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The aim of this present research is to develop biomimetic meniscus scaffold
using electrospun poly (lactic acid) (PLA)/silk fibroin (SF) and explore their potential
use for scaffold augmented suture.

Poly(lactic acid) (PLA) is one of the most widely used synthesis polymers in the
biomedical field because it has good mechanical properties such as high strength and
high stiffness. However, it has poor cell adhesion and slowly degrades in in vitro
surroundings. Silk fibroin (SF) is a g¢ood candidate to improve the cell adhesion and
degradability of electrospun PLA. SF powder was prepared from silk cocoon of Bombyx
mori silkworm by degumming and freeze-drying method. Two commercial grade PLA
were fabricated by using electrospinning process at different concentration (10%, 15%
and 20 % w/v). This is to study the effect of PLA molecular weight and the effect of
PLA concentration on physical properties of electrospun PLA. The suitable PLA solution
that provides suitable morphology was chosen for mixing with 12 % (w/v) SF solution
at different ratios (PLA75:SF25, PLA50:SF50 and PLA25:SF75). The effect of SF content
on the physical properties and biocompatibility of electrospun PLA/SF was studied.

Related factors including solution viscosity and SF content were investigated in
order to create a PLA/SF scaffold that offered both biological and mechanical
capabilities. The solution viscosity considerably varied when PLA concentration and
molecular weight were altered. It was clarified how solution viscosity affected fiber
formation and fiber shape. Additionally, research was done on both commercial (L-
lactide, D-lactide PLA) and medical grade PLA (pure PLLA). Electrospun PLA and PLA/SF
based nanofibrous scaffolds were studied for their mechanical, thermal,

biodegradable, wettability, cell viability, and gene expression characteristics.



The findings showed that for the regeneration of meniscus tissue, medical
grade PLA electrospun scaffolds exhibited superior mechanical properties,
degradability, and cellular induction. However, due to its toxicity, the commercial, non-
medical grade PLA employed in this study was not suggested for use in medical
applications. The in vitro degradability and hydrophilicity of PLA-based scaffolds were
enhanced by the addition of SF. Based on cell survival, gene expression, surface
wettability, and in vitro degradation, the PLAmMed50:SF50 scaffold has the potential to

be developed as a meniscus tissue engineering scaffold.
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CHAPTER 1
INTRODUCTION

1.1  Background

Meniscus is an crescent-shaped structure of knee joint, which functioning in
load transfer, stress reduction, joints lubrication and stability (Myers, Sgaglione, &
Goodwillie, 2014). Meniscus tear is the most frequent knee injury, regardless of age
(Sari, Gunaydin, & dincel, 2018). Meniscus injury often leads to osteoarthritis (OA) and
meniscus degeneration due to the breakdown and weakening of the meniscal structure
(Englund, Guermazi, & Lohmander, 2009). Loss of meniscus tissue permanently changes
knee biomechanics and homeostasis. Apparently, the vascular supply of the problem
zone directly affects how well the meniscus can be healed. The tear in the
vascularized zone is more likely to heal, whereas the injury in the avascular zone has
poor healing potential (de Caro, Perdisa, Dhollander, Verdonk, & Verdonk, 2020).
Therefore, repair or regeneration of the menisci can help the patients to relieve the
pain, regain function and prevent the risk of OA.

Nowadays, there are many techniques to improve the healing potential of the
meniscus, especially tissue engineering scaffolds. Using cells and biomaterial scaffolds,
tissue engineering is now becoming a novel approach for meniscus regeneration.
Scaffold is an important cue that serves as a cell shelter and cell delivery for tissue
regeneration. The structural support for cell adhesion and subsequent tissue formation
is provided by scaffolds, which are typically made up of polymeric biomaterials (Chan
& Leong, 2008). A greater part of biomaterial research for tissue engineering and
regenerative medicine is focused on designing and producing the scaffold (Reddy,

Ponnamma, Choudhary, & Sadasivuni, 2021). In general, polymeric materials can be



categorized as either synthetic, natural, or a mix of the two. Synthetic polymers such
as polycaprolactone (PCL), polylactic acid (PLA), and poly(vinyl alcohol) (PVA) are
commonly used to make scaffolds (Coluccino et al., 2018; Haider et al., 2020; Hirano
et al,, 2021). Natural polymeric materials like proteins, polysaccharides, lipids, and
polynucleotides. are also investigated (Panjapheree, Kamonmattayakul, & Meesane,
2018; Warnecke et al., 2018). Moreover, a composite scaffold is created from synthetic
and natural polymers, which combines the advantages of each substance while
promoting the regeneration of functional tissues with desired functions. A scaffold not
only acts as a cell carrier but can also provide strength for the tissue construct.
Scaffolds must have biological qualities compatible with cell viability and proliferation
and material properties similar to the native meniscus in order to offer mechanical
support (Ahmed et al., 2015).

Scaffolds that enable the rapid expansion of three-dimensional tissues can be
created using the latest methods for the production of biomaterials, many of which
have functional vascular systems that are similar to those found in living organisms.
There are several processes for fabricating scaffolds. For many years, extracellular
matrix (ECM)-like fibrous scaffolds have been created via electrospinning. It is possible
to create artificial functional tissues using electrospun fibrous scaffolds, could provide
fibrous structures with connecting pores at the nano- and microscale that resemble
genuine ECM in tissues. There are also various methods for creating three-dimensional
fiber scaffolds that are stacked in hierarchical configurations for tissue engineering (Baek
et al., 2015).

Frequently utilized in tissue engineering, polylactic acid (PLA) has been a well
material. Due to their biodegradability, PLA and its copolymers are utilized in implants
and many other devices. Producing PLA and lactide copolymers from renewable
resources is feasible; they are biodegradable and environmentally safe and humans.
PLA provides strong mechanical resistance that is appropriate for making bone tissue
engineering scaffolds, but both bioactivity and cell affinities are inadequate. Therefore,

a composite scaffold can serve to overcome these shortcomings.



The composite fiber membranes made of PLA, silk fibroin, and gelatin may offer
favorable conditions for cell growth and proliferation (Yin Gui-Bo, 2009). A naturally
occurring protein called silk fibroin (SF) is very biocompatible, barely immunogenic,
non-toxic, non-carcinogenic, and biodegradable. Due to its remarkable intrinsic
characteristics, biocompatibility, biodegradability, and mechanical strength, the SF has
recently attracted a lot of attention as a material for tissue engineering scaffolds.

Therefore, the objective of the current study is to create electrospun poly
(lactic acid)/silk fibroin scaffold imitate meniscus fibers and assess their potential

application as meniscus tissue engineering scaffold.

1.2  Research objectives

The main purpose of this research is to develop scaffold mimic meniscus fibers
using electrospinning poly(lactic acid)/ silk fibroin and explore their potential use for
meniscus tissue engineering scaffolds and study the materials factors as followed.

1.2.1 To study the effect of molecular weight of PLA on mechanical
properties of electrospun PLA scaffolds.

1.2.2 To study the effect of PLA concentration on physical properties of
electrospun PLA scaffolds.

1.2.3  To study the effect of SF content on physical properties and cell
proliferation of electrospun PLA/SF scaffolds.

1.2.4  To study the potential use of electrospun PLA/SF for meniscus tissue

engineering scaffolds.

1.3  Scope and limitation of the study

Two commercial non-medical grades of PLA with different molecular weights
(55000 and 150000 g¢/mol) and one medical grade of PLA (200000 g¢/mol) were
fabricated by using electrospinning process at different concentrations (10%, 15% and

20 % w/v) for the commercial grades. While, the medical grade PLA was prepared at



6% (w/v) concentration. Commercial non-medical grade PLA with suitable molecular
weight and concentration that provides optimum suitable morphology was chosen for
mixing with 12 % (w/v) concentration of SF at different ratios (PLA75:SF25, PLA50:SF50
and PLA25:SF75). SF powder was prepared form cocoons of Bombyx mori silkworm by
degumming and freeze-drying method. Electrospinning was used to fabricate PLA/SF
samples.

Electrospun PLA/SF morphology was observed by field emission scanning
electron microscopy. Mechanical properties of electrospun PLA/SF were determined
by universal testing machine. Biocompatibility of electrospun PLA/SF was characterized
by human chondrocyte cells culturing for observing the cell viability. Degradation of
electrospun PLA/SF was studied by immersing in PBS solution. The percentages of
weight loss were calculated. The possibility to be use as mimic meniscus scaffold were

evaluated.



CHAPTER 2
LITERATURE REVIEWS

2.1  Meniscus
2.1.1 Meniscus anatomy and cellular components

The knee is the big hinge joint in the body and is sensitive to injury from
trauma, inflammation, infection, and degenerative changes. The joint line lives
between the femoral and tibial joint. The menisci are crescent-shaped wedges of
glossy white fibrocartilages which located on the medial and lateral aspects of the
knee joint (Fox, Bedi, & Rodeo, 2012; Vadodaria, Kulkarni, Santhini, & Vasudevan, 2019).
The tibial plateau is more thoroughly covered by the lateral menisci (80-90% lateral)
in comparison to medial menisci (50-70% medial) (Ridley, McCarthy, Bollier, Wolf, &
Amendola, 2017).
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Figure 2.1 The superior view of meniscus anatomy (Makris, Hadidi, & Athanasiou, 2011)



Human meniscus is composed of approximately 70% water and 30%
organic matter. The water content provides cushion and lubrication effect as well as
in transferring nutrients. Normally, dry matter composed of mainly collagen (75%),
Glycosaminoglycans (GAGs) (17%), DNA (2%), elastin (less than 1%), adhesive
glycoproteins (less than 1%) in meniscus matrix. The above proportions could vary
depending on age, injuries, and other pathological conditions (Makris et al., 2011).

The red-red zone (outer zone), red-white zone (middle zone), and
white-white zone are the three zones that make up the meniscus (inner zone).
Vascularization and healing capacity separate the zones. The meniscus's periphery is
known as the red-red zone. It heals quickly and has high vascularization. The white-
white zone is largely avascular and has a low chance of healing, whereas the red-white
zone is the middle third with reduced vascularization. Different meniscus area capacity
for self-healing varies directly with the presence of blood vessels. (de Caro et al., 2020).
As a result, in the majority of instances involving meniscus lesions, meniscus repair is

required.
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Figure 2.2 Variations in the meniscus' vascularization and cell population

(Makris et al., 2011)

Chondrocyte-like cells embedded in collagen type I and

glycosaminoglycans can be found in the inner zone of the meniscus (GAGs). The outer



zone has significant collagen type | deposition and a greater number of elongated
fibroblast-like cells than the inner zone (H. Li et al., 2021). As seen in Figure 2.3, the
collagen fibers within the menisci are organized into three distinct layers. The bulk of
the fibers are oriented circumferentially and are found in the intermediate layer, where
they provide resistance to hoop stresses. This layer is sandwiched between two surface
layers that include shorter fibers that function as links and are organized radially. These
fibers provide structural stiffness against compressive forces, prevent longitudinal

splitting, and provide resistance to shear stresses. (Bryceland, Powell, & Nunn, 2017).

Figure 2.3 Pattern of collagen fiber within meniscus. Random fibers (1), Radial fiber

(2), Circumferential fibers (3) (W. Petersen & Tillmann, 1998).

2.1.2 Meniscus mechanical properties
The meniscus serves a variety of functions, such as distributing loads,
absorbing shock, and transmitting force across the knee joint. They also provide joint
congruity and stability as well as providing nutrition and joint lubrication (Myers et al.,
2014). The meniscus withstands many different forces such as shear, tension, and
compression. Highly orientated collagen fibers play a significant role in creating the
meniscus' unique mechanical characteristics. The meniscus has an aggregate modulus

of 100-150 kPa and can withstand axial compression. The tissue's tensile modulus



varies in the circumferential and radial directions; it is between 100 and 300 MPa
circumferentially and ten times less radially. And last, the meniscus has a shear

modulus at about 120 kPa. (Makris et al., 2011).

Figure 2.4 Forces operating on the meniscus during loading are illustrated in a free

body diagram (Fox et al., 2012)

2.2  Meniscus repair

Meniscus tends to damage during excessive physical activities, over twisting or
bending of the knee joint due to sports, accidents, brittleness in aged people, or any
other reason (Vadodaria et al., 2019). The healing capacity of the meniscus after injury
is basically controlled by the tear site and tear pattern (H. Li et al,, 2021). Meniscal
repair prevents the joint from increased loading and reduces the development of OA
(Spalding, Damasena, & Lawton, 2020).

Arthroscopic meniscectomy is one of the most common methods in orthopedic
surgery which remove torn meniscus. Partial meniscus removal is a procedure that
causes abnormal biomechanical changes (Jeong, Lee, & Ko, 2012). Total meniscectomy
can lead to osteoarthritis due to cartilage degeneration. Loss of the medial meniscus
led to a decrease in contact areas of approximately 75% and an increase in the peak
contact pressures of approximately 235% (McDermott & Amis, 2006).

An arthroscopic repair technique for meniscal tear using a needle and suture

can be delivered via inside-out, outside-in, or all-inside techniques (Spalding et al,,



2020; Z. Wang et al., 2019). There are several variables that have been discovered as
affecting meniscal repair success (joint stability, associated ACL reconstruction, age,
tear shape, methods of stimulating healing) (Wolf Petersen, Karpinski, Bierke, Muller
Rath, & Haner, 2022). Meniscal allograft transplantation (MAT) is one option which may
help to restore knee function even further, but the risks associated with disease
transmission, immunological rejection, and non-matching donors outweigh this benefit
(H. Li et al., 2021).

Tissue engineering and scaffold-based regenerative medicine technologies have
emerged as one of the most promising methods for treating meniscal injury in a clinical

context. Meniscal scaffolds are an alternative that might be less invasive.

2.3  Meniscus tissue engineering

A damaged meniscus (some section) might be completely replaced with a
tissue-engineered construct, or the damage could be repaired via tissue engineering.
Based on a combination of cells, growth factors, and scaffolds, tissue engineering

(Buma, Ramrattan, van Tienen, & Veth, 2004).
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Figure 2.5 Schematic of the scaffold-based tissue engineering approach (Asadian et al.,

2020).



10

23.1 Cell
To create in vitro engineered tissue, cells must be used to transfer into
the matrix to create a matrix similar to that of native tissue. The primary cells collected
from the patient and utilized in combination with scaffolds to create tissue for re-
implantation have been the main source of improvements in this field. (Trivedi, Gupta,
Bey, & Kirmani, 2016). For repairing damaged or severely injured tissues in patients,
there are three main cell therapy approaches: (1) implanting isolated cells, (2)
implanting a construct made of cells and scaffolds, and (3) in situ tissue regeneration
by native cells (Murphy, O’Brien, Little, & Schindeler, 2013).
2.3.2 Bioactive molecules
Cellular behavior is strongly influenced by biochemical and biophysical
cues from the extra cellular matrix. The biomimetic tissue engineering strategy of
incorporating bioactive molecules (both soluble and insoluble) aims to stimulate and
accelerate the healing process (Dang, Saunders, Niu, Fan, & Ma, 2018). Bioactive
molecules include many soluble molecules such as growth factors, cytokines,
hormones, DNA, siRNAs, angiogenic factors, and immunosuppressive drugs that interact
with cells to regulate their activity. (Kurtis Kasper & Mikos, 2013).
2.3.3 Scaffold
A scaffold is a type of cell accommodation that generates an
environment that encourages cell proliferation and tissue differentiation by delivering
nutrients and growth factors. A scaffold should resemble the structure and chemical
content of extracellular matrix (ECM) and be biodegradable, biocompatible,
mechanically resistant, and durable (Gautam & Ambwani, 2019). Tissue engineering
makes considerable use of scaffold-based three-dimensional (3D) extracellular
matrices to support, arrange, and distribute therapeutic cells. A microenvironment with
cell-cell interactions and manifestations of many cellular processes is created by the
3D scaffolds (Talukdar, Nguyen, Chen, Sah, & Kundu, 2011). Scaffolds for tissue
engineering are commonly produced of biodegradable polymeric materials, which

comes under the types of synthetic or natural polymers.
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2.3.3.1 Natural scaffolds

Natural biodegradable polymeric biomaterials commonly
include proteins (collagen, fibrin, silk, etc.) and polysaccharides (hyaluronic acid
derivatives, starch, alginate, chitin/chitosan, etc.) (Song et al., 2018). The biological
features of natural polymers have proven better suited to the normal environment of
tissues, encouraging favorable cellular responses, biocompatibility, and degradability
(Pina et al.,, 2019). Natural polymers have the disadvantage of having limited control
over the structural or architectural characteristics of the scaffold, such as fiber

diameter, alignment, or porosity (Jenkins & Little, 2019).

2.3.3.2 Synthetic scaffolds

Polyester (PLA and PGA), Polycaprolactone (PCL) and Poly
(vinyl alcohol) (PVA) have found widespread application in medical application
especially tissue engineering scaffold owing to their mechanical properties and
biodegradability (Roy et al,, 2018). The major shortcoming of synthetic scaffold is
lacking of bioactivities which offers less conducive environment for cell proliferation
but it generally can be produced reliably and reproducibly with minimal batch-to-
batch variation.(Kesireddy & Kasper, 2016)

2.4  Silk Fibroin

Silk is a protein polymer found in the glands of arthropods as silkworms,
spiders, and mites; some of these creatures have the ability to spin silk into fibers
during metamorphosis. However, the greatest amount of research on silk sources has
focused on silkworms (Figure 2.6) (DeBari, King, Altgold, & Abbott, 2021). Silk has two
main proteins; silk fibroin (70-80 wt.%) and sericin (20-30 wt.%). The SF fibers undergo
a degumming process to remove sericin, which is typically performed under boiling,
alkaline conditions (Dou & Zuo, 2015). Silk fibroin (SF) is a natural protein, well known
for its excellent biocompatibility, biodegradability and the versatility of structural re-

adjustments.
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Stk fibroin

Figure 2.6 SEM images of (a) silk cocoon, (b) silk fiber (c) degummed silk fiber and (d)

cross-section of degummed silk fiber.
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Figure 2.7 Silk fibroin structure (Qi et al., 2017)
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Figure 2.8 Silk fibroin chemical structure (Promnil, Ruksakulpiwat,

Ruksakulpiwat, & Numpaisal, 2022)
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SF is a semi-crystalline protein with a fibrous structure (Figure 2.7) that offers
stiffness and strength. The stiffness and tensile strength of SF are considerably
enhanced by the presence of strong hydrogen bonding between neighboring segments.
(Qi et al.,, 2017). Heavy chain (390 kDa) and light chain (26 kDa) are the two major chains
that make up SF, and they are connected by disulphide bonds to build the H-L
complex (Sun, Gregory, Tomeh, & Zhao, 2021). In heavy chain, SF is made up of only
5% of the other 15 amino acid types and contains 46% glycine, 30% alanine, 12%
serine, 5% tyrosine, and 2% valine which is hydrophobic domains of amino acids (Figure
2.8) (Zhou et al., 2001).

It has been demonstrated that SF is an enzymatically degradable polymer and
rarely causes a significant immunological reaction (Long, Cheng, Tang, & Chen, 2021).
The degradation process is started when enzymes are firstly adsorbed via surface-
bonding domains onto the SF fibers. In the following step, the enzymes degrade SF by
hydrolyzing ester bonds (Arai, Freddi, Innocenti, & Tsukada, 2004). Therefore, SF
composite materials offer superior biocompatibility and better degradability for

bioscaffolds (X. Liu et al., 2020).

2.5 Poly(lactic) acid

Poly(lactic acid) (PLA) based polymers are widely used in the biomedical field
due to their biocompatibility and hydrolytic degradation. PLA is an aliphatic polyester
which synthesized from lactic acid. There are two enantiomeric forms, namely L-lactic
acid and D-lactic acid, as shown in Figure 2.8.

Stereochemistry has effects related to material properties. For example, PLLA
is a semicrystalline polymer, while PDLLA is an amorphous polymer. Moreover,
degradation rate of PLLA is significantly slower than PDLLA, because of the presence
of crystalline regions (Casalini, Rossi, Castrovinci, & Perale, 2019). PLA crystallinity
effects physical properties and mechanical properties such as tensile strength, Young’s

modulus, elongation and melting point.
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Figure 2.9 Lactic acid enantiomeric forms (Casalini et al., 2019)

2.6  Electrospinning

Electrospinning is an electrohydrodynamic process which a liquid droplet is
electrified to generate a jet, followed by stretching fibers. This process is very simple
to set up. A typical electrospinning device comprises a high-voltage power supply, a
syringe pump, a spinneret with a metallic needle and a rotating collector The polymer
solution is loaded in the syringe and extruded to form a droplet as a result of surface
tension (Chen et al., 2019).

The polymer solution droplet is deformed into Taylor cone, which a charge jet
is ejected. After that, the jet initially extends in a straight line by the electric field force.
As the jet is stretched into finer diameters, it solidifies quickly, leading to the deposition

of random fibers on the grounded collector.

Collector
Polymer High voltage
- solution I I power supply

Syringe pump

Figure 2.10 Schematic drawing of electrospinning process (Promnil et al., 2022).
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The formation and diameter of electrospun fibers were controlled by the
processing parameters, including flow rate, voltage, and the distance between the
needle tip and the fiber collector. An electrospinning technique has been utilized to
fabricate nanofibers from various types of materials. Normally, the success of
electrospinning of polymer solutions and the structure and morphology of the
resulting polymer nanofibers are determined by the polymer, solvent, polymer
solution, processing parameters, and several parameters related to environmental
conditions. The presence of a sufficient high molecular weight polymer and a suitable
polymer solvent are the two general requirements for good solution electrospinning.
The polymer molecular weight has a dominant impact on the rheological behavior of
the polymer solution, while the homogeneous solution relies on the solubility
parameter of the solvent (Xue, Wu, Dai, & Xia, 2019).

Electrospinning is considered to be the most versatile technique for producing
nanofibers. Electrospun fibers have a high surface area, desired mechanical properties,
a controlled structure, and ease of biochemical functionalization. The three-
dimensional electrospun fibrous structures nearly mimic the architecture and features
of the extracellular matrix (ECM) which significantly influences biomaterial design to

promote tissue regeneration (Su et al., 2021).

2.7  Poly(lactic) acid-based scaffold

Gao et al. (2018) fabricated a scaffold with a scaffold should have a distributed
architecture, remarkable mechanical strengths, and good biocompatibility. Electrospun
into nanofiber yarns and woven into multilayer fabrics, a polylactic acid (PLA) and
Tussah silk fibroin (TSF) solution was used to create these materials. After
electrospinning, scaffolds were mineralized in simulated body fluid (SBF) to develop
polymer nanofibers, usually as a composite with hydroxyapatite (HA) which constitutes
the majority of natural bone's inorganic material, to better imitate natural bone. The
PLA/TSF multilayer nanofiber textiles' compressive modulus and stress after

mineralization were increased; these values were 32.8 and 3.0 times higher than those
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of the composite scaffolds without mineralization, respectively. These values were
significantly higher than those of a scaffold comprised of randomly arranged nanofibers
because of the ordered and hierarchical structure of the nanofiber fabric template.
Mesenchymal stem cells (MSCs) were transplanted onto PLA/TSF fabric, PLA/TSF/HA
nanofiber fabric, and PLA/TSF/HA nanofiber fabric mats in order to test and evaluate
the scaffolds' cytocompatibility. Cell proliferation on the PLA/TSF/HA multilayered
nanofiber fabric and PLA/TSF/HA multilayered nanofiber mats was considerably higher
than that on the PLA/TSF multilayered nanofiber fabric on days four and seven, while
it was lower on the reference sample, according to the results of an MTT cell
proliferation assay done on MSCs growing on various scaffolds, revealing that the
mineral crystals on the nanofibers surface can promote cell proliferation. Confocal
fluorescence microscopy of MSCs cells on various materials revealed that the cells
were distributed randomly over the PLA/TSF/HA nanofiber mats while being oriented
on the surface of the nanofiber fabric along the axial direction of the yarn. Furthermore,
compared to the PLA/TSF/HA nanofibrous mats, the cells fluoresced more intensely
on the PLA/TSF/HA fabric group. This demonstrated that, when compared to other
materials, multilayered nanofiber textiles may provide a three-dimensional culture
environment more conducive to MSCs cell growth.

Gutiérrez-Sanchez, Escobar-Barrios, Pozos-Guillén, and Escobar-Garcia (2019)
developed new polymeric compound for bone tissue engineering. The goal of this
study is to evaluate cell adhesion produced by starch and poly (lactic acid) (PLA)
combinations that have been treated with arginine-glycine-aspartic acid peptides (RGD),
one of the peptide sequences most frequently employed to mimic cell adhesion.
Using the electrospinning technique, PLA non-woven fibers with varying starch contents
(0.0, 2.5, 5.0, and 10% w/v) were created. Through examination of the water contact
angle, the wettability of scaffolds was assessed (WCA). The outcome demonstrated
that the scaffold had a hydrophobic nature before being treated with RGD, and that
after the surface treatment, the WCA decreased by about 18% as a result of the

incorporation of surface groups of the RGD's amino acid sequence on the surface of
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the various PLA scaffolds with starch. Subsequently, interaction with water molecules
was made simpler and more effective thanks to a hydrogen bond between the amine
group and the proton of the water molecules. However, the PLA's starch had no
influence on the WCA, suggesting that it is more deeply embedded in the polymer
matrix than on the surface. Over the end of five weeks, the hydrolytic degradation of
the scaffolds was examined in phosphate buffer solution (PBS) at 37 °C. The sample
weights were kept under observation. The outcome showed that the sample hydrolytic
degradation did not appear to be affected by the addition of starch. MTS testing was
used to assess cell growth. After 48 hours of incubation, the osteoblast content that
was discovered for each scaffold may be appreciated. The outcome shown that the
osteoblast cells multiplied on the PLA and PLA scaffolds that included 5.0 % starch.
The data, however, could not clearly demonstrate a pattern based on the starch
content. This may be due to the morphology of the scaffold, which is drastically

affected with the starch content.

Yin Gui-Bo (2009) investigated the possibility of PLA/SF-gelatin use as scaffolds
by fabricating a nanofibrous composite scaffold of poly L-lactic acid (PLA)/silk fibroin
(SF)-gelatin using an electrospinning process. The air-dried SF membranes or a blend
of gelatin and air-dried SF membranes (70:30:50:50) were dissolved in formic acid at a
concentration of 98 percent (w/w). To achieve a concentration of 5%, PLA was
dissolved in a mixture of solvents with a volume ratio of 2:1 (chloroform: acetone). By
electrospinning, SF and SF-gelatin mix nanofibers in various ratios were applied to the
PLA fibrous membranes. These membranes were submerged in 100% methanol for 10
minutes before being dried at room temperature for 24 hours. Utilizing the
mitochondrial metabolic (MTT) activity test, cell proliferation was detected. The ability
of PLA/SF-gelatin (70:30), PLA/SF-gelatin (50:50), and chemically treated PLA/SF-gelatin
fiber membranes to sustain cell growth and proliferation implies that the scaffolds are
not cytotoxic. Over the course of 12 cell culture days, the vitality of 3T3 murine
fibroblasts cultivated on each membrane rose and eventually fell. Furthermore, the

proliferation dramatically increased as the gelatin content rose, indicating that the
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scaffold compositions had an impact on the development of the cells. The composite
fioer membrane made of PLA/SF-gelatin (50:50) proven to be the best choice for

scaffolds.

2.8 Silk fibroin-based scaffold

Panjapheree et al. (2018) studied scaffolds with 2 phases of silk fibroin film
attached to a silk fibroin and chitosan sponge that were created for osteoarthritis
treatment. Before being applied to the silk fibroin and chitosan sponge phase, silk
fibroin film was created in the following ratios: 100:0 (SF), 70:30 (SF70), 50:50 (SF50),
30:70 (SF30), and 0:100. (CS). Film casting was used to create the silk fibroin, which was
then allowed to air dry for two days before being submerged in methanol to change
its random coil structure into a beta sheet structure. For sample preparation, the SF
film was trimmed into 1x1 cm pieces. A 3 % SF solution and a 3 % CS solution were
mixed for the porous phase. 48 well plates were filled with about 1 mL of each
solution, lyophilized for freeze-drying, allowed to dry, and then submerged in
methanol. The samples were then divided into 2x10 mm plates. The biphasic scaffolds
were fully constructed by attaching two phases together with a silk solution and letting
them rest at room temperature for two days. Biphasic scaffolds' mechanical
characteristics were shown using ultimate tensile strength and elastic modulus. The
findings showed that as the amount of chitosan grew, the stress at maximum load
dropped. When the quantity of chitosan was raised, the elastic modulus of silk fibroin
and chitosan part dropped. The breakdown of biphasic scaffolds by lysozyme was
used to gauge their physical stability. The findings showed that CS had the greatest
degree of deterioration. The least level of deterioration was seen in SF. As the amount
of chitosan grew, the degradation accelerated.

L.-P. Yan et al. (2012) have studied silk fibroin scaffolds which obtained from
high concentration of aqueous silk fibroin solutions. The salt-leaching and freeze-drying
techniques were used to create the silk fibroin scaffolds, which were created with a

range of starting concentrations (8, 10, 12, and 16 percent in weight percent). The
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scaffolds were made by pouring a solution of silk fibroin (8-16%) into a silicon tube,
then adding granular sodium chloride. To eliminate sodium chloride, the silicon tubing
was exposed to distilled water for three days before being dried at room temperature
for 48 hours. The scaffolds were then created by punching the produced skin with a
stainless-steel tool, freezing it at -80 °C for a day, and then freeze-drying it. The
compressive tests were performed using a universal testing machine. When the
concentration of silk fibroin was elevated from 8 to 16 percent, the dried silk fibroin
scaffolds' static compressive modulus significantly rose from 0.81 to 0.29 to 15.14 to
1.70 MPa. The compressive strength of the scaffolds significantly rose, from 0.05 to
0.79 MPa, as silk content grew from 8 to 16 percent and stiffness also increased, as
seen by the example stress-strain curve. As a result, the created silk fibroin scaffolds
are suitable for application in tissue-engineered scaffolding, particularly for the
regeneration of cartilage and meniscus.

Mandal, Park, Gil, and Kaplan (2011) fabricated knee meniscus scaffold system
with three-layered wedge-shaped structure. The freeze-drying three-layer silk meniscus
scaffolding method was designed to resemble the natural meniscus structure. A single
layer of aqueous silk 3D scaffolds is produced with various pore sizes and orientations.
The first two layers of the three were created using the salt-porogen leaching method
mentioned above, while the third layer was created using the lyophilization method.
Using a universal testing equipment, the compressive and tensile mechanical
characteristics of hydrated scaffolds were determined (Instron 3366). For the first,
second, and third scaffold layers, respectively, the compressive modulus varied
between 293.78 +47.56, 347.58+62.39, and 164.80+14.24 kPa. The first through third
scaffold layers had compressive strengths of 67.23+27.30, 75.62+15.76, and
70.44+09.07 kPa, respectively.

Comparing the stated axial (83.4 kPa) and radial (76.1 kPa) compressive moduli
of natural human medial meniscus, the silk meniscus layers possessed greater

compressive  moduli. The outcome showed how to create a multilamellar,
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multiporous, wedge-shaped silk meniscus scaffold with promising mechanical

characteristics.

2.9 Effect of polymer molecular weight on mechanical properties of

electrospun nanofibers

Zhang et al. (2014) studied the mechanical characteristics of electrospun
poly(E-caprolactone) (PCL) mats with varying PCL average molecular weights (40,0000,
80,000 and 120,000 ¢/mol). The PCL was dissolved in mixed solvents,
chloroform/methanol (6:1, v/v), in which the PCL concentration was 12% (w/w). In
order to create the nanofiber mats, electrospinning was used. PCL-40 nanofibrous
scaffolds have a beads-on-string structure that is difficult to manage, making it unable
to conduct a tensile test on them. The high molecular weight PCL-based electrospun
mat is somewhat stronger but less flexible than the low molecular weight sample,
according to the tensile test. Young's modulus and ultimate strength both rise from
8.41 MPa to 8.77 MPa and from 1.13 MPa to 2.25 MPa, respectively, as average
molecular weight varies from 80,000 to 120,000 g¢/mol. The mat's elongation at break
decreases dramatically to only 63.5%. The significant reduction in flexibility is due to
two aspects: First, excessively entangled PCL chains are unable to react quickly to
shifting stresses. The second aspect is that some fine fibers are weak and reduce the
electrospun mat's ability to resist deformation. The results show that the PCL-80
scaffold achieves the desired levels of strength, modulus, and flexibility.

Ngadiman, Noordin, Idris, Shakir, and Kurniawan (2015) investigated the
influence of molecular weight (M,,) of polyvinyl alcohol (PVA) on electrospun
nanofibers. PVA was utilized in four different molecular weights: 60,000 Da, 124,000 Da,
145,000 Da, and 200,000 Da. PVA polymer powder was dissolved in deionized water to
create an aqueous PVA solution with a 10% w/v concentration. The electrospinning
method was used to construct the PVA nanofibers. The higher mechanical properties
were obtained from high molecular weight PVA (200kDa). The tensile strength increases

from 20.5+0.9 to 29.8 +0.3 MPa and the Young’s modulus increases from 55.5+0.3 to
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77.9+0.8 MPa. Above 145 kDa, the increase in tensile strength and modulus that occurs
with  molecular weight increase appears to have reached saturation. Longer PVA
polymer chains are the cause of the increase in molecular weight, which often

corresponds to better mechanical properties.

2.10 Effect of polymer concentration on mechanical properties of

electrospun nanofibers

Ngadiman et al. (2015) studied the effect of PVA concentration on  mechanical
properties of electrospun nanofiber mats. Aqueous PVA (60k Da, 124 k Da, 145kDa, and
200k Da) solutions with 5% and 10% w/v were prepared by dissolving PVA polymer
powder in deionized water. The nanofiber mats were constructed by using
electrospining. The higher solution concentration (10% w/v) has higher mechanical
properties compared to the lower solution concentration for all the different
molecular weights of PVA. For 60 kDa PVA, the tensile strength increases from 16.8+0.4
MPa to 20.5+0.9 MPa when the concentration is increased.

Tarus et al. (2016) investicated the mechanical properties of electrospun
poly(vinyl chloride) (PVC) nanofiber mats. PVC solutions of 12, 14 and 16 wt.% PVC
concentration were prepared in a 1:1 (w/w) N,N-dimethylformamide (DMF)
/Tetrahydrofuran (THF) solvent system. The nanofiber mats were fabricated by using
an electrosoinning process. The tensile strengths of PVC mats are 0.003, 0.007, and
00.1 N/tex, respectively. The tensile strength increases with an increase in polymer
concentration. The presence of beads in nanofiber mats at low concentration causes
fewer fiber-to-fiber interactions and increased weakness of individual fibers, resulting

in low tensile strength values.
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2.11 Effect of polymer concentration on morphology of electrospun

nanofibers

Ma, Yamane, and Kimura (2010) studied the effect of PLLA solution
concentration on nanofiber morphology. The PLA sample was dissolved in a
dichloromethane (DCM)/ N,N-dimethylformamide (DMF) mixture (9:1 wt%) at a
concentration of 1, 4, and 8 wt.%. The nanofibers were fabricated by electrospinning.
The fibers electrospun from 1 wt.% solution showed morphologies of bead-on-string
because the viscosity was not sufficiently high to yield continuous fiber during
electrospinning. With the dopes containing 4 wt.% of PLLA, the bead-on-string
formation was observed. The suitable fiber formation was achieved at an 8 wt.%
concentration. The average fiber diameter increases with increasing viscosity.

Tarus et al. (2016) investigated the effect of polymer concentration on PVC
nanofiber morphology. In a 1:1 (w/w) N,N-dimethylformamide (DMF)/Tetrahydrofuran
(THF) solvent system, PVC solutions of 12, 14, and 16 % (wt.) PVC concentration were
produced. The creation of the nanofibers using electrospinning. Beaded fibers were
formed at 12 weight percent from the SEM micrographs, whereas smooth fibers were
obtained at 14 and 16 % concentrations. 12%, 14 %, and 16 % PVC have fiber
diameters of 121, 253, and 275 nm, respectively. It was discovered that as the

concentration of the solution increased, so did the diameters of the nanofibers.

2.12 Effect of silk fibroin content on mechanical properties of

scaffold

L.-P. Yan et al. (2012) studied the developmental properties of silk fibroin
scaffolds derived from high-concentration aqueous silk fibroin solutions. The silk fibroin
scaffolds were prepared with different initial concentrations (8, 10, 12, and 16%, in
wt.%) and obtained by combining the salt-leaching and freeze-drying methodologies.
The universal testing machine was used for the compressive tests. When the

concentration of silk fibroin was raised from 8 to 16 %, the static compressive modulus
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of the dried silk fibroin scaffolds increased drastically from 0.81 to 0.29 to 15.14 to 1.70
MPa. The compressive strength of the scaffolds significantly rose, from 0.05 to 0.79
MPa, as silk content grew from 8 to 16 % and stiffness also increased, as seen by the
example stress-strain curve. As a result, the created silk fibroin scaffolds are suitable
for application in tissue engineering scaffold, particularly for the regeneration of
cartilage and meniscus.

Roy et al. (2018) investigated the impact of silk fibroin content on the
mechanical characteristics of an electrospun core-shell nanofibrous scaffold made of
polycaprolactone and silk fibroin (PCL/SF). PCL was dissolved in chloroform (10% w/v),
while SF was dissolved in formic acid (10% w/v). For electrospinning, the PCL and SF
solution was combined in a variety of ratios, including 100:0, 70:30, and 50:50.
According to the findings of the tensile testing, the elastic modulus of PCL/SF 50:50
nanofibers (448.8+198.0 MPa) were much higher than that of PCL/SF 70:30 nanofibers
(333.66+0.4 MPa). For PCL/SF 70:30 nanofibers, a maximum ultimate tensile strength
of 4.7+0.16 MPa was recorded. The high SF concentration increased the nanofibers'
stiffness, while the high PCL content enhanced their ductility, leading to a high degree
of nanofiber elongation.

The influence of silk fibroin content on the shape of an electrospun
polycaprolactone/silk fibroin (PCL/SF) nanofibrous scaffold was examined by Nazeer,
Yilgor, and Yilgor (2019). Different PCL/SF solutions with SF concentrations (20 wt.
percent and 40 % wt.). Formic acid was used to make the solution. created by
combining a certain amount of PCL with a certain amount of SF after the SF has been
dissolved in formic acid. The scaffolds were made with the help of electrospinning.
There are no appreciable differences in the ultimate tensile strength values of PCL and
PCL/SF composites. Elongation at break values were found to be much lower, dropping
from 42.22.4 %(PCL) to 21.10.4 % (PCL/SF-40). The elastic modulus values, on the
other hand, dramatically rise from 21.6+1.7 MPa (PCL) to 49.3+ 6 MPa (PCL/SF-20) and
98.1+23.7 MPa (PCL/SF-40).
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W. Liu et al. (2016b) studied the effect of silk fibroin content on the mechanical
properties of the fibrous SF/PLLA scaffold. SF and PLLA at different mass ratios (S40P60,
S50P50, and S60P40) were dissolved in trifluoroacetic acid (TFA) and 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP), respectively, and then mixed together. Electrospinning
was used to create the aligned fibrous SF/PLLA at a working voltage provided by a high
voltage power supply. A universal testing device was used to conduct tensile testing
on the fibrous SF/PLLA scaffolds to assess their mechanical characteristics. When the
SF:PLLA mass ratio was S50P50, the scaffold's highest tensile strength (1.5 MPa) was

achieved (Collector distance of 20 cm, working voltage of 15 kV).

2.13 Effect of silk fibroin content on morphology of electrospun

nanofibers

Nazeer et al. (2019) investigated the effect of silk fibroin content on the
morphology of an electrospun polycaprolactone/silk fibroin (PCL/SF) nanofibrous
scaffold. To create PCL/SF solutions with various SF concentrations, formic acid was
applied (20 % and 40 % wt.). A portion of SF was dissolved in formic acid, then a
portion of PCL was added to create the solution. The scaffolds were constructed using
electrospinning. The production of precise electrospun mats is visible in the SEM
pictures. The average fiber diameter dramatically increased with the addition of SF,
increasing from 150 nm for PCL fiber to 200 nm and 280 nm for blends with 20 and 40
weight percent of SF, respectively.

Roy et al. (2018) investigated how the amount of silk fibroin affected the shape
of a core-shell nanofibrous scaffold electrospun from polycaprolactone and silk fibroin
(PCL/SF). PCL was dissolved in chloroform (10% w/v), while SF was dissolved in formic
acid (10% w/v). For electrospinning, numerous ratios of PCL and SF solutions were
used, including 100:0, 70:30, 50:50, and 30:70. A scanning electron microscope was
used to examine the electrospun fibers. Although the diameter distribution curve of
the PCL fibers revealed significant variance in the nanofiber diameter range (539.8-93.2

nm), the native PCL nanofibers displayed smooth fiber morphology without beads.
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With an increase in SF concentration, the fiber diameter rose as well. When the SF

ratio is raised from 30 to 70, the fiber diameter grows from 333.6 nm to 1021.6 nm.

2.14 Effect of silk fibroin content on in vitro cell culture studies of

electrospun nanofibers

Pillai et al. (2016) examined at how much silk was present in SF/PVA
electrospun nanofibers as well as how much DNA was present. SF solution (10% w/v)
was produced in 98 percent formic acid. Water was used to dissolve PVA (10% w/v).
Blends of SF/PVA were created in the following proportions: 2:1, 3:1, and 4:1 (v/v).
Electrospinning was used to create the scaffolds. To evaluate the cytotoxicity of the
nanofibrous scaffolds, the MTT assay was used. All of the scaffolds-maintained cell
growth, were non-toxic, and shown rising cell viability with time. The most viable
formulation was the 3:1 SF/PVA (103.20.4% at day 5). When compared to the 6™ day
control, DNA content significantly increased in all scaffolds as incubation days
progressed.

Nazeer et al. (2019) studied the effect of silk fibroin content on cell viability of
electrospun polycaprolactone/silk fibroin (PCL/SF) nanofibrous scaffold. Different
PCL/SF solutions with SF concentrations (20% and 40% wt.). The solutions were made
by first dissolving a certain quantity of SF in formic acid, then adding a certain amount
of PCL. The scaffolds were made with the help of electrospinning. Due to an increase
in cell density from Day 1 to Day 4, the results of the cell viability tests demonstrated
that none of the scaffolds were hazardous to cells. In the presence of SF, a significant

proliferation rate was seen.



CHAPTER 3
RESEARCH METHODOLOGY

3.1  Materials

Two commercially available non-medical grades of PLA with different
molecular weights, PLA3251D (99% L-lactide and 1% D-lactide; low molecular weight;
PLAL) and PLA4043D (94% L-lactide and 6% D-lactide; higsh molecular weight; PLAH)
provided by NatureWorks LLC (Minnetonka, MN, USA) and a PLA medical grade,
Resomer L209S (pure PLLA; PLAmed) from Sigma-Aldrich (Burlington, MA, USA.) were
utilized. Chloroform RPE was purchased from Carlo Erba Reagents (Milano, Italy).
Formic acid was purchased from Merck (Darmstadt, Germany). Bombyx mori cocoons
were arranged by the Queen Sirikit Sericulture Center (Nakhon Ratchasima, Thailand).
Sodium carbonate (Na,CO5, analytically pure) and calcium chloride (CaCl,, analytically
pure) were purchased from Carlo Erba (Milano, Italy). HPLC chloroform was purchased

from RCl Labscan (Bangkok, Thailand).

3.2 Method
3.2.1 Extraction of silk fibroin

Silk cocoons were cut into small pieces, put in a 1% Na,CO; boiled
solution for 30 minutes to remove the sericin, and washed with distilled water. The
ratio between Na,CO, and cutting cocoon is 1:20. 2.0 g of degummed silk was added
to 10 g of CaCl, solution and boiled for 1 hour at 98+2°C before being cooled and
filtered. The filtrate was removed into a dialysis bag soaked with distilled water. The
distilled water was changed three times a day. The regenerated silk fibroin solution

after dialysis was stored at 4°C in the refrigerator.
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3.2.2 Preparation of electrospinning solution

Two commercial grades of PLA (PLAL and PLAH) with various molecular
weights were produced in chloroform at various concentrations (10%, 15%, and 20%
w/v). 98-100% of the SF was dissolved in formic acid at a 12 % (w/v) concentration.
For SF solution mixing, an electrospun PLA sample with a high molecular weight at a
15% w/v concentration has been chosen (PLAH75:SF25, PLAH50:SF50, and
PLAH25SF75). Medical grade was made at a 6 % concentration and blended 50:50 with
SF in the meanwhile. To make a PLA/SF emulsion, a magnetic stirrer was used. The

PLA/SF emulsion was stirred for 24 h to make it homogenous.

Table 3.1. PLA sample nomenclature.

Molecular Weight Concentration
(g¢/mol) (% w/v)
PLAL-10 3251D NatureWorks LLC 55,400 10

Sample Grade Manufacturer

(Friné, Hector,
Manuel, Estrella, &
Antonio, 2019;
Jazrawi, Noroozi,
Ansari, &
Hatzikiriakos, 2013)
PLAL-15 3251D NatureWorks LLC 55,400 15
(Friné et al,, 2019;
Jazrawi et al., 2013)
PLAL-20 3251D NatureWorks LLC 55,400 20
(Friné et al., 2019;
Jazrawi et al., 2013)
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Table 3.1. PLA sample nomenclature (continued).

Molecular Weight Concentration
(g/mol) (% w/v)
PLAH-10 4043D NatureWorks LLC ~ 127,300-147,400 10

Sample Grade Manufacturer

(Meng, Nguyen,
Tekinalp, Lara-
Curzio, & Ozcan,
2018; Ortenzi et al,,
2020)
PLAH-15 4043D NatureWorks LLC ~ 127,300-147,400 15
(Meng et al,, 2018;
Ortenzi et al., 2020)
PLAH-20 4043D NatureWorks LLC  127,300-147,400 20
(Meng et al,, 2018;
Ortenzi et al., 2020)
PLAmMed-6 L209S Sigma-Aldrich LLC 177,000 6
(BAYDEMIR, 2009;
Torino, Aruta,
Sibillano, Giannini,

& Netti, 2016)

3.2.3 Preparation of scaffold by electrospinning process
The polymer solution was filled into a 10 mL syringe equipped with a
20-gauge blunt needle, and the solution was pumped out with a flow rate of 2.0 mL/h.
Electrospinning was used to acquire the samples. The application of a 20 kV electrical
field was made via a high voltage power supply. At a distance of 15 cm from the

needle tip, PLA and PLA/SF samples were collected on a grounded rotating collector.
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3.3 Characterization
3.3.1 Characterization of PLA solutions
The PLA solution viscosities were evaluated by rotational rheometry
using a DV3T cone-plate viscometer (AMETEK Brookfield, Middleboro, MA, USA) at a
controlled temperature of 25 °C. The temperature control was prepared by a
circulating refricerated bath. The cone type used and the shear rate range were
selected in consideration of the relationship between the apparent viscosity and the

measurement range of the device.

3.3.2 Scaffolds morphology
Field emission scanning electron microscopy (FESEM; Carl Zeiss Auriga,
Oberkochen, Germany) with gold coating was used to investigate the morphology of
electrospun fiber. Using image analysis software (Imagel), the diameter of 100
randomly selected electrospun fibers was calculated from SEM micrographs. The

OriginLab program was used to plot the diameter distribution curves of fiber diameter.

3.3.3 Scaffolds mechanical properties
Using an Instron Universal Testing Machine (Instron 5565, Norwood, MA,
USA) with a crosshead speed of 10 mm/min and a 1 kN load cell operating at room
temperature, the tensile characteristics of the materials were evaluated. The prepared
electrospun specimens had initial lengths of 10 cm and a width of 1 cm. The statistics
for Young's modulus, elongation at break, and tensile strength are the average

outcomes from five test specimens (n=5).

3.3.4 Thermal properties
Using a TGA/DSC1 thermogravimetric analyzer (Mettler Toledo,
Greifensee, Switzerland) and a nitrogen atmosphere between 25 and 500 °C, the
thermal stabilities of all scaffolds were examined. Differential scanning calorimetry
(DSC) was used on a Pyris Diamond DSC machine (PerkinElmer, Waltham, MA, USA) in
a nitrogen gas flow to examine the thermal characteristics of all samples. The samples

were heated at a rate of 10 °C/min from 25 to 200 °C (first-heating scan). The samples
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were cooled to 25 °C at a rate of 10 °C/min after 5 minutes at 200 °C. They were then
heated to 200 °C at a rate of 10 °C/min (second-heating scan).

The first and second heating scans were used to calculate the glass
transition temperature (T,), melting temperature (T ;) cold crystallization temperature
(T..), cold crystallization enthalpy (AH..), and melting enthalpy (AH, ). The cooling
scan was used to determine the melt crystallization temperature (T.) and

crystallization enthalpy (AH.). Equation 3.1 was used to calculate the percent (%X ) of
crystallinity in PLA and biocomposite scaffolds.

AH, 1
% Crystallinity () = [(?) x 100] x — (3.1)
A m

Wpia

which AH_ is the melting enthalpy (J/g) from the heating scan, AH?n is
the theoretical melting enthalpy of completely crystalline PLA (93.7 J/¢) (Nguyen,
Ruksakulpiwat, & Ruksakulpiwat, 2016), and Wp 4 is the PLA weight fraction in the
biocomposites scaffolds.

3.3.5 Fourier-transform infrared spectroscopy (FTIR)

A FTIR spectrophotometer (Bruker Tensor 27, Billerica, MA, USA) was
used to measure the FT-IR spectra of PLA, PLA/SF nanofibrous scaffolds, and SF

powder. In the spectral region of 4000-400 cm’', attenuated total reflectance (ATR-
FTIR) mode was used to directly analyze all samples.

3.3.6 In vitro degradation of constructed scaffolds
Scaffolds of 1 cm width and 1 cm length (n = 3) were submerged in
phosphate buffered saline (PBS, pH = 7.4) and kept incubating for 14, 28, 42, and 84
days at 37 °C with 5 percent carbon dioxide (CO,) for 14, 28, 42, and 84 days. Every
three days, PBS was replaced. Every two weeks, the total scaffold weight was
measured. The scaffolds underwent a distilled water wash, drying, and weighing
process. Equation 3.2 (Wongnarat & Srihanam, 2013) was used to get the residual

weight %.

(W)

% Residual weight = 100- [ x 100] (3.2)

W
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which W; is initial weight of scaffold sample, while W is the scaffold sample weight

after submerging in PBS.

3.3.7 Scaffold surface wettability
To evaluate the surface wettability qualities of the PLA/SF electrospun
scaffolds, the water contact angle was measured. On top of each sample, 15 pL of
specified volume distilled pipet. Images of water drops on the sample surface were
captured using a USB digital micro-scope (1600x) after a 60-second exposure at room
temperature, and they were processed using ImageJ software. Measurements were

made at three distinct sample locations (n = 3).

3.3.8 In vitro cell viability

The scaffolds were cut to dimensions of 4 mm x 4 mm (n = 3) and
divided into two groups. The first group was soaked in 70% alcohol, dried at 30 ° C for
24 hours and sterilized under ultraviolet (UV) light for 30 minutes, while the second
group was not soaked in alcohol. The scaffolds were then placed in 96-well plates and
the human chondrocyte cells (HCPCs) with 5 x 10° cells were seeded onto the
scaffolds. The scaffold in which the cells were seeded was Dulbecco's Modified Eagle's
Medium (DMEM) containing 1% L-glutamine, 1% penicillin-streptomycin and 10% fetal
bovine serum. It was cultured in 37 °C with a 5% CO, humidified incubator. Cell viability
was assessed on days 1, 3, and 7 using the MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide) assay. A microplate reader was used to measure the
optical density of each well at 590 nm. By comparing the absorbance of cells growing
on the scaffold with the absorbance of the reference equation (3.3), cell viability was

estimated.

R (O.D.of treatment)
% Cell viability = mx 100 (3.3)
.D.of contro

3.3.9 Quantitative analysis for gene expression
The PLAmMed-6 and PLAMed50:SF50 scaffolds were used to measure

gene expression in accordance with the results of the cell viability tests. The
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electrospun scaffold sheet was cut into a 12-mm-diameter circular and sanitized for
30 minutes under UV light. Following that, the ready scaffolds (n = 3) were put in 24
wells and allowed to incubate in the medium for 4 hours. Each scaffold of the HCPCs
received 2.5 x10* cells as seeding. Following that, samples of the cell-seeded scaffold
were grown for 7, 14, and 28 days. Using the RNeasy mini-Kit (Qiagen, Hilden, Germany),
total RNA was extracted from the HCPCs on the scaffolds for quantitative gene analysis.
An SYBR Green kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and a
Fluorescein kit (BIOLINE, London, UK) were used to perform a quantitative real-time
polymerase chain reaction (gRT-PCR). Type | collagen (COL1A1), which had fibrogenic
characteristics, and type II collagen (COL2A1), which demonstrated a chondrogenic
phenotype, were the target genes. The 18S rRNA was employed as a housekeeping

gene, as can be seen in Table 3.2.

Table 3.2. Sequences of the primer sets for gRT-PCR.

Genes Primer Sequence (5’ to 3)
Type | collagen Sense GGAGGAGAGTCAGGAAGG
(COL1AY1) Antisense GCAACACAGTTACACAAGG
Type Il collagen Sense GGCAGAGGTATAATGATAAG
(COL2A1) Antisense ATGTCGTCGCAGAGG

18S rRNA Sense ATACCGTCGTAGTTCC

Antisense GTCTCGTTCGTTATCG




CHAPTER 4
RESULTS AND DISCUSSION

4.1 Effect of the PLA molecular weight and concentration on the

physical properties and mechanical properties of electrospun PLA
scaffolds

4.1.1 PLA solution viscosities

The electrospun solution viscosities were shown in Table 4.1. PLAL
solutions showed lower viscosity than PLAH at the same concentration. Increasing
concentration led to a significant increase in viscosity. While, PLAmed solution at a
lower concentration (6%) showed higher solution viscosity than PLAH (10%).

Viscosity was a crucial solution parameter that impacted the capacity
to generate fibers during the electrospinning process (L. Li et al., 2011). Concentration
and polymer molecular weight were two significant factors that affected the viscosity
of the solution (Kim et al., 2005). Higher concentrations cause the polymer chains to

become more entangled, increasing viscosity.

Table 4.1 PLA solution viscosity for scaffold electrospinning.

PLA Solution (w/v) Viscosity (cP)
PLAL-10 58.02 + 0.80
PLAL-15 278.68 + 5.47
PLAL-20 690.54 + 30.18
PLAH-10 652.98 + 36.15
PLAH-15 2304.73 + 74.49
PLAH-20 9319.67 + 91.40

PLAmed-6 1024.81 + 83.15
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PLAH has a higher molecular weight and therefore has a higher viscosity
than PLAL. PLAmed-6 has a higher viscosity than PLAH-10. During the polymer-solvent
interaction, solvent molecules penetrate the polymer and chain segmentation
increases chain mobility.

4.1.2 Morphology of electrospun PLA scaffold

Scanning electron microscope micrographs of electrospun PLAL, PLAH,
and PLAmed nanofibers and diameter distribution curves of the electrospun fibers are
shown in Figures 4.1 and 4.2, respectively.

Each sample PLA fiber surfaces had tiny holes dispersed at random on
them. Instead of a fibrous structure, PLAL10 (Figure 4.1a—c) displayed a significant
number of droplets or beaded particles. The electrospun fibers for PLAL15 (Figure 4.1d-
e), also known as bead-on-string fibers, still had beads on them, but PLAL20 (Figure
4.1g-i)) produced porous fibers without any beads. Small fiber diameter and high
entanglement were also obtained by PLAH-10 (Figure 4.2c-). When compared to other
samples, PLAH15 displayed consistent fibers with variable orientation (Figure 4.1m-o),
while PLAH20 (Figure 4.1p-r) offered bigger diameter fibers (Figure 4.2e), although it
was challenging to produce.

The increased fiber diameter of the electrospun fibrous scaffold was
made possible by the higcher molecular weight of PLA. In comparison to electrospun
PLAL and PLAH fibers, PLAmMed6 (Figure 4.1s-u) produced the biggest fibers with the
largest average diameter (Figure 4.2f). When the surface tension of the charged jet is
sufficient to convert it into droplets and reduce surface area, beads develop in
electrospun fibers (Williams, Raimi-Abraham, & Luo, 2018). Viscoelastic forces in the jet
that oppose changes to the fiber shape work against this. Contrarily, as a result of the
solution's increased viscosity, stronger viscoelastic forces were generated, resisting the
axial stretching that occurred during whipping and leading to a bigger fiber diameter.
This was supported by the fact that PLA fiber diameter increased as PLA concentration

increased.
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Figure 4.1. Scanning electron micrographs of pure PLAL, PLAH, and PLAmed fibers which was
prepared by using various concentrations; (a—c) PLAL-10;(d—-f) PLAL-15; (g-i)
PLAL-20; (j-1) PLAH-10; (m-0) PLAH-15; (p-r) PLAH-20; and (s-u) PLAmed-6 at
different magnifications (100x, 500x, and 10000x).
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Figure 4.2 Diameter distribution curves of electrospun fibers (a) PLAL-15; (b)
PLAL-20; (c) PLAH-10; (d) PLAH-15; (e) PLAH-20; and (f) PLAmed-6.

However, PLAH-20 solution viscosity was very high, making it difficult to spin
and readily clogging the needle. When compared to the restricted distribution of fiber
diameter in PLA/SF scaffolds, pure PLA scaffolds (both PLAH and PLAmMed) showed a
large variety of fiber diameter. Due to solvent evaporation, PLA fibers have tiny holes
scattered throughout them at random (Promnil, Numpaisal, & Ruksakulpiwat, 2021).
Additionally, due to complexity during jet ejection, the PLAmed-6 offers the largest
fiber diameter (Mehta & Pawar, 2018).

4.1.3 Mechanical properties of electrospun PLA scaffold

Effect of molecular weight of PLA on mechanical properties of
electrospun PLA nanofiber sheets was shown in Table 4.3. PLA with higher molecular
weight exhibited higher %elongation at break due to higher chain entanglement.
Young’s modulus was reduced with increasing molecular weight of PLA. The tensile

strength was not significantly increased.
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Table 4.2 PLA scaffold mechanical properties

Samples Ultimate tensile Elongation at break  Young’s modulus
strength (MPa) (%) (MPa)
PLAH-10 1.18+0.12 17.8+1.93 52.25+6.77
PLAH-15 1.14+0.09 10.19+1.20 70.21+4.99
PLAH-20 2.08+0.10 25.87+6.47 113.95+5.80
PLAL-15 0.99+0.17 2.21+0.14 80.45+11.70
PLAL-20 2.21+0.37 17.47+2.03 107.54+16.54

Due to thicker fiber with increasing PLA percentage, PLA with greater
solution concentration displayed better tensile strength and Young's modulus. The
thicker fibers are produced by the polymer solution at increasing concentrations. The
explanation is that when the concentration of the polymer solution rises, the viscosity
of the polymer also raises. The increased viscosity of the polymer prevents the

stretching of the fibers (Riley, 2012).

4.2 Effect of the SF content on the physical properties and

mechanical properties of electrospun PLA scaffolds.

4.2.1 Characteristic of electrospun PLA/SF scaffolds

Fourier transform infrared spectroscopy spectra in Figure 4.3 displayed

the characteristic absorption peaks of SF powder that emerged at 1626 cm™ (C=0.
stretching vibration of Amide 1), 1512 cm™%(in-plane N-H bending of Amide II), and 1228
cm™! (C-N stretching vibration of Amide Ill). Electrospun PLA scaffold exhibited
important absorption peaks at 1752 cm™ (carbonyl stretching vibration), 1452 cm™
(carbon hydrogen bond deformation vibration), 1368 cm™, 1261 cm™ (carbonyl

antisymmetric stretching vibration), 1184 cm™ (carbonyl stretching vibration), 1084
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cm™* (carbon-oxygen bond antisymmetric stretching vibration), 868 cm™, 755 cm™, and
694 cm™! (carbon-hydrogen bond bending vibration). In PLA/SF scaffolds (both PLAH
and PLAmed), identical typical peaks for SF and PLA were seen, confirming the

presence of SF.
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Figure 4.3 Fourier transform infrared spectroscopy spectra of SF powder, PLAH -15,

PLAH75:SF25, PLAH50:SF50, PLAmMed-6, and PLAmMed50:SF50 fibers.

The primary bands in the SF protein structure generated by amide |
(1626 cm™) and amide Il (1512 em™) could be recognized with the typical peaks
(denoted by hashed lines), SF on the scaffold surfaces, demonstrating. (He, Qin, Cui,
Gao, & Wang, 2011; Taddei et al., 2017; Fang Wang et al., 2020).
4.2.2 Morphology of electrospun PLA/SF scaffolds
The impact of SF content on PLA/SF electrospun fiber shape is depicted
in Figure 4.4. Figure 4.da-b depicts beads on the fiber surface of an electrospun

PLA75:SF25 sample, with an average fiber diameter of 0.29+0.20 m. (Figure 4.5a).
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Figure 4.4 Scanning electron micrographs of (a—c) PLAH75:SF25; (d—f) PLAH50:SF50; (g-
i) PLAH50:SF50; and (j-1) PLAmMed50:SF50 fibers at different magnifications
(100x, 500, and 10000x).

In a sample of PLA50: SF50 (Figure 4.4d—f), the average fiber diameter
was 0.32 + 0.26 pm (Figure 4.5b), and the surface of the fiber was smoother. Compared
to other samples, the PLA25:SF75 sample (Figure 4.4¢-i) had less fiber on the rotating
collector. It was challenging to process when it broke up into electrospray at this ratio.
The fibers had an average diameter of 2.19 + 1.71 um (Figure 4.5¢). The fiber diameter
increased as SF content increased. In comparison to pure PLA fiber, the fiber diameter
reduced after the addition of SF (Figure 4.1). It was decided to compare PLAH50:SF50
with PLAmMed50:SF50. For PLAmMed50:SF50, the tiny beads and fine porous fiber were
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visible on the scaffold (Figure 4.4j-). The fiber diameter was 0.18 + 0.08 um (Figure
4.5d), which was smaller than that of PLAH50:SF50 fibers.

While the emulsion solution was flowing, the addition of SF to PLA caused a
gradient in the solution's viscosity and surface tension. The average diameter of the
PLA/SF fibers was comparatively smaller because they were pulled with more force
(Roy et al., 2018). The PLAH/SF fiber diameters in the two distinct ratios (PLAH75: SF25
and PLAH50: SF50) did not clearly differ from one another. Very thin fibers with beads

and holes were created together with nanofiber for the PLAmed50: SF50 sample.
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Figure 4.5. Diameter distribution curves of electrospun fibers (a) PLAH75:SF25,
(b)PLAH50:SF50; (c) PLAH25:SF75 and (d) PLAmMed50:SF50.

4.2.3 Mechanical properties of electrospun PLA/SF scaffolds
The tensile characteristics of PLAH-15, PLAH75: SF25, PLAH50: SF50,
PLAmed-6, and PLAmMed50: SF50 are displayed in Table 4.4. The PLAH-15 scaffolds
outperformed the PLAH75: SF25 and PLAH50: SF50 scaffolds in terms of tensile

strength and modulus. In comparison to pure PLAH15, the tensile strength of the
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PLAHT75: SF25 scaffold reduced with the addition of SF, from 1.14+0.09 MPa to 0.47
+0.07 MPa, but the elongation at break rose from 15.97+1.80 percent to 26.22+10.64
percent. Compared to PLAH75:SF25, PLAH50:SF50 has a better tensile strength but a

lower elongation at break.

Table 4.3 PLA based scaffold mechanical properties

Samples Ultimate tensile Elongation at break Young’s
strength (MPa) (%) modulus (MPa)
PLAH-15 1.14 + 0.09 n 15.97 + 1.80 70.21 + 4.99
PLAH75:SF25 0.47 + 0.07 26.22 + 10.64 20.51 + 3.97
PLAH50:SF50 1.05 £ 0.43 17.51 + 3.89 16.49 + 8.71
PLAmed-6 2.06 + 0.28 14.34 + 1.00 109.38 + 12.21

PLAmMed50:SF50 0.85+0.11

12.14 + 2.20 22.59 + 6.59

For meniscus tissue engineering applications, electrospun scaffolds'
mechanical characteristics and structural stability were crucial factors. Numerous
crucial biomechanical tasks are carried out by the meniscus, including load transfer,
shock absorption, stability, and joint congruency (Fox et al, 2012). The tension
resistance of electrospun scaffolds, which preserves the scaffold's integrity after
transplantation, is a sign of mechanical strength (Thanh Tam, Abdul Hamid, & Cheong,
2018). The shape of electrospun fibers is associated with the mechanical characteristics
of the scaffold (Tertyshnaya, Karpova, Moskovskiy, & Dorokhov, 2021). The addition of
the SF solution to the electrospinning solution clearly enhanced the elongation at
break of the PLAH/SF scaffold. Modulus and tensile strength were somewhat
decreased as a result of adding SF content (Promnil et al., 2022). Electrospun fibrous
scaffolds' mechanical characteristics are correlated with fiber connectivity and density
(Wu & Hong, 2016). Because of the beads and tiny porous fibers, PLAmed/SF scaffolds

have inferior mechanical characteristics than pure PLAmed scaffolds in terms of tensile
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strength and modulus. Pure PLLA, which has a high molecular weight, can be used in
medical applications as a load-bearing material (Maharana, Mohanty, & Negi, 2009).

In addition, varieties with low D-lactide content have higher
crystallization capacity (Poloskei, Csézi, Hajba, & Tabi, 2020). D-lactide causes a twist in
the normal poly (L-lactide) molecular structure. Both the rate and the extent of poly
(L-lactide) crystallization are affected by molecular defects (Auras, Harte, & Selke,
2004). Larger or more organized PLA crystals that can withstand greater tensile
strengths are often linked to increased crystallinity (Oksiuta, Jalbrzykowski, Mystkowska,
Romanczuk, & Osiecki, 2020).

Elastic modulus (3.77+2.81 to 16.90+9.70 MPa), tensile strength
(0.60+0.43 to 3.40+1.10 MPa), and percent elongation (3.28+1.49 to 20.09+5.89) were
reported as the mechanical parameters of scaffold augmented suture(Rothrauff et al,,
2016; Shimomura, Bean, Lin, Nakamura, & Tuan, 2015; S. Yan et al,, 2016). This study
determined the Young's modulus, percent elongation, and tensile strength of scaffolds
made of PLA and PLA/SF. This research measurement of the scaffold's percent
elongation at break can be utilized to demonstrate that the scaffold won't be cut
through during repair (Shimomura et al,, 2015). By seeding cells on the scaffold's
integrated suture, we may use our scaffold to facilitate tissue repair. It was
demonstrated that the cell-seeded scaffold may speed up tissue recovery and close

gaps around repair sites.

4.2.4 Thermal properties of electrospun PLA/SF scaffolds

Figure 4.6 demonstrates the effects of the PLA/SF scaffold's SF content
on thermal decomposition.

SF contained about 10% water content by weight, while PLA had a very
low water content. The sample's water content considerably increased with the
addition of SF. Due of the limited thermal stability of SF, the decomposition
temperature of PLA with SF added was changed to a lower temperature. Upon initial
heating from room temperature to 250 ° C, evaporation of water or solvent molecules

resulted in the loss of mass of all samples. In the presence of SF, the water content
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increased significantly. This is due to the excellent hydrophilicity and hygroscopicity of
silk fibroin (F. Wang, Li, Gough, Liu, & Hu, 2021)
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Figure 4.6 Thermogravimetric analysis thermograms of SF, PLAH-15, PLAH75:SF25,
PLA50:SF50, PLAmed-6, and PLAmMed50:SF50.

Figure 4.7 shows DSC thermograms of electrospun scaffolds during the
first heating scan (Figure 4.7a), cooling scan (Figure 4.7b), and second-heating scan
(Figure 4.7¢). In Tables 4.5 and 4.6, thermal characteristics derived from Figure 4.7 are
displayed. based on the first-heating scan, which showed the electrospun scaffold
thermal characteristics acquired after the electrospinning process. In comparison to
the PLAH-15 scaffold, the PLAmed-6 scaffold showed a greater ¢glass transition, a lower
cold crystallization temperature, and a higher melting temperature. The change to a
higher cold crystallization temperature and a somewhat higher melting temperature in
the PLAH75:SF25 and PLAH50:SF50 scaffold was seen with the addition of SF to PLA
solution. As opposed to pure PLAmed scaffold, PLAmMed50:SF50 demonstrated a

reduced cold crystallization temperature. However, a second heating scan revealed
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no obvious variations in the glass transition temperature, cold crystallization
temperature, or melting temperature among PLAH15, PLAH75:SF25, and PLAH50:SF50
after the thermal history had been deleted and the samples had been cooled.

It is interesting to highlight the difference in crystallization behavior
between medical PLA and commercial PLA during cooldown scans. PLAmed-6 and
PLAmMed50: SF50 showed clear melt crystallization peaks during cooling. In contrast,
PLAH with and without SF did not show a melt crystallization peak. The crystallinity of
medical grade PLA was higher than that of commercial grade PLA in both the first heat
scan and the second heat scan. This indicates that it has a higher ability to crystallize
medical grade PLA than commercial grade PLA.

Because the amorphous phase structure in the silk fibroin progressively
rises with an increase in SF, the percent crystallinity of the electrospun fibrous PLA/SF
scaffolds decreased with an increase in SF (Holjevac Greuri¢ et al,, 2021; Taddei et al,,
2017; F. Wang et al., 2021). In comparison to the PLAH scaffold, the electrospun
PLAmed scaffold had higher T, and a higher percentage of crystallinity. Both the
PLAmed and PLAmed/SF scaffolds showed a cold crystallization peak after cooling,
proving that both specimens reached a semi-crystalline state (Yu, Wang, Ferraris, &
Zhang, 2019). This might be as a result of the higher L-lactide content of medical grade
PLA. The @ crystalline form of PLAmed is optically pure PLLA, with a melting point
range of around 170-180 °C (Burg, 2014; Torino et al., 2016). A greater T, suggested a
lower D-Lactide content (Poldskei et al., 2020). The purity of the PLA, the kinetics of
crystallization, and the melting behavior of the PLA all affect the T, and degree of

crystallinity (Farah, Anderson, & Langer, 2016).
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Figure 4.7 Differential scanning calorimetry thermograms of (a) first-heating scan, (b)

cooling scan, and (c) second-heating scan of PLAH-15, PLAH75:SF25,

PLAH50:SF50, PLAmed-6, and PLAmMed50:SF50 scaffolds



Table 4.4 Scaffold thermal properties during during first-heating and cooling scan.

Samples First-Heating Scan Cooling Scan
T, Tec AH . T, T AH X, T, T. AH_
C) (°C) Ug™h ©0) ©0) Ug™h (%) ©C) (°C) Ugh
PLAH-15 64.90 94.22 14.81 148.05 154.07 20.53 21.94 63.68 - -
PLAHT75:SF25 64.38 98.44 13.35 147.81 155.49 25.86 21.83 62.66 - -
PLAH50:SF50 64.32 100.55 9.09 148.12 154.19 21.41 12.81 61.55 - -
PLAmed-6 67.19 82.01 12.00 - 178.61 42.61 45.52 - 107.91 19.01
PLAmMed50:SF50 66.03 77.42 8.56 - 177.82 42.71 25.55 - 114.84 30.52

4%



Table 4.5 Scaffold thermal properties during second-heating scan.

Samples Second-Heating Scan

Tg TCC AHCC Tm1 Tmz AHm xc

Q) (°C) Ug™h °C) °C) Ugh (%)
PLAH-15% 59.28 108.78 14.48 149.42 155.76 21.53 23.00
PLAH75:SF25 58.55 107.67 24.21 149.03 156.40 25.71 21.70
PLAH50:SF50 57.41 107.79 21.58 147.85 155.92 23.71 14.19
PLAmMed-6% 67.57 - - - 178.33 39.97 42.71
PLAmMed50:SF50 63.94 - - 172.50 178.41 41.04 24.56

LY
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4.2.5 In vitro degradation behavior of electrospun PLA/SF scaffolds
Figure 4.8 showed how SF content affected the degradation of the
PLA/SF scaffold. By time, degradation profiles were displayed as a percentage of the
scaffolds’ remaining weight. Both the pure PLA and PLA/SF scaffolds degraded
gradually throughout the investigation. While the weight of the PLAH50:SF50 and
PLAMed50:SF50 scaffolds declined over time, PLAH, PLAH75:SF25, and PLAmMed

showed very little degradation.
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Figure 4.8 In vitro degradation behavior of electrospun scaffolds after immersing in

phosphate buffered saline (PBS, pH = 7.4) as a function of time.

Biodegradability is another important aspect of the scaffold. Scaffolds
must be degraded at the desirable time to ensure proper tissue remodeling or
regeneration [60]. Figure 8 shows the effect of SF content on the degradation of the

PLA / SF scaffold. All scaffolds displayed very low degradation. The weight loss
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obtained can be observed to be a function of the amount of silk fibroin present in the
electrospun fibers (S. Wang, Zhang, Wang, Yin, & Dong, 2009). PLA consists of crystalline
and amorphous regions. The long polymer chain segments are more regularly arranged
and packed more strongly in the crystalline phase than in the amorphous phase. Small
water molecules can more easily attack polymer chains in the amorphous phase
(Leonés, Peponi, Lieblich, Benavente, & Fiori, 2020). Adding SF can increase the
amorphous region and increase the degradation of the scaffold. Silk fibroin degradation
involves both hydrophilic interaction and specific nanostructures. During the
degradation process, the hydrophilic block was first degraded (Lu et al., 2011). It was
shown that the degradation of the PLA / SF scaffold prepared in this study can be
controlled by adjusting the PLA / SF ratio (W. Liu et al,, 2016a).
4.2.6 Surface wettability of electrospun PLA/SF scaffolds
Figure 4.9 indicated that the water contact angle of the scaffolds as

determined by the droplet photographs.
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Figure 4.9 Water contact angle of PLAH-15, PLAH75:SF25, PLAH50:SF50, PLAmMed-6,
and PLAmMed50:SF50 scaffolds.
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The contact angles for electrospun pure PLAH and PLAmed scaffolds
were highly hydrophobic, with a contact angle of 142.49 + 2.22° and 136.73 + 2.09°,
respectively. Electrospun PLAH:SF and PLAmed:SF scaffolds demonstrated a slight
decrease to 128.08 + 1.10° (PLAHT75:SF25), 112.81 + 5.22° (PLAH50:SF50), and 127.45 +
3.49° (PLAMed50:SF50). The hydrophilic properties of the PLA/SF scaffolds increased
with the addition of SF.

Biomaterials surface wettability has a significant impact on how cells
adhere, proliferate, and migrate (Gui-Bo et al., 2010). The water contact angle was
evaluated to clarify the impact of SF and its concentration on the surface wettability
of electrospun scaffolds. Results for water contact angles (Figure 4.9) revealed that
adding SF to PLA scaffolds lowered their hydrophobicity compared to pure PLA
scaffolds. The backbone of SF contains naturally hydrophilic amino groups, carboxylic
groups, and other functional groups, which may account for the condition (L. Li et al,,
2011; Roy et al., 2018).

4.2.7 In vitro cell viability of electrospun PLA/SF scaffolds

The viability of human chondrocyte cells on PLA and PLA/SF
electrospun scaffolds was assessed using the MTT technique. Figure 4.10 displays the
influence of ethanol treatment (+) on cell viability rather than the PLA/SF ratio and
PLA.

In general, ethanol-treated scaffold groups (+) had better HCPC viability
than untreated groups. Except for PLA50:SF50, which had better vitality relative to the
control group at days 3 and 7, the cell viability in untreated scaffold groups was lower
than the control group at every time point. When compared to medical grade PLA
scaffolds, PLAH+ scaffolds in the alcohol-treated group (+) showed poorer cell survival.
Among the PLAH+ groups, cell vitality varied somewhat at days 1 and 3, and at day 7,
PLAH15+ had greater cell viability than PLAH50:SF50+ and PLAH75:SF25+, respectively.
At every time point, PLAmed6+ demonstrated slightly greater cell viability than
PLAMed50:SF50+.
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The outcomes showed that biodegradability and cellular induction
were provided by medical grade PLA electrospun scaffolds for the regeneration of
meniscus tissue. After seeding HCPCs which possess chondrogenic potential on the

PLA and PLA/SF scaffolds, initial cell viability and the viability at days 3 and 7 were

evaluated.
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Figure 4.10 Comparison of human chondrocyte cell viability (%) on electrospun
scaffolds after 1, 3, and 7 days. The plus sign (+) demonstrated ethanol

treated scaffolds.

Even though the cell viability of PLA/SF scaffolds with higher SF
contents was higher than that of the control group, it was still lower. Medical grade
PLA scaffolds had higher cell viability; however, ethanol treatment was required to

reduce SF toxicity during fabrication (Gholipourmalekabadi, Mozafari, Bandehpour,
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Sameni, & Ghanbarian, 2015). In the PLA/SF composite scaffold, cell viability was lower
when compared to PLAmed6 and PLAmMed50:SF50.
4.2.8 Quantitative gene expression of electrospun PLA/SF scaffolds

The gene expression analyses of human chondrocyte cell seeded
scaffolds were observed to demonstrate cellular phenotype. Three triplicate sample
sets were used for each group of scaffolds. The results are shown in Figure 4.11.
COL1A1 expression from PLAmMed-6 and PLAmed50: SF50 was greater than that of cells
without scaffold at all time points. COL1A1 expression from PLAmMed-6 was significantly
higher on day 7 than PLAmed50: SF50 and slightly higher on day 28. On the contrary,
PLAmMed-6 and PLAmMed50: SF50 showed equivalent COL2A1 expression on days 7 and

28 than in the control group. The highest expression of COL2A1 was observed on day

14.
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Figure 4.11 The gene expression of COL1A1 (a) and COL2A1 (b) at days 7, 14, and 28.

Cells in PLAmed-6 scaffolds were more fibrogenic, whereas cells in
PLAMed50:SF5 scaffolds were more chondrogenic, according to these presentations.
Because the cell seeded scaffolds were cultured in plain expanded medium without
growth factors or localized mechanical stimulation, the cells' chondrogenic phenotype

might diminish over time (Numpaisal, Jiang, Hsieh, Chiang, & Chien, 2022).



CHAPTER 5
CONCLUSION AND RECOMMENDATION

5.1  Conclusion

Higher PLA concentrations resulted in higher mechanical properties in this
study. The thicker the fibers formed, the higher the concentration. PLAH-15 produced
randomly oriented uniform fibers. Furthermore, electrospinning is used to favorably
manufacture PLA / SF nanofiber scaffolds. This study discovered that viscosity is
important in determining fiber formability, morphology, and size. With increasing
solution viscosity, the average fiber diameter enlarged. PLA concentration, structure,
and molecular weight were significant parameters that influenced polymer solution
viscosity. For meniscus tissue regeneration, the PLAmed-6 scaffold demonstrated
excellent mechanical properties, degradability, and cell viability. However, due to its
toxicity, the non-medical PLA used in this study was not recommended for medical

use.

SF dominated nanofiber morphology, diameter distribution, mechanical
properties, decomposition temperature, crystallinity, biodegradability, surface
wettability, and cell viability have all been added. Based on mechanical properties,
cell viability, gene expression, surface wettability, and in vitro degradation, PLAmMed50:
SF50 scaffold could be used as a biomimetic meniscus scaffold for scaffold enhanced

sutures.

5.2 Recommendation
5.2.1 Use other solvents or mixing solvents for dissolving PLA pellet to get

different fiber surface morphology.
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5.2.2 Determine the scaffold weight after the electrospinning process to check

the material content.

5.2.3 Check the stability of the PLA/SF emulsion before fabrication by leaving

it for 5 minutes after stirring.
5.2.4 Determine the PLA/SF emulsion viscosity.

5.2.5 Determine the surface chemistries of PLA/SF scaffold.
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Abstract: Bippolymer based scaffolds are commonly considered as suitable materials for medical
application. Poly{lactic acid) (PLA) is one of the most popular polymers that has been used as a
bipscaffold, but it has poor cell adhesion and slowly degrades in an in vitro environment. In this

study, silk fibroin (SF) was selected to improve cell adhesion and degradability of electrospun FLA.

In order to fabricate a PLA/SF scaffold that offered both biological and mechanical properties, related
parameters such as solution viscosity and SF content were studied. By varying the concentration and
molecular weight of FLA, the solution viscosity significantly changed. The effect of solution viscosity
on the fiber forming ability and fiber morphology was elucidated. In addition, commercial (L-lactide,
D-lactide PLA) and medical grade PLA {pure PLLA) were both investigated. Mechanical properties,
thermal properties, bindegradability, wettability, cell viability, and gene expression of electrospun
PLA and LA /SF based nanofibrouws scaffolds were examined. The results demonstrated that medical
grade PLA electrospun scaffolds offered superior mechanical property, degradability, and cellular
induction for meniscus tissue regeneration. However, for commercial nen-medical grade PLA used in
this study, it was not recommended to be used for medical application because of its toxicity. With the

addition of 5F in PLA based scaffolds, the in vitro degradability and hydrophilicity were improved.

PLAmedS50:5F50 scaffold has the potential to be used as biomimetic meniscus scaffold for scaffold
augmented suture based on mechanical properties, cell viability, gene expression, surface wettability,
and in vitro degradation.

Keywords: PLA; silk fibroin; electrospinning; tissue engineering: gene expression; cell viability

1. Introduction

Poly(lactic acad) (PLA) is a linear aliphatic polyester that was onginally obtained from
natural crops [1]. Lachde is an intermediate for the production of the high molar mass PLA
via ring opening polvmerization (ROP). This monomer has large importance because it
controls the synthesis of polymer production. The monomer exists as two stereo isomers,
L-lactide and D-Lactide [2]. The processing, crystallization, and degradation behavior of
PLA all depend on the stereochemical structure and composition of the polymer chains,
which is influenced by the lactide isomers [3]. The presence of L- or D-lactide monomer
affects the physical and mechanical characteristics of the final polymer. PLLA polymer
has the highest melting point among the other PLA forms due to its crystalline nature. As
Deisomer is incorporated in the PLA chain, it reduces its crystallinity, lowering the melting

Polymers 2022, 1, ]35. https:/ / doiorg/10.3390/ polym 14122435
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points of PLA copolymers. In addition to that, PLLA (higher crystallinity) is often more
used than PDLA [4]. PLA and its copolymers were developed as biomedical materials
based on their binabsorbable and biocompatible properties and have been widely used in
orthopedic surgery including sutures, prostheses, and tissue engineering scaffold in which
high- and low-molecular-weight PLAs are utilized [5].

Dwue to the manufacturing process, the cost of medical grade PLA is much higher than
the commercial grade PLA. It must be synthesized under a physician’s license to pass the
validation requirements of the regulatory agencies. This meant that polymer manufacturers
would need to have controls over their design and development processes, including strict
controls of the raw materials and components used to manufacture the finished product [6].
Thus, it 15 interested to compare the scaffold properties obtained from medical grade PLA
(pure PLLA) to the commercial grade PLA (L-lactide, D-lachide PLA) at the comparable
maolecular weight in order to study the difference of physical and mechanical properties
of PLA and PLAmed scaffolds. However, PLA has slow degradation, poor hydrophilicity,
and poor cell adhesion. To ehminate the drawback of PLA, a combination of PLA and silk
fibroin (SF) scaffold was studied [7].

Silk is a fibrous protein produced by silkworms. Silk consists of two components; the
main part is fibroin, which is the core fiber and the coverage protein called sericin [8,9]. Silk
fibroin is a biocompatible natural polymer which is non=toxic, immunogenically inert and
provides good elasticity. Moreover, it has been fabricated and used as the medical suture
and has a long safety record. Therefore, SF is a good candidate natural polymer for our
PLA composite scaffold in meniscus tissue engineering [10]. PLA/SF composite scaffolds
have good cell compatibility and are conducive to cell adhesion and growth [11-14]. The
presence of silk fibroin also significantly enhanced the enzymatic degradation ability of the
PLA matrix, which is good for bone tissue engineering application [7,15].

Meniscus is a fibrocartilageous structure which covers the tibial articular surface.
Meniscus functions to distribute, absorb, and transmit load across the knee joint. Meniscus
also enhances knee stability by increasing joint congruity and contact surface area [16].
From this reason, meniscus is vulnerable to injury which caused a meniscus tear to become
a common injury in the knee joint. Unfortunately, the efficacy of meniscus repair depends
on location with respect to the vascular supply. Outer and middle meniscus is avascular
and can heal with some fibroblasts. The inner avascular zone presents a imited amount of
chondrocyte like cells that possess poor healing potential [17]. Since inner menisci have
pool healing potential, an unhealed meniscus ends up with meniscus resection that causes
high contact stress on the articular surface and leads to ostearthritis [18].

For the aforementioned reason, tissue engineering and cell-based therapy have been
proposed as a biological angmentation for meniscus repair. There are three main compo-
nents in tissue engineering: cells, scaffolds, and bio-active molecules. Cells and bioactive
molecules function simultaneously to produce new tssue formation. Scaffold is a cell
shelter and delivery system. Scaffolds is made from biocompatible material and should
support target tissue regeneration as well as provide mechanical competent [19]. Currently,
a three-dimensional biomimetic scaffold which imitates a host tissue environment has
been studied. Collagen is a major component of the meniscus extracellular matrix. Col-
lagen fibers mostly align longitudinally in a circumferential ornentation; some fibers hie
perpendicularly as a radial fiber. Electrospinning is an interesting technique to fabricate
the fibrous scaffold. Electrospun fibers can be fabricated on a micro to nano-scale with a
great surface area and high porosity that is similar to a natural extracellular matrix (ECM)
in both architecture and mechanical properties [20].

Our research aimed to develop a PLA /SF composite biomimetic meniscus scaffold
using an electrospinning technique. The application of our scaffold will be used for a
scaffold augmented suture. The effect of molecular weight and concentration of PLA on
viscosity and fiber morphology was observed. Moreover, the effect of SF contents on
fiber morphology, thermal properties, wettability, degradability, mechanical properties,
and cytotoxicity of the PLA/SF scaffold were examined. Comparison of these properties
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between commercial grade FLA (L-lactide, D-lactide PLA) and medical grade of PLA
(PLLA) based scaffold was also made.

2. Materials and Methods
2.1. Materials

Two commercial non=medical grade PLA with different molecular weight, PLA3251D
{low molecular weight with 99% L-lactide and 1% D-lactide; PLAL [21]) and PLA4M3D
{high molecular wight with 94% L-lactide and 6% D-lactide content; PLAH [22]) provided
by NatureWorks LLC{Minnetonka, MN, USA) and a medical grade, Resomer L2095 (pure
PLLA; PLAmed) from Sigma-Aldrich (Burlington, MA, USA.) were used. PLAH and
PLAmed have a molecular weight in a comparable range. Chloroform RPE was purchased
from Carlo Erba Reagents (Milano, Italy). Formic acid was obtained from Merck (Darmstadt,
Germany). Bombyx mori cocoons were provided by Queen Sirikit Sericulture Center,
MNakhon Ratchasima, Thailand. Sodium carbonate (NapCOs, analytically pure) and calcium
chloride (CaCly, analvtically pure) were purchased from Carlo Erba (Milano, Italy).

2.2. Silk Fibroin Preparation

Cocoons were degummed in NaaCOy solution at 98 + 2 °C for 30 min, rinsed with
distilled water and dried overnight. Degummed silk fibers were dissolved in CaCly solution
by stirring at 98 £ 2 °C for 1 h. Then, the SF aqueous solution was filtered to remove
undissolved component, and dialyzed against distilled water for 3 days. The SF solution
was filtered and lyophilized to obtain the 5F powder.

2.3, Electrospinning Solution Preparation

PLA was dissolved in chloroform at various concentrations as indicated in Table 1.

SF solution was prepared by dissolving 5F in formic acid (12% w /o). The solution of PLA
commercial grade and SF were mixed in three different ratios of PLAH:SF (75:25, 50:50
and 25:75). The solution of PLA medical grade and 5F was mixed at a 50:50 ratio. The
symbols used for PLA /SF samples were shown in Table 2. The emulsion was created by
magnetic stirring for 12 h to obtain uniform emulsion. The electrospinning parameters
were as follows: a positive voltage of 20 kV, a collector distance of 15 cm, and the flow rate
of 20mL/h.

Table 1. PLA sample nomenclature.

Sample

Concentration

Grade Manufacturer Muolecular Weight (g/mol)
sht g/ % wio)

PLAL-10
PLAL-15
PLAL-20
PLAH-10
PLAH-15
PLAH-20
FLAMed—6

351D NatureWarks LLC 55,400 [21,23] 10
32510 NatureWorks LLC 55,400 [21,23] 15
32510 NatureWorks LLC 55,400 [21,23] 20
443D NatureWorks LLC 127,300-147 400 [24,25] 0
443D NatureWorks LLC 127, 300147 400 [24,75] 15
HH3D NatureWorks LLC 127,300-147 400 [24,25] 20
L2095 Sigma-Aldrich LLC 177,000 [26,27] &

Table 2. PLA/SF electrospun samples.

PLA Concentration = PLA Ratio SF Ratio

Samples Concentration
(% o) (% wio) Volume) (Volume)
PLAH7SSF2S 15 12
FLAHS0SF50 15 12
PLAHZ5SFTS 15 12
PLAmed50:SF50 15 12

arad
ZHEH
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2.4 Characterization of PLA Solutions

The viscosity of PLA solutions was measured by a Brookfield rheometer (AMETEK
Brookfield, Middleboro, MA, USA) with a cone-plate at constant temperature (25 *C).

2.5. Fiber Morphology
The microstructure of electrospun fibers was observed under field emission scanning

electron microscopy (FESEM; Carl Zeiss Auriga, Oberkochen, Germany) with gold coating.

The diameter of the fibers was measured from the micrographs using image analysis
software (Image]) in 100 random fibers, and the diameter distribution histograms were
plotted by OriginLab softwane.

2.6, Mechanical Properties

Tensile properties were determined by using an Instron Universal Testing Machine
(Instrom 5565, Norwood, MA, USA) with crosshead speed on 10 mm/min, 1 kN load
cell at room temperature. The electrospun test specimens with 1 cm width and 10 cm
original length were prepared. The reported data of tensile strength, elongation at break
and Young's modulus represent the average results from five test specimens (n = 5).

2.7. Thermal Properties

The thermal stabilities of PLA and PLA /5F scaffolds were analyzed by a TGA/DSC1
thermogravimetric analyzer (Mettler Toledo, Greifensee, Switzerland) at a heating rate
of 10 *C/min under nitrogen from 25 to 500 °C. The thermal properties of scaffolds were
analyzed by differential scanning calorimetry (DSC) on a Pyris Diamond DSC machine
(PerkinElmer, Waltham, MA, USA) in nitrogen atmosphere. The samples were heated from
25 to 200 °C at a rate of 10 °C/min (first-heating scan). After keeping the specimens at
200°C for 5 min, they were cooled to 25 °C at 10 °C/min. Then, they were heated again
to 200 °C at 10 °Cf min (second-heating scan). The glass transition temperature {Ts), the
melting temperature (Ty,), the cold crystallization temperature (T), the cold crystallization
enthalpy (AH.), and the melting enthalpy (AHy,) were determined from the first and
second heating scan.  The melt crystallization temperature (T;) and the crystallization
enthalpy (AH,) were obtained from the cooling scan. The degree of crystallinity (%, ) of
PLA and biocomposites was determined by Equation (1):

% Crystallinity (x.) = [(AHn JF(M-IE, )] % 100 % 1/Wppa (1)

in which AHp, is the measured melting enthalpy (J/g) from the heating scan, AHY, is the
theoretical melting enthalpy of completely crystalline PLA (93.7 ] /g) [25,29], and Wppy 15
the PLA weight fraction in the biocomposites.

2.8. Fourier-Transform Infrared Spectroscopy (FTIR)

The FT-IR spectra with characteristic absorption peaks of SF powder, PLA, and PLA/SF
nanofibers were determined by a FTIR spectrophotometer (Bruker Tensor 27, Billerica, MA,
USA). All samples were directly characterized in attenuated total reflectance (ATR-FTIR)
mode in the spectral range of 4000400 cm ™.

2.9 In Vitro Degradation

Scaffolds with dimensions of 1 em width and 1 em length (n = 3) were immersed in
phosphate buffered saline (PBS, pH = 7 4) and incubated at 37 °C with 5% carbon dioxide
(COy) for 14, 28, 42, and 84 days (2, 4, 6, and 12 weeks). PBS was changed every 3 days. The
appearance of all scaffolds was observed every 2 weeks. The scaffolds were washed with
distilled water, dried, and weighed. The percentage of residual weight was calculated by
Equation (2) [30]:

% Residual weight = 100 = [((W;= W;)/W;) x 100] 2
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where Wj is initial weight of sample, while Wy is the weight of sample after immersing
in PBS.

2.10. Surface Wettability

Water contact angle was studied to assess the surface wettability properties of the
PLA/SF electrospun nanofibers. Distilled water with controlled volume of 15 uL was
dropped on the surface of each sample. After a 60 s exposure at ambient temperature, the
images of water drop on the sample surface were recorded by a USB digital microscope
(1600x) and analyzed with Image] software. Three different points (n = 3) were measured
for each sample.

2.11. In Vitro Cell Culture Studies

Scaffolds were cut into 4 mm x 4 mm dimension (n = 3), separated into two groups.
The first group was plunged into 70% alcohol, dried at 30 °C for 24 h, and sterilized under
ultraviolet (UV) light for 30 min while the second group was not plunged into alcohol.
The scaffolds were then placed in 96-well plates and 5 x 10° human chondrocyte cells
were seeded onto the scaffolds. The cell seeded scaffolds were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum, 1% L-glutamine, and 1%
penidillin-streptomyecin, put in 37 °C with a 5% CO, humidified incubator. The cell viability
was assessed with an MTT (3-[4,5-dimethylthiazol-2-y1]-25 dipheny! tetrazolium bromide)
assay atdays 1, 3, and 7. Optical density of each well was read at 590 nm using a microplate
reader. The percentage of cell viability was calculated by comparing the absorbance of cells
cultured on scaffolds to that of control Equation (3):

% Cell viability = (O.D.of treatment)/(0.D.of control) x 100 (3)

2.12. Quantitative Analysis for Gene Expression

According to cell viability results, PLAmed =6% and PLAmed50:SF50 scaffold were
used to assess gene expression. The nanofibrous scaffold sheets were cut into a circle,
12 mm in diameter, and sterilized under UV light for 30 min. Then, the prepared scaffolds
(nn = 3) were put in 24 wells and incubated in culture media for 4 h. The HCPCs were seeded
with 25 x 10* cells in each scaffold. A cell seeded scaffold was then cultured for 7, 14,
and 28 days. 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 an SYBR Green kit (Thermo Fisher
Scientific, Waltham, MA, USA) and Fluorescein Kit (BIOLINE, London, UK). The target
genes were type | collagen (COL1AT1), which represented a fibrogenic property, and type II
collagen (COL2A1), which demonstrated a chondrogenic phenotype. The 185 rRNA was
used as a housekeeping gene (Table 3).

Table 3. Sequences of the primer sets for gRT-PCR.

Genes Primer Sequence (5" to 3')
Type I collagen Sense GGAGGAGAGTCAGGAAGG
(COLIAL) Antisense GCAACACAGTTACACAAGG
Type Il collagen Sense GGCAGAGGTATAATGATAAG
(COL2AT) Antisense ATGTCGTCGCAGAGG
185 ;RNA Sense ATACCGTCGTAGTTCC

Antisense GTCTCGTTCGTTATCG
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3. Results
3.1. Viscosity of PLA Solutions

PLA solution viscosities were shown in Table 4. PLAL showed lower viscosity than
PLAH at the same concentration. Increasing concentration led to a significant increase in
viscosity. PLAmed solution at a lower concentration (6%) showed higher solution viscosity
than PLAH (10%).

Table 4. PLA solution viscosity for electrospinning.

PLA Solution (w/v) Viscosity (cP)
PLAL-10 58.02 + 0.80
PLAL-15 278.68 = 547
PLAL-20 69054 + 30.18
PLAH-10 652.98 + 36.15
PLAH-15 230473 £ 7449
PLAH-20 9319.67 £ 91.40

PLAmed-6 1024.81 £ 83.15

3.2. Fiber Morphology
3.21. PLA Fiber Morphology

SEM micrographs of electrospun PLAL, PLAH, and PLAmed nanofibers, and their di-
ameter distribution curves of electrospun fiber were shown in Figures 1 and 2, respectively.

PLA fiber surfaces of each sample contained small pores randomly distributed on
the fibers. PLAL=10 (Figure la~c) showed a large number of droplets or beaded particles
instead of a fibrous structure. For PLAL=15 (Figure 1d,e), the beads still appeared on the
electrospun fibers, or they can be called bead-on-string fibers, while PLAL=20 (Figure 1g-i)
gave the porous fibers with no beads. PLAH=10 provided a small fiber diameter (Figure 2c)
with high entanglement (Figure 1j-1). PLAH=15 exhibited the uniform fibers with random
orientation (Figure Im-o0) when compared to other samples, while PLAH=20 (Figure 1p-r)
gave larger diameter fibers (Figure 2e), but it was difficult to be processed. The higher
molecular weight of PLA gave a larger fiber diameter of electrospun fibrous scaffold.
PLAmed=6 (Figure 1s-u) provided the large fibers with the highest average diameter
(Figure 2f) compared to electrospun PLAL and PLAH fibers.

3.2.2. PLA/SF Fiber Morphology

Figure 3 shows the effect of SF content on PLA/SF electrospun fiber morphology. An
electrospun PLA75:5F25 sample showed beads on the fiber surface (Figure 3a,b) with the
average fiber diameter 0f (.29 £ 0.20 um (Figure 4a). A PLA50: SF50 sample (Figure 3d-f)
showed a smoother fiber surface and smaller beads, with an average fiber diameter of
0.32 £ 0.26 um (Figure 4b). For the PLA25:SF75 sample (Figure 3g-i), there was less fiber
on the collector than in other samples. At this ratio, it tended to break up into electrospray
instead, and it was difficult to process. The average fiber diameter was 2.19 & 1.71 um
(Figure 4c). As SF content increased, the fiber diameter increased. With the addition of SF,
the fiber diameter decreased compared to that of pure PLA fiber (Figure 1). PLAH50:SF50
was selected to compare with PLAmed50:SF50. For PLAmed50:SF50 (Figure 3j-1), the
fine porous fiber and small beads appeared on the scaffold. The fiber diameter was
0.18 £ 0.08 um (Figure 4d), which was smaller than that of PLAH50:SF50 fibers.
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PLAL-10

PLAL-15

PLAL-20

PLAH-10

PLAH-15

PLAH-20

Figure 1. The morphology of pure PLAL, PLAH, and PLAmed fibers, which was fabricated by
using various concentrations; (a-c) PLAL-10; (d-f) PLAL-15; (g-i) PLAL-20; (j-1) PLAH-10;
(m-o0) PLAH-15; (p-r) PLAH-20; and (s-u) PLAmed -6 at different magnifications (100x, 500x,
and 10,000 x).
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Figure 2. Histograms of electrospun fibers (a) PLAL-15; (b) PLAL-20; (c) PLAH-10; (d) PLAH-15;
(e) PLAH-20; and (f) PLAmed—6.
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Figure 3. The morphology of (a—¢) PLAH75:SF25; (d-f) PLAH50:5F30; (g-i) PLAH50:SF50; and
(j-1) PLAmed50:SF30 fibers at different magnifications (100x, 500 x, and 10,000 x).
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Figure 4. Histograms of electrospun fibers (a) PLAHTS:SF25, (b)PLAHS0:SFSD; (c) PLAH25SFTS and
{d) PLAmed50:5F50.

3.3. FTIR Spectra

FTIR spectroscopy in Figure 5 showed the strong characteristic absorption bands of
SF powder that appeared at 1626 em~! {Amide I}, 1512 em ™! {Amide IT), and 1228 em™!
(Amide IIT). Electrospun pure PLA samples demonstrated significant absorption bands at
1752 em™! (the stretching vibration of carbonyl), 1452 em™! (the deformation vibrabion of a
carbon hydrogen bond), 1368 em™!, 1261 em™! (the antisymmetric stretching vibration of
carbonyl), 1184 cm =" (the stretching vibration of carbonyl), 1084 cm™ (the antisymmetric
stretching vibration of a carbon-oxygen bond), 868 em™!, 755 em ™!, and 694 cm™ (the
bending vibration of carbon-hydrogen bond). Similar characteristic peaks for SF and PLA
were observed in PLA/SF scaffolds (both PLAH and PLAmed), which confirmed the
presence of both SF and PLA in the scaffolds.

[ - |
1612
1628} §

[PLAH=15,

Transmittance (%)

4000 300 3000 2500 2000 1s00 000 500
Wavenumber (em™)

Figure 5. FTIR spectra of SF powder, PLAH - 15, PLAHT75:5F25, PLAHSMSFS0, PLAmed -6, and
PLAmed50:5F50 fibers.




79

Pd,wrﬂ! 2022, I, M35 10019
3.4. Mechanical Properties
Tensile properties of PLAH=15 PLAH75:5F25, PLAH50:5F50, PLAmed =6, and
PLAmMed5(:5F50 were shown in Table 5. PLAH=15 scaffold gave the highest tensile
strength and highest Young's modulus when compared to PLAH75:5F25 and PLAH50:5F50
scaffolds. After adding SF, the tensile strength of PLAH75:5F25 scaffolds decreased
from 1.14 £ 0.09 MPa to 047 + 0.07 MPa, while the elongation at break increased from
1597 + 1.80% to 26.22 + 10.64% compared to that of pure PLAH=15. For PLAHS0:5F50,
the tensile strength was higher than PLAH75:5F25, but the elongation at break was lower.
Table 5. Mechanical properties of PLA based scaffolds.
Samples Ultimate Tensile Strength (MPa) Elongation at Break (%) Young's Modulus (MFa)
PLAH-15 114 009" 1597 £ 180" M2+ 499"
PLAH75:5F25 047 £0.07* 2622 + 1064 * W51 +397*
PLAHS:SFS0 105+ 043* 1751 £389* 1649 £ 871*
PLAmed—f 206 028 143 = 100 10938 £12.21
PLAmed50:5F50 085 £0.11 1214 £ 220 1259 + 659

* From previous study [31]

The mechanical properties of PLAmed=—6 scaffold showed higher values than the
PLAmed3(:5F50 scaffold. Incorporation of SF in PLA scaffolds shightly increased in elonga-
tion at break but decreased the tensile strength and Young's modulus of electrospun scaffold.

3.5. Thermal Properties

The effect of SF content of PLA /SF scaffold on thermal degradation was shown in
Figure 6. SF contained moisture content about 10% wt., while PLA showed very low
moisture content. With the addition of SF, the moisture content in the sample slightly
increased. The decomposition temperatures of FLA with the addition of SF shifted to a
lower temperature due to the low thermal stability of SF.

Mass %)

100 200 @ am 500
Temperature ("C)

Figure 6. TGA thermograms of 5F, PLAH-15, PLAH7S.SF25, PLASDSFS0, PLAmed—6, and
PLAmed50:5F50.

Figure 7 shows DSC thermograms of electrospun scaffolds during the first heating
scan (Figure 7a), cooling scan (Figure 7b), and second heating scan (Figure 7c). Thermal
properties obtained from this figure were shown in Tables 6 and 7. From the first heat-
ing scan which represented the thermal properties of the electrospun scaffolds obtained
after the electrospinning process, the PLAmed=6 scaffold showed a higher glass tran-
sition, lower cold crystallization temperature, and higher melting temperature than the
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PLAH=15 scaffold. With the addition of SF into PLA, the shift to higher cold crystallization
temperature and shightly higher melting temperature was observed in PLAH75:5F25 and
PLAH5(:SF50 scaffold. On the other hand, PLAmed50:5F50 showed lower cold crystalliza-
tion temperature than pure PLAmed scaffold. However, after removing thermal history
and cooling in DSC, no significant differences in glass transition temperature, cold crys-
tallization temperature, and melting temperature among PLAH=15, PLAH75:5F25, and
PLAH50:5F50 were observed from a second heating scan.
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Figure 7. DSC thermograms from (a) first-heating scan, (b} cooling scan, and (c) second-heating scan
of PLAH— 15, PLAHTS:5F25, PLAHS0:5F50, PLAmed —6, and PLAmedS0:5F50 scaffolds.
Table 6. Thermal properties of FLAH—-15, PLAH7R5F25, PLAHS(SF50, FLAmed—-6, and
PLAMed50:5F50 obtained from DSC thermogram during first-heating and cooling scan.
. Fimt:Heating Scan Coaling Scan
Ty "0 Tuf"C) AHg (g™ Ta, PO Ta, PO AHa (g7 Xe%) Ty O T aH g™
FLAH=15% A5 L sl 14805 18407 me3 M £3.68 . -
PLAHTS:SFX A58 LT 13358 14781 18845 ot it | Bk . -
PLAHSSF3) B32 10053 L] 14812 15419 41 1251 6158 . =
PLAmed = 619 -0} 1200 . 17860 4znl 4552 - 10751 1#in
PLAmedSSFS0 Bifl3 Lo A5 - ek 1] 4n 2585 - 11484 3052
Table 7. Thermal properties of PLAH—15, PLAH75:5F25, PLAH50:5F50, PLAmed—6, and
PLAmed50:5F50 obtained from DSC thermogram during second-heating scan.
Second-Heating Scan
Samples — -
T, Q) T, °0) AH, (g=1) T, (°0) T ("O) AH, (Jg=") e (%)
PLAH-15% 59.78 10878 14.48 149.42 155.76 2153 23.00
PLAH7S.SF25 5855 107.67 2421 149.03 156.40 2571 21.70
PLAHS0:SF50 5741 107.79 2158 147.85 155.92 2371 14.19
PLAMed —6% 6757 - - - 17833 3997 4271
PLAmMedS0:5F50 f3.94 - - 17250 178.41 41.04 2456

It 15 interesting to point out the difference in crystallization behavior between med-
ical grade PLA and commercial grade PLA during a cooling scan. For PLAmed =6 and
PLAmMed50:5F50, a clear melt crystallization peak during cooling was presented. In contrast,
no melt crystallization peak was shown for PLAH with and without SE. The %ecrystallinaty
of medical grade of PLA was higher than that of commercial grade of PLA both from the
first heating scan and second heating scan. This indicated a higher ability to crystallize
medical grade PLA than commercial grade PLA.

3.6. In Vitre Degradation

The effect of SF content on PLA/SF scaffold degradation was shown in Figure &
Degradation profiles were shown as a percentage of residual weight of scaffolds by
time. During the study period, both pure PLA and PLA/5F scaffolds degraded slowly.
PLAH, PLAH75:5F25, and PLAmed exhibited very low degradation, while the weight of
PLAH50:5F50 and PLAmed50:5F50 scaffolds decreased by time
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Figure 8. Residual weight (%) of electrospun scaffolds after degradation in phosphate buffered saline
{PBS, pH = 7.4) as a function of time.

37, Surface Wettability

The water contact angle of scaffolds measured from the droplet images was shown
in Figure 9. The contact angle for electrospun pure PLAH and PLAmed scaffolds was
highly hydrophobic with a contact angle of 142.49 + 2.22° and 136.73 + 2.08°, respectively.
Electrospun PLAH:SF and PL Amed:SF scaffolds showed a slight decrease to 128.08 + 1.10°

(PLAH75:SF25), 112,81 4 5.22° (PLAH50:SF50), and 127.45 4 3.49° (PLAmed50:5F50). With
the incorporation of SF, the PLA /SF scaffolds became more hydrophilic.

Water contact angle

136.73

Figure 9. Water contact angle of PLAH-15, PLAH75:5F25, PLAH50:5F50, PLAmed -6, and
PLAmed50:5F50 scaffolds; * From previous study [31].

3.8 Cell Vinbility Test

MTT assay was carried out to evaluate HCPCs viability on PLA and PLA /SF elec-
trospun scaffolds. Rather than the PLA /SF ratio and PLA grading, the effect of ethanol
treatment (+) on cell viability 15 shown in Figure 10. Generally, the HCPC viability of
ethanol treated scaffold groups (+) was higher than that of the non-treated groups. The
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cell viability in untreated scaffold groups was lower than the control group at every time
point except PLAS0:SF50, which presented higher viability compared to the control group
atdays 3 and 7. In the alcohol treated group (+), PLAH+ scaffolds had lower cell viability
compared to medical grade PLA scaffolds. Cell viability at days 1 and 3 were slightly
different among PLAH+ groups and, at day 7, PLAH=15+ had higher cell viability than
PLAHS50:SF504+ and PLAH75:5F25+, respectively. PLAmed=6+ had shightly higher cell
viability than PLAmed50:5F50+ at every time point.
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Figure 10. MTT assay for human chondrocyte cells viability on electrospun scaffolds after 1, 3, and
7 days. The plus sign (+) represents ethanol treated scaffolds (group 1).

3.9 Quantitative Gene Expression

The gene expression analyses of HCPC seeded scaffolds were examined to demonstrate
cellular phenotype. All groups of scaffolds were repeated with triplicate sample sets. The
results were shown in Figure 11, and the expressions of COL1A1 of PLAmed=6 and
PLAmMed50:5F50 were higher than the cell without a scaffold at every time point. The
expression of COL1A1 of PLAmed=6 was obviously higher than PLAmed50:5F50 (143.0
and 31.9) at day 7 and shightly higher at day 28 (41.2 and 38.1). On the other hand,
PLAmed =6 and PLAmMed50:5F50 had equivalent COL2A1 expression, which was higher
than the control group at days 7 (1.4, 1.4) and 28 (2.0, 2.0). The highest expression of
COL2A1 was observed at day 14 (2.0).
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Figure 11. The expression of COL1AL and COL2A1 at days 7, 14, and 28 were demonstrated in
{ab), respectively.
4. Discussion

For the electrospinning process, viscosity was an important solution parameter that
affected the fiber formation ability [32]. Solution viscosity was affected by two important
parameters, concentration [33] and molecular weight of polymer. An increase in concen-
tration led to an increase in viscosity due to the longer chain entanglement of polymer.
This can be seen from Table 4. FLAH showed higher viscosity than PLAL because of
its higher molecular weight. The PLAmed =6 show higher viscosity when compared to
PLAH=10. During polymer-solvent interaction, the solvent molecules go into the polymer
and increase the chain mobility because of chain segmental relaxation [34]. The increase
in the D-lactide content in the copolymer increases disorder in the polymer chains and
reduces the crystallinity. Because of the less compact packing of D-lactide enantiomers,
poly (DL-lactide) is more amorphous, while poly (L-lactide) is enantiomerically pure poly-
lactides [35,36]. The higher the L-lactide content in PLAmed (pure PLLA), the higher the
solution viscosity [37]. The viscosity of PLAL at 10% and 15% concentration was not high
enough to resist fiber deformation without defects at the given electric field and bead
formation can be occurred. It could be assumed that the reduced viscosity resulted in
an imbalance in viscous solution force and electmstatic force necessary for uniform fiber
formation [38].

In electrospun fibers, the bead formation occurs when the surface tension in the
charged jet is sufficient to change the jet into droplets to reduce surface area [39]. This 1s
opposed by viscoelastic forces in the jet that resist changes to the fiber shape. In contrast,
the increased viscosity of solution created higher viscoelastic forces that resisted the axial
stretching during whipping, resulting in larger fiber diameter. This was confirmed by
the increasing fiber diameter of PLA with increasing PLA concentration. However, for
PLAH=20, the viscosity was too high so it was hardly spun and easily clogged the needle.
Pure PLA scaffolds (both PLAH and PLAmed) displayed a wide fiber distribution in
diameter when compared with those of the narrow distibution of PLA/SF scaffolds.
PLA fibers contained small pores randomly distributed on the fibers owing to solvent
evaporation [40]. Furthermore, the PLAmed =6 offers the biggest fiber diameter, which
comes from complexity in the course of jet ejection [41].

With the incorporation of SF into the PLA, a gradient in solution viscosity and surface
tension appeared during the flow of the emulsion solution. The PLA/SF fibers were
drawn with more force, resulting in a comparatively thinner average diameter and distinct
fibers [42]. The fiber diameter of PLAH/SF fibers with different ratios (PLAH75:5F25 and
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PLAH50:5F50) did not show any obvious difference. For the PLAmed50: SF50 sample, very
thin fibers with beads and pores were produced along with nanofiber.

The FITR spectra with characteristic absorption peaks of SF powder, pure PLAH,
and PLA/SF scaffolds were presented in Figure 5. Amide I (1626 cm™) and amide 11
(1512 em™!) formed the major bands in the SF protein structure that could be identified
with the representative peaks (denoted by hashed lines), thus confirming the presence of
SF on the surface of scaffolds [11,43,44].

The mechanical characteristics (Table 5) and structural integrity of the electrospun
scaffold were important parameters for the meniscus tissue engineering application. The
menisci serve many important biomechanical functions such as load transmission, shock
absorption, stability, and joint congruity [45]. Mechanical strength 15 identified by the
tension resistance of electrospun scaffolds in order to maintain their integrity of scaffold
during implantation [46]. The mechanical properties of scaffolds were related to the
morphology of electrospun fibers [47]. Apparently, the elongation at break of the PLAH/SF
scaffold was improved by adding 5F solution into the electrospinning solution. With
the incorporation of SF content, the Young’s modulus and the tensile strength slightly
decreased [31]. The mechanical properties of electrospun fibrous scaffolds were involved
with their fiber density and junctions [458]. The mechanical properties of pure PLAmed
scaffold showed the highest tensile strength and Young's modulus, while the PLAmed /SF
scaffold showed lower mechanical properties because of the beads and thin porous fiber.
PLAmed (pure PLLA) of high molar mass has sufficient strength for use as load bearing
material in medical applications [49].

Moreover, the lower D=Lactide content grades have a greater ability to crystallize [50].
D-lactide induces twists in the regular poly(L-lactide) molecular architecture. Molecular
imperfections are responsible for the decrease in both the rate and extent of poly(L-lactide)
crystallization [3]. The increase in Socrystallinity 15 usually associated with the formation of
bigger or more ordered crystals of the PLA, which can resist the higher tensile strength [51].

The tensile properties of scaffold augmented suture were reported as composed
of elastic modulus (3.77 £+ 2.81 to 16.90 £ 9.50 MPa), tensile strength (0.60 + (.43 to
340 £ 1.10 MPa), and %elongation (3.28 £ 1.49 to 20.09 £ 5.89) [52-54]. From our study,
the Young's modulus, %eelongation, and tensile strength of both PLA and PLA /SF scaffolds
were achieved. The %elongation at break of the scaffold obtained in our study can be used
to confirm that the scaffold would not be cut through during repair [53]. Thus, our scaffold
can be used to help tissue healing by seeding cells on scaffold incorporated suture. The
cell seeded scaffold was shown to improve tissue healing and reduce gap formation at the
repair site [35].

The effect of SF on thermal properties of PLA /5F scaffolds was shown in TGA ther-
mogram in Figure 6. During the initial heating from room temperature to 250 *C, all
samples had a mass loss due to the evaporation of water or solvent molecules. The water
content increased significantly when 5F was present. This can be ascribed to the better
hydrophilicity and hygroscopicity of silk fibroin [56].

With the addition of silk fibroin, the decomposition temperature of the PLA/SF
scaffolds tended to be lower. The decomposition rate gradually decreased with the increase
of silk fibroin content [56]. From the DSC result, with an increase in SF, %crystallinity of the
electrospun fibrous PLA /SF scaffolds decreased because the amorphous phase structure
in the silk fibroin gradually increases [43,56,57]. Electrospun PLAmed scaffold had a
high *crystallinity and a high melting temperature, which resulted in better mechanical
properties than the PLAH scaffold. The cold erystallization peak upon cooling scan was
observed in PLAmed and PLAmed /SF scaffolds, indicating that both specimens achieved a
semi-crystalline state after the cooling [58]. This may be due to the higher L-lactide content
in medical grade PLA [26]. PLAmed has the optical pure PLLA a crystalline form, which
has a melting point range of approximately 170-180 *C [26,36]. Lower D-Lactide content
meant a higher melting temperature [50]. The Ty, and degree of crystallinity are dependent
on the purity of the PLA, the crystallization kinetics, and melting behavior of PLA [59].
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Biodegradability is another important consideration of the scaffold. The scaffold must
degrade in a desirable time to ensure proper tissue remodeling or regeneration [60]. The
effect of 5F content on PLA /5F scaffold degradation was shown in Figure 8. All scaffolds
exhibited very low degradation. It can also be observed that the weight loss obtained
is a function of the amount of silk fibroin present in the electrospun fibers [14]. PLA
contains crystalline and amorphous regions. The long macromolecular chains segments
are arranged more regularly and packed more strongly in the crystalline phase than in
the amorphous phase. Thus, small molecules of water can attack the polymer chains in
the amorphous phase more easily [61]. Adding 5F can increase the amourphous region,
which can increase the scaffold degradation. The degradation of silk fibroin was related to
hydrophilic interaction as well as special nanostructures. In the degradation process, the
hydrophilic blocks were firstly degraded [62]. The degradation of the PLA/SF scaffolds
prepared in the present study was shown to be controllable by adjusting the PLA/SF
ratio [7].

Surface wettability of biomaterials plays a critical role in influencing cell adhesion,
cell proliferation, and cell migration [12]. To clarify the effect of SF and its content on
the surface wettability of electrospun scaffolds, the water contact angle was measured.
Water contact angle results (Figure 9) supported the fact that incorporation of SF into PLA
scaffolds decreased the hydrophobicity of pure PLA scaffolds. The reason could be due to
the presence of SF with naturally hydrophilic amino groups, carboxylic groups, and other
functional groups in the backbone of SF [32,42].

Our results demonstrated that medical grade PLA electrospun scaffolds offered
bindegradability and cellular induction for meniscus tissue regeneration. After seeding
HCPCs which possess chondrogenic potential on the PLA and PLA/SF scaffolds, initial
cell viability and the viability at days 3 and 7 were evaluated (Figure 10). Although higher
SF content of PLA /SF scaffolds improved cell viability, the viability was still lower than the
control group. Medical grade PLA scaffolds had higher cell viability, but ethanol treatment
was mandatory to reduce toxicity of SF during its preparation [63]. Comparing between
PLAmed=6 and PLAmed50:5F30, the cell viability was decreased in the PLA/SF com-
posite scaffold. From gene expression analyses, COL1A1 which represented fibrogenicity
was higher in PLAmed=6 at days 14 and 28, while COL2A1 was equal on day 7 and
day 28 and higher in day 14. These presentations directed that the cells in PLAmed=6
scaffolds functioned toward more fibrogenicity, while the cells in PLAmed50:5F5 offered
more chondrogenic properties. Since the HCPC seeded scaffolds were cultured in simple
expanded media without any growth factor or mechanieal stmulation, the cells could lose
chondrogenic phenotype by time [64].

In the meantime, the properties such as smaller fiber diameter, more amino groups,
and more hydrophilicity of electrospun PLA /SF fibrous scaffolds also have influenced
the interaction between cells and scaffolds [14,32,42 57]. Treatment of scaffolds with 70%
ethanol can increase the cell viability [65]. Alcohol treatment can reduce the toxicity of the
residued electrospining solvents after fabricating because it effectively eliminates bacteria
and viruses, and it can dissolve the chloroform and formic aad easily [66-68].

5. Conclusions

PLA/SF nanofibrous scaffolds were successfully fabricated by electrospinning. In this
study, it was found that viscosity playved an important role to determine the fiber formation
ability, fiber morphology, and size. The average fiber diameter was increased along with an
ncrease in solution viscosity. PLA concentration, structure, and molecular weight were
three important parameters that affected the solution viscosity. PLAmed =6 scaffold gave
a superior mechanical property, degradability, and cellular induction for meniscus tissue
regeneration. However, for commercial non-medical grade PLA used in this study, it was
not recommended to be used for medical application because of its toxicity. The addition
of SF dominated the nanofiber morphology, diameter distribution, mechanical properties,
decomposition temperature, Socrystallinity, biodegradability, surface wettability, and cell
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viability. PLAmed50:5F50 scaffold has the potential to be used as biomimetic meniscus
scaffold for scaffold augmented suture based on mechanical properties, cell viability, gene
expression, surface wettability, and in vitro degradation.
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