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ABSTRACT

DEVELOPMENT OF 3D PRINTED PECTIN AND GELATIN BASED
BIOACTIVE SKIN GRAFTS

Bostanci, Nazli Seray
Master of Science, Biotechnology
Supervisor: Prof. Dr. Aysen Tezcaner
Co-Supervisor: Prof. Dr. Nesrin Hasirct

August 2021, 119 pages

The aim of this study was to develop an easily applicable and bioactive skin graft
composed of methacrylated pectin (PeMA) and methacrylated gelatin (GelMA),
containing curcumin and/or Vitamin-C as antimicrobial and healing accelerating
agents, respectively. Grafts were prepared in slab, 3D printed and 3D bioprinted
forms and different properties were evaluated. Preparation parameters were
optimized using slabs having different compositions (PeMA:GelMA as P:G 1:1, 1:2
and 1:3, v/v). P1:G1 solution did not have proper viscosity and eliminated from
printing studies. Based on the characterization studies, P1:G3 was chosen as the
optimum composition. Curcumin (loaded as 100 or 150 ng/mL) release from the gels
was higher at pH 7.4 than pH 5.0. The gels having higher curcumin demonstrated
higher antibacterial effect on S.aureus but lower cell proliferation. For Vitamin-C
(0.75 or 0.25 mM), spectroscopic detection was not succesful due to the interference
of photo-crosslinker (Irgacure 2959). Therefore, the effect of Vitamin-C on collagen
synthesis of fibroblasts was evaluated, where higher Vitamin-C containing gels

generated higher collagen synthesis and enhanced cell proliferation. According to



Live/Dead analyses, cell viability was above 80% for the samples having both
bioactive agents upto 14 days. Bioprinted P1:G3 hydrogels containing L929 cells,
curcumin and Vitamin-C resulted in high shape stability, viability and proliferation
of the cells. The results indicated that curcumin and Vitamin-C containing P1:G3
hydrogels (either slab, printed or bioprinted) have high potential as skin graft and
can be applied for the treatment of chronic wounds. /n vivo studies are needed before

any clinical application.

Keywords: Photocrosslinked Hydrogels, 3D Printing, Pectin, Gelatin, Skin Graft
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3 BOYUTLU (3D) BASILMIS PEKTIN VE JELATIN ESASLI BiYOAKTIF
CILT GREFTLERININ GELIiSTIRILMESI

Bostanci, Nazli Seray
Yiiksek Lisans, Biyoteknoloji
Tez Yoneticisi: Prof. Dr. Aysen Tezcaner
Ortak Tez Yoneticisi: Prof. Dr. Nesrin Hasirci

Agustos 2021, 119 sayfa

Bu calismanin amaci, antimikrobiyal ve iyilesmeyi hizlandiric1 ajanlar olarak
sirastyla kurkumin ve/veya Vitamin-C igeren metakrilatli pektin (PeMA) ve
metakrilatli jelatinden (GelMA) olusan, kolay uygulanabilir ve biyoaktif bir deri
grefti gelistirmektir. Greftler disk, 3B basim ve 3B biyobasim formlarinda
hazirlanmis ve farkli 6zellikleri degerlendirilmistir. Hazirlanma paramaetreleri farkl
kompozisyonlardaki (PeMA:GeIMA hacimsel oranlart P:G 1:1, 1:2 ve 1:3) disk
jellerde optimize edilmistir. P1:G1 soliisyonu uygun viskoziteye sahip olmadigi i¢in
3B basim caligmalarindan ¢ikiarilmistir. Karakterizasyon calismalarinin sonucunda
en uygun kompozisyon olarak P1:G3 secilmistir. Jellerden zerdecal (100 or 150
pg/mL olarak yiikklenmig) salinimi pH 7.4’te pH 5.0’¢ gore daha yiiksek
bulunmustur. Daha yliksek zerdegal igeren jeller, S.aureus iizerinde daha yiiksek
antibakteriyal etki saglamis, ancak daha diislik hiicre proliferasyonu gdstermistir.
Vitamin-C (0.25 mM veya 0.75 mM) i¢in, foto ¢apraz baglayici (Irgacure 2959) ile
etkilesimi sebebiyle spektroskopik olarak tespiti basarili olamamistir. Bu nedenle,
Vitamin-C’nin fibroblastlarin kolajen sentezi lizerine etkisi degerlendirilmis, ve daha

yiksek Vitamin-C igeren jellerin daha yliksek kolajen sentezi {irettigi ve hiicre

vil



proliferasyonunu arttirdign gézlemlenmistir. Canli/Olii analizlerine gére 14 giine
kadar her iki biyoaktif maddeye sahip orneklerde hiicre canliligr %80'in iizerinde
bulunmustur. L929 hiicreleri, zerdecal ve Vitamin-C igeren 3B biyobasim P1:G3
hidrojellerinin yliksek sekilsel stabilite ve hiicreler tizerinde canlilik ve ¢ogalmasiyla
sonuclanmistir. Sonuglar, zerdecgal ve Vitamin-C iceren P1:G3 hidrojellerinin (disk,
3B basim veya 3B biyobasim) deri grefti olarak yiiksek potansiyele sahip oldugunu
ve kronik yaralarin tedavisi i¢cin uygulanabilecegini gostermistir. Herhangi bir klinik

uygulamadan 6nce in vivo ¢alismalara ihtiyag vardir.

Anahtar Kelimeler: Foto-¢apraz Bagli Hidrojeller, 3B Basim, Pektin, Jelatin, Deri
Grefti
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CHAPTER 1

INTRODUCTION

1.1 Skin Structure and Organization

Skin is the largest organ in the human body effectuating 15% of the total body weight
of an average adult (Vig et al. 2017). The fundamental role of human skin is to act
as a barrier to protect the internal organs from external factors such as pathogens and
mechanical destruction (W.-C. Yan et al. 2018; Pereira et al. 2017). Skin is also in
charge of regulating the body temperature and moisture, eliminating biological waste
and producing Vitamin-D (Huyan et al. 2020; Przekora 2020). Human skin is
composed of three regions, named from the outer to inner layers; epidermis, dermis
and subcutaneous tissue (hypodermis). The thickness and the composition of the skin
alter from location thus, each layer has separate biostructure, components and

functions (Figure 1.1) (Suhail et al. 2019).
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Figure 1.1 Schematic illustration of human skin (Pereira et al. 2017).



Epidermis is the exterior layer of the skin and its thickness varies from 0.05 mm to
1.55 mm. It consists of keratinocytes, melanocytes, Langerhans cells and Merkel
cells (Suhail et al. 2019). Each component is responsible for different functions for
instance, melanocytes produce melanin which protects the skin from UV, while
Langerhans cells commence the first immune response to pathogens and Merkel cells
provide the sensory function to skin tissue (Tavakoli and Klar 2020; Castafieda-
Reyes et al. 2020; Sridhar, Venugopal, and Ramakrishna 2015). Nevertheless, the
majority of epidermis layer is composed of keratinocytes which produce keratin

(Castafieda-Reyes et al. 2020).

Epidermis has five sublayers named from the deepest to the superficial as; stratum
basale, stratum spinosum, stratum granulosum, stratum lucidum and stratum
corneum. Among these five layers, stratum corneum plays crucial role in water
diffusion and its balance within skin (Wickett and Visscher 2006). Epidermis has an
avascular structure thus the necessary oxygen and nutrients are provided to epidermis
from the primary papillary region in dermis (Keirouz et al. 2020). Nonetheless,
epidermis has self-renewable property that depends mainly on keratinization. As
keratinocytes differentiate, cells move from stratum basale to upper hydrophobic

stratum corneum layer.

The middle layer dermis has variable thickness from 0.3 to 3.0 mm depending on the
area (Castaneda-Reyes et al. 2020). Unlike epidermis, dermis contains enormous
amount of ECM (involving collagen, polysaccharides, elastin etc.). Thus, dermis is
responsible for the strength and the elasticity of the skin. Along with the ECM
insoluble components, dermis contains of fibroblasts, endothelial cells, vascular
cells, nerve cells and as well as hair follicles, sensory receptors, sweat glands, and
sebaceous glands (Naves et al. 2016). Fibroblasts are the primary cells of the dermis
which produce structural components as collagen and elastin that support the
mechanical stability and flexibility (Tavakoli and Klar 2020; Nourian Dehkordi et

al. 2019). In addition, the blood vessels present in this layer, promote nutrient and



oxygen passage (Augustine 2018). Therefore, dermis plays an important role in

wound healing.

Hypodermis is the deepest of the three layers of the skin. It is comprised of loose
connective tissue and majorly from adipose tissue. The adipose tissue and adequately
vascularized structure of subcutaneous tissue have a significant role in
thermoregulation, nutritional storage and insulation (Naves et al. 2016). This layer
is rich in blood and lymph vessels and also includes sweat glands and nerves.
Primary cells of hypodermis are adipocytes however, fibroblasts and mast cells,
macrophages and pre-adipocytes are also abundant (Ambekar and

Kandasubramanian 2019).

1.2 Skin Defects and Regeneration

1.2.1 Classification of Skin Wounds

A skin wound is defined as the disruption in the function and the structure of the skin
due to variety of reasons as diseases and thermal or physical damages (Ghomi et al.
2019). Commonly, wounds are categorized depending on the depth and the healing

time as acute and chronic wounds.

Acute wounds mostly occur due to exogenous based deformations such as burns, cuts
and surgical scars etc. (Okur et al. 2020). Although, the healing time can alter from
the depth and the type of the wound, acute wounds show progressive healing in three
months (Ghomi et al. 2019). Acute wounds follow the healing order and the wound
heals without the need of treatments. However, in serious cases, certain external
supports as debridements can be applied (Okur et al. 2020; Ambekar and
Kandasubramanian 2019). In comparison to chronic wounds, acute wounds do not
have bacterial colonization problem nor show cellular abnormalities in and around

the wound bed.



Chronic wounds, occur due to the internal conditions that deform cellular unity
(Okur et al. 2020). The main distinctive property of chronic wounds is that, they do
not show full and natural recovery. The natural healing order is interrupted thus,
instead of full recovery, partial healing is observed and the wound can stay active
unpredictably, through minimum 3 months to years. The main reason of the delayed
healing is bacterial contamination as E.coli, S.aureus and B.subtilis which leads to
longer inflammation stage (Dart, Bhave, and Kingshott 2019). It is also reported that
the presence of chronic wound changes the pH of human skin, increasing it from 4.0
- 6.0 to 7.15 - 8.00 which causes water loss and infections (Abrigo, McArthur, and
Kingshott 2014; Ono et al. 2015). Non-healing and/or repeating wounds as in
diabetic leg and foot ulcers, pressure ulcers, second and higher degree burns can be
given as examples for this type of wounds. Furthermore, the treatment methods of
chronic wounds are currently not fully effective. Moreover, the treatments cause an
economical burden on both to the patient and health care system, as well as causing
physical and mental challenges to the patient. It was reported that only in the United
States, almost 80.000 people are hospitalized over a year due to serious burn injuries

and average treatment/person costs US$36.000 — 117.000 (Naves et al. 2016).

1.2.2 Phases of Wound Healing

When the skin is damaged the natural functions are disrupted therefore, the immune
response commences a cascade of actions urgently, to heal the damaged or
traumatized skin. The healing process of the body is complex and it involves variety
of components and pathways as immune cells (leukocytes, microphages), body cells
(fibroblasts, keratinocytes), growth factors (TGF-B, PDGF, VEGF, FGF) and
cytokines (Suhaeri et al. 2018). Throughout an optimal healing, the skin shows four
overlapping stages as (i) hemostasis, (ii) inflammation, (iii) proliferation (re-
epithelization) and (iv) remodeling (Figure 1.2). Although, these stages are generally
synchronized, in the case of chronic wounds they might be prolonged, interrupted

and even do not occur (Rieger, Birch, and Schiffman 2013).
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Figure 1.2 Schematic representation of the phases and components in charge of the

wound healing cascade (Sun, Siprashvili, and Khavari 2014).

The first stage, hemostasis takes place right after the tissue is injured. The main role
of this stage is to prevent blood loss. Thus, thrombocytes are coagulated and blood
vessels narrow down. In addition, accumulated platelets form fibrin matrix which
covers the wound, prevents bacterial infection and migration of immune cells
(Brown, Ashley, and Koh 2018). After the blood clot is formed and hemostasis is
obtained, the second stage called inflammation begins. In this phase, vasodilation
allows the passage of neutrophils, growth factors, nutrients and cells to the wounded
area (Okur et al. 2020). Neutrophils and macrophages are in charge of removing
foreign organisms. During this phase, indications as swelling heat, pain and oedema

occur (Serra et al. 2017).



In proliferation, endothelial cells form new or restore damaged blood vessels that
allow oxygen and nutrient passage to the wound bed. Angiogenesis also stimulates
granulation by promoting fibroblast migration for re-building the basement
membrane (Ambekar and Kandasubramanian 2019; Okur et al. 2020). Lymphocytes
and growth factors as PDGF and EGF are also involved for the closure of the wound
and during the re-epithelization skin starts to contract (Brown, Ashley, and Koh
2018). This stage usually takes for 4-21 days (Figure 1.3) and ends when granulation
tissue is formed (Coma et al. 2021), (Gizaw et al. 2018).

The final phase is also known as maturation and it takes minimum three weeks and
can last for months and even years (Przekora 2020). In this stage, skin tries to balance
the synthesis, deposition and degradation of compounds. Thus, the ratio of collagen
type I increases and as a result of this change, skin reaches the highest limit of its

tensile strength and promoting wound closure (Gizaw et al. 2018).
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Figure 1.3 The timeline for overlapped wound healing stages during an acute

wound (Przekora 2020).



1.3 Skin Grafts in Wound Healing

The treatment of chronic skin wounds remains challenging. Nowadays,
debridements and antibacterial therapies are offered to the patient. However, they
are not fully effective and each method has its own risks. For instance, it was reported
that silver containing wound dressings were found inadequate for providing re-
epithelization and also, causing a color change on the wound (I Stone et al. 2018).
Prior to the complications of the healing procedure of deep wounds as second and
higher degree burns, skin grafting has been used as an optimal medication. The
success of skin grafting higher when the graft is applied onto the wounded skin
immediately. Briefly, skin grafting is a surgical procedure allowing the use of
removed skin tissue as a patch, to cover the wound bed of wounds that are wider and

deeper than 4 cm (Vig et al. 2017).

American Burn Association categorizes skin grafts as skin replacements
(transplantation) and skin substitutes based on the origin of the tissues. Skin
replacements include harvesting of the healthy skin tissue from various origins as the
patient him/herself, a donor from same species or another species (II Stone et al.
2018). Meanwhile, skin substitutes are tissue engineered artificial grafts made of
biomaterials and cells (Przekora 2020). Depending on the source of the harvested
tissues; skin replacements are divided into three groups as autografts, allografts and

xenografts.

1.3.1 Autografts (Autologous Skin Grafts)

Autografts are obtained from the uninfected tissues of the patient him/herself.
Autografts are considered as the primary and permanent treatment method for
traumatic wounds because of its low mortality rate and better outcomes in wound
closure (Naves et al. 2016). These grafts are harvested from the patient via a surgery
while the patient is usually under anesthesia. Depending on the depth of the harvested

tissue, autografts are divided into two categories as full-thickness skin grafts (FTSG)



or split-thickness skin grafts (STSG). STSG includes the harvesting of epidermis and
a slight section of papillary dermis (II Stone et al. 2018). On the other hand, FTSG
requires the removal of thicker skin piece than STSG, starting from epidermis,
covering dermis to fat layer. Due to removal of wider dermis layer, FTSGs are less

preferred since they have higher recovery time and risk of failure (Browning and

Cindass 2020).

Autografts are superior than the other grafts on providing vascularization and having
lower risk of immune rejection. However, limited availability of donor tissue and
blood loss during tissue harvesting plays a crucial role in the search for alternative
methods. Especially, for patients that are burnt more than the half of their total body
surface area (TBSA), autografting is a risky procedure (Yiwei Wang et al. 2018).

1.3.2 Allografts

Skin allografts are recognized as a promising method for patients who cannot provide
sufficient volume of healthy skin to cover their wound surface (Rezaei et al. 2017).
These grafts are obtained either from the donors of same species or their cadavers
(Yamamoto et al. 2018). Allografts have the advantage of supporting the expression
of growth factors and cytokines in the wound bed (Vig et al. 2017). Moreover,
allografts are easier to find in larger volumes that allow their usage on full thickness
wounds. However, the major drawback of these groups is the risk of contamination
from foreign pathogens and the preservation conditions of allografts limit their
preferences (Sheikh et al. 2017). Thus, allografts do not present a permanent

solution.

1.3.3 Xenografts

Xenografts are harvested from non-human species. As in allografts, xenografts are
also used in brief time to reestablish human skin tissue (Vig et al. 2017). Over the

years, many animal based grafts as chicken, dog, rat etc. have been used as a grafting



on humans. Nowadays, porcine skin is extensively used due to the histological
resemblance of porcine skin to human (Yamamoto et al. 2018). The main downsides

of xenografts are ethical and personal or religious issues (Naves et al. 2016).

1.3.4 Artificial Skin Grafts (Skin Substitutes)

The complications of conventional skin replacements as immune rejection, scar
formation, slow healing and limited harvesting tissue lead to the utilization of tissue
engineered artificial skin grafts to minimize patient discomfort (Kannaiyan et al.
2019). Tissue engineering consists of three principles as cells, scaffolds and growth
factors to revitalize, preserve and to improve the tissue activity (De Isla et al. 2010).
Thus, the primary goal of skin tissue engineering is to fabricate a skin substitute
which can accelerate cellular activity and healing while allowing the formation of
new skin meshes (Zhao et al. 2017). Although, there are currently a variety of
acellular and cellular commercialized skin substitutes (Table 1.1) none of them
effectively simulates the biological structure and/or functions of natural skin
(Metcalfe and Ferguson 2007). These grafts are unsuccessful on suitable engraftment
especially on full thickness burn wounds. For instance, an advertised graft named
Biobrane® is inadequate on protecting the wound bed from infections (Przekora
2020). Table 1.1. gives the details on commercially available skin grafts, their
cellular composition and insufficient properties. Because of these mentioned

limitations, the research for an ideal tissue engineered skin graft is still in progress.
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1.3.4.1 Aspired Characteristics of Skin Substitutes

Skin substitutes are fabricated to reduce the need for autografts. Depending on the
architecture of the skin substitute, it can be a temporary application or a permanent
graft which will not require the replacement with an autograft (Varkey, Ding, and
Tredget 2015). Therefore, in both cases, the skin substitute must present a
biocompatible environment for weeks to support the release of growth factors,
vascularization and migration and proliferation of cells. Moreover, as in other skin
replacements and wound dressings, artificial skin grafts must have the following
properties; (i) should be biocompatible and do not show toxic effects, (ii) should
regulate water loss and gaseous diffusion, (iii) should maintain the barrier behavior
and overcome infection problems, (iii) should be easy to apply and store; (iv) should
have a reasonable price, (v) should be mechanically and functionally compliant to

skin (Naves et al. 2016; Varkey, Ding, and Tredget 2015).

1.4  Hydrogel Scaffolds in Tissue Engineering

Hydrogels are a class of three-dimensional polymeric networks which can be used
as scaffold matrices for many tissue types. They attract attention especially in skin
tissue engineering, due to having carboxyl, amino and hydroxyl groups in their
backbone that provide high hydrophilic property (El-Sherbiny and Yacoub 2013).
High water retention and semi-permeability of hydrogels supports mass and gaseous
transportation while, having soft and porous structure allow flexibility that provide
better mimicking of natural tissue environment (S. Wang, Lee, and Yeong 2015). In
addition, having adjustable properties as pore sizes, allow control on the release of
drug containing systems that aid in skin healing (Alven, Nqoro, and Aderibigbe
2020). The biological, mechanical and chemical properties of the hydrogel skin
substitute are dependent on the production parameters including the chosen
material(s), covalent bonding of the polymer network and the manufacturing

method.
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14.1 Preparation of of Hydrogels

Although, hydrogels are considered as promising matrices for tissue engineering and
drug delivery applications, the characteristics of hydrogels differ from
manufacturing techniques. In order to provide an effective treatment, scaffolds must
have sufficient interconnected pore structure that would support cellular migration
and growth also diffusion of gas and waste materials (O’Brien 2011). Depending on
the needs, there are many methods for obtaining a hydrogel from traditional

techniques as to more modern techniques as 3D printing (Mantha et al. 2019).

One of the techniques is lyophilization (freeze drying) which involves fast cooling
of the polymer solution and removal of the frozen water in the material to sublimate.
The advantage of lyophilization is allowing the formation of highly porous hydrogels
however, it is not possible to control pore size or the shape (El-Sherbiny and Yacoub
2013). The geometries of lyophilized scaffolds are dependent on the molds used for
the polymer solutions. Thus, even though freeze drying is used in many tissues, only
planar shaped scaffolds are obtained with this method (Brougham et al. 2017).
Electrospinning is another method which is based on an electric field created
between the polymer and a grounded collector. A simple electrospinning setup
consists of a (7) a syringe(s) that contains the polymer solution(s), (i7) a pump that
ejects the polymer solution under defined rate, (iif) high voltage power supply that
generates an electrical charge between the syringe and the collector that forms the
fiber (iv) metal collector that compiles the exerted polymer (Esentiirk, Erdal, and
Giingor 2016). Electrospun fibers attract attention in tissue engineering applications
prior to their adjustable properties as fiber diameters, mechanical strength and
surface topography (Jin et al. 2012). Moreoever, electrospun fibers have high surface
to volume ratio which promote their cellular proliferation (Rnjak-Kovacina and
Weiss 2011). Among all these methods, 3D printing is considered as a novel

technology and is popular in tissue engineering scaffolds.
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1.4.1.1 3D Bioprinting (Additive Manufacturing)

3D Bioprinting is a state-of-the-art manufacturing technique involving a computer
aided layer by layer design (De Mori et al. 2018). 3D bioprinting is considered as a
superior method than the other fabrication techniques by providing control over the
properties of the scaffolds as pore size, pore pattern, toughness and topography that
would mimic the natural ECM of the targeted tissue (D. Singh, Singh, and Han 2016;
Maver et al. 2018). In addition, 3D bioprinting allows cell encapsulation as in a
bioink form, or cell seeding on 3D printed scaffolds which restraints cell distribution
(Derakhshanfar et al. 2018). 3D printers are divided into three categories based on
the ejection principles of polymers as inkjet printing, extrusion printing and laser

assisted printing (Figure 1.4).

Inkjet 3D bioprinting requires either thermal, piezoelectric or electromagnetic
apparatus to retain small ink droplets through the nozzles (Augustine 2018).
Attention should be paid on the viscosity of the polymeric ink should be less-viscous
thus far, needs to be mechanically stable enough right after printing (S. Wang, Lee,
and Yeong 2015). Inkjet printing is preferable prior to its rapid fabrication time and
affordability. However, bioink applications involve lower cell densities and cannot

provide homogenous distribution of cells within scaffolds (Augustine 2018).

Extrusion based 3D bioprinters, eject the polymeric ink either by piston, screw or
air pressure mechanisms (Rider et al. 2018). The advantage of this device is that it
allows high cell densities and distribution in bioprinting. However, the ink should
not be too viscous that could clog the nozzle or not too liquid to prevent the shape

fidelity (Derakhshanfar et al. 2018).

Laser assisted bioprinting does not involve nozzles thus clogging is not a problem.
The mechanism is different, briefly energy is transferred to the ribbon then, in the
laser absorbing layer a bubble is formed to which generate pressure for creating

droplets (Tamay et al. 2019). This method offers high resolution processing of solid
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or liquid polymers (Ghilan et al. 2020). The drawbacks are high expense of the
method and being the slowest fabrication among the three (Augustine 2018).

A B Pneumatic Piston  Screw c

Bioink
Laser Pulse
Energy Absorbing Ribbon
Layer 4
“~

Heater _ Piezoelectric LJ J L
~ acluator o

Vapor |

bubhle . Donor ].:l:.'L'l'f w Cell Loaded [lj'Lhngl,!]

," ._f /{ o Receiver

Figure 1.4 A comparative illustration of the 3D printing setups, inkjet printing (A),
extrusion printing (B) and laser assited printing (C) (Tamay et al. 2019).

3D bioprinted scaffolds are adapted into all tissue types and some of them include
bioactive agents for recovering the damaged site. For instance, Long et al. developed
an extrusion based 3D printed wound dressing from two biopolymers: chitosan and
pectin. In order to support the wound healing activity, the polymer ink included the
drug lidocaine hydrochloride. Their results suggested that the solutions showed good
printability as well as printed the scaffold had proper self-adhesiveness, mechanical
strength, water uptake and drug release that would be used as a dressing (Long et al.
2019). Another study for 3D printed wound dressing was reported by Ilhan et al. The
hydrogel was prepared from sodium alginate and polyethylene glycol to cover
epidermis and to target diabetic wound ulcers the authors used an extraction of
Satureja cuneifolia as a drug. The antibacterial property of S.cuneifolia was assessed
on E.coli and S.aureus. Their results showed that S.cuneifolia was as effective as
amphicillin on inhibiting bacterial proliferation however, their viability studies on
L929 cells showed decrease in cell viability after 7 days of incubation (Ilhan et al.
2020). In bone tissue engineering, Curti et al. combined Wollastonite (CaO-SiOz)
with fish gelatin in different compositions in order to fabricate a promising bioink

that can mimic the composition of bone and support osseointegration and
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osseoinduction. Among four compositions, the bioink that consisted of 77% (w/v)
Wollastonite and 23% (w/v) was found better in 3D printing preserving the shape
fidelity. The Young’s Modulus was found 2.05 + 0.34 MPa and Ca/P ratio around
2.2. The viability of the 3D printed scaffolds were determined by seeding AFSCs.
Cell density remained high during the 72 h study (Curti et al. 2020). A more general
study was performed by Basara et al. in order to improve the pattern fidelity of 3D
printed constructs. Briefly, the authors compared 3D printed GelMA with two
different photocrosslinking time with dual crosslinked GelMA hydrogels via
treatment with mTGase for the same UV exposure time. In result, it was observed
that treatment with the enzyme mTGase reduced the water uptake ratio of the
scaffolds, however it improved stiffness and preservation of pattern configuration.
Human breast cancer cell line HCC1806 was encapsulated in the bioinks and it was
observed that treatment with or without mTGase did not change the
cytocompatibility of GeIMA prints (Basara, Yue, and Zorlutuna 2019). With this
study, it was observed that the properties of the hydrogels can be adjusted with the

appropriate crosslinking mechanism.

1.4.1.2 Photocrosslinking of Hydrogels

Photocrosslinking creates irreversible reactions and transforms pre-polymer
solutions into 3D network structures when exposed to light. The free radical initiated
chain polymerization occurs with the presence of a photo-initiator (Choi et al. 2019).
Irgacure 2959 is the most popular photo-initiator type in tissue engineering
applications. It is a water soluble compound that separates into two radicals as bezoyl

and alkyl that starts the polymerization (Tomal and Ortyl 2020).

The advantages of photocrosslinking are that the reaction takes place under
biological conditions and is cost-effective (Chou and Nicoll 2009). In addition, the
properties of the hydrogels can be adjusted by changing the concentrations and the
type of photo-initiator, the power of the light source and the exposure time, the

biopolymer type and concentration (GhavamiNejad et al. 2020). For instance, the
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impact of polymer concentration and UV exposure time on 3D printability and other
properties of GeIMA hydrogels was studied. It was reported that GeIMA solutions
from 7 to 15 % (w/v) were found printable and the increase in GelMA benefitted on
the mechanical properties. However, solutions below 5% (w/v) could not be printed.
At the same time, increase in UV exposure time from 10 to 60 s also increased the
elastic modulus from 2.6 + 0.6 kPa to 60.3 + 9.5 kPa. However, 3D printed GelMA
hydrogels prepared with 10 s UV exposure were found inadequate on having shape
fidelity. Meanwhile, one day viability studies showed that among all groups, cell
viability on GelMA hydrogels which were exposed to 60 s of UV was the poorest
(Bertassoni et al. 2014). Thus, having a wide range of adjusting options lead photo-
crosslinking a highly preferred method in hydrogel preparation especially in 3D
bioprinting. Table 1.2 presents tissue engineering studies involving via photo-

crosslinking.
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1.5  Biomaterials and Bioactive Agents Used in Skin Tissue Engineering

1.5.1 Biomaterials

The decision of biomaterial(s) plays a crucial role in the properties of the scaffold.
The biodegradation profile, biocompatibility, mechanical stability and viscosity (for
ink based applications as electrospinning and 3D printing) are all dependent on the
type of the material (Kaur et al. 2019). In artificial skin graft studies, natural and

synthetic polymers are being used.

1.5.1.1 Natural Polymers (Biopolymers)

Natural polymers can be a polysaccharide (as chitosan, alginate, pectin, gellan gum
etc.) or a protein (as collagen, gelatin, hyaluronic acid etc.) origin. Biopolymers show
superior properties like biological affinity, recovering physiologic performance of
damaged ECM (Kaur et al. 2019; Przekora 2020). Therefore, they are more
preferred. However, they show limited mechanical strength and stiffness that may
require the involvement of synthetic polymers and/or cross-linkers (W.-C. Yan et al.

2018).

1.5.1.1.1 Collagen

Collagen is known for its exquisite biocompatible and non-immunogenic properties.
It is found in the dermis layer of the skin providing the mechanical strength
(Esentiirk, Erdal, and Giingor 2016). Collagen also comprises the primary element
of ECM thus, it is highly used in studies and commercialized skin grafts and displays
a vital role in tissue regeneration (Kaur et al. 2019). As an example, Ying et al.
fabricated a hydrogel from collagen and HA to use onto skin wounds. The gelation
of the two compounds was achieved through covalent interaction with H202 and an

enzyme horse radish peroxidase (HRP). To compare the effectiveness of Col-HA
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gels, pure Col crosslinked with HRP only were used as the control hydrogels. All of
the hydrogels showed similar anti-bacterial property by preventing the E.coli and
S.aureus proliferation around 47% and 55%, respectively only in 3 h of incubation.
COS-7 fibroblasts and HMECs cells were encapsulated separately in Col-HA
hydrogels. Although, both types of cells showed increase in number at the
determined time points, VEGF expression of HMECs was lower at day 7 than the
earlier time points. In vivo healing assay on mice showed that Col-HA hydrogels
showed faster healing by reducing wound area by 96.44 +0.47% in 14 days. Other
control groups, the pure gels, were also found effective on wound closure yet slightly

lower than Col-HA (Ying et al. 2019).

1.5.1.1.2 Gelatin

Gelatin is obtained through hydrolysis and denaturation of the protein collagen
(Tavakoli and Klar 2020). It can be extracted from many tissues (skin, bone and
connective tissue) of many animals (fish, porcine, bovine etc.) (Mogosanu and
Grumezescu 2014). As a derivative of collagen, gelatin possesses the RGD sequence
which provides cytocompatibility that promotes its usage in tissue engineering
applications. In skin tissue engineering, Mishra et al. produced a hydrogel membrane
by crosslinking different amounts of gelatin with pectin via glutaraldehyde. In result,
all configurations showed higher viability than 88%. In addition, increase in gelatin
amount increased the water vapor transmission rate (WVTR) which favors the

membrane as a promising wound dressing (Mishra, Majeed, and Banthia 2011).

The major drawback of gelatin based hydrogels are their instability at physiological
temperatures. To overcome this issue, gelatin is blended with other polymers or
modified chemically (Tytgat et al. 2019). Therefore, gelatin is highly used in
photopolymerization. There are numerous studies regarding on GelMA for cartilage,
skin, bone etc. tissues (GhavamiNejad et al. 2020). For instance, Zhao et al.
performed a comparative study on the wound healing abilities of electrospun GelMA

hydrogels by using pure porcine gelatin and PLGA electrospun fibers as controls.
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First, the optimizations were made on GelMA hydrogels photocrosslinked for
different times (2 min, 6 min and 10 min). It was found out that, GelMA exposed to
UV for 2 min showed faster degradation (5% in 3 days) while other scaffolds were
stable for 28 days. Meanwhile GeIMA-2 and GeIMA-10 had the two lowest Young’s
Moduli of 290 kPa and 350 kPa, respectively. Thus, for viability studies GeIMA-10
was chosen for comparison with gelatin and PLGA. Both gelatin and GeIMA
electrospun hydrogels showed high proliferation of BJ-6s cells while PLGA had the
lowest. However, the main difference between gelatin and GeIMA was observed in
in vivo healing study conducted on mice. GelMA fibers had more collagen
deposition than pure gelatin fibers and showed visible reduction wound in 14 days.
Within this study, GeIMA hydrogels were shown as effective scaffolds for wound
healing studies (Zhao et al. 2017). Another study was reported by Eke et al. which
involved a blend of photocrosslinked GeIMA and HAMA in 15:1 ratio. The
hydrogels had adequate compressive modulus (6 kPa) and preserved half of its mass
after 21 days of incubation in PBS. Vascularization capacity of ADSCs encapsulated
in the hydrogel was assessed for 21 days. For positive control VEGF was included
along with cells. Starting from day 14, cells started to elongate and contact with the
other cells (Eke et al. 2017).

1.5.1.1.3 Pectin

Pectin is an anionic polysaccharide consist of the repeating units of a-(1,4) linked D-
galacturonic acid (GalA) and other sugars as L-rhamnose, D-arabinose, D-galactose
(Gawkowska, Cybulska, and Zdunek 2018). It is extracted from variety of plants and
depending on the extraction conditions and methods, the yield and the characteristics
of pectin differs. Pectins are divided into two groups based on their degree of
esterification (DE) as low methoxy (LM) and high methoxy (HM). DE determines
the conditions for pectin to gel. For instance, LM pectin needs multivalent ions as
Ca*? and Mn*? for gelation while HM pectin gels in acidic media with the inclusion

of sugars (Noreen et al. 2017). Although, the requirements are different, pectins are
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known for their excellent gelation especially in food industries. Furthermore, having
a pH sensitive ability, adapted pectin’s usage in drug delivery and tissue engineering

applications (Lara-Espinoza et al. 2018).

Andriotis et al. produced a 3D printed skin patch from HM apple pectin blended with
Manuka honey. The ink also included cyclodextrin and prepolis for providing anti-
bacterial property to the patches. Another 3D printed skin substitute study was
reported by Pereira et al. LM citrus pectin was modified with RGD sequences than
methacrylated for the first time. The authors assessed the printability of pectin by
using three different concentrations as 1.0% 1.5% 2.5% (w/v). The 3D printed
scaffolds were dual crosslinked with UV light at different times and different
molarity of CaClz. The results showed that increasing both polymer concentration
and UV exposing time have improved the mechanical properties and gel fraction.
However, hNDF proliferation and migration was higher on bioinks with 1.5% (w/v)
polymer than 2.5% (w/v) showing that stiffness of the gel has an inverse correlation
on the spreading of cells. Moreover, the printability of the bioinks were also assessed
with CaClz concentration as 0-1-3-5 mM. It was reported that at 0 and 1 mM the
bioinks were too fluid to flow through the nozzle thus, bioprinting could not be
completed. The problem was overcomed by increasing the concentration to 3 mM
however, this amount was found toxic on cells. Therefore, in the study 1.8 mM of

CaClz was used as an ionic crosslinker (Pereira et al. 2018).

1.5.1.2 Synthetic Polymers

Synthetic polymers are known for their remarkable mechanical strength and
spinnability. However, some of them do not show biodegradable or biocompatible
properties (Alven, Nqoro, and Aderibigbe 2020). Sterilization of synthetic polymers
also limits their utilization in tissue engineering applications (Mantha et al. 2019).

Thus, they are generally combined with the biopolymers.

21



1.5.1.2.1 PEG

PEG is an inert, hydrophilic and biodegradable synthetic polymer (Choi et al. 2019).
It has exquisite thermal defiance and water retention that allowed its usage as
hydrogels in biomedical applications (Ahmed et al. 2018). Ahmed et al. developed a
hydrogel film wound dressing from PEG and PVA via freeze thaw method. The
polymers were crosslinked by autoclaving then, the drug asiaticoside was included.
The results suggested that the drug release from hydrogels obeyed zero-order
kinetics by releasing almost 90% of asiaticoside in 12 h. The gels were also seeded
with HDF and HaCaT and even though the viability study was performed for 24 h,
cells showed high viability as 97.83% and 98.74%, respectively (Ahmed et al. 2018).

1.5.1.2.2 PCL

PCL is a FDA approved synthetic polymer used frequently on tissue engineering
applications (Kannaiyan et al. 2019). Although, it has good mechanical strength, it
was reported that does not provide a sufficient environment for keratinocyte
proliferation (Franco, Nguyen, and Lee 2011). Wei et al. developed scaffolds based
on PCL, bovine skin gelatin and collagen for skin tissue engineering. PCL was
included at two different concentrations into lyophilized Col-Gel. SEM analysis of
the scaffolds showed that increasing PCL content has reduced the pore sizes and
smoothened surface. The viabilities of the scaffolds were tested by seeding PHEK,
PHDF cells and ASCs and all three cell types were found well attached and
proliferated (Wei et al. 2019).

1.5.2 Bioactive Agents

Skin substitutes obtained from aforementioned biomaterials can be limited in
supporting wound healing. Therefore, bioactive compounds are included (Alven,

Ngoro, and Aderibigbe 2020).
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1.5.2.1 Vitamin-C (L-Ascorbic Acid)

Vitamin-C also known as L-Ascorbic acid, is a water soluble compound that human
body cannot produce. The consumption of Vitamin-C is highly important for human
health since Vitamin-C is responsible for eliminating toxic free radicals and
supporting collagen biosynthesis. Vitamin-C is also an anti-oxidant that can inhibit
skin damage. It also possesses anti-agent properties that allow its utilization into
cosmetic, pharmaceutical industries and wound healing applications (Q. Wang et al.
2018; Karakurt et al. 2020). However, Vitamin-C is a delicate compound that gets
easily oxidized in acidic conditions and high temperature which limits its usage (Hu

et al. 2020).

HO OH

HO

HO

Figure 1.5 Chemical structure of Vitamin-C (CsHsOs).

In wound healing applications, Mansuroglu et al. developed a lyophilized hydrogel
of chitosan and dextran sulphate sodium, later immersed in Vitamin-C and quercetin
mixture solution. 0.02 mg/mL of Vitamin-C solution was used and in situ release
showed that almost 60% of the Vitamin-C was released in PBS (pH 7.4) in 6 h. In
addition, the impact of the drugs was analyzed by seeding 1929 cells onto the
hydrogels. Compared with the control, sole Vitamin-C loaded gels had 114.40% and
blend of Vitamin-C and quercetin loaded gels had 94.16% viability at the end of day
7 (Mansuroglu et al. 2020).
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Recently, Karakurt et al. used SLA printer for preparing Vitamin-C (1%, w/v) loaded
PEGDMA hydrogels. They have chosen riboflavin as photoinitiator (PI) and
investigated the release kinetics of Vitamin-C from the hydrogels with different pore
patterns (honeycomb, 4 circles, coaxial annulus, large and small tablets). In the
study, the gels were first immersed in simulated gastric fluid (SGF) for 2 h then, in
simulated intestinal fluid (SIF) for 4 h. Among the five designs, honeycomb pore
pattern has the highest SA/V ratio, followed by coaxial annulus. In result, designs
with higher SA/V ratio showed faster Vitamin-C release than the rest, showing that
geometry of the scaffold affects the release kinetics. Although the study was not
targeting a specific wound dressing, the authors reported that their scaffolds can be
promising matrices in drug delivery applications (Karakurt et al. 2020). Hu et al.
developed a hydrogel composed of chitosan and salecan via polyelectrolyte complex.
Vitamin-C was loaded into the gel by the immersion method. To study a pH
dependent release, the hydrogel was first placed in SGF (pH 1.2) media for 2 h then
switched to SIF (pH 6.8) for 8 h. In vitro release study showed that in SGF
approximately 10% of Vitamin-C was released while 92% of Vitamin-C was
released in SIF in the following 8 h. The viability of L929 and 3T3-L1 fibroblasts on
Vitamin-C loaded hydrogels was assessed for two days. It was reported that for both
cell types, the viability was above 95% (Hu et al. 2020).

1.5.2.2 Curcumin

Curcumin is a yellow polyphenolic compound extracted from the plant Curcuma
longa also known as turmeric (Figure 1.6) (Minzanova et al. 2018). Curcumin is a
frequently used compound in wound healing applications due to its anti-
inflammatory and antimicrobial properties. However, it has poor aqueous solubility

and bioavailability which limits its usage (J.-K. Yan et al. 2017).
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Figure 1.6 Chemical structure of curcumin (C21H200¢).

Khamrai et al. developed a film composed of gelatin and cellulose derived from
Glucanoacetobacter xylinus. Wound healing activity of the patches was studied by
immersing the films composed of different amounts of cellulose into 5 mg/mL of
curcumin solution. The antibacterial property of curcumin was assessed via disk
method on E.coli and S.aureus strains. It was shown that curcumin was effective on
inhibiting the growth of both strains. Moreover, higher cellulose amount improved
the drug uptake into the film and showed sustained release in PBS media (pH 7.4).
While, hydrogel film with lower cellulose amount, showed burst release in 40 h and
had limited NIH 3T3 proliferation on the film (Khamrai et al. 2019). Another
curcumin based wound dressing study was reported by Sharma et al. They have
conjugated curcumin with hyaluronic acid (HA) to assess its influence on wound
healing. It is reported that conjugating curcumin to HA at doses which might be toxic
in free form supported cell proliferation immensely. Meanwhile, in vivo wound
closure assay performed in diabetic mice revealed faster healing in HA-Cur group
compared to than sole HA (Sharma et al. 2018). The results on curcumin preventing
keratinocyte migration was in correlation with the other studies. For instance,
Tummalapalli et al. also reported the negative influence of curcumin on fibroblasts
in terms of apoptosis, yet improved the anti-bacterial properties of their wound
dressing based on pectin and gelatin (Tummalapalli et al. 2016a). Fereydouni et al.

(2021) produced corn zein electrospun fibers containing different concentrations of
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oil in water (O/W) nanoemulsions of curcumin. The authors reported that, the
increase in the curcumin concentration increased the ultimate tensile strength from
0.73+0.06 to 3.21 £ 0.21 MPa. It was also stated that nanofibers showed good cell
viability for both L929 and HDF cells (Fereydouni et al. 2021).
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1.6 The Aim of The Study

The treatment of chronic wound such as ulcers and burns remains a delicate issue. It
creates a major burden on the patient economically, physically and mentally while
causing financial burden on health care. Despite there are many commercialized
wound dressings or skin grafts, all products and methods have their own limitations

thus, the search for an optimal artificial graft is still proceeded.

The aim of the study was to fabricate a 3D bioprinted photo-crosslinkable
methacrylated pectin and methacrylated gelatin hydrogel skin graft which can be
utilized in the treatment of chronic wounds. Gelatin, was chosen prior to its optimal
mechanical strength and high cytocomptability. On the other hand, the
polysaccharide pectin was preferred due to its excellent water retention and stability
under acidic environments. The novelty of this study comes from incorporation of
the two bioactive agents, namely Vitamin-C and curcumin to accelerate tissue
regeneration. Vitamin-C is chosen for enhancing the synthesis of collagens, while
curcumin is chosen for its antioxidant properties. It is expected that PeMA would
provide a pH sensitive release of the drugs and GelMA would promote 1929
migration and proliferation while the Vitamin-C would support collagen synthesis

of L.929 cells and curcumin would prevent bacterial infections.

As schematically illustrated at Figure 1.7, this thesis is divided into three parts. In
the first section, synthesis of pectin and gelatin with suitable DMs would be
performed and photocrosslinkable slab gels from different PeMA:GelMA (P:G, 1:1,
1:2, 1:3, v/v) compositions would be obtained and characterization studies are

conducted.

In the second section, the same blend compositions were 3D printed with honeycomb
pore patterns. The characterizations of photocrosslinked 3D printed hydrogels were
performed and an optimal composition of PeMA:GelMA was chosen. Vitamin-C and
curcumin was loaded in the inks at determined concentrations and drug release was

studied at two different pHs to mimic the physiology of skin wounds.

28



The final section consists of 3D bioprinting of the determined polymer composition
along with the determined drug dosages. The viability of L929 cells and the release
of drugs from the scaffold was analyzed. Along with this study, a promising dermo-
epidermal artificial skin graft was aimed to be obtained for the treatment chronic

wounds.

Step 3: Photograph of hydrogels
(10 mm diameter, 2 mm thickness)
GelMA  PI:G1 P1:G2 PI1:G3

Step 5: Encapsulation of drugs into
slab gels. Evaluation of anti-bacterial
property  of curcumin  loaded
— hydrogels and in vitro drug release in
Step 4: Characterizations of hydrogels; PH 5.0 and 7-_4- Ir.westigation of the
mechanical tests, in situ degradationand ~ impact of Vitamin-C on  collagen
I swelling study, bacterial penetration, synthesis.
oxygen penetration, in vitro cell culture

PeMA GelMA
(3%, wiv)  (15%, wiv)
O — |

Step 2: UV Crosslinking

(15 mW/em?, 10 s, 3 em distance) studies
B
Step 2: Photograph of hydrogels Step 4: Enacpsulation of 0.75 mM
N (10 x 10 x 1.5 mm?) and 0.25 mM Vit-C and 100 ug/mL
and 150 ug/mL curcumin into 3D

printed hydrogels. Evaluation of
anti-bacterial property of
curcumin. Drug release in pH 5.0
and 7.4. In vitro cell culture
studies. Investigation of the impact
of  Vitamin-C  on  collagen

Step 3: Characterizations of 3D
Printed hydrogels; mechanical tests, in

Step 1: 3D Printing and UV Crosslinking situ degradation and swelling study, in synthesis.
(15 mW/cm?, 10 s, 3 ¢m distance) vitro cell culture studies
C
e
0.75 mM Curcumin and & o i
150 ug/mL Vit-C loaded * 2
P1:G3 bioink = AN
Step 1: Determination of ' y N Step 3: Evaluation of cell
optimum curcumin and Vitamin- / . ,/ = N ‘ viability and investigation of the
C concentrations. ! \ o g impact of Vitamin-C on collagen
4 f 14 synthesis.

Step 2: 3D Bioprinting (with L929 cells) and UV Crosslinking
(15 mW/cm?, 10 s, 3 cm distance, SM cells/mL)

Figure 1.7 An illustration of the experimental steps of this thesis study. Part 1
involves polymer synthesis, slab gel production, drug loading and characterization
(A). Part 2 involves the production of 3D printed hydrogels and the characterizations,
drug encapsulation and analyses. Part 3 involves the fabrication of 3D bioprinted

hydrogels and their characterizations.

29



CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Porcine skin gelatin type A (100 bloom), methacrylic anhydride (MA), 2-hydroxy-
1-(4-(hydrox-yethoxy)phenyl)-2-methyl-1-propanone ~ (Irgacure = 2959) and
Curcumin from Curcumin longa (Turmeric) powder were provided from Sigma-
Aldrich (Germany). High methoxy pectin was provided from Benosen (Turkey).
Trypsin/EDTA, Live-Dead cell viability/cytotoxicity kit, Alexa Fluor™ 488
phalloidin, dimethyl sulfoxide (DMSO) were purchased from Thermo Fisher
Scientific (USA). Triton-X 100 was purchased from PanReac Applichem
(Germany). Fetal bovine serum (FBS) was obtained from Biowest (France). Alamar
Blue cell proliferation assay solution was purchased from Invitrogen Inc. (USA).
Dulbecco’s Modified Eagle Medium (DMEM) High glucose (glucose concentration:
4.5 g/L) and L-glutamine (200 mM in 0.85% NaCl solution) were obtained from
Lonza (Switzerland). Penicillin/streptomycin (100 U/mL-100 pg/mL), Direct Red 80
and L-Ascorbic Acid were the product of Fluka (Switzerland). Recombinant Anti-
Collagen I antibody (ab138492) was obtained from ABCAM.

2.2 Methods

221 Synthesis of Methacrylated Gelatin (GelMA)

Synthesis of methacrylated gelatin was performed according to the protocol reported
by Lee et al. (Lee et al. 2015). Briefly, 20% (w/v) gelatin (type A, 100b) was
dissolved in carbonate buffer (0.25 M, pH 9.0) at 50°C, then methacrylic anhydride
was added into the gelatin solution as 2% (v/v) and mixed for 3h at 50°C. The

30



reaction was ended when pH was adjusted to 7.4. The solution was filtered, dialyzed
against distilled water (dH20) (SnakeSkin, ThermoFisher) at 40°C for 1 day and
stored at -80°C until lyophilized.

2.2.2 Synthesis of Methacrylated Pectin (PeMA)

Methacrylated pectin was synthesized according to the protocol reported by Pereira
et al. with some modifications (Pereira et al. 2018). Briefly, 1.5% (w/v) pectin was
fully dissolved in PBS (0.1 M, pH 7.4) at room temperature (RT), then 15 fold excess
of MA was added into the solution dropwise at 0.5 mL/min while pH was being
adjusted to 8.0 by adding 5.0 M NaOH. After 24 h, the reaction was stopped by
precipitating the mixture in cold acetone at +4°C. The solution was filtered and
methacrylated pectin was dried in the incubator at 37°C overnight. Later, dried pectin
was dissolved in dH20 and dialyzed (12kDa dialysis bag, Sigma Aldrich) for a week,
stored at at -80°C overnight then lyophilized.

223 Proton Nuclear Magnetic Resonance Spectroscopy (‘H NMR)
Analysis

"H-NMR analyses were conducted to determine the degree of methacrylation (DMs)
of GeIMA and PeMA. Freeze dried GelMA and PeMA were dissolved separately in
500 pL d20 (deuterium oxide) at a final concentration of 3% (w/v). GelMA was
dissolved by incubating at 60°C while PeMA dissolved at RT. After homogenously
dissolved, the solutions were pipetted into NMR tubes and analyzed at RT. DM of
each material was calculated via MestreNova NMR analysis program (version 6.0.2,

Mestrelabs Research, SL, Spain) with the following equation:

Number of methacrylate groups

DM (%) = ( ) x100 (Shin et al. 2012) (1)

Number of amine groups of unreacted polymer
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2.24 Attenuated Total Reflectance Fourier Transform Infrared (ATR-
FT-IR) Analysis

The chemical modifications of pectin and gelatin powders, lyophilized PeMA and
GelMA were confirmed by ATR FT-IR (Frontier, Perkin Elmer, USA) analysis.

2.2.5 Preparation of PeMA/GelMA Blend Solutions

Hydrogel precursor solutions were prepared by dissolving 15% (w/v) GelMA and
3% (w/v) PeMA separately in PBS (0.1 M, pH 7.4) containing 0.5% (w/v) Irgacure
2959 as the photoinitiator. After the polymers were dissolved separately, different
volume to volume ratios of PeMA and GelMA (1:1, 1:2, and 1:3, v/v) were prepared
which were designated by P1:G1, P1:G2, and P1:G3, respectively. The obtained

hydrogel solutions were used in the fabrication of slab gels and 3D printed scaffolds.

2.2.6 Rheological Analysis

The rheological behavior of the polymer solutions (GeIMA, P1:G1, P1:G2, P1:G3)
was investigated to determine the viscosity for 3D printability. Analyses were
performed at METU Department of Food Engineering using a TA rheometer (AR
2000ex, Rheometer). Temperature sweep tests were carried out between 10 - 40°C
with constant frequency at 1 Hz and strain rate 1%. The storage modulus (G’) and
loss modulus (G’’) were obtained from temperature sweep tests (Yin et al. 2018).
The viscosities of the solutions were assessed by frequency sweep test, after
equilibrating the solutions for 15 min at 20°C and analyzing at shear rate from 0.1 to

100 s,

32



2.2.7 Preparation of Slab Gels

Slab gels were prepared by pouring the hydrogel solutions into round poly
(dimethylsiloxane) (PDMS) molds with 1 cm diameter and 1.5 mm height and then
photo-crosslinked with application of UV light (OmniCure S2000 UV lamp, Lumen
Dynamics, Canada) (365 nm, 15 W/cm?, 3 cm distance) for 10 seconds. For
mechanical (compression) tests, PDMS molds with 1 cm diameter and 4 mm height

were used to obtain thicker gels.

2.2.8 Optimization of UV Exposure Time

In order to determine the optimal UV exposure time, 3D bioprinted GeIMA samples
(the preparation process is given in detail in Section 2.2.13.2.) were exposed to UV
light for 5, 10, 15 and 20 seconds, separately. The cell viability in GeIMA bioinks
was studied via Live/Dead staining as described in Section 2.2.13.5.1. The optimal
exposure time was chosen from the viability analysis and the gelation ability of the

inks.

229 Preparation of 3D Printed Scaffolds

3D printed hydrogels were obtained with EnvisionTec 3D Bioplotter (Germany). In
the same manner with slab gels, pure GeIMA and PEMA:GelMA composite
solutions were prepared by dissolving lyophilized materials in PBS (0.1 M, pH 7.4)
containing 0.5% (w/v) Irgacure 2959. Later, the solutions were poured into the
syringe and placed onto the cartridge of the 3D printer. The hydrogels were printed
in a defined square shape with the dimensions 10 x 10 x 1.5 mm? in 10 layers via
25G gauge (250 pum) along with honeycomb pore patterns (Figure 2.1). The
parameters for printing of each hydrogel types are given in Table 2.1. The illustration
of the 3D printed hydrogels is presented in Figure 2.2. For mechanical (compression)

testing, 30 layers were printed with a volume of 10 x 10 x 4.5 mm?®. After the printing
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was completed, hydrogels were photo-crosslinked under OmniCure S2000 UV lamp

(Lumen Dynamics, Canada) (365 nm, 15 W/cm?, 3 cm distance) for 10 seconds.

<«— : Period: 1.6 mm

I : Strand distance: 0.8 mm

Figure 2.1 Illustration of extrusion based 3D printed honey comb pore patterned
hydrogels. Distance between strands were set as 0.8 mm, period was set as 1.6 mm

and 250 pm gauge was used for 3D printing.

Table 2.1 3D printing parameters of the hydrogels.

Flow
Pre/Post flow Pressure
Sample RT (°O) rate
(mm/s) (bar)
(mm/s)

GelMA 21 Pre: 0.05 1.6 8
P1:G2 21 Pre: 0.05 1.5 8
P1:G3 21 Pre: 0.05 2.0 8
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2.2.10 Physical and Chemical Characterization of Slab Gels and 3D Printed
Hydrogel Scaffolds

2.2.10.1 Scanning Electron Microscopy (SEM) Analyses

The morphology of the pure and composite slab gels and 3D printed hydrogels were
investigated with Scanning Electron Microscopy (SEC, NanoEye, South Korea) at
Middle East Technical University — Center of Excellence in Biomaterials and Tissue
Engineering (METU BIOMATEN). Prior to SEM, the hydrogels were washed with
distilled water and lyophilized. The scaffolds obtained were coated with gold before
analysis. Average pore sizes of the hydrogels were determined from the micrographs

using NIH ImageJ software.

2.2.10.2 Mechanical Analyses

Mechanical properties of 3D printed hydrogels with dimensions 10 x 10 x 4.5 mm?,
were analyzed with a Mechanical Tester (Shimadzu AGS-X Universal Test Machine,
Japan) at METU BIOMATEN while the mechanical properties of slab gels were
investigated with a Mechanical Tester (CellScale Univert, Canada) at METU-TAF
Modeling and Simulation Research&Development Center (Modsimmer). The
compressive speed was set at 1| mm/min. Before mechanical testing, all hydrogels
were immersed in PBS (0.1 M, pH 7.4) for 24 h. The compressive modulus of the
hydrogels was calculated from the slope of linear region in the 0-10% strain of the

stress-strain curve (Tytgat et al. 2019).

2.2.10.3 In Situ Degradation Profile

The stability of photo-crosslinked hydrogel formulations was determined by the
difference of weight before and after incubating in PBS. The gels were incubated in

PBS (0.1 M, pH 7.4) for 21 days at 37°C and under 5% CO2 atmosphere. At
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predetermined time points (1, 3, 7, 14, 21 days), the scaffolds were taken out, washed
with distilled water three times, frozen at -80°C overnight, then lyophilized and
weighed. The weight remained of hydrogels was calculated by using the following

equation:

wi—-wt

Weight remained (%) = (1 — )x100 (Saraiva et al. 2015) (2)

wi

wi and wt correspond to the initial weight at day zero and the weight at predetermined

time points, respectively.

2.2.10.4 Equilibrium Water Content of Hydrogels

The water retention capacity of hydrogels was assessed. For this purpose, the
hydrogels were immersed in 2 mL of dH20 and incubated at 37°C, under 5% CO2
atmosphere. At predetermined time points, the hydrogels were taken out, extra water
dropping from the surface was wiped out with a filter paper with extreme care, and
the samples were weighed. The process was repeated until an equilibrium was

reached. The water uptake profile was calculated by the equation given below:

ws—wd
wd

Water uptake ratio (%) = ( ) x100 (Long et al. 2019) 3)

ws corresponds to the weight of the swollen hydrogel while, wq is the initial dry

weight.

2.2.10.5 Oxygen Permeability of Slab Gels

Oxygen permeability was assessed via Winkler method, based on the protocol
reported by McCormick (McCormick 1972). Briefly, the cap of a bottle containing
dH20, was covered with freeze dried hydrogel (1.5 cm diameter, 3 mm height) to
prevent the passage of air. The setup was placed onto the stirrer and media were left
mixing for 24 h at room temperature. After one day, 100 L. manganese (ii) sulfate

monohydrate solution (0.22 M) was added into water to fix oxygen present in water.
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Later, 50 pL basic iodide solution of NaOH (0.06 M) was added and brown colored
precipitate of manganese hydroxide was formed. This process was followed by the
addition of 20 puL 97% sulfuric acid which dissolves the precipitates. Then sodium
thiosulfate (00375 M, Na2S203) was added dropwise to to titrate the yellow colored
solution until a clear color was obtained. The added volume of Na2S203 was recorded
for the evaluation of the amount of oxygen. Finally, the endpoint was determined by

adding starch into the water.
The stoichiometric equations of the reaction are given below:

Mn*? +20H —Mn(OH):

2Mn(OH)2 + 1/202 + H20 — 2MnO(OH)2

2Mn(OH)3 +2I" +6H" —2Mn"? +1> +6H20

P4 o3

P~ +28:0572 — 31" + S40¢ >

The amount of oxygen was calculated according to the added volume of sodium
thiosulfate. From the reaction, the mole of dissolved Na2S20 is found 4 times higher

than the oxygen. The unit of the present oxygen will be given as mg per liter

(McCormick 1972).

Oxygen permeability tests were performed on slab gels of GeIMA, P1:G1, P1:G2
and P1:G3. Negative control was the bottle with closed lid and positive control was

set as an open bottle. For each group, test was performed in triplicates.

2.2.10.6 Water Contact Angle Measurements of Slab Gels

Water contact angle study was performed to assess the wettability of the surfaces of
pure and composite hydrogels. Contact angle measurements were obtained via a
goniometer (Attension, Biolin Scientific, Sweden) by adding a 7 uL of water onto
each hydrogel. The angle created on the surface of the hydrogel was measured. The

tests were performed in triplicates.
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2.2.11 Preparation of Drug Loaded Hydrogels and In Vitro Release Studies

2.2.11.1 Curcumin Loading and In Vitro Release

Two dosages were chosen from the dose dependent cytotoxicity study for curcumin

which are given in detail in Section 2.2.13.1.

The determined concentration of curcumin (100 and 150 pg/mL of polymer solution)
was added into Irgacure 2959 (0.5% w/v) containing PBS (0.1 M, pH 7.4) media in
a beaker and mixed until to obtain a homogenous solution. Lyophilized polymer was
added into the mixture, placed onto the tube heater (Stuart Scientific) at 60°C and
heated until polymer was dissolved completely. The ink was either poured into the
mold to prepare slabs, or into the syringe of the 3D printer and printed with the
parameters given in Table 2.1, and photo-crosslinked by UV application.

Curcumin release from the 3D Printed hydrogels was studied in PBS (0.1 M) with
two different pH (5.0 and 7.4). The, hydrogels were placed in well plates containing
2 mL of ethanol:PBS (1:9, v/v) (0.1 M, pH 7.4) and incubated in dark at 37°C in a
shaking incubator with a shaking rate of 50 rpm (New Brunswick Scientific, Innova
4000, USA). Ethanol was added in order to provide a medium which enhances the
release of curcumin since it’s a highly hydrophobic agent. At predetermined time
points (30 min, 1.5h, 3h, 1days, 8 days, 14 days), 2 mL of release medium was
removed and replaced with fresh medium. The removed solution was frozen at -80°C
and lyophilized. The curcumin in the eppendorfs was dissolved in ethanol and PBS
(0.1 M, pH 7.4), (1:1, v/v), absorbance of the solution was measured at 425 nm with
UV spectrophotometer (Bruker DPX 400 spectrometer). The amount of curcumin
released from the hydrogels was determined using the calibration curve constructed
with different concentrations of curcumin in ethanol:PBS (1:1, v/v), (0-10 uM)

(Appendix A). The study was performed in triplicates.
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2.2.11.2 Vitamin-C Loading and In Vitro Release

Optimal concentration of Vitamin-C (0.75 mM) was chosen from the dose dependent
cytotoxicity study and loaded into the hydrogels. The method followed is given in
detail in Section 2.2.13.2. Vitamin-C in powder form was added into Irgacure 2959
containing (PBS 0.1 M, pH 7.4) solution and vortexed at RT in dark. Lyophilized
polymer was added into this solution at RT and dissolved completely. Then the
solution was poured into syringe, loaded into the cartridge of the 3D printer.
Scaffolds were obtained by using the parameters mentioned in Table 2.1. Vitamin-C
release from the 3D printed hydrogels was assessed in PBS (0.1 M) at two different
pH (5.0 and 7.4). However, it was observed that the photoinitator, Irgacure 2959,
interacts with Vitamin-C immediately, and causes reduction in the absorbance values
(Appendix B). Thus, the amount of released Vitamin-C could not be detected in PBS
media. It was reported by Dilgin et al that the amount of Vitamin-C can be detected
via a reduction reaction with methylene blue (MB). Briefly, MB reduced to
leucomethylene blue in the presence of Vitamin-C. Moreover, increase in Vitamin-
C concentration was reported to decrease both absorbance and fluorescence peaks of
methylene blue (Dilgin and Nishi 2003). To determine the amount of Vitamin-C
released a calibration curve of Vitamin-C (5-100 uM) in 0.025 M MB in the presence
of Igracure was prepared (Appendix C). Although a decrease in absorbance with
increasing Vitamin C concentration, due to large deviations this calibration curve
could not be used. Therefore, in this study the in vitro release of Vitamin-C could
not be performed and only the impact of Vitamin-C on cells was assessed via

collagen staining at different time points.
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2.2.12 Anti-bacterial Studies

2.2.12.1 Bacterial Penetration

The penetration test was performed by the protocol reported by Ehterami et al
(Ehterami et al. 2018). Briefly, 10 mL of nutrient broth was added into the sterile
vials and each vial was covered with freeze dried hydrogels (15 mm diameter and 4
mm height). For negative control, vials were capped with their lids and for positive
control open vials were used. The test was performed in triplicates. The blurriness of
the broths was assessed by measuring absorbance at 600 nm using a microplate

reader (uQuant, Biotek, USA).

2.2.12.2 Determination of Anti-Bacterial Activity

The impact of curcumin loaded 3D printed hydrogels are investigated on gram
positive and gram negative bacterial with a zone of inhibition test. Overnight
cultured colonies of E.coli ATCC 25922 and S.aureus ATCC 29213 in Luria Broth
(LB broth) were adjusted to 0.5 McFarland turbidity standards (Ilhan et al. 2020).
100 pg/mL and 150 pg/mL curcumin containing slab gels, 3D printed hydrogels and
unloaded hydrogels as controls were produced, and all hydrogels were sterilized
under UV light (254 nm) for 15 min for each side. Later, hydrogels were placed on
agar plates and incubated for 24 h at 37°C. Zones of inhibition around the hydrogels

were measured and analyzed via NIH ImageJ software.

2.2.13 In Vitro Cell Culture Studies

2.2.13.1 Dose Dependent Cytotoxicity Study of Curcumin and Vitamin-C

In order to determine the optimal dosage of curcumin to be included in the slab and

3D printed hydrogels, the dose dependent cytotoxicity study was conducted using
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different concentrations (from 0 to 14.7 pg/mL) of curcumin. L929 mice fibroblasts
(P.26) were cultured in T-75 flasks in growth media which consists of DMEM high
glucose, 1% (v/v) Pen-Strep and 10% (v/v) FBS. The growth media were changed
in every 2 days and the fibroblast cells were incubated in a carbon dioxide incubator
(MCO-5AC, Panasonic Corp., Japan) at 37°C with 5% CO2. When cell confluency
reached 80%, the cells were detached from the flasks by incubating in trypsin/EDTA
(1X, 0.25% trypsin) for 5 minutes. Later, cell suspension was centrifuged for 5 min
at 3000 rpm. The pellet was re-suspended with media, cell suspension of 200 uL
containing 10.000 cells was seeded in each well of 96 well plates and left for 4 h for
cells to adhere on the wells. Curcumin solutions were prepared in DMSO:DMEM
High (1:10, v/v) mixture to obtain the final concentrations of curcumin as 1.84, 3.7,
5.5, 7.4 and 14.7 pg/mL. Curcumin solutions were added to each well without
changing the final volume of the wells. The study was performed in five replicates
for each concentration. After 24 and 48 h of incubation, cell viability in the curcumin
containing wells and control group wells was assessed with Alamar Blue assay, at
emission wavelength of 575 nm and excitation wavelength of 600 nm. Cell numbers
were determined with previously obtained Alamar blue calibration curve given in

Appendix D.

Dose Dependent Cytotoxicity was also performed for Vitamin-C. Since Vitamin-C
is water soluble, it was dissolved only in DMEM and diluted to different
concentrations as 0.1, 0.25, 0.50, 0.75, 1, and 5 mM. After 24 and 48 hours of
incubation, the cell number in the presence of Vitamin-C included media and control
groups (without Vitamin-C) was determined via the calibration curve constructed
with different cell number (2x10%, 5x10°, 7.5x10%, 1x10%, 1.5x10%, 2x10* and 4x10*
per well).

2.2.13.2  Cell Seeding on Slab Gels and 3D Printed Hydrogels

For cell culture studies, the hydrogel precursor solutions were prepared as mentioned

in Sections 2.2.7 and 2.2.9 however, instead of PBS (0.1 M, pH 7.4), DMEM was
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used as the solvent. L929 fibroblasts were cultured in growth media which consists
of DMEM high glucose, 1% (v/v) Pen-Strep and 10% (v/v) FBS. The growth media
were changed every 2 days and the fibroblast cells were incubated in a humidified
COz incubator (37°C, 5% CO2) until 80% confluency was reached. The hydrogels
were placed on non-adhesive 12 well plates and seeded at a seeding density of 8x10*
cells/hydrogel for Alamar Blue assay and 3x10* cells/hydrogel for Live/Dead
analysis. The cells were allowed to attach on the surfaces for 4 hours in the carbon
dioxide incubator. After 4 hours, 2 mL of media was added to each well and cells

were incubated in a carbon dioxide incubator at 37°C.

2.2.13.3 Preparation of L929 Loaded 3D Bioprinted Hydrogels

For 3D cell encapsulation, confluent L929 cells in T-75 flasks were trypsinized and
centrifuged. The pellet was re-suspended in media then suspension with cell density
of 3x10° cells were centrifuged. Polymer solution in DMEM was poured into cell
pellet and suspended. The suspension was transferred to sterile syringes and 3D

bioprinted at parameters given below in Table 2.2.

Table 2.2 3D bioprinting parameters of the hydrogels.

Pre/Post flow Pressure Flow rate
Sample RT (°C)
(mm/s) (bar) (mm/s)
GelMA 21 Pre: 0.05 2.2 8
P1:G2 21 Pre: 0.05 2.0 8
P1:G3 21 Pre: 0.05 2.5 8

2.2.13.4 Determination of L929 Proliferation on Hydrogels

3D bioprinted hydrogels and cell seeded slabs, also 3D printed hydrogels and their

controls used to determine the proliferation of L929 cells. Cell proliferation was
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determined with Alamar Blue assay. At predetermined time points (on days 1, 3 and
7) all samples were washed with DMEM Colorless. Alamar Blue solution (89%
DMEM high modified colorless, 10% Alamar Blue and 1% Pen/Strep) was added to
each well and incubated for 1 h for cell seeded samples and 4 h for bioprinted
samples in a humidified COz2 incubator (37°C, 5% COz). 200 pL of each well were
pipetted into 96 black-bottom well plates and analyzed at microplate reader at the
wavelength of 575 nm. In order to determine the cell number using Alamar Blue
assay, a calibration curve was prepared by seeding different amounts of cells as
2x103, 5x10°%, 7.5x10% 1x10% 1.5x10% 2x10* and 4x10* cells per well (n=5).
Fluoresence alamar blue assay was performed. Measurements were conducted at an
emission wavelength of 575 nm and an excitation wavelength of 600 nm and the

calibration curve was constructed from the readings (R?=0.99) (Appendix D).
2.2.13.5 Microscopy Studies

2.2.13.5.1 Live/Dead Cell Viability/Cytotoxicity Assay

Viability of L929 cells was examined with Live/Dead staining. The dye was prepared
from 2 uM Calcein AM and 0.5 uM Ethidium-homodimer in PBS (0.1 M, pH 7.4).
At predetermined time points cell seeded slab gels (on days 1, 4 and 7), cell seeded
3D printed hydrogels and 3D bioprinted hydrogels (on days 1, 4, 7 and 14), were
washed with PBS, immersed in staining solution in dark for 20 minutes then washed
with PBS. Then, the hydrogels were investigated on confocal laser scanning
microscope (CLSM) (Zeiss LSM 800, Germany). Live and dead cells were counted

in these images (n=3) via NIH ImagelJ software using the equation given below:

Number of live cells (green) )

% Live Cells = ( x100

Number of total cells (green+red)
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2.2.13.5.2 DAPI/Phalloidin Staining

At final days of incubation (7 for slab and 14 for 3D printed gels), cells on the slab
gels and 3D printed hydrogels which were initially seeded with 8x10* cells, were
fixed with the following procedure. First, samples were washed with PBS (0.1 M,
pH 7.4) then incubated with 4% paraformaldehyde (PFA) solution for 15 min. After
discarding the PFA solution, samples were washed twice with PBS (0.1 M, pH 7.4).
For DAPI/Phalloidin staining, the hydrogels were firstly incubated in Triton X-100
(0.1%, v/v in 10 mM Tris-HCI buffer) for 5 min at RT followed by an incubation in
BSA (1%, w/v in PBS) at 37°C for 30 minutes. Then, Alexafluor 488-Phalloidin was
added into the wells and incubated at 37°C for 1 h. The excess dye was removed and
samples were washed with PBS (0.1 M, pH 7.4). The samples were analyzed with
confocal laser scanning microscope (CLSM) (Zeiss LSM 800, Germany).

2.2.13.5.3 Immunocytochemistry (ICC) Staining

In order to investigate the collagen deposited by L929 cells, collagen type I staining
was performed on the hydrogels. Fixed hydrogels were incubated in 1% Triton X for
5 min (and 15 min for bioprinted samples) and washed with PBS twice. Then,
samples were incubated with anti-blocking solution for 1 h in 37°C. After washing
with PBS, the primary antibody, Collagen type I antibody solution was poured into
each well and left overnight at +4°C. The following day, collagen type I antibody
was removed and secondary antibody was added and incubated for 1 h in 37°C.
Secondary antibody was removed then, AlexaFluor 488 Phalloidin staining was
added and incubated for another hour at 37°C, after samples were washed with PBS,
DAPI staining was added and incubated for 15 min at RT. Vitamin-C containing
hydrogels after immunostaining were analyzed with confocal microscopy excited at
405, 488 and 561 nm for DAPI, Phalloidin and collagen I polyclonal antibody

(AlexaFluor 555), respectively and the areas stained with pink indicate collagen
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expression. Area of collagen positive staining to the total number of cells were

calculated (Liu et al. 2018).

2.2.13.5.4 Sirius Red Staining

Sirius red staining was also performed to determine the impact of Vitamin-C loaded
hydrogels on collagen synthesis of the fibroblasts. Briefly, the dye was prepared by
dissolving Direct Red 80 (1.5% w/v) in picric acid solution. Then, the dye was added
to the fixed cellsand incubated at RT for 1 h. The excess dye was removed and
samples were washed with 0.1 M HCI three times until no dye was released (Onat et
al. 2019). Vitamin-C loaded and unloaded 3D printed hydrogels seeded with 3x10*
cells were fixed with PFA by the previously mentioned method at days 1 and 7 (day
14 for 3D printed hydrogels). Hydrogel samples without Vitamin-C which were
seeded with 3x10* cells were used as the control. Stained hydrogels were analyzed
under confocal microscopy excited at 488 and 561 nm and images from 3 different
regions were taken. The bright red areas indicate collagens. The images were
analyzed with NIH ImageJ software, and area of collagen expressed by the total

number of cells were calculated.

2.2.14 Statistical Analyses

Unless specified otherwise, all tests were performed in triplicates. Statistical
analyses were obtained via GraphPad Prism 8 (GraphPad, San Diego, USA). p values

< 0.05 were considered significant.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 Degree of Methacrylation of PeMA and GelMA

Pectin and gelatin were methacrylated in order to have crosslinked hydrogel
structures and the mechanisms of methacrylation and photocrosslinking are
presented in Appendix E. Proton Nuclear Magnetic Resonance Spectroscopy ('H
NMR) analysis was applied to confirm the success of the methacrylation process as
well as to calculate the degree of methacrylation (DM) of the polymers. The DM
plays a crucial role in the properties of hydrogels such as the mechanical stability,
water retention capacity and biocompatibility (Bencherif et al. 2008). 'H-NMR
spectra of PeMA and GelMA are presented in Figure 3.1. New peaks around 0=1.8
ppm, 5.64 ppm and 6.05 ppm in Fig.3.1A come from methacrylate moieties and are
in correlation with literature for other methacrylated polysaccharides (Shin, Olsen,
and Khademhosseini 2012). For GelMA, peak at 0=7.24 ppm is a characteristic peak
coming from gelatin, and new peaks at 5.56 and 5.32 belong to hydrogens of

methacrylic groups.

DM values were calculated as 32% for PeMA and 83% for GeIMA. DM is dependent
on the volume of methacrylic anhydride used in the reaction (Yihu Wang et al. 2018),
and DM results in this study, are in parallel with literature. For instance, DMs of
other methacrylated polysaccharides were reported as 24.5% for gellan gum (Shin,
Olsen, and Khademhosseini 2012), 33% for chitosan (Saraiva et al. 2015), 37% for
k-carrageenan (Mihaila et al. 2013), and 16.5% for pullulan (Bae et al. 2011). GeIMA
which is the most commonly used methacrylated polymer in tissue engineering
applications and its reported DM values cover a wide range varying from 29 to 95%
(Pepelanova et al. 2018). Meanwhile, Pereira et al. reported a comparative study of

PeMA having a wide range of DMs from 21.7 - 56.6% (Pereira et al. 2018).
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Figure 3.1 '"H NMR spectra of pectin (A); PeMA (B); gelatin (C) and GeIMA (D).

Red arrows indicate new peaks coming from methacrylation.

3.2 Chemical Structures Obtained via Attenuated Total Reflectance
Fourier Transform Infrared (ATR-FTIR) Analysis

ATR-FTIR was performed to analyze the absorption characteristics of PeMA and
GelMA. The areas pointed in grey in Fig.3.2A indicate a region of 1724 cm™ and
1629 cm!' which correspond to pectin’s C=0 ester bond and increases with
methacrylation. Coutinho et al. reported that this peak increases with the increased
DM ratio on their methacrylated gellan gum (Coutinho et al. 2010). In addition, the
shoulder peak around 1620 cm™ shows C=C bond of pectin, again increased with
methacrylation. The peaks at around 3200 - 3350 cm™ indicate stretching of O-H
bonds present in both pectin and PeMA (Chan et al. 2016).

Fig.3.2B presents ATR-FTIR spectum of gelatin and GeIMA. Absorption at 2926
cm’! stems from C-H stretching. Peak at 3243 cm! indicates N-H stretching, at 1620
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cm! indicates C=C stretching, and at 1515 cm™ indicates N-H bending of amide

groups present in gelatin structure (Saraiva et al. 2015).
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Figure 3.2 ATR-FT-IR spectra of pectin and methacrylated pectin (A), gelatin and
methacrylated gelatin(B).

3.3 Effects of UV on Photocrosslinking of Hydrogels

Application of UV on the solutions containing methacrylated polymers and a
photoinitiator cause crosslinking of the polymers. Extreme high UV dose may lead
to hard structures while very low dose may not cause any solidification. On the other
hand, UV effects the cells and high doses cause death of the cells. In this study, in
order to determine the optimal UV exposure time, 0.5% (w/v) Irgacure 2959 was
dissolved in DMEM media later 15% (w/v) GelMA was added. Meanwhile 1.929
cells (p.25) was trypsinized, counted, centrifuged and 100x10* cells were added into
the prepared GeIMA solutions. UV was applied on these solutions for four different
durations and GelMA was photocrosslinked. The viability of the cells encapsulated
in GeIMA hydrogels were analyzed via Live/Dead assay (Fig.3.3A) and the viability

percentages were calculated via ImageJ software (Fig.3.3B).
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From the images, cell viability percentages were found as 91 + 3 %, 89 + 3%, 80 +
5% and 76 + 3% for 5s, 10 s, 15 s and 20 s UV application, respectively. Thus, it is
observed that UV exposure was an important parameter for cell viability. 1L.929
showed highest viability after 5 s UV exposure however, this time was not sufficient
for the gelation of PeMA blended solutions. Therefore, 10 s UV application was
chosen as optimum duration suitable for both; providing proper gelation for the

polymers and high viability for the cells.

On the other hand, 15% (w/v) GelMA and 3% (w/v) PeMA solutions were prepared
in PBS (0.1 M, pH 7.4) containing 0.5% (w/v) Irgacure 2959. The solutions were
mixed in different volume ratios as 1:1, 1:2, 1:3 (v/v) in order to prepare P1:G1,
P1:G2 and P1:G3 hydrogels, respectively. These viscous solutions were vibrated in
ultrasonic bath (CPX1800H-E, Branson Ultrasonic Corp, USA) to remove the air
bubbles. Later the homogenous solutions were poured into PDMS molds and
photocrosslinked with application of UV for 10 s. The obtained GeIMA gels were
transparent, but the color of the PeMA containing ones changed towards to opaque

whitish color depending on the amount of PeMA as seen in Fig.3.3C.

The inks for 3D printed hydrogels were prepared in the same manner as the slab gels
in PBS solution containing 0.5% (w/v) Irgacure 2959. The printing parameters are
given in Table 2.1. After the solutions were poured into syringes and placed onto
cartridges, each ink was kept on hold for 30 min to reach the equilibrium
temperature. 3D printing parameters were optimized and then GelMA, P1:G2 and
P1:G3 inks were printed. It was observed that presence of PeMA improved the
quality of printed samples by allowing shape fidelity. Honeycomb pore patterns were
clearly visible in P1:G2 and P1:G3 compared to pure GeIMA scaffolds (Fig.3.3D).
Similar result was reported by Jia et al. where 3% (w/v) alginate promoted the
printability of 7% (w/v) GeIMA (Jia et al. 2016). The shape fidelity of PeMA
containing groups may arise from the interactions of opposite charges formed
between negatively charged pectin and positively charged gelatin. Although, P1:G2
and P1:G3 inks were successfully printed, it was not possible to obtain a 3D printed

hydrogel from P1:G1 solution. The ink did not have proper viscosity ant it was highly
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fluid that either clogged the nozzle which inhibited 3D printing, or exerted in high
volumes so that it could not retain its printed honeycomb patterns. Therefore, even
though characterizations were made for P1:G1 slab gels, in 3D printing P1:G1 bioink

was not considered for further evaluation.

Viability (%)

10 15 20
UV Exposure Time (s)

P1:G2

K’_A

e ; :

4 “~:‘. " y
U L

v ";' R

Figure 3.3 Optimization of UV exposure time for slab and 3D printed hydrogels.
Live/Dead images of bioprinted GeIMA hydrogels subjected to different UV times,
from R to L, 5-10-15-20 s. Live cells are imaged green and stained with Calcein AM
while dead cells are imaged red and stained with ethidium homodimer-1 (A).
Viability percentages of L929 present in bioprinted GelMAs after different UV
exposure (B). Photocrosslinked GeIMA-P1:G1-P1:G2-P1:G3 slab gels (C).
Photocrosslinked 3D printed GelMA-P1:G2-P1:G3 hydrogels (D). Statistical
analysis was carried out using one-way ANOVA. *p<0.1, **p <0.01 and ns: not-

significant (n=3).
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3.4  Rheological Properties of GelMA and PeMA Inks

PeMA and GelMA solutions were prepared by dissolving the components in
different compositions in PBS without adding Irgacure 2959. The rheological
properties of these inks were determined with rheology analyses. Fig.3.4 A-D display
the divergence of shear storage (G’) and loss moduli (G’’) of polymer solutions with
respect to temperature. At temperatures where loss modulus exceeding storage
modulus (G’’>G’) the solutions show liquid behavior (Yin et al. 2018). Moreover,
Fig.3.4E shows the viscosity of the solutions as a function of shear rate. It was
observed that, addition of PeMA into GeIMA reduced the viscosity of the blend
solutions, especially in P1:G1. Nevertheless, P1:G2 and P1:G3 also GeIMA, showed
reduction in viscosity as the shear rate was increasing. This phenomenon is defined
as shear-thinning behavior and is crucial for inks in 3D printing. Shear thinning
behavior of inks prevent the possibility of clogging of solution through nozzle (Jia
et al. 2016). The rheology analyses proved that P1:G1 solution is too fluid for 3D

printing. Thus, P1:G1 composition was eliminated for further 3D printing studies.
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Figure 3.4 Rheology analyses of blend groups. Storage modulus (G’) and loss
modulus (G””) of GeIMA (A), P1:G1 (B), P1:G2 (C) and P1:G3 (D). Complex

viscosity of blend solutions as a fucntion of shear rate (E), tand (6=G’’/G’), the value
determines the elasticity of solutions (F).

The variation of viscoelastic loss tangent versus temperature is presented in Fig.3.4F.

This graph is based on a protocol developed by Winter and Chambon. 0 value consist

of the ratio of G’’ to G’, and decrease in the gaps in tand show that the material is
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forming a gel and becoming elastic (Nordby et al. 2003). It can be seen that for
GeIMA and P1:G3 solutions, gelation starts around 19°C while it is between 20 to
22°C for P1:G1 and P1:G2.

3.5 Physical and Chemical Properties of Slab Gels and 3D Printed
Hydrogel Scaffolds

3.51 Scanning Electron Microscopy (SEM) Results

It is important for tissue engineered scaffolds to have porous networks in order to
promote oxygen and nutrient passage to cells and to eliminate wastes from tissues
(Lin et al. 2018). Therefore, the microstructure of lyophilized hydrogel scaffolds was
analyzed via SEM and the average pore sizes were measured from SEM images
(Fig.3.5) via Imagel software. It was found that the average pore sizes were 43.58 +
5.6 um,31.43+ 15 um, 26.78 £4.8 um and 26.30 £ 7.4 um for P1:G1, P1:G2, P1:G3
and GelMA slab gels, respectively. It is observed that the pore sizes are increased as
the ratio of PeMA increases. This is in correlation with other results in this study as
water contact angle measurements, water uptake ratio and compression studies.
P1:G1 slab gel has the highest pore sizes which was also the most hydrophilic gel
among other blends. In parallel with the slab gels, Wang et al. reported that their pure
GelMA hydrogels had the average pore size of 35 um and addition of different ratios
of dextran glycidyl methacrylate reduced the pore sizes to almost 20 um. The slight
difference between GeIMA from the reported study and this study might be due to
the difference in the protocol for GeIMA synthesis. In that study, GeIMA was
derived from porcine gelatin as in this study however, 10% (w/v) gelatin was used
in the preparation and GelMA content was 5% (w/v) in the study of H. Wang et al.
(2014). Higher gelatin and GeIMA content inthe slab gelsresulted in an increase in
the fiber density thus, reduced the pore sizes. In addition, Pettinelli et al. compared
the addition of the polysaccharides pectin and k-carrageenan sepereately in chitosan

hydrogels. Similarly, they observed that the addition of polysaccharides increased
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the pore sizes and wall thickness of the hydrogels compared to pure chitosan gels
(Pettinelli et al. 2019). For 3D printed hydrogels, similar trend was observed. The
average pore sizes measured were 31.4 + 8.3 um, 25.18 £ 9.6 um and 22.2 + 6.0 um
for P1:G2, P1:G3 and GelMA hydrogels, respectively. The difference between 3D
printed and slab gels might have stemmed from higher fiber interaction occuring

during 3D printing which also improved the in situ degradation times (Figure 3.7).

It was previously reported that pore size of 20 - 125 pum is required for the
regeneration of adult mammalian skin in order to promote the transmission of
sufficient nutrients and other low molecular weight substances (Pettinelli et al.
2019). As a result, the average pore size of both slab gels and 3D printed hydrogels

was suitable for mammalian skin tissue regeneration.

Figure 3.5 SEM images of slab gels (GelMA, P1:G1, P1:G2, P1:G3) A, and 3D
printed hydrogels (GelMA, P1:G2, P1:G3) B.
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3.5.2 Mechanical Properties of Hydrogels

Mechanical properties of both slab and 3D printed hydrogels were quantified via
compression test. For slab gels, compressive moduli were found as 15 + 3 kPa, 25 +
5 kPa, 22 + 3 kPa and 23 + 6 kPa for P1:G1, P1:G2, P1:G3 and GelMA, respectively
(Fig.3.6A). As it can be seen from the results, compressive moduli decrease as PeMA
content increases. The mechanical analyses of the gels were performed after
immersing them into PBS (0.1 M, pH 7.4) for 24 h. Thus, the difference in moduli
among groups, especially between P1:G1 and GelMA, can be explained with the
swelling properties and the pore sizes of the hydrogels. P1:G1 had the highest PeMA
content and water uptake ratio (97 + 1%), and these samples demonstrated the lowest
modulus. Meanwhile, GeIMA had the lowest water uptake ratio (92 + 1%) and
showed the highest compressive modulus as expected. However, it should be noted

that there is no significant difference between P1:G2, P1:G3 and GelMA slab gels.

Compression tests were also performed for 3D printed hydrogels. As presented in
Fig.3.6B. the compressive moduli were found for 1.7 + 0.4 kPa, 2 £ 0.2 kPa and 2.1
+ 0.1 kPa for GeIMA, P1:G2 and P1:G3 hydrogels, respectively. As in slab gel
conjugates, there is no significant difference between groups. However, when
compared with slab gel equivalents, 3D printed hydrogels demonstrated lower
compressive modulus values. This could arise from the change in the area of the of
the hydrogels. 3D printed hydrogels have multiple honeycomb pattern pores with

sizes 0.8 mm and the area that the force was applied is reduced due to the pores.

On the other hand, the compressive moduli in this study were in correlation with the
data of Tytgat et al. They performed compression tests on 3D printed GelMA and
GelMA/methacrylated carrageenan hydrogels prepared in three different pore sizes.
It was reported that higher pore sized hydrogels had lower moduli. Also, they
reported that the pure GeIMA hydrogel had the moduli varying from 1.2 to 2.2 kPa
and the blend gels demonstrated 2.2 - 2.5 kPa (Tytgat et al. 2019).
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Figure 3.6 Compressive moduli of slab (A) and 3D printed (B) hydrogels. Statistical
analysis was carried out using one-way ANOVA. **p <0.01 and ns: not-significant

(n=5).

353 In situ Degradation Profile

Degradation profile of the hydrogels plays an important role in the regeneration of
natural ECM especially for drug and/or cell encapsulated systems (Rice et al. 2006).
It must be considered that the rate of degradation must meet the time required for
new tissue formation. In addition, the biodegradation products must not be toxic for
the cells. Therefore, degradation rate is an important criterion for scaffolds (Saraiva
et al. 2015). Degradation studies were performed both on slab gels and 3D printed
hydrogels by incubating the samples in PBS (0.1 M, pH 7.4) at 37°C for 21 days.

The results are presented in Fig.7.

P1:Gl slab gels dissolved fast and degradation completed in 21 days (Fig.3.7A). By
the end of day 21, GeIMA, P1:G2 and P1:G3 remained 22 + 2%, 25 + 3% and 37 +
3% of their initial amounts, respectively. Among the three groups, P1:G2 was the
only group which lost its shape. Parallel to the findings of this study, Zhao et al. used
hydrogels prepared from solutions having different GelMA concentrations and

investigated their degradation profiles. In their study, 15% GelMA lost 35 + 4% of
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its mass after 7 days of incubation. On the other hand, at the end of the three weeks
of incubation period, 3D printed P1:G2, P1:G3 and GelMA, remained 29 + 2, 60 +
7% and 43 £ 5% of their initial amounts, respectively. When compared to slab gel
conjugates, each 3D printed group showed better stability as well preserving their
honeycomb shape. This might occur as a benefit of 3D printing, on providing non-

discrete and organized fiber formation during exertion through the nozzle (Lim et al.

2021).
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Figure 3.7 In situ degradation study performed on slab (A) and 3D printed (B)
hydrogels for 21 days in PBS media (0.1 M, pH 7.4) at 37°C (n=3).

354 Equilibrium Water Contents of Hydrogels

A skin substitute must have sufficient water retention capacity in order to absorb the
wound exudate and therefore to provide a proper healing (Abrigo, McArthur, and
Kingshott 2014). Water retention property was determined on slab gels and 3D
printed hydrogels by weighing at different time points. It was obtained that both
hydrogel types have shown fast initial swelling and reached equilibria in about 3 h.
As presented in Fig.3.8A, slab gels of GelMA, P1:G1, P1:G2 and P1:G3 had 92 +
1%, 95 £ 1%, 94 + 1%, 94 + 1% water retention, respectively. Meanwhile, 3D printed
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hydrogels had 91 + 2%, 94 £ 1% and 94 + 2% water retention for GelMA, P1:G2
and P1:G3, respectively. Results show that pectin contaning hydrogels have higher
water absorption capacity. Meanwhile, pectin is already known for its high water

holding property (Akhgari et al. 2010).
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Figure 3.8 Equilibrium water content of slab gels (A) and 3D printed hydrogels (B)
(n=3).

3.5.5 Oxygen Permeability of Slab Gels

An ideal skin substitute whether bioactive or not, should allow gaseous passage.
Because, there are phases in wound healing as collagen synthesis that requires
oxygen (B. Singh and Singh 2021). In this study, oxygen permeability was
investigated via Winkler’s method by calculating the amount of dissolved oxygen in
water in a bottle which has a neck closed with freeze-dried slab gels. As given in
Figure 3.9, the dissolved oxygen values were calculated as 7.89 + 0.18, 7.62 + 0.28,
744 = 0.12 mg/mL and 7.47 £ 0.2 for, P1:Gl, P1:G2, P1:G3 and GelMA,
respectively. Meanwhile, for positive control (open flask) it was found 8.49 + 0.07
mg/mL and negative control it was 6.49 £+ 0.06 mg/mL. From these results, it can be

concluded that the hydrogels allow the passage of sufficient amount of oxygen which
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would contribute on wound healing. Parallel to the results of this study, Lu et al. used
the Winkler method on the oxygen penetration of their chitosan based wound
dressing. As a result, the oxygen amounts were calculated 8.77 = 0.31 mg/mL for the
hydrogel meanwhile, positive and negative controls were 9.26 = 0.51 and 7.92 + 0.35
mg/mL, respectively (Lu et al. 2010). The differences between the results of this

study and theirs attributed to relative humidity and temperature of the environment.
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Figure 3.9 Oxygen permeability of slab hydrogels. Statistical analysis was carried
out using one-way ANOVA. **p<0.01, ***p<0.001, ****p<0.0001, and ns: not-

significant (n=3).

3.5.6 Water Contact Angle Measurements of Slab Gels

Hydrophilicity is an essential property for wound dressing to allow the absorption of
wound exudate (Xi et al. 2018). Thus, surface wettability of slab gels was analyzed
with contact angle measurements. As given in Figure 3.10, water contact angles were
found as 63° + 8, 74° + 3, 96° + 8 and 91° £ 9 for P1:G1, P1:G2, P1:G3 and GelMA,

respectively. It was reported that hydrocolloid dressings consist of polysaccharides
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such as pectin are promising wound care materials prior to their high fluid absorption
and creating moist environment (Andriotis et al. 2020). The results showed that
increase in PeMA ratio in the hydrogel, resulted in a decrease in the contact angle
and making the scaffold more hydrophilic. This is also in correlation with the water
retention ability of hydrogels prepared in this study. PeMA included groups showed
higher water absorption due to obtaining hydrophilic structure with the presence of
pectin. Similar to the results in this study, Wang et al. reported that their GelMA
hydrogel (prepared from 7% (w/v) GelMA solution) had WCA of 82° and when
GelMA was incorporated with pure 1% (w/v) alginate WCA decreased to 60°. The
group also reported the WCA value of pure alginate hydrogel which found less than
10° (G. Wang et al. 2019). Since, pectin and alginate are both polysaccharides and
polyuronates that has similar chemical structure and gelation ability, this study
confirms the water contact angle measurements of this study. It should also be noted
that, even though there was a nonsignificant difference between P1:G3 and pure
GelMA, for an optimal skin grafting procedure, including PeMA would be beneficial

on accelerating healing due to its higher water uptake as presented in Fig.3.8.
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Figure 3.10 Water contact angle measurements of slab gels made from GelMA,
P1:G1, P1:G2 and P1:G3. Statistical analysis was carried out using one-way
ANOVA. **p <0.01 and ns: not-significant (n=5).
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3.5.7 In Vitro Curcumin Release Studies

The release studies of curcumin containing hydrogels were performed by immersing
in ethanol:PBS (1:9, v/v) media (which was reported by Comotto et al. 2019) with
two different pH (7.4 and 5.0) and incubating at 37°C. As shown in Fig.3.11, release
studies were performed both in slab (A) and 3D printed hydrogels (B). It was found
in general that, release from slab gels are faster than 3D printed hydrogels. This result
confirms the in situ degradation study which 3D printed hydrogels were found a bit

more stable.

Both hydrogel groups showed initial bursts at pH 7.4 for 3h then showed sustained
release for 8 days. At 7.4, 3D printed hydrogel had released 5.24 + 0.18% of the
curcumin while, slab gel had released 8.12 + 0.88% in 3 h. On the other hand, initial
burst was lower at pH 5.0 as 0.49 + 0.05% and 1.4 + 0.03% for 3D prints and slab
gels, respectively. This could occur due to two reasons. First, as Wang et al. reported
in their study, curcumin has low solubility in acidic conditions thus release was
slower at pH 5.0 (Wang et al. 2019). Secondly, both pectin and gelatin have carboxyl
groups in their structure. Carboxyl groups are reported to ionize at pH above 7 thus,
the hydrogels were expected to swell more in pH 7.4 and would provide faster release
(Sookkasem et al. 2015). The results suggested that curcumin release was dependent
on the pH of the media. Considering that the natural pH of the skin is acidic and
around 5.5 - 6.0 and it increases in the cases of chronic wounds, the curcumin loaded
hydrogels can provide a controlled release for the healing (Abrigo, McArthur, and
Kingshott 2014). Parallel to the release results in this study, Yoon et al. reported
similar release profile where around 50% cumulative release was observed in 7 days

in PBS (pH 7.4) from their hydrogel consist of gylcol chitosan (Yoon et al. 2017).
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Figure 3.11 Curcumin release from slab gels in PBS pH 7.4 (fuschia), pH 5.0 (purple)
(A), from 3D printed hydrogels in PBS pH 7.4 (orange) and pH 5.0 (dark green), (B).

Close view of the release profile in the first 3 h is presented as an inset.

3.5.8 Antibacterial Studies

Chronic wounds are separated from acute wounds by having high risk of infections
which prolongs the healing time and require medical assistance (Dart, Bhave, and
Kingshott 2019). Therefore, it is important to prevent both the passage of
microorganisms into the wound site and growth of pathogens around the wound. The

two properties of the skin grafts were assessed on penetration and anti-growth assays.

3.5.8.1 Bacterial Penetration

Bacterial penetration assay was performed on the slab gels only, due to the visible

large pores present on 3D printed hydrogels. As presented in Figure 3.12, although
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slab gels did not include the anti-bacterial drug, curcumin, all groups have prevented

contamination within the broth as much as negative control (glasses with caps on).
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Figure 3.12 Bacterial penetration results of slab gels. The contamination in broth
were analyzed after 5 days at 600 nm. Statistical analysis was carried out using one-
way ANOVA. ****p<(.0001 and ns: not-significant. The tests were performed in

triplicates.

3.5.8.2 Anti-Bacterial Activities of Curcumin Loaded Hydrogels

Curcumin was chosen to provide anti-bacterial property and added into the
hydrogels. Therefore, the zones of inhibition analyses were performed on curcumin
containing slabs and 3D printed hydrogels. The impact of curcumin was tested on
Gram negative (E.coli) and Gram positive bacteria (S.aureus). After 24 h incubation,
the photographs of the hydrogels were taken (Fig.3.13), and the zones were measured
via ImagelJ software. For S.aureus, diffusion zones were found as 0.63 + 0.05 and

1.50 £ 0.27 mm for 3D printed and slab gels having 150 pg/mL curcumin,
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respectively, and the difference was significant. For 3D printed and slab gels
containing 100 ug/mL curcumin, these values were 0.30 + 0.1 and 0.45 + 0.2,
respectively, and the difference was non-significant (Table 3.1). Slab gels showed
higher zone areas than the 3D printed hydrogels having the same amount of curcumin
in both concentrations. When compared with in situ degradation studies, 3D printed
hydrogels had higher stability and shape fidelity than the slab gels. Therefore,
curcumin release from slab gels was expected to be higher that resulted in zone larger

than obtained for 3D print gels.

The minimum inhibitory concentration (MIC) values of E.coli and S.aureus were
reported as 250 pg/mL and 150 pg/mL (Sandikci Altunatmaz et al. 2016) which
equals to 678 uM and 407 uM, respectively. Similarly, Comotto et al. observed a
zone on S.aureus of their hydrogel which contained 150 pg/mL curcumin. In their
study, they have also tested 300 ug/mL of curcumin loaded hydrogel but it showed
cytotoxic effects on human keratinoctyes (Comotto et al. 2019). In this study, it was
observed that when the concentration of curcumin was higher than 150 pg/mL,
curcumin prevented the penetration of UV light towards the inner parts of the
polymers and therefore inhibited the gelation of slab gels (Appendix F).
Tummalapalli et al. conducted disk diffusion study on their electrospun gelatin
fibers. They immersed their fibers into 40% (w/v) curcumin solution which equals
to 400 mg/mL in this study, that showed the success rate of 93% on inhibiting both
strains. However, this concentration caused apoptosis in NIH 3T3 fibroblasts
everyday for 3 days long incubation period. The untreated cells showed around 1400
relative fluorescence units (RFU) where cells treated with 40% (w/v) curcumin had
around 800 RFU viability. Thus, the group added aloe vera into the fibers to

minimize tha toxic effect of curcumin (Tummalapalli et al. 2016a).
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Table 3.1. Inhibition zones of S.aureus incubated with 3D printed and slab gels

having two different curcumin concentrations (n=3).

3D Printed Hydrogels Slab Gels
100 ug/mL 150 pg/mL 100 ug/mL 150 ug/mL
0.3+0.1" 0.63+0.05" 0.45 £ 0.2 1.5+£0.27™

" indicates statistical difference between the two groups (p<0.001).

* indicates no significant difference between the two groups.

Meanwhile, no visible zones were obtained on E.coli. This can be explained with
Gram positive bacteria are more sensitive to curcumin than Gram negative (Shlar et
al. 2017). Furthermore, considering that S.aureus is a common bacteria found in
infected wounds and is a part of natural skin flora (Comotto et al. 2019), the impact
of the hydrogels in this study, can present an effective wound dressing material or
skin substitute material. Furthermore, for in vivo applications of the hydrogel skin

substitute the concentration of curcumin will be increased.
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Figure 3.13 Disk diffusion images of 3D printed hydrogels (A) and slab gels (B)

containing two curcumin dosages tested on S.aureus and E.coli.

3.5.9 In vitro Cell Culture Studies

3.5.9.1 Cell Proliferation on Slab Gels and 3D Printed Hydrogels

In literature, it was already reported that both pectin and gelatin were cytocompatible
materials. However, methacrylated pectin and gelatin’s impact on cell viability was
assessed with Live/Dead analyses, alamar blue assay and DAPI/Phalloidin staining.
For this purpose, the cytotoxicity tests first applied to the slab gels by 7 days of

cultivation.

Fig.3.14A represents cell viability images of GelMA and P1:G1, P1:G2 and P1:G3
slab hydrogels and Fig.3.14B gives the percentage of live cells on slab gels analyzed
with ImageJ software from Live/Dead images. The Alamar blue analysis (Fig.3.14C)
showed that the hydrogels were cytocompatible by promoting cell proliferation.

Nonetheless, it can be also clearly seen in Fig.3.14A that cell proliferation was
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slower in P1:G1 than the other blend groups. This can be explained with the
difference in surface wettability of hydrogels. From the swelling and water contact
angle tests, it was obtained that among all groups P1:G1 showed the highest water
absorption and also it was the softest hydrogel group which these properties effect
the gels’ cytocompatibility. A similar comparison was performed by Xu et al. on
photocrosslinkable gellan gum hydrogels and modified methacrylated gellan gum
hydrogels with higher gellan gum chains that made the gel slightly more
hydrophobic. Briefly, the decrease in wettability which was observed with increase
in water contact angle (37.3 + 1.3 to 69.2 + 2.3) had supported protein adsorption
and cell adhesion (Xu et al. 2021). Thus, although the hydrogels are made from same
polymers, a significant change in surface wettability, mechanical stability and water
retention ability effected the overall biocompatibility of P1:G1 slab gel.
Furthermore, it should be also stated that at day 7, proliferation of GeIMA gel tends

to decrease while P1:G3 gel shows superior cell viability.

Apart from cell quantification, cell morphology on empty slab gels was investigated
with DAPI/Phalloidin staining (Fig 3.15). Even at day 1, L929 cells started to
elongate and by day 7 cell elongation and proliferation increased with time indicating
that the biomaterials were ideal for cell adhesion and cell growth. It should be also
noted that cell elongation and migration were higher in P1:G2 and P1:G3 groups
than GelMA group (indicated with red arrows in Fig.3.15). This was in parallel with
study reported by Zhuang et al., where GeIMA was combined with gellan gum and
3D printed scaffolds showed higher cell spreading in gellan gum and GelMA
containing groups than pure GeIMA hydrogel (Zhuang et al. 2019).
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Figure 3.14 Confocal images of Live/Dead staining of cells seeded on slab gels at
days 1, 4 and 7 (Green: Live, Red: Dead, Scale bar: 100 um, initial seeding 3x10*
cells/hydrogel) (A), percent of live cells on gels obtained from Live/Dead images
using ImagelJ software (B). Alamar Blue viability results at days 1, 4 and 7. Statistical
analysis was carried out using one-way ANOVA. *p<0.1, **p <0.01, ****p<0.0001

and ns: not-significant. (C).
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Figure 3.15 Confocal images of fibroblasts stained for nucleus (DAPI, blue in color)
and cytoskeletal elements (phalloidin, green in color). Red arrows indicate cell

elongation (scale bar: 20 um).

Cell viability study conducted on slab gels showed that P1:G3 was superior than the
other groups including the control, GeIMA (Fig.3.14C). Therefore, for the rest of the
study, P1:G3 was chosen for drug delivery, anti-bacterial properties and cellular
activity studies. Fig.3.16A represents cell viability images of 3D printed P1:G3 and
control GeIMA hydrogels and in Fig.3.16B percent of live cells on gels obtained
from Live/Dead images at different time points using ImagelJ software is given. As
seen in Fig 3.16A cells adhered and populated around the pores when seeded on 3D
printed hydrogels. This might occur due to the roughness around the edges of the

pores.
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Figure 3.16 Confocal images of Live/Dead staining of cells seeded on 3D printed
gels atdays 1,4, 7 and 14 (Green: Live, Red: Dead, Scale bar: 100 pm, initial seeding
3x10*hydrogel) (A), percent of live cells on gels obtained from Live/Dead images
using Imagel software (B). Alamar Blue viability results at days 1, 4, 7 and 14.
Statistical analysis was carried out using one-way ANOVA. *p<0.1, **p<0.01,

*#%p<0.001 and ns: not-significant. (C).
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3.5.9.2 Cell Proliferation on Curcumin and Vitamin-C Loaded Slab Gels
and 3D Printed Hydrogels

In order to determine optimal drug concentration, the biocompatibility of curcumin

and Vitamin-C loaded 3D printed and slab hydrogels were assessed, seperately.

3.5.9.2.1 L1929 Proliferation on Curcumin Loaded Slab Gels and 3D Printed
P1:G3 Hydrogels

Dose dependent cytotoxicity was conducted for curcumin (Appendix G). It was
observed that above 3.7 ug/mL curcumin concentration, the cell viability decreased.
However, MIC values of E.coli and S.aureus for curcumin are 250 pg/mL and 150
pg/mL, respectively. For the hydrogels to have antibacterial property, doses around
MIC values should be loaded. Since curcumin has low solubility in aqueous media
its release from the hydrogels would be slow. Therefore, new concentrations of 100
and 150 ug/mL of curcumin were chosen and encapsulated into 3D printed hydrogels
and slab gels. The effect of curcumin on L929 fibroblast cell viability was compared
with the viability observed in control group which did not contain curcumin. The
Live/Dead images given for slab gels in Fig.3.17A and B and for 3D printed
hydrogels in Fig.3.18A and B showed that both concentrations loaded in the
hydrogels did not show any any cytotoxic effect based on percentage of live cells
determined with ImagelJ analysis. At day 7, cell proliferation observed via Alamar
Blue assay in hydrogel groups (slab and 3D printed) loaded with 100 pg/mL
curcumin and the control was similar, however, cell proliferation observed in
hydrogel group loaded with 150 pg/mL was significantly lower than observed in the
control group (Fig.3.17C and Fig.3.18C). As given in the previous sections, the
primary aim in curcumin concentration was to choose an optimal concentration that
would both show antibacterial property and not to inhibit cell proliferation. Yu et al.
reported that curcumin concentration below 150 pg/mL supported MC3T3-El

osteoblast proliferation on their photocrosslinked hydrogel consisting of
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methacrylated hyaluronic acid, chitosan and silk fibroin (Yu et al. 2021). Therefore,

for bioprinting and in vitro drug release studies 100 pg/mL curcumin concentration

was chosen for loading of the hydrogels.
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Figure 3.17 Confocal images of Live/Dead staining of unloaded (control), 100
pg/mL and 150 pg/mL curcumin loaded slab gels at days 1, 4 and 7 (Green: Live,
Red: Dead, Scale bar: 100 pm, initial seeding 3x10*hydrogel) (A), percent of live
cells on gels obtained from Live/Dead images using Imagel software (B). Alamar
Blue viability results at days 1, 4 and 7 (C). Statistical analysis was carried out using

one-way ANOVA. *¥**p<0.001, ****p<(0,0001 and ns: not-significant.
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Figure 3.18 Confocal images of Live/Dead staining of unloaded (control), 100
pg/mL and 150 pg/mL curcumin loaded 3D printed hydrogels at days 1, 4, 7 and 14
(Green: Live, Red: Dead, Scale bar: 100 um, initial seeding 3x10* cells/hydrogel)
(A), percent of live cells on gels obtained from Live/Dead images using Imagel
software (B). Alamar Blue viability results at days 1, 4, 7 and 14 (C). Statistical
analysis was carried out using one-way ANOVA. *p<0.1, **p <0.01, ***p<0.001

and ns: not-significant.
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3.5.9.2.2 Proliferation of L.929 Fibroblasts on Vitamin-C Loaded Slab Gels
and 3D Printed P1:G3 Hydrogels

Effect of Vitamin-C on cells was examined apart of curcumin. Similar tests were
carried out for Vitamin-C by using 0.25 mM and 0.75 mM. These amounts of
Vitamin-C were encapsulated in slab and 3D printed hydrogels and the effect on cell
proliferation was evaluated. From Live/Dead staining in Fig.3.19A and Fig.3.20A,
the live cell percentages on hydrogels were above 80% and 90% for each day for
slab gels and 3D printed hydrogels, respectively. However, for 0.25 mM Vitamin-C
the difference between this group and control can clearly be seen especially at days
1 and 4. The difference was also observed in Alamar blue results (Fig.3.19C).
Briefly, the concentrations of 0.25 mM and 0.75 mM were chosen from dose
dependent cytotoxicity studies directly on L929 cells (Appendix G) where 0.25 mM
was found more effective on cell proliferation while 0.75 mM was found cytotoxic.
However, the impact was the opposite for loading these concentrations into
hydrogels. We observed that absorbance of Vitamin-C decreased. This could have
arosen from probable interaction of Vitamin-C with unreacted Irgacure 2959. Such
interaction might have caused lower release from the gels and thereby the effect of
Vitamin-C was lower. However, increasing Vitamin-C concentration to 0.75 mM
has overcome this problem and we observed the positive effect at this higher
concentarion. Therefore, for bioprinting application 0.75 mM was chosen. There is
no study in the literature reporting that concentrations of Vitamin-C similar to 0.25
mM showing no impact or negative impact on cells. Vivcharenko et al. used 0.56
mM of Vitamin-C for their films because above this concentration they observed that
cell viability decreased. However, at this concentration they did not observe a
significant difference in cell proliferation between Vitamin-C included scaffolds and
the control. The authors did not report an impact of Vitamin-C either on collagen
synthesis or cell proliferation (Vivcharenko et al. 2020). On the other hand, Fan et

al. reported the boosting effect of Vitamin-C loaded into their electrospun fibers.
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They immersed the fibers into Vitamin-C of different concentrations (14 and 42 mM)

for loading into the fibers (Fan et al. 2012).
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Figure 3.19 Confocal images of Live/Dead staining of unloaded (control), 0.25 mM
and 0.75 mM Vitamin-C loaded slab gels at days 1, 4 and 7 (Green: Live, Red: Dead,
Scale bar: 100 um, initial seeding density: 3x10*hydrogel) (A), percent of live cells
on gels obtained from Live/Dead images using ImagelJ software (B). Alamar Blue
viability results at days 1, 4 and 7 (C). Statistical analysis was carried out using one-
way ANOVA. *p<0.1, **p<0.01, ***p<0.001, ****p<0.0001 and ns: not-

significant.
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Figure 3.20 Confocal images of Live/Dead staining of unloaded (control), 0.25 mM
and 0.75 mM Vitamin-C loaded 3D printed hydrogels at days 1, 4, 7 and 14 (Green:
Live, Red: Dead, Scale bar: 100 um, initial seeding density: 3x10%hydrogel) (A),
percent of live cells on gels obtained from Live/Dead images using ImageJ software
(B). Alamar Blue viability results at days 1, 4, 7 and 14 (C). Statistical analysis was
carried out using one-way ANOVA. *p<0.1, **p <0.01, ***p<0.001, ****p<(0.0001

and ns: not-significant.
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3.5.9.2.3 L1929 Proliferation on Curcumin and Vitamin-C Loaded 3D
Bioprinted P1:G3 Hydrogels

In bioprinting experiments, 100 pg/mL curcumin and 0.75 mM Vitamin-C were
chosen based on the tests explained in previous sections. Bioink solution containing
5x10° cells/mL, 100 pg/mL curcumin and 0.75 mM Vitamin-C were prepared for
fabrication of 3D bioprinted hydrogels. A control bioink that did not contain
Vitamin-C and curcumin was used as control. From the confocal images given in
Fig. 3.21, through the cultivation period, majority of the cells were viable. In fact, at
day 14, the control had slightly less cells than curcumin and Vitamin-C containing

bioink where the pores of the scaffolds were filled with L929 fibroblasts cells

The percent of live cells (Fig.3.21B) was found lower than on the cell seeded 3D
printed hydrogels until day 4 and significant difference was observed with the control
and Vitamin-C and curcumin loaded bioprints. This result could occur from two
reasons: first, during 3D bioprinting, the polymer solution is objected to a pressure
through the nozzle which has a negative on all cell types (Blaeser et al. 2016).
Secondly, after bioprinting is completed, the hydrogel is subjected to UV light for
10 s. On the other hand, for 3D printed hydrogels, only the polymer is subjected to
pressure and UV light, and after the formation of scaffolds the cells were seeded on
them. Therefore, the viability percent of cells on those hydrogels was found to be
higher. However, starting from day 7 to day 14, drug loaded samples did not show
significant difference with control. Similar results were reported by Si et al. which
developed a 3D bioprinted photocrosslinked hydrogel consisting of methacrylated
hyaluronic acid and sodium hyaluronate using nafcillin as drug for wound dressing
application. 3x10° ml/ hDF cells were encapsulated and the viability was assessed
for 7 days. It was found that at day 1, significantly lower cell viability was observed
in the hydrogels than the control (gel without the drug). The authors explained this
as a result of the pressure during 3D bioprinting and unreacted Irgacure 2959.
Starting from day 4, drug loaded bioprints showed similar cell viability results as the

control (Si et al. 2019).
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Figure 3.21 Confocal images of Live/Dead staining of unloaded (control), 0.75 mM
Vitamin-C and 150 pg/mL curcumin loaded 3D bioprinted hydrogels at days 1, 4, 7
and 14 (Green: Live, Red: Dead, Scale bar: 200 um, cell density in bioink; 5x10°
cells/mL) (A), percent of live cells on gels obtained from Live/Dead images using

Imagel software (B). Statistical analysis was carried out using one-way ANOVA.

*p<0.1, **p < 0.01and ns: not-significant.

3.5.9.2.4 Analysis of Collagen Type I Deposition by Fibroblasts With
Immunocytochemistry (ICC)

Vitamin-C was known to accelerate collagen synthesis (Peng et al. 2016) thus,
immunostaining was performed at pre-determined time points on fixed samples in
order to investigate collagen deposition by the cells. The ratio of collagen type I

positive areas to number of nuclei stained with DAPI was calculated (Fig.3.22B, Fig
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3.23B and Fig 3.24B). It can be seen that collagen type I deposition can be detected
starting from day 7 for both slab and Vitamin-C containing hydrogels. Similar
immunocytostaining study was performed by Pereira et al. on 3D printed pectin
hydrogels where collagen deposition was observed for hNDF fibroblasts on day 14.
Therefore, it can be said that addition of Vitamin-C accelerated the collagen
synthesis for cells. Moreover, the collagen type I deposition was found significantly
higher for fibroblasts seeded on slab and 3D printed hydrogels loaded with 0.25 mM
and 0.75 mM Vitamin-C than control. For slab gels, at the end of day 7, there was
no significant difference between two doses of Vitamin-C in terms of collagen type
deposition however, for 3D printed hydrogels 0.75 mM Vitamin-C was found more
efficient than 0.25 mM. In addition to collagen synthesis, Alamar Blue results
showed that 1.929 viability was higher than 0.25 mM of Vitamin-C (Fig.3.19C,
Fig3.20C), therefore, 0.75 mM Vitamin-C was chosen for bioprinting.

When compared to cell seeded hydrogel, bioprinted scaffolds showed limited
staining. Although, the staining was procedure was repeated and the incubation
period for DAPI and Phalloidin was prolonged, it was not helpful to obtain similar
images as in cell seeded hydrogels. For this problem, there is no available literature
however, it is foreseen that the opaque color of P1:G3 gaining an orange/red color

due to curcumin inhibiting taking imagesof high quality with confocal microcopy.
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Figure 3.22 Confocal images of unloaded (control), 0.25 and 0.75 mM Vitamin-C
loaded slab gels which were stained for collagen type 1. (DAPI, blue in color,
cytoskeletal elements stained with phalloidin, green in color and collagen type I
stained in pink, Scale bar: 20 um, initial seeding 3x10*hydrogel), (A). Ratio of area
stained for collagen type I to the total number of cells which was determined by
DAPI staining of nuclei (B). Statistical analysis was carried out using one-way

ANOVA., **¥**p<(0.0001 and ns: not-significant.
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Figure 3.23 Confocal images of unloaded (control), 0.25 and 0.75 mM Vitamin-C
loaded 3D printed hydrogels which were stained for collagen type 1. (DAPI, blue in
color, cytoskeletal elements stained with phalloidin, green in color and collagen type
I stained in pink, Scale bar: 20 um, initial seeding 3x10%*hydrogel), (A). Ratio of
area stained for collagen type I to the total number of cells determined by DAPI
staining of nuclei (B). Statistical analysis was carried out using one-way ANOVA.

*p<0.1, **p <0.01, ***p<0.001 and ns: not-significant.
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Figure 3.24 Confocal images of unloaded (control) and 0.75 mM and 100 pg/mL
curcumin loaded 3D bioprinted hydrogels stained with anti-collagen type I (DAPI,
blue in color, cytoskeletal elements stained with phalloidin, green in color and anti-
collagen type I stained areas are seen in pink, Scale bar: 20 pm, cell density in bioink;
5x10° cells/mL). Ratio of area stained for collagen type I to the total number of cells
which was determined by DAPI staining (B). Statistical analysis was carried out

using one-way ANOVA. *p<0.1, **p <0.01 and ns: not-significant.
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3.5.9.2.5 Evaluation of Collagen Deposition with Sirius Red Staining

Sirius red staining was also performed on Vitamin-C containing slab gels, 3D printed
gels and curcumin containing 3D bioprinted hydrogels. The majority of the
hydrogels consisted of GeIMA, all hydrogel was stained in red because gelatin is a
collagen derivative. However, when the backgorund was minimized the cells were
observed in dark red while collagen was observed as bright red dots. In literature,
Onat et al. used sirius red staining for detecting collagen deposition by SaOS-2 and
hFOB cells seeded on poly(4-hydroxy-L-proline ester) based scaffolds. Significant
difference in collagen deposition was observed between the samples treated with
differentiation medium containing Vitamin-C than the untreated control group was
observed from 6-10%. In this study, amount of collagen staining to cell number was
found from 0.01-0.30 depending on days and concentration (Fig.3.25B, 3.26B and
3.27B). At day 1, there was no significant difference between the control and
Vitamin-C containing groups. In slab gels, difference was observed between control
and 0.75 mM at day 7. However, biggest difference between two concentrations of
Vitamin-C was observed at day 14 of 3D printed hydrogels. Sridhar et al. reported a
study based on scaffolds immersed in Vitamin-C (28 mM) (Sridhar et al. 2015). In
their study, collagen expression was detected via picrosirius red staining around 9
days. This may be the reason of Vitamin-C including slab gels not having a
significant difference fromeach other. If the study was prolonged for slab gels, we

may have observed the gap between two concentrations as in 3D printed conjugates.

It should also be noted that, in bioprinting confocal microcopy could not present high
quality images therefore, a comparison between control and bioprints could not be
held. However, since sirius red also stained the hydrogel, however collagen
deposited areas are bright red areas (Fig. 3.27A). Although at day 7 (Fig.3.27B),
there was no significant difference among the groups, however, as in cell seeded 3D
printed hydrogels, difference was observed at day 14. Collagen expression per cell
number was calculated as 0.26 for bioprints while it was 0.11 for the control. From

these results, it can be said that 0.75 mM Vitamin-C containing 3D bioprint was
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found effective on collagen synthesis of the encapsulated fibroblasts and would be

efficient on possible burn wounds.
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Figure 3.25 Confocal images of unloaded (control), 0.25 mM and 0.75 mM Vitamin-
C loaded slab gels, stained with sirius red dye (bright red dots indicate collagen,
Scale bar: 20 um, initial seeding 3x10%hydrogel). Ratio of area stained with sirius
red to number of cells which was determined with DAPI staining (B). Statistical
analysis was carried out using one-way ANOVA. *p<0.1, **p <0.01 and ns: not-

significant.
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Figure 3.26 Confocal images of unloaded (control), 0.25 mM and 0.75 mM Vitamin-
C loaded 3D printed hydrogels, stained with sirius red dye (bright red dots indicate
collagen, Scale bar: 20 pm, initial seeding: 3x10%hydrogel). Ratio of area stained
with sirius red to number of cells which was determined with DAPI staining (B).
Statistical analysis was carried out using one-way ANOVA. *p<0.1, **p<0.01,

*#%p<0.001, ****p<0.0001 and ns: not-significant.
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Figure 3.27. Confocal images of unloaded (control) and 0.75 mM Vitamin-C and
100 pg/mL curcumin loaded 3D bioprinted hydrogel, stained with sirius red dye
(bright red dots indicate collagen, Scale bar: 20 pm, initial seeding 3x10*hydrogel).
Ratio of area stained with sirius red to number of cells which was determined with

DAPI staining (B). Statistical analysis was carried out using one-way ANOVA,

*###p<0.0001 and ns: not-significant.

87






CHAPTER 4

CONCLUSION

In this thesis study, curcumin and/or Vitamin-C loaded skin graft of methacrylated
pectin and methacrylated gelatin hydrogels were produced for the first time in 3D
printed and slab forms. Blend hydrogels in slab form was found to allow sufficient
oxygen permeability required for wound healing as well as inhibiting microorganism
penetration. Addition of PeMA have improved wettability of hydrogels.
Additionally, all blend hydrogels were found biocompatible using L929 cells. In
comparison to slab hydrogels, 3D printed hydrogels retained more of their initial
weights throughout the incubation period and preserved their honeycomb patterned
shapes. As a result of this, both zone of inhibition values and in vitro release of
curcumin was found higher in slab gels than 3D printed hydrogels for the given
curcumin concentration. Additionally, higher curcumin release at pH 7.4 compared
to pH 5.0 showed that the hydrogels can be effective on chronic wounds which
increases the natural pH of the skin. Lastly, combining curcumin, Vitamin-C and
fibroblasts in a 3D bioprint had positive impact on cell viability as well as collagen

synthesis.

In conclusion, curcumin and Vitamin-C containing 3D printed photo-crosslinked
hydrogels present a potential as a skin graft for chronic burn wound treatments. /n

vivo animal studies are needed for future studies.
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APPENDICES

A. Curcumin Calibration Curve
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Figure Al. Calibration curve of curcumin constructed with different

concentrations of curcumin in PBS (0.1 M, pH 7.2) (n=3).
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B. Reduction of Values of PBS containing Irgacure 2959 and Vitamin-C
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Figure B1. Effect of Irgacure 2959 on Absorbance readings of Vitamin-C solution
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C. Calibration Curve of Vitamin-C
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Figure C1. Calibration curve of Vitamin-C using 0.025 M methylene blue.

115



D. Alamar Blue Calibration Curve
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Figure D1. Calibration curve of cell number for Alamar Blue viability assay using

fluorescence measurements (n=5).
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E. The reaction of methacrylation of pectin and gelatin
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Figure E1. The reaction of methacrylation of pectin (A, in PBS, at RT) and gelatin
(B, in CB Buffer, pH 9.0 at 60°C).

117



F. The Effect of Curcumin Concentration on the Formation of

Photocrosslinked P1:G3 Gels

Figure F1. Photographs of photocrosslinked P1:G3 slab gels loaded with different

concentrations of curcumin.
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G. Dose Dependent Cytotoxicity Study of Vitamin-C and Curcumin to L929

Fibroblast Cells
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Figure G1. The impact of different concentrations of curcumin and Vitamin-C on

L929 viability.
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