Construction of PCL/SF-based electrospun nanofibers for skin tissue

engineering applications

By Giilsah YILDIZ

Submitted to Graduate School of Engineering and Natural Sciences in
partial fulfillment of the requirements for the degree of

Master of Sciences

Sabanci University

July 2023



©Giilsah Yildiz 2023

All Rights Reserved



To my Family



Construction of PCL/SF-based Electrospun Nanofibers for Skin Tissue

Engineering Applications

Giilsah Yildiz

Manufacturing Engineering, M.Sc. Thesis, 2023

Thesis Advisor: Prof. Dr. Yusuf Z. Menceloglu

Keywords: Electrospinning, PCL, Silk Fibroin, polymer nanofibers, biomaterials, skin

engineering

ABSTRACT

Skin substitutes hold great potential for the treatment of high-degree burns and chronic
wounds. Current solutions, including Integra Dermal Template, provide fast and practical
treatments for skin defects. However, existing templates cannot provide a solution for the
recreation of the native tissue functionality and scarless healing of the wounded site. This
study examines the construction and characterization of novel skin substitutes based on
PCL/SF blends. According to the morphological analysis, each sample had a homogenous
fiber distribution without any beads. It was shown that the thermal stability of nanofibers
improved with the incorporation of SF into the PCL structure. Mechanical analysis
proved that the addition of SF into PCL enhanced tensile strength by providing
intermolecular interactions due to SF functional groups. In addition, Young’s modulus of
the samples improved with the addition of some SF since it increases the stiffness and the
structural integrity of the fiber structure. Water contact analysis demonstrated that all
samples obtained adequate hydrophilicity, other than PCL, which is important to maintain
cell functionality. Lastly, cell proliferation and viability assays were performed by

seeding the scaffolds with primary human keratinocytes. It was observed that using



blends of PCL/SF led to better cell proliferation and viability compared to pure PCL and
SF scaffolds.
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OZET

Deri esdegerleri yiiksek dereceli yaniklar ve kronik yaralarda kullanilmak i¢in iyi bir
potansiyel gostermektedirler. Integra deri esdegeri benzeri halihazirda kullanilan
yontemler deri bozukluklari i¢in hizli ve kullanigh bir ¢6ziim olarak 6ne ¢ikmaktadirlar.
Fakat kullanilan bu yontemler derinin kendini yenileyip dogal deri yapisinin insaasinda
ve yara izsiz iyilesme saglanmasinda yetersiz kalmaktadirlar. Bu calismada 6zgilin
PCL/IF-temelli bir deri esdegerinin iiretilmesi ve karakterizasyonunun yapilmasini ele
alinmistir. Morfolojik analizlere gore biitlin 6rnekler homojen bir fiber dagilimi gostermis
olup fiberlerde herhangi bir boncuk yapisina rastlanmamistir. PCL yapisina IF
eklenmesinin fiber termal stabilitesini arttirdig1 gosterilmistir. PCL yapisina eklenen IF’
nin fiberler arasinda intermolekiiler etkilesim saglayarak fiberlerin mekanik giiclinii
arttirdign kamitlanmistir. Ayrica, IF eklenmesi &rneklerin biikiilmezligini ve yapisal
biitiinliglinli gelistirip Young modiillerini arttirmistir. Temas acist testleri PCL harig
biitiin Orneklerin hiicre islevselligini silirdiirmesi i¢in yeterli hidrofilisiteye sahip
oldugunu gostermistir. Hiicre proliferasyon ve canlilik testleri fiberler iizerine birincil

insan keratinosit hiicrelerinin ekimi ile gerceklestirilmisti. PCL/IF karisimi olan
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fiberlerde sadece PCL ve sadece IF olan fiberlere gére daha iyi proliferasyon ve canlilik

oldugu gozlenmistir.
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1. Introduction

1.1.Skin structure and wound formation

The skin constitutes the largest organ of the human body and protects the body like a
barrier against external impacts. The skin has vital functions such as the regulation of
temperature and protection against UV light, microorganisms, trauma, toxins, and
pathogens. It also serves roles such as controlling fluid loss and homeostasis and takes
part in immunologic observation and sensory inspection. The structure, thickness, and

functions of the skin vary in different body parts [1].

The skin comprises three main layers: epidermis, dermis, and subcutaneous tissue, from
the outer to the inner layer, respectively. The structure of the skin is given in Figure 1 [2].
The epidermis acts as a water and microbial barrier and provides the skin tone. The dermis
is the middle layer and is made up of connective tissue, lymphatic vessels, blood vessels,
hair follicles, and sweat glands. The inner subcutaneous tissue is composed of connective

tissue and fat [3].
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Figure 1 Structure of the skin [2].



Wound formation causes the interruption of skin integrity, and it could result from thermal
or mechanical damage. The healing time of these wounds categorizes them into two types:
acute wounds and chronic wounds. Acute wounds regain their previous integrity after
some time, whereas chronic wounds continuously experience inflammation, necrosis, and

non-healed open wounds [4].

Wound healing consists of four stages which are hemostasis, inflammation, proliferation,
and remodeling. At the beginning of the wound formation, platelets and inflammatory
cells move into the wound site where the extracellular matrix is exposed to its collagen.
The next step is inflammation which takes around 72 h. In this step, mast cells release
enzymes, histamine, and amines into the wound site. Later, proliferation begins to take
place with a decreased rate of inflammation. The wound site is reconstructed with
fibroblast proliferation and collagen deposition. The proliferation step involves several
occasions such as tissue granulation, re-epithelialization, neovascularization, and wound
contraction. Finally, the migration of cells into the wound area takes place which allows

the remodeling and regeneration of the site.

1.2.Electrospinning

Electrospinning is a technique that is widely used to produce materials with nano to
micron-size fibers by the application of an electrical field to the ejected polymer solution.
The electrospinning technique was first used around the 1930s and was patented by
Formbhals. Electrospinning is very useful to produce materials with a high surface area-
to-volume ratio and small pore size [5]. The technique has been used in several areas such

as tissue engineering, agriculture, textile, and aerospace engineering,

Electrospinning requires a polymer solution, a collector, and a high-voltage supply. The
applied voltage between the nozzle and the collector creates a microsphere at the tip of
the nozzle. This microsphere is pulled from the tip, and it elongates because of the
adjacent charges in the same jet. Polymer solution forms a cone called Taylor’s cone
before leaving the tip of the needle which allows adequate fiber formation [6]. The formed
jet gets exposed to bending instabilities and fiber whipping resulting in the randomly
formed nanofibers on the collector. As fibers are collected on the collector, the solvent is

evaporated, and the final material is formed.
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It is possible to spin most of the polymers if a proper solvent is chosen. Evaporation of
the solvent, solubility, and the concentration of the polymer solution affect the

morphology of the fibers [7]. The electrospinning process is given in Figure 2 [8].

Electrospinning has several advantages over production techniques such as low cost,
improved production rate, high control over the system, production of scaffolds with high
surface area and small pore size, and high filtration efficiency [9]. Providing scaffolds
with a high surface area enhances cell proliferation, attachment, differentiation, and
migration through the material leading to high cellular activity [10]. In addition,
electrospun nanofibers create a structure that could mimic the extracellular matrix (ECM)
of the tissues and resulting in improved cellular functions in the scaffolds. ECM takes a
great role in ECM-cell interactions, which allows the transduction of information along
the tissues [11][12]. Electrospinning involves some drawbacks as well like the use of

toxic solvents with high volatility, jet instability, and strength of the web.

Syringe Solution Needle Jet

/

TR AR AT
Pump Tylor cone
+
High Voltage Collector

Figure 2 Electrospinning setup and Taylor’s cone formation [8].



1.3. Current studies for skin scaffolds

As the wound treatment and rehabilitation of wounds are expensive, possible new
treatments are being investigated for the mitigation of inflammation especially in wounds
that are more exposed to infections. Dressings are the major focus for wound treatment,
and they are proven to be very useful. Dressings are successful in the promotion of cell
and tissue regeneration, control of microbial activities, and providing surface defense

[13].

The classical approach dressings are the ones utilized in hospitals for full-thickness skin
wounds or burns. Skin grafts are categorized into four categories: skin substitutes,

autografts, allografts and xenografts.

Autografts are the type of skin tissues that are harvested from the undamaged part of the
skin from the patient’s own body and applied to the wound site. Autografts are very
significant in the wound healing field due to their low-to-nonimmune responses as they
are from the same patient. This property makes them the gold standard in the treatment
of full-thickness skin wounds, especially high-degree burns. However, the new wound

formation and the limited availability of autografts restrict the use of these grafts [13][14].

Allografts are great alternatives to autografts where they temporarily protect the wound
area from fluid loss and contamination by bacterial species. These grafts are taken from
a patient and applied to the other one. However, they also contain problems such as the

probability of immune rejection, since implanted from another person, and infection [15].

Xenografts are the final graft type, and they are taken from another species. They also
possess problems similar to allografts such as a high probability of immune rejection and
being only a temporary solution. So they are mostly used as protective layers previous to

treatments [16].

Skin substitutes are promising alternatives to grafts that are produced in laboratory
environments. Skin substitutes are produced in a way to mimic the extracellular matrix in
3D form to promote cell migration and proliferation leading to improved wound healing
process. Biomaterials are chosen and generated in a way to provide good

biocompatibility, antibacterial activity, and enhanced wound healing. Polymeric materials



are commonly used as dressings because of their special role in drug delivery and tissue

engineering functions and ease of dressing fabrication [17].

1.4.Polymer-based skin scaffolds

Over the previous years, various types of polymers which are natural, synthetic, or hybrid

have been used for skin engineering applications and are even available on the market.

Natural polymers are obtained from natural resources and provide bioactivity, and a
biomimetic environment to tissues and cells. They are mostly chosen because of their
superior properties such as biodegradability, biocompatibility, nontoxicity, and
resemblance to the natural environment [18]. Natural polymers could be categorized into
two branches: Polysaccharide-based polymers such as cellulose, agar, hyaluronic acid,
dextran, starch, and protein-based polymers such as collagen, silk, elastin, keratin, and

fibrin [19][20].

In one study, Wang et al. produced a dextran-based hydrogel that can take the shape of
the applied wound site. As the hydrogel filled the whole wound site without leaving a gap

leading to accelerated wound healing [21].

As they possess active functional groups natural polymers could be modified to become
more effective wound healing agents. For example, Liang et al. recently introduced a
quaternized chitosan hydrogel that is highly water soluble and with antibacterial activity

[22].

In another study, Zhang et al. used both polyvinyl acetate (PVA) and gelatin methacrylate
(GelMA) to form a microneedle scaffold. Microneedles were loaded with hemoglobin
and phosphorus quantum dots which showed a near-infrared light-responsive oxygen
release leading to enhanced chronic wound healing [23]. Gao et al. provided a
biodegradable hydrogel scaffold formed from e-Poly-L-Lysine and dextran with the

property of antibacterial activity against microorganisms [24].

In a recent study, Hu et al. produced a film-casted chitosan dressing for second-degree
deep burns and showed that it could decrease the healing time of the wound and mitigate

the wound pain during healing [25].



Synthetic polymers are prepared with hydrocarbon building blocks in a laboratory
environment. They are highly preferred in various fields as they can be produced in
different forms and designated structures. However, their main drawback is their lack of
cell adhesion sites and the requirement for functional modification for improved cellular
functionality [26] [27]. Synthetic polymers are mostly examined under two sections:

Degradable synthetic polymers and non-degradable synthetic polymers.

Degradable synthetic polymers could be broken down into simpler structures and the most
common ones are polyethylene glycol (PEG), polyvinyl alcohol (PVA), polycaprolactone
(PCL), and poly(propylene) fumarate (PPF). Non-degradable polymers are not able to
degrade into simpler forms by biological factors and the most known examples are

polyurethane (PU), poly methyl methacrylate (PMMA), and polystyrene (PS).

In a recent study, Mohebali et al. created a nanocomposite film composing PVA and
halloysite nanotube (HNT) for the delivery of minocycline. It was found that the
nanocomposite provides successful monocyte delivery for bacterial inhibition. In burn
wounds [28]. Zehra et al. introduced an electrospun PCL/sodium percarbonate oxygen-
releasing system which caused enhanced angiogenesis and increased protein production
[29]. Liu et al. produced an electrospun system with polyvinyl pyrrolidine
(PVP)/polyvinyl butyral (PVB) which improved the air permeability, antibacterial
property, and wound healing efficiency [30].

Hybrid polymers are a promising area of research that involves blending natural and
synthetic polymers to take advantage of both their properties and minimize their

drawbacks [31].

For instance, Viezzer et al. produced a Chitosan/PU-based hydrogel that improved the
wound healing process in diabetic rat models with minimized toxicity [32]. Abbasi et al.
created a hydrogel system with Alginate/PVA which inhibits bacterial species such as S.
aureus and P. aregnosa. Hydrogel also showed accelerated wound closure, improved
granulation, and re-epithelization of tissues [33]. In another study, Gsib et al. proposed a
copolymerized PEG/fibrin scaffold model that improved cellular infiltration, and tissue

remodeling and provided a system with adjustable properties [34].



1.4.1. PCL-based skin scaffolds

Polycaprolactone is a synthetic polymer that is made up of hexanoate units and it is under
the category of aliphatic polyesters. The structure of PCL is given in Figure 3 [35]. Owing
to its biodegradable nature, it became very popular in wound healing applications. PCL
has several advantages such as advanced mechanical properties, biocompatibility, and the

ability to become miscible with several polymers [36].

Powell et al. produced a skin substitute with PCL and collagen, and it was shown that the

addition of PCL improved the material stiffness which made it easier for surgeons to

handle [37].

Ghomi et al. created a PCL/gelatin electrospun where PCL was used to improve the
mechanical properties of the overall scaffold [38]. In another study, Metwally et al.
created PCL patches from electrospun with random and aligned fibers by both increasing

the mechanical properties and natural oil carrying capacity [39].

Even though PCL is a great polymer for tissue engineering applications, instead of using
it by itself blending it with a natural polymer would provide a better environment for cell

growth by improving the hydrophilicity and attachment to the functional groups.

PCL

Figure 3 Structure of PCL [36].



1.4.2. SF-based skin scaffolds

Silk is a natural polymer, also a protein, that is widely used in medical applications. The
structure of SF is given in Figure 4 [40]. Silk fibroin possesses a function to activate the
body’s immune response. It also has enhanced properties such as biocompatibility, low
immunogenicity, and gradual disintegration. Silk fibroin improves stem cell adhesion,
differentiation, and propagation. Additionally, promotes tissue regeneration and prevents

adherence of pathologic microorganisms onto the tissue[41].

In one study, Ju et al. demonstrated that SF electrospun enhances the re-epithelization of
the wound site and accelerates wound closure, especially in burn wounds. According to
the expression analysis, they suggested that the SF electrospun mitigates inflammation

and scar formation [42][43].

Guo et al. investigated SF electrospun with random and aligned fibers and their effect on
wound healing and vascularization in Sprague-Dawley rats. In vivo analysis showed that

both scaffolds have strong contributions to epithelialization in full-thickness wounds [44].

Similarly, Sirong He et al. immobilized heparin in SF hydrogels containing acidic
fibroblast growth factor 1 (FGF1) and their impact on wound healing in Sprague-Dawley
rats. They proved that SF hydrogels enhanced cell proliferation and migration of the L929
cell line [45].

In another study, Ju et al. compared the effect of SF nano matrix and a commercial
polyurethane-based dressing called Medifoam on a second-degree burn. It was
investigated after seven days that the wound closure of SF electrospun treated wound is
greater than Mediforam treated wound. Additionally, the wound size decreased to 4%
with SF electrospun and to 8% with Medifoam at the end of the 28" day. Histological
analysis showed that re-epithelialization and regeneration of skin highly increased with
the treatment of SF electrospun. It was also examined that the expression of pro-

inflammatory factors such as IL-1o¢ and IL-6 significantly decreased [42].

SF-based biomaterials have also become promising for diabetic wound healing. Yang et
al. conducted a study on diabetic Sprague-Dawley rats using insulin loaded SF sponge

(INS). They concluded that the insulin-loaded SF sponge showed an enhanced rate of



wound healing. SF sponge without insulin also improved wound healing compared to

untreated wounds [46].
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Figure 4 The structure of SF [40].
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1.5. Objective of the Study

In this study, it was aimed to produce a polymer nanofiber system that can substitute the
epidermal layer by providing improved and scarless healing. For this purpose, the
electrospinning method was chosen since it allows the construction of scaffolds with a
high surface area to volume ratio and small pore size which enhances the attachment and

the proliferation of cells.

The polymer system was constructed with two polymers, which are PCL and SF. PCL
possesses several advantageous properties such as high mechanical strength,
biocompatibility, and non-toxicity. However, it also has some disadvantages such as
hydrophobicity, slow biodegradation, and deficiency in cell recognition sites. SF is a
widely used natural polymer with high hydrophilicity, improved oxygen and water
uptake, and low immunogenicity, whereas it suffers from low mechanical strength and a
limited number of solvents for the electrospinning of SF. In this system, PCL and SF were
blended in different ratios to assess the most suitable scaffold structure. This system
allowed us to combine the advantageous properties of both polymers by compensating
for their individual drawbacks. SF was utilized for its hydrophilicity and presence of
recognition sites which induce cellular proliferation. PCL was used for its high integrity
and mechanical strength. Here, we assessed the characteristics of PCL/SF nanofibers such
as mechanical strength, fiber morphology, thermal stability, surface area, pore size,

degradation, contact angle, and cytocompatibility.
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2. Materials and Methods

2.1.Materials

Silk fibroin (SF) extracted from Bombyx mori cocoons was provided from Bursa
Kozabirlik, Turkiye. Polycaprolactone (PCL) (Mw= 80,000), Na,COs3, LiBr, Dialysis
tubing cellulose membrane (Molecular weight cut-oft = 14,000), Hexafluoroisopropanol
(HFIP), Proteinase K from Tritirachium album (>30 units/mg protein), Calcium chloride,
Gentamicin and Trypsin solution was purchased from Sigma Aldrich, U.S. Amphotericin
B was provided from Life Technologies, Grand Island, NY. T-75 flask was purchased
from Corning, NY.

2.2. Extraction of silk fibroin from the B. mori

The extraction of SF was performed using the related Nature protocol [47]. The process
followed for the extraction of SF is depicted in Figure 5. In summary, cocoons were
divided into smaller parts, and they were boiled in 0.02M Na,CO; solution for
degumming. Then, fibers were rinsed in ultra-pure distilled water from any salt and
impurity for 20 minutes 3 times. Purified fibers were dried in a hood overnight. In the
next step, 2.5 grams of dried fiber were soaked with 10 mL of 9.3 M LiBr solution in a

small beaker. The beaker was put in an oven at 60°C and dissolved for 4 hours.

The fibrous solution was put in a dialysis bag inside 1 L of ultra-pure distilled water. The
dialysis took 2 days with the water changes after 1 hour, after 4 hours, in the evening, the
next morning, the next evening, and lastly the next morning (6 times overall). After the
completion of 24 hours, the dialysis was ended, and the fibroin solution was centrifuged
for 10 minutes at 4°C and 2000 rpm. For the prolonged storage of the silk fibroin, the

solution was freeze-dried for 2-3 days to get rid of any water present.
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Figure 5 Silk Fibroin extraction process.
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2.3.Preparation of the polymer solutions

The polymer nanofibers prepared in this project involve two major polymers which are
PCL and SF. Polymer solutions were prepared by dissolving 10% (w/v) PCL and 5%
(w/v) in HFIP separately and in blended forms. There are 5 polymer films prepared which
are 5%SF (SF), 10% PCL (PCL), PCL: SF mixed in 7:3 volume ratio (PS1), PCL: SF
mixed in 3:7 volume ratio (PS2), and PS1 electrospun on PS2 electrospun (PS2PS1).
Layer-by-layer nanofibers were prepared by first electrospinning one polymer solution

on an aluminum foil and then the other polymer solution on top of it.

2.4. Preparation of the polymer nanofibers

The electrospinning process was carried out by using the Apparatus of New Era Pump
Systems, Inc. device. The electrospinning set-up used for this project is depicted in Figure
6. Before electrospinning, the polymer solution was filled into a 5 mL syringe, and an 18-
gauge needle tip (KRUUSE, Denmark) was used. To collect the polymer nanofibers
easily, the metal collector was covered with aluminum foil. Then, an electrical field was
applied between the needle tip and the metal collector. Electrospinning parameters are

given in Table 1.

During the electrospinning, the polymer solution was ejected from the needle tip in
nanofiber form, and the solvent evaporated and collected onto the aluminum foil.
Parameters used for the electrospinning of the polymer fibers are given in Table 1. Since
the nanofibers formed from silk fibroin are water soluble, they require an additional
treatment after the fabrication. Polymer fibers were treated with 99% methanol for 30
minutes and rinsed with distilled water several times to turn the fibers from water-soluble

to water-insoluble.
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Table 1 Electrospinning parameters of the polymer nanofibers

Figure 6 Electrospinning set-up used to produce nanofibers.

Feed
Polymer Concentration Collector distance  Voltage
rate
nanofiber (w/v) (cm) (kV)
(mL/h)
PCL 10% 1.5 15 12
SF 5% 1.5 10 11
10% PCL:5%SF
PS1 1.5 10 7
(7:3)
10% PCL:5%SF
PS2 0.6 10 6
(3:7)
PS2PS1 10% PCL:5%SF 0.6-1.5 10-10 6-7
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2.5. Extraction of Primary Human skin keratinocytes

The University of KOC Institutional Review Board approved the use of skin tissues from
the patients, and an informed agreement form was obtained for the donors for research
purposes. Full-thickness human epidermal tissues were obtained from 2 patients who
underwent breast reduction surgery. The method that was established by Marcelo et al.
was followed for the establishment of keratinocyte cell strains [48][49]. In short, skin
tissues were digested in a 0.125% trypsin solution overnight at room temperature.
Enzymatically dissociated tissues were seeded 30 to 40 x 1000000 cells per T-75 flasks.
Cells were cultured in a chemically defined serum-free medium containing 0.06-mmol/L
calcium chloride, 0.375-mg/mL amphotericin B, and 25-mg/mL gentamicin. Primary
keratinocytes were harvested and subcultured subsequently when they were 70% to 80%

confluent.

2.1. Characterization of the polymer nanofibers

2.2.1. Fourier transform infrared spectroscopy

Structural analysis of SF was conducted using Fourier transform infrared spectroscopy
(FTIR, Shimadzu-Infinity spectrometer, Japan). This method allowed the detection of the
amide bonds that are characteristic of SF which proves the successful extraction of SF
from B. mori cocoons. FTIR analysis was performed with a resolution of 2 cm™ in the

range of 4000-500 cm™! at room temperature.

2.5.1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to
determine the molecular weight of the extracted SF by following the Laemmli (1970)
method with 5% condensing gel and 10% resolving gel [50]. In short, the loading buffer

was mixed with SF solution, and it was exposed to hot water for a short time. Prepared
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samples were added into wells and electrophoresis was conducted for approximately 1.5-
2 hours under 20 mA current at first and under 40 mA current until the end. Lastly, the
molecular weight of the SF was determined by examining the electrophoretic profiles of

SF with the standard protein ladder.

2.5.2. Scanning Electron Microscopy (SEM)

Morphological analysis of polymer nanofibers was performed using Scanning Electron
Microscopy of LEO Supra 35 VP microscope (Zeiss, Oberkochen, Germany) after
gold/palladium coating of samples. ImageJ software was used to determine mean fiber
diameter and fiber diameter distribution by measuring at least 80 random fibers for each

sample.

2.5.3. Mechanical Test Analysis

Mechanical properties of nanofibers were conducted using a mechanical tester (UniVert,
CellScale Biomaterials Testing) with a strain rate of 0.3 mm s~ '. Analysis was carried out
at least two times for each sample at room temperature conditions with the 2 cm x 5 cm

dimensions.

2.5.4. Thermal Gravimetric Analysis

The thermal Gravimetric Analysis (TGA) method was used to determine the time-
dependent weight loss and the thermal stability of the samples. The analysis was
conducted by raising the system temperature from 30°C to 600°C with a ramp rate of
10.00°C/min under the nitrogen gas with the TGA device (Perkin Elmer, Waltham, MA,
USA).
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2.5.5. Water Contact Angle Test

The hydrophobicity/hydrophilicity of samples was determined with the water contact
angle test using a Drop Shape Analyzer 10 MK2 device (KRUSS, Hamburg, Germany).
On each sample 5 uL water was dropped using the sessile drop method and water contact

angles were calculated afterward.

2.5.6. Brunauer—-Emmett-Teller Analysis

The surface area, pore volume, and pore size of the samples were measured with the
Quadsord SI 5 Brunauer—Emmett-Teller (BET) device (Quantachrome Instruments,
Anton-Paar GmbH, Graz, Austria) using the Barrett-Joyner-Halenda (BJH) analysis
method. Each analysis was performed under a liquid nitrogen environment (77K) with

the 0.01-0.99P/P0 pressure range and a nitrogen adsorbate gas.

2.5.7. Invitro degradation analysis

In vitro degradation study of the samples was conducted using the Proteinase K enzyme.
0.01% (w/v) Proteinase K was prepared in a 0.02 M Tris-HCL buffer with pH=8 and
0.01% (w/v) sodium azide was added into the overall buffer to avoid microbial growth.
Each sample was cut into pieces with an approximate weight of 4 mg with 3 replicates.
Each sample was put into a 5 mg buffer solution with enzyme and incubated at 37 °C.
The samples were incubated for 12 h and 24 h. After the experiment, each sample was
centrifuged 2 times and washed with distilled water. Finally, samples were freeze-dried

and the degradation percentages were calculated after the weighing.
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2.5.8. Cell Proliferation and Viability

Live/dead and XTT assays were conducted to determine the cytotoxicity of the scaffolds
in terms of cell viability and proliferation. Primary human epidermal keratinocyte cells
(40,000 cells/nanofiber) were seeded on the polymer nanofiber samples for the
assessment of cell viability and proliferation. Cells were cultured for 7 days and, the
imaging of the live and dead cells was performed using the calcein-AM (4 uM, Molecular
Probes, Thermo Fisher, UK) and ethidium homodimer-1 (EthD-1, 2 uM, Molecular
Probes, Thermo Fisher, UK) stains, respectively. Cells were monitored under fluorescent
microscope (Leica DMIL, Germany) by using the 488 nm (green) and 527 nm (red)
wavelengths. The proliferation rate of the cells in each sample was conducted by XTT
(Biological Industries, USA) assay. After 7 days of culturing the primary human
epidermal keratinocyte cells were rinsed and XTT reagent (50 pL) was incorporated into

samples.

2. Results and Discussions

2.1. Characterization of the SF solution

To determine the successful extraction of SF from B. mori cocoons, several
characterization techniques were used. First, FTIR analysis was conducted for the
structural characterization of the extracted SF. SF contains various characteristic amide
bonds in its structure and by detecting these amide bonds the validation of the successful
extraction could be proven. Figure 7 depicts the SF peaks from the FTIR spectrum. All
the peaks were compatible with the literature where the 1642 cm™ peak represents the
Amide I band which comes from the C=0 bond formed in the B-sheet region of the SF.
The Amide II band was detected from the 1517 cm™ peak in the spectrum and this band
corresponds to CN stretching and NH deformation in the B-sheet region of the SF. Amide
I1I band was observed in 1232 cm! in between o-helix/random coils and B-sheet from C-
N stretching. Lastly, the 3282 cm™! peak represents the Amide A band with NH bending
in the B-sheet region [51][52].
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Figure 7 FTIR spectrum of the SF.

Molecular weight determination of SF is important to specify the accurate degradation of
SF during extraction and the electrospinning property of SF. SDS-PAGE electrophoresis
analysis was used to identify the molecular weight of the extracted SF. SDS-PAGE gel
showing the SF molecular weight compared to the standard protein ladder is shown in
Figure 8. On the other hand, the SF column gave a smeared staining from around 60 kDa
to 250 kDa and it even exceeded the 250 kDa level. It indicates that extracted SF had
chains with molecular weight ranging from 60 kDa to over 250 kDa. It is stated in the
study proposed by Rockwood et al. that when a cocoon is degummed for 30 min, silk
fibroin possesses a molecular weight of around 100 kDa which is correlated with the

results of this study [47].
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2.2. Morphological Characterization of the polymer nanofibers

One of the most important challenges of scaffold production is the generation of structures
that resemble the native extracellular matrix of living tissues and organs. So, determining
the morphology of scaffolds is significant to evaluate their capability to support seeded
cells and to guide the cells for improved proliferation [53]. SEM analysis was used to
determine the morphology of nanofibers and their fiber diameters. Figure 9 illustrates the
SEM images of the scaffold and gives the fiber diameter distribution of polymer
nanofibers. As can be seen, all nanofibers were produced homogenously and none of the

scaffolds showed bead formation.

Like most natural polymers, SF is not easy to spin, and finding the appropriate solvent
system is challenging. However, in our system, SF was homogenously dissolved in HFIP

and easily spinned by producing well-distributed nanofibers [54][55]. HFIP was also used
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for the solvent system of PCL, and it allowed the easy blending of the SF and PCL in
various ratios. Using HFIP solvent allowed the production of more concentrated polymer
solutions leading to having more control over the fiber diameter and fiber diameter
distribution [56]. Nanofibers produced from pure PCL showed thicker fibers with a mean
fiber diameter of 1.582 + 0.246 um (Figure 9a). It also demonstrated comparably
nonuniform distributions in terms of fiber diameter. On the opposite, the thinnest fibers
were obtained with pure SF electrospinning with a mean diameter of 0.408 + 0.125 um
(Figure 9b). This could be the result of the low viscosity of the SF polymer solution and
the high conductivity resulting from the nature of bioactive SF [57].

Overall, the thickest fibers were observed in PS1 with a mean fiber diameter of 2.236 +
0.842 um and it showed the highest fiber diameter distribution difference (Figure 9c).
Unexpectedly PS1 had a greater fiber diameter than pure PCL. The reason could be that
lower voltage was applied to PS1 during electrospinning compared to that of PCL [58].
PS2 contained thin fibers with 0.473 = 0.106 um (Figure 9d) since the SF ratio was higher
in composition compared to that of PS1. Additionally, PS2PS1 was made up of 1.542 +
0.498 um fiber diameter which was formed from both fiber layers PS1 and PS2 (Figure
9¢).

In one study, by Gandhimathi et al. observed that SF addition into the PCL structure
created thinner fibers where the diameter decreased from 215 nm to 164 nm under similar
electrospinning parameters [59]. This study supports the idea that the addition of SF
produces fibers with smaller diameters. Similarly, in our study, SF produced thinner
diameters compared to PCL when the parameters were kept almost constant. However,
PS1 did not follow the same effect and the diameter of the fibers got thicker after the
addition of SF into PCL. The reason is that PS1 was constructed using low voltages
compared to PCL and SF samples, which led to thicker fibers than expected. So, it could
be stated that the addition of SF into PCL cannot be evaluated separately without taking
the other parameters, such as voltage, the distance between the needle tip and the

collector, and the feed rate, into consideration.
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2.3. Thermal Gravimetric Analysis

TGA was performed to analyze the thermal stability and temperature-dependent weight
loss of the samples. Analysis was conducted between the temperatures of 30°C and 600°C
with a temperature increase of 10.00°C/min under a nitrogen atmosphere. Figure 10

shows the time-dependent weight loss of samples.

Each sample experienced an initial weight loss caused by water evaporation except for
the PCL sample [60]. Water loss of each sample was as follows: 20% from SF, 5% from
PS1, 13% from PS2, and 8% from PS2PSI. It is observed that in correlation to the PCL
amount in the scaffold, the water loss percentage decreases with increasing PCL amount.
This could be a result of the hydrophilic nature of SF which holds water in interaction
with the -OH groups compared to the lack of hydrophilic groups in PCL structure. SF
curve had a weight loss at 300 °C due to the decomposition of SF macromolecules [61]

and PCL experienced a rapid decomposition at the temperature of 400 °C.

Prepared samples formed from the blend of the two polymers showed decompositions at
both temperatures of 300 °C and 400 °C in proportion to the amount of the polymer type
contained. For instance, PS1 showed a weight loss of 23% between the temperatures 300
°C-400 °C, and a weight loss of 66 % after 400 °C. PS2 experienced a weight loss of 26
% between the temperatures 300 °C-400 °C, and a weight loss of 45% after 400 °C. As
can be seen, the SF amount is directly correlated with the weight loss percent between
300 °C and 400 °C. PS2PS1 scaffold possessed similar weight decomposition rates with
PS1.

Bajsi¢ et al. examined the decomposition process of PCL/SF nanofibers and observed 3-
step weight losses. These 3 steps were before 100 °C, between 100 °C and 350 °C, and
after 350 °C which were associated with water evaporation, SF decomposition, and PCL
decomposition, respectively [62]. In another study, Luo et al. examined the thermal
characteristics of SF/Polyurethane fibers and stated that the weight loss between 250-400

°C was associated with the decomposition of SF macromolecules [60].

The total weight losses of the samples are given in Table 2. The highest weight loss
belonged to PCL with 99.41 % and the lowest weight loss was observed in SF with
64.33%. It can be stated that SF had better thermal stability compared to PCL [60].
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Therefore, the amount of decomposition increased with the increasing PCL content. In

addition, SF had the highest char yield compared to other scaffolds [63].
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Figure 9 SEM images of nanofibers and their histograms showing the distributions of
fiber diameters (a) PCL, (b) SF, (c) PS1, (d) PS2, and (e) PS2PS1.
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Figure 10 TGA analysis shows nanofibers' weight percentage change with increasing

temperature.

Table 2 Overall weight loss nanofibers in TGA.

Polymer Overall weight
nanofibers loss(%)
PCL 99.41%
SF 64.33%
PS1 93.68%
PS2 85.53%
PS2PS1 91.02%
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2.4.Mechanical Properties of polymer nanofibers

Samples are required to possess adequate mechanical strength to replace a skin structure
in the body [64]. Figure 11 gives the stress vs. strain curves of each nanofiber in
comparison. Pure SF had a Young’s modulus of 64.9 MPa which means that it can resist
the most load before failing among the samples. SF possessed a maximum tensile stress
of 1700 KPa, whereas it failed suddenly at the tensile strain of 8%. This sudden failure
could be caused by the stiffening effect caused by the CN groups in the structure. On the
other hand, PCL possessed Young’s modulus of 10.1 MPa.

It was observed that the addition of SF into PCL up to some extent increased Young’s
modulus to 50.4 MPa in the PS1 sample and maximum tensile stress improved to 2800
KPa. It indicates that when a specific amount of SF is added to PCL in the blend, it
improves the nanofiber’s mechanical strength. This could be resulted from the physical
interactions between the PCL and SF fibers due to the thinner SF-nanofiber membrane

formation within the thicker PCL fibers [65].

It is believed that addition of SF into PCL improves Young’s modulus, since SF increased
the stiffness and the structural integrity of the scaffolds [66]. Interestingly, PS2 obtained
a lower Young’s modulus, 36.1 MPa, and tensile stress compared to PS1. It indicates that
increasing SF content in the blend after a specific amount does not contribute to the

mechanical strength of the fibers as much.

In a similar study performed by Fadaie et al., the addition of chitosan into PCL improved
Young’s modulus of the electrospun 5.4 times, from 6.06 + 1.4 MPa to 32.9 + 4.4 MPa.
The reason for this mechanical improvement was attributed to the intermolecular
interactions between PCL molecular chains and chitosan nanofibrils which also possesses

C-N groups in its structure just like SF [67].

PS2PS1 had Young’s modulus and the maximum tensile stress of 59.8 MPa and 2450
KPa, respectively. Overall, it can be concluded that the PS2PS1 sample showed the best
mechanical performance in combination with both Young’s modulus and the maximum

tensile stress. Table 3 shows the mechanical properties of the scaffolds.

Mechanical properties of skin are widely examined in the literature and the results of the

studies vary depending on the age, sex, sample type, and the region the tissue excised.
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Meijer et al. examined the mechanical property of human forearm skin and found Young’s
modulus as 25 MPa, similar to Young’s modulus of PS2, under a uniaxial tensile test [68].
In another study, Annaidh et al. found Young’s modulus of back skin tissue of people, at
the age of 81-97 years, as 83.33 + 4.9 MPa [69]. Gallagher et al. obtained Young’s
modulus of back as between 48.4-118.2 MPa [70]. In addition, Ankerson et al. stated
Young’s modulus of abdomen skin to be 14.96 MPa [71].

Additionally, Figure 12-16 gives mechanical testing images of polymer nanofibers.
Figures showed that all samples other than SF experienced high elongation until the

break. However, SF experienced a sudden failure at around 50 sec.
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Figure 11 Stress vs. strain curve of nanofibers.
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Table 3 Mechanical properties of polymer nanofibers.

Polymer _ ) )
Young's modulus Maximum stress Maximum strain

nanofibers (MPe) (KPa) ()

PCL 10.1 1300 88
SF 64.9 1700 8
PS1 50.4 2800 85
PS2 36.1 1500 86
PS2PS1 59.8 2450 90

Figure 12 Mechanical test images of PCL after 1 sec and 50 sec.
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Figure 14 Mechanical test images of PS1 after 1 sec and 50 sec.
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Figure 16 Mechanical test images of PS2PS1 after 1 sec and 50 sec.
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2.5.Contact Angle Measurements

Hydrophobicity/hydrophilicity is a significant factor for tissue engineering products
which influences cell adhesion and consequently the cell distribution on the materials.
Hydrophilic surfaces are more favorable for cells to attach and proliferate on the substrate.
On the opposite, hydrophobic surfaces have poor cell attachment capacity and do not

support cell proliferation as hydrophilic surfaces do [72].

Hydrophilic materials allow more passage of biomolecules, nutrients, and wastes through
nanofibers leading to enhanced cellular function. The water contact angle of a sample is
measured by putting a drop of water on a sample and measuring the angle of the droplet
about the sample level. Material is considered hydrophobic if the contact angle of the
water drop is greater than 90° and it is hydrophilic if is less than 90° [73]. Figure 17

depicts the water contact angle of the six samples.

It was observed that the PCL was hydrophobic with a contact angle of 119.1 + 2.53°
(Figure 17a). On opposite, the SF sample had a contact angle of 37.9 + 4.94 ° which
makes it very hydrophilic (Figure 17b). SF is quite hydrophilic thanks to its functional
hydrophilic amide (-CONH) and hydroxyl (-OH) groups [62]. PS1 and PS2 had contact
angles of 36.7 £ 6.17 ° (Figure 17c) and 33.7 &+ 1.53° (Figure 17d), respectively. It was
expected since the PCL content of PSI is greater than PS2 which makes it more
hydrophobic. In theory, it was expected that the SF would have a smaller contact angle
compared to PS1 and PS2. However, the results show that SF had a greater contact angle
than PS1 and PS2. This could result from the surface roughness of the samples. Surface
roughness also has an impact on the hydrophilicity and with an increase in roughness, the
hydrophilicity increases as well [74]. So, it could be concluded that the surface
roughnesses of PS1 and PS2 are more than the surface roughness of the SF resulted from

fiber distribution.

The contact angle of PS2PS1 shows the second layer of the nanofibers. The contact angle
of PS1PS2 comes from PCL: SF (3:7) composition and PS2PS1 comes from PCL: SF
(7:3) composition. The contact angle of PS2PS1 was 44.3 + 0.44° (Figure 17¢). Overall,
all samples show suitable hydrophilicity to be used as a scaffold other than PCL.
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Figure 17 Contact angle of nanofibers (a) PCL, (b) SF, (c) PS1, (d) PS2, and (e)
PS2PS1.
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2.6.Pore Size and Surface Analysis of polymer nanofibers

Pore size has an important effect on cell migration and proliferation. When the pore size
is too small, cells would not be able to migrate through the scaffold which will restrict
the nutrient diffusion and waste removal from the scaffold. On the opposite, if the pore
size is too large the surface area will decrease and there will not be enough space for cells
to attach to the scaffold [75]. The pore size analysis of the scaffolds was performed with
BET analysis and the results are given in Table 4. All nanofibers had similar pore sizes of

around 17.3 A.

The surface area of samples was evaluated using the Multi-point surface area and BJH
surface area methods. From BJH analysis, the greatest surface area was PS2’s with 13.929
m?/g, and the smallest surface area was PCL’s with 1.688 m?/g. From Multi-point surface
area analysis, the greatest and the smallest surface areas belonged to PS2 with 15.637
m?*g and PCLs with 2.435 m?/g, respectively. Overall, it could be concluded that the

addition of SF into PCL increases the surface area of the scaffolds.

Chen et al. stated in one of their studies that fibers obtaining more uniform and smaller
diameters produce higher surface area-to-volume ratios. [69]. In our study, PS2 possessed
one of the lowest mean fiber diameters and the most uniform fiber diameter distributions
among the samples. This could the reason that PS2 possessed the highest surface area
among the samples. Can-Herrera et al. analyzed the impact of different voltages on fiber
surface area and diameter. They found that PCL obtained higher surface area as voltage

decreased due to the thinner fiber formation [76].

PS2PS1 had a surface area of 7.190 m?/g which is a value in between the surface area of
PS1 and PS2, as it was made up of these polymer blends layer by layer. According to pore
volume analysis, PS2 gave the greatest pore volume of 0.029 cc/g and PCL gave the

smallest pore volume of 0.004 cc/g.
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Table 4 BET analysis of nanofibers.

Polymer BJH Pore Multi-point surface
nanofiber surface area Pore volume diameter area
PCL 1.688 m?/g 0.004 cc/g 17.310 A 2.435 m?/g
SF 6.322 m?/g 0.015 cc/g 17.333 A 7.115 m¥/g
PS1 3.665 m?/g 0.007 cc/g 17.319 A 3.619 m?%/g
PS2 13.929 m?/g 0.029 cc/g 17315 A 15.637 m*/g
PS2PS1 7.190 m?/g 0.015 cc/g 17.292 A 2.917 m2/g

2.7. In vitro biodegradation analysis

Biodegradability is one of the most important properties of a scaffold which also has an
impact on the mechanical features. Scaffolds should possess an adequate rate of
biodegradability to allow the existing tissue to replace the scaffold by regeneration [77].
Table 5 gives the degradation percentage of the samples after 12 h and 24 h. Proteinase
K enzyme allows the breakdown of SF polymer chains into peptides and even into amino
acids [78]. PCL degradation by the Proteinase K enzyme occurs via the surface erosion

of the samples [79]. Figure 18 illustrates the degradation profiles of the scaffolds.

PCL did not experience a high level of weight loss where the degradation percentage was
7.5 % and 14.8 % after 12 h and 24 h, respectively. Similarly, PS1 which has the highest
PCL content in its blend showed only a moderately higher degradation rate than PCL with
12.9 % and 20.17 % after 12 h and 24 h, respectively. SF started to lose its integrity after
around 5-6 h and showed no remaining fiber with 100 % degradation after 12 h. This fast
degradation effect of Proteinase K on SF is correlated with the previous studies as it was
stated that the enzyme highly attacks peptide bonds. As Proteinase K attacks these bonds
large protein fragments are digested into smaller pieces and the PB-sheet structures are

broken into a-helices and random coils [80].

PS2 showed the second highest degradation percentage after SF as it contains the highest
SF amount among the blend scaffolds with 51 % and 23.18 % after 12 h and 24 h,
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respectively. PS2PS1 had the degradation percentages between PS1 and PS1 as they are
the half-mix of PS1 and PS2. The degradation percentage of PS2PS1 was 18.17 % and
23.18 % after 12 h and 24 h, respectively. The degradation percentage of PS2PS1 was
31.6 % and 46.17 % after 12 h and 24 h, respectively. Overall, the degradation percentage

increased with the increasing amount of SF in the scaffold structure.
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Figure 18 Degradation profiles of polymer nanofibers after 12 h and 24h.
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Table 5 In vitro biodegradation percentages of nanofibers after 12 h and 24 h.

Polymer )

Sanofiber Degradation percentage
12 h (%) 24 h (%)

PCL 7.50 £ 6.12 14.8 + 8.74

SF 100.00 £ 0.00 100.00 £ 0.00

PS1 12.93 £ 5.07 20.17 £ 0.24

PS2 51.09 +7.28 58.70 £+ 6.35

PS2PS1 31.67 £ 1.36 46.17 + 2.12

2.8. Cell Proliferation and Viability

The proliferation and viability rate of primary human epidermal keratinocyte cells (40 000
cells/nanofiber) on the PCL, SF, PS2PS1 nanofibers were assessed using calcein-AM and
EthD-1 staining (Figure 19). After 2 days, the viability of the cells improved and low cell
death was observed, indicating the cytocompatibility of all scaffolds. It was examined
that cells adhered to the fibers. At the end of the 7 days, cells kept their viability on all

scaffolds, and only a few dead cells were observed.

Figure 20 shows the XTT proliferation results of the primary human epidermal
keratinocyte cells (40000 cells/nanofiber) on nanofibers. It is observed that cells
maintained their functions on nanofibers and showed improved proliferation from day 2
to 7. PS2PS1 showed the highest proliferation compared to others. The reason could be
that since it contains both PS1 and PS2 layer by layer, the advanced properties of each
layer contributed to the cell functionality. PS1 supplied the structural strength and PS2
provided the required bioactivity, coming from SF, to the final scaffold. Overall, it could
be resulted that blending PCL with SF provided a better environment for cell proliferation

and viability.
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Figure 19 Cell Viability Test of primary human epidermal keratinocyte cells on

nanofibers.
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Figure 20 Cell Proliferation (XTT) assay of nanofibers.

3. CONCLUSION

In this study, various PCL/SF-based nanofibers were fabricated, and their characteristics
were examined such as morphology, mechanical strength, hydrophilicity, surface area,
pore size, in vitro degradation, and proliferation capacities. According to SEM analysis,
all samples showed homogenous fiber distribution without beads. SF had better thermal
stability compared to PCL and with increasing PCL content thermal weight loss of the
nanofibers increased. The tensile strength of PCL improved with the incorporation of SF
as it provided intermolecular interactions within the nanofibers. In addition, Young’s
modulus of the samples also was enhanced with the addition of SF due to the increase in
stiffness and the structural integrity of the samples. The hydrophilicity of five samples
was sufficient, with contact angles of between 33-48°, apart from PCL. Lastly, seeded
keratinocytes showed the best proliferation and viability in the PS2PS1 sample after 7

days.
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