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ABSTRACT 

Nano Functional Scaffolds for Tissue Engineering 

Li Lin 

Supervisors: Prof. Yi Li, Prof. Frank Ko, Prof. Ling Qin, Prof. Arthur FT Mak 

Scaffolds for tissue engineering should have good biocompatibility and antibacterial 

properties to reduce the risk of infection and improve healing. Poly-L-Lactide 

(PLLA), which is biocompatible, biodegradable, and an immunologically inert 

synthetic polymer was selected for the fabrication of tissue engineering scaffolds in 

this study. Silver and its compounds have been studied for many years because of 

their strong antibacterial activity and low toxicity. It has been found that its toxicity 

was related to the individual silver species rather than total silver concentration. 

Furthermore the toxicity of silver mainly depends on the active, free Ag
+
 

concentration. Therefore, the cytotoxicity and antibacterial property of PLLA 

scaffolds composed with silver nanoparticles (Ag/PLLA scaffolds) were studied. 

Wool keratin has been reported as being suitable for long-term cell cultivation with a 

high cell density. Therefore the cytotoxicity and cell proliferation of PLLA/keratin 

(Pk) scaffolds composed with wool keratin were explored as well.  

In this study, PLLA scaffolds were prepared in two forms, films and electrospun 

fibrous membranes. Films were prepared with nano silver particles with weight ratios 

of nano silver particles to PLLA of 0.5%, 2.5%, 5%, 7.5% and 10% produced by an 

evaporation method. Fibrous membranes were fabricated from PLLA with silver 
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nanoparticles or wool keratin by an electrospinning technique.  

In vitro cytotoxicity, cell proliferation and antibacterial tests were performed. The 

results implied that Ag/PLLA scaffolds can be used as non-toxic scaffolds for tissue 

engineering with antibacterial property. On the other hand, PLLA/keratin membranes 

were fabricated with different weight ratios at 2:1, 1:1, 1:2, 1:4 and 1:8 (Pk21, Pk11, 

Pk12, Pk14 and Pk18). The physical properties and degradability of the 

PLLA/keratin membranes were firstly tested. It was found that, although the tensile 

strength and elongation decreased, after being composited with keratin particles, the 

PLLA/keratin membranes became more hydrophilic than thepure PLLA membranes. 

This result suggested that the proportion of keratin particles within the membranes 

can affect the hydrophilicity of PLLA/keratin membranes. Furthermore, the releasing 

rate of keratin from the membranes was detected by fourier transform infrared (FTIR) 

after the PLLA/keratin membranes were degraded in PBS up to 4 weeks. Although 

more than half of the keratin was removed from the PLLA/keratin membrane in the 

first few hours of degradation, some keratin particles were still embedded in the 

PLLA fibers which were expected to enhance cell attachment and their proliferation 

on the PLLA.  

Then, cytotoxicity and cell proliferation of PLLA/keratin membranes were studied. 

High concentrations of wool keratin showed cytotoxicity, and the concentration of 

the wool keratin particles significantly influenced the cell adhesion on the 

PLLA/keratin membranes. Pk21 increased cell proliferation compared to PLLA, 
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while the other PLLA/keratin membranes decreased it. Furthermore, the cytotoxicity 

of the Pk membranes had a close relationship with the tensile property and moisture 

content of the scaffolds, as, basically, it was most correlated to the wool keratin 

concentration. So, the raw materials and the properties of the scaffolds are two main 

factors which affect the cytotoxicity, but the specific mechanism of the scaffold 

cytotoxicity still needs further study.  

It can be concluded that Ag/PLLA is a good matrix for containing and gradually 

releasing antibacterial substance, while PLLA/keratin membranes can give good 

support for cell proliferation. Therefore, Ag/PLLA scaffolds can be used as 

non-cytotoxic antibacterial scaffolds for tissue engineering. PLLA/keratin fibrous 

membranes can provide a good matrix for cell proliferation. Combining these two 

kinds of compositions may produce antibacterial TE scaffolds with biomechanical 

properties that would enable them to play an important role as a skin substitute in the 

wound healing process.  
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1.1 Motivation and objectives of research 

Tissue engineering is a promising new therapy for patients who need 

implantations or medical devices to improve their quality of life or to save their 

lives. In the development of skin tissue engineering, noticeable progress has been 

made for the in vitro-engineered substitutes that mimic human skin, which can be 

used for repairing skin damage, especially for partial-thickness burns. These are 

used either as grafts for the replacement of lost skin or for the establishment of 

human-based in vitro skin models [Groeber F et al, 2011]. This artificial skin, 

which performs as a biodegradable template for the synthesis of neodermal tissue 

is applicable for not only short-term acute use, but also long-term, chronic use 

[Yannas IV and Burke JF, 1980]. Biodegradation is the process whereby 

materials are broken down by nature either through hydrolytic mechanisms 

without the help of enzymes and/or enzymatic mechanisms. It is loosely 

associated with the terms absorbable, erodible, and resorbable [Wong and 

Bronzino, 2007, pp6-16]. 

Individuals who suffer extensive loss of skin are commonly in danger of massive 

infection [Groeber F et al, 2011]. Consequently, the risk of infection requires 
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tissue engineering scaffolds to have antibacterial properties [Walder et al, 2002; 

Lai et al, 2002; Crabtree et al, 2003; Gaonkar et al, 2003; Alt et al, 2004; Li et al, 

2006]. Yannas IV and Burke JF have previously described the physiocochemical, 

biochemical and mechanical considerations that form the basis for the design of 

artificial skin useful as an experimental wound closure [Yannas IV and Burke JF, 

1980]. Thus, an appropriately engineered skin scaffold with the capability of cell 

proliferation and antibacterial activity and possessing skin mechanical properties 

will have a very promising application in burns treatment.  

Biomaterials are synthetic materials used to replace either part of a living system 

or to function in intimate contact with living tissues [Wong and Bronzino, 2007, 

pp3-20]. Hard keratins have been the subject of biomaterial investigations for 

many years. According to previous findings, keratins have been demonstrated to 

have excellent compatibility in biological systems [Hill P et al, 2010]. This 

compatibility is defined as “biocompatibility”, which is the complete acceptance 

of an artificial implant by the surrounding tissues. In this respect, the implant 

should be compatible with tissues in terms of mechanical, chemical surface, and 

pharmacological properties [Wong and Bronzino, 2007, pp3-20]. In 1998, 

Yamauchi et al found that, on wool keratin composed films, fibroblast cells could 

adhere, spread and grow rapidly. Wool keratin scaffolds have also been reported 

as being good scaffolds for cell adhesion, spreading and growth [Tachibana et al, 

2002]. Thus, wool keratin is considered to be a useful natural protein, biomaterial 

suitable for tissue engineering scaffolds. Therefore, in this study, the fabrication, 
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biocompatibility and biomechanics of wool keratin fibrous scaffolds have been 

primarily investigated by characterizing the physical properties, degradability, 

cytotoxicity, cell proliferation of the scaffolds.  

Silver and its compounds have been studied for many years not only for their low 

cytotoxicity, but also for their antibacterial activity [Galeano et al, 2003; Furno et 

al, 2004; Thomas et al, 2007; Chen and Schluesener, 2008; Li et al, 2011]. With 

the development of nanotechnology, some researchers have found that the toxic 

concentration of silver nanoparticles (Ag NPs) is significantly higher than that of 

ionic silver [Kvitek L et al, 2011]. Nanoparticles are particles which are sized 

between 1 and 100 nanometers. Consequently, in this study, the feasibility of 

using Ag NPs composite films and fibrous membranes by evaluating their 

cytotoxicity and antimicrobial capability was also investigated. In vitro 

cytotoxicity tests and cell proliferation experiments were employed to study the 

functions of Ag/PLLA scaffolds.  

To obtain a comprehensive understanding of the procedures involved and 

previous research, an extensive literature review was undertaken, and is reported 

in Chapter 2, which identified a number of knowledge gaps. To fill the 

knowledge gaps, the objectives of this study were defined and summarized as 

follows.  

1) To characterize the physical properties of tissue engineered scaffolds and 

study the relationship between their properties and the ratio of wool keratin to 
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PLLA constituents.  

2) To examine the in vitro degradation of PLLA and PLLA/keratin (Pk) 

membranes.  

3) To evaluate the scaffolds by testing the cytotoxicity of Ag/PLLA films, 

Ag/PLLA and PLLA/keratin fibrous membranes, and the relationship between 

their properties and the cytotoxicity.  

4) To explore the relationship between the cell proliferation, the properties, and 

raw material concentration of the Ag/PLLA films and Pk fibrous membranes.  

5) To investigate the bacterial activity and mechanism of Ag NPs composed 

scaffolds.  

1.2 Original contributions  

This study has tried to narrow the research gap which exists in wound healing, 

especially skin healing, by studying the possibility of combining cell 

proliferation and antibacterial activity into tissue engineered skin scaffolds 

constructed from wool keratin and Ag NPs with respect to the biomechanical 

properties of the scaffolds. The scientific understanding and technologies 

developed from this project will be transferred to the textile industry and the 

medical device industry for the purpose of saving lives and improving the quality 

of life for patients. 
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In this study, the physical properties and degradability of electrospun Pk fibrous 

membranes were initially characterized; secondly, the cytotoxicity and cell 

proliferation of Pk scaffolds and Ag NPs composed PLLA scaffolds (Ag/PLLA 

scaffolds) were investigated and the relationship between the properties, 

cytotoxicity and cell proliferation of the scaffolds were explored; finally, the 

antibacterial activity of Ag/PLLA was studied, primarily to assess the potential 

antibacterial function of the scaffolds in the hope that this could provide 

justification and evidence for further research into antibacterial artificial skin.  

1.3 Scope and outline of thesis 

 

Figure 1.1. Structure of thesis.  

This research work comprises four sections focusing on scaffolds: fabrication, 
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characterization, cell experiments, and antibacterial tests. Cell experiments 

included cytotoxicity tests, cell adhesion, and cell proliferation experiments.  

This thesis is divided into nine chapters:   

Chapter 1 introduces the research and presents an overview of the thesis, 

including its originality, objectives and scope.  

Chapter 2 reviews literature related to this research work. Skin tissue engineering, 

skin tissue engineering scaffolds, their applications, fabrication, properties, 

cytotoxicity, cell proliferation, and antibacterial activity together with the 

research gaps identified will be presented.  

Chapter 3 describes the process for the fabrication of Ag/PLLA films and 

Ag/PLLA and Pk fibrous membranes. The materials and methods used in the 

fabrications of the films and electrospun fibres will be introduced.  

Chapter 4 studies the relationship between the physical properties of Pk scaffolds 

and the ratios of keratin to PLLA, including the characterization of their 

morphology, the hydrophilicity, tensile properties and moisture related properties 

of the scaffolds.  

Chapter 5 describes the process and presents the results of the in vitro 

degradation of Pk fibrous membranes and analyzes the relationship between the 

physical properties and the in vitro degradation of the scaffolds.  
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Chapter 6 introduces the cytotoxicity tests, explores the mechanism of the 

cytotoxicity of Pk fibrous membranes, Ag/PLLA films and fibrous membranes, 

and the relationship between the properties and the cytotoxicity of the scaffolds.  

Chapter 7 describes the procedures and the results of the cell adhesion and 

proliferation of Pk fibrous membranes and Ag/PLLA films together with an 

analysis of the relationship between the properties and the cell proliferation of 

the scaffolds.  

Chapter 8 investigates the mechanism of the antibacterial activity of Ag/PLLA 

films and fibrous membranes.  

Chapter 9 summarizes the conclusions drawn from the study, together with 

suggestions for future research work.  
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2.1 Introduction to skin tissue engineering  

2.1.1 Tissue engineering  

Tissue engineering (TE) was probably first defined by Langer and Vacanti who 

stated it to be "an interdisciplinary field that applies the principles of engineering 

and life sciences towards the development of biological substitutes that restore, 

maintain, or improve tissue function or a whole organ" [Langer and Vacanti, 

1993]. MacArthur and Oreffo (2005) defined TE as "understanding the principles 

of tissue growth, and applying this to produce functional replacement tissue for 

clinical use".  

As shown in Figure 2.1, the typical TE approach includes five main steps: 

remove cells, expand the cell number, seed cells on a scaffold with growth factor, 

place the scaffolds into a culture medium, and re-implant. To regenerate 
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biologically functional tissue, TE requires the design and fabrication of ideal 

scaffolds to provide temporary templates for cell seeding, invasion, proliferation 

and differentiation [Jayaraman, 2004].  

 

Figure 2.1 The typical tissue engineering approach. 

(http://www.centropede.com/UKSB2006/ePoster/background.html) 

2.1.2 Skin tissue engineering 

As the largest organ in mammals, skin serves as a protective barrier between the 

human body and the surrounding environment. If the skin is damaged, the 

underlying organs will not be protected against pathogens and microorganisms. 
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In the past two decades or more, great efforts have been made to create 

substitutes that mimic human skin [MacNeil et al, 2007].  

 

Figure 2.2 Structure of human skin.  

(http://upload.wikimedia.org/wikipedia/commons/e/e8/HumanSkinDiagram.jpg) 

As shown in Figure 2.2, the two main protective layers of human skin are the 

epidermis and the dermis. Although the epidermis is relatively thin, usually 

around 0.1–0.2 mm in depth, this keratinized epidermal layer provides the barrier 

layer which resists bacterial entry and prevents the loss of fluid and electrolyte, 

while the dermal part is much thicker, and the thickness of these two layers 

http://upload.wikimedia.org/wikipedia/commons/e/e8/HumanSkinDiagram.jpg
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varies at the different body sites. The dermis is composed primarily of collagen I, 

with dermal inclusions of hair shafts and sweat glands, which are lined under 

epidermal keratinocytes. The dermal part is also well vascularized and contains 

receptors for touch, temperature and pain [Shier D, 1999].  

As a part of TE, skin TE combines various biological and synthetic materials 

with in vitro cultured cells to generate functional tissue substitutes. Most skin TE 

scaffolds, for example, artificial skin, are created by proliferating skin cells in the 

laboratory and using them to restore skin biofunction. Other uses include 

accelerating healing, reducing pain in superficial burns etc. Skin needs to be 

capable of regeneration, for short-term or longer-term healing [Sheila M, 2007]. 

Skin consists of several different cell types, including keratinocytes which form 

the surface barrier layer, as well as fibroblasts which form the dermal layer and 

provide strength and resilience. So, skin TE mainly applies human keratinocytes 

and fibroblasts to in vitro seed onto a suitable scaffold. For a full-thickness skin 

substitute, the fibroblasts and the matrix are initially used to establish the dermal 

part. The keratinocytes are then cultured on the top of the dermis to form the 

epidermal part of the skin substitute. These skin TE scaffolds can be employed as 

a skin graft or a human cell-based in vitro test system [Groeber et al, 2011]. The 

following section presents the applications for skin TE scaffolds.  
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2.2 Applications  

Skin TE scaffolds can be used for skin damage caused in a variety of ways. So, 

the main applications for skin TE scaffolds include wound dressings and skin 

substitutes, where they are used for wound healing and as alternatives to real skin 

in in vitro test systems. With the development of nano manufacturing techniques 

and progress in the development of nano biomaterials, nano skin TE scaffolds 

will become more widely used for these applications. These main applications 

viz. wound dressing and skin substitutes, will now be considered in more detail.  

2.2.1 Wound dressing 

Wound healing is a complex process. Besides tissue regeneration, wounds often 

require treatment with antibiotics and suitable wound dressings. Katti et al(2004) 

reported the initial development of a biodegradable polymeric nanofiber-based 

antibiotic delivery system. The functions of such a system would be to serve as 

biodegradable gauze and antibiotic delivery system. They demonstrated that 

electrospinning is a sound technique for the fabrication of nanofibers produced 

from biodegradable polymers such as PLAGA. Noh et al (2006) found that the 

degradation rate of nanofibers is faster than microfibers, which indicated that 

electrospun nano fibers possess the potential for wound healing. It is loosely 

associated with terms such as absorbable, erodible, and resorbable [Wong and 

Bronzino, 2007, pp6-16].  
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Figure 2.3 Hydrogel wound dressing. 

(http://ciscpyon.tokai-sc.jaea.go.jp/english/ff/ff46/tech01.html) 

Figure 2.3 shows a wound dressing product produced by The Japan Science and 

Technology Corporation. This hydrogel wound dressing has many valuable 

clinical merits, such as fast healing, painless removal of the dressing, no residue 

and transparency which enables observation of the healing process. This product 

can be used for the treatment of skin burns and bedsores or as a pharmaceutical 

chemical for a wet cloth or facial pack.  

However, sometimes the wound is deep and large penetrating through all the skin 

layers. In this case, it is not suitable to be treated simply by a wound dressing. 

Currently, the clinical gold standard for the treatment of a full-thickness skin 

 

http://ciscpyon.tokai-sc.jaea.go.jp/english/ff/ff46/tech01.html
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wound is autologous skin transplantation. Autologous split skin grafts (SSGs) are 

produced by detaching the epidermis and a superficial part of the dermis by a 

dermatome. The residual dermis of the donor site will re-grow an epidermis 

[Andreassi et al, 2005; Converse et al, 1975]. Although every donor site can be 

harvested up to 4 times, each harvest may cause heavier scars as well as 

increasing the risk of infection. Moreover, if the skin damage is more extensive, 

the availability of donor sites will become extremely limited, which exposes 

patients to a more dangerous situation. In this case, another possibility is 

allografts. However, these have potential disadvantages viz.: a tendency to 

complications, immune response, no enough source and they are also associated 

with ethical and safety issues. Consequently, skin substitutes provide a more 

permanent and acceptable solution.  

2.2.2 Skin substitutes  

In vivo applications  

Skin damage can be categorised into four levels according to the depth of the 

wound: I) epidermal, II) superficial partial-thickness, III) deep partial-thickness, 

IV) full-thickness skin wounds [Papini, 2004]. Wound levels I to III can self-heal 

by stimulating keratinocyte regeneration which migrate from the remaining 

dermis at the wound edges [Blanpain et al, 2004; Tumbar et al, 2004; Tumbar, 

2006]. It was found that any loss of full-thickness skin of more than 4 cm in 

diameter will not heal well without a graft [Herndon, 1989]. When the wound 
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area of the skin is too large to be treated in time with any convenient technique, 

even death may occur. When the wound is very deep, ideally, the optimal graft, 

that will not induce an immune response, should be readily available, to cover 

and protect the wound bed, accelerate the wound healing, reduce pain for the 

patient with little or no scar formation [Groeber et al, 2011]. As an alternative, 

particularly where there is a shortage of donor grafts skin substitutes, either with 

or without cells, may provide a possible optimal solution with lower 

manufacturing costs.  

There are mainly three kinds of skin substitutes: epidermal substitutes, dermal 

substitutes and epidermal/dermal substitutes. Of these substitutes, the most 

advanced and sophisticated for clinical use are the epidermal/dermal substitutes, 

which can mimic both epidermal and dermal skin layers. These substitutes are 

composed of autologous or allogeneic keratinocytes and fibroblasts. The 

commercially available products of these cell-seeded skin substitutes for 

temporary clinical use are listed in Table 2.1 [Groeber et al, 2011].  

Table 2.1 Commercially available epidermal/dermal skin substitutes for clinical use.  

Brand name Manufacturer Cell source Matrix 

Apligraf Organogenesis Inc., 
Canton, Massachusetts, 
CA, USA 

Allogeneic keratinocyte 
and fibroblasts 

Bovine 
collagen 

OrCel Ortec International, Inc., 
New York, NY, USA 

Allogeneic keratinocyte 
and fibroblasts 

Bovine 
collagen 

PolyActive HC Implants BV, Leiden, 
The Netherlands 

Autologous keratinocyte 
and fibroblasts  

PEO/PBT 



 
Chapter 2: Literature Review 

 

 16 

TissueTech 

Autograft System 

(Laserskin and 

Hyalograft 3D) 

Fidia Advanced 
Biopolymers, Abano 
Terme, Italy 

Autologous keratinocyte 
and fibroblasts  

HA 

PEO: polyethylene oxide terephthalate. 
PBT: polybutylene terephthalate. 
HA: hyaluronic acid.  

The skin substitutes shown in Table 3 make long-term grafting possible, but, 

because of the immunogenic tolerance of the host, applying allogeneic 

fibroblasts is controversial [Clark et al, 2007; Campoccia et al, 1998; Caravaggi 

et al, 2003; Uccioli, 2003; Myers et al, 1997; Nomi et al, 2002; George et al, 

2000]. To date, only the microperforated HA membranes, on which the 

autologous fibroblasts and keratinocytes are grown, designed by Fidia Advanced 

Biopoly, can achieve permanent wound closure [Campoccia et al, 1998; 

Caravaggi et al, 2003; Uccioli, 2003.]. However, this skin substitute still cannot 

be considered to be a ‘real’ epidermal-dermal skin substitute, because, unlike 

normal skin, it has no antibacterial function.  

In vitro applications  

In addition to the in vivo applications mentioned above, in vitro applications 

have appeared for skin substitutes as in vitro test systems [Ponec, 2002]. Using 

these skin substitutes as an alternative to actual skin, means that investigations 

into both the fundamental processes of the skin and the toxicity of substances 

that may be used on the skin may be undertaken, without having to use animal 

models. These substitutes are currently applied in pharmacological and basic 
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research. In pharmacological research, skin substitutes are employed as 

dependable models to confirm irritative, toxic or corrosive properties of chemical 

agents designed for use on human skin [Robinson, 1999]. In basic studies, skin 

substitutes can help to explore the fundamental processes of wound healing, 

infection [Xie et al, 2010; Welss, 2004] and other skin-related processes.  

Another in vitro application of skin substitutes is in the provision of diseased 

skin models, including psoriasis skin models, wound healing models and in vitro 

infection models [Andrei et al, 2010；Coolen et al, 2008；Green, 2004; Martin 

and Leibovich, 2005; Saiag et al, 1985]. This application has become more and 

more popular because of its obvious merits. However in vitro skin substitutes are 

not easily produced and stored, because these kinds of substitutes need to be 

highly customized and they also face the risk of contamination. If there are other 

substances that can improve cell proliferation, so that fewer autologous skin 

donors are needed, and, if the skin substitutes can be made to have an 

antibacterial property, they must be more acceptable for clinical applications.  

2.3 Fabrication  

TE scaffolds are capable of supporting two or three-dimensional tissue formation. 

These scaffolds are often critical, both in vitro and in vivo, to allowing cells to 

influence their own microenvironments. Such devices are usually referred to as 

scaffolds or membranes. Various materials have been used for different purposes.  
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2.3.1 Materials and Methods 

The raw materials needed for the production of TE scaffolds fall into two 

categories viz. biocompatible components and essential laboratory equipments. 

Both natural and synthesized materials, such as metals, polymers and proteins are 

used in the preparation of nano scaffolds,.  

As shown in Table 2.2, many kinds of nanoparticles have been used to fabricate 

nano scaffolds. For example, titanium dioxide (TiO2) [Torres et al, 2007], 

hydroxyapatite (HA) [Cheng et al, 2007; Kong et al, 2005; Ramay et al, 2005; 

Sachlos et al, 2006], gold nanoparticles [Jordan et al, 2006; Liu et al, 2008; Singh 

et al, 2007], zirconia (ZrO2) [Zong et al, 2006], magnetite nanoparticles [Shimizu 

et al, 2006] and Silver sulfadiazine [Choi et al, 1999]. As reported by Cao et al 

(2006), composite nanoparticles have been synthesized and then anchored onto 

the grafted collagen or other matrix. Although the nano particles have been used 

for TE scaffolds, they seldom find application for skin TE scaffolds.  

Table 2.2 Nanoparticle scaffold materials 

Nanoparticle Matrix Remarks 

TiO2  PLGA An increase in storage modulus. 

HA PDLLA Has good adhesion tendency to chondrocytes. 

Gold  Spider silk A promising candidate for the development of 
materials for vapor-sensing applications. 

Ap-gold PDMS Provides an efficient means to functionalize 
three-dimensional (3-D) protein microstructures. 



 
Chapter 2: Literature Review 

 

 19 

ZrO2  Collagen Provides an excellent matrix for protein 
immobilization and biosensor preparation. 

Magnet Collagen, 
PLA 

Significantly enhances cell-seeding efficiency. 

Al2O3-ZrO2 Collagen Enhances the mechanical properties of triple helices 
of collagen. 

HA Chitosan Shows better biocompatibility than pure chitosan 
scaffolds. 

HA Chitosan-al
ginate 

Better proliferated cells than the scaffolds without 
nano HA or with micro-sized HA. 

Silver 

sulfadiazine 

Gelatin-algi
nate 

Good wound healing effect. 

As summarized in Table 2.3, biodegradable polymers are extensively used to 

develop nano fibrous scaffolds. Different methods are employed to produce nano 

fibrous scaffolds. These include using Facio, a 3-D graphics program, employing 

Tinker with a charm 19 force field parameter [Nagai et al, 2006], or a double 

diffusion technique [Manjubala et al, 2006]. However electrospinning has 

become more and more popular because it generates nanoscale properties and 

technologies [Langer and Vacanti, 1993].  

Table 2.3 Nano fibrous scaffold materials.  

Materials  Remarks 

Fibronectin, PLLC Fn grafted on PLLC scaffold greatly promotes epithelium 
regeneration. 

Collagen Aligned collagen nano fibrous scaffold can be very useful for 
engineering different specific tissues or organs. 

Alginate, PEO Exhibits good uniformity, structural integrity, and cellular 
compatibility. 
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Fibroin silk The concentration of regenerated silk solution is the most 
dominant parameter to produce uniform and continuous 
fibers. 

Collagen, GAG  May potentially provide a better environment for tissue 
formation/biosynthesis compared to the traditional scaffolds. 

RADA16, hydrogel Release profiles can be tailored by controlling 
nanofiber-diffusant molecular level interactions. 

Hydroxyapatite, 

collagen, PLLA 

Could decrease the degradation rate in vitro. 

PLA, PLGA Hydrophilicity influenced by nano fibrous scaffolds has a 
considerable effect on neurite extension. 

Carbon Provides a high-surface-area. 

Chitin, silk fibroin Has excellent cell attachment and spreading for normal 
human fibroblasts. 

PGA, chitin Has both biomimetic three-dimensional structure and 
excellent cell attachment and spreading. 

HA, HA/gelatin HA/gelatin nanofibrous membranes are expected to be used 
as novel scaffolds for biomedical applications.  

As shown above, many kinds of polymers such as Poly-L-Lactide (PLLA), 

Polyglycolic acid (PGA), Poly (lactide-co-glycolide) (PLGA), Polymethyl 

methacrylate (PMMA) are often used in the fabrication of scaffolds, not only at 

the micro-scale but also at the nano-scale [Sangsanoh and Supaphol, 2006; 

Sukigara et al, 2003; Ye et al, 2006]. Besides natural biomaterials, such as silk, 

protein and collagen are also used to fabricate the scaffolds [Sukigara et al, 2003, 

2004; Putthanarat et al, 2006]. To explore substitutes for skin, some researchers 

have studied PLLA, PLGA, collagen, hyaluronic acid (HA), gelatin and alginate 

as the main components of skin TE scaffolds [Blackwood et al, 2008; Campoccia 
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et al, 1998; Choi et al, 1999; Kubo and Kuroyanagi, 2003; Li et al, 2005; Yannas 

et al, 1980].  

2.3.2 Structures 

As mentioned earlier, there are mainly two kinds of scaffold structures, 

nanoparticle scaffolds and nano fibrous scaffolds, as shown in Figure 2.4. Each 

structure will be introduced separately. 

 

Figure 2.4 Structure of nano scaffolds.  

Nano particle scaffolds  

A simple way to explain the structure of nanoparticle scaffolds is that 

nanoparticle scaffolds are composed of nanoparticles blended or coated with 

matrices. Various surface modification techniques have been developed for 

patterning the nano scaffolds by using different nanoparticles. Cao et al(2006) 

used Al2O3-ZrO2 composite nanoparticles to enhance the mechanical properties 

of triple helices of collagen (Figure 2.5).  

Nano scaffolds 

Nano particle 
scaffolds 

Nano particles 

Matrix  

Nano fibrous 
scaffolds Nano fibers  
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Figure 2.5 TEM images of A) Al2O3-ZrO2 composite nanoparticles, B) collagen, and C) 

grafted collagen. SEM images of hybrid nanocomposites with a composite nanoparticle 

content of D) 1.2 wt% and E) 7.3 wt % [Cao et al, 2006].  

Torres et al(2007) filled PLGA foam with titanium dioxide (TiO2) nanoparticles 

to obtain tubular macropores which were interconnected by a network of 

micropores (Figure 2.6).  

 

Figure 2.6 SEM images of foam scaffolds in axial direction: (a) plain PLGA, (b) 

PLGA + 5 wt% TiO2 and (c) PLGA + 20 wt% TiO2. Some TiO2 agglomerates are seen in 

the 20 wt% foam [Torres et al, 2007].  



 
Chapter 2: Literature Review 

 

 23 

Based on these studies, the composing particle is found to be one of the 

important factors that affects the properties of the scaffolds and cell viability. 

Ramay et al (2005) incorporated nano- and micro-hydroxyapatite (HA) particles 

into chitosan-alginate porous scaffolds. The results suggested that the nano-sized 

HA scaffold generated better mechanical and biological properties than either the 

micro-sized HA or scaffolds without HA. So, it may be anticipated that nano 

scale technology elicits more advanced techniques for not only material science 

but also TE.  

Nano fibrous scaffolds 

In terms of good penetrability, fibrous scaffolds have been investigated for many 

years. Researchers have been trying to apply different materials and methods to 

fabricate appropriate nano scaffolds for both biological and medical applications 

[Ellis-Behnke et al, 2006; Hosseinkhania et al, 2006; Ji et al, 2006; Liang et al, 

2005; Park et al, 2006; Tan and Lim, 2006; Wei et al, 2006; Yoon et al, 2006; 

Zhong et al, 2005]. If fibrous scaffolds are mainly constructed using nano-scale 

fibers, the penetrability of the scaffolds would be higher. So, more research work 

into nano fibrous scaffolds has been done recently. For example, Woodfield et al 

found that tissue formation was supported well by three dimensional fibrous 

scaffolds in vitro and in vivo [Woodfield et al, 2004]. On the basis of the 

findings above, it can be concluded that the most acceptable method for the 

fabrication of skin TE scaffolds is probably electrospinning (Figure 2.7).  
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Figure 2.7 SEM images of alginate-PEO nanofibers: A-C) survey images of the 

nanofibers spun from solutions with alginate/PEO ratios of 70:30, 80:20, and 90:10, 

respectively. The insets show the fiber size distributions. A′-C′) High-magnification 

images of A-C, respectively. All polymer solutions were prepared with 0.5 wt% Triton 

X-100 surfactant and 5 wt% DMSO cosolvent. [Bhattarai et al, 2006].  

Electrospinning is used to fabricate nano fibrous matrices [Li et al, 2002]. Noh et 

al(2006) found that the attachment and spreading of the cells cultured on 

electrospun chitin nano fibers were higher than that for cells cultured on micro 
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fibers. This may be as a consequence of the higher surface area available for cell 

attachment due to their three-dimensional features and high surface 

area-to-volume ratios, which are favorable parameters for cell attachment, 

growth, and proliferation. These kinds of porous scaffolds are good for 

delivering nutrients to cells proliferated in the scaffolds, whilst the products of 

metabolism can be transferred out at the same time.  

The basic electrospinning setup consists of a high voltage source, a syringe pump 

and a collector (Figure 2.8) [Pham et al, 2006]. The setup is simple and 

inexpensive, but it has the potential to provide more precise control for cells’ 

behavior such as proliferation, attachment and migration. The process of 

electrospinning involves the use of a polymer, a protein, a polymer/protein, or 

any blended solution, a syringe and a high voltage. All these parameters affect 

the fabrication of nano scaffolds [Ye et al, 2006; Doshi and Reneker 1995; 

Reneker and Chun 1996; Shin et al, 2001; Yarin et al, 2001; Senador et al, 2001].  

 

Figure 2.8 Typical electrospinning setup. Q, flow rate; d, distance between plate and 

needle; V, applied voltage. (www.liebertonline.com/ten). 

http://www.liebertonline.com/ten
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Sukigara et al (2003) studied the effect of electrospinning parameters on the 

morphology and fiber diameter of regenerated Bombyx mori silk . They found 

that the silk concentration was the most important parameter in producing 

uniform cylindrical fibers less than 100 nm in diameter. On the other hand, the 

proportion of the components in the electrospinning solution is also very 

important factor to fabricate the nano fibers, not only for controlling the diameter 

of the electrospun fibers, but also for the possibility of obtaining straight and 

even fibers.  

 

Figure 2.9 SEM micrographs of electrospun PLLA (A), PLGA 85:15 (B), 75:25 (C), and 

50:50 (D) scaffolds prior to implantation [Blackwood et al, 2008]. 

As shown in Figure 2.9, this characterization of the scaffolds seems more 

applicable for skin TE scaffolds which can be used as substitutes for the dermal 

and epidermal parts of skin [Blackwood et al, 2008].  
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Over the last two decades, there has been an increasing number of studies of 

electrospun scaffolds. Designing nano featured TE scaffolds by applying the 

electrospinning technique is even regarded as art [Ramalingam and Seeram, 

2006]. Thus, electrospinning is a promising technique for making polymeric 

flexible nano fibrous structures, and it can possibly be used for fabricating large 

sheets of scaffolds as dermal substitutes [Agic et al, 2010].  

2.4 Properties  

The properties of nano scaffolds generally depend on their constituent materials 

and their structures, and the treatments applied to scaffolds will affect the 

properties of nano scaffolds markedly. This finding helps to provide a scientific 

basis for fabricating more suitable scaffolds for biomedical applications. In this 

section, some major properties of nano scaffolds including their morphology, 

tensile properties, hydrophilicity, moisture-related properties and degradability 

will be discussed.  

2.4.1 Morphology  

The morphology of nano scaffolds including their diameter, porosity and two- or 

three-dimensional structures should be studied as well as the sequent research on 

the physical and mechanical properties of the scaffolds. Liu et al (2004) found 

that the particulate membrane not only improved cell adhesion and growth, but 

also regulated osteoblastic phenotype. Cells cultured on the porous and 
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particulate membrane can be considered to be completely flattened and well 

spread (Figure 2.10).  

 

Figure 2.10 SEM photographs of MG-63 cells cultured on the (a) dense, (b) porous, (c) 

particulate PLLA membranes after 1 d incubation. [Liu et al, 2004].  

The surface and structural changes of the scaffolds can be observed through 

scanning electron microscopy (SEM) micrographs (Figure 2.11) [Noh et al, 2006, 

Manjubala et al, 2006].  
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Figure 2.11 Morphological changes in an electrospun nanofibrous matrix and a 

microfibrous matrix. A. Electrospun nanofibrous matrix; B. Microfibrous [Noh et al, 2006].  
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The fibrous structure, which can be described as porous, shown in Figure 2.11 

showed the morphological changes of the fibrous structure. It can be seen that the 

nanofibrous scaffolds decayed more obviously than the microfibrous one. This 

may be important evidence for fabricating biodegradable TE scaffolds. On the 

other hand, some researchers found that the morphology also influences the 

mechanical properties of the skin TE scaffolds, such as their friction coefficients 

[Derler and Gerhardt, 2011]. 

2.4.2 Tensile property 

There are many mechanical properties of the skin, which give it its protective 

functions against mechanical trauma, such as extensibility and recovery, 

compression, friction, impact resistance, and shear strength. This raises the 

question - for skin, what are the most important properties? From a medical point 

of view, the tensile property is the most important mechanical property of the 

skin with respect to its protective function. Usually, the tensile property of skin is 

described in terms of its tensile strength (ultimate load divided by cross-sectional 

area), which ranges from 5-30N/mm
2
. Its maximum value is about 21N/mm

2
 

reached at 8 years of age. It then starts to decline to about 17 N/mm
2
 at 95 years. 

Furthermore, when the skin is stretched, the ultimate strain, the extension before 

rupture, changes from about 35% to 115% [Edwards and Marks, 1995]. The skin 

referred to above includes the epidermal and dermal layers. As an important part 

of the skin layers, the dermal layer, helps to provide mechanical protection and a 
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base for cell proliferation to form the skin equivalent (SE). In 1995, Lafrance et 

al tried to measure the tensile property of the dermal equivalent (DE). Their 

result showed that the cell culture period on the DE may influence the tensile 

property and the DE structure became stable after four days of cell culture 

[Lafrance et al, 1995]. In 2010, the mechanical properties of excised human skin 

were studied by Annaidh et al. They concluded that the mean ultimate tensile 

strength was 21.5±8.4MPa (N/mm
2
) [Annaidh et al, 2010]. Hendriks found, from 

tensile tests, that the maximum Young's modulus and maximum strain of the skin 

were 4MPa and 32% respectively [Hendriks, 2005]. However, there is no 

definitive information about the mechanical properties of the individual skin 

layers, especially in vivo. Thus, there needs to be further study of the mechanical 

properties of skin layers.  

2.4.3 Hydrophilicity 

Hydrophilicity is measured by the water contact angle t. A lower degree of 

contact angle means a higher hydrophilicity, and vice versa. Kim et al (2003) 

demonstrated that a higher contact angle scaffold surface did not spread cell 

solution well. They attempted to control the degradation rate of the scaffolds by 

incorporating a hydrophilic catalyst (lactide) in the nanofiber in order to 

accelerate the hydrolytic reaction, so a PLA-b-PEG-b-PLA triblock copolymer 

was used to “entrap” the hydrophilic lactide because of its amphiphilic nature. 

This copolymer modified the hydrophobicity of the scaffolds. 
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In Aroca et al’s study (2004), poly (2-hydroxyethyl acrylate) hydrophilic 

coatings were grafted onto macroporous poly (methyl methacrylate) by 

adsorbing monomer vapor and subsequent plasma-induced polymerisation 

without the need for thermal or photoinitiators. By means of this particular 

protocol it was possible to graft hydrophilic polymers onto hydrophobic scaffolds 

whilst maintaining their initial porosity. This composite material was able to 

form a resistant polymer hydrogel when water was absorbed. Thus, 

hydrophobicity plays a key role in the function of nano scaffolds. So, the 

modification of hydrophilicity is another key factor influencing the function of 

nano scaffolds.  

Generally, cells tend to adhere and grow more on hydrophilic materials than 

hydrophobic ones. So, hydrophilicity of the materials and modifying this 

property become very important in the preparation of skin substitutes.  

2.4.4 Moisture-related properties 

Individuals who lose skin extensively, for example in serious burns, are in danger 

of not only massive infection, but also severe fluid loss [Yannas and Burke, 

1980]. This means that, besides the infection risk, the moisture-related properties 

are also very important in the design of skin TE scaffolds. Under normal 

conditions, the stratum corneum (SC) which, is the most outer layer of the 

epidermal skin, receives moisture from the fluids around underneath the skin 
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layers. SC also receives moisture from the sweat glands when they are active. 

However, the sweat glands are active only at temperatures above 30°C to aid in 

the body heat removal. Usually the moisture from the sweat glands is not 

included in studies of skin moisture, because different sites of the skin have 

various numbers of sweat glands. On the uncovered areas of skin, water will be 

evaporated from the SC into the surrounding atmosphere. The loss of water from 

the surface of skin is related to the surrounding temperature, relative humidity 

and air flow. When the conditions are maintained at a temperature around 23°C, 

a relative humidity of 40 to 50% RH in quiet air, water from the full thickness of 

abdominal skin is lost at the rate of 0.1 to 0.2 mg/cm
2
/hr, and the dermal part of 

the skin loses water at a rate of 10.0 to 15.0 mg/cm
2
/hr [Blank, 1952]. 

Furthermore, it has been found that the skin equivalent with an RH of 30% has 

the highest tensile strength [Park and Baddiel, 1972].  

On the other hand, Yannas and Burke (1980) mentioned in their study that 

air-pockets appeared at the graft-wound bed interface, which are also named 

"dead space", and these often become the place for bacterial proliferation (Figure 

2.12). So, appropriate moisture content of the wound bed is necessary for the 

graft to contact and spread over the wound area and displace the air-pockets from 

the interface. Also, an appropriate rate of moisture flux through the skin TE 

scaffold is required by the effective wound closure. If the moisture flux through 

the scaffold is very slow, water accumulates at the interface between the scaffold 

and the wound bed and causes edema. When the moisture passes through the 
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scaffold at a high rate of flux, the scaffold loses its ability to keep the wound bed 

wet, so that it fails to maintain an air-free interface. Therefore, its moisture 

management property is also a very important property for a skin TE scaffold.  

 

Figure 2. 12 Diagrammatic sketch of air-pockets (indicated by arrows).  

Thus, with compatible mechanical and moisture-related properties, a skin TE 

scaffold can provide a good skin substitute. Therefore, in this study, the 

moisture-related properties of skin TE scaffolds including moisture content, 

water vapor permeability and moisture management properties will be 

investigated.  

2.4.5 Degradability 

As mentioned above, when the skin TE scaffolds are used in a human body for 

wound treatment degradability is quite significant for the different tissue 

substitutes. Quite a few studies into the degradation of materials have been 

undertaken [Kwon et al, 2005; Chen et al, 2006; Shum and Mak, 2003; Kim et al, 

2003]. Sangsanoh et al (2006) observed the degradation of electrospun chitosan 

nano fibrous membranes in neutral or weak basic aqueous solutions. They found 

that electrospun chitosan nano fibrous membranes, after neutralization in the 

Na2CO3 aqueous solution, could maintain their fibrous structure even after 
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continuous submersion in phosphate buffer saline (pH = 7.4) or distilled water 

for 12 weeks (Figure 2.13). Kim et al (2003) demonstrated that the 

biodegradation rate, as well as the hydrophilicity of the electrospun nano 

scaffolds, could be finely tuned using different material compositions.  

 

Figure 2.13 Selected SEM images of (a) pre-neutralized as-spun chitosan nanofibrous 

membrane from 7% chitosan solution in 70:30 v/v TFA/DCM, chitosan nanofibrous 

membrane after neutralization with (b) 5 M NaOH or (c) 5 M Na2CO3 aqueous solution, 

and (d) chitosan nanofibrous membrane in panel c after submersion in PBS for 12 weeks. 

[Sangsanoh et al, 2006] 

The degradability of the scaffolds was tested according to the techniques 

developed by Shum and Mak, Li and Mak, and Yuan (2003; 2005; 2002, 2003). 
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Nano scaffolds were immersed in phosphate buffered saline to test their 

degradability. After some time, the scaffolds were tested at different time points. 

Samples of degraded scaffolds were characterized in terms of weight loss, 

dimensional changes, morphology (using SEM) and chemical structure analysis 

(using Fourier Transform Infrared Spectroscopy (FTIR)). 

Characterising the degradability of nano scaffolds is quite pivotal to obtain 

optimal scaffolds for biomedical purposes. Neither too fast degradability nor too 

slow degradability are suitable for TE biomaterials. If they degrade too quickly, 

it will be impossible to culture cells on the scaffolds, whereas if they degrade too 

slowly, they will easily cause other problems in the human body such as rejection 

or inflammatory responses to the scaffolds. So, to characterize and modify the 

degradability of electrospun nano scaffolds is an essential requirement. For the 

wound healing process, degradability is highly desirable, because a single 

treatment for a wound can markedly reduce pain for the patients.  

All the many different properties of the scaffolds are interdependent, so, 

exploring this interdependence is another aspect of nano scaffold research for 

skin TE.  

2.5 Cytotoxicity  

Many kinds of synthesized materials have been investigated for their potential 

biomedical applications. Without question, cytotoxicity testing is a fair predictor 
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of biocompatibility. This method is useful for screening materials as a basic part 

of biomaterial compatibility evaluation [ISO 10993]. For instance, silver (Ag) 

which is known as an anti bacterial agent and is widely studied for medical 

applications has been investigated for its cytotoxicity. Arora et al (2008) tried to 

define a safe range of Ag NPs as a topical antimicrobial agent. Figure 2.14 shows 

that the concentration of Ag NPs influenced the cell culture significantly.  

 

Figure 2.14 Phase-contrast micrographs of HT-1080 cells: (A) unexposed cells; (B–F) 24 

h after the cultures were exposed to 3.12, 6.25, 12.5, 25 and 50µg/mL SNP, respectively 

(magnification 200×). [Arora et al, 2008] 

Alt et al (2004) found that a scaffold loaded with silver salts was cytotoxic, but 

Ag NPs composed bone cement was free of in vitro cytotoxicity. The cells grown 

on Ag NPs bone cement were mainly vital and revealed similar behavior as the 

control cells. This result implied that the silver particle size was an important 

parameter for reducing the cytotoxic effects of biomaterials. On the other hand, 
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this experiment also supported the feasibility of the application of Ag NPs 

composed scaffolds for skin TE.  

Hence, cytotoxicity testing is a primary and necessary step for further 

investigation of biomaterials, but the results should be combined with those from 

other tests to establish biocompatibility . 

2.6 Cell proliferation  

Tissue regeneration is a popular research area for medical applications. When 

tissue defects such as burns and wounds occur, immediate and proper tissue 

regeneration is vitally important. Since the nano scaffolds have specific 

properties with good potential biocompatibility, they definitely become the 

desirable choice for supporting tissue regeneration. Kong et al (2006) found that 

there were more cells on a nano composite scaffold than on a scaffold without 

nano-HA. They concluded that the addition of nano-HA to a chitosan scaffold 

improved its bone bioactivity, which could develop the use of chitosan in bone 

TE.  

In terms of cell proliferation, nano scaffolds have often been studied to improve 

the regeneration of bone, muscle, skin and axon [Hosseinkhani et al, 2007; Tuan, 

2006; Ellis-Behnke et al, 2006; Pattison et al, 2006] sometimes by controlled 

release of protein from a 3-D tissue engineered nano-scaffold or through a nano 

fiber hybrid scaffold.  
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Until now, the most successful achievement in tissue regeneration research has 

been skin regeneration, such as the development of artificial skin. The most 

valuable application of cell lines for skin substitutes are fibroblasts and 

keratinocytes [Flasza-Baron et al, 2008; Myers et al, 1997; Noh et al, 2006; Saiag 

et al, 1985; Venugopal et al, 2006]. Usually, after culturing fibroblasts on the 

dermal part of the matrix, the keratinocytes will be seeded on it and then 

proliferated for a desired period before being used as skin substitutes.  

Zacchi et al (1998) mentioned that a skin equivalent might be useful in the 

treatment of both burns and chronic wounds. Holder et al (1998) previously tried 

to apply poly-L-lactide (PLLA) and polyglycolide as skin matrices for 

implantation subcutaneously in a rat. Liu et al (2003) found that artificial derm 

built by acellular dermis, collagen membrane and collagen gel as scaffolds is a 

preferable structure as an ideal substitute for skin. While transplant medicine has 

made rapid progress, the development of optimal artificial skin grafts received 

more attention, especially for those patients who have suffered from burns and 

wounds. As the most advanced biomaterials, nano scaffolds will become the best 

choice to pursue this objective. 

2.7 Antibacterial activity   

Drug delivery is another effective way to accelerate wound healing and avoid 

infection. As a carrier, a nano scaffold represents a good structure for bio-factor 
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delivery [Li et al, 2005; Nagai et al, 2006]. This kind of wound dressing may be 

used as a promising method to control the release of antibiotic by incorporating 

antibiotic into a nano fibrous scaffold (Figure 2.15) [Chiu et al, 2005; Kim et al, 

2004].  

 

Figure 2.15 Antibiotic released from electrospun scaffolds demonstrate the same activity 

as the pure drug form, indicating that the processing is not damaging to the drug. 

Incubation of bacteria directly with drug loaded scaffolds demonstrates that the drug is 

able to diffuse from the scaffold and inhibit bacterial proliferation.  

If the rate of drug release can be controlled, it can solve many clinical problems. 

For example, frequent changes of the wound dressing can be avoided before 
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wound recovery. Consequently only one or two pieces of nano scale fibrous 

gauze may be enough for complete wound repair. On the other hand, during the 

treatment of a wound, infection is a common risk which needs to be prevented 

for good healing of the wound. Thus, the optimal scaffold for medical 

applications requires the TE scaffold to have antibacterial properties [Chen et al, 

2008]. As mentioned earlier, due to their strong antibacterial properties and low 

toxicity, silver and its compounds have been studied for many years not only for 

their low toxicity, but also for their antibacterial activity [Alt et al, 2004; 

Crabtree et al, 2003; Chaloupka 2010; Furno et al, 2004; Galeano et al, 2003; 

Kidambi et al2005; Lai and Fontecchio, 2002; Thomas et al, 2007]. Yeo et al 

(2003) found that fibers containing silver showed excellent antibacterial property. 

Alt et al (2004) demonstrated that nano particulate silver loaded bone cement 

revealed high antibacterial activity.  

On the other hand, , some materials have an inherent antibacterial property, . 

Chitosan, for example. Eaton et al(2008) studied the antibacterial effects of 

chitosan on Escherichia coli (E.coli) and Staphylococcus aureus (Staph.), and 

found that these effects were related to the molecular weight of chitosan. 

Therefore, for example, if a scaffold included an antibacterial matrix 

incorporating chitosan and Ag NPs, such a skin TE scaffold may be more 

efficient in reducing the possibility of infections.  
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2.8 Research gap 

The challenge in developing scaffolds suitable for TE is to find the appropriate 

materials and methods to fabricate the scaffolds with optimized physical and 

biological properties and functions, so that these scaffolds are able to be applied 

as tissue substitutes or medical devices. However, there is still a large gap in 

knowledge to fill to satisfy these research aims.  

Although research into nano scaffolds has been proceeding, the only, almost 

successful, application is in skin substitutes, which indicates that there is a long 

way to go to translate basic research into commercialized products. Despite the 

nano- or micro- scaffolds, there are few acceptable substitutes for tissue 

regeneration which can be used in clinical applications.  

Although antibacterial coatings on TE scaffolds have been researched, there are 

no optimal skin substitutes with both accelerated cell proliferation and relatively 

long lasting antibacterial effects. Furthermore, the control of the release of the 

antibacterial component through scaffolds is still a big challenge in this research 

area. Antibacterial activity would be an optimizing characteristic for skin TE 

scaffolds, but the quality and quantity of antibacterial biomaterials need to be 

studied more. If scaffolds can be made of antibacterial materials, how should 

their cytotoxicity and cell proliferation aspects be considered? 



 
Chapter 2: Literature Review 

 

 43 

The different properties of nano scaffolds have been studied for many years, but 

it is still unclear how to control the properties to achieve the optimal scaffolds for 

TE. In other words, the relationship between their morphology, tensile properties, 

hydrophilicity, moisture-related properties and biodegradability needs more 

in-depth studies, and the optimization of the specifications for the fabrication of 

nano scaffolds has yet to be realised.  

All these research gaps have started to be addressed by many researchers by far. 

However, there is still a long way to go to identify the optimal nano scaffolds for 

skin TE.  

2.9 Summary of literature review 

Tissue defects, whether congenital or acquired in origin, need reconstruction. TE 

scaffolds are becoming an important medium to benefit the replacement, repair 

or enhancement of the biological functions at the level of a tissue or an organ. 

Compared to micro scale scaffolds, nano scaffolds have a huge potential to 

provide more precise and flexible structures for biomedical purposes. Thus, the 

realization of nano scaffolds in TE becomes a new frontier in biotechnology to 

develop new artificial skin, reconstructed tissue and wound treatments.  

Usually, nano scaffolds can be categorized into two different types: one is a 

nanoparticle scaffold composed of various functional nanoparticles; the other is a 

nano fibrous scaffold which is mainly produced by electrospinning. Since a 
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number of natural and synthesized materials are used to generate the nano 

scaffolds, it is crucial to perform cytotoxicity test before systematically studying 

the parameters influencing the properties of the nano scaffolds, and subsequent 

cell responses to the scaffolds. With further developments in nanotechnology and 

TE, tissue regeneration, wound healing and drug delivery become frontier 

biomedical research areas. In this area, the study of artificial tissue and devices 

for wound treatments plays a key role with attractive potential. However there 

are still many research gaps that need to be filled.  

When a piece of skin is lost, whether it is full skin thickness or not, the risk of 

infection and water loss is hard to avoid and sometimes these risks may even 

cause death. So, to apply a quick cell proliferation and an antibacterial protective 

skin substitute would be very effective. If the wound bed is large, the proper 

biomechanical properties of skin substitute are important for the recovery of the 

wound and restoring the normal biofunction to the wound area. On the other 

hand, for example, when skin burns are incurred, protein will also be lost, so, if 

the protein can be incorporated into the skin TE scaffold, it may provide some 

valuable nutrient for the wound healing.  
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Figure 2.16 Flow chart for wound healing strategy.  

As shown in Figure 2.16, there are mainly three after-effects of burns: skin 

defects, infections and protein loss. If these three effects can be treated properly, 

the potential risks to wound recovery must reduce significantly.  

As mentioned earlier, maintaining the correct moisture condition for the wound 

bed can effectively decrease the chance of infection. Since wool keratin has a 

good moisture retention property, this protein can be helpful in controlling the 

relative humidity in skin substitutes. Therefore, this study will focus on the cell 

proliferation and antibacterial activity of skin TE scaffolds using wool keratin 

and Ag NPs. The aim will be to establish their ability to produce skin TE 

scaffolds that have both high cell proliferation and an antibacterial property.  
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CHAPTER 3: FABRICATION 
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3.1 Materials and equipments 

In this chapter, the main materials, equipments and methods used in the research 

will be introduced. The methods include the fabrication of PLLA and Ag/PLLA 

composed films and fibers, preparation of wool keratin particles, and 

electrospinning of wool keratin composed fibers.  

3.1.1 Materials 

Poly-L-Lactide (PLLA): PLLA with an inherent viscosity of 7.0 dl/g was 

purchased from PURAC, Netherlands.  

Wool fibers: Wool fibers were purchased from the Nanjing Wool Market 

(Figure 3.1).  
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Figure 3.1 Wool fibers purchased from Nanjing Wool Market. 

Silver nanoparticles (Ag NPs): Silver nanoparticles with particle sizes ranging 

from 1-100nm with 99.9% purity and a 35nm average particle size (Figure 3.2) 

were purchased from the Shenzhen Junye Nano Material Co. Ltd.  
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Figure 3.2 SEM images of Ag NPs (20kV). Ag NPs are grey and white color with an 

average particle size of 35nm.  

N, N-dimethylformamide (DMF): DMF was purchased from Acros (Belgium).  

Chloroform: Chloroform was purchased from Advanced Technology & 

Industrial Co. LTD, Hong Kong. 

Sodium hydroxide (NaOH): NaOH was purchased from Advanced Technology 

& Industrial Co. LTD, Hong Kong. 

Hydrochloric acid (HCl): HCl was purchased from Advanced Technology & 

Industrial Co. LTD, Hong Kong.  

Polyethylene oxide (PEO): PEO was purchased from Aldrich Chemical 

Company.  

Formic acid: Formic acid was purchased from Aldrich Chemical Company.  
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3.1.2 Main equipments 

Mini spray drier: BUCHI Labortechnik AG, B-290, Switzerland. 

Nanofiber electrospinning unit: NEU-010, KES KATO TECH Co. LTD, 

Japan.  

Scanning electron microscopy (SEM): JEOLJSM-6335F and LEICA, 

Stereoscan 440. The specimens were coated with gold using a sputter coater and 

their morphology was observed under the SEM at an acceleration voltage of 

20kV. 

Fourier transform infrared spectroscopy (FTIR): Perkin-Elmer System 2000.  

3.2 Fabrication of PLLA and Ag/PLLA composed films 

PLLA was added into chloroform (an organic solvent) at a concentration of 2% 

in weight by volume (m/v) (2g of PLLA were added to 100ml of chloroform), 

and stirred for 4 hours to obtain PLLA-chloroform solution. Ag NPs were added 

into the PLLA-chloroform solution at different weight ratios to the PLLA to 

obtain 0.5%, 2.5%, 5%, 7.5%, and 10% Ag/PLLA solution.  
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Figure 3.3 Scheme of PLLA and Ag/PLLA membrane preparation. (0) PLLA (1) 0.5% 

Ag/PLLA (2) 2.5% Ag/PLLA (3) 5% Ag/PLLA (4) 7.5% Ag/PLLA (5) 10% Ag/PLLA.  

 

Figure 3.4 Topographical SEM images of PLLA and 5% Ag/PLLA film surfaces.  

The PLLA-chloroform solution and the Ag/PLLA-chloroform solution were 

stirred gently at room temperature (20 ± 2ºC) until the Ag NPs had dispersed 

evenly. 200 µl of the PLLA and Ag/PLLA solution were dropped onto separate 

circular cover slips (13mm diameter,) slowly and gently, to avoid producing any 

bubbles, and allowed to evaporate to form PLLA and Ag/PLLA films (Figure 

3.3). The silver content of the Ag/PLLA films (from 10% Ag/PLLA to 0.5% 

Ag/PLLA) was 300µg/ cm
2
, 225µg/ cm

2
, 150µg/ cm

2
, 75µg/ cm

2
, 15µg/ cm

2
 

respectively.  
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As shown in Figure 3.3, the higher the concentration of Ag NPs the darker was 

the shade of the membranes. The topography of the PLLA and Ag/PLLA was 

observed using scanning electron microscopy (SEM). Figure 3.4 shows that there 

was little difference in appearance between the PLLA and the Ag/PLLA films. 

Although only the 5% Ag/PLLA film is shown in Figure 3.4, other silver 

concentrations in the Ag/PLLA films had similar topographical images.  

3.3 Electrospinning of PLLA and Ag/PLLA fibers 

The electrospinning method was performed following the procedure used in an 

earlier study by the author [Li et al, 2009]. In this study, a nanofiber 

electrospinning unit purchased from KES KATO TECH Co. LTD, Japan was 

used. Electrospinning is receiving more attention currently as a new way to 

produce nanofibers. As shown in Figure 3.5, electrospinning is a method 

whereby a polymer fluid is subjected to a high positive voltage (10-40kV) to, and 

the solution is sprayed through a syringe, into which a flattip stainless needle is 

inserted, onto a target that is charged negatively. When the fluid is is ejected 

from the needle tip, it is fiberized by evaporation of the solvent. This process 

produces f fibers with diameters at the nano scale. 
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Figure 3.5 Scheme of electrospinning process. 

To produce the PLLA and Ag/PLLA nano fibers, PLLA was dissolved at a 

weight ratio of 1% in chloroform, and N, N-dimethlformamide (DMF) (10:1, 

w/w) was added and stirred to obtain PLLA solution. Ag NPs were then added to 

the solution and stirred evenly to prepare an Ag/PLLA solution for 

electrospinning. The PLLA and Ag/PLLA solutions were then inserted into a 

syringe with a blunt needle, and then ejected by depressing the syringe plunger to 

deliver the fibre solution at a feeding rate of 0.3 mL/min. A grounded metal 

rotating drum, wrapped with aluminum foil, was located at a fixed distance of 10 

cm away from the tip of the needle to collect the fibers. A high voltage (13 kV) 

electric field was applied to the stream of droplets as they emerged t from the 

needle tip. This lead to the creation of continuous fibers which formed, in turn, a 

fibrous membrane as they collected on the surface of the rotating drum.  
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Figure 3.6 SEM images of PLLA and Ag/PLLA fibrous membranes at x1000 

magnification. (20kV) 

As shown in Figure 3.6, there were no obvious morphological differences 

between the PLLA and Ag/PLLA fibers. The diameter (d) and length (l) of the 

target drum was 100mm 330mm respectively，so the area (πdl) of the electrospun 

fiber membrane was around 1000 cm
2
.  

Because every sample produced contained 40mL of 1% PLLA，the weight of the 

PLLA membrane and each of the Ag/PLLA fibrous membrane was about 

400µg/cm
2。Thus, the silver content of the Ag/PLLA fibrous membranes (from 

10% Ag/PLLA to 0.5% Ag/PLLA) was 40µg/cm
2
, 30µg/cm

2
, 20µg/cm

2
, 

10µg/cm
2
, 2µg/cm

2
 respectively. 

3.4 Preparation of wool keratin particles 

Wool keratin particles were prepared by spray drying wool keratin emulsion 

3.4.1 Preparation of wool keratin emulsion  
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Wool keratin emulsion was prepared according to a patent pending technique [Li 

et al, 2004]. Wool fibers were immersed and stirred into a 5% NaOH 

(w/v)/distilled water solution at a ratio of 5% weight by volume at 100ºC to 

dissolve them. After the wool fibers had completely dissolved, 3.7% HCl (w/v) 

was added, slowly, to neutralize the wool keratin solution until its pH value 

reached a value of6.92. After any impurity and precipitant were removed from 

the solution by centrifugation, the solution containing wool keratin was 

thoroughly dialyzed with distilled water for seven days at 22°C to obtain an 

aqueous wool keratin emulsion (Figure 3.7A).  

3.4.2 Preparation of wool keratin particles 

Wool keratin emulsion was spray dried using a Mini Spray Dryer (BUCHI 

Labortechnik AG, B-290, Switzerland) to obtain wool keratin particles (Figure 

3.7B).  
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Figure 3.7 Preparation of wool keratin powder. (A) Wool keratin emulsion (B) Wool 

keratin powder.  

 

Figure 3.8 SEM images of wool keratin particles (20kV). Particles are white color and 

agglomerated.  
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The particles were observed using SEM. As shown in Figure 3.8, the particles 

were white in color and agglomerated. Although the wool keratin emulsion had 

been dialyzed, some components, such as NaCl, may have remained to make the 

particle larger than the original size. This possibility can be more easily 

understood from the SEM images of the non-dialyzed wool keratin particles 

(Figure 3.9). 

 

Figure 3.9 SEM images of non-dialyzed wool keratin particles. (20kV) 

As shown in Figure 3.9, the diameters of the non-dialyzed wool keratin particles 

were observed to vary from less than 1µm to about 10µm. Also, some large 

particles were hollow and contained smaller particles inside them. This finding 

indicated that the non-dialyzed emulsion may have retained some other 
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components which made the particle size much larger than the dialyzed one. 

Thus, dialysis was a necessary process for producing wool keratin particles. 

3.5 Electrospinning of wool keratin-PEO fibers 

Electrospinning was performed according to the procedure essentially as detailed 

by Li et al (2002). The wool keratin particles were dissolved in 1% PEO formic 

acid solution thoroughly to obtain wool keratin-PEO-formic solutions with 

different wool keratin concentrations. Then, the solutions were inserted into a 

20ml syringe and ejected as nanofibers onto a rotating drum as described in 

section 3.3 The electric potential between the aluminum foil covered target drum 

roller and the needle tip was about 30 kV. The distance between the needle tip 

and the metal target roller was about 10 cm.  

3.5.1 FTIR of the electrospun wool keratin-PEO nanofibers  

The IR absorption spectrum of the wool keratin-PEO nanofiber structure 

prepared in this study was compared with a spectrum obtained from the original 

wool fibers to determine the identity of the nanofibers using the Perkin-Elmer 

System 2000.  
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Figure 3.10 Fourier transform infrared spectroscopy (FTIR) of electrospun PEO/keratin 

fibers.  

It can be seen in Figure 3.10 that all the characteristic peaks in the spectra for the 

original natural wool fibers and the wool keratin-PEO fibers were similar, 

indicating that the chemical compositions of the electrospun fibers were very 

similar to those of the original wool fibers. This showed that no new chemical 

bonds were produced in the electrospun wool-PEO fibers. This was because, 

adding polyethylene oxide to the wool keratin powder should have resulted in the 

formation of CH2OH bonds that were originally present in the serine amino acid 

in the wool structure.  

3.5.2 Effect of keratin concentration on fiber diameter 

The morphology of the electrospun PEO/keratin fibers were observed using SEM 

(JEOLJSM-6335F).  

Pure wool keratin 

Wool keratin/PEO 
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Figure 3.11 shows the SEM images of the wool-PEO composite fibers with 

different wool keratin concentrations. By decreasing the concentration of wool in 

the formic acid and 1% PEO solution from 12% to 4%, the average diameter of 

the wool fibers was reduced from 281 ± 29 nm to 140 ± 8 nm respectively. 

However, although the average diameter of the 4% wool fiber concentration was 

only 140 nm, there were some beads on the fibers and the fibers were not straight 

and even. Conversely, the shapes of the 8% and 12% wool nano keratin fibers 

were straight and even, as shown in the SEM photos. However, the 12% wool 

fibers were fragmented.  

 

Figure 3.11 Morphology of fibers at different wool concentrations of 4%, 8% and 12%. 

The average, standard deviation, maximum and minimum values of the fiber diameters 

are also given in this figure. 
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Figure 3.12 Relationship between the wool keratin concentration and the fiber diameter.  

Figure 3.12 shows the relationship between the wool keratin concentration and 

the diameters of the nano keratin fibers. As the concentration of the wool keratin 

increased, the diameters of the nano fibers increased linearly.  

3.5.3 Effect of PEO concentration on fiber diameter 

The diameters of the electrospun wool keratin fibers were also affected by the 

concentration of the PEO. Here, the 8% wool solution was used for the 

experiments according to the previous results.  
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Figure 3.13 Morphology of fibers at different PEO concentrations at 0.5%, 1% and 3%. 

The average, standard deviation, maximum and minimum values of the fiber diameters 

are also given in this figure.  

As shown in Figure 3.13, as the PEO concentration decreased from 3% to 0.5%, 

the average diameter of the fibers also decreased from 500 ± 26 nm to 153 ± 10 

nm respectively. At 3%, the average diameter of the wool fiber was significantly 

larger than the 0.5% and 1% PEO wool keratin fibers and the fibers were 

fragmented. When the concentration of PEO decreased to 0.5%, the wool keratin 

fibers were not only fragmented but also exhibited many beads.  

Figure 3.14 shows the relationship between the PEO concentration and the 

diameters of the nano keratin fibers. As the concentration of the PEO increased, 

the diameters of the nano keratin fibers increased correspondingly.  
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Figure 3.14 Relationship between the PEO concentration and the fiber diameter. 

The eletrospinning of wool keratin-PEO in formic acid was performed and fiber 

diameters ranging 125 nm to 560 nm were obtained depending on the wool or PEO 

concentrations. As the concentration of the wool keratin or PEO increased, the 

diameters of the electrospun wool keratin-PEO composite fibers increased. Also, 

the wool keratin-PEO composite fibers had similar chemical compositions to the 

original wool fibers. There were no chemical bonds formed in the composite fibers.  

3.6 Electrospinning of PLLA/keratin fibers 

PLLA was dissolved completely at a concentration of 1.0 % (w/w) in chloroform, 

N, N-dimethylformamide (DMF) (10:1, w/w) was added and stirred evenly to 

obtain PLLA solution for electrospinning. Then, different weights of wool 

keratin particles were dispersed gently into the PLLA solution to form 
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PLLA/keratin (2:1, 1:1, 1:2, 1:4 and 1:8, w/w) suspensions. The PLLA and 

PLLA/keratin suspensions were placed in the syringe respectively and ejected by 

a syringe pump at a feeding rate of 0.3 mL/min. A grounded rotating drum, 

wrapped with aluminum foil, was located at a fixed distance of 10 cm away from 

the syringe needle tip. The needle was connected to a high voltage power 

applying 13 kV.  

3.6.1 Scanning electron microscopy 

The morphologies of the wool keratin particles and the electrospun fibrous 

membranes were examined using (SEM) (LEICA, Stereoscan 440).  

 

Figure 3.15 SEM images of PLLA and PLLA/keratin electrospun fibers.  

As shown in Figure 3.15, more beads appeared on the fibers as the concentration 

of wool keratin particles increased. Furthermore, the beads that were formed 

were covered with PLLA.  
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3.6.2 FTIR of PLLA and PLLA/keratin fibers 

FTIR spectra of the PLLA and PLLA/keratin membranes were examined with 

reference to pure wool keratin as the control.  

 

Figure 3.16 FTIR spectra of the PLLA, keratin and PLLA/keratin membranes. For the 

PLLA/keratin composite membrane, two peaks appeared at 1630 cm-1 and 1550 cm-1 

(indicated by the red arrows) which correspond to the keratin.  

It can be seen from Figure 3.16 that the FTIR spectra of the PLLA had no peaks 

from 1700 to 1500 cm
-1

, but for the PLLA/keratin fibers two peaks appeared at 

1630 cm
-1

 and 1550 cm
-1

 which corresponded to the keratin. For the 

characteristic peaks of PLLA and keratin do not overlap, they could be used to 

calculate the ratio of PLLA and keratin after the composite was degraded.  
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The films and nano fibrous membranes developed in this chapter will be used as 

skin TE scaffolds for further study in subsequent chapters to meet the objectives 

of this research set out in chapter 1.  
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4.1 Introduction  

Chapter 4 aims to fulfill the first objective, by studying the relationship between 

the physical properties of the PLLA/keratin scaffolds and the ratios of keratin to 

PLLA. The morphology, hydrophilicity, tensile properties, moisture content, 

water vapor permeability, and moisture management properties of the scaffolds 

were characterized as the first step of this project.  

4.2 Morphology  

The morphology of scaffolds was observed using SEM (JEOLJSM-6335F and 

LEICA, Stereoscan 440). Details of the Ag/PLLA films, the Ag/PLLA, the wool 

keratin-PEO and the PLLA/keratin fibrous membranes have already been 

presented in Chapter3. The main feature of the film surface was its lumpiness, - 

the higher the Ag concentration, the lumpier it was. Furthermore the main 

characteristic of fibrous membranes was their porosity. The fibrous structure, 

which consists of many fibers, has a larger surface area than that of the film. 
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Consequently, the larger surface area and the porosity are the main structural 

differences between the fibrous membranes and the films.  

4.3 Hydrophilicity  

The hydrophilicity of the scaffolds was determined by measuring the water 

contact angles of the scaffold surfaces. A smaller contact angle is indicative of a 

greater hydrophilicity.  

4.3.1 Method  

In this study, the hydrophilicity of scaffolds was tested by measuring the contact 

angle (θ, Figure 4.1) using a contact angle goniometer purchased from Ramé-hart 

Instrument Company and a Tantec model CAM-MICRO contact angle meter.  
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Figure 4.1 Sketch of contact angle (θ). The contact angle is the angle at which a liquid 

droplet (the blue part) interface meets the solid surface.  

Six samples for each group of the scaffolds were measured. Statistical values 

were expressed as means ± standard deviations. Statistical differences were 

determined by one-way Analysis of Variance (ANOVA). P values of less than 

0.05 were considered to be statistically significant.  

4.3.2 Results and discussion 

PLLA and Ag/PLLA films 
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Figure 4.2 Contact angles of the PLLA and Ag/PLLA films prepared with different silver 

nanoparticle concentrations. For the Ag/PLLA membranes, the higher the silver 

nanoparticle concentration, the greater was the contact angle.  

As shown in figure 4.2, the contact angles of the Ag/PLLA films increased with 

the Ag nanoparticle concentration. The average value of the contact angles of the 

films were shown in Table 4.1. 

Table 4.1 The contact angles of the films.  

Film PLLA 
0.5% 

Ag/PLLA 
2.5% 

Ag/PLLA 
5% 

Ag/PLLA 
7.5% 

Ag/PLLA 
10% 

Ag/PLLA 

Mean (º) 82.6 73.8 78.8 82.4 101.0 102.6 

However, compared to the PLLA films, the contact angle of the 5% Ag/PLLA 

films decreased slightly, while the contact angles of the 0.5% and 2.5% 
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Ag/PLLA films significantly decreased, and the 7.5% and 10% Ag/PLLA films 

significantly increased.  

PLLA and PLLA/keratin fibrous membranes 

The hydrophilicity of the electrospun PLLA and PLLA/keratin fibrous 

membranes was also characterized by measuring their water contact angles. The 

PLLA/keratin (2:1, 1:1, 1:2, 1:4 and 1:8, w/w) fibrous membranes are 

abbreviated as Pk21, Pk11, Pk12, Pk14 and Pk18. Because cell proliferation test 

will be performed on the membranes, the contact angles of both the 

non-sterilization and sterilization membranes were measured.  

Table 4.2 Contact angle values of the PLLA and Pk fibrous membranes measured before 

sterilization. 

Membrane PLLA PK21 PK11 PK12 PK14 PK18 

Mean (º) 127.5±0.5 110.8±3.9 120.6±3.5 118.7±7.8 113.2±3.4 102.7±8.7 
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Figure 4.3 Contact angles of the PLLA/keratin fibrous membranes measured before 

sterilization.  

From Table 4.2 and Figure 4.3, it can be seen that before sterilization, adding 

wool keratin particles into the PLLA caused a reduction in the contact angles of 

the membranes. As the proportion of keratin increased, the contact angle values 

decreased except for Pk21. Compared with the PLLA, the contact angle values 

for all the groups of the Pk membranes were significantly lower than those of the 

PLLA. Among the Pk membranes, there was no significant difference between 

Pk21 and Pk14, as well as Pk11 and Pk12. 
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Table 4.3 Contact angle values of the sterilized PLLA and PLLA/keratin fibrous 

membranes. 

Membrane PLLA Pk21 Pk11 Pk12 Pk14 Pk18 

Mean (º) 126.7±2.4 0 0 0 0 0 

 

Figure 4.4 The droplet shape changed during the measurement of the contact angles of 

the sterilized PLLA/keratin fibrous membranes until it was absorbed thoroughly. All the 

contact angles of the Pk fibrous membranes (Pk21, Pk11, Pk12, Pk14, Pk18) were 0º.  

All of the membranes were sterilized by ultraviolet irradiation for 20 minutes 

after being immersed in 70% ethanol for 1 hour. However, as shown in Table 4.3 

and Figure 4.4, after sterilization, the contact angle values for all the 

PLLA/keratin membranes were 0º, which meant that they were completely 

hydrophilic. This result confirmed that the process of sterilization was an 

important factor that affected the hydrophilicity of the scaffolds, especially the 

ethanol. As an organic solvent, ethanol can dissolve liposoluble substances. 

Consequently it probably dissolved the liposoluble substances that adhered to the 

PLLA/keratin membranes. Furthermore, after being immersed in the alcohol, the 

fibers became denser, which have may caused a stronger capillary absorption 

during the contact angle measurement. On the other hand, this result implies that 



 
Chapter4: Physical Properties 

 73 

the hydrophilicity will not make much difference to the properties for the 

different Pk fibrous membranes.  

4.4 Tensile properties 

The ability of a biomaterial to resist breaking under tensile stress is one of the 

most important properties for the skin substitutes. This property indicates how 

the skin substitute will react to tensile forces.  

4.4.1 Method  

The specimen size was set at 10mm×80mm before measuring the tensile 

properties. The specimen was clamped and extended by the two clamps of a 

tensile tester (Instron 4411 tensile tester). The distance between the top and bottom 

clamps was set to 50mm. The rate of extension was 10 mm/min. The tests were 

performed under standard temperature and humidity testing conditions viz. 

21±1ºC 60±3% R.H.  

Three samples for each group of membranes were measured for the tests of the 

tensile properties and moisture related properties. And statistical values were 

expressed as means ± standard deviations. Statistical differences were 

determined by one-way Analysis of Variance (ANOVA). P values of less than 

0.05 were considered to be statistically significant.  

4.4.2 Results and discussion  
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The tensile properties measured included two indices – the maximum load and 

maximum strain. As shown in Figure 4.5 and Figure 4.6, the tensile strength and 

elongation of the Pk membranes were significantly influenced by the keratin 

content. When the keratin concentration increased, the maximum load and 

maximum strain of the Pk membranes decreased significantly. When the mass 

proportion of the PLLA to keratin reached 1:8, the maximum load and strain 

were reduced to about 29.5% and 7.5% of the pure PLLA membrane 

respectively. 
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Figure 4.5 Maximum Load of the PLLA and Pk membranes: with increasing keratin 
concentration the maximum load of the membranes decreased gradually. 
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Figure 4.6 Maximum strains of the PLLA and Pk membranes: the maximum strain of the 
membranes decreased gradually as the keratin concentration increased.  

Figures 4.5 and 4.6, also showed that the PLLA membrane exhibited the highest 

maximum load and maximum strain. From the SEM images shown in Chapter 3, 

it can be seen that the electrospun PLLA fibers were continuous and smooth 

(Figure 3.15). However, as the proportion of keratin particles increased an 

increasing number of beads formed along the PLLA fibers. The PLLA part of the 

fiber which covered the keratin particles became much thinner than that of the 

pure PLLA fibers, which were unable to envelop the particles completely. These 

findings confirm that the tensile strength of the Pk membranes principally 

depended upon the proportion of PLLA, and the inclusion of the keratin cause 

the PLLA fibers to have thinner places and hence make the fibers weaker. 



 
Chapter4: Physical Properties 

 76 

Therefore, with an increasing keratin particle concentration, the tensile properties 

decreased significantly.  

Table 4.4 Cross-sectional area of the PLLA and Pk fibrous membranes.  

Membranes PLLA Pk21 Pk11 Pk12 Pk14 Pk18 

maximum load 

(cN)  
96.4±2.3 88.8±4.2 74.2±3.3 60.4±6.2 44.2±3.9 28.4±2.2 

Cross-sectional 

area (mm
2
)  

2.0±0.4 3.3±0.2 4.2±0.3 4.0±0.2 3.5±0.2 3.4±0.2 

Tensile strength 

(N/ mm
2
) 

48.2±7.1 26.7±0.6 17.8±0.5 15.1±0.8 12.5±0.6 8.3±0.4 

maximum 

strain (%) 
33.5±3.9 21.8±2.7 20.3±0.8 13.2±1.9 7.3±1.0 2.5±0.5 

In Chapter 2, the tensile properties were shown to alsoo be defined in terms of 

their tensile strength, which is the ultimate load divided by the cross-sectional 

area. As shown in Table 4.4, the maximum loads of the PLLA and Pk fibrous 

membranes were converted to their tensile strength.  
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Figure 4.7 Tensile strength of the PLLA and Pk membranes: with increasing keratin 

concentration showing that the tensile strength of the membranes decreased gradually.  

From Figure 4.7, it can be seen that, as the keratin proportion increased, the 

tensile strength decreased from 48.2-8.3 -N/mm
2
. According to the previous 

research, the tensile strength of skin ranges from 5N/mm
2
 to 30N/mm

2
 [Edwards 

and Marks, 1995]. Thus, the tensile strength of the Pk fibrous membranes 

(8.3-26.7N/mm
2
), was just within the limits of normal skin tensile strength. This 

finding suggested that the Pk fibrous membranes had suitable tensile strength 

mechanical properties to be used as a an acceptable matrix for skin substitutes.  

4.5 Moisture related properties 

4.5.1 Moisture content  
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Individuals who lose skin extensively are often in danger of fluid loss [Yannas 

and Burke, 1980]. This means that the moisture-related properties are also very 

important to the design of skin TE scaffolds. So, for the characterization of the 

moisture-related properties, the moisture content, water vapor permeability, 

moisture management properties were tested respectively for the PLLA and Pk 

fibrous membranes.  

Method 

The moisture content of the electrospun PLLA and Pk membranes was measured 

by drying them in an oven (Balance). The membranes were dried at 80 ºC for 

more than 24 hours until they had constant mass. This mass was designated as m0. 

Then, the dried specimens were put into a standard atmosphere for more than 24 

hours until the specimens were mass-constant and this mass was marked as mt. 

The moisture content was calculated using equation 4.1: 

Moisture content = (m0 - mt)/m0 × 100%  (eq. 4.1) 

Results and discussion 

The moisture content of the Pk membranes was affected significantly by the 

keratin concentration.  
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Figure 4.8 Moisture content of the PLLA and Pk membranes: with increasing keratin 

proportion showing that the moisture content of the Pk membranes increased. The 

moisture content of the membranes became relatively stable as the proportion of Pk12.  

As shown in Figure 4.8, as the proportion of keratin particles increased, the 

moisture content of the Pk membranes increased. This may imply a direct 

contribution of the keratin particles which are known to absorb moisture from the 

air. After the proportion of the PLLA/keratin reached 1:2, the moisture content of 

the membranes was almost constant indicating that this concentration of keratin 

particles seemed to make the moisture content of the membranes become 

relatively stable, at around 1.5 times the PLLA membrane moisture content. Thus, 

these results confirmed that the main factor which affected the moisture content 

of the membranes was the proportion of keratin particles in the Pk membranes.  
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4.5.2 Water vapor permeability   

Water vapor permeability is the rate of water vapor transmission per unit area per 

unit of vapor pressure differential under test conditions. The Pk membranes 

exhibited a good moisture content level, however, it was not known how much 

they could retain the moisture under a normal operating environment. Normal 

human skin has the ability to control its water vapor permeability in balance, 

according to the surrounding conditions. So, water vapor permeability is 

naturally another important parameter to consider when designing skin TE 

scaffolds.  

Method 

The water vapor permeability of the PLLA and Pk membranes were measured 

employing a Balance, wide-mouthcups. Water vapor permeability was expressed in 

terms of the mass-loss per unit area of water vapor permeated from the membranes 

during 24 hours in a standard atmosphere.  

Results and discussion 

It is evident from Figure 4.9 that there were no significant differences in the 

moisture vapor transmission between the PLLA and Pk membranes with 

different ratios of keratin particles.  
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Figure 4.9 Watervapor permeability of the PLLA and Pk membranes: no significant 

differences were observed between the PLLA membranes with different ratios of keratin 

particles. 

Since water vapor permeability has a close relationship with the porosity of 

materials, these results implied that the porosity of Pk membrane may have not 

changed much with an increase in the keratin proportion, although the keratin 

particles could enlarge the gaps formed between the fibers. Once a membrane is 

formed, its function is affected by the structural and morphological properties of 

the membrane such as porosity, pore size and distribution, transmembrane 

pressure and thickness [Gopal et al. 2006]. The membrane was composed of 

fibers randomly deposited in a mat with many layers. This may have caused the 

Pk membranes to have a similar porosity to the PLLA membranes. Consequently, 
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the water permeability of the PLLA and Pk membranes did not show a 

significant difference.  

When the vironmental conditions are maintained at a temperature around 23°C 

and a relative humidity of 40 to 50% RH in still air, water is lost at a rate of 0.1 

to 0.2 mg/cm2/hr from the full thickness of abdominal skin, and the dermal part 

of the skin loses water at the rate of 10.0 to 15.0 mg/cm2/hr [Blank, 1952]. 

According to the results from these tests, the water vapor permeability values of 

the PLLA and Pk fibrous membranes ranged from 2.6 to 2.8 mg/cm2/hr. This 

finding implied that these fibrous membranes potentially possessed good water 

permeability. So, it can be supposed that, after culturing enough skin cells until 

they covered the whole membrane, it should be possible to obtain an ideal skin 

scaffold with good permeability. 

4.5.3 Moisture management property 

The moisture management property is the fabric liquid moisture transport 

property in multiple dimensions. This property significantly influences human 

perceptions of moisture sensations. Thus, biomaterials which are going to be 

used on the human body require good moisture transport properties.  

Method 

Moisture management testing consists of dropping definite water on specimen 

top surface and calculating the relative indices of the spreading status of water on 
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both the top and bottom surfaces. A specimen with an excellent moisture 

management capacity will transport all the dropped water from the top to bottom, 

and keep the top surface dry.  

The moisture management property of the PLLA and Pk membranes was 

characterized by using a new MMT Tester reported in Hu et al’s study (2005). 

The specimens were cut into 80mm × 80mm squares. The pumping time of the 

testing water was 20 seconds and the measuring time was 120 seconds (120s).  

Results and discussion 

The moisture management property principally characterized the moisture 

absorption, spreading and one-way transport properties of the Pk membranes. 

The property was mainly evaluated by the following indices: moisture wetting 

time on the top and bottom surface; the maximum moisture absorption rate on 

the top and bottom surface; the maximum wetted radius on the top and bottom 

surface; the moisture spreading speed on the top and bottom surface and the 

accumulative one-way transport index. All the results are shown in Figures 4.10 

to Figure 4.14. 
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Figure 4.10 Wetting times of the PLLA and Pk membranes: the wetting time of the bottom 

surface of the PLLA membrane was 120s, which meant that the bottom surface was not 

wet; the top surface of the Pk21 membrane was almost dry. For the other Pk membranes, 

both top and bottom surfaces became wet in a short time (less than 30s).  

Figure 4.10 shows the wetting times of the PLLA and Pk membranes. The 

wetting time of the bottom surface of the PLLA membrane was 120s, this result 

meant that the bottom surface of the PLLA membrane did not become wet. The 

top surface of the Pk21 membrane was almost dry, this means that the water 

transfer was very fast and complete from the top to the bottom surface. For the 

other Pk membranes, both the top and bottom surfaces became wet in less than 

30s.  
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Figure 4.11 Max absorption rates of the PLLA and Pk membranes: the water absorption 

rates of the membrane top surfaces were quite low, especially for the Pk21 membrane. 

However, the water absorption rates of the membrane bottom surfaces were very high 

except for the PLLA membrane.  

As shown in Figure 4.11, the maximum absorption rates of the membrane top 

surfaces were very low, especially for the Pk21 membrane. Conversely, the water 

absorption rates of the membrane bottom surfaces were very high except for the 

PLLA membrane. However, there were no significant differences between any of 

the membranes. 
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Figure 4.12 Max wetted radiuses of the PLLA and Pk membranes: the wetted radius of 

the PLLA bottom surface was zero; all the water transported to the Pk21 bottom surface, 

so the wetted radius of the top surface was zero; except for the PLLA and Pk21 

membranes, the top and bottom surfaces of the membranes had similar wetted radii; the 

Pk18 membrane had the largest wetted radius.  

Keratin particles are hydrophilic, those membranes containing keratin particles 

were more hydrophilic than the PLLA membrane; for the Pk21 membrane, water 

shifted from the top to bottom surface quickly even without spreading on the top 

surface. Apart from the Pk11, the membranes were hydrophilic and water was 

absorbed and spread on both the top and bottom surfaces. The Pk18 membrane 

indicated the largest max wetted radius and spreading speed value (Figure 4.12 

and Figure 4.13).  
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Figure 4.13 Spreading speed of the PLLA and Pk membranes: the spreading speed of 

the PLLA bottom surface was zero; the spreading speed of the Pk21 top surface was 

zero; the spreading speed of both the top and bottom surfaces of the Pk11, Pk12, Pk14 

were similar; however the spreading speed on the Pk18 bottom surface was higher than 

the top surface. 
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Figure 4.14 Accumulative one-way transport index (AOWTI) of PLLA and Pk membranes: 

the PLLA membrane had the lowest AOWTI; adding keratin to the membrane improved 

the AOWTI; Pk21 membrane had the highest AOWTI.  

The PLLA membrane was hydrophobic and water drops could not be absorbed 

from the top to the bottom surface. Therefore, the pure PLLA membrane's top 

surface showed a specific wetting time, a maximum absorption rate, a maximum 

wetted radius and spreading speed value, but the bottom surface did not show 

any values. Thus, because of its hydrophobic property, PLLA membrane had the 

weakest moisture one-way transport property. Accordingly, adding keratin 

particles to PLLA improved the one-way transport index of the membranes. 

However, the one-way transport properties were not increased proportionally, as 

shown in Figure 4.14, Pk21 showed the highest one-way transport index.  
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To avoid infection, an appropriate moisture content in the wound bed is 

necessary for a graft to contact and spread over the wound area and displace the 

air-pockets from the interface [Yannas and Burke, 1980]. Therefore, an 

appropriate rate of moisture flux through the skin TE scaffold is required by the 

effective wound closure. In this respect, the Pk fibrous membranes showed 

relevant moisture related potential.  

4.6 Conclusions 

In this chapter, the first objective was fulfilled by characterizing the physical 

properties of the Ag/PLLA films and the Pk membranes. As the Ag NPs 

concentration increased, the contact angles increased. For the Pk fibrous 

membranes with an increasing proportion of keratin particles, the tensile strength 

and elongation decreased, while their moisture content increased. Their water 

vapor permeability was not significantly influenced by the keratin content. Thus, 

it can be concluded that the Pk membranes were more hydrophilic than the 

PLLA membranes, because of the keratin particles that they contained. 

Furthermore, these fibrous membranes potentially possessed good water 

permeability. So, it can be postulated that, after culturing enough skin cells until 

they covered the whole membrane, it should be possible to create an ideal skin 

scaffold with good permeability. Thus, based on the results of the tests, 

especially the tensile properties and moisture related properties, it can be 
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suggested that the Pk fibrous membranes with a suitable proportion of keratin 

particles can possibly provide an optimal matrix for skin substitutes.  
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5.1 Introduction 

This Chapter aims to complete the second objective: To examine the in vitro 

degradation of PLLA and PLLA/keratin (Pk) membranes. According to the 

results obtained in this process and the physical properties of the scaffolds 

described in Chapter 4, the relationship between them will be analyzed.   

5.2 Process of in vitro degradation 

The PLLA and PLLA/keratin membranes were studied for in vitro degradation. 

Firstly the process of in vitro degradation will be introduced, then, the 

degradation of PLLA/keratin fibrous membranes will be discussed and 

explained.  

5.2.1 Materials and instrument  

This experiment mainly used phosphate buffer saline (PBS, pH=7.4) purchased 

from Invitrogen, and a water bath. In this study, the Pk11 fibrous membrane was 

selected for the in vitro degradation experiment.  

5.2.2 Process of in vitro degradation 
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Six groups of electrospun PLLA/keratin membranes (15mm×15mm) were 

prepared with six samples in each group. Each sample was immersed in 50mL 

PBS contained in a wide mouth ampoule.  

 

Figure 5.1 Sketch of the in vitro degradation experiment which proceeded in a 37 ºC 

water bath. The time intervals were 3hr, 1d, 3d, 7d, 14d and 28d. 

As shown in Figure 5.1, the ampoules with the samples and the PBS were put in 

a vibrating water bath set at 37ºC of temperature for 4 weeks. The PBS in the 

ampoules was changed daily for the first week, then changed once at the tenth 

day and fourteenth day respectively, and finally changed weekly for the rest of 

the remaining period. Each sample was removed from the PBS, rinsed with 

distilled water, and vacuum dried for 24 hours at each appropriate time point as 

shown in Figure 5.1. Then, the dried samples were tested to measure the keratin 

releasing rate to evaluate the degradation of the membrane.  

5.3 Degradation of PLLA/keratin fibrous membranes 

5.3.1 Keratin releasing rate 
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The PLLA/keratin samples were analysed using Fourier Transform Infrared 

spectroscopy (FTIR, Nicolet 5700, Thermo Co. USA) before and after 

degradation. As described in Chapter 3 (Figure 3.16), the FTIR spectra of pure 

PLLA had no peaks from 1700 to 1500 cm
-1

. For the PLLA and keratin 

composite membrane’s FTIR spectrum, two peaks were evident at 1630 cm
-1

 and 

1550 cm
-1

 corresponding to the keratin. The characteristic peaks of PLLA and 

keratin do not overlap, so they can be employed to evaluate the ratio of PLLA 

and keratin in the composite membranes.  

The characteristic peaks of the PLLA and keratin were used to calculate their 

ratios after different degradation periods. Samples with different ratios of PLLA 

and keratin were tested by FTIR to determine the ratio of their absorption 

coefficients (k). Then, the percentage of PLLA (CP) and keratin (Ck) were 

calculated using the following equations 5.1:  

Rk

R
CP


 x 100% ，

Rk

k
Ck


 .x 100%    (eq. 5.1) 

where R is the ratio of the absorbances of the PLLA (Ap) and the keratin (Ak):

k

P

A

A
R  .  
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Figure 5.2 FTIR spectra of the electrospun PLLA/keratin membranes during the 
degradation period. The amplitude of the characteristic peaks of keratin (1630cm-1 and 
1550cm-1 indicated by arrows) decreased correspondingly.  

 
Figure 5.3 Percentage of keratin in the electrospun PLLA/keratin plotted against 
degradation time.  
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As Figure 5.2 shows, during the degradation period, the amplitude of the 

characteristic peaks of the keratin decreased correspondingly. According to the 

reduction in the absorbance shown in the FTIR spectra, the percentage of keratin 

in the composite was calculated using the equations 5.1. As shown in Figure 5.3, 

after the first three hours of degradation, more than half of the keratin particles 

were lost from the membrane. During the subsequent periods of degradation, the 

rate of keratin release slowed down. After 28 days of degradation, there remained 

only about 8% keratin particles in the PLLA/keratin membrane.  

5.3.2 Morphological change  

The morphological change in the PLLA/keratin fibers was observed using SEM. 

The average diameter of the keratin particles used for the electrospinning was 

1.5±0.3μm. The average diameter of the PLLA fibers was 1.1±0.6μm which was 

randomly evaluated from 100 measurements according to the SEM images. As 

shown in Figure 5.4, keratin particles were encapsulated in the PLLA fibers 

which formed PLLA/keratin fibers with evenly distributed keratin particle beads.  
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Figure 5.4 SEM of an electrospun PLLA/keratin fibrous membrane Which shows that the 

keratin particles were encapsulated by the PLLA to form PLLA/keratin composite fibers. 
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Figure 5.5 SEM image of the electrospun PLLA/keratin fibrous membrane after 3 hrs 

degradation. Some keratin particles were lost (directed by white arrows) and some were 

still embedded in the PLLA (directed by black arrows). 

As a composite membrane, the releasing performance of the keratin from the 

PLLA fibers was anticipated to be an important factor that would affect 

subsequent cell attachment and proliferation. The FTIR results showed that more 

than half of the keratin particles were lost from the PLLA/keratin membrane 

within a few hours of in vitro degradation. This fast release may be related to two 

factors. Firstly, because the particle size was larger than the diameter of PLLA 

fibers, the keratin particles were only covered with a very thin PLLA layer or, in 

some cases, not even completely encapsulated, so that these particles could be 

easily peeled off as indicated by the white arrows in Figure 5.5. Secondly, the 

keratin particles were water-soluble and gradually dissolved in the PBS (Figure 

5.6).  
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Figure 5.6 Macroscopic observation of the in vitro degradation of the keratin fibrous 

membranes. (A) Before submersion; (B) After submersion in PBS for 5 days.  

The smaller diameter keratin particles were completely encapsulated in PLLA so 

that they were not initially exposed to the PBS (indicated by the black arrows in 

Figure 5.5). These keratin particles were expected to be gradually exposed and 

released with the degradation of the PLLA. This kind of PLLA/keratin structure 

would help to provide sufficient keratin to continuously support the cell affinity 

for the PLLA fibers during long term f cell culture.  

5.3.3 Discussion  

This chapter considered the in vitro degradation of electrospun PLLA/keratin 

composite membranes. As a candidate material for in vivo tissue regeneration, 

this study showed that it was possible to produce PLLA membranes 

incorporating keratin particles that were still biodegradable. Although more than 

half of the keratin particles were released during the initial degradation stage, 

there were still some keratin particles entrapped in the PLLA fibers after 4 weeks, 

which may remain the releasing during a long time to assist in the cell 
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proliferation and the degradation controllable. On the basis of the results for the 

physical properties of the PLLA/keratin membranes, it can be suggested that the 

hydrophilicity should affect the in vitro degradation of the scaffolds. In other 

words, as the proportion of wool keratinin the PLLA/keratin membranes 

increased, they became more hydrophilic, which enhanced the ability of the 

PLLA/keratin fibrous membranes to absorb water. On the other hand, the 

inclusion of the keratin particles reduced the tensile strength and elongation; this 

may cause faster fracture of the PLLA/keratin fibers to enhance the 

biodegradability of the membranes.  

5.3.4 Conclusions    

In this Chapter, the second objective was achieved by examining the in vitro 

degradation. The study indicates that the keratin encapsulated within the PLLA 

structure would affect the degradability of the PLLA/keratin fibrous membrane. 

Furthermore the decreasing tensile strength and elongation with the increasing 

proportion of keratin particles may cause faster degradation of the PLLA/keratin 

fibers.  
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CHAPTER 6: CYTOTOXICITY 
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6.4 Cytotoxicity of the Ag/PLLA films and fibrous membranes ................ 102 

6.5 The Cytotoxicity of the PLLA/keratin fibrous membranes .................. 118 

6.1 Introduction   

Chapter 6 aims to fulfill the third objective by testing the cytotoxicity of the 

Ag/PLLA films, the Ag/PLLA and the PLLA/keratin fibrous membranes, and 

exploring the relationship between their properties and their cytotoxicity.  

The consideration of cytotoxicity must be taken into account when evaluating the 

safety of TE scaffolds. So, the cytotoxiciy test is an important screening process 

for tissue engineering scaffolds. In this study, the MTS method was applied to 

test the cytotoxicity of the Ag/PLLA films, Ag/PLLA and the PLLA/keratin 

fibrous membranes. To explore the mechanism of the cytotoxicity of the 

scaffolds, the relationship between the properties and the cytotoxicity has been 

evaluated by analyzing the correlation between them.  

6.2 Cytotoxicity test  

According to the standard, EN ISO 10993-12:2007, sterilized membranes were 

rinsed with PBS three times, then immersed in a culture medium at a ratio of 

6cm
2
/mL for films and 0.1g/mL for fibrous membranes. This culture medium 

was kept in an incubator at 37°C for 24 hours to produce the extractions. The 

extraction is the term used for the culture medium that contains the substances 

released from the scaffolds in one day. This medium can help to test not only the 

cytotoxicity of the immersed scaffolds, but also the probable release rate of the 
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raw materials. The extractions of the films and membranes were subsequently 

used for cell culturing (Figure 6.1). The PLLA extraction was used as a reference 

control.  

 

Figure 6.1 Flowchart for the cytotoxicity test of materials.  

Cells (25μL) at a density of 410
5 

cells/mL were seeded in a 96-well plate, to 

which membrane extraction and normal culture medium were added. The 

medium was changed every two days. Morphological changes of the cells were 

observed through an inverted microscope and the cell viability was determined 

by MTS assay at an optical density measurement of 492nm. For morphological 

observation, the cells were seeded at a density of 210
4 

cells/well in a 24-well 

plate.  

6.3 Statistical analysis 

Values were expressed as means ± standard deviations. Statistical differences 

were determined by one-way Analysis of Variance (ANOVA). P values of less 

than 0.05 were considered to be statistically significant.  
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6.4 Cytotoxicity of the Ag/PLLA films and fibrous membranes 

To determine the cytotoxic effects of the Ag/PLLA films and fibers, cytotoxicity 

tests were performed using the extractions of films and fibrous membranes.  

6.4.1 Cell line 

Human foreskin fibroblasts (HFF-1, ATCC) were used in this study. The 

cytotoxicity tests followed the steps described in section 6.2 Cytotoxicity test. 

6.4.2 Results  

Cytotoxicity of Ag/PLLA films 

Human foreskin fibroblasts were cultured at a density of 110
4 

cells/well 

(Figures 6.2 to 6.7) and 210
4 

cells/well (Figures 6.8 to 6.14) respectively to 

study the effects of cell seeding number on cell morphological changes. The cells 

were then seeded in 24-well plates in the extractions of: PLLA, 0.5% Ag/PLLA, 

2.5% Ag/PLLA, 5% Ag/PLLA, 7.5% Ag/PLLA and 10% Ag/PLLA films. Cell 

morphology was observed after the cells had been immersed in the extractions 

for one hour and one day respectively.  
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Figure 6.2 Inverted microscopic images of cells cultured with (A) Culture medium; (B) 0.5% 

Ag/PLLA extraction for 1h; (C) 0.5% Ag/PLLA extraction for 1d (x100).  

 

Figure 6.3 Inverted microscopic images of cells cultured with (A) Culture medium; (B) 2.5% 

Ag/PLLA extraction for 1h; (C) 2.5% Ag/PLLA extraction for 1d (x100).  
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Figure 6.4 Inverted microscopic images of cells cultured with (A) Culture medium; (B) 5% 

Ag/PLLA extraction for 1h; (C) 5% Ag/PLLA extraction for 1d (x100).  

 

Figure 6.5 Inverted microscopic images of cells cultured with (A) Culture medium; (B) 7.5% 

Ag/PLLA extraction for 1h; (C) 7.5% Ag/PLLA extraction for 1d (x100). 
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Figure 6.6 Inverted microscopic images of cells cultured with (A) Culture medium; (B) 10% 

Ag/PLLA extraction for 1h; (C) 10% Ag/PLLA extraction for 1d (x100). 

 

Figure 6.7 Inverted microscopic images of cells cultured with (A) Culture medium; (B) 

PLLA extraction for 1h; (C) PLLA extraction for 1d (x100). 



 
Chapter 6: Cytotoxicity 

 

 

106 

As shown in Figures 6.2 to 6.7, the cytotoxic effects had already started after one 

hour’s culture, and became worse in one day, especially in the extractions of the 

7.5% Ag/PLLA and 10% Ag/PLLA films. However, in the extraction of the 5% 

Ag/PLLA film, although the cell morphology was changed, some stretched cells, 

which indicated them to be highly viable could still be observed. In the 

extractions of the PLLA, 0.5% Ag/PLLA, 2.5% Ag/PLLA films there were no 

obvious changes in the cell shapes.  

 

Figure 6.8 Inverted microscopic images of cells cultured with (A) Culture medium (B) 0.5% 

Ag/PLLA extraction for 1d (C) 0.5% Ag/PLLA extraction for 3d (x100). 
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Figure 6.9 Inverted microscopic images of cells cultured with (A) Culture medium (B) 2.5% 

Ag/PLLA extraction for 1d (C) 2.5% Ag/PLLA extraction for 3d (x100). 

 

Figure 6.10 Inverted microscopic images of cells cultured with (A) Culture medium (B) 5% 

Ag/PLLA extraction for 1d (C) 5% Ag/PLLA extraction for 3d (x100). 
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Figure 6.11 Inverted microscopic images of cells cultured with (A) Culture medium (B) 7.5% 

Ag/PLLA extraction for 1d (C) 7.5% Ag/PLLA extraction for 3d (x100). 

 

Figure 6.12 Inverted microscopic images of cells cultured with (A) Culture medium (B) 10% 

Ag/PLLA extraction for 1d (C) 10% Ag/PLLA extraction for 3d (x100). 
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Figure 6.13 Inverted microscopic images of cells cultured with (A) Culture medium (B) 

PLLA extraction for 1d (C) PLLA extraction for 3d (x100).  

 

Figure 6.14 Morphological changes of cells cultured with different extractions after one 

day’s culture. (A) PLLA (B) 0.5% Ag/PLLA (C) 2.5% Ag/PLLA (D) 5% Ag/PLLA (E) 7.5% 

Ag/PLLA (F) 10% Ag/PLLA. Morphological changes and detachment of the cells were 

observed in the extractions 7.5% and 10% Ag/PLLA films (x100). 

As Figures 6.8 to 6.14 show, the morphology of cells cultured in the extractions 

of the 7.5% Ag/PLLA and 10% Ag/PLLA films was remarkably changed. 
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Conversely no or little changes were evident in the cells cultured in the PLLA, 

0.5% Ag/PLLA, 2.5% Ag/PLLA and 5% Ag/PLLA after one day’s culture 

Furthermore, the cells cultured in these extractions were highly proliferated after 

three days. From the results shown above, it can be seen that the as the number of 

cells seeded increased, the cell viability increased. As shown in Figure 6.14, the 

detached cells indicated that the 7.5% and 10% Ag/PLLA films were toxic to the 

cells.  

 

Figure 6.15 MTS assay results of cell proliferation with different extractions (492nm). The 

7.5% and 10% Ag/PLLA film extractions inhibited cell proliferation, while the 5% Ag/PLLA 

extraction increased the cell number significantly ( P < 0.05).  

In accord with the results shown in Figure 6.14, the results shown in Figure 6.15 

indicate that the 7.5% and 10% Ag/PLLA film extractions inhibited cell 

proliferation, while the 5% Ag/PLLA extraction increased the cell number 

significantly. These results implied that only the 0.5%, 2.5% and 5% Ag/PLLA 
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film extractions were safe to use with the cells. So, these films were selected for 

the subsequent antibacterial and cell proliferation tests.  

Cytotoxicity of Ag/PLLA fibrous membranes 

The cytotoxicity of the Ag/PLLA fibrous membranes was also tested using the 

extractions of the membranesby following the procedure described in section 6.2.  

From Figure 6.16, it could be concluded that, compared with the cells cultured in 

the extractions of the Ag/PLLA films, the cells cultured in the extractions of the 

Ag/PLLA fibrous membranes showed more morphological damage. Dead cells 

were observed in the extractions of the 2.5% Ag/PLLA, 5% Ag/PLLA, 7.5% 

Ag/PLLA, and 10% Ag/PLLA membranes. Furthermore, in the extractions of the 

7.5% Ag/PLLA and the 10% Ag/PLLA membranes, no living cells could be 

observed at all. In the extraction of the 5% Ag/PLLA, although there were not 

many, there were still a few stretched living cells visible, and more were seen in 

the extractions of the 2.5% Ag/PLLA and the 0.5% Ag/PLLA membranes. In the 

extraction of the 0.5% Ag/PLLA membrane, the number and shape of living cells 

were almost the same as the cells cultured in the PLLA extraction.  
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Figure 6.16 Inverted microscopic images of cells cultured with different extractions: (A) 

PLLA; (B) 0.5% Ag/PLLA membranes; (C) 2.5% Ag/PLLA membranes; (D) 5% Ag/PLLA 

membranes; (E) 7.5% Ag/PLLA membranes; (F) 10% Ag/PLLA membranes. (G) Before 

adding extractions of Ag/PLLA fibrous membranes (x100).  
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Figure 6.17 Cell viability of the cells cultured with the extractions of the PLLA and 

Ag/PLLA membranes.  

Similar to the findings in Figure 6.16, the results for cell viability tested by MTS 

assay shown in Figure 6.17, indicated that, although the viability was 

significantly lower than that of the cells cultured in the PLLA extraction, the 

viability of the cells cultured in the 0.5% Ag/PLLA and the 2.5% Ag/PLLA 

extractions was significantly higher than that of the cells in the other extractions 

(Figure 6.17). These results supported the thought that the fibers probably 

released more Ag NPs from the Ag/PLLA fibrous membranes than were released 

from the Ag/PLLA films. Consequently, the membranes would need fewer Ag 

NPs than the films to have a similar cytotoxicity level. From the opposite point 

of view, this also implied that the Ag/PLLA fibrous membranes would be more 

efficient and economical for antibacterial activity.  
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6.4.3 Discussion 

Tissue engineering scaffolds for medical applications have to fulfill two 

preconditions: They must be both non-cytotoxic and effective in reducing the 

possibility of infections [Gaonkar et al, 2003; Li et al, 2006; Morris and Stickler, 

1998; Shan et al, 2008; Walder et al, 2002;]. This chapter has mainly discussed 

the cytotoxicity property of the scaffolds. The antibacterial test will be 

considered in Chapter 8.  

The cytotoxicity of Ag NPs has been studied extensively during the last decade. 

Braydich-Stolle et al studied the cytotoxicity of nanoparticles in the germ line in 

vitro, and found that 15nm Ag NPs induced dramatic changes in the cells at 

concentrations of 10µg/mL and above, where the cells were observed to be 

necrotic and detached from the culture dishes [Braydich-Stolle et al, 2005]. Also, 

smaller Ag NPs were more toxic than larger particles. Xiong et al found that, 

when the diameter of the Ag NP was less than 100nm, over 50µg/mL of Ag NPs 

caused obvious morphological changes [Xiong et al, 2007]. Another study 

showed that when the cells were exposed to Ag NPs at 5-50 µg/mL, 

mitochondrial function decreased significantly [Hussain et al, 2005]. Kim et al 

found that more than 300 mg/kg (300µg/mL) of Ag NPs might cause slight liver 

damage [Kim et al, 2008]. Consequently, when the morphological changes 

occurred, the Ag NPs concentration of the extractions was probably more than 

50µg/mL.  

As described in the cytotoxicity tests, the extractions were obtained by 

immersing the scaffolds in a culture medium at a ratio of 6cm
2
/mL for films, and 

0.1g/mL for fibrous membranes. The concentrations of Ag NPs for each 



 
Chapter 6: Cytotoxicity 

 

 

115 

immersed scaffold are shown in Table 6.1 derived according to the calculation of 

the Ag NPs content described in Chapter 3.  

Table 6.1 The concentration of the Ag NPs for each immersed scaffold.  

Film Ag NPs content 
(µg/mL) 

Fibrous 
membrane 

Ag NPs content 
(µg/mL) 

10% Ag/PLLA 1800 10% Ag/PLLA 10000 

7.5% Ag/PLLA 1350 7.5% Ag/PLLA 7500 

5% Ag/PLLA 900 5% Ag/PLLA 5000 

2.5% Ag/PLLA 450 2.5% Ag/PLLA 2500 

0.5% Ag/PLLA 90 0.5% Ag/PLLA. 500 

According to the data shown in Table 6.1 and the cells' morphological changes 

shown in the figures above, it may be assumed that the concentration of the Ag 

NPs in the 5% Ag/PLLA film and the 0.5%Ag/PLLA fibrous membrane 

extractions would be around 50µg/mL. Consequently, it could be calculated that, 

after 24 hours immersing in the culture medium, the Ag NPs release rate of these 

two scaffolds would be 5.6% (50µg/mL / 900µg/mL x100% ≈ 5.6%) for the 5% 

Ag/PLLA film, and 10% for the 0.5% Ag/PLLA fibrous membrane. Based on 

this calculation, it may be inferred that the fibrous membranes released about 

twice the Ag NPs than the films. In other words, compared with the films, the 

Ag/PLLA fibrous membranes with the same Ag NPs concentration had more 

cytotoxic effects on the cells.  
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Figure 6.18 The linear relationship between the contact angle values and the absorbance 

of cell proliferation in the extractions of the PLLA and Ag/PLLA films (r = -0.98, P < 

0.05).  

As shown in Figure 6.18, the value of the linear correlation coefficient between 

the contact angle and the absorbance of cell proliferation on the Ag/PLLA films 

was -0.981. Consequently, the contact angle values and cell proliferation had a 

strong negative linear correlation. Thist meant as the hydrophobicity of the 

scaffolds increased, the number of cells that grew on the scaffolds decreased. In 

other words, as the contact angle values increased, the Ag/PLLA films become 

more cytotoxic. The understanding of the precise mechanism of this phenomenon 

remains to be further explored.  

 



 
Chapter 6: Cytotoxicity 

 

 

117 

6.4.4 Conclusions  

In this part, the third objective was partially achieved by analyzing the 

cytotoxicity and the relationship between the cytotoxicity and hydrophilicity of 

the scaffolds. On the basis of the observations, it could be concluded that the 

concentration of the Ag NPs affected the cytotoxicity of the scaffolds in a 

proportional relationship. The cytotoxicity of the scaffolds increased as the 

concentration of the Ag NPsincreased. Furthermore, the hydrophilicity and cell 

proliferation of the scaffolds had a strong negative linear correlation. 

Consequently, the optimal proportion of the Ag NPs and the PLLA for 

non-cytotoxicity was considered to be 5% (w/w) for the films, and 0.5% (w/w) 

for the Ag/PLLA fibrous membranes. In the extraction of the 2.5% Ag/PLLA 

membrane, there were some living cells that could be seen, and in the extraction 

of the 5% Ag/PLLA membrane, although there were not many, there were still a 

few stretched living cells visible. Consequently, it was concluded that the Ag 

NPs concentration of the Ag/PLLA membranes should be less than 5% (w/w) at 

most.  

The probable release rate of the Ag NPs from the different scaffolds was also 

found. The Ag/PLLA fibrous membranes had a much higher release rate of Ag 

NPs than the Ag/PLLA films. This implied that, compared with the films, the 

Ag/PLLA fibrous membranes would use less Ag NPs for a comparable 

antibacterial activity with the same level of cytotoxic effects on the cells. This 

finding would provide the evidence to determine the Ag NPs dosage to fabricate 

the scaffolds for medical applications. Meanwhile, the actual mechanism of the 
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Ag NPs’ action on the cells was not been elucidated. Therefore, further 

investigation into the effects of Ag NPs on cells is necessary. 

6.5 The Cytotoxicity of the PLLA/keratin fibrous membranes 

6.5.1 Cell line  

Mouse osteoblasts (MC3T3, ATCC) were used for this study. The cytotoxicity 

tests followed the steps described in section 6.2 Cytotoxicity test. 

6.5.2 Cell adhesion 

Osteoblasts (MC3T3, ATCC) used in this study were maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS, 

Invitrogen, USA) in a 37°C and 5% CO2 incubator. The medium was replaced 

twice weekly. All of the membranes were sterilized by ultraviolet irradiation for 

20 minutes after being immersed in 70% ethanol for 1 hour. Each membrane was 

seeded with 210
4
 cells and kept in the incubator for one day. An MTS assay 

was employed to assess the cell adhesion on the membranes. 

6.5.3 Scanning electron microscopy (SEM) 

Electrospun fibrous membranes with cells were coated with gold and then their 

morphologies were observed by scanning electron microscopy (JEOLJSM-6335F, 

20kV).  

6.5.4 Results  

To determine the cytotoxic effects of the Pk fibrous membranes, cytotoxicity 

tests were performed using the membrane extractions.  
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Figure 6.19 Morphological changes of cells cultured with different extractions of Pk 

fibrous membranes. Morphological changes and detachment of the cells were observed 

in the extractions of Pk12, Pk14 and Pk18 membranes through an inverted microscope.  

The morphological changes and detachment of the cells were observed through 

an inverted microscope. As shown in Figure 6.19, the extractions of the Pk12, 

Pk14 and Pk18 membranes inhibited cell proliferation, whereas the extractions of 

the Pk21 and Pk11 membranes did not change the cell morphology significantly, 

which implied that these two membranes were suitable for cell proliferation.  

Cell adhesion was also observed as a direct method for testing the cytotoxicity of 

the Pk membranes. Cells were cultured on the PLLA and Pk membranes for one 

day before applying an MTS assay for checking the cell adhesion (Figure 6.20).  
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Figure 6.20 MTS assay results for cell adhesion on the PLLA and Pk fibrous membranes. 

Pk21 cell adhesion was significantly higher than that of the other Pk membranes and 

there was no significant difference between the Pk21 and PLLA membranes.  

As shown in Figure 6.20, the cell adhesion of Pk21 was significantly higher than 

that of the other Pk membranes and there was no significant difference between 

the Pk21 and the PLLA membranes.  
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Figure 6.21 SEM images of Pk fibrous membranes with cells cultured for three days. 

Cells were seen stretched and spread like translucent films on the PLLA, Pk21 and Pk11 

membranes (arrows); few cells were seen on the Pk12, Pk14 and Pk18 membranes.  

In addition, cells were cultured on the membranes for three days to observe cell 

adhesion through SEM. In accord with the MTS assay results, confluent cells 

were seen to stretch and spread spanning across the fibers as translucent films on 

the PLLA, Pk21 and Pk11 membranes (Figure 6.21, yellow arrows), while 

confluent cells were hard to be seen on the other Pk membranes.  
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6.5.5 Discussion  

In vitro cytotoxicity tests were performed using the extractions of the membranes 

to determine the cytotoxicity of the membranes. The Pk12, Pk14 and Pk18 

membranes were found to inhibit cell proliferation. The cells cultured in the 

extractions of these three membranes underwent significant morphological 

changes, and very few cells could be seen through the inverted microscope.  

 

Figure 6.22 The linear relationship between the wool keratin concentration and the cell 

adhesion of the PLLA and Pk fibrous membranes ( r = -0.91, P < 0.05).  

As shown in Figure 6.22, the cell adhesion reduced significantly as the keratin 

concentration increased, Furthermore, the cell adhesion had a significant negative 

correlation with the keratin concentration. These findings suggested that the high 

concentrations of wool keratin could be cytotoxic. In addition, the cell adhesion 

result for the Pk21 membrane was significantly higher than that of the other Pk 
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membranes. Although it was not obvious, the Pk11 membrane also showed the 

potential for cell adhesion in the SEM images. These results implied that a wool 

keratin concentration higher than Pk11, would be cytotoxic.  

On the other hand, according to the results shown in Chapter 4, the Pk 

membranes had the same contact angle values after sterilization, so, it seems that 

for Pk membranes, the cytotoxicity had no correlation with their hydrophilicity. 

However, the cytotoxicity of the Pk membranes had high correlation with some 

of the other properties of the scaffolds (Figures 23 to 26). 

 

Figure 6.23 The linear relationship between the max load and the cell adhesion of the 

PLLA and Pk fibrous membranes ( r = 0.97, P < 0.05).  



 
Chapter 6: Cytotoxicity 

 

 

124 

Figure 6.24 The linear relationship between the max strain and cell adhesion of the PLLA 
and Pk fibrous membranes (r = 0.92, P < 0.05).  

 
Figure 6.25 The linear relationship between the moisture content and cell adhesion of the 
PLLA and Pk fibrous membranes (r = -0.78, P < 0.05).  
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Figure 6.26 The linear relationship between the water vapor permeability and the 

absorbance of cell adhesion of PLLA and Pk fibrous membranes (r = 0.27, P > 0.05).  

The values of the linear correlation coefficients between the physical properties 

and cell adhesion of Pk membranes are shown in Figures 6.23 to 6.26. The 

results showed that the cell adhesion on the Pk membranes had a strong positive 

linear correlation with the maximum load and maximum strain, while it had a 

strong negative linear correlation with moisture content. The cell adhesion of 

these membranes had a very weak positive correlation with water vapor 

permeability. These results indicated that as the tensile strength decreased or the 

moisture content increased, fewer cells adhered to the Pk membranes. In other 

words, the tensile strength and moisture content influenced the cell adhesion of 

Pk membranes.  

       Water vapor permeability (g/m
2
∙24hours) 
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McClary et al suggested that the culture surfaces could modulate cell adhesion, 

which would help the spread and growth of cells [McClary et al, 2000]. From the 

degradability experiment results in this study, it was found that, after the first 

three hours of degradation, more than half of the keratin particles were lost from 

the Pk membranes. Therefore, as the extractions of the Pk membranes were 

obtained after twenty four hours immersion, the extraction must have contained a 

considerable amount of wool keratin. This keratin might have covered a part of 

the culture surface, which would reduce the surface area for cell adhesion, so that 

the subsequent cell proliferation would be inhibited.  

6.5.6 Conclusions  

In this Chapter, the third objective was achieved by analyzing the cytotoxicity 

and the relationship between the cytotoxicity and the properties of the scaffolds. 

According to the results, the safe concentration of wool keratin must be less than 

50%. The cytotoxicity of the Pk membranes had was shown to have a strong 

correlation with the tensile property and moisture content of the scaffolds and 

that it was, basically, correlated with the wool keratin concentration. It can be 

concluded that the raw materials and the structure of the scaffolds are two of the 

main factors which affect their cytotoxicity. However, the specific mechanism of 

the scaffold cytotoxicity still needs to be further studied.  
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CHAPTER 7: CELL PROLIFERATION 

7.1 Ag/PLLA films ............................................................................................ 127 

7.2 PLLA/keratin fibrous membranes ................................................................ 134 

 

7.1 Ag/PLLA films  

Chapter 7 aims to fulfill the fourth objective by exploring the relationship between 

cell proliferation and the properties and the raw material concentration of the 

Ag/PLLA films and Pk fibrous membranes. Cell viability is a necessary parameter 

for tissue engineering scaffolds and it is affected by the properties of the scaffolds. 

For example, polymer blending can be used to optimize material properties such as 

morphology, surface energy and biocompatibility, and, in turn, these properties 

can affect cell response [Calvert et al, 2000; Meredith et al, 2003; Washburn et al, 

2004]. To explore the relationship between the cell proliferation and the properties, 

raw material concentration of the scaffolds, cell proliferation experiments were 

performed on the PLLA and Ag/PLLA films, the electrospun PLLA and the 

PLLA/keratin fibrous membranes.  

7.1.1 Cell proliferation 

Human foreskin fibroblasts (HFF-1, ATCC) used in this study were maintained in 

Dulbecco’s modified eagle’s medium (DMEM) with 10% fetal bovine serum 

(FBS, Invitrogen, USA) in a 37°C and 5% CO2 incubator. The medium was 

changed twice weekly. All of the films were sterilized by ultraviolet irradiation for 

20min after immersion in 70% ethanol for 1 hr. Each film was seeded with 210
4
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cells and kept in the incubator. The number of cells was determined by MTS assay 

with the optical density measurement at 492nm. 

7.1.2 Statistical analysis 

Values were expressed as means ± standard deviations. Statistical differences were 

determined by one-way Analysis of Variance (ANOVA). P values of less than 

0.05 were considered to be statistically significant. 

7.1.3 Results 

In the primary study, it was found that the adhesion and the proliferation of cells 

on the PLLA and Ag/PLLA films were lower than that on a normal plate, and that 

the cells cultured on the PLLA film proliferated more than those on the Ag NP 

composed PLLA films after one day and seven days culture as shown in Figures 

7.1 and 7.2 respectively.  

 

Figure 7.1 Cell adhesion after 1 day culture: (a) Normal plate; (b) PLLA film; (c) Ag/PLLA 
film.  



 
Chapter 7: Cell Proliferation 

 129 

 

Figure 7.2 Cell proliferation after 7 days culture: (a) Normal plate; (b) PLLA film; (c) 

Ag/PLLA film.  

After observing the above results, five different Ag NP proportions were set at 0.5% 

Ag/PLLA, 2.5% Ag/PLLA, 5% Ag/PLLA, 7.5% Ag/PLLA and 10% Ag/PLLA 

(w/w) for the subsequent experiments. Then, cell proliferation experiments were 

conducted on these films using MTS assay.  

A cell proliferation assay was applied to indicate the number of living cells on the 

films. Following the seeding of 210
4
 cells on each film, the cell number increased 

with time. After five days of cell culture on the Ag/PLLA films, the cells reached 

confluence.  
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Figure 7.3 Effects of Ag/PLLA films on cell proliferation. Cell proliferation was assessed 

with MTS reagent and measurement of absorbance at 492nm. The 5% Ag/PLLA film 

showed slightly higher cell proliferation compared to the other Ag/PLLA films, but there 

were no significant differences (P>0.05).  

It can be seen from Figure 7.3 that the cell proliferation was different when the 

cells were cultured on the PLLA and the Ag/PLLA films; the cell proliferation on 

the PLLA film was significantly higher than that on the Ag/PLLA films, but there 

were no significant differences between the 0.5%, 2.5%, 5%, 7.5% and 10% 

Ag/PLLA films.  
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Figure 7.4 SEM images of cell layers on different films after 14 days of culture. Cells 

already covered the whole films with several layers. (A) PLLA film; (B) 5%Ag/PLLA film.  

A 
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After 14 days of cell culture, the cells completely covered the films with several 

layers as the SEM images in Figure 7.4 show. Because there was no significant 

difference between each Ag/PLLA film, here only the 5% Ag/PLLA film was 

selected for comparison with the PLLA film. From the images in Figure 7.4, it is 

evident that the cells had already grown confluent together, and formed several 

layers, not only on the PLLA film, but also on the Ag/PLLA films. This result 

implied that although the cell proliferation on the PLLA film was significantly 

higher than that on the Ag/PLLA films the cells still could be proliferated on the 

Ag/PLLA membranes.  

7.1.4 Discussion 

According to the cytotoxicity test results for the Ag NPs presented in Chapter 6, it 

is easy to understand that the lower the proportion of Ag NPs to PLLA, the less 

cytotoxic will be for the Ag/PLLA films. Accordingly, those Ag/PLLA films with 

an appropriate level of Ag NPs content will be good candidate matrices for tissue 

engineering. Since the Ag NPs have an antibacterial property, this result implied 

that the Ag/PLLA films had the potential to be used as non-cytotoxic antibacterial 

scaffolds for tissue engineering.  

Simon et al (2005) did cell proliferation on poly (L-lactic acid)/poly (D, L-lactic 

acid) blends and found that the proliferation was faster on the smooth, 

PDLLA-rich end of the gradients rather than on the rough, PLLA-rich end of the 

gradients. As described in Chapter 4, the main feature of the film surface was its 

lumpiness = the more the Ag concentration, the lumpier it was. So, the cell 
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proliferation results shown here might indicate that the cells had a tendency to 

grow on the smoother surface films with the lower Ag content.  

 

Figure 7.5 The relationship between the contact angle values and the absorbance of cell 

proliferation in the extractions of the PLLA and Ag/PLLA films (r = -0.36, P > 0.05).  

Furthermore, as shown in Figure 7.5, the correlation coefficient between the 

contact angle and cell proliferation of the films was -0.36. This data indicated that 

the cell proliferation and hydrophilicity of the Ag/PLLA films might have had a 

negative correlation, although it was not significant.  

However, the film structure may not be very suitable as a skin tissue substitute. In 

contrast, the fibrous structure, which consisted of many fibers, had a larger surface 

area and more pores than the films. Consequently, Ag/PLLA scaffolds with a 

fibrous structure may be more suitable for cell proliferation. Thus, more cell 
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proliferation and other detailed experiments should be performed on the Ag/PLLA 

fibrous membranes.  

7.1.5 Conclusions 

This part partially achieved the fourth objective by examining the cell proliferation 

of the Ag/PLLA films. This study examined the effects of the level of Ag 

concentration of the Ag/PLLA films on cell proliferation. On the basis of the 

experimental observations, it can be concluded that the concentration of Ag NPs 

and the contact angle of Ag/PLLA films affected the cell proliferation on the 

scaffolds. The optimal proportion of Ag NPs and PLLA for non-cytotoxic should 

be lower than 5% (w/w).  

7.2 PLLA/keratin fibrous membranes  

Where the resulting harvest site (donor site) wounds have only partial thickness, 

the basal cells lining the skin adnexal glands remain in place and repopulate the 

epidermis over a time period of 7 to 28 days to achieve wound closure [Orgill et al, 

2005], so, in the cell proliferation experiments, the cells were cultured on each 

fibrous membrane for 21 days.  

As a rich source of protein, wool keratin has been reported as being suitable for 

long-term cell cultivation with a high cell density [Tachibana et al, 2002]. 

Therefore, in this study, PLLA was combined with wool keratin particles 

(PLLA/keratin) which were expected to improve the cell proliferation. Cell culture 

experiments were undertaken to assess the effects of the PLLA/keratin composite 

fibrous scaffolds on cell proliferation.  
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7.2.1 Cell Proliferation  

Osteoblasts (MC3T3, ATCC) used in this study were maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS, 

Invitrogen, USA) in a 37°C and 5% CO2 incubator. The medium was replaced 

twice weekly. All of the membranes were sterilized by ultraviolet irradiation for 

20 minutes after being immersed in 70% ethanol for 1 hour. Each membrane was 

seeded with 2×10
4
 cells and kept in the incubator. MTS assay was employed to 

assess the cell proliferation.  

7.2.2 Scanning Electron Microscopy 

Electrospun nanofibrous structures were coated with gold and then their 

morphologies were observed by SEM (LEICA, Stereoscan 440, 20kV). 

7.2.3 Statistical Analyses 

Values were expressed as means and standard deviations. Statistical differences 

were determined by one-way ANOVA. P values of less than 0.05 were considered 

to be statistically significant. 

7.2.4 Results  

Cell proliferation experiments were performed on the electrospun PLLA and 

PLLA/keratin fibrous membranes using osteoblasts. The level of cell proliferation 

was observed by SEM after the cells had been cultured for 3 days (3d), 7 days (7d), 

14 days (14d) and 21 days (21d) respectively. SEM images of the PLLA and 

PLLA/keratin fibrous scaffolds with the cultured cells are shown in Figures 7.6 to 

7.11.  
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Figure 7.6 SEM images of cells cultured on the PLLA fibrous membrane for 3d, 7d, 14d 

and 21d. The cells highly proliferated until 21d and covered the whole membrane.  

 
Figure 7.7 SEM images of cells cultured on the Pk21 fibrous membrane for 3d, 7d, 14d 

and 21d. Cells had obviously proliferated at 21d and were observed on almost the whole 

membrane. 
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Figure 7.8 SEM images of cells cultured on the Pk11 fibrous membrane for 3d, 7d, 14d 

and 21d. . Cells had obviously proliferated at 21d and were observed on almost the whole 

membrane. 

 

Figure 7.9 SEM images of cells cultured on the Pk12 fibrous membrane for 3d, 7d, 14d 

and 21d. Cells proliferated gradually and covered almost the whole membrane at 21d.  
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Figure 7.10 SEM images of cells cultured on the Pk14 fibrous membrane for 3d, 7d, 14d 

and 21d. The proliferation of cells was hardly observed until 14d, only some confluent 

cells could be observed on the membrane after 21d. 

 
Figure 7.11 SEM images of cells cultured on the Pk18 fibrous membrane for 3d, 7d, 14d 

and 21d. The proliferation of cells was hardly observed until 14d, only some confluent 

cells could be observed scattered on the membrane after 21d.  
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From the Figures above, cells were found to have grown on both the PLLA and 

PLLA/keratin fibrous membranes. Cells were cultured for 3d, 7d, 14d and 21d 

respectively. Cells proliferated gradually on the PLLA, Pk21, Pk11 and Pk12 fibrous 

membranes. Whereas on the Pk14 and Pk18 membranes, scattered cells could be seen 

only after 21d culture. To derive more information about the cell proliferation on the 

membranes, the cells were observed under 5000× magnification (Figure 7.12).  

 

Figure 7.12 SEM images of cells cultured on the PLLA and Pk fibrous membranes for 21d 

observed under 5000× magnification. 
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Cell proliferation on the PLLA and PLLA/keratin fibrous membranes was 

simultaneously tested by applying MTS assay (Figure 7.13).  

 

Figure 7.13 MTS assay results for the cell proliferation on the PLLA and Pk fibrous 

membranes. 

As shown in Figure 7.12, after 3 days of culture, the proliferation of cells on the 

PLLA fibrous scaffolds was slightly higher than that on the PLLA/keratin fibrous 

scaffolds at the ratios ranging from 2:1 to 1:2 , while it was significantly lower 

than the proliferation on the PLLA/keratin at ratios of 1:4 and 1:8. However, from 

the 7 day culture, the cell proliferation on the Pk21, Pk11 and Pk12 membranes 

started to increase, especially in the case of Pk21. After 21 days, the cell 

proliferation on the Pk14 and Pk18 membranes was higher than the proliferation 

after 14 days but much lower than the proliferation for the PK11, 12 and 21 the 

PLLA membranes. , whereas, the cell proliferation on the Pk21 membrane 
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improved rapidly, and became significantly higher than that on the PLLA. These 

results suggested that the concentration of wool keratin particles influenced the 

cell proliferation, particularly after 21 days,  

7.2.5 Discussion 

Wool keratin, a source of natural proteins, can provide stable structures for cell 

cultivation [Tachibana et al, 2002]. Keratin films can also provide a good matrix 

for cell rapid adhesion, spreading and proliferation [Yamauchi et al, 1996]. This 

result also depended on the proportion of wool keratin in the PLLA/keratin 

composed fibrous membranes. Another study also found that the Pk membranes 

improved cell proliferation significantly [Li et al, 2008]. 

In this study, as the keratin content increased, after 21 days of culturing, the cell 

proliferation decreased significantly, especially on the Pk14 and Pk18 membranes, 

while Pk21 indicated the highest cell proliferation compared with PLLA and the 

other Pk membranes. According to the results discussed in Chapter 6, it may be 

suggested that the cytotoxicity of the materials should be an important factor that 

may affect the cell proliferation. Although wool keratin can contribute to support 

cell proliferation, it needs to be applied in the proper concentration in the 

composite matrix to be safe for cell culture.  

On the other hand, as the proportion of keratin particles increased, more beads 

formed along the PLLA fibers, which made the surface of the membranes rougher. 

Since the cells preferred the smoother surface of Ag/PLLA films, the same 

phenomenon may occur on the Pk membranes. Thus, the roughness of the Pk 

fibrous membranes may be another factor to affect the cell proliferation. Different 

results were obtained from the correlation analysis between the properties and the 
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cell proliferation for 3days, 7days, 14days, and 21days respectively. It was found 

that the results for the groups after three days were just the opposite to those of the 

groups for the other durations of culturing. So, in the following Figures (Figures 

7.14 to 7.19), the relationship between the properties and cell proliferation of the 

different membranes over three and fourteen days culture time will be discussed. 

 

Figure 7.14 The relationship between the maximum load and the 3 days cell proliferation 

of the PLLA and Pk fibrous membranes (r = -0.56, P > 0.05).  
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Figure 7.15 The linear relationship between the max load and the 14 days cell proliferation 
of the PLLA and Pk fibrous membranes (r = 0.87, P < 0.05).  

Figure 7.16 The relationship between the moisture content and the 3 days cell 
proliferation of the PLLA and Pk fibrous membranes (r = 0.33, P > 0.05). 
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Figure 7.17 The linear relationship between the moisture content and the 14 days cell 
proliferation of the PLLA and Pk fibrous membranes (r = -0.85, P < 0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.18 The relationship between the water vapor permeability and the 3 days cell 
proliferation of the PLLA and Pk fibrous membranes (r = -0.31, P > 0.05).  

 Water vapor permeability (g/m
2
∙24hours) 
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Figure 7.19 The relationship between the water vapor permeability and the 14 days cell 

proliferation of the PLLA and Pk fibrous membranes (r = 0.24, P > 0.05).  

According to the results shown in the Figures above, for the first three days culture, 

maximum load, moisture content had no obvious correlation with cell proliferation 

after 3 days but after 14days the cell proliferation was observed to increase linearly 

as the maximum load of the samples increased and decrease as the moisture 

content increased. Water vapour permeability did not appear to influence the cell 

proliferation at all. Among the properties of the membranes, the max load and the 

water content were the most important factors that affected the cell proliferation, 

whereas the water vapor permeability had no correlation with the cell proliferation. 

These results may explained by the cytotoxicity of the wool keratin itself as 

mentioned in Chapter 6, and the roughness formed by the wool keratin particles 

inside the electrospun fibers. Li et al (2009) reported that more than 80% of the 

keratin could be released from Pk fibers during the first three days of culturing. 

 
Water vapor permeability (g/m

2
∙24hours) 
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The released keratin may have covered a part of the culture surface, which may 

have reduced the surface area available for cell adhesion, so that the subsequent 

cell proliferation will be inhibited. Therefore, after the culture medium was 

changed, the cell proliferation will have been less affected by the rough surface, so 

that they could grow normally on the membranes in the subsequent culture period.  

7.2.6 Conclusions 

In this Chapter, the fourth objective was achieved by studying the cell proliferation 

and the relationship between the cell proliferation and the properties of the 

scaffolds. The wool keratin was shown to improve the cell proliferation when it 

was incorporated into the PLLA. For example, Pk21 increased cell proliferation 

significantly, whereas other Pk/PLLA composite fiber ratios decreased cell 

proliferations compared to the 100% PLLA membrane after 21 days culturing. The 

physical properties had strong correlation with the cell proliferation of the 

scaffolds.  
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8.1 Introduction  

Chapter 8 aims to fulfill the fifth objective by investigating the antibacterial 

activity of the scaffolds. In the development of TE scaffolds for medical 

applications, the risk of infection requires the TE scaffolds to have antibacterial 

properties [Chen and Schluesener, 2008; Gaonkar et al, 2003; Morris et al, 1998; 

Walder et al, 2002]. For example, during the treatment of a wound, infection is a 

common risk which needs to be prevented for good healing of the wound. Due to 

their strong antibacterial properties and low toxicity, Ag and its compounds have 

been studied for many years, not only for their low cytotoxicity, but also for their 

antibacterial activity [Alt et al, 2004; Crabtree et al, 2003; Furno et al, 2004; 

Galeano et al, 2003; Lai and Fontecchio, 2002; Riley et al, 1995; Thomas et al, 

2007; You et al, 2012].  

Nanotechnology has provided a most promising field for new developments of 

biomedical materials. For example, nano-scale particles of silver (Ag NPs), 

provide larger interface to the environment than that of micro-scale silver 

particles. Li et al (2006) reported that very small amounts of Ag NPs had strong 

antibacterial efficacy against bacteria. So, the use of nano-sized silver enables the 
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usual quantity of silver needed to be reduced, whilst maintaining a good level of 

antibacterial activity.  

To investigate the bacterial activity and mechanism of Ag NP composed 

scaffolds, antibacterial tests were performed using E. coli and Staphylococcus 

which often infect skin wounds and other tissues [Yeo et al, 2003]. In order to 

investigate the antibacterial activity of the scaffolds with low or no cytotoxicity, 

the 0.5%, 2.5% and 5% Ag/PLLA films as well as the 5% electrospun Ag/PLLA 

fibrous membranes were selected for the antibacterial experiments, on the basis 

of their cytotoxicity test results reported in Chapter 6. 

8.2 Antibacterial activity of Ag/PLLA films  

8.2.1 Preparation of PLLA and Ag/PLLA films 

As described in Chapter 3, PLLA was dissolved in chloroform to produce a 1% 

(w/w) solution. Ag NPs were then added to the solution and stirred evenly to 

prepare the 0.5%, 2.5%, 5% Ag/PLLA (w/w) films.  

8.2.2 Antibacterial test 

Escherichia coli ATCC25922 and Staphylococcus aureus ATCC25923 were used 

for this test as these are common micro-organisms involved in hospital-acquired 

infections. The strains were cultured overnight in 10mL of nutrient broth to 

achieve a turbidity of 10
8
 colony forming units (CFU)/mL. 

Minimum inhibitory concentration (MIC) assay  

The MIC was assayed using a two-fold microdilution broth method [Shan et al, 

2008]. Dilutions were used to dispense 1mL into each well of a sterile 24-well 
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plate. Each well contained 5×10
5
 CFU/mL of test bacteria and the serially diluted 

extractions. Negative controls were prepared with uninoculated medium and the 

positive control wells contained inoculated PLLA extraction. After incubation at 

37°C for 20hr, the turbidity of each extraction was assessed by the naked eye to 

detect the inhibition of bacterial growth. Fifty microlitres of the medium were 

taken from each well that had no visible turbidity and spread evenly on freshly 

prepared nutrient agar plates before being incubated at 37°C for 24hr to 

determine the minimum bactericidal concentration (MBC). The tests were 

performed in triplicate for each extraction.  

Maximum antibacterial activity (MAA) assay  

The maximum antibacterial activity assay was a method referred to in a  

previous study [Li et al, 2006] which was used to determine the highest 

concentration of bacteria which can be inhibited by the original extractions. Ten 

micro liters of the serially diluted inoculated broth were added to each well of  

the 24-well plates, which contained 1mL of the original extractions, to obtain the 

bacterial concentrations from 1×10
6 

to 1×10
1
CFU/mL. Then, the plates were 

incubated at 37°C for 24hr. Following the same procedure as in the MIC assay, 

50μL of the medium were taken from those wells which were visibly clear, 

spread evenly on freshly prepared nutrient agar plates, and incubated at 37°C for 

24hr to determine the MAA. The tests were again performed in triplicate. 

8.2.3 Scanning electron microscopy (SEM) 

Films with and without cultured cells were sputter coated with gold and then 

observed by scanning electron microscopy (LEICA, Stereoscan 440, 20kV). 
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8.2.4 Statistical analysis 

Values were expressed as means ± standard deviations. Statistical differences 

were determined by one-way Analysis of Variance (ANOVA). P values of less 

than 0.05 were considered to be statistically significant. 

8.2.5 Results 

Antibacterial properties of Ag/PLLA films 

The extractions of the 0.5%, 2.5% and 5% Ag/PLLA films were used to test the 

antibacterial properties of the Ag/PLLA films against Escherichia coli and 

Staphylococcus. As shown in Table 8.1, the extractions of the 0.5% and 2.5% 

Ag/PLLA films were revealed to have antibacterial properties and the extraction 

of the 5% Ag/PLLA film showed the strongest antibacterial effect.  

Table 8.1 Assessment of the antibacterial activity of the extractions of the Ag/PLLA films 

Assay 

Extractions 

0.5%Ag/PLLA  2.5%Ag/PLLA  5%Ag/PLLA             

MIC: scherichia coli (1×105CFU/mL)           -               -        + (original) 

     Staphylococcus aureus (1×105CFU/mL)    -               -            - 

MAA: Escherichia coli (CFU/mL) *           0            1 × 104        1 × 105 

      Staphylococcus aureus (CFU/mL)       0            1 × 101        1 × 103 

* See Figure 8.1 and Figure 8.2.  
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Figure 8.1 Results of the antibacterial activity for the extraction of the 2.5% Ag/PLLA film 

using Staph. at different bacteria concentrations: 101, 102, 103,104 and 105 CFU/mL after 

24hr incubation at 37°C. The highest concentration of Staph., which could be inhibited by 

the original extraction of the 2.5% Ag/PLLA film, was 101 CFU/mL.  
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Figure 8.2 Results of the antibacterial activity for the extraction of the 5% Ag/PLLA film 

using Staph. at different bacteria concentrations: 101, 102, 103,104 and 105 CFU/mL after 

24hr incubation at 37°C. The highest concentration of Staph., which could be inhibited by 

the original extraction of the 5% Ag/PLLA film, was 103 CFU/mL.  

As shown in Figures 8.1 and 8.2, after 24hr incubation at 37°C, the highest 

concentration of Staph. which could be inhibited by the original extraction of the 

2.5% Ag/PLLA film was 10
1
 CFU/mL, whereas the highest concentration of 

Staph. inhibited by the extraction of the 5% Ag/PLLA film was 10
3
 CFU/mL. 

Accordingly, it can be observed in Figure 8.1 that the petri dish labeled as Staph. 

10
1
 was very clean, whereas in Figure 8.2, the petri dishes labeled Staph. 10

3
, 

Staph. 10
2
 and Staph. 10

1
 were all very clean, which indicated that no bacteria 

had been grown in them.  

8.3 Antibacterial activity of Ag/PLLA fibrous membranes 

8.3.1 Electrospinning of PLLA and Ag/PLLA fibrous membranes 

The electrospinning method used to produce the fibrous membranes was that 

used in a previous study [Li et al, 2009] and has already been described in 

section 3.3 PLLA was dissolved at a weight ratio of 1% in an organic solvent 

mixed with a composition of chloroform and N, N-dimethlformamide (DMF) 

(10:1, w/w). Ag NPs were then added to the solution and stirred evenly to 

prepare a 5% Ag/PLLA solution for electrospinning. The PLLA and Ag/PLLA 

solutions were deposited into a syringe with a blunt needle, and ejected by the 

syringe plunger at a feeding rate of 0.3 mL/min. A grounded metal rotating drum 

wrapped with aluminum foil was located at a fixed distance of 10 cm away from 

the tip of the needle to collect the fibers. A high electric voltage field (13KV) 

was applied to the continuous stream of droplets as it emerged from the nozzle. 
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This converted the solution stream into continuous filaments which assembled on 

the rotating drum to form PLLA and Ag/PLLA fibrous membranes.  

8.3.2 Antibacterial test  

The antibacterial test method was performed in accordance with 

AATCC147-2004. Escherichia coli (E.coli, ATCC25922) and Staphylococcus 

aureus (Staph., ATCC25923) were used, again because they are the common 

micro-organisms involved in hospital-acquired infections [Li et al, 2006]. Each 

test was repeated three times for every specimen.  

Procedure  

The strains were cultured overnight in 10mL of nutrient broth to achieve a 

turbidity of 10
8
 colony forming units (CFU)/mL. Sterilized nutrient agar was 

dispensed by pouring 15±2mL into separate standard (15×100 mm) flat bottom 

petri dishes to obtain firm, solid agar before inoculating. Using a 4mm 

inoculating loop, one loopful was loaded with the 10 times diluted inoculums and 

transferred to the surface of the sterile agar, by making five streaks covering the 

central area of a petri dish. A specimen of each Ag/PLLA membrane was gently 

pressed onto the agar surface to ensure intimate contact with it. Then it was 

incubated at 37°C for 24hr. A PLLA membrane was used as a negative control. 

All the membrane specimens were cut to a diameter of 5mm for the antibacterial 

test. 

Evaluation  

The incubated plates were examined for the interruption of growth along the 

streaks of inoculum beneath the specimen and for a clear zone of inhibition 
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beyond its edge. The average width of the zone of inhibition along a streak on 

either side of the test specimen was calculated using the following equation:  

W = (T−D)/2  (eq. 8.1) 

where:  

W = the width of the clear zone of inhibition in mm 

T = the total diameter of the test specimen and the clear zone in mm 

D = the diameter of the test specimen in mm 

8.3.3 Scanning electron microscopy (SEM) 

The PLLA and Ag/PLLA fibrous membranes with bacteria were sputter coated 

with gold and then observed using scanning electron microscopy (LEICA, 

Stereoscan 440, 20kV).  

8.3.4 Statistical analysis 

Values were expressed as means ± standard deviations. Statistical differences 

were determined by one-way ANOVA. P values of less than 0.05 were 

considered to be statistically significant.  

8.3.5 Results 

Antibacterial activities of Ag/PLLA fibrous membranes  

E.coli and Staph. were used for this test to evaluate the antibacterial capability of 

Ag/PLLA fibrous membranes. The bacteria were cultured overnight in 10mL 

nutrient broth to achieve a turbidity of 10
8
 colony forming units (CFU)/mL. A 

loop of each kind of bacteria at a concentration of 10
8
 CFU/mL was taken to 

evenly streak the agar filled petri dishes. Each of the 5mm diameter circular 
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fibrous membrane specimens with was gently pressed onto the inoculated agar 

surface before incubation at 37°C for 24hr.  

 

Figure 8.3 Antibacterial test results for the Ag/PLLA using Staphylococcus (Left) and E. 

coli (right). Bacteria inhibited, clear zones for both the E.coli and Staph. can be observed 

around the Ag/PLLA membranes (lower specimen) with an average width of 5mm after 

24hr incubation.  

In Figure 8.3, the upper specimens are the PLLA membranes, and the lower 

specimens are the Ag/PLLA membranes. All the membranes were freshly 

prepared. After 24hr incubation, obvious bacteria inhibited, clear zones around 

the Ag/PLLA membranes could be seen, the average width of the zones was 5.5

±0.1mm. Conversely, no clear zone of inhibition was seen around the PLLA 

membranes. Both the Staph. and E.coli had the same results which indicated the 

strong antibacterial activity of the Ag/PLLA.  
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Figure 8.4 Antibacterial activity of the Ag/PLLA fibrous membrane (lower specimen) was 

reduced after exposure in air for 8 weeks. The average width of the E.coli and Staph. 

inhibition clear zones decreased to 1.2mm and 1.5mm respectively after 24hr incubation. 

After exposure in air for 8 weeks, the Ag/PLLA membranes were still observed 

to provide antibacterial activity. The average widths of the bacterial inhibition 

zones for the Ag/PLLA membranes were 1.2±0.1mm for the E.coli and 1.5±

0.1mm for the Staph (Figure 8.4). According to Table 8.2, the antibacterial 

activity was found to have decreased significantly.  

Table 8.2 Assessment of the antibacterial activity of the extractions of the Ag/PLLA 

membranes 

Bacteria 

Average width of bacteria inhibition clear zone (mm) 

PLLA                5%Ag/PLLA             

Before: Escherichia coli                 0                    5.0±0.1* 

       Staphylococcus aureus           0                    5.0±0.1* 

After: Escherichia coli                  0                     1.2±0.1* 

Staphylococcus aureus          0                    1.5±0.1* 

* The mean values were shown for means ± SD. P<0.05 vs PLLA membranes.  
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These results showed that the Ag/PLLA membranes had strong antibacterial 

capability. Furthermore, after exposure in air for a long term, they were still 

antibacterial. This result does not exclude the possibility that, if the antibacterial 

activity test had been sustained for a longer period, the Ag/PLLA membranes 

could possibly have released more Ag NPs to prolong their antibacterial activity.  

SEM observation of Staph. on the PLLA and Ag/PLLA fibrous membranes 

The morphological changes in the bacteria were also observed through SEM 

using Staph.. 20μL of diluted inoculum of Staph. at a concentration of 10
7
 

CFU/mL were spread on the PLLA and Ag/PLLA membranes respectively 

before being incubated at 37°C for 2hr. SEM observations were then performed.  

 

PLLA 
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Figure 8.5 SEM images showing Staph. on the PLLA and Ag/PLLA fibrous membrane 

magnified 20 thousand times (20kV). (1) The number of Staph. on the PLLA membranes 

were more than that on the Ag/PLLA membrane. (2) Staph. on the PLLA membrane had 

a smooth surface, whereas those on the Ag/PLLA membrane were not very smooth. 

As shown in Figure 8.5, the number of Staph. spread over the PLLA membrane 

was obviously more than that on the Ag/PLLA membrane. Also, the surface of 

the Staph. on the PLLA membrane was smoother than that on the Ag/PLLA 

membrane. This result indicated that there might be less destruction of the 

bacteria spread over the PLLA membrane than that on the Ag/PLLA membrane.  

8.4 Discussion  

TE scaffolds that are effective in reducing the possibility of infections will be 

more acceptable for medical applications. Skin is the first protective barrier for 

all the tissues and organs, a wound on the skin will easily weaken the 

Ag/PLLA 
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anti-infection capability of the human body. Thus, antibacterial skin TE scaffolds 

will be more beneficial for wound recovery than other TE scaffolds.   

The Ag NPs were observed to be cytotoxic to bacterial cells, but less harmful to 

normal cells. this finding suggested an exploration of the intersection of the low 

cytotoxicity and antibacterial activity of the various Ag NPs concentrations 

[Chen and Ma, 2006; Chen and Schluesener, 2008; Crabtree et al, 2003; Furno et 

al, 2004]. In 2004, Alt et al reported that bone cement with 1% of Ag NPs 

showed high antibacterial activity against most of the tested strains. Yeo et al 

(2003) found that fibers containing Ag NPs showed excellent antibacterial 

property. Furthermore, electrospun fibers can produce permeable fibrous 

membranes with a wide interface area for them to perform their antibacterial 

activity more effectively.  

Some researchers have suggested that, when dissolved in water, the Ag NPs 

convert to silver ions (Ag
+
), which can kill pathogens [Park et al, 2009]. 

However, other scientists found that the Ag NPs played the role of antibiosis 

independently [Li et al, 2010; Gupta et al, 2001]. In this study, the Ag/PLLA 

composite films and fibrous membranes with an appropriate level of Ag content 

were found to inhibit the proliferation of E. coli and Staphylococcus significantly, 

whilst allowing good cell proliferation. This result seemed to support the 

independent antibacterial role of Ag NPs. In terms of the degradability of the 

PLLA, the Ag NPs were presumed to be released from the PLLA fibers 

gradually along with the degradation of the PLLA, thus sustaining the Ag/PLLA 

scaffold’s antibacterial capability for a prolonged period. After eight-week 

exposure to air, the antibacterial activity of the Ag/PLLA fibrous membranes 
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reduced. This result may have been caused by the oxidation of the air or other 

reactions during the exposure.  

The morphological changes in the bacteria were observed by SEM. More Staph. 

were seen on the PLLA membrane than were on the Ag/PLLA membrane and 

the surface of the Staph. on the PLLA membranes was smoother than that on the 

Ag/PLLA membranes. These findings imply that the Ag NPs may affect the 

structure of the bacterial membrane, thereby causing the defunctionalization of 

the bacteria. Choi et al observed that the Ag NPs were absorbed onto the 

bacterial cell surface and caused cell surface depression [2008]. Many 

researchers have attributed the highly efficient antibacterial effect of Ag NPs to 

their super miniature size and larger surface area that help the Ag NPs to easily 

damage the bacteria membrane [Pal et al, 2007]. However, the specific 

mechanism of antibacterial activity of Ag/P LLA scaffolds needs further 

investigation.  

8.5 Conclusions  

In this Chapter, the fifth objective was achieved by examining the antibacterial 

activity of the scaffolds. On the basis of the observations and findings above, it 

can be concluded that Ag/PLLA scaffolds can provide a strong antibacterial 

function. Furthermore, the fibrous structure, which consists of many fibers, has 

larger surface area and more pores than that of the films. Thus, an Ag/PLLA 

fibrous membrane will be more effective and economical than the films as an 

antibacterial scaffold. However, the factors which influence the antibacterial 

effect need further investigation to clarify the mechanism of antibacterial activity 

of Ag/PLLA membranes.  
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This thesis has described a systematic study carried out to establish an 

understanding of functionality of tissue engineering scaffolds suitable as skin 

substitutes. The research gaps identified in the literature review have been filled 

by fulfilling the objectives summarized below. The limitation of the work is 

pointed out and future work is suggested.  

9.1 Conclusions  

In Chapter 4, the first objective was achieved by studying the physical properties 

of the scaffolds. As the concentration of wool keratin increased, the diameter of 

the nano fibres increased linearly, not only for the wool keratin-PEO, but also for 

the PLLA/keratin fibrous membranes. As the proportion of keratin increased, the 

tensile strength and elongation of the Pk fibrous membranes decreased, while 

their moisture content increased. Their water vapor permeability was not 

influenced by keratin content significantly. The Pk21 membrane had the best 

moisture one-way transport property. Thus, based on the results of the tests, in 

particular the tensile property and the moisture related properties, it can be 

suggested that the Pk fibrous membranes with a suitable proportion of keratin 

particles can, possibly, provide an optimal matrix for skin substitutes.  

In Chapter 5, the second objective was achieved by examining the in vitro 

degradation of the PLLA and PLLA/keratin membranes. The keratin 
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encapsulated structure and the wool keratin proportion affected the degradability 

of the PLLA/keratin fibrous membranes. The decreasing tensile strength and 

elongation may have been responsible for the faster degradability the 

PLLA/keratin fibers. Furthermore, because wool keratin-PEO fibrous 

membranes can be easily dissolved in water, combining PEO with the Pk or 

Ag/PLLA scaffolds may preferably help control the degradability of these two 

kinds of TE scaffolds.  

In Chapter 6, the third objective was fulfilled by examining the cytotoxicity of 

the scaffolds. According to the cytotoxicity test results, the safe wool keratin 

concentration must be less than 50%. The cytotoxicity of the Pk membranes had 

a close relationship with the tensile property and moisture content of the 

scaffolds. Basically, the cytotoxicity was most correlated to the wool keratin 

concentration. The concentration of the Ag NPs affected the cytotoxicity of the 

scaffolds proportionally. The higher the concentration of Ag NPs, the more was 

the cytotoxicity of the scaffolds. Furthermore, the hydrophilicity and cell 

proliferation of the scaffolds had a strong negative linear correlation. Thus, the 

optimal proportion of the Ag NPs and PLLA for non-cytotoxicity was 

determined to be 5% (w/w) for the films, and 0.5% (w/w) for the Ag/PLLA 

fibrous membranes. However, in the extraction of the 2.5% Ag/PLLA membrane, 

some living cells were still evident, and in the extraction of the 5% Ag/PLLA 

membrane, although there were not many, there were still a few stretched living 

cells visible. So, it is concluded that the Ag NPs concentration in the Ag/PLLA 

membranes should be less than 5% (w/w) at most. Additionally, the probable 

release rate of the Ag NPs in the different scaffolds was also found, and the 

Ag/PLLA fibrous membranes were shown to have a much higher release rate of 
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Ag NPs than the Ag/PLLA films. This implied that, compared with the films, the 

Ag/PLLA fibrous membranes could use less Ag NPs for a comparable 

antibacterial activity, with the same level of cytotoxic effects on the cells. Thus, 

the conclusion is reached that the Ag/PLLA fibrous membrane will be more 

effective and economical than the films as an antibacterial scaffold. This finding 

has also provided an indication of the Ag NPs dosage required to fabricate 

scaffolds for medical applications. However, the mechanism of the Ag NPs’ 

action on the cells was not elucidated. Therefore, further investigation into the 

effects of Ag NPs on cells needs to be pursued in subsequent studies.  

In Chapter 7, the fourth objective was achieved by examining the cell 

proliferation of the scaffolds. The results showed that, by incorporating 

appropriate wool keratin content, Pk membranes can improve the cell 

proliferation. For example, the Pk21 membrane increased the cell proliferation 

significantly, while the other Pk composite fibers decreased the cell 

proliferations compared to the 100% PLLA membrane. This result implied that 

not all the good substance can be used without any limitation. Otherwise, it may 

bring out an even worse result. On the other hand, the physical properties of the 

membranes had a strong correlation with the cell proliferation of the scaffolds. It 

can be concluded that the raw materials and the properties of the scaffolds are the 

two main factors which affect the cytotoxicity, but the specific mechanism of the 

scaffold cytotoxicity still needs further studies.  

In Chapter 8, the fifth objective was achieved by studying the antibacterial 

activity of the scaffolds. As mentioned in Chapter 2, the graft-wound bed 

interface, which often becomes the location for bacterial proliferation, can inhibit 
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this by keeping the wound bed wet. However, according to this study, it was not 

“the wetter, the better”, so, the appropriate moisture content in the wound bed 

must be determined for optimum healing. This role can be achieved by 

combining the Pk and Ag/PLLA fibrous membranes together. In other words, 

wool keratin can make the Ag/PLLA scaffolds more appropriate for use as 

antibacterial scaffolds.  

In summary, the Pk fibrous membranes may help to detach less skin from the 

limited donor sites of the patients, while the Ag NPs composed TE scaffolds will 

provide a good antibacterial property to reduce the risk of infection. Thus, to 

apply TE scaffolds composed of wool keratin and Ag NPs to the skin may be 

more effective and less traumatic to the patients who suffer multiple skin 

injuries. 

9.2 Suggestions for future research 

9.2.1 Cell proliferation and antibacterial function  

Cell-biomaterial combinations for scaffold-based tissue engineering are 

multifactorial. Based on the review of silver toxicity studies and the cytotoxicity 

experimental results, the Ag NPs composed scaffolds have a strong antibacterial 

activity, but their cytotoxicity is a non-negligible problem. Fortunately, Posgai et 

al found that vitamin C can reduce the cytotoxicity of Ag NPs [2011]. Thus, in a 

future study, vitamin C may be incorporated into the Ag/PLLA scaffolds to 

produce less cytotoxic antibacterial skin TE scaffolds. Before that, it will be 

better to combine wool keratin, Ag NPs, and PLLA together to fabricate Ag/Pk 

fibrous membranes in order to get the biomechanical properties closer to those of 
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human skin. In addition, after proliferating fibroblasts on existing skin TE 

scaffolds, keratinocytes will be cultured on the top of the fibroblasts proliferated 

scaffolds to fabricate epidermal/dermal skin substitutes for subsequent study.  

On the other hand, , some materials have an inherent antibacterial property, such 

as chitosan. Eaton et al (2008) studied the antibacterial effects of chitosan on 

Escherichia coli and Staphylococcus aureus, and found that these effects were 

related to the molecular weight of chitosan. Therefore, for example, if these 

antibacterial matrices were composited with Ag NPs or any other antibacterial 

substances, the TE scaffolds would be more efficient and acceptable for reducing 

the possibility of infections. Furthermore, considering both the cytotoxicity of Ag 

NPs, and some studies related to the antibacterial activity of traditional Chinese 

medicine (TCM) [Tan et al, 2011; Wu et al, 2008], it may be possible for TCM 

to play an important role as an effective and eco-friendly skin TE scaffold.  

9.2.2 Composing TCM into scaffolds  

As has been gradually realised, TCM has relatively complex components which 

makes if difficult for the bacteria to acquire drug resistance [Tan et al, 2011]. To 

date, it has been identified that more than four hundred kinds of TCM indicate a 

wide spectrum of antibacterial and antiviral function. So, if the TCM can be 

combined into the scaffolds for tissue engineering, it may open a much wider 

area to develop more effective scaffolds for clinic biomaterials with less drug 

resistance.  

Furthermore, in an initial study, one of the antibacterial TCMs, dang gui, was 

found to obviously improve cell proliferation after being composited into PLLA 

fibers. This result indicated that TCM has the potential to proliferate cells too.  
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In modern society, TCM has become more popular and acceptable because of its 

low toxicity and few side effects with very low drug resistance. Thus, to produce 

skin TE scaffolds with TCM would be another good direction for further clinical 

applications.  

9.2.3 Animal model experiments  

The development of a TE scaffold requires the evaluation of its biocompatibility 

prior to the application of the scaffold in human subjects. The next step for this 

research work will be to apply the scaffolds to small animals first, then, 

proceeding to larger animals, if the results are positive. Experiments on animals, 

such as rats, may be done as follows:  

1. wound healing animal model preparation: anaesthetize the rat first, shaving the 

dorsal skin and sterilize the skin, then cut a 2cm long wound. 

2. experimental groups: use both female and male rats. Negative control, positive 

control (gauze), and scaffolds groups will be set-up, with 20 rats for each group. 

3. observation indicators: 1) wound healing time; 2) change of wound size; 3) 

morphological observation: tissue structure recovery, inflammatory reaction, 

immunological rejection; 4) Immune-Histochemical observation.  

In conclusion, this investigation has suggested that a non-cytotoxic, antibacterial, 

nano-technology, wool keratin composed Ag/PLLA scaffold will have very good 

potential for tissue engineering.  
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