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ABSTRACT 

 

Tissue engineering is an emerging interdisciplinary field that applies the principles of 

biology and engineering to the development of viable substitutes that restore, maintain, 

or improve the function of human tissues and organs. The crucial step in the whole 

tissue engineering process is the selection of proper scaffolds. The present study is to 

investigate a keratin composite biocompatible material for scaffolds with certain 

functional purpose, e.g., biodegradable implant, drug delivery, anti-tumor therapy. 

 

The present work started with transforming wool into the functional protein 

biomaterials. In order to achieve this objective, isoelectric precipitation process was 

introduced to produce the targeted bio-functional keratin polypeptides. Wool fibers 

were hydrolyzed and adjusted to predetermined pH values. The results suggested that 

keratin polypeptides with different amino acids compositions could be tailored from 

wool hydrolyzed solution. Keratin particles at nanometer-scale were collected 

successfully. The chemical structure of keratin polypeptides endured the same as the 

pristine wool and the crystal structure of keratin polypeptides became more 

amorphous. 

 

Secondly, the prepared keratin polypeptides were applied into biofunctional tissue 

engineering scaffolds system. In order to achieve the keratin composite nanofibers, 

keratin polypeptides were blended with Poly (L-lactic acid) (PLLA) organic solution 
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with an ―ethanol replacement‖ process and electrospun into nanofibers. The results 

indicated that the nanofibrous composite membrane possessed ultrafine and 

homogenous structure without keratin aggregation. The Fourier transform infrared 

spectrometry (FT-IR) revealed the existence of keratin in the composite fibers. The 

thermal property of the composite membrane was more stable than pure keratin. XRD 

spectra revealed a crystal transformation of keratin after the process of 

electrospinning. The biocompatibility was examined by seeding cells on the surface of 

the composite nanofibers. Compared to pure PLLA nanofibers, keratin/PLLA fibrous 

membrane showed an enhanced impact on cells viability and affinity. 

 

Thirdly, in order to investigate both the chemical and physical change during the in 

vitro degradation process, the degradability of keratin/PLLA nanofibers was discussed 

through several aspects. The chemical change was mainly reflected by the loss of 

keratin from the nanofibers as a function of degradation time. The physical change 

was mainly indicated by the decrease of thermal-stability of keratin/PLLA nanofibers. 

The rate of degradation was positively related to the amount of keratin peptides added 

into the composite nanofibers comparing with pure PLLA nanofibers. 

 

Fourthly, in order to explore the drug delivery profile of keratin/PLLA nanofibers as a 

controlled release scaffolds system, 5-fluorouracil (5-FU) was loaded into the 

nanofibers as a drug model. The results proved the controlled release effect of 

5-FU/keratin/PLLA nanofibers and the release periods of 5-FU were prolonged to 120 
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hours. The X-ray diffraction (XRD)analysis revealed that 5-FU dispersed uniformly 

within the nanofibers at a molecular level and electro-charges interactions were 

observed between 5-FU and keratin. The chemical characterization indicated 5-FU 

kept its original chemical structure within the nanofibers. 

 

Fifthly, in order to investigate the pH-sensitivity of 5-FU/keratin/PLLA nanofibers, 

two pH-valued environments, i.e. pH 6.0 and pH 7.4 were introduced. A full-factorial 

design with two factors at two-levels was employed to optimize fiber fabrication 

factors to achieve desirable controlled release performance of the composite 

nanofibers in different pH environments. The results indicated that electrospinning 

voltage of 15 KV and weight ratio of keratin at 10 wt. % can enhance the 

pH-sensitivity of 5-FU/keratin/PLLA nanofibers. HCT-116 cells line was utilized to 

examine the anti-tumor effect 5-FU/keratin/PLLA nanofibers. In 120 hours, 

5-FU/keratin/PLLA significantly inhibited the proliferation rate of tumor cells 

comparing to 5-FU/PLLA (p<0.01).      

 

Finally, to address the issue of infection during antitumor operation, a regenerated 

antimicrobial peptide (AMP) Attacin2 was introduced into the above composite fibers. 

The results indicated that after adding the antimicrobial peptides into the membrane, 

the nanofibrous scaffolds demonstrated antibacterial function. Further, the antitumor 

effect could be observed by adding Attacin2 into the keratin/PLLA nanofibers, 

especially after 24 hours observation. The results verified the feasibility of combining 
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both chemical antitumor drugs and biological antimicrobial peptides together, 

suggesting the further direction of applying nanofibers in the realm of antitumor 

therapy.  

 

In conclusion, the keratin composite nanofibrous anti-tumor drug delivery system 

including keratin/PLLA, 5-FU/keratin/PLLA, Attacin2/keratin/PLLA and 

Attacin2/5-FU/keratin/PLLA have been developed successfully by electrospinning 

technology. The composite controlled release system can be utilized for potential 

biomedical application, e.g., anti-tumor therapy. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Background 

Tissue engineering is an emerging interdisciplinary field that applies the principles of 

biology and engineering to the development of viable substitutes that restore, maintain, 

or improve the function of human tissues and organs [1]. Tissue engineering, which 

applies methods from engineering and life sciences to investigate artificial constructs 

to direct tissue regeneration [2], has therefore attracted many scientists and surgeons 

with a hope to treat patients in a minimally invasive and less painful ways.  

 

The crucial step in the whole tissue engineering process is the selection of proper 

scaffolds. The scaffolds, known as the artificial extracellular matrix (ECM), are 

defined as the carrier for cells, growth factors and other bio-molecular signals [3]. The 

major function of scaffolds is providing a framework and support for the cells to 

attach, proliferate and differentiate. Typically, artificial ECM constructs are developed 

using either naturally-occurring molecular polymers (e.g. collagen, fibrin) or synthetic 

polymers (PLGA, PEG, PVA). The adhesivity of the synthetic polymer scaffolds can 

be enhanced with ECM-derived peptides or protein fragments [4]. The RGD found in 

various ECM molecules (e.g. fibronectin, fibrin,) is the most commonly used adhesive 

ligand because most cells bind to ECM in an RGD-dependent manner [5]. These 

peptides can also further enhance the bio-interaction with cells by altering their 

chemical structure. 
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In the present study, in order to investigate a novel biomedical nanofibrous system 

with preferable bio-function and biocompatibility, Poly-L-lactic acid (PLLA) and 

wool keratin are selected as a result of their favorable physical and chemical 

properties, biocompatibility and biodegradability. Electrospinning is chosen as the 

fabrication technique since it‘s a well-developed methods and easily controllable on 

nanofibers fabrication process. 

 

1.2 Objectives and significance 

The present study is aimed at investigating a novel kind nanofibrous protein 

composite membrane and exploring its mechanism on degradation and drug sustained 

-release for the future applications in the field of clinic medicines, tissue engineering 

and implantable clinics devices. Keratin is utilized in the project for its high 

biocompatibility and beneficial impact on cells proliferation. Poly-(L-lactic acid) 

(PLLA) is selected as the host polymer of the membrane. The future application of 

the membrane could be in the realm of drug delivery and drug release. A detailed 

literature review has been carried out and reported in Chapter 2, through which 

several research gaps were identified. In order to fulfill the research gaps discussed in 

Chapter 2, the specific objectives are described as follows:  

1. To explore the feasibility of transforming wool wastes into the functional protein 

biomaterials. Keratin polypeptides with different amino acids terminals can be 

applied based on specific biomedical purposes. Isoelectric precipitation process is 

introduced to produce the targeted bio-functional keratin polypeptides. 
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2. To investigate a method to apply keratin into PLLA organic electrospun solution 

and to produce the uniform electrospinning nanofibers with preferable chemical 

and physical properties. Especially, the novel synthesized nanofibers could be 

demonstrated for the high biocompatibility. 

3. To explore the mechanism of the Keratin/PLLA nanofibers degradation process. 

Systematic evaluation methods should be introduced from different aspects. 

4. To develop the antitumor drug loaded nanofibers drug delivery system. 

Mechanism study concerning interaction between keratin, drug and PLLA should 

be depicted. Systematic characterizations of the composite nanofibers should be 

examined. 

5. To demonstrate the antitumor effect of the drug loaded system. A series of 

biological evaluation should be applied and explored the sustained-release effect 

of adding keratin into the PLLA nanofibers. 

6. To explored the anti-tumor effect of the antimicrobial-peptides-loaded 

nanofibrous system. The antimicrobial peptides will be introduced into the system 

to work as an antitumor factor together with antitumor drug.   

 

1.3 Research methodology 

1.3.1 Nanofibers formation technology  

To achieve the objectives a range of research methodologies were developed and 

employed as follows: 

The keratin precipitation was extracted from raw wool by isoelectric precipitation 
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process. After that, the keratin precipitation was dehydrated by an 

ethanol-replacement process. Then the keratin-based blend suspension was loaded into 

a syringe with a metal capillary which was connected to high-voltage electricity. The 

feeding rate of the suspension from the syringe was set to form linear jet from the 

syringe. The nanofibers were collected on a grounded aluminum foil. 5-Fluorouracil 

was added into the keratin-based suspension as the drug model applied in the later 

dissolution test and anti-tumor test. A kind of anti-microbial peptides was added into 

the drug-loaded suspension to investigate the synergistic effect with chemical 

anti-tumor drug. 

 

1.3.2 Characterization of nanofibers 

The morphologies, crystal structures, physical properties and chemical properties of 

the keratin-based nanofibers, including keratin nanofibers, keratin/PLLA nanofibers, 

5-FU/keratin/PLLA nanofibers and antimicrobial loaded 5-FU/keratin/PLLA 

nanofibers were characterized and analyzed with the use of advanced techniques such 

as scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

Differential Scanning Calorimetry (DSC), thermal gravimetric analysis (TGA), 

Fourier Transform Infrared Spectroscopy (FT-IR), X-ray diffraction (XRD), Zeta 

potential measurement (Zeta) and UV-Vis Spectroscopy (UV). 

 

1.3.3 Drug loading and in vitro release properties 

The content of drug was analyzed by the ultraviolet (UV) spectrophotometer. Drug 
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load is the ratio of drug to the gross weight of the drug loaded polymer nanofibers. 

Encapsulation efficiency is the ratio of weight percentage of drug entrapped in 

nanofibers to the gross weight drug used in the experiment. The in vitro drug release 

property can be interpreted by the drug release curve based on the drug cumulative 

release percentage of drug (%, w/w) in PBS solution over predetermined periods of 

time. The different pH value PBS solutions were applied to mimic the normal tissue 

fluid and tumor issue fluid. 

 

1.3.4 Biological evaluation of nanofibers 

The morphology of cells proliferation was observed by SEM. The biocompatibility of 

keratin-based nanofibers can be evaluated by 3- (4,5- dimethylthiazol-2-yl)- 5- (3- 

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay , cell live/die 

assay and DAPI fluorescence staining assay. The in vitro cytotoxicity activity of 

anti-tumor drug loaded keratin-based nanofibers can be evaluated by MTS assay, 

Live/Dead assay. Cellular proliferation studies of nanofibers were observed by 

Fluorescent Microscopy (Nikon, Eclipse 80i). Fluorescent intensity was measured 

using Image J and was normalized to cell number per image. Besides, SEM images 

also provided a direct observation of cells proliferation morphology and confirmed 

the anti-tumor effect by utilizing the synergistic effect between anti-microbial peptide 

and anti-tumor drug to tumor cells by performing culture experiments with human 

colorectal carcinoma cell line (HCT-116). 
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1.4 Outline of the thesis 

The thesis presents the studies on the exploration of keratin-based composite 

biofunctional materials. Various types of polymer systems, including keratin particles 

extracted from wool, keratin/PLLA composite nanofibers, 5-FU loaded keratin/PLLA 

composite nanofibers and Attacin-2 loaded 5-FU/keratin/PLLA composite nanofibers 

were exploited. Additionally, great effort has been made to disclose the 

sustained-release profile of keratin/PLLA nanofibers when loaded with hydrophilic 

anti-tumor drugs, the mechanism of the anti-tumor effect of drug-loaded 

electrospinning nanofibers and the generalized principle for developing this type of 

biofunctional polymers. The overall contents of the thesis are categorized as nine 

chapters, which are briefly described as follows: 

Chapter 1 introduced the research background, the objectives and significance, and 

arrangement of the thesis respectively. 

Chapter 2 gave a systematic literature review mainly on the three following topics: 1) 

materials candidates for scaffolds; 2) fabrication techniques of scaffolds; 3) evaluation 

methods on scaffolds‘ biofunctional properties. Research gaps of each part were 

summarized respectively. Finally, a brief summary was given at the end of the 

chapter.  

Chapter 3 discussed the feasibility of transforming wool into the functional protein 

biomaterials. In order to achieve this objective, isoelectric precipitation process was 

introduced to produce the targeted bio-functional keratin polypeptides. Wool fibers 

were hydrolyzed and adjusted to predetermined pH values. The results suggested that 
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keratin polypeptides with different amino acids compositions could be tailored from 

wool hydrolyzed solution. Keratin particles at nanometer-scale were collected 

successfully. The chemical structure of keratin polypeptides endured the same as the 

pristine wool and the crystal structure of keratin polypeptides became more 

amorphous. 

Chapter 4 presented applying keratin polypeptides into biofunctional tissue 

engineering scaffolds system. In order to achieve the keratin composite nanofibers, 

keratin polypeptides were blended with Poly (L-lactic acid) (PLLA) organic solution 

with an ―ethanol replacement‖ process and electrospun into nanofibers. The results 

indicated that the nanofibrous composite membrane possessed ultrafine and 

homogenous structure without keratin aggregation. The Fourier transform infrared 

spectrometry (FT-IR) revealed the existence of keratin in the composite fibers. The 

thermal property of the composite membrane was more stable than pure keratin. XRD 

spectra revealed a crystal transformation of keratin after the process of 

electrospinning. The biocompatibility was examined by seeding cells on the surface of 

the composite nanofibers. Compared to pure PLLA nanofibers, keratin/PLLA fibrous 

membrane showed an enhanced impact on cells viability and affinity. 

Chapter 5 explored the degradability of keratin/PLLA composite nanofibers. This 

chapter is foundation for chapter 6. In this chapter, the degradability of the 

nanofibrous biopolymer membrane is evaluated through several aspects. The 

morphology of the membranes is observed by SEM images which indicate that the 

thin keratin/PLLA nanofibers are unfolded after degradation in PBS solution. The UV 
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spectra further indicate the degradation rate of keratin. The FT-IR spectra demonstrate 

the same degradation trend by comparing the intensities of keratin characteristic peaks. 

The thermal properties of the degraded membranes are tested by TGA thermal 

analysis. 

Chapter 6 developed a localized drug delivery system. The composite 

polymer-protein nanofibers containing hydrophilic drug 5-Fluorouracil were 

synthesized by electrospinning and characterized to determine the chemical properties, 

physical properties and drug release properties. The combination forces status of drug 

and protein was explored by Zeta potential analysis. The dispersion status of drug in 

the composite membrane was investigated by different characterization methods. 

Scanning electron microscopy and differential scanning calorimetry revealed that 

individual filament morphology and thermal properties are maintained in the 

bi-component filaments. The in vitro drug release profiles were examined. Drug 

release from a bi-component filament is an additive composite of the drug release 

profiles obtained from single component filaments, and multi-component filaments 

can control the release of drug over much longer times than a mono-component 

filament. Drug release from a tetra-component filament is calculated based on the 

individual component drug release profiles and shown to be a good predictor of 

experimentally determined drug release. 

Chapter 7 investigated the optimized factors effect on the controlled release 

performance of the electrospun composite membrane in different pH environments, 

this study employs the full-factorial design with two factors at two-levels. The 
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nanofibrous membranes with different processing parameters were tested in two 

different pH conditions: pH 7.4 PBS solution and pH 6.0 PBS solution. 

5-fluorouracile was introduced in this experiment as the targeted drug. This 

full-factorial design of the experimental method indicates that it is possible to not only 

identify the main effects of this complex bio-mimetic system, but also investigate the 

effects of two-factor interactions. The antitumor effect was examined by a series of 

biological evaluations: cell live/dead assay, Fluorescence staining and MTS assay. 

The biological results indicated 5-FU/Keratin/PLLA nanofibers has a long-term 

inhibition effect on tumor cells (HCT-116) compared to 5-FU/PLLA nanofibers. The 

sustained effect can last from 4hours observation until 120 hours observation. The 

5-FU/keratin/PLLA kept releasing the antitumor drug in the total 120 hours 

experiment and proliferation rate of tumor cells was inhibited steadily and sustainably. 

Adding keratin into the composite membranes can increase the antitumor effect 

dramatically. 

Chapter 8 discussed the further investigation on bio-functions of PLLA and keratin 

nanofibrous membranes. Both the anti-tumor drug and anti-microbial peptides were 

loaded on the nanofibers. The antitumor effect between chemical drug and 

antimicrobial peptides was investigated. The experimental results indicated that after 

adding the antimicrobial peptides into the scaffolds, the antitumor effect could be 

observed, especially after 72 hours cultivation (P<0.01). Unlike the chemical 

antitumor drug with a short and strong inhibition effect on tumor cells, the biological 

antimicrobial peptides has a long and sustained inhibition on tumor cells which 
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compensates the short effect of chemical antitumor drugs. After the 72 hours 

observations, the antitumor effect of antimicrobial scaffolds dramatically inhibited the 

proliferation of tumor cells. The results indicated the feasibility of combining both 

chemical antitumor drugs and biological antimicrobial peptides together, which 

suggested the further direction of applying nanofibers in the realm of antitumor 

therapy. 

Chapter 9 summarized all the conclusions and gave the suggested future work. The 

conclusions covered all the main findings obtained in this study. The suggested future 

work focused on three issues related to the optimization of dual drug formulation 

antitumor experiments and animal model experiments. References were attached in 

the end of the thesis. The frame work of this thesis could be well illustrated by the 

following. 
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CHAPTER 2 LITERATURE REVIEW 

 

A primary driving force for the work in this thesis comes from a shifting biomaterials 

landscape of tissue engineering. In this chapter, an overview on tissue engineering and 

biomaterials applied in tissue engineering is presented. First of all, tissue engineering 

and the scaffolds are extensively introduced. Secondly, biomaterials as an important 

role in the tissue engineering process are introduced as two categories according to 

the diversified sources, compositions and functionalities. Thirdly, the applications of 

wool keratin, a kind of natural polymer, are summarized, such as the characterizations 

of the keratin and exploration of the keratin-based composite polymers. Fourthly, 

electrospinning technology and its corresponding applications in tissue engineering 

are summarized. Finally, the anti-tumor drug release system by electrospinning 

technology is introduced, which is followed by a brief summary.  

 

2.1 Tissue engineering and scaffolds 

2.1.1 Tissue engineering 

Tissue engineering is an emerging interdisciplinary field that applies the principles of 

biology and engineering to the development of viable substitutes that restore, maintain 

or improve the function of human tissues and organs [1]. Tissue engineering, which 

applies methods from engineering and life sciences to investigate artificial constructs 

to direct tissue regeneration [2], has therefore attracted the attention of many scientists 

and surgeons with a hope to treat patients in a minimally invasive and less painful 

way.  

 

A schematic diagram is given to display the whole structure of the literature review 
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section in Figure 2.1.  

 

Figure 2.1 Schematic demonstration of literature review structure. 

 

Tissue engineering also provides unique opportunities to investigate structural 

function relationship associated with new tissue formation in the laboratory and to 

predict the clinical outcome of the specific medical treatment. And some future 

applications for tissue engineering, for instance, drug carrier and drug targeted release 

have also been explored deeply recently. A general process of tissue engineering is 

explicated in Figure 2.2. 
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Figure 2.2 Basic scheme of tissue engineering process: cells are harvested from in 

vivo stem cells.  

 

In order to achieve successful regeneration of wound organs or tissues based on the 

concept of tissue engineering, several critical elements should be considered. The first 

thing is the biomaterial scaffolds which serve as a mechanical support for cell growth. 

The second thing is the progenitor cells which can be differentiated into specific cell 

types. The final element is the inductive growth factors that can modulate cellular 

activities [6, 7]. The process of tissue engineering mainly involves the seeding of cells 

onto a scaffold, which as a whole part is cultured in vitro, and implanted into the body 

[8].  In general, tissue engineering requires three elements: 1) cells for seeding, 2) 

different kinds of scaffolds depending on the explored cells types; 3) bio-molecular 

signals between cells and scaffolds. It is obvious that the core issue of tissue 

engineering is to design suitable scaffolds and improve the properties of scaffolds. A 
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proper scaffold is the key step in achieving success in tissue engineering [9]. 

 

2.1.2 Scaffolds 

The scaffolds, known as the artificial extracellular matrix (ECM), are defined as the 

carrier for cells, growth factors and other bio-molecular signals [3]. The major 

function of scaffolds is providing a framework and support for cells to attach to, 

proliferate and differentiate. Typically, artificial ECM constructs are developed by 

either natural-resourced molecular polymers (e.g. collagen, fibrin, keratin, etc.) or 

synthetic polymers (PLGA, PEG, etc.). The adhesivity of synthetic polymer scaffolds 

can be enhanced by ECM-derived peptides or protein fragments [4]. Found in various 

ECM molecules, RGD is considered as the most popular adhesive ligand for most 

cells bind to ECM through the RGD-dependent manner [5]. These peptides can also 

have better bio-interaction with cells by transforming their chemical structures. For 

instance, RGD can support better cell adhesion and proliferation when its physical 

structure is changed from linear to cyclic [10]. To mimic native tissue structures, 

ECM scaffolds have been developed in various physical forms such as hydrogels, 

nanofibers, woven and non-woven fabrics. Different crosslinking schemes are utilized 

to achieve stability prior to or during cell seeding [10-12]. Cells within these 

mechanically-conditioned and functionally-conditioned artificial tissues often display 

increased viability and ECM synthesis both in vitro and in vivo [13-15]. 

An ideal scaffold should have the following characteristics: 1) an extensive network 

of interconnecting pores so that cells can migrate, multiply and attach deep within the 
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scaffolds; 2) channels through which oxygen and nutrients are provided to cells deep 

inside the scaffold, and the waste products can be easily carried away; 3) 

biocompatibility of the substrate materials which do not elicit an unresolved 

inflammatory response nor demonstrate immunogenicity or cytotoxicity; 4) the right 

shape, however complex as desired by the surgeon; and 5) the mechanical properties 

of the scaffold must be sufficient and not collapse during handling and during the 

patient's normal activities [16-18]. Most materials widely used in the area of tissue 

engineering are adapted from other surgical uses, such as haemostatic agents and 

wound dressings. These materials include synthetic biodegradable materials, such as 

aliphatic polyesters (poly-glycolic acid, poly-lactic acid and their co-polymers) 

[19-21], hydroxyl-apatite (HA) [19, 22], and naturally derived materials, for example, 

collagen and chitin [23, 24]. The techniques of fabricating tissue engineering scaffolds 

include electrospinning [25-28], solvent casting particulate leaching, phase separation 

[18] and gas forming, emulsion freeze drying [29, 30]. The details regarding the 

biomaterial polymers and fabrication techniques will be illustrated more in subsequent 

chapters. 

 

Figure 2.3 Examples of artificial biomedical composite scaffold devices: (A) 

Electrospun heart valve scaffold for tissue engineering; (B)Heterogeneous composite 
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scaffold for osteochondral repair [27, 28] 

 

2.2 Biomaterials 

2.2.1 Introduction about biomaterials 

In the first Consensus Conference of the European Society for Biomaterials (ESB) in 

1976, a biomaterial was defined as ―a nonviable material used in a medical device, 

intended to interact with biological systems‖. However, now the ESB's defined 

biomaterials as ―material intended to interface with biological systems to evaluate, 

treat, augment or replace any tissue, organ or function of the body‖. This subtle 

change in definition indicates how the field of biomaterials has evolved. Biomaterials 

have moved from merely interacting with the body to influence biological processes 

toward the goal of tissue regeneration [31-34]. The indispensable property of 

biomaterials is biocompatibility, which is defined as the ability of a material to 

perform with an appropriate host response in a specific application. The selection of 

biomaterials for a given application is determined by degraded surface, and bulk 

properties of the material. Generally there are three major categories in biomaterials: 

1. Metals: Metals are inorganic materials with metallic bonds and highly mobile 

electrons which are strong and easily to form complex shapes. 

2. Ceramics are inorganic materials with ionic bonds which are very hard and more 

resistant to degradation than metal. The disadvantage of ceramics is very brittle.  

3. Biopolymers 

Biopolymers have been widely investigated in the recent decades. Two major groups 

compose the biopolymers, the natural polymers and synthetic polymers. The natural 
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polymers are derived from sources within the body (e.g. collagen, fibrin, keratin.) or 

outside the body (chitosan, alginate). The synthetic polymers are man-made by certain 

chemical reactions in a certain purpose. The synthetic polymers can be easily 

mass-produced and sterilized and their physical, chemical, mechanical and other 

properties can be tailored for specific application. A detailed discussion concerning 

biopolymers will be conducted in the following section. 

 

2.2.2 Natural biopolymers 

A wide range of natural biopolymers have been found and studied such as collagen 

[35], gelatin [36], silk fibroin [37], fibrin (fibrinogen) and other poly-saccharide 

polymers (e.g. chitosan or alginate) [38, 39]. Natural polymers are mainly derived 

from sources within the biological body (e.g. collagen, fibrin) or outside the body (e.g. 

chitosan). The materials from bio-sources, especially the protein-based polymers are 

good at mimicking many features of ECM and therefore have the ability to improve 

the migration, growth and organization of cells during the period of tissue 

regeneration and wound healing, and for the stabilization of encapsulated and 

transplanted cells. They provide a natural substrate for cellular attachment, 

proliferation and differentiation in the native state. For the reasons mentioned above, 

naturally occurring polymers could be the preferred substrate for tissue engineering. 

Table 2.1 presents the major natural biopolymers and their sources as well as their 

applications. Among them, collagen, fibrin, gelatin and alginate have been extensively 

investigated for myocardial tissue engineering [40].  
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In summary, two major advantages of natural polymers are: 1) natural biopolymers 

possess similar chemical compositions as the tissues they are replacing; 2) natural 

biopolymers can be more easily integrated into the surrounding tissues over time. 

However, their drawbacks are obvious: 1) small existing amount in nature; 2) low 

mechanical properties; 3) are easily rejected by the host; 4) have possible batch 

variation. 

 

Table 2.1List of natural biopolymers and their sources as well as main application 

fields 

Polymer Source Applications 

Collagen Tendons and ligament Multi-applications, 

including cardiac tissue 

engineering, collagen gels 

[41]. 

Elastin Tissues and extracellular 

matrix 

Multi-applications, 

including nano-composite 

scaffolds [42]. 

Gelatin Extracted from the 

collagen inside animals‘ 

connective tissue 

Multi-applications, 

including nano-composite 

scaffolds [42]. 

Chitosan Shells of shrimp and crabs Multi-applications, 

including nano-composite 

scaffolds [43]. 

Keratin Wools, nails and hairs Multi-applications, 

including bio-functional 

membranes, sponge [44]. 

Alginate Cell walls of brown algae Multi-applications, 

including composite 

alginate gels [45]. 

 

Collagen: An important natural biopolymer, which can be found in most body organs 

like skin, bone, tendon, cartilage and blood vessels. In humans, collagen represents 
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one-third of total proteins, accounting for three-quarters of the dry weight of skin, and 

is the most prevalent component of the extracellular matrix (ECM)       

 

Chitosan: A copolymer of glucosamine and N-acetylglucosamine units obtained by 

deacetylation of chitin with a percentage of N-acetylglucosamine lower than 50%. It 

is often applied in the fields of wound healing, drug delivery systems, and tissue 

engineering because of its unique nontoxic and antimicrobial properties. However, it 

is only soluble in acetic solutions which limit its fabrication methods since many 

biopolymer fabrication methods (electrospinning, phase separation) are involved in 

organic or neutral environments. 

 

Elastin: The protein component found during the process of the growth of tissues. 

Elastin is composed of cross-linked insoluble tropoelastin. Elastin is made by linking 

many soluble tropoelastin protein molecules, in a reaction catalyzed by lysyloxidase, 

to make a massive insoluble, durable cross-linked array. It is often utilized in 

biomaterials as a result of both mechanical strength and flexibility. However, elastin 

easily triggers the biological immune system and its low solubility limits its potential 

biomedical application. 

 

Alginate: A biopolymer and polyelectrolyte that is considered to be biocompatible, 

non-toxic, non-immunogenic and biodegradable. It can be characterized as an anionic 

copolymer consisting of mannuronic acid (M block) and guluronic acid (G block) 



21 
 

units. Alginate has gained popularity in biomedical applications because of its gelling 

ability in the presence of divalent cations, and stability and viscosity in aqueous 

solutions. However, due to its weak mechanical properties and slow degradability, it is 

fraught with difficulties when applied in biomedical nanofibrous devices.  

 

Keratin: The major structural fibrous protein providing an outer covering such as 

wool, hair, feathers and nails. From amino acid analysis, keratin is characteristically 

abundant in cysteine residues (7–20% of the to talamino acid residues). Keratin is 

beneficial in wound healing and tissue regeneration as an artificial ECM. Due to its 

favorable mechanical strength, biodegradability and biocompatibility, keratin is 

considered a competitive biopolymer candidate to be applied as a biomedical scaffold. 

A detailed review of the literature on keratin is offered in the following.  

 

2.2.3 Wool keratin  

As a big family of cysteine-rich structural proteins formed in the epithelial cells of 

higher vertebrates, keratin belongs to the group of natural biopolymers. The natural 

sources of keratin are the stiff or filamentous organs such as hairs, nails, horns and 

feathers, all of which are present mostly as protein-rich waste [46, 47]. Unlike the 

kinds of protein materials (e.g. collagen) having been the target of extensive 

investigation, in the past keratin only attracted minor interest because of its 

water-insolubility and the limited number of methods available for its extraction and 

processing. However, in the last decade, and particularly over the last five years, new 
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methods have been described for the use of keratin or modified keratin, mainly 

obtained from wool, as a substrate or scaffold for cell cultivation and tissue 

engineering. Some reports have revealed the use of keratin, mainly derived from wool, 

as a substrate or scaffold for cell culture and tissue engineering. In one patent 

application, the suitability of keratin as a substrate and growth supplement was 

suggested [48]. Yamauchi et al. and Tachibana et al. reported an improved 

proliferation rate for fibroblasts (mouse cell lineL929) on keratin-coated culture wells 

and spongy keratin scaffolds [49, 50]. Figure 2.4 displays the morphology of a 

keratin-based sponge. 

 

Figure 2.4 SEM photographs of freeze-dried keratin sponge (a) and (c) and 

keratin/calcium/alginate sponge (b) and (d). (a) and (b): surfaces, (c) and (d): 

cross-sections [45] 

Moreover, chemically cross-linked keratin films and keratin-chitosan composite films 

have been investigated [51]. The essential element of the structure of the keratin 
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macromolecule is the alignment of amino acids residue along its chain. The sequence 

of amino acids defines the possibility of intermolecular links, the molecular cohesion 

of the keratin and the access of amino acids to the chemical reaction. The residue of 

cysteine in the keratin chain plays a fundamental role in chemical reactions of wool 

fibers. Keratin macromolecules in wool fiber takes on the following conformations 

[52-56]: 

• Helical (α-keratin) 

• Rectal (β-keratin) 

• Undefined 

Previous literature reports the study on extraction of protein material from wools by 

chemical cleavage of the disulphide bonds of the amino acid cysteine, responsible for 

the high stability of keratin, followed by successive purification and regeneration 

[54-56]. Keratin regenerated from wool fibers needs to be dissolved in proper solvents 

before processing for further applications. Generally speaking, aqueous solutions are 

employed to produce films, porous membranes, hydrogels. The cross-linking agents 

(such as formaldehyde or epoxy resins) are often applied to the regenerated keratin 

due to their mechanical strength. There is a consensus that protein is composed of 

amino acids. Different amino acids should have different chemical and medical 

properties. Table 2.2 gives a summary of amino acids characterization. 
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Table 2.2 Standard amino acid and their properties [57] 

 

Amino 

Acid 
3-Letter 1-Letter 

Side chain 

polarity 

Side chain acidity 

or basicity 

Hydropathy 

index 

Alanine Ala A nonpolar neutral 1.8 

Arginine Arg R polar basic(strongly) -4.5 

Asparagine Asn N polar neutral -3.5 

Aspartic acid Asp D polar acidic -3.5 

Cysteine Cys C polar neutral 2.5 

Glutamic acid Glu E polar acidic -3.5 

Glutamine Gln Q polar neutral -3.5 

Glycine Gly G nonpolar neutral -0.4 

Histidine His H polar basic(weakly) -3.2 

Isoleucine Ile I nonpolar neutral 4.5 

Leucine Leu L nonpolar neutral 3.8 

Lysine Lys K polar basic -3.9 

Methionin

e 

Met M nonpolar neutral 1.9 

Phenylalan

ine 

Phe F nonpolar neutral 2.8 

Proline Pro P nonpolar neutral -1.6 

Serine Ser S polar neutral -0.8 

Threonine Thr T polar neutral -0.7 

Tryptopha

n 

Trp W nonpolar neutral -0.9 

Tyrosine Tyr Y polar neutral -1.3 

Valine Val V nonpolar neutral 4.2 

 

The Hydropathy index indicates the hydrophobicity of amino acids. Normally, a 

larger number represents more hydrophobicity. Side chain acidity or basicity may be 

another factor related to the biomedical properties of amino acids. Based on the theory 

of isoelectric points, biological amphoteric molecules will precipitate at their pI point. 

The iso-electric point (pI) can be calculated as indicated in Equation 2.1: 
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𝑝I =
𝑝𝐾1+𝑝𝐾2

2
         (Equation 2.1) 

In this equation, the pH of the amine terminal of an amino acid is denoted as pK1; the 

pH of the carboxyl terminal of amino acid is denoted as pK2. Additionally, it is 

important to summarize the bio-functions of the major amino acids.  

Cystine: A dimeric amino acid formed by the oxidation of two cysteine residues that 

covalently link to make a disulphide bond. Its chemical structure is 

HO2CCH(NH2)CH2SH. The disulphide link is readily reduced to give the 

corresponding thiol cysteine. This reaction is typically effected with thiols [58]:  

(SCH2CH(NH2)CO2H)2 + 2 RSH → 2 HSCH2CH(NH2)CO2H + RSSR (Equation 2.2) 

Disulphide bonds cleave more rapidly at higher temperatures. 

 

Figure 2.5 Molecular structure of Cysteine: -NH2 group is hydrophobic and therefore 

the bi-sulfide binding is strengthened. 

 

Glycine: with the molecular formula C2H5NO2 it is the smallest amino acid molecule. 

It can fit into both hydrophilic and hydrophobic environments due to its two side 

chains. Glycine is degradable via three pathways. The predominant pathway in 
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animals involves the catalysis of the glycine cleavage enzyme, the same enzyme 

which is also involved in the biosynthesis of glycine. The degradation pathway is the 

reverse of its synthetic pathway [57]: 

Glycine + tetrahydrofolate + NAD
+
 → CO2 + NH4

+
 + N, 

N-Methylenetetrahydrofolate + NADH + H
+ 

 

Figure 2.6 Molecular structure of Glycine. 

 

Research Gap with regard to Wool Keratin 

Wool keratin as a kind of cysteine-rich structural protein has been applied in some 

biomedical devices. However, previous studies mainly focused on the protein area. 

Little research has explored the mechanism of keratin applied as a biopolymer 

material. Based on the different bio-functions and solubility of the amino acid, 

hydrolyzed keratin could be separated into different polypeptides for specific 

biomedical purposes at different isoelectric points. Moreover because of the water 

solubility of wool keratin, many researchers have extracted keratin by dissolving in 

organic chemicals and spray drying wool keratin powder [59, 60] or lyophilizing the 

keratin powder [51, 61, 62].  

 



27 
 

Keratin powder can encounter several problems in electrospinning: firstly, the keratin 

powder is water soluble, so although the keratin particles have been embedded into 

the structure of membranes, films and scaffolds, it can be released into hydrophilic 

solutions rapidly. As a major functional part of a biomedical device, the loss of keratin 

could jeopardize the fibrous membranes, films and scaffolds. Also, keratin powder 

can become aggregated easily in a nanoscale structure which causes the average size 

of keratin particles to be larger than the diameter of nanofibers so the fibers cannot 

encapsulate the particles. 

 

2.2.4 Synthetic biopolymers 

As a matter of fact, instead of natural biopolymers, recently tailored synthetic 

polymers have been applied extensively in the realm of tissue engineering, drug 

delivery and medicine clinics, etc. Some polymer sub-classes are particularly suited to 

certain tissue types. Let‘s take elastomers as an example. Elastomers can sustain 

substantial deformation at low stresses and return rapidly to their initial dimensions 

upon release of the stress, which is suitable for cardiovascular applications, where 

tissue elasticity is an important property. Also, hydrogels are another instance. Their 

super-hydrophilic ability makes hydrogels swell in water and retain a significant 

amount of water within their structure. Due to their super water content, hydrogels 

can be explored for a variety of soft tissue applications (e.g. PEO/PEG). The 

advantages of synthetic polymers are: 1) they are easily sterilized; 2) their physical, 

chemical, mechanical and other properties can be tailored for specific applications; 
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and 3) they rarely trigger an immune system response. However, their major 

disadvantage is that most synthetic polymers do not interact with tissue in an active 

way and cannot improve wound healing and tissue regeneration. 

 

2.2.5 Poly(L-lactic acid) (PLLA)  

Poly(L-lactic acid) (PLLA) is one of the few synthetic degradable polymers approved 

by the Food and Drug Administration (FDA, USA) for human clinical applications 

[63]. The mechanism of the degradation of PLLA is hydrolytic attack of ester bonds. 

Through this hydrolytic attack, chemical chains are broken, causing it to degrade into 

lactic acid [64]. PLLA belongs to the saturated poly-a-hydroxy esters group, which 

contains most often utilized biodegradable synthetic polymer candidates like: 

poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and poly(lactic acid-co-glycolide) 

(PLGA) copolymers [13, 65]. The chemical properties of these polymers allow 

hydrolytic degradation through de-esterification. In the process of degradation, the 

monomeric components of each polymer are removed by natural pathways. The 

human body already contains highly regulated mechanisms for completely removing 

monomeric components of lactic and glycolic acids. Studies confirmed that PLLA, as 

a stable synthetic polymer candidate, has been employed in tissue engineering. A Poly 

(D-lactic acid) (PDLA) oligomer was used to blend with PLLA to form a stereo 

complex possessing good thermal resistance [66]. An in vitro interaction of 

MG-63osteosarcomacells with PLLA membranes was investigated which showed that 

a particulate membrane can improve cell adhesion growth [67]. PLLA has also been 
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fabricated with collagen as cartilage scaffolds. The big pore size, however, can only 

maintain its original mechanical strength and structure for a matter of weeks. SEM 

morphology is shown in Figure 2.7 [15]. 

 

Figure 2.7SEM photomicrographs of cross sections of PLLA sponge (a) and 

PLLA–collagen sponge (b) at original magnification ×80 

 

Research Gap for the application of PLLA 

PLLA as a kind of safety materials as demonstrated by the FDA (Food and Drug 

Admission, USA) has been investigated widely. With high biocompatibility and 

biodegradability, a major problem encountered in PLLA application is the lack of 

ECM and cell growth signals. Due to this, merely based on PLLA nanofibrous 

membrane, no significant impact has been observed concerning improvement of 

wound healing and tissue regeneration. 
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2.2.6 Degradability of biopolymers 

Degradability is the key issue in the selection of biomaterials in tissue engineering. A 

degradable product has the ability to break down in a safe, reliable, and relatively fast 

way, by biological processes, into the raw materials of nature and thus disappear into 

nature. A comparison [15, 68, 69] of the degradability and other properties of different 

kinds of polymers is as shown in Table 2.3. 

 

Table2.3 Comparison on Biodegradability and other Physical Properties of Selected 

Biopolymers 

Polymer 

Melting 

Temperature 

(Tm/℃) 

Biodegradation 

Time(Months) 

Modulus 

(Gpa) 
Mechanism 

Poly-L-lactide 

(PLLA) [68, 70] 
173-178 12--24 

Film or 

disk: 

1.2--3.0 

Hydrolytic 

Poly-DL-lactide 

(PDLLA) [71] 
Amorphous 12--16 

Film or 

disk: 

1.9--2.4 

Hydrolytic 

Polyglutamic 

acid(PGA) [72] 

 

225—230 4--6 
Fiber: 

7--14 
Hydrolytic 

Poly- 

caprolactone 

(PCL) [71] 

 

58 >24 ---- Hydrolytic 

Collagen [73] ---- 2--24weeks ---- Enzymetic 

Chitosan [74] ---- 100days ---- Enzymetic 

 

From Table 2.3, the first four kinds of materials are synthetic and have a relatively 

longer degradation time. The last two polymers are protein-based natural polymers 
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which have a shorter degradation period due to the enzymatic mechanism rather than 

hydrolytic degradation. In general, the degradation time should not last too long or too 

short. Since the substantial structure serves as a cell host, a short degradation time 

makes these polymers unable to fulfill this basic aim. However, on the other hand, if 

the polymers‘ degradation lasts for too long, when the tissue completes the 

regeneration process, the residue of polymers in vivo can be restrictive for new tissue 

growth. A proper degradation time is what researchers are looking for. The chemical 

properties of these polymers allow hydrolytic degradation in the process of 

de-esterification. After degradation, the monomeric components of each polymer are 

removed by natural pathways. The human body already contains highly regulated 

mechanisms for completely removing monomeric components of lactic and glycolic 

acids. PLA and PGA can be processed easily and their degradation rates and physical 

and mechanical properties are adjustable over a wide range by using various 

molecular weights and copolymers. However, these polymers undergo a bulk erosion 

process such that they can cause scaffolds to fail prematurely. In addition, abrupt 

release of these acidic degradation products can cause a strong inflammatory response 

[75, 76]. In general, PGA degrades faster than PLA, as found in Table 2.2. Their 

degradation rates decrease in the following order: 

PGA>PDLLA>PLLA>PCL 

Biodegradable polyester degradation begins by being attacked by water molecules 

followed by the hydrolysis of ester bonds. Various factors affect the de-esterication 

kinetics. For example, chemical composition and configurational structure, processing 
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history, molar mass (Mw), environmental conditions, stress and strain, crystallinity, 

device size, morphology (e.g. porosity) and chain orientation, distribution of 

chemically reactive compounds within the matrix, additives, presence of original 

monomers, and overall hydrophilicity [77, 78].  

 

2.3 Fabrication technology applied in tissue engineering 

2.3.1 Fabrication technology for nanofibers 

Polymer nanofibers have been fabricated using a number of different techniques. The 

methods of nanofibers fabrication are varied and utilize physical, chemical, thermal, 

and electrostatic fabrication techniques. The methods of polymer nanofibers 

fabrication most commonly associated with tissue engineering scaffolds in the 

literature are electrospinning, self-assembling peptide reactions and phase separation. 

The following part will discuss the nanofibers fabrication technology in detail. 

 

Electrospinning: This method is an electrostatically driven method for fabricating 

polymer nanofibers. Nanofibers are formed from the polymer solution that is fed 

through a capillary tube into a region of high electric field. The electric field is most 

commonly generated by connecting a high voltage power source in the kilovolt range 

to the capillary tip. As electrostatic forces overcome the surface tension of the liquid, 

a Taylor cone is formed and a thin jet is rapidly accelerated to a grounded or 

oppositely charged collecting target. The size and microstructure of the nanofibers can 

be controlled by varying parameters such as solution viscosity, voltage, feed rate, 
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solution conductivity, capillary-to-collector distance, and orifice size [79]. The 

electrospinning technique is a mature technology. It is very versatile and a wide range 

of polymer and copolymer materials with a wide range of fiber diameters (several 

nanometers to several microns) can be fabricated using this technique.  

 

Self-assembly: This is a process whereby molecules organize and arrange themselves 

into patterns or structures through non-covalent forces such as hydrogen bonding, 

hydrophobic forces, and electrostatic reactions. Nanofibers with diameters around 

5-25 nm can be formed by the self-assembly process, and systems have been 

developed wherein nanofibers assembly can be induced by appropriate pH values. 

While peptides are most commonly used in self-assembly of tissue engineering 

structures, synthetic polymer nanofibers have also been fabricated by self-assembly 

[80-83]. Figure 2.8 displays the peptide-amphiphile self-assembling structure [79]. 

 

 

Figure 2.8 Schematics of the (a) molecular structure and (b) nanostructure, and 

images of the (c) micro and macro structure of a self-assembling nanofibers network. 

 

Phase separation: Nanofibrous foam materials have been fabricated by a technique 

called thermally induced liquid-liquid phase separation. This fabrication procedure 



34 
 

involves four steps in general [84]. A schematic diagram is shown in Figure 2.9. 

(1) Dissolution of polymer in solvent  

(2) Phase separation and polymer gelatination at low temperature 

(3) Solvent exchange by immersion in water 

(4) Freezing and freeze-drying. 

 

 

Figure 2.9 Schematic diagram of nanofibers formation by phase separation. 

 

The morphology of these structures can be controlled by fabrication parameters such 

as gelatination temperature and polymer concentration. Interconnected porous 

nanofiber networks have been formed from polymers such as PLLA, PLGA and 

poly-DL-lactic acid(PDLLA) with fiber diameters from 50-500 nm, and porosities up 

to 98.5% [84-86]. Table 2.4 is a summary for a more detailed comparison.
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Table 2.4 Comparison among popular nanofibers fabrication technology methods 

Technology 

Methods 
Application Area Ease of Processing Advantages Disadvantages 

Electrospinning Lab and Industrial Easy 1. Cost Effective 

2. Easy set-up 

3.Tailorable mechanical properties, 

size, shape at satisfactory level 

4. Wide range of polymers selection 

1. Use of Toxic organic solvent 

2. limited application in 3-D 

pore structures 

Self-assembly Lab Difficulty 1. Achieves fiber diameters on 

lowest ECM scale (normally, 5–8 

nm) 

2.Injectable for in vivo assembly 

3. Achieves 3Dimensional pore 

arrangement 

1.Low yield and commercial 

2.Only short fibers can be 

created (< 1 μm) 

3. Limited selection on polymer 

candidates 

Phase Separation Lab Easy 1. Batch-to-batch consistency 

2. Achieves 3-Dimensional pore 

arrangement 

1.Low yield 

2. Complex operations 
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2.3.2 Electrospinning technology applied in tissue engineering  

Among the popular nanofibers fabrication methods so far, electrospinning is attracting 

people‘s attention due to its easy operation, high yield and wide selection range of 

polymer candidates. Electrospinning is an electrostatic fiber fabrication technique 

which has evinced more interest and attention in recent years due to its versatility and 

potential for applications in diverse fields. The notable applications include tissue 

engineering, biosensors, filtration, wound dressings, drug delivery and enzyme 

immobilization. The working process of electrospinning is shown in Figure 2.10. 

 

Figure 2.10 Diagram to illustrate the working process of electrospinning device [87]. 

 

With smaller pores and higher surface area than regular fibers, electrospun fibers have 

been successfully applied in various fields, such as nano-catalysis, tissue engineering 

scaffolds, protective clothing, filtration, biomedical, pharmaceutical, optical 

electronics, health care, biotechnology, defense and security, and environmental 

engineering. Overall, this is a relatively robust and simple technique to produce 

nanofibers from a wide variety of polymers. In Table 2.5 previous studies and medical 

applications utilizing the electrospinning technique are summarized in detail [88-94]. 
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Spun nanofibers also offer several advantages such as an extremely high 

surface-to-volume ratio, tunable porosity, malleability to conform to a wide variety of 

sizes and shapes, and the ability to control the nanofiber composition to achieve the 

desired results from its properties and functionality. 

 

Table 2.5 Different polymers used in electrospinning and their applications and 

assessment methods 

Polymers 
Application and 

Devices 

Assessment 

Methods 

Poly(glycolide) (PGA) Nonwoven TE 

scaffolds 

SEM,TEM, in vitro 

rat cardiac fibroblast 

culture, in vivo rat 

model 

 

Poly(lactide-co-glycolide)(PLGA) Biomedical 

applications, wound 

healing 

SEM, WAXD, 

SAXS, degradation 

analysis 

Poly(ε-caprolactone) (PCL) Bone tissue 

engineering 

SEM, in vitro rat 

mesenchymal stem 

cell culture 

 

Poly(l-lactide) (PLLA) 

 

3D cell substrate SEM, in vitro 

human chondrocyte 

culture 

 

Poly(l-lactide) (PLLA) 

 

Nanofibrous 

Membrane 

SEM,FTIR,XRD 

and vitro fibroblast 

cells culture  

Silk fibroin Nanofibrous 

scaffolds for wound 

healing 

SEM, ATR-IR, 13C 

CP/MAS NMR, 

WAXD, NMR, in 

vitro human 

keratinocyte culture 
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Because of these advantages, electrospun nanofibers have been widely investigated in 

the past several years regarding their use in various applications, such as filtration, 

optical and chemical sensors, electrode materials, and biological scaffolds [95]. 

 

Research gap of electrospinning technology applied in the biomaterials area 

Apart from the huge success, the advantages of the electrospinning method and 

electrospun nanofibers, there are still some challenges that need to be overcome. A 

major challenge which arises when using electrospun membranes for tissue 

engineering is the non-uniform cellular distribution and lack of cellular migration in 

the scaffold with increasing depth under normal passive seeding conditions. It has also 

been reported that with a decrease of the electrospun fiber diameter there is an 

increase in the number of fiber-to-fiber contacts per unit length and a decrease in the 

mean pore radius in the mesh.  Nam et al. have used an interesting technique which 

involves simultaneous mechanical dispersion of NaCl particles and electrospinning of 

fibers followed by salt leaching [96]. However, this method creates very large pores 

though very dense fiber sheaths are observed in between the created macrospores 

which help only in surface migration and not into the interior of the fibers. Ekaputra et 

al. studied the method of co-electrospinning, where they used medical-grade poly 

(ε-caprolactone)/collagen as the main fiber with water-soluble polymers PEO and 

gelatin to increase the void volume in the structure with selective removal of solid 

material from the mesh [97]. The method of blending with water soluble polymers 

offers very limited improvements compared to conventionally electrospun fibers in 

terms of cell infiltration. Therefore, it would be beneficial to fabricate a kind of 

electrospun membrane with a homogenous structure and improve the non-uniform 

cellular distribution.  
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2.4 Bio-functionalized electrospun nanofibers for tissue engineering 

2.4.1 Target drug loading and controlled-release from nanofibers 

Drug loading on the surface can be completed by utilizing surface-modified 

nanofibrous membranes which have an extremely high surface area to volume ratio, 

leading to higher drug loading dosage per unit mass than any other devices. The 

immediate release of drugs from the nanofiber surface can enable facile dosage 

control of certain therapeutic agents. It was especially suitable for some specific 

applications, e.g., prevention of bacterial infection occurring within a few hours of 

surgery [98]. 

 

A schematic diagram is given in Figure 2.11 to illustrate three modes of drug-loading 

on the electrospinning nanofibers. 

 

Figure 2.11Three modes of drug-loading on electrospun nanofibers [98] 

 

Simple Adsorption: Physical surface adsorption is the most achievable approach for 

loading drugs on nanofibrous membranes. Electrostatic interaction, hydrogen bonding, 

hydrophobic interaction and Van Der Waals interaction can be utilized as the driving 

force for surface adsorption [99]. A typical example is the use of the specific 
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interaction between heparin and growth factors. Heparin has strong binding affinity 

with various growth factors such as fibroblast growth factor (FGF), vascular 

endothelial growth factor (VEGF), heparin-binding epidermal growth factor (HBEGF) 

and transforming growth factor-β (TGF-β). This approach can last for a long period of 

biological activity by preventing early degradation of growth factors. Heparin 

immobilization of biomaterial surface and subsequent attachment of growth factor can 

be the most efficient approach to local delivery of growth factors and consequent 

variations [100]. 

 

Drug-loaded nanoparticle adsorption: The assemble nanoparticle on the surface of 

nanofibers has been developed for various applications such as electronic, catalysis 

and sensor devices [101, 102]. The large interfacial area of the nanofibers leads to 

high-performance devices. Such hierarchical nano-structure can also be constructed 

using therapeutically or biologically functional nanoparticles such as silver or 

hydroxyapatite nanoparticles. 

 

Layer-by-layer multilayer adsorption: This method allowed surface coating with a 

thickness from different scales, e.g., nanometers or micrometers to achieve 

controlled-release by layer-by-layer (LbL) polyelectrolyte multilayer assembly. 

Driven by an electrostatic force on charged substrates, layer-by-layer multilayer 

adsorption comprises layer-by-layer deposition of poly-anions and poly-cations 

principally, as a result of self-assembled multilayer coating or free standing 

membranes. This technique attracted extensive attentions for the ease of its synthesis, 

universality for any complex structure of substrate and the feasibility of using any 

composition for the coating layer. While charged therapeutic component scan be 
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easily incorporated into the multilayer assembly, the incorporation of insoluble and 

uncharged drugs appears to be difficult. Recent approaches have included the 

encapsulation of drugs into charged particles [103, 104]. 
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Table 2.6 Comparison of Three modes of drug-loading on electrospun nanofibers 

 

 Ease of Processing Advantages Disadvantages 

Simple Adsorption Easy 1. The most achievable methods 

to control drug slow-release. 

2. High yield of drug loading. 

3. wide range of selection on drug 

and biopolymers 

1. Limited on application in 

specific biological 

environment (e.g. capillary 

blood vessel) 

Drug-loaded nanoparticles 

adsorption 

Difficulty 1. Nanoparticles can be applied in 

capillary blood vessel. 

2. More precisely targeted drug 

release 

1. Difficulty to fabricate 

specific nanoparticles 

2. Low yield of drug loading. 

3. narrow range of selection 

on drug and biopolymers 

Layer-by-layer multilayer 

adsorption 

Difficulty 1. Precisely targeted drug release. 

 

 

1. Difficulty to fabricate LPL 

multilayer. 

2. Low yield of drug loading. 

3. narrow range of selection 

on drug and biopolymers 
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2.4.2 pH-sensitive drug delivery system  

The pH-sensitive system was first introduced for the clinical treatment of tumors. In 

the 1930s, Warburg noted ‗the remarkable extent to which living tumor cells are able 

to convert carbohydrate into lactic acid [105, 106]. Within the past decades of 

research, there is consensus that pH 6.4 is regarded as the ideal condition for the 

growth and invasiveness of solid tumors. In cancer therapy, the tumor 

microenvironment has become one of many areas which are studied in order to design 

new therapies. Especially, knowledge and understanding of the tumor 

microenvironment allow researchers to elaborate different therapeutic strategies, 

based on numerous differences compared with normal tissue, including vascular 

abnormalities, oxygenation, perfusion, pH and metabolic states. The differences in 

terms of the morphology of tumor vasculature and pH are two basic properties which 

will be particularly described since they are the more relevant characteristics in regard 

to the design of tumor-targeted drug delivery systems [38].  

 

The measured acidic pH of the extracellular fluid of tumor cells has been extensively 

reported [106]. The lower extracellular pH is an intrinsic feature of tumor cells. Two 

causes are: acid export from the tumor cells and clearance of extracellular acid. In fact, 

lower pH benefits tumor cells because it promotes invasiveness and gives them a 

competitive advantage over normal cells for growth. Figure 2.12 illustrates the 

structure of cell membrane. Tumor cells have neutral or slightly alkaline intracellular 

pH values whereas its extracellular fluid is relatively acidic [107]. The extracellular 

pH (pHe) of normal tissues and blood pH are kept constant at pH 7.4 and their 

intracellular pH (pHi) at pH 7.2 [108]. However, in tumor cells, this gradient is  

Reversed as: pHi> pHe. 
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Figure 2.12 Diagram of the structure of cells membrane [108]. 

 

Materials with pH sensitivity can work efficiently in the therapy of tumors because of 

the significant acidic extracellular fluid of tumor cells. These materials have a wide 

range of potential applications in photography, drug delivery, cosmetics, sensors, cell 

encapsulation, food processing and the textile industry. As a result, numerous efforts 

have been made to develop various biodegradable pH-sensitive materials. Based on 

the previous research, three major groups of pH-sensitive drug delivery systems are 

identified. 

 

pH-sensitive polymer micelles: A polymeric micelle is defined as a super-molecular 

assembly of block copolymers, having a characteristic core-shell structure; the 

drug-loaded core is surrounded by biocompatible poly (ethylene glycol) (PEG) outer 

shells (or other polymers) [109, 110]. And polymeric micelles can be utilized in drug 

delivery systems and are currently recognized as promising formulations for 

enhancing the efficacy of anticancer drugs [111, 112]. The polymeric micelles 

function by responding to intracellular signals from cells.  Among all these 
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intracellular signals, low pH inendosomes and lysosomes are used as a chemical 

stimulus for designing pH-sensitive drug carriers since the macromolecular carriers 

are taken up by the cells and finally localized in the endosomes and/or lysosomes 

[113]. Kataoka et al. at the University of Tokyo (Tokyo, Japan) have recently 

fabricated a micelle-forming PEG-block-P(Asp-Hyd-DXR) copolymer, which is 

prepared by chemically conjugating doxorubicin (DXR) to the side chain of 

PEG-b-poly (aspartic acid) copolymers via an acid-labile hydrazone bond [114, 115].  

 

pH-sensitive hydrogels: Hydrogel is considered a polymeric material which is able to 

absorb more than 20% of its weight of water and still retain a distinct 3D structure. 

The water-insoluble property of hydrogels is attributed to the presence of chemical or 

physical cross-links, which provide a network structure and physical integrity to the 

system. The pH-responsive hydrogel systems are of great importance due to their 

unique pH dependent swelling-deswelling behavior [116]. Hydrogels made of 

cross-linked polyelectrolytes display big differences in swelling properties depending 

on the pH of the environment. The pendant acidic or basic groups on polyelectrolytes 

undergo ionization just like acidic or basic groups of monoacids or monobases. 

Ionization on polyelectrolytes, however, is more difficult due to the electrostatic 

effects exerted by other adjacent ionized groups [117]. The swelling and 

pH-responsiveness of polyelectrolyte hydrogels can be adjusted by using neutral 

co-monomers [117, 118]. 

 

pH-sensitive polymer fibers: The pH-sensitive polymers show a big change in 

properties in response to small variations in physical or chemical stimuli. The 

property transition happens through changes in phase, shape, conformation 
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characteristics, swelling behavior, solubility and optical properties, as well as 

permeability via various molecular mechanisms [119]. In general, conventional 

pH-sensitive polymers are mostly based on those containing ionized groups of a weak 

acid (carboxylic acid) or a weak base (e.g. amino group). The pKa of carboxylic acid 

or pKb of the amino group in polymers changes depending on the surrounding 

molecular environment in order to lead to the phase or swelling transition in the 

similar pH range [120]. Such behavior has been used to induce the controlled release 

of model drugs like indomethacin or cationic proteins like lysozome. The 

poly-amidoamine designed by Duncan et al. has a different structure since it combines 

positive and negative charges within the polymer backbone [121]. 
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Table 2.7 Comparison of pH-sensitive drug delivery system 

 

 Ease of 

Processing 
Advantages Disadvantages 

pH-sensitive polymer 

micelles 

Difficulty 1. Precise targeted drug release. 

2. Apply in specific biological 

environment( e.g. vessels) 

1. Challenge to control its pH sensitivity 

2. Low yield of drug loading. 

 

pH-sensitive hydrogels Easy 1. Easy to fabricate 

2. Controllable pH-sensitivity 

1. Low mechanical strength 

2. Low yield of drug loading 

3. Can‘t be applied in specific biological 

environment( e.g. vessels) 

pH-sensitive polymers 

fibers 

Easy 1. Easy to fabricate 

2. Controllable pH-sensitivity. 

3. Strong mechanical strength.  

4. High yield of drug loading. 

1. Can‘t be applied in specific biological 

environment( e.g. vessels) 
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2.4.3 Synergistic effect between anti-tumor drugs and antimicrobial peptides 

Antimicrobial peptides, also known as AMPs, were initially discovered in the late 

nineteenth century. They are considered to be promising alternatives to antibiotics 

because of their properties of rapid reaction to invading pathogens and the ability to 

overcome the problem of antimicrobial resistance. AMPs are widely found in a 

variety of animal and plant species. Besides the broad antimicrobial spectrum, the 

extensive existence of this kind of peptide indicates that microbes have not effectively 

developed a means to resist their action yet [122]. Although bacterial resistance to 

AMPs has already been observed, there are numerous bacterial species that remain 

sensitive to AMPs‘ actions. The modifications required for resistance to AMPs may be 

metabolically expensive for the maintenance and host colonization of microbes [123]. 

As early as the 1980s, AMPs had been introduced into the anti-tumor therapy reported 

by Kingsbury et al. with an AMP-5-fluorouracil peptide conjugate [124].Obeid et al. 

reported that in order to improve the anticancer activity of the proapoptotic peptides, 

several targeted chimeric inhibitor peptides, were synthesized by coupling 

antimicrobial peptides together. The results indicated that the targeted peptides 

combination approach could serve as a new powerful autonomous anticancer therapy 

[125]. The general membrane-targeted method of cell lysis shows potential in 

synergistic effects when applied together with conventional chemotherapeutics [126]. 

For example, Chen et al. reported that cecropin which displays anticancer activity 

against ovarian, carcinoma, breast carcinoma and leukaemia cells could synergize the 

anticancer drugs S-fluorouracil [127] and cytarabine against acute lymphoblastic 

leukaemia cells [128]. AMPs with cytotoxic activity against tumor cells have potential 

application for conquering problems with multiple-drug resistant (MDR) proteins 

because AMPs are not selected for resistant cancer cells. MDR proteins arouse 
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problems for current treatments as a result of they give a cancerous cell the ability to 

resist treatment by simply ejecting anti-tumor drugs out of the cell where they can do 

no harm. AMPs, however, kill the cell simply by membrane disruption and avoid this 

resistance mechanism. Other beneficial merits of AMPs as antitumor agents include 

their wide range of activity, their ability to kill cancer cells effectively, their ability to 

destroy primary tumors as well as prevent metastasis, and the fact that they do not 

harm on vital organs [129].  

 

Research Gap of nanofibrous system for drug controlled-release  

Since drug delivery, especially in regard to controlled drug-release is attracting great 

attention and intensive interest. Some studies have explored different modes of 

applying nanofibers in drug delivery. However, as a developing area, the research on 

controlled release is still theoretical and limited. The mechanism for drug adsorption 

and drug slow-release remains an unresolved question and needs to be further 

explored. Additionally, the field of pH-sensitive drug delivery systems is very new. 

Few studies have investigated the mechanism concerning nanopolymeric scaffolds in 

pH-sensitive systems. Besides the unknown mechanism, the optimization of this area 

is still in its infancy. 

 

2.5 Summary of the knowledge gaps 

In summary, six research gaps have been identified by the literature review, including: 

1. Keratin is a kind of protein composed of different amino acids. Different amino 

acids have different bio-functions as a result of the differences of their chemical 
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structures. However, little research has explored the impact on biofunctions by 

the different amino acids of keratin. Besides, the large bead-shaped keratin 

particles and aggregations are still an unresolved problem. These large particles 

can damage the uniformity and homogenous structure of nanofibrous membranes. 

It is important to develop a novel fabrication method. 

2. The PLLA organic electrospinning solution requires insoluble keratin samples 

because PLLA cannot dissolve in aqueous environments. However, the relevant 

studies about keratin samples so far mainly suggest collecting keratin from a 

hydrolyzed keratin solution. It is necessary to explore how to prepare keratin in a 

water-free environment while retaining its original structure and properties as 

well. 

3. In the fabrication process, current research has barely explored how to optimize 

the parameters of electrospinning technology to fabricate keratin/PLLA 

nanofibrous membrane with satisfactory porosity and uniformity and how to 

evaluate its biodegradability. 

4. The potential applications of keratin/PLLA composite devices, such as controlled 

drug-release systems and drug delivery systems need to be explored but to date 

there have been limited studies on this area. 

5. The optimized experimental design hasn‘t been introduced in the composite 

membrane fabrication procedures. The biofunctional and anti-tumor evaluation of 

the keratin composite membrane hasn‘t been explored before. 

6. The anti-tumor effect of AMP scaffolds (e.g. Attacin2) hasn‘t been discovered 
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and studied before. It needs to confirm that the AMP possesses its original 

anti-tumor activity and antimicrobial activity after being processed by 

electrospinning techniques. 

 

On the basis of the knowledge gaps identified, five objectives were derived, as 

reported in Section 1.2 in Chapter 1.  
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CHAPTER 3 ISOLATION AND CHARACTERIZATION 

OF BIOFUNCTIONAL KERATIN ISOELECTRIC 

PRECIPITATES 

 

This chapter focuses on completing objective 1 by developing natural functional 

biomaterials. Based on the extensive literature review in Chapter 2, the feasibility of 

extracting the functional biomaterials from wool keratin was studied. During the 

extraction process, wool fibers were hydrolyzed and the hydrolysate was adjusted to 

predetermined pH values to collect keratin polypeptides. The morphology of keratin 

polypeptides was analyzed and determined by SEM investigation. Afterwards, the 

chemical and crystal structure and thermal properties were analyzed by FT-IR spectra, 

XRD and TGA, respectively. These results suggested that keratin polypeptides with 

different amino acid compositions can be tailored from wool hydrolyzed solution 

based on isoelectric-point precipitation and have potential application in the future as 

biomaterials for wound healing, drug delivery, and so on. 

 

3.1. Materials and Methods 

3.1.1 Materials 

Wool was purchased from Australia. Hydrochloric acid 37% GR for analysis ACS (IL, 

USA, analytical purity) and sodium hydroxide powder (IL, USA, analytical purity) 

were employed to hydrolyze wool fibers. 

 

3.1.2 Hydrolysis of raw wool fibers  

Both acidic and alkaline hydrolysis methods were introduced in this chapter. The first 

method was acidic hydrolysis of wool fibers. Wool fibers were hydrolyzed and 
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adjusted to predetermined pH value by chloride acid (HCl). After that, keratin 

polypeptides precipitates were collected and characterized. The results indicated that 

it was viable to extract keratins with different compositions of polypeptides for future 

application. The keratin polypeptides could be developed as the tailored biofunctional 

raw materials for specific purposes in tissue engineering. Wool fibers were 

hydrolyzed in the acidic environment. 60g of wool was immersed into 4 mol/L 

hydrochloric acid (400ml) solution, and then incubated in 95ºC water bath to 

hydrolyze the wool fibers until the wool fibers were dissolved thoroughly. Then the 

prepared hydrolysis solution was filtered twice for further process. The pH value of 

wool hydrolyzed solution was adjusted based on the principle of isoelectric 

precipitation. Two kinds of keratin polypeptide precipitates were collected at pH 3.22 

and pH 5.55, respectively. 

 

The second method in this chapter was alkaline hydrolysis of wool fibers. The basic 

procedures were almost the same as the acidic hydrolysis. Raw wool was immersed 

into 2 wt. % sodium hydroxide solution which was kept thermostatic in water bath (95 

o
C). After the wool fibers were dissolved completely, the hydrolyzed solution was kept 

at room temperature for 48 h. Then the solution was adjusted to pH 5.55 by 0.1 M HCl. 

Keratin precipitate was observed at its isoelectric value (pI).Then the precipitate was 

collected by centrifuge. The precipitate was re-dispersed in distilled water and 

collected by centrifugation again. Subsequently the precipitate was dispersed in 

absolute ethanol and centrifuged again. This procedure was repeated 4 times. 
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3.1.3 Isoelectric-point precipitation process of keratin polypeptides 

Isoelectric point (pI) is defined as the pH value at which a particular molecule or 

surface carries zero net electrical charge. Isoelectric precipitation is a process in which 

proteins or amino acids are precipitated at pH value close to their isoelectric 

points[130, 131]. In this study, the pH value of the prepared wool hydrolysis solution 

was adjusted to pH 3.22 with 1 M NaOH, a thick layer of precipitate was observed at 

the bottom of the solution after 24 h. After the precipitate was collected and denoted 

as keratin polypeptides (KP3), the rest wool hydrolysis solution was adjusted to pH 

5.55. The present precipitate was also collected and denoted as keratin polypeptides 

(KP5). In order to wash away salt and any other impurities, KP3 and KP5 were 

dispersed in DI water and centrifuged 3 times, respectively. Finally, KP3 and KP5 

suspensions were spray-dried to obtain keratin polypeptide powders, respectively.  

 

3.1.4 The crystal structure analysis by XRD measurement 

The differences on the crystal structures of wool fibers, KP5 and KP3 were compared 

by X-ray diffractometer (XRD, D8 Advance, Bruker AXS, Germany). The patterns 

were obtained by a diffractometer with a Cu Kα radiation source. The 2α Bragg 

angles were scanned over a range of 10-80° using a 0.05° step size and 10°/min scan 

speed. 

 

3.1.5 Surface morphology observation 

The surface morphology of KP5 and KP3 was observed by scanning electron 

microscope (SEM, JEOL, JSM-6490, Japan). In the preparation step, the samples 

were adhered directly onto an aluminum stub with a thin self-adherent carbon film 

and then coated with a thin layer of gold. 
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3.1.6 The thermal stability evaluation by TG-DSC measurement 

The phase change temperature and decomposition temperature were measured by 

thermogravimetry and differential scanning calorimetry (TG-DSC, Netzsch STA 449C, 

Burlington, Germany) at a heating rate of 10 °C/min over a temperature range of 

30 °C to 400 °C.  

 

3.1.7 Chemical bonding evaluation by FT-IR measurement 

The chemical structures of KP5 and KP3 were examined by Fourier transform 

infrared spectroscopy (FTIR, Perkin Elmer 1720, Perkin Elmer, USA) in the 

transmission mode with the wave number ranging from 4,000 to 400 cm
-1

. KBr pellets 

were prepared by gently mixing the sample powders with KBr. 

 

3.2 Results and discussion 

3.2.1 The characterizations of acidic hydrolysis peptides  

In the process of acidic hydrolysis of wool fibers, disulfide bond (S-S) and partial 

peptide bonds of keratin in wool were split apart. The acidic hydrolysis reaction of 

wool fiber could be described as following:   

CysS-SCys+R· R-SCys+·SCys    (Equation 3.1) 

·SCys+RHR·+HSCys           (Equation 3.2) 

Ninhydrin reaction and biuret reaction were used to measure the amino acid content 

and the protein content, respectively. Based on these two reactions, the known 

hydrolysis degree of wool keratin was about 33% under the following operating 

conditions: 4.0 mol/L HCl, 95 ºC and 24 h. When the time was prolonged to 48 h and 

72 h, there was no significant increase on the hydrolysis degree of wool keratin, 

which was kept at 33%. It was indicated that the prolonged hydrolysis time couldn‘t 
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increase the degree of hydrolysis at the fixed temperature and certain acidic 

concentration. Table 3.1 summarized the major amino acids existing in keratin and 

their chemistry formula as well as their isoelectric points [132, 133]. 

 

Table 3.1 Major amino acids composition of keratin 

Amino acid Formula Isoelectric point 

Cys 

 

5.07 

Glu 

 

 

3.22 

Gly 

 

5.97 

 

Leu 

 
 

5.98 

Proline 

 

 

6.48 

Tyrosine 

 

5.67 
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From Table 3.1, the isoelectric points of the amino acids in keratin was mainly in two 

ranges: more acidic range (e.g. pH 3.22) and less acidic range (e.g. pH 5-6). The 

purpose of the present study was to verify the feasibility of tailoring bio-functional 

polypeptides from pristine wool keratin through isoelectric precipitation process. The 

different pH ranges of precipitation environments leaded to different isoelectric 

precipitates. It has been proved that two kinds of polypeptides with different 

compositions were collected successfully. Additionally, both chemical and physical 

properties of polypeptides will be examined through a series characterizations and 

biological evaluations. 

 

XRD analysis 

XRD is an important technique to determine the crystal phase of the samples. Figure 

3.1 showed the XRD patterns of wool, KP3 and KP5. The result of XRD indicated 

that the two kinds of keratin polypeptides mainly existed in an amorphous form 

instead of crystal form. Compared with wool fiber before hydrolysis, a broad peak at 

20.2° disappeared after hydrolysis. The arrows pointed at the crystalline peaks were 

shown in Figure 3.1. Under high temperature and acidic environment, most of the 

hydrogen bonds existing in wool fibers were broken down, therefore some crystals 

were destroyed thoroughly as a result of the amorphous structure of wool keratin 

polypeptides[134, 135]. Since the total crystallinity of wool equals the sum of α and 

β-crystallinity, the hydrolysis process of wool decreased the presence of both α-helix 

and β-sheet structures. Compared to the alkaline hydrolysis procedures [136], the 

acidic hydrolysis were intend to produce more amorphous keratin polypeptides. This 

might due to a higher and more thoroughly degree of hydrolysis by acid. 
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Figure 3.1 XRD patterns of wool fibers, KP3 particles and KP5 particles by acidic 

hydrolysis. 

 

Surface morphology 

SEM images could identify the morphology of the surface layer directly. Figure 3.2 

displayed the SEM images of KP3 and KP5 powders respectively. The smooth 

micro-spheres could be observed for both KP3 and KP5 particles. The spherical shape 

might be a result of the process of spray drying. There were insignificant differences 

concerning surface morphology and shapes between KP3 and KP5 particles. Both of 

KP3 and KP5 possessed the smooth, round and uniform surfaces. However, the 

diameter ranges of the micro-sphere were obviously different. For the diameter of 

KP3 particles, the range was from 8 μm to 12 μm and some micro-spheres were in 

hollow structure. The KP5 particles possessed a smaller diameter lying in the range of 

1-5 μm. The difference of diameter range could be a result of the different 

concentrations of KP5 and KP3 suspensions. The hollow structure of KP3 particle 

might due to the evaporation of water. In the process of spray-drying, after the KP3 

suspension pumped into the chamber, the high-speed air flow dispersed the liquid into 
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small droplets. The droplets were dried rapidly and water on the surface of droplets 

kept releasing into the environment. The droplets shrank to smaller droplets 

consequently. If the concentration of the droplets reached a certain level, the inside 

water could hardly penetrated the shell of droplets. Finally, the evaporated molecules 

had to break through the shell and left the hollow spheres as shown in Figure 3.2.  

 

Figure 3.2 SEM images of different keratin polypeptides particles by acidic hydrolysis: 

(A) KP3 powders; (B) KP5 powders. 

 

TG-DSC measurement 

TG-DSC analysis was an important technique to measure the content of the 

components with different phase change temperature and fusion temperature. In this 

study, the TG-DSC curves revealed the thermal properties of the two kinds of keratin 

polypeptides as well as the wool fibers. Figure 3.3(A), (B) and (C) displayed the 

TG-DSC curves of wool, KP3 and KP5 powders, respectively. 
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Figure 3.3 TG-DSC curves of keratin polypeptides by acidic hydrolysis: (A) wool; (B) 

KP3 particles; (C) KP5 particles. 
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Table 3.2 summarized the glass transition temperature, decomposition temperature 

and mass change (400 ºC) consequently. The glass transition temperature of KP3 and 

KP5 were 100.3 ºC, 78.2 ºC respectively. Comparing with 100.3 ºC, 78.2 ºC, the wool 

sample had a lower glass transition temperature at 65.0 ºC. The lower glass transition 

temperature was a result of the higher water-content in the original wool [137]. However, a 

reverse trend occurred concerning the decomposition temperature. The decomposition 

temperature of the acidic and neutral polypeptide was 179.3 ºC and 187.0 ºC, 

respectively, which were lower than that of wool at 223.0 ºC. 

 

Table 3.2 The summary of glass transition temperature, decomposition temperature 

and mass change of wool, KP3 and KP5 

Sample 
Glass transition 

temperature (ºC) 

Decomposition 

temperature (ºC) 

Mass change 

(400ºC) 

Pristine wool 65.0 223.0 63.51% 

KP3 100.3 179.3 52.56% 

KP5 78.2 187.0 56.27% 

 

In Figure 3.3 (A) and (C), a decrease-trend sloping portion was observed at 110.0 ºC. 

This was a result of the evaporation of the bound water in the keratin structure. This 

was also referred to as the ―denaturation‖ temperature [138]. With temperature 

increasing, an endotherm peak at 223.0 ºC was observed on the DSC curve in Figure 3. 

3 (A), which was corresponding to the melting of the α-form crystallites. The slope in 

Figure 3.3 (B) was slow due to a low hydroscopicity of PK3 particles. In Figure 3.3 

(A), a sharp exothermic peak was observed at 347.0 ºC indicted decomposition of 

keratin fractions with intermediate and high thermal stability [138]. For KP3 particles, 
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this temperature shifted to a lower temperature of 270.0 ºC. According to the equation: 

TM=ΔH/(ΔS+RlnCT) [139], in which R as the gas constant equals to 1.987 cal 

K
-1

mol
-1

, it could be explicated that when increasing the melting entropy, the melting 

point decreased correspondingly. Comparing with wool sample, KP3 and KP5 

possessed lower mass change. The better thermal-stability of wool was a result of the 

cross-linking between the macromolecules by hydrogen bonds. After acidic hydrolysis, 

the decrease of hydrogen-bonds weakens the cross-linking. The same results were 

also found in the XRD patterns. In fact, there were two main thermal events existing 

in the DSC curves. One was the melting of α-helix and β-sheet structures and the 

crystallites were changed correspondingly in Figure 3.3(A); the other one was the 

thermal degradation of components in Figure 3.3(A), (B) and (C). The variations of 

the temperature concerning the thermal degradation indicated that the different crystal 

structures transformed after acidic hydrolysis and isoelectric precipitations of wool. 

 

FT-IR analysis 

FT-IR spectrum can explicate the chemical structure changes by detecting the 

vibration of chemical bonds in molecules. Figure 3.4 showed the FTIR spectra of 

pristine wool, KP3 and KP5. Their corresponding characteristic peaks were marked 

correspondingly. The disulphide bond (S-S) of the wool keratin was broken down in 

the process of acidic hydrolysis, and its characteristic peak disappeared in both 

theKP3 and KP5. According to the curve of wool, the peak at 617 cm
−1

 and 473 cm
−1

 

should be assigned to C-S bond stretching and S-S bond stretching as well as the C-C 

bond deformation [140]. After the acidic hydrolysis, due to the cleavage of S-S bond 

in cysteine, there was no peak at this region from the two polypeptides curves. Apart 

from the deformation of cysteine, the hydrolysis also generated many small peaks 
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around the region from 1121-1022 cm
−1

 which were related the sulphate oxides.  

 

Figure 3.4 FT-IR spectra of wool, KP3 particles and KP5 particles by acidic 

hydrolysis. 

 

In Figure 3.4, there were mainly three major band regions, which were assigned as 

amide I, II, III. The amide I band was related to C=O stretching, which occurred 

within the range of 1600-1700 cm
−1

. The amide II within the region of 1400-1500 

cm
−1

 came from N-H bending and C-H stretching. The amide III band laid in the 

range of 1220–1300 cm
−1

and it was the result from the combination of C-N stretching 

and N-H in plane bending as well as some distribution from C-C stretching and C=O 

bending [141]. From the wool curve, there were two split peaks at 1617 cm
−1

 and 

1638 cm
−1

. These two peaks were yielded because of the α-helix structure and β-sheet 

structure. After the acidic hydrolysis, due to a change on the structures of keratin, two 

split peaks combined as amide I band. The differences between the KP3 and KP5 

could be observed although not strikingly significant. As shown in Table 3.1, 

polypeptides with different amino acids composition could be generated as a result of 

collection on different isoelectric points. For example, from the spectra of KP5, the 
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presence of benzene could be demonstrated by three bands at 1600, 1500 and 1400 

cm
-1

[142]. The additional peak at 840 cm
−1

 appeared at fingerprint region because of 

the substituent positioning effects of benzene which probably establishes presence of 

tyrosine. For both KP3 and KP5, a group of small peaks around the region from 

1121-1022 cm
−1

 with different intensities, were related to the content of different 

sulphate oxides [141]. Since different amino acids have their specific bio-functions, 

there would be remarkable application potential of tailoring specific polypeptides with 

different amino acid compositions [143]. Furthermore, the tailored polypeptides can 

be applied with both the synthetic and natural polymers to be considered as proper 

candidates in tissue engineering. 

 

3.2.2 The characterizations of alkaline hydrolysis peptides  

Wool and isoelectric precipitation of keratin polypeptide 

In the process of alkaline hydrolysis of wool fibers, disulfide bond (S-S) and partial 

peptide bonds of keratin in wool were split apart. Treatment of wool at temperatures 

above 70 °C and within a pH range of pH 9–11, with exposure time within 4-12 h, in 

the presence of excess alkali, can lead to the conversion of disulfide groups to cystyl 

residues (CyS-) [144, 145]. The alkaline hydrolysis reaction of wool fiber could be 

described as following [144]:  

 

2CySSCy+4OH
−⇌3CyS

−
+CySO2

-
+2H2O           (Equation 3.3) 

Keratins extracted from wool can be fractionated into two groups. One fraction with 

less sulfur than the parent wool and is believed to originate in the microfibrils. The 

other group contains more sulfur than wool and can be applied in the matrix. Low- 
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and high-sulfur fractions are the major components of the fiber and represent 50–60% 

and 20–30% by weight of wool, respectively. Alkali-assistance gives negative charges 

on the ionizable acid groups of wool to form electrostatic repulsion between them. 

Often a hydrogen-bond breaking agent, such as urea, is included in the formulation to 

unfold or denature the protein. 

 

XRD analysis 

XRD is an important technique to determine the crystal phase of the samples. 

Figure3.5 showed the XRD patterns of KP3 and KP5 by alkaline hydrolysis. The 

result of XRD indicated that the two kinds of keratin polypeptides existed in a certain 

crystal form. A broad peak at 20.2° can be observed after alkaline hydrolysis. Under 

high temperature and acidic environment, most of the hydrogen bonds existing in 

wool fibers were broken down, therefore some crystals transformed between pristine 

wool to keratin polypeptides. Since the total crystallinity of wool equals the sum of α 

and β-crystallinity, the hydrolysis process of wool decreased the presence of both 

α-helix and β-sheet structures. Compared to the acidic hydrolysis procedures [136], 

the alkaline hydrolysis were intend to keep the crystal structure of keratin 

polypeptides. This might due to a different hydrolysis mechanism and different degree 

of hydrolysis in alkaline environments. 
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Figure 3.5 XRD patterns of KP3 particles and KP5 particles by alkaline hydrolysis. 

 

Surface morphology  

SEM images could identify the morphology of the surface layer directly. Figure 3.6 

displayed the SEM images of KP3 and KP5 powders respectively. The smooth 

micro-spheres could be observed for both KP3 and KP5 particles by alkaline 

hydrolysis. The spherical shape might be a result of the process of spray drying. There 

were insignificant differences concerning surface morphology and shapes between 

KP3 and KP5 particles. Both of KP3 and KP5 possessed the smooth, round and 

uniform surfaces. However, the diameter ranges of the micro-sphere were obviously 

different. For the diameter of KP5 particles, the range was from 4 μm to 5 μm which 

is smaller than the acidic hydrolysis particle sizes. The KP3 particles however, 

possessed a bigger diameter than 5 μm. The difference of diameter range could be a 

result of the different concentrations of KP5 and KP3 suspensions. Compared with 

acid hydrolysis particle, the alkaline particles possessed a smaller diameter range. The 

rough surfaces are a result of different concentration of keratin polypeptides 

hydrolyzed solutions. 
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Figure 3.6 SEM images of keratin polypeptides nanoparticles by alkaline hydrolysis: 

(A) KP3 powders; (B) KP5 powders. 

 

SDS-Page analysis 

 

Figure 3.7 SDS-page images of keratin polypeptides by alkaline hydrolysis of 

KP3articles and KP5particles. 

 

The SDS-page experiments have been done according to the protocol as below: 
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High-Range Rainbow Molecular Weight Markers (GE Healthcare, MW 1200–225,000 

D) were applied as control. SDS-PAGE analysis was performed according to 

following steps: Electrophoresis was conducted in a GeneMate electrophoresis system 

(IscBioexpress, Kaysville, UT) equipped with a 12% Gel, 0.1 × 10 × 8 cm
3
 (NuSep, 

Lawrenceville, GA) and running buffer of 10× diluted to 1× Samples, 0.5 mg/mL 

sample concentrations, were prepared in pH 9 loading buffer containing 10 mM 

TRIS–HCl: 1 mM EDTA medium with sodium dodecyl sulfate (SDS electrophoresis 

purity reagent, Bio-Rad Laboratories, Hercules, CA), 2-mercaptoethanol (Bio-Rad 

Electrophoresis Grade #161-0710), and 1% w/v Coomassie Brilliant Blue (Amresco, 

Solon, OH). The gels were processed at 90v in running buffer. Coomassie R 350 stain 

(Pharmacia Biotech) was used to stain the gels. A dilute solution of methanol and 

glacial acetic acid in deionized water was used for destaining. In Figure 3.7, it can be 

observed that most of KP3 and KP5 possessed a molecular weight below 24K. 

Moreover, no clear bands could be detected. It meant that both KP3 and KP5 have 

wide molecular weight distribution. In the harshly alkaline hydrolysis environment, 

not only the S-S bonds between protein chains were broken, but the amide bonds of 

protein were also snipped un-specifically. As a result, KP3 and KP5 with different 

molecular weights were collected from the hydrolysis of the peptide bonds. Unlike the 

reduction hydrolysis, the severe hydrolysis produced fragmented keratin peptides with 

low molecular weight. 

 

TG-DSC measurement 

TG-DSC analysis was an important technique to measure the content of the 

components with different phase change temperature and fusion temperature. In this 

study, the TG-DSC curves revealed the thermal properties of the two kinds of keratin 

https://www.gelifesciences.com/gehcls_images/GELS/Related%20Content/Files/1314774443672/litdocRPN756EPS%20Rev%20A%202007_20110831114232.pdf
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polypeptides as well as the wool fibers. Figure 3.8 (A) and (B) the TG-DSC curves of 

KP3 and KP5 powders by alkaline hydrolysis respectively.  

 

 

Figure 3.8 TG-DSC curves of keratin polypeptides by alkaline hydrolysis: (A) KP3 

particles; (B) KP5 particles. 

 

The glass transition temperature of KP3 and KP5 were 100.3 ºC, 78.2 ºC respectively. 

Comparing with 100.3 ºC, 78.2 ºC, wool sample had a lower glass transition 

temperature at 65.0 ºC. The lower glass transition temperature was a result of the 

higher water-content in the original wool [137]. However, a reverse trend occurred 

concerning the decomposition temperature. The decomposition temperature of the 

acidic and neutral polypeptide was 179.3 ºC and 187.0 ºC, respectively, which were 

(A) 

(B) 
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lower than that of wool at 223.0 ºC. 

 

Table 3.3The summary of glass transition temperature, decomposition temperature 

and mass change of KP3 and KP5 by alkaline hydrolysis 

Sample 
Glass transition 

temperature (ºC) 

Decomposition 

temperature (ºC) 

Mass change 

(400ºC) 

KP3 71.8 158.9 39.01% 

KP5 73.4 188.5 33.40% 

 

In Figure 3.8 (A) and (B), a decrease-trend sloping portion was observed at 110.0 ºC. 

This was a result of the evaporation of the bound water in the keratin structure. This 

was also referred to as the ―denaturation‖ temperature [138]. With temperature 

increasing, an endotherm peak at 223.0 ºC was observed on the DSC curve in Figure 

3.8 (A), which was corresponding to the melting of the α-form crystallites. The slope 

in Figure 3.8 (B) was slow due to a low hydroscopicity of PK3 particles. In Figure 3.8 

(A), a sharp exothermic peak was observed at 347.0 ºC indicted decomposition of 

keratin fractions with intermediate and high thermal stability [138]. For KP3 particles, 

this temperature shifted to a lower temperature of 270.0 ºC. According to the equation: 

TM=ΔH/(ΔS+RlnCT) [139], in which R as the gas constant equals to 1.987 cal 

K
-1

mol
-1

, it could be explicated that when increasing the melting entropy, the melting 

point decreased correspondingly. Comparing with wool sample, KP3 and KP5 

possessed lower mass change. The better thermal-stability of wool was a result of the 

cross-linking between the macromolecules by hydrogen bonds. After acidic hydrolysis, 

the decrease of hydrogen-bonds weakens the cross-linking. The same results were 

also found in the XRD patterns. In fact, there were two main thermal events existing 

in the DSC curves. One was the melting of α-helix and β-sheet structures and the 

crystallites were changed correspondingly in Figure 3.8 (A); the other one was the 
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thermal degradation of components in Figure 3.8 (A), (B). The variations of the 

temperature concerning the thermal degradation indicated that the different crystal 

structures transformed after acidic hydrolysis and isoelectric precipitations of wool. 

 

FT-IR analysis 

FT-IR spectrum can explicate the chemical structure changes by detecting the 

vibration of chemical bonds in molecules. Figure 3.9 showed the FT-IR spectra of 

pristine wool, KP3 and KP5. Their corresponding characteristic peaks were marked 

correspondingly. The disulphide bond (S-S) of the wool keratin was broken down in 

the process of acidic hydrolysis, and its characteristic peak disappeared in both the 

KP3 and KP5. According to the curve of wool, the peak at 617 cm
−1

 and 473 cm
−1

 

should be assigned to C-S bond stretching and S-S bond stretching as well as the C-C 

bond deformation [140].  

 

Figure 3.9 FT-IR spectra of pristine wool, KP3 articles and KP5 particles by alkaline 

hydrolysis. 

 

After the alkaline hydrolysis, due to the cleavage of S-S bond in cysteine, there was 

no peak at this region from the two polypeptides curves. Apart from the deformation 
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of cysteine, the hydrolysis also generated many small peaks around the region from 

1121-1022 cm
−1

 which were related the sulphate oxides. The peaks appeared at 1510 

cm
−1 

and 1628 cm
−1

 represented the Amide I and Amide II of keratin polypeptides. 

 

In Figure 3.9 there were mainly three major band regions, which were assigned as 

amide I, II, III. The amide I band was related to C=O stretching, which occurred 

within the range of 1600-1700 cm
−1

. The amide II within the region of 1400-1500 

cm
−1

 came from N-H bending and C-H stretching. The amide III band laid in the 

range of 1220–1300 cm
−1

and it was the result from the combination of C-N stretching 

and N-H in plane bending as well as some distribution from C-C stretching and C=O 

bending [141]. From the wool curve, there were two split peaks at 1617 cm
−1

 and 

1638 cm
−1

. These two peaks were yielded because of the α-helix structure and β-sheet 

structure. After the acidic hydrolysis, due to a change on the structures of keratin, two 

split peaks combined as amide I band.  

 

3.2.3 The comparison between the acidic hydrolysis and alkaline hydrolysis 

In this chapter, both the acidic hydrolysis and alkaline hydrolysis were introduced and 

investigated by extensive studies. The main difference between these two hydrolysis 

methods is the hydrolysis efficiency and hydrolysis strength. As discussed before, 

when keratin, such as wool or feathers, is treated with thiogly-colic acid at a pH of 10 

or higher the reaction appears to be identical with that on simpler disulfides. The 

reaction is a simple reduction; no loss of sulfur occurs. The sulfhydryl protein can be 

re-oxidized to the disulfide state, and this disulfide protein is still soluble in acid or 

alkali and digestible by trypsin or pepsin. The action of cyanide on wool is not quite 

so simple. A higher alkalinity is required (pH 12 to 13) and the proteins lose sulfur; 
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however, the substances obtained behave as true proteins, not as products of 

hydrolysis. From mild reduction hydrolysis of wool, high- and low-sulfur and 

high-glycine–tyrosine groups have been identified. Hypothetically, mild 

2-mercaptoethanol reduction can cleave disulfide bonds to solubilize wool while 

leaving the microstructure of keratin intact. In the presence of excess reducing agent 

extensive reduction can occur to reduce 96% of the cysteine residues of wool at pH 

5.0–7.5 according to two reversible nuceophilic displacement reactions by mercaptide 

ion (RS
−
) on the symmetrical wool (W) keratin disulfide (WSSW). The XRD curves 

revealed that the alkaline treatment intended to produce polypeptides with crystal 

forms and the acidic hydrolysis intended to produce amorphous form polypeptides. 

The chemical structure from both acidic and alkaline hydrolysis indicted few 

differences chemical bonding interactions. The SDS-page analysis indicated that 

alkaline hydrolysis could produce polypeptides with smaller molecular weight. The 

future application of keratin extracted from wools is to be component part in 

functional nanofibers, the smaller molecular weight could benefit the potential 

application in nanofibers due to a lower Gibson free energy. A lower Gibson free 

energy could enhance the interactions between nanofibers and biological tissues.   

3.3 Conclusion 

In this chapter, the first objective has been achieved by developing techniques to 

extract functional peptides from wool keratin. The targeted bio-functional keratin 

polypeptides through the isoelectric precipitation process were fabricated successfully 

by both the acidic hydrolysis and alkaline hydrolysis. In each hydrolysis methods, 

based on the major amino acid compositions of keratin and their specific isoelectric 

precipitation points, two kinds of keratin polypeptide precipitations, denoted as KP3 
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and KP5, were collected at predetermined pH value (pH 3.22 and pH 5.55), 

respectively. The physical chemical properties of the KP3 and KP5 powders were 

investigated through a series of experimental analyses. SEM images displayed the 

sphere-like structures of KP3 and KP5 particles. The alkaline hydrolysis KP3 and 

KP5 possessed a smaller diameter ranges than that of acidic hydrolysis. Due to 

different concentrations of spray-dried suspensions, the surfaces of KP3 and KP5 by 

alkaline hydrolysis had more wrinkles. FT-IR spectra revealed that the bi-sulphate 

bonds of wool were cleaved and different amino acid compositions were found 

accordingly by both acidic hydrolysis and alkaline hydrolysis. TG-DSC curves 

indicated that both KP3 and KP5 by acidic hydrolysis retained a little lower stability 

compared to wool due to the loss of α-helix and β-sheet structures. The thermal 

stability of KP3 and KP5 by alkaline hydrolysis were more stable which also 

confirmed by XRD patterns. The SDS-page confirmed that the molecular weight of 

KP5 can be detected at around 20 KD. The experimental results indicated that these 

bio-functional keratin polypeptides have been extracted from wool successfully. By 

compared both physical and chemical properties of keratin polypeptides, KP5 by 

alkaline hydrolysis was selected for future exploration discussed in later chapters. 
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CHAPTER 4 INVESTIGATION ONKERATIN AND 

POLY(L-LACTICACID)BIOFUNCTIONALELECTROSP

UN MEMBRANE 

 

Previous chapter explored on utilizing keratin polypeptides extracted from wool fibers. 

This chapter focuses on completing Objective 2 by fabricating biofunctional tissue 

engineering scaffolds system with introduction of keratin polypeptides. 

Biocompatible membrane composed of Poly (L-lactic acid) (PLLA) and keratin is 

firstly electrospun. To begin with, water-insoluble keratin was extracted from the 

wool hydrolyzed solution based on a principle of isoelectric precipitation. These 

keratin precipitates were dispersed uniformly within ethanol absolute to form 

non-aqueous homogenous suspension. Ultrafine nanofibrous membranes were 

successfully prepared by electrospinning the blend of PLLA and keratin suspension. 

Uniform structure of the composite nanofibers was observed by scanning electron 

microscopy (SEM). Transmission electron microscopy (TEM) pictures indicated 

keratin was evenly distributed within the composite fibers. The result of FTIR spectra 

revealed the composition of keratin/PLLA membrane. X-ray differential spectroscopy 

(XRD) suggested that higher crystallinity of keratin can be observed from 

keratin/PLLA composite nano-fibers than the original keratin precipitates. The thermo 

gravimetric analyzer (TGA) spectra indicated that keratin/PLLA composite fibers 

possessed constant better thermal stability than pure keratin precipitates. The 

biocompatibility of keratin/PLLA composite membrane was examined by MTS assay. 
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The cells proliferation profile was observed by fluorescent micrographs. The results 

indicated that with promoting effect on cell adherence and proliferation, this 

composite material was suitable as a potential candidate for tissue engineering. 

 

4.1 Materials and Methods 

4.1.1 Materials 

Poly(L-lactic acid) (PLLA) with an inherent viscosity of 6.5dl/g was supplied by 

PURAC (Netherlands). Chloroform and N, N-dimethylformamide (DMF) were 

purchased from Acors (Belgium). The wool fiber was purchased commercially. 

 

4.1.2 Preparation of wool keratin precipitate 

The alkaline hydrolysis keratin peptides were utilized in this chapter. The procedures 

followed the same experimental conditions as described in Chapter 3. Raw wool was 

immersed into 2 wt. % sodium hydroxide solution which was kept thermostatic in95 
o
C 

water bath. After the wool fibers were dissolved completely, the hydrolyzed solution 

was kept stable 48 h at room temperature. Then the solution was adjusted to pH5.55 by 

HCl (0.1M). Precipitate was observed at the bottom of the hydrolyzed solution. Then 

the precipitate was collected by centrifuge (5000 r/min). The precipitate was 

re-dispersed in DI water and collected by centrifuge again. Subsequently the precipitate 

was dispersed in absolute ethanol and centrifuged again. This procedure was repeated 4 

times. 

 

4.1.3 Electrospinning the keratin/PLLA fibrous membrane  
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PLLA was dissolved completely at a concentration of 1.0 % in a mixed organic 

solution of chloroform (wt 90%) together with DMF (wt 10%). Then the wool keratin 

precipitate was added to form the keratin/PLLA (wt 1:9) suspension. The suspension 

was loaded into a syringe with a metal capillary which was connected to high-voltage 

electricity at 22 KV. The feeding rate of the suspension from the syringe was set at 

0.4ml/min. The distance between the capillary and the receptor, a grounded aluminum 

foil, was 10cm. Pure PLLA membrane was also electrospun as the control based on the 

same parameters. The detailed process of keratin/PLLA composite nanofiber 

formation was described in Figure 4.1. 

 

 

Figure 4.1 Schematic diagram of the formation process of keratin/PLLA nanofiber. 

 

4.1.4 Extraction of keratin from membrane 

The fabricated keratin/PLLA membrane was immersed into pure chloroform solution 

until thoroughly dissolved. Then the solution was centrifuged (5000 r/min) to remove 
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PLLA which dissolved in chloroform solution from keratin. The same procedure was 

repeated 4 times until all PLLA was removed from keratin. The keratin precipitates 

were collected and dispersed in absolute ethanol. After centrifuged, the keratin 

precipitates was collected for further characterizations. 

 

4.1.5 Characterizations of the keratin composite nanofibrous membranes  

The morphology of the keratin/PLLA composite membrane was observed by the 

scanning electron microscopy (SEM, JEOL Model JSM-6490). The average diameters 

of both original keratin precipitate before electrospinning and keratin extracted from 

keratin/PLLA electrospinning membrane were analyzed by a dynamic light scattering 

(DLS) instrument (Zetaplus particle size analyzer, Brookhaven Ins., U.S.A.). The 

experiment was processed on a 90° angle detector, with 35 mW solid state laser 

detector at a wavelength of 658 nm. For each sample, ten consecutive measurements 

were examined with an integration time of 2s.Transmission electron micrographs were 

acquired by JEOL 2011 transmission electron microscope (TEM). The keratin/PLLA 

membrane fibers were deposited on 3mm/400mesh carbon-coated copper grids. Pure 

PLLA fibers were observed as a control in both SEM and TEM observation. The 

microstructure of the electrospun membranes were measured by Fourier transform 

infrared spectrometry (FTIR, Nicolet 5700, Thermo Co. USA). Four groups of samples 

were prepared: original keratin precipitate from water, keratin precipitate treated by 

ethanol absolute, keratin/PLLA fibers, pure PLLA fibers. X-ray diffraction 

experiments were performed on x-ray diffractometer Bruker D8 Advance with a Cu 
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source at room temperature. The voltage and current was 40 kV and 30 mA respectively 

and X-ray beam was falling on a sample area of about 7 × 12 mm
2
 with the angle (2θ) 

shifting from 5° to 50°at a rate of 3°/min. Four groups of samples were prepared: 

original keratin precipitate from water, keratin precipitate treated by ethanol absolute, 

keratin/PLLA fibers, pure PLLA fibers. The thermogravimetric analyzer (Netzch STA 

449C Jupiter) was utilized to examine the thermal properties.  The pure PLLA and 

keratin powders, which were made from the dried precipitations being collected at pH 

5.55, were tested as a control. 

 

4.1.6 Cells culture on the keratin composite membranes 

The keratin/PLLA fibrous membrane samples were prepared in the same size and shape. 

Then they were exposed to 365 nm wavelength UV for sterilization. After that, they 

were placed into 24 well-cell culture plates rinsed with culture medium for 2 hour prior 

to cell seeding. Human foreskin fibroblasts cell line, HFF-1, was obtained from ATCC 

and cultured in T25 culture flasks (SPL, Korea) in an incubator at 37 ºC and 5% CO2. 

Dulbecco‘s modified medium, DMEM (Invitrogen, USA), was supplemented with 10% 

foetal bovine serum, FBS (Invitrogen, USA), 1% penicillin (Invitrogen, USA), 1% 

streptomycin (Invitrogen, USA). All cells used in this study were at passage 10 or less. 

Cells were harvested by adding 0.25% trypsin with EDTA (Invitrogen, USA). The 

trypsin was neutralized by adding DMEM media with 10% FBS. Then the cell 

suspension was centrifuged and seeded on the treated substances. Seeding 5×10
4
 cells 

per well (n=3) for prepared sample. Cells were incubated at 37 ºC with 5% CO2 until 
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the evaluation. CellTiter 96® AQueous One Solution Reagent (Promega, USA) was 

added to the culture medium in each well as a ratio of 1:5. The plates were kept in the 

incubator (protect from light) for 4hours. The absorbency of the solution from each 

well via 492 nm wavelength was read by Micro-plate reader infinite F200 (TECAN, 

Switzerland). This assay was conducted at 24 hour of incubation. The MTT (Sigma) 

assay was employed to identify the cellular energy metabolism and cell proliferation. 

After HFF-1 was cultured in 24-well plates for 3 days, the cell proliferation was 

examined by MTT assay. 50ml of MTT (5 mg/ml) were added to each well and 

incubated at 37 °C for 4h in humidified atmosphere of 5% CO2 in air. At the end of 

the assay, blue formazan reaction product was dissolved by adding 200 μl dimethyl 

sulfoxide and 100 μl solution was transferred to a 96-well plate. The solution of each 

sample was placed in a microtiter plate and the absorbance at 490 nm was measured 

on a SS-3000 Immunoanalyser (MB-Ir, Beijing, China). 

 

4.2 Results and Discussion 

4.2.1 Morphology of keratin/PLLA membrane by SEM 

The SEM photos about the membrane structure were shown in Figure 4.2 and Figure 

4.3. These images indicated that the fibrous membrane with homogenous structure 

was fabricated. In these pictures, no agglomeration was found and keratin blended 

with PLLA was formed a fine fibrous membrane. The average diameter of the 

keratin/PLLA fiber was 1.1±0.4 μm. It was noticeable that the diameter of 

keratin/PLLA fiber was smaller than the diameter of pure PLLA (1.5±0.3 μm). This 
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could be contributed by decrease in viscosity and increase in conductivity when 

adding keratin in the electrospun solution [146]. It has been confirmed that lower 

viscosity enhanced the formation of finer fibers and higher charge density by jet 

formed smoother and finer fibers for the stronger whipping instability of the jet that 

enhanced the fibers stretching [147].  

 

  

  

Figure 4.2 SEM images of nanofibers: (A) and (C) were obtained from keratin/PLLA 

(wt 1:9) membrane; (B) and (D) were obtained from keratin/PLLA (wt 1:1) membrane. 

The homogenous structures without any agglomeration can be observed from 

keratin/PLLA (wt 1:9) membrane. 

 

(A) (B) 

(C) (D) 



 

82 
 

 

Figure 4.3 SEM images of keratin/PLLA nanofibers: (A) and (C) were obtained from 

pure PLLA membranes; (B) and (D) were obtained from keratin/PLLA nanofibrous 

membranes (wt 1:9). The homogenous structures without any agglomeration can be 

observed from both of the two membranes.  

 

Figure 4.4 displayed the comparison of the diameter between the keratin extracted 

from the membrane and the original keratin precipitates. The impact of the 

electrospinning force could be observed on the physical change of keratin particle. 

Unlike the larger diameter distribution of 1000-1400 nm, the keratin particle was 

observed to become much smaller after processed through electrospinning. It was 

believed that in the process of electrospinning, a stretching force was applied on the 

suspension of PLLA and keratin. Hence keratin was affinitive with PLLA fibers more 

closely and its physical morphology was changed correspondingly. 
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Figure 4.4 Ranges of the diameter of keratin nanoparticles: (A) shows the diameter of 

the keratin particle extracted from the keratin/PLLA electrospinning membrane; (B) 

shows the diameter of the original keratin particle. 

 

It was a tangled problem that spray-dried keratin particles aggregated in the composite 

fibers [148]. The big particles aggregation can easily destroy the initial structure of 

composite fibers. The present study was employed a method of isoelectric 

precipitation instead of spray-drying the keratin hydrolyzed solution. The possible 
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mechanism was described in Figure 4.5. Firstly, in the process of alkaline hydrolysis 

of wool fibers, disulfide bond (S-S) and partial peptide bonds of keratin in wool were 

split apart. The negative CyS
- 

group was unveiled at keratin surface. The same 

negative charge repelled the keratin particles from each other to prevent their 

aggregation. Based on the principle of isoelectric precipitation, the acid was then 

added into the environment. When it came close to the pI value, the positive charges 

came to the surface of CyS
- 
group and keratin had no net charge. This directly reduced 

solubility of keratin because it was unable to interact with the medium and will fall 

out of solution. The keratin precipitates were then re-dispersed in a alcohol system to 

form uniform suspension. There‘re two purposes of utilizing alcohol: firstly, organic 

PLLA solution was resistance to aqueous system. The previous study was spry-drying 

the keratin hydrolyzed solution. But the keratin particles aggregation was aroused 

correspondingly. The alcohol re-dispersion treatment can prevent this problem; 

Moreover, a replacement of water by ethanol can achieve the uniform blend of keratin 

and PLLA. 
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Figure 4.5 The hypothesis mechanism diagram of re-dispersion of keratin in ethanol 

absolute. 
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4.2.2 FT-IR spectrum of keratin/PLLA membrane 

Although the morphology of keratin/PLLA membrane had few differences with the 

pure PLLA membrane from SEM observation, the FTIR spectrum revealed the 

microstructure of the keratin/PLLA membrane. In Figure 4.6, two absorption peaks 

were observed respectively at 1630 and 1550 cm
−1

, which were the characteristic 

peaks of keratin. They were believed to identify amide I and II bands of keratin. As a 

matter of fact, amide I absorption peak, ranging between 1700 to 1600 cm
−1

, was 

considered being especially sensitive to the secondary structure of the proteins. The 

absorption peak at 1650 cm
−1

 indicated the presence of the α-helix structure; the 

bands related to the β-sheet structure fell in the range of 1631 to 1515 cm
−1

. The peaks 

at low intensity of α-helix structure implied the disordered keratin conformations 

[149]. 

 

Figure 4.6 FT-IR spectra of keratin/PLLA membrane, pure PLLA membrane and pure 

keratin. Two characteristic peaks of keratin were observed respectively at 1630 and 
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1550 cm−1 from both pure keratin sample and keratin/PLLA fibrous membrane 

sample. The FT-IR spectrum revealed the composition of keratin/PLLA membrane. 

 

4.2.3 TEM morphology of keratin/PLLA membrane 

Since FT-IR spectra have demonstrated that keratin existed in the membrane, a detailed 

morphology of keratin/PLLA fibers was further investigated by TEM. Figure 4.7(A) 

indicated the morphology of pure PLLA fibers, while Figure 4.7(B) displayed the 

keratin/PLLA fibers. The notable dark shadow indicated the existence of keratin pH 

5.55.  

 

Both the TEM graphs and the FTIR spectrum demonstrated the existence of keratin in 

the membrane. From the SEM pictures, it was difficult to observe the morphology 

differences between the pure PLLA membrane and the keratin/PLLA membrane. This 

phenomenon implied that the keratin pH 5.55 has been dispersed uniformly within the 

net-structure of the fibers. It demonstrated that the new preparation and fabrication 

method of adding keratin/ethanol into PLLA organic suspension has conquered the 

poor structure uniformity of the keratin/PLLA membrane which was made from wool 

keratin particles [148]. The diameter of spray-dried keratin particles was much greater 

than the average diameter of PLLA fibers. Although keratin particles maintained the 

PLLA fibers as a membrane with high porosity, the porous structure collapsed sharply 

after the keratin particle dissolved or removed during degradation which was a negative 

impact on cell seeding and culturing. Now with the new fabrication method, PLLA and 
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keratin mixed uniformly.  

 

(A)

 

(B)

 

Figure 4.7 TEM images of PLLA and keratin/PLLA nanofibers: (A) pure PLLA fibers 

and (B) keratin/PLLA fibers. The dark shadow area in image (B) was keratin 

precipites blended into nanofibers. 

 

4.2.4 XRD spectra of keratin/PLLA membrane 

The XRD spectra in Figure 4.8 illustrated the crystal structure of pure PLLA, keratin 

precipitates from water, keratin precipitates from ethanol, keratin/PLLA membrane 

and keratin extracted from membrane. From XRD spectrum of pure keratin from water 

and ethanol, a broad peak can be observed at 19.6 2θ°, which represented α-helix 

structure and the sharp peak at 23.3 2θ° represented the β-sheet structure. These 

corresponded to the β-sheet crystalline spacing of 4.7 and 3.8 Å. There was no 

difference between keratin obtained from water environment and keratin obtained 

from ethanol environment. This indicated that the ethanol-treatment of keratin didn‘t 

affect its initial crystallinity. The initial α-helix and β-sheet were kept after the keratin 

re-dispersed in the ethanol solution. In XRD spectrum for keratin/PLLA membrane, a 

sharp peakappeared at around 16.5°. This was attributed to the keratin crystal structure 
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transformation. There were two major secondary structures in keratin: α helix and 

β-sheet [150]. The crystallinity could be higher with more α-helix structures. It was 

observed from Figure 4.6 that in the curve of keratin/PLLA membrane the peak of α 

helix reduced dramatically, which suggested that keratin lost the ordered structures in 

the process of being formed as the electrospun nanofibrous membrane. In order to 

explore the impact of electrospinning process on crystallinity of keratin, keratin was 

extracted from electrospun composite membrane. Compared with pure PLLA fiber, 

the keratin extracted from membrane barely had any significant differences compared 

with pure PLLA which has less crystalinity.  

 

Figure 4.8 XRD patterns of keratin/PLLA membrane, pure PLLA and pure keratin 

extracted from different solutions. In the curves of keratin from water and ethanol, the 

broad peak at 19.6 2θ° represented α helix structure and the acute peak at 23.3 2θ° 

represented the β-sheet structure. In the curve of keratin/PLLA, a new peak appeared 

at 16.5° which was caused by the keratin crystal structure transformation. 
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4.2.5 Thermal property of keratin/PLLA membrane 

The thermal-stability of the keratin/PLLA membrane has been examined through 

thermo-gravimetric analysis by determining the changes concerning samples weight in 

relation to the changes in temperature. From Figure 4.9, it was noticeable that keratin 

had the lowest decomposition temperature at 210 ºC while the PLLA had the 

decomposition temperature up to more than 350 ºC due to its polymeric structure and 

van der waals force between the bonds.  

 

Figure 4.9 Thermogravimetric curves of PLLA, pure keratin and keratin/PLLA 

membrane. The decomposition temperature of keratin/PLLA nanofibrous membrane 

was at 307.5 ºC which lay in the range between pure PLLA and keratin. 

 

The decomposition temperature of keratin/PLLA membrane lay in the range between 

pure PLLA and keratin. At 307.5ºC, a sharp decomposition trend occurred since there 

was an acute decrease in weight loss of keratin/PLLA membrane. Comparing with 
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PLLA, keratin has almost completed its decomposition led by its weight loss down to 

more 80% in total at 307.5ºC. When the keratin in the membrane has decomposed at a 

large scale, the membrane appeared to be thermal-instable and was quickly burned out 

subsequently. After being heated up to 350.0 ºC, the keratin/PLLA membrane almost 

thoroughly decomposed. The weight loss of keratin/PLLA membrane was close to 95% 

which was slightly lower than the weight loss of pure PLLA, however much higher than 

the weight loss of pure keratin. This phenomenon might be changed according tothe 

content percentage of keratin in the membrane.  

 

Table 4.1TGA data under inert atmosphere 

Sample Ti (°C) Tmr (°C) R (wt.%) 

PLLA 315.0 394.0 4.3 

Keratin 198.0 323.0 21.4 

Keratin/PLLA 312 361 7.1 

 

4.2.6 Cells culture on keratin/PLLA nanofibrous membrane 

The biocompatibility of keratin/PLLA membrane was tested by MTT assay. This assay 

worked on the principle that the mitochondrial dehydrogenase enzyme reduced the salt 

to a colored formazan product [147]. The result was shown in Figure 4.10. This bar 

chart showed that keratin/PLLA membrane had a beneficial impact on cells viability 

compared with pure PLLA membrane. The cell viability test demonstrated the 

biocompatibility of keratin/PLLA membrane and made its further application in 
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medicine clinics possible. Figure 4.11 showed the fluorescent micrographs of 

adherence performance of fibroblast HFF-1 on the electrospun membranes of 

keratin/PLLA and pure PLLA after 24h and 48h cultivation. It was observed that more 

cells adhered and proliferated better on the keratin/PLLA (Figure 4.11 A and C) 

membrane surfaces compared to the pure PLLA membrane (Shown in Figure 4.11 B 

and D). The cell growth performance on the membrane surfaces after 48h showed 

similar trend to the cell adhesion performance after 48 h cultivation: the cells had 

grown on all surfaces of the keratin/PLLA composite membranes, but had grown less 

on the surface of the pure PLLA membranes. This is attributed by the hydrophilicity 

of keratin/PLLA membrane, on the surface of which the cells adhered, spread and 

grew more on hydrophilic surface rather than a hydrophobic one. The reduced cell 

adhesion and growth on the PLLA membrane surface may be explained by the high 

surface hydrophobicity and the high mobility of the hydrated PLLA chains exposed 

on the surfaces. Therefore, the affinity from surface to cells could be interrupted. 

Compared with pure PLLA scaffolds, a greater density of viable cells was seen on the 

composite fibrous membranes. Cell culture results indicated that these composite 

fibers have promoting effect on cell growth and attachment. In future they could be 

utilized as scaffold materials for tissue engineering and wound healing dressing. 
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Figure 4.10 Cells proliferation performances on keratin/PLLA membrane (pure PLLA 

membrane worked as control) for 4 hour and 24 hour. The left bar which represented 

keratin/PLLA membrane was higher than the right bar which stood for pure PLLA. 

This trend denmonstrated the positive impact of keratin/PLLA membrane on cells 

viability. 

 

Figure 4.11 Cells morphology of fibroblast cells seeded on the keratin/PLLA 

nanofibrous membrane and pure PLLA nanofibrous membrane separately: (A) and (B) 
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display the cells proliferation profiles after cultivation on keratin/PLLA and PLLA for 

24 h; (C) and (D) display the cultivation after 48 h. 

 

4.3 Conclusion 

Objective 2 has been achieved in this chapter. Isoelectric keratin precipitates have 

been introduced into the composite nanofibrous scaffolds successfully. The detailed 

problems of procedures have been conquered as well. In order to resolve the 

aggregation of protein embedded within nanofibers, the keratin precipitates were 

re-dispersed in alcohol system instead of being fabricated as spray-dried particles. The 

composite nanofibrous membrane was successfully electrospun from the blend of 

isoelectric keratin precipitates and PLLA organic solution subsequently. The 

morphological images indicated the composite nanofibrous membrane possessed 

ultrafine and homogenous structure without keratin aggregation embedded. The FT-IR 

spectrum observed the existence of keratin in the composite fibers. The thermal 

property of the composite membrane was more stable than pure keratin tested by TGA. 

XRD spectra revealed a crystal transformation of keratin after the process of 

electrospinning. An MTS assay was employed to identify the biocompatibility of 

keratin/PLLA composite nanofibrous membrane. Compared with pure PLLA 

membrane, keratin/PLLA fibrous membrane showed a dramatically beneficial impact 

on cells viability. The combined results of characterizations and cell culture 

experiments indicated that keratin/PLLA nanofibrous membrane was preferable for 

tissue engineering with its stable chemical property and good biocompatibility. 
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CHAPTER 5 DEGRADATION EVALUATION OF 

KERATIN AND POLY(L-LACTICACID)ELECTROSPUN 

NANOFIBROUS MEMBRANE 

 

Chapter 5 aims to achieve Objective 3 by studying the degradability of nanofibrous 

biopolymer membrane. The morphology of the membrane was observed by SEM 

images which indicated that the thin keratin/PLLA nanofibers unfold after 

degradation in PBS solution. The UV spectra further indicated the degradation rate of 

keratin. The FTIR spectra demonstrated the same degradation trend by comparing the 

intensities of keratin characteristic peaks. The thermal properties of the degraded 

membranes were tested by TGA thermal analysis. The mechanism of the degradation 

process was also explored and the results indicated that adding keratin into PLLA 

nanofibers increases their degradation rate compared to pure PLLA nanofibers. 

 

5.1 Materials and methods 

5.1.1 Materials 

Poly(L-lactic acid) (PLLA) with an inherent viscosity of 6.5dl/g was supplied by 

PURAC (Netherlands). Chloroform and N, N-dimethylformamide (DMF) were 

purchased from Acors (Belgium). The wool fiber was purchased commercially. 

 

5.1.2 Preparation of keratin/PLLA electrospun nanofibers  

As described in Chapter 4, the keratin/PLLA nanofibrous membrane was fabricated 

following the conditions as: keratin/PLLA electrospun suspension was loaded into a 

syringe with metal capillary which was connected with high-voltage electricity at 
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22KV. The feeding rate of the suspension from the syringe was set at 0.4ml/min. The 

distance between the capillary and the receptor, a grounded aluminum foil, was 10cm. 

Pure PLLA membrane was electrospun as the control. 

 

5.1.3 Methodology of degradability evaluation of keratin/PLLA nanofibrous 

membrane 

The morphology of the fibrous membrane was observed using the Scanning Electron 

Microscopy (SEM) (Netzch STA 449C Jupiter). The samples being tested were pure 

PLLA membrane, the original keratin/PLLA membrane and keratin/PLLA membrane 

after biodegradation respectively. Also, TEM test further investigated the structure of 

keratin/PLLA membrane and pure PLLA membrane. 

 

Before the UV test on PBS solution, a keratin calibration curve was got based on a 

series of experiments concerning the relationship between the concentration of keratin 

and OD value. Then, the sample membrane was immersed into PBS solution (PH7.4, 

1 L), which is mimicking the inner environment of human body, and settled in a 

shaking table at 60rpm at 37 ºC constantly. After 1 hour, 10 ml solution was collected 

from the PBS bottle and another amount of 10 ml pure PBS solution was added to 

make sure the keratin/PLLA membrane was kept in the volume-constant solution. A 

series of 10 ml solution samples were ready to be tested after a certain time interval 

subsequently. Then all the collected solutions were tested with UV spectrum under the 

wavelength of 278 nm. Through the keratin calibration curve, the OD value data were 

transferred into concentration data.  

 

Another group of keratin/PLLA membrane degradation was done in the following 
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way: 6 groups of samples were cut from a same keratin/PLLA electrospinning 

membrane. Each group was immersed in 1 L of PBS solution at pH 7.4 in a shaking 

table at 60 rpm and was kept thermostat at 37 ºC. The PBS solutions were collected 

respectively in the intervals of 3 hours, 24 hours, 3 days, 7 days, 14 days and 28 days. 

The membrane samples were taken based on the same time interval. The samples 

were then thoroughly rinsed using DI water and then dried in room temperature 

keratin/PLLA membrane was examined using Fourier transform infrared spectrometry 

(FTIR, Nicolet 5700, Thermo Co. USA). The characteristic absorption peaks of 

keratin were observed. A series of biodegraded membranes taken in different intervals 

as mentioned before were also examined in order to recognize the ratio changes of 

keratin in membranes. 

 

The Thermogravimetric analysis/Differential scanning calorimeter (Netzch STA 449C 

Jupiter) was used in examination on thermal properties of keratin/PLLA fibrous 

membrane. The degraded membranes with different degradation time were examined. 

The pure keratin and pure PLLA were tested as a control.  

 

5.2 Results and discussion 

5.2.1 Morphology of keratin/PLLA electrospinning membrane 

The SEM photos of the structure of membranes are shown in Figure 5.1. These 

images indicated that the nanofibrous membranes with homogenous structure were 

fabricated. From the fiber structures, no big agglomeration was found and the keratin 

polypeptides were surrounded by PLLA to form a fine fibrous membrane. The 

average diameter of the keratin/PLLA fiber is 1.1±0.4 μm. It is noticeable that the 

diameter of keratin/PLLA fiber is smaller than that of pure PLLA, which is 1.5±0.3 
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μm. This could be contributed by the decrease in electrospinning solution viscosity 

and the increase in conductivity when adding keratin in the solution [20]. Indeed, it 

has been confirmed that lower viscosity may enhance the formation of finer 

nanofibers and higher charge density by jet forms smoother and finer nanofibers for 

the stronger whipping instability of the jet that enhances the fibers stretching [21]. 

 

The morphology of the degraded nanofibers was observed from SEM and these 

photos are shown in Figure 5.2. It is obviously that the fiber structures changed 

dramatically in the process of degradation. Firstly, the width of the fibers extended to 

4.1±0.8 μm and within certain volume the thickness of each bundle became much 

smaller. Secondly, the clear and homogenous structure of original membrane changed 

to a sticky and dense structure after being immersed in PBS solution. Thirdly, after 

being immersed in PBS, there‘s no dramatic difference in the fiber structure no matter 

how long the fiber was immersed as shown in Figure 5.2. The membranes degraded 

after 3 hours and 7 days were displayed as similar structures. The expansion behavior 

of membrane fibers might be attributed to the hydrophobicity of PLLA. After being 

immersed in PBS solution, water molecules penetrated the free space of fibers which 

were hollow inside and the fibers were forced to be unfolded. Since the whole 

membrane was in a crisscross and loose structure the penetration of water molecules 

would be very quick. So there‘s no significant difference in structure between the 

membranes degraded respectively for 3 h and 7 day. In addition this demonstrated the 

improvement of our new fabrication method. The membrane made in previous 

method [4] has a lot of keratin beads in the fibrous structure and when the fiber was 

unfolded, the keratin beads were released firstly which is not our expectation during 

the long-term keratin degradation processes. A fine and homogenous structure could 



 

98 
 

be helpful to slow the keratin degradation.   

 

Figure 5.1 SEM of keratin/PLLA fibrous membrane, (A) and (C) were from pure 

PLLA membrane; (B) and (D) were from keratin/PLLA membrane. 

 

Figure 5.2 SEM of keratin/PLLA membrane after being immersed into PBS solution  

C D 

A B 
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for (A): 0 hour (original membrane); (B) 3 hours (C) 3 days and (D) 7 days. 

 

5.2.2 Degradability evaluation by FT-IR spectrum 

The FT-IR test mainly focused on the composition of keratin/PLLA membrane and 

that of the degraded. From the FT-IR graph shown in Figure 5.3,the characteristic 

peaks of keratin could be observed from the composite membranes as indicated with 

arrows. 

 

Figure 5.3 FT-IR spectra of keratin/PLLA membrane, pure PLLA membrane and pure 

keratin. 

 

There were two absorption peaks respectively at 1630 and 1550 cm
−1

, which are the 

characteristic peaks of keratin. They are assigned to the amide I and II bands of 

protein. As a matter of fact, the amide I absorption, respectively at 1700 to 1600 cm
−1

, 

is known to be especially sensitive to the secondary structure of proteins. On the basis 
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of literature data the absorption at 1650 cm
−1 

suggests the presence of the α-helix 

structure, whereas the bands related to the β-sheet structure fall in the 1631–1515 

cm
−1 

range. The peaks at low intensity in the 1697-1670 cm
−1 

range indicate 

disordered keratin conformations [22]. In Figure 5.4, it can be found that along with 

the degradation the content of keratin left in the membrane was getting smaller for the 

peaks were getting weaker.  

 

Figure 5.4 FT-IR spectrum of keratin/PLLA membrane as a function of degradation 

period and along with the degradation the two characteristic peaks at 1630 cm
-1

 and 

1550 cm
-1

 gradually became weaker. 

 

5.2.3 Degradability evaluation by UV spectrum 

Keratin calibration curve was drawn at wavelength 278 nm, which interpreted a 

relationship between the concentration of keratin released into PBS solution and OD 

value as shown in Figure 5.5. The reason to choose 278 nm as the absorbance 
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wavelength is that the absorbance peak of keratin 278 nm is an effect of absorption of 

aromatic amino acids in keratin chains [24]. In Figure 5.6, the degradation profile of the 

membrane can be observed. A steady increase can be observed concerning the amount 

of keratin polypeptides released into PBS solution as a function of time. Within 180 

hours, 18.34±0.49% keratin has been released into the solution. Comparing with the 

previous methods [4] which stated that more than half keratin polypeptides were 

released in the first 3hour, our new methods improved the stability of the fibrous 

membrane and made it a lasting degradation period. The purpose of the keratin/PLLA 

electrospinning membrane is working as a candidate material in the area of 

orthopedics clinic and bone regeneration. Normally, the bone regeneration lasts a long 

period of time, correspondingly in need of a material of long period of degradation. 

This is the purpose of this new fabrication method. 

 

Figure 5.5 The calibration curve of keratin at a wavelength of 278nm in PBS solution. 
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Figure 5.6 The degradation curve of the keratin/PLLA composite membrane by UV  

spectra. 

 

5.2.4 Degradability evaluation by TGA analysis 

TGA spectra of keratin/PLLA membranes as a function of degradation periods are 

shown in Figure 5.7. It displayed the thermal-stability of a series of membranes. The 

curves in the left graph are respectively for pure keratin, 3 hours degraded membrane, 

24 hours degraded membrane, 3 days degraded membrane, 7 days degraded 

membrane and 14 days degraded membrane. It is obvious that pure keratin 

decomposed at a lower temperature at 210 ºC and for other membranes the lower 

content of keratin left, the higher decomposed temperature it had. 
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Figure 5.7 TGA diagrams of keratin/PLLA membranes as a function of degradation 

periods. The bottom graph has amplified the curve zones from the top diagram. 

 

5.2.5 The relationship between different evaluation methods 

Different characterization methods represented the keratin release status and the 
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keratin degradability in the nanofibrous membrane. TGA curves revealed the keratin 

status remained in the composite nanofibers. With the degradation time passing, the 

keratin/PLLA nanofiber curve was approaching to the pure PLLA fibers closely. The 

UV spectra, on the contrary, reflected the situation of released keratin in the PBS 

solution which equaled to the losing amount of keratin of the composite fibers. In 

order to evaluate the correlations between different evaluation methods, several 

indexes were extracted from different characterization methods.  

 

The thermogravimetric analyzer was used to examine the thermal properties of 

keratin/PLLA nanofibrous membrane. The pure PLLA and keratin powders, which 

were collected and dried from wool hydrolyzed at pH 5.55, were tested as a control. In 

this paper, TGA curves were defined to explicate a quantitative change on 

biodegradation. In Figure 5.8, the area below TGA curve was regarded as the thermal 

stability of compound. Then formula 1, 2 and 3 could be derived as follows:   
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Figure 5.8 Calculated diagram for TGA thermal stability. 

Area I was the difference on thermal stability between compound A and mixture; Area 

II was the difference on thermal stability between compound B and mixture. The 

content percentage of compound A in mixture was denoted as KA=Area I / (Area I 

+Area II) 

 

Area I =  f(xA
T2

T1
)dt       Equation 5.1 

  Areamixture =  f(xm
T2

T1
)dt      Equation 5.2 

Area II =  f(xB
T2

T1
)dt                Equation 5.3 

 

In these formulas, f(xA), f(xB) and f(xm)stood for the curves of compound A, compound 

B and mixture respectively. T1 was the initial temperature and T2 was the end 

temperature when the process of heating was finished. Area I denoted as the difference 

on thermal stability between compound A and mixture and Area II denoted as the 

difference on thermal stability between compound B and mixture.  

 

The content percentage of compound A in mixture was expressed as KA=Area I / (Area 

I +Area II).While, the content percentage of compound B in mixture was expressed as 

KB=Area II / (Area I+ Area II). The bigger was Area I, the higher percentage of 

compound A was there in mixture. 

In the UV spectra, the index was set as the release amount of keratin after 24 hour 

degradation time. The index data was shown in Tables 5.1 and 5.2. 
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Table 5.1 TGA integral area data 

Input   

    iy = [Book1]Sheet1!(C1,D1) 

    type = 0 (math:Mathematical Area) 

    plot = 0  

  Output   

    oy = [Book1]Sheet1!(,C"Integrated Y1")[936:1567] 

    x1 = 189.55299 

    x2 = 367.22601 

    i1 = 1  

    i2 = 632  

    area = 16663.539363124 

    y0 = 99.08521  

    x0 = 202.106  

    dx = 272.13380536697 

   
integ1   

  Input   

    iy = [Book1]Sheet1!(E1,E2) 

    type = 0 (math:Mathematical Area) 

    plot = 0  

  Output   

    oy = [Book1]Sheet1!(,C"Integrated Y1")[949:2130] 
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    x2 = 367.148  

    i1 = 1  
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    area = 15711.0141255 

    y0 = 97.26372  

    x0 = 189.998  

    dx = 266.2870525 
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integ1   

  Input   
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    type = 0 (math:Mathematical Area) 

    plot = 0  

  Output   

    oy = [Book1]Sheet1!(,C"Integrated Y1")[865:1559] 

    x1 = 189.776  

    x2 = 367.168  
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    i1 = 1  

    i2 = 695  

    area = 15831.55078843 

    y0 = 98.13862  

    x0 = 189.776  

    dx = 263.38452965051 
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    type = 0 (math:Mathematical Area) 

    plot = 0  

  Output   

    oy = [Book1]Sheet1!(,F"Integrated Y4")[1018:2199] 

    x1 = 189.899  

    x2 = 367.049  

    i1 = 1  

    i2 = 1182  

    area = 10591.21477725 

    y0 = 98.30388  

    x0 = 189.899  

    dx = 200.24603754941 

 

Table 5.2 Relationship between TGA and UV analysis 

 UV data (%) 

TGA data 

Area of curves Ratio (%) 

3 hour 5.05 15711.0 0.84 

24 hour 7.06 15831.5 0.86 

3 days 8.67 16137.4 0.91 

7 days 15.34 16151.3 0.93 

 

5.2.6 The discussion on degradation mechanism  

Based on the mechanism of polyesters degradation process, two types were 

categorized: bulk degradation and surface degradation. PLLA usually underwent bulk 

degradation. In the case of bulk degradation, water molecules penetrated into the 

matrix faster than polymer itself degraded. The bulk degradation process, it occurred 

at a uniform rate throughout the polymer matrix and therefore was considered as 

homogeneous. On the contrary, when polymers involved in surface or heterogeneous 
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degradation, the rate of water penetration into the matrix was slower than the rate of 

polymer degradation [9-11]. Because of the carboxylic end groups, bulk degradation 

rate could be enhanced by auto-catalysis. The biodegradation rate of polyesters 

depended on several factors, for example, the polymer crystallinity and purity, 

copolymer type (composition and initial molecular weight), sample size, pH and 

temperature of the degradation medium, processing and sterilization methods, as well 

as the presence of additives [11]. Previous explorations have been carried out for 

controlling the hydrolytic degradation of polyesters. It is important to understand the 

degradation characteristics of the polyesters to control their degradation rates 

according to certain purposes. Using additives for controlling polyesters, e.g., PLLA, 

degradation is performed in order to reduce microclimate pH, a result of carboxylic 

acid end groups during polyester hydrolysis. 

 

In Figure 5.9, degradation schematic diagrams were shown to describe the whole 

degradation process for both pure PLLA nanofibers and keratin/PLLA nanofibers. For 

pure PLLA nanofibers, the degradation mainly came from the broken of terminal and 

backbone ester bonds. The chemical reaction was discribed as below: 

 

 

(Equation 5.4) 

Normally, the degradation of PLLA was slow and it took several months and years 

based on different molucluar weight. After adding keratin, the degrdation rate 
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increaed due to the release of keratin from the composite nanofibers. After keratin 

precipitates left, the surface of keratin/PLLA became rough and prorous. Water 

meolecule could attact the PLLA polymer chain because of the more interface were 

unfolded between PLLA and water. The degradation rate could be controlled by 

adjusting the amount of keratin in the composite nanofibers and therefore the future 

oe durg controlled-relase could be achived by adjusting the weigtht ratio between 

kerarin, PLLA and targeted drug model.     

 

 

 

Figure 5.9 The schematic diagram of the degradation process of the composite 

nanofibers: (A) the pure PLLA nanofibers; (B) keratin/PLLA nanofibers. 
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5.3 Conclusion 

In this part, the degradability of keratin composite nanofibers was examined using 

three different methods. Objective 3 was achieved by using different degradation 

evaluation methods. The degradation morphology of PLLA/keratin composite 

membrane was observed from SEM images. The thin fiber unfolded in the PBS 

solution. The UV spectra further indicated the degradation of keratin. In the first week, 

15.34% of the keratin composition was released into the PBS solution. The FT-IR 

spectra demonstrated the same degradation by comparing the characteristic peaks of 

keratin. The thermal property of the membrane was tested by TGA. The results 

indicated that in comparison to previous keratin composite membranes, the present 

study successfully explored keratin/PLLA membrane with longer degradation periods. 

The new fabrication method improved the stability of the fibrous membrane. Since 

keratin offers affinity between tissues and scaffolds, sustained release of keratin could 

be beneficial for its future application, e.g. controlled drug release and cellular 

responses. 
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CHAPTER 6 INVESTIGATION ONKERATIN AND 

POLY(L-LACTICACID)ELECTROPSUNNANOFIBROUR

S ANTI-TUMOR DRUG DELIVERYSYSTEM 

 

In Chapter 6, Objective 4 aims to be achieved through the study of a localized drug 

delivery system. Compared to the nanofibers discussed in previous chapters, a 

tetra-component nanofibrous system was built by introducing a drug model, e.g., 

5-Fluorouracil. The composite polymer-protein nanofibers containing a hydrophilic 

drug, e.g., 5-Fluorouracil were electrospun and characterized to explore the chemical 

properties, physical properties and drug release properties. The morphology of 

composite nanofibers was observed by SEM and TEM. The combination forces status 

of the drug and keratin was explored by Zeta potential analysis. The crystallinity 

status of the drug in the composite nanofibers was investigated by XRD analysis. 

TGA curves revealed the thermal properties of the tetra-component nanofibers. The 

biofunction of keratin composite nanofibers in controlled drug release was studied. 

The in vitro drug release performances were examined within a period of 120 hours. 

Finally, the drug release mechanism was revealed by fitting the drug release curves. 

 

6.1 Materials and methods 

6.1.1 Materials 

N, N-dime-thylformamide (DMF) was purchased from Acors (Belgium). The targeted 

drug model 5-Fluorouracil was purchased from Sigma USA. PLLA polymer with the 

inherent viscosity of 7.0dl/g was supplied by PURAC (Netherlands). The phosphate 
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buffer powder (pH 7.4) was purchased from Sigma USA. All samples were vacuum 

dried at 60 ℃for 12 hours to remove solvents before characterization. 

 

6.1.2 Preparation of the drug-loaded nanofibrous system 

The keratin precipitates were prepared following the routines discussed in Chapter 3. 

PLLA was dissolved completely at the concentration of 1.0 wt. % in a mixed organic 

solution of 90 wt. % chloroform together with 10 wt. % DMF. 5-FU was added into 

keratin alcohol precipitates. The 5-FU/keratin suspension was blended with PLLA 

organic solution to form an electrospinning suspension. The electrospinning 

suspension was loaded into a syringe with a metal capillary which was connected to 

high-voltage electricity at 22 KV. The feeding rate of the suspension from the syringe 

was set at 0.4 ml/min. The distance between the capillary and the receptor, grounded 

aluminum foil, was 10 cm. Pure PLLA membrane was electrospun as the control 

under the same experimental conditions. 

 

6.1.3 Morphology of the drug-loaded nanofibrous system 

The morphology of the nanofibers was observed by Scanning Electron Microscopy 

(SEM) (Netzch STA 449C Jupiter). The samples being tested were pure PLLA 

membrane, keratin/PLLA membrane and 5-FU/keratin/PLLA membrane. The 

structural morphology of nanofibers was observed by Transmission Electron 

Microscopy (TEM) (JEOL Model JEM-2011). 
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6.1.4 Chemical structure analysis of the drug-loaded nanofibrous system 

The chemical structure and molecular interactions of the anticancer drug with PLLA 

of the membranes were examined by FT-IR spectra in transmittance mode. The 

wavenumber (cm
-1

) of absorption bands or peaks in specific regions corresponding to 

characteristic stretching vibrations of specific group wave-numbers can be examined 

in detail. The FT-IR wave number was set from 4000 to 500 cm
-1

 during eight scans, 

with 2 cm
-1 

resolution (Paragon 1000, Perkin-Elmer, USA). The FT-IR spectra were 

normalized and the major vibration bands were attributed to the specific chemical 

groups. The samples being tested were pure PLLA membrane, keratin/PLLA 

membrane, 5-FU/keratin/PLLA membrane and pure 5-FU. 

 

6.1.5 Thermal properties of the drug-loaded nanofibrous system 

Thermo-gravimetric analysis differential scanning calorimeter (Netzch STA 449C 

Jupiter) was used to examine the thermal properties of keratin/PLLA fibrous 

membrane. The samples being tested were pure PLLA membrane, keratin/PLLA 

membrane, 5-FU/keratin/PLLA membrane and pure 5-FU. The pure 5-FU and pure 

PLLA were tested as a positive and negative control respectively.  

 

6.1.6 Zeta potential analysis  

The zeta potential and translational diffusion coefficient measurements of dispersions 

containing keratin and 5-FU/keratin samples were carried out using a dynamic light 

scattering instrument (Malvern Zetasizer Nano ZS, Worcestershire, UK) at room 
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temperature, i.e., 25°C. Ethanol was applied as a dispersant for all samples during 

both measurements to mimic the synthesis process of keratin alcohol precipitates and 

5-FU/keratin suspension. Keratin and 5-FU/keratin samples were dispersed at a 

weight ratio of 0.1% in ethanol. The concentrations of electrospun keratin samples in 

ethanol were calculated automatically and presented in. Equation 6.1 describes the 

factors which may affect the zeta potential.  

ζ=
𝑑𝑈

𝑑𝑝
×

𝜂

𝜀×𝜀0
×K              (Equation 6.1) 

where ζ is the zeta potential, dp is the pressure, and η represents electrolyte viscosity, 

ɛ0 the vide permittivity and ɛ the electrolyte electric constant [151]. 

 

6.1.7 In vitro release experiments of the drug-loaded nanofibrous system 

Nanofibrous samples that were prepared were incubated in 500 ml phosphate buffer 

solution (PBS, pH7.4) at a constant temperature of 37.0°C. At predetermined intervals, 

a preset amount of PBS solution was collected and the same amount of fresh PBS 

solution was added into the sample bottles for further release. In the whole 

experimental process, the volume of PBS solution in the sample bottles was kept at a 

constant level. By using the incubated solution of blank fiber as control, the 5-FU 

concentration in the release solution was monitored by a UV-VIS spectrophotometer 

at 265 nm according to the calibration curve of 5-FU in the same buffer. The 

accumulative release of 5-FU from the nanofibers was calculated as the function of 

incubation time. 
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6.2 Results and discussion 

6.2.1 Morphology of the composite nanofibers 

Nano-scaled electrospun fibers were produced from a solution of polymers. Polymer 

concentration, electrospinning voltage and solution conductivity mainly influenced 

the spinability of electrospinning solutions. A high voltage was applied to a droplet of 

polymer solution at the end of a metallic needle, or spinneret. Then the droplet 

stretched until a critical point was reached. A stream of liquid then burst from the 

droplet surface, forming a Taylor cone. Under favorable conditions, the stream of 

polymer solution was continuous, and the solvent evaporated while the nanofibers 

were in flight. In the typical case the fibers were then deposited on an electrically 

grounded collector, which was usually cylindrical. In the present study, the process 

usually produced smooth fibers with a diameter range of 0.7-1.8 μm. Nanofibrous 

membranes can be fabricated by collecting the nanofibers on a grounded surface. The 

nanofibrous membrane had a large surface area and porosity in comparison to bulk 

matter. Synthetic polymers were usually simpler to be processed than natural 

polymers and were more likely to yield controlled nanofiber morphology. 

 

As shown in Figure 6.1, superfine composite nanofibers were observed. Due to the 

ethanol treatment of keratin, the prepared electrospinning solution contained a certain 

amount of ethanol. Since the force that caused the stretching of the solution can be 

attributed to the repulsive forces between the charges on the electrospinning jet, and 

the stretching process was enhanced due to the increase of solution conductivity. 
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electrospinning technology was applied to prepare nanofibrous scaffolds. The 

microstructure and morphology of nanofibers and scaffolds should not or only slightly 

change during the modification. As shown in Figure 6.1, after each step of treatment, 

the surface morphology of modified PLLA scaffolds was analyzed by SEM and it can 

be observed that the nanofiber diameters maintained very well and surface 

smoothness changed. The surface of the pure PLLA nanofibers was comparatively 

smooth. After adding keratin, the surface of the nanofibers remained the same. Then 

adding 5-FU still kept the original smooth surface. These images indicated that no 

aggregation or particles were induced during the synthesis process and 

electrospinning process.  

 

The diameters of the nanofibers, however, appeared to be significantly different. The 

average fiber diameter of pure PLLA nanofibers was 1.89 ± 0.06 μm. The diameter of 

keratin/PLLA nanofibers decreased to 1.51 ± 0.05 μm. After adding 5-FU the average 

diameter of 5-FU/keratin/PLLA decreased to 0.82 ± 0.04 μm. The decreased diameter 

range of nanofibers was related to the viscosity of the electrospinning solution. The 

polymer weight ratio decreased most in a tetra-component electrospinning solution 

which led to thinner and finer nanofibers.  
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Figure 6.1 Morphology observation of different fibers and their corresponding 

diameter range: (A) SEM image of pure PLLA fiber; (B) SEM image of keratin/PLLA 

fiber; (C) SEM image of 5-FU/keratin/PLLA fiber; (D) Normalized histogram of pure 

PLLA fiber diameter; (E) Normalized histogram of keratin/PLLA fiber; (F) 

Normalized histogram of 5-FU/keratin/PLLA fiber diameter. 

 

6.2.2 TEM morphology of the drug-loaded composite nanofibers 

It is well-known that TEM images can be utilized to explore the inner structure of 

nanofibers. In order to verify the effect of the electrospinning process on the 

dispersion of the 5-FU molecules and keratin in the polymer matrix, a TEM technique 

was utilized to explore the inner structure of the electrospun nanofibers containing the 

5-FU and keratin.  
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Figure 6.2 TEM images of the electrospinning nanofibers: (A) Pure PLLA composite 

nanofibers; (B) Keratin/PLLA composite nanofibers; (C) 5-FU/keratin/PLLA 

composite nanofibers. 

 

In Figure 6.2, the TEM images of pure PLLA, keratin/PLLA nanofibers and 

5-FU/keratin/PLLA nanofibers were observed respectively. Figure 6.2 (A) reveals the 

structure of pure PLLA electrospun nanofibers. Figure 6.2 (B) reveals the 

keratin/PLLA composite nanofibrous structure. There is a dark shadow dispersed with 

and within nanofibers. The phenomenon is evidence of keratin being dispersed 

amorphously together with PLLA fibers. Figure 6.2 (C) reveals the structure of 

5-FU/keratin/PLLA drug-loaded nanofibers. The inside part of a single fiber is darker 

than the surface area. In the TEM image, the darker part reflects matter with higher 

density. Hence the TEM images indicate that the drug and keratin are more likely to 

disperse within the central part of the nanofibers. The reasons will be explained in 

later subsections. 
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6.2.3 Chemical structural evaluation by FT-IR Spectroscopy 

The chemical structures of the drug-loaded composite electrospun membranes were 

revealed by FT-IR spectra as shown in Figure 6.3. Five groups of samples were tested, 

specifically described as: pure 5-FU, pure PLLA, 5-FU/PLLA nanofibers, 

keratin/PLLA nanofibers and 5-FU/keratin/PLLA nanofibers. The existence of 5-FU 

loaded into the composite nanofibers was detected by FT-IR spectra. The 

characteristic peaks of 5-FU include 3300 cm
-1

 (N-H stretch), 1730 cm
-1

 (C=O 

vibration), 1673 cm
-1

 (-C=O and -C=C overlapping peak of vibration), and 1247 cm
-1

 

(-C-N vibration) [152].  

 

Figure 6.3 FT-IR spectra of electrospinning PLLA fibers, 5-FU/keratin/PLLA fibers, 

keratin/PLLA fibers, 5-FU/PLLA fibers and pure 5-FU powder. For PLLA/keratin 

composite membrane, two peaks appeared at 1630 cm
−1

 and 1515 cm
−1

 which belong 

to keratin.  
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In Figure 6.3, all three groups of samples: pure 5-FU, 5-FU/PLLA nanofibers and 

5-FU/keratin/PLLA nanofibers displayed the certain peaks of 5-FU. The FT-IR 

spectra indicated that the anti-tumor drug, e.g., 5-FU, had been successfully 

introduced into the composite nanofibers through an electrospinning process. The 

basic chemical properties of 5-FU remained the same which indicated that 5-FU 

resisted the high voltage environment of the electrospinning process. The anti-tumor 

effect of 5-FU is another factor which will be examined and discussed in later 

chapters. 

 

The existence of keratin was also detected from FT-IR spectra in three groups of 

samples: keratin/PLLA nanofibers, 5-FU/keratin/PLLA composite nanofibers. Since 

proteins are comprised of amino acids joined together by amide bonds, the 

polypeptide and protein units were repeating and produced different characteristic 

FT-IR absorption bands, e.g., amide A, B, and I-VII. Amide bands represent different 

vibrational modes of the peptide bond. In Figure 6.3, two absorption peaks can be 

observed at 1630 and 1550 cm
−1

, which were the characteristic peaks of keratin 

respectively. They were believed to identify amide I and II bands of keratin. Amide I 

absorption peak, ranging from 1700 to 1600 cm
−1

, was considered especially sensitive 

to the secondary structure of the proteins. The absorption peak at 1650 cm
−1

 indicated 

the presence of the α-helix structure; the bands related to the β-sheet structure fell in 

the range of 1631 to 1515 cm
−1

. The peaks at low intensity of α-helix structure 

implied the disordered keratin conformation [153]. 
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6.2.4Thermal behavior evaluation by TGA-DTA diagrams 

The thermal stability of electrospun PLLA, 5-FU/PLLA, 5-FU/keratin/PLLA and pure 

5-FU blend nanofibers was measured using TGA in a nitrogen atmosphere. Figure 6.4 

shows the TGA thermograms of different decomposition temperatures with different 

compositions. Three weight loss peaks were observed in the TGA curve. Because all 

the samples were dried before testing, the peak water vaporization which usually lies 

in the range of 25-95 °C was eliminated. For the pure 5-FU sample, a sharp peak 

could be observed at 305 °C which was the decomposition temperature of 5-FU. For 

the 5-FU/keratin/PLLA samples, a broad peak at 230-270 °C was due to the thermal 

degradation of both keratin and 5-FU, and the third peak at 300-400 °C was due to the 

byproduct formation of PLLA during the TGA thermal degradation process. For the 

5-FU/keratin samples, a similar peak occurred at 230-270 °C. This peak appeared to 

be weaker than that of pure 5-FU due to the low weight ratio of the drug in 

nanofibers.  
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Figure 6.4 The thermal behaviors of different composite nanofibers: (A) TGA diagram 

of pure PLLA, 5-FU/PLLA, 5-FU/keratin/PLLA and pure 5-FU and (B) DTA diagram 

of PLLA, 5-FU/PLLA, 5-FU/keratin/PLLA. 

 

Figure 6.4 (B) displays the similar thermograms trend of differential curves. It can 

safely reach to a conclusion that lower thermal stability at the mid-point temperature 

of the degradation of PLLA could be obtained with a higher mass ratio of keratin in 

the keratin/PLLA blend electrospun nanofibers. Moreover, with a higher percentage 

of keratin in the keratin/PLLA blend nanofibers, superior thermal stability could be 

obtained at higher temperatures (above 350 °C). In addition, the thermal stability of 

the composite nanofibers was measured using DTG in a nitrogen atmosphere. The 

lower most curve of the TGA data represents the PLLA/keratin blend without 5-FU 

and the upper most curve the composite nanofibers with 4 wt. % of 5-FU. Thermal 

stability is increased from the keratin/PLLA blend nanofibers in the polymer blends of 

the composite nanofibers. The higher thermal stability of 5-FU content material might 



 

124 
 

be attributed to the higher chain compactness in the polymer blend due to the 

protection of 5-FU which was encapsulated in the keratin/PLLA blend. 

 

6.2.5 Crystallinity analysis of the composite nanofibers by XRD patterns 

The XRD spectra in Figure 6.5 illustrates the crystal structure of pure PLLA, 

5-FU/PLLA, 5-FU/keratin/PLLA and pure 5-FU. The physical combination of 5-FU, 

keratin and PLLA was examined as a control to explore the electrospinning process 

effect on the interaction between the anti-tumor drugs, keratin and PLLA. 

 

 

Figure 6.5 The XRD patterns of nanofibers with different compositions: pure PLLA, 

5-FU/PLLA, 5-FU/keratin/PLLA and pure 5-FU. The physical combination of 5-FU, 

keratin and PLLA was examined as a control to explore the electrospinning process 

effect on the interaction between antitumor drug, keratin and PLLA. 
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As shown in Figure  6.5, 5-FU displayed the characteristic intense peaks at 2θof 

16.2°, 19.0°, 20.5° and 28.6°, indicating the typical crystalline structure [154]. For the 

pure PLLA samples, there existed no observable peak indicating an amorphous 

structure of PLLA. A physical blend of 5-FU powder, keratin and PLLA was 

introduced for comparison with the electrospun nanofibers to explore the crystalline 

transformation during the electrospinning process. The characteristic peaks of 5-FU 

still could be observed for the physically blended samples. However, after being 

processed by electrospinning technology, the peaks were eliminated for both 

5-FU/PLLA nanofibers and 5-FU/keratin/PLLA nanofibers. The results revealed that 

there was a crystallinity transformation of 5-FU after being electrospun. A crystal 

structure shifted to a more amorphous structure. Even with the presence of 5-FU, both 

5-FU/PLLA and 5-FU/keratin/PLLA nanofibers showed no peak for 5-FU, suggesting 

that 5-FU molecules are homogenously dispersed within the PLLA layer at a 

molecular level without forming an evident crystalline structure [155]. 

 

6.2.6 Drug release profile of anti-tumor drug-loaded nanofibers 

The cumulative release profiles of 5-FU from drug-loaded composite nanofibers and 

the pure 5-FU in a phosphate buffered solution (PBS, pH7.4) are shown in Figure 6.6.  



 

126 
 

 

Figure 6.6The controlled release profile of pure 5-FU, 5-FU/PLLA and 

5-FU/keratin/PLLA nanofibers in PBS solution (pH 7.4) in a periods of 120 hours.  

 

The amount of 5-FU was the same for all samples during the release experiments. As 

shown in Figure 6.6, the pure 5-FU was rapidly dissolved and released and the release 

amount reached 90% within 10 hours due to its strong hydrophilicity. However, a 

significant sustained release curve could be observed from the nanofibers sample. For 

the release of 5-FU loaded PLLA composite nanofibers, approximately 55% of 5-FU 

was released within the first 10 hours. Only 29% of 5-FU was released for 

5-FU/keratin/PLLA composite nanofibers. It is clear that the release of 5-FU loaded 

composites was much slower than that of pure 5-FU. 5-FU/keratin/PLLA had the 

slowest release ratio of all which indicated that the tetra-component nanofibers 

prevented and hindered the burst release of 5-FU compared with bi-component 

nanofibers. After the burst release phase, the cumulative release curve of 5-FU 
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reached a flat release phase. The release profile for the drug-loaded composites can be 

described as follows. At the first stage, a burst release occurred. This burst release of 

5-FU was associated with 5-FU molecules adsorbed or trapped near the surface of or 

close to the product‘s surface, which diffused out easily during the initial incubation 

time. The release of these molecules creates a concentration gradient, which favors 

the transportation of drug molecules toward this release boundary. The drug 

molecules from the inner part have to travel a greater distance, and therefore the 

release rate slows down with time. At the second stage, the inner drugs gradually 

diffuse to the buffer solutions through the carrier and reach release equilibrium by the 

end. Additionally, 5-FU/PLLA nanofibers released the drug relatively faster than 

5-FU/keratin/PLLA nanofibers. As there is a certain charge interaction between 5-FU 

and keratin, the keratin molecules assemble and trap more 5-FU molecules towards 

the inner part of nanofibers during the electrospinning process due to a phase 

separation effect and static electric absorption effect. As a result, the 5-FU mainly 

laidwithin the centre of 5-FU/keratin/PLLA nanofibers and this led to the longer 

release time of 5-FU. Therefore, it was clear that the release of 5-FU/keratin/PLLA 

nanofibers was much slower than that of 5-FU/PLLA nanofibers. After 120 hours, the 

cumulative releases of 5-FU/keratin/PLLA nanofibers reached 50%. The result 

demonstrated that these composite nanofibers could be a suitable polymeric carrier for 

drug release in vitro. 
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6.2.7 Mechanism study on controlled release effect of the anti-tumor drug-loaded 

nanofibers 

 

Figure 6.7The fitted curves of drug release profile of (A) 5-FU/PLLA nanofibers, (B) 

5-FU/keratin/PLLA nanofibers. 

 

To determine the mechanism of the targeted drug release from nanofibers, the above 

in vitro release data were fitted to the Korsmeyer–Peppas kinetic model which were 

describer in equation (2) [156, 157].  

𝑀𝑡

𝑀∞
= ∂t𝑛                                (Equation 6.2) 
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Where ∂ is a constant incorporating structural and geometric characteristic of the 

drug dosage form, n is the release exponent, indicative of the drug release mechanism, 

and the function of it is Mt/M∞.  

 

Figure 6.8 The mechanism diagram of the release profile of 5-FU/PLLA nanofibers.  

 

Figure 6.9 The mechanism diagram of the controlled release profile of 

5-FU/keratin/PLLA nanofibers.  
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In Figure 6.8, the water molecule directly attacked the 5-FU molecules at the surface 

of the nanofibers. This caused the burst release of 5-FU. The 5-FU embedded within 

the nanofibers, however, had to wait for a long degradation periods to release due to 

the slow degradation rate of PLLA. The situation improved after adding keratin into 

the system. In Figure 6.9, 5-FU achieved a controlled and steady release from the 

5-FU/keratin/PLLA nanofibers. In the fabrication process, because of the phase 

separation effect, 5-FU and keratin composites were likely to be repelled by the 

organic electrospun solution. The little amount of 5-FU left at the surface of 

nanofibers can avoid a burst release at some extent. After that, water molecules 

attacked the PLLA polymer chain and the inner 5-FU/keratin composites were 

contacted with the water molecules. As revealed by Zeta potential analysis, the static 

charge interaction occurred between 5-FU and keratin. Therefore, when contacting 

with water molecules, the hydrophobic keratin aggregated and 5-FU was surrounded 

by keratin and prevented from the hydra environment. Finally, after all the keratin 

released from the nanofiber, 5-FU begun to release from nanofibers. The 

controlled-release of 5-FU was achieved. 

 

6.3 Conclusion 

In this chapter, the objective 4 has been achieved. The drug loaded keratin composite 

nanofibrous membranes were fabricated successfully. The composite nanofibrous 

membrane, tetra-component nanofibrous membrane and pure PLLA membrane as the 

control group were fabricated by electrospinning technology. Detailed 
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characterizations examined both the physical and chemical properties of the 

composite nanofibers. The membrane morphology, chemical structure, degree of 

crystallinity, thermal stability zeta potential and drug release property in vitro were 

examined subsequently. The drug release mechanism of the 5-FU-loaded membrane 

and relationships among drug and keratin were identified. Morphology results 

indicated that the relationships between fiber diameters were inversely proportional to 

the composition of electrospinning solution. The FT-IR results suggested that 5-FU 

molecules were loaded successfully in the membrane and no chemical interaction 

occurred between 5-FU, keratin and PLLA. The XRD patterns revealed that that 5-FU 

was dispersed within both 5-FU/PLLA nanofibers and 5-FU/keratin/PLLA nanofibers. 

No characteristic peak of 5-FU could be observed after the electrospun process which 

indicated the dispersion of 5-FU reached to a molecular level. For the controlled 

release profile, 5-FU release more slowly in 5-FU/keratin/PLLA nanofibers than in 

5-FU/PLLA nanofibers. The fitted release curves demonstrated the release profile 

followed the Korsmeyer–Peppas kinetic model.  
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CHAPTER 7 PH-RESPONSIVE CONTROLLED 

RELEASE PERFORMANCE AND ANTI-TUMOR 

EFFECTS OF THE COMPOSITE ELECTROSPUN 

MEMBRANE 

 

In Chapter 7, Objective 5 aims to be achieved by optimizing the experimental factors 

which effecting the controlled release performance of the electrospun composite 

membrane in different pH environments. This chapter describes a full-factorial design 

with two factors at two-levels. The factors considered in the present study included: 

ratio of the two components in the membrane and fabrication electrospinning voltage. 

Keratin and PLLA are the two components of the membrane and the components ratio 

was set as 1:1 and 1:9. The fabrication electrospinning voltage was selected at two 

levels: 15 KV and 25 KV. Then the membranes with different processing parameters 

were tested under two different pH conditions: pH7.4 PBS solution and pH6.0 PBS 

solution. 5-fluorouracile was introduced in this experiment as the targeted drug model. 

This full-factorial design of the experimental method indicates that it is possible to not 

only identify the main effects of this complex bio-mimetic system, but also 

investigate the effects of two-factor interactions. The results illustrate that the ratio 

between two components is a main factor affecting controlled release performance. 

The result also indicates that this composite electrospun membrane can be used as a 

potential candidate for pH sensitive drug release materials.  

 



 

133 
 

7.1 Experiments and full factorial design 

7.1.1 Sustained-release test in vitro 

Different 5-FU-loaded fibers samples that were prepared were incubated in 500 ml 

phosphate buffer solution (PBS) (pH 7.4 and pH 6.0 respectively) at a temperature of 

37.0 °C. At predetermined interval, a preset amount PBS solution was collected and 

the same amount of fresh PBS solution was added into the sample bottles for further 

release. In the whole experimental process, the volume of PBS solution in the sample 

bottles was kept at a constant level. By using the incubated solution of blank fiber as 

control, the 5-FU concentration in the release solution was monitored by UV–VIS 

spectrophotometer at 265 nm according to the calibration curve of 5-FU in the same 

buffer. The accumulative release of 5-FU from the fiber was calculated as the function 

of incubation time. 

 

7.1.2 Full-factorial design of experiments method 

The design of the experimental (DOE) method has been used frequently to examine 

the quality of products based on some essential design factors and levels during the 

manufacturing process. DOE has the structured and organized analysis capability. To 

explore the main and interaction effects of factors and obtain the maximum power 

density output, this study employs a full-factorial method with two factors and 

two-levels applied in two conditions. Table 7.1 displayed the matrix for design factors 

and their corresponding levels. 
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Table 7.1 Design factors and their levels 

Factors Symbol Units 

Low 

Level(-) 

High 

Level(+) 

Ratio between Keratin and 

PLLA 

B N/A 1:9 1:1 

Electrospun Voltage C KV 15 25 

 

The factors considered in this study include: 1) ratio of the two components in the 

membrane, and 2) fabrication electrospun voltage of the membrane. Two different pH 

value environments were introduced: pH 6.0 and pH 7.4. Keratin and PLLA were two 

components of the electrospun membrane and the components ratio was set as 1:1 and 

1:9. The fabrication electrospun voltage was selected at two levels: 15 KV and 25 KV. 

5-fluorouracile was introduced in this experiment as the targeted drug. Both the main 

effects of this complex bio-mimetic system and the effects of two-factor interactions 

were explored. Table 7.1 showed the experimental design and related response 

variables. Table 7.2 displayed the matrix design and experiments data.  
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Table 7.2 Matrix design and experiments data 

 

Run 

No. 

Voltage 

Ratio of 

keratin and 

PLLA(RKP) 

Drug controlled release percentage at 

24hours in pH6.0 PBS (%) (DR6.0) 

Drug controlled release percentage at 

24hours in pH6.0 PBS (%)(DR7.4) 

Difference of DR6.0 and 

DR7.4 (%) (DDR) 

I II III I II III I II III 

1 -1 -1 34.89 32.38 33.89 23.3 25.77 26.78 11.59 6.61 7.11 

2 +1 -1 29.42 27.89 26.92 23.98 24.25 23.25 5.44 3.64 3.67 

3 +1 +1 38.19 34.89 37.8 28.91 26.65 29.91 9.28 8.24 7.89 

4 -1 +1 35.78 32.68 34.1 27.01 28.9 27.34 8.77 3.78 6.76 

 

 

 

 

 

 



 

136 
 

7.1.3 Anti-tumor activity by MTS assay 

HCT-116 cells were seeded into 24-well plates (NunclonTM Surface, Nunc, Denmark) 

at the density of 1Ｘ104/cm
2
 and were cultured until become confluent. After the 

incubation with three parts of polypeptides for 24 hours, the cells were detached. Cells 

were then centrifuged, re-suspended into the medium contained 0.4% trypan blue 

(Invitrogen, U.S.A.) and the cells numbers were counted using haemocytometer 

(Precicolor HBG, Germany). The cell numbers were normalized by that of control 

group and expressed as the percentage of cell viability. HCT-116 are incubated at 

37 °C/5% CO2 in DMEM or RPMI 1640 medium with 10% FBS and 100 IU/mL 

penicillin and 100 μg/mL streptomycin.HCT-116 cells were platted on 96-well plates 

for 24hours to reach 70% confluence (5000cells, 10000cells/well respectively). After 

washing with PBS, cells were incubated with either control culture medium or 

peptides contained medium for 24 hours. Medium was removed and the cells were 

washed with fresh PBS. 100ul fresh medium was added to each well. MTS solution 

was added to each well in the ratio of 1:5. The plates were incubated at 37 °C/5% CO2 

for 3-4 hours. Then, optical density (OD) values of the medium were evaluated at 492 

nm using micro-plate reader. 

 

7.1.4 Observation of anti-tumor activity by SEM  

The HCT-116 cells were seeded in glass disks placed in 24-well plates at the 

concentration of 6×10
4
 cells / cm

2
 and allowed to grow for 4 hours, 24 hours, 72 hours 

and 120 hours, respectively. After incubation for4 hours, 24 hours, 72 hours and 120 

hours, cells on glass disks were fixed with 2.5% glutaraldehyde for 1 hour at room 

temperature followed by dehydration with a series of graded ethanol/water solutions 

(50%, 70%, 80%, 95% and 100% respectively). The samples were kept in fume hood 
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to dry at room temperature. The samples were coated with gold before observation 

under a scanning electron microscope (JEOL Model JSM-6490, Japan) to determine 

their morphology. 

 

7.1.5 Anti-tumor activity by fluorescence images observation 

For fluorescent observation, the cell contained glass disks were also gently washed 

with 37℃ phosphate buffered saline, fixed with 4% paraformaldehyde in phosphate 

buffered saline at room temperature for 15 min, and permeabilized with 0.1% Triton 

X-100 in phosphate buffered saline for 5 min at room temperature. Then cells were 

incubated with 10 μg /mL TRICE-phalloidin in dark for 30 min, and the nucleuses of 

cells were additionally counterstained with 1 μg/mL DAPI in phosphate buffered 

saline. The glass disks were visualized using fluorescent microscope Eclipse 80i 

(Nikon, Japan). 

 

7.1.6 Anti-tumor activity by cell live/dead observation  

The cell permeable esterase-substrate fluorescein diacetate (FDA) and the cell nucleic 

acid stain propidium iodide (PI) were combined and used to assess the viability of 

HCT-116 grown on the coated disks. The HCT-116 cells were seeded in glass disks 

placed in 24-well plates at the concentration of 6×104cells/cm
2
.Cells were incubated 

at 37℃ for 4 hours to allow cell attachment and then add 1 mL growth medium to 

each well to incubate for 4 hours, 24 hours, 72 hours and 120 hours respectively. Then 

the cells contained scaffolds were rinsed in phosphate buffered saline three times and 

the cells were stained by rinsing in the phosphate buffered saline that contained 1 

μg/ml FAD and 1 μg/mL PI for 5minutes at dark and room temperature. Images were 

taken by fluorescent microscope Eclipse 80i (Nikon, Japan). 
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7.2 Results and discussion 

7.2.1 Morphology of the drug-loaded membranes after DOE 

From Figure 7.1, differences of the nano-scaled structures could be observed due to 

the impacts of various factors. Figure 7.1 (A) revealed the structure of the membrane 

with a ratio between keratin and PLLA at 1:9. With the lower electrospinning voltage, 

the structure of the membrane tends to be formed more homogenously. With a high 

voltage of 25 KV, as shown in Figure 7.1(C) and (D), both kinds of membranes with 

different compositions have more beads-shaped knots in the structures. These pictures 

indicated that a lower electrospun voltage and lower composition ratio between 

keratin and PLLA have more beneficial impacts on the uniformity of the membranes 

nano-scaled structures.  

 

Figure 7.1 The morphology observation of the electrospun nanofibers in different 

parameters: (A) Ratio between keratin and PLLA is 1:9 at 15 KV; (B) Ratio between 

keratin and PLLA is 1:1 at 15 KV; (C) Ratio between keratin and PLLA is 1:9 at 25 

KV; (D) Ratio between keratin and PLLA is 1:1 at 25 KV. 
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7.2.2 Full-factorial design results  

A mathematical model describing the main effect and interactions of various factors 

on a given response variable could be defined by full factorial analysis. In the present 

study, two pH value environments have been introduced. Table 7.3 displayed the 

estimated effects and coefficients for controlled release in pH 6.0 PBS solution which 

was mimicking the acidic tumor environment. Table 7.4 displayed the estimated 

effects and coefficients for controlled release in pH 7.4 PBS solution which 

represented the healthy human organ environment. Table 7.5 illustrated the estimated 

effects and coefficients for controlled release differences between pH 7.4 PBS 

solution and pH6.0 PBS solution. 

 

Table 7.3Estimated effects and coefficients for controlled release in pH 6.0 PBS 

Term 
Effect Coefficient 

SE 

Coefficient 
T P 

Constant --- 33.23 0.4293 77.42 0.000 

Electrospinning 

voltage 

-4.208 -2.104 0.4293 -4.900 0.001 

Ratio between 

keratin and 

PLLA(RKP) 

4.675 2.337 0.4293 5.450 0.001 

Voltage*RKP 1.435 0.718 0.4293 1.670 0.133 

S = 1.48704     PRESS = 39.8032 R-Sq = 87.59%   R-Sq(pred) = 72.08%   

R-Sq(adj) = 82.94% 
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Table 7.4 Estimated effects and coefficients for controlled release in pH 7.4 PBS 

Term Effect Coef SE Coef T P 

Constant --- 26.33 0.3895 67.62 0.000 

Voltage -1.098 -0.5492 0.3895 -1.410 0.1960 

RKP 3.565 1.782 0.3895 4.580 0.0020 

Voltage*RKP 0.3583 0.1792 0.3895 0.4600 0.6580 

S = 1.34918     PRESS = 32.7652 R-Sq = 74.31%   R-Sq(pred) = 42.21%   

R-Sq(adj) = 64.68% 

 

Table 7.5 Estimated effects and coefficients for controlled release difference between 

pH 7.4 PBS and pH 6.0 PBS 

Term Effect Coef SE Coef T P 

Constant --- 6.898 0.5666 12.18 0.0000 

Voltage -3.110 -1.555 0.5666 -2.740 0.0250 

RKP 1.110 0.5550 0.5666 0.9800 0.3560 

Voltage*R

KP 
1.077 0.5380 0.5666 0.9500 0.3700 

S = 1.96269     PRESS = 69.3385 R-Sq = 54.01%   R-Sq(pred) = 0.00%   

R-Sq(adj) = 36.76% 

 

Table 7.3 showed the sum of squares being used to estimate the factors' effect and 

the F-ratios, which were defined as the ratio of the respective mean-square-effect to 

the mean-square-error. The significance of these effects was evaluated using the t-test, 

and had a significance level of 5%.The P-value in Table 7.3 is 0.001 and 0.001 for the 

main effect and the interaction effects separately. P < 0.05 indicated that the main 

effects of each factor and the interaction effects were statistically significant.  
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Figure 7.2 Normal probability plot of the standardized effects on drug controlled 

release: (A) Normal plot of the standardized effects of the membrane controlled 

release performances in pH 7.4 solution; (B) Normal plot of the standardized effects 

of the membrane controlled release performances in pH6.0 solution; (C) Normal plot 

of the standardized effects of the difference of the membrane controlled release 

performances in pH6.0 and pH 7.4 solution.   

 

A normal probability plot of the standardized effects was used to determine the 

statistical significance of both main and interaction effect which is shown in Figure 

7.2. As shown in Figure 7.2 (A), the ratio of keratin and PLLA had a significant 

(A) 

(B) 

(C) 
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impact on the controlled release effect of composite membranein the neutral 

environment. However, Figure 7.2 (B) illustrated that both the ratio of keratin and 

PLLA and electrospinning voltage played as significant impact factors on the 

controlled release performance of the composite membrane in the acidic environment. 

Figure 7.2 (C) displayed thatthe electrospinning voltage was a main factor in enlarge 

the difference of controlled release performances in different pH value environments.  

 

Figure 7.3 The residue plots diagrams for: (A) Controlled release performance in pH 

7.4; (B) Controlled release performance in pH 6.0; (C) Differences of the controlled 

release performances in pH 6.0 and pH 7.4 solution. 
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After reviewing the regression output, it was necessary to review the fits and the 

residuals in the graphs. The residuals were the difference between the calculated 

release value and the observed value. It was necessary that the residuals are normally 

distributed in order for the regression analysis to be valid. The graphs in Figure 7.3 

illustrated the shape of the residuals data – a histogram and a normal probability plot. 

These graphs could help to determine whether the residuals were normally distributed. 

It was necessary to perform a Normality test to determine it for sure. Since it was 

expected that a significant controlled release performance in different pH environment 

could be achieved, the ideal controlled release nanofibrous system was described as 

following: low drug release dosage in neutral environment (pH 7.4) and maximum 

drug release dosage in pH 6.0 which represented the existence of tumor cells.  

 

In Figure 7.4 the main effects plot diagrams were displayed. In Figure 7.4 (A), in a 

more acidic environment, the electrospinning voltage had a negative impact whereas 

the ratio of keratin and PLLA had a positive impact to maximize the sustained drug 

delivery dosage. In a neutral environment as shown in Figure 7.4 (B), in order to 

minimize the release performance of the drug delivery system, increasing of the ratio 

of keratin and PLLA was considered as an important factor while the electrospinning 

voltage was insignificant factor to be considered in the membrane fabrication process. 

In Figure 7.4 (C), to enlarge the difference of the sustained release performances, 

voltage was considered a main element in the membrane fabrication process: 

increasing the electrospinning voltage could lead to a larger dosage difference in 

different pH-scaled environments. The main effects of each parameter on the 

controlled release performance are shown in Figure 7.4. The main effect plots were 

generated to represent the results of the regression analysis. It showed only the factors 
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that were significant at the 95% confidence interval. The main effects represent 

deviations of the average between the high and low levels for each factor. When the 

effect of a factor was positive, the rate increased as the factor changed from low to 

high levels. In contrast, if the effects were negative, a reduction in controlled release 

percentage occurred for high level of the same factor. 
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Figure 7.4 Main Effects plot (data means) for drug controlled release 
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7.2.3 Responsible surface design for drug controlled-release 

After determining the model to be valid, the surface plots of the evenness versus two 

of the variables were generated. There were three variables and three surface plots that 

allowed us to qualitatively find a minimum or maximum for evenness. For each of the 

plots, the hold value on the parameters was set as: pH 7.4 (pH value), 0.1 (ratio 

between keratin and PLLA) and 15KV (electrospinning voltage) for a better 

controlled-release effect. Figure 7.5 illustrated the main factor effects of in different 

pH value environment concerning the drug controlled-release performance. In Figure 

7.5 (A), the neutral environment required minimum release drug dosage. The trend of 

the color indicated that with higher electrospun voltage and lower ratio of keratin in 

the membrane, fewer drugs would be release into the environment PBS solution. On 

the contrary, in the acidic pH solution, a lower electrospun voltage and higher keratin 

composition ration in the membrane can lead to a large drug releasing dosage. To 

enlarge the drug dosage difference in different pH-scaled environment, Figure 7.5(C) 

compared the release result in both pH7.4 and pH6.0 and explored that lower 

electrospun voltage can contribute a more significant dosage difference in variable pH 

value environments.    
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Figure 7.5Contour Plot of Drug release per vs. ratio of keratin/PLLA and pH value of 

the environments. 

 

Actually, the different drug sustained-release effect performance in different pH value 

environment indicated an important property of this composite membrane. The 

membrane endows the property of pH sensitivity. This can be utilized widely in the 

area of anti-tumor treatment.  In terms of controlled drug release, ideally, antitumor 

drug should not be released during circulation in the bloodstream. However, a 

sufficient amount of anticancer drug should be released relative quickly to kill the 

cancer cells effectively while the drug arrived at the targeted site of cancer cells. The 

tumoral pH variation has been considered as an ideal trigger for the selective release 

of anticancer drugs in tumor tissues as well as tumor-targeted drug delivery. The pH 

(A) 

(B) 

(C) 
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value of the normal tissue is approximately 7.4, while the existing tumoral pH 

generally decreased to pH 4.0-pH 6.0 [159, 160]. In Figure 7.6, a series of controlled 

release experiments demonstrated the pH sensitivity of the composite nano-fibrous 

membrane. Within the first 20 hours, a burst release could be observed from the 

membrane with higher keratin composition. After 20 hours release, a dramatic release 

performances difference could be observed from the membrane with lower keratin 

composition. 

 

Figure 7.6 Different membranes sustained-release performances based on various 

parameters. 

 

7.2.4 The antitumor activity results by cell live/dead assay 

The fluoresces images displayed the cells proliferation performances on different 

nanofibers surfaces. The second columns represented the cells which are proliferated 

healthily and the third columns represented the cells which were dead. The last 

columns represented the overlaid images of both live cells and dead cells. Blank 

PLLA samples in this experiment worked as a control. Five groups of samples were 

tested and the whole experimental period was 120 hours. The predetermined time 

intervals were settled as: 4 hours, 24 hours, 72 hours and 120 hours. At those time 
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intervals, the cells proliferation morphologies were observed and analyzed. From 

Figure 7.7, the blank PLLA nanofibers provided preferable environments for tumor 

cells compared to PLLA/5-FU nanofibers, PLLA/keratin nanofibers and 

PLLA/keratin/5-FU nanofibers. These results indicated that both PLLA/5-FU 

nanofibers and PLLA/keratin/5-FU nanofibers had significant inhibition effect on 

tumor cells proliferations. Between these two groups, the PLLA/keratin/5-FU 

nanofibers possessed an enhanced and prolonged inhabitation on HCT-116 cells. This 

trend was increased after 120 hours cultivation.  
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Figure 7.7 Fluorescence micrographs of the cells stained with FDA (living cells), PI  

(dead cells) and overlaid images after seeding HCT-116 on the surface of the different  

nanofibers for 4 hours. 
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Figure 7.8 Fluorescence micrographs of the cells stained with FDA (living cells), PI  

(dead cells) and overlaid images after seedingHCT-116 on the surface of the different  

nanofibers for 24 hours.  
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Figure 7.9 Fluorescence micrographs of the cells stained with FDA (living cells), PI  

(dead cells) and overlaid images after seedingHCT-116 on the surface of the different  

nanofibers for 72 hours.  
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Figure 7.10 Fluorescence micrographs of the cells stained with FDA (living cells), PI  

(dead cells) and overlaid images after seeding HCT-116 on the surface of the different  

nanofibers for 120 hours.  
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7.2.5 Anti-tumor activity results by DAPI staining for cellular adhesion and 

proliferation studies 

In order to test the responses of HCT-116 tumor cells to different composite 

nanofibers samples, cells were cultured on the new scaffold containing: pure PLLA, 

PLLA/5-FU, PLLA/keratin and PLLA/keratin/5-FU. Double staining with 

FITC–phalloidin and DAPI was used to elucidate the cytoskeletal arrangement of 

HCT-116 cells. As shown in Figure 7.11, the cells responded differently to different 

compositions of the scaffolds. HCT-116 on the 5-FU loaded nanofibrous surface 

remained aggregated, presumably due to their poor adhesive interaction with the 

substrate. By contrast, HCT-116 cells cultured on blank PLLA showed well-dispersed 

cell bodies and extensive arborization. These results suggest an ability of 5-FU loaded 

nanofibers of inhibiting the tumor cells proliferation. Especially, cells on the 

PLLA/keratin/5-FU composite nanofibers showed a vague cytoskeleton shape which 

indicated the PLLA/keratin/5-FU composite nanofibers has a strong inhibition effect 

on the tumor cells. In Figure 7.11, the second columns represented the cells skeletons 

which were stained by TRICE-phalloidin and the third columns represented the cell 

nucleus which were stained by DAPI. The last columns represented the overlaid 

images of both cells skeletons and cells nucleuses. Blank PLLA samples in this 

experiment worked as a control. Four groups of samples were tested and the whole 

experimental period was 120 hours. The predetermined time intervals were settled as: 

4 hours, 24 hours, 72 hours and 120 hours. At those time intervals, the cells 

proliferation morphologies were observed and analyzed. The staining images 

indicated that both PLLA/keratin/5-FU and PLLA/5-FU had anti-tumor activity on 

tumor cells proliferations. The PLLA/keratin/5-FU nanofibers had a stronger and 

more prolonged inhibition effect on the tumor cells proliferations.  
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Figure 7.11Fluorescence micrographs of the cells stained with DAPI (cell nucleus),  

TRICE-phalloidin (cell skeleton) and overlaid images after seeding HCT-116 on the  

surfaces of the different nanofibrous for 4 hours. 
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Figure 7.12 Fluorescence micrographs of the cells stained with DAPI (cell nucleus),  

TRICE-phalloidin (cell skeleton) and overlaid images after seeding HCT-116 on the  

surfaces of the different nanofibrous for 24 hours. 
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Figure 7.13 Fluorescence micrographs of the cells stained with DAPI (cell nucleus),  

TRICE-phalloidin (cell skeleton) and overlaid images after seeding HCT-116 on the  

surfaces of the different nanofibrous for 72 hours. 
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Figure 7.14 Fluorescence micrographs of the cells stained with DAPI (cell nucleus),  

TRICE-phalloidin (cell skeleton) and overlaid images after seeding HCT-116 on the  

surfaces of the different nanofibrous for 120 hours. 
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7.2.6 Anti-tumor activity results by MTS assay 

The Anti-tumor activity was analyzed quantitatively by MTS assay. In Figure 7.15, a 

comparison between different composite nanofibers has been displayed. The total 

experimental period lasted to 120 hours. Pure PLLA nanofibers which fabricated at 

the same experimental conditions were employed as a control. Compared with pure 

PLLA nanofibers, both 5-FU/PLLA nanofibers and 5-FU/keratin/PLLA nanofibers 

possessed a more significant anti-tumor inhibition effects on HCT-116 cells. 

Keratin/PLLA nanofibers didn‘t show any anti-tumor inhabitation effect in the present 

study. Instead of inhibit the tumor cells, the function of keratin was to achieve the 

controlled-release of 5-FU. Without keratin, 5-FU could be released into the system 

fast and decayed soon since its half-life only last decade minutes in plasma [161]. 

After adding keratin, there was a significantly controlled release effect on 5-FU 

release profile. Hence, a prolonged and sustaining anti-tumor effect was observed in 

5-FU/keratin/PLLA nanofibers.  

 
Figure 7.15 MTS assay of HCT-116 viability on different nanofibers surfaces. 

Statistical analysis revealed a difference between 5-FU/PLLA nanofibers and the 
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5-FU/keratin/PLLA nanofibers on the viability of MSCs (*p <0.05; n = 3).  

 

The potential anti-tumor mechanisms of both 5-FU/PLLA and 5-FU/keratin/PLLA 

nanofibers were described in Figure 7.16 and Figure 7.17. Instead of inhibit the tumor 

cells, the function of keratin was to achieve the controlled-release of 5-FU in the 

nanofibers. Without keratin, 5-FU could be released into the system fast and decayed 

soon since its half-life only last decade minutes in plasmas as described in Figure 7.17. 

After tumor cells attached on the surface of nanofibers, a burst-release occurred in the 

group of 5-FU/PLLA due to its lack the controlled-release component. After the 

burst-release, 5-FU decayed soon in the solution and its anti-tumor function was 

impaired after adding keratin, there was a significantly controlled release effect on 

5-FU release profile. Hence, a prolonged and sustaining anti-tumor effect was 

observed in 5-FU/keratin/PLLA nanofibers. As discussed previously, both fluoresces 

images and the MTS assay results demonstrated the same trend, which was that the 

composite 5-FU/keratin/PLLA nanofibers can enhance the anti-tumor effect compared 

to 5-FU/PLLA nanofibers.      
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Figure 7.16 The schematic diagram of illustrating the interaction betweenHCT-116 

cellsand 5-FU/keratin/PLLA nanofibers.  

 

 
Figure 7.17 The schematic diagram of illustrating the interaction between HCT-116 

cellsand 5-FU/PLLA nanofibers.  
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7.3 Conclusion 

In this chapter, Objective 5 has been completed. DOE design was applied to analyze 

and optimize the drug sustained release performance. Two factors were considered in 

the present study: ratio of the two components in the membrane and fabrication 

electrospinning voltage of the membrane. Two different pH value environments were 

introduced: pH 6.0 and pH 7.4. Keratin and PLLA were the two components of the 

membrane and the components ratio was set as 1:1 and 1:9. The fabrication 

electrospinning voltage was selected at two levels: 15 KV and 25 

KV.5-fluorouracile was introduced in this experiment as the targeted drug. This 

full-factorial design of the experimental method indicated that it was possible to not 

only identify the main effects of this complex bio-mimetic system, but also investigate 

the effects of two-factor interactions. The results indicate that the composite 

membrane has pH sensitivity and lowering the electrospinning voltage can lead to 

significant pH sensitive controlled release performance. The ratio between two 

components can affect the release performance in a neutral environment. The result 

suggests that nanofibrous composite electrospun membrane can be considered a 

preferable potential candidate for pH sensitive controlled drug release systems. The 

biological evaluation confirmed the anti-tumor activity of different composite 

nanofibers. After comparing fluorescent images and MTS assay, adding keratin helped 

to achieve the controlled drug-release model (e.g. 5-FU). The anti-tumor activity in a 

controlled release nanofibrous system was confirmed by cell live/dead assay, cellular 

adhesion, proliferation studies and MTS assay.   
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CHAPTER 8 INVASTIGATION OF ANTI-TUMOR 

NANOFIBROUS ELECTORSPUN MEMBRANE WITH 

ANTIMICROBIAL PEPTIDES 

 

In this chapter, Objective 6 aims to be achieved by introducing antimicrobial peptides 

Attaccin2 into the 5-FU/keratin/PLLA system. In traditional surgical operation 

treatments, infection would be hardly avoided. As a group of antimicrobial peptides 

(AMPs), Attacin possessed both anti-bacterial and anti-tumor function as been 

discovered.   In this chapter, both the anti-tumor drug and AMP was introduced into 

the anti-tumor nanofibrous drug delivery system. The synergistic effect between 

anti-tumor drug and AMPs were investigated. The experimental results indicated that 

after adding the antimicrobial peptides into the membrane, the synergistic effect could 

be observed, especially after 72 hours observation. Unlike the chemical antitumor 

drug has a short and strong inhibition effect on tumor cells, the biological 

antimicrobial peptides has a long and sustained inhibition on tumor cells which 

compensates the short effect of chemical antitumor drugs. The experiments 

demonstrated that the synergistic effect between chemical antitumor drug and 

antimicrobial peptides could inhibit the proliferation of tumor cells. The results 

indicated the feasibility of combining both chemical antitumor drugs and biological 

antimicrobial peptides together, which suggested the further direction of applying 

nanofibers in the realm of antitumor therapy. 
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8.1. Materials and methods 

8.1.1 Sample preparation 

Attacin2, known as gloverin, is a group of AMPs containing high components of 

glycine but less of cysteine. The activity presented by this group is mainly to fight 

against gram-negative bacteria. Compared with another kind of AMPs, the molecular 

mass of Attacin2 is generally higher, which is around 20 kD. Two Attacin2 genes, 

BmAttacin1 and BmAttacin2, have been found in silkworm which are synthesized 

primarily in fat body [162]. Traditionally, it is very difficult to isolate Attacin2 from 

the fat body of silkworm since it is a minor content group of inducible AMPs, even 

though their cDNA sequences already have been revealed [163, 164]. Heterologous 

expression is quite necessary for the further study to obtain this kind of protein. E.coli 

is a universal procaryotic expression system for heterologous expression. In this study, 

we succeeded to clone the cDNA fragment encoding mature peptide of 

BmAttacin2(MBmAttacin2) into the procaryotic vector pET28a(+) and obtain the 

MBmAttacin2 after induced expression in E.coli [165]. The prepared Attacin2 

samples were collected from other lab-mates.  

 

The electrospun solutions with different components were fabricated on the square 

glass disks size in 0.64 cm
2
 which were stick on the aluminum foil as nanofibers. The 

membranes were: pure PLLA membrane, PLLA/Attacin2 membrane, 

PLLA/keratin/Attacin2 membrane and PLLA/keratin/5-FU/Attacin2 membrane 

respectively. The electrospun parameters were followed strictly as same as the 

previous study in the present thesis.  The coated glass disks and the films were 

placed in 24-well tissue culture plates (Nunc, Demark) and were sterilized by 70% 

ethanol for 24 hours in 4 ℃. After that, they were rinsed in PBS three times and then 

javascript:;
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pre-warmed at 37 ℃for 2 hours prior to cell seeding. 

 

8.1.2 Cell culture 

Colon cancer cells HCT-116, (Sigma, U.S.A.) were cultured in 25cm
2
 culture flasks 

(SPL, Korea) with Dulbecco‘s modified medium (DMEM, Sigma, U.S.A.) in 37 ℃, 5% 

CO2. DMEM was supplemented with 10% fetal bovine serum (FBS, Caisson, U.S.A.), 

1% penicillin-streptomycin solution (Caisson, U.S.A.) as growth medium. Cells were 

harvested by adding 0.25% trypsin with EDTA Tetrasodium (Caisson, U.S.A.). After 

cells were detached, trypsin was neutralized by adding growth medium. Cell 

suspension was then centrifuged, re-suspended with fresh medium and was counted 

using haemocytometer (Precicolor HBG, Germany) and were subcultured for 

particular experiments.  

 

8.1.3 Fluorescence staining 

For fluorescent observation, the cell contained glass disks were also gently washed 

with 37℃ phosphate buffered saline, fixed with 4% paraformaldehyde in phosphate 

buffered saline at room temperature for 15 min, and permeabilized with 0.1% Triton 

X-100 in phosphate buffered saline for 5 min at room temperature. Then cells were 

incubated with 10 μg /mL TRICE-phalloidin in dark for 30 min, and the nucleuses of 

cells were additionally counterstained with 1 μg/mL DAPI in phosphate buffered 

saline. The glass disks were visualized using fluorescent microscope Eclipse 80i 

(Nikon, Japan). 

 

8.1.4 Cell Live/Dead assay 

The cell permeable esterase-substrate fluorescein diacetate (FDA) and the cell nucleic 
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acid stain propidium iodide (PI) were combined and used to assess the viability of 

HCT-116 grown on the coated disks. The cells were seeded in glass disks placed in 

24-well plates at a concentration of 6×104 cells / cm
2
.Cells were incubated at 37℃ 

for 4 hours to allow cells attachment and then 1 mL growth medium was added to 

each well to incubate for 24 hours and 72 hours. Then the cells contained scaffolds 

were rinsed in phosphate buffered saline three times and the cells were stained by 

rinsing in the phosphate buffered saline that contained 1ug/mL FAD and 1ug/mL PI 

for 5minutes in dark at room temperature. Images were taken by fluorescent 

microscope Eclipse 80i (Nikon, Japan). 

 

8.1.5 Cell proliferation (viability) MTS assay 

HCT-116 cells were seeded into 24-well plates (NunclonTM Surface, Nunc, 

Denmark)at a density of 1Ｘ104/cm
2
 and were cultured until become confluent. After 

the incubation with three parts of polypeptides for 24 hours, the cells were detached. 

Cells were then centrifuged, re-suspended into the medium which contained 0.4% 

trypan blue (Invitrogen, U.S.A.) and the cells numbers were counted by 

haemocytometer (Precicolor HBG, Germany). The cell numbers were normalized by 

that of control group and expressed as the percentage of cell viability. HCT-116 are 

incubated at 37 °C/5% CO2 in DMEM or RPMI 1640 medium with 10% FBS and 100 

IU/mL penicillin and 100 μg/mL streptomycin.HCT 116 cells were platted on 96-well 

plates for 24h to reach 70% confluence (5000cells, 10000cells/well respectively). 

After washing with PBS, cells were incubated with either control culture medium or 

peptides contained medium for 24 h. Medium was removed and the cells were washed 

with fresh PBS. 100 μl fresh medium was added to each well. MTS solution was 

added to each well in the weight ratio of 1:5. The plates were incubated at 37 °C/5% 
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CO2 for 3-4 h. Then, OD values of the medium were evaluated at 492 nm using 

micro-plate reader. 

 

8.2 Results and discussion 

8.2.1 Chemical structure analysis by FT-IR 

In order to detect the existence of Attacin2 in the nanofibers, the FT-IR spectra were 

applied to examine the microstructure of different composite nanofibers. Four groups 

of samples were examined: pure PLLA nanofibers, Attacin2/PLLA nanofibers, 

5-FU/Attacin2/PLLA nanofibers and 5-FU/Attacin2/keratin/PLLA nanofibers. 

Because Attacin2 was a kind of antimicrobial, the characteristic peaks of Attacin2 

came from Amide I and Amide II in protein.  

 

Figure 8.1 The FT-IR spectra of different nanofibers: PLLA, Attacin2/PLLA, 

5-FU/Attacin2/PLLA, Attacin2/5-FU/keratin/PLLA nanofibers. 
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In Figure 8.1, the curve of Attacin2/PLLA displayed two peaks pointed 1619 cm
-1

 and 

1522 cm
-1

 which demonstrated the existence of Amide I and Amide II. This 

demonstrated that Attacin2 has been fabricated into the membrane successfully.  In 

the 5-FU/Attacin2/keratin/PLLA nanofibers, keratin belong to protein therefore, the 

characteristic peaks of keratin might overlap with the two peaks from Attacin2. Hence 

the existence of Attacin2 has been confirmed, the next work was moved to examine 

the anti-tumor activity of Attacin2 worked with anti-tumor drug model (e.g. 5-FU). 

 

8.2.2 Morphology of anti-tumor activity of AMPs loaded nanofibers 

 

Figure 8.2 The photos of the dehydrated cell-seeded nanofibrous samples for further 

evaluations (e.g. SEM) 

 

In the present study, all the samples cultured in the cells medium were collected after 

predetermined time intervals. Then the samples were prepared and treated based on 

different evaluation purposes. As shown in Figure 8.2, the samples were dehydrated 

and affixed on the metal holder for SEM observation. The unsmooth surface might be 

due to the aggregation of cells after the dehydration of nanofibers, especially to 
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samples with large cells concentration, e.g., pure PLLA and PLLA/keratin nanofibers. 

At each time interval, three pieces of glass samples were collected for each kind of 

nanofibers. Besides SEM observation, the other pieces of glass samples were prepared 

fluoresces observation and DAPI staining observation. The left sample mediums were 

examined by MTS assay. All the samples were tested three times (p<0.05). 

 (A) 

 

(B)

 
(C) 

 

(D)

 
(E) 

 

(F)

 
Figure 8.3 The SEM images of HCT-116 cells cultured on the surface of the drug 

loaded membranes in 4 hour observation: (A) pure PLLA; (B) 5-FU/PLLA; (C) 

Keratin/PLLA; (D) 5-FU/keratin/PLLA; (E) Attacin2/keratin/PLLA; (F) 

Attacin2/5-FU/keratin/PLLA nanofibers. 
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In Figure 8.3, the interaction between nanofibers and HCT-116 was observed directly. 

More cells adhered on the surface of PLLA and PLLA/keratin nanofibers. Few cells 

could be detected on the surface of 5-FU/keratin/PLLA, Attacin2/keratin/PLLA and 

Attacin2/5-FU/keratin/PLLA nanofiberous surfaces. Due to short time of cultivation 

(e.g. 4 h), there was no significant cells proliferation behavior difference observed. 

 

Figure 8.4 displayed the interaction between cells and nanofibers after 24 h cultivation. 

More cells attached on the surfaces of nanofibers compared with 4 h observation. 

Cells proliferated significantly on the surface of PLLA nanofibers and Keratin/PLLA 

nanofibers. On the surface of Attacin2/keratin/PLLA nanofibers and 

Attacin2/5-FU/keratin/PLLA nanofibers, although there‘re certain amount of cells 

adhered, the proliferated cells could be hardly observed. This might be due to low 

biocompatible of these nanofibers. Normally cells didn‘t proliferate well in the 

un-friendly environment.  
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(C) 

 

(D)

 
(E) 

 

(F)

 
Figure 8.4 The SEM images of HCT-116 cells cultured on the surface of the drug 

loaded membranes in 24 hour observation: (A) pure PLLA; (B) 5-FU/PLLA; (C) 

Keratin/PLLA; (D) 5-FU/keratin/PLLA; (E) Attacin2/keratin/PLLA; (F) 

Attacin2/5-FU/keratin/PLLA nanofibers. 

 

After longer observation of 72 hours and 120 hours as shown in Figure 8.5 and Figure 

8.6, respectively, significant difference between different samples could be observed. 

Cells proliferated healthily on the surface of PLLA nanofibers, Keratin/PLLA 

nanofibers and Attacin2/keratin/PLLA nanofibers. The results illustrated that the 
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anti-microbial peptide could have the antitumor effect when worked with drug, e.g., 

5-FU together to achieve the synergistic effect. Few cells adhered and none 

proliferated on the surface of 5-FU/keratin/PLLA and Attacin2/5-FU/keratin/PLLA 

nanofibers. 

(A) 

 
 

(B)

 

(C) 

 
 

(D) 

 

(E) 

 

(F) 

 
Figure 8.5 The SEM images of HCT-116 cells cultured on the surface of the drug 

loaded membranes in 72 hour observation: (A) pure PLLA; (B) 5-FU/PLLA; (C) 

Keratin/PLLA; (D) 5-FU/keratin/PLLA; (E) Attacin2/keratin/PLLA; (F) 

Attacin2/5-FU/keratin/PLLA nanofibers. 
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(A) 

 

(B) 

 
(C) 

 

(D) 

 
(E) 

 
 

(F) 

 

Figure 8.6 The SEM images of HCT-116 cells cultured on the surface of the drug 

loaded membranes in 120 hour observation: (A) pure PLLA; (B) 5-FU/PLLA; (C) 

Keratin/PLLA; (D) 5-FU/keratin/PLLA; (E) Attacin2/keratin/PLLA; (F) 

Attacin2/5-FU/keratin/PLLA nanofibers. 

 

8.2.3 Cell live/die assay results 

In Figure 8.7, the images displayed the cells proliferation performances on different 

nanofibers surfaces. The second columns represented the cells which are proliferated 
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healthily and the third columns represented the cells which were dead. The last 

columns represented the overlaid images of both live cells and dead cells. Blank 

PLLA samples in this experiment worked as a control. Five groups of samples were 

tested and the whole experimental period was 120 hour. The predetermined time 

intervals were settled as: 4 hour, 24 hour, 72 hour and 120 hour. At those time 

intervals, the cells proliferation morphologies were observed and analyzed. In Figure 

8.7, the blank PLLA nanofibers provided preferable environments for tumor cells 

compared to PLLA/Attacin2 nanofibers, PLLA/keratin/Attacin2 nanofibers, 

PLLA/keratin/5-FU nanofibers and PLLA/keratin/Attacin2/5-FU nanofibers. These 

results indicated that both 5-FU and Attacin2 had a significant inhibition effect on 

tumor cells proliferations. In Figure 8.8, the images displayed the cells proliferation 

performances on different nanofibers surfaces after 24 hours cultivation. The blank 

PLLA nanofibers provided preferable environments for HCT-116 compared to 

PLLA/Attacin2 nanofibers, PLLA/keratin/Attacin2 nanofibers, PLLA/keratin/5-FU 

nanofibers and PLLA/keratin/Attacin2/5-FU nanofibers. Both PLLA/keratin/Attacin2 

and PLLA/keratin/5-FU displayed the most inhibition effect on the tumor cells 

proliferation. The cells growth rate on PLLA/keratin/Attacin2/5-FU nanofibers 

obviously decreased compared to the 4 hour cultivation group. In Figure 8.9 and 

Figure 8.10, cells growths performances displayed significant differences after long 

period‘s cultivation. The synergistic effect between antimicrobial and anti-tumor drug 

could be observed. The images displayed the cells proliferation performances on 

different nanofibers surfaces. For the control group, cells almost spread on the whole 

surface of PLLA membrane. For the group of PLLA/Attacin2 and 

PLLA/keratin/Attacin2, cells growths were dampened compared with PLLA group. 

The two most significant group samples which inhibited the tumor cells were 
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PLLA/keratin/5-FU and PLLA/keratin/Attacin2/5-FU membranes. Especially after 

120 hour cultivation, large amount of dead cells could be observed in the group of 

PLLA/keratin/Attacin2/5-FU membranes then that of PLLA/keratin /5-FU membranes. 

The results indicated that the synergistic effect between anti-microbial and anti-tumor 

drug occurred at the late stage of cells cultivations, e.g., 72 hour and 120 hour. As a 

kind of natural protein, Attacin2 performed a ―soft‖ but sustained effect on inhibiting 

the tumor cells. 
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Figure 8.7 Fluorescence micrographs of the cells stained with FDA (living cells), PI  

(dead cells) and overlaid images after seedingHCT-116 on the surface of the different  

nanofibers for 4 hours. 
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Figure 8.8 Fluorescence micrographs of the cells stained with FDA (living cells), PI  

(dead cells) and overlaid images after seedingHCT-116 on the surface of the different  

nanofibers for 24 hours. 
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Figure 8.9 Fluorescence micrographs of the cells stained with FDA (living cells), PI  

(dead cells) and overlaid images after seedingHCT-116 on the surface of the different  

nanofibers for 72 hours. 
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Figure 8.10 Fluorescence micrographs of the cells stained with FDA (living cells), PI  

(dead cells) and overlaid images after seedingHCT-116 on the surface of the different  

nanofibers for 120 hours. 
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8.2.4 DAPI staining for cellular adhesion and proliferation studies 

In order to test the responses of HCT-116 tumor cells to different composite 

nanofibers samples, cells were cultured on the new scaffold containing: pure PLLA, 

PLLA/Attacin2, PLLA/keratin/Attacin2, PLLA/keratin/5-FU and 

PLLA/keratin/Attacin2/5-FU. Double staining with FITC–phalloidin and DAPI was 

used to elucidate the cytoskeletal arrangement of HCT-116 cells. As shown in Figure 

8.11, the cells responded differently to different compositions of the scaffolds. 

HCT-116 on the both 5-Fu loaded nanofibrous surface and Attacin2 loaded 

nanofibrous surfaces remained aggregated, presumably due to their poor adhesive 

interaction with the substrate. By contrast, HCT-116 cells cultured on blank PLLA 

showed well-dispersed cell bodies and extensive arborization. These results suggest 

an ability of both 5-FU loaded nanofibers and Attacin2 loaded nanofibers to inhibit 

the tumor cells proliferation. Especially, cells on the Attacin2 composite nanofibers 

showed a vague cytoskeleton shape which indicated the antimicrobial peptides has an 

inhibition effect on the tumor cells. In Figure 8.11, the second columns represented 

the cells skeletons which were stained by TRICE-phalloidin and the third columns 

represented the cell nucleus which were stained by DAPI. The last columns 

represented the overlaid images of both cells skeletons and cells nucleuses. Blank 

PLLA samples in this experiment worked as a control. Five groups of samples were 

tested and the whole experimental period was 120 hours. The predetermined time 

intervals were settled as: 4 hours, 24 hours, 72 hours and 120 hours. At those time 

intervals, the cells proliferation morphologies were observed and analyzed. The blank 

PLLA nanofibers provided preferable environments for tumor cells compared to 

PLLA/Attacin2 nanofibers, PLLA/keratin/Attacin2 nanofibers, PLLA/keratin/5-FU 

nanofibers and PLLA/keratin/Attacin2/5-FU nanofibers. These results indicated that 

javascript:popupOBO('CL:0000000','c0nr00192a')
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both 5-FU and Attacin2 has a significant inhibition effect on tumor cells proliferations. 

The same trend could be observed in Figure 8.12. The cells responded differently to 

different compositions of the scaffolds. HCT-116 on the both 5-FU loaded 

nanofibrous surface and Attacin2 loaded nanofibrous surfaces remained aggregated, 

presumably due to their poor adhesive interaction with the substrate. By contrast, 

HCT-116 cells cultured on blank PLLA showed well-dispersed cell bodies and 

extensive arborization. These results suggest an ability of both 5-FU loaded 

nanofibers and Attacin-2 loaded nanofibers to inhibit the tumor cells proliferation. 

Especially, cells on the Attacin2 composite nanofibers showed a vague 

cytoskeleton shape which indicated the antimicrobial peptides has an inhibition effect 

on the tumor cells. In Figure 8.12, the second columns represented the cells skeletons 

which were stained by TRICE-phalloidin and the third columns represented the cell 

nucleus which were stained by DAPI. The last columns represented the overlaid 

images of both cells skeletons and cells nucleuses. Blank PLLA samples in this 

experiment worked as a control. Five groups of samples were tested and the whole 

experimental period was 120 hours. The predetermined time intervals were settled as: 

4 hours, 24 hours, 72 hours and 120 hours. At those time intervals, the cells 

proliferation morphologies were observed and analyzed. The blank PLLA nanofibers 

provided preferable environments for tumor cells compared to PLLA/Attacin2 

nanofibers, PLLA/keratin/Attacin2 nanofibers, PLLA/keratin/5-FU nanofibers and 

PLLA/keratin/Attacin2/5-FU nanofibers. These results indicated that both 5-FU and 

Attacin2 has a significant inhibition effect on tumor cells proliferations. In order to 

test the responses of HCT-116 tumor cells to different composite nanofibers 

samples, cells were cultured on the new scaffold containing: pure PLLA, 

PLLA/Attacin2, PLLA/keratin/Attacin2, PLLA/keratin/5-FU and 

javascript:popupOBO('GO:0005856','c0nr00192a')
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PLLA/keratin/Attacin2/5-FU. Double staining with FITC–phalloidin and DAPI was 

used to elucidate the cytoskeletal arrangement of HCT-116 cells. As shown in Figure 

8.5, the cells responded differently to different compositions of the scaffolds. 

HCT-116 on the both 5-FU loaded nanofibrous surface and Attacin2 loaded 

nanofibrous surfaces remained aggregated, presumably due to their poor adhesive 

interaction with the substrate. By contrast, HCT-116 cells cultured on blank PLLA 

showed well-dispersed cell bodies and extensive arborization. These results suggest 

an ability of both 5-FU loaded nanofibers and Attacin2 loaded nanofibers to inhibit 

the tumor cells proliferation. Especially, cells on the Attacin2 composite nanofibers 

showed a vague cytoskeleton shape which indicated the antimicrobial peptides has an 

inhibition effect on the tumor cells. In Figure 8.7, the second columns represented the 

cells skeletons which were stained by TRICE-phalloidin and the third columns 

represented the cell nucleus which were stained by DAPI. The last columns 

represented the overlaid images of both cells skeletons and cells nucleuses. Blank 

PLLA samples in this experiment worked as a control. Five groups of samples were 

tested and the whole experimental period was 120 hours. The predetermined time 

intervals were settled as: 4 hours, 24 hours, 72 hours and 120 hours. At those time 

intervals, the cells proliferation morphologies were observed and analyzed. In Figure 

8.7, the blank PLLA nanofibers provided preferable environments for tumor cells 

compared to PLLA/Attacin2 nanofibers, PLLA/keratin/Attacin2 nanofibers, 

PLLA/keratin/5-FU nanofibers and PLLA/keratin/Attacin2/5-FU nanofibers. These 

reults indicated that both 5-FU and Attacin2 has a significant inhibition effect on 

tumor cells proliferations. In order to test the responses of HCT-116 tumor cells to 

different composite nanofibers samples, cells were cultured on the new scaffold 

containing: pure PLLA, PLLA/Attacin2, PLLA/keratin/Attacin2, PLLA/keratin/5-FU 

http://www.chemspider.com/Chemical-Structure.4588.html
http://pubs.rsc.org/en/content/articlehtml/2010/nr/c0nr00192a#fig3
javascript:popupOBO('CL:0000000','c0nr00192a')
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and PLLA/keratin/Attacin2/5-FU. Double staining with FITC–phalloidin and DAPI 

was used to elucidate the cytoskeletal arrangement of HCT-116 cells. As shown 

in Figure 8.14, the cells responded differently to different compositions of the 

scaffolds. HCT-116on the both 5-FU loaded nanofibrous surface and Attacin2 loaded 

nanofibrous surfaces remained aggregated, presumably due to their poor adhesive 

interaction with the substrate. By contrast, HCT-116 cells cultured on blank PLLA 

showed well-dispersed cell bodies and extensive arborization. These results suggest 

an ability of both 5-FU loaded nanofibers and Attacin2 loaded nanofibers to inhibit 

the tumor cells proliferation. Especially, cells on the Attacin2 composite nanofibers 

showed a vague cytoskeleton shape which indicated the antimicrobial peptides has an 

inhibition effect on the tumor cells. In Figure 8.13, the second columns represented 

the cells skeletons which were stained by TRICE-phalloidin and the third columns 

represented the cell nucleus which were stained by DAPI. The last columns 

represented the overlaid images of both cells skeletons and cells nucleuses. Blank 

PLLA samples in this experiment worked as a control. Five groups of samples were 

tested and the whole experimental period was 120 hours. The predetermined time 

intervals were settled as: 4 hours, 24 hours, 72 hours and 120 hours. At those time 

intervals, the cells proliferation morphologies were observed and analyzed. In Figure 

8.1, the blank PLLA nanofibers provided preferable environments for tumor cells 

compared to PLLA/Attacin2 nanofibers, PLLA/keratin/Attacin2 nanofibers, 

PLLA/keratin/5-FU nanofibers and PLLA/keratin/Attacin2/5-FU nanofibers. These 

results indicated that both 5-FU and Attacin2 has a significant inhibition effect on 

tumor cells proliferations. 
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Figure 8.11 Fluorescence micrographs of the cells stained with DAPI (cell nucleus),  

TRICE-phalloidin (cell skeleton) and overlaid images after seeding HCT-116 on the  

surfaces of the different nanofibrous for 4 hours. 



 

184 
 

Sample Cells skeleton Cells nucleus Overlay 

PLLA 

   

PLLA/Attacin

2 

   

PLLA/keratin/

Attacin2 

   

PLLA/keratin/

5-FU 

   

PLLA/keratin/

Attacin2/5-FU 

   
 

Figure 8.12 Fluorescence micrographs of the cells stained with DAPI (cell nucleus),  

TRICE-phalloidin (cell skeleton) and overlaid images after seeding HCT-116 on the  

surfaces of the different nanofibrous for 24 hours. 
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Figure 8.13 Fluorescence micrographs of the cells stained with DAPI (cell nucleus),  

TRICE-phalloidin (cell skeleton) and overlaid images after seeding HCT-116 on the  

surfaces of the different nanofibrous for 72 hours. 
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Figure 8.14 Fluorescence micrographs of the cells stained with DAPI (cell nucleus),  

TRICE-phalloidin (cell skeleton) and overlaid images after seeding HCT-116 on the  

surfaces of the different nanofibrous for 120 hours. 
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8.2.5 MTS assay for cells cytotoxicity studies 

Figure 8.14 and Figure 8.15 displayed the MTS results for the inhibition efficiency of 

the Attacin2 and 5-FU loaded membranes to the human colorectal cancer HCT-116 

cells. After 72 hour of cultivation, all Attacin2 and 5-FU loaded membrane groups 

displayed significantly different anti-tumor performance compared to the pure 5-FU 

loaded group. The cell inhibition efficacy of the keratin/5-FU membrane group was 

much higher than the PLLA group at 24, 48 and 72 hours due to the sustainable 

release of 5-FU in the drug membranes.  

Figure 8.15 MTS assay of HCT-116 viability on different composite nanofibers. 

Statistical analysis revealed a difference between the 500–1,000-nm nanofibers and 

the polystyrene control on the viability of MSCs (**p < 0.01; n = 3).  

 

In Figure 8.15, the PLLA/keratin/5-FU samples, the cells viability ceased decreasing 

after 72 hour cultivation. However, a significant decrease in cell viability could be 

observed for the group of PLLA/keratin/Attacin2/5-FU even after 72 hour 
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cultivation(P<0.05). This difference indicated that at late stage of cultivation, Attacin 

increased the anti-tumor effect together with the anti-tumor drug. This process needs a 

long and sustained period to achieve. 

 

Figure 8.16 MTS assay of HCT-116 viability on different composite nanofibers. 

Statistical analysis revealed a difference between the 500–1,000-nm nanofibers and 

the polystyrene control on the viability of MSCs (*p < 0.05;** p <0.01; n = 3).  

 

In Figure 8.16, the cells viability was displayed as a function of time in order to 

observe the effect between cultivation times to the cells viability. At early stage, the 

PLLA/keratin/5-FU membrane performed a more significant effect on anti-tumor 

activity than PLLA/keratin/Attacin2/5-FU. However, this trend changed after 48 hour 

cultivation. After a 72 hour cultivation, there‘s no significant difference between 

PLLA/keratin/Attacin2/5-FU membranes and PLLA/keratin/5-FU membranes 

(p<0.05). Moreover, the group of PLLA/keratin/Attacin2/5-FU possessed significantly 

difference with the groups of PLLA/Attacin2, PLLA/keratin/Attacin2 membranes 
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(p<0.01). A conclusion might be safely conducted that the synergistic effect between 

antimicrobial (e.g. Attacin2) and anti-tumor drug (e.g. 5-FU) occurred at the late stage 

of drug release profile. Normally, the chemical drug decayed and therefore decreased 

its anti-tumor performance at the late stage of drug release. Adding antimicrobial 

compensated this weakness. The ―soft‖ and sustained synergistic effect could last till 

several weeks and this could suggest new components of anti-tumor agents. 

 

8.3 Discussion and conclusion 

Combination therapy for the treatment of cancer is becoming more popular because it 

generates synergistic anticancer effects, reduces individual drug-related toxicity and 

suppresses multi-drug resistance through different mechanisms of action [166]. In 

recent years, nanotechnology-based combination drug delivery to tumor tissues has 

emerged as an effective strategy by overcoming many biological, biophysical and 

biomedical barriers that the body stages against successful delivery of anticancer 

drugs [167]. The sustained, controlled and targeted delivery of chemotherapeutic 

drugs in a combination approach enhanced therapeutic anticancer effects with reduced 

drug-associated side effects.  

In this chapter, the main explorations focused on the interaction between anti-tumor 

chemical drug and antimicrobial peptides and their corresponding synergistic effect on 

the antitumor therapy. The results indicated that adding Attacin2 into the drug loaded 

membrane can increase the anti-tumor effect in the whole therapy. After 48 hours 

observation, the synergistic effect gradually became significant comparing with single 

drug formulation. The tumor cells proliferation rate was inhibited by the dual drug 

formulation in the late phase of the total 72 hours observations. The future work and 

challenges of the dual drug formulation would be discussed in chapter 9.  
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CHAPTER 9 CONCLUSIONS AND FUTURE WORKS 

 

In this thesis, a systematic exploration has been carried out to establish understanding 

on the scientific problems and engineering issues of developing anti-tumor drug 

delivery nanofibrous system. After the literature review, the knowledge gaps have 

been filled by completing the objectives which were summarized in this chapter. The 

final conclusions were summarized in this chapter after the detailed and systematic 

descriptions of the six chapters of studies presented in the above chapter 3 to 8. 

 

9.1 Conclusions 

In Chapter 1 and Chapter 2, the fundamental knowledge framework of the 

biofunctional composite nanofibers was reviewed and knowledge gaps on the 

methods fabricating and applying keratin-based nanofibers were identified. The 

purpose of this research was to fill the knowledge gaps and biofunctional 

keratin-based antitumor nanofibrous system was explored. 

 

1. To demonstrate the feasibility of transforming wool wastes into the functional 

protein biomaterials.  

This objective has been achieved in Chapter 3. Wool fibers were hydrolyzed and 

adjusted to predetermined pH value. The dimension of keratin polypeptides were 

analyzed and determined by SEM investigation. Afterwards, the chemical structure, 

crystal structure and thermal properties were analyzed by FT-IR spectra, XRD and 

TGA respectively. The results suggested that keratin polypeptides with different 

amino acids compositions could be tailored from wool hydrolyzed solution based on 

isoelectric-point precipitation and had potential application such as biomaterials for 
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wound healing and drug delivery. 

 

2. To apply keratin polypeptides into biofunctional tissue engineering scaffolds 

system.  

This objective has been achieved in Chapter 4. Biocompatible electrospinning 

membrane composed of PLLA and keratin is firstly introduced. Ultrafine nanofibrous 

membranes were successfully prepared by electrospinning the blend of PLLA and 

keratin suspension. Uniform structure of the composite nanofibers was observed and 

TEM images indicated keratin was evenly distributed within the composite fibers. The 

results of FT-IR spectra revealed the composition of keratin/PLLA membrane. The 

biocompatibility of keratin/PLLA composite membrane was examined by MTT assay. 

The cells proliferation profile was observed by fluorescent micrographs. The results 

indicated that with promoting effect on cell adherence and proliferation, this 

composite material was suitable as a potential materials candidate for tissue 

engineering. 

 

3. To investigate the degradability of the PLLA/keratin composite nanofibers.  

This objective has been achieved in Chapter 5. The evaluation was examined 

through several aspects. Firstly, the morphology of the membranes was observed by 

SEM images which indicated that the keratin/PLLA nanofibers kept their basic 

structures after 120 hours degradation in PBS solution and small pores could be 

observed on the surface of keratin/PLLA composite nanofibers whereas few pores 

were observed from pure PLLA nanofibers. The UV spectra further indicated the 

degradation rate of keratin from the biopolymer nanofibers. The FT-IR spectra 

demonstrate the same degradation trend by comparing the intensities of keratin 
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characteristic peaks. The thermal properties of the degraded membranes were tested 

by TGA thermal analysis. The results indicated that keratin/PLLA composite 

nanofibers could keep their basic physical structure in long degradation period. The 

amount of keratin released into the environment was inversely proportional to the 

amount of keratin maintained in the composite nanofibers. 

 

4. To develop a localized drug delivery nanofibrous membrane system.   

This objective has been achieved in Chapter 6. Keratin/PLLA nanofibrous 

membrane containing hydrophilic drug were synthesized by electrospinning technique 

and characterized their chemical properties, physical properties and drug release 

properties. 5-fluorouracil was used as target drug model. The dispersion status of drug 

in the composite membrane was investigated by several characterization methods. 

SEM and DSC revealed that individual filament morphology and thermal properties 

were maintained in the composite filaments. The in vitro drug release profiles were 

examined. Drug release from a composite filament was an additive composite of the 

drug release profiles obtained from single component filaments, and multi-component 

filaments could control the release rate of drug through longer period than a 

mono-component filament. Drug release from a tetra-component filament was 

calculated based on the individual component drug release profiles and shown to be a 

good predictor of experimentally determined drug release. 

 

5. To demonstrate the antitumor effect of drug loaded membrane.  

This objective has been achieved in Chapter 7. The pH sensitivity was considered 

as an important property of the drug delivery system. To investigate the optimized 

factors effect on the controlled release performance of the electrospun composite 
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membrane in different pH environments, full-factorial design with two factors at 

two-levels was introduced in this chapter. The factors considered in the present study 

include: ratio of the two components in the membrane and fabrication electrospun 

voltage. Then the membranes with different processing parameters were tested in two 

different pH conditions: pH 7.4 PBS solution and pH 6.0 PBS solution. Results 

illustrate that the ratio between two components is a main factor to affect the 

controlled release performance. The result also indicates that this composite 

electrospun membrane can be used as a potential candidate for the pH sensitivity drug 

release materials. The antitumor effect was examined by a series of biological 

evaluations: cell live/dead assay, Fluorescence staining and MTS assay. The biological 

results indicated 5-Fu/Keratin/PLLA nanofibers has a long-term inhibition effect on 

tumor cells (HCT-116) compared to 5-FU/PLLA nanofibers. The sustained effect can 

last from 4 hours observation until 120 hours observation. The 5-FU/Keratin/PLLA 

kept releasing the antitumor drug in the total 120 hour experiment and proliferation 

rate of tumor cells were inhibited steadily and sustainably. Adding keratin into the 

composite membranes can increase the antitumor effect dramatically. 

 

6. Both the anti-tumor drug and antimicrobial peptides was loaded on the nanofibers. 

The anti-tumor effect of AMPs-loaded nanofibrous system was investigated. 

This objective has been achieved in Chapter 8. The experimental results indicated 

that after adding the antimicrobial peptides into the membrane, the antitumor effect 

could be observed, especially after 72 hours observation. Unlike the chemical 

antitumor drug has a short and strong inhibition effect on tumor cells, the biological 

antimicrobial peptides has a long and sustained inhibition on tumor cells which 

compensates the short effect of chemical antitumor drugs. After 72 hour observations, 
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the proliferation of tumor cells was inhibited under the synergistic effect between 

chemical antitumor drug and antimicrobial peptides. The results indicated the 

feasibility of combining both chemical antitumor drugs and biological antimicrobial 

peptides together, which suggested the further direction of applying nanofibers in the 

realm of antitumor therapy. 

 

9.2 Limitations and future works 

Although the objectives of this thesis have been achieved, there are some unavoidable 

limitations in the current research work that would ideally need further investigations. 

The following aspects can be explored deeply: 

1. More parameters should be considered to investigate the synergistic effect between 

antimicrobial peptides and antitumor drugs. The target drug model can selected from 

other well-known antitumor drug. 

2. The mechanism of synergistic effect between antimicrobial peptides and antitumor 

drugs could be deeply investigated. The effect of electrospinning process on 

antimicrobial activity should be considered as a main factor. 

3. The biofunctional drug loaded membrane can be applied in animal model to test the 

antitumor. When considering the animal model experiments, the parameters which 

were undergone in the in vivo experiments should be revised accordingly. For 

example, the dosage of 5-FU and the proportional between 5-FU and keratin 

combination. The half-life of 5-FU changed dramatically when applied in biological 

subject. The shorten half-life of antitumor could be another key issue to be considered 

in the future study.  
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