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ABSTRACT

AMINO ACID CONJUGATED ALGINATE-GRAPHENE
OXIDE SCAFFOLDS

In this thesis, fabrication and characterization of neat alginate and alginate/gra-
phene oxide (GO) composite 3D porous scaffolds were investigated in order to achieve
a material suitable for wound care applications with enhanced properties such as bio-
compatibility, high mechanical strength, stability, high absorbance and positive cell
behaviour. Alginate (Al) was used as the main polymer and GO was used as addi-
tive. L-Cysteine (Cys) was conjugated on GO in order to enhance biocompatibility.
Initially, neat Al scaffolds were fabricated by ionic crosslinking (CaCl, as cross-linker)
and lyophilisation. Then GO (1mg/ml) was added to the structure and Al/GO scaf-
folds with different crosslinker concentrations (0.01-0.03 M) were fabricated in order
to determine optimal crosslinker concentration. Next, 0.03M crosslinker concentration
was kept constant and scaffolds with different GO concentrations (0.5-2 mg/ml) were
prepared in order to determine optimal GO concentration. Finally, Cys was immobi-
lized to GO (1:1 ratio) and Al-3/CysGO-0.5 scaffold was fabricated. FTIR and SEM
were used for the characterization of Al/GO scaffolds. Swelling ratio and porosity
were investigated by conducting swelling test. Viscoelasticity of the non-lyophilized
hydrogels was investigated with rheometry method. Viability of fibroblast cells was
investigated by MTT assay. According to the results, adding GO to the structure
provided stability and immobilization of Cys increased biocompatibility, and a porous,
more stable material with high absorbance, biocompatibility and positive cell response

was obtained.

Keywords: Alginate, 3D scaffold, graphene oxide, wound healing, composite.
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OZET

AMINO ASIT IMMOBILIZE ALJINAT/GRAFEN OKSIT
DOKU ISKELESI

Bu tezde, yara tedavisinde kullanilabilinecek biyouyumluluk, yiiksek mekanik
kuvvet, kararlilik, yiiksek emicilik ve pozitif hiicre tepkisi 6zellikleri gelismis diiz aljinat
ve aljinat/grafen oksit (GO) kompozit 3B gozenekli yapida doku iskeleleri iiretilmisg
ve karakterizasyonu yapilmigtir. Aljinat (Al) ana polimer olarak kullamlirken, GO
mekanik kuvveti ve kararliligi arttirici yardimer malzeme olarak kullanilmigtir. Biyo-
uyumlulugu arttirmak amaciyla L-Sistein GO yapisina immobilize edilmistir. Ik énce,
iyonik capraz baglama (CaCl, gapraz baglayici) ve liyofilizasyon yontemiyle diiz Al
doku iskeleleri iiretilmigtir. Sonrasinda yapiya sabit oranda (1mg/ml) GO eklenip
farkhl capraz baglayic1 konsantrasyonlar: (0.01-0.03 M) kullamlarak kompozit Al/GO
doku iskeleleri iiretilmek suretiyle optimum capraz baglayici konsantrasyonu belir-
lenmigtir. 0.03M segilerek devam edilmig ve farkli GO konsantrasyonlarmda (0.5-
2 mg/ml) doku iskeleleri iiretilerek optimum GO konsantrasyonu belirlenmigtir.0.5
mg/ml segilerek devam edilmig ve GO yapisina L-Sistein (1:1 oraninda) immobilize
edilerek Al-3/CysGO-0.5 doku iskeleleri iiretilmis ve biyouyumluluk artigi amaclan-
mugtir. Al/GO doku iskelelerinin karakterizasyonu i¢in FTIR ve SEM yontemleri kul-
lanilmisg, liyofilizasyon oncesi hidrojellerin viskoelastik ozellikleri reometre yardimi ile
analiz edilmistir. Fibroblast hiicrelerinin canliligt MTT analiz yontemi ile 6l¢iilmiistiir.
Sonugclara gore, gozenekli yapida, yiiksek emicilikte, daha stabil ve biyouyumlu bir
malzeme elde edilmistir. Yapiya GO eklenmesi mekanik kuvveti ve kararliligi, L-Sistein

ise biyouyumlulugu arttirmistir.

Anahtar Sozciikler: Aljinat, 3B doku iskelesi, grafen oksit, yara iyilesmesi, kompozit.
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1. INTRODUCTION

1.1 Motivation

Wound care and healing remain to be common and critical topics due to the
aspects such as increasing rate of type II diabetes and obesity, and aging populations
with low birth rates. Hence emerges the necessity of more efficient and low cost wound

care approaches [1].

Due to several challenges that physicians face including immunologic problems in
the host and the undesirable microorganisms in the wound site such as bacteria, wound
care becomes a global concern [2]. These kinds of pathophysiologic and metabolic set-
tings can change the normal progression of the wound healing process, causing delayed
or impaired healing and resulting in non-healing, chronic wounds [3]. In particular,
the bacteria have presented a serious challenge in the hospital environment for many

years. These organisms cause severe and hostile infections in the wound site [2].

Considering the importance of the topic and the need of an efficient wound care
material that corresponds to the required properties such as non-toxicity, biocompati-

bility and antimicrobial activity, several approaches have been studied.

Three-dimensional porous polymeric scaffolds are widely preferred in biomate-
rials studies as they provide sufficient space and surface for cell adhesion and growth.
Wound healing is a prominent application for these kinds of scaffolds [4]. An ideal
artificial scaffold should: reduce into non-toxic substances which can be removed from
the wound site, be able to keep a moist healing environment whilst eliminating excess
exudate, permit oxygen permeation, have easy application and removal, low cost, and
also should have adequate porosity and pore size that cells can adhere, migrate and

proliferate [5].



Collagen is a natural polymer that is utilized in wound care applications. Burke
et al., 1982 reported in their study with a bilayer of cross-linked collagen type I and
chondroitin 6-sulfate isolated from shark skin that the matrix attracts dermal fibrob-
lasts, which produce new extracellular matrix (ECM) to the wound site and facilitate

healing [6].

Chitosan is another natural polymer utilized in wound healing applications due
to its ability to regulate wound environment |7,8]. Chou et al. (2003) and Okamotoa
et al. (2003) reported in their studies that chitosan stimulates adhesion, mobilization
and aggregation of platelets and erythrocytes towards wound site to accelerate clotting

[9,10].

Alginate is a polysaccharide obtained from brown algae and some bacteria, which
has several applications as a natural biomaterial [11]. It is utilized in biomedical field
due to its advantageous properties, including facility of gelation and biocompatibility.
Alginate hydrogels are widely studied in wound healing under the moist healing ap-
proach, also in drug delivery, and tissue engineering to date, thanks to their similar

structure to the tissue extracellular matrix (ECM) [12,13].

There are several alginate-based wound dressings commonly used for use in

dealing with a variation of high exudate wound types, such as chronic wounds [14].

Sweeney et al. (2012) reported that alginate dressings diminish microbial biobur-
den and draw back proteinases [15]. Alginate as a natural polymer is utilized in wound
management due to its properties such as creating a moist environment for the wound,
high absorbency, and functioning as a hemostat. Pirone et al. (1992) reported that if
enough calcium ions in the gluronic and mannuronic acid groups are exchanged with
the sodium ions in the blood or exudate in the wound site, the alginate forms a gel that

provides a moist environment for the wound by swelling and partly dissolving [16].



Furthermore sufficient mechanical strength is a key factor in such applications
to preserve integrity for cell survival. Since pure alginate scaffolds have some deficien-
cies such as uncontrollable degradation, lack of cell interactions, and low mechanical
strength, carbon materials such as graphene oxide (GO) and carbon nanotubes (CNT)

are used to compensate these features by producing composite structures [17].

GO is a non-toxic, biocompatible and hydrophilic material compared to CNT,
and has no cytotoxic effect (when used in moderate amounts) with cells such as human
lung carcinoma epithelial cells, mice and human fibroblasts as indicated by researches
to date [18,19]. As a member of the carbon nanomaterial family, graphene oxide has
the chemical and physical properties so that biomolecules such as amino acids, nucleic

acids, peptides and aromatic chemical compounds can bind [20].

L-Cysteine is a semi-essential protein with a thiol group. It is produced from
methionine and serine in blood [21]. Tt is metabolically significant with is functions
such as detoxification, anti-aging and anti-oxidation [22|. It also plays significant role
as cofactor in collagen synthesis and it has indicated to have a positive effect on wound

healing process in rats with protein deficiency [23].



1.2 Objectives

In this thesis, alginate-graphene oxide 3-D scaffolds were produced to evaluate
the application in wound healing treatment. In order to enhance the mechanical prop-
erty of Ca®" cross-linked sodium alginate scaffolds, graphene oxide (GO) was added to
the structure. Also, L-Cysteine amino acid was added to improve the biocompatibility
of the scaffolds. Cellular behaviour such as proliferation and viability were examined.

The main objectives of this thesis are:

e To prepare and characterize Al, Al/GO and Al/CysGO, scaffolds.

To enhance the mechanical property and biocompatibility by adding GO and

then L-Cys amino acid to the alginate structure.

To investigate 1,929 fibroblast cell behavior on prepared scaffolds by using MTT
Assay.

To advance the use of sodium alginate based scaffolds as a wound healing material.

1.3 Outline

The thesis is presented as follows: In chapter 2, background information about
the concept of wound healing, general properties and biomedical applications of algi-
nate, general overview of GO, and general information about the amino acid are given.
In chapter 3, the experimental procedures are explained. In chapter 4, the results are

presented. In chapter 5, the discussion of the results is given.



2. BACKGROUND

2.1 Wound Healing

2.1.1 Types of Wounds

A wound is a disturbance in the epithelial integrity of skin tissue, which in some
cases, comes with disturbance of the function and structure of tissue underneath [24].
Wounds can be caused by thermal or physical damage as well as an existing medical

or physiological condition [1].

Wounds are classified into two groups: open (excisional) wounds and closed

(incisional) wounds.

e Lacerations, surgical wounds, cutting-pricking tool wounds, insect stings and
bites, gunshot wounds, radionecrosis, vascular neurological and metabolic wounds
are classified as open wounds. Excluding lacerations, severe damage to the un-
derlying tissue is observed. But in laceration wounds, skin and hypodermic tissue

have been gravely damaged, while deep tissue is healthy [25].

e Abrasion, hematoma and contusion are classified as closed wounds. Harm to
small blood vessels, soft tissue and deep tissue are observed in contusion type

wounds [26].

Wounds can also be classified considering the nature of the repair process: acute
wounds and chronic wounds. While acute wounds usually heals fully within the esti-
mated time interval (8-12 weeks) with least scarring, chronic wounds heal slowly or
fail to heal because of an underlying medical condition such as diabetes, infections,

malignancies etc., frequent insults to the wound or patient related reasons [1].



2.1.2 Phases of Natural Wound Healing

The wound healing process is traditionally divided into four overlapping phases:

hemostasis (or haemostasis), inflammation, proliferation, remodeling and later on scar

maturation (Figure 2.1).
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Figure 2.1 Phases of wound healing. ECM: Extracellular matrix; MMP: Metalloproteinases;
TIMP: Tissue inhibitors of metalloproteinases [24,27].

The healing process is triggered by the injury immediately and starts with

hemostasis.

|

IT

Hemostasis comprises a chain of activities that work together to control the bleed-
ing from a wound. Exposure of the blood vessels to the injury triggers the coag-
ulation cascade and vasoconstriction. Consequential clot formation and platelet

accumulation prevents additional blood loss [28].

In the inflammatory phase cytokines activate the macrophages and chemotaxis
of monocytes, and incite proliferation of neutrophils and neovascularization. The
function of the neutrophils is to protect the wound against infection by phago-

cytizing bacteria, dead tissue and the existent foreign substances. Macrophages



function as phagocytic cells and also as the primary source of growth factors. Vari-
ous leukocytes oppose pathogens and create healthy tissue while degrading injured

tissue [28].

IIT In the proliferation phase fibroblasts are attracted to the wound location by the
macrophages and neutrophils. They enable the formation and remodeling of the
extracellular matrix. Hyaluronic acid assists the cell migration and makes the

tissue resistant to deformation by absorbing water [28].

IV In the remodeling phase type I1I collagen is substituted with type I collagen, which
leads to fibrosis or scars [28]. Both collagen synthesis and lysis happen at a greater
rate compared to non-wounded tissue [29]. TIMPs and metalloproteinases enable

the remodeling of ECM. This phase continues for months.

Alterations in either of the inflammatory, proliferative or remodeling phase could
result in chronic wounds. And abnormalities in proliferative or remodeling phase result

in hypertrophic scars and keloids [24].

2.2 Wound Treatment and Materials Used For Wound Healing

Wound care and wound healing technologies is an ever-growing field with the

improvement of biomedicine, materials science, and tissue engineering [30].

There are numerous wound dressing materials used to treat both internal and
external wounds such as gauzes, synthetic dressings, topical medicinal formulations
as well as hydrogels, hydrocolloids and foams etc. [28]. Traditionally wound dressings
primarily served just to stop the bleeding, provide a dry environment via evaporation of
wound exudates and protect the wound from bacteria and infections [31]. Gauzes, lint,
natural and synthetic bandages and cotton wools were used as wound care instruments
[1]. For example, gauze has several disadvantages including damaging newly made

epithelium with removal and resulting in swift dehydration of the wound bed [32, 33]



and leakage of wound exudate causing infections [25]. The reason for their popularity

is their low cost and availability.

However, modern dressings head towards materials that can maintain a moist
and airy environment since it is generally accepted that a warm, and moist environment
incites quick healing and current products are designed to satisfy these requirements

unlike the traditional dressings, which have no effect on the healing process [34, 35].

2.2.1 Functional Characteristics Of An Ideal Wound Dressing

In the past traditional wound dressings such as gauzes, lint and cotton bandages
were used, the only purpose being covering and protecting the wound from external
factors and stopping the excessive bleeding. However search for suitable materials to
facilitate and accelerate the wound healing process and to prevent keloid and scar
formation came into prominence, because of the drawbacks of traditional materials
and tissue transplants (xenograft, allograft and autograft) such as risk of infection and

stability problems [25].
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Figure 2.2 Characteristics required in an ideal wound dressing to optimize the wound healing
process [31,36].

Required properties of an ideal wound dressing is shown in Figure 2.2. Since in

practice, there is no perfect biomaterial, choosing the proper dressing material matching

the needs of a specific wound is important [37].

There are three groups of wound dressing products according to their type of ac-

tion: passive products (traditional products like tulle and gauze), interactive products

(generally transparent polymeric forms and films that provide water vapor and oxygen

permeation also preventing bacterial infection, usually used for low exudate wounds)

and bioactive products composed of materials such as alginate, chitosan, collagen, pro-

teoglycan, and silk protein [36].
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2.2.2 Polymers Used In Wound Care Applications

Biopolymers are macromolecules formed by living organisms as defined by IU-

PAC [38]. They are biodegradable polymers.

Polymers can be divided into two groups: synthetic polymers and natural poly-
mers. Natural polymers are polysaccharides (chitosan, chitin, alginate, cellulose) and

proteins (albumin, collagen, silk sericin, silk fibroin) [39].

Thanks to their properties like good biodegradability, biocompatibility and hy-
drophilicity natural polymers are suitable for new tissue formation eliminating inflam-
mation [39]. Also being less expensive and safer compared to synthetic materials makes

natural polymers eligible for researchers in tissue engineering field [40].

There are numerous dressing forms being studied on currently. Using biodegrad-
able and biocompatible polymers, microspheres, nanofibrous matrices, hydrogels, and
foams are being developed. Polymeric scaffolds with molecular and cellular modulators
to motivate wound healing are also available for tissue engineering applications [41].
Having an open porous structure and good mechanical strength, they offer an ideal

microenvironment for cell migration, differentiation and proliferation [42].

Various synthetic and natural polymers are utilized in the design of artificial
dressing materials. Among the most commonly used of these are given in Table 2.1

and Table 2.2.
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Table 2.1
Synthetic polymers and wound healing applications.

SYNTHETIC | ADVANTAGE/APPLICATION

POYLMERS

Polyurethane | Copolymers with urethane groups. A kind of non-toxic polyurethane which is

and its known to quicken repithelization was utilized for treatment of wound and burns

derivatives by Wright et al. [43,44].

Teflon A non-carcinogenic inert polymer synthesized via polymerization of tetraflu-
oroethylene at high pressure and temperature. It is easily applicable to the
damaged tissue since it is easily shapeable once applied low pressure [25].

Silicone A low allergenic material that has low,toxicity, high biocompatibility, which

makes it a demanding alternative in,biomedical applications. One of the many
uses of silicone in biomedical,applications is in the design of implant elastomers
in soft tissue repair. It,is also utilized as wound support material in critical

burns and wounds,because of its high compatibility with tissues [25,45].
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Table 2.2
Natural polymers and wound healing applications.

NATURAL

POYLMERS

ADVANTAGE/APPLICATION

Collagen

Most abundant protein found in the extracellular matrix and offers mechani-
cal stability, strength, and elasticity to organisms. Excellent biocompatibility,
biodegradability and low antigenicity compared to other natural polymers.
Takes part in the wound healing by stimulating the molecular and cellular
cascades, and contributing to new tissue formation and wound debriment.
Applications in biomedical sciences including sutures and catguts, sponges for
the hemostasis and coating of joints, wound dressing materials and suspen-

sions for dermal injection [41,46,47]

Chitosan

A poly-N-acetyl-glucosaminoglycan formed by alkaline deacetylation of chitin.
A biocompatible material that shows low thrombogenicity and low toxicity. It
is believed to accelerate granulation in the proliferative phase and also fibrob-
last formation having a haemostatic effect. Used in wound healing applica-
tions in the form of fibres, hydrogels, powders, films and micro/nanoparticles

40,48, 49].

Fibroin (Silk

A natural polymer obtained from silk fibre. It exhibits good oxygen and wa-

Protein) SR - - .
ter vapor permeability, biodegradability, flexibility, exudate absorption, easy
modification thanks to functional groups and minimal inflammatory response.
Used in form of matrices, fibres, gels, powders, films, and scaffolds in biomedi-
cal applications [40].

Alginate A naturally derived linear polysaccharide copolymer, which contains the

monomers (1-4)-linked S -D-mannuronic acid (M units) and « -L-guluronic
acid (G units). Can be used in forms of soft, elastic gels, scaffolds, foams,
multilayers, fibres and nanoparticles. It is non-toxic and biocompatible. It
provides a moist environment to the wound and minimizes bacterial infection
and has properties such as hemostatic capability and facility of gelation. Al-

ginate promotes tissue formation and repithelization. Its swelling property

makes it preferable for exuding wounds [50-53]




13

2.3 Alginate Overview

Alginate is a naturally derived linear polysaccharide copolymer, which contains
the monomers (1-4)-linked § -D-mannuronic acid (M units) and « -L-guluronic acid (G
units) [53]. These blocks are typically assembled in three different forms: repeated G
blocks (-G-G-), repeated M blocks (-M-M-) or alternating blocks (-M-G-M-G) as illus-
trated in Figure 2.3. Since alginates are extracted from a number of sources, M and G
content and the length of each block differ from batch to batch [54|. Several properties
of alginate and its derivatives such as swelling, viscoelasticity and transmittance, are

notably affected by the M/G units ratio [55].

NaOOC on NaGOC NaDOC
0 -~
NaOOC 0” D
NaQOC 0"'
G-Block M-Block GM- Block

Figure 2.3 Schematic diagram of sodium salt of alginate composed of (1-4)-linked S -D-
mannuronic acid (M block) and « -L-guluronic acid (G block), and alternating blocks.

When monovalent ions (i.e. sodium) are attached to the carboxylic groups

ionically, alginate salt (e.g. sodium alginate), is formed as shown in Figure 2.3.

When divalent cations, such as Ca?*, Mg?*, Fe?t, Ba?", Sr?** are present ionic
inter-chain bridges are formed, thus reversable alginate gels are formed in aqueous
media [51]. The gelation and crosslinking of the polymers are mostly accomplished
via the exchange of ions from the guluronic acids with the divalent cations (most
commonly Ca?"). The stacking of these guluronic groups forms the specific egg-box
structure illustrated in Figure 2.4. Since the carboxylic groups of the G blocks go under

crosslinking with cations, alginates rich in G residues produce more rigid gels.
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Figure 2.4 Schematic diagram of the egg-box structure in the presence of Ca?™.

There are multiple sources of seaweeds as well as some bacteria from which
the alginates can be extracted such as: Laminaria sp., Macrocystis sp., Lessonia sp.,
Ascophyllum etc. [27]. Alginate is obtained by treating seaweed with aqueous alkali
solutions (usually NaOH), filtering and subsequently adding calcium chloride or sodium

chloride. The resulting salt, when treated with diluted HCI, yields alginic acid [56].

2.4 Applications of Alginate

Alginates have various application areas such as food, textile printing, paper,
pharmaceuticals and welding rods [27]. As biomaterials, alginates can be used in
forms of soft, elastic gels, scaffolds, foams, multilayers, fibers and nanoparticles at in
situ conditions so that cell function and viability are provided. Ultrapure alginates are
available which eliminate the immunogenicity and toxicity of industrial grade alginates.
Also bioactive and inert alginates are available with no adverse effects. Its versatility

and biocompatibility draws attention for biomedical applications [52].

However, alginate shows some deficiencies such as poor mechanical strength and
loss of structural integrity that may limit its application as a biomaterial [57|. There
are ongoing researches to improve its performance and overcome these deficiencies.
Researches show that mixing alginates with polymers such as chitosan 58], pectin [59]

or polyvinyl alcohol resulted in minor effect [60].
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Carbon nanomaterials are also evaluated as an alternative to compound with
alginate. Carbon nanotubes (CNT), reported by Kawaguchi et. al., are shown to
advance the mechanical properties of alginate, as Al/CNT hydrogels were mechanically
stronger than Al hydrogels [61]. Yet, CNT show poor solubility and toxicity which are

undesired for biomedical applications [62,63].

At this point graphene oxide (GO) comes forward as an alternative to consider
with its nontoxic, hydrophilic and biocompatible nature and its structure abundant of
oxygen functional groups (i.e. carboxyl, epoxide and hydroxyl groups), which facilitates

interfacial interactions [64].

2.5 Alginate in Wound Care

Alginate has been utilized as a wound dressing material for more than 30 years,
but its history dates back to ancient Rome, where seaweed was used to treat wounds
[65]. There are multiple sources of seaweeds as well as some bacteria from which
the alginates can be extracted such as: Laminaria sp., Macrocystis sp., Lessonia sp.,

Ascophyllum etc. [27].

The main reason of using alginate in wounds is its ability to absorb fluid 15-20
times of its own weight [66]. Hence, alginate outshines other alternatives for heavily and
normally exuding wounds by managing the wound exudate and maintaining a moist
environment for healing process. However it is not convenient to use with dry wounds
or wound with minimal exudate, surgical implantations, and third degree burns since

it may cause the wound to dry out [12,40].

Furthermore, alginates are able to decrease wound pain, and the bioburden of

the wound, absorb proteinases and reduce odor [67,68|.
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2.6 General Overview of Graphene

Graphene is a two-dimensional, one atom thick (0.35 to 1.6 nm in thickness)
planar sheet composed of sp? bonded carbon atoms, packed compactly in honeycomb
crystal lattice form [69]. The IUPAC gives the definition of graphene as a single
carbon layer of the graphite structure.lts nature is described by analogy to a polycyclic

aromatic hydrocarbon of quasi-infinite size [70].

As a carbon nanomaterial (CNT) with favorable unique properties such as strong
mechanical strength (about 1100 GPa), facility of functionalization, outstanding bio-
compatibility, high electrical conductivity (1738 siemens/m), high surface area (2630
m?/g), and thermal conductivity (5000 W/m/K) has drawn increasing attention over

the last decade [71].

In addition it has high intrinsic mobility (200 000 cm? v=! s7!) and high Young’s
modulus (1.0 TPa) [72]. A single layer non-defected graphene, has fracture strength
and Poisson’s ratio 130GPa and 0.149 GPa correspondingly. Thanks to its excellent

mechanical strength, graphene is utilized to strengthen polymeric scaffolds |73, 74].

The ability to adsorb various aromatic biomolecules via 7 - 7 stacking interaction
and/or electrostatic interaction, makes graphene preferable for applications such as

biosensors and loading drugs [71].

2.7 Graphene Oxide

Graphene oxide (GO) is the highly oxidized form of graphene containing large
number of functional groups such as carboxyl group (-COOH) in the edges and hydroxyl
(-OH) and epoxy (-O-) group in the basal planes (Figure 2.5), that makes GO relatively

hydrophilic, easy to disperse in water and other solvents, and easy to modify [75].
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Figure 2.5 Schematic representation of graphene oxide structure [76].

GO can be synthesized from graphite flakes using the Brodie , the Staudenmaier
or Hummers method. As GO is synthesized from low-cost graphite, it has lower cost
compared to other CNTs, and this has stimulated work on GO/synthetic polymer
composites [77,78|.

Graphene oxide is a good alternative to other carbon nanomaterials and poly-
mers such as chitosan and pectin when it comes to produce high performance compos-

ites that eliminate deficiencies of alginate [64].

2.8 Application of Graphene and Graphene Oxide in Biomate-

rial Science

In tissue engineering mechanical strength of a scaffold is a key property. Graphene
is a favorable nanomaterial to integrate to several scaffolds due to its unique mechani-
cal properties (Young’s Modulus of 1000 GPa, Poisson’s ratio of 130 GPa and fracture
strength of 0.149 GPa) [79]. Excellent electrode property of graphene may come handy
to carry electrical currents used for differentiation and neural stimulation [80]. Studies

had shown that graphene has the capability to stimulate differentiation of hNSCs to
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neurons and oligodendrocytes, hMSCs to adipocytes and also to prompt differentiation

in iPSCs towards endodermal line |79].

Graphene and GO also shows antimicrobial activity, which is crucial for wound
healing applications. Recent studies had shown that the antibacterial property is
caused by synergisticity of membrane disruption and the oxidative stress. In other
words, the cell membrane can be agitated by the sharp edges of graphene and lead to
leak of cellular substances ultimately resulting in cell death. Liu et. al. also reported
that internalization of graphene or GO by bacteria may cause oxidation of GSH that

causes oxidative stress [81].

Polymer /graphene nanocomposites express greater electrical, thermal, mechan-
ical, gas barrier, and flame retardant characteristics when compared to the neat poly-
mer. While pristine graphene does not form homogenous composites with organic
polymers, GO sheets, being highly rich in oxygen (with carboxyl hydroxyl, epoxide,
ketone and diol functional groups on the surface) are more compatible due to ease of
functionalization. Moreover the extra carboxyl and carbonyl groups found on the edges

of the sheets make GO highly hydrophilic, facilitating it to disperse and water [69].

All these unique properties such as strong mechanical strength, cost efficiency,
high surface area, high biocompatibility and ease of functionalization put GO forward

for applications such as composites with polymers [71,77].

So far, Depan et al. reported that composing GO with chitosan (CS), GO/CS
nanocomposite scaffolds demonstrate superior mechanical properties, cell growth. Pro-

liferation and attachment when compared to pristine CS scaffolds [82].

Qi et al. reported that GO/poly(vinyl alcohol) nanofibrous scaffolds that they
produced possessed enhanced mechanical properties and cell proliferation for osteoblasts

compared to pristine poly(vinyl alcohol) [83].



19

As for Al1/GO composites, Wang et al. and Mariana et al. conducted studies
producing GO/Al gel beads and GO/Al composite films, respectively, with no inter-
connected porous construction [60,84]. Al/GO/polyacrylamide (PAM) nanocomposite
hydrogel was prepared by Fan et al. Yet it is observed that in natural environment
PAM degrades into acrylamide, which is a toxic substance. It is also observed that
the pore size of the hydrogel is under 10 p, making it unsuitable for tissue engineering

applications [13].

Thus developing a 3D porous scaffold with good mechanical strength and bio-
compatibility by utilizing unique properties of GO such as ease of functionalization and

combining it with Al shows to be a promising application.

2.9 L-Cysteine

L-cysteine is a semi-essential amino acid, which contains thiol group (Figure 2.6)
and plays a significant role in human diet. It is produced from methionine and serine
in blood. As a biomarker and an antioxidant, it is broadly used in pharmaceutical and
food industry [21]. It has been reported that it has a positive effect on wound healing
mechanism [23]. L-cysteine has significant metabolical functions such as detoxification,
anti-aging and anti-oxidation. Cysteine also contributes to collagen synthesis as a
cofactor. So far trials showed that sulfur containing amino acids such as cysteine
and methionine have positive effect on wound healing process in rats with protein

deficiency [23].
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Figure 2.6 Molecular structure of L-Cysteine.
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3. MATERIALS AND METHODS

3.1 Fabrication of Alginate (Al) Scaffolds

The Alginate (Al) scaffolds were prepared by using solution mixing and freeze-
drying methods as shown in Figure 3.1. 3% w/v (0.12 g) of sodium alginate (Sigma-
Aldrich) powder was dissolved in DI water. Calcium Chloride solution (0.03M), (Sigma-
Aldrich) was prepared and added to the alginate solution under stirring as a cross linker
(4:1 ratio). The solution was mixed in the ultrasonic bath until it is homogenous in
order to facilitate and accelerate the gelation process as shown in Figure 3.2. The re-
sulting gel was equally divided into wells of a 24-well plate. The samples were degassed
using a desiccator in order to remove the air bubbles in the gels. The plate was cooled
at 4°C overnight. The next day, the plate was kept at —20°C. for 30 min. Then
lyophilized for 7.5 h and Al-3 (alginate with 0.03M of CaCly) scaffolds were obtained.

Cooled at 400 |
overnight

Graphene Oxide Sodium

hept at 204
for 30 minutes

3D ANGO Scallold

Figure 3.1 Schematic representation of the fabrication process of 3D porous Al/GO scaffolds.
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3.2 Fabrication of Al/Graphene Oxide Scaffolds

3.2.1 Optimization of Crosslinker Concentration

The Al/GO scaffolds were prepared by following the same procedure illustrated
in Figure 3.1. GO suspension (Sigma Aldrich, 2mg/ml, GO) was used as solvent
instead of DI water. It was diluted to 1mg/ml and then sonicated for 15 min. in order
to obtain a homogenous suspension. The Al amount was kept constant (0.12 g). Three
experimental groups were prepared to determine the optimal CaCly concentration.
Predetermined concentrations of 0.01 M, 0.02 M and 0.03 M CaCl, were prepared for
three experimental groups and added to the solutions under stirring as cross linker (4:1
ratio). The solution was mixed in the ultrasonic bath until it is homogenous for 20
min. The resulting gel was equally divided into wells of 24-well plate. The samples
were degassed by using a desiccator in order to remove the air bubbles in the gels. The
plate was cooled at 4°C overnight. The next day, the plate was kept at —20°C for
30 min. Then lyophilized for 7.5 h and Al-3/GO-1, Al-2/GO-1, Al-1/GO-1 composite
scaffolds with a GO content of 3 wt% was obtained. The integration of GO to the

alginate structure is demonstrated in Figure 3.2.
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Figure 3.2 Schematic representation of Al/GO composite molecular structure.
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3.2.2 Optimization of GO Concentration

The Al/GO scaffolds were prepared following the same procedure with the deter-
mined concentration of 0.03 M of CaCl, as cross linker (4:1 ratio). Three experimental
groups were prepared to determine the optimal GO concentration. GO suspension was
diluted to the predetermined concentrations of 0.5 mg/ml, 1 mg/ml and 2 mg/ml. The
Al amount was kept constant (0.12 g). The solutions were mixed in the ultrasonic
bath until homogenous for 20 min. The resulting gels were equally divided into wells
of 24-well plate. The samples were degassed by using a desiccator in order to remove
air bubbles in the gels. The plate was cooled at 4 °C overnight. The next day the plate
was kept at —20 °C for 30 min. Then lyophilized for 7.5 h and Al-3/G0-0.5, Al-3-GO-1
and Al-3-GO-2 composite scaffolds were obtained with a GO content of 1 wt%, 3 wt%

and 5 wt% respectively.

3.3 Fabrication of L- Cysteine Conjugated Al/GO Scaffolds

The L-Cysteine conjugated Al/GO scaffolds were prepared following the same
procedure illustrated in Fig. 3.1. GO suspension was diluted to determined con-
centration of 0.5 mg/ml and then sonicated for 15 min. in order to obtain a ho-
mogenous suspension. To immobilize L-Cysteine on GO, the carboxylic groups on its
surface were activated by adding N-hydroxysulfosuccinimide (0.5 M) and 1-ethyl-3- (3-
dimethylaminopropyl)-carbodiimide (0.2 M) to the GO suspension and waiting for 1 h.
Then, water-soluble L-Cysteine hydrochloride was added to the solution (1:1 ratio) and
incubated at room temperature overnight. Then, CysGO suspension was centrifuged

and rinsed thoroughly with DI water to remove excessive L-Cysteine hydrochloride.

The same amount of alginate (0.12 g) was added to the solution. 0.03M CaCl,
was prepared and added to the solution under stirring as cross linker (4:1 ratio). The
solution was mixed in the ultrasonic bath until it is homogenous for 20 min. The
resulting gel was equally divided into wells of 24-well plate. The samples were degassed

by using a desiccator in order to remove air bubbles in the gels. The plate was cooled at
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4°C overnight. The next day the plate was kept at —20 °C for 30 min. then lyophilized
for 7.5 h and Al-3/CysGO-0.5 composite scaffolds with a GO content of 1 wt% was

obtained.

3.4 Characterization of Al/GO Scaffolds

3.4.1 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy analysis of sodium alginate
powder and lyophilized scaffolds were performed in order to investigate the chemi-
cal structure of the scaffolds and the interactions between Al/cross linker, Al/GO
and Al/GO/Cys. The measurements were taken within the range of 650-4000 cm™*
wavelengths. The FTIR data of the experimental groups Al, Al-1, Al-2, Al-3, Al-
1/GO-1, Al-2/GO-1, Al-3/GO-1, Al-3/GO-0.5, Al-3/GO-2 and Al-3/CysGO-0.5 were
obtained. The FTIR measurements were perfomed at Hacettepe University Advanced
Technologies Application and Research Center using Attenuated Total Reflectance
Fourier Transform (ATR- FTIR) spectrophotometer.

3.4.2 Swelling Ratio

Swelling behaviour of the scaffolds was studied conducting the swelling ratio
test. The pre-weighted dry scaffolds were each immersed in 4 ml of DMEM cell culture
medium in a 6-well plate at room temperature. The plate was covered with lid to
minimize loss by evaporation. At pre-designated time intervals of t= 6h, 12h, 24h
and 48h the scaffolds were removed and weighed after excessive solution was removed

carefully. The swelling ratio was calculated as follows,

Wt —Wo

SR(%) = ——
O

X100 (3.1)
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where Wy represents the dry weight of the scaffolds and Wt denotes the measured
weight at a specific time point [85,86].

3.4.3 Porosity

Porosity of the scaffolds was investigated using the liquid replacement method.
The pre-weighted dry scaffolds were immersed in DMEM cell culture medium for 12h.
Then the scaffolds were weighted after the excessive liquid was removed. The porosity

was calculated as follows,

W, — W,
Yoporosity = t—VOXlOO (3.2)
p

where Wy is the initial weight of the scaffold, W; is the final weight of the scaffold, p
is the density of the liquid and V is the volume of the scaffold [87].

3.4.4 Characterization of Morphological Properties

The surface and cross section morphology of the porous scaffolds were inves-
tigated using Scanning Electron Microscopy (SEM). The surfaces of interest of the
samples were covered with a thin layer of gold preceding the imaging. SEM images
were obtained at 10.00 kV and 10 mm working distance using diverse magnifications
with an interval of 100x - 5000x at Bogazici University Research & Development Center

Electron Microscopy and Microanalysis Unit, Istanbul, Turkey.
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3.4.5 Characterization of Rheological Properties

The rheological properties of the non-lyophilized hydrogels were investigated
in order to observe the effect of cross linker concentration on viscoelasticity. The
measurements were taken via Anton Paar MCR Series - MCR 302 Rheometer. Strain
controlled - amplitude sweep test method was used with 23°C test temperature and

10 rad/s angular frequency.

3.5 Cell Culture Studies

In order to investigate effects of prepared scaffolds on cell viability, fibroblast
cell line (L929, ATCC, USA) was cultured on tissue culture plate and the cell culture
medium that scaffolds were immersed in was interacted with cells. The cell viability
of the culture was measured by MTT assay. Approximately 104 cells were cultured
onto each well of a 96-well plate. DMEM High Glucose culture medium (Capricorn
Scientific) was used after adding 1% v/v antibiotic and 10% v/v Fetal Bovine Serum

(FBS).

All samples (for 1% and 4" day) were sterilized prior to cell culture studies.
First, both sides of the scaffolds were exposed to UV light for 20 min per side. Then
the scaffolds were washed with 0.8 ml of 70% (v/v) ethanol for 20 min and then

immersed in 0.8 ml PBS for 30 min. This process was repeated twice [88].

Afterwards the samples in 24-well plate were immersed in DMEM culture medium
and placed in the incubator (37°C, 5% CO,). 1929 cells were cultured in a 96-well
plate with the density of 104 cells/well with the sample size 5 for each group including
control and placed in the incubator (37 °C, 5% CO,). After 24 h, cell medium from the
samples was transferred onto cells (100 ul /well). Then cell culture plate was placed
in the incubator (37°C, 5% CO.) again. After 24 h viability of cells was measured by

using MTT assay was performed.
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The cell viability was also measured at 96 h time point by using a second set
of samples. The samples in 24-well plate immersed in DMEM culture medium for 96
h, afterwards, cell medium from the samples was transferred (100 pl/well) onto cells
cultured (10* cells/well) the previous day. Then cell culture plate was placed in the
incubator (37°C, 5% CO;) again. After 96 h viability of cells was measured by using
MTT assay was performed.

3.6 Statistical Analysis

Statistical analysis was performed by using ANOVA method to define the level
of the statistical significance between experimental groups and TCP. The value of
p<0.05 was considered statistically significant. Tukeys multiple comparison tests was
performed. The data were demonstrated to be as means + standard deviation or

standard error.
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4. RESULTS

4.1 Chemical Characterization Results

4.1.1 The Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was used to characterize the chemical structure of the pre-
pared scaffolds and the interactions between alginate/CaCly , alginate/GO and al-
ginate/GO/Cys. The gelation of Al/CaCly aqueous solution, integration of GO to
the alginate structure and immobilization of L-Cysteine to the GO surface were also

investigated.

The results of the FTIR analysis are given from Figure 4.1 to 4.4.
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Figure 4.1 FTIR spectra of A) sodium alginate powder, B) Al-3 C) Al-2 and D) Al-1 scaffolds.
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FTIR spectra of sodium alginate, and Al/CaCl, cross-linked scaffolds with
CaCly molarities of 0.01M, 0.02M and 0.03M were compared (Figure 4.1). In the
spectrum of sodium alginate (Figure 4.1, A), stretching vibrations of -OH bonds can
be observed in the range of 3200-3400 cm™!. And stretching vibrations of aliphatic
C-H can be observed at 2926 cm~!. Dominant absorption bands at 1595 cm™!, and
1405 cm™! correspond to asymmetric and symmetric stretching vibration of carboxy-
late salt group respectively. The band peak that corresponds to asymmetric stretching
vibrations of C-O-C bond which appears at 1150 cm™! shows no change with the in-
troduction of the cross linker CaCl, .The band peaks observed at 1080 cm™! and 1026
cm ! which indicate the stretching vibrations of the C-O bond of the glycosidic linkage
also remained unchanged. (Figure 4.1, B,C,D) The shifts from 1595 cm™! to 1593 cm™!

and from 1405 cm™! to 1409 cm™! (Figure 4.1 A,D) were observed.
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Figure 4.2 FTIR spectra of A) Al-1 and Al-1/GO-1, B) Al-2 and Al-2/GO-1 and C) Al-3 and
Al-3/GO-1.
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FTIR spectra of Al/GO composites (1lmg/ml GO) with different molarities
(0.01M, 0.02M, 0.03M) of CaCl, solution as cross linker were recorded and compared
to the spectra of Ca?" cross linked sodium alginate hydrogel with the corresponding
molarity of CaCly (Figure 4.2). It is observed that the intensity of the band that rep-
resents the stretching vibrations of -OH bond has increased additional to Al spectra.
Also, -OH absorption bands widened slightly and mildly shifted to lower wavenum-
bers (0.01M= from 3281 cm™! to 3265 cm™!; 0.02M= from 3331 cm™! to 3296 cm™!;
0.03M= from 3272 cm™"! to 3254 cm™!) [17,60].
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Figure 4.3 FTIR spectra of A) Al-3 B) Al-3/GO-0.5, C) Al-3/GO-1 and D) Al/GO-2 experimen-
tal groups.

FTIR spectra of lyophilized scaffolds Al-3, Al-3/GO-0.5, Al-3/GO-1 and Al-
3/GO-2 are recorded and compared in Figure 4.3. It was observed that the intensity

of then -OH stretching vibration peak increases as the concentration of GO increases.
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Also a slight red shift (increase in wavelength) was observed in the same band,
which affirms the interfacial adhesion and hydrogen bonding (Figure 3.2) between Al
and GO [17,89.
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Figure 4.4 FTIR spectra of A) Al-3/G0O-0.5 and B) Al-3/CysGO-0.5 experimental groups.

The FTIR analysis was conducted for Al-3/GO-0.5 and Al-3/CysGO-0.5 exper-
imental groups in order to investigate the immobilization of L-Cysteine on GO sheets.
It is observed that the intensity of the band that represents the stretching vibrations of
-OH bond has decreased as expected with the addition of L-Cysteine to the structure.
In the spectra of Al-3/GO-0.5, the characteristic peaks of GO such as C=C stretching
mode of the sp? carbon skeletal network at 1497 cm™! and -OH stretching vibration at

3315 cm ™! are visible [17].
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Additional to these, peaks at 2969 cm™! and 2878 cm™! were observed which
represent the stretching vibrations of the alkane groups introduced by L-Cysteine. The
peak observed at 3292 cm™! (Figure 4.4, B) corresponds to N-H stretching vibration
of the amine group [90]. The peaks observed at 1563 cm™! and 1215 cm™! correspond
to N-H bending vibration and C-N stretching vibration respectively [91]. A strong
band at 1608 cm~! originates from valence asymmetric vibration of C=0 bond from

L-cysteine [92].

4.2 Swelling Ratio

Since absorbance capacity is a key property in desired application, swelling ratios
were calculated for experimental groups Al-1/GO-1, Al-2/GO-1, Al-3/GO-1, Al-3/GO-
0.5, Al-3/GO-2 and Al-3/CysGO-0.5. The effect of cross linker and GO concentration

and also L-Cysteine immobilization on swelling behaviour was investigated.

Figure 4.5, A and Figure 4.5, B represent the effect of cross linker concentration
and the effect of GO concentration on swelling ratio, respectively. Figure 4.6 represents

the effect of L-Cysteine on the swelling ratio.



32

A 5000 -
4000 -
£ 3000 -
z " Al-1/G0-1
2 2000 - = Al-2/GO-1
¥
Al-3/G0-1
1000 -
0 T T T 1
6h 12h 24h
Time
B o000 -
4000 -
=
= 3000 -
%” = Al-3/GO-2
S 2000 " Al-3/GO-1
un
Al-3/GO-0.5
1000 -
0 - ' ' ' .
6h 12h 24h 48h
Time

Figure 4.5 Swelling ratio of the experimental groups A) Al-1/GO-1, Al-2/GO-1 and Al-3/GO-1
with different cross linker concentration, B) Al-3/G0O-0.5, Al-3/GO-1 and Al-3/GO-2 with different
GO concentration.

In the first set of data (Figure 4.5, A) an increase in swelling ratio was observed
with increasing cross linker concentration. For the group with lowest cross linker con-
centration (Al-1/GO-1), a drop occurred in the swelling ratio at the time point 12h,
but continued to increase afterwards. The final (48h) swelling ratio values obtained in

this work ranged between 3870-4070%.
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In the second set of data (Figure 4.5, B) an increase in swelling ratio is observed
with increasing GO concentration. The final (48h) swelling ratio values obtained in

this work ranged between 3536-4151%.
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Figure 4.6 Swelling ratio of the experimental groups Al-3/G0O-0.5 and Al-3/CysGO-0.5.

In the third set of data (Figure 4.6.), it is observed that with the introduction
of L-Cysteine to the structure, there was a noticeable decrease in swelling ratio. The

final (48h) swelling ratio values obtained in this work ranged between 2445-4151%.

4.3 Porosity

The percentage porosity of all experimental groups was investigated by conduct-
ing liquid replacement method at the end of 12h immersion of the scaffolds. The data

are represented in Figure 4.7.
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Figure 4.7 Porosity of Al-1/GO-1, Al-2/GO-1, Al-3/GO-1, Al-3/G0O-0.5, Al-3/GO-1, Al-3/GO-2
and Al-3/CysGO-0.5 experimental groups.

It is observed that the higher the concentration of CaCl, leads to increase in
porosity [93]. Tt is also observed that there is an increasing trend in porosity with
increasing GO content. Introduction of L-Cysteine to the structure seems to decrease
porosity. The composite scaffold with lowest cross linker concentration has the lowest
porosity while the composite that has highest cross linker and GO concentration has

the highest porosity.

4.4 Morphological Characterization

SEM characterization was used in order to investigate the inner morphological
structure of the neat Al and Al/GO scaffolds. SEM gave an idea of interconnected
porosity of the scaffolds. The SEM images of Al-3 are given in Figure 4.8 in order to
demonstrate the inner structure of neat alginate scaffold with 0.03M CaCl, (Al-3). B
SEM images of Al-1/GO-1, Al-2/GO-1 and Al-3/GO-1 (Figure 4.9) the effect of cross-
linker concentration was investigated. By using the SEM images of Al-3/GO-0.5, Al-
3/GO-1 and Al-3/GO-2 (Figure 4.10), the effect of GO concentration was investigated.
SEM images of Al-3/CysGO-0.5 are also given in Figure 4.11.
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Figures 4.8 to 4.11 represent Al-1, Al-2 and Al-3 (scaffolds with 0.01M, 0.02M
and 0.03M CaCl,, respectively) at 200x and 1000x magnification.

Figure 4.8 Surface (A, B) and cross section (C, D) SEM images of neat Al scaffolds with 0.03M
CaCly: A) surface image at 100x, B) surface image at 150x, C) cross section image at 100x and D)
cross section image at 200x.
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Figure 4.9 Surface (A, C, E) and cross section (B, D, F) SEM images of Al-1/GO-1 (A, B), Al-
2/GO-1 (C, D), Al-3/GO-1 (E, F) at 200x with the corresponding 1000x images on the top right

corner.
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Figure 4.10 Surface (A, C, E) and cross section (B, D, F) SEM images of Al-3/GO-0.5 (A, B),
Al-3/GO-1 (C, D), Al-3/GO-2 (E, F) at 200x with the corresponding 1000x images on the top right

corner.
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Figure 4.11 Surface (A, B) and cross section (C, D) SEM images of Al-3/CysGO-0.5 scaffold at
200x (A, C) and 1000x (B, D).

4.5 Rheological Characterization

In an effort to characterize the viscoelastic properties of neat alginate hydrogel
(Al-3) and composite hydrogels with different cross linker concentrations Al-1/GO-1,
Al-2/GO-1 and Al-3/GO-1 rheometry methods were employed. The data are presented
in Figure 4.12, Figure 4.13 and Table 4.1.
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Figure 4.12 Oscillatory strain sweeps of ionically cross-linked Al and Al/GO hydrogels with differ-
ent cross linker concentrations.
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Figure 4.13 Loss factor as a function of shear strain for ionically cross-linked Al and Al/GO hy-
drogels with different cross linker concentrations.



40

The data presented in Figure 4.12 indicates that in the linear viscoelastic region
while Al-1/GO-1 behaves as viscoelastic liquid (G”>G’ and tan 6>1), Al-2/GO-1,
Al-3/GO-1 and Al-3 shows viscoelastic solid behavior. Among the viscoelastic solid
experimental groups, Al-3/GO-1 has the highest G’ value, which indicates that it has
higher strength, while Al-3 has the softest structure.

According to the data presented in Figure 4.13, while Al-3, which has the highest
tand value is the most elastic hydrogel; Al-3/GO-1 is the most brittle hydrogel. Storage
modulus (G’), loss modulus (G”) and tand values in the linear viscoelastic region are

presented in Table 4.1.

Table 4.1
Storage modulus (G’), loss modulus (G”) and tand values in the linear viscoelastic region.

Storage Modulus [Pa] Loss Modulus [Pa] Loss Factor [1]

Al-1/GO-1 57.98 93.82 1.62
Al-2/GO-1 194.70 127.90 0.66
Al-3/GO-1 737.20 249.90 0.34

Al-3 144.70 113.80 0.79

4.6 Macroscopic Images

Optical images of the samples Al-3, Al-3/GO-0.5, Al-3/GO-1 and Al-3/GO-2
are presented in Figure 4.14 taken by using optical camera in order to demonstrate the

color change with the addition of graphene oxide.
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Figure 4.14 Optical images of experimental groups A) Al-3, B) Al-3/G0-0.5, C) Al-3/GO-1 and
D) Al-3/GO-2.

4.7 Cell Culture Studies (MTT Assay)

The effects of cross linker concentration; GO concentration and L-Cysteine were
investigated by using MTT assay. Fibroblast cells (L929-ATCC) were seeded and
cultured on 96 well tissue culture plate (TCP). 1x10* cells were cultured into each well
(n=>5 for each experimental group and control group). Then DMEM from immersed
scaffolds was added into cell-cultured wells in order to evaluate the cytotoxicity of the
scaffolds. MTT assay was conducted and evaluated after being incubated for 1 and 4

days.

Experimental groups that subjected to MTT assay are: Al-1/GO-1, Al-2/GO-1,
Al-3/GO-1 in order to determine the optimal cross linker concentration, Al-3/GO-0.5
Al-3/GO-1 Al-3/GO-2 in order to determine the optimal GO concentration and Al-3,
Al-3/CysGO-0.5 in order to demonstrate the effect of L-Cysteine immobilization and

GO incorporation on cell behavior.

According to the obtained data for experimental groups Al-1/GO-1, Al-2/GO-
1, Al-3/GO-1, at day 1, metabolic activity of cells were calculated and represented in
Table 4.2.
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Table 4.2
MTT assay results for different cross linker concentrations
and TCP at day 1 (n=5). Data are expressed in means + SD.

Experimental Group Cell Viability (%)

Al-1/GO-1 109.00+8.94
Al-2/GO-1 112.00+£5.11
Al-3/GO-1 121.00+£4.09

TCP 100.00£7.93

The data suggest that at day 1 all groups exhibit higher viability compared
to control group (TCP). The experimental group with the highest viability was Al-
3/GO-1, while Al-1/GO-1 had the lowest viability. ANOVA was chosen as a suitable
statistical method to compare and find statistical significances between experimental
groups. No significant difference found between the experimental and control groups

when compared to each other (df=3, F= 8,312, Sig=0,001).

The data obtained from the MTT assay at day 4 are presented in Table 4.3.

Table 4.3
MTT assay results for different cross linker concentrations
and TCP at day 4 (n=5). Data are expressed in means + SD.

Experimental Group Cell Viability (%)

Al-1/GO-1 89.00£10.60
Al-2/GO-1 88.83+4.44
Al-3/GO-1 99.164+9.42

TCP 100.00£7.55
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The data suggest that at day 4 all groups exhibit lower but sufficient viability
compared to control group. The experimental group with the highest viability was
Al-3/GO-1, while Al-1/GO-1 had the lowest viability. No significant difference found
between the experimental and control groups when compared to each other (df=3,

F=2,715, Sig=0,079). The results of dayl and day 4 are presented in Figure 4.15.
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Figure 4.15 MTT assay results for different cross linker concentrations and TCP at day 1 and day
4 (n=5). Data are expressed in means + SE and represent the results of two independent experi-
ments.

According to the obtained data for experimental groups Al-3/G0O-0.5, Al-3/GO-
1, Al-3/GO-2, at day 1, metabolic activity of cells were calculated and represented in
Table 4.4.
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Table 4.4
MTT assay results for different GO concentrations and
TCP at day 1 (n=>5). Data are expressed in means £ SD.

Experimental Group Cell Viability (%)

Al-3/GO-0.5 80.51£6.00
Al-3/GO-1 88.83£11.52
Al-3/GO-2 80.23+4.08

TCP 100.00+4.33

As shown in Table 4.4, the MTT data suggest that at day 1 all experimental
groups exhibit high viability. The control group has the highest viability. Figure 4.16
indicates that at day 1 increasing GO concentration from 0.5 mg/ml to 1 mg/ml has
a positive effect on cell viability. However this positive effect did not last when GO
concentration was increased to 2 mg/ml, which caused a noticeable decrease in cellular
activity. The control group (TCP) showed significant difference when compared to

other groups (df=3,F=8,466, Sig=0,001).

The data obtained from the MTT assay at day 4 are presented in Table 4.5

Table 4.5
MTT assay results for different GO concentrations and
TCP at day 4 (n=>5). Data are expressed in means £+ SD.

Experimental Group Cell Viability (%)

Al-3/GO-0.5 74.64+£13.21
Al-3/GO-1 57.09£7.79
Al-3/GO-2 67.45£10.02

TCP 100.00£10.33

The results of day 1 and day 4 are presented in Figure 4.16.
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Figure 4.16 MTT assay results for different GO concentrations and TCP at day 1 and day 4
(n=5). Data are expressed in means + SE and represent the results of two independent experi-
ments.

As shown in Figure 4.16 cell viability decreases for all experimental groups
at day 4. It is observed that the viability of Al-3/GO-1 and Al-3/GO-2 decreases
considerably while the viability of Al-3/GO-0.5 decreased much less. The control group
(TCP) showed significant difference when compared to other groups (df=3,F=15,095,
Sig=0,000).

According to the data obtained for experimental groups Al-3, Al-3/CysGO-0.5,
and control group at day 1, metabolic activity of cells were calculated and represented

in Table 4.6.
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Table 4.6
MTT assay results for experimental groups Al-3, Al-3/CysGO-0.5, and con-
trol group concentrations at day 1 (n=>5). Data are expressed in means + SD.

Experimental Group Cell Viability (%)

Al-3 84.21+4.14
Al-3/CysGO-0.5 98.79£12.00
TCP 100.00+£7.16

As shown in Table 4.6, the MTT data suggest that at day 1 all experimental
groups exhibit high viability. An increase in viability is noticeable with GO and Cys
addition. The experimental group of neat Al-3 has the lowest viability when compared
to Al-3/CysGO-0.5 and control groups. The Al-3/CysGO-0.5, and control groups
exhibit significant difference when compared to Al-3 group (df=3, F=5,432, Sig.0,021).

The data obtained from the MTT assay at day 4 are presented in Table 4.7.

Table 4.7
MTT assay results for experimental groups Al-3, Al-3/CysGO-0.5, and con-
trol group concentrations at day 4 (n=>5). Data are expressed in means + SD.

Experimental Group Cell Viability (%)

Al-3 90.74+5.22
Al-3/CysGO-0.5 98.18£2.11
TCP 100.00+£4.39

According to the MTT results presented in Table 4.7 and Figure 4.17, all experi-
mental groups exhibit high viability. The group Al-3 has lower viability when compared
to other groups Al-3/CysGO-0.5 and control groups have no significant difference of
viability. The Al-3/CysGO-0.5, and control groups exhibit significant difference when
compared to Al-3 group. (df=2, F=7,057, Sig.=0,009). The results of day 1 and day 4

are presented in Figure 4.17.
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Figure 4.17 MTT assay results for experimental groups Al-3, Al-3/CysGO-0.5, and control group
at day 1 and day 4 (n=>5). Data are expressed in means + SE and represent the results of two inde-

pendent experiments.
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5. DISCUSSION

Alginate (Al) as a natural polymer is widely used as wound care material ow-
ing to its favourable properties such as biocompatibility, high absorbency and facility
of gelation [12,13] However, alginate has some deficiencies such as poor mechanical
strength, uncontrollable degradation and loss of structural integrity that may limit its

application as a biomaterial [94].

In this thesis, alginate/graphene oxide composite 3D porous scaffolds were fab-
ricated and characterized with the purpose of achieving a material suitable for wound
care and healing applications with enhanced properties such as biocompatibility, high
mechanical strength, stability, high absorbance and positive cell response. The effect of
cross linker (CaCly) and graphene oxide (GO) concentration and L-Cysteine immobi-
lization was investigated along with characterization techniques such as FTIR, swelling
ratio, porosity, SEM, Rheometry. In addition MTT assay was conducted in order to

investigate cell viability.

5.1 Fourier Transform Infrared (FTIR) Spectroscopy

In order to investigate the chemical structure and determine the interactions and
the intermolecular bonds between alginate/CaCl,, alginate/ GO and GO/L-Cysteine,
FTIR analysis was conducted. FTIR analysis is an easy method used to identify the

presence of certain functional groups in a molecule.
Alginate has several functional groups such as hydroxyl (-OH) and carboxylic
groups (-COOH) and intermolecular bonds such as C-H, C-O-C and C-O bonds as

shown in Figure 2.3.

As illustrated in Figure 4.1 (A), the spectrum of alginate presents stretching
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vibrations of -OH bonds can be observed in the range of 3200 ecm™! - 3400 cm™!.
And stretching vibrations of aliphatic C-H can be observed at 2926 cm~!. Dominant

1

absorption bands at 1595 cm™!, and 1405 cm™! refer to asymmetric and symmetric

stretching vibration of carboxylate salt group respectively.

It is known that alginate goes under gelation process when in the presence of
divalent cations [51]. In order to obtain an ionically crosslinked gel CaCl, solution was
added to the alginate powder. With the addition of CaCl, (Figure 4.1, (B, C, D)) peak
shifts observed from 1595 cm™! to 1593 em™! and also from 1405 cm™! to 1409 cm™.
These shifts appear as the result of the replacement of Na™ in the guluronic acid residues
and Ca?" cation, therefore change of charge density and radius of the atomic weight
of the cation [95|. This indicates the involvement of the COO- group in the alginate
reticulation process and formation of egg box structure through Ca?* [96]. Also band
of stretching vibrations of O-H bonds in cross linked alginate appeared narrower than
neat alginate due to the involvement of carboxylate and hydroxyl groups of alginate
to the Ca?™ [95]. The data suggest that the gelation of alginate via cross linker CaCl,

was successfully done.

Figure 4.2 presents the FTIR spectra of neat alginate and alginate/GO com-
posite scaffolds with different CaCly concentrations (0.01M, 0.02M, 0.03M). An in-
crease in the intensity of the band that corresponds to the stretching vibrations of -OH
bond was observed compared to neat alginate spectrum. Also, -OH absorption bands
widened slightly and mildly shifted to lower wavenumbers (0.01M= from 3281 cm™!
to 3265 cm~!; 0.02M= from 3331 cm~to 3296 cm™!; 0.03M= from 3272 cm™'to 3254

cm™') as a result of the interaction of sodium alginate and GO via intermolecular H

bonds [17,60]. The data verify the integration of GO to the alginate structure.

FTIR spectra of samples Al-3, Al-3/GO-0.5, Al-3/GO-1 and Al-3/GO-2 with
different GO concentrations were also recorded and compared as shown in Figure 4.3.
It is observed that the intensity of the -OH stretching vibration peak heightens as the
concentration of GO increases. GO is very abundant of -OH functional group, therefore

it is expected that the higher the GO content, the greater the intensity -OH stretching
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vibration peak. Furthermore a slight red shift (increase in wavelength) was observed in
the same band, which affirms the interfacial adhesion and hydrogen bonding (Figure

3.2) between alginate and GO [17,89].

The FTIR spectrum of the composite scaffolds with addition of L-Cysteine is
presented in Figure 4.4. The intensity of the band that represents the stretching vibra-
tions of -OH bond has decreased as expected due to binding of L-Cysteine to the -OH
group of GO. The characteristic peaks of GO such as C=C stretching mode of the sp?
carbon skeletal network at 1497 cm~! and -OH stretching vibration at 3315 cm™! are
observable [17]|. Furthermore, the stretching vibrations of the alkane groups introduced
by L-Cysteine are present at the 2969 and 2878 cm ™! peaks. Also, characteristic peaks
of L-Cysteine such as N-H bending vibration, C-N stretching vibration and valence
asymmetric vibration of C=0 bond are observed at 1563,1215 and 1608 cm™*, corre-
spondingly [91,92|. The data indicate that L-Cysteine was successfully immobilized on
GO sheets.

5.2 Swelling Ratio

The liquid absorbance capacity is an important parameter in desired application.
Alginate is known for its high absorbance. This property makes it preferable for high
exudate wounds. The high absorption property limits wound exudations and reduces

bacterial contamination [1].

In order to investigate the absorbance capacity of the fabricated samples, the
swelling test was performed for all composite groups. The samples were immersed in
DMEM medium in order to get additional information on absorbance and stability
of the scaffolds in cell friendly environment compared to DI water. The time points
were 6h, 12h, 24h and 48h. The effect of cross linker and GO concentration and also

L-Cysteine immobilization on swelling behaviour was investigated.
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As presented in Figure 4.5 (A), the swelling ratio increased with the increasing
cross linker content. The experimental group with the lowest cross linker content
experiences a drop in swelling ratio at 12h. This decrease is due to the solubility of the
uncross-linked alginate because of the nonsufficient cross-linker content. Likewise, the
highest swelling ratio belongs to the experimental group with the highest cross linker

content because of the small amount of uncross-linked alginate.

The data in Figure 4.5 (B) shows that the swelling ratio increases as the GO con-
tent increase. Since GO is abundant of hydrophilic functional groups such as carboxyl

and hydroxyl ready to form H bonds [97].

As seen in Figure 4.6 swelling ratio lowers with the addition of L-Cysteine to
the scaffold structure. Since L-Cysteine is a hydrophobic amino acid, the decrease in

the swelling capacity is expected.

5.3 Porosity

The porous structure of the scaffolds was accomplished by using freeze-drying
method as the fabrication method of the scaffolds. Freeze drying is a procedure by
which the samples are frozen in a cold environment and then the frozen contents are
removed via sublimation under high vacuum, resulting in formation of porous struc-
tures [98]. Porosity is a critical aspect in 3D scaffolds. Therefore the porosity of the
composite scaffolds was investigated by conducting liquid replacement method. The
data presented in Figure 4.7 indicates that cross linker concentration has an effect on
porosity. The porosity of groups Al-3/GO-1 and Al-3/GO-2 was higher that 100%
due to ionic interaction and amino acid salt accumulation that comes from the in-
gredients of DMEM media. It is observed that porosity increases by increasing cross
linker content. The higher concentration of CaCly gives rise to more junction zones
and increases number of pores number [93]. It can be seen that porosity increases
with the increasing GO content. Since the porosity was measured via liquid replace-

ment method, the observed increase in porosity with increasing GO content may be
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due to high absorbance capacity with increasing GO content. The data also showed
that introduction of L-Cysteine to the structure lowers porosity and likewise it may be
the result of decreasing absorbance capacity resulted by the hydrophobic nature of the
amino acid. In order to obtain further information about porosity, SEM images of the

samples were investigated.

5.4 Morphological Characterization

The morphology of neat alginate and alginate/GO composite scaffolds was ob-
served with SEM imaging. In order to have supplementary data on porosity, SEM
images of both surface and cross section of the scaffolds were taken. The SEM images

provided more precise information about the porous structure of the scaffolds.

Figure 4.8 presents the SEM images of neat alginate scaffolds (Al-3). In Figure
4.8 (A, B) the open and closed pores on the surface are visible. The pore walls are
highly distinct. In Figure 4.8 (C, D) it is observed that the Al -3 scaffolds exhibit
highly porous and interconnected structure as expected. In Figure 4.9 the SEM images
of scaffolds with different CaCly concentrations are presented. It is observed that the
inner structure and porosity does not differ significantly as seen in the cross section
images given in Figure 4.9 (B, D, F). The SEM data indicates that incorporation of
CaCly causes no detrimental effect on highly porous and interconnected structure of

the alginate/ GO composite scaffolds [17].

In Figure 4.10 the effect of GO content on porous structure is demonstrated
through SEM images of the experimental groups Al-3/G0O-0.5, Al-3/GO-1 and Al-
3/GO-2. It is observed that as the GO content increases the pore walls become less
distinct on the surface and a smoother superficial structure is observed. Also the data
indicate that the pores seem to get smaller with the increasing GO content due to

compaction of the structure with interaction between alginate and GO (Figure 4.10 A,

C, E) [17].
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Figure 4.11 presents the SEM images of L-Cysteine immobilized scaffolds (Al-
3/CysGO-0.5). A relatively smoother surface with smaller and less distinct pores
was observed. The cross section images imply that L-Cysteine immobilization has no

damaging effect on the interconnected porous structure of the scaffolds.

5.5 Rheometry

In order to investigate the viscoelastic properties of the non-lyophilized neat
alginate hydrogel (Al-3) and composite hydrogels with different cross linker concentra-
tions Al-1/GO-1, Al-2/GO-1 and Al-3/GO-1 rheometry methods were employed. The
effects of GO and cross linker concentration on viscoelasticity of the hydrogels were

studied.

Parameters such as the loss modulus (G”), which describes the viscous proper-
ties, the storage modulus (G’), which describes the elastic properties and loss factor
(tand= G”/ G’) were measured in order to understand the viscoelastic behaviour of the

hydrogels.

The data presented in Figure 4.11 indicates that in the linear viscoelastic region
while Al-1/GO-1 behaves as viscoelastic liquid (G”>G’ and tan 6>1), Al-2/GO-1, Al-
3/GO-1 and Al-3 exhibits viscoelastic solid behavior. This indicates that low cross
linker content results in low gelation, thus less rigid structure. Among the viscoelastic
solid experimental groups, while Al-3/GO-1 has the highest G’ value, which indicates
that it has higher strength; Al-3 has the softest structure thus lower strength. This
difference indicates that incorporation of GO to the structure provides stiffness to the
hydrogel, consequently enhances its mechanical strength. The data given in Figure
4.12 imply that Al-3, which has the highest tand value, is the most elastic hydrogel;
Al-3/GO-1 is the most brittle hydrogel, due to incorporation of GO to the structure.
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5.6 Macroscopic Images

Figure 4.13 presents the macroscopic images of Al-3, Al-3/GO-0.5, Al-3/GO-1
and Al-3/GO-2 experimental groups. The images reveal that neat alginate scaffold
presents white colour, while alginate/GO scaffolds are brown and the colour becomes

darker with the increasing GO content.

5.7 Cell Culture Studies (MTT Assay)

Firstly the effect of cross linker concentration on fibroblast cell (1929, ATC,
USA) viability was investigated on experimental groups Al-1/GO-1, Al-2/GO-1, Al-
3/GO-1 at day 1 and day 4. According o Table 4.2, and Figure 4.14 at day 1 while
all experimental groups exhibit higher viability compared to control group (TCP),
Al-3/GO-1, which was the group with the highest cross linker concentration showed
the highest viability. However ANOVA test showed no significant difference between

groups.

At day 4, all groups exhibit lower but sufficient viability compared to control
group. ANOVA test showed no significant difference between groups. Yet Al-3/GO-1,
which was the group with highest cross linker concentration kept showing the highest
viability among the experimental groups. This may be caused by the dissolution of
the un-crosslinked alginate in case of low cross linker concentration. The experimental
group with the highest viability, which is the Al-3/GO-1, was selected as the optimal

cross linker concentration for proceeding with the next stage of the study.

Next, the effect of GO concentration on fibroblast cell (1.929, ATC, USA) vi-
ability was investigated on experimental groups Al-3/GO-0.5, Al-3/GO-1, Al-3/GO-2
at day 1 and day 4. According to the results of MTT assay which are presented in
Table 4.4, and Figure 4.15; at day 1, TCP that was the control group, showed highest

cellular activity whereas the experimental groups also exhibited high viability. Accord-
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ing to ANOVA, TCP showed significant difference when compared to other groups.
The data indicate that increasing GO concentration from 0.5 mg/ml to 1 mg/ml has
a positive effect on cell viability. However this positive effect did not last when GO
concentration was increased to 2 mg/ml, which caused a noticeable decrease in cellular

activity indicating that cells do not respond well to higher concentrations of GO.

As shown in Table 4.5 and Figure 4.15, at day 4, it was observed that the
viability of Al-3/GO-1 and Al-3/GO-2 decreases considerably while the viability of
Al-3/GO-0.5 decreased also but not as critically. The decrease in viability for the
groups Al-3/GO-1 and Al-3/GO-2 corroborates the theory that cells do not respond
well to high GO concentrations due to can cause a dose-dependent oxidative stress in
cells [18]. From this point of view, Al-3/GO-0.5, which was the experimental group
with the lowest GO concentration, was selected for the optimal GO concentration for

proceeding with the next stage of the study.

As the final step, the effect of L-Cysteine and GO incorporation to the al-
ginate scaffolds on fibroblast cell viability was investigated on experimental groups
Al-3/CysGO-0.5 and Al-3. The results for MTT assay at day 1 are presented in Table
4.6 and Figure 4.16. The data suggest that at day 1 all experimental groups exhibit
high viability, in addition, an increase in viability is noticeable with GO and L-Cysteine
addition. According to ANOVA, the Al-3/CysGO-0.5, and control groups exhibit sig-

nificant difference when compared to Al-3 group.

As shown in Table 4.7 and Figure 4.16, all groups show high viability also at
day 4, Al-3 has lower viability when compared to other groups while Al- 3/CysGO-
0.5 and control groups have no significant difference. Statistical analysis detected
significant difference between Al- 3/CysGO-0.5 and Al-3, and TCP and Al-3. The
data indicate that incorporation of GO and L-Cysteine to the structure results in

positive cell response and high viability.

In the literature, there are no cell studies performed on alginate/graphene oxide

composite scaffolds to the best of our knowledge. However, J. Ciriza et al. reported
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that the viability of encapsulated C2C12 myoblast cells with alginate microcapsules
GO was increased compared to no GO incorporation when used in small amounts [99].
The data presented in part 4.7 also suggested that although cell viability increases
with the introduction of GO, increasing the GO concentration has negative effect on
cell viability. Fiselt et. al reported that fibroblasts showed high viability and uniform
distribution in porous alginate beads modified with RGD peptide [96]. Spitzer et.
al. reported that they found significantly higher cell response and proliferation with
chrondocytes in the composite alginate-fibrin beads when compared to neat alginate
beads [100]. Celik et. al. reported that with high crosslinker concentration on alginate/
Fmoc-diphenylalanine hydrogel networks, viability decreases due to inadequate growth
space and denser environment for cells. This thesis has shown to eliminate this negative
side effect by performing indirect MTT. In the same study it is also reported that
storage modulus (G’) increased with increasing cross linker (CaCly) concentration,
enhancing the mechanical property [101]. This expected increase could also be seen in
the rheological evaluation presented in part 4.5. Kawaguchi et. al. reported that the
incorporation of CNTs into alginate gel enhanced the mechanical property compared
to neat alginate gels’ without affecting the original microstructure [61]. According to
the data presented in part 4.5 we also achieved to enhance the mechanical property
by adding GO instead of CNTs, which is known to have poor solubility and toxic

impurities [17].

5.8 Future Studies

In this thesis, the results of characterization and cell studies supported that
incorporation of GO and GO and L-Cysteine to the alginate structure is a promising
method to achieve an enhanced biomaterial for use in wound healing applications. In
further studies, antimicrobial activity will be evaluated and immobilization of several
other amino acids such as L-Tryptophan on GO will be investigated in order to have
additional information about the possible improvements in the scaffold properties and

their effects on different cell behaviour by using keratinocytes.
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