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ABSTRACT
DEVELOPMENT OF GRAPHENE OXIDE (GO) MODIFIED
ELECTROSPUN POLY (ε-CAPROLACTONE) (PCL) NANOMATERIALS
Basar, Ahmet Ozan
M.S., Metallurgical and Materials Engineering Department
Supervisor: Assoc. Prof. Dr. Hilal Turkoglu Sasmazel
June 2019, 71 pages
The aim of this study was to fabricate 3D, composite tissue scaffolds with synthetic
biodegradable polymer poly(ε-caprolactone) (PCL) and graphene oxide (GO)
combined together by using electrospinning technique. Additionally, the effect of
Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP) and/or thiophene (Th) modified GO on the
composite PCL/GO mats (PCL/GO, PCL/GO-GRGDSP, PCL/GO-Th, PCL/GOGRGDSP-Th) was further studied. Characterizations of the powder GO-based
samples were carried out by ATR-FTIR and Raman analyses. Characterizations of
the scaffolds were performed by thickness measurements, Scanning Electron
Microscopy (SEM), contact angle (CA) measurements, X-ray photoelectron
spectroscopy (XPS), thermogravimetric analyses (TGA), electrical conductivity tests,
PBS absorption and shrinkage tests, in vitro degradation and mechanical tests.
According to SEM micrographs, all of the scaffolds were exhibited bead-free and
uniform morphology. Better hydrophilicity and a light CA decrease (~5°) for
PCL/GO scaffolds were observed with the addition of GO. The enhanced electrical
conductivity was observed with the incorporation of PCL and GO and the highest
conductivity value was measured for PCL/GO-GRGDSP-Th (2%) as 15.06 μS.cm-1.
Mechanical properties of the scaffolds were improved with the well-dispersion and
addition of GO in PCL matrix. Additionally, cell-material interactions were studied
with MG-63 osteoblast cell line with MTT assay, ALP activitiy, Alizarin-Red
staining, fluorescence and SEM analyses. Cell culture studies showed that PCL/GOGRGDSP-Th (0.5%) scaffolds exhibited highest biocompatibility performance at
least 1.87 fold in MTT absorbance value compared to neat PCL scaffolds due to the
advanced properties of GO and the biological interfaces.
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ÖZ
GRAFEN OKSİT (GO) MODİFİYE ELEKTROEĞRİLMİŞ POLİ (εKAPROLAKTON) (PCL) NANOMALZEMELER
Basar, Ahmet Ozan
Yüksek Lisans, Metalurji ve Malzeme Mühendisliği Bölümü
Tez Danışmanı: Doç. Dr. Hilal Turkoglu Sasmazel
Haziran 2019, 71 sayfa
Çalışmanın amacı, sentetik biyobozunur polimer poli(ε-kaprolakton) (PCL) ve grafen
oksit (GO) birleşiminin elektroeğrilmesiyle üç boyutlu, kompozit bir doku iskelesi
elde etmektir. Ayrıca, kompozit PCL/GO yapılarının Gly-Arg-Gly-Asp-Ser-Pro
(GRGDSP) ve/veya tiyofen (Th) (PCL/GO, PCL/GO-GRGDSP, PCL/GO-Th,
PCL/GO-GRGDSP-Th) ile birlikte etkileşimleri incelenmiştir. Toz GO örneklerinin
karakterizasyon özellikleri ATR-FTIR ve Raman analizleri ile tayin edilmiştir.
Elektroeğrilmiş doku iskelelerinin karakterizasyon özellikleri ise; kalınlık ölçümleri,
taramalı elektron mikroskobu (SEM), yüzey temas açısı (CA) ölçümleri, X-ışını
fotoelektron spektroskopi (XPS), termogravimetrik analiz (TGA), iletkenlik
ölçümleri, PBS şişme ve büzüşme davranış testleri, in vitro degradasyon (bozunma)
çalışmaları ve mekanik testleri ile yapılmıştır. Bu analizler sonucunda, bütün doku
iskelelerinde eşdağılımlı homojen morfoloji gözlemlenmiştir. GO eklenmesiyle
PCL/GO doku iskelelerinde daha iyi hidrofilisite ve yaklaşık 5° temas açısı düşüşü
gözlenmiştir. PCL ve GO birleşimi ile elektriksel iletkenlikte artış gözlenmiş ve
ölçülen en yüksek değer PCL/GO-GRGDSP-Th (2%) için bulunmuştur (15.06
μS.cm-1). Doku iskelelerinin mekanik performansı ise iyi disperse (dağılmış) olmuş
GO’nun PCL matriksine eklenmesiyle artmıştır. Ayrıca, üretilen doku iskelelerinin
hücre-materyal etkileşimleri MG-63 hücre hattı kullanılarak; MTT tayini, ALP
aktivitesi, Alizarin red boyaması, Floresan ve SEM analizleri ile incelenmiştir.
Yapılan hücre kültürü çalışmaları sonucunda, GO’nun ileri düzey özellikleri ve
biyolojik arayüzleri sayesinde PCL/GO-GRGDSP-Th (0.5%) doku iskelesi en
yüksek biyouyumluluk (saf PCL doku iskelesine kıyasla 1.87 kat daha fazla MTT
absorbansı) göstermiştir.
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CHAPTER 1
Introduction

Electrospinning is a widely used technique in terms of fabrication of polymeric fibers
which has gained massive popularity during the last years along with the increased
popularity in nanomaterial technologies. This technique possesses unique potentials
in some applications such as fiber-based sensors, catalytic nanofibers, and tissue
engineering scaffolds [1]. Regarding of scaffolding with electrospinning technique;
the more closely in vivo environment can be mimicked, the more likely the
successful tissue engineering scaffolds which dispenses a 3-D framework for the
cells in order to attach and developed in vitro. Subsequently, the developed scaffolds
can be implanted into a defect site for tissue repair and regeneration [2].
Furthermore, nanofibrous scaffolds can be fabricated either with synthetic polymers
or native matrices such as gelatin, chitosan. The polymers such as poly(εcaprolactone) (PCL), poly(vinyl chloride) (PVC), polystyrene (PS), which are
synthetic polymers, are biodegradable and biocompatible, as well as their mechanical
properties can be modified easily for incorporation with different peptides and
proteins [3, 4]. In the literature, among many synthetic polymers, PCL has gained
considerable popularity for its potential applications in tissue engineering field.
Furthermore, as consequence of its exceptional low toxicity and good
biocompatibility, PCL has been widely utilized with electrospinning technique in
biomedical applications [5, 6]. However, the applications of PCL have been limited
due to several disadvantages it possesses, such as poor hydrophilicity, low
degradation rate and poor mechanical properties. Thus, PCL is often blended with
other polymers or some nanoparticles to overcome these disadvantages [7].
In the literature, graphene has gained high popularity due to its unique properties.
However, the processing of graphene is challenging in terms of affiliating it with
other compounds. According to the current literature studies, graphene oxide (GO)
has been reported as the best alternative to overcome this problem [8]. Thus, as a 2D
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carbon nanomaterial, graphene oxide (GO) has been employed in a variety of fields
such as transparent screens, super conductives and biomedical electrospun fibers due
to its unique properties of large specific surface area, great electron transport ability,
good mechanical properties, high aspect ratio, oxygenated functional groups (—OH,
—COOH, C=O, —O—) [9]. Additionally, the oxygenated surface functionalities of
GO ease its dispersion in polymer matrices, which occurs by the electrostatic
repulsion that leads to a stable dispersion in aqueous or organic media [10]. Besides,
the main aim of the incorporation of GO into polymeric matrices is considered as
enhancement electrical and mechanical performance of the materials [11]. Thus, the
incorporation of GO within a diodegradable and biocompatible polymer, PCL, is a
great way to modulate the disadvantages of fibrous PCL mats.
Along with the outstanding properties of GO, graphene-based materials have been
utilized as a substrate to be interfaced with different cell and biomolecules [12]. In
addition to that, various biological modifications can be performed for enhancing the
biocompatibility, dispersibility and selectivity of the nanomaterials having graphene.
For instance, a fibronectin fragment that has RGD sequence, GRGDSP, is widely
used for cell recognition during ECM anchorage and deposition [13]. The structures
that incorporate with GRGDSP respect the endothelial entrapment [14]. Additionally,
the cell adhesion is promoted as this peptides are immobilized on surfaces [13].
Moreover, various integrin affinities can be accomplished due to the RGD
conformation and the flanking amino acids [15]. Other than GRGDSP incorporation,
the thiophene interface conjugation is another robust approach for the GO
functionalization. On the other hand, only several studies have subjected the
conjugation of thiophene with nanotubes in the literature. Thus, the understanding of
this phenomenon would be vital to gain further perception into the different
characteristics of thiophene oligomers. Beforehand, several studies reported that the
thiophene conjugation promoted biocompatible, electrochemical and mechanical
properties of its conjugated host structures whereas it had little to no outcome on
mesh fabrication [16, 17].
Therefore, this study examines the effect of GO on the mechanical, conductive,
thermal, and biological properties of PCL/GO mats to be used in possible tissue
engineering applications. Moreover, we adress a novel approach to establish a smart
functional composite PCL/GO scaffolds by mono/multi-functionalization of GO.
2

CHAPTER 2
Literature Survey

2.1. Electrospun Tissue Scaffolds
2.1.1. Tissue Engineering
As desribed by Langer and Vacanti in 1993, tissue engineering is “an
interdisciplinary field that applies the principles of engineering and life sciences
toward the development of biological substitutes that restore, maintain, or improve
tissue function”. [18]. It develops various approaches utilizing the advantages of
nanoscience, which offers (i) high surface-volume ratio for cell anchorage, (ii)
appropriate porosity for cell settlement and cell-to-cell communication, and (iii)
macroscopic 3-dimensionality [19-21]. The tissues that diseased or injured are aimed
to be treated by various tissue engineering approachs which described before; (i)
implantation of newly insulated or cultured cells; (ii) implantation of in vitro
fabricated tissues; and (iii) in situ tissue regeneration [22].
As a result of the complexity of human body system, the research areas are divided
into some main subdivisions such as skin, skeletal muscle, blood vessel, bone and
nerve tissue engineering. Some of recent studies are given below as examples;
Skin tissue engineering: Yoo and coworkers demonstrated that the
immobilization of human epidermal growth factor (EGF) to electrospun PCLPCL/PEG nanofibers enhances wound healing of diabetic ulcers in mice [23]. The
EGF-conjugated nanofibers showed superior healing performance comparing to the
control groups and EGF solutions.
Skeletal muscle tissue engineering: Ertan et. al. developed in vitro human
skeletal miniature that contains complex capillary system, neurons and myotubes
which accurately imitates the tissue’s structure and function [24].
Vessel tissue engineering: A developed degradable synthetic polymer, poly(octamethylene maleate (anhydride) ciltrate (POMaC) was reported as in vitro
cardiac and hepatic tissue model with microfluidic channels like the vascularity
3

found in the body. Zhang et al. also suggested that direct and swift translation of in
vitro to in vivo environment could be enabled with the compound [25].
Bone tissue engineering: Wang et al. developed composite materials with
superior mechanical performance, good biodegradability by merging swift
prototyping (RP) and 3D functionalization. The fabricated apatite-collagenpolycaprolactone (Ap-Col-PCL) composites exhibited rapid bone restoration in a
model with excellent bioactivity [26].
Nerve tissue engineering: Liu and coworkers developed magnetic scaffold
that responds magnetic field to enchance the viability of Schwann cells. Functional
recovery and nerve regeneration were promoted [27].
The fundimental construction of tissue enginereed product consists of the initial
extraction of the cells from the donor tissue and in vitro cultivation. Tissue
engineered products are consisted of two main items; cells and the carrier. The
carriers play essential role on the success of engineered tissue, which are designed as
scaffolds. In this context, the favorable carriers are designed as biodegradable
polymeric scaffolds that accurately mimic the natural extracellular matrix (ECM).
2.1.2. Scaffolds
Scaffolds are important subject matters for tissue engineering and regenerative
medicine research. The development of a scaffold with the proper physical, chemical
and mechanical characterists plays an major role in tissue restoration and repair.
Scaffolds are considered as ECM mimicking, three dimensional (3D) structured
porous solid biomaterials that generating bioactive environment upon implantation in
where cell adhesion and proliferation occurs [28]. A successfully designed scaffolds
are expected to support features such as; (i) advanced cell-material interactions, cell
adhesion, (ii) appropriate porosity and permeability to allow transportation of the
nutrients that permits cell proliferation and differentiation, (iii) appropriate rate of
biodegradation for the culture conditions of interest that enables artificial material
elimination in time, (iv) proper mechanical properties to endure stresses that arises
during new tissue construction, (v) minimal inflammation or toxicity in vivo [29].
A variety of engineered scaffolds from various biomaterials have been produced for
tissue engineering applications. Essentially, scaffolds can be categorized into 6
4

different major groups which are porous, microsphere, hydrogel, acellular, fibrous,
and composite.
Porosity is a crucial parameter of 3D scaffolds for tissue engineering. Their
homogeneous interconnected pore network mimics the ECM structure and has direct
impact on cell nutrition, proliferation, and migration during the establishment of new
tissues. A porous surface also assists in improving the mechanical stability of the
implant by mechanical interlocking between scaffolds and surronding environments.
It also enables the nutrient transport and exchange through their interconnected pore
network [30].
Microsphere-based scaffolds have grown remarkable attention in recent years.
Microsphere scaffolds are highly utilized as drug delivery vehicles in progressive
tissue engineering operations such as gene and antibiotic treatment of infected bones
[31]. Microspheres as building blocks provide various advantages such as; regulation
over morphology, physicochemical properties and control of release kinetics of
encapsulated agents. Generally, the rapid release of drugs is achieved with the low
molecular weight polymers that are used in developing porous microspheres whereas
the polymers that having high molecular weight for a lesser drug release profile [32].
Hydrogels have played an important role in drug delivery and tissue engineering
implementations in the last decade. Their structural resemblance with the
macromolecular-based substrates originates the benefits of their biocompatibility,
cell-disciplined degradability, and intrinsic cellular synergy. Synthetic or natural
polymers are utilized for the formation of hydrogel which are often employed in
cartilage and bone restoration, wound dressing, drug delivery tissue engineering
applications with respect to their unique properties such as; cell migration
encouragement, angiogenesis, large water content, and fast nutrient diffusion [33].
Acellular tissue matrices can be developed by either fabricating artificial scaffolds or
discarding cellular substrates from tissues without affecting adversely the
composition, mechanical stability, and biological activity of the remaning ECM. The
main applications of acellular scaffolds target genitourinary tissues, along with
urethra and bladder without no immunogenic veto. Comparing with the alternative
scaffolds, acellular scaffolds have various benefits such as, (i) preserving their
anatomical architecture and ECM architecture with the possess of cell adhesion
5

ligands after decellularisation process, (ii) reduction in immunological response by
completely removing cellular components, (iii) similar mechanical properties as
those of native tissue even after decellularisation process [34].
Fibrous scaffolds that imitate the architecture of human tissue at a nanometer range
have a crucial role in tissue engineering. Combining with the 3D microporous
structure, the large surface area to volume ratio of the nanofibers promotes cell
anchorage,

proliferation,

migration,

and

differentiation

that

are

essential

characteristic for tissue engineering applications [35]. Among three main nanofiber
synthesis techniques, (i) electrospinning, (ii) self-assembly, and (iii) phase
separation, electrospinning method is a largely utilized method with the most
auspicious outcomes for the potential tissue engineering applications.
The term “composite material” is attributed to the combination of two or more
materials that differ in composition or morphology to access specific chemical,
physical and mechanical properties. The main advantage is that the ultimate
composite material may maintain the best properties of combined materials. Also, by
governing the volume fraction, morphology, and adjustment of the reinforcing phase,
the desired characteristics can be tailored to suit the mechanical and physiological
demands of the host tissue. Also, combining materials can be inorganic, such as
ceramics and glasses which are recognized to be too tense and brittle while polymers
by themselves are often flexible and show poor mechanical properties. Therefore the
blend of polymers and inorganic phases drives to an advanced composite materials
with reinforced mechanical performance [34].
2.1.2.1. Natural and Synthetic Polymeric Tissue Scaffolds
In tissue engineering field, polymers have been widely utilized as scaffolds due to
their exclusive characteristics such as high surface/volume ratio, high porosity with
modest pore size, biodegradation, and mechanical properties. They provide exclusive
benefits towards the aim of tissue engineering applications. Depending of the
intended use, scaffolds can be natural or synthetic with the properties that depend on
the structure, composition and conformance of their component macromolecules.
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2.1.2.1.1. Natural Polymeric Tissue Scaffolds
Natural polymers can be acknowledged as the primary biodegradable biomaterials
that are employed clinically and can be classified into two major groups:
polysaccharides and polypeptides. Polysaccharides (chitosan, agarose, alginate) are
chain of sugar groups that attached by glycosidic bonds. Polypeptides (collagen,
elastin, gelatin, silk) on the other hand, are chain of amino acids linked by a peptide
bond (Table 2.1) [36]. Since these polymers derive from nature, they have biological
and chemical resemblance to natural tissues. These polymers are generally
biocompatible and biodegradable. The fundamental benefit of forming scaffold from
natural polymers is that they generally possess biofunctional molecules which leads
better cell attachment, proliferation and differentiation. However, their hard-tocontrol enzymatic degradation rate can be considered as the main disadvantage of
natural polymers since the lifespan of these polymers varies between tissues/hosts.
Furthermore, they often exhibit poor mechanical performance even though various
approaches have shown to overcome this fact, such as crosslinking. Finally, the
desigining a scaffold from natural polymers is challenging because of their complex
structure and composition [36, 37].
Table 2.1 Recently used natural polymers for various tissue engineering
applications.
Natural Polymeric

Outcome(s)

Reference

Agarose

Axon regeneration

[38]

Alginate

Enhanced Mesenchymal Stem Cell Therapy

[39]

Scaffold

Chitosan

Enhanced biological performance, Hybrid
scaffold

[40]

Collagen

Tendon regeneration

[41]

Gelatin

Urethral reconstruction

[42]

Silk

Bone reconstruction

[43]
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2.1.2.1.2. Synthetic Polymeric Tissue Scaffolds
Chemically synthesized polymers have various prominent benefits over natural
polymers regarding scaffolding design. Poly(glycolic acid), Poly(L-lactic acid),
Poly(D,L-lactic acid-coglycolic acid), Poly(ε-caprolactone) are the most common
synthetic polymers that are employed in tissue engineering applications (Table 2.2).
Most notably, their properties, such as porosity, degradation time, and mechanical
properties, can be constructed to suit specific tissue engineering applications [44].
Furthermore, synthetic polymers are generally cheaper comparing to natural
polymers and thus can be manufactured in big quantities with a great shelf time.
Their mechanical and physical characteristics being tensile strength, elastic modulus,
and degradation rate are often predictable and reproducible. Synthetic polymers are
found in either an amorphous or a semicrystalline state. Depending on whether an
amorphous polymer is below or above its glass transition temperature, it exhibits
rubber or glass-like behaviour, respectively. A semicrystalline polymers however,
have non-uniform dense chain regions that act as crosslinks and thus promote
mechanical properties of these polymers. Similar to natural polymers, synthetic ones
have several drawbacks in terms of scaffolding design [36]. One of the most
important disadvantages of synthetic polymers is the absence of essential
biomolecules that promotes cell attachment. Therefore, they may require various
surface modifications with biomolecules in order to enhance their cell performance.
Furthermore, their degredation into adverse products, such as acids, may result in
inflammation or fibrous encapsulation. Furthermore, since the organic solvents are
often used in the production process, their residuals may lead to negative outcomes
in the host [45].
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Table 2.2 Recently used synthetic polymers for various tissue engineering
applications
Synthetic Polymeric
Scaffold

Outcome(s)

Poly(glycolic acid)

Artificial neural networks, Hybrid

(PGA)

scaffold

Poly(L-lactic acid) (PLA)
Poly(D,L-lactic acidcoglycolic acid) (PLGA)
Poly(ε-caprolactone)

Bone regeneration, enhanced 3D
printing approach

Reference

[46]

[47]

Cartilage regeneration

[48]

Cancer drug delivery

[49]

2.1.2.2. Reinforced Polymeric Tissue Scaffolds
Reinforcement of a scaffold is a prevalent approach in tissue engineering to enhance
biocompatibility or breed a specific biological feedback from anchored cells. In
tissue engineering field, the electrofluidodynamic processes provide the opportunity
to design high-performance bioactive structures depended on polymer yarns of
nanofibers or layers of nanobeads with high surfac/volume ratios which is highly
beneficial for scaffolding applications. The electrospun nanostructures can also be
functionalized with bioactive fillers and substances for the use of advanced tissue
engineering applications. This reinforcement of electrospun fibers is highly
advantageous and is generally performed either with post-processing techniques to
conjugate molecules onto the surface of fibers or by integrating the bioactive factors
into the spinning solution.
In order to display specific bioactive characteristics, the electrospun surfaces can be
functionalized. The surface of the scaffolds is crucial in tissue engineering
applications due to the direct effect of surfaces to cellular response and tissue
regeneration [50]. Generally, either bulk or surface modification can be performed to
accomplish the suitable cellular communicaitons. Bulk modification typically
consists of copolymerazation or functional group attachment to the polymer chain
before scaffold fabrication. For example, Masters et al. altered PUs using hyaluronic
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acid (HA) and prepared grafts which led to the reducement in protein adsorption,
platelet and bacterial adhesion, also fibroblast and macrophage proliferation [51].
Moreover, the HA density on bulk modified PUs remained unchanged after exposure
to physiological surroundings. Hence, the capability of EC adhesion and proliferation
are retained. However, bulk chemical modification generally changes the mechanical
and processing characteristics of the polymers, which is generally a disadvantage.
Apart from bulk modification, surface modification can be performed after the
scaffold fabrication. Therefore, the scaffold structure and mechanical properties are
often remained unaffected. Ozkan et al. utilized different surface plasma treatments
for the modification of hybrid polymeric PCL/chitosan scaffolds [52]. They have
reported that Ar + O2 DBD plasma and dry air plasma jet dispensed optimum
topography and functionality in order to accomplish the same wettability as the
commercial TCPS.
Another postprocessing modification is crosslinking which is necessary to retain
fibrous morphology and mechanical properties after electrospinning. Crosslinking
can be carried out either by high temperatures, such as dehydrothermal treatment
[53], radiation, including ultraviolet or γ-irradiation [54], or chemical agents,
including glutaraldehyde [6]. For instance, Basar et al. improved the surface
hydrophilicity for the

binary PCL/gelatin

fibers

after

crosslinking with

glutaraldehyde vapor [6]. As a further example, McCullen and coworkers increased
the degree of crystallinity, and thus mechanical strength by annealing the nanofibers
above their glass transition temperature (Tg) which grants the molecular chains to be
reoriented and form crystalline regions [55].
Different from all the above-described methods, incorporation of growth factors
(GFs) as nanodomains plays an crucial role in electrospinning technique for tissue
engineering applications. GFs are biological items with exceptional chemical
sequences that are fundamental for coordinating various cellular processes. They are
nonmineral but capable to trigger cellular growth, promote cell proliferation, and
initiate differentiation. These include exceptional bone morphogenetic proteins
(BMPs), oligopeptides, amino acids, and other amphiphilic assemblies. For example,
Eap and coworkers developed a thick electrospun PCL nanofibrous implant with the
reinforcement of chitosan and bone morphogenetic protein BMP-7 as growth factor
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using layer-by-layer technology [56]. They have reported that, the developed
scaffold facilitated in vitro colonization and bone restoration by human osteoblasts.
They also stated that the implants functionalized with BMP-7 linked with hMSCs
can act as an accelerator of in vivo bone mineralization and regeneration. As a
further interesting example, Shin et. al. fabricated RGD peptide and graphene oxide
(GO) co-functionalized poly(lactide-co-glycolide) (RGD-GO-PLGA) scaffolds via
electrospinning [57]. It was revealed that the RGD-GO-PLGA nanofiber mats
effectively promoted the growth of smooth muscle cells (VSMCs) by providing
desired microenvironments for the tissue. Additionally, Gozutok et al. successfully
dispersed rGO in the PVA solutions without using any co-solvent, which mat cause
toxic effect for possible applications, in different weights to fabricate nanofiber mats
[58]. They concluded that the prepared rGO-PVA nanocomposites could be used in
several applications which requires good mechanical, thermal and electrical
properties such as; filtration, sensors/biosensors, thin films and packaging.
As described above with the recent studies, new age has begun for tissue engineering
which analytical design is being used to manufacture functionalized biomaterials and
scaffolds for particular applications. The functionalization of scaffolds are bygone
just a physical surrondings with the slight effect on the regeneration process, but an
active actor on the tissue neogenesis process.
2.1.3. Electrospinning
Over last decade, electrospinning technique has gained remarkable attention along
with the nano-technologies. This technique allows the production of continuous
fibers from the submicron diameter to the nanometer diameters which have high
surface area/volume ratio that about thousand fold of the human hair.
Electrospinning has been used in various applications including catalytic nanofibers,
fiber-based sensors, filtration membranes and tissue engineering scaffolds.
Electrospinning is a very straightforward and cheap technique that composed of a
pump, a high voltage supply, and a collector (Figure 2.1). During the electrospinning
process, a polymer solution is held at the end of capillary needle tip by surface
tension. As the high voltage is applied, the polymer solution becomes charged with
the electrostatic forces which opposes the surface tension. Eventually, this
electrostatic repulsion overcomes the surface tension and thereby, a charged jet of
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fluid is emerged from the tip of the conical shaped solution droplet which is known
as Taylor cone. As the jet emerges, the solvent evaporates and the polymer fibers are
captured on the collector. With this robust technique, it is possible to spin large
number of various synthetic and natural polymers into fibers many kilometers in
length.
In this context, electrospinning is one of the most simplest technique that enables the
production of various nanofibres to be used in various applications. However, the
parameters that can affect the process have to be considered.
2.1.3.1 Parameters Affecting the Process
In electrospinning process, there are some factors that play important role in
structure/morphology/properties of the resultant material. These factor are classified
as processparameters, solution parameters and environmental parameters. The
process parameters include applied voltage, flow rate, distance between the needle
and collector. The solution parameters include concentration, polymer molecular
weight, viscosity and solution conductivity. The environmental parameters include
relative humidity and temperature. All of these parameters have direct influence on
generating smooth and bead-free electrospun fibers.
2.1.3.1.1.Process Parameters
Applied Voltage
For electrospinning process, the applied voltage factor is critical since its impact on
the formation of ultrafine nanofibers is valuable. In order to initiate a charged jet
from the tip of taylor cone, the applied voltage has to exceed the threshold voltage.
This threshold value of applied voltage changes from polymer to polymer.
Additionally, the applied voltage factor on the fiber diameter is discussed in the
literature before with some controversies. Previously it was reported that there was a
slight/none impact of electric field on the diamater of polyethylene oxide (PEO)
fibers [59] where other reports say that the higher voltages originate the large fiber
diameter [60] which is associated with an increase in the jet lenght with the applied
voltage [61]. Furthermore, it was also suggested that the narrowing of fiber diameter
can be achieved with the higher voltages [62] which is attributed to the stretching of
the polymer solution with respect to the charge repulsion within the jet [63].
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Thereby, the influence of applied voltage on the fiber diameter is agreeable, but the
level of significances differs with the other parameters, such as the concentration and
distance [64].
Flow Rate
In order to keep Taylor cone stable during the electrospinning process, the flow rate
of the solution should be kept at a certain level. Generally, low feeding rate is
favorable to ensure enough time for solvent evaporation which results in finer fiber
formation with smaller diameters [65]. However, in the case that the flow rate is very
high, the formation of beaded fibers with thick diameters will occur since fibers have
not a chance to dry before reaching the collector [66]. Furthermore, several studies
showed that higher flow rate results in larger amount of solvent evaporation which
leads to an increase in pore diameter [67].
Needle-Collector Distance
The factor of the needle tip and collector gap has been invastigated in terms of its
influence on the fiber diameters and morphology. In order to allow fibers to dry
before reaching the collector, a minimum distance is required. Besides, at the
distances that either too close or too far, beaded morphology may be observed [44].
Hence, a critical distance is required to produce smooth and uniform electrospun
fibers. Furthermore, the distance can determine whether the resultant process is
electrospinning or electrospraying.
2.1.3.1.2. Solution Parameters
Concentration
The electrospinning process is highly dependent to the uniaxial stretching of a
charged jet which is significantly affected by the concentration of the polymeric
solution. The solution must have optimum concentration value in order to achive
chain entanglements; yet, the solution concentration should not be too high or low. In
the case of the solution is too dilute then the polymer fiber will break apart into
droplets before reaching the collector due to the effect of surface tension and the
process will result in electrospraying instead of electrospinning [68]. Also, these
fragments of polymer originates the beads or beaded nanofibers. Increasing the
polymeric solution concentration to optimum levels will lead to an increase in the
13

chain entanglement which eventually overcome the surface tension and conclusively
result in the formation of uniform beadless electrospun nanofibers. However, a
further increase of concentration beyond its critical value prevents the flow of the
solution, which ultimately results in beaded nanofibers [69]. Additionally, fiber
length and diameter are proportional to the concentration within the optimal range
[63].
Viscosity
Solution viscosity is one of the most important determiners of fiber size and
morphology in terms of spinning polymeric fibers. Viscosity of a polymer solution is
highly affected by its concentration, and in general increasing with increase in
concentration. When it is the case of low viscosity, surface tension is the dominant
factor for the electrospinning process and originates the beaded fibers whereas very
high viscosity results in the hard expulsion of jets from the solution [70].
Consequently, an optimum viscosity level is required in order to production of
continuous fibers and in terms of solution parameters, viscosity, polymer
concentration and polymer moleculer weight parameters are related to each other.
Polymer Molecular Weight
Molecular weight of the polymer has great influence on the morphologies of the
electrospun fibers due to its direct relation with rheological and electrical properties
of electrospinning solution such as viscosity, surface tension, conductivity and
dielectric strength [71]. Similar to the polymer concentration, at a fixed concentration
levels, the continous fiber formation cannot maintain with low molecular weight
polymers and instead of smooth fibers, the formation of beads occur. Besides, high
molecular weight polymers are difficult to emerge from the tip of the spinneret due
to the high viscosity and tend to form micro-ribbons [70].
Solution Conductivity
Solution conductivity not only influence the Taylor cone creation but also assists
controlling the fiber diameter and it relies on polymer and solvent type or the
presence of charged ions in the solution. In order to charge the surface of the droplet
to form a Taylor cone, the solution has to be conductive, or else electrospinning will
not take place. Increasing the conductivity of the solution to a optimum level
increases the charge on the surface of the droplet to create Taylor cone and also
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decreases the fiber diameter [72]. Increasing the conductivity beyond a critical level
will hamper the stable Taylor cone formation and in the presence of an electric field,
the fiber jet of highly conductive solutions will be exposed to a greater tensile force
which results in insufficent elongation leading to bead formation. It was also reported
that greater tensile forces originate the decrease in fiber diameter [61]. Furthermore,
the jet of highly conductive solutions was found to be extremely unstable under
strong electric fields, which led to a broad fiber diameter distribution [73].
Additionally, by the addition of appropriate ionic salts to the solution, such as NaCl,
NaH2PO4 and KH2PO4, the electrical conductivity of the solution can be adjusted and
nanofibers with smaller diameter can be obtained [74].
Role of Solvent
The draft of the solvent is another critical factor that influences the production of
smooth and beadless electrospun fibers. In order to select suitable solvent, two
essential things must be considered: (i) the selected solvent should solve the polymer
completely, and (ii) the solvent should have a moderate boiling point. Either too
volatile or less volatile solvent should be avoided. Highly volatile solvents cause the
drying of the jet at the needle tip due to their low boiling and high evaporation
points. Similarly, less volatile solvents prevent their drying during the jet flight and
the deposition of solvent-containing fibers will form beaded nanofibers [75].
Additionally, when a polymer is dissolved in two solvents, one of the solvents acts as
a non-solvent which leads to phase separation due to their different evaporation rates
and hence the fabrication of highly porous electrospun fibers occurs [63].
2.1.3.1.3. The environmental parameters
Along with the electrospinning and solution parameters, the environmental (ambient)
parameters, such as relative humidity and temperature, have been drawn significant
attention. It has been reported that these parameters also alter the diameter and
morphology of the electrospun fibers [76, 77]. Increasing humidity results in the
appearance of small pores on the surface of the fibers, and a further increase of
humidity leads to the pores coalescing and also the formation of beads [78].
Additionally, electrospinning has also been performed under vacuum which provides
higher electrical fields and hence, the fibers with larger diamaters is produced [59].
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Temperature causes two opposing effects in terms of diameter scaling of the
electrospun fibers; (i) increase in the rate of solvent evaporation and (ii) decrease in
the solution viscosity. Although these factors are both opposite mechanisms, both
lead to decrease in the mean fiber diameter [79].
2.1.3.2 Types of Electrospinning Setups
A conventional electrospinning setup includes three main components, a syringe
pump, a high voltage source, and a collector. Usually, the most basic experimental
electrospinning setups are the vertical (Figure 2.1) and horizontal (Figure 2.2), due
to the their layout with a single spinneret ejecting of liquid. In this, the polymer
solution, which has been charged, flows through a single capillary horizontally or
vertically. This system is very adaptable and has been utilized for electrospinning
single polymer solution, as well as polymer blends and emulsion solutions [6]. In
various scenarios however, it may be necessary to use more complex setups in order
to fabricate more complex nanofibrous structures in a more efficient way. Hence, a
side-by-side configuration may be utilized which two different polymer solutions
flow through two separated capillaries (Figure 2.3). Furthermore, the coaxial
configuration is another robust approach which grants the electrospinning of two
separated polymer solutions coaxially. In this configuration two separate polymers
with a smaller capillary inside a large capillary flow through a coaxial nozzle
(Figure 2.4). This technique has drawn great attention as a results of its capacity in
drug delivery applications [80]. Using this nozzle configuration leads to the
encapsulation of smaller fiber in a large fiber which is known as core-shell
morphology [40]. Hence, by utilizing electrospinning with different setups, structural
and mophological properties of the electrospun fibers can be tailored to be used in
different applications.
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Figure 2.1 Vertical electrospinning setup.

Figure 2.2 Horizontal electrospinning setup.
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Figure 2.3 Side-by-side electrospinning setup.

Figure 2.4 Coaxial electrospinning setup with a modified nozzle.
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2.2. Poly(ε-caprolactone)
Over the last decade, a synthetic polymer Poly(ε-caprolactone) (PCL) has received
great attention for various tissue engineering applications. PCL is a hydrophobic
semicrystalline polymer which having melting point of 55-60 ˚C and glass transition
temperature of -62 ˚C [40]. Various organic solvents can solve PCL at room
temperature such as chloroform, benzene, toluene, cyclohexanone, dichloromethane,
etc [81, 82]. In biomedical applications PCL is often welcomed polymer due to its
good solubility and blend compatibility. Furthermore, this inexpensive synthetic
polymer, PCL, is bioresorbable and biocompatible which exhibits a very slow
degradation rate around 2 to 5 years. It possesses proper mechanical characteristics
for a variety of applications due toits semi-crystalline and hydrophobic nature [8385]. PCL is also widely utilized polymer in large scale of scaffold fabrication
technologies due to its rheological and viscoelastic properties. As a results of its low
melting point, very good blend-compatibility, Food and Drug Administration (FDA)
approval and low cost characteristics, PCL and its copolymers have been extensively
employed in diversed range of fabrication techniques, such as electrospinning,
gravity spinning, phase separation, solid freeform fabrication and microparticles.
However, the disadvantages of PCL, such as its hydrophobicity, poor performance
on cell attachment and uncontrolled biological interactions with the material, limits
its usage [86]. In order to eliminate this issue, various approaches have been
demonstrated such as, surface modification, blending with other polymers [87].
Additionally, with the electrospinning technique, PCL can be manufactured as
ultrafine fibers which provides great characteristics such as high porosity and surface
area that are desired properties in biomedical applications. Electrospun PCL fibers
also act as transitory substrates for elevating adhesion, proliferation and
differentiation of different types of cultured cells [88, 89], and also as a carrier
vehicle for biological agents [90, 91] and wound dressing materials [92].
In tissue engineering applications, PCL was widely used alone or as blends with
natural and synthetic polymers as a scaffold. Hoda Bahrami et al. demonstrated that
the graft of nanofibrous PCL scaffolds loaded with the USS (unrestricted somatic
stem cells) exhibited the better results during the healing process of the skin defects
in rat models [93]. Moreover, Bonvallet and coworkers reported that PCL/collagen I
scaffolds, which fabricated with layer-by-layer technique, supplied a suitable
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environment for the survival and proliferation of fibroblasts [94]. Crowder et. al.
developed a synthetic cell culture scaffolds for enhanced differentiation of hMSCs
from biocompatible, nonconductive PCL embedded with electrically conductive
CNTs with the final advanced properties of conductivity and biocompatibility [95].
Additionally, Surucu et. al. introduced a novel coaxially electrospun PCL/chitosan
composite scaffolds that have enhanced biocompatible properties compared to the
commercial TCPS, PCL or chitosan scaffolds [40].
2.3. Graphene
Carbon is an exceptional element of all chemical elements and had been used for a
multitude of applications. As a different form of element carbon, diamond and
graphite are both three-dimensional (3D) crystalline structures. Diamond composed
of sp3 hybridized bonds, whereas graphite consists of sp2 hybridized bonds. Also,
diamond are formed in a lattice, face-centered cubic (fcc) crystal structure [96].
Contrary to diamond, graphite consists of a lamellar structure [97]. In each layer, the
carbon atoms are aligned in a hexagonal lattice with separation of 0.142 nm (sp2
hybridization). Since all graphitic carbon nanomaterials consist primarily of sp2
hybridization in a hexagonal network, they all can be regarded as members of the
same group.
Graphene is the essential architectural element of other allotropes [98], including
graphite, fullerene [99], carbon nanotube [100], graphyne [101], and other related
materials (e.g., carbon fiber (CF), amorphous carbon (AC), charcoal) [102].
Graphene is an 2D structured allotrope of carbon atoms in hexagonal lattice with sp2
hybridization. As demonstrated in Figure 2.5, the distance between two carbons,
which can be also called as the carbon-carbon bond, is 0.142 nm. Each lattice
possesses three σ bonds that form a stable hexagonal structure and the π bond, which
placed vertically in the lattice plane, is responsible for the extraordinary electrical
conductivity performance of graphene. Also, graphene’s stability is attributed to its
tightly packed carbon atoms and a sp2 orbital hybridization [103]. Furthermore as
shown in Figure 2.5, the edge of graphene can be classified into zigzag and
armchair, which are responsible for the metal-like behaviour and electricity
conduction, respectively [104].
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Figure 2.5 Hexagonal lattice of graphene nanoribbon.
Graphene exhibits many exceptional properties such as optical transparency, electric
conductivity, mechanical strength, and thermal conductivity. Graphene is a super
light material with a planar density of 0.77 mg/m2 and as shown in Figure 2.5, its
unit structure (hexagonal carbon ring) area is 0.052 nm2. Graphene is also very thin
and ultralight material due to having one atomic layer of carbon atoms [103]. Also,
graphene exhibits a great transparency of 97.7% due to the its one atomic thickness
and only absorbs 2.3% of visible light [105]. Combined with its high electrical
conductivity, graphene is a great candidate for transparent conductive membranes
which can compete with others, such as indium tin oxide (ITO), fluorine doped tin
oxide (FTO).
Another fascinating property of graphene is the mobility of its electrons. Because of
this, the electrical conductivity of graphene is very high at room conditions with the
conductivity value of 106 S/m and the resistance of 31 Ω/sq [106]. The reason is that
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the donation of one extra electrons to the π bond and thus, the π electrons are free to
move at room conditions, yielding a high electrical conductivity [107].
The mechanical strength and thermal conductivity of graphene are also exceptional
due to having the most tough and hard crystal architecture among all known
materials. The elastic modulus and tensile strength of graphene are 1.1 TPa and 125
GPa [108], respectively. The strength of graphene is 100 times greater than the
strength of steel with the same thickness which encourages a 2D enhancement for
potential applications in composite materials [109].
At room temperature, thermal conductivity of graphene is about 5 x 103 W/mK
where the thermal conductivity of copper is 4 x 102 W/mK [110]. This property of
graphene encourages its use in microdetectors [111].
2.3.1 Graphene Oxide (GO)
Graphene oxide (GO) is the oxidized form of graphene which are fabricated from
bulk graphite powders via chemical oxidation method. As further description, in
order to oxidize graphite strong oxidizing agents are employed and thus, the
hydrophilicity of the material is enhanced. This feature enables the exfoliation of
graphite oxide in water through sonication and thus, the production of monolayer or
few-layered oxidized graphene (graphene oxide) occurs. [112-115].

22

Figure 2.6 GO structure containing various functional groups on surfaces and at
edges. Adapted from “Graphene oxide: An efficient material and recent approach for
biotechnological and biomedical applications” by D. Singh, C. Herrera, B. Singh, S.
Singh, R. Singh, R. Kumar, 2018, Materials Science and Engineering: C, 86, p. 174.
Copyright 2018 by Elsevier.
As shown in Figure 2.6, Graphene oxide have a diversed structure including
different oxygen-containing functional groups, such as epoxy (>O), hydroxyl (-OH),
carbonyl (C=O) and carboxylic (-COOH) groups [116-117]. These functional groups
enables GO to be used for various applications such as photo catalyst [118],
photonics [119], electronics [120], composites [121], electron field emission [122]
and energy storage devices [123] etc. Furthermore, GO is very strong candidate for
potential biomedical applications due to its unique properties such as, fine
biocompatibility, enhancement in proliferation and differentiation [124], easy and
efficient transports into cells, protecting peptides or DNA from enzymatic cleavage,
high fluorescence quenching efficiency [125], selective adsorption of nucleotides
[126]. Also, further properties of GO makes it a material of choice in the field of
nanotechnology, such as its large surface area (2630 m2/g approximately) [127], its
high aspect ratio for modifications [128], superior thermal conductivity i.e. 5000
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W/m/K [129], its well dispersion in aqueous medium, its exceptional colloidal
stability [130], its capability of traversing the plasma membrane and its cost
effectiveness and scability [131].
Contrary to the high crystallinity of graphene, 2D structure of GO have both
crystalline and amorphous defect regions with the presence of sp3 carbon and oxygen
functional groups. However, these functionalizations distrup the electronic structure
of graphene and thus, GO functions as an electrical insulator rather than a semimetal.
2.3.2 Graphene Oxide Reinforced Polymeric Tissue Scaffolds
Graphene and its derivatives have been widely studied in tissue engineering field
since its introduction to the literature in 2004. The exceptional characteristics of GO
are mainly related with its ease chemical modifications and its combination effects
with different materials such as polymers in the field of biomaterials and tissue
engineering. The alliance of GO within polymer matrices is responsible for
improving the physical and biological characteristics of the composites.
As mentioned before, GO has excellent physical and biological properties and also
enhances these characteristics of polymers even at trace amounts. Its functionalities,
such as carboxyl, hydroxyl, epoxy groups, enhances the interfacial interactions of
GO and the polymer matrix that aids the stress transfer from polymer matrices to
GO. Additionally, high mechanical performance of GO also grants the exceptional
enhancement of GO-reinforced polymers [132]. However, a well dispersion of GO in
polymer matrices is crucial to accomplish desirable physical and biological
properties [133]. Poly(ε-caprolactone) (PCL), chitosan, cellulose, silk fibroin,
collagen, gelatin, polyvinyl alcohol (PVA), alginate, polyacrylamide, poly(lactic
acid) (PLLA), and poly(lactide-co-glycolide) (PLGA) are the most popular polymers
in terms of the investigation their interactions with GO for tissue engineering
applications [134].
GO/polymer-based scaffolds can be classified as four major categories; 3D porous
scaffolds, hydrogels, nacre-like structures and electrospun mats. Table 2.3
summarizes the GO/polymer nanocomposites that were recently produced for tissue
engineering applications.
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Table 2.3 Recently produced GO/polymer nanocomposite scaffolds for potential
tissue engineering applications with different fabrication methods.
3D Scaffolds
Electrospun Mats

Hydrogels

Nacre-like

Chitosan [135],
carboxymethyl
chitosan [136]
(chemical
crosslinking)

PVA [137], PCL
[138, 139], PLGA
[140] (bone)

PVA [141],
gelatin [142]
(cartilage)

Alginate [143]
(wet spinning)

PVA/gelatin [144]
(freeze drying)

RGD/PLGA [145],
collagen/PLGA
[146], PCL [147]
(muscle)

Gelatin [148],
alginate [149]
(muscle)

Gellan gum
[150], chitosan
[151], PVA
[152] (vacuum
assisted self
assembly)

PLLA/polyurethane
(3D printing) [153]

Bacterial
cellulose/chitosan
[154] (skin)

Polyacrylaminde
[155] (peripheral
nerve
regeneration)

Silk Fibroin (freezedrying) [156]

PLGA [10], PCL
[157], PLLA [158]
(neural)

Carboxymethyl
chitosan [159]
(wound dressing)

Crosslinked collagen
[124]

PLLA/PCL [153],
PLLA [160],
Chitosan/PVA
[161]
(antibacterial)

(For bone tissue
regeneration)

As shown in Table 2.3, various GO/polymer nanocomposite scaffolds were heavily
studied and produced for different tissue engineering applications. In brief, the 3D
scaffolds were mainly produced for bone tissue engineering applications with
different producing methods such as freeze drying, supercritical CO2-assisted phase
inversion, 3D printing, selective laser sintering, and chemical crosslinking. On the
other hand, electrospun mats were produced for wider range of tissue engineering
applications including bone, neural, muscle, and skin tissue engineering. In terms of
soft tissue engineering, such as wound dressing, peripheral nerve regeneration, and
muscle tissue engineering, the composites of GO/polymer are mostly employed as
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hydrogels. Finally, nacre-like structures were produced with different methods
including wet spinning and vacuum assisted self assembly.
For an example among these studies, Dinescu et. al. fabricated 3D porous
GO/chitosan scaffolds and it was reported that with the addition of GO, highly
interconnected pores were established [135]. In this study, MTT assay results showed
that GO/chitosan composite scaffolds provided a higher metabolic activity and also
high cell proliferation compared with pure chitosan. Another study, Shin et al.
investigated the myogenic differentiation of C2C12 cells on GO/RGD-decorated
PLGA nanofibers [145]. It was reported that the cells exhibited low F-actin
development on pure PLGA matrices and differentiation was poor on RGD/PLGA
matrices. On the other hand, cells fully proliferated and differentiated on
RGD/PLGA matrices that incorporated with GO. Therefore, it was concluded that in
order to skeletal tissue restoration and the treatment of muscle dysfunctions,
incorporation of GO with the RGD/PLGA nanofibers was suggested. Zhou and
coworkers were prepared hydrogels with GO/gelatin-based hydrogels with a 3D
bioprinting method using a stereolithography-based printer [148]. They found that
the addition of GO led to higher protein adsorption; therefore, higher cell
proliferation and differentioation wereachieved for GO-incorparated hydrogels. This
study was suggested as a great candidate for promoting chondrogenic differentiation
of mesenchymal stem cells for cartilage regeneration. Also, another example for
GO/polymer-based scaffolds, Gozutok et. Al

successfully fabricated rGO-PVA

nanocomposites without using any co-solvent [58]. They reported that the
incorporation of rGO with PVA as a nanocomposite could be a great candidate for
the applications which requires high mechanical, thermal and electrical properties
such as; filtration, sensors/biosensors, thin films and packaging.
A final example for nacre-like nanocomposites, Hu et al. fabricated nanocomposites
with 67% GO/alginate nanocomposites by a wet spinning method [143]. Ultra strong
nacre-like fibers were obtained and they reported that a large-scale production of
high strentgth biomaterials could be enabled.
As discussed briefly, the incorporation of GO with other polymers for the potential
applications of tissue engineering is a huge field to investigate and it possesses a
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broad range of area of usage due to the high modification ability of GO with other
polymers and even with other biological substances like GRGDSP, thiophene.
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CHAPTER 3
Experimental Study

3.1. Materials
Poly (Ɛ-caprolactone) (PCL) (linear, MW=80,000 g/mol) was purchased from
Sigma-Aldrich. Chloroform and methanol were employed as solvents of PCL and
were purchased from Sigma-Aldrich (St. Louis, MO, USA). GO, GO-GRGDSP, GOTh and GO-GRGDSP-Th powders were kindly acquired from Materials Science &
Nano Engineering Department of Sabanci University, Istanbul, Turkey. Phosphate
buffer saline (PBS) was obtained from Amresco (Solon, OH, USA). For cell culture
studies, BSA (bovine saerum albumin) were obtained from Amresco (Solon, OH,
USA), Dulbecco’s Modified Eagle Medium (DMEM/F12), penicillin/streptomycin,
fetal bovine serum (FPS), ethanol (99%, vol./vol.), (3-(4,5-dimethyl-2-thiazol)-2,5diphenyl-2H-tetrazolium bromide) MTT powder, Triton X-100, dimethylsulfoxide
(DMSO), paraformaldehyde, hydrochloric acid, hexamethyldisilazane, ethanol (99%,
vol./vol.), BCIP/NBT tablets, Alizarin Red-S and Alkaline Phosphates Kits were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Besides, the stain 4′,6Diamidino-2-phenylindole dihydrochloride (DAPI) was purchased from SigmaAldrich (St. Louis, MO, USA). Besides, the stain 4′,6-Diamidino-2-phenylindole
dihydrochloride (DAPI) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
3.2. Preparation of the Electrospun Mats
3.2.1. PCL-GO Composites
3.2.1.1. Preparation of the Solutions
With the aid of literature, solution parameters were determined in order to fabricate
different GO concentrated electrospun mats as; PCL, PCL/GO, PCL/GO-GRGDSP,
PCL/GO-Th and PCL/GO-GRGDSP-Th. Both PCL (8% wt./vol.) and different GObased powders (GO, GO-GRGDSP, GO-Th, GO-GRGDSP-Th) with different
amounts (0.5, 1, 2 wt%) were dissolved/dispersed in cloroform/methanol 4:1
(vol./vol) solution, separately. Further, the compound was mechanically stirred
overnight at room temperature and followed by the sonication in JY92-IIN
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Ultrasonic Homogenizer (Hinotek, China) for 30 min in a sealed bottle. Thus, a
stable GO dispersion was achieved in all of the solutions.
3.2.1.2. Optimization and Determination of Electrospinning Process
Electrospinning process parameters, such as applied voltage, fleeding rate, distance
between needle-collector were optimized in order to produce electrospun pure PCL,
PCL/GO, PCL/GO-GRGDSP, PCL/GO-Th and PCL/GO-GRGDSP-Th with
different GO concentrations (0.5, 1 and 2 wt%). For the case of pure PCL, the same
electrospinning parameters were used which were determined in our laboratory’s
previous study [40]. Hence, a single jet commercial electrospinning apparatus was
utilized and the optimization was studied. For the optimization of electrospinning
process, a wide range of electrospinning parameter experiements carried out which
were shown in the tables below.
Table 3.1 Electrospinning process parameters of PCL/GO, PCL/GO-GRGDSP,
PCL/GO-Th and PCL/GO-GRGDSP-Th with the GO concentration of 0.5 wt%.
NeedleCollector
Distance
(cm)

Feeding
Rate
(µL/min)

Voltage
(kV)

Observation

1

10

10

10

Not-spinned

2

10

10

15

Not-spinned

3

10

10

20

Not-spinned

4

15

10

15

Not-spinned

5

15

15

20

Not-spinned

6

20

10

25

Not-spinned

7

20

15

20

Not-spinned

8

18

15

23

Not-spinned

9

18

18

23

Spinned

10

18

18
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High voltage

1

10

10

10

Not-spinned

2

10

10

20

Not-spinned

3

15

10

15

Not-spinned

4

15

15

15

Not-spinned

5

15

15

25

Not-spinned

PCL/GOGRGDSP

PCL/GO

Experiment
Sample
No
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PCL/GO-Th
PCL/GO-GRGDSP-Th

6

20

18

10

Not-spinned

7

20

18

15

Not-spinned

8

20

18

20

Not-spinned

9

20

18

25

Spinned

10

20

18

30

High voltage

1

10

10

10

Not-spinned

2

10

10

20

Not-spinned

3

15

10

15

Not-spinned

4

15

15

15

Not-spinned

5

15

15

25

Not-spinned

6

18

15

15

Not-spinned

7

18

15

20

Not-spinned

8

18

18

15

Not-spinned

9

18

18

20

Spinned

10

18

18

25

High voltage

1

10

10

10

Not-spinned

2

10

10

20

Not-spinned

3

15

10

15

Not-spinned

4

15

15

15

Not-spinned

5

15

15

25

Not-spinned

6

18

15

15

Not-spinned

7

18

15

20

Not-spinned

8

18

15

25

Not-spinned

9

18

18

23

Spinned

10

18

18
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High voltage

3.2.1.3. Fabrication of the Electrospun Mats
Electrospinning technique, with previously optimized process and solution
parameters, was utilized in order to produce electrospun pure PCL, PCL/GO,
PCL/GO-GRGDSP, PCL/GO-Th and PCL/GO-GRGDSP-Th with different GO
concentrations (0, 0.5, 1 and 2 wt%) mats. Initially, GO powder substrates were
modified with GRGDSP, Th and both. For this, powder GO substrates were solved in
dichloromethane that contains 0.06% wt N,N′-Dicyclohexylcarbodiimide to attain
final GO concentration of 0.3% wt. Thereafter, GRGDSP (3% wt) and Th (0.6%
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(v/v)) substrates were added into that initial solution seperately or together to achieve
mono/multi-functionalization

of

GO.

Finally,

after

the

evaporation

of

dichloromethane GO-based powders were washed with ethanol and dried in
incubator at 70 0C. For the production of pure PCL mats our laboratory’s pervious
study was followed for the parameters [40], 0.6 g of PCL pellets were dissolved in 3
ml chloroform and 1 ml methanol to attain final PCL concentration of 15% (w/v) in
chloroform/methanol 75/25 (v/v) solution and followed by the magnetically stirring
at room temperature for 2 hours. Besides, for the production of PCL/GO-based
(PCL/GO, PCL/GO-GRGDSP, PCL/GO-Th and PCL/GO-GRGDSP-Th) mats,
0.0293 g, 0.0587 g and 0.1173 g were taken from each GO-based powder and added
into the 15% (w/v) PCL in chloroform/methanol solution to obtain final
concentrations of 0.5, 1 and 2 wt%, respectively. These PCL/GO solutions were
magnetically stirred overnight at room conditions, thereafter sonicated with JY92IIN Ultrasonic Homogenizer (Hinotek, China) for 30 min. Thus, a stable GO
dispersion achieved in the solutions. Thereafter, the solutions were electrospun with
previously determined/optimized electrospinning parameters. For all of the cases,
electrospinning parameters were similar as it can be seen in the section 3.2.1.2.. For
the electrospinning process, variable parameters were used for all cases: Applied
voltage of 20-25 kV, flow rate of 18 μL/min, and the needle to collector distance of
18-20 cm.
3.3. Characterizations of the Powder GO and GO-based Materials
3.3.1. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy
(ATR-FTIR) Analyses
The chemical composition of GO, GO-GRDSP, GO-Th and GO-GRGDSP-Th
powders were analyzed with ATR-FTIR spectrometer (Bruker Vertez 70, Germany)
with the scan resolution of 2 cm-1 in the range of 3800 to 750 cm-1. Hence, the
interactions between GO and GRGDSP, Th and GRGDSP-Th were observed with
the obtained characteristics peaks of the powder materials.
3.3.2. Raman Analyses
The raman spectra of GO, GO-GRDSP, GO-Th and GO-GRGDSP-Th powders were
acquired from a Raman spectrometer (Renishaw inVia) with the laser beam
wavelength of 532 nm.
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3.4. Characterizations of the Electrospun Materials
3.4.1. Thickness Measurements
The thickness of electrospun PCL, PCL/GO, PCL /GO-GRGDSP, PCL/GO-Th and
PCL/GO-GRGDSP-Th mats were measured using a micrometer (0-25 mm, outside
micrometer, USA). 5 measurements from different samples were used each time to
calculate average thickness values.
3.4.2. Scanning Electron Microscopy (SEM) Analyses
In order to examine morphology of the fiber surfaces, Scanning Electron Microscope
(SEM), Hitachi S-4100 electron microscope (Tokyo, Japan) was utilized with the
operation parameters of 5 kV accelerating voltage and 7-10 mm working distance.
The fiber diameter averages was measured from the obtained SEM micrographs via
ImageJ Launcher software program and minimum 30 measurements were done in 8
repeats from each sample.
3.4.3. Contact Angle Measurements
Water contact angle (CA) values of the electrospun PCL/GO, PCL /GO-GRGDSP,
PCL/GO-Th and PCL/GO-GRGDSP-Th fibers with different concentrations of GO
(0.5%, 1%, 2% wt.%) mats were determined using CA goniometry Phoenix 300
apparatus (Suwon, South Korea). The CA values were determined as a function of
surface tension that acquired from the water droplets on the surface of the mat
samples. Each measurement were carried out from 3 particular points of each mat
sample. For all of the measurements ultra-pure water was used.
3.4.4. Surface Chemical Composition
Surface chemical composition of the fabricated PCL/GO structures was determined
by using X-ray photoelectron spectroscopy (XPS) system with Al Kα
Monochromatic light source at 600W and PHI 5000 VersaProbe from Physical
Electronics (Chanhassen, MN, USA). The functional carbon and oxygen groups, as
well as the surface composition were determined with respect to the high resolution
scans.
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3.4.5. Thermogravimetric Analysis (TGA)
Thermal gravimetric analysis was performed in order to identify the thermal
behaviour of the fabricated mats by using Perkin Elmer Pyris 1 (Shelton, CT, USA)
thermogravimetric analysis apparatus. The TGA traces were in the scale of 0-800 0C
under nitrogen atmosphere with a heating rate of 10 0C/min. The mat samples were
initially dried in room temperature.
3.4.6. Electrical Conductivity Measurements
The electrical conductivity measurements were carried out using a 4-point probe
electrical conductivity device (Keithley 220) (Cleveland, OH, USA). Neat
electrospun PCL mats were employed as control group for the evaluations. All of the
electrical conductivity measurements were done in triplicate from at least 3 different
points of the samples.
3.4.7. PBS Absorption and Shrinkage Tests
PBS absorption and shrinkage tests were carried out in phosphate buffered saline
(PBS) solution adjusted to pH 7.4 at 37.0 ± 0.10C for 24h. Initially, the electrospun
samples were cut into rectangular shaped pieces with the dimensions of 10 mm x 5
mm and weighted accurately to be placed in bottles containing 20 mL PBS solution.
Thereafter, the weights of the mats, that stored in PBS for 24h, were determined
using an electronic balance and then, the samples were blotted with filter paper to
absorption of residual water from their surfaces. The water uptakes of the fabricated
mats were determined by using following formula:
𝑊1 − 𝑊0
𝐴(%) = (
) 𝑥 100
𝑊0

(1)

where A is PBS absorption (%) and W0 (g) and W1 (g) are the weights of the mats
before and after immersion in PBS medium for 24 h.
In the case of PBS shrinkage tests, three samples from each group were vacuumdried for 12 h to remove the residual water. The surface areas and sizes of the
fabricated mats were determined comparing with the initial areas. The shrinkage
percentage was defined as the ratio of the surface area change of the final mats.
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3.4.8. In Vitro Degradation
In vitro degradation study was conducted in terms of ASTM F 1635-04 method [40].
Initially, electrospun samples were dried to constant weight and recorded (W0). This
followed by the immersion of the samples into 0.1 M PBS with pH 7.3, in three
replicas. The samples were stored in test tubes and placed into an incubator at 37 ˚C.
After 30, 60, 75, 90, 100 and 120 days of incubation period, the mats were discarded
from the PBS liquid and washed in pure water and vacuum freeze-dried for 24 h. The
weight of each sample (W1) was recorded and the rate of residual mass was
calculated by the following formula:
𝑊1
𝑊𝑒𝑖𝑔ℎ𝑡 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔(%) = ( ) 𝑥 100
𝑊0

(2)

3.4.9. Mechanical Properties
Mechanical properties of the mat samples were determined by using a universal
tensile testing apparatus (Zwick/Roell 250 km) (Ulm, Germany) with 100 N load cell
and the cross-head speed of 5 mm/min was utilized with the gauge length of 20 mm.
All of the fabricated mats were utilized and used in dog-bone shape with the
dimensions of 40 mm x 5 mm. From the results of mechanical tests, tensile strength,
elastic modulus and strain at break (%) values were determined.
3.5. Cell Culture Studies
In order to examine the cell-material interactions, cell culture studies were performed
by using MG-63 human osteoblast cell line (ECACC 86051601) for all the fabricated
electrospun PCL, PCL/GO, PCL/GO-GRGDSP, PCL/GO-Th and PCL/GOGRGDSP-Th mats, with 0.5 wt % concentration of GO. For all of the cell culture
studies, DMEM/F12 + FBS (10% v/v) + penicillin (1% v/v) + streptomycin (100
units/ml penicillin, 100 μg/ml streptomycin) was employed as a cell medium. The
cells, with the initial concentration of 5 x 105 cells/ml, were seeded onto the
fabricated scaffolds under 5% CO2 at 370C and monitored for 25 days. Initially, the
mats were cut into 1 cm diameter circular shape. Thereafter, in order to sterilize the
samples, electrospun PCL/GO-GRGDSP, PCL/GO-Th and PCL/GO-GRGDSP-Th
mats were exposed to UV for 5 min, whereas PCL and PCL/GO mats were sterilized
with UV for 30 min. In order to ease the adhesion of the cells onto samples rather
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than the walls of wells, TPCS (tissue culture Polystyrene) wells were coated with
parafilm and then, the mats were placed in it. As specific characterizations for the
cell culture studies, cell viability was examined by MTT Assay, calcium deposition
was determined by Alizarin Red Staining, the differentiation was detected by
Alkaline Phosphates Activity (ALP); also the cell adhesion and growth were
examined by fluorescence and SEM microscopy analyses. For all of the cell culture
studies, TCPS and electrospun mats were employed as control group.
3.5.1. MTT Assay
MTT (3-(4,5-dimethyl-2-thiazol)-2,5-diphenyl-2H-tetrazolium bromide) assay was
carried out to examine cell viability and proliferation performance of the fabricated
mat samples for 21 days. The measurements were performed after 24 hours of the
first seeding as well as the end of 7th, 14th and 21st days. The medium was discarded
after the incubation and the recovered mats were washed with PBS three times. This
was followed by the placing 600 μl fresh medium and 60 μl MTT solution into each
well to be incubated additional 3 hours. Then, MTT solution was discarded after the
incubation, and the formed formazan crystals were dissolved in 1 ml
dimethylsulfoxide (DMSO) followed by the incubation of 1 additional hour. Further,
200 μl of each solution were moved from each well into 96 well-plates for all of the
measurements. Eventually, the final absorbance values were read at 540 nm from the
microplate, Dynamica LEDETECT96 (Livingston, UK), and the cell viability was
evaluated comparatively. Each measurements were carried out in triplicates.
3.5.2. ALP Activity
The ALP activity of the cultured electrospun mats was examined on the cultivations
days of 7th, 14th and 21st. Initially, BCIP/NBT tablet was dissolved in 10 ml pure
water which to be used as the substrate solution. Prepared substrate solution was kept
in the dark at room temperature for 2 hours. The medium of the cultured samples was
carefully removed and the cell seeded samples were washed with PBS twice. Then,
10% formalin solution was added in the amount of coverage the surface of the
samples and left for 1 minute. After the removal of formalin solution, the samples
were washed with PBS twice. Finally, substrate solution placed into the each well to
be incubated for 10 mins at room conditions. The measurements were taken at 405
nm.
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3.5.3. Alizarin Red Staining
Alizarin Red statining was carried out for determining the calcium deposition on the
cultured mat samples. For this, 2 g of Alizarin Red compound was dissolved in 10 cl
pure water. The pH of the solutions adapted to 4.1 - 4.3 by using HCl. The formed
dark brown solution was filtered to be stored in the dark. Thereafter, the electrospun
samples were taken from the incubator and washed with PBS after the removal its
medium. Afterwards, 10% formalin was added onto the surface of the samples in
order to initiate the fixation of the cells for at least 30 mins. Then, 10% formalin
solution was discarded and the samples were washed in pure water. Eventually,
Alizarin Red stain solution was added on the electrospun samples for the incubation
in dark for 30 mins. The stain solution was centrifuged at 200 rpm. Finally, the
absorbance values, in terms of mineralization level, was read at 405 nm from the
microplate reader. Dark orange-red colors were observed as the calcium deposition.
3.5.4. Fluorescence Microscopy Analyses
Fluoresence microscopy analysis were carried out in order to examine cell attahment
and growth on the fabricated electrospun mats. The cultured samples were removed
from the incubator, and the samples were washed with PBS three times after
discarding the medium. Thereafter, in order to increase cell permeability, the samples
were immersed in 0.1% Triton X-10 solution for 5 mins. This was followed by the
removal of Triton X-10 solution, and the samples were washed in PBS again to be
stained with 10 mg/mL DAPI solution. After the second staining, the stained samples
were kept in the dark for 15 mins. Then, the images were taken using Fluorescent
Microscope (AMG EVOS-FL, USA) on the 7th, 14th and 21st days of the cultivation.
3.5.5. Observation with SEM
Morphological examinations were carried out from the obtained SEM micrographs
that were obtained at the end of 7th and 21st days of the cultivation. For this, the
liquid medium in each well was removed and the mat samples were washed in PBS
three times. Thereafter, 2.5% vol./vol. Paraformaldehyde was added for the fixation
of the cells for 30 mins. The samples were dehydrated with water/ethanol solution by
increasing ethanol concentration to 100% in 2 min of time intervals. Lastly, the
samples were immersed in 100% hexamethyldisilazane for mins and air-dried.
Before the analysis the samples were coated with Au-Pt (~3 nm).
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CHAPTER 4
Results and Discussion

4.1. Characterizations of Powder GO and GO-based Materials
4.1.1. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy
(ATR-FTIR) Analyses
FTIR spectroscopy was carried out in order to determine several chemical bonds and
compositions in materials. The FTIR band of GO, mono-functionalized GO (GOGRGDSP and GO-Th) and multi-functionalized GO (GO-GRGDSP-Th) were shown
in Figure 4.1. In the spectra, the broad peaks at 3400 cm-1 were attributed to the –OH
vibration peaks for the each sample [162]. For GO, peaks at 1718 cm-1, 1619 cm-1,
1228 cm-1, and 1049 cm-1 represent the peaks of C=O stretching (carboxyl and
carbonyl), C=C skeletal vibrations, C-OH stretching and C-O-C stretching (epoxy
group), respectively [162]. By the comparison of the FTIR spectrum of GO, the
FTIR spectrum of GO-GRGDSP exhibited two different peaks at 1630 cm-1 and
1235 cm-1 which correspond to the

N-H and C-N stretching vibration modes,

respectively [162]. Furthermore, the peak at 1733 cm-1 (C=O) became weak for the
FTIR spectrum of GO-GRGDSP [162]. For the FTIR spectrum of GO-TH, the peaks
at 1630 cm-1, 1302 cm-1, 1050 cm-1, and 980 cm-1 attributed to the vibration peaks of
C=C bond, C-C/C=C stretching of quinoidal structure of the thiophene ring, C-O-C
stretching, and C-S bond in the thiophene ring, respectively [163, 164]. In terms of
GO-GRGDSP-TH, amide carbonyl and C-N/N-H peaks were identified at 1630 cm-1
and 1050 cm-1, respectively. Furthermore, the vibration peak of C-S bond was
shown at 980 which corresponds to the thiophene ring [163, 164]. The FTIR analysis
and results showed characteristic peaks of both components and thereby provide
evidence for the succesful bi/multi-functionalization of GO.
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Figure 4.1 FTIR spectra of GO, bi-functionalized GO (GO-GRGDSP and GO-Th)
and multi-functionalized GO (GO-GRGDSP-Th) samples.
4.1.2. Raman Analyses
The raman spectra of GO, bi-functionalized GO (GO-GRGDSP and GO-Th) and
multi-functionalized GO (GO-GRGDSP-Th) were presented in Figure 4.2. D-peak
and G-peak are two intrinsic feature peaks of carbon material. D- peak is attributed to
the breathing mode of k-point phonons which resulted by the disorder and defects of
carbon atoms, and G-peak is assigned to the E2g phonon of C sp2 atoms [165]. For
each of the samples, two typical peaks for D- and G- band were observed at 1338 cm1

and 1584 cm-1, respectively, which are the inherent features of GO [166]. The

variations of ID/IG ratios, 0.91 for GO-GRGDSP-TH, 0.99 for GO-TH, 1.00 for GOGRGDSP and 0.89 for GO, correspond to the introduction of different functional
groups at various defect sites of graphene oxide [167].
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Figure 4.2 Raman spectra of GO, bi-functionalized GO (GO-GRGDSP and GO-Th)
and multi-functionalized GO (GO-GRGDSP-Th) samples.
4.2. Characterizations of the Electrospun Materials
4.2.1 Thickness Measurements
Thickness measurements were carried out for electrospun pure PCL, PCL/GO,
PCL/GO-GRGDSP, PCL/GO-Th

and PCL/GO-GRGDSP-Th with

the GO

concentrations of 0.5, 1 and 2 wt%. The values were determined in the range of
0.042-0.048 mm. As shown in Table 4.1, the average diamater of fabricated mats
were decreased with the addition of GO compared to the pure PCL (357 ± 25 nm)
mats. In the literature, two factors were reported as responsible facts for this
phenomenon in terms of electrospinning solutions that contain nanoparticles with
same process parameters, which are viscosity and the electrical conductivity [168]. In
general, the solutions that having high electrical conductivity lead to smallar average
diameters, while increased viscosity lead to larger average fiber diameters [168]. On
the other hand, fiber diamater distribution was found to be similar even though the
different concentrations (0.5, 1, 2% wt) and different functionalization (GRGDSP,
Th, GRGDSP-Th) of GO. It was reported previously that the aggregation of the
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nanosheets as well as the competition of viscosity/electrical conductivity may be
responsible for this results [169]. Moreover, the samples that have 0.5% GO
concentration showed comparatively smaller average fiber diameter (Table 4.1),
which ultimately offer improved cell proliferation performance [168]. Furthermore,
average inter-fiber pore sizes and the porosity (%) values were found to be in the
range of 0.963-1.917 µm and 44.4%-68.8, respectively. In the literature, althought
the effect of porosity on the cell interaction is often controversy, it was widely agreed
on that the scaffolds that having pore size around 1-3 µm promotes the cell-surface
interactions as well as the anchorage-dependent cell-cell communication [170].
Further, the higher porosity (%) was reported as to be responsible for facilitating cell
migration and the transport of nutrients during tissue regeneration [2], which were
found highest for the samples that having the 0.5% wt concentration of GO. Thus,
with respect to the aggregation phenomenon, the GO concentration of 0.5% was
found to be most suitable for further characterizations.
Table 4.1 Properties of the electrospun mats.
Sample and GO
Concentration

Thickness
(mm)

Average fiber
diameter
(nm)

Average interfiber pore size
(µm)

Porosity
(%)

Pure PCL

0.044

357 ± 25

1.360

45.1

0.047

107 ± 18

1.917

64.6

0.045

172 ± 26

1.123

51.3

0.042

135 ± 13

0.966

52.4

0.043

168 ± 13

1.627

68.8

0.048

186 ± 17

0.963

51.2

0.046

201 ± 26

1.019

56.4

0.043

165 ± 23

1.371

59.3

0.044

207 ± 31

1.186

44.4

0.047

219 ± 22

1.005

47.8

PCL/GO

PCL/GOGRGDSP

PCL/GOTh

0.5%
wt.
1%
wt.
2%
wt.
0.5%
wt.
1%
wt.
2%
wt.
0.5%
wt.
1%
wt.
2%
wt.
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PCL/GOGRGDSPTh

0.5%
wt.
1%
wt.
2%
wt.

0.042

161 ± 12

1.311

60.1

0.042

297 ± 33

1.137

48.0

0.048

247 ± 23

1.084

46.3

4.2.2. Scanning Electron Microscopy (SEM) Analyses
Figure 4.3 shows the SEM micrographs of electrospun pure PCL, PCL/GO,
PCL/GO-GRGDSP, PCL/GO-Th and PCL/GO-GRGDSP-Th mats with different GO
concentrations (0.5, 1 and 2 wt%) under the same parameters. According to the
figure, all of the electrospun mats presented continuous, bead-free fibers as well as
three dimensional interconnected porous structure which is favorable for better cell
culture performance [44]. Moreover, it was observed a slight increase in fiber
diameter for the functionalized GO structures comparing with the non-functionalized
GO structures. Also, the mats that having 0.5% GO concenctration exhibited smaller
average fiber diameter (138 ±16 nm) compared with the concentrations of 1% and
2% and hence, was chosen for several further studies.
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Figure 4.3 SEM micrographs of electrospun pure PCL, PCL/GO, PCL/GOGRGDSP, PCL/GO-Th and PCL/GO-GRGDSP-Th mats with different GO
concentrations (0.5, 1, 2 wt%).
4.2.3. Contact Angle Measurements
CA values of the fabricated electrospun mats were determined in order to examine
the effect of GO on their wettability, and the results were shown in Table 4.2. It was
seen that, electrospun neat PCL mats exhibited relatively poor hydrophilicity (115°).
According to the literature, the GO addition is expected to enhance the hydrophilicity
of the electrospun structures due to the presence of oxygenated moities on GO
surface [171]. According to the Table 4.2., CA values of electrospun GO-based
electrospun mats were slightly decreased (~5°) regardless of mono/multi
functionalization and GO concentration comparing with the neat PCL mats which
shows parallelism with the literature. Thus, by the GO inclusion, the surface
hydrophilicity of the electrospun mats was enhanced, which is going to act as an aid
for cell attachment and proliferation [172].
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Table 4.2 Water contact angle values of the electrospun mats, with different GO
concentrations (0.5%, 1%, 2%).

Samples

Contact angle value (°)
0.5%

1%

2%

PCL/GO

111.2 ±1.57

111.7 ±1.89

112.1 ±1.62

PCL/GO-GRGDSP

110.8 ±0.08

109.2 ±1.32

111.7 ±1.03

PCL/GO-Th

109.5 ±1.79

110.6 ±2.19

109.8 ±0.09

PCL/GO-GRGDSP-Th

109.2 ±1.05

109.8 ±1.69

110.3 ±2.12

115.0 ±1.53

Pure PCL

4.2.4. Surface Chemical Composition
Surface chemical composition of the fabricated electrospun PCL/GO (0.5, 1, 2 wt%),
PCL/GO-GRGDSP (0.5 wt%), PCL/GO-Th (0.5 wt%) and PCL/GO-GRGDSP-Th
(0.5 wt%) structures were determined by using XPS analysis. As expected, the
survey spectrum of PCL/GO (0.5, 1, 2 wt%) showed only C1s and O1s peaks since
both PCL and GO consist of only carbon and oxygen atoms. Similarly, for the
electrospun PCL/GO-GRGDSP (0.5 wt%), PCL/GO-Th (0.5 wt%) and PCL/GOGRGDSP-Th (0.5 wt%) structures, additional N1s and S2p peaks revealed along with
C1s and O1s. Below, Table 4.3 shows the surface chemical composition of the
electrospun mat structures.
Table 4.3 Chemical composition of PCL/GO (0.5%, 1%, 2%), PCL/GO-GRGDSP
(0.5%), PCL/GO-Th (0.5%)

and PCL/GO-GRGDSP-Th (0.5%) structures

determined by XPS.
Material (%)

C1s

O1s

N1s

S2p

O:C ratio

PCL/GO-GRGDSP-Th (0.5%)

71.36

19.5

3.84

5.30

0.27 : 1

PCL/GO-Th (0.5%)

72.91

21.23

-

5.86

0.29 : 1

PCL/GO-GRGDSP (0.5%)

73.21

24.74

4.05

-

0.34 : 1

PCL/GO (2%)

77.30

22.70

-

-

0.29 : 1

PCL/GO (1%)

74.02

25.98

-

-

0.35 : 1

PCL/GO (0.5%)

75.46

24.54

-

-

0.33 : 1

Neat PCL

82.37

17.63

-

-

0.21 : 1
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The chemical composition of untreated PCL was previously determined by our
research team, which was found as 82.37% C1s and 17.63% O1s [173].
Figure 4.4 and 4.5 show the high resolution spectrum of fabricated electrospun
PCL/GO (0.5%), PCL/GO-GRGDSP (0.5%), PCL/GO-Th (0.5%) and PCL/GOGRGDSP-Th (0.5%) structures.
C1s spectra. Four characteristic peaks of PCL/GO structures were revealed in C 1s
high-resolution spectrum. The peak at 285 eV is attributed to the C-C, C-H bonds.
Further, the 285.5 eV peak corresponds to COO bonds and at the peak of 288 eV
COO, COOH bonds were identified. Finally, COOO bonds were revealed at the peak
of 289 eV [173].
O1s spectra. In O1s high-resolution spectrum of the developed PCL/GO structures,
two characteristics peaks were revealed. The peaks at 531 eV and 532 eV are
attributed to C-O and C=O bonds, respectively [66].
N1s spectra. High-resolution N1s spectrum of the PCL/GO structures showed two
characteristics peaks. The peaks of N-C=O, NH2 and NH3+ bonds were identifed at
400 eV and 402 eV, respectively [174].
S2P spectra. In high resolution S2P spectra two characteristic peaks were revealed at
164 eV and 165.4 eV, which is attributed to the energy positions of S2P3/2 and S2P1/2
of thiophene-S, respectively [175].
As it can be seen from Figure 4.4, the C1s and O1s peak intensities of the electrospun
GO-based structrues were increased comparing to neat PCL due to the C and O
contribution of GO. Furthermore, overlapping of both C1s and O1s characteristic
peaks was observed in high resolution spectrum as a results of having same
functional groups.
As expected, PCL/GO-GRGDSP (0.5%), PCL/GO-Th (0.5%) and PCL/GOGRGDSP-Th (0.5%) showed their two distinctive peaks (N1s and S2p) in Figure 4.5,
which is because of their functional groups that having N and S atoms. It was proved
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that the modification of GO with GRGDSP, Th and both were accomplished.

Figure 4.4 High resolution spectrum of C1s (a, b, c, d, e) and O1s (a’, b’, c’, d’, e’). a)
and a’) PCL/GO-GRGDSP-Th (0.5%), b) and b’) PCL/GO-Th (0.5%), c) and c’)
PCL/GO-GRGDSP (0.5%), d) and d’) PCL/GO (0.5%), e) and e’) neat PCL (see
Table 4.3).
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Figure 4.5 N1s (a, b) and S2p (a’, b’) high resolution analyses of a) and a’) PCL/GOGRGDSP-Th (0.5%), b) PCL/GO-GRGDSP (0.5%), b’) PCL/GO- Th (0.5%) (see
Table 4.3).
4.2.5. Thermogravimetric (TGA) Analysis
Figure 4.6 shows thermal gravimetric analysis (TGA) curves of fabricated
electrospun PCL/GO (0.5, 1, 2 wt%), PCL/GO-GRGDSP (0.5, 1, 2 wt%), PCL/GO Th (0.5, 1, 2 wt%) and PCL/GO-GRGDSP-Th (0.5, 1, 2 wt%) mats. According to the
literature, the corporation of GO with PCL has slight/none effect on the
decomposition temperature [176]. According to the results, the GO concentration as
well as mono/multi-functionalization had very little effect on TGA curves (Figure
4.6). Furthermore, according to the figure, all of the fabricated mats were thermally
stable without considerable weight loss untill ~270 0C.
In the literature, pure PCL (MW= 80,000) shows a weight loss at ~380 0C, which
corresponds to the polymer chain disintegration [176]. Besides, a similar weight loss
profile was observed for all of the fabricated electrospun PCL/GO (0.5, 1, 2 wt%),
PCL/GO-GRGDSP (0.5, 1, 2 wt%), PCL/GO-Th (0.5, 1, 2 wt%) and PCL/GOGRGDSP-Th (0.5, 1, 2 wt%) mats. Furthermore, the weight losses of GO and
mono/multi-functionalized GO were minimum at the temperature where full
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decomposition of the polymer occurs, and thus, the surplus weight can be attributed
to the graphene content. The initial GO addition percentages were very consisted
with GO weight percentages which was calculated from TGA analysis, and thus,
indicated that the well attachment of GO and mono/multi-functionalized GO was
achieved [176]. Furthermore, the similarity between all of the TGA curves indicates
that all of the fabricated mats were thermally stable [177].

Figure 4.6 Thermal gravimetry curves of electrospun PCL/GO (a), PCL/GOGRGDSP (b), PCL/GO –Th (c) and PCL/GO-GRGDSP-Th (d), with different
concentrations (0.5%, 1%, 2%).
4.2.6. Electrical Conductivity Measurements
4-point probe electrical conductivity technique was performed in order to measure
the electrical conductivity values of the fabricated electrospun mats, and results were
shown in Table 4.4. As shown in the table, the highest and the lowest electrical
conductivities were measured for electrospun PCL/GO-GRGDSP-Th (2%) (15.06
μS.cm-1) and neat PCL (0.95 μS.cm-1), respectively, which can be concluded as an
increase in GO content increases the electrical conductivity overall and also can be
attributed the good electrical conductivity properties of GO [178, 179]. Despite the
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fact that GO is a poor conductor comparing with graphene, its electrical conductivity
is greater comparing with the conductivity of electrospun neat PCL mat or various
conducting polymers since GO possesses oxygen-containing functional groups that
disturb the sp2-hybridized carbon structure [178, 180], and which results in better
cell proliferation and differentiation performance [179]. Additionally, Th modified
GO-based electrospun mats exhibited higher electrical conductivities due to the
exceptional electrochemical behaviour of thiophene-S-doped graphene oxide. This is
because the unique electrochemical properties of GO and as well as the high
electroactivity of S element with high surface area [181]. Furthermore, the electrical
conductivity performances of the thiophene-doped GO reinforced PCL mats
(PCL/GO-Th) and multi-functionalized GO/PCL mats (PCL/GO-GRGDSP-Th) were
observed as enhanced similarly due to the presence of Th for both cases, whereas
GRGDSP had little/none effect on electrical conductivity of the developed mats.
Table 4.4 Electrical conductivity of the electrospun mats, with different GO
concentrations (0.5%, 1%, 2%).
Electrical Conductivity
Samples

( μS.cm-1)
0.5%

1%

2%

PCL/GO

6.84 ±0.07

10.7 ±0.05

12.1 ±0.06

PCL/GO-GRGDSP

6.91 ±0.08

11.0 ±0.01

11.8 ±0.02

PCL/GO-Th

9.07 ±0.04

13.37 ±0.06

14.23 ±0.07

PCL/GO-GRGDSP-Th

9.35 ±0.03

13.09 ±0.02

15.06 ±0.08

0.95 ±0.02

Pure PCL

4.2.7. PBS Absorption and Shrinkage Tests
The PBS absorption and shrinkage tests are performed for the electrospun PCL/GO,
PCL/GO-GRGDSP, PCL/GO-Th and PCL/GO-GRGDSP-Th mats, and the results
were shown in Table 4.5. Electrospun neat PCL mats demonstrated the lowest PBS
absorption value (65.25%) comparing with the GO-based PCL mats. As reported in
the literature before, the swelling increases with the reinforcement of different
concentrations of GO, regardless the mono/multi- functionalization [182], which is in
an agreement with the results obtained (Table 4.5). The corporation of GO
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nanoparticles within the PCL polymer matrix increased the PBS uptake at least 10%,
which was attributed to the active groups of mono/multi- functionalized GO
structure, together with hydroxyl, epoxide and carboxyl groups [182]. Thus, these
active groups present in GO supply better synergy with water molecules, which lead
the mats to possess higher amount of water molecules than neat PCL mats. However,
at the GO concentration of 2%, the PBS uptake values (%) showed a minor increase.
This is because of the agglomeration of GO which increases the free volume of PBS
uptake site [183].
Table 4.5 PBS absportion and shrinkage behavior of the fabricated mats.

Samples

PBS Absorption (%)

Shrinkage (%)

0.5%

1%

2%

0.5%

1%

2%

PCL/GO

71.09
±2.05

72.77
±1.75

73.15
±1.85

5.29
±0.69

5.52
±0.21

5.89
±0.57

PCL/GO-GRGDSP

71.27
±1.93

72.83
±2.13

73.34
±1.51

5.32
±1.13

5.37
±1.09

6.07
±0.81

PCL/GO-Th

70.97
±1.90

72.27
±1.80

73.21
±1.81

5.39
±0.75

5.59
±1.24

5.91
±1.40

PCL/GO-GRGDSPTh

71.10
±1.88

73.07
±2.31

72.85
±1.74

5.25
±1.10

5.59
±1.51

5.74
±1.76

Pure PCL

65.37 ±2.05

4.72 ±1.37

4.2.8. In Vitro Degradation
In vitro degradation of the electrospun PCL and PCL/GO (0.5, 1, 2 wt%) mats were
shown in Figure 4.7, which consists of weight remaning (%) as a function of
degradation time (days). At the end of 120th day, electrospun PCL, PCL/GO (0.5%),
PCL/GO (1%) and PCL/GO (2%) mats showed 17%, 28%, 31% and 37% mass loss,
respectively. As it can be seen from the figure, electrospun PCL mats had the lowest
degradation rate due to its hydrophobic nature. GO reinforced electrospun PCL mats
exhibited faster degradation rate comparing to the neat PCL mats. This is because of
the multiple functional groups of GO, which lead to the density increment of the
hydrophilic groups on polymer chain. Furthermore, smaller fiber diameter as well as
the high surface-to-volume ratio of GO reinforced electrospun PCL mats could
encourage the water adsorption process which eventually results in higher
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degradation rate [184]. Thereby, it can be concluded that increasing the GO amount
in PCL matrix may result in more water intake and hydration of PCL chains.
Additionally, mono/multi- functionalization of GO had little to none effect on the
degradation behaviour of the electrospun mats. At the end of 120th day, electrospun
PCL/GO-GRGDSP (0.5%), PCL/GO-Th (0.5%), PCL/GO-GRGDSP-Th (0.5%);
PCL/GO-GRGDSP

(1%),

PCL/GO-Th

(1%),

PCL/GO-GRGDSP-Th

(1%);

PCL/GO-GRGDSP (2%), PCL/GO-Th (2%), PCL/GO-GRGDSP-Th (2%) mats
remained as 71%, 71%, 72%; 70%, 68%, 69% and 63%, 62%, 61%, respectively
(results were not shown).

Figure 4.7 Mass loss profile of electrospun PCL and PCL/GO (0.5, 1, 2 wt%) mats
in PBS with in vitro degradation time.
4.2.9. Mechanical Properties
Mechanical strength of nanofibrous scaffolds plays an crucial role in tissue
engineering field [185]. Table 4.6 shows the mechanical properties of developed
scaffolds. As it can be seen from the tensile test results, the mechanical performance
of the electrospun mats was altered remarkably with the different GO concentrations.
Comparing with electrospun pure PCL and all other GO-based mats, elastic modulus
and tensile stress of the mats were found highest when the concentration of GO was
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0.5% wt. The present enhancement of mechanical characteristics was attributed to
the well dispersion of GO in PCL matrices as well as the high surface area of GO
[186]. On the other hand, mechanical property values of the mats were decreased
even lower than the values of pure PCL when the GO concentrations were 1% and
2% wt. This results suggest that GO nanofillers aggregated and thus, resulted in the
decrease in elasticity, tensile strength and strain at break without any increase in
elastic modulus [187].
Previously, the impact of Th on mechanical characteristics of polymer meshes were
stated [16]. Table 4.6 shows that Th modification increased the mechanical
performance of the fabricated mats. This is because the sulphur moieties on GO
facilitated the crosslinking with PCL which enables the establishment of
interpenetrating networks [188]. Moreover, although the impact of GRGDSP on the
mechanical characteristics was negligible, the mechanial chacteristics of PCL/GOGRGDSP-Th mats remined enhanced for the sake of Th. Conclusively, the highest
mechanical values were found for 0.5% PCL/GO-GRGDSP-Th mats among all other
fabricated mats.
Table 4.6 Mechanical properties of electrospun Pure PCL, PCL/GO, PCL/GOGRGDSP, PCL/GO–Th and PCL/GO-GRGDSP-Th, different concentrations of GO
(0.5, 1, 2 wt%).

Sample

Elastic Modulus
(MPa)
0.5%

1%

2%

Tensile Strength
(MPa)
0.5%

1%

2%

Strain at break
(%)
0.5%

1%

2%

PCL/GO

8.63 4.23 0.52 2.51 1.27 0.77
±0.21 ±0.12 ±0.09 ±0.10 ±0.05 ±0.03

64.28
±4.09

42.20 21.43
±2.34 ±1.41

PCL/GOGRGDSP

9.45 4.01 0.41 2.23 1.18 0.81
±0.35 ±0.18 ±0.03 ±0.08 ±0.08 ±0.01

70.85
±5.19

39.78 22.91
±1.70 ±0.98

PCL/GOTh

12.13 6.23 0.64 4.37 1.95 1.10 120.45 73.31 49.06
±0.84 ±0.54 ±0.05 ±0.11 ±0.08 ±0.04 ±8.51 ±4.08 ±3.56
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PCL/GOGRGDSPTh

11.85 5.98 0.75 4.40 2.11 0.91 111.06 79.13 52.83
±0.60 ±0.15 ±0.03 ±0.35 ±0.12 ±0.06 ±5.89 ±3.16 ±2.09

Pure PCL

1.33 ±0.002

0.91 ±0.004

77.0 ±3.00

4.3. Cell Culture Studies
As biological examinations, all of the cell culture studies were performed with the
0.5% concentrated GO-based PCL mats due to the its better overall performance in
conducted characterizations, particularly mechanical properties (Section 3.8). The
concentration of 0.5% GO showed better results since GO nanofillers tended to
aggregate in higher concentrations such as 1%, 2%. This was foreseen in advance
that the aggregation would lead poor cell culture performance because of the
mediocre mechanical performance. This assumption was commited previously in the
literature by several studies [186, 189].
4.3.1. MTT Assay
The tetrazolulium salt, MTT, is a test method that extensively used in order to
measure the cell proliferation rate. The level of reduction, that can be determined by
a spectrometer, is directly related to the cell viability [190]. The viability of MG-63
osteoblast cells on/within the prepared electrospun mats was shown in Figure 4.8
The mats did not exhibit any toxic effects on cells for 21 days according to the
increase in the absorbance values which indicates the continuous proliferation during
the incubation. At the end of the 21st day, electrospun PCL/GO-GRGDSP-Th mats
exhibited the highest cell viability while the lowest was found for TCPS. This is
because the 3D porous architecture of the fabricated mats offered more suitable
environment for the cells to proliferate comparing with the 2D structure of TCPS
[44].
Figure 4.8 shows the viability of MG-63 osteoblast cells within/on the fabricated
electrospun mats. With respect to the increase in absorbance values, the prepared
mats showed no toxicity on the cells for 21 days which indicates the steady cell
proliferation during the incubation. This result can be linked with the two aspects of
GO in polymer matrices. Firstly, it improves the hydrophilic characteristic of the
nanofibres, and secondly, it stimulates the proliferation, adhesion and differentiation
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towards osteoblasts [11]. Additionally, packing density as well as nanoroughness of
PCL mats is enhanced by the addition of GO, which results in improved cell growth
behaviour compared to the electrospun neat PCL scaffolds [191]. Moreover, the
differentiation and proliferation occur in faster rate once GO is exposed and cells
start to adhere [191].
It had been extensively accepted that the RGD peptides have unique properties in
terms of cell attachment and proliferation [57]. As it can be seen in the figure below,
after 21 days of cultivation, the cells preferred the electrospun PCL/GO-GRGDSP
mats at least 1.71 fold comparing with neat PCL mats, which is in an agreement with
the previous study reports that RGD peptide-conjugated substrates can promote cell
proliferation through the potent activation of the integrin-mediated signaling route
[191]. For the case of Th modification, electrospun PCL/GO-Th mats exhibited
increased cell proliferation at least 1.32 fold compared to neat PCL mats. As reported
in the literature before, the effect of Th on cell proliferation occurs in terms of
mechanical properties (Section 3.6). The nanofibres that reinforced by the
incorporation of Th (PCL/GO-Th), leads to better retention of the cells which results
in higher proliferation rate due to the increased elasticity [16]. Moreover, as stated in
the section 3.8., higher electrical conductivities offer promoted cell proliferation and
differentiation, particularly for osteoblast cells [179]. These effects of Th on cell
proliferation and differentiation can also be seen in the figure below.
Lastly, as expected, electrspun PCL/GO-GRGDSP-Th mats exhibited the highest
proliferation rate (1.87 fold) compared to neat PCL mats. These results indicate that
discussed facts above enhance the cellular performance of the fabricated mats
synergistically.
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Figure 4.8 MTT assay. Formasan absorbance expressed as a measure of cell
viability. The symbol “*” indicate the significant differences (*p < 0.05), and “**”
indicates that the corresponding sample differs from each sample individually (**p <
0.05).
4.3.2. ALP Activity
ALP is an initial marker that indicates osteogenic differentiation where ALP activity
is present at high level in living cells, and occurs by the mineralization of cell matrix
[192]. This mineralized matrix is quantified as calcium deposition which is
considered as the final process of osteoblast phenotype in differentiation [193]. The
obtained results are shown in Figure 4.9, which is the ALP activity of MG-63
osteoblast cells that cultured within/on fabricated electrospun PCL, PCL/GO,
PCL/GO-GRGDSP, PCL/GO-Th, PCL/GO-GRGDSP-Th mats and TCPS as a (%)
change at the end of 7th, 14th and 21st cultivation days. According to the figure, the
cells were preferred the fabricated electrospun mats as a suitable microenvironment
for cell differentiation compared to TPCS. The reason is that fabricated electrospun
mats provided a favorable 3D porous structure for the cells which stimulates its
osteogenic response [192]. Furthermore, Van den Dolder et al. [194] reported that the
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calcification may be further improved by using high density of cell seeding (~8 x 105
cells/ml) which is known as a responsible fact of the enhancement of cell-cell
interactions, communication between osteoblast cells and as well as the promotion of
differentiation [195]. As a result, the fabricated electrospun PCL/GO-GRGDSP-Th
mats exhibited the topmost ALP activity. Besides, as stated previously in MTT assay
studies, this results were linked with the improved electrical conductivity and
mechanical performance of the fabricated electrospun mats.
.

Figure 47.9 ALP activity of the cells on mats (BCIP tablet was used as blank
substrate and its value was accepted as 100). The symbol “*” indicates the significant
differences (*p < 0.05), and “**” indicates that the corresponding sample differs
from each sample individually (**p < 0.05).
4.3.3. Alizarin Red Staining
During the cultivation period of 7th, 14th and 21st days, extracellular calcium
deposition on TCPS, PCL, PCL/GO, PCL/GO-GRGDSP, PCL/GO-Th and PCL/GOGRGDSP-Th was determined by Alizarin Red Staining. Figure 4.10 shows the
mineralization levels whereas Figure 4.11 shows the color change in terms of Ca+2.
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All of the fabricated electrospun mats showed good mineralization level comparing
to the control TPCS by the reason of 3D porous structure [196], which is in an
agreement with the results of MTT assay and ALP activity. As represented in the
figures,

the

cultured

PCL/GO-GRGDSP-Th

mats

exhibited

the

topmost

mineralization level, which indicated by the deepest red color. As discussed before,
this results were consistent with those observed in the sections of MTT assay and
ALP activity and also, might be provoked by GO, GRGDSP and Th synergistically.

Figure 4.10 Quantification of MG-63 osteoblast cell mineralization cultured on the
electrospun mats. The symbol “*” indicate the significant differences (*p < 0.05),
and “**” indicates that the corresponding sample differs from each sample
individually (**p < 0.05).
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Figure 4.11 The color change as a result of Ca+2 deposition on a) TCPS and
electrospun b) PCL, c) PCL/GO, d) PCL/GO-GRGDSP, e) PCL/GO-Th, f) PCL/GOGRGDSP-Th on 7th, 14th and 21st days of cultivation.
4.3.4. Fluorescence Microscopy Analyses
Fabricated electrospun mats were examined under the fluorescence microscope at the
end of 7th and 21st days of the cultivation to examine cell attachment, viability and
growth performance. As it can be seen in Figure 4.12, the cell adhesion and viability
were enhanced along with the culture period for all of the developed electrospun
mats. At the 21st day, electrospun PCL/GO-GRGDSP-Th mats exhibited highest cell
density which was also previously detected from MTT assay, ALP activity and
Alizarin Red Staining tests.
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Figure 4.12 Fluorescence micrographs (stained with DAPI) of electrospun a) PCL,
b) PCL/GO, c) PCL/GO-GRGDSP, d) PCL/GO-Th and e) PCL/GO-GRGDSP-Th
mats, at the end of 7th and 21st days of cultivation.
4.3.5. Observation with SEM
The cell morphology as well as growth were examined by SEM on the 7th and 21st
days of the cultivation for all of the fabricated electrospun mats. According to Figure
4.13, high proliferation performance was observed on all of the electrospun mats.
Additionally, the cell adhesion and growth were found higher on the electrospun
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PCL/GO-GRGDSP-Th mats comparing with the other mats. Moreover, as a result of
3D porous architecture of the fabricated mats, it was observed that the cell growth
occured under the fabricated mats.

Figure 4.13 SEM micrographs of MG-63 osteoblast cultured electrospun a) pure
PCL, b) PCL/GO, c) PCL/GO-GRGDSP, d) PCL/GO-Th and e) PCL/GO-GRGDSPTh mats at the end of 7th and 21th days of cultivation. Magnifications are 1000x for
the first and second coloumns, and 10000x for the third column.
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CHAPTER 5
Conclusions



For the fabrication of PCL, PCL/GO, PCL/GO-GRGDSP, PCL/GO-Th and
PCL/GO-GRGDSP-Th, 0.6 g of PCL pellets were dissolved in 3 ml
chloroform and 1 ml methanol to obtain final PCL concentration of 15%
(w/v) in chloroform/methanol 75/25 (v/v) solution and magnetically stirred at
room conditions for 2 h and later, GO based powders were added into the
15% (w/v) PCL solution to attain final GO concentrations of 0.5, 1 and 2
wt%. These PCL/GO solutions were magnetically stirred overnight at room
conditions and followed by the sonication in order to achieve a stable
dispersion. For the electrospinning process, these variable parameters were
used for all cases: Applied voltage of 20-25 kV, flow rate of 18 μL/min, and
the needle to collector distance of 18-20 cm.



ATR-FTIR analyses was performed for powder GO-based materials (GO,
GO-GRGDSP, GO-Th, GO-GRGDSP-Th) and results showed that the
characteristic peaks of both components were revealed and thereby a
evidence for the succesful bi/multi-functionalization of GO.



Raman analyses was conducted for the powder GO-based materials (GO,
GO-GRGDSP, GO-Th, GO-GRGDSP-Th) and as a result, two typical peaks
for D- and G- band were observed at 1338 cm-1 and 1584 cm-1, respectively,
which are the inherent features of GO.



According to the measurements, thickness of the fabricated mats were
determined in the range of 0.042-0.048 mm.



The highest fiber diameter was determined as ~297 nm for PCL/GOGRGDSP-Th (1% wt) whereas the lowest fiber diamater was measured for
PCL/GO (0.5% wt) as ~107 nm. However, no order in fiber diameter
distribution was found for neither the GO loading of 0.5, 1 and 2 wt% nor the
functionalization of GO with GRGDSP and Th



Average inter-fiber pore sizes and the porosity (%) values were found to be in
the range of 0.963-1.917 µm and 44.4%-68.8%, respectively.
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SEM micrographs proved that

all of the electrospun mats showed

continuous, bead-free fibers as well as three dimensional interconnected
porous achitecture which is favorable for better cell culture performance.
Also, 0.5% wt. GO concentrated mats presented smaller average fiber
diamater comparing to the concentrations of 1% and 2% and thus, was chosen
for several further studies.


CA values of electrospun GO-based electrospun mats were slightly decreased
(~5°) regardless of mono/multi functionalization and GO concentration
compared to the pure PCL mats. Thus, by the GO inclusion, the surface
hydrophilicity of the electrospun mats was enhanced.



According to the XPS results, all characteristics peaks were revealed for the
corresponding material/atom (C1s, O1s, N1s, S2p). Thus, it was proved that the
modification of GO with GRGDSP, Th and both were accomplished.



TGA results showed that no noteworthy effect was observed on TGA curves
regarding the GO loading (0.5, 1, 2 wt%) and mono/multi-functionalization
of GO. Also, all of the fabricated mats were thermally stable without any
considerable weight loss until ~270 0C. The initial GO addition percentages
were very consisted with GO weight percentages which was calculated from
TGA analysis, and thus proves the well attachment of GO and mono/multifunctionalized GO.



Electrical conductivity measurements results showed that the highest and the
lowest electrical conductivities were measured for electrospun PCL/GOGRGDSP-Th (2%) (15.06 μS.cm-1) and neat PCL (0.95 μS.cm-1),
respectively. Additionally, Th modified GO-based electrospun mats exhibited
higher electrical conductivities comparing to the non-Th-having mats.



The lowest PBS absorption (%) value was measured for neat PCL mats
(65.25%) comparing with the GO-based PCL mats. The corporation of GO
nanoparticles within the PCL polymer matrix elevated the PBS uptake at least
10% because of the active groups on functionalized GO which provided a
better synergy with water molecules.Additionally, at the higher GO
concentration (2%) the PBS uptake values (%) showed a minor increase
because of the agglomeration of GO.
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In vitro degradation studies showed that electrospun PCL, PCL/GO (0.5%),
PCL/GO (1%) and PCL/GO (2%) mats exhibited 17%, 28%, 31% and 37%
mass loss, respectively. Mono/multi- functionalization of GO had little to
none effect on the degradation behaviour of the electrospun mats.



According to the mechanical property tests, GO concentration affected the
mechanical performance remarkably. Comparing with the electrospun pure
PCL and all other GO-based mats, elastic modulus and tensile stress of the
mats were found highest when the concentration of GO was 0.5% wt.
Furthermore, these values were decreased even lower than the values of pure
PCL when the GO concentrations were 1% and 2% wt. This results suggest
that GO nanofillers aggregated and thus, resulted in the decrease in elasticity,
tensile strength and strain at break without any increase in elastic modulus



The results of cell culture studies, performed by MTT Assay, ALP Activity,
Alizarin Red Staining, Fluorescence Microscopy and SEM Analyses, showed
that

electrospun

PCL/GO-GRGDSP-Th

(0.5%)

mats

were

more

biocompatible compared to the other materials that have been studied in this
thesis.


As a summary, at the end of all characterization studies it has been concluded
that electrospun PCL/GO-GRGDSP-Th (0.5%) mats were suitable candidate
to be used as a scaffold in possible tissue engineering applications.
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