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Abstract

Abstract
Keratins present themselves as potential autologous alternatives to current natural
proteins used as matrices in regenerative medicine applications, because they are
abundant, bioactive and easily extracted from human hair. The aim of this work is
to study the feasibility of electrospinning human hair keratin and evaluate the
potential of electrospun keratin fibers as random and aligned templates for tissue
regeneration. Keratins extracted from human hair using sodium sulfide were
blended with poly (ethylene oxide) (PEO) at various concentrations and
electrospun. The fiber morphology and diameter distribution of the optimised
fibrous platforms were analysed by scanning electron microscopy (SEM).
Material properties of the resulting keratin fibrous platforms were characterized
using fourier transform infrared spectroscopy (FTIR), differential scanning
calorimetry (DSC) and dynamic mechanical analysis (DMA) to understand their
chemical, thermal and mechanical properties respectively. Biodegradation profiles
of keratin fibers were also studied under hydrolytic and enzymatic conditions.
Cytotoxicity of the keratin fibers were examined by assessing cell viability and
morphology of L929 murine fibroblasts cultured on the fibers through Live/Dead
staining assay and SEM. In addition, the potential of keratin fibers for wound
healing was evaluated by culturing primary human dermal fibroblasts (HDFs) on
them. Cell viability of cultured HDFs was quantified using PicoGreen and
AlamarBlue assays while the cell morphology and distribution was observed
using Live/Dead and F-actin staining. Immunostaining was also done to assess the
ability of cultured HDFs in secreting extracelluar matrix (ECM) proteins such as
fibronectin and collagen III. The interaction between HDFs and keratin was then
elucidated by cell-material interaction study through integrin inhibition assay and
Western blotting. Results showed that keratin fibers were successfully electrospun
using a solution of 30 wt% keratin and 0.5 wt% PEO. The resulting fibrous
platforms consisted of well-formed sub-micron fibers with mean fiber diameter of
0.70 ± 0.09 µm and 0.74 ± 0.10 µm for random and aligned keratin fibers
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respectively. Chemical analysis indicated that keratin retained its chemical
conformation after electrospinning. L929 murine fibroblasts cultured on keratin
fibers showed healthy cell growth, demonstrating no cytotoxicity issues. Results
from HDFs studies showed that proliferation and metabolic activity of HDFs on
keratin fibers were comparable to the positive control and significantly higher on
aligned keratin fibers compared to random keratin fibers on day 3 and day 5 after
cell seeding. Live/dead staining indicated that HDFs cultured on the keratin fibers
could form cellular networks according to the architecture of the keratin fibrous
platforms. Besides, F-actin staining revealed that the HDFs exhibited their typical
spindle morphology and responded well to the topography of the keratin fibers. It
was also shown that keratin fibers could stimulate the HDFs to secrete and deposit
ECM proteins essential for early stage of wound healing. Cell-material interaction
study demonstrated that α4β1 integrin played a significantly role in HDFs
attachment to keratin. In this work, it is revealed that keratin fibrous platforms
provide a conducive environment to facilitate the growth of primary HDFs and
promote ECM production. From these results, it is concluded that electrospun
human hair keratin fibers have the potential to be developed into templates for
tissue regeneration.
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Introduction

Chapter 1

Chapter 1:

Introduction

This chapter introduces the current state of the art of tissue engineering and
limitations of the technology. It also briefly summarizes the evolution of
tissue regeneration research in developing solutions to address these
limitations. Realization of how electrospun keratin fibers maybe a potential
alternative platform for tissue regeneration is discussed as part of the
motivation of this dissertation. With a clear agenda in place, the research
work in this dissertation was divided into 3 phrases; each with a hypothesis.
Key activities of each phase are listed out to achieve a specific objective and
therefore prove the hypotheses. Finally, the outline of this dissertation is
presented in the last section of the chapter.

1

Introduction
1.1

Chapter 1

Background

One of the most common, costly and potentially fatal healthcare problem is tissue
damage [1]. Major tissue damage results in the need for transplantation whereby
autografting is usually the standard preference. However, limitations of autografting
include donor sites morbidity and limited supplies of autografts [2, 3]. Therefore, much
focus has been put in improving the state-of-the-art of tissue engineering and regenerative
medicine to counter the shortage of transplantable tissues and organs [4].

The main focus of tissue engineering is to use a scaffold to guide cellular behavior via
physical and biochemical cue and hence act as an effective platform that mimics
physiological conditions for wound healing. Natural polymers such as proteins and
polysaccharides are known to be naturally bio-inductive and hence good potential
templates to improve cell-material interactions. Examples include collagen, fibrin,
chitosan, gelatin, elastin and hyaluronic acid [3, 5]. However, most of these materials are
of animal origins which may lead to risks of pathogen transfer and issues of
immunological rejections [6-8]. To avoid these issues, human adipose tissue-derived
collagen [9] and recombinant artificial proteins [10] have been investigated. Human
fibrin-based platforms are also available for clinical use [11]. Nevertheless, these human
proteins are either costly or limited in supply.

From this point of view, keratin which can be extracted from the unlimited supply of
human hair easily becomes an attractive protein of human origin for tissue regeneration.
Moreover, using keratin from hair offers the possibility that it can be entirely
personalized to individual patients specifically, thus acting as an autologous template to
eliminate any risks of pathogen transfers. In addition, as a protein, keratin contains the
cell adhesion sequence, Leu-Asp-Val (LDV) [12], which is specifically recognized by
cell receptor, α4β1 integrin [13]. It has been discussed that proteins such as vascular cell
adhesion protein 1 (VCAM-1) and fibronectin can promote α4β1 mediated adhesion of
human dermal fibroblasts [14], endothelial cells [15, 16] and leukocytes [17-19], which
are cells critical for tissue healing and it has been shown that these proteins contain LDV
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cell adhesion motif [13, 20]. These characteristics led to the postulation that platforms
derived from human hair keratin could be advantageous in encouraging tissue
regeneration.

Electrospinning has been selected as a effective and scalable way to generate fibrous
platforms that mimic the architecture of the native extracellular matrix (ECM) [21].
Moreover, electrospinning help to enhance the purpose of keratin as a biological material
by fully utilizing the bio-activeness of keratin via the generation of high surface area to
volume ratio [22, 23] for cell adhesion, proliferation and migration on keratin fibrous
platform. Hence, it will be interesting and useful to explore the potential of human hair
keratin as a fibrous platform for tissue regeneration.

1.2

Motivation

As mentioned earlier, human hair keratin is a potential material for tissue engineering due
to its abundance, bio-inductive abilities and anti-allergic actions. Hence, it is important to
study the biological behavior of extracted keratin as a material. Electrospun fibrous
platform serves as a good template to study cellular interaction with keratin due to its
microporous nature which will enhance physical interaction between the cell and keratin
material.

A handful of research groups have tried to create keratin fibrous platforms through
electrospinning [24-33]. However, due to the low molecular weight of the extracted
keratin, most have resorted to fabricate fibrous platforms using keratin in combination
with other natural or synthetic polymers [34]. Hence, the development of fibrous platform
with relatively high content of keratin or even pure keratin through electrospinning
remains a major challenge. In addition, there are limited reports describing cellular
interaction with electrospun keratin.

This research therefore proposes to fill this knowledge gap by fabricating fibrous
matrices with relatively high content of keratin extracted from human hair via
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electrospinning. These fibrous platforms will then be used in cell culture studies to
understand and evaluate the potential of electrospun human hair keratin as an alternative
material for tissue engineering.

Currently, there are limited papers that explored the cellular viability of primary human
cell lines on electrospun keratin fibrous platforms. As this proposed work aims to
contribute knowledge of keratin fibrous platform as potential tissue regenerative material
in human, it is therefore of interest to investigate the cell response of human cell lines to
evaluate better the ability of keratin fibrous platforms for tissue engineering.

1.3

Research Work: Objectives and Scope

The general objective of this proposed work is to evaluate the feasibility of fabricating
fibrous platforms using keratin extracted from human hair, study the viability of using
these platforms as templates for culturing human cells and elucidate the cell-material
interaction between human hair keratin and human cells.

The scope of this proposed research work can be sub-divided based on three hypotheses.

Hypothesis 1: Human hair extracted keratin can be electrospun into random and aligned
fibers via the dissolution of high content keratin into the solvent of the electrospinning
formulation.

Specific objective: Evaluate the correlation between fabrication parameters and the
physical properties of random and aligned electrospun keratin fibers.
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Key activities:


Fabricate random fibrous keratin platforms by optimizing the solution parameters
which include the keratin concentration and synthetic polymer (used to aid the
electrospinnability of keratin) concentration.



Fabricate aligned fibrous keratin platforms by optimizing the electrospinning
parameters which include applied voltage, feedrate, spinneret-collector distance and
speed of the drum collector.



Characterize the physical and chemical properties of the electrospun keratin platforms.

Hypothesis 2: Electrospun keratin platforms can support the attachment, proliferation
and function of human dermal fibroblasts via topographical cues from the architecture of
the platforms and biochemical cues from the inherent protein characteristics of the
keratin.

Specific objective: Evaluate the ability of random and aligned electrospun keratin
platforms to support human fibroblast attachment, proliferation and function.

Key activities:


Carry out basic cell studies by observing cell response using Live/Dead staining
assay and cell morphology using scanning electron microscopy.



Quantify cell viability and proliferation using metabolic and DNA quantification
assays.



Analyze cell behavior as a function of shape, cytoskeletal development, focal
adhesion and cell distribution using immunocytochemistry.



Assess the extent of ECM production using immunocytochemistry.

Hypothesis 3: Keratin plays a bioactive role to enhance the growth of human dermal
fibroblasts via the affinity of α4β1 integrin to the LDV cell adhesion motif.
Specific objective: Elucidate the expression of α4β1 integrin in human dermal fibroblasts
cultured on human hair keratin templates.
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Key activities:


Fabricate keratin films to eliminate the topographical cues for cell-material
interaction study.



Carry out Western blotting on keratin extracts to demonstrate the presence of
LDV containing keratin subtypes.



Characterize the physical and chemical properties of the keratin films.



Assess the degree of α4 and β1 integrins dependency of cell attachment between
human cells and human hair keratin via integrins inhibition assay.



Observe the expression of α4 and β1 integrins from human cells cultured on
keratin films via Western blotting.

1.4

Thesis Outline

To realize the potential wound healing application of keratin electrospun fibers, it is
imperative to look into what have been discussed about keratin and how the
electrospinning technique can enhance keratin’s role in tissue regeneration. In Chapter 2,
a review on keratin as a biomaterial and how electrospinning can be employed to create a
viable platform from keratin for wound healing were discussed. Besides, existing
researches on electrospun fibers with keratin as part of the component were collated into
a comprehensive summary in Chapter 2. Elaboration of materials and methods utilized in
this work will be presented in Chapter 3. In Chapter 4, feasibility of extracting keratin
from human hair and processing it into a fibrous platform via electrospinning were
explored. Afterwhich, the materials properties and cell compliance of the optimized
fibrous platform were analyzed in Chapter 5. Content presented in Chapter 6 seek to
develop tenability in the alignment of the keratin fibrous platform and examine the
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potential of keratin fibrous platform for wound healing. Chapter 7 focused on elucidating
the possible underlying involvement of keratin and electrospinning in cell-material
interaction between human hair keratin and human cells. Finally, Chapter 8 concluded the
work in this thesis with recommendations on future work.
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Chapter 2:

Literature Review

This chapter is split into 3 sections, namely; 1) Keratin, 2) Electrospinning
and 3) Current research of keratin-based electrospun fibers. The first
section summarizes the theory of human hair keratin and discusses the state
of the art in keratin extraction, keratin material fabrications and
applications. The second section summarizes the theory of electrospinning
and explains how the solution parameters and controlling parameters affect
the morphology of the resulting fibrous platforms produced from
electrospinning. It also discusses various ways established to quantify the
degree of alignment of the resulting fibrous platforms. The last section
summarizes all the on-going research of composite fibers from keratin
blends and reviews on the current research trends and applications for
keratin-based electrospun fibers.
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Keratin

Keratin is a class of cytoskeletal proteins which can be extracted out of may natural
resources such as hair, feathers, wools and nails and horns of mammals. It distinguishes
itself from the other proteins by its high content of cysteine residues. Cysteines are
sulphur-containing amino acids which accounts for the intermolecular disulfide bridges
that contribute to the keratin’s stability and superior mechanical strength [35].

2.1.1

Human Hair Keratin

Human keratin can be broadly classified into soft keratins and hard keratins. Soft keratins
can be found in the skin epithelia while hard keratins can be found in more resilient
structures like nails and hairs [36]. The human keratin family consists of 54 subtypes
which are split into acidic keratin or basic keratin subtypes. There are 28 acidic keratin
subtype (~45 kDa); of which 17 are epithelial and 11 are hair keratins while they are 26
basic keratin subtypes (~50 kDa); of which 20 are epithelial and 6 are hair keratins [36].

As a member of the cytoskeletal component, keratins present themselves as intermediate
filament proteins ranging from 8 to 10 nm in diameter and organized in the manner in
which 2 parallel helical chains dimerize into a coiled- coil fashion as shown in Figure 2-1
[37].
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Figure 2-1 Structure and assembly of intermediate filaments. A and B: helical domains; L: non-helical linkers;
N and C: N and C terminus. Reproduced with permission from [37]

Polymerized keratin are held together by inter and intra molecular bonding of polar and
non-polar amino acids and disulfide cysteines bonds, giving keratin its highly stable
supermolecular structure [38] as shown in Figure 2-2.

Figure 2-2 Chemical interactions between keratin protein chains. Reproduced with permission from [38]

It is noted that keratins from hair contain higher amount of cysteine compared to the
other keratin sources [34] and hence form a tougher and more durable structure through
the disulfide bonds.
The human hair consists of three major components which are the cuticle, cortex and
medulla [37] as shown in Figure 2-3. The outmost layer of the hair is the cuticle. It is a
thin layer of overlapping flattened cells which give the hair a scaly appearance at the
microscopic view. The cuticle serves to protect the hair from physical and chemical
damages as it contains β-keratins [34]. The next layer is the cortex which makes up a
major area of the hair. The cortex is where keratin intermediate filaments are found. The
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core of the hair is the medulla which can sometimes contain a column of loosely
connected keratinized cells [39].

Figure 2-3 Schematic model of hair. The hair consists of three main parts: cuticle, cortex and medulla.
Reproduced with permission from [37]

Human hair keratins consisted of three categories; the α, β and γ keratins. α-keratins can
be found in the cortex of the human hair. They are low in sulfur content and have a
molecular weight ranging from 40-60 kDa. α-keratins act as a structural support with
their α-helical tertiary structures. β-keratins reside in the cuticle, offering a protective
function against chemical and physical damages for the human hair [40]. Besides forming
a protective layer, β-keratins do not for any useful reconstituted structures and hard to
extract [39, 41]. γ-keratins are high in sulfur content and have a relatively lower
molecular weight of 10-25 kDa. They act as disulfide cross-linkers to hold the keratin’s
supermolecular structure together.

Expression of specific keratin subtypes can be found in different locations in the human
hair [42-44] as shown in Figure 2-4
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Figure 2-4 Human hair keratin subtypes. A) Illustration of their expression sites and B) summarizing table of
their location in human hair. Adapted with permission from [42]

Certain keratin subtypes in the human hair keratin contains Leu-Asp-Val (LDV) as part
of their protein sequence. These keratin subtypes are mainly acidic keratin; K31, K32,
K33a, K33b, K34, K35, K37 and K38 while K82 is the only basic keratin subtype in
human hair that contains LDV.

2.1.2

Bioactivity of Keratin

Generally, protein possesses various biological properties such as biodegradability and
bioactivity. Compared to biocompatible synthetic polymers available currently, proteins
offer an advantage of inducing cell response and ECM remodeling by carrying cell
adhesion motifs which have high affinity with cell receptors. Materials constructed from
these proteins could significantly enhance cell response [45]. Likewise, keratin as a
protein therefore emerges as an attractive source for constructing potential bioactive
materials for tissue engineering.
As mentioned earlier, it has been documented that human hair keratin contains LDV as
part of its protein sequence [12]. LDV is a cell-binding amino acid sequence which is
specifically recognized by α4β1 integrin [13] and can commonly be found on proteins
such as fibronectin and vascular cell adhesion protein 1 (VCAM-1) [13, 20]. It has been
widely discussed that these LDV-containing proteins can promote α4β1 mediated
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adhesion of human dermal fibroblasts [14], endothelial cells [15, 16] and leukocytes [1719], which are cells critical for tissue healing.

Besides human hair keratin, it is also noteworthy that keratin extracted from animal wool
contains different cell adhesion motif from human hair keratin. Wool keratin contains
amino acid motif Arg-Gly-Asp (RGD) which are common cell adhesion motifs found on
various ECM proteins such as collagen and fibronectin. It has been demonstrated that
wool keratin can facilitate osteoblasts differentiation due to the amino acid motif RGD
found on keratin [46].

2.1.3

Extraction of Keratin

The first patent to be issued on extraction of keratin was the technique of using lime to
extract keratins from animal horns by John Hoffmeier in 1905. In three decades that
followed, more techniques using oxidative and reductive chemistries [41] were developed
to extract keratins, not only from horns and hooves but also from wool and human hair
eventually [47-49]. These extraction methods involve using reducing or oxidizing
chemicals to cleave the disulphide bonds of γ-keratins such that α-keratins are partially
hydrolyze, making extracted keratins soluble [41]. Reduction methods were more
commonly used due to resulting keratin extracts being more stable and allowing recrosslinking easily [41].

There were many combinations of different reductants used in keratin extraction. One
example is the Shindai method which includes an extraction buffer of 25 mM Tris HCl,
2.6 M thiourea, 5M urea and 5% β-mercaptoethanol (2-ME) and incubating the mixture
at 50 °C for a period of 1 to 3 days [50]. Urea aids in breaking down the hydrogen bonds
to increase the accessibility of the disulphide bonds while 2-ME reduces the disulphide
bonds. Presence of thiourea helped to increase the yield and it was reported by Nakamura
et al. that Shindai method gave a maximum yield of 65% in the extraction of keratin from
human hair. It was discussed that 2-ME was required to increase the efficiency of
extraction because the extraction buffer without 2-ME decreased the yield by about 5%
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[50]. Schrooyen et al. reported a simpler version by using an aqueous mixture of just urea
and 2-ME with a much shorter incubation time of 2 hours [51]. The exact recipe was a
minimum concentration of urea was 5M and at a pH of more than 7.0 was required for
solubilizing the keratins to a maximum value of 75% within the 2 hours of incubation
time. The group also discussed that any lower concentration of urea would then require a
higher pH of the solution to obtain an equal extraction yield but it was noted that increase
in pH would bring about degradation of the extracted keratin. Despite the high yield, the
group however found out that extensive protein aggregation was observed upon dialysis.
The group therefore changed its keratin extraction method to using just sodium sulphide
(Na2S) as the reductant and the extraction yield was 60%. Tosik et al. also reported
possible keratin extraction using Na2S [52]. The group utilised an aqueous mixture of 5%
NaOH and 0.1 M of Na2S. The process of keratin extraction was carried out at a
temperature of 40 °C for 2 hours and the maximal yield was 40 %.

Besides Na2S, other possible chemicals used in reductive keratin extraction used were
dithiothreitol (DTT) and tris (2-caboxyethyl) phosphine (TCEP). Notably, TCEP was
discussed to be a better alternative for 2-ME as it offers a more stable extraction due to
the oxidation-resistant nature of TCEP solutions [53]. In addition, TCEP is water soluble,
odourless and works over a wider range of pH than reductants like DTT [54].

2.1.4

Keratin as a Biomaterial

After the first appearance of the word ―keratin‖ in the literature at around 1850, many
researches on keratin extractions had been done, leading to the attention in developing
keratins for medical purposes due to the biological properties found in the keratin extract.
Early inventions include keratin powders for cosmetics and coatings for drugs.
Thereafter, keratin research ranges from the structure and function of the protein to its
biochemistry and biocompatibility. Over the past few decades, there are positive reviews
on the prospect of using keratin as a biomaterial for clinical applications [34].
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Keratin can be processed into various types of biomaterials such as gels, films, sponges
and fibrous scaffolds. Research on keratin-related biomaterial started as early as 1972 in
the literature [55-57], followed by the first known in-vivo study in 1982 appeared
whereby implantation of a vascular graft coated with denatured wool keratin derivatives
in a dog for more than 200 days without thrombosis, was successful. Since then, keratin
finds its application in neural repair [58, 59], bone regeneration [46], hemostasis [60] and
wound healing [61-64].

It has been demonstrated that keratin act as a useful base for good adhesion and rapid
proliferation of fibroblasts [48, 65]. In addition, keratin has been proven to be effective in
mediating Schwann cells so as to facilitate functional nerve regeneration [59] and also
promising cultivation of corneal epithelial cells to stimulate cornea reconstruction [66,
67]. Much focus has also been put on keratin’s potential for bone regeneration following
the ability of keratin to allow strong calcium ions (Ca2+) chelating Schiff base groups
onto scaffolds and hence enhancing formation of calcium phosphate [68]. The formation
of uniform calcium phosphate on keratin scaffolds will induce apatite-forming ability,
resulting in an osteoconductive scaffold. Such keratin scaffolds have been reported to
support healthy growth of bone-related cells such as sarcoma osteogenic cells [69, 70]
and osteoblasts [46] for bone regeneration. Besides, another area on keratin’s potential
for bone regeneration was also looked into, by using keratin as a vehicle for delivering
bone morphogenetic protein-2 (BMP-2) to enhance bone regeneration. Results showed
support for preosteoblasts differentiation and growth by various groups [71-73]. In-vivo
work has also been done by implanting keratin matrices in the distal femur of the sheep to
study osteointegration. Results showed implant being infiltrated by granulation tissue
followed by new bone formation [74].
In the area of wound healing, there are numerous patents proving keratin’s ability to
promote wound healing [61-64]. Results reported in these patents ranges from
demonstrating keratin as wound healing agents in enhancing the proliferation of human
dermal fibroblast [61] to showing accelerated wound healing in burn wounds using
animal and human models. Promotion of skin healing by releasing keratin powder from
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an absorbent wound dressing to the wound has been reported [75]. Keratin materials
applied to wounds on rats and humans have shown not only faster healing of wounds but
also reduced pain [62]. In addition, when keratin materials were applied to bleeding
wounds, they provided a porous environment for cell infiltration and granulation tissue
formation when forming a physical seal of the wound site [64], deeming them desirable
compared to blood clot.

Keratin has also been widely blended with other polymers to form novel composites for
anticipated synergistic effect on cell response and wound healing. Cell proliferation and
vascularization were stimulated by keratin-collagen composite in rat, demonstrating
accelerated wound healing and tissue compatibility [76]. Moreover, keratin-collagen
composite containing poly2-hydroxyethylmthacrylate (PHMA) allowed in vivo
construction of tissue engineered epidermis when applied to burn wounds [77]. Keratingelatin composite has also been studied on full-thickness wounds in dogs, reporting
presence of sebaceous gland and hair follicles with normal thickness of epidermis grown
at an early stage [78, 79]. In depth study was also done to prove synergistic effect of
keratin composite when Lee at al. first reported keratin-silk fibroin blend composite
which improved biocompatibility and anti-thrombogenicity compared to pure silk fibroin
and keratin films [80].

Overall, it is concluded that there is a good potential for research on keratin so as to
understand, control and exploit the use of keratin to solve healthcare problems.

2.2

Electrospinning

Electrospinning is a simple and efficient technique to produce fibrous material.
Compared to other processes, electrospinning is more cost effective and scalable. As a
result, electrospinning has been widely used and some applications have gone further to
the industrial level from laboratory research and development stage [81]. Many patents
on biomedical applications of electrospun fibers have been published and the areas
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include drug delivery, tissue engineering, wound dressing and cosmetics. Figure 2-5 below
shows a diagram of an electrospinning setup.

Figure 2-5 Electrospinning of polymeric solution into continuous fibers

2.2.1

Fundamental Theory

In electrospinning, a voltage is applied to a polymer liquid, resulting in like charges
accumulating on the liquid surface. When the pressure due to the electrostatic repulsion
of like charges exceeds the surface tension of the liquid, the liquid surface becomes
unstable and erupts into a liquid jet with the formation of a Taylor cone. Meanwhile, the
polymer chain entanglements within the solution will prevent the liquid jet from breaking
up into droplets. During the process, the polymer liquid jet gets stretched from the needle
tip of high electric potential to the collector’s platform of low electric potential. As the
liquid jet stretches, the solvent evaporates and solid fibers will be formed and accumulate
on to the collector.

Although the setup for electrospinning is simple, the process is highly complex and
optimizing of parameters is very important [81]. Factors such as the electrospinnability of
a polymer solution, the presence of bead defects, the diameter and various different
interesting morphologies of the fibers depend greatly on the processing parameters. The
processing parameters can be categorized into solution properties, electrospinner
parameters and ambient parameters as shown in Table 2-1 below.
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Table 2-1 Processing parameters in electrospinning

The most important categories of parameters in this work are the solution parameters to
derive an optimized formulation and the electrospinner parameters to derive high degree
of alignment to electrospin keratin fibers.

2.2.2

Solution Parameters

The most important solution parameters in this work to get an optimized formulation to
electrospin keratin are molecular weight of the polymers, solution viscosity and solution
concentration. These three parameters also correlate with each other.

Whether there are fibers being produced continuously throughout the electrospinning
process depends on the molecular weight of the polymer in the solution. As mentioned
earlier, the presence of the polymer chain entanglements in the solution is important as it
help to maintain the liquid jet which will be stretched into fibers. Hence, the molecular
weight of the polymer in the solution should be above a critical molecular weight so as to
achieve the minimum polymer chain length needed for the formation of stable
entanglements. Therefore, studies facing the problem of electrospinning low molecular
weight polymer, often had to blend the polymer with another ultra high molecular weight
polymer which will aid the electrospinning process [82-85]. Besides, chain entanglements
can enhance solution viscosity, ensuring sufficient degree of solution viscosity to restrain
effects of surface tension and hence allow uniform jet formation during electrospinning
[86]. Many studies [25, 87-89] have reported that solution viscosity played a dominant
role in altering the morphology and the fiber diameter of the electrospun fibers. Low
19

Literature Review

Chapter 2

viscosity will result in electrospraying as solution would tend to form droplets rather than
continuous fibers. However, solutions that are too viscous could result in difficulty in the
ejection of jets from polymer solution [90]. Therefore, to find an optimal viscosity range
is required in order to ensure feasible electrospinning from the solution.

The optimal viscosity range in which feasible electrospinning is allowed, differs from
system to system. Maximal solution viscosities for electrospinning of various polymer
solutions may range from 1 to 215 mPa [91-94]. For pure polyethylene oxide (PEO)
system, it was reported that the viscosity range should be between 1 to 20 mPa for PEO
solutions to be spun into well-formed PEO fibers by electrospinning [95]. However, no
similar study has been reported for any keratin system.

The dependency on solution viscosity for electrospinnability could be explained by the
need to balance the surface tension. Sufficient solution viscosity is needed to allow longer
stress relaxation times which could avoid the fracturing of the ejected jets during
electrospinning and prevent surface tension to become a dominant factor which will
result in beaded fibers otherwise [96, 97] .

To achieve sufficient viscosity, a certain critical polymer concentration was to be reached
[98] to obtain well-formed fibers, hence concentration of the polymer in the solution
plays an important role in the system’s electrospinnability. When concentration of the
polymer solution is too low, it will yield fibers with more bead defects [99] as shown in
Figure 2-6A. This is because lower polymer concentration will mean that there are fewer
chain entanglements. With fewer chain entanglements, surface tension of the solution has
a dominant influence along the liquid jet and this causes the beads to form along the fiber
due to the solvent molecules coming together.

Figure 2-6 Polycaprolactone electrospun fibers with a) beads at concentration of 0.1g/mL and b) no beads at
0.12g/mL. Reproduced with permission from [99]
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On the contrary, if the polymer concentration used is too high, it would lead to the
solution having the tendency to gel up, resulting in difficulty in the ejection of jets from
the polymer during electrospinning.

2.2.3

Controlling Parameters

The most important electrospinner parameters to alter the formation and morphology of
keratin fibers in this work are the voltage, feedrate and tip to collector distance.

Voltage is crucial to initiate the electrospinning process by providing a electrostatic force
to overcome the solution’s surface tension [96]. However, it should not reach beyond the
threshold voltage needed to induce the necessary charges in the solution to start
electrospinning [90]. It is reported that voltage that is too high can cause formation of
beads in fibers [21]. The effect of voltage on resulting fiber diameter is widely discussed
and there is variation reported. It was commonly reported that increased in applied
voltage would result in thinner fibers due to increase in the electrostatic repulsive force
that stretches the polymer jet [100]. In contrast, there are also reports that indicated that
higher applied voltage resulted in thicker fibers due to more polymer ejection induced by
the stronger electrostatic force pulling the solution out [101].

Feedrate determines the amount of solution dispersed, the jet velocity and the travelling
time of the jet from the needle tip to the fiber collector. Lower feedrate allows sufficient
time for solvent evaporation and hence result in drier fibers being produced with no
destructive issues brought about by wet fibers [102]. Feedrates that are too high would
result in beaded fibers being produced due to insufficient proper dry time before the jet
reaches the collector [103]. The effect of feedrate on the resulting fiber diameter is
straightforward. It is widely reported that fiber diameter increases with feedrate as the
solution would be drawn in higher amounts from the tip to the collector, forming thicker
fibers at higher feedrate [103].
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Tip to collector distance also affect the fiber diameter and morphology by having a direct
influence on the electric field strength and the flight time of the polymer jet. Distance
between the tip to collector indicates the amount of time for the solvent to evaporate from
the solution before reaching the collector as solid fibers. Short tip to collector distance
would cause insufficient time for multiple bead formations at various points of the fiber
due to inadequate drying before the fiber could reach the collector [96, 104]. On the
contrary, if the distance arranged was too far for the applied voltage to maintain a
constant electric field, unstable droplets will fall straight to the collector before it could
be stretched. It is therefore important to identify the optimal distance that allows the
solvent to evaporate with sufficient time to form continuous fibers [101, 105, 106].

2.2.4 Alignment of Fibers
Exploring broader into the potential of electrospinning, there are many interesting areas
such as creating hollow fibers, porous fibers, ribbon-like fibers and aligned fibers. Of all
areas, the subject of getting aligned fibers has been extensively researched upon in tissue
engineering and special collectors such as rotating drums, parallel plates, disc collector,
water bath system and other innovative collectors were designed to allow control over
fiber alignment, yield and deposition area [107]. It has been discussed by many studies
the importance of aligned fibers in modulating cell behaviour [108] through
topographical cues and electrospinning emerges as the most common technique to
fabricate aligned fibrous scaffolds due to its simplicity.

Random distributions of non-woven fibers are commonly observed via a general
electrospinning process. These fibers which orients isotropically will usually be formed
on a grounded stationary collector. Even though the applications of these random fibers
are vastly employed, there are still others whereby aligned fibers are required as
mentioned earlier. The change in geometry of collector can help to meet this demand.
Collectors specially setup to collect fibers include a rotating drum, rotating disk and
parallel plate.
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A rotating drum is one of the most common collectors used to replace a grounded
stationary collector in hope to fabricate parallel aligned fibers. Alignment of the fibers is
made possible under the influence of high velocities and mechanical tensile force of the
rotating collector. In order to improve the degree of alignment, tangential velocity at the
edge of rotating drum has to coincide with electrospinning jet velocity. Figure 2-7 is an
illustration of a rotating drum [109].

Figure 2-7 Schematic diagram of a rotating drum. Reproduced with permission from [109]

In of highest possible degree of alignment, there is a threshold velocity which is
characteristic for different systems. Generally, the degree of alignment is proportional to
tangential velocity after the initiation of fiber alignment. This is because, with increasing
drum velocity, fibers will experience mechanical extension and with further increment in
drum rotation speed, the crystal structure of fibers will be highly orientated as a result of
deformation. However, fracturing of fiber can take place when drum velocity exceed the
threshold of the system. This will then dampen fiber quality and fiber alignment [91,
108].

In the process of electrospinning, the spinning jet will experience bending instability and
distributes over a wide area. To eliminate this bending instability as much as possible, a
rotating disk which is similar to rotating drum but with a much smaller collecting area is
used as a collector to get highly aligned fibers. With the use of such knife-edge disk as
shown in Figure 2-8, electric field lines will converge towards the edge of the disk as it
rotates and guide the deposition of highly aligned fibers [109].
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Figure 2-8 Schematic diagram of a rotating disk. Reproduced with permission from [109]

However, the disadvantage of the rotating disk compared to rotating drum is that
electrospinning with the disk collector limits the option of scaling up in production
because of small area of deposition [91].

Unlike rotating mandrels, parallel plate collector is stationary and makes alignment of
fiber possible by the manipulating the electrostatic force on the conductive area. This
technique takes advantage of the sensitivity of jet to surrounding electric field, and
electrical properties of polymer becomes critical as electrostatic forces can guide the
alignment of fibers [108]. Figure 2-9 shows an illustration [108] of a parallel plate setup.

Figure 2-9 Schematic diagram of a parallel plate setup and the corresponding electric field involve. Reproduced
with permission from [108]

Both grounded plates will form an electric field which induces the incoming jet to deposit
perpendicularly to the conducting plates across the air gap in between. Stacking density
of the deposited nano fibers can be regulated by changing the width of the gap in between
the conducting plates. However, not all polymer solutions suit this method of alignment
because its solution electrical properties do not lie within the critical range for operative
deposition across parallel plates. Electrostatic force will be inadequate to direct solution
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with depressed conductivity, uncontrolled whipping of jet will occur with solution
conductivity that is too high [91, 108].

In of tuning the alignment of electrospun fibers, various ways have been developed to
quantify alignment for systematic studies. Approaches include 2 dimensional Fast Fourier
Transform (FFT), X-ray diffraction techniques and image analysis in terms of individual
orientation and angular deviation.

Figure 2-10 shows an illustration of images that can be generated from 2D FFT function
for quantification of alignment.

Figure 2-10 Light microscopy images of fibers (A, D, G). FFT frequency image (B, E, H) and FFT alignment
graphs (C, F, I) for the corresponding light microscopy images. Peak height and shape in the FFT alignment
graphs report the relative alignment degree while peak positions report the principle axis of orientation of the
fibers. Reproduced with permission from [110]

A frequency plot with pixels accumulated along a specific axis will be observed for
image with aligned fibers. Alignment density for the image will be represented by the
shape and significant peaks in the alignment plot. Uniform degree of fiber alignment will
have tall and narrow peak while various degree of alignment will have wide and broad
peak [110]. The alignment plot can be generated with the aid of MATLAB.
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Besides, X-ray diffraction had been documented to be able to quantify the alignment of
fiber. The alignment will be measured with respect to a desired plane azimuthal
diffraction at one-half of the maximum intensity peak of the diffraction profile. The
measurements will be in degrees and represented by ―Z‖. In order to provide a 2D
measurement of fiber alignment, this value is to be halved so that fiber angles of
deviation from the reference axis can be provided. High intensity of diffraction pattern at
greater angles will be observed with randomly aligned fibers while intensity at desired
orientation (i.e. 0°) will be seen with aligned fibers [111]. Figure 2-11A below represents
the graph of higher degree of alignment compared to Figure 2-11b.

Figure 2-11 X ray diffraction intensity versus Azimuthal angles measured from the preferred axis of
polypropylene reinforced with various amounts of partially aligned VGCF. (a) 2.5% (b) 7% fiber volume
fraction. Reproduced with permission from [111]

Lastly, direct image analysis in terms of individual fiber orientation and angular deviation
enables the analysis of fiber orientation distribution. The angle deviation of fibers will
vary from -90° to +90° with 0° as no deviation i.e. desired alignment. Image-pro express
software will be used to measure the angular deviation of fibers from its respective SEM
images. These values will then be collated for the quantification of fiber alignment with
the aid of circular statistics. A histogram of the collated data as shown in Figure 2-12 is
then constructed for analysis of the degree of alignment [112].
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Figure 2-12 Angular distribution of the aligned collagen fibers (AD = 10.7°). Reproduced with permission from
[112]

2.3

Current Research on Keratin-based Electrospun Fibers

In exploring the material and biological properties of the keratin, much research work has
been done through preparation of films [66, 113-117], gels [59, 60, 118, 119], and
sponges [12, 48, 73, 120-122] from extracted keratin. In recent years, fibrous biomaterial
has been identified as the potential for abundant biomedical applications because almost
all of the human tissues are in fibrous form [81]. Besides, it would be interesting to
observe how electrospun keratin differs from other forms of keratin. Hence, the
preparation of extracted keratin has also been extended to creating fibrous structure
through electrospinning.

2.3.1

Composite Fibers from Keratin Blends

Due to the low molecular weight of the extracted keratin, many researchers have resorted
to fabricate fibrous matrices using keratin in combination with other natural or synthetic
polymers.

2.3.1.1 Electrospinning of Keratin from Other Sources Besides Human Hair

Li et al. [27] created keratin/poly (L-lactic acid) (PLLA) electrospun fibrous matrix by
dissolving 1 wt% of PLLA and keratin from wool into an organic mixture of chloroform
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and N,N-dimethylformamide (DMF) such that the blend ratio was 1:1 (w/w). It was
concluded that keratin particles were embedded into the PLLA fibers separately and
homogeneously. Cell culture was done on the matrix and it was shown that keratin
provided continuous osteoblast cell growth.

One research group from Institute for Macromolecular Studies, Italy and Politecnico di
Torino, Italy has been actively doing research work on electrospun keratin-based material
derived from wool. This group focuses more on the general material science of keratin
blend electrospun fibrous matrix through investigating the basic properties such as
mechanical and thermal properties of keratin blend fibers, how the other polymer in the
blend affects the bonding of the keratin and vice versa. In addition, films from the keratin
blends were also prepared to make comparisons with the electrospun fibrous matrices on
the keratin properties. Their research includes electrospinning of the following blends:
1)

Keratin/ Poly(ethylene oxide) (PEO) [25, 26]

2)

Keratin/ Polyamide 6 (PA6) [30, 123]

3)

Keratin/ Fibroin [31]

For keratin/PEO, the blend was prepared by adding PEO into keratin aqueous solution.
The first attempt reported in 2006 was done by preparing 50:50 blends with total polymer
concentrations of 5, 7 and 10wt%. Fibers with bead defects were generated from blends
with 5 wt% polymer concentration. Subsequently, reported in 2008, keratin/PEO blends
were prepared in different ratios of 90/10, 70/30, 50/50, 30/70 and 10/90 with keratin
concentration fixed at 2.7%. The solution with 90/10 keratin/PEO blend produced
droplets and fibers with bead-like defects during electrospinning. Electrospinning of pure
keratin aqueous solution was not done.

However, for the keratin/PA6 and keratin/fibroin research, pure keratins dissolved in
formic acid were being electrospun. In the work of keratin/PA6 blend, 28 wt% solutions
were being prepared in different ratios of 100/0, 90/10, 70/30, 50/50, 30/70, 10/90 and
0/100 using formic acid as the solvent. Fibers with distinct bead defects started to form in
the electrospinning of 70/30 keratin/PA6 blend. As for the work on keratin/fibroin blend,
15wt% of fibroin in formic acid and 15wt% of keratin in formic acid were blended in
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different ratios of 100/0, 90/10, 70/30, 50/50, 30/70, 10/90 and 0/100. Well-formed,
beadless fibers were electrospun from 90/10 keratin/fibroin solution but bead defects
were obvious in pure keratin (100/0) fibers.

Various attempts have also been done to increase the solubility of the keratin in protein
compatible electrospinning solvents such as 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) in
order to generate good fibers. Extracted keratin are hard to dissolve because their SH
groups are easily oxidized to form disulfide bonds which restrict the ease of solubility of
keratin [33]. To protect the SH group from oxidation, Yuan et al. treated the keratin
derived from human epidermis with iodoacetic acid and the modified keratin was termed
as m-keratin. A 15wt% final concentration of polymer solution was prepared with
polylactide (PLA)/ m-keratin dissolved in HFIP at a ratio of 8/2 [29]. The ratio was fixed
at 8/2 because preliminary results from their research showed that electrospun matrices
with high keratin content were rough and had defects on them. It was noted that the
solubility of m-keratin was very low even in HFIP. Subsequently, the group did a study
in

preparing

m-keratin/

poly(hydroxybutylate-co-hydroxyvalerate)

(PHBV)

[33]

dissolved in HFIP. 6wt% solutions were prepared in different ratios of 0/10, 3/7, 7/3 and
10/0. It was reported that pure electrospun m-keratin (10/0) using HFIP as the solvent
resulted in fibers containing many beads. The group explained that this result was due to
the broad molecular weight distribution and low solubility of m-keratin. Recently, the
group attempted and managed to electrospin keratin/PEO blends with high weight ratio of
90:10 at a total polymer concentration of 2 wt% using 2,2,2-trifluoroethanol (TFE) as the
solvent. However, for further characterization, the resulting matrix had to be cross-linked
to prevent dissolution but fiber morphology was compromised after cross-linking.

Baek et al. [32] managed to electrospin well-formed and beadless pure keratin fibers by
dissolving the soluble fraction of keratin derived from wool into formic acid. It was
found that the pure keratin solutions prepared could be electrospun in the range of 20% to
40% concentration but good fibers without bead defects were generated only at the
keratin concentration not less than 30%. Despite getting the results of good fibers with
pure keratin solution, it was reported that the electrospinnability of keratin was so poor
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that stable spinning did not maintain throughout the electrospinning process. Hence, to
improve the electrospinnability, the group blended keratin with fibroin to generate fibrous
matrix for further characterization to show that the blended matrix is a good metal ion
adsorption filter.

2.3.1.2 Electrospinning of Keratin Derived from Human Hair

Research work using keratin extracted from animal wool has been more prominent and
active due to huge investments from the wool industry. Likewise, for groups that did
electrospinning of keratin, majority has used keratin derived from wool. However, it is
noted that human hair keratin might be a more compatible protein for human healthcare
application due to its autologous possibility. Besides, the bioactive cell adhesion motif
found in human hair keratin is different from that found in wool keratin, indicating
possibility of different cell response on keratin platforms from different sources. Hence, it
is also worthwhile to explore the feasibility of electrospinning keratin from human hair.

It was only until recently that electrospinning using keratin extracted from human hair
was reported. In 2013, Sow et al. [124] first reported the feasibility of electrospinning
human hair keratin by dissolving 30 wt% keratin and 0.5 wt% PEO into Na2S solution.
This work is part of the entire work in this dissertation. In 2014, Hsuel et al. [125]
reported that well-formed human hair keratin fibers could be spun by mixing gelatin
solution and keratin solution at different volume ratios of 1:2, 1:1 and 2:1 (keratin :
gelatin). The keratin solution was prepared from 10 wt% keratin in 98% formic acid
while the gelatin solution was prepared from 20 wt% gelatin in 98% formic acid.

In 2015, three additional studies on electrospinning using human hair keratin were
reported. Edwards et al. [126] reported that keratin and poly (ε-caprolactone) (PCL) were
prepared individually and mixed at different ratios of 90:10, 80:20, 70:30 and 60:40 (PCL
: keratin). The keratin solution was prepared from 10 wt% keratin in DI water while the
PCL solution was prepared from 10 wt% PCL in trifluoroethanol. Zhao et al. [68] has also
electrospun human hair keratin with PCL. The electrospinning solution was prepared by
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mixing PCL and keratin to a final concentration of 10 wt% at a weight ratio of 7:3 (PCL :
keratin) in hexafluoroisopropanol. Deniz et al. [127] reported that electrospinning
solutions were prepared by adding 1 wt%, 2 wt% and 4 wt% of keratin into 10 wt%
polyvinyl alcohol (PVA) in DI water.

Although electrospinning of human hair keratin was only reported recently, it is
worthwhile to note that research focusing on using keratin-based electrospun fibers for
tissue engineering has shifted from using keratin derived from various sources to just
focusing on using keratin derived from human hair as summarized by Table 2-2 in the
next section. The next section discusses the evolution of using keratin-based electrospun
fibers as tissue regeneration platforms.

2.3.2

Applications of Keratin-based Electrospun Fibers in Tissue Engineering

Keratin-based electrospun fibers have been studied for a wide variety of applications
including a metal adsorption filter for water treatment [32, 123, 128-132] , vehicle of
high surface area to volume ratio for anti-bacterial effects [133, 134] and ECMmimicking scaffolds for tissue regeneration. In tissue engineering, many have evaluated
the biocompatibility of keratin-based electrospun fibers through basic cell studies using
NIH 3T3 fibroblasts. Generally, better cell viability and proliferation were observed on
electrospun fibers which contained keratin as the additional component. Table 2-2
summarizes the existing reports on electrospun keratin fibers for tissue regeneration up
till now.

Table 2-2 Table of publications on keratin-based electrospun fibers

Keratin

Other Components

Cell Line

Publications

Polylactide

NIH 3T3 Cells

Yuan et al. (2008)

Source
Human
Epidermis
Wool

[29]
Poly (L-lactic acid)

MC 3T3 Osteoblasts
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Human

Poly(hydroxybutylate-co-

Epidermis

hydroxyvalerate)

Human

Polyethylene Oxide

NIH 3T3 Cells

[136]
NIH 3T3 Cells

Epidermis

Xing et al. (2011)
[137]

Human

Poly(hydroxybutylate-co-

Epidermis

hydroxyvalerate)

Wool

Poly (lactic-co-glycolic) Acid

Wool

Yuan et al. (2009)

In-vivo (Mouse)

Yuan et al. (2012)
[138]

Poly (L-lactic acid)

Bone Mesenchymal

Zhang et al. (2013)

Stem Cells

[139]

Sarcoma Osteogenic

Li et al. (2013) [69]

Cells
Hagfish

Polylactide

MG-63 Cells

Thread
Wool

Human

Kim et al. (2013)
[140]

Poly (L-lactic acid)

Polyethylene Oxide

Hair

Human Foreskin

Zhang et al. (2013)

Fibroblasts

[141]

L929 Murine Cells

Sow et al. (2013)

Human Dermal

[124]

Fibroblasts
Human

Gelatin

Schwann Cells

Hair
Human

[125]
Poly (ε-caprolactone)

NIH 3T3 Cells

Hair
Human

Edwards et al.
(2015) [126]

Poly (ε-caprolactone)

Hair
Human

Hsueh et al. (2014)

Polyvinyl Alcohol

Hair

Human Mesenchymal

Zhao et al. (2015)

Stem Cells

[68]

Sarcoma Osteogenic

Deniz et al. (2015)

Cells

[127]

Most of the in-depth tissue engineering studies focused on bone regeneration and
evaluation of keratin-based electrospin fibers was done using various bone-related cells
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such as sarcoma osteogenic cells, MG-63 cells, MC 3T3 osteoblasts and bone marrow
mesenchymal stem cells. Recently, one study evaluated the potential of keratin-based
fibers for neural regeneration using Schwann cells [125]. Only two research groups
focused on wound healing and evaluated the biological properties of the keratin-based
fibers using human foreskin fibroblasts and in-vivo work.

Firstly, Zhang et al. introduced a keratin-based scaffold by electrospinning wool keratin/
Poly (L-lactic acid) (PLLA) (wool keratin: PLLA = 1:9 w/w) fibers [141] and showed
that cell viability of keratin /PLLA fibers tend to be higher than that of pure PLLA fibers
as shown in Figure 2-13A. It was also indicated by the study that human foreskin
fibroblasts exhibited spread morphology of keratin/PLLA fibers as shown in Figure
2-13B. However, it is noted that the FTIR spectra of the keratin /PLLA fibers reported in
this study, as shown in Figure 2-13C, showed insignificant amide I (1630 cm-1) and
amide II (1550 cm-1) bands, suggesting that keratin quality could have been
compromised.

Figure 2-13 Study on wool keratin/PLLA electrospun fibers. A) Quantification of cell viability by MTT assay, B)
Live/Dead staining of cells cultured samples and C) FTIR spectra of samples. Reproduced with permission from
[141]

Another study focusing on wound healing; Yuan et al. introduced Poly(hydroxybutylateco-hydroxyvalerate) (PHBV)/m-keratin (PHBV: m-keratin = 7:3, w/w) at a total polymer
concentration of 6 wt% [138] to be the platform for further cell study after showing that
PLA/m-keratin (PLA: m-keratin = 8:2) [29], PEO/m-keratin (PEO: m-keratin = 1:9) [24]
and PHBV/ m-keratin (PHBV: m-keratin = 7:3) [33] and 6 % m-keratin fibers could be
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electrospun but were not optimized platforms suitable for cell studies. It was
demonstrated that NIH 3T3 cells integrated well with the electrospun fibers and that cell
proliferation was significantly higher for NIH 3T3 cells cultured on keratin/PHBV fibers
compared to pure PHBV fibers as shown in Figure 2-14A. Animal testing was also done
using Athymic nude mice (n=3 for each experimental group) and results showed that
wound size was significantly reduced for keratin/PHBV fibers compared to the control
and pure PHBV fibers by Day 4 and this significant trend continued at Day 7 and Day 9,
as shown in Figure 2-14B. The group concluded that keratin/PHBV keratin fibers could
promote wound healing through results from cell proliferation study and animal testing.
However, it is noted that the FTIR spectra of the keratin /PHBV fibers reported in this
study, as shown in Figure 2-14C, showed insignificant amide I (1650 cm-1) and amide II
(1545 cm-1) bands, suggesting that keratin quality could have been compromised.

Figure 2-14 Study on wool keratin/PLLA electrospun fibers. A) Quantification of cell viability by MTT assay, B)
Live/Dead staining of cells cultured samples and C) FTIR spectra of samples. Reproduced with permission from
[138]

A critical remark on the current understanding of how electrospun keratin fibers support
cell growth for wound healing is that the studies were limited in terms of the keratin
platforms used for evaluation. It is noted that the chemical conformation of these
platforms did not significantly reflect the protein characteristics of keratin as mentioned
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earlier in both wound healing studies and hence the effect of the keratin platforms on cell
response is uncertain.

All in all, from this coverage of the on-going studies on electrospun keratin fibers by
other research groups up till now, it is concluded that there is still significant knowledge
gap in the know-how of electrospinning keratin as the major subject and subsequent
understanding of the cell compliance of keratin-based electrospun fibers for wound
healing.

35

Experimental Methodology

Chapter 3

Chapter 3:

Experimental Methodology
This chapter summarizes the materials and methods used in this work and it
is split into five sections. The first section starts by revealing the technique
used in extracting keratin from human hair followed by processing it into a
biomaterial as discussed in the second section of materials fabrication. The
resulting fibrous material was then characterized for its material properties
using methods described in the third section on materials characterization.
To evaluate the cell compliance and potential of the keratin fibrous platform
for wound healing, a series of cell culture studies were done and the
techniques used were indicated in details for the forth section on cell
culture. Statistical analysis was done whenever necessary in this work to
demonstrate whether there were significant differences among and between
groups of specimens. The methods used for statistical analysis were
described in the last section.
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Extraction of Human Hair Protein

Human hair obtained from random local salons, were washed with ethanol and dried at
room temperature. The hair was then soaked into a mixture of chloroform and methanol
(2:1, v/v) for 24 h to delipidize it. Keratin extraction was done by adding the delipidized
hair into 0.125M of sodium sulfide (Na2S) (Sigma Aldrich) aqueous solution and
incubating the mixture for 4 h at 40 ºC. The supernatant was then dialyzed against 5 L of
deionized water in cellulose tubing (Sigma Aldrich, MWCO: 12400). The dialyzed
solution was finally lyophilized to obtain keratin powder.

3.2

Materials Fabrication

3.2.1

Preparation of Keratin Solutions

Commonly used electrospinning solvents such as hexafluoroisopropanol (HFIP) and
acetic acid were used. In addition, solvents with different pH values were also tried out.
Common solvents with various pHs were used and they include 1M of hydrochloride acid
(HCl) at pH 0, distilled water (H2O) at pH 7 and 1M of sodium hydroxide (NaOH) at pH
14.

Keratin solutions were also prepared in combination with a synthetic polymer. 70/30 poly
(L-lactide/ε-caprolactone) (PLC) from PURAC was used by dissolving it into HFIP from
Sigma Aldrich. The solution was then blended with keratin in Na2S solution. The mixture
was prepared such that it contains 1wt% of PLC and 10wt% of keratin.
Another synthetic polymer used was polyethylene oxide (PEO) from Sigma Aldrich. The
keratin/PEO solution was prepared by dissolving keratin into Na2S solution and then by
simply adding PEO into the keratin solution.

The final optimized formulation was used for electrospinning keratin fibers by mixing 30
wt% keratin with 0.5 wt% PEO in Na2S solution.
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Fibers Fabrication

Electrospinning was done by dispensing the optimally formulated keratin solution from a
single spinneret at a constant feedrate of 0.5 mL/h, and an accelerating voltage of 10 kV.
A grounded, metallic collector fixed at 15 cm away from the tip of the spinneret was used
to collect the fibers to obtain random keratin fibers.

Aligned keratin fibers for downstream studies were fabricated by dispensing the same
optimally formulated keratin solution from a single spinneret at a constant feedrate of 0.5
mL/h, and an accelerating voltage of 10 kV. A grounded rotating drum fixed at 12 cm
away from the tip of the spinneret was used to collect the aligned keratin fibers at a
surface velocity of 119.69 m/min.

As a control in the cell study for keratin fibers, electrospinning of gelatin was done by
dispensing 50wt% gelatin (Gelatin powder from Bovine Skin Type B, Sigma Aldrich) in
acetic acid (Sigma Aldrich) solution from a single spinneret at a constant feedrate of 0.5
mL/h, and an accelerating voltage of 16 kV. A grounded, flat metallic platform fixed at
12 cm away from the tip of the spinneret was used to collect random gelatin fibers. The
gelatin fibers were subsequently crosslinked overnight with 2.5% of glutaraldehyde
(Grade I, Sigma Aldrich) vapour.

3.2.3

Film Formation

Keratin air-dried films were produced by casting the optimally formulated keratin
solution for electrospinning keratin on to 4 cm2 circular glass coverslips and air-drying
overnight at room temperature before peeling.

Keratin vacuum-dried films were produced by casting the optimally formulated keratin
solution for electrospinning keratin on to 4 cm2 circular glass coverslips and vacuumdrying for 30 min at room temperature before peeling.
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Collagen films were fabricated as a control for biodegradation study. They were
produced by casting collagen solution (Biocoat Rat Tail Collagen I, Corning) on to 4 cm 2
circular glass coverslips and air-drying overnight at room temperature before peeling.

3.2.4

Coating Preparation

Fibronectin coating was fabricated as a control for cell-material interaction study. They
were produced by dissolving fibronectin powder (Human Fibronectin, Corning) into H2O
at a concentration of 1mg/mL and subsequently casting of the fibronectin solution on to 4
cm2 circular glass coverslips and air-drying for 2h at room temperature.

3.3

Materials Characterization

3.3.1

Western Blotting of Extracted Keratin Solution

Protein electrophoresis separation was done using the XCell SureLock® Mini-Cell
System with NuPAGE® 4-12% Bis-Tris Gels (Invitrogen). Extracted keratin solution was
mixed with 2µl of sample reducing agent (DTT, 10X) and 5µl of LDS Sample Buffer
(4X). A total volume of 20µl sample mixture containing 15µg of protein was loaded into
each lane. The SeeBlue® Plus2 Prestained Standard (1X) was used to identify the
molecular weight ranges of the samples’ bands. Electrophoresis was performed at 120V
for 90 minutes (Bio-rad) in 0.05% NuPAGE® MOPS SDS Running Buffer (20X,
Invitrogen). The separated proteins in the gel were then stained with SimplyBlue™
Coomassie SafeStain (Invitrogen) for 1 hour, and destained in ultrapure water on the
belly dancer overnight.

Extracted proteins separated on SDS-polyacrylamide gel were transblotted onto a
nitrocellulose membrane using the iBlot® Dry Blotting System (Invitrogen). Afterwhich,
the membranes were blocked with 5% non-fat milk powder in Phosphate Buffered Saline
(PBS, pH=7.4) with 0.5% for 1 hour at room temperature.
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For total keratin analysis, the membranes were incubated with AE13 (Abcam) primary
antibody in 1:2000, for an overnight at 4°C. Subsequently, the membranes were
incubated with anti-mouse secondary HRP-conjugated antibody (Abcam) in dilution
factor 1:4000, for 1h at room temperature. Both primary and secondary antibodies are
diluted with 5% non-fat milk solution.

For acidic sub-type keratin analysis, the membranes were incubated with 3 different
primary antibodies diluted to 1:2000 with 5% BSA (Sigma Aldrich) in PBST, for an
overnight at 4°C. For keratin subtype K31 primary antibody (Epitomics), anti-rabbit
secondary HRP antibody (Dako) in dilution factor 1:4000 with 5% non-fat milk solution
was used. For keratin subtype K33 and K34 primary antibodies, anti-guinea pig
secondary HRP antibodies (Dako) in dilution 1:4000 with 5% non-fat milk solution were
used. All secondary antibodies incubation was conducted for 1h at room temperature.
The blots were visualized with the SuperSignal West Femto Chemiluminescent Substrate
System (Thermo Scientific) and imaged with ChemiDoc (Bio-rad).

3.3.2

Viscosity of Keratin Solution

A rheometer (Anton Paar Physica MCR 301), coupled with PTD 200 Peltier temperature
controller at 25.0 °C, was used to measure shear rate-dependent viscosity measurements.
The test was done using a cone-plate geometry (CP-60-0.5, Diameter: 59.972μm, Angle:
0.483º, Truncation: 56μm) in controlled shear rate mode, with logarithmical increment
from 0.1 to 10,000 s-1 and by using data point gradient of 10. The acquired data were
analyzed with Rheoplus v2.66 software. The settings for the rheometer have been
optimized beforehand with data point gradients, different cone-plate geometries and
shear-rate ranges to ensure consistency of viscosity results over three different samples (n
= 3). Finally, the viscosity value of the keratin solution was determined by extrapolation
from the linear region of the graph obtained.
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Morphology of the Fabricated Materials

Electrospun fibers morphology was observed under a scanning electron microscope
(SEM) (JSM-6360F, JEOL Co.). The SEM helps to generate images of the samples’
topography by bombarding the surface of the samples with its electrons and detecting the
resulting secondary electrons generated by the samples’ surface due to the bombardment.
It is noted that resolution is affected by charging of samples especially biological
specimens. Hence dried samples were sputtered with platinum at 20 mA for 60 sec and
analyzed at an accelerating voltage of 5 kV so as to avoid charging issues that will lead to
poor quality images. SEM images were taken at different magnifications. 5 random SEM
images (2000x) were taken for fiber diameter measurement using Image J and a total of
150 data points were used to determine the average diameter. OriginPro 8.5 was used to
plot histogram of fiber diameter distribution for further analysis.

2-D FFT analysis was done to determine the degree of fiber alignment as a function of
electrospinning parameters. FFT works by the principle that it produced information of
the spatial frequency of the original image. 3 random SEM images were converted into 8bit grayscale TIF files, cropped to 704 x 704 pixels and were subsquently processed with
ImageJ software (NIH) using an oval profile plug-in (developed by Bill O’Connell) [142]
in the software. To correct for mathematical transformation inherent to this type of
analysis, the FFT output image were rotated 90° so as to allow the correct principal axis
of orientation to be directly determined from the position of the peak in the final FFT
alignment plot. This FFT alignment plot is a graphical depiction of FFT frequency
distribution generated by placing circular projection on the FFT output image and
performing radial summation of the pixel intensities between 0° to 360°, in 1° increments.
The degree of alignment is reflected by the overall shape and height of the peaks present
in the plot. For direct comparison across different data sets, all FFT data were normalized
to a baseline value of 0 before being plotted in arbitrary units, called FFT Peak units.

Keratin films were analyzed using the atomic force microscopy (AFM) and 3D height
and 2D amplitude images of the films were collected. AFM measures the roughness of
the surface by detecting the interaction of forces between the sample surface and the
42

Experimental Methodology

Chapter 3

cantilever. Similar to SEM, AFM is able to characterize sample morphology but at a
smaller depth of field, slower scanning speed and the possibility of image artifacts. The
analysis was done in tapping mode by Nanoscope IIIa (Veeco Instruments) using singlebeam silicon cantilever probes (Veeco RTESP: resonance frequency 300KHz, nominal
tip radius of curvature 10nm, force constant 40N/m). Data sets were subjected to a firstorder flattening when necessary. The Nanoscope 6.13R1 software (Digital Instruments)
was used to calculate Roughness (Ra), which is an arithmetic value that expressed the
absolute height of a surface in comparison to a two-dimensional plane represented by the
average sample height. Mean Ra values were extracted from 2D amplitude images taken
in 6 independent experiments.

3.3.4

Chemical Conformation of Keratin Materials

Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR) was
done to determine the chemical composition of the lyophilized keratin, PEO, Na2S
hydrates and electrospun keratin fibers. FTIR is an absorption technique whereby IR
radiation which passes through the sample will get absorbed by the functional group
possessed by the sample. Thus, it determines the chemical composition of the sample via
analysis of the acquired adsorption bands in the samples’ spectra. It is noted that moisture
can interfere with the absorption band causing broadening of band, thus samples were
ensured to be as dry as possible before FTIR characterization. Absorbance spectra of the
samples were recorded with a resolution of 2 cm-1 and at wavelengths from 600 to 4000
cm-1 using a FTIR spectrometer (Perkin Elmer).

X-ray photon spectrometry (XPS) was done to determine the nitrogen compositions of
the electrospun keratin fibers and keratin films. XPS is a technique that helps to quantify
the elemental composition of a sample via the irradiation of X-rays beam on the sample
while detecting the number of electrons and their kinetic energy resulting from the
irradiation. However, XPS is a surface technique and hence only information about the
surface chemistry of the material can be extracted. XPS was measured on a Kratos AXIS
Ultra spectrometer (Kratos Analytical Ltd) using a mono Al Kα radiation source (hν =
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1486.71 eV) operating at 5 mA and 15 kV. Deconvolution of the XPS peaks was done
using XPSPEAK41 application software. N1s peak from the high resolution XPS spectra
(n=5) of keratin films and fibers were deconvoluted into 3 peaks which represent amine
group (-C-NH-) at binding energy of 399.4eV, amide group (-C=O-NH-) at binding
energy of 400.5 eV and protonated amine group (-C-NH3+) at binding energy of 401.4 eV.
The percentage of the amide bonds in the nitrogen species were derived by calculating
the area of the amide group peak as a function of the broad area of N1s peak and
compared among the keratin fibers and films.

3.3.5

Thermal Properties of Keratin Materials

The thermal properties of the fibers and extracted keratin were assessed and compared
through the results from the differential scanning calorimeter (TA Instruments). In
differential scanning calorimetry (DSC), the difference in the amount of heat needed to
increase the temperature of a sample and a reference is measured. It is a common
technique to measure the glass transition temperature and melting temperature of
synthetic polymers. As for proteins, DSC can help to detect their denaturation
temperature because the unfolding of the protein structure is related to the protein’s
thermal stability. Hence DSC was done to identify the denaturation temperatures of the
extracted keratin and electrospun fibers by ramping the temperature from 25 °C to 400 °C
at a rate of 10 °C/min. Results were analyzed using TA Universal Analysis software. It is
noted that DSC results of samples with different mixture of materials are hard to interpret
due to overlapping transitions.

3.3.6

Mechanical Properties of Fibers

The mechanical properties of keratin fibers and gelatin fibers were measured using
dynamic mechanical analyzer (DMA) Q800

(Research Instruments). DMA in film

tensile mode measures the mechanical properties of the sample by pulling the sample
with two clamps until it breaks. It is note that results with false accuracy may be
generated if the sample did not break properly during the pulling process. Samples were
tested in tensile mode by ramping the strain at a rate of 12%/min until they break and
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using a preload force of 0.001N. The ultimate tensile strength and strain at break were
determined from the stress-strain curves generated from 3 independent experiments for
each sample type. The Young’s modulus was determined by calculating the gradient of
the initial linear slope of the stress-strain curve.

3.3.7

Biodegradation Studies of Fabricated Materials

Degradation behaviours of keratin fibers, keratin films and collagen films were studied
under four different conditions, which were in PBS (pH 7.2), Tris buffer (pH 8),
proteinase-K (Sigma Aldrich) in Tris buffer and chymotrypsin (Sigma Aldrich) in Tris
buffer. Samples were created in circular shape with a size of exactly 4 cm2 and mass of at
least 40 mg.

For hydrolytic degradation studies, the samples were soaked in PBS and Tris buffer and
incubated at 37 ºC. Three samples of each type were recovered at each degradation time
points and dried before measuring their weight. The degradation time points were set to
be day 1, 3, 7, 14, 21 and 30. At the degradation time point, the weight of the degraded
sample (wf) was measured and weight loss percentage of the sample was calculated
(%weight loss = (wf – wi)/wi x 100%), based on the initial mass of each sample (wi)
before incubation. This protocol is in accordance to the ASTM standard (ASTM F163511: Standard Test Method for in-vitro Degradation Testing of Hydrolytically Degradable
Polymer Resins and Fabricated Forms for Surgical Implants).

For enzymatic degradation studies, two enzymes which were chymotrypsin and
proteinase K) were used. Each enzyme was dissolved and activated in 0.05M tris buffer
(pH 8.0) with a concentration of 1.0 IU/mL. The degradation time points were set to be
day 1, 3, 7, 14, 21 and 30 with changing of fresh medium every 3 days because the
enzyme activity could only last for 3 days as suggested by the supplier’s protocol. Three
samples of each type were recovered at each degradation time points and dried before
measuring their weight. The weight of the degraded sample (wf) was measured and
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weight loss percentage of the sample was calculated (%weight loss = (wf – wi)/wi x
100%), based on the initial mass of each sample (wi) before incubation.

3.3.8

Chemical Assays on Keratin Films

The ninhydrin detects free amine groups by producing purple colour, known as
Ruhemann’s purple when reacting with primary and secondary amines. The amount of
free amine groups in the keratin films were quantified by ninhydrin assay in which the
samples were immersed into 0.4wt% of ninhydrin solution (4mg of ninhydrin powder
from Sigma Aldrich in 1mL of H2O) and incubated at 100 ºC for 20 min. The
supernantant were then cooled to room temperature prior to their absorbance
measurement at a wavelength of 570nm.
The Ellman’s reagent detects free thiols by producing yellow colour in the presence of
the thiol chemical group. The amount of free thiol groups in the keratin films were
quantified by Ellman’s reagent assay in which the samples were immersed into 0.4wt%
of Ellman’s reagent solution (4mg of Ellman’s reagent powder from Thermo Scientific in
1mL of reaction buffer; 0.1 M sodium phosphate containing 1mM EDTA, pH8) and
incubated at room temperature for 20 min. The absorbance of the supernatant were
measured at a wavelength of 412nm.

3.4

Cell Culture

3.4.1

Cell Seeding

In vitro cell culture studies were done by culturing L929 murine cells (CCL-1™; ATCC,
VA, USA) and primary HDFs (PCS-201-010™; ATCC) to assess the cell compliance of
keratin fibers and films. The cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (PAA Laboratory) supplemented with 10% Fetal Bovine Serum (FBS)
(PAA Laboratory), 1% Penicillin-Streptomycin (Gibco) and 1% L-Glutamine (200 mM,
PAA Laboratory), at 37 ºC and 5% CO2.
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Prior to cell seeding, samples were UV-sterilized for 10 min and rinsed twice with
phosphate buffer saline (PBS). Subsequently, cells were trypsinized, resuspended in
complete DMEM, counted and pipetted onto the different samples in 12 well-plates at a
density of 5000 cells per cm2. The cell-seeded samples were then incubated for 4 h at 37
ºC and 5% CO2 to allow for cell attachment. Afterwhich, each well was filled with 1 mL
of complete DMEM. Characterization of the samples was mostly carried out at 1, 3 and 7
days after seeding. Fresh medium were changed every 3 days within experiments.

3.4.2

Cell Quantification

PicoGreen (Invitrogen) and AlamarBlue (Invitrogen) assays were used to measure the
proliferation and metabolic activity of the cells respectively. PicoGreen assay quantified
the amount of double stranded deoxyribonucleic acid present within cell lysates. Cell
lysates were obtained by transferring and immersing the samples into a mixture of 0.1%
Triton X-100 and 0.25% trypsin. The mixture were then agitated on a shaker for 1h
before thorough pipetting to obtain a homogeneous cell suspension. The cell suspension
was then mixed with equal amount of PicoGreen working solution and the fluorescence
of the mixture was determined using 480nm and 520 nm as the excitation and emission
wavelengths respectively.

To measure the metabolic activity, culture medium was replaced by a modified medium
which contained 10% AlamarBlue reagent and no FBS. Subsequently, the cells were
incubated in the dark for 4 h at 37°C, 5% CO2. Afterwhich, absorbance of the supernatant
was measured at wavelengths of 570 and 600nm.
3.4.3

Cell Morphology Analysis

Cell viability and distribution were evaluated using the Live/Dead staining assay. Cell
cultured samples were washed with PBS and incubated in a solution of 2 µM CalceinAM (Invitrogen) and 4 µM ethidium homodimer-1 (Invitrogen) in PBS at 37 ºC for 15
min. Samples were then washed again in PBS and transferred onto microscope slides for
imaging under a fluorescence (Nikon 80i) or confocal laser microscope (LeicaSP5) using
a 10x objective.
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Prior to using a scanning electron microscope (SEM) for analysis, cell cultured samples
were fixed using 4% paraformaldehyde (PFA) in PBS, for 15 min at room temperature.
Dehydration was carried out in an ascending ethanol series (50%, 75%, 80%, 95% and
100%) for 10 min each at room temperature. Dried samples were subsequently sputtered
with platinum at 20 mA for 60 sec and analyzed under a SEM (JSM-5410, JEOL Co.) at
an accelerating voltage of 5 kV. SEM images were taken at magnifications of 2000x and
750x

Cell morphology was further observed in detail by F-actin and nuclei staining. Cells were
fixed using 4% PFA in PBS, for 15 min at room temperature and permeabilized with 0.1%
TritonX-100 in PBS for 5 min at room temperature. The cytoskeleton of the cells were
stained with phalloidin (Invitrogen) with 1:400 dilution in PBS for 1h at room
temperature followed by staining of the nuclei with DAPI (Invitrogen) for 5 min at room
temperature. Samples were rinsed 3 times with PBST (PBS with 0.05% tween 20) after
every incubation step. Finally, samples were transferred onto microscope slides and
mounted with fluorescent mounting medium (Dako) for imaging under a fluorescence
(Nikon 80i) or confocal laser microscope (LeicaSP5) using a 20x objective.

3.4.4

Immunocytochemistry

The presence of the extracellular proteins which were fibronectin and collagen III were
detected via immunostaining. Cells were fixed using 4% PFA in PBS, for 15 min at room
temperature and permeabilized with 0.1% TritonX-100 in PBS for 5 min at room
temperature. Subsequently, blocking of samples were done by adding 10% goat serum
(Dako) in PBS for 1h at room temperature, followed by incubation of primary antibody
solution for overnight shaking at 4°C. The primary antibody solutions were prepared by
diluting anti-fibronectin primary antibody (Abcam) at 1:1000 in blocking solution and
diluting anti-collagen III primary antibody (Abcam) at 1:200 in blocking solution for
detection of fibronectin and collagen III respectively. Detection of both primary
antibodies were done by adding goat anti rabbit Alexa Fluor 488 (Invitrogen) diluted at
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1:400 in blocking solution for 1h of incubation time at room temperature, followed
staining of the nuclei with DAPI (Invitrogen) for 5 min at room temperature. Samples
were rinsed 3 times with PBST (PBS with 0.05% tween 20) after every incubation step.
Finally, samples were transferred onto glass coverslips and mounted with fluorescent
mounting medium (Dako) for imaging under a fluorescence (Nikon 80i) or confocal laser
microscope (LeicaSP5) using a 20x objective.

3.4.5

Integrin Inhibition Assay

Integrin inhibition assay were done on keratin VD film, fibronectin coating and
polystyrene.

Samples (except for one of samples labeled as untreated polystyrene) were blocked with
heat-inactivated BSA at a concentration of 2mg/mL in PBS for 1h at room temperature
and rinsed twice with PBS thereafter. Cells were trypsinized and held in suspension in
DMEM without FBS. The cell suspensions were pre-incubated with antibodies to the
integrin receptors (Abcam); α4 integrin and β1 integrin for 30 min at 37°C, 5% CO2 prior
to cell seeding. Addition cell suspensions as negative controls were also prepared by preincubating with antibodies with the same isotype (Santa Cruz) as the antibodies to the
integrin receptors. The cell suspensions were seeded on the samples for 4 h before cell
counting to determine cell attachment. Cell counting was done by flushing the samples
twice, gently with PBS before obtaining cell lysates for PicoGreen assay quantification.

3.4.6

Western Blotting for Expression of α4β1 integrins

Protein electrophoresis separation was done using the XCell SureLock® Mini-Cell
System with NuPAGE® 4-12% Bis-Tris Gels (Invitrogen). Cell lysates obtained from 4h
and Day 7 of cell culture were mixed with 2µl of sample reducing agent (DTT, 10X) and
5µl of LDS Sample Buffer (4X). A total volume of 20µl sample mixture containing 35µg
of protein was loaded into each lane. The SeeBlue® Plus2 Prestained Standard (1X) was
used to identify the molecular weight ranges of the samples’ bands. Electrophoresis was
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performed at 120V for 120 minutes (Bio-rad) in 0.05% NuPAGE® MOPS SDS Running
Buffer (20X, Invitrogen).

Extracted proteins separated on SDS-polyacrylamide gel were transblotted onto a
nitrocellulose membrane using the iBlot® Dry Blotting System (Invitrogen). Ponceau S
Red (Sigma Aldrich) staining was conducted for membrane obtained from cell lysates
harvested 4h post cell seeding. Membranes from cell lysates harvested 7 days post cell
seeding were blocked with 5% non-fat milk powder in Phosphate Buffered Saline (PBS,
pH=7.4) with 0.5% for 1 hour at room temperature.
For loading control, the membranes were incubated with β-actin (Abcam) primary
antibody in dilution factor 1:5000, for an overnight at 4°C. Subsequently, the membranes
were incubated with anti-mouse secondary HRP-conjugated antibody (Abcam) in dilution
factor 1:4000, for 1h at room temperature. Both primary and secondary antibodies are
diluted with 5% non-fat milk solution.
For α4 integrin and β1 integrin expression, the membranes were incubated with 2 different
primary antibodies; α4 integrin primary antibody (Abcam) and β1 integrin primary
antibody (Abcam) diluted to 1:200, for an overnight at 4°C.

Subsequently, the

membranes were incubated with anti-mouse secondary HRP-conjugated antibody
(Abcam) in dilution factor 1:4000, for 1h at room temperature. Both primary and
secondary antibodies are diluted with 5% non-fat milk solution.

The blots were visualized with the SuperSignal West Femto Chemiluminescent Substrate
System (Thermo Scientific) and imaged with ChemiDoc (Bio-rad).

3.5

Statistical Analysis

All data of representative experiments carried out in triplicate are presented as
mean±standard deviations. One-way analysis of variance (ANOVA), which tests the null
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hypothesis that " samples having the equal means in population", is a statistical technique
used to determine if the means are different between three or more samples (using F
distribution). If the variance between groups is larger than the variance within the group,
it's likely that the mean differs. Generally the samples are considered to be independent,
the variances of populations should be equal and the response variable residuals are
normally distributed while one-way ANOVA is executed. One-way ANOVA was
employed followed by Student t-test (two samples assuming equal variance). Bonferroni
correction was done on the two-tail P value from the t-test to determine statistical
significance differences between experimental groups. Corrected P-value <0.05 was
considered as statistically significant. Analysis ToolPak was installed in Microsoft Excel
software to conduct all statistical analysis.
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Chapter 4:

Keratin Extraction and Fiber Fabrication
Keratin was extracted in-house from the raw material, human hair by using
sodium sulfide (Na2S) which allows keratin dissolution by the cleavage of
disulfide bond. The human hair extracts were then characterized using
660nm assay, Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS-PAGE) and Western blot to determine the protein yield and confirm
the presence of keratin in the extracts. Extracted keratin in solid form via
lyophilization was also characterized using the Fourier Transform Infrared
Spectroscopy- Attenuated Total Reflectance (FTIR-ATR) to determine the
chemical conformation of the keratin extracted from human hair. After
keratin extraction, the keratin extracts were processed into keratin fibers as
a tissue engineering platform. As mentioned in Chapter 2, electrospinning of
keratin itself is a challenge among researchers due to relatively low
molecular weight of the extracted keratin, hence, in this work, polyethylene
oxide (PEO) was added in small amount to facilitate the electrospinning. In
addition, to produce high concentration of keratin solution for
electrospinning, Na2S was added into the electrospinning mixture to cleave
the disulphide bonds of the keratin, in order to allow high dissolution of
keratin. Therefore, the formulation for electrospinning keratin in this work
involves high concentration of keratin, minimal amount of PEO and Na 2S
aqueous solution. Optimization was done to develop a formulation that
allowed successful fiber formation via electrospinning and viscosities of the
tested formulations were measured to further understand the importance of
the formulation’s viscosity in electrospinning keratin with PEO. Scanning
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electron microscope (SEM) was used to evaluate the best formulation to
produce well-formed, beadles keratin fibers. The optimized formulation was
subsequently used for electrospinning keratin fibers for further materials
characterization and cell compliance evaluation.
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Prior to confirmation of the presence of keratin in the human hair extracts, quantification
of proteins were done using 660nm assay and results of the protein concentration from 5
different batches of keratin extracts were shown in Table 4-1.
Table 4-1 Protein concentration of 5 different batches of keratin extracts and their percentage yield. The
average yield is 26.25% of protein extracted out from 0.05g/mL of human hair

The yield as shown in Table 4-1 was calculated by the amount of protein per mL of the
extraction solution produced from 0.05g of hair. The average yield of the keratin
extraction using Na2S is 26.25%.

4.1.1.1 Western Blotting of Extracted Keratin Solution
The extracts were then diluted to give 15μg protein in each 20ul aliquot that was loaded
into each well of the pre-cast gels for separation by electrophoresis. Comassie blue
staining and Western blotting of the gels produced results as shown in Figure 4-1.

Figure 4-1 A) Comassie blue stain and B) Western Blot of human hair extract. Comassie blue stain showed the
presence of proteins with keratin’s typical molecular weight of 45kDa for acidic keratin and 50kDa for basic
keratin in the human hair extracts. Western blot further confirmed the presence of keratin in the extracts.
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Comassie blue staining of the gel after electrophoresis showed that the proteins in the
human hair extracts have molecular weights of 45 kDa and 50 kDa as indicated by the
distinct bands. These two bands were likely to be acidic keratin with a molecular weight
of 45 kDa and basic keratin with a molecular weight of 50 kDa. Western blot further
confirmed that these two bands were indeed an indication of the presence of keratin.

4.1.1.2 Fourier Transform Infrared Spectroscopy Characterization of Lyophilized
Keratin
Afterwhich the keratin solution was lyophilized and characterized using FTIR-ATR and
results are shown in Figure 4-2.

Figure 4-2 Representative FTIR spectra of lyophilized keratin, consisting of the general absorption peaks of
proteins, i.e. Amide A (2800-4000 cm-1), Amide I (1600-1700 cm-1), Amide II (1480-1580 cm-1) and Amide III
(1220-1330 cm-1)

The spectra of the lyophilized keratin consisted of the characteristic absorbance peaks of
proteins namely the Amide A (2800-4000 cm-1), Amide I (1600-1700 cm-1), Amide II
(1480-1580 cm-1) and Amide III (1220-1330 cm-1) peaks.
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Optimization of Formulation for Electrospinning of Keratin

It is essential to optimize the electrospinning solution such that the mixture allows
electrospinning of keratin into reproducible fibers. Keratin dissolution and behavior of
keratin interaction with suitable synthetic polymers were looked into. The concentration
of the chosen components was then varied in order to derive an optimized formulation for
electrospinning keratin fibers.
4.1.2.1 Keratin in Various Solvents
Keratin was dissolved in different pH environment using hydrochloride acid (HCl, pH0),
water (H2O, pH7) and sodium hydroxide (NaOH, pH14) solvents. Results of this pH
variation are shown in Figure 4-3.

Figure 4-3 Keratin in solutions with different pH environment. A transparent solution was obtained for NaOH
solvent while cloudy solutions were obtained for H2O and HCl solvents

It was found that keratin is well dissolved in alkaline solution because NaOH solvent
produced a transparent solution while H2O and HCl solvents produced cloudy solutions
after keratin were added to them.
Since keratin dissolved well in alkaline solution, 5 to 10wt % of keratin in NaOH solvent
were electrospun. However, no fibers were formed during electrospinning and the
solution was sprayed out instead, forming a large pool of solution and dried droplets as
shown in Figure 4-4.
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Figure 4-4 Results of electrospinning 10wt% keratin in NaOH indicating unsuccessful formation of keratin
fibers. The microscopic image on the right showed the structures of the residues formed after electrospinning

Subsequently another alkaline solution with lower pH was used to dissolve the keratin.
The solvent was Na2S solution and 5 to 25wt% of keratin in Na2S solution were spun.
However, similar to electrospinning of keratin in NaOH solvent, droplets were sprayed
out instead.

4.1.2.2 Blending Synthetic Polymers with Keratin
In order to facilitate electrospinning of keratin, a synthetic polymer was added in
combination with keratin in Na2S solution.
The first synthetic biocompatible polymer selected was poly(L-lactide/ε-caprolactone)
(PLC)

and

keratin

mixture

was

prepared

by

blending

PLC

dissolved

in

hexafluoroisopropanol (HFIP) solvent with keratin dissolved in Na2S solution. However,
large precipitate was formed immediately after the two polymers were mixed together as
shown in Figure 4-5A.

Figure 4-5 Keratin mixture consisting of blending A) PLC and b) PEO with keratin solution. Precipitate was
formed when keratin solution was blended with PLC while a good solution mixture was produced when keratin
solution was blended with PEO.

Another biocompatible polymer selected was PEO which formed a good mixture of
solution with keratin as shown in Figure 4-5B.
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4.1.2.3 Optimization of Formulation via Electrospinning Solution Parameters
After preliminary trials in determining the components for the formulation, it was found
that keratin solution blended with PEO as an addictive facilitates electrospinning.
Na2S solvent is used to allow dissolution of high amount of keratin. Subsequently,
solution parameters were varied to optimize the formulation for electrospinning through
varying the keratin and PEO concentration.
First attempt to electrospin keratin/PEO solution was done by varying the keratin
concentrations while fixing the PEO concentration at 1 wt%. Scanning electron
microscopy was done to examine the morphology of the spun fibers. Results shown in
Figure 4-6 revealed that fibers started to form when the keratin concentration reached
25wt% but higher keratin concentration of 30wt% was needed to accumulate fibers into a
viable scaffold.

Figure 4-6 SEM images of electrospun fibers with 1 wt% PEO and A) 10wt% keratin, B) 20wt% keratin, C)
25wt% keratin and D) 30wt%keratin. Accumulation of beadles fibers was observed when the keratin
concentration reached 30wt% although some of the fibers were no fully well-formed.

Fixing the keratin concentration at 30wt% further attempts were done to electrospin
keratin/PEO solutions by varying the PEO concentration and the results were shown in
Figure 4-7.
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Figure 4-7 SEM images of electrospun fibers with 30wt% keratin and A) no PEO, B) 0.3wt% PEO, C) 0.5wt%
PEO and D) 1wt% PEO. Accumulation of majority well formed fibers with negligible wet drips or fibers was
observed when 0.5wt% PEO was used in combination with 30wt% keratin

Results revealed that PEO was needed for fiber formation as no fibers can be spun out of
pure 30wt% keratin itself. By adding 0.5wt% PEO to 30wt% keratin solution, wellformed fibers were spun with negligible wet drips or fibers. However, too little PEO (i.e.
0.3 wt%) or too much PEO (i.e. 1 wt%) resulted in fibers with beads and drips.

4.1.2.4 Viscosity of Different Formulations
Viscosity of the solution with potential formulation for electrospinning keratin was
determined using the rheometer as shown in Figure 4-8.
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Figure 4-8 A) Table of viscosities of different formulation with their corresponding B) Pictures of the
electrospun fibers except for formulation 40wt% keratin and 0.5wt% PEO due to C) gelation of solution.
Viscosities at which the formulation allows successful fabrication of well-formed fibers fell in the range of 30.29
to 41.58 mPa

From Figure 4-8, it was found that the viscosities at which the formulation allows
successful fabrication of well-formed fibers (i.e. Formulation #7, 10 and 11) fell in the
range of 30.29 to 41.58 mPa. However, formulation #8 produced no fibers and
formulation #9 produced fibers with frequent drips, even though their viscosities fell in
this identified range of 30.29 to 41.58 mPa. This indicates that a certain amount of PEO
was needed to electrospin keratin fibers. It was also needed that viscosities that were too
low resulted in drips and very few fibers while viscosities that were too high resulted in
thick wet fibers. Extremely high viscosities led to gelation of solution which could not be
electrospun as show in Figure 4-8C.

The viscosity results were analyze by fixing the concentration of one of the components
in the formulation and ranging the concentration of the other as shown in Figure 4-9.
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Figure 4-9 Graphs comparing viscosities of formulations with varying concentration of A) PEO with keratin
concentration fixed at 30wt%, B) keratin with PEO concentration fixed at 0.5wt% and C) keratin with PEO
concentration fixed at 1wt%. The gradients of the linear trendline fitted to the graph are 8.862, 6.777 and 4.750
for A), B) and C) respectively, indicating that PEO played a more dominant role in manipulating the viscosity of
the formulation.

Viscosities were compared with increasing concentration of PEO while fixing the keratin
concentration to 30wt% (Figure 4-9A) and increasing concentration of keratin while
fixing the PEO concentration (Figure 4-9B and C). All the graphs showed that viscosity
of the formulation increased by increasing the concentration of one of the components.
Besides, the gradient of the trendline fitted to the graph is the highest at 8.862 for varying
PEO concentration, indicating that PEO played a more dominant role in manipulating the
viscosity of the formulation.

4.1.2.5 Optimized Formulation for Electrospinning for Electrospinning of Keratin
The optimized formulation for electrospinning keratin was concluded to be 30wt%
keratin and 0.5wt % PEO in Na2S solution which resulted in well-formed fibers
accumulated into a viable scaffold as show in Figure 4-10A.
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Figure 4-10 Results from the optimized formulation (i.e. 30wt% Keratin and 0.5wt% PEO in Na 2S solvent) for
electrospinning keratin showing A) scaffold spun out from the formulation, B) the viscosity of the formulation,
C) the SEM image of the scaffold and D) fiber diameter measurement of the scaffold

The viscosity of this formulation was 36.63±1.53 mPa (Figure 4-10B) and with a normal
distribution tending towards a fiber diameter of 700±90 nm as measured and shown by
the SEM image in Figure 4-10C and D.

4.2

Discussion

Keratins are intermediate filament proteins that differentiates from the other proteins by
their high content of cysteine residues [143]. Cysteines are sulphur containing amino
acids which account for the intermolecular disulfide bridges that contribute to hair’s
resistance against protease action and stability [144]. Many techniques had been
developed to extract keratin via destructing the tightly packed structure of hair; primarily
by breaking down the disulfide bridges [34]. In this work, Na2S was selected to extract
keratin from human hair because the extraction is inexpensive, simple, fast and consistent
in dissociating keratin filaments within the hair cortex [119, 145]. Coomassie blue
staining and Western blotting showed that keratin was indeed successfully extracted from
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human hair using Na2S with an average yield of 26.25%. Tosik et al. also reported
successful extraction using similar protocol which was utilizing an aqueous mixture of
5% NaOH and 0.1 M of Na2S [52] and the maximal yield was 40% which was slightly
higher due to NaOH involved to aid the hydrolysis of intact keratin during the extraction.
The keratin extracts consisted of keratin with the typical molecular weight of keratin
subtypes which are acidic keratins at 45kDa and basic keratins at 50kDa. Besides, keratin
extracts lyophilized into solid form had chemical conformations which are the amide
bonds similar to those of the general proteins. These indicated that the extracts contained
intact keratin with no destruction of important bonds that gave proteins their
characteristics.

In order to process the extracted keratin into a biomaterial for tissue engineering,
electrospinning was selected as a scalable and efficient technique to create a scaffold out
of keratin. Dissolution behavior of keratin was evaluated to find the most suitable solvent
for electrospinning keratin. Solubility of the keratin is an issue due to its strong
disulphide bonds which act as linker to hold the superstructure of the protein. HFIP and
acetic acid which are both common electrospinning solvents were not able to dissolve
keratin due to low pH of the solvents. It was found that flocculation and precipitates were
formed when keratin interacted with solvents with low pH environment. In contrast,
keratin dissolved in solvents in high pH environment and hence alkaline solutions such as
NaOH and Na2S aqueous solution were considered. Na2S was selected over NaOH to
dissolve high amount of keratin because it does not hydrolyze keratin and significantly
destruct the keratin’s protein structure [146], unlike NaOH. Keratin was dissolved in
Na2S through the reduction of disulfide bonds in cysteine by hydrosulfide (HS-) ions as
shown by the following equations [147]:
Formation of HS- ion: Na2S + H2O  2Na+ + HS- + OHReduction of disulfide bonds by HS- ion: RCH2S-SCH2R + HS-  RCH2-SH + RCH2-SS-
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As mentioned in the literature review, research on electrospinning of keratin have
resorted to using keratin in combination with other natural or synthetic polymer [34] due
to molecular weight of the extracted keratin too low to form polymer entanglements to
facilitate electrospinning. To overcome this issue, a synthetic polymer was added in
combination with keratin in Na2S solution. Two biocompatible synthetic polymers which
were PLC and PEO were considered and PEO was selected because it could dissolve
easily in the Na2S aqueous solution due to its hydrophilic nature, making the solution
system simpler. Moreover, high molecular weight PEO was proven to enhance
electrospinnability, following reports that this could be achieved with natural
polysaccharides such as chitosan and sodium alginate [82-85].

With keratin and PEO in Na2S solvent as part of the formulation to electrospin keratinbased scaffold, optimization of the solution parameters in the formulation was done by
varying keratin and PEO concentrations such that a reproducible well-formed keratin
fibrous scaffold could be fabricated using an optimized formulation. The viscosities of
possible formulation were also assessed.

Observations revealed that with a small amount of PEO added in, the concentration of
keratin has to reach 25 wt% to be sufficient enough for fiber formation but keratin has to
be increased to 27.5wt% in order to electrospin well-formed fibers. However, when the
concentration of keratin went up to 40 wt%, the solution started gelling up. Likewise for
PEO, a minimum amount of 0.5 wt% was needed to facilitate electrospinning but higher
amount of PEO would cause the solution to be too viscous for electrospinning. It was
evaluated that formulations with low viscosities could not be electrospun due to
inadequate amount of polymers in the solution and formulation with high viscosities also
posed a problem in which the difficulty in ejection of jets from viscous polymer solution
may result in fibers with numerous bead defects [148]. An optimal range of 30.29 to
41.58 mPa solution viscosity was required to electrospin well-formed fibers. However, it
should be noted that keratin solutions with absence of PEO or too small amount of PEO
were not feasible to be electrospun into fibers even though their viscosities were in the
optimal range. The high molecular weight PEO not only played a dominant role in
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manipulating the viscosity of the electrospinning solution, it was the key component to
provide polymer entanglements to facilitate electrospinning of keratin.

Hence, it was evaluated that minimum amounts of 0.5 wt% PEO and 30wt% keratin were
needed in the formulation to electrospin keratin.

With this formulation in which the solution viscosity was 0.0363Pa, a well-formed
scaffold of fibers was produced from electrospinning. The consistency and homogeneity
of fiber morphology of the optimized keratin fibers and normal distribution of fiber
diameters (R2= 0.978) over a reasonably narrow range confirmed the stability of
electrospinning. The scaffold consisted of a normal population of 700 nm fibers, giving a
homogeneous sub-micron architecture.

4.3 Conclusion
Intact keratin was successfully extracted from human hair using Na2S with a yield of
26.25%. In order to processed keratin into a biomaterial via electrospinning, viscosity of
the electrospinning solution and the addition of a certain amount of PEO into the solution
were keys to enhance the feasibility of getting reproducible well-formed scaffold of
fibers. The optimized formulation was 30 wt% keratin and 0.5 wt% PEO in Na2S solvent,
with a viscosity value of 0.363 Pa. The scaffold produced consisted of homogeneous submicron architecture of fibers with a normal distribution of fiber diameters tending
towards an average of 700 nm.
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Chapter 5:

Characterisation of Electrospun Keratin Fibers
Randomly aligned fibers spun from 30 wt% Keratin and 0.5 wt% PEO were
characterized to further understand the properties of electrospun keratin
fibers. Basic materials characterizations such as chemical conformation was
determined by Fourier Transform Infrared (FTIR) spectroscopy, thermal
properties was determined by Differential Scanning Calorimetry (DSC) and
mechanical properties was determined by Dynamic Mechanical Analysis
(DMA). The potential of the keratin fibers tissue engineering platforms was
also evaluated by observing their degradation profiles and cell compliance.
For biodegradation studies, experiments were designed base on ASTM
standard (ASTM F1635-11) in which Phosphate Buffer Saline (PBS)
solution was used to soak the specimens and the specimen weight loss over a
period of time was determined. However it was noted the standard does not
take into account that enzymes in the human body could degrade proteins.
Thus, more studies were performed by adding enzymes such as chymotrypsin
and proteinase K to determine the degradation profile of keratin fibers.
Proteinase K was selected as the positive control because it is known for its
keratin digestion activity as suggested by its name. Chymotrypsin was
selected because not only is it produced by the human body, it is also widely
prescribed as medicine to counter wound infections. For cell compliance
studies, immortalized L929 mouse cells were used as recommended by
ASTM standard (ASTM F813-07), to evaluate the biocompatibility of keratin
electrospun fibers. Cell studies were done by culturing L929 mouse cells on
keratin fibers and the cell viability of the fibers was evaluated using
67

Characterisation of Electrospun Keratin Fibers

Chapter 5

Live/Dead staining and SEM imaging at various time points. This chapter
will give a better understanding of the material characteristics of the
electrospun keratin fibers and its potential for tissue engineering.
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The infrared absorbance spectra of the electrospun keratin matrices, lyophilized keratin,
Na2S hydrates and PEO are shown in Figure 5-1.

Figure 5-1 Representative Fourier Transform Infrared spectra of an A) electrospun keratin fibers, B)
lyophilized keratin, C) Na2S hydrates and D) PEO. Electrospun keratin matrix and lyophilized keratin have
similar spectra consisting of the general absorption peaks of proteins, i.e. Amide A (2800-4000 cm-1), Amide I
(1600-1700 cm-1), Amide II (1480-1580 cm-1) and Amide III (1220-1330 cm-1). Compared to the lyophilized
keratin’s spectrum, the keratin fibers’ spectrum has two additional peaks at 1114 cm-1 and 994 cm-1 originating
from S2O32- group of Na2S hydrates. The PEO spectrum has its typical fingerprint region containing the
prominent triplet peaks due to C-O-C stretching but these peaks were not found in the keratin matrix’s
spectrum due to low content of PEO. Reproduced with permission from [124]

The spectra of the keratin fibers and lyophilized keratin consisted of the characteristic
absorbance peaks of proteins, namely the Amide A (2800-4000 cm-1), Amide I (16001700 cm-1), Amide II (1480-1580 cm-1) and Amide III (1220-1330 cm-1) peaks. These
general absorbance peaks of proteins are summarized in Table 5-1 below.
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Table 5-1 General Absorbance Bands of Proteins

Type of
Absorption Band
Amide A

Frequencies
(Wavenumber/ cm-1 )
2800 – 4000

From
Figure 5-1
3277

Description

Amide I

1600 – 1700

1636

Arises mainly from C=O
stretching of the amide
and is very sensitive to
the protein secondary
structure [150]

Amide II

1480 – 1580

1521

Arises from NH bending
and
CN stretching [151]

Amide III

1220 - 1330

1238

Arises from NH bending
and
CN stretching [151]

Wide absorption band
containing 9 vibrational
overlapped modes [149]

The two additional peaks at 1114 cm-1 and 994 cm-1 in the spectrum of the keratin
matrices compared to that of the lyophilized keratin belonged to the thiosulfate (S2O32-)
group which has two characteristic peaks at 995 cm-1 and 1115 cm-1 [152]. The spectrum
of the Na2S hydrates also consisted of the peaks of S2O32- group and had prominent O-H
stretching peaks at 3218 cm-1 and 1635 cm-1 [153, 154]. The PEO’s spectrum contained
its typical fingerprint region, which is the spectrum below 1500 cm-1, with a complex
pattern of numerous sharp distinct peaks. Among these peaks, the most prominent peak is
the triplet shape of peaks at 1144 cm-1, 1096 cm-1 and 1059 cm-1, representing C-O-C
stretching of the PEO chains [155].

In order to remove the solvent residues which may implicate cytotoxic issues, the keratin
fibers were washed with PBS prior to cell culture studies. Figure 5-2 shows the FTIR
spectra of the keratin fibers after PBS washing.
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Figure 5-2 Representative Fourier Transform Infrared spectra of an A) electrospun keratin fibers after PBS
washing B) lyophilized keratin. The two peaks at 1114 cm-1 and 994 cm-1 originating from S2O32- group of Na2S
hydrates disappear on the spectra electrospun keratin fibers after PBS washing and the spectra of the
electrospun keratin fibers after PBS washing resembles closely to the spectra of the lyophilized keratin

The S2O32- peaks are shown to be absent from the spectra of the keratin fibers which has
been washed with PBS and the spectra of the keratin fibers (after PBS washing)
resembled closely to the spectra of the lyophilized keratin.

5.1.2

Thermal Properties

DSC was used to identify the denaturation temperature of the keratin structures and
thermal stability of the protein was compared between the extracted keratin and the
electrospun fibers.

Figure 5-3 shows the DSC results of the extracted keratin.
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Figure 5-3 DSC curve of the extracted keratin showing 3 endothermic peaks which indicate water evaporation at
99 ºC, α helix denaturation at 248 ºC and β sheet denaturation at 299 ºC

It was observed that there were three major endothermic peaks. The first peak at 99 ºC
was due to water evaporation [156], the second peak was due to α helix denaturation at
248 ºC [157, 158] and the third peak at 299 ºC might be due to the denaturation of β sheet
structure [26, 159]. It was also noted that these denaturation peaks were due to
irreversible unfolding of keratin secondary structure superimposed by various
decomposition reactions [160].

Compared to the DSC results of keratin, the results of the fibers as shown in Figure 5-4
also revealed the three major endothermic peaks as described earlier.

Figure 5-4 DSC curve of 30wt% keratin and 0.5 wt% PEO electrospun fibers showing 3 distinct peaks which
indicate water evaporation at 108 ºC, α helix denaturation at 239 ºC and β sheet denaturation at 273 ºC
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It was observed that the denaturation temperatures of α helix and β sheet in the fibers
were lower at 239 ºC and 273 ºC respectively compared to those in the extracted keratin.
In addition, the endothermic peak representing α helix denaturation was much gentler and
not so obvious in Figure 5-4. Since the area under the DSC curve is a measure of the α
helix content [161], it could be concluded that there were less α helix structures in the
fibers than in the extracted keratin.

5.1.3

Mechanical Properties

The stress-strain curve of random keratin fibers was obtained from DMA as shown in
Figure 5-5with random gelatin fibers as the control.

Figure 5-5 Stress strain curve of keratin and gelatin fibers showing distinctively that keratin had higher strain at
break while gelatin was stiffer.

Young’s modulus, ultimate tensile strength and strain at break were obtained from Figure
5-5and collated into a Table 5-2.
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Table 5-2 Collated results of the mechanical properties of keratin fibers and gelatin fibers, showing values of the
Young’s modulus, ultimate tensile strength and strain at break determined from the stress-strain curve

It was ensured the random gelatin fibers used have similar fiber diameter with random
keratin as fiber diameter is also one of the factors that can affect the mechanical
properties of the electrospun material as a whole [162]. From Table 5-2, it is shown that
gelatin fibers which had a Young’s modulus of 85.15±4.34 MPa were much stiffer than
keratin fibers which had a Young’s modulus of 11.06±1.58 MPa. Besides, gelatin fibers
had higher ultimate tensile strength of 2.5±0.3 MPa as compared to keratin fibers with
ultimate tensile strength of 1.8±0.1 MPa. Gelatin fibers tend to be a lot more brittle [163]
with a low strain at break of 4.0±0.5% compared to keratin fibers which had strain at
break at 78.0±7.2%.
5.1.4

Biodegradation Profiles

For degradation studies, two controls, keratin film and collagen film as shown in Figure
5-6, were used for comparison.

Figure 5-6 A) Keratin Fibers, B) keratin film and C) collagen film of the same shape and size (i.e. 4 cm2). The
films were created as controls in the degradation studies of keratin fibers.

It was ensured that the keratin fibers and controls are of the same shape, size (i.e. 4 cm2)
and similar mass of 40 mg for the degradation studies.
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Biodegradation profiles of keratin fibers were obtained by soaking into different
environments; A) PBS according to ASTM standard, B) Tris buffer which is the solvent
for enzymatic digestion in degrading keratin fibers, C) chymotrypsin in Tris buffer and
D) Proteinase K in Tris buffer. These profiles were compared with the degradation
profiles of keratin film and collagen film as shown in Figure 5-7.

Figure 5-7 Biodegradation profiles of keratin fibers, keratin films and collagen films over 30 days in four
different environments namely A) PBS according to ASTM standard, B) Tris buffer which is the solvent for
enzymatic digestion in degrading keratin fibers, C) chymotrypsin in Tris buffer and D) Proteinase K in Tris
buffer. *p<0.01, significance difference in weight percentages between keratin film and collagen film

From Figure 5-7A and B, all natural polymers involved showed trends of hydrolytic
degradation but minimally near a period of 30 days. Although insignificant, it was noted
that collagen tend to degrade faster than keratin in PBS environment while keratin tend to
degrade faster than collagen in Tris buffer which had an environment of pH8.

Regarding enzymatic degradation, it was observed from Figure 5-7C and D that these
natural polymers degraded significantly with the presence of chymotrypsin (Figure 5-7C)
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and proteinase K (Figure 5-7D) over a period of 30 days. From Figure 5-7C, it was noted
that keratin tend to degrade faster than collagen in the environment with presence of
chymotrypsin but the differences were not significant. From Figure 5-7D, collagen
degraded much significantly faster than keratin in the environment with the presence of
proteinase K.

It was also observed that keratin fibers tend to degrade faster than keratin film in all the
environments in the study. Evaluation of the effects of the four different environments on
degradation of keratin fibers was also done as shown in Figure 5-8.

Figure 5-8 Degradation profiles of keratin fibers in four different environments (i.e. PBS, tris buffer,
chymotrypsin and proteinase K). Hydrolytic degradation of keratin fibers was faster in Tris buffer compared to
PBS while enzymatic degradation of keratin fibers was faster in Proteinase K compared to chymotrypsin.
*p<0.01, significance difference in weight percentages of between keratin fibers in chymotrypsin and keratin
fibers in proteinase K presence

Figure 5-8 shows that keratin fibers consistently degraded faster in Tris buffer
environment than in PBS environment, although the differences were insignificant. For
environments with the presence of enzymes, keratin fibers degraded significantly faster in
the presence of proteinase K compared to in the presence of chymotrypsin.
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Cell Compliance

Cell viability of the keratin fibers and keratin films were evaluated using the Live/Dead
staining assay with cell culture insert as the control. Fluorescence images from Live/Dead
staining of L929 cultured samples are shown in Figure 5-9.

Figure 5-9 Fluorescence microscopy images of cell cultured samples over 7 days. Calcein-AM was used to stain
viable cells (green) while ethidium homodimer-1 was used to stain the nuclei of non-viable cells (red). Cells on
the samples started to spread by day3 and proliferated significantly by day7. Reproduced with permission from
[124]

On day 1 of culture, viable cells were evident on the cell culture inserts, keratin fibers and
keratin films. On day 3 of culture, a small proportion of cells started to spread into their
typical spindle morphology on all the samples. By day 7, cells on the cell culture inserts
and keratin films had become highly confluent but were mostly rounded. Cells on the
keratin fibers were not as confluent but they exhibited a high degree of spreading. From
the maximum projection of cross sectional confocal images, cells on the keratin fibers
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were able to penetrate into the pores of the fibers to produce relatively semi threedimensional cell-matrix constructs (Figure 5-10).

Figure 5-10 Z-stack confocal microscopy image of the cross section of a 7-day cell cultured keratin fibers,
showing even cell penetration across the depth of the matrix. Calcein-AM was used to stain viable cells (green)
while ethidium homodimer-1 was used to stain the nuclei of non-viable cells (red). Reproduced with permission
from [124]

Cell morphology on the different samples at day 7 of culture was more apparent on the
SEM images shown in Figure 5-11.

Figure 5-11 Representative scanning electron microscopy images of cells cultured for 7 days on the samples.
Low magnification images (top row) depict the overview of cell distribution and high magnification images
(bottom row) depict the cell morphologies. Reproduced with permission from [124]

Cells on the cell culture inserts generally presented two different morphologies. A
proportion of these were flat and largely polygonal in shape but the majority was round
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and bulging. Similar morphologies could be observed on cells which were cultured on the
keratin films. A proportion of cells on the films were round and bulging, stacking on top
of a layer of cells that were in highly spread shape. Cells cultured on the keratin fibers
adopted highly spread, elongated or spindle morphologies on the fibers. They were
mostly flattened on the keratin fibers.

5.2

Discussion

Development of keratin fibers via electrospinning had been a challenge due to difficulty
in dissolution of high concentration of keratin and relatively low molecular weight [34].
In addition, to the synthesis of keratin fibers, reports on cellular interaction with
electrospun keratin are limited. Hence, with the formulation of 30 wt% keratin and
0.5wt% PEO in Na2S solvent, a novel electrospun keratin-based fibers was developed in
this work and deemed suitable to act as a platform for materials characterization and cell
interaction studies.

Keratin retained its protein conformation and chemical structure after electrospinning, as
shown by the FTIR comparison between the electrospun keratin fibers and the
lyophilized keratin. There was clear indication of signature peaks originating from the
vibrations of the peptide groups in a protein, with the Amide I and Amide II peaks being
the most prominent vibrational peaks of the protein backbone [151]. Compared to the
lyophilized keratin, the keratin fibers contained the S2O32- group, as a result of the
reaction of Na2S in H2O during the preparation of electrospinning solution. This reaction
is shown by the following equation [152]:
2Na2S + 2O2 + H2O  Na2S2O3 + 2NaOH + heat
Presence of the S2O32- group, which has its characteristic peaks at 1115 cm-1 and 995 cm-1
[152], was indicated by the absorption peaks in the infrared spectra of the Na2S hydrates
and keratin fibers at 1114 cm-1 and 994 cm-1. The presence of the two peaks from Na2S
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hydrates could be eliminated by washing the keratin fibers with PBS, indicated that the
Na2S residues could be easily remove from the keratin fibers.
In addition, the characteristic infrared absorption bands of PEO, which occurs in the
fingerprint region of wavelengths below 1500 cm-1, did not appear in the keratin fibers’
spectrum. This was due to the relatively small amount of PEO present in the keratin
fibers. FTIR analyses further suggest that the interaction between PEO and keratin, which
improved the electrospinnability of the keratin solution, was purely physical.
Therefore, as a summary of the keratin fibers’ chemical properties, the keratin fibers
developed had chemical conformation resembled those of the extracted keratin,
indicating the electrospinning did not significantly affect the protein quality and the fibers
produced retained their general protein characteristics which are the amide bonds.

However, keratin fibers were less thermally stable than the extracted keratin after
electrospinning as their secondary structures denatured at lower temperatures. It could be
due to the high speed formation of the fibers and the quick solvent evaporation during
electrospinning that hindered the keratin self-assembly [164]. This led to a less thermally
stable and less complex supermolecular organisation in the keratin of the fibers.
In addition, electrospinning might had also caused less α helix structures and more β
sheet structures to be present in the keratin fibers as indicated by the DSC curve of the
keratin fibers. This might be due to the stretching of keratin during electrospinning that
caused the α helix structures to transform into β sheet structures since the extension of
keratin could lead to α-β transformation [165].

The mechanical properties of the keratin fibers were understood to be that keratin fibers
were less stiff and brittle compared to gelatin fibers [26, 163]. The presence of PEO in
the keratin fibers might also had contributed to the lower Young’s modulus and higher
strain at break compared to pure gelatin fibers [26].
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Both hydrolytic degradation and enzymatic degradation of keratin fibers were assessed to
evaluate their potential as a biodegradable material for tissue engineering.
Hydrolytic degradation was based on the standard ASTM (ASTM F1635-11: Standard
Test Method for in-vitro Degradation Testing of Hydrolytically Degradable Polymer
Resins and Fabricated Forms for Surgical Implants). However, protein-based materials
degrade faster in the human body than predicted by the standard test because they can
undergo accelerated degradation due to presence of enzymes in the human body.
Therefore, looking into the enzymatic degradation profile of keratin is necessary.

Keratin fibers were degradable minimally under hydrolytic environment and significantly
under enzymatic environment. Higher pH of the hydrolytic environment played a role in
keratin being degraded faster hydrolytically as a result of reducing condition which
catalyzed the degradation process. As for enzymatic degradation, keratin fibers degraded
significantly faster in the presence of proteinase K than in the presence of chymotrypsin
as a result of differences in the mechanism of degradation activity between these two
enzymes. Proteinase K are very well known to digest keratin, as suggested by its name,
because the enzyme is specific against hydrophobic amino acid residues primarily [166].
In contrast, chymotrypsin is highly selective over bonds involving aromatic amino acids
with their carboxyl group and hence showing preference in degrading esters much more
rapidly than proteins [167].

This difference in enzymatic degradation mechanism might also explain the trend in
which keratin tends to degrade faster than collagen under enzymatic digestion by
chymotrypsin but it degraded significantly slower than collagen under enzymatic
digestion by proteinase K. Keratin is a very rigid protein which is less prone to enzymatic
degradation because of the high amount cysteine holding keratin’s intact structure [34],
hence it would be natural that collagen showed faster enzymatic degradation behavior
under the broad spectrum proteinase K. However, since chymotrypsin is weak in
digesting proteins because of its preference for ester bonds, hydrolysis process by the tris
buffer used as the medium for these enzymatic degradation might have become relatively

81

Characterisation of Electrospun Keratin Fibers

Chapter 5

more dominant in causing keratin’s tendency to degrade faster than collagen in the
degradation study involving chymotrypsin.

Overall it was observed that keratin fibers tend to degrade faster than keratin film given
its higher surface area to volume ratio, indicating the potential tunability of degradation
profiles of the keratin fibers via alteration of the fiber diameters and architecture of the
electrospun material.

Immortalized L929 mouse cells were used as recommended by ASTM (ASTM F813-07:
Standard Practice for Direct Contact Cell Culture Evaluation of Materials for Medical
Devices). Live/Dead staining from day 1 showed that the different samples used, i.e. cell
culture inserts, electrospun keratin fibers and keratin films, were not cytotoxic. All
samples induced healthy cellular response, with a few cells starting to spread from day 3
and proliferating to confluency by day 7. Both cell culture inserts and keratin films did
not support significant cell spreading, although cell proliferation on cell culture inserts
was clearly more significant. In the environment provided by the keratin fibers, even
though cell proliferation was less significant than on the cell culture inserts, cell
spreading was significantly enhanced, likely due to the combined physical and
biochemical cues provided by the keratin fibers. In addition to the high surface area to
volume ratio provided by the fibrous structure of the keratin matrices also allowed higher
degree of cell-material interactions [23, 168].

5.3

Conclusion

Keratin fibers were successfully electrospun without compromising amide bonds.
However it was revealed that keratin fibers were thermally less stable than the extracted
keratin, attributed to keratin structures being less organized due to the process of
electrospinning. The stretching process of electrospinning was also speculated to be
playing a potential role in α-β transformation of protein structures when the extracted
keratin was electrospun into fibers. Keratin fibers were less brittle and stiff compared to
gelatin fibers mainly due to the prescence of PEO in keratin fibers. These keratin fibers
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were evaluated to be suitable for tissue engineering as they are biodegradable and
biocompatible, given their degradation profiles and the results from cell studies that
keratin fibers posed no cytotoxic issues.
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Chapter 6:

Tuning Alignment of Keratin Fibers and Their Potential for
Wound Healing
Fabricating of aligned keratin fibers were attempted in this work by varying
the controlling parameters of the electrospinning process. These controlling
parameters include applied voltage, tip to collector distance, feedrate and
rotating speed of the drum collecting the fibers. The variation in the
controlling parameters was done by following the optimization table shown
in Table 6-1.
Table 6-1 Optimization table of controlling parameters involving applied voltage, tip to collector distance,
feedrate and rotating speed of the drum collecting the fibers to find the best combination to fabricate aligned
keratin fibers. The initial recommended combination was 10kV applied voltage, 15cm tip to collector distance,
0.5ml/h feedrate and 600 rpm of drum rotating speed.

The optimization table is a systematic guideline to follow for a new method
to work optimally with minimal effort and time. It works on the basis of N +
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(N-1) rule. Hence, instead of carrying out N1 x N2 = 4 x 2 = 8 experiments to
vary one variable at a time, the optimization table above organizes the
experiments such that only N1 + (N2-1) = 4 + (2-1) = 5 experiments were
required in changing one variable at a time.
The morphologies of the fibers produced from the 14 experimental
combinations were observed under the SEM. In order to evaluate the degree
of alignment of the fibers from each combination, the corresponding SEM
images were transformed into Fast Fourier Transform (FFT) images using
Image J. Subsequently, the FFT images were quantified using a program
developed by Bill O’Connell to determine the FFT peak unit. The FFT peak
units were compared among all 14 experimental combinations with the
highest FFT peak unit indicating the best degree of alignment. The
combination of controlling parameters which gave the best alignment was
subsequently chosen to be the optimized aligned fibers for further
characterization in this work. Mechanical properties of the optimized
aligned keratin fibers were done using Dynamic Mechanical Analysis
(DMA) and compared with random keratin fibers. The potential of both
aligned and random keratin fibers as platforms for wound healing were
evaluated by culturing human dermal fibroblasts (HDFs) on the keratin
fibers for 1, 3 and 7 days. Cell viability of HDFs on these keratin fibers was
quantified using PicoGreen and AlamarBlue assay. The PicoGreen assay
gave an indication of the cell numbers by quantifying the amount of DNA
present while the AlamarBlue assay gave an indication of the metabolic
activities of cells by quantifying the chemical reduction of the culture
medium resulting from cell growth. HDFs morphology and distribution on
both random and aligned keratin fibers were assessed using Live/Dead
staining. Further detail of HDFs morphology on keratin fibers were
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evaluated by Phalloidin staining. In anticipation to give a broader picture
on the behavior of HDFs on keratin fibers, immunostaining to detect
fibronectin and collagen III was done to evaluate whether the HDFs were
able to execute their role in extracellular matrix (ECM) production during
early stage of wound healing, when cultured on keratin fibers.
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6.1

Results

6.1.1

Optimization of Alignment via Controlling Parameters of Electrospinning

Morphology of fibers produced from each combination of controlling parameters was
observed and analyzed on the degree of alignment with the SEM images as shown in
Figure 6-1.

Figure 6-1 Representative SEM images of the 14 possible combinations to obtain aligned keratin fibers and their
corresponding FFT peak unit. Combination #13 produced fibers with the best alignment while combination #1
produced fibers with the worst alignment

The SEM images were used to determine the degree of alignment of fibers produced from
the 14 potential combinations. Figure 6-1 shows that combination #13 produced fibers
with the best alignment while combination #1 produced fibers with the worst alignment.
Figure 6-2 gives a summary of the FFT peak units of all 14 combinations in descending
order from the top.
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Figure 6-2 Plot of FFT quantification (left) of the 14 combinations and their corresponding average FFT peak
unit in descending order from the top. The highest peak unit is 0.238 while the lowest peak unit is 0.089

From Figure 6-2, the best alignment has a FFT peak unit of 0.238 and the worst
alignment has a FFT peak unit of 0.089.
Further analysis was done on how the controlling parameters affect the alignment of
fibers. The two controlling parameters which are the tip to collector distance as shown in
Figure 6-3 and the drum rotating speed as shown in Figure 6-4 were identified to play a
role in affecting the degree of fiber alignment.

Figure 6-3 The role of tip to collector distance on the degree of alignment of keratin electrospun fibers. A)
Summary plot, B) SEM images and C) FFT quantifications of combinations #5, #2 and #6 showing that
increasing tip-to-collector distance gave better alignment with higher average FFT peak value
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From Figure 6-3, by decreasing the tip to collector distance from 20 cm (combination #6)
to 15 cm (combination #2) to 12 cm (combination #5), the alignment of the fibers
increased from FFT peak value of 0.163 (combination #6) to 0.192 (combination #2) to
0.210 (combination #5).

Figure 6-4 The role of drum rotation speed on the degree of alignment. A) Summary plot of increasing rotating
drum speeds and their corresponding FFT peak value and B) combinations with their respective rotating drum
speed and corresponding surface velocities

For universal comparisons, the drum rotation speed is converted to their corresponding
surface velocity by taking the size of the rotating drum into account. The surface velocity
was determined by multiplying the speed of the rotating drum in rpm with πD in which D
is the diameter of the rotating drum (i.e. 76.2 mm). Figure 6-4A showed that there was a
threshold surface velocity needed to get best alignment of keratin fibers. This surface
velocity was 119.69 m/min with the highest average FFT peak value of 0.238 from
combination #13. It was further analyzed how increasing rotating speed caused better
alignment before the threshold rotating speed in Figure 6-5 and how increasing the
rotating speed caused poorer alignment after the threshold rotating speed in Figure 6-6.
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Figure 6-5 The role of drum rotation speed on the degree of alignment before the threshold rotating speed. A)
SEM images and B) FFT quantifications of combinations #9, #10, #11 and #12. C) Summary plot showing that
increasing rotating speed gave better alignment before the threshold rotating drum speed

Figure 6-5 showed that increasing the rotating drum speed from 100 rpm to 400 rpm, the
alignment of the fibers increased with FFT peak value increasing from 0.110 to 0.188.

Figure 6-6: The role of drum rotation speed on the degree of alignment after the threshold rotating speed. A)
SEM images and C) FFT quantifications of combinations #13, #12 and #14. B) Summary plot showing that
increasing rotating speed gave poorer alignment after the threshold rotating drum speed
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Figure 6-6 showed that by increasing the rotating drum speed from 500 rpm to 700 rpm,
the alignment of the fibers decreased with FFT peak value decreasing from 0.238 to
0.177. It was also observed that there were broken fibers under the SEM when the
rotating drum speed reached 600 rpm and 700 rpm.

Overall it was concluded that the optimized combination of 10kV applied voltage, 12 cm
tip to collector distance, 0.5 mL/h of feedrate and surface velocity of 119.69 m/min gave
the best alignment with average FFT peak of 0.24 as shown in Figure 6-7.

Figure 6-7 A) The SEM image of aligned fibers produced from the optimized combination followed by its
corresponding FFT image and FFT quantification. B) High magnification (left) and low magnification (right)
SEM images of the optimized aligned keratin fibers

6.1.2

Mechanical Properties of Optimized Aligned Keratin Fibers

The stress-strain curve of aligned keratin fibers as shown in Figure 6-8, was obtained
from DMA by applying tensile strain parallel to the orientation of the aligned fibers, with
random keratin fibers and random gelatin fibers as the controls.
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Figure 6-8 Stress-strain curves of aligned keratin, random keratin and random gelatin fibers showing
distinctively that aligned keratin had higher Young’s modulus and ultimate tensile strength but lower strain at
break than random keratin.

Values of the Young’s modulus, ultimate tensile strength and strain at break were
obtained from Figure 6-8 and collated in Table 6-2.
Table 6-2 Collated results of mechanical properties of aligned keratin, random keratin and random gelatin
fibers, showing values of Young’s modulus, ultimate tensile strength and elongation at break determined from
the stress-strain curves

It was ensured that all types of fibers used have similar fiber diameter. From Table 6-2, it
is shown that the aligned keratin fibers which had a Young’s modulus of 39.92±6.44 MPa
were much stiffer than random keratin fibers which had a Young’s modulus of
11.06±1.58 MPa.

Besides, aligned keratin fibers had higher ultimate tensile strength of 3.8±0.3 MPa as
compared to random keratin fibers with ultimate tensile strength of 1.8±0.1 MPa.
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However, aligned keratin fibers tend to be more brittle with lower strain at break of
42.5±4.1% compared to keratin fibers which had strain at break at 78.0±7.2%.

6.1.3

Human Dermal Fibroblasts Viability

Cell compliance of the aligned keratin and random keratin fibers were evaluated with
gelatin random keratin as the control, by culturing human dermal fibroblasts on them.

6.1.3.1 Human Dermal Fibroblasts Viability
Quantifications of the cell viability were done using PicoGreen assay which measures the
amount of double stranded deoxyribonucleic acid (dsDNA) and AlamarBlue assay which
detects the level of metabolic activity of the cells. Results from the PicoGreen assay and
AlamarBlue assay are shown in Figure 6-9.

Figure 6-9 Cell viability and proliferation of human dermal fibroblasts cultured on the electrospin fibers. A)
PicoGreen assay results and B) Alarmar Blue assay results showing healthy cell growth on aligned keratin,
random keratin and random gelatin electrospun fibers over a period of 10 days.

PicoGreen results indicated that the number of HDFs increased over time until Day 7 and
started to become constant from Day 7 to Day 10 while the AlamarBlue results indicated
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that the metabolic activity of the HDF population on all the samples increased over time,
even up to Day 10. Both results also showed that the cell number and metabolic activity
of the HDF population on aligned keratin matrices were significantly higher than random
keratin matrices at Day 3 and Day 5.

Live/Dead staining was done to observe the cell morphology and distribution of HDF on
aligned keratin, random keratin and random gelatin as shown in Figure 6-10.

Figure 6-10 Fluorescence microscopy images of cell cultured samples over 7 days. Calcein-AM was used to stain
viable cells (green) while ethidium homodimer-1 was used to stain the nuclei of non-viable cells (red). HDFs on
the samples exhibited their typical spindle morphology by Day 3

F-actin staining was also done on HDFs cultured on aligned keratin, random keratin and
random gelatin fibers and observed at higher magnification as shown in Figure 6-11.
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Figure 6-11 Fluorescence microscopy images of cell cultured samples over 7 days. F-actin (red) of the cells was
stained by Phalloidin and the nucleus (blue) of the cells was stained by DAPI. HDFs on the keratin fibers
arranged themselves according to the architecture of the fibrous samples by Day 3.

Results from Figure 6-10 and Figure 6-11 showed that most of the HDFs exhibited their
typical spindle morphology by Day 3 of cell culture. In addition, the HDFs formed
network of cells according to the topography of the fibrous samples.

6.1.3.2 Extracellular Matrix Production

Expression of fibronectin and collage III were checked via immunostaining as shown in
Figure 6-12 and Figure 6-13 respectively.
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Figure 6-12 Immunofluorescence staining of fibronectin on cell cultured samples over 7 days. Samples were
stained for fibronectin (green) and nuclei (blue). Expression of fibronectin were found on keratin samples but
not gelatin samples.

Figure 6-13 Immunofluorescence staining of collagen III on cell cultured samples over 7 days. Samples were
stained for collagen III (green) and nuclei (blue). Expression of collagen III were found on all samples

Figure 6-12 and Figure 6-13 showed that HDFs cultured on both aligned and random
keratin fibers were capable of secreting fibronectin and collagen III. Some of the HDFs
cultured secreted fibronectin and collagen II since 1 day after cell seeing and by 3 days,
most cells were shown to be capable to secrete these extracellular proteins. Likewise,
HDFs on random fibers were shown to secrete collagen III. However, it is shown in
Figure 6-12 that HDFs cultured gelatin fibers did not secrete any fibronectin, even up till
7 days after cell seeding.
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Discussion

Human tissues are intricate matrices housing many different cells in their complex and
well-defined organization of extracellular proteins. The architecture and environment of
the tissues in the human body are two important features for considerations when
designing a viable scaffold for tissue engineering. Figure 6-14 provides an illustrative
summary of the structures of different human tissues [169].

Figure 6-14 Illustrative summary of the human tissues. Reproduced with permission from [169]

From Figure 6-14, many human tissues such as the muscle, partial regions of the brain
and heart, blood vessels, tendon, ligament and skin dermis have aligned architectures.
Focusing on skin dermis, it is a well-organized ensemble of multi cell types such as
fibroblasts, macrophages and adipocytes embedded in an aligned extracellular matrix
with predominantly collagen bundles [170, 171] as shown in Figure 6-15.
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Figure 6-15 Illustration of the structure of the skin (epidermis and dermis) which consisted of A) multiple cell
types in which keratinocytes and fibroblasts are the most critical cells for dermal wound healing. SEM images of
B) collagen bundles at the dermis tissue and C) fibroblasts aligning themselves according to the architecture of
the dermis tissue. Adapted with permission from [170, 171]

Figure 6-15B) is an SEM image of the collagen bundles observed in the dermis of the rat

skin and Figure 6-15C) is an SEM image of aligned dermal fibroblast in the same tissue of
the rat [170], suggesting that aligned architecture are needed to mimic the environment
for fibroblasts in dermal wound healing. Besides, Many studies have discussed that
matrices with aligned fibers improve cell proliferation [112, 172-174], migration [172,
175] and ECM production [176-178]. However, whether this advantage of aligned
fibrous matrix over random fibrous matrix is significant varies across different studies
using different types of scaffolds and cell types [108]. Hence, it is worthwhile to evaluate
whether aligned architecture can enhance the biological function of keratin in this work
which has not been reported before.

To get highly aligned fibers, variation of controlling parameters involving the applied
voltage, feedrate, tip to collector distance and surface velocity in keratin fiber collection
were done with the initial recommendation of 10 kV applied voltage, 15 cm tip to
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collector distance, 0.5mL/h feedrate and surface velocity of 143.63 m/min. However, it
was found that a shorter tip to collector distance of 12 cm gave better alignment. This can
be attributed to the whipping instability of the fibers and the decrease in directional
electric field at longer distance [179].

It was widely discussed that higher surface velocity would result in better alignment [95,
180] due to more effective drawing of the polymer jet resulting from higher tangential
force exerted on the jet for mechanical alignment. However, it was found that a lower
surface velocity of 119.69 m/min gave better alignment. It is speculated that breakage of
fibers due to too high the surface velocity used to collect the fibers, had led to broken
fibers being deposited randomly on the rotating drum. Hence, there is a threshold surface
velocity which is 119.69 m/min to electrospin well-aligned keratin fibers.
Therefore it was concluded that the combination of 10kV applied voltage, 12cm tip to
collector distance, 0.5mL/h feedrate and a surface velocity of 119.69 m/min would
produce keratin fibers with the best alignment.

Human dermal fibroblasts which are cells found mainly in the dermis and critical for
wound healing were used. Fibroblast activity on the matrices is relevant as they play an
important role of producing new ECM necessary to support cell and vascular in-growth
[181, 182]. PicoGreen assay showed that the cell number of the human fibroblast cultured
on both random and aligned keratin fibers increased over time. Likewise, result from the
AlamarBlue assay was consistent with the PicoGreen assay indicating that the metabolic
activity of the HDF population increased over time. Both quantifications of HDF viability
implied that the keratin fibers could support healthy cell growth comparable to the
positive control.

Live/Dead staining and F-actin staining showed that keratin fibers induced healthy
cellular response with most of the HDFs exhibiting their typical spindle shape
morphology by Day 3. It is also interesting to see that these HDFs could respond to the
topographical cues given by the random and aligned keratin fibers and formed network of
cells according to the architecture of the keratin fibers.
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During wound healing, HDFs’ most important role is to produce new extracellular
proteins to repair the damage on the injury site [183, 184]. Two of these essential
extracellular proteins are fibronectin and collagen III especially in the early stage of
wound healing [185]. Immunostaining showed that there were expression of fibronectin
and collagen III on the cultured random and aligned keratin fibers, indicating that the
keratin fiber could induce these HDFs to secrete extracellular matrix proteins essential for
wound healing.

6.3 Conclusion
Well-aligned keratin fibers were successfully electrospun from an optimized combination
of controlling parameters which were 10kV applied voltage, 12 cm tip to collector
distance, 0.5 mL/h of feedrate and surface velocity of 119.69 m/min in the collection of
fibers using a rotating drum. The resulting aligned keratin fibers had higher tensile
strength and stiffness than random keratin fibers. Both random and aligned keratin fibers
supported cell growth of primary HDF. Besides, HDFs were able to respond and arrange
themselves according to the architecture of the keratin fibers. It was evaluated that these
keratin fibers have good potential for wound healing as they are capable of inducing the
HDFs to secrete extracellular proteins.
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Chapter 7:

Involvement of Keratin and Electrospinning in Cell-Material
Interaction
To look further into keratin potential as a bioactive material, keratin films
were used in the study instead of keratin fibers, in order to eliminate the
possibilities of topographical cues in influencing the growth of human
dermal fibroblasts (HDFs) on keratin. The keratin films were cast from the
formulated solution used in this work to electrospin keratin fibers. Two
different drying methods were used in the casting of films. Quick drying of
keratin films was done by vacuum drying while slow drying of keratin films
was done by air drying. These films were labeled as vacuum-dried (VD)
films and air-dried (AD) films. The cell compliance of both AD and VD films
were evaluated by culturing HDFs on them for 1, 3 and 7 days. Cell viability
was observed using Live/Dead staining and quantified using PicoGreen
assay. The films were also characterized for their differences in their
material properties such as morphology using AFM, nitrogen bonding using
XPS and availability of free functional groups such as amines and thiols
using chemical assays like Ninhydrin and Ellman’s reagent respectively.
Potential cell-material interaction between keratin and HDFs was
elucidated and demonstrated. The keratin extracts were further analyzed by
Western blotting to determine the presence of keratin subtypes which
contain the following cell adhesion motif, Leu-Asp-Val (LDV). To test the
role of α4β1 integrin in HDFs attachment on keratin, inhibition assay was
done by seeding HDFs blocked separately with α4 and β1 integrins
antibodies. Expression of α4 and β1 integrins by HDFs was also checked via
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Western blotting. The cell-material interaction study was done to give an
evaluation on whether interaction between keratin and HDFs could be
mediated by the affinity of α4β1 integrin expressed by HDFs to LDV protein
sequence found in human hair keratin.
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Cell viability of L929 mouse cells and HDFs cultured on AD films was evaluated using
Live/Dead staining assay as shown in Figure 7-1.

Figure 7-1 Fluorescence microscopy images of cell cultured samples over 7 days. Calcein-AM was used to stain
viable cells (green) while ethidium homodimer-1 was used to stain the nuclei of non-viable cells (red). L929 (top)
showed healthy growth on AD films while HDF (bottom) barely proliferated on AD film.

From Figure 7-1, L929 proliferated well on AD films and became highly confluent at
Day 7. However, HDFs cultured on AD films did not proliferate much and they did not
seem to attach well on AD films.

Afterwhich, a comparison of HDF compliance on AD film and VD film was attempted
with Live/Dead staining assay to observe cell morphology and PicoGreen assay to
quantify cell viability of HDFs cultured on the keratin films. Results are shown in Figure
7-2.
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Figure 7-2 Comparison of HDF compliance on AD film and VD film. (A) PicoGreen assay results and (B)
fluorescence microscopy images of cell cultured samples over 7 days. HDFs showed healthy cell growth on VD
films but barely proliferated on AD films.

Figure 7-2 showed that compared to the poor growth of HDFs on AD films, HDFs could
grow very well on VD films with most of the HDFs exhibiting their typical spindle shape
morphology by Day 1 and becoming highly confluent by Day 7.

7.1.2

Characterization of Vacuum-Dried and Air-Dried Keratin Films

Differences in film morphology between VD and AD keratin film was checked using
AFM and the surface roughness was calculated from the AFM 2D amplitude images for
comparison as shown in Figure 7-3.

Figure 7-3 Surface morphologies of AD and VD keratin films. (A) AFM 3D Height and 2D Amplitude images
and (B) surface roughness calculated from 2D Amplitude images of AD and VD films. There were no significant
differences on the surface morphologies between AD and VD keratin films
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Results from Figure 7-3 indicated that the surface roughness of AD films and VD films
were almost the same with AD film having a average roughness of 6.52±1.07nm and VD
film having a average roughness of 6.37±0.65 nm. This implies that surface
morphologies of the AD and VD films are very similar.

Differences in surface chemistry between AD and VD keratin films was analyzed using
XPS. N1s peak from the high resolution XPS spectra of keratin films and fibers were
deconvoluted to 3 peaks which represent amine group (-C-NH-) at binding energy of
399.4eV, amide group (-C=O-NH-) at binding energy of 400.5 eV and protonated amine
group (-C-NH3+) at binding energy of 401.4 eV [186, 187]. The percentage of the amide
bonds in the nitrogen species were derived by calculating the area of the amide group
peak as a function of the broad area of N1s peak and compared among the keratin fibers,
AD and VD keratin films as shown in Figure 7-4.

Figure 7-4 XPS N1s narrow scans with deconvolutions of 3 components which are amide, amine and protonated
amine of A) VD keratin film, B) AD keratin film and C) keratin fibers. D) A comparison plot on the amide bond
percentage in the nitrogen species of keratin fibers, VD and AD keratin films.
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XPS result indicated that most nitrogen species in the keratin specimens were found in
amide bonds which are the signature protein bonds. However, there were minority of the
nitrogen species which were in the form of amine and protonated amine groups. From
Figure 7-4D, the percentage of amide bonds in the nitrogen species of the keratin
specimens were 70%, 79.19% and 93.1% for keratin fibers, VD and AD keratin films
respectively. It was therefore determined that AD film contained the least percentage of
amine and protonated amine groups as compared to VD film and keratin fibers.

Differences in the amount of free amine groups between VD and AD films were further
confirmed by Ninhydrin assay as shown in Figure 7-5.

Figure 7-5 Comparison on the amount of amine groups in VD and AD film from Ninhydrin assay. VD film
contained significantly higher amount of amine groups compared to AD film

Results from Ninhydrin assay (Figure 7-5) showed that VD film contained significantly
higher amount of amine groups compared to AD film.

Besides the detection of free amine groups, the amount of free thiol groups in VD and
AD films was also determined using Ellman reagent assay as shown in Figure 7-6.
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Figure 7-6 Comparison on the amount of free thiol groups in VD and AD films from Ellman Reagent’s assay.
VD film contained significantly higher amount of thiol groups compared to AD film

Results from Ellman reagent assay (Figure 7-6) showed that VD film contained
significantly higher amount of thiol groups compared to AD film.

7.1.3

Cell-Material Interaction Study between Keratin and Human Fibroblasts

For cell-material interaction study, further Western blotting was done on the keratin
extracts to confirm the presence of keratin subtypes as shown in Figure 7-7.

Figure 7-7 Western blot of human hair extracts showing the presence of acidic keratin subtype, K31, K33 and
K34 with a molecular weight of 45kDa

The bands at 45 kDa in Figure 7-7 showed that the human hair extracts contained acidic
keratin subtypes, namely K31, K33 and K34.

Cell interaction on keratin material was then evaluated by culturing HDFS on keratin VD
films. The role of α4β1 integrin of HDFs in enhancing HDFs attachment to keratin VD
film was analyzed by blocking HDFs with α4 antibody and β1 antibody prior to HDFs
seeding on the keratin VD film. Figure 7-8 showed the comparisons in the degree of cell
109

Involvement of Keratin and Electrospinning in Cell-Material Interaction

Chapter 7

attachment between blocked HDFs with keratin VD film and unblocked HDFs with
keratin VD film. This inhibition assay was quantified with PicoGreen assay and on
additional controls such as fibronectin coating, polystyrene and untreated polystyrene.

Figure 7-8 Effect of A) α4 integrin-blocking antibody and B) β1 integrin-blocking antibody on the cell attachment
on keratin film, fibronectin coating, polystyrene and untreated polystyrene. Significant decrease in cell
attachment was observed on keratin films when HDFs were blocked with α4 and β1 integrin-blocking antibodies.
*p<0.05

Results from the inhibition assay showed that cell attachment decreased on keratin films
when they were seeded with HDFs blocked with α4 integrin-blocking antibody and HDFs
blocked with β1 integrin-blocking antibody. Cell attachment on fibronectin films
decreased significantly when they were seeded with HDFs blocked with β1 integrinblocking antibody but not HDFs blocked with α4 integrin-blocking antibody. As for both
polystyrene and untreated polystyrene, the integrin-blocking antibodies did not
significantly affect cell attachment of HDFs on both substrates.
Expression of α4 integrin and β1 integrin by the HDFs were checked using Western
blotting. Results are shown in Figure 7-9.
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Figure 7-9 Expression of integrins by HDFs cultured on fibronectin coating (FC), keratin film (KF) and
untreated (uPS). A) Ponceau red staining of transfer membrane loaded with cell lysates harvested 4 hours after
HDF seeding on the samples and B) Western Blot showing expression of β-actin, α4 and β1 integrins from cell
lysates harvested 7 days after HDF seeding on the samples

Figure 7-9A showed the possibility of integrins of HDFs being expressed when cultured
on keratin film (KF) and fibronectin coating (FC) but not on untreated polystyrene (uPS)
after 4 hours of seeding. Figure 7-9B showed that α4 integrin (~115kDa) and β1 integrin
(~130kDa) of HDFs were expressed when cultured all samples for 7 days.

7.2

Discussion

With advances in tissue engineering and better understanding of cell biology, tissue
scaffolds are being developed to act as a platform to promote tissue regeneration, so as to
overcome the limited supply of suitable transplant available. Tissue scaffolds can come in
forms of natural polymers, synthetic polymers or a combination of both to overcome their
individual shortcomings. The biggest advantage of proteins over synthetic polymers is
that they can induce biological recognition via cell adhesion motifs. Hence, the potential
of keratin as an alternative bioactive material was examined in this work.
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Verma et al. reported that human hair keratins contained the cell adhesion motif which is
Leucine-Aspartic Acid-Valine (LDV) [12] and these motifs mainly come from acidic
keratin subtypes. Further Western blotting on human hair extracts in this work confirmed
that these extracts contained K31, K33 and K34 acidic keratin subtypes which originates
from cortex of the human hair [42]. These acid keratin subtypes contains LDV as part of
their protein sequence. Therefore, it was confirmed that the keratin extracts used in this
work to create platforms for cell studies, contained LDV.

LDV is a cell adhesion motif which has been widely discussed to be part of the protein
sequence of common proteins such as fibronectin and vascular cell adhesion molecule-1
(VCAM-1) and it is recognized by the cell adhesion molecule, α4β1 integrin [188, 189].
Besides, it was also found out that HDFs expressed functional α4β1 integrin and evaluated
that α4β1 integrin facilitates fibroblasts attachment to fibronectin [190]. These proven
concepts led to speculation in this work that cell-material interaction between keratin and
HDFs may be mediated by the affinity of α4β1 integrin to the LDV protein sequence.
Cell study was carried out between HDFs and keratin by casting of keratin films to
eliminate the possibilities of topographical cues in affecting cell attachment, growth and
function [191, 192]. Preliminary cell study on air-dried keratin films showed that these
films were not cytotoxic as indicated by healthy growth of L929 mouse cells. However,
when HDFs were cultured on the air-dried keratin films, they did not seem to attach well
on the films at Day 1 and subsequently resulting in poor growth of HDFs on the films
over Day 3 and Day 7.

With this stark difference in HDFs response on air-dried keratin film compared to HDFs
response on electrospun keratin fibers as previously discussed, the difference between
these two processing methods; casting of films via air drying and formation of fibers via
electrospinning were analyzed. It was evaluated that compared to air-dried film casting
process, besides the generation of material with fibrous topography which is negligible in
casted films, electrospinning is a relatively quick drying process. It was discussed in
Chapter 5 that high speed formation of the keratin material and the quick solvent
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evaporation during electrospinning had altered the keratin assembly to a less complex
supermolecular organization [164]. Moreover, there are reports indicating that
morphologically different protein derivatives from the same parent protein exhibit
different cell response. For example, Zako et al. reported that reducing the disulphide
bonds of insulin in the presence of tris(2-carboxyethyl)phosphine (TCEP) resulted in
formation of insulin filaments which exhibited significant increase in PC12 cell viability
compared to intact insulin fibrils [193]. In addition, Zako et al. also showed that the
secondary structures of insulin filaments were different from intact insulin fibrils.
Another example is a report by Midwood et al. on the cell interactions with fibronectin
matrices [194]. Midwood et al. reported that cells expressing α4β1 integrin showed poor
cell attachment and were unable to spread on or contract a 3D fibrin-fibronectin matrix
when the fibronectin was intact while cells expressing α4β1 integrin were able to adhere,
spread and induce matrix contraction when interacting with 3D fibrin- fragmented
fibronectin matrix. It was concluded that proteolytic cleavage of fibronectin from intact
fibronectin was necessary for cell interactions via α4β1 integrins.
With this frame of references, the possibility that the quick drying process due to
electrospinning might have altered keratin’s organization in favour for HDF’s response
compared to the slow drying process during the casting of air-dried keratin films. In view
of this perspective, two different drying methods were used in the casting of keratin.
Quick drying of keratin films was done by vacuum drying while slow drying of keratin
films was done by air drying. These films were labeled vacuumed-dried (VD) films and
air-dried (AD) films. Comparison of HDF response on both films revealed that HDFs
were able to adhere, spread and proliferate well on VD keratin film but not on AD keratin
film. This distinct phenomenon partially supported the previous discussion on the
occurrence in which morphologically different protein derivatives from the same parent
protein exhibiting different cell response.

Morphological differences between keratin in VD film and AD film were evaluated by
AFM and indirectly by characterizations of chemical bonds. The similar roughness in
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nanoscale between AD and VD film as detected by AFM, indicated that the AD and VD
films had similar nanotopgraphy despite being processed differently.

Examination of chemical bonds revealed that keratin in VD film had significantly more
free amines than AD film although keratin in VD film was still dominated by amide
bonds. This might be due to the rapid drying condition which reduced the time
significantly for amide bonds development during VD film formation. Besides, it was
also revealed that keratin in VD film had significantly higher amount of free thiol groups
compared to keratin in AD film, It was inferred that although keratin was reduced by
Na2S from its disulphide bonds to thiol bonds before the film formation process, free
thiol groups were unstable [195] and formed back into disulphide bonds via oxidation
during the slow air-drying process. Hence, there were less thiol groups in keratin AD film
compared to keratin VD film. Recalling the phenomenon from HDF study between
keratin VD and AD films, it was further speculated that keratin in VD film was partially
fragmented with more free amine groups and denatured with relatively higher amount of
thiol groups compared to keratin in AD film and thus resulting in matricryptic sites which
become exposed after structural or conformational alterations of proteins [193, 194, 196],
allowing α4β1 dependent adhesion via the V-region exposure.
Dependency of α4β1 integrin in HDF adhesion on keratin VD film was evaluated. Results
showed that α4 integrin and β1 integrin played a significant role in HDF attachment to
keratin VD film while only β1 integrin played a significant role in HDF attachment to
fibronectin coating. This was further explained that fibronectin contained more than one
type of cell adhesion motif. Other than LDV, fibronectin also contains RGD which
allows cell attachment via α5β1 and α8β1 integrins [197], hence the dependency of α4
integrin for HDF attachment on fibronectin was not as significant as on keratin.

7.3

Conclusion

Two methods which were slow drying and quick drying of keratin, were done in casting
of keratin films for cell-material interaction study. The resulting keratin VD films and
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AD films elicited significantly different HDF behavior. This phenomenon drew forth the
possibility that morphologically different protein derivatives from the same parent protein
could exhibit different cell response. It was found that keratin in VD film had more free
amine groups and thiol groups and hence concluded to be partially fragmented and
denatured while keratin in AD film was more organized. With regards to the phenomenon
that VD film supported HDF attachment and growth while AD film did not, this
prompted the postulation that the keratin conformation in VD film had allowed α4β1
dependent adhesion of HDF via the V-region exposure from the LDV cell adhesion
motif. It was proven that α4β1 integrin played a significant role in HDF attachment of
keratin VD film, hence elucidating the cell-material interaction between keratin VD film
and HDF being mediated by the affinity of α4β1 integrin expressed by HDFs to the LDV
protein sequence found in human hair keratin.
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Chapter 8:

Conclusion and Recommendations
This chapter consists of a section which relates the three hypothesis to the
findings in this work and discusses on how objectives were thus achieved.
This section is followed by recommendations on the possible future work as
a continuation to the various findings of this work.
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Conclusion

The aim of this dissertation was to create a fibrous ECM mimicking platform from
human hair keratin as an evaluation of keratin’s potential for wound healing and
understand the underlying mechanism of cell-material interaction between human hair
keratin and human cells which are critical for wound healing.

Exploring human hair keratin as an alternative natural polymer for tissue regeneration has
grabbed much attention in recent years due to its potential as an autologous material. In
order to create a cell-viable platform from human hair keratin, electrospinning emerges as
a scalable and simple technique to generate ECM-mimicking nanofibrous scaffolds.
However, due to low molecular weight of keratin, generation of feasible fibrous platform
consisting of keratin as the majority for cell culture became a challenge and hence current
understating of how keratin electrospun platforms affect cell behavior is limited.
Therefore the main objective of this study is to create a novel fibrous platform with
keratin as the major component via electrospinning. This study is split into 3 phases with
different specific objectives as discussed in the introduction chapter.

The 1st objective was achieved by developing an optimized formulation which allow the
formation of well-formed keratin-based fibers and also highly aligned keratin fibers
derived from an optimized combination of electrospinning parameters. Possible
formulations with keratin and PEO in Na2S solvent have been developed and tested for
their viscosities and feasibilities in formation of keratin fibers. Observations indicated
that a certain but minimal amount of PEO was essential for successful formation of wellformed keratin fibers due to the need for PEO’s long chain entanglement to facilitate
electrospinning of keratin. However, when PEO exceeds a critical concentration, the
solution became too viscous to generate well-formed fibers during electrospinning. The
optimized formulation was 30 wt% keratin and 0.5 wt% PEO in Na2S solvent, with a
viscosity value of 0.363 Pa. In addition to random keratin fibers, attempts to fabricate
aligned keratin fibers were done to evaluate the tunability of keratin fibers alignment via
electrospinning parameters and the effect of topographical cues on cell behavior on
keratin fibers. The degree of alignment of keratin fibers were manipulated dominantly by
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the tip-to-collector distance and the surface velocity of the rotating drum. These support
the dissertation’s 1st hypothesis that human hair extracted keratin can be electrospun into
random and aligned fibers via the dissolution of high content keratin into the solvent of
the electrospinning formulation. The creation process of optimized formulation with high
content keratin and optimized combination of electrospinning parameters to fabricate
high degree of alignment of keratin fibers further suggests that a systematic model may
be developed to realize more possible formulations and combinations to successfully spin
keratin fibers with the desired morphology and architecture. Future work on modeling the
electrospinning parameters is discussed in the next section.
The 2nd objective was achieved by evaluating primary HDF behavior on both types of
keratin fibers in terms of metabolic activity, proliferation, cellular distribution and protein
expression in-vitro. Keratin fibers could induce healthy cell growth with HDFs exhibiting
their typical spindle shape morphology on them. Besides, HDFs could response to the
topographical cues given by the keratin fibers and arrange themselves to form network of
cells according to the different architecture of the keratin fibers platform. Keratin fibers
also stimulated HDFs to express fibronectin and collagen III which are ECM proteins
essential in the early stage of wound healing. In addition, the keratin fibrous platforms
used in this work were found to possess significant amide conformations, demonstrating
their strong protein characteristics. This supports the 2nd hypothesis that electrospun
keratin platforms can support the attachment, proliferation and function of human dermal
fibroblasts via topographical cues from the architecture of the platforms and biochemical
cues from the inherent protein characteristics of the keratin. For further evaluation on cell
compliance of electrospun keratin platforms for wound healing, human epidermal
keratinocytes are important candidates to consider for cell studies, besides HDFs. Both
HDFs and keratinocytes studies should be evaluated in unison such that a robust system
may be developed to evaluate keratin fibrous platforms for wound healing by coculturing both cells. The importance of keratinocytes for in-depth future work on
evaluating keratin fibers for wound healing is discussed in the next section.
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The 3rd objective was achieved by carrying out experiments focusing on elucidating cellmaterial interaction using keratin films. Cell-material interaction study between keratin
VD film and HDF was designed to investigate the degree of dependency on α4β1 integrin
in HDFs adherence to keratin VD film. It was proven that α4β1 integrin played a
significant role in HDF attachment of keratin VD film, hence elucidating the cell-material
interaction between keratin VD film and HDF being mediated by the affinity of α4β1
integrin expressed by HDFs to the LDV protein sequence found in human hair keratin.
This proves the 3rd hypothesis that keratin plays a bioactive role to enhance the growth of
human dermal fibroblasts cultured on human hair keratin templates.

There were additional findings from Phase 3 of the study which focused on elucidating
the involvement of keratin and electrospinning in cell material interaction with HDFs.
Experiments in phase 3 was carried out by casting keratin films to eliminate the effect of
topographical cues on cell-material interaction. Two different methods were used in
casting of keratin films; quick drying which is in parallel with the rapid formation of
solid fibers from the solution during electrospinning to form VD films and slow drying to
form AD films as a comparison with the former method. HDFs showed distinctively
different behavior on VD film compared to AD film, the phenomenon that VD film
supported HDF attachment and growth while AD film did not. This prompted the
possibility that morphologically different protein derivatives from the same parent protein
could exhibit different cell response. Existence of significantly higher amount of free
groups such as amine groups and thiol groups implied that keratin in VD film was less
intact than keratin in AD film. This led to the postulation that the keratin conformation in
VD film had allowed α4β1 integrin dependent adhesion of HDF via the exposed V-region
of the LDV cell adhesion motif. Possible future work for the realization of this
postulation is discussed in the next section.

As a summary, a viable keratin platform to facilitate cell growth for tissue regeneration
has been developed in this work and provided insights that cell-material interaction
between keratin and HDFs may be mediated by the affinity of α4β1 integrin to the LDV
cell adhesion motif.
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8.2

Recommendations

8.2.1

Modeling of Electrospinning Parameters to Develop Multi-scale Scaffolds via
Multimodal Electrospinning

The architecture of the electrospun scaffold determines the performance of cell behavior
with the fiber diameter as the prime controllable design parameter [198]. Nanoscale
fibers reportedly improve cell response by sustaining stem cell differentiation induced by
growth factors [94, 199-202] and accelerating cell attachment and proliferation [203,
204] with respect to micro-scale fibers. Moreover, nanofibers offered kinetic boost to cell
performance via higher specific surface area [205, 206]. However, nanofibers result in
dense network of fibers, impeding cell migration through the thickness. Therefore,
microscale fibers emerged as solutions to outperform nanofibers in terms of cell ingrowth
and viability [207]. In addition, statistical model was designed in providing a theoretical
insight of the relationship between porosity and fiber diameter of the electrospun
architecture [208, 209], predicting that increase in pore size could be done by increasing
fiber diameter at fixed porosity. This prediction were consistent with many experiments
[207, 209, 210] and hence supporting the addition advantage of microscale fibers for
providing larger pore size, crucial for perfusion of cell catabolities and metabolities
through the electrospun scaffold and ECM formation [211]. This discussion on the need
for optimal trade-off between microscale fibers and nanoscale fibers [207, 212] explains
the pursuit for multi-scale scaffolds via multimodal electrospinning to achieve fiber
distributions with combination of two or more fiber populations [200, 205, 210, 213].
Hence it will be worthwhile to apply this multi-scale scaffold concept to develop the
keratin fibers in this work into a more robust fibrous platform which inherit the
advantages of both nanoscale fibers and microscale fibers to enhance cell functionality.
In pursuit for such system using multimodal electrospinning, a model specific to the
formulated electrospinning solution used in this work is essential in order to ensure
reproducibility and predictability of the ultimate fibrous platform with multiple fiber
populations. Therefore, further effort in relating the electrospinning parameters to the
resulting architecture of the fibrous platform from electrospinning keratin in this work
should be placed to develop a systematic model.
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In-depth Evaluation on the Potential of Keratin Fibers for Skin Wound
Healing

Besides HDFs, human epidermal keratinocytes are also cells critical for skin wound
healing as they are the main cells of the epidermis. During the end of inflammation phase
in wound healing, keratinocytes migrate from the edges to the injury site to cover the
wound bed. This wound healing stage is known as re-epithelialization which is critical for
re-establishing the role of the skin as a barrier against the external environment [214,
215]. In addition, like HDFs, keratinocytes secrete fibronectin [216] which plays an
important function in promoting cell attachment, proliferation and migration during
wound healing [217-219] . Hence, it is worthwhile to investigate how keratin fibers can
promote the cell response of keratinocytes in wound healing, especially in terms of
keratinocytes migration to the injury site to cover the wound as quickly as possible to
prevent fatal infections from external environment. Likewise, migration of HDFs should
also be further investigated to evaluate the potential of keratin fibers in accelerating
wound healing.

Another important wound healing stage is the ECM remodeling stage in which cells in
the wound site start to secrete matrix metalloproteinases which are capable of degrading
extracellular matrix proteins. In view of this, it is important to study how these matrix
metalloproteinases can affect the structural integrity of the keratin fibers over time.
Finally, it is crucial to test the keratin fibrous platform in-vivo for its degradation profile,
biocompatibility and immunocompatibility as a more realistic reflection on the potential
of keratin fibers for wound healing.

8.2.3

Development of Purified Keratin for Fundamental Structural Studies

In this study, crude human hair extracts were used in the synthesis of keratin platforms.
For a more comprehensive systematic study on how LDV in keratin enhance the cell
attachment via α4β1 integrin and whether the quantity of LDV would yield significant
effect on cell attachment and growth, it is recommended that further effort could be
placed on purifying the crude keratin extracts into individual keratin subtypes such that
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retrieving of specific keratin subtypes for material synthesis could be done in a
controllable manner. Besides, materials produced from unpurified pool of proteins tend to
yield results with low signal to noise ratio in certain spectroscopic techniques [220] and
hence pose a limitation to fundamental studies on the characteristic of the protein itself.
With purified keratins, more analysis could be done to investigate the effect of different
processing methods on the morphology and structural organization of keratin using
techniques like transmission electron microscope (TEM) and Raman spectroscopy. While
TEM provides a direct way to view the morphology of different protein organization,
Raman spectroscopy offers useful explanations of morphological changes via chemical
bonding. Results from Raman spectroscopy could give deductions on whether proteins
are in their folded intact structures or unfolded flexible structures by quantifying changes
in the amount of disulphide (S-S) bonds in the protein specimen through analyzing the SS stretching frequencies at 514 cm-1 and thiol (S-H) stretching frequencies at 2547 cm-1
[193]. Hence, by using Raman spectroscopy could further verify the morphological
difference between keratin in AD film and keratin in VD film.
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