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ABSTRACT

TOPICAL DELIVERY OF HEPARIN WITH POLYMERIC
NANOPARTICLES ON ELECTROSPUN NANOFIBERS

Akolpoglu, Duygu Deniz
Master of Science, Biotechnology
Supervisor: Prof. Dr. Dilek Keskin

Co-Supervisor: Prof. Dr. Ufuk Gundiiz

September 2019, 89 pages

Skin surrounds underlying organs and preserve the body against harmful microbial,
thermal and mechanical effects and skin damages may give rise to crucial disorders or
even death. Therefore, skin regeneration is one of the most important issues in tissue
engineering. Search on more effective biomaterials that will enhance regeneration

while enabling requirements of a healing skin site is an important issue.

In this study, heparin was encapsulated in Poly(lactic-co-glycolic acid) (PLGA)
nanoparticles (NPs) and these synthesized NPs were incorporated to Sericin/Gelatin
(Ser/Gel) nanofibers which are obtained with the electrospinning method and
evaluated for their potency for Skin Tissue Engineering (STE). Sericin and gelatin
were chosen as scaffold material to promote the regeneration of skin with these
biopolymers and maximize the water retention capacity of the scaffolds which is
important for STE. The aim of the use of HP-loaded NP is to provide rapid and

effective healing via prolonged and local release of HP in the wound area.

The loading capacity and entrapment efficiency of the nanoparticles were determined
as nearly 3% and 60% respectively. Cumulative release of HP from NPs and NP
loaded 0/1 and 1/2 Ser/Gel ratio having scaffolds in PBS (pH 7.4, 37°C) was
determined as approximately 85%, 60% and 40% over 1-week period, respectively.



Cell viability analysis for scaffolds and heparin loaded PLGA nanoparticles on L929
mouse fibroblast cell line was determined as nearly 80% and higher than 100%,
respectively. In the scope of these results, the produced NPs and NP loaded scaffolds

were ideal for STE applications.

Keywords: PLGA Nanoparticle, Heparin Delivery, Skin Tissue Engineering,

Sericin/Gelatin Electrospinning
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Oz

HEPARININ ELEKTROSPUN NANOFIBERLER ICINDEKI POLIMER
NANOPARCACIKLAR iLE TOPIKAL OLARAK SALIMI

Akolpoglu, Duygu Deniz
Yuksek Lisans, Biyoteknoloji
Tez Damismani: Prof. Dr. Dilek Keskin
Ortak Tez Danismani: Prof. Dr. Ufuk Glndiz

Eylul 2019, 89 sayfa

Deri, organlari gevreler ve viicudu zararli mikrobiyal, termal ve mekanik etkilere kars1
korur ve cilt hasarlar1 6nemli bozukluklara ve hatta 6liime neden olabilir. Bu nedenle
cilt yenilenmesi doku miihendisliginde en énemli konulardan biridir. Iyilesen bir cilt
bolgesinin  gereksinimlerini  saglarken yenilenmeyi artiracak daha etkili

biyomalzemeleri aragtirmak 6nemli bir konudur.

Bu ¢alismada, heparin, Poli(laktik asit-ko-glikolik asit) nanoparcaciklarina (NP)
yiklenmistir ve bu sentezlenen NP’lar, elektroegirme yontemi ile elde edilen
Serisin/jelatin (Ser/Gel) nanofiberlerine dahil edilmis ve Cilt Doku Miihendisligi
(STE) ¢alismalarindaki potansiyeli i¢in degerlendirilmistir. Serisin ve jelatin cildin
yenilenmesini tesvik etmek ve STE i¢in 6nemli olan tasiyicilarin su tutma kapasitesini
en Ust diizeye ¢ikarmak igin biyopolimerler olarak se¢ilmistir. HP yUKIG NP
kullantminin amaci, HP’nin yaralar veya yaniklar tarafindan deforme olan bolgede
uzun siire ve lokal olarak salimi ile hizli ve etkili bir iyilesme saglamaktir. HP, yara

tyilesme siirecinde hiicreler arasindaki kimyasal sinyallesmede rol alir.

Nanoparcaciklarin ylikleme kapasitesi ve enkapsiilasyon verimliligi sirastyla yaklagik
%3 ve %60 olarak belirlenmistir. HP’nin NP’lardan ve NP yikli 0/1 ve 1/2 Ser/Gel
oranina sahip tastyicilardan 1 haftalik siirede PBS (pH 7.4, 37 °C) igerisinde salimi
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strastyla %85, %60 ve %40 olarak belirlenmistir. L.929 fare fibroblast hiicreleri ile
PLGA NP’lar1 ve NP yiiklii iskeleleler igin hiicre canlilig1 analizi sirasiyla %100°den
fazla ve yaklasik %80 olarak belirlenmistir. Bu sonuglar kapsaminda iiretilen NP’lar

ve NP yiiklii iskeleler STE uygulamalari i¢in idealdir.

Anahtar Kelimeler: Nanopargacik, PLGA, Heparin Salimi, Deri Doku Miihendisligi,

Serisin/Jelatin Elektroegirme
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CHAPTER 1

INTRODUCTION

1.1. Skin

The biggest organ in the body is the skin and constitutes around 15% of the entire
weight of the adult body. It takes role in protection from sunlight, and microbes and
also maintaining of homeostasis and thermoregulation in the body. Furthermore, skin
prevents loss of water and enables storage of fats, water and vitamin D (Metcalfe and
Ferguson, 2007).

Skin tissue is a sensory organ since senses of heat, pressure, pain, and allergens are
perceived with it (Walters and Roberts, 2002).

Skin form from 3 layers (Figure 1.1);

o The first layer is the epidermis (stratum baseline). It is water-impermeable and
gives color to the skin. Keratinocytes and melanocytes are in this part. Epidermis
thickness is approximately 75-150 um (Goldsmith, 1991). The nonviable
epidermis, which is the outermost layer in skin, is called stratum corneum.

o Beneath the epidermis, the layer containing connective tissue is found and it is
named as the dermis. It contains, hair follicles, glycosaminoglycans (GAGS),
nerve endings glands and blood vessels. The dermis mostly consists of
extracellular matrix (ECM) formed by interwoven collagen fibrils. Most of the
ECM is generated and preserved by fibroblast cells that are the major cell type
of dermis.

e The dermis and the epidermis together are also referred to as cutis, which has a
thickness of 1.5-2.5 mm (Laurent et al., 2007).



e The subcutaneous fat under the dermis is named as hypodermis. With the help of
fat it absorbs shock an isolate the tissue (Hoffman M., 2014). It is mainly
composed of adipose cells and the thickness of this layer differs according to
the site of the body.

/ epidermis

dermis

ls
[T

L ——— hair follicle

‘____.__-—— hypodermis

\

adipose tissue

nerves

blood vessels

sweat gland

Figure 1.1. A schematic of skin structure (Metcalfe & Ferguson, 2007)

1.1.1. Wounds

Wounds can be described as internal or external damage or brake occurring in the skin
due to physical, thermal or medical impacts (Gonzalez et al., 2016). Classifications of
wounds are based on number of affected skin layers or on affected skin area. Defects
affecting the epidermis is called as a superficial wound. However, if injury influences

skin through epidermis and dermal layers, it is referred as partial-thickness wound.



Wounds penetrating to subcutaneous fat tissue and deeper layers, in addition to

epidermis and dermis, is named as full-thickness wounds (Boateng et al., 2008).

Burns are one type of wound that involve injuries occurring on the skin because of
exposure to heat, sun, or other forms radiation, chemicals, and electricity (American
Society for Surgery of the Hand, 2014). According to severity of the burns, they are

classified as below;

e 1%-degree burns occur in the epidermis and result in pain and reddening of the
epidermis

e 2" degree burns damage both epidermis and dermis layers. Generally, blisters
develop with second-degree burns.

e 3"-degree burns affect hypodermis layer of skin and cause burning of hair

follicles, sweat glands, muscles, and bones as well.

1.1.2. Wound Repair

Skin takes role as a protective barrier in the body. Loss of large part of a skin because
of the wounds or burns may give rise to crucial disorder or even death. Therefore, skin

repair is one of the most important issues in tissue engineering.

Wound healing is a complex series of events, including collaboration of several cells
to reestablish cellular homeostasis. This dynamic biochemical pathway is composed
of four overlapping but well-defined phases: hemostasis, inflammation, proliferation,

and remodeling (Figure 1.2).



Bleeding Inflammation Proliferation Remodeling
Blood clot Scab Freshly healed

/ epidermis

'

Blood vessel Macrophage Fibroblasts Freshly healed dermis
Fibroblast proliferating

Figure 1.2. Sequential scheme of the stages in tissue repair (Maynard J., 2015)

1.1.2.1. Hemostasis Phase

As soon as the injury occurs, coagulation step begins. The purpose of this step is not
only to prevent excess bleeding but also to gain a matrix for cells that will be required

in other healing processes.

Coagulation mechanism is triggered by extrinsic and intrinsic pathways to restrict
blood loss. When blood reaches the wound site, its components and platelets encounter
extracellular matrix components like collagen and this event results in clotting factor
secretion from the platelets. Blood clot that is composed of fibrin, fibronectin, and

thromboplastin, forms.

In the platelet cytoplasm, a-granules having platelet-derived growth factor (PDGF),
transforming growth factor-p (TGF-PB) epidermal growth factor and insulin-like
growth factors are present. These growth factors and cytokines take role in wound
repair by recruiting neutrophils and macrophages, endothelial cells and fibroblasts to
the wound site. Attraction of leukocytes to the wound site gives rise to starting of

inflammatory phase (Velnar, Bailey, and Smrkolj, 2009).
1.1.2.2. Inflammatory Phase

The second stage for wound repair is inflammation. At the inflammation phase, the

wound is protected from both excessive bleeding and infections. Neutrophils take role



in phagocytosis to get rid of microorganisms, impurities and destroyed tissue.
Macrophages are drawn to the wound site by cytokines such as TGF-p, leukotriene
B4 and platelet factor IV, clotting factors, products of collagen and elastin decay.
Inflammatory response acts as a reservoir of tissue growth factors, especially TGF-o,
heparin-binding epidermal growth factor, and fibroblast growth factor (FGF) so that
activates keratinocytes, fibroblasts, and endothelium cells. These leukocytes, growth
factors, and cytokines cause swelling, heat, pain, and redness that occur during wound
healing (Velnar et al., 2009).

1.1.2.3. Proliferative Phase

Proliferative phase occurs when the wound begins to heal, and new tissue forms to
rebuild the wound site (Singh, Young, & McNaught, 2017). It starts commonly on the
third day of injury and lasts for about two weeks. Several steps that can take place in
this phase are indicated below;
e Fibroblast migration is induced to the wound site by factors such as TGF-f and
PDGF
e Collagens that takes role in the intracellular matrix formation are synthesized.
e Angiogenesis that is new blood vessel formation triggered by FGF, vascular
endothelial growth factor (VEGF), PDGF, angiogenin, TGF-a and TGF-f

1.1.2.4. Remodeling Phase

New epithelial tissue formation occurs in this phase. Most of the cells effective in the
wound healing undergo apoptosis such as endothelial cells, macrophages, and
myofibroblasts. Few cells, collagen and other extracellular matrix proteins remain in
the wound area. Remodeling of collagen from type Ill to type | occurs which
strengthens the repaired tissue (Reinke & Sorg, 2012). At the end, scar tissue
formation is seen with a decreased number of cells and blood vessels in the wound

site.



1.2. Controlled Drug Delivery

Drug delivery is the method used for administration of pharmaceuticals in the needed
region of the body for therapeutic purposes within or as attached to a suitable carrier

molecule or structure.

Nanoparticles which are used as nanocarriers for drug delivery purposes can be
classified basically as liposomes, solid lipid nanoparticles, and polymer nanoparticles
(Saghazadeh et al., 2018).

Liposomes are spherical lipid bilayers which are consisting of phospholipids and

steroids.

With surfactant-stabilized lipids, solid lipid nanoparticles are synthesized. These
molecules are solid both at room and body temperatures. Its high physical stability

and biocompatibility make it preferable drug carrier.

Polymer-based nanoparticles can be used as carriers in the pharmaceutical field
because controlled release can be achieved with such drug delivery systems.
Biocompatible and biodegradable polymers are preferred for nanoparticle production
(Krishnaswamy & Orsat, 2017). Nanoparticles offer a potential strategy for targeted
delivery of therapeutic drugs by prolonging their half-life through sustained release.
Biodegradable polymer-based nanoparticles can be used to deliver the therapeutic
agent to target region, to reduce the systemic side effects of a drug, to increase the
biocompatibility of the carried agent and to increase bioavailability of the drug (Tiwari
etal., 2012).

1.2.1. Polymer-Based Drug Delivery Systems

Polymer nanoparticles can be classified as nanospheres and nanocapsules
(Viswanathan, Muralidaran, & Ragavan, 2017). While nanospheres are composed of
homogeneously distributed structure in the whole nanoparticle, nanocapsules show

core-shell structure and drug is mostly encapsulated within a polymer shell.



Examples for synthetic polymers that are used for nanoparticle production are poly-
e-caprolactone, polyacrylamide and polyacrylate, Poly(lactide-co-glycolide) (PLGA)
and Poly(lactide) (PLA). Examples for natural polymers are; aloumin, chitosan, and
gelatin (Rangari, 2015). Degradation behavior of polymers in the body can be
differentiated as; biodegradable and non-biodegradable. Biodegradable polymers are
hydrolyzed in the body and degraded to its monomers, e.g., PLGA degradation leads

to lactic acid and glycolic acid formation.

Critical parameters, such as loading of the drug into the spheres and release profiles,
which affect the properties of nanoparticles, may depend on the characteristics of the

polymer.
1.2.1.1. PLGA

PLGA is a synthetic polymer commonly used in biomedical applications owing to its
biocompatibility, biodegradability and mechanical strength (Zakharova et al., 2017).
PLGA is approved by the Food and Drug Administration (FDA, USA) for drug
delivery due to low systemic toxicity of PLGA and its degradation products compared
to other polymers. When PLGA is degraded, lactic acid and glycolic acid are formed
(Figure 1.3). These products are metabolized by participating in the Kreb’s Cycle.
Thus, they are eliminated from the body as carbon dioxide and water as a result of
biochemical activities in the cell (Muthu, 2010).

Different copolymer ratios of PLGA are named based on the ratio of lactic acid to
glycolic acid. As an example, PLGA 85:15 indicates that the copolymer is composed
of 85% lactic acid and 15% glycolic acid (Gentile et al., 2014).

In the lactic acid part of PLGA copolymer, methyl side groups are present, and this
makes it more hydrophobic than glycolic part. Therefore, PLGA copolymers having
high lactide ratio are more hydrophobic, and therefore, degrade more slowly in the
body. Since PLGA can be hydrolyzed in the body, some parameters of a copolymer
can change with time, such as the glass transition temperature (Tg), moisture content
and molecular weight (Makadia & Siegel, 2011).
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Figure 1.3. PLGA and its monomers chemical structures (Gentile et al., 2014)

There are several fabrication techniques for PLGA nanoparticle synthesis. They are
namely single emulsion solvent evaporation method, double emulsion solvent

evaporation method and spray drying method.

For water-soluble drug encapsulation, the most feasible method is water-in-oil-in-
water (w/o/w) emulsion method. In this method, aqueous solution of the drug is
prepared and then it is added to organic phase consisting of polymer solution as the
solvent (such as dichloromethane (DCM) or chloroform) by vigorous stirring to get
water-in-oil emulsion. Next, the water-in-oil primary emulsion is added to aqueous
solution of a surfactant to obtain second emulsion emulsified. The organic solvent is
then allowed to evaporate. Encapsulation efficiency and particle size depend on the
used solvents and rate of stirring (Igbal et al., 2015).


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3975359/figure/f1-ijms-15-03640/

1.2.2. Bioactive Agents Used in Skin Regeneration

Bioactive agents which are used in skin regeneration are the natural products take role
in one or more wound healing phases by improving epithelial cells proliferation, ECM
formation and recruitment of cytokines, growth factors various inflammatory

mediators to wound area (Tsala, Amadou, & Habtemariam, 2013).

Example for bioactive agents can be used in wound healing purposes; antibiotics,
growth factors, natural compounds and oxide nanoparticles (Dash & Hsia, 2019) Also,
heparin can be thought as a bioactive agents for skin regeneration since they have
significant biological activity as co-receptors for a variety of growth factors,

cytokines, and chemokines in wound healing processes (Khurshid & Pye, 2018).
1.2.2.1. Heparin

Heparin is a molecule having the highest known negative charge density among
biological molecules. It is a highly sulfated glycosaminoglycan (SGAG) and has been
widely used as a anticoagulant (Saliba, 2001) (Figure 1.4). GAGs take role in signaling
in the wound healing process by stimulating cell differentiation, migration,
proliferation and arrangement, and maintenance of extracellular matrix formation.
GAGs boost these features by binding and regulating several cytokines, growth
factors, and chemokines such as heparin-binding growth factors, proteolytic enzymes,
and protease inhibitors (Olczyk, Mencner, & Komosinska-Vassev, 2015). Heparin
relieves pain, prevents clotting and inflammation, improves blood flow and
accelerates healing. In nature, heparin produced in the body of mammals by basophils

and mast cells and it can be found in various sizes (Rosenberg & Lam, 2006).



Figure 1.4. Chemical structure of heparin ((Nurunnabi et al., 2017)

Due to the specific physicochemical properties of heparin, it is the most suitable
treatment for the patient with parenteral routes, but due to the low half-life, it is
eliminated in a short time. For this reason, free heparin drugs should be administered
in every two hours in the hospital, and this is not a practical solution according to
current technology (Radivojsa, Grabnar, & Grabnar, 2013). The low half-life and

frequent application to the patient also cause systemic side effects.

Topical application of heparin has great importance in terms of decreasing the
systemic side effects and increasing the compliance of the drug to the patient. The
properties of heparin that is topically administered to the patient are lined up below
(Song & Kim, 2006);

* has anti-inflammatory feature,

* pain killer and protect cells,

* promotes neoangiogenesis,

* reverses stasis (deceleration of blood flow),
* promotes epithelialization,

* provides collagen restoration,

* has anticoagulant properties,

« improves the quality of the skin.
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Mediation of in vitro impacts of growth factors that take role in tissue repair can be
done by heparin. That is; heparin has beneficial effects on basic fibroblast growth
factor (bFGF), vascular endothelial growth factor 1 mediation and fibroblast
proliferation and growth factor-beta 1 (TGF- 1) (Lin, Fabbi, & Driver, 2011)

In the study that is published by Liu et al., heparin containing hydrogels showed
recruitment of bFGF to the wound site (Liu et al., 2007). In another in vitro study,
expression of bFGF and TGF-B1 are induced by heparin on human fibroblasts (Carroll
& Koch, 2003).

Since heparin takes role in the proliferation of several cell types, it helps wound
healing. Owing to advances in nanotechnology, nanoparticles offer a potential strategy
for targeted delivery of heparin on wound or burn site and with this application

prolonging of half-life of heparin is possible through sustained release.
1.3. Wound Dressings

Previously, gauze has been used to cover wounds as then, dressings have been
considered only to create a moist environment, and to supply best conditions for
wound healing. However, gauze dries with time and can cause tissue damage when it
is removed. On the other hand, wound dressings are preferred to protect the wound
site from microorganisms and sunlight as well as supporting homeostasis in the body,
maintain moist environment and gaseous exchange of skin. These properties of
occlusive dressing to contribute increase in cell proliferation and retaining wound site
in optimal condition (Jones, Grey, & Harding, 2006). Moreover, in recent years,
wound dressing materials are designed to deliver drugs, growth factors or cells directly

to the region of wound (Ovington, 2007).

The dressing is intended to be in contact with the wounds. When the wound is enclosed
with dressing, proteinases, supplement, and growth factors are persistently presented
to wound sites. Wound dressing assists in more rapid re-epithelialization, collagen

production, increase in angiogenesis by creating hypoxia at the injury bed. Wound bed
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pH goes down so that decline in the contamination of injured site can occur (Dhivya,
Padma, & Santhini, 2015).

1.3.1. Important Features for Wound Dressings

Wound dressing choice should be made regarding to its properties. Some of the

properties, that ideal wound dressing should have, are listed below;

Having an ability to maintain moist environment at the wound site (Sarababhi,
2012)

Capable to keep body temperature at the desired range to enhance blood flow
in the wound area (Sood, Granick, & Tomaselli, 2014)

Improving epidermal cells migration to the wound bed (Jones et al., 2006)
Supporting angiogenesis and promoting connective tissue (Dhivya et al., 2015)
Being sterile, non-toxic and non-allergenic (Dhivya et al., 2015)

Being removed easily after healing and should not adhere to wound (Dhivya
etal., 2015)

Providing gaseous exchange between wound and atmosphere (Dhivya et al.,
2015)

Having antibacterial property (Dhivya et al., 2015)

Protecting the injury site from further trauma (Dhivya et al., 2015)

1.3.2. Types of Wound Dressing

It is important to select appropriate wound dressing type according to the features of

the wound, such as depth and cause of damage, bacterial profile of surrounding and

stage of wound repair (Dhivya et al., 2015). Various wound dressing types are given
in Table 1.1.
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Table 1.1. Types of the wound dressing (Zahedi et al., 2010)

Wound

) Properties Example
dressing type

e Made up of cotton, rayon or

polyesters
o e Protect the wound site from )
Traditional o ] gauze, lint,
) bacterial infections
wound dressing plasters, bandages

e Require frequent changing
e Adhere to the wound and damage

wound bed

e Restrict dehydration and promote

_ healing Semi-permeable
Interactive .
. e Actas a barrier to resist bacterial | films, amorphous
wound dressing
penetration into the wound hydrogels

environment

e Promote cell attachment and cell
proliferation (Zhou et al., 2008)
e Have biocompatibility, highly

] biodegradability nature collagen, HA, CS,
Regenerative _
) e Fill the wound site (Dabiri, alginate, and
wound dressing )
Damstetter, & Phillips, 2016) elastin

e Composed of active ingredients,
such as antimicrobials and

antibiotics
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1.4. Electrospinning

Electrospinning is a widely used method for fiber fabrication because it is a practical,
robust and cheap technique that allows producing thin fibrous structures from several
polymers and composite materials (Bhardwaj & Kundu, 2010). With electrospinning,
it is achievable to have fibers with high surface-to-volume ratio and this makes it a
suitable choice for 3D engineered-structures. Electrospun fibers have diverse
application areas, such as drug delivery, tissue engineering, biosensors, medical
textiles, cosmetics, enzyme immaobilization and wound dressings (Agrahari, Agrahari,
Meng, & Mitra, 2017).

¢
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Figure 1.5. Schematic illustration of electrospinning set-up ( Panda H., 2009)

Electrospinning is the application of electrostatic forces on a dissolved polymer

solution to generate stable polymer fibers.

During electrospinning, a polymer solution in syringe is connected to high voltage
power supply and a syringe pump directs the polymer solution to spinneret (Figure
1.5). The basics behind this process are that formed electric charges in polymer

solution produces a force that resists the surface tension, and this results in movement
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of polymer solution in the direction of electrical field (Adnan, Sajjad & Kanga, 2015).
Therefore, fibrous structure forms on a grounded collector while the solvent

evaporates (Bognitzki et al., 2001).

Even though electrospinning is a relatively simple method compared to other scaffold
construction methods, parameters related to experimental set-up and conditions should

be tailored to get fibers in a desired size and morphology (Sill & Recum, 2008).
1.4.1. Parameters Affecting Electrospinning Processing

Several parameters affect the morphology and characteristics of produced fibers.
Smooth and bead-free fibers can be obtained by optimization of the parameters.
Factors affecting electrospinning can be separated into three as; electrospinning set up

variables, polymer solution properties, and environmental conditions.
1.4.1.1. Electrospinning Set-up Variables

Spinning voltage, flow rate and distance between tip and collector are among the
important parameters that need to be optimized. For example, when the applied
voltage is increased, fiber diameter decreases up to a critical point. At too high
voltages bead formation can occur. At lower flow rates generally formed fibers are

bead-free and with smaller diameters (Deitzel et al., 2001).

The other important variable affecting nanofiber morphology is a distance between tip
and collector because distance influences deposition of polymer on the collector,

evaporation of solvent and bead formation in fibers (Haider, Haider, & Kang, 2018).
1.4.1.2. Polymer Solution Properties

Polymer solution properties are affected mostly from the solvent choice. Dielectric
constant, density and boiling point of solvent are significant parameters to prepare fine
electrospun fibers. High density and volatility of the solvent lead to decrease in fiber
diameters (Wannatong, Sirivat, & Supaphol, 2004). The boiling point of the solvent is

the determinant of volatility. Volatile solvents are generally preferred for rapid

15



dehydration of the solution before reaching to the collector, however, highly volatile

solvents can result in plugging at the tip of the syringe and block the process.

Solution viscosity is directly proportional to polymer solution concentration and
molecular weight of polymer (B. S. Gupta & Moghe, 2013). Hence, when
concentration of the polymer solution (thus viscosity) increases, chain entanglements
in polymer solutions occur and it becomes easier to cope with the surface tension.
Viscosity/concentration increase results in beadless and uniform electrospun
nanofibers up to specific value. In general, polymers having higher molecular weight
form less number of beads on fibers since large number of entanglements of polymer

chains occur in solution (Wei, Tao, & Xu, 2012).

The effect of electrical conductivity on the fiber characteristics generally noted as an
increase in the conductivity of the solution leads to a significant reduction in the
diameter of the nanofiber. The reason for this situation is that when voltage is applied
a solution having high electrical conductivity is exposed to a high tensile force and as

a result decrease in fiber diameter occurs (Pillay et al., 2013).

1.4.1.3. Environmental parameters

Environmental conditions such as temperature, relative moisture, and vapor pressure

also influence fabrication of fibers and fiber properties (Megelski et al., 2002).

High ambient temperature causes decreas in both viscosity and surface tension but
increases solvent evaporation and these parameters work oppositely. However, studies
showed that rise in temperature leads to decrease in the mean fiber diameter if there is

balance between these parameters (De Vrieze et al. 2009, Yang et al. 2017).

Effect of relative humidity on diameter size of nanofiber depends on characteristics of
the used polymer. However, relative humidity increase can result in the formation of
pore on the fabricated fibers (Megelski et al., 2002).
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1.4.2. Sericin

Silk is composed of fibroin and sericin proteins. Sericin is a biopolymer found in the
cocoon of the silkworm, Bombyx mori. Sericin can be used as a glue and it connects
fibroins to each other. Sericin contains mostly serine, aspartic acid, glycine and
threonine in its structure as amino acid so that it is water-soluble. Amino acid

composition in sericin protein is shown in Table 1.2 (Wang & Zhag, 2011).

Table 1.2. Amino acid composition of sericin (Wang and Zhag 2011)

Amino Acid Mol % of amino acids found in
sericin
Alanine 6.70
Valine 4.05
o Leucine 1.49
& 8
g & Isoleucine 1.02
c o
o S
z g -
IS Phenylalanine 0.67
Methionine 0.31
Proline 0.81
Glycine 17.85
5 Serine 25.50
g
e Threonine 7.47
-
g Tyrosine 3.10
o
Cysteine 0.38
T o Aspartic acid 18.38
8 5
o G . .
o Glutamic acid 5.74
o Lysine 2.08
3 —
. Arginine 3.12
i
o
o Histidine 1.32
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Several properties of sericin are indicated in Table 1.3.

Table 1.3. Properties of sericin (Ersel et al. 2016)

Properties of Sericin

o UV resistance

o antioxidation

o moisture absorbance

o biocompatibility

o proliferation-promoting effects
o natural cell adhesive property

o low immunogenicity

Sericin protein feature in wound healing through four mechanisms (Qi et al., 2018);

e prevents infection while wound healing;

e stimulates VEGF and EGF expression and accordingly promote angiogenesis
e regulates TGF-B1 and TGF-B3 expression so reduce scar formation

e enhances stem cell migration to injury sites and also helps regeneration of new

tissue

Sericin is a very attractive protein to use in broad variety of applications because of
its preferable properties. It is widely preferred in various research areas such as drug
delivery, pharmaceuticals, food engineering, tissue engineering, and regenerative
medicine (Ahsan et al., 2018). Because of its capability to stimulate skin regeneration
and dermal wound healing, it is one of the most effective candidate polymers for
wound dressing applications. Furthermore, these feasible properties of sericin can be
enhanced by blending it with other polymers (Kundu et al., 2008). Several examples

for sericin containing wound dressing studies are summarized in Table 1.5.
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1.4.3. Gelatin

Gelatin (GE) is a protein obtained by hydrolysis of native collagen that is found in the
skin, bone, and cartilage tissues. GE is less immunogenic compared to collagen. It has
cationic, anionic, and hydrophilic functional groups (Zhu & Marchant, 2011). The
protein content of porcine skin gelatin is shown in Table 1.4 (Nhari et al., 2011).
Because of its biodegradability, biocompatibility and low cost, GE is mainly preferred

in the pharmaceutical and biomedical applications.

Two main functional properties of gelatin are; its gelling and surface properties.
Gelation of gelatin is about the reverse of coil-to-helix conformation change. When
temperature of solution drops below 30 °C, helices form, equilibrium is lost, therefore,

gelatin gels can melt at high temperatures (Balusamy, Senthamizhan, & Uyar, 2017).

Crosslinking of GE affects material mechanical and physical properties such as;
thermal properties and swelling characteristics. Commonly, GE is known for its ability
to form film. Nevertheless, it does not seem capable to form fibers with conventional
spinning methods. Fine, nanosized fibers can be achieved with electrospinning method
(Zhang et al., 2006).

19



Table 1.4. Porcine skin gelatin amino acid composition (Raja Nhari et al., 2011)

Amino Acid The number of amino acid residue
found in per 1000 residue
Alanine 80
Valine 26
Leucine 29
(&]
5 8
S & Isoleucine 12
S 2
23
< Phenylalanine 27
Methionine 10
Proline 151
Glycine 239
e
S
P Serine 35
c
[&)
c
2 Threonine 26
©
I
D_ -
Tyrosine 7
Aspartic acid 41
[ [&]
8 5
o ‘o
o w© Glutamic acid 83
Lysine 27
.
. Arginine 111
©
g
Histidine Not detected

1.5. Electrospun Nanofibers as a Wound Dressing

Nanofibrous dressings are widely preferred due to similarity to the natural
extracellular matrix (ECM). High porosity and high surface area-to-volume ratio of
electrospun nanofibers make them a suitable material for wound healing applications

(S. Chen et al., 2017). Porosity is important since smaller pore sizes can restrict
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bacterial invasions. The high surface-area-to-volume ratio of fabricated material

enables cell attachment, enhances epithelial cells proliferation and differentiation

(Zafar et al., 2016).

Furthermore, it is possible to construct nanofibers from the combination of different

synthetic and natural polymers with a simple and facile way with electrospinning

compared to phase separation or self-assembly techniques which are other fabrication

methods commonly used for polymer materials (Haider et al., 2018).

Usage of natural polymers increases interaction of the constructed material with

biomolecules involved in the healing process. The studies, including sericin and

gelatin natural polymers, are summarized in Table 1.5.

Table 1.5. Wound dressing systems composed of natural polymers

Materials Structure Properties References
(Pankaew, White, &

Sericin/Chitosan Film protection from ultraviolet light Naemchanthara,
2015)

PVA/Chitosan/ Sericin

Nanofibrous Matrices

cytocompatible and
hemocompatible, minimize
infection and inflammation

(Sapru et al., 2018)

antioxidant properties and enhance
the thickness of epidermis and

proliferation

Silk Sericin Gel . L (Ersel et al., 2016)
increase vascularization in wound
area
increased antioxidative effect and

PVA/ Sericin Nanofibrous Matrices | improve fibroblast cells (Ersel et al., 2016)

Sericin/Collagen

Nanofibrous Matrices

enhanced oxygen permeability,
cellular attachment, and
antibacterial properties

(Akturk et al., 2011)

improved oxygen permeability by

I/Chondroitin 6-
Sulfate

Powder/Gelatin Paste

improvement of blood vessel
formation

Cellulose/Gelatin Hydrogel ; (Pei et al., 2015)
macro- and micro-porous structure
- . . improved cell attachment and cell (Mandal, Priya, &
Sericin/Gelatin Film viability reduced immunogenicity Kundu, 2009)
Gelatin/Collagen Type Dermis the proliferation of fibroblasts and

(Jang et al. , 2018)

Chitosan-Gelatin

Sponge

rapid wound healing and
antibacterial properties

(Deng et al., 2007)
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1.6. Aim of the Study

In this study, it is aimed to construct scaffolds composed of sericin and gelatin
polymers in the form of electrospun fibers carrying heparin-loaded nanoparticles via
wet electrospinning technique for skin tissue engineering applications. Heparin (HP)
is encapsulated in Poly(Lactic-co-Glycolic Acid) (PLGA) nanoparticles (NPs) and
these synthesized NPs were incorporated to electrospun sericin/gelatin composite

nanofibers for better management serious skin injury/illnesses (Figure 1.6).

The purpose of the study was to develop a new wound dressing that can enable rapid
and effective healing in the region that has deformed by wounds or burns. While
recruiting of growth factors and cytokines to wound area with the help of heparin,
promoting the regeneration of skin with natural polymers (gelatin and sericin) at the
wound site is expected. In this study, electrospun fibers were obtained for the first
time with sericin and gelatin. Also, decreasing side effects of heparin on healthy
tissues and systemic circulation with the controlled local release was aimed.
Crosslinking of sericin/gelatin composite material was performed to augment
mechanical strength and to enhance durability of the developed wound dressing

through healing period.

Electrospun
Ser/Gel Fibers

PLGA
Heparin

Figure 1.6. Schematic representation of Ser/Gel nanofibers containing HP-loaded NPs.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

For empty and heparin loaded PLGA nanoparticle synthesis: PLGA (75:25), MW:7-
14 kDa was bought from Boehringer Ingelheim (Germany). Hot water soluble

Poly(vinyl alcohol) (PVA) was purchased from Sigma-Aldrich (USA). Heparin
sodium salt from porcine intestinal mucosa (Grade I-A, >180 USP units/mg) was
purchased from Sigma-Aldrich (USA). Dichloromethane (DCM) was the product of
Merck (Germany)

For Electrospun scaffolds: Dry sericin was obtained from Kirman iplik Limited

Company (Bursa, Turkey). Type A gelatin, from porcine skin was bought from Sigma
(Germany).

For in vitro cell culture analysis: Dulbecco’s Modified Eagle’s Medium (DMEM) high

glucose (4.5 g/L) with L-glutamine, heat inactivated fetal bovine serum (FBS), trypsin
EDTA and penicillin/streptomycin were purchased from Biochrom (Germany).
Dimethyl sulfoxide (DMSO) was supplied by AppliChem GmbH (Germany).
Thiazolyl blue tetrazolium bromide (MTT bromide, approx. 98 % TLC) and trypan
blue solution (0.4%) were purchased from Sigma-Aldrich Chemie GmbH, Germany.
Alamar Blue cell viability reagent was bought from Invitrogen by Thermo Fisher
Scientific (Oregon, USA).

For Heparin detection and release experiments: Dimethyl methylene blue (DMMB)

was obtained from Aldrich (Germany). Glycine electrophoresis purity reagent was
purchased from Bio-rad (Hercules, CA). Sodium chloride and glacial acetic acid used
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for DMMB assay were bought from Merck. Cell culture inserts for 24-well plates was
bought from Thermo Fisher (USA).

2.2. Methods

2.2.1. Preparation of Heparin-Loaded Polymer Nanoparticles

In this study, double emulsion (w/o/w) and solvent evaporation method was used to
prepare polymeric NPs (Igbal et al., 2015) (Figure 2.1). The prepared 4500 1U/mL
aquous solution of Heparin sodium was added to 2 mL 5% PLGA solution in DCM
and sonicated for 60 sec. to form the first emulsion; water/oil (w/o) phase by
ultrasonicator with 20% amplitude. After adding 10 mL aqueous PVA solution (3%
w/v) to this mixture, solution was sonicated for 90 sec to obtain 2" emulsion
(water/oil/water, w/o/w). The resulting emulsion was diluted with PVA solution (0.3%
w/v) and allowed to evaporate the organic solvent for 4-5 hours under mechanical
stirring with a rotation speed of 1000 rpm. After removal of the organic solvent, the
NPs were washed three times with distilled water and collected by centrifugation
(10000g, 20 min.). They were then freeze dried with Labconco Freeze Dryer (Kansas,

USA) and stored at desiccator at 4 °C until use.

For the synthesis of empty PLGA NPs, same were followed, except administration of
heparin sodium salt to PLGA solution in DCM.

Hep.arin PLGA in DCM Surfactant
Sodium & (3 % PVA)

LI

0,3 % PVA

First Emulsion Second Emulsion Evaporation

Figure 2.1. Synthesis of PLGA nanoparticles with double emulsion solvent evaporation method

24



2.2.2. Determination of Heparin Loading and Encapsulation Efficiencies of

Nanoparticles and Investigation of Heparin Release Profiles

NPs were centrifuged for 20 min. at room temperature immediately after solvent
evaporation. The amount of drug that was loaded into nanoparticles was determined
indirectly by measuring the amount of free HP present in the collected aqueous phase

after centrifugation of the drug loaded nanoparticles.

Calibration curve with Dimethylmethylene Blue (DMMB) was conducted to calculate
the concentration of the unentrapped heparin. Working principle of the 1,9-
dimethylmethylene dye is based on formation of changes in dye color when dimer of
the dye and sulfated GAGs’ polyanion formed ionic interaction (Templeton, 1988).
DMMB Assay was done with the protocol performed by Thomas and Gesteira
(Coulson-Thomas & Gesteira, 2016). 20 ul heparin sodium solution having different
concentrations were mixed with 200 ul DMMB dye solution in 96 well plate.
Absorbance measurements was done at 525 nm by using SpectraMax iD3 Multi-Mode
Microplate Reader from Molecular Devices LLC (California, USA).

Heparin encapsulation efficiency was calculated to determine the percentage of
heparin entrapped in the polymeric NPs with respect to theoretical value. Loading
capacity of the NPs was determined to show the amount of heparin (IU or mg) loaded
per g of polymer. Determination of percent entrapment efficiency (EE%) and loading

capacity (LC) were performed by using formulas below;

Weight of drug added—Weight of unentrapped dru
EE % = g f g : g f pp g * 100
Weight of drug added
LC = Weight of drug added—Weight of unentrapped drug

Weight of drug added+Weight of polymer

In vitro release analysis was performed by the dialysis method. 5 mg heparin loaded
nanoparticles were placed into a dialysis membrane with 14,000 molecular weight cut
off. Dialysis was done against 4 mL phosphate-buffered saline (PBS, pH 7.4, 0.1 M)

solution by stirring it at 37°C in a water bath. Release samples were taken at 1, 2, 6,
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12 and 24 hours for the first day and the samples were taken at second, third and
seventh days. The amount of released heparin was determined using the standard curve
of heparin in PBS (pH 7.4, 0.1 M) by using DMMB assay.

2.2.3. Investigation of Physicochemical Properties of Heparin Loaded

Nanoparticles
Severel methods were used for the characterization of synthesized nanoparticles.

2.2.3.1. Fourier Transform Infrared (FTIR) Spectrometer Measurements

Chemical properties of nanoparticles were determined by Fourier Transform Infrared
(FTIR) spectrometer (Bruker IFS 66/S FTIR) in Center of Excellence in Biomaterials
and Tissue Engineering (BIOMATEN) at METU (Ankara, Turkey). It was performed
by mixing nanoparticle powder with a ratio of 10% (w/w) with KBr powder and
followed by crashing in a mortar. Then discs of the mixture were prepared and
analyzed. The analysis was performed in wavenumber range 400- 4000 cm™, with a

resolution of 4 cm™.

2.2.3.2. Scanning Electron Microscopy Analysis

With scanning electron microscopy (QUANTA 400F Field Emission SEM)
examination, it was aimed to investigate the shape and morphology of the
nanoparticles. Gold coating was conducted before SEM analysis in METU Central

Laboratory (Ankara, Turkey).

For determination of diameter distribution of NPs, histogram images were formed by
using ImageJ 1.x image processing program. Diameters of approximately 200 NPs

were measured.

2.2.3.3. Zeta Sizer and Zeta Potential Measurements

During size measurements of the NPs by Zeta sizer (MALVERN Nano ZS90), the

zeta potential measurements were also performed to determine the surface charge and
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electrostatic potential on the surface of the nanoparticles in METU Central Laboratory
(Ankara, Turkey).

2.2.4. Investigation of in vitro Biocompatibility: Cell Viability Tests of Heparin,
and Heparin-Loaded Nanoparticles

L929 fibroblast cells were grown in high glucose-DMEM medium supplemented with
10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin solution. Cells grown
on T-75 cell culture plates were passaged using trypsin-EDTA under sterile laminar
flow when the cells reached 80% confluency. Cells were incubated at 37°C in an

incubator with a humid atmosphere of 5% CO:..

1.929 cells were seeded to 96-well plate at a density of 1x10* cells/well and incubated
at 37 °C in carbon dioxide incubator. For dose dependent effect of heparin on cell
viability different doses of free heparin (1-200 1U/ml) were added to each well and
viability results of cells were determined after 24, 48 and 72 hours by using MTT cell

proliferation reagent.

To the nanoparticle treated cells, a modified cell culture study was applied.
Proliferation of cells treated with heparin loaded NPs and empty NPs was determined
by using cell inserts (Figure 2.2). L929 cells (200000 cells/well) were seeded on 24
well plates and 5 mg heparin loaded nanoparticles or empty nanoparticles were placed
on inserts. Measurement of cell viabilities was performed with Alamar Blue Assay at
24, 48 and 72 hours.
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Nanoparticles

1929 cells

Figure 2.2. Illustration of cell viability analysis by using cell inserts

2.2.5. Preparation of Skin Tissue Engineering Constructs

2.2.5.1. Optimization of Electrospinning Process for Sericin/Gelatin Nanomats

In the preparation of skin tissue engineering construct and carrier of nanparticles,
sericin and gelatin biopolymers were used. Polymer solutions were converted to
fibrous matrices via electrospinning process. Shematic representation of wet

electrospinning mechanism is given in Figure 2.3.

Electrospinning operation is based on the formation of electric field between the tip
of syringe for pumping polymer solution and the collector, on polymer solution by
high voltage source. Gamma High Voltage Source ES30 (Gamma High Voltage 25
Research, Inc., Florida, USA) was used for electrical field formation. Other materials
were NE-1000 syringe pump (New Era Pump Systems, Inc., New York, USA) and
plexiglass cabinet made up of Poly(methyl methacrylate) (PMMA).

Basically, after polymer solution was drawn into syringe, it was inserted in syringe
pump. While power supply was connected to the needle of the syringe, aluminium foil

covered collector was grounded for conventional electrospinning process (

Figure 2.4). Even though the experiments conducted in this study have begun with

conventional electrospinning, because of easy collection of electrospun fibers from
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collector containing liquid, the experiments were continued with the wet

electrospinning.

Electrospinning set-up located in vertical position were preferred for wet
electrospinning process. Fibers were collected on petri dish, that was filled with
absolute ethanol, reside on custom-made rotational collector stand (Figure 2.5).
Fabricated scaffolds were lyophilized via freeze-drier (Labconco Corporation, Kansas
City, USA) after freezing at -80 °C for storage.

Syringe pump

» Polymer solution

\"._ Spinneret «

™~ . Fibers

A

Collector: petri dish, filled [7__ \O o |
with absolute ethanol — o

ﬁc—>

High Voltage Source

Figure 2.3.Shematic representation of wet electrospinning mechanism
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Figure 2.4. Conventional electrospinning set-up

Figure 2.5. Wet electrospinning set-up
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For optimization of electrospinning of sericin/gelatin solutions, different
concentrations of both polymers were mixed to achieve optimum fiber conformation.
Distilled water, 10% acetic acid and 20 % acetic acid were tested for conventional
electrospinning (Table 2.1). For wet electrospinning studies, 10% acetic acid and 20%
acetic acid and 20% acetic acid solution having 5% DMSO were used to dissolve both
sericin and gelatin polymers. Table 2.2 shows the solutions that were investigated in

sericin/gelatin electrospinning experiments.

Table 2.1. Composition and concentration of solutions that were tested in conventional electrospinning

Group Solvent Total Polymer | Sericin/Gelatin
No: Concentration Ratio
(%) (wiv)

1 Distilled water 20 1/1
2 Distilled water 30 1/2
3 Distilled water 30 2/1
4 Distilled water 40 2/1
5 Distilled water 40 3/1
6 10% Acetic acid 20 2/1
7 10% Acetic acid 20 1/2
8 20% Acetic acid 20 1/2
9 20% Acetic acid 20 2/1
10 20% Acetic acid 20 0/1
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Table 2.2. Composition and concentration of solutions that were tested in wet electrospinning

Group Solvent Total Polymer | Sericin/Gelatin
No: Concentration Ratio
(%) (wiv) (wiw)
1 10% Acetic acid 20 1/2
2 20% Acetic acid 20 0/1
3 20% Acetic acid 20 1/2
4 20% Acetic acid 10 1/2
5% DMSO
5 20% Acetic acid 20 2/1
5% DMSO
6 20% Acetic acid 20 1/2
5% DMSO
7 20% Acetic acid 20 0/1
5% DMSO
8 20% Acetic acid 20 1/7
5% DMSO
9 20% Acetic acid 20 1/3
5% DMSO

The best solvent system for electrospinning of Sericin:Gelatin polymer mixture was
determined as 20% Acetic Acid and 5 % DMSO containing aqueous solution. 20 wt
% was chosen as a total polymer concentration for fibrous matrix formation. For the
following experiments, it is decided to continue with groups having Sericin/Gelatin
ratio 0:1, 1:2, 1:3 and 1:7. Optimum electrospinning conditions for selected groups
were determined with several trial of different parameters on group having 1:2
Sericin/Gelatin ratio which were voltages (kV), syring pump rates (mL/hr) and

spinneret and collector distances (cm) (Table 2.3).
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Table 2.3. Electrospinning conditions for selected polymer concentration

Condition Voltage (kV) Rate (mL/hr) | Distance between spinneret
No and collector (cm)
1 15 2 10
2 18 2 10
3 20 2 10
4 20 3 10
5 20 4 10
6 20 2 15

2.2.6. Preparation of Nanoparticle loaded Gelatin/Sericin Skin Tissue

Engineering Constructs

HP loaded nanoparticles were incorporated into fiber stuctures of scaffolds by adding
them in gelatin/sericin solution before electrospinning. Distilled water, 10 % acetic
acid and 20 % acetic acid and 20 % acetic acid solution having 5 % DMSO solvents
that were used in optimization studies of polymer electrospining were also tested to
check dissolution of heparin loaded PLGA nanoparticles as this might disturb final

aimed design of the scaffolds.

Loading of nanoparticles in fibers were performed by adding newly synthesized NPs
after washing and resuspending in distilled water to the polymer solution at a weight
of 20%. The best conditions for electrospinning of nanoparticle incorporated
gelatin/sericin aquous solution were decided according to previous observations on

sericin/gelatin nanomats production.
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2.2.7. Crosslinking of Scaffolds

Basically, aldehyde group in GTA is reactive towards g-amino groups of lysine
residues of proteins. Therefore, aldimine linkage (CH=N) formation occurs after GTA
crosslinking (Nguyen & Lee, 2010).

Crosslinking with glutaraldehyde (GTA) was performed since gelatin and sericin are
water-soluble materials. All Ser/Gel samples were weighed before immersing to
crosslinker solution. GTA solution was prepared at 5 % concentration in water. The

samples were exposed to 5 % GTA for 2 hours.
2.2.8. Characterization of Scaffolds
2.2.8.1. Scanning Electron Microscopy (SEM)

SEM was used to investigate the morphology of scaffolds. Fiber homogeneity in terms
of size and shape and their diameters were determined using SEM examination of
selected groups. Scaffold structures were examined by Quanta 400F Field Emission
SEM device (FEI, USA) between 500 V and 30 kV in Central Laboratory at METU
(Ankara, Turkey). Gold coating was performed before the analysis.

2.2.8.2. Fourier Transform Infrared Spectroscopy Analyses

FTIR analyses were performed to investigate incorporation of NPs into scaffolds by
Bruker IFS 66/S in Central Laboratory at METU (Ankara, Turkey). The analysis was

performed in wavenumber range 400- 4000 cm®, with a resolution of 4 cm™,
2.2.8.3. Degradation Study

For degradation studies, selected groups of NP incorporated and not incorporated
scaffolds (n=3) were cut into pieces with 5 mg weight and each was incubated in 2
mL phosphate buffered saline (PBS, 0.1 M, pH 7.2) solution at 37°C in water bath
(Nive Bath NB 5, Turkey) for 7 days. To determine the weight loss in the PBS
solution, dry weights of the samples were determined at the end of each time period
(1, 3,7, 14 and 21 days).
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Weight loss percentages were calculated using the formula;

WEWE 100
Wi

Weight loss % =

Wy; dry weight of scaffold at time point, t (g)
Wi; initial weight of the scaffold (g)
2.2.8.4. Water Absorption Analysis

General gravimetric method was used to determine water absorption of constructs
(Akturk et al., 2011). The preweighed scaffold pieces (5-8 mg) were immersed in PBS
(pH 7.4, 0.1 M) and incubated at 37 °C water bath (Niive Bath NB 5, Turkey). At 1%,
3 and 7" days, scaffolds were removed from the PBS and excess liquid on them was
eliminated by touching filter paper and wet weight of the membranes were measured.
The swelling degree was calculated by using following formula (Tanodekaew et al.,
2004);

. Wy — W
Swelling Degree = —~—4
Wa

W, = wet weight of scaffold
W, = dry weight of scaffold
2.2.9. Heparin Release Studies from Scaffolds

Release analysis were performed with 5 mg NP loaded scaffolds having 0/1 and 1/2
Ser/Gel ratio. Samples were placed into a dialysis membrane with 14,000 molecular
weight cut off. Scaffold dialysis was performed against 2 mL PBS (pH = 7.4, 0.1 M)
solution by stirring it at 37°C in a water bath. Release samples were taken at the same
time periods as the release results taken from NPs (1, 2, 6, 12, 24 48, 72 and 168

hours).

The amount of released heparin was calculated from the standard curve of heparin in
PBS (pH 7.4, 0.1 M) by using DMMB assay.
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2.2.10. Cell Viability Assays for Constructs on Fibroblast Cell Line

L929 fibroblast cells were grown in DMEM medium supplemented with 10% fetal
bovine serum (FSS) and 1% penicillin-streptomycin solution. Cells culture conditions

were carried out as explained before in Section 2.2.4.

Cell attachment and proliferation on scaffolds were determined by Alamar Blue Assay
(Invitrogen, USA). It is based on reduction of Alamar Blue, or resazurin salt with
cellular metabolic activities. Reduced form of it is called resarufin which is

excessively fluorescent and indicate cell viability quantitively.

Before cell viability analysis, NP-incorporated scaffolds were sterilized with alcohol
and UV light exposure for one hour for each site. Scaffolds (n=3) were cut into pieces
of 4 mm in diameter and placed on non-treated 96 well plates. Cells were seeded on
scaffolds at a concentration of 1x10* cells/scaffold. After cells seeded on scaffolds,
they were incubated in a carbon dioxide incubator (37°C, 5% CO>) (Shel Lab 5215,
California, U.S.A.). As a control groups, scaffolds having 1:2 and 0:1 Ser:Gel ratio

were analyzed for cell viability measurements.

Cell viability analyses with Alamar blue were performed at the end of 1%, 3, and 5"
days of incubation. To perform Alamar Blue assay, the cell culture medium was
removed, and the scaffolds were washed with PBS (0.1 M, pH 7.4). Alamar blue
solution (10% alamar blue and 90% DMEM without phenol red) was added to each
well and incubated at dark for 4 hours. Absorbances of reduced solutions were
obtained at 570 nm and 600 nm via microplate reader (SpectraMax iD3 Multi-Mode
Microplate Reader, USA). As negative control, cell culture media containing

alamarBlue was taken.
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Percentage reduction of Alamar Blue can be calculated as indicated below formula;

(02%41) - (01" As)

(Rl * NZ) - (RZ * Nl) 100

Percent reduction =

Where;

O1; molar extinction coefficient (E) of oxidized alamarBlue (Blue) at 570 nm
O2; E of oxidized alamarBlue (Blue) at 600 nm

R1; E of reduced alamarBlue (Red) at 570 nm

R2; E of reduced alamarBlue at 600 nm

Az; absorbance of test wells at 570 nm

Az; absorbance of test wells at 600 nm

N1; absorbance of negative control well (cell culture media containing alamarBlue but
no cells) at 570 nm

N2; absorbance of negative control well (cell culture media containing alamarBlue but

no cells) at 600 nm

2.2.10.1. Scanning Electron Microscopy (SEM)

Determination of morphology of cells seeded on the 0/1 and 1/2 Ser/Gel ratio having
scaffolds SEM analysis were performed. Before gold coating for SEM analysis, cell

fixation protocol should be performed.

Exposure to 4 % paraformaldehyde was performed to form crosslink between proteins
of cells and surroundings for 20 min. at room temperature. After crosslinking, ethanol
dilution series were applied between 30% and 100% for 10 min. each to get rid of

lipids and dehydrate the samples. For final dehydration of samples, scaffolds were
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immersed in hexamethyldisilazane (HMDS) for 20 min. (Jusman, Ng, & Abu Osman,
2014). Samples were waited at 4 °C, until SEM analysis.

2.2.11. Statistical Analysis

Two- way analysis of variance (ANOVA) followed by Tukey’s comparisons test was
performed to compare results for the significant differences between groups by using
GraphPad Prism version 8.00 for Windows (California USA).

38


https://tureng.com/tr/turkce-ingilizce/variation

CHAPTER 3

RESULTS AND DISCUSSION

3.1. Optimization Studies for Nanoparticle Synthesis

The first trial for NP synthesis were performed with homogenizer. The first emulsion
was performed with 200 ul heparin solution and 2 ml 5% PLGA/DCM at 10000 rpm
and in second emulsion 5% PVA was added to this mixture. Figure 3.1 shows the
SEM image of the prepared particles. Microparticles were obtained with homogenizer.
The sizes of the particles were between 185 nm and 4100 nm. Size of particles was
not uniformly distributed.

‘,‘_|> 11.9 mm METU CENTRAL LABE

Figure 3.1. SEM image of NPs synthesis with homogenizer

For the preliminary studies, 100 mg PLGA or PCL was dissolved in 2 mL DCM.
PLGA and PCL nanoparticle preparation were tried with sonicator (Figure 3.2). 5%

PVA was used as a surfactant and sonicator amplitude was arranged to 10%. 1% and
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2" emulsions lasted 60 and 90 sec, respectively. As a result, micro-sized particle
formation was observed in PLGA case (Figure 3.2.a), however, PCL particles were
difficult to distinguish and they had an aggregated appearance (Figure 3.2.b). PCL
particles were presenting a wider range of size distribution compared to PLGA ones.
Besides, there were some parts where particle fusions had occurred. This might be due
to low Tg of PCL which might have affected the outcome as the result of local changes

in the heat during sonication step in particle preparation.

Figure 3.2. PLGA (a) and PCL (b) particle synthesis with probe sonicator

To get much lower sized NPs the concentration of the PVA was declined to 3% from
5% for second emulsion preparation step and 10 and 20% amplitudes were tested.
Apparently, SEM images in Figure 3.3 showed that NP sizes were smaller at 20%
amplitude because amplitude is directly related to intensity of the sonication and
increase in intensity of sonication lead to smaller sized NP formation (Sussman &
Bates-Jensen, 2012).
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Figure 3.3. SEM images of NPs synthesized with 3% PVA as a surfactant with amplitudes 10% (a) and 20% (b) by

sonicator
3.2. Properties of Heparin-Loaded Polymer NPs
3.2.1. Chemical Properties

Chemical composition of heparin-loaded and unloaded NPs, and heparin were
determined with infrared spectroscopy (Figure 3.4). The strong stretching band
between 1770 and 1750 cm™* was assigned to carbonyl groups (C=0) in lactide and
glycolide units of the PLGA. Bands between 2885 and 3010 cm* were attributed to

41



C-H stretches in the PLGA (Gurpreet et al.,2014). The absorption band located in the
1094.5 cm* shows the C-O stretches and C-H bends were observed between 1450-
850 cm™ at unloaded NPs and heparin-loaded NPs. Bands at 1236 cm™ were attributed
to S=0O groups of heparin and at the 890 cm™ assigned as C-O-S bond in the molecule

structure of heparin (Martins et al., 2012).

Heparin loaded NPs and unloaded NPs showed similar IR spectra. Different functional
groups and chemical bonds were not observed between these spectra. This shows that

the polymer does not interact with heparin to form a new bond.
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3.2.2. Morphological Properties

Size and morphology of unloaded NPs and Heparin loaded NPs were examined by
SEM (Figure 3.5). Both NPs had uniform size distribution and shape. Surface of NPS
were quite smooth and showed no deformations.

According to SEM images, presence of HP in the inner phase of NPs resulted in
increase of average NP diameter. The reason of this may be water retention capability
of HP, resulting in larger polymer sphere formation during NP production.

®

HFW [—TTE

10.9 mm | 5.18 pm BIOMATEN
-~

-\.ﬁ(}-.‘» U ~::~\, L

Qe

3:46:50 PM | 10.00 kV | 80 000 x | 2.2

Figure 3.5. SEM images of unloaded NPs (a), Heparin-loaded NPs (b)
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Histogram images were formed by using ImageJ 1.x image processing program to

compare zeta sizer results and SEM images (Figure 3.6).
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Figure 3.6. Histogram for particle sizes obtained in SEM images for bare NPs (a), Heparin-loaded NPs (b)

3.2.3. Zeta Sizer and Zeta Potential Measurements

The results of Dynamic light scattering (DLS) analysis showed the average size of
unloaded NP was 269.4 nm and size of HP loaded NPs as nearly 207.7 nm (Figure
3.7). However, SEM observations point out average sizes of NPs as 89.39 + 30.67 nm
and 109.74 + 44.03 for unloaded NPs and HP loaded NPs, respectively (Figure 3.6).
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Eaton et al. showed the comparison of DLS data and SEM images of the silica
nanoparticles in terms of particle sizes. The silica samples gave smaller particle size
in microscopy (nearly 50 nm) compared to studies in DLS (nearly 140 nm). This result
was attributed to dynamic behavior of particles rather than the individual particle size.
Because of the non-stable distribution of particles in the solution, particles should be

dispersed by mixing well (Eaton et al., 2017).

In this study, the reason of the conflict between SEM and DLS analysis might be
agglomeration of NPs in aqueous environment during analysis with zeta sizer. SEM
images were taken after samples freeze dried, to get zeta sizer results freeze dried NPs
were resuspended in distilled water. Even though NP solution in water was stirred

vigorously, apparently NP agglomerations were identified with zeta sizer.

PLGA NPs which were prepared by PLGA (50:50) with double emulsion solvent
evaporation method by using 5% of PVA as a surfactant showed average particle size
between 156 and 197 nm (Hussein, Fakhru’l-Razi, & Abdullah, 2013). The PLGA
particle size was determined with DLS as 232.57 + 10.56 nm in another study by using
0.2% PVA with the same method (Chen & Wen, 2018).
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Figure 3.7. Zeta sizer analysis for empty NPs and HP loaded NPs
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Zeta potential is the electric potential between interface of dispersed particles and a
stage in the continuous phase remote from interface (Lu & Gao, 2009). It provides
data on particle charging and the desire of particles to combine or to be separate. The
zeta potential measurements were also performed by Zetasizer to determine the
surface charge and electrostatic potential on the surface of the nanoparticles and to
examine colloidal stability (Gupta & Trivedi, 2018). Examined results of empty NPs
and HP-loaded NPs zeta potentials were determined as -23,9 and -20,9 mV,
respectively (Figure 3.8). For the monodistribution of NPs, values more positive or
negative than 30 mV zeta potential is desired. Colloids having zeta potential values
between 10 and 30 mV, is considered as they have incipient stability. Much lower zeta
potential values (< 10 mV) can lead to agglomeration of NPs (Pate & Safier, 2016).
Accordingly, both of the empty NPs and HP-loaded NPs have had incipient stability
in this study.

Zeta potential values of PLGA nanoparticles prepared with PLGA (50:50) changed
from -26 to -28 mV and it is claimed that these results are indicating relative stability
of PLGA NPs in emulsions (Hussein et al., 2013). -16.4 £ 0.23 mV zeta potential value
was determined for PLGA NPs prepared with single emulsion solvent evaporation
method (Tansik, Yakar, & Gilindiz, 2014).

48



Mean (mV) Area (%) Width (mV)

Zeta Potential (mV): -23.9 Peak1: -239 100,0 6,36

Zeta Deviation (mV): 6,36 Peak 2: 0,00 0,0 0,00

Conductivity (mS/cm): 0,0234 Peak 3: 0,00 00 0,00
Result quality Good

Zeta Potential Distribution

MILTiLE

200 -100 0 100 200
b Zeta Potential (mV)
Mean (mV) Area (%) Width (mV)
Zeta Potential (mV): -20,9 Peak 1: -20,9 100,0 572
Zeta Deviation (mV): 5,72 Peak 2: 0,00 0,0 0,00
Conductivity (mS/cm): 0,00913 Peak 3: 0,00 0,0 0,00
Result quality Cood

Zeta Potential Distribution

Total Counts

-200 -100 0 100 200
Zeta Potential (mV)

Figure 3.8. Zeta potential measurements for bare NPs (a), Heparin-loaded NPs (b)
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3.3. Heparin Loading and Encapsulation Efficiency Results

Heparin loading and encapsulation efficiencies of NPs were determined indirectly.
DMMB calibration curve in distilled water used for determination of HP content was
given in Figure A. 1. In this study use of DMMB method, which is used for detection
of other GAGs, was modified and developed for the first time for Heparin detection.
During literature survey it was recognized that there is no established method or

experimental research on quantitative analysis of heparin for in vitro studies.

Encapsulation efficiency of HP-loaded NPs was determined as 60.9% and loading
capacity of them was 30.04 mg/g of polymer (5478.7 1U/g of polymer). In this study,
much higher loading capacity was gained compared to results obtained by Jiao et al.
(2002), that was 2792 1U HP loading per gram of PLGA NPs.

The two previous studies which are related to HP loading to biodegradable (PCL and
PLGA) and non-biodegradable polymers (Eudragit RS and RL) showed encapsulation
efficiencies for the PCL NPs as 16% and 8%, and for the PLGA NPs as 10.6% and
14%, respectively. (Hoffart et al. 2002, Jiao et al. 2002).

3.4. Heparin Release Profiles of Nanoparticles

The amount of released heparin was calculated from the standard curve of heparin in
PBS by using DMMB assay (Figure A. 1).

Generally, it is expected to come out of drug on the surface or close to surface easily
in the first 6 hours, because of the burst release of drug from the surface. Then, the
molecules loaded to inside of NPs are expected to be released slower and more
controlled manner (Freiberg & Zhu, 2004).

For controlled release studies, both the solubility and the diffusibility of the active
molecule (HP) are important. The release of loaded agent from the PLGA NPs occurs
through the pores by diffusion since the polymer carrier cannot be expected to

degradation in such a time.

50



Release samples were taken at 1, 2, 6, 12 and 24 hours for the first day and the other
measurement made second, third and seventh days. First 6 hours results were taken to
see the initial burst release. To observe the controlled release pattern, release profile

was examined 12 and 24 hours as well.
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Figure 3.9. Cumulative release of heparin from HP-loaded PLGA NPs. The data are represented as the mean +
Std. (n = 3).

The cumulative release profiles of the heparin from PLGA NPs prepared with 3% and
5% PVA are given in Figure 3.9. The release study was continued up to 7 day. Nearly
65% of HP was released within first 24 h from the NPs prepared with 3% PVA.
Although approximately 30% of release was burst release of HP in the first two hours,
HP release continued in a slower manner in time. However, NPs prepared with 5%
PVA showed approximately 40% HP release in first 24 hr. Since the size of NPs
synthesized with 3% PVA was in nanoscale, the experiments were continued with
these ones.

Hoffart et al. (2002) examined low molecular weight heparin (LMWH) release from
PCL and PLGA (50:50) NPs and also from the NPs composed of combination of PCL
and PLGA polymers with non-biodegradable positively charged polymers (Eudragit

RS and RL) by using indirect detection method with cetylpyridinium solution for oral
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drug delivery. PCL and PLGA NPs showed nearly 25 % and 20 % release at the first
day. And the highest release percentages were obtained in the single biodegradable
polymer containing groups (Hoffart et al., 2002). Contrarily in another study, from the
Chitosan—hyaluronic acid NPs, unfractionated HP and low molecular weight heparin
(LMWH) showed 10.8% HP and 79.7% LMWH release within 12 hr of incubation.
This very slow release of UFH was suggested to be because of the g electrostatic
interaction between positively charged chitosan and high net negatively charged

heparin (Oyarzun-Ampuero et al. 2009).

In this thesis study, this release profiles were quite unexpectable considering
hydrophobic nature of PLGA and the results of similar studies (Kim & Martin, 2006).
However, due to high water solubility and water retention capacity of HP this outcome
was reasonable, besides large surface to volume ratio aspect of NPs provide more

interaction with aqueous environment and larger surface area for release.

3.5. Investigation of in vitro Biocompatibility: Cell Viability Tests of Heparin,
and Heparin-Loaded Nanoparticles

Cell viability analysis of HP exposed cells was performed with MTT assay. However,
cell viability analysis of HP loaded PLGA NPs treated cells was performed by Alamar
Blue assay on L-929 mouse fibroblast cell line.

Cells were treated with free HP for 24, 48 and 72 hr in 96- well plates to observe the
proliferative effect of HP on fibroblast cells. According to MTT results, all doses, from
1 1U/ml to 200 1U/ml, resulted in higher cell viability compared to cell control which
was non-treated cells that were accepted as having 100% cell viability in calculations
(Figure 3.10). MTT results showed that cells had similar viabilities in experimental
groups (approximately 80%) compared to controls in 24 hours but cell viabilities
increased with time. Cell viability of L929 cells at 72 hr was much higher than that of
at 48 hr. Cells exposed to doses between 1 and 25 IU/ml HP showed significantly
higher proliferation compared to control cells. However, the highest proliferation was

determined on cells treated with the lowest HP concentrations (1 and 5 1U/ml).
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In a previous study to investigate HP toxicity in cell culture, 10 different doses (10—
300 units/well) of heparin were applied to L929 cells on 96 well plates by MTT assay.
Increase in concentration of heparin led to a significant decline in cells viability for
doses higher than 40 1U/well at first day, and 150 IU/well for second and third days
(Gurbuz et al. 2013). Since we prepared our highest dose of heparin as 200 1U/well,

there was no toxic effect of heparin in the concentration range in our experiments.
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Figure 3.10. MTT analysis for heparin treated L-929 cells. The data are represented as the mean + Std. (n = 3).
Proliferation of control cells was taken as 100%. 0, # and * show significant difference of HP exposed cells from
control cells. Two-way ANOVA with Tukey’s comparison test (p<0.05) was performed.

For NP cytotoxicity experiments, 5 mg NP was added on cell culture inserts and then
cell viability analysis was conducted with Alamar Blue for 3 different time periods
(24, 48 and 72 hrs) (Figure 3.11). In this study, 27.4 1U heparin was loaded to 5 mg
NP. It is obviously seen that biodegradable PLGA NPs do not have any cytotoxic
effect on L-929 cells. Statistical analysis performed with two-way ANOVA with
Tukey’s comparison test (p<0.05) did not show significant difference between cells
exposed to HP-loaded NPs and unloaded NPs.
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Figure 3.11. Effects of bare NPs and HP-loaded NPs on viability of L-929 cells. The data are represented the mean
+ Std. (n = 3). Proliferation of control cells was taken as 100%. Two-way ANOVA with Tukey’s comparison test
(p<0.05) was performed.

3.6. Optimization Studies for Skin Tissue Engineering Constructs

For determination of the solvent system for electrospinning of Sericin/Gelatin
polymers, several solvents were used in optimization studies. Conventional
electrospinning and wet electrospinning methods were tried to get proper and

applicable scaffold forms.
3.6.1. Conventional Electrospinning of Sericin/Gelatin Scaffolds

Wound dressings were prepared by using conventional electrospinning method at first.
During optimization studies of electrospinning process, solvent type and
concentration, total polymer concentration and sericin/gelatin ratio were changed. For
conventional electrospinning, distilled water and acetic acid solutions having 5%, 10%
and 20% concentrations were tested as solvent. At polymer concentration lower than
20%, fiber formation was not observed and at higher concentrations, blockages at the

syringe tip occurred. Therefore, experiments continued with polymer solution having
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20% (w/v) polymer concentration. Sericin/gelatin ratio was arranged as 0/1, 1/1, 2/1

and 1/2 (w/w) for conventional electrospinning trials.

The most suitable electrical voltage, flow rate, and distance between the needle tip and
the collector surface were tuned and determined by arranging the variables between
the intervals; 15-25 kV, 1-4 ml/hr, and 10-30 cm, respectively.

3.6.1.1. Characterization of Conventionally Electrospun Sericin/Gelatin
Scaffolds with SEM

For determination of fiber morphology, diameter and conformation at different
conditions, such as solvent concentrations and polymer ratios, SEM analyses were
performed. These scaffolds were examined on the aluminum surface which was used

as the collector surface during electrospinning experiments.

SEM images of various groups and optimization conditions are illustrated in Figure
3.12. There was no fiber formation when the polymers were dissolved in distilled
water (Figure 3.12.a). Irregular aggregates and beads were obtained because it was
hard to get fibrous structure by using water as a solvent in electrospinning due to its
high surface tension (Kny, Ghosal, & Thomas, 2018). Bead formation decreased in
accordance with increase in acetic acid amount in the solvent system (Figure 3.12.d).
and there was no significant change in fiber diameter. Concentrations higher than 20%
acetic acid were not preferred due to the possibility of dissolution of PLGA

nanoparticles during electrospinning of NP loaded polymers.
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Figure 3.12. SEM images of Ser/Gel (2/1) electrospun scaffolds obtained with different solvents (a) distilled
water,(b) 5% acetic acid solution, (c)10% acetic acid solution and (d) 20% acetic acid solution under 20 kV
electrical voltage, 2 ml/hr flow rate, and 25 cm distance.

In order to observe the effect of polymer ratios on scaffold microstructure, Ser/Gel
polymer mixtures having 0/1, 1/1, 2/1 and 1/2 Ser/Gel ratio with a total polymer
concentration of 20 wt% were dissolved in 10 % acetic acid solution and in 20% acetic
acid solution; SEM images of the obtained scaffolds are shown in Figure 3.13 and in
Figure 3.14, respectively. Electrical voltage, flow rate and distance were set as 20 kV,
2 ml/hr and 25 cm after optimization studies. When the gelatin weight in the polymer
mixture was increased bead formation partially diminished in both solvent systems.

The increase in acetic acid concentration from 10% to 20% led to a noticeable decline
in the bead formation, especially in the group having 2/1 Ser/Gel ratio. Electrospun
fibers composed of only gelatin containing polymer solution (0/1) had larger fibers
diameter, but bead-free fiber structure was obtained in 20% acetic acid.
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Figure 3.13. SEM images of Ser/Gel (20 wt%) solution dissolved in 10 % acetic acid with (a) 1/1, (b) 2/1 and 1/2
Ser/Gel ratio under 20 kV electrical voltage, 2 ml/hr flow rate, and 25 cm distance.

Figure 3.14. SEM images of Ser/Gel (20 wt%) solution dissolved in 20% acetic acid with (a) 0/1, (b) 1/1, (c) 2/1
and (d) 1/2 Ser/Gel ratio under 20 kV electrical voltage, 2 ml/hr flow rate, and 25 cm distance.
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Although it appears that the fibers had uniform and smooth surface morphology,
particularly the ones having 0/1 and 1/2 Ser/Gel ratio in 20% acetic acid, the yield
from the prepared solutions was very low and it was very difficult to collect the fibers
from the aluminum coated surface of the collector. Therefore, the experiments with
wet spinning method were started for preparation of the scaffolds in in order to collect

the fibers easily.
3.6.2. Wet Electrospinning of Sericin/Gelatin Scaffolds

In this study, ethanol was used as an immiscible liquid in wet electrospinning process

to collect fibers since it is not dissolving Ser/Gel fibers.

More homogeneous fiber morphology could be acquired with wet electrospinning
compared to conventional technique (Yang et al., 2013). Furthermore, it was easy to
collect polymer electrospun fibers dropped into a non-solvent liquid on the collector
(Atila, Keskin, & Tezcaner, 2015). On the contrary to conventional 2D scaffolds, cell-
cell and cell-matrix adhesion is possible with 3-D structures and also, these constructs

support cells penetration (Huang et al., 2005).
3.6.2.1. Optimization of Wet Electrospun Sericin/Gelatin Scaffolds with SEM

In order to analyze morphologies of fibers and fiber diameter distributions of the
electrospun scaffolds, SEM analyzes were performed. As the fiber conformation were
improved with increasing gelatin ratio, wet electrospinning studies were carried out
with polymer solutions containing Ser/Gel ratios: 0/1, 1/2, 1/3 and 1/7. However,

optimization studies were carried out with scaffold containing 1/2 Ser/Gel ratio.

Solvent Type

During optimization of wet electrospinning, 10% acetic acid, 20% acetic acid and 20%
acetic acid solution having 5% DMSO were tested to dissolve both sericin and gelatin
polymers. Figure 3.15 shows the fibers formed in (a) 10% acetic acid and (b) 20%
acetic acid solution having 5% DMSO. DMSO was added to acetic acid solution to

increase dielectric constant of the solvent. One of the important parameters to reduce
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bead formation is dielectric constant. While dielectric constant of DMSO is 46.6, that
of acetic acid is 6.2. The favorable dielectric constant for electrospinning process is
suggested to be higher than 19 and as the dielectric constant of solvent increased, the
bead formation decreases (Luo, Stride, & Edirisinghe, 2012). Therefore, DMSO was
added to acetic acid solution to increase the dielectric constant of the acetic acid

solution.
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Figure 3.15. SEM images of 1/2 Ser/Gel (20 wt%) solution dissolved in (a) 10% acetic acid and (b) 20% acetic
acid solution having 5% DMSO under 20 kV electrical voltage, 2 ml/hr flow rate, and 10 cm distance.

Electrical Voltage

In order to reduce bead formation on the electrospun nanofibers produced from sericin
and gelatin, electrical voltage arrangements were done. When the applied electrical
voltage increased from 18 kV to 20 kV, bead and irregular aggregate formation

decreased on the fibers (Figure 3.16).

In the study to construct chitosan nanofibers, increase in electrical voltage lead to
exceeding surface tension of chitosan solution and uniform and homogeneous fibers

were obtained (Geng, Kwon, & Jang, 2005).
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Figure 3.16. SEM images of 1/2 Ser/Gel (20 wt%) solution dissolved in 20% acetic acid solution having 5% DMSO
under (a)18 kV and (b)20 kV electrical voltages, 2 ml/hr flow rate, and 10 cm distance.

Flow Rate

Flow rate is the one of the process parameters in electrospinning. Higher flow rates
generally prevent charging of the polymer solution and cause thicker and beaded fibers

compared to lower flow rates (Li & Wang, 2013).

In this study, different flow rates were examined; 2, 3 and 4 ml/hr. In the scaffold
produced with the lowest flow rate, almost bead-free fibers were obtained (Figure
3.17).
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Figure 3.17. SEM images of 1/2 Ser/Gel (20 wt%) solution dissolved in 20% acetic acid solution having 5% DMSO
under (a) 2 ml/hr (b) 3 ml/hr and (c) 4 ml/hr flow rates, 20 kV electrical voltage and 10 cm distance.

Total Polymer Concentration

At very low polymer concentrations polymeric particles can be obtained. In this
situation, because of the low viscosity and surface tension of polymer solution,

electrospraying happens rather than electrospinning (Li & Wang, 2013).

In the case of 10% total polymer concentration, sericin and gelatin containing polymer
solution did not form fibers in 20% acetic acid solution having 5% DMSO and under
2 ml/hr flow rate, 20 kV electrical voltage and 10 cm distance (Figure 3.18).
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Figure 3.18. SEM images of 1/2 Ser/Gel having (a) 10% and (b) 20 % total polymer concentration dissolved in
20% acetic acid solution having 5% DMSO under 2 ml/hr flow rate, 20 kV electrical voltage and 10 cm distance.

Polymer Composition

SEM images of 0/1 and 1/2 Ser/Gel ratio containing scaffolds are given in Figure 3.19
(All other parameters were kept constant; 20 wt% total polymer concentration, 20 kV
electrical voltage, 2 ml/hr flow rate, and 10 cm distance). Sericin addition to the

polymer solution did not cause any changes in fiber diameter and bead formation.

Figure 3.19. SEM images of (a) 0/1 and (b)1/2 Ser/Gel ratio (20 wt %) dissolved in 20% acetic acid solution having
5% DMSO under 2 ml/hr flow rate, 20 kV electrical voltage and 10 cm distance
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Crosslinking

Scaffolds were crosslinked with 5% GTA for 1 hr to increase the strength of the fibers.
The SEM images of the non-crosslinked and crosslinked scaffolds containing 1/2 and
0/1 Ser/Gel ratio are given in Figure 3.20. Total polymer concentration was 20 wt%
and the other parameter were 20 kV electrical voltage, 2 ml/hr flow rate, and 10 cm

distance.

After crosslinking, porosity reduced in both of the scaffolds. Fibers containing 1/2

Ser/Gel ratio showed crinkled bundles, however, fibers formed by only gelatin were

composed of irregular melting clumps.

Figure 3.20.SEM image of non-crosslinked (a) and GTA crosslinked (b) scaffolds with 1/2 Ser/Gel ratio (20 wt %)
and non-crosslinked (c) and GTA crosslinked (d) scaffolds with 0/1 Ser/Gel ratio (20 wt %) dissolved in 20% acetic
acid solution having 5% DMSO under 2 ml/hr flow rate, 20 kV electrical voltage and 10 cm distance
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Nanoparticle Loading

The NP loaded scaffold havingl/2 Ser/Gel ratio were examined with SEM analysis
and NPs are pointed out with red arrows in Figure 3.21. The indicated particles showed
similar sizes to that of synthesized PLGA NPs. Parameters were arranged as 20 wt%
total polymer concentrations, 2 ml/hr flow rate, 10 cm distance, and electrical voltage
20 kV.
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Figure 3.21. SEM images of NP loaded scaffold with 1/2 Ser/Gel ratio (20 wt %) dissolved in 20 % acetic acid
solution having 5% DMSO under 2 ml/hr flow rate, 20 kV electrical voltage and 10 cm distance

3.7. Characterization of Wet Electrospun Sericin/Gelatin Scaffolds
3.7.1. Chemical Characterization of Scaffolds

Fourier Transform Infrared Spectroscopy - Attenuated Total Reflectance (FT-IR-
ATR) analysis is used to determine the composition of molecules and to detect
interactions between molecules (Staroszczyk, Sztuka, Wolska, Wojtasz-Pajgk, &
Kotodziejska, 2014). In electrospinning studies, FT-IR is applied to specify the effect
of crosslinking reactions on electrospun fibers (Chung, Lee, & Choe, 2004).
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Crosslinking is a very important process while creating tissue engineering scaffolds
using water soluble polymers/proteins. Thus, sericin and gelatin containing scaffolds
would easily dissolve in aqueous environment without crosslinking, and this makes

them inappropriate for longer term applications.

The characteristic peptide bond occurring in proteins can be observed at absorption
bands; 1540 and 1650 cm™ which shows amide 11 (N-H deformation and C-H stretch)
and amide | (C=0O stretch), stretching bands, respectively (Chatterji, 1989).
Furthermore, C-N stretching and N-H in phase bending can be seen at 1240 cm™
(Sisson et al., 2009). N-H stretching vibration at 3300 cm-1 is seen as distinguishing
characteristics of gelatin (Chung et al., 2004).

In this study, amide I, amide Il and amide 11l peaks were determined at 1636, 1530
and 1238 cm, respectively, in the FTIR-ATR spectra of the Ser/Gel scaffolds. N-H
stretching was observed at 3281 cm™ (Figure 3.22)

It is indicated that absorption band at 1450 cm™ shows the aldimine absorption
occurring between aldehyde group (-CHO) of GTA and amine group of gelatin
(Nguyen & Lee, 2010). The shift of color of scaffold from white to yellow occurs due
to the aldimine linkage (CH=N) formation after GTA crosslinking. In this study, for
the crosslinked Gel/Ser scaffold, this band was observed at 1417 cm™.

Structure of sericin protein is composed of a globular protein having random coil and
B-sheets (Kunz et al. 2016). When sericin structure changes from the random coil to
the B-sheet, sericin becomes less water soluble (Joseph and Raj 2012). In the study
conducted to discover physical properties of sericin membranes cross-linked with
dimethylolurea (DMU), the peak at 1516 cm™ was attributed to the B-sheet structure
of non-crosslinked sericin (Nagura et al., 2001). In another study, increased intensity
of the peak after GTA crosslinking was based on stronger -sheet formation and this
led to more water resistant membrane (Nayak, Talukdar, & Kundu, 2012). In our
study, this peak was observed at 1518 cm™ and the peak intensity of the GTA

crosslinked scaffold was greater than non-crosslinked one.
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3.7.2. In vitro Degradation Properties

Degradation studies were performed after crosslinking with GTA since gelatin and
sericin are water soluble proteins and non-crosslinked scaffolds were dissolved as
soon as they are exposed to PBS (pH 7.4). At the end of the 7-day degradation study,
the group having highest amount of gelatin showed greatest weight loss, that is
approximately 20% (Figure 3.23). It was seen that during 7 days of PBS incubations,
all cross-linked Ser/Gel scaffolds retained their structural stability. Degree of weight
loss elevated when the amount of gelatin increased.
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Figure 3.23. Degradation studies of corsslinked scaffolds having different Ser/Gel ratio. The data are represented
as mean £ Std. (n = 3).

3.7.3. Water Absorption

The degree of Ser/Gel scaffold swelling after immersion in PBS was shown in Figure
3.24. The highest swelling degree was detected in 1/7 and 0/1 Ser/Gel ratio containing
groups, while the minimum was observed in the case of 1/2 Ser/Gel scaffolds. The
swelling degree slowly increased over time and rise in sericin amount in the scaffold

led to less swelling. Nevertheless, the scaffold showing the lowest swelling degree on
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1% day swelled extensively in water and hold water nearly 5 times of its weight.
However, the statistical analysis conducted by two-way ANOVA with Tukey’s
comparison test (p=0.05) showed that water the retention degree of all scaffolds was

not significantly different.

Similarly, it was claimed that increase in sericin concentration decreased swelling of
sericin/gelatin films that were prepared by blending sericin and gelatin proteins in the

presence of glutaraldehyde as cross-linker (Mandal et al., 2009).
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Figure 3.24. Water absoption studies of scaffolds having 1/2, 1/3 and 1/7 Ser/Gel ratio in PBS (pH=7,4). The
data are represented as the mean + Std. (n = 3).

3.8. Heparin Release Results from Scaffolds

The release profiles of the heparin from PLGA NPs loaded scaffolds having 0/1 and
1/2 Ser/Gel ratio are given in Figure 3.25. The initial weight ratio of nanoparticles to
polymer was 20% (w/w), that is, 100 mg of NP was added to the solution containing
400 mg of polymer. Since there was approximately 3 mg (540 1U) of heparin was
present in 100 mg of NPs, 3.375 IU/ml HP was calculated in 5 mg of scaffold.
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Nearly 65% of HP was released from scaffold having only gelatin and approximately
40% HP was released from the scaffold having 1/2 Ser/Gel ratio at the end of the 7™
day. The reason of this different release profiles from different scaffold may be rapid
degradation of only gelatin containing scaffold compared the other group. NPs in 0/1
Ser/Gel containing group interact with aqueous environment more because of its rapid

degradation compared to 1/2 Ser/Gel scaffold.

The release from NPs was much higher than it was expected (Figure 3.9). Loading the
NPs to the scaffold decelerated the release of HP from the scaffolds.
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Figure 3.25. Cumulative release of heparin from NP-loaded 1/2 and 0/1 Ser/Gel ratio having scaffolds. The data
are represented as the mean + Std. (n=3)

3.9. Cell Culture Studies for Scaffolds
3.9.1. Cell Attachment and Proliferation Analysis

Alamar Blue cell viability assay was performed to investigate the attachment and
proliferation of cells on electrospun scaffolds. L929 cells were seeded on scaffolds at

concentration of 1x10* cells/scaffold and the results were taken at 1%, 3@ and 5 days.
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In Figure 3.26, cell viability of L929 cells seeded on scaffolds are illustrated. For all
groups, NP containing scaffolds increased the cell proliferation day by day and
reached the maximum proliferation of cells at 5" day. All NP containing scaffolds
showed similar pattern in terms of cell proliferation; nearly 80% cell proliferation rate
for 5™ day. However, cells seeded on scaffolds without NPs showed less cell viability.
Besides, scaffolds having 1/2 and 1/7 Ser/Gel ratio had the lowest cell viability at 5"
day. Cells seeded on scaffolds showed statistically lower cell viability than positive
control (TCPS) as determined by two-way ANOVA with Tukey’s comparison test
(P<0.0001).

Cells on the scaffolds did not proliferate as much as the cells seeded on TCPS. The
reason for could be due to lower attachment of cell on scaffolds rather than TCPS, but

they approached similar cell proliferation percent with TCPS in 5 days.
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Figure 3.26.Relative viability of L-929 cells seeded on NP loaded and unloaded scaffolds containing different
Ser/Gel ratio at 1%, 3" and 5" days of incubation. Viability on TCPS was accepted as 100%. The data are
represented as the mean + Std. (n = 3) and * shows significant difference between groups.
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The reason of high proliferation on NP containing scaffolds may be controlled
delivery of HP from NPs since HP stimulates proliferation of fibroblast cells
(‘YYamashita et al., 1992).

3.9.2. Cell Morphology Analysis

SEM analysis were performed after cell fixation protocol. Cell morphology of cells
seeded on the 0/1 and 1/2 Ser/Gel ratio having scaffolds at 3" day of incubation is
shown in Figure 3.27. SEM images showed that the fibroblasts attached to the surface
by filopodia on 0/1 scaffolds and cells covering the surface can be seen on 1/2

scaffolds. There was no cell detected on the other scaffolds due to low cell seeding

density.

Figure 3.27. SEM images of cells seeded on (a) 0/1 and (b) 1/2 Ser/Gel ratio containing scaffolds at 3™ day of
incubation.
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CHAPTER 4

CONCLUSION

Skin damages should be repaired and regenerated as soon as possible, since skin
protects entire body against pathogens/microbes and maintains the homeostasis in the
body. In order to get skin tissue engineering constructs that enable rapid and effective
healing, electrospun sericin/gelatin composite nanofibers were produced. Ser/Gel
electrospun fibers incorporating HP-loaded NPs were produced successfully and
investigated with in vitro studies as scaffolds for skin tissue engineering. In this study,
HP was encapsulated in PLGA NPs. These synthesized NPs were mixed with Ser/Gel
polymer solutions having various weight ratios and electrospun with polymer solution
for the first time in literature. Performed GTA crosslinking for sericin/gelatin
composite material considerably enhanced durability of the developed scaffolds
according to degradation studies. The scaffold having 122 Ser/Gel proportion was

preferred due to its proper fiber morphology and lowest degradation degree.

It was observed that NPs have no cytotoxic effects on L929 cells. Cells that were
grown on HP-loaded NP containing scaffolds also showed higher cell viability
compared to the ones exposed to only scaffolds. Numerical increase in cell viability
on HP-loaded NP containing scaffolds compared to un-loaded scaffolds suggests that

these constructs can be used safely for skin tissue engineering purposes.

As future study, in order to examine if heparin activity has changed after released from
nanoparticles or scaffolds having NPs, HP activity assay can be performed.
Convenience of scaffolds for cell penetration can be analyzed with porosity
measurements. Cell migration through scaffolds can be determined by staining cells
with DAPI and by examining the results with confocal laser scanning microscopy.
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Furthermore, in order to observe wound healing/skin regeneration potency of the

produced materials, further research is needed with in vivo experiments.
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APPENDICES

A. Calibration Curve of HP

Standard solutions of HP were used in distilled water to construct calibration curve by
using DMMB assay (Figure A. 1). Linear calibration curve was obtained.
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Figure A. 1. Calibration curve obtained from HP standards in distilled water with using DMMB assay. The data
are represented as the mean + Std. (n = 6).
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