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ABSTRACT

DEVELOPMENT AND CHARACTERIZATION OF A TISSUE
ENGINEERED MULTICOMPONENT SKIN SUBSTITUTE
AND A SKIN MODEL

EKE, Gozde
Ph.D., Department of Biotechnology
Supervisor: Prof. Vasif HASIRCI
Co-Supervisor: Prof. Nesrin HASIRCI

February 2018, 153 pages

The tissue engineered human skin substitute has the potential to fill large areas of skin
loss caused by severe burns or chronic wounds. It can also serve as an alternative skin
model to in vivo testing of drugs or cosmetic products. The aim was to construct a
tissue engineered full-thickness human skin model mimicking the native tissue. To this
end, this model was developed as epidermis, dermis and subcutaneous tissue of the
skin. The feasibility of the dermis layer was tested by co-culturing fibroblasts and
epithelial cells isolated from healthy human biopsies in two different scaffolds: An
electrospun trilayer mesh and collagen sponge. Dermis substitutes mimicking the
native dermis were characterized by scanning electron microscopy, histology,

immunohistochemistry and mechanical testing. Decellularized human dermis and



native human skin were used as controls. As a subcutaneous tissue, photocrosslinked
hydrogels were obtained and loaded with adipose derived stem cells that can be used
to improve the regeneration of skin on difficult wound beds by stimulating rapid
neovascularization. The photocrosslinkable hydrogels were achieved by first
synthesizing methacrylated gelatin and hyaluronic acid. These polymers were then
dissolved in media with adipose derived mesenchymal stem cells (ADSCs) and human
umbilical vein endothelial cells (HUVEC), and afterward crosslinked to obtain a cell-
laden hydrogel. These hydrogels provided a suitable microenvironment for stem cell
proliferation, and HUVECs induced prevascularization. Empty and cell-laden gels
were used in chick embryo ex ovo to demonstrate the angiogenic activity of the
constructs. Penetration of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
nanoparticles was studied in the trilayer electrospun dermal model. Penetration of the
particles and release of a lipophilic dye was studied using Rhodamine as a model drug

which was released at the epidermal layer and penetrated throughout the construct.

In conclusion, skin substitute and model produced in this thesis showed the desired
proliferative and angiogenic properties essential to promote vascularization for wound
healing and to improve survival of tissue engineered skin substitute. It is also possible
to use the tissue engineered skin construct as an in vitro model for drug delivery studies

or cosmetic products instead of in vivo animal models.

Keywords: Skin tissue engineering, Neovascularization, Skin substitute,
Photocrosslinking, Nanoparticles, Transdermal drug delivery, Epithelial cells,

Mesenchymal stem cells
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0z

DOKU MUHENDISLIiGI iLE URETILMIiS COK BiLESENLI BiR YAPAY
DERIi ESLENIiGi VE DERi MODELI GELiSTiRiLMESI VE
KARAKTERIZASYONU

Eke, Gozde
Doktora Tezi, Biyoteknoloji Boliimii
Tez Yoneticisi: Prof. Dr. Vasif Hasirci
Ortak Tez Yoneticisi: Prof. Dr. Nesrin Hasirci

Subat 2017, 153 sayfa

Doku miihendisligi iiriinii insan deri eslenigi, siddetli yanik ya da kronik yaralar
sonucunda olusan genis yiizeyli deri kayiplarini telafi etme olanagi saglayabilecektir.
Bu yapay deri ayn1 zamanda ila¢ ya da kozmetik iiriinlerin in vivo testlerinin yerine de
kullanilabilir. Bu ¢alismanin amacit dogal dokuya ¢ok yakin 6zellikler tagiyan bir tam
kalinlikta yapay insan derisi gelistirmektir. Bu ama¢ dogrultusunda, oncelikle bu
model epidermis, dermis ve subkiitan doku olarak gelistirildi. Dermis katmaninin
yapilabilirligini stnamak amaciyla, saglikli insan derisinin biyopsilerinden elde edilen
fibroblastlar ve epitel hiicreler, iki farkli doku iskelesi iginde yetistirilmislerdir:
Elektroegirme ile iiretilen ii¢ katmanli ag yapist ve kolajen siinger doku iskelesi
icerisinde kiiltlir edilmistir. Taramali elektron mikroskopisi (SEM), histoloji,
imunohistokimya ve mekanik test sonuglari dogala ¢ok benzeyen bir dermis

esleneginin elde edilebildigini gostermistir. Calismalarda, kontrol yapilar olarak
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saglikli insan derisi ve hiicrelerinden arindirilmis bir dermis kullanilmigtir. Subkiitan
doku olarak, ¢apraz baglanmis hidrojeller tasarlanip, bu hidrojellere adipoz kdkenli
kok hiicreler yiiklenmistir. Ayni zamanda kok hiicre yiiklii hidrojeller, hizli bir
damarlagsmaya yol agarak derin yara yataklar1 lizerindeki derinin de iyilesmesini
saglamaktadir. Hidrojeller, Oncelikle metakrilat jelatin ve hiyaliironik asit
sentezleyerek elde edildi. Bu polimerler daha sonra ortamda yag dokusundan elde
edilen mezenkim kok hiicreler (ADSCs) ve insan umbilikal damar endoteli hiicreleri
(HUVEQCQ) ile kanstirilarak, hiicreyle yiiklii bir hidrojel elde etmek i¢in capraz
baglandi. Hidrojellerin kok hiicre ¢ogalmasi i¢in uygun bir mikro ortam sagladigi ve
HUVEC hiicrelerinin damar olusumunu baslattig1 gézlendi. Hiicre yiiklii veya hiicresiz
jeller, ex ovo civciv embriyolarinda, yapilarin anjiyojenik aktivitesini gdstermek i¢in
kullanildi. Poli(3-hidroksibiitirat-ko-3-hidroksivalerat) (PHBV) nano parcaciklarinin
deri igerisinden niifuz etmesi ii¢ katmanli dermis modelinde incelendi.
Nanoargaciklarin deri modeline niifuz etmesi ve ilag salimi incelenmistir. Lipofilik
yapida olan Rhodamine boyasi, epidermis katmaninda salinmig ve yap1 boyunca niifuz

etmistir.

Sonug olarak, bu tezde tiretilen deri eslenigi ve modeli, yaranin iyilesmesi i¢in gereken
damarlagsmay1 tesvik edici ve yapay derinin hayatta kalmasi i¢in gerekli proliferatif ve
anjiyojenik ozellikleri gostermistir. Doku miihendisligi yontemi ile tasarlanmis bu deri
modeli ayrica in vitro modeli olarak, ila¢ salim ¢alismalar1 ya da kozmetik {iriinlerin

testleri i¢in, in vivo modeller yerine de kullanilabilir.

Anahtar kelimeler: Deri doku miihendisligi, Damarlagma, Deri eslenigi, Capraz
baglama, Nanoparcaciklar, Transdermal ila¢ salimi, Epitel hiicreler, Mezenkimal kdk

hiicreler
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CHAPTER 1

INTRODUCTION

1.1 Problems related with skin

Skin lesions may be generalized or localized to one or several sites of abnormality
appear on the skin (Sneddon 1971). Rash, nevus, pigmentation or the increase in
epidermis thickness are the signs of lesions on the skin. Many patients with skin
diseases believe that these signs are on the surface and therefore it would be easily
cured without applying any special care. However, this approach reduces the rate of
correct diagnosis and treatment and leads to a social isolation and depression of

patients.

Patients who lost larger than 4 cm in diameter of their full thickness skin require an
autologous split thickness skin graft from elsewhere on their body. Large areas of skin
loss might be caused by severe tissue deficits, extensive burns or chronic wounds and
they represent a different kind of challenge in their treatment. These wounds usually
involve a large surface area have a high incidence in the general population and thus
have enormous medical and economic impacts. In the US and Europe, more than 25

million chronic wounds and burn injuries occur each year (Supp and Boyce 2005; Fink



et al. 2018). These problems result in 1 million hospitalizations and 100,000 deaths
each year. It has been estimated that chronic wounds affect 120 per 100,000 people
age between 45 and 65 years and rises to 800 per 100,000 people age over 75 years
(Romanelli et al. 2017). These lethal cases are much more common and remain a major
healthcare problem in underdeveloped countries. The only permanent treatment for
these patients is ‘skin grafting’. Split-thickness grafts that contain all of the epidermis
but only part of the dermis is generally removed from the healthy areas of the body
and used to treat damaged areas. Patients will rebuild an epidermis from the source
sites if there are sufficient epidermal cells remaining in the residual dermis (MacNeil
2007). If the wound is too deep, it is covered with wound closure materials such as

silicone to prevent the fluid loss.

Skin constantly undergoes renewal and maintain the capacity for repair of wounds. In
order to begin to understand treatment of skin problems, it is first necessary to consider

the structure of the skin and the principles of wound healing.

1.2 Skin structure and organization

The skin is the largest organ in the body, and the main function is to protect the body
from the external environment such as microorganisms, UV radiation, toxic agents and
shearing forces (Ro and Dawson 2005). It prevents the loss of water and electrolytes

and helps to control the temperature of the body.

Skin consists of three layers: epidermis, dermis and subcutaneous layer (hypodermis
or subcutis) (Figure 1.1). Epidermis is the outer layer and serves as a barrier between
the body and the environment. The dermis, which gives the skin its mechanical
strength, is the thickest component of the skin and consists of collagen fibers and

glycoprotein filaments embedded in amorphous connective tissue.



Capillaries in the dermis serve the exchange of substances between blood and skin.
The deepest subcutaneous layer mainly composed of loose connective and fat tissue

which helps to conserve the heat and act as a shock absorber.
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Figure 1.1 Schematic representation of skin structure showing three layers of skin.
The epidermis is the outer layer and serves as a barrier against the environment The
dermis layer is made of dense, irregular connective tissue that contains blood vessels,
hair follicles, sweat glands, and other structures. The subcutaneous tissue which

contains fat tissue and functions as insulation and as an energy source.



1.2.1 Epidermis

The epidermis is a stratified, keratinized, non-vascular layer, composed of epithelial
cells. It is divided into five layers; the stratum corneum, stratum lucidum, stratum

granulosum, stratum spinosum and stratum basale (Figure 1.2).

The stratum basale is the germinal layer, consisting of one or two layers of cylindrical
cells with large nuclei. The stratum spinosum consists of several layers of prickle cells
united to each other by filamentous processes. These cells are in the process of growth
and early keratin synthesis. Stratum granulosum contains lamellar granules. The
stratum lucidum is only present in very thick skin. It consists of a homogeneous layer
of flattened cells that contain profilaggrin. The stratum corneum consists of several
layers of flattened non-nucleated keratinocytes (Jean et al. 2009; Duangjit et al. 2011)
and it has a very low water content. This water is found in the corneocytes (Sloan,

Wasdo, and Rautio 2006; Park et al. 2008).

In addition to the keratinocytes, which make up 95% of the cell mass of human
epidermis (Chakrabarty et al. 1999), three other cell types are found in this layer. These

are the melanocytes, Merkel cells and Langerhans cells (Figure 1.2).
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Figure 1.2 Layers of epidermis. The cells in the different layers of the epidermis
originate from basal cells located in the stratum basale, however the cells of each layer
are distinctively different (Adapted from http://philschatz.com/anatomy-
book/contents/m46060.html).

1.2.2 Dermis

The dermis is the tough, fibrous layer of the skin and the thickness is 1-2 mm which
is divided into two layers: the papillary dermis and the underlying reticular dermis.
The upper surface of the papillary layer is tightly connected to the epidermis, the most
upper layer of the skin through the basement membrane (Figure 1.1).



This layer provides resistance against frictional forces. The reticular layer continues
deep to the papillary layer. It consists of collagen fibers (collagen types I and III),
elastic fibers, ground substance (glucosaminoglycans), fibroblasts, dermal
dendrocytes (skin dendritic cells known as Langerhan cells), mast cells, histiocytes,
blood vessels, nerves, and lymphatics (Supp and Boyce 2005; Harrison et al. 2007).
Fibroblasts isolated from the papillary dermis exhibit greater proliferative potential in
vitro, than those isolated from the reticular dermis, whereas reticular dermis fibroblasts

appear to have the intrinsic ability to synthesize more collagen (Sahota et al. 2003).

1.2.3 Subcutaneous tissue

Beneath the dermis there is a layer of connective and fat tissue called subcutaneous fat
layer, functions as insulation layer and as an energy source. Subcutaneous fat protects
the body from cold, stores nutrition, and cushions the body from physical trauma
(Groeber et al. 2011). It contains blood vessels that provide nutrition and control the
body temperature, and nerves that provide sensations. This layer contains fat cells and
there is a rich capillary blood supply available in the subcutaneous tissue to transport
solutes like drugs that diffuse out of the follicle. Epidermal appendages such as hair
follicles, sweat and sebaceous glands originate from downward projections of the
epidermis into the underlying dermis and subcutaneous tissue (Stern, McPherson, and

Longaker 1990; Boyce et al. 1999).



1.3 Wound healing

A wound is defined as damage or disruption of the normal anatomical structure and its
functions (Broughton, et al. 2006). This can range from a simple break in the epithelial
integrity of the skin or it can be deeper, extending into subcutaneous tissue with
damage to other structures such as tendons, muscles, vessels, nerves, parenchymal

organs and even bone (Velnar, Bailey, and Smrkolj 2009; Wang et al. 2017)

Definition of the wound is important for injury management and wound treatment.
Therefore, wounds can be clinically defined as acute and chronic according to their
structure and time frame of healing. Wounds that repair themselves and that proceed
normally by following a timely and orderly healing pathway, with the end result of
both functional and anatomical restoration, are defined as acute wounds. The time
course of healing usually ranges from 5 to 10 days, or within 30 days. Acute wounds
can be acquired as a result of traumatic loss of tissue or a surgical procedure. Chronic
wounds are, however, that fail to progress through the normal stages of healing and
cannot be repaired in an orderly and timely manner. These factors which fails the
wound healing process include infection, tissue hypoxia, necrosis, exudate and excess

levels of inflammatory cytokines (Velnar, Bailey, and Smrkolj 2009).

The healing of acute wounds passes through the phases of hemostasis, inflammation,
proliferation and maturation. The ideal result for a healed wound is a fine scar with
minimal fibrosis or wound contraction, and return to near normal tissue architecture

and function (Myers and Ghanem 2015).

Healing of chronic wound occurs by the same processes as acute wound healing, but
often occurs with the formation of granulation tissue and excessive fibrosis leading to
contraction and loss of function. The typical shift in M1 to M2 macrophages seen in

acute wounds is dysregulated in chronic wounds (Demidova-Rice, Hamblin, and



Herman 2012). In the early inflammatory stage of an acute wound, macrophages
engulf neutrophils that complete their function. In the later stages, macrophages switch
phenotype and are predominantly M2 macrophages (Figure 1.3A). In a chronic
wound, macrophages are predominantly M1 that are unable to consume neutrophils

(Figure 1.3B).

At the chronic wound margin, approximately 80% of cells are pro-inflammatory
(Hesketh et al. 2017). This leads to the enrollment of more macrophages and an

increase in inflammation.
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Figure 1.3 Schematic illustration of acute and chronic wounds. A) Late stages of acute
wounds macrophages are predominantly M2 macrophages. B) In chronic wounds, the
typical shift in M1 to M2 macrophages dysregulated and macrophages are generally
M1 that leads to an increase in inflammation (Adapted from Hesketh et al. 2017).



After tissue injury, hemostasis and inflammation start immediately, in which
cytokines, growth factors, and reactive oxygen species (ROS) are produced to recruit
cells to the wound site (Figure 1.4). The next proliferative phases of wound healing
include angiogenesis and re-epithelialization, where new tissue is formed by

endothelial cells, fibroblasts, and keratinocytes. The final phase is tissue remodeling.

In chronic wound healing, the inflammation is prolonged and it is important to note
that the epidermis fails to re-epithelialize due to non-migratory keratinocytes,
compared to acute wounds (Figure 1.4). (Broughton et al. 2006; Eke et al. 2017;
Wang et al. 2017).

Tissue Injury Epinephrine, platelets, TGFB

Neutrophils, macrophages, ROS, MMPs, IL,
TNF, VEGF, TGFB, PDGF

Fibroblasts, macrophages, endothelial cells, MMPs, IL,

TNF, VEGF, TGFB, PDGF, KGF |

Keratinocytes, endothelial cells, EGF, KGF, MMPs

Fibroblasts, collagen fiber cross-linking, TGFB, MMPs

Time

Figure 1.4 The phases of wound healing. EGF (epidermal growth factor), IL
(interleukin), KGF (keratinocyte growth factor), MMPs (matrix metalloproteinases),
PDGF (platelet-derived growth factor), ROS (reactive oxygen species), TGF-f
(transforming growth factor-beta), TNF (tumour necrosis factor), VEGF (vascular

endothelial growth factor). Adapted from (Nguyen et al. 2016).




1.4 Tissue engineering of skin

Tissue engineering is a branch of the biomaterials that aims to produce healthy
equivalents for the injured or diseased tissues by using a combination of cells and
neosynthesized or reconstituted extra cellular matrix (ECM) (Langer and Vacanti,

1993).

Skin repair research is an active field in tissue engineering and it has encouraging
prospects for clinicians to restore various skin defects (Harrison et al. 2007;
Chakrabarty et al. 1999; MacNeil 2007; Bhardwaj, Chouhan, and Mandal 2018).
Tissue engineered skin is although one of the most advanced tissue constructs, it lacks
several important components such as hair follicles, sebaceous glands, sweat glands,
and dendritic (immune) cells. Therefore, skin replacements have been a challenging

task for surgeons since the first introduction of skin grafts by Reverdin in 1871.

Tissue engineering of skin aims to treat and fill the skin loss caused by excessive burns
or chronic wounds as well as to study the biology of skin. The general approach in
skin tissue engineering is to obtain a biopsy (preferably from the patient himself),
harvest skin cells from the biopsy, proliferate and seed them on a suitable
biodegradable cell carrier and after culturing and maturation, implant it to the patient
(Figure 1.5). The cell carrier, known as the scaffold, should mimic the cell
microenvironment, provide space for cell attachment, proliferation, migration and
ECM production. Over time, the implanted reconstructed tissue is vascularized,
ingrown by the surrounding healthy natural tissue and eventually the carrier degrades
in the body, leaving only the seeded and infiltrated cells and the ECM produced by
these cells (Kinikoglu et al. 2015).
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Tissue engineered skin may further serve as a model and an alternative to in vivo
testing of drugs and cosmetics products without using any animal application (Figure

1.5).
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Figure 1.5 Schematic illustration of human skin tissue engineering. Primary
keratinocytes and fibroblasts are isolated from human biopsy, proliferated prior
seeding to the appropriate scaffolds. The tissue engineered skin can serve as skin graft

(arrow 5) or can be used as in vitro human-cell based test systems (arrow 5°).

1.5 Tissue Engineered Skin Substitutes

The most important expectation from a tissue engineered skin is to restore the barrier
function to patients whose skin tissue is severely compromised. Any loss of full
thickness skin of more than 4 cm in diameter will not heal without a graft or a skin

substitute (MacNeil 2007).
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Tissue engineered cell-free and cell-loaded skin substitutes provide a possible off-the-
shelf solution to the problem of donor graft shortage. These bioengineered skin
substitutes offer protection from fluid loss and microorganismal contamination, while
also delivering dermal matrix components, cytokines, and growth factors to the wound
bed. Figure 1.6 shows the wounded parts of a patient to which a tissue engineered skin

was applied.

Figure 1.6 An example of clinical use of a tissue engineered skin substitute. A)
Micrograph of a reconstructed human skin made from sterilized de-epidermized,
acellular donor dermis to which keratinocytes and fibroblasts were added. B) The
appearance of this reconstructed skin 2 months after its application to correct the
contraction of the tissue of a patient who had suffered severe skin contractions as a

result of earlier burn injuries. Adapted from Sahota et al. 2003.

In addition to the clinical uses of tissue engineered skin in the treatment of various
skin problems there are many nonclinical applications for tissue engineered skin,
especially as 3D skin models. These studies aim decreasing the number of in vivo
animal experiments (Groeber et al. 2011), investigate cell-to-cell and cell-to-
extracellular matrix interactions (Harrison et al. 2007), skin penetration of

nanoparticles and chemicals (Duangjit et al. 2011), wound healing (Chakrabarty et al.
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1999; Mutlu et al. 2018), angiogenesis (Seder et al. 2015), regulation of pigmentation,
skin contraction (Sahota et al. 2003) and investigation of skin diseases such as

melanoma invasion, psoriasis and skin blistering disorders (Bye et al. 2013).

1.5.1 Decellularized Skin Substittutes

Skin grafts are clinically meaningful if they are vascularized, maintain shape and
dimensions, and remodel with the host (Shores, Gabriel, and Gupta 2007). There are
currently available skin grafts in the market produced with decellularized skin
substitutes. These can be categorized as epidermal layer replacements and dermal layer

replacements (Table 1.1).

Decellularized skin substitutes remain in the wound during healing. Cell free
decellularized skin substitutes can be used in combination with autografts to support
their take (Lorenti 2012) or to improve graft engraftment in areas of mechanical stress
(joints and arm pit) (Bottcher-Haberzeth, Biedermann, and Reichmann 2010).
However, in contrast to autografts, decellularized skin grafts might have the risk of
transmitting viruses such as hepatitis B Virus (HBV) or Human Immunodeficiency
Virus (HIV). One advantage over autologous skin substitutes is that they have reduced

manufacturing costs.
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Table 1.1 Commercially available decellularized skin substitutes.

Product Cell Source Material Type References
Epidermal Substitutes
Permacol
. (Jarman-
(Tissue . . . .
. Porcine skin that provides a temporary | Smith et al.
Science - wound dressin 2004)
Laboratories) 8
Epidex Autologous Cell sheets cult'ured from the patient’s (Tausche et
(Modex . hair follicles.
: keratinocytes al. 2003)
Therapeutics)
Dermal Substitutes
' Acellular skin as a permanent source (Hermans
Donor skin _ of allodermis 1989)
lit thickness ski ft f
Integra Spli ickness skin gra 'made up o (Stern et al.
(Integra polysiloxane, xenogenic tendon
: . 1990)
LifeSciences) - collagen
Allod ) ) Wainwright
(Li?eci:rlrll; _ Freeze-dried human donor dermis (et Ziml)v;;%)

Today, the most commonly used plastic surgery technique is the decellularized skin

grafts. However, the amount of donor skin area is often limited. The development of

synthetic or biological products as skin substitutes is therefore of interest.
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1.5.2 Tissue Engineering Based Substitutes

Tissue engineered constructs are made up of nonbiological molecules and polymers
that are not present in normal skin. These constructs are designed to be biodegradable
or permanent depending on the use and have to provide an appropriate environment
for the regeneration of tissue. They are expected to maintain their 3D structure for at
least 3 weeks to allow ingrowth of blood vessels, fibroblasts, keratinocytes and
epithelial cells. If designed for skin therapy, biodegradation should occur after this
period. Foreign body reactions should be absent or minimal during biodegradation of

the skin substitutes (Bottcher-Haberzeth, Biedermann, and Reichmann 2010).

1.5.2.1 Cell types and sources used in skin tissue engineering

Cell lines and primary cells are the two main groups of cells used in skin tissue
engineering, but mostly primary cells isolated from healthy tissue biopsies are
preferred due to the potential adverse effects of cell lines (antigenicity, tumorigenicity,
etc.). Microenvironment in which the cells will be placed and responses to the signals

generated by this environment is also important (Lorenti 2012).

Cells, depending on their source, are classified as autologous, allogeneic and
xenogeneic (Cotsarelis 2006). Autologous cells are from patient himself and they do
not cause immunologic reactions. However, creating new wounds on patient body,
limits their use. Allogeneic cells are from different members from the same breed. The
main advantage is getting more cells with a suitable cost. However, there are risks of
immune response on patient and transfer of infection elements (Shores, Gabriel, and

Gupta 2007).

15



Another cell resource is xenogeneic cells which are received from different species. In
this cell group there are advantages of suitable cost and easy access but disadvantages

of immune response, the risk of transferring pathogens.

Cells, depending on their type, that can be used in tissue engineering are: stem cells,
progenitor cells, or differentiated primary cells and these can be isolated from adult or
embryonic tissues. Stem cells have very high proliferation capacity. Progenitor cells
are found in the bone marrow or could arise from embryonic stem cell lines cultured
in vitro. Their differentiation and proliferation potentials are high. However, it could
be cultured for shorter periods of times than stem cells (Metcalfe and Ferguson 2007;
Ziane et al. 2012). Differentiated primary cells are directly derived from adult,

differentiated and functional tissues or organs.

Skin tissue engineering application requires a specific source or combination of cells.
Mostly stem cells are the best option, as they can be differentiated into a variety of cell
types (Spotorno et al. 2006). Indeed, epidermis of skin was shown to contain stem
cells. These cells are in the basal layer of the epithelium. The basal cells were reported
to express stem cell related markers, PCNA, Ki-67, cytokeratins K5/14, K19, integrins
(02, a3, a6, Bl and B4), neurotrophin receptor p75, but not differentiation markers,
K1/10 and K4/13 (Igarashi et al., 2008). Stem cells are also important to produce

immunocompetent skin equivalents.

Skin substitutes have epithelial cells either alone or with fibroblasts. The presence of
fibroblasts is important considering the influence of their interactions with epithelial
cells on the repairment of the developing tissue. In fact, besides epithelial cells;

melanocytes, Langerhans cells, Merkel cells, and lymphocytes also exist in the native

skin (Figure 1.7) (Nestle et al. 2009).
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Skin equivalents consisting of Langerhans cells, melanocytes, adipose cells and

endothelial cells were previously reported (Auxenfans et al. 2009). Similar approaches

may be undertaken to reconstruct skin substitutes using induced pluripotent stem cells

(IPS).
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Figure 1.7 Cell types in skin structures. Specialized cells in the epidermis include
melanocytes, which produce pigment (melanin), and Langerhans cells. T cells, can be
found in the stratum basale and stratum spinosum. Dermis contains dermal dendritic
cells (DC), T cells including CD4+ T helper 1 (TH1), TH2 and TH17 cells, yd T cells
and natural killer T (NKT) cells. In addition, macrophages, mast cells and fibroblasts
are present. Adapted from Nestle et al. 2009.
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1.5.2.2 Materials used in skin tissue engineering

One of the important parameters of tissue engineering, is the material used for seeding
the cells on. The ideal materials to be used in skin engineering must not induce a toxic
or immune response or result in excessive inflammation. It should be slowly
biodegradable, support the reconstruction of normal tissue and have similar
mechanical and physical properties to the skin it replaces. The materials used are

chosen from biological or synthetic sources or blend of them.

The artificial nature of the skin substitutes has some distinct advantages and
disadvantages when compared to decellularized skin structures. The composition and
properties of the product can be much more precisely controlled. Various additives
such as growth factors and matrix components can be added to enhance their healing
effect. These products could also avoid complications due to disease transmission.
However, these synthetic skin substitutes generally lack a basement membrane and

their architecture does not resemble native skin (Halim, Khoo, and Yussof 2010).

Different synthetic or biological scaffolds can be used for skin tissue engineering.
Many synthetic biocompatible polymers, biodegradable or not, can be used as supports
for fibroblast culture during the production of dermal or epidermal equivalents. They
differ by their structure (porous, mesh or layer), or by their composition (polyglycolic
acid (Cooper et al. 1991; Contard et al. 1993) poly-L-lactide, poly(ethylene oxide),
polybutylene terephthalate (Beumer, Blitterswijk, and Ponec 1994). After adhesion
and proliferation, cells synthesize and deposit an extracellular matrix thus forming a

3D tissue closely resembling normal human dermis.
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Currently available tissue engineered skin substitutes can be categorized into three
groups: (a) Those to replace the epidermal layer, (b) those that substitute the dermis
(c) those having both layers. Also, in some clinical conditions (such as non-healing
ulcers and superficial burns) simply transferring cells can help the patients. The
treatment of major full thickness burns, however, requires the replacement of both the
dermis and epidermis; thus a bilayer structure is needed (MacNeil 2007). Examples of

currently available material based skin replacements are given in Table 1.2.

Beside these commercially available tissue engineered skin products, various natural
or synthetic biomaterials are being studied for use in tissue engineering. Some of them
are electrospun silk fibroin (Min et al. 2004), PEG reacted with cysteine containing
peptide sequence sheets (Wetering et al. 2005), gelatin scaffolds carrying epidermal
growth factor (EGF) (Ulubayram et al. 2001; Dogan et al. 2009). It was reported that
the wound dressings prepared from Heparin- Chitosan Alginate demonstrated very

effective antibacterial property against S. Epidermidis (Aksoy et al. 2015).

Current research in the field of tissue engineering is making a good progress, with the
ultimate goal being tissue engineered skin that matches the quality of the autologous

skin graft.
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Table 1.2 Commercially available material based tissue engineered skin substitutes.

P t/
roduc Cell Source Material Type References
Company
Epidermal Substitutes
Epicel . S . .
. Autologous A biopsy of the patient’s cells is (Wright et
(Genzyme Tissue . . .
. keratinocytes grown into an integrated sheet al. 1998)
Repair)
Myskin Autologous Cells are delivered to the patient (Haddow et
(CellTran) keratinocytes on silicone surface al. 2003)
11S . .
C.e . pray Autologous Cells are delivered to the patient as | (Navarro et.
(Clinical Cell .
keratinocytes a spray al. 2000)
Culture)
Dermal Substitutes
Dermagraft Allogeneic Allogenic ECM and PGA/PLA
. ... . (Marston et
(Advanced neonatal composite conditioned with donor al. 2003)
Biohealing Inc.) fibroblasts fibroblasts ’
Transcyte Allogeneic Silicone film, nylon fabric and (Kumar et al.
(Advanced neonatal orcine collagen 2004)
Biohealing Inc.) fibroblasts P &
Epidermal and Dermal Substitutes
Apligraf . Allogenic Bovi llagen with allogeni (Bello and
(oremoeeneny) | emtinocytes | Ty e and fbroblass | T2l
and fibroblasts y 2003)
Orcel Allogenic
(Ortec . £ Bovine collagen with allogenic (Lipkin et al.
. keratinocytes .
International keratinocytes and fibroblasts 2003)
and fibroblasts
Inc.)
incinnati ski . .
C1nc1nT1a LS Autologous Comprises bovine collagen.
substitute or keratinocyt A permanent skin substitute for (Boyce et al.
Permaderm © ocytes pe © 1995)

(Cambrex Inc.)

and fibroblasts

burns patients
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1.6 Nanoparticles for transdermal drug delivery

One major reason for the construction of tissue engineered skin was to study
permeability of skin to various pharmaceutical formulations without having to retort
to in vivo experiments achieved on animals. So, a number of drug delivery approaches

have been studied for skin treatment applications.

Transdermal drug applications are frequently used because of the effectiveness of the
localized treatment, low cost, relatively low side effects, maximum drug availability
at the target site, and avoidance of the systemic circulation. Many bioactive agents,
however, do not have the necessary physicochemical properties for satisfactory
efficacy when applied topically (Sloan, Wasdo, and Rautio 2006). Transdermal skin
treatment requires the absorption of drug through the skin into the body. If drug is
applied in free form, it can be washed away before complete penetration. In order to
prolong the bioavailability and enhance permeability, the most suitable delivery
systems are the nanoparticulate carriers. One of the biggest challenges in developing
an effective system is the transfer of the drug through the tightly structured stratum
corneum when the skin is not compromised (Eke et al. 2015). The three layers of skin
needs to be crossed by the nanoparticles or bioactive agents, and each layer has a
different role as mentioned in Section 1.2. The lipid matrix and the corneocytes,
together, create a barrier, which is broken by hair follicles (Figure 1.8A) and sweat
glands (Figure 1.8B). These components cover less than 1% of the surface area, and
are believed to serve as a route of entry for nano sized drug carriers. There is a rich
capillary blood supply available in the subcutaneous layer to transport solutes like
drugs that diffuse out of the follicle (Wosicka and Cal 2010; Prow et al. 2011). As a
result, there is substantial interest in targeted follicular delivery via nanoparticles

loaded with drugs.
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Hair follicles Sweat glands

Figure 1.8 Penetration of nanoparticles through stratum corneum. Penetration through

A) hair follicles, B) sweat glands.

Nanocarriers have three important properties as delivery systems: High rate of release
due to the high surface-to-volume ratio, extravasation leading to release of the drugs
in regions with compromised vasculature, and ease of transportation across cell
membranes. With the developments in nanotechnology and their introduction to the
biomaterials field, various types of nano sized drug delivery systems such as
nanocapsules, nanospheres, liposomes, dendrimers and emulsions were developed
(Figure 1.9). The use of nano sized drug carriers constructed from biodegradable
polymers are also increasingly used because even if they penetrate untargeted tissues
they do not stay there long but disintegrate by time (Yin Win and Feng 2005; Hasirci
et al. 2006; Boyandin et al. 2012).
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Nanosphere Nanoparticle Nanocapsule

Figure 1.9 Nanoparticulate drug carrier systems. Within the broad category of
nanoparticles, nanospheres refers to spherical particles with full interior while

nanocapsules apply to particles which have a core-shell structure.

Biodegradable polymers are preferable as drug carriers. The widely used Food and
Drug Administration (FDA) approved polymers are poly(lactic acid) (PLA),
poly(glycolic acid) (PGA), poly(lactide-co-glycolide) (PLGA), poly(e-caprolactone)
(PCL), alginate and chitosan and their blends (Hasirci et al. 2017).
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Polyhydroxyalkanoates (PHAs) are among the natural polymers preferred for the
production of drug delivery vehicles, because they can be produced in a range of
compositions and properties, such as degradation rate, elasticity or mechanical
strength (Errico et al. 2009; Sahin et al. 2018). PHAs are linear, semicrystalline,
thermoplastic and biocompatible polymers of microbiological origin which have a
biodegradability in the body (Hasirci et al. 2006; Shishatskaya et al. 2011; Volova et
al. 2017). Their biological origin is an advantage over the other major polyester group,
the polylactides, which are petroleum based. The most abundantly studied PHAs are
poly(3-hydroxybutyrate) and its copolymers with 3-hydroxyvalerate, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), with varying HV contents (Figure
1.10). PHBYV has been used for the production for drug delivery systems to diffuse into
the skin (Eke et al. 2014; Eke et al. 2015; Mutlu et al. 2018).

R O
| |

CH—(CHy),—C—

Figure 1.10 Polyhydroxyalkoanoates. A) General molecular structure. When m=1,
and R=CH3, the product is poly(3-hydroxybutyrate) (P3HB), and when R=CH,CH3
the product is poly(3-hydroxyvalerate) (PHV). B) SEM micrographs of spherical drug
carriers produced from PHBV.
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1.7 Approach in this study

Current clinical practice is that poorly vascularized wound beds are first treated with
natural extracellular matrix products (e.g. Integra) followed by a second stage
operation for skin grafting. In this study, a tissue engineered skin substitute that mimics
the structural and cellular organization of the normal human skin is aimed. This model
was designed to be implanted into patients in a one or two staged operation, depending
on the vascularization status of the wound bed. This tissue engineered skin substitute
was also designed to be used as a 3D model in skin research to decrease the number
of animal use. The utility of this model in transdermal drug penetration was studied

instead of in vivo applications.

In this study, dermis is designed to be porous, so that fibroblasts cultured on layer
could act as a feeder layer. ECM of the natural dermis is mostly made of interconnected
collagen, for additional strength and stability. In order to mimic the natural dermis
structure, two approaches were used: dermis made of natural ECM (collagen) in
collagen sponge/PLA-PHBYV bilayer mesh and dermis made of synthetic ECM (PLA)
in a PLA-PHBV-PLA trilayer mesh. PHBV fibers were produced to act as a barrier
due to their slow degradation rate and higher mechanical strength compared to
collagen. PHBYV fibers on a scaffold may also provide a natural polymeric basement
membrane and it would be advantageous to give the cells a framework to start
producing the required extracellular matrix. Since collagen is derived from animals, it
has a major limitation of disease transmission when used in human patients. To avoid
this, PLA-PHBV-PLA trilayer electrospun mesh were produced. Drug penetration
studies were also performed on this model. De-cellularized de-epidermized dermis
(DED) and natural human skin were used as positive controls. Human keratinocytes

and fibroblasts isolated from donated skin were sequentially seeded onto these models.
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To form the epidermis, keratinocytes were exposed to air- liquid interface and cultured
until they differentiated, since in natural epidermis, the majority of the cells are the

keratinocytes.

The subcutaneous tissue consists mainly of fat tissue, which functions as insulation
and as an energy source. Two UV crosslinkable polymers, methacrylated gelatin
(GeIMA) and methacrylated hyaluronic acid (HAMA) were synthesized to form a
transparent hydrogel loaded with adipose derived stem cells (ADSCs) to serve as a
biodegradable subcutaneous tissue. The hydrogels were designed to provide a suitable
microenvironment for ADSC proliferation. Ex ovo studies demonstrated the hydrogels
carrying stem cells provide newly formed blood vessels on the chick embryo
(chorioallontoic membrane, CAM) and chick aorta. Such a stem cell containing
hydrogel would also be valuable in stimulating blood vessel formation in poorly

vascularized chronic wounds which is a growing burden for patients.

This biomimetic tissue engineered skin design was also used for transdermal drug
penetration studies. Skin penetration tests were carried out with Retinyl Palmitate and
Rhodamine loaded PHBV nanoparticles by using this 3D model. Retinyl Palmitate is
the most stable form of Vitamin A and generally used in the field of anti-ageing
pharmaceutical preparations (Teixeira et al. 2005). Rhodamine, on the other hand is a
hydrophobic dye and used in the penetration studies into the tissue engineered skin as

a fluorescent stain in this study.

PHBYV was selected as the delivery vehicle material as it was demonstrated that PHBV
nanoparticles have penetrated into the fibroblastic cells and healthy mice skin in our

previous in vitro and in vivo studies, respectively (Eke et al. 2014).
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

PHBV (HV content 5% M), hyaluronic acid (HA), porcine skin gelatin type A(100
bloom), methacrylic anhydride, cell culture inserts (CellCrown 12 well plate inserts),
4,6-diamidino-2-phenylindole dihydrochloride (DAPI), topro3, paraformaldehyde
(37%), neutral buffered formalin (10%), sodium azide (ReagentPlus®, >99.5%),
sodium cacodylate (pH 7.4), glutaraldehyde (25%), amphotericin B, Piperazine-N,N'-
bis(2-ethanesulfonic acid) (PIPES), trypsin-EDTA (0.25%), 100 U/mL penicillin and
100 pg/mL streptomycin, ethylenediaminetetraacetic acid (EDTA, 0.02%),
collagenase type I, apo-transferrin, hydrocortisone, human recombinant epidermal
growth factor, ascorbic acid-2-phosphate and cholera toxin, smooth muscle actin

antibody (a-SMA) were purchased from Sigma-Aldrich (USA).

Endothelial growth medium-2, DMEM High Glucose, DMEM High glucose colorless,
HAMEF12 cell culture media, Fetal bovine serum (FBS), Fetal calf serum (FCS), L-

glutamine, ascorbic acid were purchased from Lonza (USA).
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Polyvinyl alcohol (PVA, MW 1.5x10%), 1,1,1,3,3,3-hexafluoroisopropanol (HFIP),
bovine serum albumin (BSA) and penicillin/streptomycin were obtained from Fluka

(Switzerland).

Total DNA quantification kit PicoGreen dsDNA assay, Alexa Fluor 488 goat anti-
mouse IgG, Alexa Fluor 532 goat anti-mouse IgG, Alexa Fluor 647 goat anti-mouse
IgG, Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor 532 goat anti-rabbit IgG, Alexa
Fluor 647 goat anti-rabbit IgG, Alexa Fluor 488 Phalloidin, Alexa Fluor 532
Phalloidin, Alexa Fluor 647 Phalloidin and Collageanse Type I were purchased from
Invitrogen (USA).

Immunofluorescent stains Griffonia Simplicifolia Lectin I, isolectin B4 were from
Vector Laboratories, Burlingame, USA; Genomic DNA Purification Kit was obtained
from Promega (USA). Matrigel® Basement Membrane Matrix was from Corning®,
USA.

Triton X-100 was purchased from AppliChem (USA). VEGF Vascular endothelial
growth factor was from Cell Signaling Technologies (Netherlands). Difco-Trypsin
1:250 was obtained from Difco Laboratories, USA.

Mouse anti-involucrin monoclonal antibody (Clone SYS5), mouse monoclonal
antibody against involucrin and monoclonal mouse anti-human Ki-67 antibody was
purchased from Abcam, USA. Avidin-biotin and 3,3'-diaminobenzidine

tetrahydrochloride (DAB) were from Vector Labs, UK.

Alexa Fluor® 488 anti-human CD31, CD45 and Mouse IgG1xk; and Alexa Fluor® 647
and CD90 antibodies were bought from BioLegend (USA). Human umbilical vein
endothelial cells (HUVECs) were purchased from PromoCell, UK.
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Collagen Type I was isolated from Sprague-Dawley rat tails and were a kind gift from

GATA Animal Experiments Laboratory, Turkey.

Fertilized leghorn chicken eggs (Gallus gallus domesticus) were obtained from Henry

Stewart Co. Ltd (UK).

Human skin was obtained from patients undergoing routine abdominoplasties and
breast reductions in the Department of Plastic Surgery, Northern General Hospital,
UK. The majority patients were female (95%) and aged 25-45, as these patients form

the typical patient group undergoing breast and abdominal reduction surgery.

2.2 Methods

2.2.1 Epidermis and Dermis

Two different scaffolds were produced as dermis layer of the model skin. 1) PLA-
PHBV-PLA trilayer electrospun fiber mesh (Figure 2.1A) Collagen sponge/PLA-
PHBYV bilayer electrospun fiber mesh (Figure 2.1B). As a positive control, de-
cellularized de-epidermized dermis (DED) was used. Keratinocytes were seeded to

form epidermis.

In skin tissue engineering applications, 2D or 3D biomaterials are used for the
replacement of the skin’s dermal layer. To form the epidermal layer keratinocytes are
exposed to air and differentiated. Therefore, epidermis is not mentioned as a separate

layer throughout this thesis.
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Keratinocytes Keratinocytes

Dermal fibroblasts

Figure 2.1 Illustration of two different scaffolds produced to serve as dermis layer; A)
PLA-PHBV-PLA trilayer electrospun fiber mesh seeded with keratinocytes and
dermal fibroblasts, respectively. B) Collagen sponge/PLA-PHBYV bilayer electrospun

fiber mesh. De-cellularized de-epidermized dermis (DED) was used as a control.

2.2.1.1 Preparation of collagen sponges

In the preparation of collaged sponges, collagen which was isolated from rat tail was

used.

2.2.1.1.1 Collagen Type I Isolation from rat tail

Collagen Type I was isolated from Sprague-Dawley rat tails according to Bahcecioglu
et al. 2014; Kilic et al. 2014. The tendons were dissolved in 0.5 M acetic acid (2-3
days) at 4°C. The suspension was filtered through glass wool, dialyzed at 4°C against
phosphate buffer (pH 7.2), centrifuged (Sigma 3K30, Germany) (16,000 g, 10 min) at
4°C. The pellet was kept overnight in 0.15 M acetic acid, precipitated by addition of

25 g NaCl and centrifuged. Dialysis and centrifugation steps were repeated.
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The collagen pellet was maintained in 70% alcohol for 2 days for sterilization. After

centrifugation, the product was lyophilized (Labconco Freezone 6, USA).

2.2.1.1.2 Preparation of collagen sponge

A solution of Sprague-Dawley rat tail collagen type I in acetic acid (1% w/v, 0.5 M)
was prepared with a vigorous mixing at room temperature. The solution was added
into PDMS molds in 12 well plates, frozen at -80°C for 24 h and lyophilized under
vacuum for 8 h. The lyophilized sponge was then physically crosslinked with
dehydrothermal (DHT) treatment by keeping the samples under vacuum at 140°C for
24 h.

2.2.1.2 Preparation of electrospun fibers

2.2.1.2.1 Electrospinning of PLA and PHBV monolayers

PLA (Goodfellow, Huntingdon, UK, MW: 10,100 g/mol) solution (10% w/w) was
prepared by dissolving the polymer in dichloromethane (DCM). PHBV12 (88:12
HB:HV, Goodfellow, Huntingdon, UK) solutions (5% and 10% w/w) in
DCM:methanol (90:10) were prepared. These solutions were loaded into 4 x 5 mL
syringes (20 mL in total), fitted with blunt tip needles (0.6 mm ID), and placed onto a
single syringe pump (40 pL/min, Genie Plus, Kent Scientific, USA). A mandrel (w:
20 cm, d: 10 cm), coated with aluminum foil and rotating at 200 rpm was used as the
collector. Working distance from the needle tip to the mandrel was 17 cm for PLA and
10 cm for PHBV, to produce micro and nano fibers, respectively. A potential of +17
kV was used (73030P, Genvolt, Shropshire UK).

31



2.2.1.2.2 Electrospinning of PLA-PHBV-PLA trilayers

Electrospun trilayer membranes were designed to be used to separate keratinocytes
from fibroblasts. A nanofibrous membrane (PHBV) which is permeable to nutrients
was coupled on both sides with PLA to support the proliferation of different cell types
either side, but prevent migration of cells across the barrier. PHBV is in between the

two PLA layers, because it acts as a barrier due to its nanofibrous structure.

Trilayer membranes were electrospun by consecutively spinning first a PLA layer then
on top of that a PHBV layer. A final layer of PLA was spun on the exposed PHBV
face using the conditions above (Figure 2.2). This method produced a uniform PHBV
layer sandwiched between PLA layers (Bye et al. 2013).

PLLA Mandrel

Figure 2.2 The electrospinning setup. A trilayer of PLA-PHBV-PLA fiber mesh
production using a rotating mandrel placed in between syringe pumps carrying PLA
and PHBYV solutions. (The mandrel spin rate was 200 rpm. Working distance was 17
cm for PLA and 10 cm for PHBV. Potential was +17 kV.
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2.2.1.3 Preparation of decellularized and de-epidermized dermis (DED)

2.2.1.3.1 Harvesting skin biopsy from a patient

Skin to use isolation of the cells was obtained from patients undergoing routine
abdominoplasties and breast reductions at the Department of Plastic Surgery, Royal
Hallamshire Hospital, Sheffield, UK. Full informed consent was obtained from the
patients pre-operatively in accordance with the ethics permission under a protocol
approved by Sheffield University Hospitals NHS Trust Ethics Committee
(04/Q2306/29). Full thickness skin was harvested by surgery using an aseptic approach
and split thickness skin was obtained from this full thickness skin (thickness of 0.6-
0.8 mm) using a modified Watson knife (Figure 2.3). Specimens were placed into
sterile  tubes  containing PBS, 0.625 pg/mL  amphotericin B, 1%
penicillin/streptomycin 100 unit and 100 pg/mL streptomycin and stored in the

refrigerator at 4°C. Cell isolation was performed within 2 days of harvesting.
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Figure 2.3 Representative images of human skin after abdominoplastic surgery. A)
Full thickness skin is harvested by a modified Watson knife, B) Split thickness skin
with of a 0.6-0.8 mm thickness.
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2.2.1.3.2 De-epidermization of cadaver skin

Sterilized cadaver skin (Research and Development Unit of Sheffield University
Hospital) removed from the vacuum sealed packs and hydrated in sterile PBS for 24 h
at 37°C. Skin was then kept in an excess of sterile NaCl solution (1 M) at 37°C
overnight. Epidermis was gently removed with forceps. Remaining de-epidermised
dermis (DED) was rehydrated in Greens medium (Section 2.2.1.5.1) for 48 h in a CO»
incubator at 37°C to ensure that no residual NaCl leached from the DED.

2.2.1.3.3 Decellularisation of cadaver skin

After de-epidermisation with NaCl solution (1 M) for 16-18 h, the dermis was
completely acellular and no further processing was required. Biopsies of the dermis

were taken for confirmation of acellularity by haematoxylin and eosin stain (H&E).

2.2.1.4 Characterization

2.2.1.4.1 Characterization of isolated collagen with SDS-Page

Collagen purity was assessed by using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Briefly, collagen isolated from Sprague-Dawley rat tail
was treated at 95°C for 5 min in mercaptoethanol, then the solution was loaded on 10%
(w/v) gels and the bands were visualized by staining with 0.2% (w/v) Coomassie

Brilliant Blue solution.
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2.2.1.4.2 Analysis of morphology with SEM

Morphology of scaffolds were studied with scanning electron microscopy (SEM). Cell
seeded and unseeded PLA/PHBV/PLA electrospun trilayer fibers, collagen sponges
and deepidermized decellurized dermis were examined by SEM. Cell seeded SEM
specimens were washed twice with PIPES (piperazine-N,N’-bisethanesulfonic acid)
buffer (Sigma Aldrich, USA), and fixed in 4% paraformaldehyde solution for 5 min.
After washing with PIPES buffer, the samples were freeze-dried for 6 h. Scaffolds
were coated with Au-Pd under vacuum and examined with the SEM (400F Field
Emission SEM, USA).

Porosity, pore size distribution and average pore size of the collagen sponges and the
mean diameters of the PLA-PHBV-PLA electrospun fibers were determined from the
SEM micrographs (n>6) using ImagelJ program (NIH, USA). The mean diameters of
pores and electrospun fibers were calculated using results from 15-20 measurements

from three randomly selected fields.

2.2.1.4.3 Mechanical tensile testing

Uniaxial tensile testing was performed for cell seeded and cell-free scaffolds. As a
positive control, human skin was tested under the same conditions. For the cell seeded
scaffolds, all samples were stored in the medium until testing. Samples were cut,
dimensions were measured and then the moist samples were clamped in the

tensiometer.

Samples were cut (5 mm x 20 mm) and their thickness were measured using a

micrometer and then tested with a mechanical tester (Bose Electroforce 3100, USA).
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Tension test was applied at a rate of 0.5 mm/s with a maximum displacement of 8 mm
using a 22 N load cell (Figure 2.4A). The first failure point or plateau was recorded
as the load at failure (ultimate tensile strength, UTS), and the displacement at this point

was recorded as maximum strain (at ultimate tensile strength).

The typical stress-strain curve is presented in Figure 2.3B and the slope of this plot

gives the Young’s modulus (or elastic modulus, E).

Since the collagen sponges take up water, the mechanical properties of the unseeded

scaffolds were also measured in the wet state after storing in PBS.

Stress (o, MPa)

Slope: o/ e=E
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Strain (g)

Figure 2.4 Mechanical testing. A) Clamps (marked with asterix) holding the
specimens in stretched form. B) Typical stress vs. strain curve resulting from testing

of the dermis. The elastic modulus was calculated from the linear region as the slope.
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2.2.1.5 In vitro studies

2.2.1.5.1 Isolation and culture of keratinocytes from a split thickness human skin

Split thickness skin was removed from the full thickness skin as mentioned in Section
2.2.1.3.1 and approximately 5 mm x 10 mm pieces were cut. These pieces were
transferred into Difco-Trypsin (0.1 w/v, 15 mL) and kept at 4°C overnight. Then skin
was put in a petri dish with the dermal side down and medium was added to stop the
enzymatic activity. Epidermis was peeled off with sterile forceps and keratinocytes
were scraped from both the top side of the dermis and the under the epidermis with a

scalpel (No. 22). The scraped dermis fragments were then used in fibroblast isolation.

Keratinocytes were suspended in Greens medium (DMEM:Ham's F12 3:1
supplemented with 10% FCS, 10 ng/mL EGF, 0.4 pg/mL hydrocortisone, 10-10 mol/L
cholera toxin, 1.8x10* mol/L adenine, 5 ug/mL insulin, 5 pg/mL transferrin, 2x10-3
mol/L glutamine, 2x10”7 mol/L triiodothyronine, 0.625 pug/mL amphotericin B, 1%
penicillin/streptomycin 100 unit and 100 pg/mL streptomycin) and centrifuged at
10,000 rpm for 5 min. Then, freshly isolated keratinocytes in suspension (with the
density of 2x10°) were seeded onto a precoated feeder layer of lethally irradiated 3T3
fibroblasts (i3T3) in Greens medium. Cells were cultured until approximately 70-80%

confluent, usually for 6-9 days (Figure 2.5).

38



Cell culture flask

Keratinocytes

Feeder layer

Figure 2.5 Isolation and culture of human keratinocytes. A) Keratinocytes migrating
over radiated 3T3 fibroblasts in the cell culture flask (Scale bar: 200 um). The interface
between the keratinocytes and 13T3 cells are shown in yellow. B) Magnified view of
typical polygonal morphology of keratinocytes (Scale bar: 20 um). C) Spindle like
13T3 cells, indicated with red arrows, bridging between the keratinocytes and TCPS

surface was observed in a close up (Scale bar: 50 um).
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Before seeding the keratinocytes, the i13T3 cells were removed from the culture flask
with 0.02% EDTA. Then keratinocytes were detached from the flask with Trypsin
solution (Difco-Trypsin 0.1 w/v, 3 mL) for 5 min. Then the culture medium (Greens
medium) was added to the flask to inhibit trypsin activity. The cell suspension was
centrifuged (10,000 rpm, 5 min) and the pellet was resuspended in the medium. The
cells were counted with a hemocytometer (Blau Brand, Germany). Passage 1 was used

for each experiment.

2.2.1.5.2 Isolation and culture of fibroblasts from a split thickness skin

After keratinocyte isolation from the split thickness skin (Section 2.2.1.5.1), the
remaining dermis was minced using a scalpel (No. 22). Collagenase A (10 mL, 0.5%
w/v in DMEM and 10% FCS, 1% penicillin/streptomycin) solution was added and the
whole suspension was incubated at 37°C for 12-18 h. Following centrifugation (20,000
rpm for 10 min) of the resulting tissue digest, the cells in the pellet were resuspended
in DMEM supplemented with FCS (10% v/v), 1% penicillin/streptomycin 100 unit
and amphotericin B (0.5 pg mL™). Cell suspension was then seeded in a T25 flask and

cultured in a CO» incubator at 37°C until 80% confluency.

For the cell seeding, fibroblasts were detached from the flask bytreating Trypsin
solution for 5 min, culture medium (DMEM with 10% FCS, 1%
penicillin/streptomycin) was added, and centrifuged for 5 min at 10,000 rpm. Then
cells were resuspended in the medium and counted with a hemocytometer (Blau Brand,
Germany). 1x10° cells were seeded onto each scaffold. Fibroblasts used were between

passages 4-9.
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2.2.1.5.3 Irradiation of 3T3 murine fibroblasts

The J2 clone of the NIH strain of murine fibroblasts was used as a feeder layer for
proliferating keratinocytes. Once sufficient cell number was reached by culture and
passage, the 3T3 cells were irradiated by using a cobalt-60 source. Briefly, cells of
known concentration in 10% DMEM medium were aliquotted into falcon tubes. They
were then exposed to y-rays from a cobalt-60 source for 24 minutes achieving a total
radiation dose of 60 Grays (3T3 cells need 60 Grays in order to achieve growth arrest).

Cells were then cryopreserved until use.

Duration (in seconds)

(M

D =
osage seconds per Gray

2.2.1.5.4 Cell seeding on scaffolds

2.2.1.5.4.1 Keratinocyte and fibroblast seeding on de-epidermized dermis (DED)

In the experiments, DED from a single donor was used to reduce the effect of variation
in skin characteristics and differences in dermal thickness. DED samples cut into 2
cm? pieces and placed in 6 well plates. A stainless steel ring (ID 1 cm) was placed on
top of the each sample (Figure 2.6A). Human dermal fibroblasts isolated were seeded
inside the steel rings at a density of 1x10°. Then DMEM medium (3 mL) was added,
cultured for 48 h, rings were removed and the samples were incubated with fibroblasts

for 10 days. After incubation, keratinocytes were seeded on DED at a density of 3x10°.
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Greens medium (3 mL) was added and cells were cultured for 1 week, and the samples
were raised to an air-liquid interface with metal grids and maintained in this form for
14 days (Figure 2.6B). Medium was changed every 2-3 days. They were assessed for
their histological morphology.

De-epidermized dermis (DED) incubated with cells is named as ‘allograft’ throughout
this thesis.

Steelrings Metal grids

Figure 2.6 Cell seeding on de-epidermized dermis (DED) samples. A) Fibroblasts
(1x10%) were seeded inside the stainless steel rings and then keratinocytes (3x10°)
were added on them. B) After 4 days samples were raised to air-liquid interface with

metal grids. Circle shows the cells seeded in the steel rings.

2.2.1.5.4.2 Keratinocyte and fibroblast seeding on trilayer meshes

Trilayer PLA-PHBV-PLA meshes (2 cm?) were sterilized in alcohol (70%) for 3 h and
washed with PBS. They were then placed in 6-well plates. Stainless steel rings (ID 1
cm) were placed on top of the scaffolds as described in the previous section (Figure

2.6). Isolated human dermal fibroblasts (1x10°) were seeded inside the steel rings and
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medium was added up to 3 mL. The scaffolds were incubated at 37°C in CO> incubator
for 10 days. Then, scaffolds were turned over. Isolated human keratinocytes (3x10°)
were seeded on the reverse side of the scaffold. The steel rings were removed on Day
4 of incubation, scaffolds were raised to an air-liquid interface on metal grids and
incubated for 14 days (Figure 2.6B). Medium was changed every 2-3 days. They were

assessed for their histological morphology.

2.2.1.5.4.3 Keratinocyte and fibroblast seeding on collagen sponges

Collagen sponges (2 cm?) were sterilized with UV for 15 min, and then placed in 6-
well plates. Fibroblasts and keratinocytes were seeded as mentioned in Section

2.2.1.5.4.2. They were then further assessed for their histological morphology.

2.2.1.6 Histology

All samples were fixed with 10% formalin after cell culture studies, and put into a
tissue processor (Leica ASP300 S) which dehydrates the sample with a series of
increasing methylated spirits (IMS) and immerses them into xylene and then paraffin

wax.

Paraffin embedded samples were cut in 6 pum sections with a microtome (Minot
Microtome Leica RM 2145). After keeping at room temperature for air dry, samples

from each group were processed for H&E staining and immunostaining.
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2.2.1.6.1 H&E staining

The simplest method of assessing histological studies is to use haematoxylin and eosin
staining of paraffin-embedded sections. Haematoxylin stains nuclei as well as cellular

material while eosin stains the cytoskeleton.

The wax on the slides was removed by submerging the slides in xylene for 10 min.
Xylene was removed by immersing the sections in descending grades of alcohol (99%,
95% and 70%) and then into water. The slides were stained with haematoxylin for 3
min and excess stain was removed by rinsing with tap water. To remove haematoxylin,
slides were dipped in 1% HCI for 20 s and then stained with eosin. Excess stain was

removed by rinsing with tap water. Dehydration was achieved in ascending grades of

alcohol (70%, 95% and 99%) and xylene.

Mounting medium was added on the dehydrated samples and cover slips were
mounted on the slides for microscopical analysis. The H&E staining provides purple

cell nuclei with pink cytoplasm and connective tissue (Fischer et al. 2008).

2.2.1.6.2 Immunohistochemistry

Immunohistochemistry was performed by staining the samples for Involucrin and
Coll-IV. Involucrin is a structural component of mature squamous epithelial cells.
Anti-involucrin monoclonal antibody identifies terminal differentiation of the

keratinocyte. Collagen IV antibody targets the collagen synthesized by fibroblasts.
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2.2.1.6.2.1 Involucrin staining:

Removing the wax from the slides was performed as described in Section 2.2.1.6.1.
Sections were placed in warm PBS to rehydrate. Trypsin antigen retrieval was used
for involucrin unmasking. Slides were incubated in trypsin solution (0.5 % calcium
chloride and 0.05% trypsin in distilled water, pH 7.8) for 14 minutes at 37°C. After
antigen retrieval, the slides were placed in TRIS-Buffered Saline pH 7.8 and Tween
(5 pL) for 10 min then incubated with blocking buffer (1:25 horse serum in
TBS/Tween) to eliminate background staining. The blocking buffer was removed and
anti-human involucrin monoclonal antibody (1:100 in 0.05M TRIS-HCI buffer) was
added (60 min at room temperature). After washing, the slides were incubated with

goat anti-mouse IgG-AP conjugate (1:50 in 0.05M TRIS-HCI buffer) for 15 min.

The hydrogen peroxide Avidin-Biotin Complex kit and diaminobenzidine (DAB)
substrate kit (brown colour end-point) were used as described by the manufacturer.
The sections were washed in running water, stained with haematoxylin (20 s),
immersed in acid/alcohol, followed by rinsing in running tap water, dehydrated in

ascending grades of alcohol and xylene, and mounted for microscopic examination.

2.2.1.6.2.2 Coll IV staining:

De-waxing of the sections was performed as described in Section 2.2.1.6.1 and then
slides were placed in distilled water at 37°C, followed by Tris-Buffered Saline pH 7.8
and Tween, and then blocking buffer (1:25 horse serum in TBS/Tween) to decrease
background staining. The blocking buffer was removed and COL94 anti-human
collagen IV monoclonal antibody (1:100 in PBS containing 3% bovine serum albumin)

was added and kept at room temperature for 60 min.
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After washing, they were incubated with goat anti-mouse IgG-AP conjugate (1:50 in
0.05M TRIS-HCI buffer) for 15 min. Further processing of the sections was performed
in the hydrogen peroxide Avidin-Biotin Complex kit, diaminobenzidine (DAB)

substrate kit (brown color end-point) and haematoxylin.

2.2.2 Subcutaneous Tissue

Two UV crosslinkable polymers, methacrylated gelatin (GeIMA) and methacrylated
hyaluronic acid (HAMA) were synthesized (Eke et al. 2017) to form a transparent
hydrogel loaded with adipose derived stem cells (ADSCs) to serve as a biodegradable

subcutaneous tissue.

2.2.2.1. Synthesis of methacrylated gelatin (GelMA)

Methacrylated gelatin was synthesized according to the method reported by Nichol et
al. 2010. Briefly, porcine skin gelatin type A was dissolved in a phosphate buffer (10
mM, pH 7.4) at 50°C solution of (10%, w/v) in phosphate buffer (10 mM, pH 7.4) was
prepared. Methacrylic anhydride (20%) was added dropwise into the gelatin solution
at 50°C and stirred for 1 h. Then, the mixture was diluted 5 fold with warm phosphate
buffer (40°C), filtered and dialyzed against distilled water for 1 week and lyophilized
after freezing at -80°C (Labconco Freezone 6, USA) (Figure 2.7A). The white porous

foam obtained was stored at +4°C until use.
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2.2.2.2 Synthesis of methacrylated hyaluronic acid (HAMA)

Methacrylated hyaluronic acid was prepared as described by Messager et al. 2013. A
solution of hyaluronic acid in distilled water (0.5 w/v, %) was prepared and DMF
(dimethylformamide) was added to obtain a ratio of 3:2 H>O:DMF. Methacrylic
anhydride (1%) was added dropwise while stirring on a magnetic stirrer at +4°C.
During the initial 4 h, the pH was adjusted to ca. 8-9 with NaOH (0.5 M). Then, it was
incubated overnight at +4°C with continuous stirring, and dialyzed against distilled
water for 3 days. After dialysis, the solution was frozen at -80°C and lyophilized and
stored at +4°C until use (Figure 2.7B).

2.2.2.3 Preparation of GeIMA/HAMA hydrogels

Lyophilized GelMA and HAMA polymers were dissolved in cell culture media
(GeIMA:HAMA 15:1). Photoinitiator 2-hydroxy-1(4-(hydroxyethox)pheny)- 2-
methyl-1-propanone (Irgacure 2959; 0.3% w/v) was added into the solution and mixed
at 40°C on a magnetic stirrer to achieve a homogeneous distribution. Then the solution
was placed in a PDMS mold (i.d. 1 cm), exposed to 365 nm UV with power of
18W/cm? (Omnicure s1000) for 40 s. After release from the molds, the hydrogels were
washed with PBS (Figure 2.7C).
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Figure 2.7 Synthesis of gelatin/hyaluronic acid hydrogel network. The binding of
methacrylate groups to the: A) primary NH> groups of gelatin, B) hydroxyl groups of
hyaluronic acid were used for methacrylation. In order to create a hydrogel, a solution
consisting of methacrylated gelatin and methacrylated hyaluronic acid was crosslinked
using UV irradiation. C) GeIMA and HAMA polymer chains crosslinked to form the
hydrogel. Gray: GeIMA, Blue HAMA.

2.2.2.4 Characterization of the hydrogels

2.2.2.4.1. NMR spectra of GelMA and HAMA hydrogels

Proton nuclear magnetic resonance (‘H NMR) was used to characterize GeIMA and
HAMA, and to determine the methacrylation degree. High resolution (H-NMR)
spectra of the GeIMA and HAMA were obtained at room temperature on a Bruker
DPX 400 spectrometer operating at 'H resonance frequency of 400 MHz and 16 scans
were acquired for signal-to-noise averaging. The methacrylated biopolymer samples

were dissolved in Deuterium oxide (D20, 30 mg/mL).
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The methacrylation degree of gelatin is defined as the number of methacrylate groups

per amine group on unreacted gelatin.

The methacrylation degree of hyaluronic acid is defined as the number of methacryloyl

groups per HA disaccharide repeat unit.

2.2.2.4.2. Analysis of morphology and porosity by SEM

SEM micrographs were obtained for cell seeded and unseeded hydrogel samples. Cell
seeded hydrogel specimens were washed twice with PIPES (piperazine-N,N’-
bisethanesulfonic acid) buffer (Sigma Aldrich, USA), and fixed in 4%
paraformaldehyde solution for 10 min. Then the samples were frozen in liquid
nitrogen, lyophilized, sputter coated with Au-Pd under vacuum and examined with
QUANTA 400F field emission SEM (Netherland). Porosity and pore sizes were
calculated with Image J software (NIH). Each group had 3 samples, 5 images from
each sample were randomly selected and 5 measurements from each image were made

(total 150 images).

2.2.2.4.3. Compressive mechanical testing

Compressive mechanical tests were performed on a universal test machine (Shimadzu
AGS-X, Japan, 50 N load cell) at room temperature. Hydrogels were kept in PBS to
swell before testing, then cut and the dimensions were measured using a micrometer.

The cross-head speed was 1 mm/min.
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The applied force (F, N), cross-sectional area (A, mm?), initial sample length (I, mm)
and the displacement (Al, mm) measured during the experiments were used to calculate
the stress (o, MPa), the strain (¢) according to equation (2) and (3). Compressive

modulus (E, MPa) was calculated from the equation (4).

A representative stress strain curve of the GeIMA/HAMA hydrogel for compressive

mechanical test is given in Appendix A.

2.2.2.4.4 Contact angle measurements

Water contact angles of GelMA/HAMA hydrogels were measured using a goniometer
(Attension, Biolin Scientific, Sweden). Drop of distilled water (7 pL) was placed on 4

independent samples and wetting angle was calculated using Young-Laplace equation:
Vsv = Ys1 + y1v oSO (5)

where ys,, 75 and y» were solid-vapor, solid-liquid, and liquid-vapor interfacial tensions

respectively and 6 is the wetting angle.
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2.2.2.4.5 Transparency

Transmittance (T) of the GeIMA/HAMA hydrogels was measured in the UV-Vis range
250-700 nm with 5 nm intervals (n=5) using a UV-Vis spectrophotometer (Thermo
Scientific, USA).

2.2.2.4.6 In situ degradation

Each hydrogel formulation was gelled by exposing to UV and then weighed. The
hydrogels were placed in sterile PBS in a rotary incubator at 37°C for 3 weeks to study
in situ degradation. During this time, the samples were removed daily, washed with
dH:0, lyophilized to complete dryness and weighed. The test was performed
according to ASTM F 1635-04a (Standard test method for in vitro degradation testing
of hydrolytically degradable polymer resins and fabricated forms for surgical

implants). The amount lost was calculated from the gravimetrical measurements.

2.2.2.4.7. Swelling

The degree of swelling (DS) of the GeIMA/HAMA hydrogels were calculated from
the weights of the samples in dry and wet states after immersion in PBS for 48 h. DS

was calculated according to equation (6).

w, —

DS (%) = —= " » 100 (6)

I

s

where ws: wet sample weight, and

wq : dry sample weight
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2.2.2.5 In vitro studies

2.2.2.5.1 Cell culture

2.2.2.5.1.1 Isolation and culture of human adipose derived stem cells (ADSCs) from patient

subcutaneous fat

Human subcutaneous fat was selected as the source of ADSCs (Figure 2.8A). Biopsies
from skin splits, on an anonymous basis under a research tissue bank license (number

08/H1308/39) under the Human Tissue Authority.

Samples were placed in Petri dishes, with 10 mL of PBS and 0.1 mL penicillin (100
units/mL) and streptomycin (100 pg/mL). Samples were minced with a scalpel
(Figure 2.8B), 10 mL of fat were collected in falcon tubes, and washed with PBS
(supplemented with 1% penicillin/streptomycin) by centrifugation at 1300 rpm for 8
min. The tissue (pellet) was collected in a 50 mL falcon tube and twice of the volume

of the samples was added for HANK solution.

HANK solution is a saline solution to which collagenase A (0.1%), albumin bovine
serum albumin (BSA, 0.1%) and 1% penicillin/ streptomycin were added. Tissues in
HANK solution were incubated at 37°C for 40 min and were periodically shaken for
chemical disaggregation. Digested tissues were centrifuged (1300 rpm, 8 min). The
floating fractions consisting of adipocytes were discarded and the pellets representing
the stromal vascular fraction were resuspended in DMEM medium. ADSCs were
collected by centrifugation (1300 rpm, 8 min) and placed in 25 T flasks. Cells up to

passage 5 were used.
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Human subcutaneous fat Minced fat before
enzymaticdigestion

Figure 2.8 ADSC isolation procedure from human fat tissue. A) Human subcutaneous
fat as a source of adipose derived stem cells. B) Muscular tissue was removed and

remaining fat tissue was minced before enzymatic disaggregation.

2.2.2.5.1.2 Characterization of human adipose derived stem cells (ADSCs) with flow

cytometry

The isolated subcutaneous human adipose cells of passages 0 and 5 were analyzed by
flow cytometry. Cells were washed with PBS and were detached by incubation with
trypsin for 5 min at 37°C. After trypsinization, cells were centrifuged (3000 rpm, 5
min) pellets were resuspended in ADSC media. 125,000 cells were transferred to flow
cytometer tubes. Cells were then fixed with paraformaldehyde (1 mL) and washed
with BSA solution (0.1% v/v in PBS) to block nonspecific unions between Ab and

other regions.
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Fixed cells were stained with mouse IgGl anti-human monoclonal antibodies
(Biolegend, USA) against CD31 (#303110), CD45 (#304017) and CD90 (#328116)
surface markers. Mouse IgG1 monoclonal antibody was used as the negative control
for the detection of nonspecific binding. The cell population was gated on the forward
and side scatter chart and flow cytometry was performed on 105 cells per sample.
Positive expression was defined as the level of fluorescence greater than 50% of the
corresponding unstained cell sample. Data was analyzed using Flow Jo software (BD

Accuri C6 Plus, USA).

2.2.2.5.1.3 Culture of human umbilical vein endothelial cells (HUVEC)

Human umbilical vein endothelial cells (HUVECs) were used for pre-vascularization
studies together with ADSCs in the hydrogels. HUVECs were obtained from
PromoCell, UK. Cells were grown in T-flasks at 37°C in a humid atmosphere with 5%
COz in endothelial growth medium-2 supplemented with growth medium kit (Lonza,
USA) according to manufacturer’s instructions. Cells were routinely split at a 1:3 ratio

and cultured up to passage 5.

When the HUVECs were seeded into the hydrogels, the medium was EGM-2 that
contained hEGF (human endothelial growth factor), hydrocortisone, GA-1000
(Gentamicin, Amphotericin-B), FBS (Fetal Bovine Serum), VEGF (vascular
endothelial growth factor), hFGF-B (human fibroblast growth factor), R3-IGF-1

(insulin-like growth factor) ascorbic acid and heparin.
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2.2.2.5.2 Endothelial and stem cell encapsulation into GelMA/HAMA hydrogels

ADSCs (5x10°, 1x10° or 2x10° cells) were resuspended in GelMA/HAMA solution
(200 mL) containing 0.5% (w/v) photoinitiator (Irgacure2959) and the hydrogels were
produced as described in Section 2.2.2.3. After crosslinking with UV, cell loaded
hydrogels were cultured without direct contact with TCPS by using cell culture inserts

(CellCrown 12 well plate inserts), 2 mL of growth medium was added into each well

and plates were incubated at 37°C and 5% CO: (Eke et al. 2017).

In some tests, vascular endothelial growth factor (VEGF, 100 ng/hydrogel) was added

into the hydrogel composition as a positive control of ADSC presence.

In order to achieve in vitro pre-vascularization, HUVEC and ADSCs were co-cultured
in GeMA/HAMA hydrogels at a concentration of 5x10° and 1x109, respectively. After
UV crosslinking and release from the molds, hydrogels were cultured in the

EGM:DMEM-HAMF12 1:1 medium for 3 weeks.

2.2.2.5.3 Viability of ADSCs in the hydrogels assessed by Live-Dead assay

Hydrogels loaded with ADSCs were cultured for 3 weeks, washed with PBS and
double stained with calcein AM (4 mM in PBS) and ethidium homodimer-1 (10 mM
in PBS) for 20 min. Excess stain was removed, gels were washed with PBS, and

examined by confocal microscopy (CLSM, Zeiss LSM 9100, Germany).
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2.2.2.5.4 Cell proliferation by DNA quantification assay

The DNA of the ADSCs was isolated at each time point using a Genomic DNA
Purification Kit according to the manufacturer's protocol (Promega, USA). Briefly,
hydrogels were decomposed in a medium containing collagenase (150 uL, 0.1 g/mL)
at 37°C for 1 h. After centrifugation, cells were collected and resuspended in 350 puL
of RLT lysis buffer. Then, 10 pL of the sample was diluted 10 folds in DNase-free
water. Finally, 5 puL of this sample was added in 200 pL working buffer (199 pL of
the Quant-IT dsDNA buffer and 1 pL Quant-IT dsDNA reagent prepared for each
sample), after which the sample was shortly vortexed and incubated at room
temperature for 5 min. Total DNA isolated was quantified (n=5) with PicoGreen
dsDNA Assay. The samples and DNA standards (1 mL) were incubated with
PicoGreen reagents, fluorescence was measured at Aex: 560 Aem: 590 nm, and DNA

content was determined from the calibration curve (Appendix B).

2.2.2.5.5 Assessment of ADSC behavior in the GelMA/HAMA hydrogels

Behavior of ADSCs in the hydrogels at different time points was studied with CLSM.
Cytoskeleton and nuclei of the cells were stained with Alexa488 (Aex: 495 nm, Aem: 519
nm) and Draq5 (Aex: 646 nm, Aem: 697 nm), respectively and studied with 20x and 40x

objectives.

2.2.2.5.6 Assessment of pre-vascularization with HUVECs in the GelMA/HAMA

hydrogels

For the capillary formation (pre-vascularization) in vitro, HUVEC and ADSCs were

co-cultured in the hydrogels, and studied with CLSM at different time points.
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HUVECs were stained with CD31 antibody (Aex: 590 nm, Aem: 617 nm). Cytoskeleton
and nuclei of the cells were stained as mentioned in Section 2.2.2.5.5 and studied with

20x objectives.

2.2.2.6 Ex ovo studies

The angiogenic potential of the ADSC and VEGF containing hydrogels was studied
with 2 different assays, chick chorioallontoic membrane (CAM) assay and chick aortic

arch assay. In vivo hydrogel degradation was also studied with CAM assay.

2.2.2.6.1 Preparation of the eggs

Pathogen-free fertilized white leghorn chicken eggs (Gallus gallus domesticus) were
obtained from Henry Stewart Co. Ltd (UK). Care was consistent with the guidelines
of the Home Office, UK. Fertilized chicken, Gallus domesticus, Medeggs, UK) eggs
were received on the same day of dispatch. Dirt, feathers and excrement from the egg
shells were cleaned with ethanol (20%) by spraying. Eggs could be stored at +10°C
for up to 7- 10 days after arrival.

2.2.2.6.2 Incubation of the eggs

The eggs were placed in the Automatic Egg Incubator horizontally on Day 0, then
incubated at 37.5°C and 60% humidity while rotating 12 times a day (Incubator does
this automatically). The upper surfaces of the eggs were marked with a permanent pen

to spot the embryo since the embryo resists rotation to a certain extent.
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2.2.2.6.3 Ex ovo culture

On day 3, the weighing boats were sterilized by dipping them in a bath of 70% ethanol
and dried in a laminar flow cabin. PBS supplemented with Pen/Strep (2 mL, 5%) was
added into each weighing boat. The eggs were cracked at the edge of a beaker and
embryos transferred into a weighing boat. Heart beat was checked to ensure that the
embryo is alive (Figure 2.9A). These ex ovo cultures were kept in a 37.5°C sterile
incubator having 60% humidity. During incubation, the chick embryos were checked
if they were developing properly in accordance with their chronological age
(chronological age [HH] = developmental age (days)) (Hamburger and Hamilton.
1951). Dead embryos were discarded (by checking the heart beat) immediately to
avoid infections (Figure 2.9B). Embryo survival was assessed daily and the rate of the

embryo survival is presented in Appendix C.

Figure 2.9 CAM of the embryos on Day 8. A) CAM of a healthy embryo. There are
blood vessels and they are bright, glossy, moist and even the smallest vessels contain
some blood. B) Cam of the dead embryos. The blood vessels are barely visible as there

1s no circulation at all.
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2.2.2.6.4 Assessing the effects of the hydrogels on tissue response and angiogenesis

The angiogenic properties of the ADSC or VEGF-loaded GeIMA/HAMA hydrogels,
and the tissue response of the embryos was tested with the CAM Assay. After transfer
of the chick embryos into Petri dishes, they were kept until Day 8 at 37.5°C in a
humidified egg incubator. On day 8, samples (cell or VEGF loaded and control
hydrogels) were introduced to ex ovo cultures. The samples were placed halfway
between the embryo and the outer border of the CAM and in between two large vessels

(Figure 2.10A). All samples were identical in terms of shape and size.

After samples were placed, the embryos were incubated at 37°C in the humidified
incubator for 14 days. Angiogenesis and tissue response were quantified by taking
light microscope pictures of the CAM between days 10 and 14 prior to hydrogel
retrieval, and by histology of the retrieved scaffold (Ribatti et al. 2000; Zudaire and
Cuttitta 2012). Histology of a control CAM was shown in Figure 2.10B.

On Day 14, test samples were retrieved with 0.5 mm margin by spring scissors and
placed in paraformaldehyde (3.7%). Then the chick embryos were sacrificed by cutting

the vitelline artery with spring scissors.
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Figure 2.10 Photographs showing how the angiogenic effects of the constructed
GelMA and HAMA hydrogels were evaluated by CAM assay. A) Proper placement
of a test sample on the CAM on Day 8 of embryonic development. Arrow shows the
test sample and the dashed line the border of the CAM. B) Histological section of a
control CAM showing three embryonic layers. Red arrows and arrow heads represent

large blood vessels and capillaries, respectively.
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2.2.2.6.5 Morphometric quantification of angiogenesis

Angiogenesis was quantified using the digital images taken at embryonic development
day (EDD) 14 from 6 samples of each group. A semi - automated process was then
run using the Image J software and a free online plug in NeuronJ. The images were
converted to grayscale (8-bit) and sharpened twice before tracing all discernible
vessels in the image with the Neuron J tracing tool. Total vessel length, total number
of blood vessels and vasculogenic index were then calculated (Barnhill and Ryan
1983). All discernible blood vessels-capillaries, arterioles, venules- traversing a 1 mm
annulus about the 2 mm imaginary circle drawn around the scaffold material were
counted provided that they formed an angle of less than 45° with a line radiating from
the center. Vessels branching within the annulus were counted as 1 vessel, whereas
those branching outside the annulus were considered 2 vessels (Seidlitz et al. 2004;

Domenico Ribatti et al. 2006; Zudaire and Frank Cuttitta 2012).

2.2.2.6.6 In vivo degradation of GelMA/HAMA hydrogels

The hydrogels were placed in the ex ovo cultures as mentioned in Section 2.2.2.6.4.
The decrease in the sizes of the hydrogels were quantified by taking light microscope
images of the CAM between Days 10 and 14 prior to hydrogel retrieval. Percent
decrease in hydrogel area until Day 14 was calculated by Image J (NIH).

2.2.2.6.7 The chick aortic arch assay

Chicken embryos were sacrificed on embryonic development day (EDD) 14, aortic
arches were removed, aortic branches were cut into 1 mm rings under a
stereomicroscope. Aortic rings were embedded in 50 mL of Matrigel® (Basement

Membrane Matrix, Corning®) in a 24 well plate.
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After 30 min of incubation, DMEM (2 mL, supplemented with 2.5% FCS, 50 units/mL
penicillin and 50 mg/mL streptomycin) was added into each well and incubated in an
incubator at 37°C and 5% CO». With the aid of a transparent tissue culture insert the
aortic rings were co-cultured with unloaded or ADSC loaded GelMA/HAMA
hydrogels (2.5x10°, 5x10° and 10x10° ADSCs were loaded in the hydrogels). The
endothelial sprouts were observed under an inverted microscope on Day 5 and the
longest sprout length for each sample was calculated (Stratman et al. 2012).
Endothelial cells were characterized by immunofluorescence staining with Griffonia

Simplicifolia Lectin I, isolectin B4.

2.2.2.7 Histology

The hydrogels and surrounding CAM were retrieved, washed twice with PBS, fixed
with formaldehyde (10%), embedded in paraffin and 6 mm sections were cut.
Conventional haematoxylin and eosin (H&E) staining as mentioned in Section
2.2.1.6.1 was performed. Slides were examined under light microscopy to see blood
vessels and the inflammatory response in the CAM adjacent to hydrogels. Blood
vessels were also stained with a conjugated alpha smooth muscle actin antibody (o.-
SMA) together with a 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) nuclei
staining. Slides were observed under an epi-fluorescence microscope (Olympus,

Japan) and the area of a-SMA stained blood vessels were measured (n=6).
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2.2.3 Drug Delivery studies into human skin model

Retinyl palmitate loaded PHBV nanoparticles were used to study the penetration
through the human skin, and rhodamine loaded nanoparticles were used to study

penetration studies through the tissue engineered skin constructs.

2.2.3.1 Preparation of Retinyl Palmitate loaded PHBYV nanoparticles

Retinyl palmitate (RP) loaded nanoparticles were prepared with the oil-in-water (o/w)
technique (Eke et al. 2015). For this purpose, RP was added in 1.2 mL of solution of
PHBYV in dichloromethane (DCM; 10%, w/v). This solution was added into an aqueous
solution of PVA (4 mL, 4% w/v), sonicated in an ice bath (Ultrasonic Homogenizer,
4710 series, Cole-Parmer Instruments, USA), further dilution was made by adding
PVA solution (100 mL, 0.3% w/v), stirred overnight at room temperature to remove
the solvent, and centrifuged (rotor: 15156-H Sigma, 3K30). The precipitate was
washed twice with distilled water (dH>0), freezed at -80°C and then lyophilized.

2.2.3.2 Preparation of Rhodamine loaded PHBYV nanoparticles

Rhodamine (Rho) loaded PHBV nanoparticles were prepared as mentioned in Section
2.2.3.1. This time, Rhodamine was (0.5 mg/mL) added into the PHBV solution instead
of RP.
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2.2.3.3 Characterization of the nanoparticles

2.2.3.3.1 Nanoparticle topography with SEM

Aqueous suspension of RP and Rho loaded nanoparticles were added onto carbon
tapes attached to scanning electron microscope (SEM) stubs, dried at room
temperature, and then sputter coated with Au-Pd before examining with SEM (Quanta
400F Field Emission SEM, The Netherlands). The surface topography was examined

from the images and sizes were measured with Image J software, NIH (USA)..

2.2.3.3.2 Size distribution analysis

The size distribution of RP and Rho loaded PHBYV particles were studied with the Zeta
Potential and Mobility Measurement System (Malvern Nano ZS90, UK).

2.2.3.3.3 Loading and encapsulation efficiencies of Retinyl Palmitate and Rhodamine

The concentration of RP in PHBV particles (10 mg) was determined after dissolving
the particles in DCM (3 mL) and measuring the absorbance at 326 nm with UV

spectrophotometer.

Rho concentration encapsulated in PHBV particles were determined with measuring
the fluorescence with spectrofluorometer (Aex: 528 nm, Aem: 551nm) after dissolving

the particles in DCM (10 mg/ mL).

The percent loading and percent encapsulation efficiency (EE) values of RP and Rho

were calculated by using the equations (7) and (8):

(3)
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) Encapsulated drug amount (mg)
Loading(%) = - x100
Total amount of nanoparticles (mg)

EE(%) = Encapsulated drug amount (mg) £100
Input amount of drug (mg)

2.2.3.4 In situ release studies from the nanoparticles

Release kinetics of RP and Rho from PHBV nanoparticles were studied in situ.
Nanoparticles (10 mg) were put in Eppendorf tubes, 2 mL PBS was added and
incubated at 37°C in a shaking incubator (shaking rate 70 rpm, New Brunswick
Scientific, Innova 4000, USA). At various time points the tubes were centrifuged,
supernatant removed and the amount of released drugs in the solution were determined
with the spectrophotometer (Amax: 326 nm) and spectrofluorometer (Aex: 528 nm, Aem:
55Inm) as described in Section 2.2.3.3.3. Then, 2 mL of PBS was added to the
Eppendorf tubes, pellets were resuspended and incubation was continued (n=5).
Amount of the released drugs were determined from calibration curves in Appendices

D1 and D2.

2.2.3.5 Studies on penetration through human skin

Skin samples were obtained from a 42-year-old, healthy donor admitted for elective
breast surgery (upon patient consent and with METU Human Experiments Local
Ethics Committee approval, No:28620816/298-37) (Appendix E). Skin samples (2x2
cm?) were inserted into cell crown holders in 12-well plates exposing the epidermis to
air while the dermis is in PBS. Stratum corneum of some samples was mechanically
removed to study its inhibitory effect on penetration. RP loaded nanoparticles (0.5 mg)

were placed on each skin sample.
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After a 24 h incubation period, the particles were gently removed from the skin surface,
and the skin samples were put in chloroform (10 mL) and stirred for 72 h for skin and
nanoparticle destruction. The RP that dissolved was determined with UV visible (Vis)

spectrophotometry (Amax: 326 nm) (n=5) using a calibration curve (Appendix D2).

2.2.3.6 Determination of nanoparticle concentration on keratinocytes

Prior to the experiment, keratinocytes were isolated from the patient and cultured as
mentioned in Section 2.2.1.5.1. Then the keratinocytes were detached from the flask
with Trypsin solution and seeded on 6 well plates with the density of 1x10°. Rho
loaded nanoparticles were then added on keratinocytes with different concentrations

in the range 250 - 10 ng/mL.

2.2.3.7 Nanoparticle penetration through tissue engineered skin model

Tissue engineered dermis models were produced as mentioned in Section 2.2.1.2.2.
The last 2 days of incubation, Rhodamine loaded nanoparticles were seeded on the
epidermis layer (on top of the keratinocytes on the air-liquid interface). Nanoparticles

were incubated with the dermis models for 48 h (n=3).

2.2.3.7.1 Cryosectioning and immunostaining

Nanoparticle loaded tissue engineered skin models were fixed in paraformaldehyde
solution (4%) for 5 min and washed twice with PBS. Samples were placed in a plastic
cassette and embedded with Optimal Cutting Temperature (O.C.T) compound (Tissue-

Tek). Then the molds were set aside to slow freeze to prevent the crack due to internal
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stress build up during rapid cooling. The cryotome (CM 1850, Leica) was set at -25°C

and 10 pum sections were cut.

2.2.3.7.2 Microscopy

Using H&E staining, it is not possible to assess whether the nanoparticles were
penetrated into the skin models or not. Therefore, nanoparticle loaded samples were

stained with fluorescent dyes as follows:

The cryoembedding media was removed from the sections by washing with warm
PBS. Then, the samples were incubated for 1 h at 37°C with Alexa Fluor 647
Phalloidin for staining of the actin cytoskeleton. After washing with PBS, the nuclei

were stained with DAPI by incubating the samples for 10 min at room temperature.

Fluorescence micrographs of the nanoparticle loaded skin models were obtained using
an upright fluorescence microscope under 350 nm, 488 nm, 550 nm, 630 nm LED
sources and appropriate filter sets (Zeiss Axio Imager M2, Germany) or with an
inverted confocal microscope under 488 nm, 532 nm, 630 nm and UV lasers (Leica

DM2500, Germany and Zeiss LSM710, Germany).

2.2.8 Statistical analysis

Statistical analysis was performed with Graphpad Prism6 program. Differences
between group means were analyzed with Student's T test when the data was normally
distributed. Mann Whitney U test was used for data that was not normally distributed.
Comparisons of more than 2 groups were performed with One-way ANOVA with
Tukey's post-hoc test, to determine significant differences. All values are represented

as the mean + standard deviation. Differences were taken to be significant for p <0.05.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Epidermis and Dermis Layer of the Skin Model

Two different scaffolds were produced as dermis layer of the model skin. 1) PLA-
PHBV-PLA trilayer electrospun mesh, 2) Collagen sponge/PLA-PHBV bilayer
electrospun fiber mesh. As a positive control, de-cellularized de-epidermized dermis
(DED) was used. Keratinocytes were seeded on these dermis substitutes to form

epidermis. A shematic illustration is presented in Figure 2.1.

3.1.1 Characterization

3.1.1.1 Collagen Type I characterization

Collagen type I was isolated from Sprague-Dawley rat tails, as mentioned in Section
2.2.1.1.1. After isolation, SDS-PAGE was developed in order to determine the
collagen type (Figure 3.1). The typical SDS-PAGE band pattern for collagen Type I
is a doublet at 115 and 130 kDa and another doublet at 215 and 235 kDa (data sheet
from Sigma Aldrich Co.). Three collagen batches isolated at different times were
tested. Both the doublet-patterns were obtained with each of the collagen samples,

confirming that the collagen isolated (Kilic et al. 2014; Bahcecioglu et al. 2014) was
type L.
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Figure 3.1 SDS-PAGE of collagen isolated from Sprague-Dawley rat tails. Three
batches of isolated collagen were tested. The doublet-patterns were confirming the

type I collagen. The control in commercial collagen Type I purchased from Sigma

(US).

3.1.1.2 Wettability and degradation of collagen sponges

The interaction between the collagen sponge and aqueous environment was assessed
by determining the contact angles. Static water contact angles of the lyophilized
collagen were measured as 92.81+5.47° showing the hydrophobicity of the collagen
sponges in their dry form (Figure 3.2A).

Since collagen is a hydrophilic protein (Leikin, Rau, and Parsegian 1995), however,
the production methods and fibrous nature of the collagen scaffolds result in a change
of the surface properties of the product, suggesting surface morphology and
crosslinking induces the hydrophobicity. Ghaeli et al reported a water contact angle of
97.14° and showed the nano roughness of the surfaces in the SEM images of

crosslinked collagen films (Ghaeli et al. 2017). Elliot et al. coated surfaces of the
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substrates with collagen Type I. The surface collagen coat thickness resulted in an
increase of water contact angle from ~39° to ~106° (Elliott et al. 2003). These all
support that crosslinking of collagen and surface roughness change the surface contact

angle and therefore wettability.
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Figure 3.2 Contact angle and degradation profile of the collagen sponges. A)
Representative micrograph of contact angle measurements to determine scaffold
wettability. B) Enzymatic degradation of the collagen sponges. Degradation was
completed in 12 h with the presence of collagenase enzyme and degradation was
almost complete in 1 week in PBS. Inset shows the scaffold degradation in PBS

without the presence of the enzyme.

A crucial point that should be considered while designing a tissue engineered scaffold
is the degradation rate of the material used, in order to understand how long the
scaffold will stay in the body. The presence or absence of ECM-secreting cells
influence this rate significantly. Therefore, the in situ degradation of the collagen

sponges in PBS and in enzymatic medium were studied for 1 week.

71



Collagen sponges showed a very rapid weight loss in the first 6 h (72%) in the
collagenase solution (Figure 3.2B). The final weight that remained after 12 h was
about 97% and 6.2% after 12 h. The degradation profile in PBS is given in Figure
3.2B inset. In contrast, the total weight remaining was 19 % after 1 week in PBS.
According to the results collagen sponge is not very stable, degrades too fast and does

not allow sufficient time for integration with the surrounding tissue.

3.1.1.3 Morphology analysis with SEM

Structure collagen sponges, the PLA/PHBV/PLA trilayer electrospun mesh and the
collagen/PLA/PHBV bilayer fiber mesh constructs were were studied using SEM
(Figure 3.3).

Coll sponge: The sponge was highly porous which may also affect fibroblast cell
secretion (Figure 3.3A). Porosity, pore size distribution and average pore size of the
collagen sponges were measured from the SEM micrographs using Imagel. Pore size
and the porosity of sponges were determined as 213+87.30 nm and 79.42%,

respectively.

Trilayer electrospun mesh: Fibers were electrospun according to in Section 2.2.1.2.2.
Sequential electrospinning provided a method for producing a composite structure
where combining the properties of different polymers brought together the best
properties of both components. PHBV produces a flat, dense, brittle meshes while PLA
spinning produces low density elastic meshes. Both materials support cell attachment
(Bye et al. 2013). Therefore, dense PHBV mat was designed as a basal membrane
whereas elastic PLA mat represented the epidermis and dermis layers (Figure 3.3B).

Sequential spinning resulted in microbeads on the fiber surfaces.
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Coll sponge/fiber mesh bilayer construct: PLA/PHBYV bilayer fiber mesh was attached
onto the surface of collagen sponges. Since collagen sponge has large pores that would
allow fibroblast migration towards the keratinocyte layer the bilayer fiber mesh was
introduced to provide a separation between the two cells types (Figure 3.3C). This
layer is less porous for keratinocyte culture. Fibroblasts were therefore seeded on the
collagen sponge and keratinocytes on the opposite side of the fiber mesh thus
physically separating the two cell types but allowing exchange of chemicals across the

barrier.
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Top view

Trilayer Mesh Coll Sponge

Coll sponge/Bilayer mesh

Figure 3.3 Surface topography and vertical section of skin models A) Collagen
sponges. A smooth skin layer with pores was formed (x100). The interconnected pores
allow fibroblast ingrowth. B) PLA/PHBV/PLA electrospun fiber mesh. Sequential
electrospinning results in microbeads. C) Collagen sponge/bilayer mesh. Fibroblasts
seeded on the collagen sponge and keratinocytes on the opposite side of the fiber mesh

to separate the cells while allowing exchange of chemicals (Scale bars 100 pum).
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3.1.1.4 Mechanical properties of the scaffolds

Young’s modulus (E) is calculated as the slope of the stress-strain curve (Figure 2.4).
This is the Elastic Region of the plot for a viscoelastic material. The higher the slope,
the stiffer is the material. This parameter is also called elastic modulus, because, the
elongation of the material during this linear slope is elastic deformation allowing recoil
to its original size. After the linear portion, the elongation observed is plastic
deformation; complete recovery of the deformation is not possible (Figure 2.4). The
other 2 parameters to describe the tensile properties of a material are the ultimate
tensile strength (UTS) and the strain at UTS which shows the maximum elongation of

the material.

All samples were prepared in size (5 mm x 20 mm) and thickness were measured by a
micrometer. Stress-strain data from each sample was normalized before assessing the
mechanical properties. Native human skin and DED were tested as positive controls.
Statistics were analyzed compared to the native healthy human skin. No major
differences were observed between unseeded dermis and cell seeded dermis (allograft)
in terms of UTS (3.69 vs 5.67 MPa) and strain (0.70 vs 0.72) compared to natural
human skin. In their dry state, trilayer electrospun mesh had approximately 70 times
higher modulus (3.46 MPa vs 0.05) values compared to collagen sponges (3.47 MPa
vs 0.05 MPa) (Figure 3.4). Young’s Modulus of native human skin (10.91 MPa) was
significantly higher than all the other scaffolds.
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Figure 3.4 Mechanical properties of the scaffolds in their dry and wet state, unseeded

and cell (keratinocytes and fibroblasts) seeded (incubation for 30 days) states. Error

bars are 95% CI. The values in the y axis are given as mean (+SD) for Modulus, UTS
and ultimate strain (ns p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001).
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Collagen sponge had significantly lower modulus and UTS values compared to the
other scaffolds in their wet and dry state. When wet, the strain values between the
collagen sponge, coll/bilayer mesh and skin were non-significant. Cell seeding on
dermis significantly increased the mechanical properties. On the other hand, cell
seeding on trilayer mesh did not significantly change the mechanical properties when

compared to their wet and dry states (Table 3.1).

Quantitive measurements of the mechanical characteristics of human skin reflect the
skin structure (Alexander and Cook 1977). Consequently, an ideal tissue-engineered
scaffold designed to act as a model skin should be mechanically comparable to the
natural skin. Scaffold type (sponge, fibers or films), porosity, surface wettability and
material types affect mechanical properties (Kumbar et al. 2008). The fast
biodegrading rate and the low mechanical strength of the collagen scaffold are the
crucial problems that limit the further use of this material. In line with these results
and literature stating the disadvantages, collagen sponges were not tested further for
skin tissue model. They were employed in in vitro testing when they were combined

with the bilayer mesh only.
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Table 3.1 Mechanical properties of the scaffolds designed as dermis layer [mean (=SD) values for UTS (Ultimate Tensile Strength), Strain and E (Young’s

modulus)] (ns p > 0.05, *p <0.05, **p < 0.01, ***p < 0.001, ****p <0.0001).

Sample Type Dry state Wet state Cell seeded (30 days of incubation)
E(MPa) UTS(MPa) Strain E(MPa) UTS(MPa) Strain E(MPa)  UTS(MPa) Strain
Human skin - - - 10.908 6.202 0.614 - - -
(SD) - - - (1.311) (1.480) (0.154) - - -
De-epidermized dermis - - - 9.750"" 3.687™ 0.720™ | 20.657"" 5.686™ 0.701™
(DED)
(SD) - - - (2.369) (1.013) (0.012) (2.360) (1.402) (0.047)
Trilayer mesh 3.4677 0378 | 05767 | 48137 0.360™" 0.383™ 5418 | 0.388"" 0.402™
(SD) (0.945) (0.049) (0.017) (0.789) (0.032) (0.049) (0.975) (0.059) (0.012)
Collagen sponge 0.047" 0.015"" 0.306™ 0.1127" 0.034™" 0.38" - - -
(SD) (0.017) (0.003) (0.021) (0.029) (0.009) (0.042) - - -
Coll sponge/bilayer mesh 0.069™" 0.4417" 0.073™ 0.1317" 0.036™" 0.395™ 0.502"" 0.12"" 0.285™
(SD) (0.012) (0.020) (0.017) (0.010) (0.013) (0.005) (0.143) (0.024) (0.057)




3.1.2 In vitro studies

3.1.2.1 Histology

The simplest method of assessing histological changes was to use H&E staining
(Section 2.2.1.6). This combination stains cell nuclei in purple, cytoplasm and
connective tissue pink. Figure 3.5 shows allograft, trilayer electrospun mesh and
collagen sponge/bilayer fiber mesh morphology after incubation with keratinocytes
and fibroblasts. Human skin was also used as a control. Fibroblasts were seeded on the
dermis layer 10 days prior to the keratinocyte seeding. After 14 days of incubation
with keratinocytes stratified squamous epithelium was formed. When these cells were
seeded on the trilayer mesh, it is evident that fibroblasts and keratinocytes have
migrated through the PLA mesh, and each side of the PHBV fiber mesh shows both
cell types. PHBV acts as a basal membrane between two PLA fiber layers. After 7
days of culture with fibroblasts on one face of the PHBV and culture with
keratinocytes on the opposite face, the cells remain segregated as can be seen in Figure
3.5. PHBYV has been successful at both supporting cell attachment and keeping the two
cell types separated for at least 14 days.

Darker color of dermis shows the fibroblasts located throughout the dermis and mostly
under the basal membrane for all the scaffold types. After 14 days of incubation with
keratinocytes stratified squamous epithelium was formed. The keratinocytes were well
differentiated with a good keratin layer. The progression from nucleated cells in the
stratum basale to flattened non-nucleated keratinocytes in the stratum corneum could

clearly be seen. The basal keratinocytes were orientated in planar forms. Full
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differentiation of the epidermal component was demonstrated with a pink eosin stained

stratum corneum as per in vivo skin.

Dermal morphology and fibroblast penetration were better for the trilayer electrospun
mesh scaffolds. On the other hand, the keratinized layer and the dermo-epidermal

junction in the scaffolds are thicker than the allograft and the human skin appearances.

CoHagen
Bﬂayer

Skin Allograft Trilayer

Figure 3.5 H&E staining of human skin, allografts, trilayer mesh and collagen
spongetbilayer mesh after 3 weeks of incubation with fibroblasts and keratinocytes.
Sections with 10 um thickness were cut with cryotome. Samples were incubated with
fibroblasts for 10 days prior to the keratinocyte seeding. A thick epidermis and a basal
layer of cells beneath epidermis was formed after 14 days of incubation with

keratinocytes. Scale bar 0.1 mm.
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3.1.2.2 Immunohistochemistry

3.1.2.2.1 Involucrin staining

As a marker of disordered keratinocyte differentiation, immunohistochemistry was
performed for Involucrin. Figure 3.6 shows the effect of Involucrin expression on
skin, allografts, trilayer electrospun mesh and collagen sponge/bilayer fiber mesh after
3 weeks of incubation with fibroblasts and keratinocytes. Brown color throughout the
entire epidermis shows the involucrin expression is confined to the stratum
granulosum and the basal keratinocytes. The basal keratinocyte layer was firmly
attached at the dermo-epidermal junction for all types of scaffolds and strong staining

was observed in the upper epidermal strata.

3.1.2.2.1 Collagen 1V staining

The basement membrane is made up mainly of collagen IV and the glycoprotein
laminin, as well as heparan-sulphate proteoglycans (HSPGs) and nidogen/entactin.
Coll IV is secreted from the dermal fibroblasts. The immunostaining shows that the
fibroblasts had been able to produce coll IV after 3 weeks of incubation prior to the
keratinocyte seeding. Collagen IV staining covers all of the dermal compartment of all
types of samples (Figure 3.7). For the trilayer mesh, Intense regions are also present
at the top and bottom faces of the PHBV layer, but not at the center. Apart from the
PHBYV layer, the dermal layer is showing the brown color where the fibroblasts are

located.
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Skin Allograft Trilayer

Figure 3.6 Involucrin staining showing the differentiated keratinocytes on the
epidermal layer of human skin, allografts, trilayer mesh and collagen sponge/bilayer
fiber mesh after 3 weeks of incubation with fibroblasts and keratinocytes. Sections
with 10 pm thickness were cut with cryotome. Samples were incubated with
fibroblasts for 10 days prior to the keratinocyte seeding. A thick epidermis and a basal
layer of cells beneath epidermis was formed after 14 days of incubation with
keratinocytes. Brown color on the epidermis shows the involucrin produced by the

keratinocytes. Scale bars 0.1 mm.
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Figure 3.7 Collagen IV staining showing the collagen IV produced by the fibroblasts
on the dermal layer of human skin, allografts, trilayer mesh and collagen
sponge/bilayer fiber mesh after 3 weeks of incubation with fibroblasts and
keratinocytes. Sections with 10 um thickness were cut with cryotome. Samples were
incubated with fibroblasts for 10 days prior to the keratinocyte seeding. A thick
epidermis and a basal layer of cells beneath epidermis was formed after 14 days of
incubation with keratinocytes. Brown color on the dermis shows the coll IV produced

by the fibroblasts. Scale bars 0.1 mm.
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3.2 Subcutaneous Tissue of the Skin Model

As the subcutaneous layer for the skin substitute, a gelatin/hyaluronic acid based UV
crosslinkable hydrogel that allows effective incorporation of stem cells was
synthesized and characterized. This hydrogel was synthesized from methacrylated
gelatin and methacrylated hyaluronic acid polymers where methacrylate groups were
used for crosslinking with exposure to UV and designed to deliver cells to stimulate

new blood vessel formation in vivo.

3.2.1 Characterization of the hydrogels

Hydrogel characterization was studied in terms of methacrylation degree, morphology,

mechanical properties, transparency, swelling and degradation rate of the hydrogels.

3.2.1.1 Methacrylation of gelatin and hyaluronic acid

The degree of methacrylation of gelatin was calculated from the peaks of the proton
NMR at 7.4 ppm for the aromatic amino acid residues of gelatin, and the peaks at 5.5
ppm and 5.7 ppm for the double bonds of the methacrylate groups (Nichol et al., 2010;
Shin, Olsen and Khademhosseini, 2012) (Figure 3.8). The methacrylation reaction of
hyaluronic acid showing the methacrylate peaks at 6.1, 5.6, and 1.85 ppm (Figure
3.8B) presents a proton NMR spectrum characteristic for this reaction (Messager et al.
2013). The degree of methacrylation was calculated from the relative integrated
intensities of the methacrylate protons and methyl protons in hyaluronic acid (peak at
1.9 ppm). NMR results demonstrated that gelatin was 63% methacrylated and
hyaluronic acid 25% methacrylated (Figures 3.8A and B). Thus, the efficiency of
gelatin methacrylation was about 2.5-fold higher than that of hyaluronic acid.
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Figure 3.8 'H NMR spectra of gelatin, hyaluronic acid and their methacrylamide

forms prepared in D,O at room temperature. A) 'H NMR spectra of gelatin (left) and

gelatin methacrylamide (Gel-MA) (right). The expanded region in Gel-MA between 5

and 6 ppm (shown with an asterix) is presented as insets which show the

methacrylation of gelatin. B) 'H NMR spectra of hyaluronic acid (left) and hyaluronic

acid methacrylamide (right). The expanded region between 1.5 and 2 ppm (shown with

an asterix) represents the increase in the peaks because of methacrylation as shown at

the inset.
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Hydrogel properties are affected by types of polymer, their concentration, ratios if they
are blends and the degree of methacrylation and crosslinking. The reaction conditions
such as temperature, solvent content, the initiator concentration and duration of UV
exposure affect the physical and mechanical properties of the hydrogel by changing
the degree of methacrylation and crosslinking of hyaluronic acid and gelatin. A high
degree of methacrylation was reported when the reaction was carried out at low
temperatures or in the presence of solvent (DMF). It was reported that the
methacrylation degree of hyaluronic acid was 14% at 45°C but 23% at a lower
temperature (25°C) (Dantzer and Braye 2001). Keeping the temperature constant and
increasing the DMF concentration to 50% resulted in 90% methacrylation before

reaching the solubility limit of the hyaluronic acid (Hasirci et al. 2016).

3.2.1.2 Morphology of GeIMA/HAMA hydrogels

Hydrogels were obtained after the methacrylated gelatin and hyaluronic acid solutions
were mixed and crosslinked with UV (Figure 3.9). The GeIMA and HAMA solutions
were free flowing before UV exposure (Figure 3.9A, left), and gelled after
crosslinking by exposure to UV (Figure 3.9A, right). The freezedried form of
GelMA/HAMA hydrogels are shown to be highly porous (Figure 3.9B). The average
pore size was 120 = 76 pm and had a porosity of 79% (n=75). Such pore size and the

porosity are very suitable for tissue engineering applications.
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Post-UV Treatment

Pre-UV Treatment
Solution

Figure 3.9 Characterization of GeIMA/HAMA hydrogels. A) The gel solution before
(left) and after (right) 40 s of UV treatment, B) SEM of the vertical cross-section of
the hydrogels (scale bar: 100 um).

3.2.1.3 Water contact angle measurements

Wettability was tested to study the interaction between the hydrogel surface and fluids.
Static water contact angles were measured in order to evaluate the wettability of the
hydrogel as a result from UV curing. The contact angle of the GeIMA/HAMA
hydrogel was 13.79£1.57° which was in accordance with the literature. The contact
angles of GelMA hydrogels were 10° and 12°, respectively (Aubin et al. 2010; Tan et
al. 2013). As a result, high hydrophilicity might increase the diffusivity thus
compensate the effect on water and nutrient entry into the hydrogel. Therefore, this

amount of hydrophilicity would not affect the cell viability.
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3.2.1.4 Transparency

The transmittance analysis of cell-free and ADSC loaded GeIMA/HAMA hydrogels
showed that the unloaded hydrogels had a light transmittance of 85% (Fig. 3.10A and
B) and upon loading with 1x10°® ADSCs, the transmittance did not change
significantly. However, the transmittance decreased to 56% when 2 million cells were
loaded. All these samples transmitted UV to a very low degree (320-400 nm UVA,
and 290-320 nm, UVB) which made them inherently protective against UV radiation.
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Figure 3.10 Transparency of the unloaded and stem cell loaded hydrogels. A) Up to 2
million cells in the hydrogel presented satisfactory level of transparency of the gel.
The hydrogel does not transmit light in the ultraviolet region making it inherently UV
protective. B) A decrease in the transparency of the hydrogels was observed upon the

number of cells. Opacity increases with the loading of 2 million cells.
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In case of wound dressing applications, it is important to have a therapeutic device that
is transparent when wet and thus allows the clinicians follow up of the healing process

without removing the dressing (Sherman and Kennedy 1998).

3.2.1.5 Manual handling of the hydrogel and its mechanical properties

A round 1 cm diameter piece of the GeIMA/HAMA hydrogel could easily be
manipulated using surgical forceps without breaking and deformation showing that it

was robust enough for handling (Figure 3.11A).

In compression mechanical testing, the hydrogels were stable until compression with
a load of 12.86 + 1.23 kPa (ultimate compressive stress) and had a modulus of 6.17 +
2.05 kPa. A representative stress-strain curve of the GelMA/HAMA hydrogel
presented in Appendix A. In the literature, GeIMA hydrogels with GelMA
concentration and degrees of methacrylation similar to that used in this study had a
compressive modulus of about 10 kPa showing that our results are in line with previous
published studies (Kinikoglu, Damour, and Hasirci 2015; Tsou et al. 2016). Also, these
hydrogels proved easy to manipulate which will be important in their handling in the

laboratory and in the clinic in future.

3.2.1.6 Swelling and in situ degradation

Hydrogels are crosslinked networks of hydrophilic polymers that can swell in water to
capture many times their original mass. The hydrogels prepared in this study reached
equilibrium swelling after about 48 h with the degree of swelling (DS) of 227% =+ 11
(n=5).

The weight loss over time was used as a measure of degradation. Hydrogels were

incubated in PBS and at certain time points the gels were removed from the PBS,
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freeze-dried and weighed. Degradation was slow in the first week and about 90% of
the weight was remained and in the second and third weeks the degradation rate was

significantly increased and samples lost about 60% of their initial weights (Figure
3.11B).
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Figure 3.11 Handling and degradation of the hydrogels A) Photograph showing ease
of handling and mechanical stability of the GeIMA/HAMA hydrogel with surgical
forceps, B) In situ weight loss o the hydrogel during 21 days of incubation.

Studies with the commercial dermal product Integra showed that it takes at least 3
weeks or more for new blood vessels to grow into the product from the underlying
wound (Bhargava et al. 2008; Oudshoorn et al. 2007). Therefore, this rate of hydrogel
degradation will be appropriate for it acting as a dermal substitute and also a biological

wound dressing for stimulating chronic wounds to heal.
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3.2.2 In vitro studies
3.2.2.1 Characterization of adipose derived stem cells (ADSCs)

The expression of surface markers of the cells isolated from adipose tissue were
studied in order to verify their mesenchymal stem cell nature. Passages 0 and 5 were
used for characterization. Isolated cells were expanded in tissue culture flask in growth

media.

They were analyzed using flow cytometry for the expression of surface markers CD90,
CD45 and CD31. CD90 (Thy-1) is a surface protein responsible for cell-cell and cell-
ECM interactions (Deans and Moseley 2000). Hematopoetic CD45 (Leukocyte
common antigen) and endothelial CD31 (PECAM) markers are absent on ADSCs and
are used as negative markers (Crisan et al. 2008). In order to detect any nonspecific
interaction between the cell surface, cells were also incubated with the IgG 1k isotype
control and the fluorescence intensity was compared with the unstained cells (Figure

3.12).
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Figure 3.12 ADSC phenotype characterization. PO and P5 were tested for antigen
expression. Representative example of antigen expression of human ADSC by flow

cytometry analysis. Expression of each antigen is also indicated as percentage.

Nonspecific binding was not detected as the fluorescence intensity of cells stained with
isotype control highly overlapped (over 99.8% for both passages). Stem cells were
negative (<0.12%) for the negative markers CD45 (0.12%for p0O and 0.03% for p5)
and CD31 (0.11% for p0 and 0.02% for p5), while they displayed positive expression
(>93%) for the mesenchymal marker CD90 (93.47% for p0 and 94.81% for p5). The
expression profiles were consistent with other studies reporting ADSCs positive for

CD90 but negative for CD31 and CD45 (De Toni et al. 2011).
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3.2.2.2 Viability and DNA quantification of ADSCs in the hydrogels

Viability of stem cells was determined with Live-Dead Assay. Live cell (green)
coverage was 99, 97, 94 and 96% on days 3, 7, 14 and 21, respectively (Figure 3.13A)
showing that more than 90% of the cells were alive, able to elongate and move freely

in the hydrogels for at least 3 weeks.

The proliferation and DNA amount of ADSCs in of in vitro culture was determined by
quantification of the DNA with Picogreen staining (Figure 3.13B). Same amount of
cells (1x10%) were seeded on TCPS and the hydrogels. It was observed that ADSCs in
the hydrogels proliferated at a rate similar to that in 2D culture (TCPS). There was a
gradual increase in the amount of DNA over the 21 days of culture both in the
GeIMA/HAMA hydrogels and in TCPS showing that the 3D environment is very
suitable for ADSC growth.
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Figure 3.13 Live-Dead analysis and DNA quantification of ADSC in the hydrogels
over 3 week period. A) Live-Dead analysis of ADSCs using CLSM, on the hydrogels
at different time points (3-21 days). Hydrogels stained with calcein AM (green) for
live and ethidium homodimer-1 (red) for dead cells (Magnification x10). The z-stacks
show that the penetration of the ADSCs into the hydrogel is almost homogenous (Scale
bar: 250 um). B) Quantification of DNA content by staining with Picogreen (Anova
One-Way Tukey test, p: 0.014).
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GelMA and HAMA undergo photocrosslinking to form the hydrogel used. In this
study, the Live-Dead Assay shows that more than 90% of ADSCs were alive for 21
days and the DNA count showed no negative effect of UV exposure on cell
proliferation. There is a decrease compared to the control TCPS, which arises from the

fact that cell growth in a hydrogel is less than on a TCPS surface.

According to the literature, low duration of UV exposures at 365 nm are accepted and
found to be safe in terms of cell damage (Klotz et al. 2016; Yue et al. 2015; Nichol et
al. 2010). Also, Masuma et al., 2013 studied toxicological effects of different
wavelengths (250, 270, 290, and 310 nm) and doses of UV irradiation on cell viability,
DNA structure, and DNA damage repair. Among these 4 wavelengths, the proportion
of cyclobutane pyrimidine dimer (CPD) formation, which induces mutations, was
highest at 250 nm and lowest at 310 nm. These show both cell viability and DNA
damage (as shown by CPD formation) are very low, indicating that these conditions

are safe (Masuma et al. 2013).

3.2.2.3 ADSC morphology in the hydrogels

After 3 days in culture, ADSCs entrapped in the GeIMA/HAMA hydrogels started to
spread and form protrusions within the hydrogels (Figure 3.14A). On Day 14, they
were more elongated, and by Day 21 they formed interconnected networks among the

neighboring cells.

Pore size and porosity of the hydrogels were measured from their SEM using NIH
image] program. Average pore size increased from 130 + 72 um on Day 3 to 210 + 98

pm on Day 21 (Figure 3.14B) indicating the degradation of the hydrogel.
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CLSM

Figure 3.14 Behavior of ADSCs in the hydrogels at different time points as studied
with CLSM and SEM. A) CLSM images of ADSC loaded hydrogels. Orange
(Alexa488, cytoskeleton) and cyan (Draq5, nucleus). Filopodia were observed starting
from Day 7 (Magnification x20). Inset micrographs show that the cells change from
spherical to spindle like morphology. B) SEM micrographs show the cross section of
ADSC loaded hydrogels. Individual cells could be seen starting from Day 7. Insets

show the change in cell morphology at different time points.

3.2.2.4 Organization of endothelial cells into a 3D prevascular network

Endothelial cells, co-cultured with ADSCs organized into a prevascular network in
vitro in 21 days. HUVECs stained positive for the endothelial marker CD31 while
positive staining was not observed in control samples seeded only with ADSCs
(Figure 3.15A). The formation of the prevascular network was promoted by seeding
HUVEC: ADSC 5:95 ratio. Figure 3.15B shows the cells are connected to each other

and form a 3D prevascular network of endothelial cells (stained green).
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Figure 3.15 Formation of a prevascular network in the hydrogels during 3 weeks of
incubation. A) CLSM images of ADSC loaded hydrogels were used as controls. Stains
were cytoskeleton (red, AlexaFluor532) and nucleus (blue, To-pro-3). ADSCs are
homogenously distributed in the hydrogel. B) CLSM images of HUVEC and ADSC
co-cultured in hydrogels. The additional stain is for endothelial cells (green, CD31).
After 3 days of co-culture, endothelial cells were round and separated throughout the
hydrogel. The endothelial cells organized into elongated, vessel-like structures by days

14 and 21 (x10).

The endothelial cells showed organized, elongated, vessel-like structures after Day 7.
This finding is a strong indication that in vitro prevascularization is a promising

strategy to improve implant vascularization in skin tissue engineering.

In designing the cell based hydrogel dressing to stimulate blood vessel formation it is
important to consider cell behavior and morphology, how long they need to be in place

and the fate of the hydrogel in the long term.
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Adipose derived stem cells secrete a wide variety of pro-angiogenic factors such as
vascular endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF-2), and
interleukin-6 (IL-6) that are influential at different steps of angiogenesis (Jiang, Mao
and Gao 2015; Camci-Unal et al. 2013). Co-culture of the endothelial cells (HUVEC)
with the stem cells promoted the formation of tubular like structures which shows the

in vitro pre-vascularization has occurred within the hydrogels.

3.2.3 Ex ovo studies
3.2.3.1 Ex ovo degradation

GeIMA/HAMA hydrogels were placed onto chorioallantoic membrane of Day 8 chick
embryos as mentioned in Section 2.2.2.6.4. Decrease in the hydrogel size was
measured at different time points as a measure of hydrogel degradation. Degradation
of the hydrogels were quantified by taking light microscope images of the CAM
between Days 10 and 14 as shown in Figure 3.16A. The hydrogels lost their 30% of
their surface area in 4 days with respect to their initial counterparts (Figure 3.16B).
The ex ovo degradation rate was higher than the in situ conditions showing the

enzymatic activity surpasses hydrolytical degradation.
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Figure 3.16 Ex ovo degradation of the GeIMA/HAMA hydrogels. A)
Stereomicroscopic images of the hydrogels which were incubated on chick embryo
CAM (day 10-14). Circles indicating the hydrogel edges. B) The change in hydrogel
area. The percent area was measured and analyzed with Image J. The hydrogels lost

their 30% of their surface area in 4 days.
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3.2.3.2 The angiogenic potential of the GeIMA/HAMA hydrogels

The sprouting blood vessel-like tubular structures observed in the chick aortic ring
assay were identified as endothelial cells as they stained positively with the endothelial
cell marker Isolectin B4 (Figure 3.17A). A significant increase was observed in the
length of the tubular sprouts when co-cultured with ADSC loaded hydrogels whereas
the unloaded hydrogels did not present any such structures (Figure 3.17B). Also, an
effective cell seeding density for ADSCs to increase endothelial cell sprouts was found

to be between 5x10° - 1x10° (Figure 3.17C).
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Figure 3.17 ADSC loaded hydrogels were co-cultured with chick aortic arches to
evaluate endothelial cell proliferation and sprouting on day 5 of culture. A) Endothelial
cell sprouts as observed with epifluorescence microscopy. Lectin IB4 positive
endothelial cells are stained green, nuclear components stained blue (DAPI). Arrows

show endothelial cell sprouts. B) The change in the length of endothelial sprouts with
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the seeding density of ADSCs. C) Sprout length measurements used in the calculation

of data for Figure 6B (scale bars represent 250 um).

The CAM assay clearly demonstrated newly growing blood vessels towards hydrogels
loaded with ADSC or VEGF where unloaded hydrogels served as controls (Figure
3.18A). The total number and length of blood vessels growing on the CAM tissue
adjacent to the VEGF loaded and ADSC loaded hydrogel were significantly higher
compared to unloaded ones. Also, the vasculogenic index (number of vessels growing
towards the gel in a spoke-wheel pattern) was highest for VEGF loaded hydrogels and
ADSC loaded hydrogels was the second highest with unloaded hydrogels being the
lowest (Figure 3.18B).

This experiment shows that the GeIMA/HAMA hydrogels themselves had no effect
on angiogenesis but when loaded with ADSC they increased the angiogenic response,
however, ADSCs were less effective than VEGF (used as a positive control here)

(Figure 3.18).

Currently the vasculogenic potential of tissue engineered materials are mainly
evaluated by in vivo studies which do not allow direct visualization of the blood
vessels, besides the materials are expensive and the process is time consuming. The ex
ovo CAM assay used in this study allows direct visualization of the newly forming
vessels, is relatively rapid (2 weeks), and inexpensive. Also, this method can
potentially be used as a rapid, simple and low cost screening tool to test the initial

tissue response to biomaterials, as a pre in vivo method (Xiao et al. 2011).
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Figure 3.18 Evaluation of the angiogenic properties of the hydrogels in the chick
chorioallantoic membrane (CAM) assay. A) Micrographs (upper row) and semi-
automatic processed images (lower row) of the hydrogel, hydrogel containing ADSCs
and hydrogel containing VEGF (positive control), taken on day 14 of embryonic
development. B) The change in total number of vessels, total vessel length and
vascularisation index of ADSC and VEGF loaded hydrogels calculated from processed
images (p<0.005, Nunloaded =3, nadsc loaded =4, nVEGF loaded =5, One-way ANOVA, pairwise
comparison Tukey’s post-hoc test, *: p<0.05, **: p<0.01, ***: p<0.005, ****:

p<0.001, ns: nonsignificant). Scale bars 2 mm.
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3.2.3.3 Histological evaluation of angiogenesis and initial in vivo tissue response

to hydrogels

Histological and immunohistological evaluation of normal CAM structure on Day 14
is shown in Figure 3.19A. Immunohistological study showed an increase in a-SMA
positive blood vessels in CAM tissue with the VEGF loaded hydrogels compared to
the unloaded hydrogels (Figure 3.19B). Stem cell loaded hydrogels had moderately

increased the number of blood vessels.
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Figure 3.19 Histological and immunohistological evaluation of angiogenic properties
of GeIMA/HAMA hydrogels on CAM on day 14. A) Normal appearance of CAM
structure on haematoxylin & eosin (H&E) staining and fluorescence staining of CAM
vessels with alpha-smooth muscle actin (a-SMA) and 4,6-diamidino-2-phenylindole
dihydrochloride (DAPI). Arrows and arrow heads indicate large and small blood
vessels, respectively. B) Bar chart showing quantification of a-SMA positive blood
vessel area (n=5) where ADSC loaded hydrogels had significantly increased vessel
area compared to unloaded hydrogel (One-way ANOVA, pairwise comparison

Tukey’s post-hoc test, **: p<0.01, ***: p<0.005).
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The H&E staining of the samples demonstrated almost no inflammation in the CAM
underneath the hydrogel and VEGF loaded hydrogel whereas a mild inflammatory
response together with infiltration of inflammatory cells in the perivascular area was
observed consistently in the ADSC loaded hydrogel group (Figure 3.20A). Histologic
examination of CAM-hydrogel complex has confirmed a significantly increased area
of a-SMA positive blood vessels in CAM tissue under and adjacent to the VEGF
loaded hydrogel compared to the hydrogel alone whereas ADSC loaded hydrogel was

associated with a moderate increase in the number of blood vessels (Figure 3.20B).

H&E

Hydrogel
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Figure 3.20 Histological evaluation of angiogenesis and initial in vivo tissue response
to GeIMA/HAMA hydrogels loaded with ADSC or VEGF A) Representative images
from each group stained with H&E demonstrating no inflammation and slight
perivascular inflammatory cell infiltration on CAM tissue adjacent to unloaded and
VEGEF loaded and ADSC loaded hydrogels, respectively. B) Fluorescent a-SMA
stained micrographs showing blood vessel periphery in red color. Fluorescent images
demonstrate a-SMA stained blood vessels on the CAM underneath ADSC loaded and
VEGEF loaded hydrogels (Scale bars: 100 um).
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The link between neo-angiogenesis and inflammation has long been established
(Bender et al. 2011; Nowak-Sliwinska et al. 2010; Vargas et al. 2007; Richardson et
al. 2005). It is important to rule out inflammation as a trigger in angiogenesis,
especially when xenogenic cell sources are studied. The chick embryo lacks a mature
immune system, especially in the first 11 days of the embryonic development which
appears as an advantage of using the CAM assay (Lee et al. 2009; Nai-Chen et al.
2017). These histology results in this study proved that the hydrogels loaded with stem
cells or VEGF did not cause any inflammation on the CAM tissue. There is no tissue

integration was also observed during the study.

3.3 Drug delivery studies into the dermal skin model

3.3.1 Characterization of nanoparticles

3.3.1.1 Particle Morphology, Size and Size Distribution

PHBV nanoparticles were produced as mentioned in Section 2.2.3./. SEM
micrographs of Retinyl palmitate (RP) and Rhodamine (Rho) loaded particles were
similar in terms of average size and shape. The shape of these nanoparticles was
spherical and the size was considerably uniform, as shown in Figures 3.21A and B.
The average diameters of the RP and Rho loaded particles were in the range of 190-
900 nm, and 70-450 nm, respectively (Table 3.2). CLSM was used to determine the
fluorescence intensity Rhodamine where red color represents Rhodamine (Figure

3.21C).
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Figure 3.21 Characterization of RP and Rho loaded PHBV nanoparticles. A) SEM
micrograph of the RP loaded, and B) Rho loaded particles. Magnification 20,000x.
Scale bar: 2 pm. B) CLSM microscopy of the Rho loaded particles. Red color
represents Rhodamine (x40). Scale bar: 20 um C) Size distribution of the RP and Rho

loaded nanoparticles (n=5).

In this study, all the particles were smaller than 3 pm (Figure 3.21D) in all
formulations and this range is suitable for transdermal penetration. The particle size
should be smaller than 500 nm for penetration into the cells, and 85% of our particles
were in this range indicating that the all particles could penetrate the skin and a large

fraction is suitable for endocytosis (Eke et al., 2014).
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3.3.1.2 Loading and Encapsulation Efficiency (EE) for RP and Rho

EE and loading of RP in PHBV nanoparticles determined using UV-Vis
spectrophotometry as 18.5% and 11.5%, respectively. These values for Rho were 54%
and 42% (Table 3.2).

Table 3.2 Sizes, encapsulation efficiency and loading of drugs in nanoparticles.

Sample Unloaded RP loaded Rho loaded
Property
Mean Diameter, nm 206.5+22.1 251.7+53.8 213.8+49.7
PDI 02+0.1 03+0.1 03+0.1
Size range, nm 184 - 228 198 - 306 144 - 262
Detection method - UV-Vis spectrofluorometer;

spectrophotometry; Aex:528 nm, Aem:551 nm

Amax: 326 nm
EE (%) - 18.5+0.2 54 +£23%
Loading (%) - 11.3+0.1 42 +17%

The loading process of hydrophobic drugs in hydrophobic particles is reported to
involve hydrophobic interactions between the drug and the polymeric chains of the
particles (Lalatsa et al. 2012). In the literature, 3.4% RP loading in poly(l-lactic acid)
(PLLA) nanoparticles, and 1% and 0.94% retinoic acid loading in PLGA and PHBV
nanoparticles, respectively, were reported (Errico et al. 2009; Sane and Limtrakul
2011). The results obtained in this study are higher but are comparable to those in the

literature and were used in the following release studies.
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3.3.2 Release Kinetics

Drug in the surface of the nanoparticles is dissolved first and then diffuses out of the
matrix. For this system, the rate of dissolution of drug within the matrix is faster than
the diffusion rate of dissolved drug leaving the matrix. The equation, which describe
the rate of the released drugs dispersed in an inert matrix system have been derived by

Higuchi (Higuchi 1961).

The release behaviors of Rho and RP from the PHBV nanoparticles were plotted as
‘percent released of drugs vs. time’ (% vs. t) and also according to Higuchi Equation
(M¢/M. vs. t), where M is the amount of drugs released at a given time and M.. is the

initial amount. The results are presented in Figure 3.22.
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Figure 3.22 Release profiles of Rhodamine and Retinyl palmitate from the PHBV

nanoparticles in PBS. Nanoparticles prepared by the current method released these

drugs in a gradual manner.
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Rho and RP have comparable release rates since they are both hydrophobic molecules.
It was found that PHBV nanoparticles tended to release Rho faster than RP. For Rho,
65% of the content was released in the first week and release reached 78% in 35 days.
For RP, nanoparticles released 40% of their content in the first week and on Day 35,
the cumulative release was 60%. These burst release rates were acceptable since a high
drug concentration in the beginning of treatment saturates the system with the burst

and later low rate of release maintains the drug level.

3.3.3 Penetration of RP loaded nanoparticles into human skin

In the literature, RP has been shown to repair skin damaged by chronological aging or
photoaging (Hyojung Kim et al. 2008) and it has been reported that photoaging of skin
may be decreased by using a cream containing retinoid derivatives (Varani et al. 2000).
Topical application of retinyl palmitate is a pragmatic strategy for loading the skin
with vitamin A. Retinyl palmitate is reported to penetrate to the epidermis and dermis

(Kim et al. 2018).

Human skin samples were used for in the penetration studies and RP loaded
nanoparticles were used for being a derivative of vitamin A. They were applied on the
upper layer of the skin samples. Epidermis was exposed to air and dermis was
immersed in PBS. As expected, no RP could be detected in PBS. RP amount in the
skin was determined as 1.2 + 0.4% and 6.4 £ 1.5% in the presence and absence of
stratum layers (when the stratum layer was removed), respectively. This was in
accordance with the literature; for CdSe quantum dot-loaded PEG particles,
penetration increased by 4-fold when the SKH-1 hairless mouse skin was abraded

(Gopee et al. 2009). It is also reported that FITC-conjugated polystyrene nanospheres
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dispersed in an aqueous gel were clearly visualized within pilosebaceous structures of

full-thickness hairless rat and human skin after 2 h of passive permeation.

In vivo skin penetration studies also showed that 4 h of PHBV sphere application on
the dorsal region of BALB/c mice was adequate for particles to penetrate through the
skin and the amount of particles decreased for 10 days after application (Jeong et al.
2003; Eke et al. 2015). Therefore, it can be stated that less than 24 h is sufficient for

skin penetration of the polymeric materials.

3.3.4 Determination of Nanoparticle Concentration on Keratinocytes

Different amount of drug loaded nanoparticles were used to determine the ideal
concentration of drug for the penetration through the skin model. 2D keratinocyte

culture was used for these experiments.

250 ng/mL 100 ng/mL 50 ng/mL 10 ng/mL

Figure 3.23 Effect of drug loaded nanoparticles on keratinocyte cell culture. Arrows
show nanoparticles penetrated to the cells. Red color represents nanoparticles and

keratinocytes are shown by purple. Scale bar 100 pm.

Keratinocytes were seeded in a TCPs with the density of 1x10%/well. Rhodamine

loaded nanoparticles were then added on keratinocytes with different concentrations
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in the range 250-10 ng/mL. The cell morphology was examined with CLSM.
Morphology of the cells seemed to be damaged with the presence of a high

concentration of nanoparticles (100-250 ng/mL, 1 mL).

Cell numbers were also seemed to be decreased with the increasing amount of the
nanoparticles according to the confocal micrographs (Figure 3.23). According to these

results, the ideal nanoparticle concentration was selected as 50 ng/mL per sample.

3.3.5 Penetration of Rho loaded nanoparticles into tissue engineered skin

Considering degradation, mechanical testing and immunohistochemistry results, PLA-
PHBV-PLA trilayer electrospun mesh was selected for the nanoparticle penetration
studies. The penetration behavior of fluorescent tagged nanoparticles (av. d 213.8 +
49.7 nm) was investigated (Figures 3.24 and 3.25). Rhodamine loaded nanoparticles
were seeded on the upper part (epidermis part having keratinocytes) of the trilayer
mesh prepared as skin model. After 48 h, the top epidermis side (where keratinocytes
are located) and the bottom dermis side (where fibroblasts are located) were studied
with CLSM. Trilayer mesh not treated with nanoparticles was used as the control.
Cytoskeleton and nuclei of the cells were stained with FITC-labeled phalloidin (green)

and Topro3 (red), respectively. The fluorescent stain, rhodamine was shown in blue.

It was found that the rhodamine loaded nanoparticles were localized on the upper most
layers of keratinocyte which was shown in blue color (Figure 3.24). On the other hand,
rhodamine was released from the particles and penetrated much deeper to the bottom

side of the skin model where fibroblasts were placed (Figure 3.25).
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Figure 3.24 Confocal microscopy of the top layer (keratinocyte layer) of PLA-PHBV-
PLA trilayer mesh skin model treated with Rhodamine loaded nanoparticles.
Cytoskeleton and nuclei of keratinocytes were stained with FITC-labeled phalloidin
(green) and Topro3 (red), respectively. The skin model not treated with nanoparticles
was used as a control. Blue color shows the rhodamine which was not observed in the
control samples. Inset represents the illustration of the skin model and red arrow

indicates the direction of the imaging.
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Figure 3.25 Confocal microscopy of the bottom layer (fibroblasts) of PLA-PHBV-

PLA trilayer mesh skin model treated with Rhodamine loaded nanoparticles.
Cytoskeleton and nuclei of keratinocytes were stained with FITC-labeled phalloidin
(green) and Topro3 (red), respectively. The skin model not treated with nanoparticles
was used as a control. Blue color shows the rhodamine which was not observed in the
control samples. Inset represents the illustration of the skin model and red arrow

indicates the direction of the imaging.
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3.3.6 Histology of the Rhodamine loaded nanoparticles into tissue engineered skin

Penetration depth of the rhodamine loaded nanoparticles were studied with the sections
of the constructs using SEM and CLSM (Figure 3.26). Rhodamine loaded
nanoparticles were seeded on the top keratinocyte layer and incubated for 48 h. Control
samples were not treated with the nanoparticles (Figure 3.26A). In the SEM image of
the cross section, trilayer electrospun mesh was observed with stratified epidermal
keratinocytes on top. In the close-up image (Figure 3.26A1) individual fibers were
observed. CLSM images of the control sample showed a confluent layer of
keratinocytes on top of the construct (green, cytoskeleton) but no rhodamine signal
(blue) (Figure 3.26A, bottom row). On the other hand, there were spherical structures
resembling the nanoparticles (Figure 3.26B) on the nanoparticle treated constructs on
the magnified images (Figure 3.26B1). This result was interpreted as the penetration
of the nanoparticles to the first layer of the trilayer electrospun mesh. CLSM images
were in agreement with the SEM findings such that, the highest rhodamine signal
(blue) was observed at the top electrospun layer where keratinocytes resided (green,
cytoskeleton) (Figure 3.26B, bottom row) showing the nanoparticles were mostly

located on the top layer.
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Figure 3.26 SEM and CLSM micrographs of A) control and B) rhodamine loaded
nanoparticle treated PLA/PHBV/PLA trilayer mesh skin models. Sections were cut in
6 um thickness with cryotome. Cytoskeleton and nuclei of the cells were represented

in green and red, respectively. Nanoparticles loaded with rhodamine were shown in

blue.
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Fluorescence intensity analysis of the rhodamine release to the skin model were also
studied with CLSM of the sections. Samples were embedded and cross sectioned
without further staining and analyzed for Rho fluorescence emission at 540-600 nm.
DIC images demonstrates top PLA, middle PHBV and bottom PLA layers (Figure
3.27). The control sample (no nanoparticles) showed no fluorescence emission
throughout the three layers of the scaffold at the given wavelengths (Figure 3.27, left
panel). On the other hand, nanoparticle loaded construct showed Rhodamine emission
(Figure 3.27, right panel). Fluorescence intensity analysis were conducted for all three
layers of the construct and top PLA and PHBV layers had the highest signals with
significance (p<0.0001) (from top to the bottom average signal intensities were
13.5+£3.00 au, 30.0+£5.52 au, 6.33£2.65 au, respectively). These results were in
agreement with the previous analysis where Rhodamine signal overlapped the
keratinocyte locations. According to the histology results and SEM micrographs of the
sections, nanoparticles were mostly located on the top layer, however rhodamine was

released throughout the construct.
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Figure 3.27 Fluorescence intensity analysis of the rhodamine release to the control

and rhodamine loaded nanoparticle treated PLA/PHBV/PLA trilayer mesh skin

models. Sections were cut in 6 pm thickness with cryotome.

Drugs for transdermal delivery have three pathways to cross the epidermis:

intercellular (or paracellular, in between the keratinocytes), intracellular (or

transcellular, across the keratinocytes), and through the appendageal shunt

(transappendageal) (Barry 2001). Intracellular pathway is longer than the normal

stratum corneum thickness, therefore, the most commonly preferred route for the

application of the nanoparticles and drugs is intercellular route.
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CHAPTER 4

CONCLUSIONS

In this study, it was possible to construct a viable skin equivalent and a model using
the principles of tissue engineering. Two different scaffolds were produced as dermis
layer of the model skin; PLA-PHBV-PLA trilayer electrospun mesh, collagen
sponge/PLA-PHBV bilayer mesh. In skin tissue engineering applications, two or
three-dimensional biomaterials are used for the replacement of the skin’s dermal layer.
To form epidermis, keratinocytes are exposed to air, differentiate and form epidermis
layer themselves. Both scaffolds have shown to act as a split-thickness skin model by
introducing fibroblasts and keratinocytes. Both fibroblasts and keratinocytes are
previously shown to improve the compatibility of the scaffolds. Successful synthetic
skin models were produced to stimulate epidermis, dermis and most importantly basal
membrane junction on cultured fibroblasts and keratinocytes by two different types of

scaffolds and human allograft.

As a subcutaneous tissue substitute, a hydrogel was synthesized from methacrylated
gelatin and methacrylated hyaluronic acid polymers where methacrylate groups were
used for crosslinking with the application of UV. Among other chemical and physical
crosslinking methods, UV crosslinking has the advantage of being rapid and reliable.
Hydrogel types and degradation time play a key role in host response (formation of

granulation tissue following the acute and chronic inflammation processes) to the
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implanted material which then determines the occurrence of complications such as
erosion and exposure. The other attractive feature of the GeIMA/HAMA hydrogel is
its optical transparency. Further, the fact that the hydrogels are reasonably transparent
even when loaded with cells will enable clinicians to view the wound bed under the
hydrogel and see the extent of new blood vessel formation. Additionally, it was
observed a growing number of endothelial cell sprouting from the chick aorta in
response to an increasing number of ADSCs when they are co-cultured. Taken together
these data suggest that the stem cell loaded hydrogel which was designed to act as a

subcutaneous tissue promotes angiogenesis.

Finally, drug loaded nanoparticles of PHBV were developed for drug delivery studies
into the skin model. The bioactive agent selected was retinyl palmitate, and rhodamine

was used as a fluorescent stain for the penetration studies.

The skin penetration results showed that the retinyl palmitate loaded nanoparticles
penetrated into the human skin. Fluorescent-tagged (Rhodamine) PHBV nanoparticles
were also transported to the inner parts of the skin model (trilayer electrospun mesh).
It was also observed that these particles penetrate into the cellular membrane. This
shows that the effectiveness of the application would be high without the potential
damage due to the nanoparticle accumulation because of the biodegradability of the
particles. For specific diseases, particular drugs are needed to be encapsulated in these
particles to achieve the optimum healing if not a complete cure. In this context, the

systems developed become personalized implants and treatment tools.
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Future Work

Finding strategies to combat the primary problem of ‘contraction’ which occurs after
transplantation of the tissue engineered skin constructs to real patients: Several novel
approaches that might help to decrease the contraction of the model skins have been
developed, the most promising strategy so far appears to be introducing the skin cells
together with the hydrogel on the skin model. These experiments need to be further

optimized to find the most favorable cell- hydrogel interaction to prevent contraction.

Evaluating the angiogenic potential of the split-thickness dermis models: Angiogenic
potential of the hydrogels will be tested by the CAM assay together with initial tissue
response to the constructed dermis models. Angiogenic potential and tissue response
of the subcutaneous tissue model (GelMA/HAMA hydrogels) was presented in this
thesis. However, the patients, who have superficial burns, only require a dermis layer.
Therefore, angiogenic potential of the tissue engineered dermis layer will be studied

using a similar approach with the hydrogel studies using CAM assay.

Long term in vivo tissue response: Although subcutaneous tissue model has initial
tissue response with chorionic allantoic chick membrane. Still, these initial results
need further evaluations which will mainly involve the type of inflammatory response

(M1/M2 macrophage ratio) in vivo.
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Appendix A: Representative stress strain curve of the hydrogel for compressive test.
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Appendix B: Calibration curve of ADNA-Florescence Intensity for DNA

quantification assay.
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Appendix C: Embryo survival rate in the presence of unloaded, stem cell loaded and

VEGEF loaded hydrogels.
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