLGA scaffold and cells expressed the mRNA of type 

I collagen that was mainly secreted by dermal fibroblast.

1 2 3 41 2 3 4
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Figure 2. The amount of soluble collagen released from a composite 

fibroblasts and PLGA scaffold. The amount of collagen synthesized

by the composite of cells and scaffold gradually increased during 

experimental period.
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1.3.3. Morphological observation

Paraffin-embedded specimens were routinely stained with hematoxylin and 

eosin. Figure 3 shows the morphology of fibroblasts on a PLGA scaffold. At 

8th week, cross-sectioned specimens indicate that fibroblasts successfully 

migrated through the pores of PLGA scaffold. The degradation time of PLGA 

scaffold depends on the ratio of lactic acid and glycolic acid. It is known that 

the degradation rate of PLGA scaffold enhances as the amount of glycolic acid 

increases. Degradation of PLGA 65/35 scaffold used in this experiment takes 

about 3 months. Remained pores with fibroblasts were observed. Also, even 

fibroblasts attached to PLGA scaffold, they did not distribute through pores 

uniformly.  If cells do not distribute through pores uniformly, polymers such 

as PLGA, PLA, and PGA could be degraded before cells form a tissue. Finally, 

tissue engineered products get a loss of initially designed size. The result of 

morphological analysis suggests a need of experienced seeding skill, 

appropriate seeding method and culture method of a composite of cells and 

scaffold. 
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Figure 3. Histological analysis of tissue engineered dermis at 8th week 

(H & E staining) X100. At 8th week, cross-sectioned specimens

indicate that fibroblasts successfully migrated through the pores of 

PLGA scaffold. 
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1.3.4. Immunohistochemical assay for type I collagen 

The type I collagen normally found in intact dermis was assessed by 

immunostaining. Type I collagen, the most abundant fibrillar protein of the 

dermal ECM, demonstrated a diffuse staining but was not homogeneously 

found within pores of PLGA scaffold. When fibroblasts were seeded into the 

porous underlayer of bilayered copolymer and cultured for 3 weeks in the 

medium supplemented with 100 ug/mL ascorbic acid, all pores were filled 

with fibroblasts and ECM. Collagen types I, III, and IV and laminin were 

present in the pores [33]. Fibroblasts seeded in the three dimensional 

cross-linked scaffold were embedded into the lattice of the scaffold and 

secreted connective tissue, such as collagen [2]. Positive stained type I collagen 

was intensively detected through pores of PLGA scaffold, and it was confirmed 

that fibroblasts seeded on PLGA scaffold normally functioned. However, much 

more type I collagen was detected on the surface of PLGA scaffold. As 

mentioned above, a histological observation also suggests a need of experienced 

seeding skill, appropriate seeding method and culture method of a composite 

of cells and scaffold. 
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Figure 4. Immunohistochemial analysis for type I collagen of tissue engineered 

dermis at 8th week (X100). Positive stained type I collagen was intensively 

detected through pores of PLGA scaffold. It was confirmed that fibroblasts 

seeded on PLGA scaffold normally functioned. 
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1.4. Conclusion

Wound dressings can be classified into two major categories according to usage 

[33-37] as follows:

1. Short term application dressings: These dressings require replacement at 

regular intervals

2. Long term applications-skin substitutes - They can be further subdivided into:

2.1. Temporary - Applied on fresh 'partial thickness wounds' until a  

complete healing is ensured.

2.2. Semi-permanent - Applied on 'full thickness wounds' until    

autografting.

In extensive deep burns and other full-thickness skin wounds, permanent 

replacement of lost skin remains a major challenge. Permanent wound coverage is 

usually accomplished using meshed, split-thickness autografts harvested from 

undamaged regions of skin [38].

Efficacy of a skin substitute depends on biocompatibility, uniformity in 

composition when prepared in vitro, control of biochemical and biological 

composition and standardized evaluation before specialized purposes [39]. This 

study was carried out to suggest the evaluation methods of function and 

histocompatibility for tissue engineered skin. A composite of fibroblasts and a 

PLGA scaffold was formed and evaluated at a level of gene expression 

(RT-PCR), protein expression (total collagen quantities), and histological 

analysis. The results indicated that an artificial dermis expressed normal 

function and suggest a need of more adequate culture skill for a tissue 

engineered products and appropriate seeding technique on a scaffold. Further 

studies are required for functional analysis of tissue engineered skin in vivo 

and assessment of mechanical properties of tissue engineered skin.
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Part II. Plasma Surface Modification of Poly 

(D,L-lactic-co-glycolic acid) Film for Tissue 

Engineering 

2.1. Introduction

Polymer surface engineering may potentially be used to create materials that 

elicit controlled cellular adhesion and maintain differentiated phenotypic 

expression [1]. Surface modification of biomaterials is becoming an increasingly 

popular method to improve device multi-functionality, tribiological and 

mechanical properties, as well as biocompatibility of artificial devices while 

obviating the needs for large expenses and long time to develop brand new 

materials [2]. There are various modification methods for biomaterials such as 

immobilization of adhesive proteins (fibronectin, vitronectin or collagen) or cell 

adhesive peptides (tripeptide RGD) and use of plasma technique with 

low-molecular weight organic compounds [1,3]. Different techniques using 

electromagnetic field to induce chemical reactions have been applied. Such 

methods like magnetron sputtering, ion irradiation, plasma treatment, and 

plasma polymerization are attractive to modify samples with chemical resistive 

surfaces and/or complex shape [4]. Surface properties could also be changed 

by coating with titanium layers, a material with excellent mechanical properties 

and biocompatibility [3,5,6]. Titania ceramics are potentially useful as a porous 

cell carrier material whose properties, such as good permeability and high 

biocompatibility, serve to enhance cell vitality. The efficacy of different titanium 

dioxide materials on cell growth and distribution has been studied [7,8].
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Tissue engineering using cell transplantation appears to be the most 

promising alternative to existing therapies for restoring tissue and organ 

function [9]. Tissue engineering requires cellular components, extracellular 

matrices, scaffolds, and growth and differentiation factors. Scaffolds must act as 

a substrate for cellular attachment, proliferation and differentiation [10]. Cell 

affinity includes two aspects: cell attachment and cell growth. The cell 

attachment belongs to the first phase of cell/materials interactions and the 

quality of this phase will influence the cell s capacity to proliferate and to 

differentiate itself on contact with the implant [11]. A tool of cell growth 

improvement on a plasma-treated technical material can be developed for 

various cell types, e.g. for skin cells (keratinocytes) or cornea cells of the eye. 

By comparison of cornea cells grown on plasma-treated polyester fabric and on 

non-treated fabric, it was found that the modified surface enhances not only 

the cell growth but also the survival of these cells [12]. Biodegradable -hydroxy 

polyesters, such as poly (L-lactic acid) (PLLA) and poly (lactic-co-glycolic acid) 

(PLGA), have been investigated as scaffolds for tissue-engineered skin and 

cartilage [13]. Although synthetic materials were widely used, the lack of tissue 

compatibility and resistance to biological environment were problems that still 

remained [14]. Therefore, in order to improve PLGA surface/cells interaction, 

we modified PLGA surface with TiO2 using magnetron sputtering method.

2.2. Materials and methods

2.2.1. Surface modification of PLGA film

The biodegradable PLGA thin film used in this study was fabricated as 

non-porous, 5 mm in diameter, 0.5 mm in thickness, and 65:35 composite 

ratios. The PLGA films were treated on one side with TiO2 using magnetron 
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sputtering method in a plasma reactor (Figure 5 - 6). The films were placed in 

the plasma reactor chamber which was evacuated to 1.0×10
-5
 Torr. The 

chamber was then filled with oxygen and argon. The pressure was raised to 

the processing pressure (4.2×10
-3
 Torr). Once the processing pressure was 

reached, the generator was activated at 1.1 kW for 20 min under 40˚C. TiO2 

was deposited on the PLGA film to the thickness of 25 nm by the reactive 

sputter deposition. At the end of this exposure, the PLGA films were stored in 

a desiccator until they were used.

2.2.2. X-ray photoelectron spectroscopy (XPS) analysis

The surface chemical composition of the deposited layers was determined 

using an X-ray photoelectron spectroscopy. Samples were cleaned by ultrasonic 

vibration in ethanol and air dried prior to analysis. Wide scan spectra in the 

1200.0 eV binding energy range were recorded with a pass energy of 50 eV 

for all samples. Spectra were corrected for peak shifting due to sample 

charging during data acquisition, by setting the main component of the C 1s 

line to a value generally accepted for carbon contamination (285.0 eV) [15]. 
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Figure 5. Schematic diagram of plasma sputtering equipment. 
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Figure 6. Magnetron Plasma Sputtering Device.
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2.2.3. Water contact angle measurement

To certify the increase of hydrophilicity of TiO2-coated PLGA films, the 

surfaces of PLGA with or without coating were characterized by static water 

contact angle measurements using the sessile drop method. For the sessile drop 

measurement, a water droplet of approximately 10 ul was placed on the dry 

surfaces. The contact angles were determined with direct optical images instead 

of numerical values because the thin PLGA film had warped subtly during 

plasma treatment. 

2.2.4. Human dermal fibroblasts culture

Human dermal fibroblasts were isolated from foreskin. Fibroblasts at their 

5th to 8th passages were used in the experiment. Dulbecco's Modified Eagle 

Medium (DMEM; GIBCO Lab. USA) supplemented with 10 % fetal bovine 

serum (FBS; GIBCO Lab. USA) and 1 % antibiotic-antimycin (GIBCO Lab. USA) 

was used in the experiment. Cells were incubated at 37℃ in a humidified 

atmosphere of 5 % CO2. The medium was refreshed every other day. 

Confluent cultures of dermal fibroblasts were trypsinised using 0.05 % trypsin 

(Sigma, USA) in 0.02 % ethylenediaminotetraacetic acid (EDTA) and 

subcultured. 

2.2.5. Human dermal fibroblast seeding on TiO2-coated 

and uncoated PLGA 

Mono-layer cultured human fetal dermal fibroblasts (passage 5 - 8) were 

seeded on TiO2-coated PLGA and uncoated PLGA (5 mm in diameter, 3 mm 

in thickness) at an initial cell density of 1.0×10
4
 cells/film. The cells were 

incubated at 37℃ in a humidified atmosphere of 5 % CO2.  
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2.2.6. Cell attachment and proliferation assay

Cell attachment and proliferation were quantified by MTT assay. The 

measurement of cell quantity and cell growth were based on the reduction of 

the yellow tetrazolium salt-3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) by metabolically active cells to form insoluble purple formazan 

crystals. An expansion of the number of viable cells results in an increase in 

the overall mitochondrial dehydrogenase activity in the sample [4]. After 

cultivation for 4 h and 24 h for fibroblasts and cultivation for 4 h for 

macrophages, 25 ul of MTT reagent was added to the samples. After 4 h of 

incubation at 37℃ in a humidified atmosphere of 5 % CO2, the produced 

formazan crystals were dissolved in 100 ul of dimethyl sulfoxide and the 

solution was transferred to a 96 well-plate. The absorbance measured by a 

microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 570 nm.

2.2.7. Scanning electron microscopy (SEM) analysis

To observe the cell-biomaterial interaction, the PLGA films were observed 

by a scanning electron microscope. The films were washed with 0.1 M 

cacodylate buffer (pH 7.4) to remove unattached cells. The cells were fixed 

with 2.5 % glutaraldehyde solution overnight at 4℃ and dehydrated with a 

series of increasing concentration of ethanol solution. The samples were 

vacuum dried and were coated with an ultra-thin layer of gold/Pt by ion 

sputter (E1010, HITACHI, Tokyo, Japan). The morphologies observed by a SEM 

(S-800, HITACHI, Tokyo, Japan).
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2.3. Results and discussion

2.3.1. Surface composition of PLGA film

XPS analysis of the surface of uncoated PLGA and TiO2-coated PLGA 

showed clear differences in the interstitial O content (Figure 7). Analysis of the 

O 1s high-resolution spectra revealed that on the TiO2-coated PLGA, surface 

oxygen was predominantly in the form of interstitial oxygen double the 

amount present at the surface of the uncoated PLGA. XPS analysis also 

showed that TiO2-coated PLGA surface was oxidized by titanium. On the other 

hand, the uncoated PLGA showed just the peak of C 1s line relatively. 

2.3.2. Hydrophilicity of PLGA film

Titanium dioxide has received much attention for good hydrophilic 

properties of its surface [16,17]. The water contact angle was measured on the 

TiO2-coated films and uncoated films, respectively. It could be seen that the 

surface hydrophilicity of the PLGA films was improved by TiO2 coating by 

magnetron sputtering method (Figure 8).

It has been reported there were some defects that plasma treatment was 

utilized as the sole method to modify the materials because the hydrophilicity 

of materials would decrease with preserving time owing to the surface mobility 

[18]. In this study, the stability of TiO2 coating on the PLGA films was 

measured for 60 h after coating, and the TiO2-coated PLGA films maintained 

their hydrophilicity for 60 h (Figure 8).
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Figure 7. XPS analysis of surface composition. XPS analysis indicates 

         that TiO2 was successfully deposited on the PLGA surface.
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                      The water contact angle was measured on the TiO2-coated films   and 

uncoated films, respectively. It was observed that the surface 

hydrophilicity of the PLGA films was improved by TiO2 coating. The 

stability of TiO2 coating on the PLGA films was measured for 60 h after 

coating. The coated PLGA maintained their hydrophilicity for 60 h. The 

contact angles were determined with direct optical images, because the 

thin PLGA film had warped subtly during plasma treatment. 

Figure 8. Hydrophilicity of uncoated PLGA film and TiO2-coated PLGA film.
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   2.3.3. Fibroblast attachment and proliferation

MTT assays were carried out after fibroblast incubation of 4 h and 24 h 

(Figure 9). The difference of cell attachment between TiO2-coated PLGA film 

and uncoated PLGA film was very small after 4 h of incubation. However, 

TiO2-coated PLGA film in comparison to uncoated PLGA film enhanced cell 

proliferation after 24 h of incubation. Enhanced cell spreading on hydrophilic 

TiO2-coated PLGA surfaces relative to uncoated hydrophobic surfaces has been 

observed. It is known that attachment of cell binding proteins such as 

fibronectin increases with increasing hydrophilicity of the substrates [19].

In SEM photographs of fibroblasts after 4 h of incubation, the cells were 

spread on both film surfaces to a large extent, but the higher number of cells 

was attached to the modified surface, comparatively (Figure 10). Enlarged 

figures also show the micrographs of the cytoskeleton formation in fibroblasts 

attached to the uncoated and the TiO2-coated PLGA films (Figure 11).

If the scaffold is fabricated in three-dimensional scaffolds for organ 

reconstruction purposes, the composite of cells and scaffold is inevitably 

sheared by the body fluid flow. The cell adhesion strength becomes very 

important when the composite is transplanted into body because the weakly 

adhered cells would detach from the scaffolds [20]. However, the higher 

adhesive property of cell spreading on the TiO2-coated PLGA film compared to 

uncoated film was detected with rather thin longitudinal stress fibers 

development (Figure 11).
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Figure 9. Attachment and proliferation of human dermal fibroblasts. 

When the adhesion and proliferation of uncoated PLGA was set 

to 100 % as controls, the cell attachment of TiO2-coated PLGA 

was enhanced a little, however, the cell proliferation of TiO2-coated 

PLGA was enhanced significantly after 24 h incubation, comparing
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Figure 10. SEM analysis of TiO2-coated and uncoated PLGA (X150). The cells were 

spread on both film surfaces to a large extent, but the higher number 

of cells was attached to the modified surface, comparatively.
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- 32 -

Figure 11. SEM analysis of TiO2-coated and uncoated PLGA (X1000). 

Enlarged figures show the micrographs of the cytoskeleton 

formation in fibroblasts attached to the uncoated and the TiO2-

coated PLGA films.
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2.3.4. Macrophage attachment on the TiO2-coated and 

uncoated PLGA film

Inflammation in association with biomedical materials is a result of the 

inflicting surgical trauma and the presence of the implanted material. The 

inflammatory process is closely linked to the subsequent repair/regeneration of 

tissue. The adherent macrophages can release a large number of molecules, 

including surface-damaging oxygen radicals such as superoxide anions and 

pro-inflammatory cytokines such as interleukins [21]. These molecules contribute 

to cell activation, inflammation, and fibrous capsulation [22]. However, 

macrophage interactions with biomaterial surfaces are poorly understood [23]. 

Several materials are presently used as components of biomedical implants in 

the treatment of deranged or lost tissue structure and function [24]. 

Macrophages play a central role in the integration of biomaterials into the 

tissues in which they have been implanted [25-27]. Macrophages interact with 

material surfaces and are suggested to be the cells which orchestrate the 

inflammatory and repair phase of tissue healing around implants, irrespective 

of material type [24]. Activated macrophages are suspected to initiate the 

degradation of implants [25-26]. Thus it is necessary to determine the 

macrophage response in biomaterials since this response critically determines 

the fate of biomaterials and tissue engineered implants [27]. When the adhesion 

of macrophages on a culture plate was set as controls, there is no difference of 

macrophage attachment between TiO2-coated and uncoated PLGA. Therefore, the 

result indicate that TiO2-coated PLGA could be a biocompatible scaffold for tissue 

engineering applications.
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Figure 12. Macrophage Attachment test on TiO2-coated PLGA and uncoated PLGA. 

There is no difference of macrophage attachment between TiO2-coated 

and uncoated PLGA.
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2.4. Conclusion

In comparison to uncoated PLGA, the surface of TiO2-coated PLGA was 

more hydrophilic and its stability was maintained for 60 h. TiO2-coated PLGA 

enhanced the attachment of human dermal fibroblasts after 4 h of incubation, 

and the proliferation of cells after 24 h of incubation increased significantly on 

the TiO2-coated PLGA. Also, there is no difference of macrophage attachment 

between TiO2-coated and uncoated PLGA. Therefore, TiO2-coated PLGA matrix 

can be one of the biocompatible scaffolds for tissue engineering application.
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국문요약

조직공학적 응용을 위한 Poly (D,L-lactic-co-glycolic acid) 

(PLGA)의 성능과 조직적합성 평가

연세대학교 대학원

생체공학협동과정

생체재료학 전공

양  원  선

 

본 연구는 두 가지로 나뉘어 진행되었다. Part I에서는 poly (D,L-lactic 

-co-glycolic acid) (PLGA)와 인체유래 진피 섬유아세포의 복합체의 성능과 조직적

합성을 평가하 다. Part II에서는 조직공학에서의 응용을 위해 TiO2를 코팅한 

PLGA 필름을 개발하고 이를 평가하 다. 

   Part I : 조직공학과 상처 치유에 이용되는 생체재료는 세포의 성장과 조직형성

을 물리․기계적으로 지지해 주어야 한다. 일반적으로, 조직공학에 이용되는 생체

재료는 콜라겐, 알지네이트와 같은 천연재료와 bladder submucosa와 

small-intestinal submucosa와 같은 세포가 없는 매트릭스, 마지막으로 polyglycolic 

acid (PGA), polylactic acid (PLA), PLGA와 같은 합성 고분자로 나뉜다. 진피 대

체물은 손상부위에 세포가 이동하도록 안내하는 역할을 해주어야 하고, 섬유아세

포와 같은 진피조직의 세포에 대한 지지체로서의 기능을 해야 하며, 세포외기질들

의 합성을 도울 수 있어야 한다. 손상부위에 잘 부착할 수 있어야 하고, 그 부위

의 방어 기작과 상처치유에 도움을 주어야 하며, 탄력성과 항구성을 가져야 한다. 

미적으로도 인간피부와 비슷한 형태를 나타낼 수 있는 성장력을 가져야 한다. 

   본 연구에서는 이전 연구에 근거하여, 3차원 다공성 PLGA 65/35를 선별하여 

조직공학적 진피 대체물인 인체유래 진피 섬유아세포와 PLGA와의 복합체를 만든 
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후 이 복합체의 성능과 조직적합성을 평가하 다. 이를 위해, RT-PCR을 이용한 

유전자 레벨에서의 제 1형 교원질을 확인하 고, 단백질 레벨에서의 교원질을 정

량하 다. H & E 염색을 통하여 PLGA에서의 세포의 모양과 분포를 확인하 고, 

면역조직화학 염색을 통하여 제 1형 교원질의 발현과 분포를 확인하 다.

   Part II : 플라즈마 기술은 재료의 표면을 원하는 대로 쉽게 변형 시킬 수 있어 

생체재료의 세포 친수성을 증가시키기 위해 이용되고 있다. 또한, 플라즈마 처리

를 통해 고분자 재료를 물리․기계적 특성의 변화 없이 대량으로 변형시킬 수 있

다. 세포 친수성은 조직공학 분야에서 세포 지지체로서 이용되고 있는 PLGA와 

같은 생분해성 고분자에 있어서 매우 중요한 요소이다. 

   본 연구에서는 PLGA 표면과 세포와의 상호작용을 증진시키기 위해 PLGA 표

면에 magnetron sputtering 방법으로 TiO2를 코팅하 다. PLGA 표면의 변화는 

contact angle과 X-ray photoelectron spectroscopy (XPS)로 확인하 다. 세포 부착

과 생장은 MTT와 scanning electron microsopy (SEM)으로 확인하 다. TiO2 코팅

된 PLGA 필름은 코팅이 안된 PLGA에 비해서 친수성으로 변하 고 세포 부착과 

생장이 더 증가하 음을 확인 할 수 있었다. 또한, macrophage를 이용한 실험에

서도 코팅되지 않은 PLGA와 비슷한 부착력을 확인 할 수 있었다. 따라서, TiO2 

코팅된 PLGA는 생체 적합한 세포 지지체로서의 응용 가능성이 있음을 확인 하

다. 

___________________________________________________________________________

핵심되는 말 : 평가; 피부; 플리즈마 처리; PLGA; 조직공학; 인체유래 진피 섬유

아세포
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