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ABSTRACT

FABRICATION AND CHARACTERIZATION OF BILAYERED TISSUE
SCAFFOLDS INCORPORATING BIOACTIVE AGENTS FOR SKIN TISSUE
ENGINEERING APPLICATIONS

Aktirk, Omer
Ph. D., Department of Engineering Sciences
Supervisor : Assoc. Prof. Dr. Dilek Keskin

Co- Supervisor : Dr. Temel Bilici

January 2015, 231 pages

In this study, it was aimed to fabricate tissue scaffolds from different biological
polymers (collagen, silk fibroin and sericin) for skin tissue engineering applications.
For this purpose, bilayered scaffolds composed of epidermal (collagen/sericin films)
and dermal (collagen sponges, collagen matrices or silk fibroin matrices) layers were
produced with different biomaterial fabrication methods. Casting and solvent
evaporation (film), lyophilization/freeze-drying (sponge) and dry/wet electro-
spinning (micro/nanofibrous matrices) methods were used to obtain the scaffolds.
Different sizes (10-55nm) of gold nanoparticles (AuNPs) with spherical shapes were
synthesized and one size group (37 nm) was incorporated into dermal layers.
Collagen based scaffolds were cross-linked with glutaraldenyde and silk fibroin
based ones were treated with ethanol to increase the aqueous stability. The suitability
of these scaffolds to skin tissue engineering applications was evaluated by means of

physicochemical characterization, in vitro biocompatibility, antibacterial assessment,
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intra-dermal irritation, skin sensitization, genotoxicity and in vivo rat skin wound

healing tests.

The resistance of collagen based scaffolds to hydrolytic and enzymatic degradation
was enhanced significantly after cross-linking, on the contrary collagen nanofibrous
scaffolds had tendency to degrade quickly. Especially silk fibroin based scaffolds
had the lowest degradation levels. Based on water swelling, silk fibroin based
scaffolds and collagen sponge groups were similar (10-30 g/g) due to their similar
porosities (70-80%) and pore size distributions (10-200 pm). However, water
swelling of collagen nanofibrous scaffolds was lower (3 g/g) in comparison due to
their low porosity (10%) and small pore sizes (0-8 um). The water vapor
transmission rates of bilayered scaffolds were statistically similar (about 1300-1400
g/m?/day) and they were confirmed to have good oxygen permeability, which was
attributed to collagen/sericin film. Tensile strength of collagen based scaffolds
enhanced significantly after cross-linking. AuNPs incorporation into collagen based
scaffolds did not have a significant effect on tensile strength values. Yet, AuNPs
incorporation significantly increased tensile strength of silk fibroin based scaffolds.
Also, tensile strength decreased dramatically when the testing was done in wet
conditions. On the other hand, elongation at break of all the wet scaffolds were
improved significantly reaching to even above 100% values. Elastic modulus of all
the scaffolds increased significantly after cross-linking indicating increased hardness,
on the contrary elastic modulus decreased significantly in wet conditions as they

became more extensible and softer in aqueous environment.

The cytotoxic effect of AuNPs on keratinocyte and fibroblasts were size and dose
dependent. None of the scaffolds (epidermal and dermal layers) had a cytotoxic
effect (cell viability > 85%) on L929 fibroblasts. Cell seeding tests showed that,
fibroblasts and keratinocytes attached and gained their natural morphology (spread or
polygonal) in 1 day and proliferated on the scaffolds during 3 days incubation period
according to SEM analysis. Antibacterial assessment tests based on the agar disc
diffusion method provided strong evidence that AuNPs fabricated in this study had
an antibacterial potential against S. Aureus. Also, the OD measurement and SEM
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analysis showed that S. Epidermidis could not attach onto scaffolds containing

AUNPs compared to control without AuNPs.

In vivo tests results showed that all the groups had significantly better wound
contraction than untreated controls on post-operative 14™ day. Early stage re-
epithelization started to form in collagen based and silk fibroin based scaffold
groups, with low inflammation, and high fibrosis and granulation tissue formation
compared to Matriderm™. Also, the groups containing honey or AuNPs started to
recover their mechanical properties much quicker than Matriderm™ according to
biomechanical tests. All these results suggested that all the groups, especially the
groups containing honey or AuNPS have equal or slightly better in vivo healing
effect than Matriderm™.

According to animal toxicology evaluation and genotoxicity tests on BLCS-AuX,
there were no adverse skin reactions (irritation or sensitization) or genotoxicity. As a
conclusion, it could be suggested that all of these bilayered skin substitutes,
especially the groups containing bioactive agents (honey or AuNPs) could be very

valuable skin substitute materials for use in the management of skin wounds.

Keywords: Bilayered skin substitutes, skin tissue engineering, electro-spinning,
lyophilization, collagen, sericin, gold nanoparticles
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0z

DERI DOKU MUHENDISLIGI UYGULAMALARI ICIN BIYOETKIN AJAN
YUKLU iKi KATMANLI DOKU iISKELELERI URETILMESI VE
KARAKTERIZASYONU

Aktirk, Omer
Doktora, Mihendislik Bilimleri Bolimi
Tez Yoneticisi : Dog. Dr. Dilek Keskin

Ortak Tez Yoneticisi : Dr. Temel Bilici

Ocak 2015, 231 sayfa

Bu c¢alismada, deri doku mihendisligi uygulamalari i¢in farkli biyolojik
polimerlerden (kollajen, serisin, ipek fibroin) doku iskeleleri liretmek amaglanmaistir.
Bu sebeple epidermal (kollajen/serisin film) ve dermal (kollajen kopik, kollajen
matris ya da ipek fibroin matris) esleniklerden olusan iki katmanli deri eslenikleri
farkli biyomalzeme iiretim fabrikasyon yollari ile iiretilmistir. Iskeleleri iiretmek igin,
solvent dokme ve ugurma (film), liyofilizasyon/dondurup-kurutma (kopik) ve
kuru/islak elektro-egirme (mikro/nano fibréz matris) metotlar1 kullanilmistir. Farkli
boyutlarda ve kiire seklinde altin nanoparcaciklar (AuNPs) iiretilerek bir boyut grubu
(37 nm) dermal katmanlara eklenmistir. Iskelelerin epidermal ve dermal
katmanlarinin sudaki saglamliklarin1 arttirmak i¢in kollajen temelli iskeleler
glutaraldehit (GTA) ile capraz baglanmis, ipek fibroin temelli iskeleler ise etanolde
kimyasal islem gormiistiir. Bu iskelelerin deri doku miihendisligine uygunluklari

fizikokimyasal karakterizasyon, in vitro biyouyumluluk, antibakteriyellik, deri igi
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iritasyon, deri sensitizasyon, genotoksisite, ve in vivo sican deri yarasi iyilesme

testleri ile degerlendirilmistir.

Capraz baglama sonunda kollajen temelli iskelelerin hidrolitik ve enzimatik
bozunmaya kars1 direngleri anlamli bir sekilde artmistir, bunun aksine kollajen
nanofibroz iskeleler daha cabuk bozunmaya meyillidir. Ozellikle ipek fibroin temelli
iskeleler en diigilk bozunmaya sahiptir. Su tutma o6zelligine gore, fibroin temelli
iskeleler ile kollajen kopukler benzerdir (10-20 gr/gr), ¢iinkii benzer gozeneklilige
(%70-80) ve gozenek boyut dagilimina (10-200 pum) sahiptirler. Bunlara kiyasla
kollajen nanofibroz matrikslerin su tutmalar1 diisiik gozeneklilik (%10) ve kigik
gozenek boyutlar1 (0-8 pm) yiiziinden daha diisiiktiir (3 gr/gr). Iki katmanl
iskelelerin su buhar1 gecirgenlikleri istatistiksel agidan benzerdir (1300-1400
gr/m%/giin), ve iyi oksijen gecirgenlikleri oldugu teyit edilmistir. Bunun sadece
kollajen/serisin filme bagli oldugu disiintilmistiir. Kollajen temelli iskelelerin
gerilim kuvveti ¢apraz baglama sonucunda anlamli bir sekilde gelismistir. Kollajen
temelli iskelelere AuNPs eklenmesinin, gerilim kuvveti iistiinde istatistiksel agidan
anlamli bir etkisi olmamistir. Ancak, ipek fibroin temelli iskeleye AuNPs eklenmesi
gerilim kuvvetini anlamli bir sekilde arttirmistir. Ayrica, gerilim kuvveti, nemli
orneklerde dramatik olarak diismiistiir. Diger yandan, iskelelerin kopma anindaki
uzamasi, ornekler nemlendirilince %100 degerlerini bile asarak anlamli bir sekilde
artmigtir. Orneklerin, elastik modiiliisii ¢apraz baglama sonucunda, sertligin arttigina
isaret olarak, anlaml bir sekilde artmistir. Bunun tersine nemli 6rneklerin elastik
modiiliisii anlamli bir sekilde diismiistiir, ¢linkii 6rnekler nemli iken daha yumusak

ve daha uzayabilir olmustur.

Uretilen AuNPs’larin keratinosit ve fibroblastlar iistiindeki sitotoksisitesinin, boyut
ve doza bagli oldugu goriilmistiir. Higbir iskele (epidermal veya dermal katmanlar)
fibroblastlar Ustiinde sitotoksik etki gostermemistir (hiicre canliligi > 85). Hucre
yapigma testlerinde, fibroblast ve keratinositlerin 1 giinliik siire icinde iskeleler
iistiine yapistig1 ve dogal morfolojilerini (uzamis ve poligonal) kazandiklar1 ve 3 giin
sonunda da sayilarinin arttigi SEM analizi ile gosterilmistir. Agar disk diflizyon

metoduna dayanan antibakteriyellik degerlendirme testleri bu calismada {iretilen



AuNPs’lerin S. Aureous ustlinde antibakteriyel potansiyeli olduguna yonelik kuvvetli
bir delil saglamistir. Ayrica OD olgiimii ve SEM analizi gostermistir ki S.
Epidermidis, AuNPs igeren iskelelere AuNPs igermeyen iskelelere kiyasla yok

denecek kadar az yapisabilmistir.

In vivo test sonucglara gore; postoperatif 14. giin sonunda biitiin gruplar islem
gormemis kontrol grubundan anlamli bir sekilde daha iyi yara kapanmasi
goOstermistir. Erken donem epitelizasyon, kollajen temelli ve ipek fibroin temelli
iskele gruplarinda, diisiik inflamasyon, yiiksek fibrosis ve graniilasyon dokusu ile
Matriderm™’¢ kiyasla daha iyi olusmaya baslamustir. Ayrica, biyomekanik test
sonuglarina gore, bal ve AuNPs iceren gruplar Matriderm™den daha hizhi bir
sekilde orijinal mekanik ozelliklerine kavusmaya baslamistir. Biitlin bu sonuglara
gore, butiin gruplar, 6zellikle bal veya AuNPs iceren iskeleler Matriderm™ ile ayni

hatta daha iyi in vivo yara iyilesme etkisi gdstermistir.

BLCS-AuX iistiinde yapilan hayvan toksikoloji degerlendirilmesi ve genotoksisite
testlerine gore; BLCS-AuX icin hi¢ bir ters deri reaksiyonu (iritasyon ya da
sensitizasyon) veya genotoksisite sonucu olmamustir. Sonug olarak, biitiin bu iki
katmanli deri esleniklerinin, Ozellikle de biyoaktif ajan (bal veya AuNPS) iceren
gruplarin deri yaralanmalarinda kullanilmak i¢in ¢ok degerli deri eslenigi malzemesi

olabilecegi sdylenebilir.

Anahtar Kelimeler: ki katmanli deri eslenigi, deri doku miihendisligi, elektro-

egirme, liyofilizasyon, kollajen, serisin, altin nanoparcaciklar
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CHAPTER 1

INTRODUCTION

This study primarily aims to develop a new biomaterial to be used as a skin
substitute. Therefore, the general properties of skin, skin wounds, healing processes
and the associated treatment methods were described in the introduction part first.
Then, skin substitutes investigated in experimental studies and those currently being
used in clinical cases were mentioned. Detailed information on the components of
skin substitutes, i.e. type | collagen, silk fibroin and sericin polymers and the
bioactive agents (honey and gold nanoparticles) used in this study was given in the
subsequent section. In the last part, the objectives of the study and reasons of
selecting the used materials have been given with a biomimetic approach. At that
section, the purposes of performed experimental methods were also discussed in

relation to the required properties of a biomaterial for skin wound healing.

1.1. Skin

1.1.1. Anatomy of Healthy Skin

Skin is considered as the largest organ of the body acting as the primary defense

system against microorganisms. Anatomically, skin could be divided into three main

layers as epidermis, dermis and underlying subcutaneous fat layer (hypodermis)
(Augustine et al., 2014).
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Figure 1.1. Anatomy of skin.

These main layers and functional components of skin are depicted with Figure 1.1.
The mission of protection of skin from mechanical damage (wounding) belongs to
these layers. The outer and the thinnest layer of skin is called epidermis. In the
innermost layer of epidermis, single layer basal epidermal cells proliferate and
differentiate into keratinocytes and push already formed cells into upper levels. They
finally form flattened, death cells composed of skin proteins called keratins. It does
not contain any blood vessels but the nutrients, vitamin and oxygen come from the
deeper layers of epidermis with diffusion. At the bottom of epidermis exists a very
thin membrane called basement membrane. The boundary between dermis and
epidermis contains undulations called rete pegs, which increase the contact area
between the layers of skin and aid in preventing the epidermis from being torn. The
deeper portion of skin, dermis, contains blood vessels, nerves, and skin appendages
such as hair roots, sweat and sebacious glands. The final layer, hypodermis, is made-
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up of fat-filled cells (adipose cells) underlying the dermis. It contains larger blood
vessels and nerves so that it contributes to thermoregulation and mechanical

properties of skin as well (Metcalfe et al., 2007).

1.1.2. Functions of Skin

1.1.2.1. Functions of Epidermis

Briefly, the functions of epidermis could be enumerated as prevention of excess
water vapor loss, protection from toxins, heat, UV light and microbial entry (Falanga
and Faria, 2007). Keratinocytes are the major cellular component of epidermis. They
have a stratified structure for which each layer of cells is attached to each other by
desmosomes (Geesin and Berg, 1991). Wheras the outer layer of epidermis is
composed of viable (keratinocytes) and death epidermal cells (keratin), inner layer of
epidermis is epidermal cells which are inclined to proliferate and migrate to surface
and become keratinocytes. Keratin layers create a tough protein surface covering
preventing bacteria or toxin entry. At the basal membrane, basal epidermal cells
(stem cells) are anchored to basement membrane by adhesion molecules. These
epidermal cells also surround the the skin appendages such as hair, sebaceous and
sweat glands. Langerhans’ cells are (frontline defense of the immune system) and

melanocytes (responsible for pigmentation) are also present in the skin.

1.1.2.2. Functions of Dermis

The dermis protects the skin mechanically providing strength, flexibility and
elasticity of skin. It is also the factory for all the components required for repair and
remodeling of epidermis and dermis. It also acts as a scaffold for cell migration, and
control the passage of nutrienst and oxygen delivery. In addition to these important

functions dermis also regulates the heat of skin by control of skin blood flow and



sweating. It also contains the nerves enabling the sensation (touch, pain, heat and
cold) (Falanga and Faria, 2007) Dermis is composed largely of extracellular matrix
components including collagen, elastin, fibrillin, hyaluronic acid and proteoglycans.
While collagen fibers are responsible for fostering the shape of the skin and
preventing the premature mechanical failure, elastin fibers are responsible for
elasticity of skin (Geesin and Berg, 1991). The most prevalent cell type in skin is
fibroblast. It doe not only synthesize and deposite collagen fibers but also recognize,
and remove the proteins that are damaged or being recycled (Silver, 1994). The
dermis consists of two parts as papillary dermis and reticular dermis. While the upper
dermis is named as papillary dermis, the most biologically active part of the dermis,
the deeper layer is reticular dermis responsible for durability and anchoring of skin
appendages. The predominant protein type in dermis extracellular matrix is collagen
type I, followed by fibronectin (the primary adhesive protein playing a major role in
healing) elastin and other adhesive proteins. There are also ground substances
(glycosaminoglycans) such as carbohydrate protein complexes, hyaluronic acid and
chondroitin sulphate. Fibroblasts, macrophages, platelets and stem cells also dwell
inside the dermis (Silver, 1994).

1.1.3. Biomechanical Properties of Skin

Collagen and elastin fibers composition in the skin largely determine its mechanical
properties. Mechanical strength of skin is due to the mixture of collagen fibers (type |
and I1) cross-linked as continuous networks inside dermis. This mixture prevents
also premature mechanical failure. Strainability of skin is related to elastin with its
outstanding elastic property. If skin surface is observed closely it looks creased and
an internal tension makes the skin taut. This tension increases to a high extent on the
joints (Silver, 1994; Meyers et al., 2008).

Proteoglycans present near the collagen fibrils also affect the mechanical properties

of skin, on the other hand the contribution of epidermis to these properties are very



little except in areas of the body where it is thick, such as the palms of the hands and
soles of the feet (Silver, 1994; Meyers et al., 2008).

Tensile tests of skin results in a typical increasing slope with increasing strain stress-
strain curve (Figure 1.2). Initially the stress does not increase a lot indicating a low
modulus region. In this region, undulations in the skin are removed first and collagen
fibers are aligned along the tensile load directions. A linear stress-strain relationship
prevails throughout the linear region after which the the full load is exerted on
collagen fibers. Eventually, skin fails, but skin is known to operate in the first and

second regions physiologically (Silver, 1994; Meyers et al., 2008).

Yield and failure region
‘_

Linear region

Stress (Force/unit area)

Low modulus region

>
Strain (Change in length/original length)

Figure 1.2. A typical stress-strain curve for wet skin (adapted from Silver, 1994).



1.1.4. Skin Wounds

The causes of skin tissue loss could be enumarated such as genetic disorders, acute
trauma, and chronic wounds due to diseases or surgical incisions. Thermal trauma is
one of the most encountered causes of major skin loss. Large areas of skin are
destroyed making it unlikely to regenerate the skin. Severe wounding cases
originating from rapid, extensive, deep burns and scalds sometimes cannot be treated
with common techniques successfully, and can result in death. Wounds can be
classified as epidermal, superficial, partial-thickness, deep partial-thickness and
fullthickness according to the thickness of the injury. Different treatment methods

are used with respect to the severity of injury (Papini 2004).

For epidermal injuries, only the epidermis is affected. Examples for this type of
injury are sunburns, light scalds or grazing, for which erythema and minor pain are
the implications. Since that only the epidermis part of skin is wounded, no specific
surgical treatment is necassary and no scar tissue is formed as skin regenerates
rapidly and extracellular matrix (ECM) deposition does not occur to contribute

towards this scar tissue formation (Schevchenko et al., 2010).

Thermal trauma generally cause to superficial partial-thickness wounds which affect
the whole epidermis and superficial parts of the dermis. The main indications in
these cases are epidermal blistering and severe pain. Epithelialization degree of
wound repair starts from the edges of wound, where abundant number of basal
membrane epidermal cells is present. These cells differentiate into keratinocytes and
start proliferating and covering the defect site. The sources of these migratory
epithelial or stem cells are the undisrupted wound edges, hair follicles or sweat gland
remnants available in deeper portion of dermis (Papini, 2004; Miller et al., 1998
Blanpain et al., 2004; Tumbar et al., 2004; Tumbar, 2006).

Larger dermal damage is seen in the case of deep partial-thickness injuries. As

compared with superficial partial-thickness wounds scarring is more substantial due



to the high fibroplasias. The number of remaining skin appendages is so less that the

duration of healing increases (Schevchenko et al., 2010).

The most severe cases of injuries are full-thickness type. Epithelial-regenerative
elements are destroyed completely. The wound healing process commences with
contraction followed by epithelialisation from only the edge of the wound. Cosmetic
and functional defects are faced frequently. For full-thickness skin wounds which
are more than 1 cm in diameter re-epithelialization does not occur on its own without
skin grafting, resulting in extensive scarring, limitations in joint mobility and severe

cosmetic deformities (Papini, 2004).

1.1.5. Repair Mechanism of Skin Wound

Repair of skin is initiated by bacteriological or viral infection (inflammatory
response), chemical burns (degradation of extracellular matrix), electrical burns
(tissue necrosis), mechanical trauma (vascular leakage and tissue swelling) and other
traumatic  stimuli. Before the epidermal repair, dermal repair involving
inflammation, immunity, blood clotting, platelet aggregation, fibrinolysis and
activation of complement and kinin systems takes place. Blood clotting and platelet
aggregation prevents excess bleeding, and plugs leaks in vessel walls, complement is
involved in lysis of foreign cells and vasodilation of vessels, fibrinolysis removes
blood clots, immunity destroys foreign bacteria, inflammation cleans up dead tissue,
kinin is involved in vasodilation (Silver, 1994). Briefly, tissue repair consists of

inflammation, proliferation, granulation and remodeling phases.

Blood clotting and platelet aggregation systems are activated as a consequence of
damage on the blood vessels of skin and an insoluble fibrin network is formed
finally. At first a complex of hyaluronic acid bounded to fibrin is synthesized, and
then fibronectin is cross-linked to fibrin in the wound. These complexes are thought
to play a role in the granulation and remodeling phases of wound healing and in the

attraction, migration and adhesion of inflammatory cells such as polymorphonuclear
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leukocytes, respectively. These inflammatory cells secrete factors that have an effect
on the migration and proliferation of cells that synthesize extracellular matrix and the
recruitment of additional inflammatory cells to the wound. In the first phase of
wound healing, inflammation, the dead tissue is removed by these cells also (Silver,
1994; Li et al., 2007; Kondo, 2007).

After the inflammatory phase of wound healing, migratory cells (fibroblasts) starts
proliferating, followed by the formation of new blood vessels and the components of
extracellular matrix. Fibroblasts attracted by fragments of collagen as well as
fibronectin in the blood clot synthesize types I, Il and V collagens and
proteoglycans. The main elements of granulation tissue are thin randomly organized
collagen fibrils (Silver, 1994; Li et al., 2007; Kondo, 2007).

Granulating phase of dermal wound healing is followed by the remodeling of
granulation tissue. Thin random collagen fibrils are replaced with oriented large
diameter collagen fibrils. There are two possible paths for the removal of collagen
fibrils. Collagen fibrils could either be phagocytosized by inflammatory cells, or
could be degraded with collagenases synthesized by fibroblasts (Silver, 1994; Li et
al., 2007; Kondo, 2007).

As a subsequence of dermal repair, epidermal cells start migrating probably by
factors such as fibronectin, epidermal growth factor and interleukin-1 (Silver, 1994;
Li et al., 2007; Kondo, 2007).

1.2. Skin Substitutes

1.2.1. The Need for Tissue-engineered Skin Substitutes

Wound treatment can be problematic in several different clinical situations. In one

extreme example, massive burn injuries can require replacement of skin covering

nearly the entire body surface area. The preferred treatment for coverage of excised



burn wounds is autografting with split-thickness skin (either meshed or unmeshed),
yet the availability of donor sites for autograft is limited in patients with very large
burns. Therefore, available donor sites are harvested repeatedly in these patients to
cover the wound, but this repeated procedure causes to pain and scarring at the donor
site and increase the duration of hospital stays (Supp and Boyce, 2005).

Chronic wounds (pressure ulcers and leg ulcers) represent a different kind of
challenge for wound healing. A large surface area is not involved in such wounds,
but they have more incidence in the general population and so medical and economic
impacts are very high. Treatment methods for the chronic wounds include the use of
topical agents and occlusive dressings, and grafting of split- or full-thickness skin
(Supp and Boyce, 2005).

Congenital skin conditions and diseases (e.g. giant congenital nevi and epidermolysis
bullosa) affect a relatively small fraction of the population, but represent significant
challenges for wound coverage. Wounds occuring as a result of congenital skin
problems are not easy to avoid and tend to heal slowly or progress to chronic
wounds. Autografting is not a viable treatment option in these kinds of diseases,
because these wounds originate from genetic mutations in proteins of the patient’s
own skin. Treatment methods are protection from damage and topical therapy,
including sterile dressings, antibiotics, and analgesics (Supp and Boyce, 2005; Uitto
and Pulkkinen, 2001; Falabella et al., 1999).

As an alternative, safe and effective medical treatment method to above situations,
skin substitutes have been developed. Because of the great importance and demand
for skin-replacement products, there is a long history of material development, and
many research groups worldwide have focused on creating biomaterials for skin
substitution. Skin substitute biomaterials are commonly termed as bioengineered skin
equivalents, tissue-engineered skin, tissue-engineered skin constructs, biological skin
substitutes, bioengineered skin substitutes, skin substitute bioconstructs, living skin
replacements and, more recently, as bioengineered alternative tissue (Kim et al.
2006).



1.2.2. Ideal Properties of Skin Substitutes

The ideal skin substitute should have the following characteristics (Sheridan and
Tompkins 1999; Ramos-E-Silva and Castro, 2002; Ehrenreich and Ruszczak. 2006):

v
v

\
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Long shelf life, minimal storage requirements.

Appropriate wound drainage (wound dependent).

Biocompatibility (tissue compatible, absence of local or systemic toxicity and
antigenicity, mimimal inflammatory or foreing body response).

Facilitation of angiogenesis.

Ability to be handled and applied using standard surgical techniques.

Minimal pain induction.

Impermeability to exogenous microorgansims (barrier layer required).
Appropriate mechanical properties (durable, flexible, resistant to linear or shear
stresses, good tensile strength to resist fragmentation, elastic to permit motion of
underlying tissue).

Conformity to surface irregularities, rapid and sustained adherence to wound
surface.

Controlled water vapor transmission rate (the pooling of exudates and wound
desiccation should be avoided to maintain a humid wound environement).
Inhibition of bacteria growth.

Minimum patient discomfort and nursing care of wound.

Low cost.

Easy availibility.

Reduced healing time.

Controlled degradation.
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1.2.3. Classification of Skin Substitutes
Many different classifications have been made so far for the currently available skin-

substitute products (Shevchenko et al., 2010). The classifications were based on
different criteria (Table 1.1).

Table 1.1. The classification of skin substitutes

According to anatomical part substituted
v' Epidermal
v Dermal
v Dermo-epidermal (composite)
e According to duration of the cover
v Permanent
v Semi-permanent
v Temporary
e According to type of biomaterial
v" Biological: Autologous, allogeneic, xenogeneic
v Synthetic: Biodegradable, non-biodegradable
e According to presence of cellular components
v Cellular
v" Acellular

Some of the currently marketed and clinically used skin substitutes were given in
Tables 1.2-1.4. These example skin substitutes were organized according to

anatomical structure classification.
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1.2.3.1. Epidermal Skin Substitutes

There are abundant types of epidermal skin substitutes available in the market (Table
1.2). One of the oldest products (Epicel™, commercially available in 1988) is based
on culturing autologous keratinocytes on a feeder layer of lethally irradiated 3T3
mouse fibroblasts. This technique was not only used in extensive burn wounds (over
95% body surface area) and proved to be life saving, but also found to be beneficial
for acute and chronic wounds. The cultured epidermal autograft is used permanently
owing to the elimination of rejection problem. Due to the time required for their
preparation and the need for biopsy, allogeneic keratinocyte (neonatal foreskin)
sheets are preferred to accelerate the preparation. In spite of being a temporary
wound covering, it promotes permanent re-epithelialization by host kerationocytes.
Since extremely delicate sheets yield poor cosmetic results and blistering of the
epidermis, a product (VivoDerm) was produced by seeding hyaluronic acid
membrane having laser-drilled microperforations with autologous kerationocytes
(Ramos-E-Silva and Castro, 2002; Jones et al., 2002).

1.2.3.2. Dermal Skin Substitutes

In one of the dermal substitutes (TransCyte™), neonatal (allogeneic) fibroblasts
cultured on nylon fibers were used after embedding into a silicone layer for 4 to 6
weeks. These cells form a dense cellular matrix containing high levels of secreted
human matrix proteins with several growth factors. The fibroblasts become
nonviable after freezing. It is used as a temporary covering for excised deep partial-
and full-thickness burns before autografting. Another skin substitute was designed to
constitute the epidermal and dermal layers of normal skin composing of skin
extracellular materials, collagen and chondroitin-6-sulfate as the dermal substitute
and a disposable silicone sheet as the artificial epidermis without any cells
(Integra™). The porous matrix structure can be controlled by freeze drying process

and the vascularized structure formed is suitable for cell ingrowth. It is applied
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before grafting of deep partial- or full-thickness burns and silicone epidermis layer is
removed when donor sites are available for autografting. Porcine collagen chemically
cross-linked with an aldehyde is used as a temporary skin substitute (E-Z-Derm™).
It acts as an acellular dermal matrix. Biobrane™ consists of an outer silicone
membrane with a nylon fabric partially imbedded into the layer. Porcine collagen is
incorporated into the silicone and nylon components of the film by chemical cross-
linking. It is used as temporary adherent wound covering for partial-thickness
excised burns and donor sites. De-epidermized acellular graft obtained from porcine

source (Xenoderm™) or human cadaver (Alloderm™)

iIs also commercially
available. Another skin substitute application of porcine source (Oasis'") consists of
small intestinal submucose. The matrix contains collagen type I, 1, V and growth
factors. Detailed information about these dermal skin substittues was given in Table
1.3 (Balasubramani et al., 2001; Ramos-E-Silva and Castro, 2002; Boyce S.T., 2001;

Shakespeare, 2005).

1.2.3.3. Dermo-epidermal (Composite) Skin Substitutes

The success rate of epidermal grafting depends on the attachment of the
keratinocytes to the wound bed, more specifically to basement membrane. However,
in full thickness burns where epidermal and dermal layers are annihilated, complete
replacement of dermis is necessary to create an attachment site for the subsequent
autologous/allogeneic kerationocyte grafting. Also, replacement of the dermis layer
is very crucial to prevent excessive formation of granulation tissue which gives rise
to scar. Therefore, several skin substitutes consisting of dermal and epidermal layers
were produced. Human neonatal fibroblasts (allogeneic) attach, multiply and begin
secreting collagens and growth factors when cultured on a bioabsorbable net with
circulating nutrients. A solid tissue consisting of collagen proteins and cells is
formed (Dermagraft™). The net degrades after 3-4 weeks and the fibroblast collagen
matrix is used alone or with possible epidermal cultures. It is used for the treatment

.I:TM

of full-thickness chronic diabetic foot ulcers. Apligraf'™ consists of both dermal and
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epidermal layers. The dermal equivalent matrix made up of type | bovine collagen
with human dermal fibroblast (allogeneic), and the overlying epidermal layer
cultured with human keratinocytes resembles human skin histologically and produces
a great number of cytokines and growth factors. It is used for the treatment of
chronic foot ulcers and venous leg ulcers and burn wounds. A composite skin

equivalent (OrCel™

) consisting of a cross-linked bovine collagen sponge and a
nonporous collagen gel is seeded with fibroblasts (allogeneic) on the porous side and
with keratinocytes (allogeneic) on the other side. Culturing continues for 10 to 15
days. It is used for the treatment of split-thickness donor sites in patients with burn
and surgical wounds. Detailed information about these dermal skin substittues was
given in Table 1.4 (Supp and Boyce, 2005; Ramos-E-Silva and Castro, 2002;

Balasubramani et al., 2001; Kearney, 2001; Boyce, 2001).
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1.2.3.4. Potential Skin Substitututes

Besides the above commercial skin sushtitutes, the majority of which are based on
collagen, a wide variety of different material formulations are currently being
investigated as potential skin substitutes as well (Tables 1.5 and 1.6). Most of these
investigations are still in the process of physicochemical, in vitro and in vivo
characterization. However, some have already passed to stage -1l clinical trials

and might probably be on the market for patients and health practitioners soon.

Table 1.5. The potential collagen based skin substitutes.

Skin Substitute Type References
Collagen/chitosan/polyvinyl alcohol Lin etal., 2013
Human hair keratin-collagen sponge Chen et al., 2006
Polycaprolactone (PCL) collagen nanofibrous Venugopal et al., 2006
membrane

Tegaderm/nanofibre construct Chong et al., 2007
Porcine collagen paste Shevchenko et al., 2008
Bovine collagen cross-linked with microbial Garcia et al., 2008

transglutaminase
Collagen/glycosaminoglycan/chitosan dermal matrix Kellouche et al., 2007
seeded with fibroblasts

Keratinocytes and fibroblasts grown on Collatamp Johnen et al., 2008
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Table 1.6. The potential skin substitute made of other promising synthetic or

biological polymers.

Skin Substitute Type References

Hyaluronan coupled with fibronectin functional Ghosh et al., 2006
domains

Polycaprolactone (scaffolds incorporated with Augustine et al., 2014

ZnO nanoparticles

Cellulose acetate/gelatin  membranes Vatankhah et al., 2014
Gelatin and polycaprolactone Duan et al., 2013
Polyvinyl alcohol/chitosan/fibroin blended sponge Yeo et al., 2000
Bacterial cellulose Helenius et al., 2006
ICX-SKN skin graft replacement Boyd et al., 2007
Composite nano titanium oxide/chitosan artificial skin  Peng et al., 2008
Deacetylated chitin or plant cellulose transfer Johnen et al., 2008
membranes

1.3. General Properties of Materials Used in the Study

There are many natural and synthetic materials used in skin tissue engineering
applications. Most common examples of natural polymers are collagen, chitosan,
fibrin, elastin, gelatin, and hyaluronic acid while the examples of synthetic materials
are polyurethane, polyglycolic, acid, polylactic acid, poly (l-lactide), and
polycaprolactone. The natural materials are superior to the synthetic ones in that they
are biodegradable, biocompatible and have proven to be successful in wound healing.
However, synthetic polymers could be preferred due to problems occurring with
natural polymers such as low mechanical strength, shrinkage/contraction, difficulty
in handling, and risks of immunological rejection (Zhong et al., 2010).
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1.3.1. Gold

1.3.1.1. Synthesis of Gold nanoparticles

Gold nanoparticles (AuNPSs) can be prepared via various synthesis routes including
chemical, sonochemical, or photochemical path ways (Daniel and Astruc, 2004). The
most common chemical route is redox reaction of the gold nanoparticles in aqueous
solution from a dissolved gold precursor. For instance; gold salt could be used to
sythesize AuNPs together with a reducing agent such as sodium citrate, ascorbic
acid, sodium boro hydride, or block copolymers. These reducing agents (e.g., sodium
citrate) could also act as capping/stabilizing agent that prevents agglomeration or
further growth of the particles. In some of the cases a further stabilizing agent might

be required.

AuUNPs have been prepared in different organic or aqueous solvents (Volkert et al.,
2011; Oh et al., 2010; Martin et al., 2010; Brust et al., 1994; Templeton et al., 1998;
Waters et al., 2003). Among these sythesis methods, the citrate reduction method
could be said to be the best candidate since it is an inexpensive reducing agent and
non-toxic water solvent (Turkevich et al., 1953; Frens, 1973; Ji et al., 2007; Biggs et
al., 1993). These AuNPs are biocompatible and easily handled in applications
(Nguyen et al., 2010). Therefore, citrate reduction method is commonly used in
many gold nanoparticle based biological and biomedicine systems (Zhao et al. 2006;
Lietal., 2010; Kim et al., 2008; Liu et al., 2005).

Turkevich et al. (1953) was the first to report the basic experimental approach and
the effect of temperature and reagent concentration upon the nanoparticle size and
size distribution in his work. Then, Frens (1973) published the control of size
variation of gold nanoparticles by changing the concentration of sodium citrate. A sol
formation mechanism and a particle growth model were later published by Chow and
Zukoski (1994). In addition to these studies, the decisive role of sodium citrate on
the pH value of the reaction mixture and the nanoparticle size was demonstrated in
later studies (Ji et al., 2007; Yang et al., 2007; Kumar et al., 2007).
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1.3.1.2. Medical Applications of Gold

AUNPs have been used in clinical cases as therapeutic agent for a long time and have
attracted increased attention in biological application areas due to their unique
properties. Especially the studies of gold nanoparticles on biomedical application
areas such as drug and gene delivery systems have been very encouraging because
they have nontoxic, bio-inertness and easily producible nature (Pissuvan et al., 2011).
The study of Shukla et al. (2005) underlined the potential of gold nanoparticles in
application areas of nanoimmunology, nanomedicine, and nanobiotechnology
because their results suggested that gold nanoparticles were noncytotoxic,

nonimmunogenic, and biocompatible.

1.3.1.2.1. The Major Therapeutic/Clinical Uses of Gold Nanoparticles

The therapeutic use of gold can be traced back to the Chinese medical history in
2500 BC (Mahdihassan, 1985). Gold also has been used as nervine, a substance that
could revitalize people suffering from nervous conditions, long before in history in
the western world. In the 16™ century gold was recommended for the treatment of
epilepsy and in the beginning of the 19" century it was used in the treatment of
syphilis. No sooner than that Robert Koch discovered the bacteriostatic effect of gold
cyanide towards the tubercle bacillus, gold based therapy was applied for the
treatment of tuberculosis sin 1920s (Shaw, 1999). Rheumatic diseases including
psoriasis, juvenile arthritis, planindromic rheutamitism and discoid lupus

erythematosus are also treated gold compounds (Felson et al., 1990).

1.3.1.2.2 Application of Gold Nanoparticles in Tissue Engineering

AUNPs are used in many biological application areas such as contrast agents (Miladi
et al., 2014), radiotherapy agents (Yang et al., 2014), biomarkers (Nunes Pauli et al.,
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2014; Haller et al., 2015) and biosensors (Gong et al., 2015). Their unique properties
such as enhanced mechanical stability and resistance against enzymatic degradation
(Grant et al., 2014; Deeken et al., 2011), easy incorporation of antibodies (Obaid et
al., 2015), growth factors (Paviolo et al., 2014), cell adhesion molecules and peptides
(Gopalakrishnan et al., 2015) by their immobilization at the gold surface, enhanced
biocompatibility (Cui et al., 2014; Hung et al., 2014), possible antioxidant
(Balasubramani et al., 2014; Sanna et al., 2014) and antimicrobial behavior (Regiel-
Futyra et al., 2015; Ehmann et al., 2015; Li et al., 2014) makes them promising
candidates in tissue engineering applications such as vascular (Hung et al., 2014),
cardiac (Schevach et al., 2014; Ravichandran et al., 2014) bone (Ko et al., 2015),
skin (Labala et al; 2015; Silveira et al., 2014; Cozad et al., 2011).

It was demonstrated that keratinocyte could adhere fast to the AuNPs /chitosan film
scaffold and a low concentration of AuNPs (a concentration of 5 ppm) enhanced the
proliferation of keratinocytes (Lu et al., 2010). AuNPs with collagen form an
efficient matrix for the growth of hydroxyapatite and the mineralized collagen can be
potentially applied in bone tissue repair and regeneration (Aryal et al., 2006). In
addition, gold nanoparticles have already been used in conjugation with electrospun
fibers in a series of studies related to tissue engineering applications. For example;
McKeon-Fisher and Freeman (2011) fabricated electrospun poly (L-lactide) and
AUNPs composite scaffolds for skeletal muscle tissue engineering and suggested that
lower amounts of AuNPs may be utilized to create a biodegradable, biocompatible
and conductive scaffold for skeletal muscle repair. In another example;
collagen/hyaluranic acid polymer blend conjugated with AuNPs were electrospun
into a scaffold material for the treatment of osteoporosis disease (Fisher et al., 2012).
Nanocomposite scaffold, integrating coiled electrospun fibers with gold
nanoparticles were also reported for cardiac tissue engineering (Fleisher et al., 2014).
The polymethylglutarimide nanofibers functionalized by the grafted AuNPs, which
were labeled with cell-adhesive peptides, enhanced HelLa cell attachment and
potentiated cardiomyocyte differentiation of human pluripotent stem cells (Jung et
al., 2012).
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1.3.1.3. Toxicity of Gold Nanoparticles

There is the problem of nanotoxicity for nanosized materials. Copper and zinc based
nanomaterials appeared to be very toxic. On the other hand, titania, alumina, ceria,
silver, nickel and zirconia-based nanomaterials showed low to moderate toxicity, and
no toxicity was observed for tungsten carbide (Lanone et al., 2009). It was shown
that cytotoxicity of AuNPs was dependent on the shape, size, dose and the type and

charge of surface capping/reducing agents as well as cell type.

For instance; it was demonstrated that smaller AuUNPs (1.4 nm) were cytotoxic for
connective tissue fibroblasts, epithelial cells, and macrophages and melanoma cells
whereas bigger AuNPs in the 15 nm size range were nontoxic even at high
concentrations (Pan et al., 2007). The higher surface area to volume ratio of AuNPs
might lead to more intense interactions with cellular components and the penetration
of smaller sized AuNPs into intracellular locations like nucleus could be easier, thus
cause to cytotoxicity (Pan et al., 2007). It was stressed in a study that keratinocyte
proliferation was inhibited at doses of AuNPs (34 nm) higher than 10 ppm, on the
other hand lower doses (5 ppm) was shown to enhance the cellular activity for 5 days
of incubation (Lu et al., 2010). With increasing concentration of AuNPs, cell area
decreased along with cell number and density of actin fibers indicating some
cytotoxic effects. The observed cellular changes were both dose and time dependent
(Pernodet et al., 2006).

Also, gold nanorods have been shown to be more cytotoxic than AuNPs; however,
the reason for this was attributed to the coatings, such as cetyl-trimethylammonium
bromide (Wang et al., 2008).

It was suggested that the cationic AuUNPs were more cytotoxic than the same-size
anionic ones due to the affinity of cationic particles to the negatively charged cell
membrane (Goodman et al., 2004). It was also found that citrate-capped AuNPs were
not cytotoxic to baby hamster kidney cells and human hepatocellular liver carcinoma

cells, but cytotoxic to human carcinoma cells at certain concentrations (Patra et al.,
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2007). Monkey kidney cells were transfected with polyethylenimine (PEI)-modified
AUNPs. The results showed that after exposure to PEI-AuNPs complexes, cell
viability was 80% and further decreased to 70% upon exposure to AuNPs with
dodecyl-PEI complexes due to higher transfection observed (Thomas and Klibanov,
2003). The effect of size and different surface modifications on uptake and acute
toxicity of AuNPs was studied in human leukemia cells. The sizes ranged between 4
and 18 nm with surface modifiers including biotin, CTAB, cysteine, citrate, and
glucose. After three days of exposure, the largest nanoparticle with citrate and biotin
surface modifiers did not appear to be toxic at concentrations up to 250 mM (Connor
et al., 2005)

In another study examining four different peptide/BSA/AUNPs conjugates in three
cell lines (HeLa, 3T3/NIH, and HepG2), differing effects of the nanoparticles was
reported. This suggests that the nuclear delivery of the peptide/BSA/AuNPSs
influences cell viability due to particle interactions with cellular DNA (Tkachenko et
al., 2004). In a different study, the effect of AuUNPs exposure was tested in multiple
cell lines again (COS- 1 cells, red blood cells, and Escherichia coli cultures). These
cells were incubated with cationic (ammonium-functionalized) and anionic
(carboxylate-functionalized) AuNPs at 0.38-3 mM concentrations for 24 hours. The
cationic nanoparticles were found to be more cytotoxic than the anionic and simiar
toxicity levels were measured for these different cell types (Goodman et al., 2004).
The effect of AuNPs on the proliferation of RAW264.7 macrophage cells was tested.
Macrophage cells showed greater than 90% viability with no increase in pro-
inflammatory cytokines (TNF-a and IL-1b) after 48 hours of up to 100 mM AuNPs
(Shukla et al., 2005).
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1.3.1.4. Antibacterial Activity of Gold Nanoparticles

1.3.1.4.1. Surface Coating with Gold Nanoparticles

A wide variety of surfaces (implants, fabrics) were coated with AuNPs for treatment
of wounds. Glass surfaces were also coated with AuNPs to maintain hygienic
environments in hospitals and other places (Das, 2009). The inhibitory activity of
AUNPs against a wide range of bacteria (S.aureus, K., pnemoniae, P aureginosa, E.
Coli, L. monocytogenes, B. cereus, S. typhimurium) was reported in different studies
(Zawrah and El-Moes, 2011; Geethalakshmi and Sarada 2012). Bactericidal property
of AuNPs was confirmed in a study by measuring the minimum bactericidal
concentration (12-16 ppm) and minimum inhibitory concentration (4 ppm) (Cui et
al., 2012).

1.3.1.4.2. Surface Coating of Antibiotics with Gold Nanoparticles

The antibacterial activity of AuNPs was enhanced (Table 1.7) when it is used in

combination with antibiotics (Burygin, 2009).
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Table 1.7. The antibacterial activity of AUNPs in combination with antibiotics.

Antibacterial agent Effect References
Vancomycin coated with Enhanced antimicrobial Guetal., 2003
AUNPs activity against vancomycin

resistant enterococci
Aminoglycosidic Antibacterial effect on a range
antibiotics coated with of Gram-positive and Gram-
AUNPs negative bacteria
Cefaclor reduced gold Potent antimicrobial activity on
nanoparticles both Gram-positive (S. aureus)
and Gram-negative bacteria (E.

coli)

Grace and Pandian,
2007; Saha, 2007

Rai et al., 2010

1.3.1.4.3. Photodynamic Antimicrobial Chemotherapy of Gold Nanoparticles

Au-based nanomaterials (nanospheres, nanocages, and Au nanorods) can destroy

cancer cells and bacteria via photothermal heating at near infrared irradiation. Au-

based nanoparticles can be combined with photosensitizers for photodynamic

antimicrobial chemotherapy. The examples are listed in Table 1.8.
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Table 1.8. Photodynamic antimicrobial chemotherapy of AuNPs.

Antibacterial agent Effect References
Au nanorods conjugated Kill methicillin-resistant Kuo, 2009; Pissuwan et
with photosensitizers Staphylococcus aureus by al., 2009; Gil-Tomas,

(such as toluidine blue O)

Light
nanoparticles conjugated

absorbing  gold
with specific antibodies

Functionalisized gold
nanoparticles as

photothermal agents

photodynamic
antimicrobial
chemotherapy and NIR
photothermal radiation
Photothermally  kill S.
aureus by using laser
Hyperthermically Kill
pathogens

2007; Perni, 2009

Zharov, 2006

Norman, 2008; Simon-
Deckers, 2008; Huang,
2007

1.3.2. Honey

1.3.2.1. Types of Honey

The floral source of honey changes its composition and physicochemical properties

(Chen et al., 2000).

The unique name of honey comes from the geographical

location where the honey is produced, or the floral source of the honey or the trees on

which the hives are found (Lusby et al., 2002). Manuka honey, pasture honey, jelly

bush honey and African jungle honey are among the most well-researched honey

types.
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1.3.2.2. The Composition of Honey

The main constituents of honey are sugars (mostly monosaccharides and
oligosaccharides) and water. The most abundant sugar in honey is fructose (White
and Doner, 1980; Bogdanov et al., 2008; Ajibola et al., 2007). There are lots of
vitamins; especially vitamin B complex, vitamin C and ascorbic acid, pantothenic
acid, niacin and riboflavin and minerals; calcium, copper, iron, magnesium,
manganese, phosphorus, potassium and zinc in honey (Ajibola et al., 2012). Honey
contains at least 181 constituents (Bogdanov et al., 2008; Gheldof et al., 2002). The
other constituents are amino acids, antibiotic-rich inhibine, proteins and phenol
antioxidants (Wang and Li, 2011). Bioactive substances in honey are phenolic
constituents, flavonoids, organic acids, carotenoid-derived compounds, nitric oxide
metabolites, amino acids and proteins (Arriaga et al., 2011; Beretta et al., 2010).
Also, some varieties of honey contain kynurenic acid (a tryptophan metabolite with
neurological activity) which may contribute to its antimicrobial properties (Beretta et
al., 2007). Enzymes prevailing inside honey are glucose oxidase, diastase, invertase,

phosphatase, catalase and peroxidase (Crane, 1975).

1.3.2.3. Medical Applications of Honey

1.3.2.3.1. Wound Healing Effect

The medical properties of honey such as its antimicrobial property and wound-
healing activities have been known since ancient times. Its use as a drug and an
ointment was first mentioned in a Sumerian tablet writing dating back to 2100-2000
BC. Avristotle (384-322 BC) mentioned pale honey as being “good for wounds”
(Mandal and Mandal, 2011). Honey does not only maintain a moist wound condition
and provide a protective barrier to prevent infection due to its high viscosity, but it
also has antibacterial activity and immune-modulatory property. These effects

contribute to the healing property of honey (Bilsel et al., 2002).
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Honey has been applied for accelerating wound healing since ancient times. The
positive effect of honey in wound healing process has been shown repeatedly
(Molan, 1998; Molan, 1999). Treating ulcers, bed sores and other skin infections
resulting from burns and wounds with honey has gained acceptance (Molan, 1999;
Blassa et al., 2006). The effectiveness of honey as dressing of wounds, burns, skin
ulcers and inflammations were reported; the growth of new tissue is accelerated with
the anti-bacterial properties of honey, thereby assisting the wound healing (Medhi et
al., 2008). The medihoney and manuka honey have been shown to have in vivo
activity and are suitable for the treatment of ulcers, infected wounds and burns
(Prakash et al., 2008; Aljadi and Kamaruddin, 2004).

1.3.2.3.2. Antimicrobial Property of Honey

Honey has antimicrobial effects, which are attributed to the osmotic effect of the
sugars, the low pH (3.2-4.5), and particularly to its peroxidase activity (H,O,). The
antimicrobial effects are also due to the presence of non peroxidase substances such
as phenolic acids, flavonoids, and lysozymes (Tan et al., 2009; Al-Jabri et al., 2005;
Ghazali, 2009; Nasir et al., 2010)

Natural, unheated honey have been reported by many researchers to have a broad-
spectrum antibacterial activity when tested against pathogenic bacteria, oral bacteria,
as well as food spoilage bacteria (Kwakman et al.,, 2010). The Leptospermum
scoparium honey, one of the best known with standardized levels of anti-bacterial
activity, has been reported to have an inhibitory effect on around 60 species of
bacteria, including aerobes and anaerobes, gram-positives and gram-negatives
(Mundo et al., 2004).
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1.3.2.3.3. Anti-oxidant Property of Honey

Chronic or degenerative diseases are more susceptible to oxidative stress. Honey has
antioxidant activities that can suppress oxidative stress (Mohamed et al., 2010). The
antioxidants in honey are flavonoids, phenolic acids, amino acids, proteins, and some
enzymes (Kishore et al., 2011; Khalil et al., 2011).

1.3.3. Collagen

1.3.3.1. Sources and Refinement

There are various sources of collagen on earth. Bovine skin and tendons, porcine skin
and rat tail are the common sources of collagen for tissue engineering applications
Collagen extracted from marine sponges sponges (Exposito et al., 2002; Exposito et
al., 1999), fish (Sugiura et al. 2009), and jellyfish (Song et al., 2006) are widely used
in the industry, but it is not the preferred option for research and clinical usage.
Collagen properties changes from one animal to another, and that is why all these
collagen types merit investigation (Lin and Liu, 2006). Apart from these collagens
recombinant human collagen, which is potentially less immunogenic than animal
sources and identical in composition to collagen is produced by Fibrogen® has been
proposed as the future of collagen scaffolds (Yang et al., 2004). Decellularized ECM
(mostly composed of collagen) serves as as a scaffolding material for tissue
regeneration in biomedical applications. Acellular ECM is typically produced from
human or porcine dermis or from swine intestine or bladder submucosa (Badylac,
2004).
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1.3.3.2. Molecular Structure

The primary structure of collagens can be represented by the motif of Glycine-
Proline-Hydroxyproline-Glycine-X-Y where X and Y can be any amino acids. This
sequence forms an alpha chain and every collagen molecule contains a triple a-helix,
which is the molecular basis of tropocollagen, precursor of collagen. According to
the type of tissues the individual a-chains differ. For instance, type | collagen
consists of three coiled subunits composed of two a-1 (I) chains and one a-2 (1)
chain. Each o chain winds around each other to form a right-handed triple helix. The
three chains are held together strongly by H bonds between glycine residues and
between the hydroxyl (-OH) groups of hydroxyprolines. In addition, there are cross-
linkages via lysine among o helixes. Hence, the amino acid composition of a
collagen species also affects cross-linking and thereby mechanical properties. Lysine
and hydroxylysine are necessary for natural intra- and inter-molecular cross-linking
of collagen (Angele et al., 2004). Therefore, the more lysine and hydroxylysine are
present in a collagen molecule, the more it will be resistant to enzymatic and thermal

degradation.

Hydroxyproline is present in minute amounts in other proteins so, it is considered as
unique to collagen. For this reason assays of hydroxyproline are frequently used to
determine the collagen content in a given tissue. Propeptide regions, which are
thought to play a role in the initial assembly of the triple helix, are present at the ends
of procollagen molecules (Figure 1.3.A). After secretion from cells, the propeptides
are enzymatically cleaved from the procollagen molecules to form collagen
molecules with diameter of 1.5 nm, and length about 300 nm (Figure 1.3.B).
Collagen molecules undergo a self assembly process to form collagen fibrils (10-300
nm in diameter). This assembly results in staggered array of collagen molecules, in
which overlapping rows of collagen molecules are staggered with respect to one
another by a distance of 64 to 67 nm forming a banded structure (Figure 1.3.C) (Dee
et al, 2002; Park and Bronzino, 2003; Meyers et al., 2008).
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Figure 1.3. Collagen Structure: (A) Procollagen molecule, (B) collagen molecule.

(C) banded structure of collagen fibrils (Adapted from Dee et al., 2002)

1.3.3.3. Types and Distributions

There are approximately twenty-five different a chain conformation, each produced
by their unique gene. So, 29 types of collagen have been identified. The most
common are briefly described in Table 1.9. Only a few types of collagen (mainly
type I collagen) are used to produce collagen based biomaterials in the field of tissue-
engineering. Type | collagen is distributed in most tissues and comprises the largest
proportion of the total collagen within the human body (Fung, 1993). Type I collagen
is found mainly in bone, tendons, ligaments, and skin (Guelcher and Hollinger,
2006).
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Table 1.9. Collagen types and tissue distribution (adapted from Albert et al., 2002).

Type Molecular formula  Tissue distribution

Fibril- I [al(D)]202(T) bone, skin, tendons, ligaments,
Forming cornea (represent 90% of total
(fibrillar) collagen of the human body)
I [al(ID)]3 cartilage, intervertebrate disc,
notochord, vitreous humor in
the eye
i [al(TID)]3 skin, blood vessels
Fibril associated  IX al(IX)e2(IX)a3(IX) Cartilage
Xl [al(XID)]3 tendons, ligaments
Network forming 1V [al(IV)]202(1V) basal lamina
VIl [ol(VID]3 beneath stratified squamous
epithelia

1.3.3.4. Mechanical Properties and Stability of Collagen

Different characteristics of the collagen in the aspect of chemical and mechanical
properties could be obtained since there are over 29 types of collagen. Yet, some of
the fundamental mechanical properties (and structure-property relationships) of
collagen needs to be fully explored. Collagen being the basic structural component in
our body plays the same role as steel does in structures (Guelcher and Hollinger,
2006).

In general, temperature and pH are known to affect stability of collagen, although its
material behavior is relatively unaffected over the range of temperature from 0 to 37
°C However, triple-helix structure of collagen could easily be denaturde upon
exposing to temperatures above 37 °C or to a low pH solvent causes (Guelcher and
Hollinger, 2006).

The tensile modulus (obtained from the linear portion of the stress-strain curve) for
collagen fibers has a reported range between 350 and 1000 MPa (Fung, 1993;
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Gentlemen et al., 2003). The tensile strengths for collagen fibers were shown to
range from 50 to 100 MPa (Fung, 1993). When compared to large diameter fibers,
smaller diameter collagen fibers tend to display larger values of modulus and peak
stress. It has been suggested that larger-diameter fibers are more likely to possess
defects and thus break more easily. Besides that smaller fibers have a larger surface-
to-volume ratio and allow greater number of cross-links per fiber unit length, which
would make the fiber stiffer (Gentleman et al., 2003). The tangent modulus is a
material property and therefore should be independent of the size of the specimen.
However, different lengths of collagen fibers, either fabricated in the same way or
dissected from the same tissue, have been shown to have significantly different
moduli (Guelcher and Hollinger, 2006; Gentlemen et al., 2003).

1.3.3.5. Biological Responses to Collagen

One property of biomaterials based on natural materials like collagen is that the
materials are normally known by the living system. As one consequence of this,
collagenases and metalloproteinases that are produced by cells easily degrade
collagen based biomaterials in tissues. The products of this degradation will be
amino acids that the body copes with in the course of its normal metabolic processes
(Guelcher and Hollinger, 2006).

The interaction of collagen with the surrounding environment is regulated with its
quaternary structure. For example, platelet aggregation has been shown to be a
property of the quaternary structure (Yannas, 1996). Collagen acts as chemo-
attractant to leukocytes and fibrogenic cells (Gentlemen et al., 2003) and binds to

growth factors and cytokines (Gelse et al., 2003).

The triple helix structure of collagen is present in many species. Especially, type I
collagen is abundant in most organisms, and therefore a better tolerance across
species and a lower immune response than other collagen types are expected

(Yannas, 1996). Patients awaiting an implant were tested to determine whether they
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have a pre-existing allergy to collagen and it was reported that only up to 4 % of a
population a pre-existing allergy to bovine collagen exists (Cukier et al., 1993; Soo et
al., 1993; Cretel et al., 2001). The adverse reactions to implanted collagen in patients
without pre-existing allergies were also found to be rare (< 3%) (Guelcher and
Hollinger, 2006; Lynn et al., 2004).

1.3.3.6. Biomedical Applications of Collagen

Collagen could easily be processed into various forms including films, fibers, gels
and sponges for skin (Chan et al., 2015) urethral (Wei et al., 2015) ocular (Zhou et
al., 2014) bone (Quinlan et al., 2015) and cartilage (Zhao et al., 2014) tissue

engineering applications.

Collagen-based wound dressings have been applied long before for skin wounds
(Yannas et al., 1982; Doillon and Silver, 1986). Since that time new skin tissue
scaffolds have been investigated with melanocytes (Regnier et al., 1997), a capillary-
like network (Tremblay et al., 2005), dendritic cells (Bechetoille et al., 2007),

sensory innervation (Blais et al., 2009) and adipose tissue (Trottier et al, 2008).

1.3.4. Silk Fibroin

1.3.4.1. Sources and Refinement of Silk Fibroin

The most economically important silk-producing animal is mulberry silkworms
(Bombyx mori) since they could be kept in captivity. When the caterpillars came out
from the eggs of the adult moth they start eating fresh mulberry leaves for a month.
When they are mature enough for metamorphosis into a moth, they start constructing
a protective cocoon of silk. Upon completion of the cocoon, it is subjected to hot

water/steam and the caterpillars inside the cocoon are Kkilled, and the silk is
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harvested. The crude silk fiber is degummed (cleared of from the glue-like protein,

sericin) and processed before being used (Hardy et al., 2008).

1.3.4.2. Molecular Structure of Fibroin

The diameter of fibers of domesticated B. mori silkworm are about 10-25 mm and
composed of two proteins as a light (= 26 kDa) and heavy (=390 kDa) chain linked
by a single disulfide bond (Zhou et al., 2000). Sericin (20-310 kDa), known to be a
hydrophilic protein coat the fibroin fibers (Kaplan et al., 1998; Zhou et al., 2000;
Yamaguchi et al., 1989; Inoue et al., 2000). The disulfide linkages between the heavy
light chain holds the fibroin together (Tanaka et al., 1999). Sericin forms about 25 to
30 % of the silk cocoon mass and its removal process is carried out during the de-
gumming process (Vepari and Kaplan, 2007). Silk fibroin from B. mori is mainly
composed of glycine (43%), alanine (30%) and serine (12%) (Kaplan et al., 1998).

There are a number of silk polymorphs. These are glandular state prior to
crystallization (silk 1), the spun silk state which consists of the B-sheet secondary
structure (silk I1), and an air/ water assembled interfacial silk (silk 111, with a helical
structure) (Kaplan et al., 1998; Jin and Kaplan, 2003; Motta et al., 2002). The silk |
structure (the water-soluble state) is easily converted to a silk Il structure when it is
exposed to heat or physical spinning. The silk I structure is also converted to a -
sheet structure when exposed to methanol or potassium chloride (Huemmerich et al.,
2006). The asymmetrical structures of B-sheets are due to occupation of hydrogen
side chains from glycine and the methyl side chains from the alanines. The formation
of the intersheet stacking in the crystals is resulted from the interaction of the methyl
groups and hydrogen groups of opposing sheets. A thermodynamically stable
structure is formed by virtue of the strong hydrogen bonds and Van der Waals forces
(Kaplan et al., 1998). Between amino acids perpendicular to the axis of the chains
and the fiber, inter- and intra-chain hydrogen bondings are created (Kaplan et al.,
1998). Water is not included in the silk Il structure is not soluble in several solvents

such as mild acid and alkaline solutions, and many chaotropes.
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1.3.4.3. Biological Responses to Fibroin

Hypersensitivity results of sutures made from virgin silk and sutures from de-
gummed silk were found to be different (Altman et al., 2003). According to the
comparison of the inflammatory response between of de-gummed silk fibroin and
polystyrene and poly (2-hydroxyethyl methacrylate) less in vitro adhesion of
immuno-competent cells was demonstrated (Santin et al., 1999). Inflammatory
responses of silk films implanted in vivo were compared with collagen and PLA
films, and lower responses were reported for the former (Meinel et al., 2005). A
weak foreign body response and no fibrosis were induced in silk fibroin non-woven
mats implanted subcutaneously in rats. During the six months of in vivo study, there
was little lymphocytes invasion, and slight inflammatory pathway upregulation at the

implantation site (Dal Pra et al., 2005).

1.3.4.3. Biomedical Applications of Fibroin

Silk fibroin was fabricated in the forms of fibers (Dal Pra et al., 2005; Unger et al.,
2004; Jin et al., 2004; Min et al., 2004; Li et al., 2006; Kim et al., 2005) hydrogels
(Motta et al., 2004; Fini et al., 2005), foams (Meinel et al., 2004; Kim et al., 2005;
Wang et al., 2006; Aoki et al., 2003) and films (Wang et al., 2005; Jin et al., 2004;
Hu et al., 2006) for different tissue engineering applications such as skin, bone and
cartilage tissue engineering. Also, silk fibroin scaffolds were reported to promote cell
attachment and proliferation of a variety of cells such as keratinocytes, fibroblasts
(Unger et al., 2004), human fibroblasts (Petrini et al., 2003; Chiarini et al., 2003)
endothelial cells (Unger et al., 2004), human mesenchemal stem cells (Jin et al.,
2004), osteoblast-like cells (Motta et al., 2004) and chondrocytes (Wang et al.,
2006). In vivo studies with silk fibroin also gave promising results. For example;
enhancement in bone healing were observed (Kim et al., 2005; Fini et al., 2005) skin
(Yeo et al., 2000; Sugihara et al., 2009).
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1.3.5. Silk Sericin

1.3.5.1. Sources and Refinement of Silk Sericin

Silk derived from silkworm Bombyx mori is mainly composed of sericin and fibroin
proteins. Sericin constituting 25-30 % of silk envelops the fibroin fibers with
successive sticky layers that help in the formation of a cocoon. It is estimated that 1
million tons of cocoons (fresh weight) is produced worldwide and sericin is
discarded as a waste product. Although at present, sericin is mostly discarded in silk
processing wastewater, the recovery and recycling of this protein could provide a
significant economic and social benefit because depletion of 50,000 tons of sericin

from 400,000 tons of dry cocoon is a great loss.

Sericin is a water soluble protein. When dissolved in a polar solvent, hydrolyzed in
acid or alkaline solutions, or degraded by a protease, different molecular size
distributions (<20 kDa or >20 kDa) of the resulting sericin molecules occur

depending on factors such as temperature, pH, and the processing time.

The small sericin peptides are soluble in cold water and can be recovered at early
stages of raw silk production while the larger sericin peptides are soluble in hot water
and can be obtained at the latter stages of silk processing or from silk degumming

processes (Zhang, 2002).

1.3.5.2. Molecular Structure

Sericin having a wide molecular weight range of about 10 to over 300 kDa is a
macromolecular protein. It is made of 18 amino acids most of which have strongly
polar side groups such as hydroxyl, carboxyl, and amino groups. In addition, the
amino acids, serine and aspartic acid constitute approximately 33.4% and 16.7% of
sericin, respectively. Serine is thought to make sericin an excellent moisturizing
agent (Zhang, 2002; Kundu et al., 2008).
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1.3.5.3. Biological Responses to Sericin

The silk was known to cause allergic reactions (Hollander, 1994; Zaoming et al.,
1996; When et al., 1990; Kurosaki et al., 1999). The glue-like protein sericin has
been implicated as the causative agent for immune responses to silk, but only when it
is found in conjuction with fibroin. Sericin by itself did not elicit an immune
response (Panilaitis et al., 2003). Meinel et al. (2005) showed that the inflammatory
tissue reaction and foreign body response to silk films was similar or less than

collagen films.

1.3.5.4. Biomedical Applications of Silk Sericin

Various biomedical application areas of sericin were reviewed by Zhang et al. (2002)
and Kundu et al. (2008). Generally, it was used in the form of solutions/creams

hydrogels, foams and films.

Tsubouchi (1999) developed a fibroin-mixed-sericin wound dressing that could
accelerate healing and could be peeled off without disturbing the newly formed skin.
Minoura et al. (1995) and Tsukada et al. (1999) investigated the attachment and
growth of animal cells on films made of sericin and fibroin. Films of pure component
proteins (i.e., fibroin or sericin) permitted cell attachment and growth comparable to
that on collagen, a widely used substrate for mammalian cell culture. In another
study made by Murase (1994), films made of sericin and fibroin were found to have
excellent oxygen permeability and showed high similarity to human cornea in its
functional properties. Hence, it was thought as promising to form artificial corneas

The effect of sericin on the attachment of primary cultured human fibroblasts was
studied by Tsubouchi et al. (2005). It was found that the attachment of these cells

was enhanced with sericin.

The studies conducted by Aramwit and Sangcakul (2007) about the wound healing
effect of sericin cream in rats suggested that sericin had wound healing effects
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without causing allergic reactions. The antioxidant action of sericin was shown by
Kato et al. (1998). Antioxidant potential and photoprotective effect of silk protein
sericin against hydrogen peroxide-induced oxidative stress in skin fibroblasts and
skin Kkeratinocytes was studied by Dash et al. (2008a and 2008b). A novel
mucoadhesive polymer has been prepared by template polymerization of acrylic acid
in the presence of silk sericin (Ahn et al., 2001). It was also shown by Tamada
(1997) that biomaterials with anticoagulant properties could be prepared by
sulfonation treatment of sericin and fibroin proteins. The anticoagulant activity of
sulfated sericin was estimated to be at 1/10 to 1/20 of heparin (Tamada et al. 2004).

The findings of Zhaorigetu et al. (2003) suggest that sericin has suppressing activity
against both chemical and UV radiation induced skin tumorigenesis by reducing

oxidative stress.

1.4. Aim of the Study

The substantial aim of this Ph. D study is to develop new biomaterials as potential
skin substitutes and to provide alternative and efficient treatment methods to clinical
cases (Figure 1.4). To reach this aim, the following tests and analysis were

performed:

v Green sythesis of the scaffolds with little or non cytotoxic solvents (d-water or
aqueous acetic acid) and chemical agents (ethanol and glycine blocked GTA).

v" Development of bilayered skin substitutes composed of epidermal
(collagen/sericin membranes: C/S) and dermal (collagen sponges: CS, collagen
matrices: CM or silk fibroin matrices:SF) layers with different fabrication
methods. Casting and solvent evaporation (film), lyophilization/freeze-drying
(sponge) and dry/wet electro-spinning (fibrous matrices) methods were used to
obtain the scaffolds. Epidermal and dermal layers were glued to each other with
natural honey to form the bilayered structure. Bilayered skin substitutes were
labelled as BLCS, BLCS-Au, BLCS-AuX, BLCM-Au, BLCM-AuX, BLSF,

BLSF-Au. Sericin/collagen film (epidermal layer) may act as a membrane that
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allows the controlled oxygen/cabondioxide exchange, controls the water vapor
permeation rate and avoids the bacteria penetration, while dermal part may act as
a suitable substrate for cell adhesion, proliferation and migration. Therefore;
bilayered design of the scaffold may enhance the properties of the scaffold as a
skin substitute by mimmicking the roles of natural skin’s layers.

Fabrication of 3D scaffolds (0.5 mm-2 mm) with suitable micro/nano
architectures (randomly oriented nanofibrous collagen or fibrous silk fibroin
sponges and porous collagen sponges) which are also water-stable.. To achieve
this stability, collagen based scaffolds were x-linked with GTA (C/S-X, CS-X
and CM-X) and silk fibroin based scaffolds were treated with ethanol to increase
the stability in water.

Characterization of the scaffolds with physical (water swelling, water vapour
transmission rate, oxygen permeability, fiber/pore size and distribution analysis
and interconnectivity with SEM and TEM, porosity calculation and mechanical
properties with tensile strength, elongation at break and tensile modulus) and
chemical (hydrolytic and enzymatic degradation, FTIR analysis) laboratory tests
to select the best groups as skin substitute.

Sythesis of gold nanoparticles with different sizes and concentrations to
incorporate into scaffolds.

Characterization of the nanogold for shape and size distribution with TEM
Determination of the nontoxic sizes of gold nanoparticle and doses with in vitro
cytotoxicity studies (MTT analysis)

Development of the scaffolds with the nontoxic gold nanoparticles to observe the
AUNP incorporation and distribution inside the nanofibers with TEM. Gold
nanoparticles (AuNPs) were incorporated into dermal substitutes (CS-Au, CS-
AuX, CM-Au, CM-AuX, SFM-AUE) to obtain an antibacterial biomaterial
surface and to investigate the effect of AuNPs on cell adhesion, spreading and
proliferation.

Assessment of the in vitro biocompatibility of scaffolds incorporated with gold
nanoparticles (cell viability assay according to ISO 10993-5).
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v' Confirmation of the antibacterial effect of gold nanoparticles (agar disc diffusion
method) in the selected size and dose with S. Aureus and to confirm the bacterial
growth inhibition effect of gold nanoparticles (OD measurement and SEM
imaging) on scaffolds incorporated with gold nanoparticles with S. Epidermidis.

v Seeding the cells (fibroblasts and keratinocytes) into scaffolds and observe the
cell/biomaterial interactions (cell adhesion, spreading and proliferation).

v" Investigation of the wound healing effect of final optimized scaffolds loaded with
different bioactive agents (AuNPs or honey) on full-thickness wound of rats by
comparing the results of the scaffolds developed in this study with a commercial
skin substitute (Matriderm™).

v Toxicological evaluation of one of the best scaffold groups by skin irritation (ISO
10993-10), sensitization (ISO 10993-10) and genotoxicity (ISO 10993-3,

OECDA471) tests.

/ collagen/sericin film \

=control WVTR
=allow O2/CO2 exchange
—— mimpermeable to bacteria

| Collagen marix/sponge or silk tfibroin matrix I

=porous structure suitable for cell

attachment and proliferation
=incorporated with AuNPs

Figure 1.4. The main design characteristics of bilayered scaffolds developed in this

research.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials
2.1.1. Materials and Chemicals for Scaffold Preparation

Commercial sericin was purchased from Nembri Industrie Tessili s.r.l. (CAS no:
60650-88-6; 60650-89-7, MW: ca.138 kDa) and collagen (Gelfix® lyophilized type I
collagen pad) was obtained from Isse International Eurosearch (Italy). Silk cocoon of
Bombyx mori origin was bought from Kirman Iplik Ltd. Sti. (Bursa, Turkey).
Collagen from bovine achilles tendon (powder), acetic acid (ReagentPlus®, >99%),
glutaraldehyde solution (GTA, Grade I, 25% in H,0O) hexamethyldisilazane (HMDS,
reagent grade, >99%), poly(ethylene oxide) (PEO, average M, ~4,000,000), lithium
bromide (ReagentPlus®, >99%), sodium carbonate (anhydrous, powder, 99.999%),
dialysis tubing cellulose membrane (avg. flat width 25 mm) ethanol
(CHROMASOLV®, for HPLC, >99.8%), methanol (CHROMASOLV®, for HPLC,
>09.9%), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC,
commercial grade, powder) and N-Hydroxysuccinimide (NHS, 98%) were
purchased from Sigma-Aldrich (Germany). Glycine (electrophoresis purity reagent)
was obtained from Bio-Rad Laboratories (USA).

2.1.2. Materials and Chemicals for Gold Nanoparticles Synthesis

Hydrogen tetrachloroaurate (111) (HAuCl;3H,0) was obtained from Applichem

(Germany), trisodium citrate dihydrate (NasCg¢HsO72H,) was obtained from Sigma-
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Aldrich (Germany), Millex® syringe filter units (disposable, Durapore® 0.1 pm,
PVDF) was obtained from Merck Millipore (Germany).

2.1.3. Materials and Chemicals for Physicochemical Characterization
Experiments

Magnesium chloride hexahydrate (99.995% trace metals basis, MgCl,.6H,0), LB
broth (Miller, liquid microbial growth medium), collagenase from Clostridium
histolyticum (Type I-A, lyophilized powder) were purchased from Sigma-Aldrich
(Germany), formvar carbon film coated (200 mesh) copper grids for TEM was

bought from Electron Microscopy Sciences (USA).

2.1.4. Materials and Chemicals for Cell Culture Studies

DMEM (1x) (D-Glucose (4.5g/l), NaHCO3 (3.7 g/l), stable glutamine, Na-Pyruvate),
penicillin/streptomycin (100x), D MEM (1x) (D-Glucose (4.5¢g/l), NaHCOg3 (3.7 g/l)
Na-Pyruvate, w/o phenol red), fetal bovine serum (FBS) and trypsin-EDTA solution
(0.25%/0.02% w/v in PBS w/o Ca*?, Mg*?) were obtained from Merck Millipore (
Germany). Ethylene diamine tetraacetic acid disodium salt dihydrate (EDTA, 99%),
thiazolyl blue tetra-zolium bromide (MTT bromide, approx. 98 % TLC), trypan blue
solution (0.4%) were purchased from Sigma-Aldrich (Germany). Prestoblue was
obtained from Life Technologies, Thermo Fisher Scientific Inc., USA). Dimethyl
sulfoxide (DMSO, cell culture grade, min. 99.5%) was obtained from AppliChem

(Germany). Ethanol (absolute extra pure) was purchased from Merck (Germany).
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2.1.5. Materials and Chemicals for In Vivo Studies

Ketamine hydrochloride (Ketalar, Parke-Davis- Eczacibasi, Istanbul, Turkey)
povidone-iodine and surgical drapes (Ioban™ incise drape, 3M Health Care, USA)
were bought from pharmacies (Turkey). Eighty healthy adult male Wistar albino rats
weighing 200-250 gr and also the standard rat chow and wood shaving were
obtained from Kobay D.H.L A.S. (Turkey).

2.2. Methods
2.2.1. Synthesis of Gold Nanoparticles

Gold ions (Au*®) were reduced to neutral gold atoms by means of citrate ions acting
as both reducing and capping agent. Gold nanoparticles of different sizes were
synthesized using the citrate reduction method also known as Turkevich method
(Kimling et al., 2006). The formation of gold nanoparticles was confirmed with the

red color. Briefly, the experimental steps were as follows:

1) The hydrogen tetrachloroaurate (HAuCl4.3H,O, 10 mM) stock solution was
prepared

2) By diluting the stock with distilled water, 1 mM solution was obtained (Solution

).

3) From the solution I, 20 ml was taken and poured it into a Erlenmeyer flask and it
was left to boil while stirring at high speeds (800 rpm). At boiling point, previously
prepared 1 % trisodium citrate dihydrate (Na3CgHsO7.2H,) solution (Solution I1) was
added at different volumes (1-4 ml) slowly to avoid the aggregate formation.

4) Different sizes (diameters) of gold nanoparticles were prepared by altering the
volumetric ratio of gold salt (HAuCl4.3H,0) to reducing agent (NazCgHs0O7.2H,0)
(Frens, 1973; Chithrani et al., 2009). The change in color of the solution from pale

47



blue (nucleation) to deep red (ruby red) is an indication that gold (Ill) has been

reduced and gold nanoparticles have been formed.

Some modifications on the protocol were made to get larger (30-50 nm) and more
uniform distribution of size and shape. For modification; i) 0.1 % trisodium citrate
dihydrate (NazCsHsO72H;) solution (Solution Il) was added in different 5-10 ml
volumes to solution I. ii) Solution Il was passed through 0.2 um filter and it was
heated mildly with a heater before adding to Solution 1. Accordingly, the problems
related with the temperature difference (temperature gradient) between Solution |
and Solution 11 was tried to be evaded. When the color of the solution starts to turn
from pale blue (nucleation) to deep red (ruby red) the stirring at boiling point was
continued for 15 minutes more. Immediately after this step, flask containing the
solution was soaked into an ice bath to stop the reaction in an intention to form
particles with a more uniform size distribution. Finally, the gold nanoparticle

suspensions was topped to 30 ml and passed through 0.1 my filter (Figure 2.1).

\ / 1% trisodium citrate dihy (lratx
Gold salt solution (1mM)

. i AddsolutionII (1-4 ml)
SolutionI (20 ml)

» al

5 5
—

q AulNPs suspension \

——
_—

) . ) 3. Continue stirring at boling point
{AUNPS with different sizes / \lllltil red wine color forms /

Figure 2.1. The schematic figure showing the steps of gold nanoparticles synthesis.



2.2.2. Fabrication of Epidermal Layers of Scaffolds

Collagen/sericin films (epidermal layer) were fabricated as it was described before
with some slight modifications (Akturk et al., 2011). Briefly, sericin and collagen
suspensions having 1% concentrations were prepared in 0.5 M acetic acid and
blended in collagen/sericin ratios of 2:1 w/w. The mixture (120 ml) was then cast
onto glass petri plates (12 cm) and left to air drying in room temperature. The dried
film was first subjected to dehydrothermal cross-linking in vacuum oven at 120 °C
for 2 hours before chemical cross-linking with GTA (3%) for two hours. Then, cross-
linked films were rinsed with distilled water thoroughly and held in 0.2 M glycine

solution for 30 minutes to deactivate the toxic aldehyde residues.

2.2.3. Fabrication of Dermal Layer of Scaffolds

2.2.3.1. Collagen Sponges

2.2.3.1.1. Preparation of Collagen Sponge Solutions

Different collagen solutions (0.1-2 %) were prepared by dissolving collagen type I in
0.5 M acetic acid solution. To maintain the structural properties (characteristic triple
helix) of the protein, collagen solutions were stirred at ice cold conditions (4 °C). The
prepared groups were homogenized with a blender and air bubbles were removed by
sonication before the lyophilization. Collagen sponges incorporated with AuNPs
(CS-Au) were obtained by adding the AuNPs into collagen solutions before
freeze/drying process with lyophilisation. 10 ml of collagen solution (1 %) was
added with 1 ml AuNPs (157 ppm) to get final concentration of AuNPs in the blends
as 14.27 ppm.
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2.2.3.1.2. Lyophilization of Collagen Solutions

After preparing the sponge solutions, they were casted onto moulds (glass petri plates
or tissue culture 6 well plates). Sponges (Figure 2.2) were prepared by lyophilizing
the frozen collagen solutions (-80 °C) for 8 hours in a freeze-dryer (FreeZone Plus
12, Labconco, USA).

Figure 2.2. The collagen sponges prepared: (A) CS-Au and, (B) CS.

2.2.3.1.3. Chemical Treatment of Collagen Sponges

The collagen sponges were known to lose their 3D structure in aqueous environment,
so they were cross-linked with glutaraldehyde (GTA) solution (% 3) for 2 hours.
Sponges were soaked in distilled water briefly to swell the pores before cross-
linking. Unreacted aldehyde groups were blocked in glycine solution (0.2 M) for 30
minutes after cross-linking. For complete dehydration, the scaffolds were freeze-

dried. Finally, the scaffolds were stored in a desiccator at room temperature.
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2.2.3.2. Collagen Nanofibrous Matrices

2.2.3.2.1. Preparation of Collagen Spinning Solutions

Collagen type I solutions (1 %, 2 %) were prepared by dissolving them in acetic acid
solution (0.5 M). In order to be able to perform the electrospinning successfully, a
transparent, thoroughly dissolved polymer solution was necessary. Therefore, the
collagen solutions prepared were heated up to boiling point and awaited at the
boiling point for 5-15 minutes. Afterwards, the transparent solution was filtered
through 100 pum pore sized filter. The concentration of the final solution was checked
by drying a sample solution in an oven and measuring the dry weight.

2.2.3.2.2. Electro-spinning of Collagen Solutions

For electrospining collagen, PEO was utilized as the second polymer. In order to
increase the conductivity and to get uniform nanofibers, NaCl was added into
solutions (Table 2.1). The effect of AuNPs on the electrospinning process was
investigated by preparing different test groups which were given in Table 2.2. The
flow rate of the collagen solutions dripping out from the of syringes (blunt needle, 18
G) was adjusted as 0.8-1 ml/h with syringe pump (New Era, USA).The electrospun
fibers were collected on a stationary aluminium collector located in a 20-26 cm
distance away from the syringe needle. By adjusting the voltage (15-20 kV) of the
high voltage power supply (Gamma, USA) connected to the needle tip, the continuity
of the solution jet flow and the nanofiber accumulation on the screen (liquid droplets
or white fibrous mats) was observed (Figure 2.3). The nanofibrous matrices (Figure
2.4) were peeled off from the collectors with a tweezer and stored in desiccators until

characterisation.
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Figure 2.3. The electro-spinning system.

Figure 2.4. The photographs of nanofibrous matrices
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Table 2.1. Optimization of collagen/PEO spinning solutions added with salt.

Groups Collagen PEO Polymer Total polymer Salt amount
concentration concentration ratio concentration in final
in final solution  in final C:PEO (% w/v) solution
(% wiv) solution (wiw) (mM)

(% wiv)

Col1S 1 - 1:0 1 40

Col2S 2 - 2:0 2 40

Col1P1S 1 1 11 2 40

Col1P15S 1 15 1:15 25 40

Col1P25S 1 25 1:25 35 40

Col2P15S 2 1 2:1 3 40

Col2P1.5S 2 15 2:1.5 3.5 40

Col2P2.5S 2 25 2:2.5 4.5 40

Table 2.2. The groups prepared to study the effect of AuNPs concentration on the
electrospinning.

Groups Collagen PEO Blend ratio, Total blend The volume of
concentrati  concentrati PEO:C concentration  AuNPs added
on in final on in final (wt/wt) (% wiv) (157 ppm, pl)
solution solution
(% wiv) (% wiv)

Col1Au0 1 - 1:0 1 0.14

Col2Au0 2 - 2:0 2 0.14

Coll P2Au0 0.91 1.8 1:2 2.73 0.14

Coll P2Aul 0.91 1.8 1:2 2.73 1.42

Coll P2.5Au0 0.91 2.27 1:25 3.18 0.14

Coll P2.5Au1 0.91 2.27 1:25 3.18 1.42

Coll P2.5Au7 0.91 2.27 1:25 3.18 7.13

Coll P2.5Au14 0.91 2.27 1:25 3.18 14.27
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2.2.3.2.3. Chemical Treatment of Collagen Nanofibrous Matrices

Since the electrospun matrices were observed to lose their structural integrity to a
large extent in aqueous environment, they were cross-linked with GTA vapor (% 3)
for 2 hours. To prevent the contraction of the scaffolds during cross-linking
treatment, they were glued to circular glass caps from the edges (Figure 2.5). In this
manner, their size and shape were maintained. Unreacted aldehyde groups during
cross-linking were blocked in glycine solution (0.2 M) for 30 minutes. Graded
ethanol series (% 20-100) were used for dehydration or rehydration of scaffolds. The

scaffolds were stored in desiccator until they were used in tests.

Figure 2.5. The fotographs of nanofibrous matrices after the cross-linking treatment.

2.2.3.3. Fibroin Micro/Nano Fibrous Matrices

2.2.3.3.1. Extraction of Silk Fibroin from Cocoons

Dry silk cocoons (without silk worm) were severed into small pieces and boiled for
30 min in an aqueous solution of 0.02M Na2CO3 (5g cocoon in 2L) and then rinsed
thoroughly with distilled water 3 times (20 min each) for 1 hour to extract the glue-
like sericin proteins. Approximately 3.5 g of sericin free silk (fibroin) remained out
of 5 g cocoon after this process. The silk fibroin (3.5 g) was then dissolved in 9.3M
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LiBr solution (14 ml) at 60 °C, yielding a highly concentrated gel-like solution. This
solution was dialyzed against distilled water using a dialysis membrane for 3 days,
changing the distilled water two times every day. Finally, the pure fibroin solution in
d-water was filtered through 100 pm filter and put in a refrigerator at 4 °C. The final
concentration of silk fibroin in aqueous solution was about 5-10 wt %, which was
determined by weighing the remaining solid after drying a particular volume of this
solution in an oven (60 °C) for 2-3 hours. Concentrated silk fibroin solution (10-20
wt %) was also obtained by heating the solution at 55-60 °C while continuously

stirring at 250 rpm.

2.2.3.3.2. Preparation of Fibroin Spinning Solutions

During preliminary studies, pure silk fibroin solutions were prepared at different
concentrations (1-20%, in d-water). Groups of silk fibroin/PEO solutions used to
generate stable, continuous spinning were summarized in Table 2.3. For instance;
SFP3 solution was prepared by adding 1 ml of PEO solution (2 % in d-water) to 5 ml
SF solution (8.6 % in d-water). Homogeneous solutions were obtained by mildly
stirring for at least 2 hours at room temperature. The solutions could be waited at 4
°C as long as 2 weeks without any observable changes (premature 3-sheet formation)
in the blends.
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Table 2.3. Optimization of silk fibroin/PEO spinning blend solutions.

Groups Silk Fibroin PEO Polymer Total polymer
concentration concentration  ratio, concentration
in final solution in final SF:PEO (% wiv)

(% wiv) solution (wiw)
(% wiv)

SF1 1 - 1:0 1

SF2 2 - 2:0 2

SF3 3 - 3:0 3

SF4 4 - 4:0 4

SF5 5 - 5:0 5

SF10 10 - 10:0 10

SF20 20 - 20:0 20

SFP1 4.6 04 11:1 5

SFP2 8.3 0.3 25:1 8.7

SFP3 7.2 0.3 21.5:1 7.5

2.2.3.3.3. Electro-spinning of Fibroin Solutions

The flow rate of the silk fibroin solutions dripping out from the syringes (blunt
needle, 18 G) was adjusted as 0.8-2 ml/h with syringe pump (New Era, USA). As the
main difference from collagen electrospinning,
ethanol bath (96 %) placed on metal collector rotating at 30-60 rpm speed and
located perpendicular in a 12-26 cm distance away from the syringe needle (Figure
2.6, wet electrospinning). By adjusting the voltage (10-20 kV) of the high voltage
power supply (Gamma, USA) connected to the needle tip, the continuity of the
solution jet flow and the fiber accumulation inside the ethanol bath (Figure 2.7 A)

was achieved. The electrospun fibers in ethanol were then transferred into glass

beakers and stored at 4 °C overnight.
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Figure 2.6. A) The photo and B) the experimental set-up of wet electrospinning
system.

a5

Figure 2.7. The photo of A) fiber accumulation inside the glass petri plate during

electrospinning and B) final freeze-dried electrospun silk fibroin matrix.

Silk fibroin fibrous suspensions were subjected to sonication for 5-10 minutes in
order to avoid fiber fusion. Afterwards, the ethanol in silk fibroin fibrous suspensions
was removed followed by rinsing thoroughly with d-water. Finally, suspensions
were kept in an oven at 37 °C for 1 hour. D-water was removed from suspensions
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prior to freezing. The wet fibrous mat spontaneously got the shape of mould (glass
petri dish or 6 well plates) when it was frozen at - 20. The frozen fibrous mat was
freeze-dried for 2 days and a silk fibroin dermal substitute with spongy form (about

1-2 mm) and silky soft surface was obtained (Figure 2.7 B).

2.2.3.3.4. Chemical Treatment of Silk Fibroin Fibrous Matrices

Different chemical treatment methods such as ethanol (96%), methanol (100%),
EDC/NHS (10 mM each in absolute ethanol) and GTA (3% in d-water) were tried to
enhance the stability of the silk fibroin matrix (SFP3 group) in agueous environment.
In order to form B-sheets, silk fibroin fiber suspension was hold in ethanol overnight
at 4 °C (SFM-E), then additionally put into methanol for 5 min (SFM-M), or
EDC/NHS solution (SFM-E/N), or 3% GTA (SFM-G). All the treated groups were
rinsed with d-water afterwards and freeze-dried as mentioned previously. The
solubility, brittleness, FTIR spectra and SEM micrographs of all 4 chemically treated

groups of electrospun fibrous matrices were assessed later.

2.2.4. Fabrication of Bilayered Skin Substitutes

Eventually, lyophilized or nanofibrous scaffolds (dermal layer) and 2:1 collagen/
sericin films (epidermal layer) were glued to each other with natural honey to form
the final optimized bilayered structures (Figure 2.8). The bilayered scaffolds were
kept in a desiccator until they were used in tests. Compositions of prepared bilayered

scaffolds were given Table 2.4.
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Figure 2.8. The photo of optimized experimental groups: (A) CS, (B) CS-X, (C) CS-
Au, (D) CS-AuX.
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Figure 2.8. Continued: (E) SFM-E, (F) SFM-AUE, (G) CM-Au, (H) CM-AuX, (1)
C/S, (J) C/S-X.
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Table 2.4. Composition of optimized bilayered scaffolds.

Groups Epidermal layer Dermal layer

BLCS Collagen/sericin membrane (2:1 Lyophilized collagen sponge obtained from
w/w) obtained by casting and 0.91% collagen solution (CS)
solvent evaporation (C/S)

BLCS-X GTA cross-linked collagen/sericin GTA solution cross-linked lyophilized
membrane (2:1 w/w) obtained by collagen sponge obtained from 0.91%
casting and solvent evaporation collagen solution (CS-X)

(CIS-X)

BLCS-Au Collagen/sericin membrane (2:1 Lyophilized collagen sponge obtained
w/w) obtained by casting and from 0.91% collagen solution incorporated
solvent evaporation (C/S) with AuNPs (14.27 ppm) (CS-Au)

BLCS-AuX GTA cross-linked collagen/sericin GTA solution cross-linked (3%, 2 h)
membrane (2:1 w/w) obtained by lyophilized collagen sponge incorporated
casting and solvent evaporation with AuNPs (14.27 ppm). (CS-AuX)
(CIS-X)

BLCM-Aul4 Collagen/sericin membrane (2:1 Electrospun collagen nanofibrous matrix
w/w) obtained by casting and obtained from collagen/PEQO blends (1:2.5,
solvent evaporation (C/S) wi/w) incorporated with AuNPs (14.27 ppm)

(CM-AuX)

BLCM-Aul4X  GTA cross-linked collagen/sericin GTA vapour cross-linked (3%, 2h)
membrane (2:1, w/w) obtained by electrospun collagen nanofibrous matrix
casting and solvent evaporation obtained from collagen/PEO blends (1:2.5,
(CIs-X) w/w) incorporated with AUNPs (14.27 ppm)

(CM-AuX).

BLSFM GTA cross-linked collagen/sericin Wet electrospun and lyophilized silk fibroin
membrane (2:1, w/w) obtained by  fibrous matrix obtained from SF/PEO
casting and solvent evaporation (21.5:1, w/w) blends (SFM-E)

(CIS-X)
BLSFM-Au GTA cross-linked collagen/sericin Wet electrospun and lyophilized silk fibroin

(2:1, wiw) membrane obtained by
casting and solvent evaporation
(CIS-X).

matrix obtained from SF/PEO (21.5:1, w/w)
blends (SFM-AUE).
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2.2.5. Characterization Tests

At first the physicochemical (attenuated total reflectance Fourier transform infrared
spectral scans, Scanning Electron Microscopy, Transmission Electron Microscopy,
hydrolytic and enzymatic degradation, water swelling, water vapor transmission rate,
oxygen penetration, mechanical tests, fiber and pore size distribution, porosity,
particle size and distribution and attenuated total reflectance Fourier transform
(ATR-FTIR) characterization tests were performed on the scaffolds. After this, the
selected groups were subjected to in vitro biocompatibility analysis (cell cytotoxicity,
cell adhesion, spreading, and proliferation) and in vivo rat wound healing tests to
determine their success in wound healing of full-thickness skin wound model.
Finally, in vivo toxicological evaluation tests (skin sensitization, irritation and
genotoxicity tests) were carried out on one of the most successful bilayered scaffold
groups chosen according to evaluation of the results of all the previous tests.

2.2.5.1. Physicochemical Characterization

2.25.11. Attenuated Total Reflectance Fourier Transform Infrared
Spectrophotometer Analysis

Infrared spectra were measured with an attenuated total reflectance Fourier transform
(ATR-FTIR) (IFS/66S, Hyperion 1000) spectrophotometer in Central Laboratory at
METU. Each spectrum was acquired in transmittance mode on a ZnSe ATR crystal
cell by accumulation of 256 scans with a resolution of 4 cm™ and a spectral range of
4000-400 cm™.
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2.2.5.1.2. Scanning Electron Microscopy

The morphology of the scaffolds was examined using SEM. To prepare the samples
for SEM analysis, they were completely dehydrated by lyophilization. Finally,
samples were sputter coated with gold and the surface properties were analyzed with
Scanning Electron Microscope (JSM-6400 Electron Microscope, JEOL Ltd., Japan)
at the Department of Metallurgical and Materials Engineering in METU.

2.2.5.1.3. Transmission Electron Microscopy

High contrast transmission electron microscope (CTEM) (FEI Tecnai G?Spirit
BioTwin) analysis was made in Central Laboratory at METU to understand whether
the AuNPs had the desired size. Before the analysis, gold nanoparticles were
subjected to sonication and vortexing processes to prevent agglomeration and
aggregation, so more uniform distribution of the nanoparticles along the water was
enabled. Nanogold size distribution analysis was done to at least 300 particles
imaged with CTEM with the help of image J programme. Also, the nanogold
distribution inside the nanofibers was examined with CTEM. CTEM samples were
prepared such that the nanogold loaded nanofibers were collected on carbon coated

copper grids.

2.2.5.1.4. Porosity Calculation

The porosity of the sponge form scaffolds (BLCS, BLCS-X, BLCS-Au, BLCS-AuX,
BLSF, BLSF-Au) were measured by liquid displacement method. Hexane was used
as the displacement liquid since it is nonsolvent for both collagen and silk fibroin and
is able to easily permeate through the scaffold and do not cause swelling or
shrinkage, unlike ethanol (Bhardwaj et al., 2014). A picnometer was used for

porosity calculation. First, the empty (Wo), and the full weight (W) of picnometer
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with n-Hexane was measured. Dry sample (W) was immersed in picnometer topped
with hexane and air bubbles were removed by vacuuming for 10 minutes. Afterwards
the weight of picnometer with wet sample (W;) was measured. Finally, the wet

sample (WS3) was taken out. The following equations were used for the porosity

calculations:

Wwi =W, —=W, 1)

Wwz =W, —W, —W; (2

Vs = Wiy =Wy (3)

DHexane

vy = s W (4)
DHexane

p=—VYe 100 (5)

P +VS

Vs, Vp and P are skeletal volume, pore volume and porosity of sample, respectively

and Dyexane (0.6548 gr/ml) is the density of n-hexane.

The porosity of the nanofibrous scaffolds (BLCM-Au, BLCM-AuX) was measured
with mercury porosimeter (Quantachrome Corporation, Poremaster 60) in high
pressure analysis mode (0- 55,000 psi) in Central Laboratory at METU.

2.2.5.1.5. Pore Size Distribution Analysis
For measuring the pore size distribution of selected groups of scaffolds (CS, CS-X,

CS-Au, CS-AuX, SF, SF-Au, CM-Au, and CM-AuX), mercury porosimeter

(Quantachrome Corporation, Poremaster 60) was used. Low pressure analysis (0-50
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psi) was conducted for CS, CS-X, CS-Au, CS-AuX, SF and SF-Au, on the other
hand high pressure analysis (0- 55,000 psi) was conducted on CM-Au, CM-AuX.

2.2.5.1.6. Hydrolytic Degradation

The degradation of scaffolds in aqueous environment was analyzed. The samples
were cut in 1x1 cm? pieces and put into PBS (pH: 7.2, 0.01 M). They were incubated
at 37°C until the structural integrity is disrupted. Gravimetrical analysis was carried
out by removing the scaffolds at different time intervals and measuring their weights
after complete drying. The freeze-dried samples (1x1 cm) were weighed initially
(Wd) then put in sample bottles containing PBS. These samples waited in water bath
at 37°C and at different time intervals the samples were taken out from the bottles,
rinsed with d-water and freeze-dried. The gravimetrical analysis was carried out by
measuring the dry weights (Wt) again. After weighing them, the samples were put
into dissolution liquid and the incubation continued (Figure 2.9). Degradation at

different time periods (D;) was calculated using the following equation:

Wd _Wt

d

Dt:

x100 (6)

2.2.5.1.7. Enzymatic Degradation

In vitro degradation of the scaffolds was performed by incubating in PBS solution
(0.01 M, 5 ml) containing type | collagenase solution (1 mg/ml, 60 pl). The mass
loss of collagen from the scaffolds was measured with a gravimetrical analysis as

described before for hydrolytic degradation (Figure 2.9).
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Figure 2.9. Experimental setup for measuring the hydrolytic and enzymatic

degradation

2.2.5.1.8. Equilibrium Degree of Swelling

A general gravimetric method was used to measure the water absorption of scaffolds.
Scaffolds were cut into 1x1 cm? pieces and their dry weights (Wq) were measured.
Each scaffold was immersed in de-ionized water in plastic bottles and incubated at
37 °C in an oven. The weight of each bottle was measured initially. All bottles were
capped tightly to prevent any evaporative water loss. At different time intervals water
inside the bottles were removed and excess surface water on swollen scaffolds was
gently blotted with filter paper. The weights of these scaffolds were measured
together with empty bottles and weights of swollen scaffolds (Ws) were obtained by
taring. Equilibrium degree of swelling (EDS) was calculated using the following
equation:

eps = NeWa

d

(7)
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Accordingly, the water uptake values were normalized with dry scaffold weights.
The schematic representation of water uptake studies is shown in Figure 2.10. The

tests were carried out at least in quadruplets (n> 4)

Ovensetat37°C
Ix1 cm? dry
scaffold —
1

Remove the swollen scaffold

Measure W, Immerse the Scaffold Place the bottle and measure its weight (W,).
( in PBS into an oven.
4
1 2 3

Figure 2.10. Experimental setup for measuring water swelling of scaffolds

2.2.5.1.9. Water Vapour Transmission Rate

Water vapour transmission rates (WVTR) were determined according to the ASTM
method E96-90, Procedure D. An evaporimeter was constructed in a closed chamber
to prevent variations owing to ambient conditions. Briefly, the system consists of a
plastic box with an air tight cover and isothermal ambience at 35 °C, a digital
hygrometer with a continuous percent relative humidity (RH) and temperature
display, and a reservoir of a saturated magnesium chloride solution to maintain the
relative humidity at 40+2% after equilibration. A cylindrical, plastic permeability
cup filled with 20 g of de-ionized water and sealed with the test scaffold at the top
was placed inside the system. Evaporation of water through the test scaffold was

monitored by measuring weight change in plastic cup as an indication of daily loss of
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water. Then, the water vapour transmission rate (WVTR) was found by dividing the
daily loss of water with the evaporation area of the permeability cup (Figure 2.11).

The water vapor evaporation studies were carried out at least in quadruplets (n> 4).

ASTM E96-90, prosedure D method

1 35°C and % 40 relative
humidity
Glue the scaffold
on top of bottle

Digital
higrometer
Bottle
containing 20 g -
d-water /

Measure the daily weight
Magnesium chloride loss

solution 2

3  Water Vapor Transmission Rate= gram/day/ m?

Figure 2.11. Experimental set up for testing water vapour transmission rate through

bilayered scaffolds.

2.2.5.1.10. Oxygen Permeability Test

Oxygen permeation of bilayered scaffolds was verified with a home-made system.
The system consists of a two headed bottle, a dissolved oxygen meter, and digital
stirrer. One of the heads of the bottle was covered with scaffolds (open and closed
head bottles were used as controls) and from its other head the probe of oxygen
meter was passed through and its surrounding was covered tightly to prevent air
entrance. The probe stayed continuously inside the water. The water inside the bottle
agitated with rapid stirring (800 rpm). At the end of one day the dissolved oxygen

inside d-water was measured (n > 3) at room temperature (25.5 ° C).
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2.2.5.1.11. Mechanical Testing

The mechanical properties of scaffolds were evaluated by applying tension test with
Lloyd LS500 Material Testing Machine (Lloyd, England) using Nexygen computer
software. Rectangular samples (5 x 30 mm) were cut from scaffolds. To prevent
slippage from the grips they were covered with sand paper at the grip side. The
gauge length and width were 10 and 5 mm, respectively. The thickness of the test
samples were calculated by means of Vernier calliper. The crosshead speed of the
system was adjusted to 10 mm/min to get a constant strain rate of 100 %/min. The
tests were also performed by wetting the tests samples with PBS (0.01 M, pH: 7.4)
for 5 minutes (Figure 2.12) The results of both dry and wet samples were obtained as
load versus deflection curves which were then converted into stress-strain data by the
computer program. Modulus of elasticity (E), ultimate tensile strength (UTS) and
percent elongation at break (EB) was calculated (n > 6) from the stress-sStrain curves

of samples.

Test Conditions
25KE

Scafollds was
tested either dry
or wet (in PBS)

Crosshead Speed
10 mny/min

Figure 2.12. Experimental set up for testing mechanical properties of scaffolds.
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2.2.5.2. In Vitro Characterization Tests

Biocompatibility of scaffolds was studied with three different cell lines; 3T3
fibroblasts (Anl Swiss albino mouse fibroblast, obtained from Foot-and-Mouth
Disease Institute of Ministry of Agriculture and Rural Affairs of Turkey), L-929
fibroblasts (Mouse, ATCC), and keratinocytes (HaCat human keratinocyte, obtained
from DSMZ, Braunschweig). Light microscopy and SEM pictures were taken to
examine the cell-biomaterial interactions (i.e. cell morphology; adherence onto
scaffolds, distribution-spread, roundness etc.). Cytotoxicity tests were also conducted
with AuNPs alone and with scaffold extracts.

2.2.5.2.1. Cell Culture Conditions

2.2.5.2.1.1. Fibroblast Cell Line Culture

The 3T3 or L-929 fibroblast cell lines were cultured in Dulbecco’s modified Eagle’s
medium (DMEM high glucose-glutamine) supplemented with fetal bovine serum
(FBS, 10%, v/v) and penicillin/streptomycin (10 U/ml) at 37°C under humidified
atmosphere of 5% CO,- 95 % air in incubator (5215, SHEL LAB, USA). The
medium was refreshed 2 times a week. When the cells reached at least 80-90 %
confluency, they were trypsinized with trypsin-EDTA (0.1% in PBS) and passaged in
1:3 ratios.

2.2.5.2.1.2. Keratinocyte Cell Line Culture

The HaCat keratinocyte cell line was cultured in Dulbecco’s modified Eagle’s
medium (DMEM high glucose-glutamine) supplemented with fetal bovine serum
(FBS, 10%, v/v) and penicillin/streptomycin (10 U/ml) at 37 C under humidified
atmosphere of 5% CO,- 95 % air in incubator (5215, SHEL LAB, USA). The

70



medium was refreshed 2 times a week. When the cells reached at least 80-90 %
confluency (approximately 7 days), they were first rinsed with EDTA (0.05 % in
PBS) and incubated in EDTA (0.05 %) for 10-20 minutes at 37'C and then
trypsinized with trypsin-EDTA (0.1 % in PBS) for 5-10 minutes and passaged in 1:5-
1:10 ratios.

2.2.5.2.2. Cytotoxicity Tests of Synthesized Gold Nanoparticles

Keratinocytes and 3T3 fibroblasts were seeded onto 12-well plates at seeding density
of 100 cells/ul (30,000 cells/well). After 1 day incubation period, AuNPs were added
to cell seeded 12-well plates at different concentrations (10, 20 ppm). The desired
nanoparticle concentration was achieved by diluting the stock AuNP suspension (157
ppm) with complete cell culturing medium. The cytotoxic effect of AuNP was
evaluated with methylthiazolyldiphenyl-tetrazolium bromide (MTT) cell viability
assay for 1, 4 and 7 day incubations. Medium containing AuNPs was refreshed every
other day for longer incubations. Briefly, MTT stock solution (5mg/ml) was prepared
by dissolving in PBS buffer. The test MTT solution was prepared by diluting this
stock in 1/10 ratio with DMEM (without phenol red). At the end of each time period,
the medium was removed and washed with PBS. Subsequently, 500 pul MTT test
solution was added to each well. The test wells were incubated at 37°C in a dark
environment for 4 hours. Afterwards, MTT test solution was removed and 500 pl
DMSO was added and wells were shaken at 200 rpm for 15 minutes.
Spectrophotometric measurements were done at 550 nm wavelength with microplate

reader.

2.2.5.2.3. Cytotoxicity Tests of Scaffold Extracts

Cytotoxicity tests were carried out according to the protocols of 1ISO 10993-5

standards with either qualitative or quantitative means. Qualitative morphological
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grading sytem was given in Table 2.5. Epidermal layers (C/S, C/S-X), dermal layers
(CS, CS-Au, CS-X, CS-AuX, CM-Au, CM-AuX, SF, SF-Au) of scaffolds and
bilayered scaffolds glued to each other by honey (BLCS, BLCS-Au, BLCS-X,
BLCS-AuX, BLCM-AuX, BLSF and BLSF-Au) were sterilized in 70% ethanol
supplemented with antibiotics (penicillin/streptomycin, 10 U/ml) overnight. After
sterilization, the samples were rinsed with sterile d-water completely and held in
complete cell culture medium (DMEM with 10% FBS) temporarily. Finally, they
were incubated in extract medium (complete medium) at 37°C for 24 hours while
shaking at 200 rpm. Extraction was done in accordance with ISO 10993-12
standards. Complete medium without any scaffolds were used as control. After
seeding L-929 cells on 96 well plates (10,000 cells/well) for 1 day, the cells were
checked for subconfluency. Then, medium was removed and refreshed with extract
medium of samples. Cell viability was evaluated with methylthiazolyldiphenyl-
tetrazolium bromide (MTT) cell viability assay after 1 day. Briefly, MTT stock
solution (5mg/ml) was prepared by dissolving in PBS buffer. The test MTT test
solution was prepared by diluting the MTT stock soluiton in 1/10 ratio with DMEM
(without phenol red). At the end of 24 hours, the medium was removed and washed
with PBS. Subsequently, 100 pl MTT test solution was added to each well. The test
wells were incubated at 37°C in a dark environment for 4 hours. Afterwards, MTT
test solution was removed and 100 pul DMSO was added and wells were shaken at
200 rpm for 15 minutes. Spectrophotometric measurements were done at 570 nm
primary wavelength and 650 nm reference wavelength. The % cell viability was

calculated by normalizing the extract sample OD results to that of control.
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Table 2.5. Qualitative morphological grading of cytotoxicity of extracts

Grade Reactivity Conditions of all cultures

0 None Discrete intracytoplasmatic granules, no cell lysis, no
reduction of cell growth

1 Slight Not more than 20% of the cells are round, loosely attached
and without intracytoplasmatic granules, or show changes
in morphology; occasional lysed cells are present; only
slight growth inhibition observable

2 Mild Not more than 50% of the cells are round, devoid of
intracytoplasmatic granules, no extensive cell lysis; not
more than 50 % growth inhibition observable.

3 Moderate  Not more than 70% of the cell layers contain rounded cells
or are lysed; cell layers not completly destroyed, but more
than 50% growth inhibition observable

4 Severe Nearly complete or complete destruction of the cell layers.

2.2.5.2.4. Cell Attachment and Proliferation on Scaffolds

The sterilized scaffolds were cut in circular shapes (D: 10 mm) and put on sterile 24

well suspension plates. Before the cell seeding, the samples were kept in DMEM

briefly. Afterwards, fibroblasts or keratinocytes were seeded onto scaffolds at a
seeding density of 100 cells/ul (100,000 cells/well) and held in a CO, incubator for 1

and 3 days. The cell culture medium inside the wells refreshed every other day.

Eventually, the medium was removed and the scaffolds seeded with cells were fixed

in 3% GTA (in PB) solution for 1 h at room temperature. They were completely

dehydrated in a lyophilizator. Then, they were coated with gold and analyzed with

Scanning Electron Microscope (JSM-6400 Electron Microscope, JEOL Ltd., Japan)

at the Department of Metallurgical and Materials Engineering in METU.
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2.2.5.3. Antibacterial Assessment

2.2.5.3.1. Antibacterial Tests of Gold Nanoparticles

Bactericidal capacity of the AuNPs was assessed by applying agar disc diffusion
method on petri plates seeded with Staphylococcus aureus (S.aureus) bacteria. The
sterile discs (6 mm) used in antibiogram tests were dipped into gold nanoparticle
suspensions having different concentrations (0, 5, 10, 20 ppm). Also, in order to
search for the combined antibacterial effect of gold nanoparticles and an antibiotic
(cefuroxime) known for its bactericidal effect against S.aureus, discs were loaded
with both gold nanopatrticles (5, 10, 20 ppm) and cefuroxime (4 pg/ml). Discs loaded
with gold nanoparticles (Au8 group) and antibiotics were put onto agar in petri
plates. Plates were seeded with S.aureus previously after culturing on blood agar
plates at 37 °C. After incubating at 37 °C for 24 hours, the transparent inhibitory
zone around each disc was measured with a ruler (Park et al., 2004, modified

method). Empty discs were used as control.

2.2.5.3.2. Antibacterial Tests of Scaffolds

Agar petri plates were prepared by dissolving 2.5% Luria Broth (LB) and 1.5% agar
in d-water and then the mixture was sterilized by autoclaving. The solution was
poured onto plates to cool down. Frozen cultures of bacterial strain (S. epidermidis)
grown on petri plates were inoculated into suspension flasks (2.5% LB) first and
were incubated at 37°C under gentle rocking in a thermostatically controlled
incubator overnight. Then, OD of the suspending bacteria was measured at 562 nm
wavelength. An OD value of 0.52 was found to be corresponding to 9x10°
bacteria/ml bacteria concentration. The OD measurement below this value was
increased by concentrating the bacteria suspension with centrifugation. The bacteria
seeding density was adjusted (1.6x10° bacteria/cm?). The test samples (1 x1 cm)

were sterilized with ethanol solution (70 %) overnight in 24-well tissue culture
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plates. The bacteria were seeded at the predetermined density onto the sterilized test
samples containing 1.5 ml LB broth. Controls consisted of bacterial controls
(cultures alone) and sample controls (samples without bacteria). All these test plates
were incubated at 37°C for 48h. Subsequently, first 100 ul of the supernatant of the
test wells (bacteria inoculated sample wells, culture alone wells and wells without
bacteria) were removed and transferred into 96 well plates. To assess the adhered
bacteria on the samples, the test samples were transferred to flasks containing fresh
LB and vortexed for 1 minute to suspend the bacteria inside the solution and
transferred into 96 well plates as well. Finally, OD values were obtained at 562 nm
wavelength. The bacteria seeded scaffolds were initially fixed with GTA solution
(3% in PB) for 1 hour before SEM examination. Then, they were coated with gold
and analyzed with Scanning Electron Microscope (JSM-6400 Electron Microscope,
JEOL Ltd., Japan) at the Department of Metallurgical and Materials Engineering in
METU.

2.2.5.4. In Vivo Characterization Tests

2.2.5.4.1. Rat Full-Thickness Wound Healing Tests

2.2.5.4.1.1. Animals and Husbandry

Healthy adult male Wistar albino rats (80) weighing 200-250 g were used in
experiments. The rats were housed in stainless steel cages in an animal room
maintained at 22 °C with a 12 hour alternating dark—light cycle. All were fed with
the same rat chow diet and water and fasted for 12 hours before the operations. The
procedures in this experimental study were performed in accordance with the
National Guidelines for the Use and Care of Laboratory Animals and approved by

the Animal Ethics Committee of Ankara Research and Training Hospital.
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2.2.5.4.1.2. Full Thickness Wound Model

Eight groups were randomly constituted of 10 rats each. The rats were anaesthetised
with intramuscular injections of 50 mg/kg ketamine hydrochloride. The operation
sites were shaved and disinfected with povidone-iodine. A 2 x 1 cm rectangular-
shaped incision was made on the back of the rats centred on the midline, then a
standard full-thickness skin defect, including panniculus carnosus, was created on

this site.

2.2.5.4.1.3. The Optimization of Wound Healing Experimental Procedure

For optimization of the wound healing experiments, 4 different bilayered scaffold
groups (BLCS, BLCS-X, BLCS-AuX and BLSF) were selected. The tests were
conducted on different rats. Full-thickness wound model was created as defined
above. In the study groups, the wounds were cleaned with PBS, and 1 sample from
some groups, BLCS, BLCS-X, BLCS-AuX and BLSF, were applied. All wounds
were followed for 14 days and no complications developed during this period. On the
14™ day, all the wounds were photographed with a digital camera. The wound
contraction of all the study groups was compared with the control group (no
intervention was made on the dermal wounds) referring to previous study of Dog. Dr.

Kemal Kismet.

2.2.5.4.1.4. Treatments with Scaffolds

All scaffolds were cut off into the same size with skin wound area and subsequently
each wound was softly covered with; CS-X, CS-AuX, CS-BX, SFM, SFM-Au, SFM-
B or Matriderm™ (n = 10). In the control group (untreated control), defects
moisturised with saline were covered with only surgical drapes (Ioban™ incise
drape, 3M Health Care, USA). In the study groups, CS-X, CS-AuX, CS-bX, SFM,
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SFM-AUE, SFM-bE and Matriderm were applied onto previously moisturised defect
sites and covered with Ioban™ surgical drapes again. All wounds were followed for
14 days and no complications developed during this period. All rats were euthanized

with high-dose ketamine hydrochloride on postoperative 14" day.

2.2.5.4.1.5. Histopathological Analysis

The wound area was excised together with the scar tissue. All specimens were fixed
in 10% phosphate-buffered formaldehyde solution for 24 hours at room temperature.
Histopathological assays were performed in a blind manner by a pathologist.
Specimens were washed in tap water and dehydrated through graded alcohol series.
After passing through the routine histological series, tissues were embedded in
paraffin blocks. Sections of 5 um were cut, deparaffinised and rehydrated. Sections
were counterstained with haematoxylin and eosin (H&E). The histopathological
scores were given with respect to re-eptihelization, inflammation, fibrosis and
granulation tissue formation degrees. The intensities of polymorphonuclear
leucocytes and mononuclear leucocytes and the extent of fibroblast proliferation and
vascular proliferation were evaluated by inflammatory scoring to determine the
general characteristics of scar tissue in the sections stained with H&E. The number
of polymorphonuclear leucocyte and mononuclear leucocyte (inflammation) and the
degrees of vascular proliferation (fibrosis) and fibroblast proliferation (granulation
tissue) were measured on a numerical scale from 0 to 3 to determine inflammatory
scores. Also, the degree of re-epithelization was scored on a numerical scale from 0
to 2.

2.2.5.4.1.6. The Examination of Wound Contraction Rate

Open wounds were drawn on graph acetate paper with a marker pen at day 0 and at

4™ 7" 10™ and 14™ days. The surface area of the wounds was measured with a
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planimetric programme on computer after scanning the acetate sheets. The
percentage of contraction was calculated by the following formula:

Percentage of contraction (at n"day) = 100 — % (8)

Where A; and Aq denotes total wound area at "™ day and total wound area at day 0,

respectively.

2.2.5.4.1.7. Biomechanical Tests

Biomechanical testing was performed at 14™ days of wounding. The mechanical
properties of the harvested biopsy specimens were evaluated by applying tension test
with Lloyd LS500 Material Testing Machine (Lloyd, England) using Nexygen
computer software. Rectangular samples (5 x 50 mm) were cut from wound sites.
After harvesting skin samples, they immediately underwent biomechanical testing.
Cranial-caudal orientation was preserved and the healed wound, if present, was
centrally located within the testing unit. The gauge length and width were 20 and 5
mm, respectively. The thickness of the test samples were calculated by means of
vernier calliper and found to be about 1-2 mm. The crosshead speed of the system
was adjusted to 10 mm/min to get a constant strain rate of 50 %/min. Before tests, all
specimens were preloaded at 5 N to flatten the skin samples. To prevent slippage of
the membranes from the grips they were covered with sand paper (60 grids) at the
attachment site (Figure 2.13). The results of tests were obtained as load versus
deflection curves which were then converted into stress-strain data by the computer
program. Modulus of elasticity (E), ultimate tensile strength (UTS) and percent
elongation at break (EB) was calculated (n > 6) from the stress-strain curves of
samples. The recovery index was also calculated as the tensile strength of a treated
specimen divided by the tensile strength of an unwounded specimen from the same

rat.
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Figure 2.13. Experimental set up for performing biomechanical tests on rat skin

biopsies

2.2.5.5. Toxicological Evaluation

The animal toxicology evaluation of one of the bilayered scaffold group (BLCS-
AuX) containing all the possible toxic components and reagents (i.e., GTA and
AuNPs) was made with intradermal irritation tests (ISO 10993-10: Animal
intradermal reactivity test), skin sensitization (ISO 10993-10: Closed-patch test) and
genotoxicity tests (ISO 10993-3, OECD 471: Bacterial reverse mutation test). All
these tests were conducted by biocompability group in Hacettepe University, Faculty
of Pharmacy Department of Pharmacology. Animal tests were approved by the
Laboratory Animals Ethics Committee of Hacettepe University.
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2.2.5.5.1. Skin Irritation Tests (Animal Intradermal Reactivity Test)

For medical devices intended to be used as an implant, the use of an intracutaneous
(intradermal) reactivity test is indicated. An assessment is made of the potential of
the material under test to produce irritation following intradermal injection of

extracts of the material.

The test sample extract was prepared in accordance with ISO 10993-12. As there are
multiple test sites on each animal, several test samples were applied together with the
appropriate negative controls or blank. Healthy young adult albino rabbits of either
sex from a single strain, weighing 2-3 kg, were used. The animals were acclimatized
and cared for as specified in 1SO 10993-2. Three animals were used to evaluate the

test material.

Within a 4 h to 18 h period before testing, the fur on the backs of the animals was
closely clipped, allowing a sufficient distance on both sides of the spine for injection
of the extracts. 0.2 ml of the extract obtained with polar (physiological saline, 0.9 %
m/v NaCl) or non-polar solvent (sesame oil) at five sites on one side of each rabbit
was injected intracutaneously. The arrangements of the injection sites were presented
in Figure 2.14. So, 0.2 ml of the polar or non-polar solvent control on five sites of the

contralateral side of each rabbit was injected.

The appearance of each injection site was graded by an experienced person
immediately after injection and at 24, 48 and 72 hours after injection. Tissue reaction
for erythema and oedema were graded according to the system given in Table 2.6 for

each injection site and at each time interval observed, and the results were recorded.

After the 72 hours grading, all erythema grades plus oedema grades 24, 48 and 72
hours were totalled separately for each test sample or blank for each individual
animal. To calculate the score of a test sample or blank on each individual animal,
each of the totals was divided by 15 (3 scoring time points x 5 test or blank sample
injection sites). To determine the overall mean score for each test sample and each

corresponding blank, the scores for the three animals were added and divided by

80



three. The final test sample score was obtained by subtracting the score of the blank
from the test sample score. The requirements of the test were met if the final test

sample score was 1 or less.

1
1 = =
2 o o 2
2 < 3 a3 - 4
4 = = 4
5 = 5
6 o o 6
7 = = 7
3« 8 o 8 -5
9 o = 9
10 @ = 10
6

Figure 2.14. Arrangement of injection sites (1: cranial end, 2: 0.2 ml injections of
polar extract, 3: 0.2 ml injections of non-polar extract, 4. 0.2 ml injections of polar

solvent control, 5: 0.2 ml injections of non-polar solvent control, 6: caudal end).
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Table 2.6. Grading system for intracutaneous (intradermal) reactions

Reaction Numerical grading

Erythema and eschar formation

No erythema 0
Very slight erythema (barely perceptible) 1
Well-defined erythema 2
Moderate erythema 3

Severe erythema (beet-redness) to eschar formation preventing 4

grading of erythema

Oedema formation

No oedema 0
Very slight oedema (barely perceptible) 1
Well-defined oedema (edges of area well-defined by definite 2
raising)

Moderate oedema (raised approximately 1 mm) 3

Severe oedema (raised more than 1 mm and extending beyond 4

exposure area)
Maximal possible score for irritation 8

Other adverse changes at the injection sites shall be recorded and

reported.

2.2.5.5.2. Skin Sensitization Tests (Closed-patch Test)

An assessment is made of the potential of the material under test to produce skin
sensitization in guinea pigs. The test sample was prepared according to 1SO 10993-

12. Healthy young adult albino guinea pigs of either sex from a single outbred strain,
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weighing 300 g to 500 g at the start of the test, were used. The animals were
acclimatized and cared for as specified in ISO 10993-2. Ten animals were treated

with the test sample, and five animals acted as a solvent control group.

The fur on all treatment sites prior to all steps in the test procedure was closely
clipped or shaved. For all topical applications, a patch of the appropriate dimensions
(25 mm x 25 mm) was saturated with the extract (0.5 ml) and applied to the clipped
area under an occlusive dressing for 6 hours. The test sample was administered by
topical application to the clipped left upper back region of each animal using
appropriate patches soaked. The restrainer of any occlusive dressings and patches
were removed after 6 hours. This procedure was repeated on three days a week for
three weeks. The control animals were treated similarly, using the blank liquid alone.
At 14 days after the last induction application, all test and control animals were
challenged with the test sample. The test sample was administered by a single topical
application to a clipped untested area of each animal using appropriate patches
soaked in the test sample. The restrainer and occlusive dressings and patches were
removed after 6 hours. At 24 hours and 48 hours after removal of the challenge

patch, the test sites were graded using the scale given in Table 2.7.

Table 2.7. Magnusson and Kligman scale

Patch test reaction Grading scale
No visible change 0
Discrete or patchy erythema 1

Moderate and confluent erythema 2

Intense erythema and/or swelling 3
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The Magnusson and Kligman grading scale given in Table 2.7 were applied. Grades
of 1 or greater in the test group generally indicate sensitization, provided that grades
of less than 1 are seen on control animals. If grades of 1 or greater are noted on
control animals, then the reactions of test animals which exceed the most severe

control reaction are presumed to be due to sensitization.

2.2.5.5.3. Genotoxicity Tests (Bacterial Reverse Mutation Test)

Fresh cultures of bacteria were grown up to the late exponential or early stationary
phase of growth (approximately 109 cells per ml). At least five strains of bacteria
were used according to OECD 471 standards. The bacteria strains were: 1) S.
typhimurium TA1535, 2) S. typhimurium TA1537, 3) S. typhimurium TA98, 4) S.
typhimurium TA100, 5) E. coli WP2 uvrA. An appropriate minimal agar (e.g.
containing Vogel-Bonner minimal medium E and glucose) and an overlay agar
containing histidine and tryptophan, to allow for a few cell divisions, is used.
Metabolic activation system was a cofactor supplemented post-mitochondrial
fraction (S9) prepared from the livers of rodents treated with enzyme-inducing agents
(Aroclor 1254). The post-mitochondrial fraction was used at concentrations of 30%
v/v in the S9-mix. Negative controls solvents were physiological saline and DMSO,

on the other hand positive control chemicals were given in Table 2.8.

84



Table 2.8. Positive control chemicals for genotoxicity.

Control chemicals Solvent Strain

2-Aminoatrasen DMSO Salmonella strains + S9

E.Coli strains + S9

9-Aminoacridine HCI Distilled water TA1535

4-nitroquinoline 1-oxide DMSO TA100; EC002; EC188
N4-Aminocytidine Distilled water TA100; TA1535
2-Nitrofluorene DMSO TA98

Scaffolds were extracted according to ISO 10993-12 standards. Test sample extracts
were obtained in both physiological saline (0.9 % m/v NaCl) (test extract 1) and
dimethyl sulfoxide (DMSQ) (test extract 2) during 72 hours incubation period at 37
°C. Negative controls were physiological saline (negative control 1) and DMSO

(negative control 2).

MOLTOX® FTTM test kit was used to assess the mutation effect of test sample such
that either Salmonella typhimurium or Escherichia coli (amino-acid requiring strain
histidine or tryptophan, respectively) could produce a strain independent of histidine
(his + revertant) and tryptophan (trp + revertant). With MOLTOX® FTTM test Kit,
the defined bacteria strains (approximately 10’ bacteria cells) were incubated in
medium containing test samples, positive and negative controls and a specified
amount of histidine (Salmonella typhimurium) or tryptophan Escherichia coli)
concentration to doubled population. After the incubation period, bacteria cultures
were diluted in chemical medium with pH indicator and without histidine or
tryptophan. These bacteria dilutions subjected to different test groups were
transferred to 48 wells (50 ul) of 384 well plates. After 48 hours incubation period,
bacteria (his+ revertant and trp + revertant) proliferation caused to a change of colour
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in wells from purple to yellow due to increase in medium acidity. The blurry and
yellow colour inside wells indicated changing bacteria populations.
Spectrophotometric measurements were done at 600 nm wavelength to determine the
bacteria number. The reversed bacteria number in wells containing tests sample was
compared to the reversed bacteria number in wells containing negative controls. The
genotoxicity of test sample metabolites was assessed with metabolic activation
system blend 30 % S9. When the p value of test samples were less than 0.05 (p<
0.05) compared to the negative controls (One-way Analysis of Variance and post-hoc
Bonferroni tests), this implied biological significance, that is mutagenic activity was

induced in the treated population significantly.

2.2.6. Statistical Analysis

In comparing the groups for a single parameter One-way Analysis of Variance

(ANOVA) test was done with Tukey’s, or Bonferroni Multiple Comparison Test for

the post-hoc pairwise comparisons using SPSS-22 Software Programme (SPSS Inc.,
USA). Differences were considered significant for p< 0.05.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Gold Nanoparticles

3.1.1. Characterization of Gold Nanoparticles for Preliminary Synthesis Tests

AuNPs in the size range of 12 to 55 nm were synthesized with citrate reduction and
capping method in the first set of experiments. For synthesis, gold salt solution
temperature (boiling point), stirring rate (800 rpm), the molarity of gold salt (1 mM),
the start volume (20 ml) and the concentration of the trisodium citrate were all kept
constant (1%).The only variable was the volume of the citrate added (1-5 ml).
Therefore, AuNPs synthesized with this method were labelled as Aul (1 ml citrate),
Au2 (2 ml citrate), Au3 (3 ml citrate), and Au4 (4 ml citrate). Formation of AuNPs

was observed with calorimetric differences initially (Figure 3.1).

Figure 3.1. The calorimetric verification of gold nanoparticle synthesis.

87



The synthesized AuNPs had stock concentration of 157 ppm in distilled water at the
end of the experiment and were diluted to the desired concentrations for further
characterization tests. The stability of the AuNPs in d-water was high, but after a
certain period of time they tended to agglomerate and settle down to the bottom of
the tube. To overcome this problem, AuNPs were prepared freshly before the
experiments and/or subjected to vortexing and sonication processes at specific time
intervals when they were stocked for longer periods of time. Especially the bigger
nanoparticles were more prone to agglomerate, thereby to settling. These
nanoparticles were also more difficult to separate from each other. The size of
AuNPs tended to decrease when the volume of citrate increased until a certain degree
(citrate volume= 3ml). Aul group nanoparticles had the largest average diameter
(55.34 + 8.53 nm) with statistically significant difference from the other groups.
Also, Au2 group had bigger AuNPs than the other groups; Au3 and Au4. However,
there were no significant size differences between groups Au3 and Au4 (13.09 £ 1.72
nm and 11.57 £ 1.22 nm, respectively) (Figure 3.2). Size distribution of Aul and
Au2 groups were not uniform, but a more uniform distribution was obtained for Au3
and Au4 groups.Also, in Aul group, different shaped particles (pyramid, cylindrical
rods, triangles and rectangular) were formed as distinct from spherical ones. Upon
increasing the citrate volume, the number of spherical particles increased.
Considering all these experimental results, sufficient control over the particle size,
size distribution and shape of AuNPs was thought to be too difficult for obtaining
larger particles.

To increase the control on particle size distribution and shape for larger particle sizes
(>20 nm), variations inexperimental conditions (temperature control, stirring rate)
and/or related with preparation of reaction solutions (adjusting the molarity of low
concentrations and obtaining homogenous solutions) were evaluated. The
temperature of the gold salt was tried to be kept constant during the reduction
reaction of AuNPs synthesis. The volume of the boiling gold salt solution was
maintained by closing the top of the flask. For this purpose, reflux systems were used
generally, but it was stated that reflux systems would likely to produce heat gradient
in the solution (Kimling et al., 2006).
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Figure 3.2. TEM micrographs and size distribution histograms of synthesized
different AuNPs groups: (A1-A2) Aul, (B1-B2) Au2, (C1-C2) Au3 and (D1-D2)
Au4.
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Apart from these, reaction temperature for the AuNPs synthesis (here the reaction
occurs at boiling point, around 100 ° C) could be lowered to 70-85 ° C. At lower
temperatures, the reaction rate slows down and the control over particle size
distribution was enhanced (Li et al., 2011). The alkalinity of the gold salt solution
could also be increased with bases for better control (Li et al., 2011). In the literature,
replacing the reducing agent (citrate) with ascorbic acid or initiating the reduction
reaction with UV radiation at room temperature 25 °C instead of heating process was
suggested for obtaining a more uniform particle size distribution and more spherical
particles for AuNPs (Kimling et al., 2006).

3.1.2. Characterization of Optimized Gold Nanopatrticles

Considering the above tips for optimizations, AuNPs having a larger size range
(between 20 and 50 nm) were synthesizedin the second set of experiments. At the
step of AuNPs synthesis, again gold salt solution temperature (boiling point), stirring
rate (800 rpm), the molarity of gold salt (1 mM), the start volume of it (20 ml) were
all kept constant, but the concentration of the trisodium citrate solution (0.1%) and
volume of the citrate added (5-10 ml) were varied. By virtue of this, the synthesized
AuNPswere labelled as Au5 (5 ml citrate), Au6 (6 ml citrate), Au7 (7 ml citrate),
Au8 (8 ml citrate), Au9 (9 ml citrate), Aul0 (10 ml citrate). Eventually,
spectrophotometric measurements were made to determine the approximate size of
AuUNPs before the exact assessment with TEM analysis. The average particle size
was estimated from the peak absorbance wavelength using the experimental results
as described byKimling et al. (2006). The relationship between particle diameter and
peak wavelength was derived graphically with a least-squares cubic polynomial best-
fit line. Sizes were estimated according to the following equation derived from the
data of Kimling et al. (2006).

A, =5x107°d*® —0.0058d* +0.6335d +510.83 (1
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In equation 1, d is the average AuNPs diameter and A, is the peak absorbance
wavelength. For this experiment, Equation 1 can be used iteratively to estimate the
AuUNPs diameter which closely approximates the respective peak absorbance
wavelength. The spectral scan results of the second set of AuNPs groups (Au5-Aul0)
and their approximated diameters derived by using equation 1 were given in Figure
3.3.

According to TEM results, meaningful differences were not encountered with the
amount of sodium citrate added, except for Aul0 group (Figure 3.4). Nevertheless,
when the citrate was increased the size distribution and uniformity of shape of the
AuNPs were enhanced. Different AuNPs shapes (rectangular, triangular or rod-like)
other than spherical particles were observed more pronouncedly with lower volumes
of citrate (Au6, Au7). After this volume, the number of spherical particles in the
AUNPs solutions was dominant (Au8, Au9 and Aul0O). The shape and size
distribution of Au8 and Au9 groups were very similar. Aul0 group had AuNPs
smaller than 20 nm, which was supposed to have a potential to cause nanotoxicity
according to preliminary cytotoxicity tests. Considering all of these results, Au7 and
Au8 groups were selected to be used for further in vitro cell viability experiments
and Au8 was decided to be the most appropriate group to be used in electrospinning
solutions after preliminary cytotoxicity tests.

Similar spherical and monodispersed AuNPs with the size range of 10-30 nm were
obtained in different studies using Turkevich method (Zhou et al., 2012; Schlinkert et
al., 2015; Agarwal et al., 2014). Nanoparticles were shown to have tendency to
aggregate and they subsequently precipitate (Zhou et al., 2012; Agarwal et al., 2014).
In this study, this common problem was tried to be solved by applying sonication and
vortexing the stock AuNPs before the tests. When the original red color, a clear
indication of AuNPs, shifted to blue, this was accepted as sign of aggregation of
AuUNPs. AuNPs synthesized in this study absorb at 500-600 nm as a result of the
excitation of surface plasmons, which shift to longer wavelengths when aggregates

form.
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Figure 3.3. The spectral scan results of different AuNPs groups between 500 and
700 nm wavelength and their estimated diameters: (A) Au5, (B) Au6, (C) Au7, (D)

Au8, (E) Au9, (F) Aul0.
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Figure 3.4. CTEM micrographs and size distribution histograms of different AUNPs
groups: (A1l-A2) Au6, (B1-B2) Au7, (C1-C2) Aug, (D1-D2) Au9 and (E1-E2) AulO0.
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3.2. Preparation and Morphological Characterization of Collagen Sponges

3.2.1. Optimization of Lyophilization Process for Collagen

According to our optimization studies related to the lyophilisation of collagen,
mainly two parameters, that is collagen solution concentration and freezing
temperature affected the final product properties. Different collagen concentrations
were tried (0.4, 1 and 2%) and it was concluded that 1 % was the best concentration.
Sponges produced using 0.4% collagen concentration was too porous, and soft. Upon
contact with aqueous environments, the 3D structure of sponges deteriorated
immediately. On the contrary, 2% concentration was too high yielding very solid
and nearly non-porous structures. As a result, the medium solution concentration of

collagen (1%) was selected to be the optimum one.

3.2.2. Chemical Treatment of Collagen Sponges

GTA cross-linking has been selected for cross-linking of collagen based scaffolds
due to the reasons that it is a bi-functional cross-linking reagent that can bridge
amino groups between two adjacent polypeptide chains and has become the
predominant choice in skin tissue engineering because of its water solubility, high
cross-linking efficiency and low cost (Jorge Herrero et al., 1999). While cross-
linking the collagen sponges the free amino groups of collagen and lysine or
hydroxylysine amino acid residues of the polypeptide chains react with the aldehyde
groups of GTA. After GTA treatment for 2 hours, the white color of collagen
sponges shifted to yellowish. This colour change is due to the establishment of
CH=N linkages between the free amine groups of collagen and GTA (Zhang et al.,
2006). The sponges did not shrink dimensionally, because all the scaffolds were
rehydrated in d-water for 15 min firstly before GTA cross-linking. The prospective
toxicity problems related to GTA in further in vitro or in vivo studies was avoided by
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using a low concentration (3%) and by blocking the un-reacted aldehyde residues

with glycine solution.

3.2.3. Incorporation of Gold Nanoparticles into Collagen Sponges

Two different methods were tried to load AuNPs into scaffolds. In the first method,
scaffolds were incorporated with AuNPs by soaking them into asolution containing
14.27 ppm AuNPs. Inthe second method, AUNPs was added into collagen solutions
to impregnate them inside the scaffold before lyophilisation process. AuNPs
distribution within the collagen sponges was uniform in the first method (Figure 3.5
A-B). Especially, AuNPs could be seen more clearly on the cross-linked collagen
sponge (Figure 3.5B). On the contrary, it was very hard to distinguish AuNPs that
was impregnated inside the collagen sponges (Figure 3.5C-D). AuNPs situated to the
surface layer of sponges could be traced hardly. Therefore, it was supposed that
AuUNPs dwelled in the deeper portion of sponges or even embedded within polymer

matrix of the sponges.
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Figure 3.5. SEM micrographs of scaffolds incorporated with AuNPs by soaking
them into AuNPs solution: (A1-A2) CS-Au, (B1-B2) CS-AuX, or by adding AuNPs
into collagen solutions: (C1-C2) CS-Au andD1-D2) CS-AuX.Arrows indicate
AUNPs.
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3.2.4. Morphology of Collagen Sponges

It is known that the microstructure such as pore size and its distribution, porosity as
well as pore shape has prominent influence on cell intrusion, proliferation and
function in tissue engineering. The top and side view morphologies of the collagen
sponge scaffolds before (CS and CS-Au) and after (CS-X, and CS-AuX) GTA cross-
linking were shown in Figure 3.6. The pore sizes of the uncross-linked scaffolds
were quite large (10-200 um), interconnected with cylindrical channels and tubular
structures suggesting their suitability to cell migration (Figure 3.6 A and C). The
interconnected 3D porous structures of the scaffolds were retained after GTA
treatment; however, some significant changes occurred with respect to pore size and
morphology (Figure 3.6 B and D). It was observed that the size of the pores was
decreased and some cylindrical channels and tubular structures had shrunk slightly
after cross-linking and subsequent drying processes. The pores almost merged to
each other in some regions of sponges, but there were still tubular passage
connections between the pores. It was supposed that the morphology difference was
caused by both GTA and re-lyophilization process after the GTA cross-linking
treatment. The additional refreeze-drying might have induced the collagen fibers to
be combined again to form sheets, leading to the fusion of some smaller pores to
generate larger ones. On the other hand, the GTA treatment had an opposite effect to
the pore fusion; i.e., reducing the pore size. These two computing processes having

antagonistic effects caused to the final structure of the collagen sponges.
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Figure 3.6. SEM micrographs ofcollagen sponge groups: (A1-A2) CS, (B1-B2) CS-X, (C1-
C2) CS-Au and (D1-D2) CS-AuX. Left and right columns indicate the top and side view,
respectively.
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3.3. Preparation and Morphological Characterization of Collagen Nanofibrous

Matrices

3.3.1. Optimization of the Electrospinning Process for Collagen

According to our preliminary studies, electrospun matrices could not be obtained
from only collagen solutions dissolved in 0.5 M acetic acid solvent. Collagen
dissolved in dilute acetic acid could not form nanofibers during electrospinning due
to their low charges and low viscosities. Similarly, Huang et al. (2001) could not
achieve to prepare continuous collagen fibers form collagen solutions, so they used
poly (ethylene oxide) (PEO) to aid in the electrospinning process as well. The same
strategy was used by other researchers to improve the electrospinnability of
collagen/elastin (Buttafoco et al., 2006), collagen/chitosan (Chen et al., 2008),
chitosan (Bhattarai et al., 2005), and silk fibroin (Jin et al., 2004) solutions. Hence,
following the same strategy, PEO was used in this study to increase the spinnability
of solutions. The best electrospinning processing parameters, that is the optimum
collagen and PEO concentration, total polymer concentration, voltage, flow rate, and
needle to collector gap distance were tried to be determined. After numerous trials,
P1.5 (1.5% PEO) and P2.5 (2.5% PEO) groups were decided to be appropriate for
electrospinning collagen solution, but P3.5 group (3.5% PEQ) was too viscous to be
electrospun. Addition of PEO to collagen solutions resulted in the formation of
nanofiber accumulation on the collector, but still these nanofibrous matrices could
not be obtained intact during removal from the collector. It was stated in literature
that the nanofibers fused to each other in cases that collagen was not dissolved well
(Zeugolis et al., 2008). For this reason, a short heat treatment was applied to collagen
solutions and they were filtered through 100 pm to improve the homogeneity of the
solution before mixing them with PEO solutions. Successful electrospun matrices
were obtained from only PEO solutions (1.5% and 2.5%) and from mixtures of PEO
and collagen. However, the nanofibrous mats obtained from the blends had

abundance of liquid droplets.
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It was recommended that a certain amount of salt would increase the conductivity
when added to the collagen/PEO blend solutions to solve the morphological
problems related to the nanofibers and to get a more uniform nanofiber distribution
(Chen et al., 2011). Therefore, 40 mM salt was also added to the blend mixtures
(Table 3.1). However, successful nanofibrous structures could not be formed with
only collagen solutions (CollS, Col2S) containing 40 mM salt. Therefore, it was
concluded that it was nearly unlikely to obtain successful nanofibers from collagen
only solutions, even with salt supplement. Collagen/PEO blend groups supplemented
with salt (Col1P1S, Col1P1.5S, Col1P2.5S, Col2P1S, Col2P1.5S, and Col2P1.5S)
provided fibrous structures, but at the same time showed morphological defects such
as small droplets. In none of the salt supplemented groups, a matrix with the desired
properties (that could be peeled off from the collector without any deformation)
could be obtained. Electrospun matrices obtained from the blends of collagen and

PEO had deformations (such as beads, liquid droplets etc).
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Table 3.1.The properties of nanofibers in the preliminary experimental groups

Groups * The properties of the Properties of the solution
structure accumulated on
the collector
Colls No fibrous structure Low viscosity, transparent
solution.
Col2S No fibrous structure Viscosity is higher than C1t,
solution is transparent.
Col1P1S Fibrous structure, but many Viscosity is suitable for
liquid droplets. electrospinning, solution is
transparent.
CollP1.5S  Fibrous structure, but many Viscosity is higher than
liquid droplets (Less than Col1P1S, solution is transparent.
Col1SP1).
Col1P2.5S Fibrous structure, but many Viscosity is higher than
liquid droplets (Less than Col1P1.5 S, solution is
Col1P1.5S) transparent.
Col2P1S No continuous fiber jet flow,  Viscosity is very high, solution is
many liquid droplets transparent.
Col2P1.5S No continuous fiber jet flow,  Viscosity is very high, solution is
many liquid droplets transparent.
Col2P2.5S No continuous fiber jet flow,  Viscosity is very high, solution is

many liquid droplets

transparent.

* Types of the polymers in the groups and their ratios in the blends were given in Table 2.1.
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3.3.2. Incorporation of Gold Nanoparticles into Collagen Nanofibrous Matrices

In order to be able to alleviate the problems encountered so far, AUNPs were added
to Collagen/PEO blends. As a result, more successful nanofibrous structures were
obtained (Table 3.2). The spinnability of collagen only solutions supplemented with
AuUNPs was also checked before electrospinning experiments of blend solutions
supplemented with AuNPs. As expectedly, no fibers were obtained for these groups.
In the col/PEO blend groups to which different amounts (0.14, 1.42, 7.13, 14.27
ppm) of AuNPs were added, it was accomplished to get nanofibrous matrices. As it
was decided in the previous electrospinning optimization studies, the most successful
matrices were again obtained in the groups having 2.5% PEO. Increasing the
collagen concentration from 1% to 2% resulted in an unexpected increase in the
viscosity. Consequently, this prevented the continuous and uniform fiber jet outflow
from the syringe tip during electrospinning process. Hence, 1% collagen
concentration was selected to be the most appropriate concentration for
electrospinning with AuNPs. Also, the increase in the amount of AuNPs added to
collagen solutions enhanced the morphology and size distribution of nanofibers
(Table 3.2). As a result of the previous studies, AuNPs from the Au8 group were
incorporated into collagen/PEO solutions. The collagen nanofibrous matrix
(P2.5Col1Aul4) selected as the best group in our study had collagen nanofiber
diameter similar to human ECM (Duan et al., 2013).Collagen nanofiber diameters
produced in other studies related to skin tissue engineering were in the range of about
100-500 nm (Zhou et al., 2015,; Hsu et al., 2010; Rho et al., 2006; Chen et al., 2008),

similar to the nanofiber size range of our study.

The appearance of AuNPs inside the nanofibers was viewed with TEM (Figures 3.7).
Identification of the AuNPs inside the nanofibers was very difficult for lower
concentrations of AuNPs (Figure 3.7). However, detecting the AuNPs in the
nanofibers became much easier in the groups in which greater amounts of AuNPs

(7.13 and 14.27 ppm) were supplemented.
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Table 3.2. The properties of nanofibers incorporated with AUNPs

Groups * The properties of the Properties of the solution
structure accumulated on

the collector

Col1Au0 Only liquid droplets Viscosity is very low, solution is
tranparent.
Col2Au0 Only liquid droplets Viscosity is very low ( higher than
Col1Aul0), solution is transparent
Col1P2Au0 Fibrous structure, no liquid Viscosity is suitable for electro-
droplets. spinning, solution is transparent
Col1P2Aul Fibrous structure, no liquid Viscosity is suitable for electro-
droplets. spinning, solution is transparent

Col1P2.5Au0 Fibrous structure, no liquid Viscosity is suitable for electro-
droplets. spinning, solution is transparent
Col1P2.5Aul Fibrous structure, no liquid Viscosity is suitable for electro-
droplets. spinning, solution is transparent
Col1P2.5Au7 Fibrous intact structure Viscosity is suitable for electro-

spinning, solution is transparent

Col1P2.5Aul4  Fibrous intact structure Viscosity is suitable for electro-

spinning, solution is transparent

* Types of the polymers in the groups and their ratios in the blends were given in Table 2.2.
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Figure 3.7. TEM micrographs of nanofibrous matrix groups: (A1-A2) P2.5Col1Au0,
(B1-B2) P2.5Col1Aul, (C1-C2) P2.5Col1Au7 and (D1-D2) P2.5Col1Aul4 groups.

Red arrows indicate AuNPs. Figures on the right hand side indicate the magnified

images.
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3.3.3. Morphology of Collagen Nanofibrous Matrices

Although nanofibrous matrices were obtained successfully in groups to which
AuUNPs were added, micron sized film-like structures (droplet shape) were
recognized in the matrices. In the case of collagen/PEO blends (1:2) with the low
AUNPs concentrations (0.14 and 1.42 ppm) these morphological defects were more
distinct (Figure 3.8). In order to diminish the micro droplets, the first step was to
increase the PEO concentration from 2% to 2.5%. Together with this, as the amount
of AuNPs was increased from 0.14 ppm to 1.42 ppm, there was a pronounced
decrease in the number of droplets and enhancement in the uniformity of nanofibers
(Figure 3.9 A-B). Eventually, the concentration of PEO was selected as 2.5% PEO
and AuNPs amount was increased still further (7.13 and 14.27 ppm). So, almost all
the micro droplets disappeared and the nanofiber structure were improved (Figures
3.9 C-D). Therefore, a skin tissue scaffold with a homogenous structure and
negligible structural deformations were successfully fabricated from the group

containing 14.27 ppm AuNPs.

105



s

284374+ 111.31 nm

Frequency (%)

0-140
220-230
310-320
400-410
490-500
580-590
670-680
760-770
850-860

(A3) Fiber diameter (nm)
187.76 £ 45.16 nm

Frequency (%)
o OFE S e o T ]

o o o O
O W o~ o
= o~ ™
o o o O
o~

30-340
390-400

= M
(83) Fiber diameter (nm)

Figure 3.8. SEM micrographs showing the fiber morphology and fiber diameter
distribution of different matrices: (A1-A3) CollP2Au0 and (B1-B3) CollP2Aul

group.

106



263.85+ 59.07 nm

Frequency (%)

200-210

2

50-260
350-360

4

300-310

00-410
450-460
500-510

(A3) Fiber size (nm)

228344 2928 nm

Frequency (%)
S CGaTI o

T e e I e e O e e e i
P S e T T T e w ]
ToTTaagg R e
DIDDOOODOO
L= I o e I N I Y I o
— Nt e
(B3)  Fiber Size (nm)
’)’1"'\ ’)
2 21333+ 28.56 nm
=
T 16
2
£ 10
= 3
= 6
I 4
= 2
= 9
o S e Y v R e Y v T e
e o oclonom =
- 7 99 9 9
=R === =]
R S o =
— ™™ (x4}

(C3) Fiber size (nm)

262.88 + 28.97 nm

TN NN r=N

o

Frequency (%)

0-180
200-210
230-240
260-270
290-300
350-360

320-330

(D3)

Fiber size (nm)

Figure 3.9. SEM micrographs showing the fiber morphology and fiber diameter
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(C1-C3) Col1P2.5Au7, (D1-D3) Col1P2.5Aul4.
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3.3.4. Chemical Treatment of Collagen Nanofibrous Matrices

As stated previously in the optimization studies of collagen electrospinning process,
randomly oriented collagen/PEO/AuUNPs nanofiber matrices could be obtained in
desired morphology by electrospinning. However, the nanofibers containing collagen
were too vulnerable to disintegration in aqueous environment. Even when placed in a
high humidity environment, electrospun fibers fused at the fiber junctions. Owing to
the sensitivity to water or high humidity, the conventional cross-linking approach of
immersing samples into aqueous GTA solution was not feasible for cross-linking
these collagen/PEO/AuUNPs matrices. Hence, by placing the nanofibers into a closed
chamber containing GTA solution in another bottle, the GTA vapour was able to
crosslink collagen/PEO/AuNPs matrix. After GTA vapor cross-linking, the fiber
matrix became visibly yellowish asi n the case of collagen sponges and they shrunk
slightly.

Nanofibrous structure of the scaffolds was protected to a great extent (Figure 3.10)
after cross-linking treatment with GTA vapour (3 %) at different time periods (2 and
4 hours). With respect to the cross-linking treatment done with groups containing
different amounts of AuNPs (1.42and14.27ppm) the pores of the scaffolds were
closed too much when cross-linking duration was 4 hours. Hence, the cross-linking
duration of 2 hours was decided to be more convenient. The pore sizes of the groups
cross-linked for shorter time (2 hours) was in the range of 500 nm- 3 um. This size is
appropriate for cell migration into the scaffold. Furthermore, the group including
more AuNPs among the cross-linked groups preserved its nanofibrous structure

more.
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Figure 3.10. SEM micrographs showing the change in nanofiber morphology and
pore size ofcollagen nanofibrous matrices after cross-linking with GTA vapour (3 %)
for different time periods: (A1-A2) Col1P2.5Aul and B1-B2) Col1P2.5Aul4.
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3.4. Preparation and Morphological Characterization of Silk Fibroin Matrices

3.4.1. Optimization of the Electrospinning Process for Silk Fibroin

According to the electrospinning experiments, fibrous structures could not be formed
with only silk fibroin solutions (Table 3.3). Therefore, obtaining nanofibers from
silk fibroin solutions (1-20% dissolved in d-water) was thought to be difficult. In
order to electrospin the silk fibroin successfully, an additional polymer seemed to be
necessary. Therefore, as it was used before for the spinning of collagen, PEO which
could dissolve well in d-water was used. PEO solution in d-water was prepared
separately since addition of solid PEO into silk fibroin solution resulted in the

premature B-sheet formation and complete gelation at room temperature.

Small amounts of PEO (0.3-0.4%) was enough to form continuous fiber jets and to
form homogenous fibers. Small amounts of PEO could be leached out from the
structures more easily while rinsing. In SFP1 group, the fibers obtained were not
intact while handling. High concentrations of silk fibroin (10-20%) would probably
form very large diameter fibers (> 50 um). Hence 6-8% silk fibroin concentrations
(SFP2 and SFP3) were found to be optimum to form smaller diameter fibers not

more than a few microns

3.4.2. Morphology of Silk Fibroin Matrices

The operating parameters (flow rate, voltage, and distance) of SFP2 and SFP3 groups
were evaluated and optimized for fiber morphology (Figures 3.11-3.12). Upon
adjusting the operating parameters of the wet electrospinning system, changing the
fiber size (0.7-20 um) was accomplished. The most successful (homogenous fiber
size distribution, fiber size innanometer range, and smooth fibers) matrices were
obtained in the SFP3 group having 0.3% PEO and 7.2% silk fibroin concentration as
confirmed with SEM analysis (Figure 3.12 C). Silk fibroin fibers were connected to
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each other and created numerous pores whose size reached up to several tens of

microns.

Table 3.3. Results obtained in the experimental optimization studies of silk fibroin

electrospinning

Groups* The properties of the structure Properties of the solution

formed

SF1 No fibrous structure Low viscosity. Solution is tranparent.

SF2 No fibrous structure Low viscosity but viscosity is higher than
SF1

SF3 No fibrous structure Low viscosity but viscosity is higher than
SF2

SF4 No fibrous structure Low viscosity but viscosity is higher than
SF3

SF5 No fibrous structure Low viscosity but viscosity is higher than
SF4

SF10 No fibrous structure Viscosity is too high. Not spinnable

SF20 No fibrous structure Viscosity is very high. Solution is not
dripping out from syringe tip.

SFP1 Stable continuous fiber jet flow, fiber Viscosity is medium, solution is transparent.

accumulation in the bath

SFP2 Stable continuous fiber jet flow, fiber Viscosity is medium, solution is transparent.
accumulation in the bath

SFP3 Stable continuous fiber jet flow, fiber Viscosity is medium, solution is transparent.
accumulation in the bath

SFP3-Au Stable continuous fiber jet flow, fiber Viscosity is medium, solution is transparent.

accumulation in the bath

* Types of the polymers in the groups and their ratios in the blends were given in Table 2.3.
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Figure 3.11. SEM micrographs and fiber diameter histograms of (A1-A2) degummed
pure silk fibroin isolated from silkworm cocoon and SFP2 group with different
operation parameters: (B1-B3) flow rate= 2 ml/h, voltage=12 kV, distance=13 cm
and (C1-C2) flow rate= 1 ml/h, voltage=17 kV, distance=13 cm. Middle figures are

the magnified regions of red rectangles.
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Figure 3.12. SEM micrographs and fiber diameter histogramsof SFP2 group

collected with the operational parameters: (A1-A3) flow rate=1 mi/h, voltage=12 kV,
distance=20 cm, (B1-B3) flow rate=0.8 ml/h, voltage=19 kV, distance=23 cm and
SFP3 groupwith the operational parameters of (C1-C3) flow rate=0.8 mi/h,

voltage=19 kV, distance=23 cm. Middle figures are the magnified regions of red

rectangles.
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3.4.3. Incorporation of Gold Nanoparticles into SF Matrices

AuUNPs were added into silk fibroin solution (SFP3-Au group) before the
electrospinning process. AuNPs concentration in the silk fibroin solution was the
same with those used in the preparation of other scaffold groups (14.27 ppm). In
comparison to the silk fibroin group containing no AuNPs (SFP3 group), SFP3Au
group had slightly smaller diameter nanofibers, but the size distribution range was a
little bit wider with smaller and larger nanofibers (Figure 3.13). AuNPs were thought
to be distributed inside the nanofibers, but this was not detectable with TEM analysis
as done before for collagen nanofibers. Since the silk fibroin fibers were electrospun

into ethanol bath, the fibers were not able to be collected on copper grids.

Dpear= 0.63 4+ 1.19 um

mean

Frequency (%)
o

Fiber size (nm)

Figure 3.13. SEM micrographs and fiber diameter histograms of SFP3Au group
obtained with the optimized operational parameters (flow rate=0.8 ml/h, voltage=19
kV, distance=23 cm).
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3.4.4. Chemical Treatment of Silk FibroinMatrices

It was recognized in the preliminary studies that to make water resistant silk fibroin
could be problematic. As a result, different chemical treatments were applied.
Chemical treatment of silk fibroin matrix with different chemicals showed that the
fibers became more brittle after any of the treatments (EtOH, MetOH, EDC/NHS and
GTA) and they were prone to breakage. They also disintegrated rapidly in d-water.
However, the integrity of the scaffolds was protected to a great extent while using
only EtOH in comparison to the others. Among these groups, only SFM-E and SFM-
M were extensible without any breakage. The other two groups, SFM-E/N and SFM-
G, especially the former one was highly brittle with fracturing tendency in d-water.
Silk fibroin is insoluble in water while B-sheet conformation prevails. Apart from
these reasons related to the solubility or brittleness issues, organic solvents such as
MetOH and GTA can pose toxicity problems when the processed materials are
exposed to cells in vitro and in vivo. Although chemical treatment of SF fiber with
MetOH (Li et al., 2006; Meinel et al., 2009) and GTA (Ki et al., 2008) was reported
in the literature a lot the biocompatibility concerns were also noted. Hence, avoiding
the use of such organic solvents can enhance the potential biocompatibility of the
electrospun fibers. All of the results related to the structural properties, brittleness
and solubility of the chemically treated SF were summarized in Table 3.4. In
addition, the physical effects of these chemical treatment methods were studied with
SEM analysis (Figure 3.14) and hence no clear change was observed for any of the
chemically treated groups (SFM-E, SFM-M, and SFM-G). As a whole, it was
decided to use pure ethanol to induce a PB-sheet conformation transition. The
mechanism of conformation transition of silk fibroin with ethanol treatment was
explained in a study (Cao et al., 2009). Essentially, the conformation transition is a
process of hydrogen bond rearrangement. When the electrospun matrix is immersed
in ethanol, it swells and its free volume increases and there is enough space for the

molecule chains to rearrange.
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Table 3.4. The properties of fibrous matrices upon chemical treatment.

Groups The structural Brittleness Solubility in d-water
properties of the fibrous
matrices
SFM-E Fibrous intact structure. Extensible with no Insoluble. No
Soft silky surface. crack formation observable dissolution
SFM-M Fibrous intact structure. Extensible but Insoluble. No
Smooth surface cracks form aftera  observable dissolution
certain degree
SFM-E/N Fibrous intact structure. Highly brittle Insoluble, but fibers
Smooth surface. starts breaking into
Irregularities such as small pieces
cracks.
SFM-G Fibrous intact structure. Brittle Insoluble. Fiber

Hard dense structure.
Irregularities and

yellowish color.

breaking occurs
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Figure 3.14. SEM micrographs of silk fibroin matrices treated withdifferent
chemical treatment methods: (A1-A2) SFM-E, (B1-B2) SFM-M and (C1-C2) SFM-
G. Figures on the right are the magnified regions of red rectangles.
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3.5. Characterization of Scaffolds

3.5.1. Physicochemical Characterization Tests

3.5.1.1. The Fourier Transform Infrared Spectroscopy Analysis
3.5.1.1.1. FTIR Analysis of Collagen Sponges

All the collagen sponge groups (CS, CS-Au, CS-X and CS-AuX) were characterized
by FTIR spectroscopic analysis. The infrared-active modes of the peptide backbone
are expressed in the amide bands. The spectrum of collagen depicts characteristic
absorption bands at 1600-1700, 1500-1550 and 1200-1300 cm—", which respectively
represent the amide | (C=0 stretching), amide Il (N-H bending and C-N stretching)
and amide 111 (C-N stretching and N-H deformation) bands of collagen (Sionkowska
et al., 2010). The main amide characteristic absorption band of collagen sponge
groups was observed at 1630-1628 cm™ ' (amide 1), 1530-1540 cm™' (amide II),
1234-1235 cm ' (amide I11) as shown in Figure 3.15.

The absorption bands at 2900-3300 cm™' are the O-H stretching contribution of
collagen. The region from 970 to 1200 cm™ is also distinct in collagen, with two
small maxima observed at 1030 and 1082 cm™ (CS), 1030 and 1080 cm™ (CS-Au),
1030 and 1082 cm™ (CS-X), 1031 and 1081 (CS-AuX), generally ascribed to C—O
vibrations of alcohols, either from hydroxyproline or from the glycosidic side chain
of collagen (Chang and Tanaka, 2002). The bands at 1336-1448 cm™ (CS) and 1447-
1448 cm™ (CS-Au) 1447-1448 cm™ (CS-X) 1447-1448 cm™ (CS-AuX) correspond
to C-H and O-H bending vibrations. The bands between 3300 and 3500 cm™* are
reported to occur due to N-H amine group stretching vibrations superimposed on the
side of O-H hydroxyl group stretching bands (Kumari et al., 2012). Also, it was
shown that the amide absorption bands of the groups did not change significantly
after the conjugation with AuNPs and GTA cross-linking, which was an indication of
undisturbed a-helix secondary structure of collagen, but both the cross-linking with

GTA or AuNPs incorporation decreased the amide I, 11 and 111 absorption bands.
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Figure 3.15. FTIR-ATR spectra of test groups:(A) CS, (B) CS-Au, (C) CS-X and
(D) CS-AuX.

3.5.1.1.2. FTIR Analysis of Collagen Nanofibrous Matrices

The final optimized collagen nanofibrous groups (CM-Au and CM-AuX) and their
matrix constituents (PEO and collagen type 1) were also characterized by FTIR
spectroscopic analysis. The infrared-active modes of the peptide backbone are
expressed in the amide bands.The main amide characteristic absorption bands of
collagen type | and collagen matrices were observed at 1630-1651 cm™ ' (amide 1),
1538-1544 cm™' (amide 1), and 1235-1240 cm™' (amide 111) as shown in Figure 3.16.
The region from 970 to 1200 cm™ is also distinct in collagen, with the highest
absorption bands observed at 1060 cm™ (collagen type 1), 1098 cm™ (CM-Au), and
1097 cm™ (CM-AuX), generally ascribed to C—O vibrations of alcohols, either from
hydroxyproline or from the glycosidic side chain of collagen (Chang and Tanaka,
2002). The absorption peaks at 839 cm ™, 944 cm™ and 959 cm™ (=CH2 bending),
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1090 cm?, 1240 cm™ and 1278 cm ! (O-C stretching) 1359 and 1466 cm—1 (O-H
bending) and 2859 cm* (O-H stretching) were clearly observed in for PEO.

|
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W\)\ 1629.79 153839 1234.51
(A)

4000 3000 2000 1000 0

Transmittance
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Figure 3.16. FTIR-ATR spectra of test groups: (A) PEO, (B) collagen type | (C)
CM-Au and (D) CM-AuX.

For CM-Au and CM-AuX groups, each absorption peak of collagen and PEO and
were identified, which confirms that both collagen nanofibrous matrices were
composed of these polymers. However, the absorption peak of —N=CH- (1622
cmY), which represents the imide bond formation between aldehyde and amino
groups during the crosslinking step, cannot be clearly identified due to interference
from 1649-1651 cm* (amide 1) peak (Chen et al., 2008). The absorption bands at
2500-3300 cm ' are the O-H stretching contribution of collagen. The addition of
AuNPs into collagen/PEO matrices caused to disappearance of O-H bands of

collagen type | observed at 2500-3300 cm™', with only remaining O-H stretching
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band at about 2900 cm™' that might be attributed to PEO. It was also found that the
peak intensities of collagen nanofibrous matrices (CM-Au and CM-AuX) and
collagen type I changed. It is well known that proteins can bind to gold AuNPs either
through free amine groups or cysteine residues in the proteins and therefore, AuUNPs
might have been stabilized by binding to surface proteins (Kumari et al., 2012).
These results suggested that collagen/PEO stabilized AuNPs (Fathi-Azarbayjani et
al., 2010). Also, it was shown again that the amide absorption bands of the groups
did not change significantly, which was an indication of undisturbed o-helix
secondary structure of collagen, but both the cross-linking with GTA or AuNPs
incorporation increased the amide I, I and 111 absorption bands.

3.5.1.1.3. FTIR Analysis of Silk Fibroin Matrices

Infrared spectroscopy was applied to study the molecular conformation of silk fibroin
scaffoldsfabricated in this study. Random coil showed strong absorption bands at
1665 cm™ (amid 1), 1540 cm™ (amid I1) and 1235 cm™ (amid III), while the p-sheet
showed absorption bands at 1628 cm™ (amid 1), 1533 cm™ (amid 11) and 1265 cm™
(amid 1) (Ayutsede et al., 2005). As shown in Figure 3.17 the structure of all
chemically treated silk fibroin matrices (SFM-E, SFM-M, SFM-GTA and SFM-Au)
and silk fibroin film (SF film) obtained after drying in an oven at 60 °C was
characterized by absorption bands at 1620-1622 cm™ (amid I) and 1503-1513 cm™
(amid II), attributed to the [P-sheet conformation. The characteristic p-sheet
absorptions at wavenumbers; 1620, 1503 and 1221 cm™ (unprocessed silk fibroin
cocoon fibers: SF) were present in all of the SF groups (SFM-E, SFM-M, SFM-G,
SFM-Au and SF film). However, the intensity of SF film was too low compared to
other groups, showing weak [B-sheet conformation. As a result, to create B-sheet
conformation similar to the natural fibroin, EtOH chemical treatment was determined
to be sufficient. Formation of B-sheet conformation was required to fabricate water
stable silk fibroin scaffolds. In addition, washing of chemicals used for the treatment
of scaffolds at 37 °C for 1 hours resulted in the loss of typical PEO absorption peaks
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at 1090 cm™, 959 cm™ and 839 cm™, suggesting that the water soluble PEO had

been extracted completely.
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Figure 3.17. FTIR-ATR spectra of silk fibroin scaffolds: (A) SF film, (B) SF cocoon
(C) SFM-E, (D) SFM-M, (E) SFM-G and (F) SFM-AUE.

3.5.1.2. Pore Size Distribution and Porosity of Scaffolds

The porosity (P) of collagen sponges (CS: 72.9+ 1.02%, CS-Au: 78.58+ 2.21%) was
not influenced explicitly by the cross-linking treatment (CS-X: 72.55+ 3.29%, CS-
AuX: 70.88+ 3.52%). The P values changed in the range of 71-79%. However, P of
CS-Au group was significantly higher than the other groups. According to the pore
size distribution analysis (Figure 3.18 A-D); the scaffolds had a wide range of pore

size distribution (0-200 um). After cross-linking, pores having sizes up to 20 pm
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were mostly closed resulting in abrupt decrease of pores below this size range and
pores were concentrated in 20-50 um size range. Pore size distribution was unimodal
for CS-AuX group while it was bimodal for the other collagen sponge groups (CS,
CS-Au, and CS-X).

P of the CM-Au had a small decrease after cross-linking (Figure 3.18 E-F). The
cross-linking treatment did not have any pronounced effect on P of collagen
nanofibrous matrices (CM-Au: 10.93% and CM-AuX: 9.08%), but after cross-
linking, small pores (0-7 um) were closed completely and there were only pores in
the size range of 7-10 um. It was verified before with SEM imaging that the
nanofibrous matrices fabricated had a dense structure (small pores and low porosity).
However, it was anticipated that the PEO inside the scaffolds would act like a
porogen increasing evidently P and pore size of the scaffolds when subjected to

agueous environment.

P of silk fibroin matrices (SFM-E and SFM-AUE) was similar (67-69%) having
similar porosities to the collagen sponges. Like the collagen sponge groups, the pore
size distribution analysis showed that the scaffolds had a wide range of pore size
distribution (0-200 pm), mostly around 0-50 pum (Figure 3.18 G-H).

Porosity measurement of scaffolds was done by the liquid displacement method
using hexane as the displacing liquid. Hexane was chosen because it permeates into
scaffolds without causing shrinkage or swelling compared to other organic solvents
including ethanol (Bhardwaj et al., 2014). A scaffold used for tissue engineering
requires a porous structure with a high porosity and interconnected pores which
allow cell migration, mass transport, growth, gene expression and new tissue
formation in three dimension (Muthukumar et al., 2014). Generally, the porosity values
of different studies related to tissue engineering applications focused on obtaining
collagen scaffolds having porosity not less than 70% and well above 90% porosity
values (Bhardwaj et al., 2014; Muthukumar et al., 2014; Gaspar et al., 2011; Davidenko et
al., 2012). The pore structure of the scaffolds in this study was formed as a result of

the lyophilization process. Previous studies showed that the morphology of the pores
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is dependent upon the freezing temperature of the mixture before lyophilization
(Bhardwaj et al., 2014, Davidenko et al., 2012). The freezing temperature of -80 °C
used in this study was decided to be suitable as regards the results of porosity and
pore size distribution analysis. Pore sizes concentrating between 20 and 200 um are
thought to be optimal for improved initial cell attachment. Therefore, due to their
porous nature of large pore sizes, collagen sponge and silk fibroin matrix groups
would be more successful in absorbing the wound exudates in comparison to

collagen nanofibrous matrices.
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Figure 3.18. Porosity and pore size distribution analysis of



3.5.1.3. Hydrolytic Degradation

The resistance of the scaffolds to hydrolytic degradation (HD) was generally high for
cross-linked collagen scaffolds. The cross-linked collagen sponges maintained their 3
dimensional structures in aqueous environment to a large extent (17-18%) as long as
2 weeks while uncross-linked collagen samples contracted at 37 °C in 1 day to a
great extent, and degraded almost completely in 1 and 2 weeks for CS (100%) and
CS-Au (65%), respectively (Figure 3.19 A). So it could be resulted that degradation
of collagen sponges differed with respect to AuNPs incorporation for uncross-linked
sponges, but the same effect was not so clear for cross-linked sponges (CS-X and
CS-AuX). With the cross-linking treatment and AuNPs incorporation, the purpose of
maintaining the structural integrity was fulfilled. The degradation profile of collagen
sponges fabricated in this study was compared to a commercial skin substitute
(Matriderm™) since it is a collagen/elastin sponge similar to our collagen sponges.
Degradation profile of Matriderm™ was similar to our uncross-linked collagen
sponges. HD of Matriderm™ was slow during 4 days (30%) with a steady increase
during 14 days. HD of Matriderm™ was comparable to CS-Au group after 7 days.
Cross-linked collagen sponge groups (CS-X and CS-Au) were both way better than

Matriderm™ in terms of HD.

CM-Au degraded immediately in PBS at 37 °C, whereasafter cross-linking (CM-
AuX), it had a very high first day hydrolytic degradation result (85%) which slowed
down in the following days and its structural stability was maintained as long as 7
days (Figure 3.19 A). As a whole, the cross-linking treatment increased the resistance

of collagen based scaffolds against HD.

The scaffold groups containing the highest resistance capacity against HD was silk
fibroin scaffolds either with or without AuUNPs (SFM-E and SFM-AUE). HD of SFM-
E was barely detectable in 4 days incubation period. Yet, after 1 week HD increased
slightly and was constant during 2 weeks (18%). Similarly HD of SF-Au was on 3%
level during 2 weeks (Figure 3.19 B).
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Film layers of bilayered scaffolds in both uncross-linked (C/S) and cross-linked
(C/S-X) state were examined separately as well. C/S showed an initial abrupt
degradation in 1 day (85%) and maintained its integrity during 7 days until complete
disruption. On the other hand, cross-linking treatment enhanced the degradation
profile very much as expectedly such that HD was on 4% level during 14 days
(Figure 3.19 C).

3.5.1.4. Enzymatic Degradation

According to the enzymatic degradation (ED) results, uncross-linked collagen
sponges (CS and CS-Au), Matriderm™ and both uncross-linked and cross-linked
collagen nanofibrous matrices (CM-Au and CM-AuX) degraded soon after 2 hours;
on the other hand, cross-linked collagen sponges (CS-X and CS-AuX) maintained
their structural stability for 72 hours with a steady increase (Figure 3.20 A). A
continuous increase in degradation profiles was observed for both CS-X and CS-
AuX during this incubation period but the difference between the first day results of
these two groups was not significant. However, the degradation of CS-AuX seemed
to slow down after this point resulting in a slightly better stability than CS-X. Thus, it
could be concluded that AuNPs incorporation might have a decreasing effect on
enzymatic degradation of GTA cross-linked collagen sponge. The resistance of silk
fibroin scaffolds (SFM-E and SFM-AUE) against ED was clearly higher than any of
the other groups; so, they had very low enzymatic degradation (16-27%) during 2
weeks of incubation period (Figure 3.20 B). Again ED of film layers were examined
separately and it was confirmed again that after cross-linking the resistance of films
against ED was increased and the structural integrity was conserved as long as 3 days

while C/S film degraded immediately in 2 hours (Figure 3.20 C).

Different studies showing the enhanced resistance of GTA cross-linked collagen
matrices to collagenase degradation were reported before (Lai et al., 2013). Also,
there are studies stating that EDC-NHS mediated functionalized AuNPs cross-linked

to collagen scaffolds had enhanced resistance against enzymatic degradation (Grant
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et al., 2014, Castaneda et al., 2008; Deeken et al., 2011). It is believed that
attachment of the AuNPs on the collagenase binding sites and many intermolecular
cross-links formed after GTA cross-linking might have caused enzymes to have
difficulty in reaching these attack sites in the collagen sponge groups. However, the
high hydrolytic and enzymatic degradation results of collagen matrices developed in
this study could be due to the ineffectiveness of GTA cross-linking for collagen
alone and the denatured structure of collagen after heat treatment. It was stated in a
study (Lin et al., 2013) that collagen type | alone could be insufficient for the
provision of free \NH2 and the triple-helix structure of collagen might have caused
to steric hindrance. All these might have resulted in deterioration of the cross-linking
efficiency of GTA. Not only this low cross-linking efficiency could have caused the
quick disruption of collagen matrices (CM-AuX) in enzymatic environment, but also
the high concentration of the collagenase type | used in this study could be one
another reason. It was reported before that biodegradation rate of scaffolds made of
silk fibroin differed with respect to the type of enzyme (a-chimotrypsin, collagenase
IA, and protease XIV) used (Li et al., 2003). The strength of these enzymes was
classified as follows: protease XIV> collagenase IA> a-chimotrypsin. Thus the low
degradation profile of silk fibroin matrices could also be related to the type of
enzyme used in this study. It is known that results of enzymatic degradation are not
only related to intrinsic property of the fabricated material but also to type and
concentration of the collagenase used. In natural skin tissue, the concentration of the
enzyme will likely to differ with respect to wound level or to the type of the
wounded tissue; therefore, faster or slower rates of degradation could be
encountered. The fact that the cross-linked samples degraded completely in 3 days in
biodegradation tests could be explained with the high concentration of the
collagenase. Such a disruptive environment might not exist in wounded skin areas

normally.
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Figure 3.19. Hydrolytic degradation results: (A) collagen sponges (CS, CS-X, CS-
Au and CS-AuX) a commercial skin substitute (Matriderm™) and collagen
nanofibrous matrices (CM-Au and CM-AuX), (B) silk fibroin matrices (SFM-E and
SFM-AUE) and (C) collagen/sericin membranes (C/S and C/S-X).
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Figure 3.20. Enzymatic degradation results: (A) collagen sponges (CS, CS-X, CS-
Au and CS-AuX) a commercial skin substitute (Matriderm™) and collagen
nanofibrous matrices (CM-Aul4 and CM-Aul4X), (B) silk fibroin matrices (SFM-E
and SFM-AUE) and (C) collagen/sericin membranes (C/S and C/S-X).
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3.5.1.5. Equilibrium Degree of Swelling

The equilibrium degrees of swelling ratios (EDS) of epidermal (C/S and C/S-X) and
dermal (CS, CS-X, CS-Au, CS-AuX, CM-AuX, SFM-E and SFM-AUE) layers of all
the scaffolds fabricated in this study and a commercial skin substitute (Matriderm™)
were shown in Figure 3.21. It was observed that EDS of the scaffolds reached to
equilibrated levels at the end of 1% day. The EDS values of dermal layers were
calculated as 7-61 g/g. EDS of collagen sponges (CS: 18.89 + 3.68 g/g) increased
after cross-linking (CS-X: 61.17 + 6.00 g/g) in a statistically meaningful manner.
Similarly, EDS of collagen sponges incorporated with AuNPs (CS-Au: 13.48 + 1.81
g/g) increased significantly after cross-linking (CS-AuX: 38.54 + 4.50 g/g). The
increase in EDS after cross-linking was supposed to be mainly due to high
contraction (shrinkage) and rapid degradation of uncross-linked collagen scaffolds in
water at 37 °C during 1 day compared to cross-linked samples. The water inside the
sponges was more inclined to be imprisoned inside the cross-linked samples; on the
contrary, it spilled out from the uncross-linked samples easily. Opposing to the GTA
treatment, AuNPs incorporation decreased the EDS values of uncross-linked and

cross-linked collagen scaffolds significantly.

EDS of silk fibroin scaffolds without (SFM-E: 19.91 + 1.98 g/g) and with AuNPs
(SFM-AUE: 24.60 + 2.30 g/g) were statistically different. AuNPs incorporation into
silk fibroin scaffolds increased EDS.

EDS of cross-linked collagen nanofibrous matrices (CM-AuX: 7.26 + 2.62 g/g) were
significantly lower than any other dermal layer groups. Their water swelling values
were thought to be very low due to the fact that these scaffolds contained small pores
and had a dense structure with less porosity (9-10%) than the scaffolds fabricated in
the sponge forms. Their EDS were statistically similar to collagen/sericin films (C/S:
4.59 £ 0.58 g/g and C/S-X: 2.79 £ 0.43 g/g), since the films had also a very dense

structure.
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The ability of a scaffold to preserve water is an important aspect to evaluate its
property for skin tissue engineering. The water uptake ability of the scaffolds could
be attributed to their hydrophilicity, their morphology (pore size, pore size
distribution, and porosity) and the maintenance of their 3D structure. In general, EDS
is decreased as the cross-linking degree is increased because of the decrease of the
hydrophilic groups (Bhardwaj et al., 2014). Also, EDS decreases when the pore size
and porosity decreases too (Park et al., 2002). However, cross-linking with GTA
clearly increased EDS of bilayered scaffolds in this study, probably due to the
decrease in dimensions of the uncross-linked scaffolds with substantial contraction
and/or degradation in aqueous environment. EDS values obtained in different studies
related to skin tissue engineering applications varied greatly. Silk fibroin 3D
scaffolds as skin dermal substitutes (Bhardwaj et al., 2014) had varying swelling
ratios (20-30 g/g). Electrospun collagen blends as skin substitutes had swelling ratios
of 0.5-2 (Lin et al., 2013). EDS value of collagen-chitosan nanofibrous scaffolds was
9 g/g (Chen et al., 2008) Chitosan wound dressings cross-linked with GTA
(Adekogbe et al., 2005) had EDS value range of 29.9-31 g/g. EDS values of
nanofibrous  matrices  obtained by elestrospinning  of  polylactide—
polyglycolide/collagen blends ranged between 1.8-2.2 g/g (Liu et al., 2010). EDS
values of the scaffolds in the literature were similar to the values in our study. As a
whole, the EDS values of the bilayered skin substitutes prepared in our study were

thought to be appropriate for skin tissue engineering applications.
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Figure 3.21. EDS of scaffolds. *: Significant difference between the same
compositional groups after cross-linking for p<0.05. #: Significant difference
between the same compositional groups after AuNPs incorporation for p<0.05. a:
Significant difference from Matriderm™ for p<0.05. Values are expressed as mean +

SD (n=4).

3.5.1.6. Water Vapor Transmission Rates

Water vapour transmission rate (WVTR) values (about 1300 g/m%day) of bilayered
scaffolds were found to be statistically similar (Figure 3.22). Therefore, WVTR

values were thought to be controlled mainly by sericin/collagen membrane layer.

In fact, a moist environment is desired for quick healing of wound, but at the same
time excessive pooling of exudates below the wound bed should be avoided to
decrease the risk of infection. On the other hand, wound dehydration would result in
death cell debris creating a scar tissue. Therefore, it should be taken into
consideration that a skin substitute might be able to control the water vapour loss
from the wound at an optimal rate. It was shown that WV TR for normal skin is 204
g/m?/day, and this value changes with respect to the exudates level of wound type.
For instance; WVTR for injured skin could be as low as 279 g/m?/day for a first-

133



degree burn and this could increase up to 5138 g/m?/day for a granulating wound.
Owing to the fact the WVTR varies with respect to the type of wound, it might be
suggested that the values about 1300 g/m?/day measured for the bilayered skin
substitutes are likely to be suitable for low to medium exudating wounds (Yannas

and Burke, 1980).
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Figure 3.22.Water vapor transmission rate (WVTR) of bilayered scaffolds.Values

are expressed as mean + SD (n=4).

3.5.1.7. Oxygen Permeation

Oxygen permeability (OP) tests were based on measuring the amounts of dissolved
oxygen (DO) in the media isolated from air by the bilayered scaffolds separately.
Hence, the measured parameter, DO, was considered to be a direct result of OP
character of bilayered scaffolds. OP characteristic of bilayered scaffolds were shown
in Figure 3.23. The open control was measured to have a DO value of 7.33 £ 0.02
mg/L, but the closed control had DO as 7.11 + 0.01 mg/L. DO of all of the bilayered

scaffolds and the open controlwere almost the same (about 7.33 mg/L) having
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statistically insignificant difference. On the other hand, the closed group had
significantly lower mean DO value than all the bilayered scaffold groups. As a
consequence, all of these results suggested that all of the bilayered scaffolds were

said to be highly permeable to oxygen.
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Figure 3.23. Oxygen permeability of bilayered scaffolds. Values are mean + SD
(n=3).*: Indicates significant difference from the closed control for p<0.05.

3.5.1.8. Mechanical Tests

The representative stress-strain curves of epidermal (C/S and C/S-X) and dermal
(CS, CS-X, CS-Au, CS-AuX, CM-Au, CM-AuX, SFM-E and SFM-AUE) layers of
all the bilayered scaffolds (in both dry and wet testing) conditions were given in
Figure 3.24 and 3.25 to give a rough idea about the general mechanical
characteristics of bilayered scaffolds fabricated in this study. The typical collagen
sponge stress-strain curve was such that initially the stress did not increase a lot
while the strain does creating a toe regionas explained in detail in the introduction

part. In order to circumvent this toe region, the scaffolds were gripped tautly between
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the jaws by exerting a very low pretension. It must be noted that, especially for the
delicate scaffolds (here in this study CS, CS-Au, SFM-E and SFM-AUE, C/S and
C/S-X), pretension caused premature failures. Therefore, pretension was adjusted
meticulously for such scaffolds. When tension was exerted, the crimping collagen
fibers elongated to a specific extent after which the cross-links holding them become
stressed, and the stress-strain curve became linear as shown in the initial part of the
stress-strain curves (Figure 3.24 and 3.25). After cross-linking, this linear region
became more distinct. After a specific degree of tensile stress (proportional limit),
the linear relationship between stress and strain was lost. Then, the scaffolds behaved
nonlinearly until reaching a maximum stress value (ultimate tensile stress or tensile
strength) at or after which it broke.In the stress-strain curves of collagen sponges
(CS, CS-X, CS-Au, CS-AuX), silk fibroin matrices (SFM-E and SFM-AUE) and
collagen/sericin films (C/S and C/S-X) and Matriderm™, generally the plastic region
was barely realized or completely lost in dry experimental conditions. Only collagen
nanofibrous matrices (CM-Au) had a very short linear elastic region followed by a
long nonlinear plastic region. Plastic region of this group also became smaller after
cross-linking. When the mechanical tests were performed in wet conditions the
plastic region could be seen more pronouncedly.
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Figure 3.24. Representative stress-strain curves of scaffolds fabricated in this study:
(A) collagen sponges (CS, CS-X, CS-X wet, CS-Au, CS-AuX and CS-AuX wet),
Matriderm™ (Matriderm and Matriderm wet) and (B) collagen nanofibrous matrices
(CM-Au and CM-AuX).
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Figure 3.25. Representative stress-strain curves of scaffolds fabricated in this study:
(A) silk fibroin matrices (SFM-E, SFM-E wet, SFM-AUE and SFM-AUE wet) and

(B) collagen/sericin membranes (C/S, C/S-X and C/S-X wet).

The tensile

the gauge region of samples (Figure 3.26). Tensile strength is an intrinsic property of

materials, and consequently does not depend on the size of the specimen. However, it

test was accepted as successful when the failure occurred in the middle of
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is affected by the preparation procedures of the specimen and the temperature of the
test environment and material. Hence, mechanical tests were carried out at the same

laboratory environment (standard room conditions) for all samples.

Figure 3.26. Successful tensile break occurred in the middle of the gauge length.

3.5.1.8.1. Tensile Strength

Ultimate tensile stress or tensile strength (UTS) of scaffolds was found to range from
very low values for silk fibroin matrices (0.011 MPa) in wet conditions to very high
UTS for collagen/sericin films (24 MPa) (Table 3.5). UTS of collagen sponge
groups, collagen nanofibrous matrices and collagen/sericin films increased
significantly after cross-linking. In contradiction to the increasing effect of cross-
linking, performing the tests in wet conditions decreased UTS significantly for all the
groups. AuNPs incorporation into collagen sponges and silk fibroin matrices tended
to increase UTS, though it was not statistically meaningful for collagen sponge
group. The same increase effect of AUNPs on strength of scaffold was encountered in
other studies as well such as chitosan-AuNPs nanocomposite (Lin et al., 2008) and
poly (L-lactide)-AuNPs composite scaffolds (McKeon-Fischer and Freeman, 2011).
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Cross-linked collagen sponge groups had statistically better UTS than Matriderm™,

whereas uncross-linked collagen sponges had diminished UTS.

In this study, it was aimed to mimic tensile strength of skin with the scaffolds as
much as possible. However, it was not possible to reach the reported tensile strength
(2.5-16 MPa) of human skin (Silver, 1994) with the scaffolds developed in this
study. The tensile strength values of the collagen sponges (0.1-1.2 Mpa), silk fibroin
matrices (0.08-0.01 MPa) and collagen nanofibrous matrices (0.3-0.5 MPa)
fabricated in this study were lower than the tensile strength of skin, but these results
were similar with the UTS values measured for different studies related to the skin
tissue engineering in the literature. In order to improve the mechanical properties of
collagen based scaffolds, generally a variety of cross-linking agents were used such
as GTA (Muthukumar et al., 2014), genipin (Bi et al., 2011), EDC(Powel and Boyce,
2006). Although these cross-linkers succeeded in to improve the mechanical
properties of collagen based scaffolds considerably, they did not reach the reported
values specified for skin as well. For example; collagen sponge incorporated with
Macrotyloma uniflorum had 0.6-3MPa UTS (Muthukumar et al., 2014) and collagen-
GAG sponge had 0.03-0.07- MPa UTS (Powel and Boyce, 2006).There are also
some variations on the tensile strength of collagen nanofibers fabricated in different
studies probably due to the differences in collagen nanofiber diameter, thickness,
cross-linking treatment and etc. For instance; UTS of GTA cross-linked collagen
nanofibers had 7-11 MPa in dry and wet testing conditions (Rho et al., 2006).
Collagen/chitosan nanofibrous wound dressing had 0.5-1 MPa UTS (Chen et al.,
2008). Electrospun matrices as wound dressing prepared from Rana chensinensis
skin collagen/poly(L-lactide) mixtures had UTS values of 0.2-3 MPa (Zhang et al.,
2015). UTS of nanofibrous matrices obtained by elestrospinning of
collagen/polyvinyl alcohol/chitosan blends were about 1-7 MPa UTS (Lin et al.,
2013). Electrospun type | collagen/polycaprolactone blends had 0.8-1.9 MPa UTS
(Chakrapani et al., 2012).
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3.5.1.8.2. Elongation at Break

In the present study, elongation at break (EAB) values of different scaffolds changed
in a very wide spectrum ranging from very low values of 3-9% for collagen/sericin
films (C/S and C/S-X) in dry conditions to very high EAB reaching to 168-301% for
silk fibroin matrices (SFM-E and SFM-AUE) (Table 3.5). It was found that the
collagen sponge groups could elongate as much as the Matriderm™ with similar
elongation characteristics. Cross-linking treatment seemed to decrease EAB of
collagen sponges; though it did not have a significant effect on collagen sponges
without AuNPs, the decrease became significant in dry conditions. The difference
became pronounced in wet conditions. In a similar way, cross-linking treatment
decreased EAB of collagen nanofibrous matrices and collagen/sericin membranes
significantly in dry conditions. Performing the test in wet conditions increased EAB
of all the groups significantly. AuNPs incorporation did not have a significant

influence on collagen sponges or silk fibroin matrices.

Ultimate elongation of skin is 78% (Park and Lakes, 1992). The maximum strain of
collagen was reported as in the 10-20% range (Meyers et al., 2008). In this study, it
was aimed to mimic the mechanical properties of skin with the scaffolds as much as
possible. However, it was not possible to reach the reported EAB values of skin
values in dry conditions with any of the scaffolds except for CM-Au group exceeding
100% elongation. Yet, this high EAB was sacrificed after cross-linking treatment
dropping to 29% levels for CM-AuX. Again the EAB values of different studies in
the literature varied a lot, but EAB values in none of these studies exceeded 100%
levels. Generally, EAB values were higher for nanofibrous matrices reaching to 54-
61% for electrospun type | collagen/ polycaprolactone (Chakrapani et al., 2012), 5-
50% for collagen/polyvinyl alcohol/chitosan (Lin et al., 2013) and 5-40% for Rana
chensinensis skin collagen/poly(L-lactide) (Zhang et al., 2015). On the other hand,
EAB of scaffolds in the sponge form such asfor collagen sponge incorporated with
Macrotyloma uniflorum (Muthukumar et al., 2014) and collagen-GAG sponge
(Powell and Boyce, 2006) were in the range of 12-16% and 23-62%, respectively.
The EAB range of other scaffolds fabricated in this study was soundly lower than
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that of skin. However, the EAB of scaffolds increased evidently in wet form.
Considering that the wound area is generally moist owing to the exudate discharge
from the skin, it is thought that the dressing would get wet and become more
extensible. Adekogbe and Ghanem (2005) showed that the elongation of dry chitosan
scaffolds increased from 20% to 80% when they got wet. In addition, EAB of cross-
linked dry collagen films of Wang et al. (2003) increased from 2.3% to 36.5% when
they were wet. Hence, the measured strains of wet scaffolds are expected to increase

in in vivo conditions as well.

As seen, the mechanical results of the scaffolds developed in this study are
compatible with the literature data. In addition, the mechanical properties the
scaffolds developed in this study were comparable to or even better than that of
commercial skin substitute, Matriderm™. This indicated that these scaffolds would
probably provide a similar or even better level of mechanical stability when applied

in the wound treatment procedure.

3.5.1.8.3. Tensile Modulus

Since extensibility is a selection criterion for skin substitutes, a low modulus of
elasticity (E) with high extensibility was sought. In this study, E had the highest
values for the most brittle scaffold, i.e. collagen/sericin films, and on the contrary
had the lowest values for the softest silk fibroin scaffolds as measured to range from
621 MPa to 0.0052 MPa (Table 3.5). E of collagen sponge groups, collagen
nanofibrous scaffolds and collagen/sericin films increased significantly after cross-
linking. In contrast, E of all groups decreased significantly in wet conditions. E
value of CS-X wet, CS-AuX wet, CM-Au and Matriderm™™'were very close. Due to
the fact silk fibroin scaffolds were very soft, they had the lowest E values. There was

not a clear change in E values when AuNPs were incorporated into scaffolds.

The E range of collagen sponges (0.4-12 MPa), silk fibroin matrices (0.01-0.3 MPa),
collagen nanofibrous matrices (2-6 MPa) and collagen/sericin films (14-621 MPa)

142



developed in this study are in the range or close the lower E limit of human skin. E
for skin was found between 6-40 MPa (Silver, 1994). Also, the range of E values in
the literature was compatible with the E values of our scaffolds. E increased
significantly as a result of AuNPs incorporation as mentioned before. The same
increase effect of AuNPs on elastic modulus of scaffold was encountered in other
studies as well (Lin et al., 2008; McKeon-Fischer and Freeman, 2011).
Collagen/chitosan nanofibrous wound dressing (Chen et al., 2008) had very low E
values (0.3-0.7 MPa) similar to values obtained for uncross-linked sponges (CS and
CS-Au) and silk fibroin matrices (SFM-E and SFM-AUE). Rana chensinensis skin
collagen/poly(L-lactide) electrospun matrices (Zhang et al., 2015) and
collagen/polyvinyl alcohol/chitosan nanofibrous matrices (Lin et al., 2013) had E
values of 32-38 MPa and 5-50 MPa, respectively. These values were also similar
with the E values of cross-linked collagen sponges (CS-X and CS-AuX) and collagen
nanofibrous matrices (CM-AuX). The same decrease in E values of scaffolds was
observed when the tests were performed with wet samples in the literature. For
instance; cross-linked dry collagen films of Wang et al. (2003) had E value of 1.16

GPa approximately, but decreased to 5.8 MPa in wet form.
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Table 3.5. Mechanical properties of epidermal and dermal layers of bilayered

scaffolds.

Groups Tensile Strength  Elongation at Elastic Modulus
(MPa) Break (%0) (MPa)

CS 0.099 +0.022° 15.43+ 2.38° 0.73+0.16

CS wet NA 103.43+ 16.70 ™ NA

CS-X 0.97 +0.13™ 10.36+ 2.19" 10.10+ 1.68°

CS-X wet 0.38 +0.081° 33.63+ 4,58 1.18+ 0.20°

CS-Au 0.097 +0.038" 27.16+ 8.63° 0.44+ 0.23

CS-Au wet NA 101.84+ 1557 NA

CS-AuX 1.19 +0.40™ 9.86+ 1.99" 12.47+ 4.19°

CS-AuX wet 0.47 +0.099° 39.46+9.10* 1.44% 0.44°

Matriderm™ 0.33 +0.077 22.41+ 2.55 1.67+0.31

Matriderm™ wet ~ 0.093 +0.013" 56.59+ 7.52° 0.19+0.035°

CM-Au 0.29 +0.031 106.90+ 14.97 1.82+0.38

CM-AuX 0.53 +0.079" 28.64+ 4.23" 6.38+ 1.96"

SFM-E 0.032 +0.0091 21.58+ 10.96 0.26+0.19

SFM-E wet 0.011 +0.0029 168.35+ 29.16° 0.0052+ 0.0013°

SFM-AUE 0.077 +0.023° 29.53+ 4.84 0.27+0.15

SFM-AUE wet 0.041 +0.015° 301.40+ 81.26 % 0.013+0.0047°

CIS 15.00 +2.68 3.00+ 1.30 620.60+ 250.41

C/S wet NA 67.69+ 12.11° NA

CIS-X 24.30 +2.42° 8.75+ 1.80° 328.00+ 49.59°

C/S-X wet 3.81 +0.58" 28.02+ 4.99%° 13.76+ 1.54°

Data are expressed as mean = SD (n >6).

“significant difference observed between the same groups when the tests were performed in wet

conditions for p<0.05.

bsignificant difference observed between the same groups when they were cross-linked for p<0.05.

‘significant difference between the same groups when they contain AuNPs.

9 significant difference from Matriderm™ for p<0.05.

NA: Scaffolds are not applicable to the testing.
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3.5.2. In Vitro Characterization Tests
3.5.2.1. Preliminary Cell Cytotoxicity Tests of Gold Nanoparticles

In preliminary cytotoxicity tests, the cytotoxic effect of AUNPs having different sizes
(Aul: 55 nm, Au2: 20 nm and Au3: 13 nm) and different doses (5, 10, 20 ppm) were
evaluated on HaCat keratinocyte and 3T3 fibroblast in terms of OD values and the
corresponding % cell viabilities (Figures 3.27 and 3.28). OD results were used to
show the proliferation of cells between time points, as the cell viability results were
used to show cytotoxicity. Reduction of cell viability by more than 30% is

considered as a cytotoxic effect according to 1ISO 10993-5 standards.

At 1% day, there was no significant difference between the OD values of control
group (no AuNPs) and any dose groups (5, 10 and 20 ppm) of Aul for both cell
types (Figures 3.27 A and 3.28 A). While keratinocyte cell viabilities were 92-108%,
fibroblast cell viabilities were 84-89% for Aul dose groups. Although statistically
significant OD differences were found between all the doses of Au2 and Au3 and
control, these differences were very small due to less number of cells grown at 1%
day for both cell types (Figures 3.27 B-C and 3.28 B-C). As keratinocyte cell
viabilities were 64-71% and 61-79%, fibroblast cell viabilities were 67-72% and 61-
73% for Au2 and Au3 dose groups, respectively. Also, there was no significant
difference among the test doses of Aul, Au2 and Au3 at 1* day (Figures 3.27 and
3.28). These results showed that AuNPs having bigger sizes (55 nm) did not have
any cytotoxic effect on neither keratinocytes nor 3T3 fibroblasts, but Au2 and Au3

were slightly cytotoxic at the tested doses during 1 day time period.

At 7™ day, all the doses (except for 20 ppm dose) of Aul group had OD values
statistically similar to control group for both cell types (Figures 3.27 A and 3.28 A).
The OD value differences of the same doses of Aul between different time periods
were again significant for both cell types at 7™ day. While keratinocyte cell
viabilities were 68-87%, fibroblast cell viabilities were 85-91% for Aul dose groups.
After 7 days of incubation period, the proliferation of keratinocytes slowed down
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substantially for any doses of Au2 and Au3 in comparison to control, but OD values
between the same doses increased significantly between the time points (Figures 3.27
B-C). However, the proliferation of 3T3 fibroblasts was comparable to control for
any doses of Au2 and Au3 except for the 20 ppm dose of Au3 (Figures 3.28 B-C). As
keratinocyte cell viabilities were 26-35% and 28-49%, fibroblast cell viabilities were
121-139% and 50-97% for Au2 and Au3 dose groups, respectively. Only bigger
nanoparticles (Aul: 55 nm) were found to be nontoxic on keratinocytes with slight
cytotoxic effect of its 20 ppm dose only, on the contrary, the other AuUNPs were
highly toxic on keratinocytes in 7 days. As a consequence, cytotoxic effect of AUNPs
on keratinocytes was clearly size dependent. None of the AuNPs (Aul, Au2 and
Au3) were toxic on fibroblast, that is, toxicity was not size dependent in 7 days. Only
20 ppm dose of Au3 was moderately toxic on fibroblasts. To clarify these results,
AUNPs having larger sizes (sizes between 20-50 nm) and a more uniform size

distribution was synthesized and investigated for its cytotoxicity.
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Figure 3.27. Cytotoxicity tests of different AuUNPson keratinocytes with MTT assay:
(A) Aul, (B) Au2 and(C) Au3. *: Significant difference from the control in the same
time period. #: Significant difference between the groups in the same time period.
(n=4 £SD, p<0.05).
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Figure 3.28. Cytotoxicity tests of different AuNPs groups on 3T3 fibroblasts with
MTT assay: (A) Aul, (B) Au2 and (C) Au3.*: Significant difference from the control
in the same time period #: Significant difference between the groups in the same time
period. (n=4 +SD, p<0.05).
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In our study, in order to be able to synthesize potentially biocompatible AuNPs, key
parameters, such as size and shape of the nanoparticles were considered at first,
because it was shown that cytotoxicity of AuUNPs was dependent on the shape, size,
dose and the type and charge of surface capping/reducing agents as well as cell type.
For instance; it was demonstrated in a study that smaller AuNPs (1.4 nm) were
cytotoxic for connective tissue fibroblasts, epithelial cells, and macrophages and
melanoma cells whereas bigger AuNPs in the 15 nm size range were nontoXic even
at high concentrations (Pan et al., 2007). The higher surface area to volume ratio of
AuNPs might lead to more intense interactions with cellular components and the
penetration of smaller sized AuNPs into intracellular locations like nucleus could be
easier, thus cause to cytotoxicity (Pan et al., 2007). Also, gold nanorods were shown
to be more cytotoxic than AuNPs; however, the reason for this was attributed to
cetyl-trimethylammonium bromide surface coating (Wang et al., 2008). It was
suggested that the cationic AUNPs were more cytotoxic than the same-size anionic
ones due to the affinity of cationic particles to the negatively charged cell membrane
(Goodman et al., 2004). It was also found that citrate-capped AuNPs were not
cytotoxic to baby hamster kidney cells and human hepatocellular liver carcinoma
cells, but cytotoxic to human carcinoma cells at certain concentrations (Patra et al.,
2007). It was stressed in a study that keratinocyte proliferation was inhibited at doses
of AuNPs (34 nm) higher than 10 ppm, on the other hand lower doses (5 ppm) was
shown to enhance the cellular activity for 5 days of incubation (Lu et al., 2010). We
also came up with a similar conclusion that toxicity of keratinocytes were dose
dependent for bigger nanoparticles (37 and 42 nm), but 20 ppm was the toxic dose
limit. Yet, slight differences between different studies related to the AuUNPs
cytotoxicity are not surprising due to the tendency of AuNPs to aggregation in cell
culture media (Wang et al., 2008).

After performing the preliminary cytotoxicity tests for different size and
concentration of AuNPs, we also reached to the conclusion that the cytotoxicity of
AUNPs synthesized in this study was also size and dose dependent as reported in the

literature. Appropriate size of AuNPs for in vitro tests was selected as greater than 20
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nm but less than 50 nm. AuNPs having larger size than 50 nm was not preferred

since that shape and size uniformity became worse for bigger AuNPs.

3.5.2.2. Cytotoxicity Tests of Optimized Gold Nanoparticles

Second set of cytotoxicity tests were carried out for bigger AuNPs (Au7: 42 nm and
Au8: 37 nm) on keratinocytes and 3T3 fibroblasts again. Dose (10, 20 ppm) and time
effect (1, 4 and 7 days) of AuNPs cytotoxicity on these cells were investigated as
well. According to 1% day results, there was no significant difference between
different doses of Au7 and Au8 groups and the control group for keratinocytes
(Figure 3.29 A-B), but significant difference between different doses of Au7 and
Au8 groups and the control group were observed for 3T3 fibroblasts (Figure 3.30A-
B). Keratinocyte cell viabilities were 98-88% for Au7 and 90-92% for Au8 at1** day.
On the other hand, fibroblast cell viabilities were 67-70% for Au7 and 68-72% for
Aus8 at1* day. These results verified that, these doses (10-20 ppm) of Au7 and Au8
were non-cytotoxic on keratinocytes, but slightly cytotoxic on fibroblast in 1 day.

After 4 days, there were significant differences between dose groups of Au7 and Au8
and the control for both cell types except for the OD of 10 ppm dose of Au7 for
fibroblast (Figure 3.29 A-B and 3.30 A-B). While keratinocyte cell viability results
were 65-73% for Au7 and 87-88% for Au8 at 4™ day, fibroblast cell viabilities were
85-91% for Au7 and 79-82% for Au8 at 4™ day. According to these results, the
defined doses of Au8 were non-cytotoxic on keratinocytes or fibroblasts, but slight
cytotoxic effect of Au7 was observed on keratinocytes in 4 days. In addition, no
statistically meaningful difference occurred among the doses of Au7 and Au8 at 4th

day for both cell types.

According to the OD results measured after an incubation period of 7 days, the OD
results in all of the AuNPs groups were statistically similar to the control for both
cell types, except for the OD values of 20 ppm dose group of both Au7 and Au8 for
fibroblasts (Figure 3.29 A-B and 3.30 A-B). Keratinocyte cell viabilities were 91%
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for Au7 and 90-97% for Au8 at 7" day. On the other hand, fibroblast cell viabilities
were 80-86% for Au7 and 84-95% for Au8 at 7" day. These results verified that, the
defined doses of Au7 or Au8 were non-cytotoxic on keratinocytes or fibroblasts in 7
days. Also, between each time periods, the cells proliferated significantly for all of
the doses of Au7 and Au8.

As a consequence, the AuNPs in these sizes were supposed to have no clear adverse
effect on cell proliferation or cell viability of fibroblasts and keratinocytes for short
or long time periods. Taking into consideration all of these results, AUNPs groups did
not have any cytotoxic effect on the cells during different incubation periods, but it
should be noted that as the dose increased, cell viabilities decreased slightly.
Especially, fibroblasts seemed to be more sensitive to dose increase of these AuUNPs
sizes. It was concluded that bigger AuNPs (37 and 42 nm) used in the second set of
cytotoxicity tests appeared not to cause any cytotoxic effect on fibroblasts and
keratinocytes, especially at low concentrations (5, 10 ppm). Hence, the fabricated
scaffolds in this study were incorporated with these AUNPs having the
aforementioned properties.
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Figure 3.29. Cytotoxicity tests of different AUNPs groups on keratinocytes: (A) Au7
and (B) Au8. *: Indicating a significant difference from the control in the same time
period (n=6 £SD, p<0.05).
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Figure 3.30. Cytotoxicity tests of different AuUNPs groups on 3T3 fibroblasts: (A)
Au7 and (B) Au8. *: Indicating a significant difference from the control in the same

time period (n=6 £SD, p<0.05).
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3.5.2.3. Cytotoxicity Tests of Scaffold Extracts

Cytotoxic effects of scaffold extracts were determined by either qualitative or
quantitative means. According to qualitative morphological observation of L-929
cells subjected to extracts of epidermal, dermal layers of scaffolds and bilayered
scaffolds, 0 grade (none reactivity) was given for each scaffold. The grading system

was given in Table 2.5.

Reduction of cell viability by more than 30% is considered as a cytotoxic effect. The
cell viability of dermal (CS, CS-X, CS-Au, CS-AuX, SF, SF-Au, CM-AuX) and
epidermal layers (C/S and C/S-X) of scaffolds were generally above 90% (Figure
3.31A). Furthermore, the bilayered scaffolds (BLCS, BLCS-X, BLCS-Au, BLCS-
AuX, BLSF, BLSF-Au, and BLCM-AuX) were considered non-cytotoxic since the
cell viability of all groups was again above 90% (Figure 3.31 B).

Generally, the nontoxicity results of different AUNPs concentrations and leached out
AuUNPs from scaffolds in our culture conditions could be explained by the lower
phagocytic capability of L-929 cells and shorter cultivation period (1 day) used for
cell viability assay. L-929 cells are phagocytic (Vukovic et al., 2009), but the
inhibitory effect of AuNPs on the metabolic activity of these cells was seen after
prolonged cultivation periods (Rudolf et al., 2012). After longer incubation periods,
the ingested AuNPs reduced cellular proliferation by inducing a transient oxidative
stress (Soenen et al., 2009), or affecting cytoskeleton architecture (Pernodet et al.,
2006). It is also possible that proliferation processes may be influenced by disturbing
cell-cell contacts by AuNPs attached to the surface of L-929 cells. In addition,
AuNPs might have partially been agglomerated in the complete cell culture medium
before the tests. Furthermore, a re-aggregation process which occurred in the culture
medium, leading to formation of some micron-sized particles, might have decreased

phagocytosis.
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Figure 3.31. The results of extract cytotoxicity tests: (A) epidermal and dermal

layers and (B) bilayered scaffolds.

155



3.5.2.4. Cell Adhesion and Proliferation Studies

Besides cytotoxicity tests, it is imperative to show cell attachment and proliferation
on scaffolds that are to be utilized in skin tissue regeneration. Cell infiltration and
proliferation are crucial for a scaffold to support and guide new tissue formation.

SEM micrographs revealed that fibroblasts adhered on the walls of the each dermal
layer of scaffold group (CS, CS-X, CS-Au, CS-AuX, SF, SF-Au, and CM-AuX)
tightly with typical spindle-like shape and out-stretched psedopods spreading over
scaffold surface in 1day (Figures 3.32-3.35). Proliferation of cells on the scaffolds
was also shown during 3 days incubation period with an increase in globular cells
observed especially for scaffolds containing AuNPs. Since there were also lots of
spindle-like shape in these groups, the increase is likely due to overcrowding of cells.
This behavior was also previously verified by culturing the cells to over confluency
on cell-culture flasks. Thus, it could be suggested that AuNPs might have an

accelerating effect on the proliferation of L-929 cells.

According to SEM analysis HaCat keratinocytes attached to the surface of the each
dermal layer of scaffold group (CS, CS-X, CS-Au, CS-AuX, SF, SF-Au, and CM-
AuX) with typical polygonal morphology spreading over scaffold surface in 1 day
(Figures 3.36-3.39). In line with the results of fibroblasts, keratinocytes also
proliferated on the surface of scaffolds during the incubation time (Figures 3.36-
3.39). As distinct from fibroblasts, it was observed that keratinocytes formed sheet
like structures conforming to the topography of scaffold surfaces after 3 days. So,
detecting them with SEM imaging was very difficult. Lu et al. (2010) showed that
keratinocytes could adhere fast to the AuNPs/chitosan film scaffold and a low

concentration of AuUNPs (5 ppm) enhanced the proliferation of keratinocytes

These results proved that the scaffolds fabricated in this study preserve the original
good cytocompatibility of collagen or silk fibroin. Potential cytotoxicity of GTA
residue or AuNPs was not evidenced; on the contrary, AuNPs incorporation into
scaffolds seemed to have an enhancing effect on cell proliferation. This result was
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also tried to be confirmed further by analyzing the skin tissue responses to the

scaffolds in vivo.

1 day of incubation time 3 days of incubation time

/
mag HV HFW 100 ym
mm |1 000 x| 20.0 kV | 298 ym METU-METE

mag HV ——100 ym
1000 x| 20.0 kV 8 pmr METU-METE

WD mag HV W —1 | WC Vv W | 100 pm
15.0 mm| 1000 x| 20.0 K METU-M 8.2 00 0 98 METU-METE

Figure 3.32. SEM micrographs showing the adhesion and proliferation of L929
fibroblasts on collagen sponge groups in different incubation periods: (A-B) CS and

(C-D) CS-Awu. Cells were shown with red arrows.
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3 days of incubation time
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Figure 3.33. SEM micrographs showing the adhesion ofL929 fibroblasts on A-B)
CS-X and C-D) CS-AuX collagen sponge groups in different incubation periods.

Cells were shown with red arrows.
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Figure 3.34. SEM micrographs showing the adhesion of L929 fibroblasts on A-B)
SFM-E and C-D) SFM-AUE silk fibroin groups in different incubation periods. Cells

were shown with red arrows.
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Figure 3.35. SEM micrographs showing the adhesion of L929 fibroblasts on A-B)
CM-AuX and C-D) and Matriderm™ in different incubation periods. Cells were

shown with red arrows.
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Figure 3.36. SEM micrographs showing the adhesion of keratinocytes on A-B) CS
and C-D) CS-Au collagen sponge groups in different incubation periods. Cells were

shown with red arrows.
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Figure 3.37. SEM micrographs showing the adhesion of keratinocytes on A-B) CS-
X and C-D) CS-AuX collagen sponge groups in different incubation periods. Cells

were shown with red arrows.
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Figure 3.38. SEM micrographs showing the adhesion of keratinocytes on A-B)
SFM-E and C-D) SFM-AUE silk fibroin matrix groups in different incubation

periods. Cells were shown with red arrows.
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Figure 3.39. SEM micrographs showing the adhesion of keratinocytes on A-B) CM-
AuX and C-D) Matriderm™ groups in different incubation periods. Cells were
shown with red arrows.
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A similar strategy of incorporating AuNPs into tissue scaffolds such as decellularized
porcine diaphragm (Cozad et al., 2011) collagen gel (Grant et al, 2014), polyethylene
terephthalate mesh (Whelove et al., 2011) polypropylene mesh (Grant et al., 2011)
was adopted for enhanced cell attachment and/or proliferation. To generalize these
studies, specific amount of AuNPs was observed to enhance cell attachment and/or
proliferation on tissue scaffolds. For instance; AuNPs (100 nm) incorporated
collagen gels were not cytotoxic and the proliferation of cells seemed to be better
than collagen gels without AuNPs. However, they also showed that the initial cell
attachment was better in the collagen gels without AuNPs (Grant et al., 2014). In line
with this study, collagen gels with AuNPs (2.4 nm) were not toxic at the

concentrations (5mM) used in synthesis (Castaneda et al. 2008).

Like the collagen nanofibrous matrices developed in our study, AuNPs were also
incorporated into nanofibrous structures made up of different materials such as poly
L-lactide (McKeon-Fisher and Freeman, 2011), polyvinyl alcohol (Manjumeena et
al., 2015) and polymethylglutarimide nanofibers (Jung et al., 2012). Electrospun poly
(L-lactide) and AuNPs (5 nm) composite scaffolds were fabricated for skeletal
muscle tissue engineering and specific amounts (7%) of AuNPs made the scaffolds
biocompatible. In a similar way, 0.1% loading of AuNPs (15 nm) into electrospun
PVA nanofibers increased the hydrophilicity and this led to good cell adhesion and
proliferation when tested for biocompatibility on Vero cell lines (Manjumeena et al.,
2015). It was reported that loading AuNPs (15 nm) into polymethylglutarimide
nanofibers enhanced HelLa cell attachment and potentiated cardiomyocyte

differentiation of human pluripotent stem cells (Jung et al., 2012).

In addition, silk fibroin nanofibers were reported to have good effect on cell
attachment and spreading of normal human keratinocytes and fibroblasts in vitro
(Min et al., 2004). Furthermore, silk fibroin extracted from different types of
silkworm exhibited similar (Bombyx mori domestic silkworm) or better attachment
(Antheraea pernyi wild silkworm) and proliferation of fibroblast cells as compared

with collagen (Minoura et al., 1995).
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3.5.3. Antibacterial Assessment

Antibacterial properties of the scaffolds are important for secondary infections after
application to the wounded skin. In this research, presence of AuNPs in the scaffolds
was considered as a positive enhancement of scaffold properties towards
antibacterial role. Hence, two common pathogens of skin wounds, S. aureus and S.

Epidermidis, were used in this study for evaluation of antibacterial properties.

3.5.3.1. Antibacterial Tests of Gold Nanoparticles

Antibacterial effect of AuNPs (with or without antibiotics) on S.aureus bacteria was
investigated by measuring the transparent area (bacteria growth inhibitory zone) on
the agar bacteria culture plate. As demonstrated in Figure 3.40, the antibacterial
effect of discs containing only AuNPs increased as directly proportional with its
concentration (5 -20 ppm). However, the transparent zone of samples containing the
minimum AuNPs concentration (5 ppm) was unclear. The diameter of the zone was
as small as the control group (empty discs). Yet, the zone of inhibition increased

when the concentration of AuNPs increased still further.

Similar to our study, the inhibitory activity of AuNPs against a wide range of
bacteria (S.aureus, K., pnemoniae, P aureginosa, E. Coli, L. monocytogenes, B.
cereus, S. typhimurium) was reported in different studies (Zawrah and El-Moes,
2011; Geethalakshmi and Sarada 2012). Bactericidal property of AuNPs was
confirmed in a study by measuring the minimum bactericidal concentration (12-16
ppm) and minimum inhibitory concentration (4 ppm) (Cui et al., 2012). Hence,
AuNPs in our study might not only have inhibited the growth of bacteria (5-10 ppm)
but also killed them (20 ppm) for the selected test concentrations. The antimicrobial
ability of citrate capped AuNPs against S.aureus in our study might be referred to
their small size (about 37 nm) which is 40 times smaller than a bacterium. This
makes them easier to adhere with the cell wall of the microorganisms causing its

destruction and leads to the death of the cell. AuNPs possess well-developed surface
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chemistry, chemical stability and appropriate smaller size, which make them easier to

interact with the microorganisms (Nirmala and Pandian, 2007).

The combined effect of cefuroxime and AuNPs was also studied. The antibacterial
effect of AuNPs was enhanced with the addition of antibiotic cefuroxime and the
transparent zone became clearer (Figure 3.40). It is indicated that the best results
were obtained when the concentration of AuUNPs was the highest similar to the results
when no antibiotic was used. By increasing the number of gold atoms, more amount
of drug gets adsorbed on the nanoparticle surfaces when the number of drug
molecules increase, they act more effectively against the microorganisms. This
means that the AuNPs can act as an effective carrier to the drugs (Nirmala and
Pandian, 2007). Drugs capped AuNPs act as a single unit against the microorganism
and this leads to the increase in zone of inhibition (Zawrah and EI-Moes, 2011).
AUNPs act as a good vehicle carrying more amounts of drugs on its surface via
electrostatic attraction between the amine groups of drugs and nanoparticles.
Increasing the number of gold atoms, surrounded by a number of drug molecules
makes an effective approach of the drug molecules as a group rather than acting
alone towards the bacterial organisms (Nirmala and Pandian, 2007). Other studies
indicated that drugs capped AuNPs are effective against various isolates of bacteria
when compared with the pure drugs. The process of targeting by AuNPs can
minimize treatment durations and side effects of drugs (Thomas and Klibanov, 2003;
Tkachenko et al. 2004; Connor et al. 2005 and Mukherjee et al. 2007).
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Figure 3.40. Agar diffusion tests results showing the transparent zones created

around the discs loaded with different doses of AuNPs (Au8 group) alone (top row)
and with different doses (5, 10, 20 ppm) of AuNPs (Au8 group) + antibiotic

(cefuroxime, 4 pg/ml) at the same time (bottom row).

3.5.3.2. Antibacterial Tests of Scaffolds

The antibacterial properties of the scaffolds were also investigated by using the other
type of bacteria, S. Epidermidis in liquid culture. According to OD results (Figure
3.41), the adhered and supernatant bacteria were significantly lower in sample groups
than the bacteria alone control group (LB). The bacteria growth was inhibited
statistically in the growth medium of all sample groups (supernatant bacteria) with
respect to the growth medium alone (LB supernatant bacteria). Even the groups
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without AuNPs had some antibacterial effect unexpectedly considering the OD value
of LB. This might have been caused by the residual antibacterial chemicals (acetic
acid, and GTA) prevailing inside these scaffolds apart from the intended antibacterial
effect of AuUNPs. Therefore, S. epidermidis proliferated in the medium of silk fibroin
matrix without AuNPs (SFM-E) and collagen/sericin membranes (C/S and C/S-X)
better than the medium of other sample groups (CS, CS-X, CS-Au and CS-AuX).
The lowest OD values of supernatant bacteria were measured for groups containing
AUNPS. OD of collagen sponges containing AuNPs (CS-Au and CS-AuX) was
statistically lower than CS group. Also, silk fibroin matrix with AuNPs (SFM-AUE)
inhibited the bacteria growth significantly in comparison to SFM-E without AuNPs.
Therefore, it was concluded that all the collagen sponges and SFM-AUE had possibly
a strong inhibitory effect on the growth of bacteria in growth LB medium, on the
other hand silk fibroin matrices without AuNPs (SFM-E) and collagen/sericin films
did not inhibite the growth of bacteria. OD results related to bacteria adherence were
too low, and so in order to understand whether the surface of different scaffold types
had antibacterial property, SEM analysis was also carried out (Figure 3.42).
Although the presence of bacteria was not too much on any of the scaffolds, there
was a clear difference in bacteria numbers between the scaffolds with and without
AuUNPs. Consequently, it was supposed that AUNPs could have a role in creating an

antibacterial surface coat on scaffolds.

The antimicrobial ability of citrate capped AuNPs against S.epidermidis in our study
might be related to their small size again. It was reported that metal nanoparticles are
harmful to bacteria (Chwalibog et al. 2010). It was stated that citrate capped AuNPs
tend to make aggregates in solutions, especially when their concentrations was very
high (Zhou et al., 2012). So, defining the antibacterial effect of citrate capped AuNPs
in solutions could lead to misconceptions. In this study, antibacterial effect of
bilayered scaffolds loaded with AuNPs in bacteria growth medium was investigated.
So, aggregation was avoided. AuNPs inside the scaffolds probably extracted into the
bacteria broth solutions and then bound closely to the surface of bacteria. During the
interaction between S.epidermidis and AuNPs, they were trapped by the biofilm and

the substance released by cells caused distortion of the cell wall (Chwalibog et al.
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2010). Also, the particles interact with the building elements of the outer membrane
and might cause structural changes, degradation and finally cell death. It was
indicated in a study that AuNPs are more effective against gram negative organisms
due to the nature of materials present in cell wall. However, the bacteria type (S.
Epidermidis) in this study was gram-positive. Hence, the bactericidal efficacy of
citrate capped AuNPs synthesized in this study was not very high.
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Figure 3.41. Antibacterial tests of scaffolds based on OD measurements. *:
Indicating a significant difference between the groups. #: Significant difference from
the control group (LB). (n=3 £SD, p<0.05).
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Figure 3.42. SEM micrographs showing the adhered bacteria colonies on A) CS, B)
CS-X, C) CS-Au, D) CS-AuX, E) SFM-E and F) SFM-AUE. Arrows and circles in
red indicate the bacteria colonies.
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3.5.4. In Vivo Characterization Studies

3.5.4.1. In Vivo Rat Full-Thickness Skin Wound Healing Tests
3.5.4.1.1. The Optimization of Wound Healing Experimental Procedure

In the initial experiments of optimization study, it was observed that the wound
contraction progressed more rapidly in cross-linked scaffolds (BLCS-X, BLCS-AuX)
than BLSF and BLCS (Fig. 3.43). However, it was stated that a more complete
wound closure has been previously observed even in control group (skin wound left
without any cover) after 14 days. However, during these experiments it was also
recognized that rats have opened the bandage cover on the scaffolds which caused
drying of the scaffold and wounded region. Hence, it was thought that the

experimental procedure should be modified.

From the optimization studies, it was thought that the wound bed had desiccated to a
great extent and resulted in scar tissue formation. This situation must probably have
avoided the healing of the wound. Therefore, wound contraction in any of the study
groups at the end of 14™ day was not so obvious. During the preliminary wound
healing tests, the collagen/sericin film layer of the bilayered scaffolds were exposed
to open environment. This film layer was designed to enable the water vapor
transmission rate in a controlled manner (about 1300-1400 g/m?%day), which was
suitable for low to medium exudating wounds. Since there was no pooling of
exudates under wound in the rats, this might have caused to quick desiccation. It was
decided that utilization of the collagen/sericin film layer was not suitable for this type
of in vivo rat wound model due to the aforementioned reasons. Hence,
collagen/sericin film layer was discarded from the in vivo tests and instead a
commercial silicone membrane (permeable to oxygen, but impermeable to water
vapour) was used as the outer cover in order to prevent the desiccation of the healing
rat skin tissues. loban™ surgical drape was advised as a suitable option for this
purpose by Doc¢. Dr. Kemal Kismet. The optimized experimental procedure was
shown in Figure 3.44. There are several limitations in this study. First, rats differ
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from humans in several aspects of skin healing. For example, rats have a loose skin
structure that slides over muscles. In contrast to human skin, rat skin has panniculus
carnosus muscle, which plays an important role in wound contraction and collagen

synthesis.

Figure 3.43. The appearance of the wounds on postoperative 14™ day of preliminary
experiments with the selected scaffolds: (A) BLCS, (B) BLCS-AuX, and (C) BLSF-
X.
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Figure 3.44. The experimental steps to create full-thickness wound model in rats:
(A) drawing the wound in the size of 1x2 cm with a mould, (B) incising the wound
with a skin scraper and removing the film-like thin muscle tissue under the cut-out
skin (panniculus carnosus) (C) applying the test groups onto the wound area and
humidifying it with PBS and (D) closing the surface of scaffolds with loban™
surgical drape.

3.5.4.1.2. Wound Contraction

Wound contraction areas of all the test groups on post-operative 14™ day were given

in Figure 3.45. Wound healing results of the wounds treated by different test groups

were depicted representatively with photos taken on postoperative 14th day (Figure

3.46). By observing the wound area at defined time intervals (4, 7, 10, 14 days), the

reduction in wound defect area was calculated. In the first 4 days, there was no
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prominent difference of wound contraction between any of the treatment and control
group (about 9-21%). Starting from 7™ day, the wound contraction rate began to
accelerate more clearly for any of the treated groups (29-40%) in comparison to
control (about 23%). While wound contraction rates of wounds treated with skin
substitutes and untreated wounds were about 44-61% and 38% at 10" day, they were
62-76% and 45% at 14™ days, respectively. Although it was thought that the
contraction processes were more rapid in the case of the wounds treated with skin
substitutes, the differences were statistically significant (p <0.05) only at 14™ day
(except for SF-X and Matriderm™ groups). These results indicated that all the
fabricated skin substitutes (except for SFM and Matriderm™) can accelerate the

contraction of full-thickness wounds in normal rats.

AuNPs was used in the scaffolds to treat full-thickness skin wounds in rats to
evaluate their effect. Honey was also known for its wound healing accelerating
property. Hence, it was used as another componentfor comparison of the healing

effect of different bioactive agents.
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Figure 3.45. Wound contraction rates of different test groups on post-operative 4™,
7" 10™ and 14™ days. #: Significant difference from the untreated control group
(n=10 +SD, p<0.05).
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Figure 3.46. The images showing the wound contraction extent of different test
groups and control on post-operative 14" day: (A) empty control, (B) CS-X, (C) CS-
AuX, (D) CS-BX, (E) SFM-E, (F) SFM-AUE, (G) SFM-B, (H) Matriderm™.
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3.5.4.1.3. Biomechanical Tests

Representative stress-strain curves of all groups were given in Figure 3.47 to give a
rough idea about the biomechanical property of the test groups. The tensile strength
in each curve was identified as the ultimate tensile stress observed. The tensile
strength of an incisional wound is an assessment of the total wound strength. Also,
recovery index was used to understand to what degree the wound returned to its
unwounded state and to normalize the differences in the physical conditions of the
animals. The elongation was measured as the extension divided by the initial gauge
length of the test specimens until complete breakage. Modulus of elasticity was

measured by taking the slope of the initial linear region of the stress-strain curve.

Biomechanical tests showed that collagen sponges incorporated with AuNPs or
honey (CS-AuX and CS-BX) had greater resistance to rupture when compared with
the other test groups (Figure 3.48 A). Although the tensile strength (UTS) of these
groups was statistically similar to the other groups, they were the only groups
reaching to the UTS range of normal-unwounded skin. The wounded skin in these
groups could be said to recover to its original unwounded state as verified with
recovery index calculation (Figure 3.48 B). No meaningful differences between the
elastic modulus (E) of test groups were observed except that only E of CS-AuX was
statistically higher than SFM-BE. Also, only CS-AuX had statistically similar values
with the unwounded skin, on the other hand the other test groups has statistically
lower E than unwounded skin (Figure 3.49A). Nearly all the groups had statistically
similar elongation at break values (EAB), excluding the SFM-BE. SFM-BE group
had such a loose and extensible structure that its EAB exceeded all the other groups
with statistical difference than unwounded skin, untreated control, CS-X and CS-
AuX (Figure 3.49B).
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Figure 3.47. Stress-strain curves of skin biopsies taken on post-operative 14" day.

Different components are responsible for the increase of tensile strength or tensile
modulus of skin wounds during the healing time. Especially the reorganization of
extracellular matrix synthesized by fibroblasts (Menetrey et al., 2000) during the
healing process affects the wound UTS, E and EAB. Increased tensile strength is
related to the increased amount of extracellular matrix deposition in the wound bed
of the skin. So, there is correlation between wound maturation (collagen maturation
and cross-linking) and tensile strength (Jimenes and Rampy, 1999).The mechanical
behavior properties of the skin are dominated by the dermis in normal conditions
(Silver et al., 2003). Reduced mechanical properties may be related to the decrease of
collagen synthesis or functional properties of collagen fibers (Quan et al., 2010;
Fisher et al., 2009; Fisher et al., 2008). In our study, only a small increase in the
amount of new uncross-linked collagen in the incisional gap during the 14 days

period was described in the histological specimens. Therefore, it was supposed that
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the difference of UTS between the test groups might be related to the process of the
vascular reaction (by creation of fibrin network) of the inflammatory phase and
difference in collagen network formation and organization. Also, lower tensile
modulus values (softer skin samples) than normal skin observed for all the test
samples (except for empty control, CS-AuX and CS-BX) could be related to the
loose structure of the new collagen and fibrin fibers. As a result of this extensible,
loose structure, all the test samples elongated as much as the normal skin (Figure
3.49 A). Opposing to the UTS increasing effect of fibroblasts, the density of
inflammatory cells such as polymorphonuclear leukocytes and their long presence
during wound healing might decelerate the dermal repair process and decrease
wound UTS, because they dissolve proteins like collagen or silk fibroin with
enzymes (Muehlberger et al.,, 2005). According to histological studies of our
samples, we recorded some macrophages for the test groups (especially for
Matriderm™) and the higher mechanical firmness of the wounds could be correlated
to the increase of these macrophages. Thus, the collagen synthesized by fibroblasts
within the proliferative phase, could belowered in case of a severe acute
inflammatory response (Muehlberger et al., 2005). Secondly, the faster course of
inflammatory phase (anti-inflamatory effect of AuNP and honey) can induce the
earlier initiation of collagen production and this might explain the increase of wound
tensile strength as well. There are also other mechanisms of the effect of these
bioactive agents on wound healing. Their antioxidant activities can improve the
proliferation of cells into the injured area and so accelerate the synthesis of collagen
(Suguna et al. 2002).
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3.5.4.1.4. Histopathological Analysis

Although there is a multitude of studies related to the clinical use of AuNPs, only
little is known about its potential in vivo effects such as induction of inflammatory
Immune responses, possible contribution to regeneration or inhibition of skin tissue
regeneration. Therefore, in the present study histopathological analysis were also
performed to evaluate role of AuNPs on post wound processes. It can be stated that
the data in this area of research is still largely limited. Especially, knowledge about

in vivo effect of AUNPs is needed before its medical application in humans.

3.5.4.1.4.1. Epithelization Results

According to histopathology analysis, 14 day after the surgery, the epidermis was
slightly thickened at the cut edges of test samples as a result of the mitotic activity of
basal cells. The incisional wounds were slightly bridged by one layer (re-
epithelization score of 1-2) of newly synthesized epithelial cells at most for the test
groups (Figure 3.50). Therefore, it was still the early phase of the beginning of the
keratinization of the epidermis. There was no statistical difference between any of
the test groups, yet the best re-epithelization scores were measured for CS-X group
and groups containing honey (CS-BX and SFM-BE). Nearly no re-epithelization (re-
epithelization score of 0-1) was observed for empty control, SFM-AuUE and
Matriderm™ groups. The migration of epithelial cells beneath the scab was seen in
some of the groups (untreated control, CS-X, CS-AuX, SFM-AUE and SFM-BE) and
almost complete re-epithelization was detected (CS-X and SFM-BE) (Figure 3.51). It
was suggested that if study could be continued for longer periods, epidermis
regeneration, that is, the epithelial thickening over the incisions would be evident and
the surface keratinization would continue. Finally, the thickness of the keratin layer
would be similar to the intact epidermis, and the healing of epidermis would be more
complete. Yet, one of the most important outcomes of this analysis was the

confirmation of the start of the re-epithelization of the tested scaffolds so that it was
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concluded that there were no foreign material reaction to the scaffolds towards which

epithelial cells grown.

3.5.4.1.4.2. Repair of the Wound Bed

Histological evaluation revealed that the inflammatory phase of healing was still
continuing for 14 days after surgery. On the superficial part of the dermis, a necrotic
tissue was observed as a result of the damage. Inflammatory phase cells seen under
the tissue necrosis formed a demarcation line consisted of macrophages (neutrophils
and histiocytes) and lymphocytes. Inflammatory response was surpassed in the
collagen sponge groups containing AuNPs and honey to a large extent with respect to
empty control and Matriderm™ (Figure 3.50). The disappearance of dermal
inflammatory infiltration with fibroblast proliferation seemed to occur earlier in the
collagen sponge groups (especially CS-AuX, CS-BX groups) and SFM-BE than the
empty control and Matriderm™ (Figure 3.51). The primary inflammatory response

occurred first and was replaced with capillary and collagen fiber formation.

The proliferative phase of healing also began 14 days after surgery. Fibroblasts were
increased in number near the incisional space. Proliferation of fibroblasts and new
endothelial cells with characteristic circular nuclei, which forms granulation tissue,
was found at this time. The incisional space at the layer of dermis contained an
extracellular matrix with a significant quantity of collagen for CS-BX and SFM-BE
groups (Figures 3.50-3.51). The observation of histological sections showed
vertically oriented fibroblasts (Figure 3.51). The highest score for granulation tissue
was given for collagen sponge containing honey (CS-BX) followed by SFM-BE and
other collagen sponge groups (CS-X and CS-AuX). Fibroblast proliferation seemed
to increase in all test sample groups with respect to empty control group with the
least proliferation seen in SFM-E and nearly none for Matriderm™ (Figure 3.51).
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Figure 3.50. Histopatological scores of test groups (skin biopsies taken on post-
operative 14™ day). *: Indicating a significant difference from untreated control. #:

Indicating a significant difference between test groups (n=10 + SD, p<0.05).
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Figure 3.51. Representative images of H&E staining: (A) untreated control, (B) CS-
X, (C) CS-AuX, (D) CS-BX (E) SFM-E, (F) SFM-AUE, (G) SFM-BE and (H)
Matriderm ™ test groups on post-operative 14" day. Red, yellow and green arrows
indicate re-epithelialization (keratinocytes: K, scab: S), granuation/fibrosis
(fibroblasts: F, collagen: C, vascularization: V), and inflammatory cells
(macrophages: M, lymphocytes: L).
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It was reported in a number of studies that silk fibroin might be a promising
candidate as skin tissue scaffold (Sugihara et al., 2000; Yeo et al., 2000; Minoura et
al., 1995; Santin et al., 1999). In the study of Sugihara et al. (2000) it was shown that
silk fibroin film treatment on the wounds produced less inflammatory response (less
neutrophil and lymphocyte infiltration) than clinically used DuoActive dressing.
Compared with DuoActive dressing wound dressings, full thickness skin wounds in
rats were healed seven days faster with silk films (Sugihara et al., 2000). The healing
of the epidermis and dermis of rats were compared for poly (vinyl alcohol), chitosan
and silk fibroin sponges alone and sponges composed of their blends. As compared
with the paired and single polymer cases, the blends of PVA, chitosan and silk
fibroin showed the best healing (Yeo et al., 2000).

These studies demonstrated that silk fibroin scaffolds could be an alternative skin
tissue scaffold, because they might able contribute to the process of skin healing
more than other polymers usedwith little minimal inflammatory response. In the
histopathological evaluations of the scaffolds prepared in this study, we have also
observed that silk fibroin groups promoted the healing process better than the
untreated control with little to medium inflammatory response, but collagen based

groups were better than silk fibroin groups in terms of healing of wound bed.

3.5.5. Toxicological Evaluation

Toxicological evaluations were done on one of the most successful groups (BLCS-
AUX) selected according to all the characterization tests performed.

3.5.5.1. Intradermal Reactivity

In toxicological studies no undesired outcome like death, or an abnormal general
condition like change in weight was observed in any of the animals during the

experimental period (Table 3.6). Grade 0 and 1 erythema/edema skin reactions were
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noted after injection of the extracts in physiological saline (mean score: 0.73) or
control solution (mean score: 1.18) during the observation period in the test or
control animals. Very slight skin reactions were observed after injection of the
extracts in sesame oil as follows: Grade 2 erythema at all five sites in three test
animals and grade 1 oedema at all five sites in three test animals were recorded at 24,
48, and 72 hours after injection. The total score for erythema/eschar and oedema was
9 (mean score: 3) from 24 to 72 hours after injection. Skin reactions were observed
after injection of the control sesame oil as follows: grade 1 or 2 erythema at all five
sites in three test animals and grade O or 1 edema at all five sites in three test animals
at 24, 48, and 72 hours after injection. The total score for erythema/eschar and edema
was 7.66 (mean: 2.55) from 24 to 72 hours after injection. The difference values
were below 1.0 (-0.45 score for physiological saline extract solvent and 0.45 score
for sesame oil extract solvent) showing that the test sample (BLCS-AuX) does not

cause any intracutaneous (intradermal) irritation.

Up to now no data was reported on the side effects of AuNPs in the literature related
to the adverse skin reactions (dermal irritation) to AuNPs. Hence, the importance of
further studies of AuNPs on experimental animals for extrapolation of the results to

human is essential.

3.5.5.2. Sensitization

In sensitization tests, neither an abnormal general condition nor changes in weight
were observed in animals during the experimental periods. Following sensitization
with topical application of gauze patch immersed in the test sample (BLCS-AuX)
extract, no hypersensitive skin reaction was examined on challenged sites at 24 and
48 hours during the observation period in any of the 10 test animals. No skin
reactions were noted at any of the sites in the 5 negative control animals. The lesions
were graded according to the Magnusson and Kligman scale (Table 2.7). Therefore,
these results indicated that BLCS-AuX did not cause hypersensitive skin reaction.

According to experimental and clinical studies, when a sponge or a film made up of
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xenogenic collagen was applied to the injured surface of the skin it did not cause any
sensitization (Vacanti and Langer, 1998; Soo et al., 1993). However, injectable
collagen was reported to cause hypersensitivity to the skin of 3% of the population
according toliterature data collected during pre-application tests (Delustro et al.,
1990; Soo et al., 1993). The effect of AuNPs on the sensitization of skin was not
investigated so far. Thus, it is necessary to conduct more animal experiments for

improving the understanding of skin sensitization of AuNPs.
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Table 3.6. Irritation scores (intracutaneous) in rabbits.

Total time

T ’ Irritation** Total
est an ota
ol Animal (Hour) after Total score ritati Meanst Difference
contro inistrati irritation ean
. no. administration score X(A+ of mean##
articles* score
24 48 72 B)/15
Physiological 1 5 0 0 5 0.33
saline extract 2 5 3 5 13 0.87
2.2 0.73
of BLCS- 3 5 5 5 15 1
AuX -0.45
Physiological 1 10 5 5 20 1.33
saline 2 5 5 8 18 1.2 3.53 1.18
(control 1) 3 5 5 5 15 1
Sesame oil 1 15 15 15 45 3
extract of 2 15 15 15 45 3 9 3
BLCS-AuX 3 15 15 15 45 3 0.45
_ 1 10 10 15 35 233 '

Sesame oil

2 10 15 10 35 2.33 7.66 2.55
(control 2)

3 15 15 15 45 3

Note: *Each test and control article was administered to 5 sites per animal.

**Total score (erythema and eschar formation (A) and edema formation (B) of 24, 48, and 72 hours
after administration of per animal)/15 (3 grading periods (24, 48, and 72 hours after administration) x
5 administered sites).

#Total irritation score/3 animals.

##Mean (each test article) — Mean (each control article) = Any score < 1 indicates no irritation.

190



3.5.5.3. Genotoxicity

It is important to determine the mutagenic characteristic of scaffold extracts used as
skin substitutes containing potentially genotoxic components. The potential
genotoxic elements of the scaffolds fabricated in this study are GTA and AuNPs. The
potential toxic impact of AUNPs may be unpredictable. Beside particles size, surface
chemistry and surface charge also play a crucial role in determining genotoxic effect.
Thus, the standard bacterial reverse-mutation assay, commonly known as the Ames
test (Ames, 1973) was applied in this study to assess the genotoxic effect of BLCS-
AuX (Table 3.7).

For the evaluation of genotoxicity test results, if p value of the treatment group was
lower than 0.05 (p< 0.05) when compared with the corresponding negative control, it
was thought to be biologically significant; and was thought to represent the induction
of a significant number of mutagenic events in the treated population. No increase in
revertant frequencies were observed with the base substitution indicating tester strain
TA100, TA1535 and E. coli WP2 for any of the tested articles, both in the presence
and in the absence of S9. Similarly, no increases in revertant frequencies were
observed for any of the tested articles with frameshift mutation indicating tester
strain TA98 and TA1537 either in the presence or in the absence of S9 mix (Table
3.7). As a whole, this indicated that BLCS-AuX did not cause genotoxicity. Since the
selected group, BLCS-Au-X contains all components-chemical treatments of other
groups, it might be suggested that other related groups (BLCS, BLCS-Au and BLCS-

X), might also give non-mutagenic results.

If AuNPs enter into the cells, they might interact with biological molecules, such as
proteins and nucleic acids and are likely to alter the structure and function of proteins
and/or cause genotoxicity. Recent works related to the genotoxicity of citrate capped
AUNPs are a bit contradictory, mainly due to the differences of particles size, surface
chemistry and surface charge of synthesized AuNPs in those studies. For instance; it
was suggested that AuNPs capped with either sodium citrate or polyamidoamine

dendrimers might exhibit in vitro genotoxicity on hepatocellular carcinoma cells and
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peripheral blood mononuclear cells from healthy human volunteers even at very low
concentrations (Paino et al., 2012). Also, it was demonstrated that serum coated
AuNPs (20 nm) were also able to cause sustained DNA strand breaks and
chromosomal breaks induced by oxidative stress in human lung fibroblasts (Li et al.,
2011). It was showed in a recent work (Vecchio et al., 2012) that exposure to citrate
capped AuNPs (15 nm) were able to induce genetic mutations in the germinal line of
Drosophila (Fraga et al., 2013). The genotoxic effects of AuNPs having different
sizes (2, 20 and 200 nm) were investigated by administering single intratracheal
instillation into the lung of male adult Wistar rats (Schulz et al., 2012). Relevant
DNA damage could not be detected in the tests and it was concluded that under the
conditions of the study the different sized AuNPs tested were non-genotoxic at the

given dose.
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Table 3.7. Mutagenicity of test sample extracts in S.Typhimurium and E. colitest

strains.

Base-pair substitution type Frameshift type
TA100 TA1535 E. coli WP2 TA98 TA1537
-S9 +S9 -89 +S9 -89 +59 -S9 +S9 -89  +S9

mix  mix mix mix mix mix mix mix mix mix

Tested article

Extract of BLCS-

AuXin PS

Extract of BLCS-

AuX in DMSO

PS - - - - - - - - - -
DMSO - - - - - - - - - -

*Positive control + + + + + + + + ¥ +

*The positive controls were given in Table 2.8

Mutagenicity was shown with “+” or “-” indicating the presence (p< 0.05) or absence (p> 0.05) of

mutagenic condition, respectively. (n=3).

Genotypes are: hisD3052,rfa uvrb, pKM101 for TA98; hisG46, rfa, uvrB, pKM101 for TA 100;
hisG46, rfa, uvrB for TA1535; hisC3076, rfa, uvrB for 1537; trpE65, pKM101 for E. Coli WP2.

PS: Physiological saline (0.9% w/v NaCl).

DMSO: Dimethyl sulfoxide.

193



194



CHAPTER 4

CONCLUSION

A variety of up-to-date skin substitutes are being developed with an effort to satisfy
the ideal characteristics of a successful skin substitute. In the present study, various
scaffolds based on natural (collagen, silk fibroin and sericin) and synthetic polymers
were evaluated for the desired properties of a successful skin substitute such as pore
size and porosity, equilibrium degree of swelling, water vapour transmission rate,
oxygen permeability, mechanical properties, aqueous and enzymatic degradation
profiles, antibacterial assessment, in vitro biocompatibility, in vivo skin wound

healing performance on rat and toxicology.

These studies indicated that all of the scaffolds fabricated in this study have optimal
physico-chemical characteristics of a skin substitute and have no in vitro
cytotoxicity. Especially, AuNPs incorporation into collagen sponges enhanced some
of these properties, such as better mechanical properties and degradation profile,
although these positive effects were not so clear and necessitates further tests for
verification. In addition to these, scaffolds incorporated with AuNPs gained
antimicrobial properties, which is also very important for the success of skin
substitutes. Biocompatibility of all of the scaffolds was verified with cytotoxicity,
cell adhesion and proliferation studies. In vivo wound healing performance of the
scaffolds was compared with each other and controls (untreated control and
Matriderm™). All the analysis suggested that all the groups, especially the groups
containing the bioactive agents (honey or AuNPs) have equal or slightly better in

vivo healing effect than Matriderm™.

For one of the most successful bilayered scaffolds (BLCS-AuX), standard tests (1SO
10993: Biological Evaluation of Medical Devices) were also preformed. The animal

toxicology evaluation on BLCS-AuX was made with intradermal irritation tests (ISO
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10993-10: Animal intradermal reactivity test), skin sensitization (ISO 10993-10:
Closed-patch test) and genotoxicity tests (ISO 10993-3, OECD 471: Bacterial reverse
mutation test). According to these tests, there were no adverse skin reactions

(irritation or sensitization) or genotoxicity for BLCS-AuX.

As a conclusion, all of these skin substitutes, especially the groups containing
bioactive agents (honey or AuNPs) might be valuable skin substitute materials for
use in the management of skin wounds. The substantial aim of this study in long term

Is to develop potentially commercializable skin substitutes.
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