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This thesis introduces a novel methodology in the field of tissue engineering,
focusing on the fabrication of nanofibrous scaffolds for addressing meniscus injuries
and degeneration. The research explores the manufacturing process of nanofibrous
scaffolds using the electrospinning technique, employing a distinct blend of silk fibroin
(SF) and poly(vinyl alcohol) (PVA). SF extraction is conducted using CaCl, and LiBr
solvents, with LiBr-extracted SF exhibiting a high vyield. Furthermore, the study
examines %crystallinity and molecular weight for similarity values. XRD patterns and
FTIR spectra confirm the presence of B-sheet crystalline, random coil, and a-helix
structures. However, investigations into electrospinning parameters reveal that optimal
conditions include PVA at 10% w/v, a relative humidity of 50%, and a high voltage of
20 kV. These conditions yield an average fiber diameter and tensile properties suitable
for the resulting electrospun scaffold. Fabrication of nanofibrous scaffolds using
SF(CaCl,)/PVA and SF(LiBr)/PVA blends at different ratios (100:0, 75:25, 50:50, 25:75,
0:100) demonstrates that the addition of SF enhances surface wettability, thermal
properties, tensile strength, and elongation at break. Conversely, SF reduces viscosity
and average fiber diameter. SF extraction using CaCl, and LiBr solvents yields slightly
different properties. Both SF/PVA  nanofibrous scaffolds are selected for
biocompatibility testing. Among these, the electrospun SF(LiBr)/PVA 50:50 nanofibrous
scaffold emerges as the optimal condition for meniscus tissue engineering, promoting
cell viability and exhibiting non-toxic properties. Additionally, it enhances chondrogenic
gene expression, particularly collagen types | and aggrecan, outperforming the
SF(CaCl,)/PVA scaffold. Based on these findings, the electrospun nanofibrous scaffold
of SF(LiBr)/PVA (50:50) is successfully manufactured and holds potential for use as
biomimetic meniscus scaffolds for scaffold-augmented sutures. With its favorable

morphology, mechanical properties, cell viability, and gene expression characteristics,



v

the SE(LiBr)/PVA (50:50) nanofibrous scaffold shows promise as a meniscus tissue

engineering scaffold, positioning it as a viable candidate for meniscus regeneration in

tissue engineering applications.
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CHAPTER |
INTRODUCTION

1.1 Significance of the study

Tissue engineering has been developed as a response to the problems
associated with the replacement of tissues lost to disease or trauma. Currently, tissue
replacements must overcome important challenges such as rejection, severe organ
donor shortages, and chronic inflammation (Godbey et al., 2002). Actually, thousands
of patients die every year in waiting donor for organ transplantation (Lanza et al., 2000).
The development of tissue engineering is the desire to avoid these problems by
creating biological substitutes capable of replacing the damaged tissue. Biomolecules,
viable cells, and scaffolds are generally mentioned to as the tissue engineering.
Scaffolds, typically made of polymeric biomaterials, which provide the structural
support for cell attachment, cell proliferation, and subsequent tissue development
(Chan et al,, 2008). Therefore, it is the motivation in this study was to design the
nanofibrous scaffold from silk fibroin that would best mimic the structure and function

of the natural tissue.

1.2 Background

This thesis focuses on the investigation of design nanofibrous scaffold from silk
fibroin-based for meniscus tissue engineering. Understanding the relationship between
structure, composition and the obtained properties is a key point of the study.
Therefore, this part presents basic knowledge of structure, composition, and function
of the meniscus, meniscal injury and treatment, meniscus scaffold for tissue
engineering, biomaterials for meniscus tissue engineering, and electrospinning for tissue

engineering, which an important to this work

1.2.1 Structure, composition, and function of the meniscus

1.2.1.1 Anatomy and extracellular matrix of the meniscus

The meniscus is a semilunar disc-shaped fibrocartilaginous tissues located on
the tibial plateau within the medial and lateral compartments of the knee (Figure 1.1
Anatomic location of the meniscus (Chamber et al., 2015). The major functions of this

tissue include transmission of load and contribution to joint lubrication (Ghosh et al,,



1987). The meniscus can be divided into outer and inner regions containing cells that
are responsible for maintaining tissue homeostasis under the high shear and
compressive forces experienced in the knee joint. The wedge shape semilunar sections
of the meniscus and its horn attachment contribute to altering the perpendicular
compressive tibiofemoral forces to horizontal hoop stresses (Makris et al., 2011).
Meanwhile, shear forces are developed between the collagen fibers within the

meniscus while the meniscus is contorted outward (Mcdevitt et al., 2002).

Femur _ Posterior Cruciate
Ligament
Lateral Collateral p \  Medial Collateral
Ligament \ / ’.. 2 S/Ligament

Medial Meniscus
Lateral Meniscus

Anterior Cruciate
Ligament

Fibula

Tibia

Figure 1.1 Anatomic location of the meniscus (Chamber et al., 2015). Copyright 2015

Musculoskeletal Regeneration.

The meniscus is described as fibrocartilaginous as it shares characteristics of
both fibrous tissues (tendon and ligament) as well as cartilaginous tissues (articular
cartilage). In bulk, the meniscus extracellular matrix (ECM) contains 85-95% dry weight
collagen, of which greater than 90% is type | (Eyre et al., 1983), with the remainder
consisting mostly of types Il, lll, V, and VI (Mcdevitt et al., 1990). Proteoglycans makes
up less than 2-3% of the dry weight, eight times less than is seen in articular cartilage
(Figure 1.2) (Fithian et al., 1990; Mcdevitt et al., 1990). The meniscus, like articular
cartilage, is highly hydrated, with 72-77% of the wet weight comprised of water (Mow
et al,, 1992). Furthermore, the tissue ranges from being heavily vascularized in the
outer periphery to completely lacking blood supply in the inner region (Amoczky et
al.,1982). In the adult meniscus, the inner avascular region is more hyaline-like, while

the outer vascular region is more fibrous in appearance (Figure 1.2).
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Figure 1.2 Schematic diagram a) Schematic diagram of the ultrastructure of collagen
fibres within the meniscus (Chen et al., 2018). b) Schematic diagram of meniscus

internal ultrastructure (Nui et al., 2016). Copyright 2016 Stem Cells International.

1.2.1.2 Mechanical Properties of the Meniscus

Given its central position in the knee, there has been significant interest in
elucidating the mechanical properties of the meniscus. Paramount to its mechanical
function, the unique architecture of the meniscus consists of circumferentially oriented
collagen fibers interspersed with radial collagen “tie” fibers (Fithian et al., 1990).
Proteoglycans are present at low levels in general and are highest in the inner avascular
zone (Petersen et al,, 1998; Buma et al., 2004). As may be expected for such a fiber-
reinforced matrix, the mechanical properties of this tissue are highly anisotropic
(different in opposing directions), and strongly dependent on the prevailing fiber
direction (Setton et al., 1999). This can be seen in the tensile stress-strain response of
samples oriented in the circumferential direction as compared to those oriented in the
radial direction. Circumferential samples show a pronounced “toe” region common to
fiber reinforced tissues, and a higher linear modulus thereafter. Radial samples are
relatively linear in their stress-strain response, with a much lower modulus. The tensile
properties of the meniscus range from 48-259 MPa in the circumferential direction and
3-70 MPa in the radial direction, depending on anatomic location and species (Fithian
et al., 1990; Setton et al,, 1999). The compressive properties of the meniscus are low
relative to articular cartilage (50-400 kPa, about one-half) (Sweigart et al., 2004; Bursac
et al,, 2009). The meniscus, while less stiff in compression, is also much less permeable

than articular cartilage (Fithian et al., 1990), suggesting that the tissue is optimized to



enhance congruency, load distribution, and shock absorption across the joint (Setton
et al,, 1999).

1.2.2 Meniscal injury and treatment

1.2.2.1 Meniscus damage and healing

As the meniscus continually operates in a rigorous mechanical environment,
damage is common with most patients over the age of 45 displaying some evidence
of meniscal scarring. The annual incidence of meniscal injuries is estimated at 60 to 70
per 100,000 per year with the peak in male patients occurring between ages 21 to 30
and between 11 and 20 years of age in female patients (Hede et al., 1990; Nielsen et
al., 1991). The cause of meniscal tears in young people is commonly traumatic due to
sports injuries. Conversely, in people older than 40 years of age, tears are more often
degenerative in nature (Greis et al., 2002). Meniscal injury occurs more frequently in
the medial meniscus than the lateral, at a ratio of approximately 2:1 (Campbell et al.,
2001), possibly due to the more stable fixation of the medial meniscus. Meniscal
damage can manifest in a variety of forms (Figure 1.3) including circumferential or
longitudinal tears (where fracture occurs between collagen bundles), or radial tears
(where collagen bundles are disrupted). Different tears commonly arise from different
origins; trauma leads to bucket handle circumferential tears, while degeneration often
results in horizontal and radial tears. Degeneration-associated tears occurring in older
patients tend to be complex, involving a combination of the above and displaying
largely in the posterior horn. Depending on the tear modality, symptoms manifest
differently; for example, bucket handle tears frequently lead to mechanical locking of
the knee (Figure 1.3).
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1.2.2.2 Meniscus repair

The most common and successful repair technique is suturing and stabilizing
the meniscal tears, bringing the torn portions back into apposition, whether open repair
or arthroscopic surgery (Venkatachalam et al., 2001). These suturing techniques consist
of “inside-out” (inside the joint capsule to the meniscus periphery) or “outside-in”
(from the periphery to the internal space) approaches (Rodeo et al., 2000). Moreover,
there was growing interest in the use of devices which apply inside arthroscopic
technique for meniscal repair. These include commercially available biodegradable
fixation devices such as screws, darts, and arrows. That provide for reduced surgical

times, easier approaches for implantation and make less surgical risk.

1.2.3 Meniscus scaffold for tissue engineering

Disease, and injury can lead to damage and degeneration of tissues in the
human body, which necessitates treatments to support their repair, replacement or
regeneration. Treatment typically focuses on transplanting tissue from one site to
another in the same patient or from one individual to another. Although these
treatments have been lifesaving, but they have problems contain with both
techniques. Therefore, tissue engineering purpose to regenerate damaged tissues
replacing original organ by developing biological substitutes that restore, maintain or

improve tissue function. Generally, the term of tissue engineering was mean ‘the



application of principles and methods of engineering and life sciences toward the
fundamental understanding of structure-function relationships in normal and
pathological mammalian tissues and the development of biological substitutes to

restore, maintain or improve tissue function (Chamber et al., 2015) (Figure 1.4).

Tissue

Engineering

Figure 1.4 Schematic Tissue Engineering (Sun et al., 2016). Copyright 2016 Operative
Techniques in Orthopaedics.

Meniscus damages remain a significant challenge due to the poor for healing
potential of the inner avascular zone. Even though advances in surgical techniques
and fixation devices, there remains a clinical demand for new strategies for effecting
repair of the meniscus. Tissue engineering is considered a hopeful for meniscus repair
and regeneration. In meniscus tissue engineering, a scaffold is the basis for regenerating
a new structure. The important factor for scaffold is biodegradability, biocompatibility,
and mechanical strength. Mechanism of scaffold for tissue engineering is cell seeding
into the scaffold, or host cell infiltration into scaffold, which cell will enable the
production and homeostatic maintenance of biologic tissue (Makriss et al., 2011). Then,
the scaffold was implant into tissue. Scaffold materials are typically selected from
polymeric synthetic materials, such as poly-L-lactic acid (PLA), polycaprolactone (PCL),
and polyglycolic acid (PGA) and natural material, such as silk fibroin, collagen type |,

chitosan, fibrin, and proteosglycans.



1.2.4 Biomaterials for meniscus tissue engineering

The basis of important tissue engineering is search material for replace load-
bearing structures, which is a suitable scaffold material. Importantly, this structure
should be biocompatible with tissue, must support cells, provide the formation of
tissue that approximates the model, and function of the native tissue. Normally,
biomaterials for meniscus scaffold are synthetic polymers are advantageous in a few
characteristics such as tunable properties, endless forms, established structures over
natural polymers, and natural polymers as primary bioactive materials used in the
applications of biomedical materials. The polymer properties depend on their
composition, macromolecules structure, and arrangement. Because of their specific
characteristics, such as biocompatible with cell, biodegradation rates, high porosity,

high surface-to-volume ratio, and mechanical property (Sun et al., 2016).

1.2.4.1 Synthetic polymers

Many synthetic polymers have been applied for scaffolds development
including poly-lactic acid (PLLA), polycaprolactone (PCL), polyglycolic acid (PGA) and
their copolymer poly-dl-lactic-co-glycolic acid (PLGA), Poly(vinyl alcohol) (PVA) (Figure
1.5). These materials have been much successful towards bone, cartilage, skin, bladder,
and liver tissue engineering. Due to architecture and degradation can be well
controlled by varying individual polymer composition. The advantages of the synthetic
material scaffold are easily controlled physicochemical properties and quality, ability
to be processed with various techniques, sood biocompatibility, and biodegradation
rate. However, limitations of these polymers include the risk of implant rejection due
to less bioactivity and the degradation byproduct (CO; gas) that lowers the local pH
finally effect to cell and tissue (Donnaloja et al., 2020), poor cell adhesion, proliferation
and chondrogenic differentiation. In this research, we chosen poly(vinyl alcohol) (PVA)
for preparation electrospun nanofiber. PVA is semi-crystalline, hydrophilic, non-toxic,
good biocompatibility and good mechanical properties. PVA scaffolds are known to
provide mechanical stability for example high tensile strength and elongation at break,
flexibility and slow degradation kinetics compared to scaffolds made of natural
polymers. These properties have offered PVA scaffolds with the ability to absorb more
strain during muscles and bone mechanical loading. Which support more easily the
strain changes caused by cardiac contractions. In neural tissues, the PVA scaffold
aligned fibers is as important for biological properties. Although several materials and
techniques have been employed to this purpose, PVA-based electrospun nanofibers

have been shown to meet all the requirements as they can be tuned to fit specific



alignments, porosity, while maintaining their flexibility and biological characters
(Teixeira et al., 2019).

CH2—(I3H
OH

n

Figure 1.5 Chemical structure of Poly(vinyl) alcohol (Lamminmeaki et al., 2011).

1.2.4.2 Natural polymers

The use of natural polymers as scaffold materials is most promising for tissue
engineering and biomedical applications due to their good biodegradability and
biocompatibility. The structure of natural polymers is categorized into three classes as
follows

1. Polypeptide and protein-based: fibrin, fibrinogen, gelatin, silk fibroin,
collagen, elastin, and keratin.

2. Polysaccharide-based: alginate, chitin, chitosan, hyaluronic acid,

glycosaminoglycans. and cellulose.

3. Polynucleotide-based: DNA, linear plasmid DNA, and RNA.

These consist of long chains, including monosaccharides, nucleotides, or
amino acids. Which it is repeating unit of covalent bond. Bifunctional molecules which
ensure biomimetic nature, bioactivity, and natural restructuring are typically found in
natural polymers. The scaffolds made up of natural polymers are biologically active
and promote cell proliferation and adhesion. Moreover, they are biodegradable and
replaced by biological extracellular matrix over time. Conversely, the limitations are
microbial contamination, immunogenic reaction, decreased tunability, uncontrollable
rate of degradation, and poor mechanical strength restrict their application for difficult
tissue regeneration. Naturally derived polymers including chitin, chitosan, gelatin, silk
fibroin, collagen, soybean, fibrin, elastin, and hyaluronan have showed great potential
in the tissue engineering application (Figure 1.6). In this research we chosen silk fibroin

(SF) for preparation electrospun nanofiber (Chen et al., 2018; Donnaloja et al., 2020).
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Figure 1.6 Structures of silk fibroin. (A) Popular silk sources (B) Bombyx. mori silkworm
(C) Composition of silk fibroin (D) Hydrogen bonds between primary amino acid
sequence of silk fibroin (E) Semi-crystal network consists of sheet crystallites and

amorphous matrix (Nguyen et al., 2019). Copyright 2019 Polymers.

Silk Fibroin (SF) from Bombyx mori cocoon is a natural polymer. SF contains
with sericin and silk fibroin. The sericin protein present on the outer surface of fiber
creates problem in regeneration process, therefore, it should be removed prior to
regeneration process. The presence of sericin affects the solubility of fibroin in various
solvents. In addition to that sericin is detected as antigenic factor by T cells and has
reported to cause immunogenic reactions /n vivo (Panilaitis et al., 2003). The gummy
sericin is easily removed by boiling the cocoons in water with salts (Perez-Rigueiro et
al,, 2001). The structure of silk fibroin is generally B-sheet due to the dominance of
hydrophobic domains of short side chain amino acids in the primary sequence and the
spun. The B-sheets are arranged in such a way that the methyl groups and hydrogen
groups of opposing sheets interact to form the inter-sheet stacking in the crystals.
Strong hydrogen bonds and van der waals forces generate a structure that is
thermodynamically stable. The inter and intra-chain hydrogen bonds form between
amino acids perpendicular to the axis of the chains and the fiber. Silk fibroin fibers are
about 10 — 25 pm in diameter and consist of two proteins: heavy chain (~390 kDa) and
light chain (~26 kDa) linked by a single disulfide bond. This structure permits tight
packing of stacked sheets of hydrogen bonded anti-parallel chains of the protein. Large
hydrophobic domains interspaced with smaller hydrophilic domains foster the
assembly of silk and the strength and resiliency of silk fiber. For silk fibroin, in crystalline

areas, can be found three structures: silk | (a-helix), silk Il (B-sheet), and silk lll. Silk | is
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the natural raw form of fibroin found in the Bombyx mori silk glands. While Silk Il has
the arrangement of fibroin molecules in silk with greater strength often applied
commercially and silk Il is a newly recognized structure of the silk fibroin consist of
the [Gly-Ser-Gly-Ala-Gly-Ala] sequence (Figure 1.7) (Valluzzi et al., 1999).

OH
(0] | H O CH: H O C ‘Hx
I\l N >N N " ~_
H ‘ H N W
0O O H O -
Gly Ser Gly Ala Gly Ala

Figure 1.7 Primary structure of fibroin, showing the [Gly-Ser-Gly-Ala-Gly-Ala] sequence
(Valluzzi et al., 1999).

Figure 1.8 beta-pleated structure of silk fibroin macromolecules (Kudug et al., 2004).

These structures depend on several conditions such as the pH, temperature,
solvents, and concentrations of solutions. The sequence of amino acids influences the
structural properties of fibroin. In silk Il, alanine and serine affect the rigidity of B-sheets
(Figure 1.8). Alanine provides stability to the sheets, whereas serine is responsible for
hydrophobicity. Several study research of the differences in the structural
characteristics and properties of cocoons produced by varieties of Bombyx mori
summarized that the molecular weight of regenerated silk fibroin, viscosity in solution,
and mechanical properties depended on the type of the silkworm. Although the
structural characteristics and polymer properties depend on the specific variety of
silkworm. The silkworm species is rarely considered in biomedical applications. Even

though the variety in the composition of silks, these biomaterials tend to have similar
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functionality (Moncada- Saucedo et al,, 2019). Silk-based materials manufactured
processed from silk fibroin solution is weak as well brittle. The strength of regenerated
silk fibroin can be improved from the native silk fiber. There are several studies
reported which demonstrated that regenerated silk fibers can keep their initial tensile
integrity for 21 days within the In vitro conditions (Jin and Kaplan, 2003). Solvents used
for electrospinning have an effect on the B-sheet formation of the scaffold structure
that can induce modification mechanical properties. Solvents such as formic acid,
hexafluoro isopropanol, and water have used to dissolve silk fibroin for electrospun
silk fibroin scaffolds. Studies of formic acid and water to improve the mechanical
properties of scaffolds (Jeong and Park, 2007; Wang et al., 2004). More recently, SF has
been used for medical and tissue engineering applications due to it is non-toxic, good
biodegradable and biocompatibility. Silk fibroin can be used as an electrospun scaffold.
It can be applied to vascular, bone, cartilage, meniscus, or ligament engineering with

its many options.

1.2.5 Electrospinning process for tissue engineering

Electrospinning, also known as electrostatic spinning, is a polymer fiber
fabrication process which is typically referred to as a random type of production
method due to the nonwoven fiber substrates it typically produces (Thompson et al.,
2007). The electrospinning processing method utilized a strong electric field generated
by a high voltage power supply between a polymer containing fluid and a grounded
conducting collector. The high voltage creates an electrically charged jet which ejects
from a needle and undergoes very large stretching. During inject and at the arrival on
the conducting collector the solvent evaporates and the polymer solution, creating
polymeric fibers. The creating scaffold from electrospinning due to be able to produce
a porous, ideally fibers structure and good mechanical properties. In consequence, the
electrospinning had the best selection. It is apparent that in order to create a more
complex tissue, one has to be able to manipulate the scaffolds at these length scales
(Figure 1.9). A nanofibers scaffold has a much closer similarity to the extracellular
matrix and offers a much larger surface area on which the cells can attach (Platt et al,,
2005). The electrospun nanofibers have mechanical strength and biocompatible
qualities and provide an advantage over other 3-dimensional (3-D) scaffolds formed
with techniques such as gas-foamed, salt-leached, freeform fabrication, topography
library, and hydrogels (Annabi et al., 2010; Hong et al,, 2012; Kumar et al., 2011). The
high surface to volume ratio and porosity generated by electrospun nanofibers

facilitate cell attachment and cell proliferation scaffold (Kumbar et al., 2008).
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Figure 1.9 Schematic of a Basic Electrospinning process (Annabi et al., 2010).

Specifically, for meniscus tissue engineering, a scaffold that provides the
necessary mechanical properties of the meniscus may be useful to enhance repair of
meniscal tear defects and may permit early rehabilitation. Active joint motion during
the early phase of repair also helps prevent restrictive adhesions and scar tissue
formation that affect a range of motion and limit recovery of function (Figure 1.10) (Platt
et al,, 2005). Electrospinning has been used for the fabrication of extracellular matrix
mimicking fibrous scaffolds. Electrospun nanofibrous scaffolds provide nanoscale
fibrous structures with an interconnected pore similar to a natural extracellular matrix

in tissues.
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Figure 1.10 Schematic presentation of the meniscal composite structure (Dasic et al.,
2015).
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The parameters have been affected to nanofiber morphology in
electrospinning can be separated into three groups such as process, solution, and
ambient parameters. Although process and solution parameters have been considered
by most of the studies, ambient parameters such as temperature and relative humidity

(RH) are low investigated.

1.2.5.1 Parameters of electrospinning process

1.2.5.1.1 Processing parameters

There are three important processing parameters that can influence fiber
morphology. These parameters that can control the production of bead defects during
electrospinning are applied voltage, flow rate, and distance between tip to collector
(Sill TJ et al., 2008).

1.2.5.2 Solution parameters

A number of solution parameters also take part in a critical role in fiber
production and morphology. Listed in order of relative importance to the
electrospinning process, the variables include polymer concentration, solvent
volatility, and solvent conductivity (Sill TJ et al., 2008).

1.2.5.3 Ambient parameters
The limited number of studies on effect of ambient parameters on morphology
of electrospun  nanofibers has been performed. Which it is ambient relative

humidity and ambient temperature (Deitzelet al., 2001; Kirecci et al., 2011).

1.3 Objectives

1. To study the effect of solvent for silk fibroin extraction on physical
properties and biological properties of electrospun nanofibrous scaffold.

2. To study the effect of electrospinning parameters on morphology and
mechanical properties of electrospun nanofibrous scaffold.

3. To study the effect of SF/PVA blend ratio on physical properties and
mechanical properties of electrospun nanofibrous scaffold.

4. To study the development of electrospun SF/PVA for biomimetic scaffold

for potential meniscus tissue engineering application.
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1.4 Scope and limitations of the study

The scope and limitations of the study are listed:

1.4.1 Silk fibroin extraction by CaCl, and LiBr solvents to fabricated the scaffold.

1.4.2 Silk fibroin powder were characterized by Field emission scanning electron
microscopy (FE-SEM), Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction
(XRD), and Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

1.4.3 The parameters of electrospinning were studied: humidity, voltage, PVA
concentration and nanofibers were characterized by Field emission scanning electron
microscopy (FE-SEM) and mechanical properties.

1.4.4 Silk fibroin and Poly(vinyl) alcohol was used to prepare SF(CaCl,)/PVA and
SF(LiBr)/PVA nanofibrous scaffold at different ratios with electrospinning.

1.4.5 SF/PVA nanofibrous scaffolds were characterized by Field emission
scanning electron microscopy (FE-SEM), Fourier transform infrared spectroscopy (FT-
IR), thermal gravimetric analysis (TGA), contact angle, mechanical properties, and
biocompatibility.

1.4.6 The suitable ratio of SF/PVA was chosen to study gene expression.

1.4.7 The material future research direction. The subsequent step involves
testing it with an explant model, and upon successful outcomes, it could undergo

testing in animal models, culminating in eventual evaluation through a clinical study.



CHAPTER II
LITERATURE REVIEW

2.1 Silk fibroin-based for tissue engineering applications

2.1.1 Silk fibroin extraction

The most common sources to obtain silk fibroin (SF) are Nephila clavipes web
and Bombyx mori cocoon. SF was reported to have much interest in biomedical and
tissue engineering applications. A solution of SF protein that is very difficult to extract
provides a high molecular weight approximate of 325 kDa and its high crystallinity.
Many methods were proposed to dissolve SF which related the use of strong acids
solvent or ionic concentrated salt solutions. Researchers used strong acids such as
hydrochloric, sulphuric, or nitric acids to dissolve the fibers. Other solvents for example
LiBr, CaCly, or Ajisawa’s reagent (Abdel-Fattah et al., 2015). Liu et al., (2003) studied silk
fibroin by boiling the cocoons by peeling the glue-like sericin with 0.05 wt% sodium
carbonate solution. Boiling at 98 + 2°C for 30 minutes, rinsing with warm water and
then drying at room temperature. After that, prepared CaCly: ethanol: water (1: 2: 8)
500 mL. boil at 78 + 2°C and stirred, freeze dryer for 48 hours. Wang et al. (2021)
studied silk fibroin were prepared from degumming processes by boiling the cocoons
in an alkaline solution to eliminate sericin. After that, SF was extracted by salt, such as
CaCly or Ca(NOs),, then dissolved the salt was removed by dialysis. Which SF can
dissolve in the solvent, such as 98% formic acid or 1,1, 1,3,3,3-hexafluoro-2-propanol
(HFIP). Bhattacharjee et al. (2014) prepared silk fibroin from posterior silk glands by
used aqueous solution of 1% w/v sodium dodecyl sulfate with 10 mM Tris and 5 mM
EDTA. After that, the silk fibroin was submitted to extended dialysis to remove
surfactant. Luetchford et al. (2020) prepared silk cocoons to extract silk fibroin. The
chopped cocoons were desummed by boiling in 0.02 M sodium carbonate for 1 hour
and washed 5 times in distilled water. Degummed silk was dried at room temperature.
The dried desummed silk was dissolved at 15% w/v in 9 M LiBr at 60°C for 4 h. After
that, it was filtered and dialyzed 2-3 days. The SF solution was freeze dried and kept
at 4°C.
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Pillai et al. (2016) extracted SF from cocoons. SF threads were degummed using
0.5 M NazCOs solution at 100°C for 1 h and washed 3 time with distilled water. The
degummed silk was dissolved in CaCly/ethanol/water (1:2:8) at 60°C until solution was
clear. This solution was dialyzed 2 days in distilled water followed by dialysis with
polyethylene glycol for 1 day. Li et al. (2015) prepared silk fibroin by dissolving SF with
CaCly/ethanol/water (1:2.5:8) and dialysis with distilled water 3 days. The SF solution
was lyophilized at -55°C for 24 h and stored at 4°C. Liu et al. (2013) prepared waste
cocoons were, which cut and boiled in 1% sodium carbonate solution for degumming.
Degummed silk was put into 10 g. CaCl, solution of different concentration and stirred
for 1 h at 98+2°C, cooled and filtered. Dialysis SF solution with deionized water and
the regenerated SF solution after dialysis was stored at 4°C. Garcia et al., (2009)
prepared silk fibroin with cocoons and purified its sericin content. The degummed SF
was dissolved at 10% w/v in 9 M LiBr solution at 55°C until a clear solution was
obtained. This solution was dialyzed with ultrapure water for 48 h and 5 changes of
water phase. The aqueous silk fibroin solutions could be stored at 4°C. Wang et al.,,
(2019) extracted silk proteins, which were dried and dissolved in 9.3 M LiBr solution at
60°C for 4-6 h at 20% concentration. The silk solution was dialyzed against Milli-Q
water for at least 2 days in a dialysis cassette. SF solution was frozen at -20°C for 24 h
and freeze dried. Aznar-Cervantes et al. (2013) also compared different silk fibroin
extraction method. The SF extraction were used 9.3 M LiBr, 50 wt% CaCl,. 2H,0, and
Ajisawa's reagent composed of CaCly:EtOH:H,O (1:2:8 in molar ratio). The molecular
weight of silk fibroin polypeptides was found to important role in the nanofiber sizes
of the electrospun fiber creating thinner fibers. Which SF was extracted with LiBr 9.3 M
generate high molecular weight than Ajisawa's reagent or CaClz.. The mechanical
properties of silk fibroin nanofiber were found that ultimate tensile strength and young

modulus of CaCl, higher than LiBr and Ajisawa's reagent shown in Figure 2.1.
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Protocol Young's modulus Elongation Ultimate strength
(MPa) (%) (MPa)
LiBr 270 444 2.7840.78 5.9241.08
CaCly:EtOH:H>0 252 +41 3.9040.67 7.454-1.34
CaCl, 252475 5.03+1.32 9.33+2.62
cacl, CaCl,:EtOH:H,0 LiBr

Figure 2.1 Mechanical properties and SEM image of electrospun mats produced with
17 wt.% dissolutions of SF in HFIP (Aznar-Cervantes et al., 2013). Copyright 2013

Materials Science and Engineering: C.

Cao et al. (2009) extracted silk fibroin with 9.3 M LiBr solution at 60°C. The
solution was dialyzed with distill water for 3 days which using cellulose membrane
molecular weight cut off 8000-14000. They compared silk fibroin dissolving with 98%
formic acid and hexafluoroisopropanol (HFIP). After that silk fibroin solution was
fabricated with the electrospinning method. The electrospun nanofiber dissolving with

formic acid was found B-sheet more than silk fibroin dissolving with HFIP.

2.1.2 Silk fibroin-based scaffold for tissue engineering applications

The utilization of silk fibroin (SF), which is the main protein of silkworms, has
not been limited to the textile industry but has been further extended to many high
technology applications including biomaterials for biomedical and tissue engineering.
Several researchers applied SF to developing research due to the properties of SF
composed of its facile processability, sood biocompatibility, biodegradation, and
versatile functionalization. Therefore, SF was accepted its use for innovative
applications. Farokhi et al. (2018) studied Silk fibroin (SF) with strong potential for many
biomedical applications. Especially, SF has attracted interest in the work of bone tissue
engineering due to its special characteristics in terms of biocompatibility,
biodegradability, elasticity, and flexibility. In this research, they used SF blend with
hydroxyapatite for bioceramic with good biocompatibility and it is suitable for
constructing orthopedic and dental substitutes. Yan et al. (2012) showed the result of

the mechanical properties of the silk fibroin scaffold different concentrations as follows
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silk-89%, silk-10%, silk-12%, and silk-16% was found to increase tensile strength with an
increase of silk fibroin concentration. The SF scaffold was presented a more swelling
capability that increased with increasing porosity. Therefore, the silk fibroin scaffolds
are g¢ood candidates for use in tissue engineering applications for cartilage and
meniscus regeneration. Min et al. (2004) studied the silk fibroin nanofiber was produced
by the electrospinning method is introduced for the application of wound dressing.
The SF nanofiber was characterized by pore size distribution, high porosity, and high
surface areas. Which are suitable parameters for cell attachment, cell growth, and cell
proliferation. Kim et al. (2005) studied biocompatibility of the silk fibroin nanofiber, and
to examine its effect on bone regeneration in a rabbit. The result was shown to possess
good biocompatibility with enhanced bone regeneration and no evidence of any
inflammatory reaction. Therefore, the silk fibroin nanofiber was suitable useful as a
tool for guided bone regeneration. Lee et al. (2017) developed auricular cartilage using
silk fibroin and polyvinyl alcohol hydrogel. They prepared different hydrogels with
various ratios of SF and PVA using freeze-thawing, salt leaching, and silicone mold
casting methods. The cell viability results found a blended hydrogel at a ratio of 50%
PVA and 50% SF to be the optimal hydrogel among the fabricated hydrogels.
Bhattacharjee et al. (2014) used silk fibroin from non-mulberry tropical tasar of
Antheraea mylitta for the bioactive polymer is blended with polyvinyl alcohol. Which
blended polymer was fabricated with the electrospinning method. The nanofiber
scaffold of 2 wt% SF presented higher cell attachment and cell growth when
compared to PVA as control and the other blend ratio (Figure 2.2). Cell adhesion of
SF/PVA by MG-63 cells showed that MG 63 cells were attached to 2SF/PVA and
4SF/PVA within initial 1 h and the percentage increased after 6 h. When compared to
pure PVA, Pure PVA has a lower percentage of attached cells than PVA with silk fibroin.
Cell proliferation showed result proliferation of the cells during cell culture for 21 days
indicated superior cell response on the blended matrix compared to PVA alone. The
mechanical properties of constructs similar to the native bone tissue exhibited to

possible for polymer blend in bone regeneration and reconstruction.
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Figure 2.2 Cell adhesion and Cell proliferation (Bhattacharjee et al., 2014).

Pillai et al. (2016) developed silk fibroin nanofibrous scaffolds to examine cell
attachment and cell proliferation of primary human meniscal cells. SF:PVA electrospun
nanofibrous scaffolds with various blend ratios 2:1, 3:1, and 4:1 were fabricated with
electrospinning. Meniscus cell attachment studies confirmed that ratio 3:1 SF:PVA
nanofibrous scaffolds promoted better cell attachment and cell growth. The DNA and
collagen content increased highly with ratio 3:1 SF:PVA. These results showed in Figure
2.3 and the nanofiber of SF:PVA at 3:1 ratio is proper for meniscus cell proliferation

when compared to pure SF:PVA nanofibers.
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Figure 2.3 a) MTT assay and b) DNA estimation of meniscus cells seeded on scaffolds
(Pillai et al., 2016).

Zhou et al. (2013) studied composite nanofibrous membranes of N-
carboxyethyl chitosan/poly(vinyl alcohol)/silk fibroin nanoparticles that were prepared
by electrospinning. The cytotoxicity evaluation of the nanofibers was studied. The
result indicated the nanofibers had good biocompatibility. This electrospun nanofiber
would be used as a developing wound dressing for skin regeneration.
Mohammadzadehmoghadam et al. (2019) studied Bombyx mori silk fibroin (SF) /gelatin
nanofiber with various blend ratios of 100:0, 90:10, and 70:30 was fabricated by
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electrospinning and crosslinked with glutaraldehyde. The tensile properties of
nanofiber depending on the gelatin content. The blending of 10% and 30 wt% gelatin
into SF affected higher tensile strength and Young’s modulus of SF/Gelatin nanofiber.
However, the blend ratio of 70:30 demonstrated the lowest 3T3 fibroblast cell
responses for proliferation rates. Dehghan-Manshadi et al. (2019) have prepared
scaffold composing of silk fibroin (SF) and elastomer polyurethane (EPU) 2 medical
grad and various mass ratios were fabricated by electrospinning method. The
nanofibrous scaffolds have been already, demonstrated that both the mechanical
properties and the structural features of electrospun scaffolds are an important role
in cell proliferation. The biocompatibility of all nanofiber scaffolds in contact with
Fibroblast cells from human neonatal foreskin for 1, 5, and 7 days was confirmed.
When SF has increased, the cell attachment and cell proliferation rates were increased

(Figure 2.4).
EPU/SF ratio

100/0

70/30 50/50 30/70 0/100

SG-80A

'\‘. - 3 . " S A ';". " h“;‘ » g
YA g 4@&\”2
< - g 4 Y ‘ . TANLY o \. %
Slamize? “an 7t e 2] QS
Figure 2.4 SEM images of the methanol-treated electrospun fibers (Dehghan-Manshadi
et al.,, 2019).

PC-3575A

Selvakumar et al. (2015) prepared silk fibroin from Bombyx mori cocoon after
degumming. SF solution was used to fabricate scaffolds such as nanofibers, sponge
and porous film. They studied cell culture of the cytocompatibility of scaffold in vitro
by seeding osteoblast-like cell onto the methanol treated scaffold in Dulbecco’s
Modified Eagle’s Medium (DMEM). The result showed that the cells started extending
their cytoplasm over the surface of the scaffold after five days of cells seeding. The
number of cells on the scaffold surface was found to increase with increasing in
incubation time. This image showed stained nuclei indicated the attachment of cells
on the scaffold surface. SF film and SF nanofibers supported more cells attachment
on the surface (Figure 2.5).
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Figure 2.5 Hoechst-stained images of osteoblast cells (MG63) control (A), cells attached
to film (B), electrospun nanofibrous scaffold (C), and lyophilized sponge (D)
(Selvakumar et al., 2015).

2.2 Poly(vinyl alcohol) based for tissue engineering applications

Poly (vinyl alcohol) (PVA) is a synthetic polymer with hydrophilicity (-OH
groups), it had properties of biodegradability and good biocompatibility. Baum et al.
(1924) prepared PVA by using vinyl acetate and since then the biomaterial has been
used widely rage in industrial and biomedical applications. They used PVA due to its
unique properties such as water solubility, excellent biocompatibility, promising
biodegradability, low toxicity, and adhesive properties. PVA has attracted much

attention in the biomedical field and especially in tissue engineering applications.

2.2.1 Effect of PVA concentration on mechanical properties

Various research has shown the influence of molecular weight on the
properties of the PVA polymer. Whereas Hajij et al. (2016) studied high molecular
weight PVA films with higher tensile strength and elongation at break and that high
degree of hydrolysis provides great rigidity to the blended films. Ngadiman et al. (2015)
used PVA solution with 5% w/v and 10% w/v and dissolved in deionized water 80°C
with constant stirring for at least 4 h. PVA solution was formed with electrospinning
machine. The parameter used high voltage 35 kV, flow rate was used 1.0 ml/h and
distance from the tips to collector was 8.0 cm. The result of mechanical properties
shows that the higher solution concentration 10% w/v has higher mechanical
properties compared to the lower solution concentration 5% w/v. Lower concentration

of PVA tend to produce smaller diameter nanofibers. The mechanical properties of
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electrospun nanofibers of PVA were lowered. Which is show mechanical properties in
Table 2.1.

Table 2.1 Mechanical Properties of electrospun PVA nanofibers (Ngadiman et al,,
2015).

Molecular Tensile Strength Young’s Modulus
Contact Angle (°)
Weight (MPa) (MPa)
(k Da) 5% w/v  10% w/iv 5% w/iv o 10% w/v 5% w/v 10% w/v
60 16.8+0.4  20.5+0.9 54.0+0.6 55.5+0.3 34.62+0.51 35.37+0.69

124 23.6+£0.7  26.2+£1.3 60.1+0.7 69.6+£0.9 35.81+0.73 35.60+0.84
145 25105 285+03 65.7+1.1 76.0£0.4 36.72+0.98 34.82+0.57
200 27.0+£0.2 29.8+0.3 68.0£0.4 77.9+£0.8 34.69+0.52 35.73+0.48

Sharifi et al. (2016) prepared poly(vinyl alcohol) (PVA) (Mw: 61000 g/mol) concentration
6% w/v and 12% w/v and dissolved in DMSO was heated to 120°C within 20 min, and
then PVA solution was vigorous stirring. After stirring for 2 hours, the mixture was cooled
to room temperature. The results of tensile test showed that a wide range of
mechanical properties can be achieved by changing the PVA concentration. When the
PVA concentration increases from 6% to 12%, the tensile stress at break and Young's
modulus are enhanced by 390% and 102%, respectively. Ou et al. (2017) prepared
PVA with distilled water and heated at 90°C with vigorous stirring to obtain
homogeneous PVA solution. Then added AM monomer into PVA solution. The mixture
of PVA content was 2.5 wt%, 5.0 wt%, 7.5 wt% and 10 wt%. The result of mechanical
properties shows increased tensile strength for higher PVA content. The tensile strength
of Freeze Thawed gels increases from 0.15 MPa to 1.62 MPa. Lee et al. (2004) also
concluded that high molecular weight PVA displays a highly crystalline structure,
improved thermal stability and superior mechanical properties than low molecular
weight PVA. Teixeira et al. (2020) summarized that polymer crystallinity is also
influenced by the degree of hydrolysis. As acetate groups are larger than —OH groups.
Hence PVA with a low degree of hydrolysis exhibits lower crystallinity. As such, a highly
hydrolyzed PVA is more crystalline than partially hydrolyzed PVA and presents higher

glass transition and melting temperatures.

2.2.2 Poly(vinyl alcohol)-based scaffold for tissue engineering applications
Liang et al. (2009) studied PVA and chitosan for many tissue engineering
applications. They fabricated PVA nanofiber and PVA/Chitosan nanofiber with
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electrospinning. NIH 3T3 fibroblast cells were seeded onto scaffolds for different time
points. The result showed that the number of living cells both on the PVA/Chitosan
and empty well were significantly higher than PVA nanofiber. The nanofiber indicated
good cell viability and gene expression on the PVA/Chitosan nanofiber scaffold. Thus,
PVA/Chitosan nanofiber scaffold could be the better choice for further tissue
engineering applications (Figure 2.6).

Gholipourmalekabadi et al. (2014) studied a PVA/PCL/chitosan nanofiber for
applications in burns and wound healing. Scaffolds were tested with and without
seeded hMSCs, which the target was to recruit other host cells and induce the
secretion of growth factors. Nanofibrous scaffolds were implanted in vivo on the
dorsum of rats, and the healing process was monitored. Seed cells onto scaffolds were
found successful in promoting wound healing than the acellular scaffolds. While, the
chitosan antioxidant, anti-inflammatory, and antibacterial capacities reduced the
number of inflammatory cells in the wounded area. The physical and mechanical
properties of the PVA and PCL maintained the integrity of the fibers while in contact
with fibrin and blood. PVA-based scaffolds have been applied for skin healing and
renewal purposes. Vashisth et al. (2016) developed a scaffold based on the PVA and
gellan (PVA/gellan) for skin repair. Gellan, as a natural polymer, shows excellent
properties to this objective including biocompatibility, biodegradability, and water
adsorption properties. In polymer blending, PVA reduced the polymer repulsive forces,
leading to the formation of uniform nanofibers. PVA/gellan nanofibers were physically
crosslinked by heat treatment at 150°C for 30 min. The interactions between the PVA
and gellan showed in Figure 2.7. Cell culture studies using human dermal fibroblast
(3T3 L1) for scaffolds as promoters of cell adhesion and cell proliferation compared

to gellan dry films and hydrogel showed in Figure 2.6.
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PVA nanofiber (Day 3) PVA/Chitosan nanofiber (Day 3

Figure 2.6 NIH 3T3 fibroblast cell morphology on PVA nanofiber and PVA/Chitosan
nanofiber (Liang et al., 2009).
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Figure 2.7 Representation of the interactions established between PVA and gellan
after crosslinking (Vashisth et al., 2016).

Adeli et al. (2019) designed a blend of PVA, chitosan, and starch nanofibrous
scaffold for wound dressings which used starch for additive. The hybrid formulation
indicated great capacity to support a moist environment for wound regeneration, with
balanced water absorption and water vapor transmission rates. They protect the
wounded area against external forces during the healing process. The scaffold has good
antibacterial activity against both Escherichia coli and Staphylococcus aureus.
Moreover, cell culture studies fibroblast (L-929) and in vitro cytotoxicity assays showed
appropriate cytocompatibility and cell viability showed in Figure 2.8, which was also

confirming the potential of a hybrid polymer combination for wound healing.
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Figure 2.8 MTT optical microscopy images of L-929 cells growth after 48 hr. culturing
in presence of the nanofibrous mats (1) Cell viability of fibroblast (L-929) cell cultured
for 24 and 48 hr. in presence of nanofibrous mats (Adeli et al., 2019).

Kim et al. (2011) prepared and cell affinity studies of the pure PVA and
PVA/hyaluronic acid (HA) crosslinked nanofibers with hydrochloric vapor and post
crosslink with the electrospinning method. Cell culture studies MC3T3-E1 osteoblast-
like cells found that SEM images in Figure 2.9 of MC3T3-E1 showed growth onto Total
cell density (TCD), pure PVA, and PVA/HA hydrogel nanofibers with different cell culture
times. Which it appeared that MC3T3-E1 cells have well adhered to the PVA/HA
hydrogel nanofibers different pure PVA hydrogel nanofibers. After the cell culture for
24 hr. The MC3T3-E1 cells grown onto PVA/HA hydrogel nanofibers became large cells
with cell-to-cell interactions, suggesting an enhanced cell migration for cell

organization (Figure 2.9).
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Figure 2.9 SEM images of MC3T3-E1 cells cultured on TCD, pure PVA hydrogel (molar
ratio of GA and PVA ~ 10.3:1.0), and PVA/HA hydrogel (molar ratio of GA and PVA
~24.8:1.0) nanofibers as a function of cell-culture time (Kim et al., 2011).

Mozafari et al. (2012) have fabricated electrospun PVA/chitosan nanofibrous
scaffolds that have been synthesized with large pore sizes as potential matrices for
nervous tissue engineering. The result of PVA blend with chitosan at different weight
ratios showed chitosan scaffold was used for in vitro cell culture in contact with PC12
nerve cells. They were found to present the most suitable properties to meet the
basic required specifications for nerve cells. The addition of chitosan to the PVA
scaffolds increases the cell viability and cell proliferation of nerve cells, which
increases the biocompatibility of the scaffolds. Sambudi et al. (2015) have developed
electrospun Chitosan/PVA nanofibrous scaffolds, which adding CaCOs nanoparticles for
reinforcing agents in increasing mechanical properties, biocompatibility for cartilage
tissue engineering. The tensile test gave the highest Young's modulus of Chitosan/PVA-
CaCOs (4 wt%). Cell culture studies ATCD5 cells showed in Figure 2.10, The cell
proliferation assay indicated Chitosan/PVA-CaCOs (4 wt%) provides the most suitable
for cell growth (Figure 2.10)
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Figure 2.10 Growth of ATDC5 cells on Chitosan/PVA, Chitosan/PVA-CaCOs (4 wt%),
Chitosan/PVA-apatite fibers after 1, 4, 7 and 14 days of culture and morphology of
ATDC5 cells growing on chitosan/PVA-CaCO3 (4 wt%) matrix on (a) day 1, (b) day 4, (c)
day 14, (d) enlarged image of day 1 and (e) enlarged image of day 4 (Sambudi et al,,
2015).
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Figure 2.11 Fluorescence merged image of 3T3 fibroblast cells cultivated on random

and aligned PVA and PVA-gelatin meshes for 1, 3, and 5 days (Huang et al., 2016).
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Huang et al. (2016) studied cell behavior of randomly oriented or aligned PVA
nanofiber and PVA-gelatin nanofiber. The result showed fibroblasts cells growing on
PVA-gelatin fibers indicate a larger area as compared with PVA nanofiber. They found
the limit of colonies on PVA nanofibers. The initial survival of cell culture showed that
the low protein affinities with PVA limit the absorption of extracellular matrix to

support cell attachment showed in Figure 2.11.
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2.3 Electrospinning for tissue engineering applications

Tissue engineering uses for biology, medicine, and engineering with the design
of biological substitutes to repair, restore, and maintain for improving the functions of
the tissue. To fabricate a function of tissue, the engineered structures have to be able
to mimic the extracellular matrix. Electrospinning has been accepted and is one of the
most useful methods based on the similarity between electrospun nanofibers and the
native tissues.

2.3.1 Parameters affecting the electrospinning efficacy

For electrospinning, process parameters have affected the surface morphology,
fiber diameter, and texture of the fibers. These parameters consist of the polymer
solution such as concentration, viscosity, surface tension, and electrical conductivity.
The operational settings such as electrical field, the distance between the tip to the
collector, flow rate, and rotating speed of the collector. The last condition is the
environment such as humidity and temperature. The concentration of the polymer
solution is a key factor controlling the electrospinning process. Tarus et al. (2016)
studied cellulose acetate (CA) and poly (vinyl chloride) (PVC) nanofiber that were
electrospun nanofibers. The morphology of nanofiber showed a beaded fibrous
structure could be electrospun at 10% CA in both Acetone/DMAc and Acetone/DMF
solvent systems. For PVC, beaded fibers were formed at 12% PVC. Tensile tests showed
that the non-aligned nanofiber was influenced by solution concentration. When
increasing solution concentration, the tensile strengths, strains at break and initial
modulus of the CA nanofiber was increased. Thus, the solution concentration was
increased, the nanofiber diameter, tensile strength and the rupture increased (Figure
2.12).

Cone.
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Figure 11 Tensile strength (N/Tex) vs. polymer concentration
(%) of electrospun nanofiber mats.
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Figure 2.12 SEM micrographs and mechanical properties of electrospun CA nanofibers
(Tarus et al., 2016).
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Mwiiri et al. (2020) studied PVA-based electrospun fibers with a colloidal
dispersion of a birch bark extract as the active agent for increased wound healing. The
concentration and molecular weight of the PVA as the important parameters have
affected on the rheological properties of the polymer solution and affect directly the
resulting fiber properties. Therefore, the viscosity of polymer solutions increased when
the concentration and molecular weight was increased (Figure 2.13). The colloidal
triterpene dry extract (TE) dispersions resulted in electrospun fibers of thinner
diameters. The thickness of the electrospun nanofibers which can be adjusted with
the polymer concentration and molecular weight. Uniform and smooth nanofibers
constructs can be obtained by selects polymers with suitable molecular weights. At
low molecular weight polymer solutions, beads may appear instead of fibers, while
higsh molecular weight polymer solutions effect to fibers with relatively increased
average diameter. Furthermore, suitable of surface tension which is a function of
solvent can impact the electrospinning process and fiber fabrication. In a solution with
high surface tension, the formation of fibers can be limited because of an unstable jet
and dispersion of droplets. Lower surface tension can facilitate the electrospinning
process at lower electric fields (Rahmati et al. 2020). Fiber diameter first increases and
then decreases slightly when the electrical conductivity of the polymer solution was
increased. Yang et al. (2008) demonstrated that the electrical field distribution of PEO
solution. Force of the electric field increases with an increasing voltage at the nozzle,
which causes decreasing the fiber diameter because of the elongated jet path and
increased bending frequency. A uniform electric field provides a proper electric field

distribution. The formation of thinner fibers as a result of higher bending speed, which

Figure 2.13 SEM morphologies at 10,000x of electrospun PVA and PVA/TE blend (60:40)

fibers at different concentrations and molecular weights (Mwiiri et al., 2020).
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stretches the fibers. Electrospinning can be generated nanofibrous scaffolds whereas
there overcomes the threshold voltage that causes various charge differences in
solution during the process. Beachley et al. (2008) showed that continuous PCL
nanofibers with diameters in the range of 350 nm to 1 um, and high voltage, polymer
concentration, and plate size had effects on maximum fiber diameter, fiber length, and
fiber uniformity. This result indicates that shown that all of these parameters can be
controlled by changing the electrospinning conditions. It was shown that fiber length
could be increased by increasing the PCL concentration in the solution. When
increasing the voltage and the charge value, the formation of droplets and beads in
the fibers can be changed. The other important factor in this consider is the flow rate
of the polymer solution. While the feed rate of the solution was decreased the time
required for solvent evaporation was increased. For electrospinning, a lower flow rate
is normally applied to ensure the complete evaporation of solvents from fibers
(Greiner et al., 2007; Fridrikh et al., 2003; Sukigara et al., 2003). Moreover, the distance
between the tip of the needle to the collector is a key factor that controls the fiber
diameter and morphology. When the distance is short, the fibers do not have enough
time to solidify before reaching the collector, and a larger average of fiber diameters.
After that, the distance is large, thinner fibers may be formed (Yuan et al., 2004). The
ambient parameters for instance humidity and temperature of the environment while
fabricating an electrospun nanofiber are also necessary studies. Specifically, when high
humidity is negatively correlated with the solidification time thus high humidity resists
the spinning process due to the solution viscosity being increased. Some studies
reported that solvents can be completely removed by evaporation if the humidity is
enough low. While in highly humid environments the fibril formation was decreased
(Huang et al.,, 2003). Temperature is another factor that affects the morphology of
nanofibrous scaffolds. Two types of morphologies are observed based on temperature
differences as follows beads formation, which is formed at low temperatures. At high
temperatures, the fiber was condensed and flat fibers. By increasing the temperature,
the viscosity of the polymer solution was decreased, leading to producing a small fiber
diameter (Rodoplu et al., 2012).

2.3.2 Electrospun nanofibrous scaffolds for tissue engineering applications
In the past decade, various researchers have studied the application of different
synthetic polymers and natural polymer uses for tissue engineering applications to
satisfy clinical needs. The synthetic polymer includes polylactic acid,

polycaprolactone, poly amino acid, and polyvinyl alcohol, etc. For natural polymer
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such as silk fibroin, chitosan, hyaluronic acid, and gelatin, etc. Which these polymers
are biodegradable and biocompatible with promising potential in the biomedical field.
However, the controlling of electrospinning parameters can be fabricated nanofiber for
biomedical application. In addition, electrospun nanofibers can potentially direct
cellular and molecular responses after implantation, for example, Neves et al. (2007)
fabricated various fiber meshes based on poly(ethylene oxide) (PEO) and PCL can be
produced by electrospinning. The fiber meshes keep having average diameters in the
submicron range. The tensile test of the nanofiber meshes is very consistent which the
tensile properties depend on the degree of alisnment of the fibers in the mesh. Cell
adhesion on fiber showed that the cells are viable when seeded osteoblastic cells to
PCL fiber meshes and cultured up to 7 days. Normally, the osteoblastic cells respond
to the patterns showing some preference in cell adhesion for the areas of random

alignment of the fibers (Figure 2.14).

Figure 2.14 Adhesion of osteoblastic cells to PCL fiber meshes after 7 days in culture:

a) flat copper plate, b) screw collector and c) wire net collector (Neves et al., 2007).

Some researchers focus on designing scaffolds with homologous properties to
human tissue at the nanoscale level. Several studies reported using electrospinning
loosely connected 3D porous nanofibrous constructs with a large surface region can
be produced to resemble the native ECM network. Gholipourmalekabadi et al. (2015)
designed electrospun nanofibrous scaffolds by electrospinning method. There is a
various concentration of silk fibroin solutions as follows 10, 12, and 14% w/v in formic
acid, and tested their ability for tissue engineering in vitro and in vivo. Even though test
cytotoxicity, formic acid was chosen to dissolve the lyophilized SF due to its interesting
characteristics in the improvement of B-sheet crystallization. Among the prepared
samples, ESFNS-10% showed more uniformity with the nanofibers scale and it is bead-
free of all nanofibers. The morphology of the cells cultured on the nanofibrous
scaffolds presented the adhesion properties and biocompatibility of the scaffolds.

Bone tissue engineering presents to design a scaffold for delivering therapeutic agents
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and cells to the injured tissue stimulating the new tissue formation. Li et al. (2006)
have prepared silk fibroin nanofiber scaffolds containing bone morphogenetic protein
2 (BMP-2) and nanoparticles of hydroxyapatite (nHAP) with electrospinning. Cell culture
with mesenchymal stem cells (hMSCs) on various conditions of electrospun silk-BMP-
2 scaffolds. The results showed that electrospun SF-based scaffolds are suitable
candidates for bone tissue engineering. Talebian et al. (2014) fabricated a hybrid
nanofibrous scaffold with chitosan/1.2 wt% polyethylene oxide (PEO) and bioactive
glass (BG) by an electrospinning technique. The results showed that BG-containing
nanofibers could be induced the formation of hydroxyl carbonate apatite (HCA) on the
surface of the scaffold after 14 days. Then the scaffold was immersed in SBF. The MTT
assay was tested the cell viability of human mesenchymal stromal cells (hnMSCs) on a
nanofibers scaffold. The cell adhesion results showed that hMSCs were viable at a
different time on the chitosan/PEO/BG nanofiber scaffolds. In addition, the BG
enhanced the alkaline phosphatase (ALP) activity of hMSCs cultured on nanofiber
scaffolds at day 14 compared to that on pure chitosan/PEO scaffolds. In this study,
they have suggested chitosan/PEO/BG nanofibrous scaffold could be a potential

candidate for application in bone tissue engineering (Figure 2.15).

Figure 2.15 FE-SEM images of hMSCs cultured on the chitosan/PEO/BG scaffolds after
1 (@), 3 (b), 5 (c) and 7 (d) days (Talebian et al., 2014).

Articular cartilage tissue has functionally reduced friction and increased the
wear resistance of the tissue. Currently, cartilage injury is the most common crucial
health issue. The electrospinning technique that can be used to mimic the pattern
features of the extracellular matrix has gained considerable attention from scientists.
Wise et al. (2009) have prepared polycaprolactone (PCL) scaffolds with electrospinning.
Cell culture was tested with human mesenchymal stem cells (hMSCs) on the
nanofibrous scaffold. The results showed that tissue engineering of the orient ECM

environment to regulate tissue alignment could be optimized by orienting electrospun
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nanofibers. The specific tissue engineering applications, such as scaffold creating the
superficial zone of articular cartilage may be significant for improving the stem cells on
nanofibrous scaffolds. Xue et al. (2013) studied engineered cartilage with precise three-
dimensional (3-D) structures by applying electrospun of gelatin/polycaprolactone
(GT/PCL) membranes into the round shape. Then seeded cell chondrocytes in the
electrospun membranes. Histological analysis confirmed that the engineering of
cartilage using the electrospun GT/PCL membranes as possible. For cell culture in vitro
and in vivo showed the ear-shaped cartilage largely maintained its original shape, with
a shape similarity up to 91.41% of the mold. These results demonstrated that the 3-D
cartilage in a sandwich model using electrospun membranes was easy and effective.
which has suitable to be applied for another tissue engineering. Li et al. (2009) have
fabricated a nanofibrous scaffold (NFS) made from poly(g-caprolactone) (PCL) and
tested its ability to support in vitro chondrogenesis of MSCs. The electrospun PCL
nanofibrous scaffold was showed fiber uniform, randomly oriented nanofibers with a
diameter in the range of 700 nm. Cell culture on the electrospun scaffold with MSCs
presence of TGF-B1 separated to a chondrocyte phenotype of chondrocyte-specific
gene expression and synthesis of cartilage ECM proteins. The physical nature and
improved mechanical properties of PCL scaffold indicate results that the PCL
nanofibrous scaffold is a practical carrier for MSC transplantation and represents a
scaffold for cell-based tissue engineering for cartilage repair (Figure 2.16).
H&E Alcian Blue
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Figure 2.16 Histological analysis of NFS MSC cultures maintained in a chondrogenic
medium supplemented with TGF-b1 for 21 days. H&E staining showed flat fibroblast-
like cells on the top zone (bracket, *), round chondrocyte-like cells embedded in
lacunae (arrows) in the middle zone (bracket, **), and small, flat cells at the bottom
zone (bracket, ***). Alcian blue staining showed the presence of sulfated proteoglycan-
rich ECM in the construct (Li et al., 2009).
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Vascular tissue engineering effort to recreate blood vessels comprise of
endothelial and perivascular cells for clinical applications. The high porosity and length
of nanofibers enhance nutrients and gas which is the key factor of vascular
regeneration. ECM is the most important component of the vascular system. Thus, the
tensile strength, elasticity, and compressibility of a blood vessel are important
properties of designing vascular scaffolds (Rahmati et al., 2016). Yazdanpanah et al.
(2015) used the electrospinning technique to fabricate nanofibrous scaffolds with
poly(L-lactic acid) (PLLA) and gelatin. The results of tensile tests showed that the
mechanical strength was increased and estimated burst pressure of properties
PLLA/gelatin scaffolds are better than those of PLLA/gelatin and gelatin scaffolds.
There is suggested these scaffolds in vascular tissue engineering. The knee meniscus is
crucial to the long-term health of the knee joint. Because of the accident of injury and
degeneration. The replacing damage of meniscus or lost meniscal tissue is very related
to clinical (Grogan et al. 2020). Nanofibrous scaffolds are the most interesting to replace
due to their biochemical composition and it has structural features similar within
meniscus tissue. Rothrauff et al. (2016) designed aligned and random scaffolds prepare
from poly-E-caprolactone (PCL). The scaffolds possessed the most anisotropic
mechanical properties. Whereas random scaffolds presented uniform properties in
parallel and vertical directions. The results showed that a novel biomimetic scaffold
constructed by electrospinning could be incorporated into the repair of a radial
meniscus tear without effect on the tensile properties of the repair (Figure 2.17 and
Table 2.2).

Figure 2.17 Suture repair of meniscal tears and mechanical testing set-up. A) Suture
repair of fully transected meniscus. Inset shows dimension of suture placement. B)
Scaffold-augmented repair. C) Suture repaired meniscus clamped in materials testing

machine prior to tensile loading protocol (Rothrauff et al., 2016).
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Table 2.2 Mechanical Properties of Native and Repaired Menisci Pulled to Failure
(Rothrauff et al., 2016).

Native Suture Repair Scaffold-Augmented
Ultimate Load (N)* 437.3+117.5 124.4+21.4 137.1+31.0
Ultimate Elongation(mm)® 5.12+1.55 10.14+4.61 12.09+5.89
Stiffness (N/mm) 141.0+42.4 18.4+4.7 20.8+3.6

Baek et al. (2015) constructed layers of aligned polylactic acid (PLA) electrospun
scaffolds with human meniscus cells embedded in ECM hydrogel lead to the formation
of new tissues that are similar to meniscus tissue. PLA electrospun scaffolds with
aligned and random fibers were seeded with human meniscus cells received from
vascular or avascular regions. Aligned electrospun PLA nanofibers showed mechanical
properties that are better than other fibers. Cells from avascular and vascular regions
of human menisci grew, attached, and infiltrated to the PLA nanofibrous scaffold. There
are secreted major proteins found in the meniscal tissue. The method of compound
nanofibrous scaffolds with human meniscus cells in an ECM hydrogel create thicker
multilayered constructs in partial meniscus replacement. Skin injuries are generally
caused by burns, trauma, surgical procedures, bedsores, diabetes, aging, etc.
Researchers designed skin scaffolds that can improve skin healing by protecting the
tissue from dehydration and infection. In addition, a scaffold provides cell attachment,
cell proliferation, and migration, which finally lead to the development of new skin.
Milan et al. (2016) studied the 3D dermal substitutes prepared using collagen
nanofibers to provide a physiological environment for skin cell attachment and
expansion. Which nanofibers can protect damaged skin tissue from fluid and protein
loss.

2.4 Meniscus scaffolds for tissue engineering applications

Injury between plays sports activities or accidents has been associated with a
meniscus injury. Especially, the concern is knee injuries that affect the meniscus of the
joint. The knee menisci are semilunar-shaped fibrocartilaginous structures interposed
between the femoral and tibial and it is essential for the knee joint. There is
considerable research for developed meniscus scaffolds. Esposito et al. (2013) studied
PLDLA/PCL-T 90/10 polymeric scaffold with solvent casting and particulate leaching.
The result of mechanical properties was showed a high compressive modulus of 9.5

+1.0 MPa. Cell culture with fibrochondrocytes from rabbit menisci and seeded directly
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on the scaffolds. Which implantation consists of cell-free scaffolds or cell-seeded
scaffolds that were introduced into the medial knee meniscus and the negative control
group is rabbits no implant. Therefore, PLDLA/PCL-T 90/10 polymeric scaffold has
potential for tissue engineering applications since this scaffold allowed the formation
of fibrocartilaginous tissue. Which is a structure of importance for repairing meniscus
injuries including replacement and the protection of the meniscus from degeneration
(Figure 2.18).

".‘-\s' VR L
Figure 2.18 Twenty-four weeks after implantation of PLDLA/PCL-T scaffold (Esposito
et al., 2013).

Natsu-ume et al. (2005) designed a fibrin gel scaffold and cell culture with
autologous fibrochondrocytes while treatment 2-week in vitro culture of cells before
transplantation. The result was showed good cell proliferation with matrix synthesis,
and they found that Neo-tissue formation. Kang et al. (2005) developed the current
treatments of the meniscal damage in the knee joint. The meniscus scaffold was
fabricated from polyglycolic acid (PGA) fiber meshes that were adding reinforcement
by poly(lactic-co-glycolic acid). The compressive modulus of the PGA scaffold was
higher than that of a non-reinforcement scaffold. The meniscal cells were seeded onto
the polymer scaffolds and cultured in vitro for 1 week. Then, implantation scaffold to
rabbit knee joints from which medial menisci were removed. Hematoxylin and eosin
staining of the sections of the neo-menisci at 6 and 10 weeks presented the
regeneration of fibrocartilage. Safranin-O staining showed that plenty of proteoglycans
was presented in the neo-menisci at 10 weeks. Masson’s trichrome staining revealed

the presence of collagen. Immunohistochemical analysis showed that the presence of
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collagen type | and Il in neo-menisci at 10 weeks. This research showed the first time
and the possibility of regenerating a meniscus in a rabbit model using the tissue

engineering method (Figure 2.19).
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Figure 2.19 Immunohistochemical staining for collagen type Il of inner zone of (A)

normal meniscus and tissue engineered meniscus at (B) 6 and (C) 10 weeks (Kang et
al., 2005).

Shimomura et al. (2015) have prepared 5% (w/v) PCL mixed with
tetrahydrofuran ~at ratio 1:1 and prepared 10% PEO mixed with 0.06% N,N-
dimethylformamide and NaCl. After that, they mixed PCL:PEO at ratio 1:1 and using
electrospinning for preparation PCL/PEO nanofibers. Then, they cultured cell and
staining with Picrosirius red. The result showed that radial tear wrapped with the
scaffold alone or cell-seeded with mesenchymal fibrochondrocytes scaffold exhibited
a partial repair and scaffold provides adhesive properties that may make implantation
practical mesenchymal fibrochondrocytes appear to enhance biological healing (Figure
2.20).
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Figure 2.20 Picrosirius red staining (Shimomura et al., 2015).

Ruprecht et al. (2019) prepared scaffolds from medial menisci that were
harvested from the knees of female pigs and frozen overnight, then freeze-dried (Figure
2.21). The porcine meniscus-derived matrix (MDM) scaffolds were provided a suitable
environment for cell permeation, remodeling, and improve repair tissue. Thus, this
scaffold has the potential to integrate into the meniscus joint and promote repair

without external growth factors or an exogenous cell source.

~
Porcine meniscus Minced, frozen &
lyophilized

Placedin molds, Reconstituted slurry in H,O Sieved
frozen, & lyophilized

Figure 2.21 Meniscus-derived matrix (MDM) was prepared from porcine medial

meniscus (Ruprecht et al., 2019).
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Mandal et al. (2011) designed 3D aqueous-derived silk scaffolds that were
prepared into individual layers with varying pore sizes and orientations. The first two
layers were fabricated salt leaching method, while the third layer was used the freeze-
drying method. The mechanical properties tested the compressive modulus of silk
meniscus scaffold layers with and without hMSCs cultured in differentiation media
(Figure 2.22). The result showed higher the silk scaffolds/cells compressive modulus
than silk scaffolds. Moreover, cultured hMSCs indicated that higher cellularization with
improved ECM deposition. Whereas higher collagen, proteoglycan levels, and higher

gene expression levels promote chondrocyte differentiation.
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Figure 2.22 Compressive modulus of individual silk meniscus scaffold layers (Mandal
et al,, 2011).



CHAPTER 1lI
RESEARCH METHODOLOGY

3.1 Preparation of Bombyx mori cocoons and degumming process

Silk cocoon from Bombyx mori species J108 was obtained from Queen Sirikit
Sericulture Center, Nakhon Ratchasima were cut into small pieces, the dried pupae
removed, and dirt separated from the cocoon fragments. Small pieces of cocoons
were washed in distilled water and dried at 105°C for 4 h. After that, the weight of
dried cocoons was recorded. To remove immunogenic sericin proteins, by 5 ¢ of dried
cocoons were dissolved in 1% (w/v) Na>COs (ERBA CARLO, Italy) solution at 100+2°C
for varied times of 10, 20, 30, and 40 minutes each. Then, the degummed silk was
washed with distilled water several time until pH 7 and air dried overnight at 70°C.

Finally, the weight of degumming fiber was recorded (Figure 3.1).

3.1.1 Weight loss

Degumming performance was initially measured by determining the
percentage weight loss of samples after degumming. Cocoon small pieces (5 g weight)
were dried overnight at 70°C and weighed again to obtain a pre-degumming weight.
Degumming silk was placed on the scales for 1 min to allow the reading to stabilize
before the exact weight was recorded. Each degumming times condition was
performed on triplicate 5 ¢ samples. The weight loss was defined as follows (Allardyce
et al, 2015)

Weight loss (%) = (1-(mass of degummed fiber)/(mass of cocoons)) x 100

3.1.2 Residual sericin
Residual sericin content was obtained using the following equation. When the

weight loss was 26.6%, the sericin was completely removed. (Ki et al., 2007)
Residual sericin content (%) = (1 - (1 - 0.266)/(1- d)) x 100

where d is the weight loss.
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Figure 3.1 The preparation process of degumming silk.

3.2 Preparation of silk fibroin extraction by CaCl, and LiBr solvent

Silk fibroin dissolution by the extraction of degummed silk routes (Figure 3.1)
using either 9.3 M LiBr (purchased from Sigma Aldrich, Singapore) solution at 70°C for
3 hand 4.14 M CaCl; (purchased from Erba Carlo, Italy) solution at 100°C for 1 h. Then,
silk fibroin solution was dialyzed (Mw = 6-8 kDa) with deionized water for 4 days. After
dialysis, SF solution was freeze-dried at -40°C. The silk fibroin sponges yield was

calculated according to the following formula: (Feng et al., 2020).
Extraction yield (%) = (weight of silk fibroin/ initial weight of silk degummed) x 100

3.2.1 Measurement of molecular weight

The molecular weight of the regenerated silk fibroin was determined by
sodium dodecyl sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE). The
hydrolyzed sample solution was added into a 3: 1 buffer sample, then boiled at 100°C
for 5 minutes, then the sample was pipetted into a sequence of acrylamide gel
respectively. The electrodes are mounted according to the poles. Electrophoresis was
carried out at a voltage of 150V for 60 minutes. After electrophoresis, the gel was
stained with 0.1% Coomassie Brilliant Blue R-250 staining solution for 30 to 60 minutes.
The gel was rinsed with immersion in detaining solution (methanol, acetic acid, and
distilled water at a ratio of 4:1:5) for 1 h. SDS-PAGE was recorded and defined.
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Figure 3.2 The preparation process of silk fibroin extraction by CaCl; and LiBr solvent.

3.2.2 Characterization of Silk fibroin

3.2.2.1 Fiber surface morphology

The surface morphology of degumming fiber was studied using field emission
scanning electron microscope (FE-SEM) (Zeiss AURIGA FE-SEM/FIB/EDX). Fiber diameter
was randomly measured from 100 fibers according to 10 different area of the sample.

The average fiber diameter was then calculated using ImageJ software.

3.2.2.2 Fourier transform infrared spectroscopy

Functional groups in the degumming fiber were analyzed by Fourier Transform
Infrared Spectroscopy (FT-IR) (Bruker Tensor27). The spectra were recorded over a wave
range of 4000-400 cm™* at resolution of 4 cm™.

3.2.2.3 X-ray diffraction

X-ray diffraction (XRD) patterns were obtained using a Bruker XRDD8 Advance
with Cu-Kat (1.54 A) radiation operated at a voltage of 40 kV and current of 40 mA. The
detector was LYNXEYE. The scan 26 range was from 5 to 50 degrees with a step size
of 0.02° and time per step of 1.2 s. Percentage of crystallinity can be calculated as
ratio of crystalline area to total area.

Xc = Ac / (Ac+Aa)
Where Xc = %crystallinity
Ac = Area of crystalline phase

Aa = Area of amorphous phase
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3.3 Preparation of electrospun PVA nanofiber and electrospun SF/PVA

nanofiber

3.3.1 Polymer solution preparation

Polyvinyl alcohol (PVA) (MW 146,000-186,000, Sigma Aldrich) solutions 5.0%
w/v and 10.0% w/v were prepared by adding PVA into 80°C distilled water. The solution
was stirred with a magnetic stirrer until the solution was clear. The solution was then
stirred continuously at room temperature for additional 24 h. Silk fibroin (SF) was be
prepared by degumming waste cocoons (Bombyx mori silk). 1% Na2COs solution was
boiled for 30 min to remove sericin, and washed with distilled water. Two ¢ of the
degummed silk was put into 10 g CaCl, solution (Carlo Erba Reagent). The degummed
silk solution was stirred and heated at 98 + 2°C for 1 h. The solution was then dialyzed

with deionized water. After dialysis, the SF solution was freeze dryer at -40°C.

3.3.2 Preparation of blend SF/PVA

SF (12% w/v) was prepared in 98% w/v formic acid (Carlo Erba Reagent). SF in
formic acid and 10% w/v PVA solution were mixed in the ration of 25:75 (v/v)
respectively. The solutions were stirred on a magnetic stirrer for 4 h at room

temperature.

3.3.3 Electrospinning of 5% w/v, 10% w/v PVA and blended SF/PVA
nanofiber

SF/PVA was loaded into a 10 mL syringe which was connected to a 20-gauge
blended tip needle. The needle tip was placed 10 cm from the cylindrical corrector.
The electrospinning parameter was set at 15 kV with a flow rate of 0.5 mU/h. All
conditions were controlled, and the relative humidity (RH) varied at 50%, 60%, 70%,
and 80%. The effect of the applied voltage in the electrospinning process was studied
using variable voltages of 10, 15, 20, and 25 kV. In addition, the parameters were set
at a flow rate of 0.5 ml/h and a humidity of 50% (Figure 3.3).
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Figure 3.3 The preparation process of electrospun PVA nanofiber and electrospun
SF/PVA nanofiber.

3.3.4 Characterization of blended electrospun nanofiber

3.3.4.1 Morphology

Fiber diameter and pore size of the nanofiber sheath were observed by Field
Emission Scanning Electron Microscope (FE-SEM) (Zeiss AURIGA FE-SEM/FIB/EDX). In one
microscope filed, twenty fibers were chosen to measure for diameter; 5 fields were
taken in one electrospun nanofibrous sample and characterization of nanofiber
diameter using image J analysis.

3.3.4.2 Mechanical properties

The nanofibrous scaffold was tested at room temperature and cut the scaffold
into 1.5 cm in width, 10 cm in length and 0.2-0.5 mm in thickness tensile test was done
according to ASTM D882 by using a universal testing machine (Model 4502, Instron,
Norwood, MA) with a load cell of 5 kN.

3.4 Fabrication of electrospun SF/PVA nanofibrous scaffold

3.4.1 Materials

Silk fibroin sponges, Poly(vinyl alcohol) (PVA) (Mw 146,000-186,000, 99%
hydrolyzed), 99% Lithium bromide (LiBr), and Dimethyl sulfoxide (DMSO) was
purchased from Sigma Aldrich, Singapore. 99% Formic acid, Sodium carbonate
(Na2COs), and Calcium chloride (CaClo. 6H20) were purchased from Erba Carlo, Italy.
The MTT Assay Kit was purchased from Sigma Aldrich, Singapore. Fetal Bovine Serum
(FBS), Trypsin-EDTA solution and Phosphate Buffered Saline (PBS) were purchased from
Sigma Aldrich, Singapore. DMEM was purchased from Gibco, Life Technologies and
TRIZOL regent was purchased from Invitrogen, USA.
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3.4.2 Electrospinning of SF/PVA solution

SF solution was prepared by dissolving 12% (w/v) SF in 99% formic acid. PVA
was dissolved in deionized water at 80°C to prepare 10% (w/v) PVA solution. SF/PVA
solution was prepared in different ratios; 100:0, 75:25, 50:50, 25:75 and 0:100 (v/v) and
stirred for 2 hr. SF/PVA then loaded into 10 ml syringe which connected to 20-gauge
blended tip needle (Table 3.1). The needle tip was placed at 10 cm from cylindrical
corrector. Electrospinning parameter was set at 20 kV with flow rate of 0.5 ml/h at

humidity of 50% and the roller receiver rotation speed of 200 rpm (Figure 3.4).

Table 3.1 Composition of SF blend with PVA (SF/PVA).

Sample SF (mL) PVA (mL) Ratio

a 100 0 SF/PVA 100:0
b 75 25 SF/PVA 75:25
C 50 50 SF/PVA 50:50
d 25 75 SF/PVA 25:75
e 0 100 SF/PVA 0:100
',’ r" bay ’E\—— \‘|
g s § i a | e Steavons i
| : Silk Fibroin . - :
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Figure 3.4 The fabrication process of electrospun SF/PVA nanofibrous scaffold.

3.4.3 Characterization of blended electrospun nanofiber

3.4.3.1 Viscosity

The viscosity of electrospinning solution which shear viscosities of the
spinning fluids were measured at the shear rate of 0.1-200 s, 25°C with Brookfield
viscometer (Brookfield LVDV3T, USA).
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3.4.3.2 Morphology
Fiber diameter of the nanofiber sheath were observed by Field Emision
Scanning Electron Microscope (FE-SEM) (Zeiss AURIGA FE-SEM/FIB/EDX). The nanofiber

was selectively measured in different surface area were investigated.

3.4.3.3 Contact angle test

The electrospun nanofiber was observed using contact angle. The water was
dropped onto the surface of the nanofiber with a needle syringe. Images of the drop
was captured after the drop set onto the nanofiber. The contact angle was calculated

by the software image J for analyzing the shape of the drop.

3.4.3.4 Tensile properties

The nanofibrous scaffold was tested at room temperature and cut the scaffold
into 1.5 cm in width, 10 cm in length and 0.2-0.5 mm in thickness tensile test was
done according to ASTM D882 by using a universal testing machine (Model 4502,

Instron, Norwood, MA) with a load cell of 5 kN and crosshead speed of 20 mm/min.

3.4.3.5 Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FT-IR) (Bruker Tensor27) was used to
identify the functional groups of SF/PVA nanofibrous scaffold. The spectra were

recorded over a wave number range of 4000-400 cm* at resolution of 4 cm™.

3.4.3.6 Thermogravimetric analysis
SF/PVA nanofiber was characterized by the TGA (model STA 6000, Perkin-
Elmer) in non-isothermal mode. The heating rate was 10 °C/min under an inert nitrogen

atmosphere over the temperature range of 50-700°C.

3.4.3.7 Cell viability

SF/PVA scaffolds were cutin to 4 x 4 mm and placed separately placed in 96
wells. Chondrocyte culture medium, contained with high glucose Dulbecco’s modified
Fagle’s medium (DMEM/F12, Gibco, Life Technologies) supplemented with 10% FBS
and antibiotic-antifungal mixture were then added into each well. After 30 minutes
incubation, 5x10° human chondrogenic progenitor cells (HCPCs) (Figure 3.1) were
seeded into the scaffolds and cultured in a humidified, 37°C, 5% carbon dioxide
environment. The cell viability was performed using by 3-(4, 5-dimethyl thiazolyl-2)-
2,5-diphenyl tetrazolium bromide (MTT) assay at day 1, 3, and 7 by analyzing with
microplate reader (Thermo Scientific Microplate Spectrophotometer) at 590 nm. Cell

viability percentage was calculated by comparing the absorbance of cells cultured on
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different nanofibrous scaffolds to scaffold free control. All set of experiment were

performed in triplicate samples.

3.4.3.8 Quantitative analysis for gene expression

According to the results from mechanical and cell viability tests, 50:50 SF/PVA
scaffold was used to assess chondrogenic gene expression. In brief, 50:50 SF/PVA
nanofibrous scaffold sheets were cut to the 12 mm diameter spheres and sterilized
under UV light for 30 minutes. Then, the sphere scaffolds were put in 24 well and
incubated in culture media for 4 hours. After incubation, 2.5x10* HCPCs were seeded
in each scaffold and cultured for 7, 14, and 28 days. The culture media was refreshed
every 3 days. At day 7, 14, and 28, total RNA was extracted from the HCPCs on the
scaffolds for quantitative gene-analysis using RNeasy mini Kit (Qiagen, Hilden, Germany).
Quantitative real time polymer chain reaction (qRT-PCR) was done with SYBR Green kit
(Thermo Fisher Scientific, USA) and Fluorescein Kit (BIOLINE, London, UK). The target
genes were type | collagen (COL1A1), type Il collagen (COL2A1) and aggrecan (ACAN),
with 18S rRNA as a housekeeping gene (Figure 3.5 and Table 3.2).

Table 3.2 Sequences of primer sets for gRT-PCR.

Genes 4 ~ Primer sequence (5’ to 3’)

Type | collagen Sense GGAGGAGAGTCAGGAAGG

(COL1AY) Antisense GCAACACAGTTACACAAGG

Type Il collagen Sense GGCAGAGGTATAATGATAAG

(COL2AY) Antisense ATGTCGTCGCAGAGG

Aggrecan Sense ATACCGTCGTAGTTCC

(ACAN) Antisense TCCTTGTCTCCATAGC

18S rRNA Sense ATACCGTCGTAGTTCC
Antisense GTCTCGTTCGTTATCG

oa’ L oaya T ® . owr
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Figure 3.5 Representative clonally derived human chondrogenic progenitor cells
(HCPCs) on day 1, day 3, and day 7.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 The effect of solvent for silk fibroin extraction on physical properties

and biological properties of electrospun nanofibrous scaffold

4.1.1 Time on degumming silk

It is well known that the sericin content in Bombyx mori cocoons reported for
about 20-30 wt.% (Wang et al., 2015) and weight loss measurements have been widely
used to observe the degumming silk efficiency. Weight loss measurements indicated a
more efficient removal of sericin, but excessive weight loss may indicate substantial
hydrolysis of fibroin. This study used Na>COs solution for the degumming silk at varied
times when compared using a t-test (p<0.05). Overall, the lowest weight loss value of
23.71% (p=0.048) corresponded to degumming time at 10 min. While the degumming
time for 20, 30, and 40 min, the weight loss value of 25.03%, 25.26%, and 25.40%,
(p=0.044, p=0.063, and p=0.058) respectively (Table 4.1). The residual sericin remaining
on the silk fibers correspondingly declined to a low level with increasing time. The
sericin content for 10 to 40 min has values of 3.79%, 2.09%, 1.79%, and 1.60%,
respectively. It indicates the effective removal of sericin. In this study, we selected
degumming time at 20 min because the t-test has a p-value<0.005, weight loss, and
sericin content were most suitable for using silk fibroin extraction. Cao et al. (2013)
reported the degumming time of 20, 40, or 60 min had no further effect on the
degumming rate. That is indicating all the sericin was removed from around the fibroin
fiber. Teuschl et al. (2014) suggested that the time required for suitable degumming is
between 20 to 40 min. More et al. (2018) reported almost 100% degumming was
complete within 30 min and thereafter increase was slow. Therefore, a degumming
time of 20 min was used the silk fibroin extraction in the subsequent experiments. The
results of fiber surface morphology were shown by an FE-SEM image in which the silk
cocoon before being degummed still exhibits sericin residues, mainly located at the
outer structures of the silk fiber (Figure 4.1). Sericin appears as a non-uniform coating
on the surface of the silk fibers. The FE-SEM image (Figure 4.2) of silk extracted with a
sodium carbonate solution at the varied times showed sericin appears as a non-

uniform coating on the surface of the silk fibers for 10 min. Degumming time after 20
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min showed sericin slight coating on the surface of the silk fibers and the fiber surface

was highly smooth, and clean fibroin appeared.

Table 4.1 Time of degumming silk.

Time of Degumming (min) Weight loss (%) P-value Sericin remove (%)
10 23.71 0.048 96.21
20 25.03 0.044 97.91
30 25.26 0.063 98.21
a0 25.40 0.058 98.40

<*—— Sericin

I

Fibroin

Figure 4.1 FE-SEM images of cocoon a) outer fiber of cocoon and b) silk fiber showing

the two filaments of fibroin and sericin coating.

The effect of time on degumming processes was investigated by FT-IR. The IR
spectrum silk cocoon and degummed silk fibers presented in Figure 4.3 show that the
peaks from wavenumber 1000 to 1800 cm™ are due to fingerprint regions for all silk
fibers. The absorption bands at 1508 cm™ correspond to amide II, assigned to the B-
sheet structure (crystalline) (Chung et al,, 2015), and 1217 cm’? corresponds to amide
Ill, assigned to the random coil/a-helical structure (Murphy et al., 2008). Nevertheless,
In the amide | band, the silk cocoon and the desummed silk fibers exhibit absorption
peaks at 1697 cm™ (random coil/a-helical structure) and 1639 cm™ (B-sheet structure)
(Callone et al, 2016), respectively, indicating the amount of B-sheet structure is
increased after degsumming. Therefore, the FTIR spectra indicated that the molecular
conformation of the silk fibers does not change after different degumming methods,
and they assume a B-sheet and random coil/a-helical coexisting conformation.
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Figure 4.2 FE-SEM images of degumming silk a) degumming time 10 min, b) degumming

time 20 min, ¢) degumming time 30 min, and d) degumming time 40 min.
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Figure 4.3 FTIR spectra of a) raw cocoon, b) degumming time 10 min, c) degumming
time 20 min, d) degumming time 30 min, e) degumming time 40 min.

4.1.2 Effect of silk fibroin extraction by CaCl, and LiBr solvent
The dissolving ability of CaCl; and LiBr solvents was determined by the time
and temperature suitable to completely dissolve silk fibroin. CaClz took 1 h at 100°C
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to completely dissolve silk fibroin while LiBr can dissolve silk fibroin at lower
temperature (70°C) but longer time (3h) as shown in Table 4.2. Cheng et al. (2015)
reported the better dissolving ability of LiBr solvent compared to CaCl, solvent by
using much less time to dissolve silk fibroin at 80°C.  The vyield rate of silk fibroin
obtained by using LiBr solvent was 77.47% which was higher than the one using CaCl,
solvent (50.71%) as reported in our previous study (Raksa et al., 2021). After lyophilized
silk fibroin, the surface morphology of silk fibroin in different solvent systems were
observed by FE-SEM (Figure 4.4). The result showed elongated or needle-like shapes
of silk fibroin which no significant difference of morphology of silk fibroin obtained

from different solvent system.

Table 4.2 Silk fibroin yields of different extraction method.

Extraction Condition Yield (%)
4.14 M CaCly 50.71
9.3 M LiBr 77.47

Figure 4.4 FE-SEM image of silk fibroin a) and b) silk fibroin extracted by LiBr solvent
using magnification 250x and 1000x and c¢) and d) silk fibroin extracted by CaCl; solvent
using magnification 250x and 1000x.
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The pattern of extracting proteins on SDS-PAGE was shown in Figure 4.5 and
Table 4.3 showed the molecular weight of silk fibroin dissolved following different
methodologies. Silk fibroin is composed of two main protein components: the heavy
chain (350 kDa) fibroin (H-chain) and the light chain (25 kDa) fibroin (L-chain) (Inoue et
al,, 2000). The H-chain is hydrophobic and responsible for the formation of B-sheet
structures. While the L-chain composed of covalently linked by a disulfide bond at the
carboxy-terminus of the two subunits (Feng et al, 2020; Inoue et al., 2000) and
comprise a relatively high amount of leucine, isoleucine, valine, and acidic amino acid.
L-chain is more hydrophilic properties which are suitable for cell growth (Tananka et
al., 2000; Wang et al., 2021; Zhou et al,, 2001). Yamada et al. (2001) showed SDS-PAGE
to analyze the silk fibroin, and the result indicated clear protein bands having
molecular weights of about 25 and 350 kDa, which corresponded to the L chain and
H chains of the silk fibroin. Our result showed the silk fibroin molecule by LiBr and
CaClz solvent was degraded to a mixture of polypeptides of different sizes, which is
corresponded with some of the results presented by Yamada et al. (2001). The results
were showed the solvents by LiBr and CaCl,, seemed to have a similar degradation
and molecular weight distribution. It can be seen the band of polypeptides with a
molecular weight 250 kDa and the band corresponding to the L-chain fibroin at the
position around 25 kDa in the silk fibroin dissolved by CaCl, solvent and with LiBr
solvent. The molecular weight of silk fibroin was affected by many factors between
the solution preparing process. Not only did the different solvents have different
abilities to degrade SF with different molecular weights (Wang et al., 2012; Cho et al,,
2012). Denaturation can be led about by a variety of non-physiological reagents or
conditions including, chaotropic ions, organic solvents, solutes of the urea,

temperature, pressure, and interfacial forces (Pain et al., 1983).

The silk fibroin chain is a hydrophilic-hydrophobic-hydrophilic polymer and
will fold into a 20-nm micelle with hydrophilic and hydrophobic interactions in
aqueous solutions. Cho et al. (2012) indicated that when the regenerated silk fibroin
chain was gathered after dissolution. It had a size range of 10-30 nm compared to
100-300 nm when the chain was hydrolyzed. Cheng et al. (2015) studied the micelle
size of the regenerated silk fibroin (RSF) protein that was larger than 30 nm. This
presented that all of the RSF protein was hydrolyzed during dissolution. This was also
verified by SDS-PAGE. SDS-PAGE analysis indicated that the RSF solutions from
different solvents had similar molecular weight distributions. Hence, the formation of
micelles with similar size distributions. For inorganic salt generates ions in water and

increases the polarity of the water molecules. This breaks the intermolecular forces of
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silk fibroin. Consequently, different solvents produced different hydrolyzed silk fibroin
molecular chains and led to different self-assemblies of RSF (Cheng et al., 2015).
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Figure 4.5 SDS-PAGE analysis of silk fibroin dissolved following different methodologies.
46% w/v CaCl; (lane a) and 9.3 M LiBr (lane b).

Table 4.3 Molecular weight of silk fibroin dissolved following different methodologies.

SF(CaCl,) SF(LiBN)
10-15 kDa 10-15 kDa
25 kDa (L-chain) 25 kDa (L-chain)
>250 kDa (H-Chain) >250 kDa (H-Chain)

The structure of the silk fibroin in different solvents was analyzed by FTIR
spectroscopy (Figure 4.6). Silk | and silk Il are two kinds of silk fibroin molecular
structures, and they are frequently used to analyze the silk fibroin structure. Silk | (the
black solid line in Figure 4.6) is composed of random coils and an a-helix, which shows
a peak at 1645-1650 cm™ that responds to amide | and 1530 cm™ that responds to an
amide Il (Cheng et al.,, 2015). Silk I (the black dotted line in Figure 4.6) mainly is b

sheets, which show an amide | bond at 1630 cm™ and an amide Il bond at 1500 cm™*
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(Lu et al,, 2011; Li et al,, 2001; Chen et al,, 2007). The FTIR spectra showed that the
amide | band of SF extracted by LiBr solvent appeared at 1650 cm™ and SF extracted
by CaClz solvent showed shifted peak at 1645 cm™. Thought all absorption bands were
assigned to a random coil (Silk 1) (Chen et al.,, 2001; Cheng et al., 2015). The amide |l
and amide Il bonds of both solvents appeared at 1530 cm™ and indicated b-sheet
structures (silk Il) and showed a peak at 1235 cm™ (B-sheet but with a certain amount

of random coil structure) (Bawazeer and Alsouf, 2017), respectively.
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Figure 4.6 FT-IR spectra of silk fibroin extracted by a) CaCl, solvent and b) LiBr solvent.

X-ray diffraction (XRD) spectra of silk fibroin extracted by CaCl, and LiBr solvents
are shown in Figure 4.7. SF mainly occurs in crystalline or amorphous (random coil)
form under different conditions. XRD peaks appear at 28 = 9.9° for silk | and 26= 20.2°
and 24.1° for silk Il (Wang and Zhang, 2014). Silk | (random coil) and silk Il are attributed
to the B-sheet crystalline structure of fibroin (Andiappan et al., 2013; Abdel-Fattah et
al,, 2015; Qi et al., 2017). Furthermore, when silk fibroin is extracted using CaCl, solvent,
it exhibits a crystallinity of 31.40%, whereas extraction with LiBr solvent results in a
higher crystallinity of 32.71%.
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Figure 4.7 XRD patterns of silk fibroin extracted by a) CaCl, solvent and b) LiBr solvent.

4.2 The effect of electrospinning parameters on the morphology and

mechanical properties of electrospun nanofibrous scaffold

4.2.1 The effect of PVA concentration

FE-SEM in Figure 4.8 and Table 4.4 showed the combination of beaded fiber in
the electrospun nanofiber (132+24 nm) prepared using a 5% w/v of PVA solution,
whereas the larger fibers without beads were obtained in the case of the system
prepared using the 10% w/v of PVA solution (181+27 nm). When the concentration of
PVA was increased to 15% w/v, the polymer solution did not flow through the tip. The
bead formation in the fiber occurred due to the evidence of droplets during
electrospray and, thereafter, they were deposited on the fiber. In the case of more
concentrated polymer solutions, the charged jet did not break up into small droplets.
The smallest PVA fiber was evident when the lower concentration PVA solution was
used. This is because the lowest solution viscosity could accelerate the stretching of
the polymer during electrospinning. Adding the higher PVA to the solution affected the
viscosity of the solution and resulted in increasing the fiber diameter. The charged jet
from high concentrate solution could withstand the coulombic stretching force
therefore the smooth with larger electrospun fibers could be obtained. In addition, the
low solvent in the charged jet of concentrate polymer solution dried more easily,
which complicated the elongation and thinning of fibers (Supaphol et al., 2008). The

high-concentration solution exhibited high viscosity and also high surface tension;
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thereafter, the stretching ability was reduced. Typically, the solution viscosity increases
with increasing solution concentration according to a power-law relationship, and an
increase in the solution viscosity should result in the formation of fibers of larger
diameters (Mit-uppatham et al., 2004). The polymer concentration is associated with
solution viscosity, which increases with the increase of the polymer concentration and
then leads to a larger fiber diameter. However, if the concentration is too low,
continuous polymer fibers cannot be achieved, and polymer beads are obtained.
When the concentration is too high, the polymer solution becomes very viscous and
fibers are obtained along with many drops. Highly viscous solutions have difficulty
flowing through the syringe tip. Therefore, an appropriate polymer concentration is

very important to the electrospinning process (Hong, Y., 2016).
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Figure 4.8 FE-SEM images and histograms of electrospun of PVA nanofiber at different
concentration; (a-i, a-ii, a-iii) = 5% w/v, (b-i, b-ii, b-iii) = 10% w/v (Magnification 2500x
and 20000x).

Table 4.4 Some Properties of the electrospun PVA nanofiber.

Concentration . . . .
Viscosity  Fiber Diameter

of PVA solution Observation
(cP) (nm)
(% w/v)
5 984 132 Beaded formation
The formation of continuous
10 2427 181
fibers was observed
No formation of fibers is
15 8305 - observed, the polymer solution

did not flow through the tip
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The breakage mechanism and fiber morphology of electrospun nanofiber are
the main reasons for the increase in tensile strength with an increase in polymer
concentration. The presence of beads in the nanofiber mats at low concentrations
causes fewer fiber-to-fiber interactions and increased weakness of individual fibers,
resulting in generally low tensile strength values. Beads act as defects in a fiber. Hence,
from the present study, it has been observed that the weak points increase with the
increased beads of nanofibers. As the concentration is increased, smoother fibers with
improved diameter uniformity are formed (Tarus et al., 2019). This results in increased
fiber cohesion points, thereby increasing the tensile strength as shown in Figure 4.9.
From the stress-strain curves, the initial difference in tensile strength values between
the 5% w/v PVA nanofibers and the presence of beads on the fibers led to fewer fiber
cohesion points. The tensile strength is approximately 3.30 MPa with an elongation at
break of 8.53%. When the polymer concentration was increased to 10% w/v PVA, the
large diameters of the smooth electrospun nanofibers showed a tensile strength of
4.66 MPa and an elongation at break of 70.10%, which means the tensile properties of
10% w/v PVA were higher than 5% w/v PVA. Thus, the concentration was influenced
by nanofiber morphology, which in turn affects the mechanical properties (Mit-
uppatham et al., 2004). It is expected that as the solution concentration of PVA is
further increased, an optimum point would ultimately be reached where further
concentration increases would lead to diminishing tensile properties. This would be
due to the increasing diameter causing reduced fiber surface area to volume ratio,

thereby decreasing fiber interaction points.
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Figure 4.9 The stress-strain curve of nanofiber prepared using different concentration
of PVA solutions.
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4.2.2 The effect of humidity

The morphology of SF/PVA (25:75 v/v) blended nanofiber studied by FE-SEM
was shown in Figure 4.10. With increasing relative humidity, the fiber became more
nonuniform in shape and thickness. Uneven fiber diameter with increasing relative
humidity was also found in electrospun silk fibroin. Wider fiber diameter distribution
was observed at higher relative humidity. Pelipenko et al. (2018) reported the influence
of humidity on diameter of PVA nanofiber. With increasing relative humidity from 4%
to 70%, fiber diameter was decreased from 667 + 83 nm to 74 + 99 nm. In contrast,
for SF nanofiber, fiber diameter was increased from 30 to 120 nm. When the relative
humidity (RH) was increased from 25% to 30% (Kim et al., 2013). From our study, the
relative humidity of 50%-80% in Figure 4.10 and Table 4.5, the electrospun SF/PVA
nanofiber showed smooth surface without any bead formation and the average fiber
diameter size in the range 111 to 90 nm. The average pore size of nanofiber shows a
small interconnecting fiber in the range 360 to 290 nm, it was decreased when the
relative humidity increased. The distance of interconnecting pore nanofiber was less
than cell size which was the diameter size of a cell infiltrated about 100 mm to 1 cm
(Wu and Hong, 2016). Nevertheless, an inherent limitation of electrospun scaffolds is
the relatively small pore size that does not promote cellular infiltration and tissue
ingrowth into the scaffold (Rnjak-Kovacina and Weiss, 2011). At higher number of water
molecules in the atmosphere during the electrospinning process, the water
evaporation in the polymeric jet is slower, therefore, solidifies more slowly. Moreover,
high relative humidity supported to the absorption of water molecules, which may
increase the wettability of the polymer jet and as resultant to obtain small fibers. On
the other hand, Pelipenko et al. (2013) reported at low RH conditions, the polymer jet
solidifies soon after it comes out of needle tip. Therefore, it is exposed to voltage
induced stretching for a short time only. At higher RH solidification occurs more slowly
and polymer jet is consequently exposed to voltage induced stretching for a longer
time, resulting in the formation of thinner fibers. The changes in nanofiber morphology
can be explained with the combination of solvent evaporation rate (solidification
velocity) and bead-on-a-string formation during the capillary breakup of viscoelastic
fluid (Tripatanasuwan et al., 2007). PVA and silk have different viscoelastic property
and water absorbability. This may lead to lager fiber diameter of silk fibroin nanofiber
and smaller fiber diameter of PVA nanofiber when the relative humidity was increased.
This resulted in wide distribution of fiber diameter of electrospun SF/PVA nanofiber.
However, with low relative humidity, there is less interconnecting pore distribution on

the surface. Because fast solvent evaporation at lower relative humidity has less
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chance to condense the moisture on the surface of electropun fibers. Mechanical
properties of SF/PVA nanofiber at different relative humidity were shown in Table 4.5
and stress—strain curves of electrospun SF/PVA nanofiber at different relative humidity
are shown in Figure 4.11. The results show that the highest tensile strength was
obtained from the nanofiber electrospun at lowest relative humidity. Solvent
evaporation rate was higher with lower relative humidity leading to higher
concentration of polymer solution being electrospun. The higher concentration results
in higher tensile strength. A decrease in tensile strength with increasing RH was also
reported by Tang et al. (2009) for the electrospun polyether sulfone nanofiber. In
general, electrospun nanofiber has higher tensile on surface forms shortly after the
polymer jet comes into contact with the surrounding environment. Therefore, fiber to
fiber adhesion will be weaker as residual solvent is essential to link fibers junctions
together. This reduced strength of nanofiber at higher humidity. When the relative
humidity was increased, more water molecules present in the atmosphere. If the water
molecule penetrates into polymer molecules, it can react as plasticizer resulting in
higher elongation at break. Thus, at the highest relative humidity, and highest
elongation at break were obtained from our study strength at break when electrospun
at lower humidity. At low RH, the nanofiber surface was smooth and bead free. At high
RH, the fibers exhibited a soft texture indicating poor fiber-fiber bonding (Tang et al,,
2009; Zaarour et al., 2018). The reason for this poor bonding at high humidity is due to
the phase separation promoted by the presence of water. Fiber on surface forms
shortly after the polymer jet comes into contact with the surrounding environment.
Therefore, fiber to fiber adhesion will be weaker as residual solvent is essential to link
fibers junctions together. This reduced strength of nanofiber at higher humidity. When
the relative humidity was increased, more water molecules present in the atmosphere.
If the water molecule penetrates into polymer molecules, it can react as plasticizer
resulting in higher elongation at break. Thus, at the highest relative humidity, and

highest elongation at break were obtained from our study.
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Figure 4.10 FE-SEM images and histograms of electrospun SF/PVA blended nanofiber
at different relative humidity; (a-l, a-ii, a-iii) = 50%, (b-I, b-ii, b-iii) = 60%, (c-I, c-ii, c-iii) =

70%, (d-I, d-ii, d-iii) = 80%.
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Table 4.5 Mechanical properties and Fiber diameter size of SF/PVA blended
nanofiber at different relative humidity.

Relative humidity = Tensile strength Elongation at Average fiber
at break (MPa) break (%) diameter (nm)
50 4.00+0.02 27.23+1.64 111429
60 3.20+0.18 23.47+0.88 109+22
70 2.80+0.08 36.08+1.39 106+45
80 2.78+0.10 41.11+1.25 90+33
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Figure 4.11 Stress—strain curves of electrospun SF/PVA nanofiber at different relative
humidity.

4.2.3 The effect of voltage

In this study, the polymer blend of the SF/PVA (25:75 v/v) was fabricated into
nanofiber under the applied voltages of 10, 15, 20, and 25 kV over a tip-to-collector
distance of 10 cm. The FE-SEM images in Figure 4.12 reveal the electrospun SF/PVA
nanofiber and fiber diameter distributions obtained at different applied voltages.
Electrospun SF/PVA nanofibers showed a random nanofiber, no bead, and a smooth
surface fibrous structure. At 10 kV, Figure 4.12(a-iii) showed an average fiber diameter
of 362 nm. When the applied voltage was increased to 15, 20, and 25 kV (Figure 4.12
(b-iii), (c-iii), and (d-iii), the average fiber diameter was decreased (175, 135, and 110
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nm). It was due to adjusting the applied voltage having multiple effects on the
electrospinning procedure since it affects the number of charges applied to the
solution. Increasing the voltage will accelerate the electrospinning jet, which may result
in a larger volume of solution being pulled from the needle tip. If the solution feed
rate is held constant, the Taylor cone will be smaller and less stable (Zhong et al,,
2002) and may finally recede into the needle (Deitzel et al.,, 2001). Lee et al. (2004);
Buchko et al. (1999) reported that the large voltage applied will result in a greater
stretching of the solution, which in turn should result in thinner fibers. Electrospinning
a solution with low viscosity at a higher voltage may also favor the production of
secondary jets, resulting in smaller fiber diameters. Normally, in nanofibrous scaffolds
for tissue engineering applications, there should be no beads in the electrospun
SF/PVA nanofibers. Furthermore, the nanofiber diameters must be similar to the
natural extracellular morphology in order to promote cell growth (Haider et al., 2018).
Badami et al. (2006) showed that fibers with small diameters (140 nm or less) could
hinder cell infiltration and proliferation due to that reduced fiber diameter results in a
smaller pore size in scaffolds (Eichhorn and Sampson, 2005). In addition, electrospun
scaffolds with a diameter of fiber that is greater than 1600 nm revealed a reduction in
the amount of cell attachment and proliferation of fibroblast of electrospun scaffolds
(Pham et al., 2006). As for Figure 4.12(d-ii), it shows branch-shaped fibers are observed
when the voltage increases, which can be explained as follows: when high voltages
induce multiple jets of electrospinning, reducing the electrostatic forces and stretching
the fibers, as a result, shrunk fibers are obtained (Lui et al., 2019).

The mechanical properties of the scaffolds used in tissue engineering are one
of the most important aspects that need to be taken into consideration. The tensile
properties are the most common ones for the meniscus which tensile properties are
cross-section and position-dependent due to varied fiber densities and orientations. As
a result, the axial compressive force is thus distributed as a circumferential tensile
load. The purpose of the tensile test is to quantify the circumferential tensile
properties of scaffolds under an axial load at the knee. The scaffold structure can
greatly impact the tensile and compressive test results. The mechanical properties of
electrospun SF/PVA nanofiber at different applied voltage (10, 15, 20, and 25 kV) was
shown in Figure 4.13 and stress—strain curves of electrospun SF/PVA nanofiber show in
Table 4.6. The results showed that the highest tensile strength (5.78 MPa) was obtained
from the electrospun nanofiber at voltage of 20 kV. In addition, at 10 and 15 kV shown
ultimate tensile strength of 4.15 and 4.78 MPa while the voltage of 25 kV had tensile

strength of 5.26 MPa. It can be observed that increasing the voltage increases the



63

ultimate tensile strength and elongation at break of the electrospun nanofibers was
increased while the highest voltage (25 kV) had a slight decrease in tensile strength.
Because the expelled polymer jet is randomly welded together, it reaches the
collector and causes the union of fibers to form stronger and more tensile strength
connections, affecting the morphology and mechanical properties (Reneker and Yarin.,
2008; Carg et al., 2011). Nguyen et al. (2010) reported conglutination is common when
high voltages are used in the electrospinning of scaffolds and allow for increased
tensile strength due to the formation of a network of interlaced fibers. Furthermore,
Wei et al. (2009) modeled the mechanical properties of an electrospun nanofiber
network and discovered that the conglutination of fibers increases tensile strength
significantly. Load transfer between fibers occurs via van der Waals interactions as well
as mechanical interlocking, where introducing fusion points (by increasing the voltage)
improves load transfer and tensile strength (You et al., 2006). However, at 25 kV of the
electrospun nanofiber, show a tensile strength decrease may be due to the
morphology of the electrospun nanofiber in Figure 4.12(d-ii) exhibits producing points
of contact between fibers and branched structures, which could affect the tensile
strength (Doshi and Reneker, 1995). Therefore, the electrospun SF/PVA nanofiber (25:75
Vv/V), the applied voltage at 20 kV had the highest tensile strength which could be used

for tissue engineering in next studies.
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Figure 4.12 FE-SEM images and histograms of electrospun SF/PVA blended nanofiber
at different applied voltage; (a-i, a-ii, a-iii) = 10 kV, (b-i, b-ii, b-iii) = 15 kV, (c-i, c-ii, c-iii) =
20 kV, (d-i, d-ii, d-iii) = 25 kV.



65

10 kV
6 15kV
5 — = 25KV e’
o \
’ .
© >
& 4 |
2
ﬁ .
5 3 |
2 |
. |
0
0 5 10 15 20 25 30 35 40

Strain (%)

Figure 4.13 Stress—strain curves of electrospun SF/PVA nanofiber at different applied

voltage.

Table 4.6 Mechanical properties and Fiber diameter size of SF/PVA blended

nanofiber at different applied voltage.

Applied Voltage Tensile strength at Elongation at Average fiber
(kv) ~ break (MPa)  break (%) diameter (nm)
10 4.15+0.44 22.35+1.55 362+65
15 4.79+0.16 26.12+0.93 175+45
20 5.78+0.07 34.99+4.40 135+47
25 5.26+0.24 32.27+2.02 110+36

4.3 The effect of silk fibroin content on physical properties and
mechanical properties of electrospun SF/PVA nanofibrous scaffold

4.3.1 Measurements of Viscosity

The viscosity of both solvents in the SF/PVA solution plays an important role
in determining the nanofiber shape formation, size, and morphology of the fibers. Pal
et al. (2017) reported that adequate chain entanglement was essential among the
polymers for the initiation of uninterrupted electrospinning yielding fibers in diameter
submicron range. The viscosity with low values or high values may result in beaded
nanofibers and the viscosity value in the range of 100 to 2000 cP was suitable for

spinning (Amariei et al., 2017). In this study, it was observed (Figure 4.14) that
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SF(CaCl,)/PVA and SF(LiBr)/PVA blend solution displayed higher viscosity when the
PVA amount was increased and the stability of the nanofibrous scaffold produced
was complete but had thicker fiber diameters (Figure 4.10 and Figure 4.15). Both
solvents in the SF/PVA blended solution showed spinnability except for the SF/PVA
solution at a ratio of 100:0 because of a viscosity value of less than 100 cP. The
viscosity was below 100 cP which resulted in the breakage of the solution into
droplets giving an increase to multiple beaded fibers. This is probably the interfacial
tension dominates over the viscous force (Roy et al., 2018). Therefore, these results
could be linked to a high volume of polymer chain entanglement. Whereas, with
increasing in silk fibroin concentration in the blended solution no significant change in

viscosity.
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Figure 4.14 Viscosity of SF/PVA solution at diferrent ratios (the green line represents
the viscosity value of SF(CaCl)/PVA and the yellow line represent the viscosity value
of SF(LiBr)/PVA)).

4.3.2 Effect of CaCl, solvent for extraction silk fibroin on SF(CaCly)/PVA
nanofibrous scaffold

4.3.2.1 Morphology

Figure 4.15 shows the field emission scanning electron microscope images of
SF(CaCly)/PVA blended nanofiber at various ratio between SF to PVA including 100:0,
75:25, 50:50, 25:75, and 0:100. Each nanofiber shows a different shape and diameter
size. The blended SF/PVA of 100:0 with diameter size in range of 34+11 nm. contained

beaded formation on nanofiber. The beads formation may be caused by low molecular
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weight, charge density, or high surface tension. The morphology of SFHCaCly)/PVA at
ratio of 75:25, 50:50, and 25:75 showed an interconnecting network structure on the
fiber surface and bead free, which their mean diameter were 54+17, 62+21, and 74+18
nm, respectively. Whereas, blended SF(CaCl,)/PVA of 0:100 showed random and bead
free nanofiber with smooth surface, and diameter size in range of 183+31 nm. However,
on blending SF and PVA, the nanofiber diameter was increased when SF content was
decreased. The small diameter of SF(CaCl,)/PVA nanofiber led to an increase in surface
area. This interconnecting network structure on fiber surface of the scaffold nanofiber
will play an important role in tissue engineering. In terms of a place for good cell
attachment, cell proliferation, and better nutrient diffusion (Pillai et al., 2016). In this
study, the morphology of nanofiber from FE-SEM shows the appearance of
heterogeneities in the structure that may have significant impact on behaviour of
nanofibrous material in medicinal applications, for example cell culture or drug release
(Sirc et al., 2012).
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Figure 4.15 FE-SEM images of SF/PVA nanofibrous scaffold various ratios and different
magnification; a) SF/PVA 100:0, b) and c) SF/PVA 75:25, d) and e) SF/PVA 50:50, f) and
g) SF/PVA 25:75, h) and i) SF/PVA 0:100.
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4.3.2.2 Wettability

Hydrophilicity is an important role for biocompatibility of scaffold for tissue
engineering. The hydrophilicity of the different blended nanofiber was shown in Figure
4.16 Contact angle of SF(CaCl2)/PVA nanofibrous scaffold and Table 4.7. Contact angle
of the SFH(CaCly)/PVA nanofibrous scaffold showed the value in range of 40° -65°. The
increase in contact angle was obsreved with an increase SF content. This is due to the
the hydrophobicity of the SF/PVA nanofiber. Normally, SF is mostly composed of
hydrophobic amino acids domains of the H-chain that contains a repetitive
hexapeptide sequence of Gly-Ala-Gly-Ala-Gly-Ser and repeat units of Gly-Ala/Ser/Tyr
dipeptides. The hydrophobic amino acid domains of H-fibroin fold and bond together
via hydrogen bonds, Van der Waals forces, and hydrophobic interactions, to form anti-
parallel B-sheet crystalline structures. (Qi et al,, 2017; Nguyen et al.,, 2019). This
structural characteristic provides enough hydrophobicity to increase contact angles of
the SF(CaCly)/PVA nanofiber. Polymers with an air-water contact angle around 60° - 65°
leads to cell attachment and cell proliferation (Bhattacharjee et al., 2015). The highest
level of cell attachment (NIH 3T3 fibroblasts) at hydrophilic surfaces was obtained from
nanofiber with contact angles in the range of 20°-60° (Wei et al., 2020). Therefore, the
hydrophilicity of nanofiber prepared from our study was suitable for scaffold tissue

engineering application.
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Figure 4.16 Contact angle of SF(CaCly)/PVA nanofibrous scaffold.
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Table 4.7 Contact angle and Tensile properties of SF(CaCly)/PVA nanofibrous scaffold

various ratio.

Composition Contact Angle (°)  Ultimate Tensile Elongation at
Strength (MPa) Break (%)

SF(CaCly)/PVA 65+3.6 - -
100:0

SH(CaCly)/PVA 60+4.3 0.94+0.06 10.8+1.1
75:25

SF(CaCly)/PVA 55+2.3 9.45+2.44 39+4.8
50:50

SH(CaCly)/PVA 51+2.5 5.78+0.92 35.3+11
25:75

SF(CaCly)/PVA 40+1.3 4.97+0.8 112.57+4.8
0:100

4.3.2.3 Tensile Properties

Mechanical properties of SF(CaCl,)/PVA nanofibrous scaffold at different ratios
were shown in Table 4.7 and stress-strain curves of all nanofiber were shown in Figure
4.17. The result of SF(CaCly)/PVA 0:100 nanofibrous scaffold exhibited relatively low
mechanical strength. The SF(CaCl,)/PVA of 50:50 showed higher tensile strength than
another nanofiber. Silk fibroin showed an improvement in the tensile strength of the
electrospun fibrous scaffold. These improvement in mechanical properties is
attributed to well oriented [3-sheet crystallite structure and the shear alignment of the
fiber chains (Altman et al., 2003). This is essential property for the meniscus scaffold
for tissue engineering. However, when SF content was increased to very high ratio of
SF(CaCly)/PVA; the SF/PVA blended nanofiber was more difficult to be processed and
nonuniform thickness of the nanofibers were obatined with the lowest tensile strength

and elongation at break.
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Figure 4.17 Stress-Strain curve of SF(CaCly)/PVA nanofibrous scaffold at different ratio.

4.3.2.4 Fourier Transform Infrared (FT-IR) Analysis

FT-IR spectra of the different nanofibrous scaffold was investigated as shown
in Figure 4.18. The main characteristic peaks of SF contain conformation of B-sheet
structure which conformation shows characteristic peaks; absorption frequencies to B-
sheet form at 1625-1620 cm™*, 1510-1500 cm™, and 1245-1240 cm™, representing amide
l, amide I, and amide I, respectively. The amide | band mainly comes from C=0
stretching with minor contributions from N-H in-plane bending while the amide Il band
is mainly caused by C-N stretching and N-H in-plane bending of the SF backbone (Ling
et al,, 2013). The spectrum of PVA was obtained at 3300 cm ! (-OH stretching), 2960-
2920 cm’* (-CH stretching) and 1750-1720 cm* (-C=0 stretching), 1470-1450 cm™ (CHOH
bending), 1250 cm™! (C-O stretching), and 1090-1080 cm™* (C-O out-of-plane bending),
respectively (Bhattacharjee et al.,, 2015). These bands assigned to PVA became stronger
with increasing PVA contents. The characteristic absorption bands of SF(CaCly)/PVA
blended nanofiber showing the wave number ranges of amide I, amide Il, and amide
Il were shifted from 1625-1620 cm™ to 1630-1627 cm™, 1510-1500 cm™ to 1515-1512
cm’!, and 1245-1240 cm* to 1250-1248 cm’!, respectively. Furthermore, the width of
the OH region 3350-3300 cm™* was extended by blending SF and PVA which could
characterize the increase of the intensity of hydrogen bonding in FTIR spectra (Niu et
al., 2019). This may confirmed the chemical interactions between the amino group of
silk fibroin and the hydroxyl group of polyvinyl alcohol. However, it should be noted
that FT-IR technique alone could hardly prove the extent of the SF/PVA chemical
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interactions. This is because the moisture product impurity can also give rise to the
broadened IR signal between the 3350-3300 cm™* region.
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Figure 4.18 FT-IR spectra of SF(CaClz)/PVA nanofibrous scaffold at different ratio.
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Figure 4.19 TGA thermograms of SF(CaCly)/PVA nanofibrous at various ratios; a)

SF(CaClz)/PVA 100:0, b) SF(CaCly)/PVA 75:25, c) SF(CaCly)/PVA 50:50, d) SF(CaClo)/PVA
25:75, and e) SF(CaCl2)/PVA 0:100.
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4.3.2.5 Thermal Stability

Figure 4.19shows the thermal stability of SF(CaCl,)/PVA nanofibrous scaffold at
various ratios. The TGA thermogram of all electrospun nanofiber showed the first step
of weight loss around 50-180°C caused by the evaporation of water molecules in
fiber about 4%. Thermograms of SF(CaCly)/PVA 100:0 and SF(CaCly)/PVA of 0:100
showed the second step decomposition around 200-360°C and 290-350°C,
respectively. Decomposition of SF may be related with the breakdown of side-chain
groups of amino acid residues as well as the cleavage of peptide bonds of silk fibroin
(Raksa et al., 2020) and degradation of PVA that is an amorphous polymer. The third
step after 350°C is the degradation of the crystalline region in PVA. The second
degradation step of SF(CaCly)/PVA blended nanofiber around 200-380°C may be
attributed to the major composition of the silk protein. The third step showed
degradation of polymer chain above 390°C. When SF content was increased, it causes
an increase in the thermal stability of the blended nanofiber. Usually, sterilization is
an important for scaffold and the suggestion for sterilization in an autoclave use steam
heated to 121°C or 134°C. To achieve sterility, a holding time of at least 15 minutes
at 121°C or 3 minutes at 134°C is required (Baume et al., 2016). The thermal stability
of the prepared SF/PVA nanofiber in this study was therefore suitable with sterilization

in an autoclave.

4.3.3 Effect of LiBr solvent for extraction silk fibroin on SF/PVA nanofibrous
scaffold

4.3.3.1 Morphology of Nanofibers

Nanofiber structure is very important for successful cell attachment and cell
proliferation (Gittens et al., 2011 and Xu et al., 2004). FE-SEM images of SF(LiBr)/PVA
nanofibers in different ratios demonstrated that the scaffolds consisted of randomly
distributed fibers (Figure 4.20(a-e)). Figure 4.20 a shows the results of the 100:0 blended
SF/PVA nanofibrous scaffold with a diameter size of 69+32 nm with some bead
formation on the nanofibers. Bead formation occurs in electrospun nanofibers when
the surface tension in the charged jet is high enough to convert the jet into droplets
to reduce surface area (Fong et al., 1999). Nevertheless, on blending between SF and
PVA, the nanofiber diameter increased considerably under the same processing
conditions, showing uniform nanofibers, random network structure, and fiber without
beads. Figure 4.20(b-d) showed the diameters of SF(LiBr)/PVA nanofibrous scaffolds at
the ratios of 75:25, 50:50, and 25:75 were 78+33 nm, 82+31 nm, and 95+37 nm,
respectively. In Figure 4.20(e), the nanofibers from pure PVA had a smooth surface with
a diameter of 429+61 nm while the blended SF(CaCl,)/PVA nanofiber in our previous
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study, it was shown that a smaller fiber diameter than the SF(LiBr)/PVA nanofiber (Raksa
et al,, 2021). This may be associated with increasing the solution viscosity with the
increase of PVA content and also decreasing the stretching of the electrospun jet,
which led to the larger formation of the fibers. These findings are in good agreement
with those obtained by Phachamud et al. (2011) reported a higher concentration of
PVA in solution affected the viscosity of the solution and resulted in an increase in the
fiber diameter. Due to this, the charged jet from a high concentration solution could
withstand the coulombic stretching force thus the smooth with larger fibers could be
obtained. In addition, the morphology of electrospun nanofiber from FE-SEM shows
the conformation of random nanofiber structure that may have a significant effect on
the behavior of nanofibrous scaffold in tissue engineering applications, such as cell
attachment, cell proliferation, and ECM (collagen and GAG) secretion on SF/PVA hybrid
nanofiber (Pillai et al., 2016) and cell attachment of the crosslinked on PVA/SF scaffold
(Sayed et al., 2019). Randomly oriented nanofibers have certain physical properties
which are similar to the superficial layer of collagen fibers of a meniscus. The porosity,
hydrophilicity, and swelling properties can promote cell adhesion and cell proliferation
(LU et al., 2012). Besides, there is an evidence reported higher MSCs viability and
growth rate on random nanofibers compared to those on aligned nanofibers (Jahani
et al,, 2012 and Pandey et al., 2018).

>

b)

Figure 4.20 FE-SEM images of SF(LiBr)/PVA nanofiber different ratios at magnification
10000x (a) SF(LiBr)/PVA 100:0, (b) SF(LiBr)/PVA 75:25, (c) SF(LiBr)/PVA 50:50, (d)
SF(LiBr)/PVA 25:75, and (e) SF(LiBr)/PVA 0:100.
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4.3.3.2 Wettability

The wettability plays an important role in biocompatibility of the scaffolds. It
af-fects cell attachment, cell adhesion, and cell proliferation (Wang et al., 2012).
Therefore, the contact angles of SF(LiBr)/PVA nanofibrous scaffold in different ratios
were studied to determine the wettability. Figure 4.21 shows the results obtained, the
contact angle images, and the contact angle measurements. The blended SF(LiBr)/PVA
nanofibrous scaffold of various ratios (100:0, 75:25, 50:50, 25:75, and 0:100) exhibited
the water contact angles at 66+2.8°, 64+5.1°, 56+3.0°, 53+3.7°, and 40+2.3°,
respectively. The contact angles of the electrospun nanofibrous scaffold increased
with an increasing silk fibroin content. This is the result of the hydrophobic group of
SF in the blended nanofiber. SF is composed of hydrophobic heavy chains (glycine,
alanine, and serine), and SF contributes to a highly crystalline B-sheet structure
(Nguyen et al, 2019). The electrospun nanofibrous scaffold from SF(CaCly)/PVA
nanofibrous scaffold in our previous study showed the results of contact angles with
the value in a range of 40° -65° which is similar to SF(LiBr)/PVA nanofibrous scaffold.
Therefore, both SF/PVA nanofibrous scaffold were suitable for cell attachment and
proliferation and have a higher affinity for hydrophilic than the hydrophobic surface.
Bhattacharjee et al. (2015) reported that the contact angles suitable for cell
attachment and cell proliferation of osteoblast cells (MG-63) on SF/PVA nanofibrous
scaffold were approximately 65° to 67°. Hence, the hydrophilicity of the nanofibrous
scaffold prepared in our study was suitable for meniscus tissue engineering application.
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Figure 4.21 Contact angle of SF(LiBr)/PVA electrospun nanofibrous scaffold different

ratio.
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4.3.3.3 Tensile properties

Mechanical properties of nanofibrous scaffold at different ratios are shown in

Table 4.8 and Figure 4.22 The results show that the SF(LiBr)/PVA electrospun
nanofibrous scaffold at the ratio of 0:100 exhibited a rather low tensile strength of 5.21
+4.21 MPa. Due to the fact that PVA has elastic nature, it showed the highest elongation
at break among all nanofibrous scaffolds of 108.36 +5.03 MPa. The SF(LiBr)/PVA
nanofibrous scaffold of 50:50 showed the highest tensile strength with the value of
7.93 +2.44 MPa compared to other elec-trospun nanofibrous scaffold. The blending
with SF improved the tensile property of the electrospun nanofibrous scaffold and the
increase of SF led to the creation of inter-fiber bonds which may improve the strength.
Nevertheless, the SF(LiBr)/PVA nanofibrous scaffold of 75:25 was unable to fabricate
according to inappropriate viscosity. The tensile strength of SF/PVA scaffolds increased
by increasing of SF content, could be from B-sheets formation in the structure of SF
that enhances the tensile strength of electrospun nanofibers (Altman et al., 2003).
Anyway, when increased content of SF beyond 50:50 blended ratio, the tensile
strength decreased. From morphological study, beads formation was observed through
nanofibrous scaffold which 100:0 and 75:25 SF/PVA blended ratio and caused poor
tensile strength. The beads formation in higher SF concentration can be explained by
electrical force of electrospinning cannot overcome the gravity force of low viscosity
solution therefore solution dropped on the collector and unable to form the fibers
(Mohammad Ali Zadeh et al,, 2014). The mechanical properties and structural
absoluteness of the nanofibrous scaffold were significant parameters for the meniscus
tissue engineering application. The load-bearing capacity of biological tissues is a
consequence of geometry, deformation, and movement properties; the meniscus is an
important load-bearing structure that minimizes contact stress by generating hoop
stresses, hence minimizing contact area (Fukubayashi et al., 1980; Lee et al., 2006). As
a result, the form of the meniscus is particularly crucial for loading. The mechanical
strength of nanofibrous scaffolds is determined by their tension resistance in order to
maintain scaffold integrity during implantation (Tran et al,, 2018). Previous research
reported a wide range for the meniscal circumferential ultimate tensile strength
between ~3 to 60 MPa (Bullough et al., 1970; Abdelgaied et al., 2015; Tissakht et al,,
1995) which depends on the area of the meniscus. For our purpose of meniscus tissue
engineering, as a biological augmentation with suture repair, the tensile strength of our
SF/PVA (50:50) scaffold is acceptable.



78

Table 4.8 Tensile properties of SF(LiBr)/PVA nanofiber various ratio.

Composition Ultimate tensile strength Elongation at Break
(MPa) (%)
SF(LiBr)/PVA 100:0 - -
SK(LiBr)/PVA 75:25 1.46+6.1 13.92+6.1
SF(LiBr)/PVA 50:50 7.93+2.4 13.66+8.6
SK(LiBr)/PVA 25:75 7.02+1.8 20.54+4.4
SF(LiBr)/PVA 0:100 4.97+0.8 112.57+4.8
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Figure 4.22 Stress-strain curve of SF(LiBr)/PVA nanofiber.

4.3.3.4 FTIR spectroscopy

FTIR spectroscopy was used to assess the chemical groups of the polymers.
Figure 4.23 shows the FTIR spectra of SF(LiBr)/PVA nanofibrous scaffold at different
ratios. The nanofiber of SF(LIBr)/PVA (0:100) showed a spectrum at 3300-3200 cm™’
associated with the O-H stretching from the intermolecular and intramolecular
hydrogen bonds. The vibrational band observed between 3000-2800 cm™' was the
result of the C—H stretching from alkyl groups. The peaks between 1720 cn™* and 1625
cm™!
PVA. The peaks were at 1470-1450 cm™, 1260-1240 cm™, and 1100-1080 cm™ from
CH-OH bending, C-O stretching, and C-O out-of-plane bending, respectively
(Alhosseini et al., 2012 and Bhattacharjee et al., 2015). The SF(LiBr)/PVA nanofibrous
scaffold of ratio 100:0 showed three characteristic vibrational bands at 1625-1620
cm™ (amide I, secondary NH bending), 1510-1500 cm? (amide Il, C=0 stretching), and

1235-1230 cm™ (amide lll). The characteristic peaks of SF(LiBr) and PVA were observed

were due to the C=0 and C-O stretching from the remaining acetate groups in
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in all blended nanofibrous scaffolds (75:25, 50:50, and 25:75), which confirm the
presence of both SF(LiBr) and PVA. The major peaks in the wave number ranges of
1630-1620 cm™ and 1515-1500 cm™ in all blends of nanofiber confirmed the structure
of B-sheet in the SF. However, the position of the amide |, amide Il, and amide Il bands
shifted after blending with PVA. In addition, the width of the O-H region in the range
of 3300-3200 cm! was expanded by blending SF and PVA, which can characterize as
the increase in the intensity of hydrogen bonding. The FTIR spectral width of OH region
at 3500-3200 cm™! was extended after blending SF with PVA, and increased the
intensity of hydrogen bonding. This confirmed the interaction between SF and PVA
molecules (Niu et al., 2019). Moreover, the broad peaks at 3300-3100 cm! referred to
the combination of -OH and -NH formation groups which overlapped between two
groups, hydroxyls (-OH) of PVA and amino (-NH) of SF (Ali et al., 2017). Therefore, our
results revealed chemical interactions between the amino group of SF and hydroxyl
group of PVA. This finding corresponds with previous work that demonstrated
SF(CaCl2)/PVA nanofibrous scaffold had main characteristic peaks of SF containing
confirmation of B-sheet structure: amide I, amide Il, and amide Ill. PVA showed major
vibration peaks of O-H, C-H, C=0, and C-O. In addition, the blended nanofibrous
scaffold showed the chemical interactions between the hydroxyl group of PVA and
the amino group of SF. However, the FTIR peak shift may not be from only such interac-
tions, but it may come from the loss of water from the surface of silk fibroin due to
the PVA. The presence of -OH (hydroxyl groups) in PVA causes water adsorption on the
SF surface, resulting in the formation of hydrogen bonds between -OH group of PVA
and -OH group of water on SF, which leads to the broad peak and shifts to a lower
number at ~3260 cm! (Wang et al,, 2010). Based on these findings, both SF/PVA
nanofibrous scaffolds revealed that when two polymers are blended, physical blends
and chemical interactions alter the characteristic peaks of the spectra. These
observations demonstrate that PVA and SF are highly miscible. The formation of
intermolecular hydrogen bonds be-tween the -OH and -NH groups in SF and the -OH

groups in PVA is the most likely explanation.
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Figure 4.23 FTIR spectra of SF(LiBr)/PVA nanofiber various ratio.

4.3.3.5 Thermogravimetric analysis

Thermograms from TGA curve for electrospun nanofibrous scaffold were
presented in Figure 4.24 SFK(LiBr)/PVA nanofibrous scaffold exhibited three
decomposition steps. The initial decomposition, due to the loss of water and solvent
from the nanofibrous scaffold occurred at 70-150°C with a weight loss of 5%. The
second step around 230-370°C is the decomposition of polymer chains, which leads
to a major weight loss of about 70%. This was due to the structural degradation
followed by fractures of polymer chains in PVA, which is an amorphous polymer and
SF with the breakdown of the side-chain group of amino acid remains including the
break of peptide bond of SF (Mohd Yusoff et al., 2019). The final step of decomposition
occurred above 370°C. This was due to the breakdown of C-C bonds in the polymer
backbone, and this is the degradation of the crystalline region in PVA. While the
decrease in weight loss and the increase in thermal stability is attributed to the higher
thermal stability of silk fibroin. The interaction between SF and PVA played an
important role in lowering the rate of degradation of polymer (Sheik et al., 2020). This
is similar to data obtained from previous work on SF(CaCl)/PVA nanofibrous scaffold.
Therefore, the blending of SF and PVA made the SF/PVA nanofibrous scaffolds possess
characteristics of both materials, and all scaffolds were thermally stable during
sterilization temperature range (121-134°C). Moreover, SF/PVA nanofibrous scaffold
showed a residue amount of less than 30% at 700°C and tended to continue losing

mass at higher temperatures. Consequently, it is possible to find a fewer amount of
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ash after burning at higher temperatures (1000°C) in high pressure system
(Kuchaiyaphum et al., 2020). Normally, sterilization played an important role in scaffold
tissue engineering. The heat treatments for sterilization are effective, rapid, easy, and
without toxic residues (Dai et al., 2016) whereas sterilization in an autoclave uses steam
heat at about 121°C for 15 minutes or 134°C for 3 minutes (Baume et al., 2016).
Therefore, the electrospun nanofibers fabricated in this work is suitable for sterilization

in steam treatment.
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Figure 4.24 TGA thermogram of SF(LiBr)/PVA nanofiber various ratio.

4.4 The development of electrospun SF/PVA for biomimetic scaffold

for potential meniscus tissue engineering application

4.4.1 In vitro cell viability and toxicity of SF(CaClz)/PVA nanofibrous
scaffold

The cytotoxicity was determined by MTT assay which test on the SF(CaCly)/PVA
nanofibrous scaffolds various ratios. As shown in Figure 4.25, it is obvious that of all
ratios the nanofibrous scaffolds were non-toxic, supported cell growth, and showed
an increase in cell viability with 7 days compared with control. These results followed
by international organization for standardization, ISO 10993-5:2009 biological indicated
that a decrease of cell viability by 30%, the material is to be considered toxic and
hence not biocompatible. This increase in viability is attributed to the initial time taken
by cells to adapt to the nature of the nanofibrous scaffold followed by the increase
in cellular proliferation (Gopinathan et al., 2017 and Gopinathan et al., 2015). While
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the various blended nanofibrous scaffolds prepared of the ratio 50:50 SF(CaClz)/PVA
showed the highest viability (115.6+2% at day 7) and ratio of 0:100 SF(CaCly)/PVA
showed the lowest viability (49.6+0.3% at day 7). Typically, non-cytotoxicity is defined
as a percentage of cell viability greater than 70%. And according to our research, the
SF/PVA (50:50) nanofibrous scaffold exhibited no cytotoxicity towards HCPCs. We have
therefore selected SF(CaClo)/PVA (50:50) scaffolds for the next phase of gene

expression analysis.
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Figure 4.25 Relative cell viability of SF(CaCl,)/PVA nanofibrous scaffold.

4.4.2 Gene expression of SF(CaCly)/PVA nanofibrous scaffold

The gRT-PCR analysis showed that the expression levels of human
chondrogenic progenitor cells (HCPCs) were examined to showed cellular phenotype
on SF(CaCl2)/PVA nanofibrous scaffold of ratio 50:50. Expressions of genes involved in
chondrocyte cells, including a collagen type (COL1A1), collagen type Il (COL2A1), and
aggrecan were analyzed on days 7, 14, and 28 using real-time RT-PCR. The results were
shown in Figure 4.26, these studies showed a significant increase in the expression of
levels of type COL1A1 and COL2A1 on SF(CaCly)/PVA nanofibrous scaffold on days 14
and 28 was higher than the cell without a scaffold. The expressions of COL1Al was
increased highest in day 28 (9.65+0.3) and the COL2A1 was increased highest in day
14 (2.82+0.7) which slightly higher than day 28 (2.00+0). The expression of ACAN was
observed highest on day 7 (8.43+0) while on days 14 (0.00+0) and 28 (0.50+0) was

decreased compare with cell without scaffold. The meniscus is composed of a
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fibrocartilaginous tissue that displays variations in the distribution of ECM molecules
particularly collagens type | and I, aggrecan, and GAGs (Makris et al., 2011; Murphy et
al,, 2019). The increased expression levels of COL2A1 and ACAN genes in SF(CaClo)/PVA
scaffold suggested that a nanofiber might good maintain phenotype of chondrocytes.
The expression levels of COL1A1 gene in SF(CaCly)/PVA scaffold is related with
dedifferentiation of chondrocytes and osteogenesis. The increased COL1Al gene
expression also suggested that nanofibrous scaffold would benefit to keep the

phenotype of seeded chondrocytes.
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Figure 4.26 The gene expression of COL1A1, COL2A1, and aggrecan at days 7, 14, and
28 were demonstrated in (a, b, and ¢), respectively.

4.4.3 In vitro cell viability and toxicity of SF(LiBr)/PVA nanofibrous scaffold

The relative cell viability of HCPCs seeded SF/PVA nanofibrous scaffold in
various SF/PVA ratios is demonstrated in Figure 4.27 Generally, SF(CaCly)/PVA scaffolds
had higher cell viability compared to SF(LiBr)/PVA nanofibrous scaffolds. The viability
of cells on pure SF and PVA scaffolds from both extraction methods declined over
time. Compared to the control groups, pure PVA had lower cell viability in every time
point viability, 67.80+0.62% of pure SF(LiBr) and 71.00+0.68% of pure SF(CaCly) on day
7 and 44.88+0.83% and 49.64+0.29% of pure PVA on day 7, while SF(LiBr)/PVA scaffold
at other ratios enhanced. For 75:25 SF(LiBr)/PVA scaffold, the viability slightly increased
from dayl =71.63+1.42%, day 3=73.65+1.30%, and day 7=75.84+1.40% when
SF(CaCly)/PVA nanofibrous scaffold showed that the percentage of cell viability slightly
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increased. SF/PVA scaffold of different SF extraction methods at the ratio of 50:50
showed the highest cell viability at an all-time point. On day 7, the value of relative
cell viability (%) was 110.20+0.54 (SF(LiBr)/PVA scaffold) and 115.59+2.31
(SH(CaCly)/PVA scaffold). The 25:75 SF(LiBr)/PVA scaffold had the lowest cell viability
on day 1 (43.43+0.99%) and increased on day 3 and day 7 (60.15+0.70%, and
80.73+0.92%), while the 25:75 SF(CaCly)/PVA scaffold showed that the percentage of
cell viability increased every time point. Based on these results, LiBr and CaCl, solvents
on SF extraction when SF was fabricated into a nanofibrous scaffold revealed no
cytotoxicity to the cells, and cell viability on both scaffolds after day 7 was more
significant than 100%. This finding shows that both nanofibrous scaffolds are
biocompatible and non-toxic. Although silk fibroin is a natural polymer that has
biocompatibility, the polymer droplets over nanofibers might affect cell adhesion and
cell proliferation processes. On the other hand, PVA at higher concentration could
interfere cellular environment. For this reason, the appropriate ratio for SF/PVA
nanofibrous scaffold according to cell viability is 50:50 (Janarthanan et al,, 2019).
Generally, percentage of cell viability greater than 70% is considered as non-
cytotoxicity (Jiang et al., 2010; Pillai et al., 2016). And from our study, SF/PVA (50:50)

nanofibrous scaffold had no cytotoxicity to the HCPCs. Hence, we have chosen

SF(LiBr)/PVA (50:50) and SF(CaCly)/PVA (50:50) scaffolds to progress to the next stage
of gene expression analysis.
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Figure 4.27 Cell viability of SF(LiBr)/PVA nanofiber various ratio.
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4.4.4 Gene expression of SF(LiBr)/PVA nanofibrous scaffold

According to the result on morphological study, tensile strength, and cell
viability test, a 50:50 SF(LiBr)/PVA nanofibrous scaffold was carried out on for gene
expression analysis. Since collagen |, collagen Il, and aggrecan are the major
components of the meniscus extracellular matrix, the expression of COL1A1, COL2A1,
and ACAN genes were studied. From Figure 4.28, COL1A1 expression slowly increased
from 18.77+0.014 on day 7, 60.97+0.057 on day 14, and 97.68+0.23 on day 28. The
expression of COL2A1 on day 7 showed 1.41+0 and a slightly increase on day 14 as
well as day 28. ACAN showed the highest expression, 76.90+0.05 on day 7 and absent
on day 14. This result corresponded to the study by Yang et al. (2014) which reported
raising of collagen | gene expression af-ter 21 days of cell seeded nanofibrous scaffold
cultured. When compared with SF(CaClo)/PVA (50:50) scaffold, it was found that gene
expression of COL1A1 had a lowest of 0.0003+0 on day 7 and increased from day 14
to day 28 (4.00+0 to 9.65+0.30). For COL2A1, it showed 0.00019+0 on day 7 and slight
increase on day 14. ACAN was found to have highest expression on day 7 (8.43+0.007),
and after that the expression was not observed on day 14. This finding could be from
the dedifferentiation of HCPCs. Since our ultimate goal is to apply in clinical practice
and growth factors are not allowed to use in human, simple expanded chondrocyte
culture medium was used in our study. ACAN is more specific to chondrocytes
compared to COLI1A1l and COL2Al, without chondrogenic growth factors,
dedifferentiation could be found in later passages of the cell culture (Freymann et al,,
2012 and Kaps et al., 2006). Anyway, in application of meniscus tissue engineering, the
middle and outer zones of the meniscus mostly bear tensile force, which requires
collagen | and collagen Il for its function. According to the previous research reported,
SF was blended into a nanofibrous scaffold, which is expected to facilitate the
attachment of cells because SF is dominated by ¢lycine. Glycine is the main amino
acid in collagen, which is the main structural protein of connective tissue, such as skin,
bone, tendons, meniscus, and cartilage (Giovanni et al., 2019). When SF was blended
with PVA and fabricated into a nanofibrous scaffold, it revealed collagen | and collagen
IIl. Therefore, the collagen present in the nanofibrous scaffold gives mechanical strength
to the membrane and also helps to mimic the natural ECM of the meniscus, thereby
enhancing cell adhesion and proliferation (Pillai et al, 2015; Nanda et al, 2014;
Numpaisal et al., 2022).
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CHAPTER V
CONCLUSION AND RECOMMENDATION

In conclusion, this thesis introduces a pioneering methodology in tissue
engineering, centered on the development of nanofibrous scaffolds tailored to address
meniscus injuries and degeneration. Through a study of the electrospinning fabrication
process, a distinctive combination of silk fibroin (SF) and poly(vinylalcohol) (PVA) was
utilized. The extraction of SF was meticulously conducted using both CaCl, and LiBr
solvents, with LiBr-extracted SF exhibiting commendable yields. The research provided
valuable insights into the %crystallinity and molecular weight, confirming the presence
of key structural elements, including B-sheet crystalline, random coil, and a-helix
structures, as corroborated by XRD patterns and FTIR spectra. Additionally, the
investigations into electrospinning parameters revealed the optimal conditions to be
10% w/v PVA, a relative humidity of 50%, and a high voltage of 20 kV. This is
optimization resulted in the attainment of desirable average fiber diameter and tensile
properties within the electrospun scaffold. Experiments involving various blends of
SF(CaCly)/PVA and SF(LiBr)/PVA at varying ratios illuminated the significant
enhancements attributed to SF incorporation. This augmentation led to improvements
in surface wettability, thermal attributes, tensile strength, and elongation at break,
while concurrently diminishing viscosity and average fiber diameter. It was discerned
that SF extraction methods, whether employing CaCl, or LiBr solvents, yield subtly
differing material characteristics. Biocompatibility assessment involving SF/PVA
nanofibrous scaffolds culminated in the identification of the electrospun SF(LiBr)/PVA
50:50 scaffold as the prime candidate for meniscus tissue engineering. This scaffold not
only fostered heightened cell viability and exhibited non-toxic traits but also notably
facilitated chondrogenic gene expression, notably collagen types | and aggrecan, thus
surpassing the capabilities of the SF(CaCl,)/PVA scaffold.

Recommendation, In light of these compelling findings, it is recommended that
further steps be taken to advance the utilization of the successfully fabricated
electrospun nanofibrous scaffold of SF(LiBr)/PVA (50:50). Conducting comprehensive
tests through explant models, as well as subsequent validation via animal models,
would provide crucial insights into its functional efficacy and safety. Furthermore, the

potential for clinical applications merits exploration through rigorous clinical studies.
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These efforts should encompass a comprehensive assessment of the scaffold's
performance, including its interaction with human tissues and the subsequent
implications for meniscus tissue engineering. Given its promising attributes, the
SF(LiBr)/PVA (50:50) nanofibrous scaffold presents a compelling avenue for scaffold-
augmented sutures, offering a biomimetic solution to meniscus regeneration. By
continually refining and expanding upon the knowledge gained from this research, the
field of tissue engineering can significantly benefit from this innovative approach,
ultimately contributing to enhanced therapeutic interventions and improved patient

outcomes.
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Abstract

Electrospinning is a beneficial polymer fabrication process. It is applicable for electrospun
nanofibrous scaffold which can mimic nano-scale fibrous component in the extracellular matrix of
many tissues. Silk fibroin (SF) is a fibrous protein, mainly produced by silkworms. SF is composed
of beta- sheet crystalline and amorphous matrix. It possesses excellent biocompatibility,
biodegradability, and cell induction property. Therefore, SF is a promising resource for biomedical
materials. Polyvinyl alcohol (PVA) is a semicrystalline hydrophilic polymer. According to their
mechanical properties and non-toxicity, PVA is good candidate to use in a high scaffold that required
high mechanical strength. In our research, the SF/PVA composite scaffold was fabricated using
electrospinning technique, aimed to developed biomimetic scaffold of the meniscus, a fibrocartilage
in the knee joint, which provided good biological and mechanical properties. This study focused on
the effect of PVA contents in SF/ PVA nanofibrous scaffold. The processability, morphology and
hydrophilicity of SF/PVA nanofibers were determined. The results showed a decrease in water
contact angle with increasing PVA content in the SF/PVA nanofibers. The results also suggest that
a high PVA content in the SF/PVA nanofibers can enhance the cell attachment capability of the
scaffold.

Keywords: Nanofibrous, electrospinning, scaffold, tissue engineering, meniscus

Introduction

(Chen et al., 2018).
extracellular matrix,

Meniscus is the fibrocartilage tissue in the knee Meniscus has complex

joint. There area the medial and the lateral meniscus
in the knee joint. They play an important role in
distributing mechanical stress, enhances the stability
of the knee joint and protects articular cartilage

the major component is
collagen fibers, which align in different directions.
The blood supply of the meniscus is limited to the
outer 1/3 that has a high potential to heal. (Abrams
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et al., 2013). Meniscus tear is a common injury
among injury in the knee joint. It can be a result
from sports or degeneration. However, meniscal
injury in the medial meniscus takes place more
frequently than in the lateral meniscus (Baker et al.,
1985; Hede et al., 1990; Campbell et al., 2001).
Irreparable injured meniscus can cause knee pain
and disability. Nevertheless, many techniques have
been developed for meniscus repair, such as sutures
and implant fixation (Roos et al., 1998; Englund
et al., 2010; Chang ef al., 2011). However, due to
the drawback of surgical treatment, there is a need
to eliminate this limitation. For this reason, tissue
engineering has become an alternative treatment
option for meniscus injury. Tissue Engineering (TE)
is the creation of a new tissue to replace, restore and
maintain the functions of any part of the body.
TE has three major components; cells, bioactive
molecules, and scaffolds. Generally, the scaffold
requires these basic properties; biodegradability,
biocompatibility, non-toxicity, and cell conductivity.
Currently, scaffolds have been extensively used in
the field of biomedical applications (Ross et al.,
2017). Secaffold mn tissue engineering for
musculoskeletal system, such as skin, nerve tissue,
tendon, cartilage, and meniscus (Halili, 2011) are
from various polymers. Polymers can derived into
natural polymers (i.e. collagen, chitosan, silk fibroin,
alginate, albumin, starch) and synthetic polymers
(i.e. poly (vinyl alcohol), polylactide, polycaprolactone,
poly (lactic acid), polyethylene glycol) (Panilaitis
et al., 2003; Tarun et al., 2011; Ross ef al., 2017).
The advantage of natural polymers are biocompatibility,
biodegradability, nontoxicity to the human body.
Additionally, it i1s siumilar to extracellular matrix
component of human tissues. Anyway, natural
polymers have limited availability, expensive, natural
variety and susceptible to cross-contamination. The
advantage of synthetic polymers is they are easier to
control physicochemical properties (Agarwal ef al.,
2008; Sill ef al., 2008; Gunn and Zhang, 2010; Ross
et al., 2017) but poor cell adhesion. In order to
obtain the scaffold withgood biological support and
mechanical properties, silk fibroin and poly(vinyl
alcohol) were used to fabricate into a biocomposite
electrospun nanofibers.

Silk fibers from silk cocoon (Bombyx mori)
comprises two structural proteins: silk fibroin
(72-81 wt%) and sericin (19-28 wt%s). Silk fibroin
(SF) is a major structural protein, contained
polypeptide chains with a molecular weight in the
range of 25-350 kDa (Su et al., 2019). The main
structure of SF consists of repetitive blocks of
hydrophobic heavy chains (H-fibroin) and hydrophilic
light chains (L-chain) (Nguyen et al, 2019;
Sakunphanitphan et al., 2019). In H-fibroin, there
are 45.9% of Gly, 30.3% of Ala, 12.1% of Ser, 5.3%

of tyrosine (Tyr). and 1.8% of wvaline (Val).
H-fibroin folds and bonds together via Van der
Waals forces, hydrogen bonds, and hydrophobic
interactions to form anti-parallel B-sheet crystalline
structures (Huang ef al., 2018). On the other hand,
L-chain comprises of amino acid sequences that
contain 14% alanine (Ala), 10% serine (Ser), 9%
glycine (Gly) (Nguyen et al., 2019). SF is a good
candidate for bioscaffold. It has good biocompatibility
and biodegradability. The limitation of SF is low
mechanical strength. From this reason, SF generally
needs to be blended with other to material which
provided better mechanical property. PVA has been
widely used in biomedical application. It possess
excellent mechanical strength, low cost and non-
toxic (Kumkun et al., 2019).

In our study, electrospining was used to fabricate
SF/PVA based nanofibers. Electrospinning, also
known as electrostatic spinning. It is a process of
polymer fiber fabrication, utilized a strong electric
field generated by a high wvoltage power supply
between a polymer containing fluid and a grounded
conducting collector (Thompson et al., 2007).
The high voltage generates an electrically charged
jet which ejects from a needle and undergoes very
large stretching. During injection and at the arrival
of the conducting collector, the solvent evaporates
from the polymer solution, creating polymeric fiber.
The creation of a scaffold from electrospinning can
produce a porous fiber structure with good
mechanical properties. This technique can produce
a fibrous scaffold that similar to collagen fibers in
the extracellular matrix of the meniscus (Platt,
2005). The high surface to volume ratio and porosity
generated by electrospun nanofibers facilitate cell
attachment and cell proliferation scaffolds (Kumbar
et al., 2008). Additionally, a high tensile strength
scaffold can be obtained from this method. Unlike
an articular cartilage, when compressive force
passes through the meniscus in wvertical direction,
the meniscus transforms this load into a hoop stress.
Circumferential fibers of collagen therefore
withstand the tensile stress (Rothrauff et al., 2016).
As aforementioned, our research aims to develop a
good cell adhesive and high tensile strength
scaffold. The effect of SF/PVA ratios on the
nanofiber characteristic (morphology, wettability
and mechanical properties) was determined.

Materials and Methods

Materials

Silk cocoon (Bomryx mori) was obtained from
Queen Sirikit Sericulture Center, Nakhon Ratchasima,
Thailand. The chemical, sodium carbonate (Na:CO3),
calcium chloride (CaCl;. 6H>O) and 99% formic
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acid were purchased from Erba Carlo, Italy. Poly
(vinyl alcohol) (PVA) (Mw 146,000-186,000,
87-89% hydrolyzed) was purchased from Sigma
Aldrich, Australia.

Preparation of Regenerated SF

Silk Fibroin (SF) was extracted by boiling in
1% w/v Na>COs for 20 min and washed with deionize
water in order to remove sericin. The degummed silk
was dried at 105°C for 3 h. Then, SF was dissolved
in 46% wiv CaCl,. 6H>O and heated at 100=2°C for
1 h. Then, the solution was dialyzed with deionized
water. After dialysis, SF solution was freeze dried
at -40°C.

Electrospinning of Blended SF/PVA

Spinning solution was prepared by dissolving
12% w/v SF in formic acid and 10% w/v PVA in
deionize water. The PVA solution was stirred at
80°C until the solution was clear. Next, SF solution
mixed with PVA solution and stirred for 2 h to
obtain a homogeneous solution. The ratio between
SF/PVA solution was varied a shown in Table 1.
The blended solution was loaded into a 10 mL
syringe with 20 gauge blunt tip needle. The
electrospinning was conducted at the voltage setting
at 20 kV and flow rate of 0.5 mL/h with a tip to
accumulator distance of 10 cm.

Table 1. Composition of SF blend with PVA
(SF/PVA)
S 1 SF (mL) PVA (mL) Ratio

a 100 0 SF/PVA 100:0

b 75 25 SE/PVAT75:25

c 50 50 SF/PVA 50:50

d 25 75 SE/PVA 25:75

e 0 100 SE/PVA 0:100
Characterization of Blended Electrospun
Nanofiber

Morphology

Fiber diameter of the nanofiber sheath were
observed by Field Emision Scanning Electron
Microscope (FE-SEM) (Zeiss AURIGA FE-SEM/
FIB/EDX). The nanofiber was selectively measured
in different surface area were investigated.

Contact Angle Test

The electrospun nanofiber was observed using
contact angle. The water was dropped onto the
surface of the nanofiber with a needle syringe.
Images of the drop was captured after the drop set
onto the nanofiber. The contact angle was calculated
by the software image J for analyzing the shape of
the drop.

Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy
(FT-IR) (Bruker Tensor27) was used to identify the
functional groups of SF/PVA nanofibrous scaffold.
The spectra were recorded over a wave number
range of 4,000-400 cm™ at resolution of 4 cm™.

Thermogravimetric Analysis

SF/PVA nanofiber was characterized by the
TGA instrument (model STA 6000, Perkin-Elmer)
in non-isothermal mode. The heating rate was
10°C/min under an inert nitrogen atmosphere over
the temperature range of 50-700°C.

Tensile properties

The nanofibrous scaffold was cut into 1.5 cm
in width, 10 em in length and 0.02 mm in thickness
tensile test was done according to ASTM D882 by
using a universal testing machine (Model 4502,
Instron, Norwood, MA) with a load cell of 5 kN.

Results and Discussion

Nanofiber Morphology

Figure 1 shows the field emission scanning
electron microscope images of SF/PVA blended
nanofiber at wvarious ratio between SF to PVA
including 100:0, 75:25, 50:50, 25:75, and 0: 100.
Each nanofiber shows a different shape and
diameter size. The blended SF/PVA of 100:0 with
diameter size in range of 34+11 nm. contained
beaded formation on nanofiber. The beads formation
may be caused by low molecular weight, charge
density, or high surface tension. The morphology of
SF/PVA at ratio of 75:25, 50:50, and 25:75 showed
an interconnecting network structure on the fiber
surface and bead free, which their mean diameter
were 54+17, 62421, and 74+£18 nm, respectively.
Whereas, blended SF/PVA of 0:100 showed random
and bead free nanofiber with smooth surface, and
diameter size in range of 183+31 nm. However, on
blending SF and PVA. the nanofiber diameter
was increased when SF content was decreased.
The small diameter of SF/PVA nanofiber led to
an increase in surface area. This interconnecting
network structure on fiber surface of the scaffold
nanofiber will play an important role in tissue
engineering. In terms of a place for good cell
attachment, cell proliferation, and better nutrient
diffusion (Pillai et al., 2016). In this study, the
morphology of nanofiber from FE-SEM shows the
appearance of heterogeneities in the structure that
may have significant impact on behaviour of
nanofibrous material in medicinal applications, for
example cell culture or drug release (Sirc ef al., 2012).
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Contact Angle

Hydrophilicity is an important role for
biocompatibility of scaffold for tissue engineering.
The hydrophilicity of the different blended
nanofiber was shown in Figure 2 and Table 2.

Compostion Fiber Diameter (nem)

Magnification 2000KX

. BV

Magrification 10000KX

SEPVA 7528

62421

SFPVA 0.100 183231

FE-SEM

Figure 1. image of SF/PVA nanofiber
various ratio and different magnification;
(a) SF/PVA 100:0, (b) and (c) SF/PVA
75:25, (d) and (e) SF/PVA 50:50, (f) and (g)

SF/PVA 25:75, (h) and (i) SF/PVA 0:100

6044.3%

o/
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) @ sa2.30
£

. N

ssi23
© 40:13

Contact angle of SF/PVA nanofiber various
ratio; (a) SF/PVA 100:0, (b) SF/PVA 75:25,
(c) SF/PVA 50:50, (d) SF/PVA 25:75, and
(e) SF/PVA 0:100

Figure 2.

Contact angle of the SF/PVA nanofiber showed the
value in range of 40°-65°. The increase in contact
angle was obsreved with an increase SF content.
This is due to the the hydrophobicity of the SF/PVA
nanofiber. Normally, SF is mostly composed of
hydrophobic amino acids domains of the H-chain
that contains a repetitive hexapeptide sequence
of Gly-Ala-Gly-Ala-Gly-Ser and repeat units of
Gly-Ala/Ser/Tyr dipeptides. The hydrophobic amino
acid domains of H-fibroin fold and bond together
via hydrogen bonds, Van der Waals forces, and
hydrophobic interactions, to form anti-parallel
B-sheet crystalline structures. (Qi et al., 2017;
Nguyen et al., 2019). This structural characteristic
provides enough hydrophobicity to increase contact
angles of the SF/PVA nanofiber. Polymers with an
air-water contact angle around 60°-65° leads to cell
attachment and cell proliferation (Bhattacharjee
et al., 2015). The highest level of cell attachment
(NIH 3T3 fibroblasts) at hydrophilic surfaces was
obtained from nanofiber with contact angles in the
range of 20°-60° (Weli et al., 2020). Therefore, the
hydrophilicity of nanofiber prepared from our study
was suitable for scaffold tissue engineering
application.

Fourier Transform Infrared (FT-IR) Analysis
FT-1IR spectra of the different nanofiber was
investigated as shown in Figure 3. The main
characteristic peaks of SF contain conformation of
B-sheet structure which conformation shows

Table 2. Contact angle and Tensile properties of
SF/PVA nanofiber various ratio

Composition Contact Ultimate Elongation at

angle Tensile Break

© Strength (%)
(MPa)

SF/PVA 100:0 63x3.6 - -
SF/PVA 75:25 60143 0.94+0.06 10.8%1.1
SF/PVA 50:50 554213 9.45+2.44 39448
SF/PVA 25:75 51+2.5 5.78+0.92 35311
SE/PVA 0:100 40+1.3 3.93+0.64 171433

Tronmec O

FT-IR spectra of SF/PVA nanofiber various
ratio (a) SF/PVA 100:0, (b) SF/PVA 75:25,
(c) SF/PVA 50:50, (d) SF/PVA 25:75, and
(e) SF/PVA 0:100

Figure 3.
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characteristic peaks; absorption frequencies to
B-sheet form at 1,625-1,620 cm™, 1,510-1,500 cm™,
and 1,245-1,240 cm’!, representing amide I, amide
II, and amide III, respectively. The amide I band
mainly comes from C=O stretching with minor
contributions from N-H in- plane bending while the
amide IT band is mainly caused by C-N stretching
and N-H in-plane bending of the SF backbone (Ling
et al., 2013). The spectrum of PVA was obtained at
3,300 cm™ (-OH stretching), 2,960-2,920 cm ™ (-CH
stretching) and 1,750-1,720 cm™ (-C=0 stretching),
1,470-1,450 cm! (CHOH bending), 1,250 cm
(C-O stretching), and 1,090-1,080 cm (C-O out-of-
plane bending), respectively (Bhattacharjee et al.,
2015). These bands assigned to PVA became
stronger with increasing PVA contents. The
characteristic absorption bands of SF/PVA blended
nanofiber showing the wave number ranges of
amide I, amide II, and amide III were shifted from
1,625-1,620 cm™ to 1,630-1,627 em™, 1,510-1,500
cm! to 1,515-1,512 em™, and 1,245-1.240 cm! to
1,250-1,248 eml, respectively. Furthermore, the
width of the OH region 3,350-3,300 cm! was
extended by blending SF and PVA which could
characterize the increase of the intensity of
hydrogen bonding in FTIR spectra (Niu ef al., 2019).
This may confirmed the chemical interactions
between the amino group of silk fibroin and the
hydroxyl group of polyvinyl alcohol. However, it
hardly prove the extent of the SF/PVA chemical
interactions. This is because the moisture product
impurity can also give rise to the broadened IR
signal between the 3,350-3,300 cm! region.

Thermal Stability

Figure 4 shows the thermal stability of
SF/PVA at various ratios. The TGA thermogram of
all electrospun nanofiber showed the first step of
weight loss around 50-180°C caused by the
evaporation of water molecules in fiber about 4%.
Thermograms of SF/PVA 100:0 and SF/PVA of
0:100 showed the second step decomposition
around 200-360°C and 290-350°C, respectively.
Decomposition of SF may be related with the
breakdown of side-chain groups of amino acid
residues as well as the cleavage of peptide bonds of
silk fibroin (Raksa ef al., 2020) and degradation of
PVA that is an amorphous polymer. The third step
after 350°C is the degradation of the crystalline
region in PVA. The second degradation step of
SF/PVA blended nanofiber around 200-380°C may
be attributed to the major composition of the silk
protein. The third step showed degradation of
polymer chain above 390°C. When SF content was
increased, it causes an increase in the thermal
stability of the blended nanofiber. Usually,
sterilization is an important for scaffold and the

suggestion for sterilization in an autoclave use
steam heated to 121°C or 134°C. To achieve sterility,
a holding time of at least 15 min at 121°C or 3 min
at 134°C is required (Baume et al., 2016). The
thermal stability of the prepared SF/PVA nanofiber
in this study was therefore suitable with sterilization
in an autoclave.

Tensile Properties

Mechanical properties of SF/PVA nanofiber
at different ratio were shown in Table 1 and
stress-strain curves of all nanofiber were shown in
Figure 5. The result of SF/PVA 0:100 nanofiber
exhibited relatively low mechanical strength.
The SF/PVA of 50:50 showed higher tensile
strength than another nanofiber. Silk fibroin showed
an improvement in the tensile strength of the
electrospun fibrous scaffold. These improvement in
mechanical properties is attributed to well oriented
B-sheet crystallite structure and the shear alignment
of the fiber chains (Altman et al., 2003). This is
essential property for the meniscus scaffold for
tissue engineering. However, when SF content was
increased to very high ratio (SF/PVA 75:25); the
SF/PVA blended nanofiber was more difficult to be
processed and nonuniform thickness of the
nanofibers were obatined with the lowest tensile
strength and elongation at break.

e 'ﬁ"f,"_
N
. \\?\\_R‘._
.- _-\‘\\ S

Weight o [

Figure4. TGA thermogram of SF/PVA nanofiber
various ratio; (a) SF/PVA 100:0, (b) SE/PVA
75:25, (c) SF/PVA 50:50, (d) SF/PVA 25:75,

and () SF/PVA 0:100

Strews (VIFs)

"

Srain (%)

Stress-Strain curve of SF/PVA nanofiber
various ratio; (a) SF/PVA 0:100, (b)
SF/PVA 25:75, (c¢) SF/PVA 50:50, and
(d) SF/PVA 75:25

Figure 5.
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Conclusions

In this study, we have successfully fabricated
a nanofibrous scaffold from silk fibroin and
polyvinyl alcohol by electrospinning technique. It
was found that SF has a direct impact on modifying
the fiber morphological properties, wettability, and
tensile properties. Specifically, the tensile strength
of SF/PV A nanofiber was improved with increasing
SF content. The chemical interactions between the
amino group of silk fibroin and the hydroxyl group
of polyvinyl alcohol were confirmed by FTIR
spectra. The thermal stability of the prepared the
blended nanofiber was suitable with sterilization.
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