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ABSTRACT

EFFECT OF L-ARGININE CONJUGATED CARBON
NANOTUBE (CNT) REINFORCED SULFONATED
POLYETHER ETHER KETONE (SPEEK) NANOFILMS ON
CELL PROLIFERATION

Poly ether ether ketone (PEEK) exhibits distinct properties which are favor-
able in designing a novel load-bearing implant for bone reconstruction. It overcomes
the adverse effects of metallic implants such as stress shielding, release of toxic ions
and radiotherapy interference. PEEK has comparatively closer elastic modulus to that
of cortical bone than metallic implants, which in turn prevents stress shielding and
subsequent bone resorption. Furthermore, elastic modulus of PEEK is tunable by in-
corporation of additives. However, hydrophobic bioinert surface of PEEK which are
not favorable for cell adhesion brings about some limitations in its application due to
inefficient osseointegration. Furthermore, although the addition of fillers promote the
mechanical attributes, PEEK nanocomposite might be still insufficient regarding in-
ducement of bioactivity. Many studies show that presence of L-arginine (L-Arg) assists
cell attachment and proliferation. In this thesis, functionalized multi-walled carbon
nanotubes (FMWCNT) reinforced sulphonated poly ether ether ketone (SPEEK) was
fabricated by solvent casting. Previously, PEEK was dissolved in high concentric sulfu-
ric acid (H250,) to gain SPEEK and MWCNT was oxidized with mixing of sulfuric acid
(H350y, 98%) and nitric acid (HNOs3, 65%) to obtain carboxyl groups on the sidewall
and ends of MWCNT. The surface of the obtained nanofilms were covalently conju-
gated with L-arginine. The samples were characterized with Proton Nuclear Magnetic
Resonance Spectroscopy (H-NMR), Fourier Transform Infrared Spectroscopy (FTIR),
X-ray Photoelectron Spectroscopy (XPS), Water Contact Angle (WCA) measurement,
Atomic Force Microscope (AFM) and Dynamic Mechanical Analysis (DMA).Finally,
impact of CNT and L-arg existence on cellular response was analyzed using human fetal
osteoblast (hFOB) via Alamar blue test. The chemical characterization of surface with
FTIR and H-NMR, functional sulfur and carboxyl groups formed were confirmed. Im-

mobilization of L-Arg was confirmed via XPS showing the Nitrogen (N) atom presence
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and chemical state of N atom. The mechanical strength of nanofilms were improved
which was proven by DMA. Cell viability was observed the highest for L-arg grafted
nanofilm. In conclusion, this study indicates that arginine modified CNT /PEEK films

are promising candidates for femoral replacement applications.

Keywords: PEEK, MWCNT, Solvent casting, Surface modification, L-arginine, Cor-

tical bone.
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OZET

L-ARJININ BAGLI KARBON NANOTUP (KNT)
TAKVIYELI SULFONATLANMIS POLI ETER ETER
KETON (SPEEK) NAFILMLERIN HUCRE COGALMASINA
ETKIiSI

Poli eter eter keton (PEEK), kemik rekonstriiksiyonu i¢in yiik tagiyici implant
tasarimina uygun Ozelliklere sahiptir. Termoplastik bir polimer olan PEEK gerilim
korumasi, toksik iyonlarin serbest salinimi ve radyoterapi etkilesimi gibi metalik im-
plantlarin olumsuz etkilerini ortadan kaldirabilecek potansiyel bir malzemedir. Metalik
implantlara kiyasla PEEK kortikal kemige daha yakin elastik modiiliine sahiptir; bu
da gerilme korumasini ve dolayisiyla kemik rezorpsiyonunu onler. Ayrica, PEEK’in
elastik modiilii takviye malzemesi ile ayarlanabilir. Fakat zayif osseoentegrasyon ne-
deniyle PEEK’in biyoinert yilizeyi uygulamasinda sinirlamalara yol agmaktadir. Ayrica,
katki maddesi eklenmesi mekanik 6zellikleri gelistirmesine ragmen PEEK nanokompozit
biyokativiteyi artirma yoniinden yetersiz kalabilmektedir. Bir¢ok ¢aligma, malzemenin
yiizeyinde L- arjinin (L-arg) bulunmasi hiicre yapismasina ve ¢ogalmasina yardimci
oldugunu gostermistir. Bu tez ¢alismasinda, fonksiyonlanmis ¢ok duvarl karbon nan-
otiip (FCDKNT) takviyeli sulfonatlanmig PEEK (SPEEK) ¢oziicti dokiim yontemiyle
tiretilmigtir. oncelikle, SPEEK elde etmek i¢in PEEK yiiksek konsantrasyonlu siilfiirik
asit (H2S50,) iginde ¢oztilmiigtiir ve CDKNTiin yan duvarlarina karboksil gruplar
baglamak i¢in CDKNT siilfiirik asit (H2S0,, 98%) ve nitrik asit (HNOs, 65%) karigimi
ile oksitlenmistir. Sonrasinda, elde edilen nanofilmlerin yiizeyine, L-arjinin kovalent
olarak baglanmigtir. Numuneler Proton Niikleer Manyetik Rezonans Spektroskopisi
(H-NMR), Fourier Déniigtimii Kizilétesi Spektroskopi (FTIR), X-igm1 Fotoelektron
Spektroskopisi (XPS), Su Temas Ags1 (WCA), Atomik Kuvvet Mikroskopu (AFM)
ve Dinamik Mekanik Analiz (DMA) yontemleriyle karakterize edildi.Son olarak, L-arg
ve KNT varliginin hiicre tepkisi tizerindeki etkisi Alamar Blue testi ile human fetal os-
teoblast (hFOB) kullanilarak analiz edilmigtir. FTIR ve H-NMR ile fonksiyonel siilfiir
ve karboksil gruplarinin bulundugunu kanitlamigtir. Bununla birlikte, film yiizeyine L-

arg immobilizayonu XPS analizi ile dogrulandi ve yiizey aragtirma spektrum ve yiiksek
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¢oziiniirliikteki azot piki sirasiyla azot atomunun varligini ve nitrojen atomunun yapi-
daki kimyasal bag diizenini gostermigtir. -CDKN'T takviyesiyle nanofilmlerin mekanik
ozelliklerinde iyilesmenin oldugu DMA analizi ile ispatlanmigtir.Hiicre canlihiginin en
¢ok L-arg da oldugu gozlenmistir. Sonug olarak, bu ¢aligma arjinin ile modifiye edilmig
KNT/PEEK filmlerinin femur implant uygulamalar: i¢in umut verici oldugunu goster-

migtir.

Anahtar Sozciikler: PEEK, MWCNT, solvent dokiimii, yiizey modifikasyonu, L-

arjinin, Kortikal Kemik.
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1. INTRODUCTION

1.1 Motivation

The metallic implants are considered as the gold standard in orthopedic appli-
cations. However, some adverse effects might arouse due to release of toxic ions, pre-
vention of post operation imaging, and its stress shielding effect [1]. Stress shielding
effect results from mismatch of elastic modulus of implant and bone tissue which leads
to losing bone tissue adjacent the implant material [2]. Researches on development of
isoelastic implantable biomaterial with comparable mechanical strength with that of
bone are gaining interest. The growing interest to replace thermoplastic polymers with
metallic counterparts has been especially due to high performance of thermoplastic

polymers |3, 4].

Poly ether ether ketone (PEEK) is a rigid semicrystalline high performance
engineered polymer and it is becoming a popular biomaterial for production of ortho-
pedic implants such as spinal interbody fusion cages due to its high wear resistance,
corrosion resistance and biocompatibility [5, 6]. The elastic modulus of PEEK (3.7
GPa) comparable with bone tissue Moreover, radiolucent properties of PEEK enables
X-ray imaging and repeated sterilization [6]. Aforementioned attributes render PEEK
a potential candidate for substitution of metallic orthopedic implants in long term

application.

Although PEEK is regarded as mostly capable of meeting the requirements of
bone implants, it is bioinert and hydrophobic which are not favorable when direct
contact is crucial between bone tissue and implantable material [7]. There are four
fundamental factors which should be taken into account to determine the biocompati-
bility of the implants once the implant needs to be in direct contact with bone tissue.
These factors are as follows: surface composition, surface energy, surface roughness

and surface topography [8]. Surface coating, chemical modification and the addition



of various additives into PEEK was practiced to improve the biological performance of

PEEK by facilitating cell adhesion and growth [9].

In comparison to other carbon based fillers, carbon nanotubes (CNTs) are ef-
fective even at relatively low concentrations owing to its high surface area stemmed
from its high aspect ratio. Extraordinary high strength, toughness and elastic modulus
of multi-walled carbon nanotubes (MWCNTs) associated with their distinct structural
characteristics render that material appealing for reinforcing polymeric matrix by ob-
taining an advanced nanocomposite material with superior mechanical properties than
that of the neat polymer [10]. Tensile strength of MWCNTSs reaches up to 150 GPa
and the Young’s modulus of MWNTs is approximately 0.95 TPa [11]|. Fabricated novel
nanocomposite with the improved mechanical properties could be favorable for load-

bearing orthopedic application.

Although CNTs enable achievement of remarkable properties to their nanocom-
posites they are inclined to form bundles in common solvents which in turn prevents
their effective use in the biomedical applications [12|. Covalent and noncovalent func-
tionalization strategies make CNTs soluble by preventing agglomeration of CNT par-

ticles due to strong van der Waals forces.

In order to improve the biological activity of CNT/PEEK nanocomposites, the
surface of biomaterials can be coupled with biomolecules. L-arginine is a strong candi-
date for surface functionalization of PEEK as it has many biological properties such as
being an anticoagulant, promotion of angiogenesis, wound healing, cell growth and fi-

nally it also induces interaction of circulatory blood cells with the vessel wall [13, 14, 15].

Literature survey showed that there are several researches concerning surface
modification of PEEK or carbon based PEEK to accomplish a favorable environment
cell attachment and growth, because enhanced bioactivity of material allow it usage

where promotion of forming bone tissue is necessary at the defect side.

In this regard, the aim of this study is to develop bioactive surface for PEEK/CNT



nanocomposite film via immobilization of L-arginine to promote the cell attachment
and cell proliferation in bone-implant interface of load-bearing biomedical applications,

thus overcoming the insufficient osseointegration.

1.2 Objectives

In the scope of this master dissertation, the aim is to fabricate CNT/PEEK
nanocomposites with enhanced osseointegration through L-Arg modification of the sur-
face, to be employed as a long-term implantable orthopedic material.

The main objectives of this study are as follows:

e To increase solubility of PEEK via sulfonation reaction.
e To functionalize the CNT for enhancement of interface adhesion with polymer.

e To investigate the effect of CNT concentration on mechanical and wettability

properties of the nanocomposite film.

e To immobilize the L-arginine on the surface of nanofilm and examine the effect

of L-arginine on the cell adhesion and proliferation

1.3 Outline

This thesis is composed of 5 chapters, which are presented consecutively. Chap-
ter 1 is an introduction. Chapter 2 is an introduction to bone’s structure, femur
fracture, modification of PEEK, application of PEEK in the medical field, CNT func-
tionalization and nanocomposite fabrication methods. The procedures for experimental
studies are described in the Chapter 3, which follows with the results section in Chapter
4. Finally, in Chapter 5, the thesis is concluded with discussion of results, conclusion

and suggestion for future works.



2. BACKGROUND

2.1 Bone Structure

Bone is one of the fundamental components of the skeletal system. Unlike
the other tissues bone is more rigid and hard. However it has not a homogeneous
structure. Cortical and spongy bone can be seen as a transversely and orthotropic
materials, respectively. The compression strength of bone tissue is much stronger than
tension strength, and has much greater Young’s Modulus than shear modulus. The
bone is composed of two types of structures at the macroscopic scale. They are named
as cortical (compact or Haversian) and cancellous (spongy, or trabecular) bone. The
compact bone has higher density. Cortical bone corresponds to about 80% of the
skeletal mass, which forms the bone outer wall and supports and protects function of
the skeleton. Osteon is the major unit of the cortical bone. A typical shape of osteon
is a hollow cylindrical with the outer and inner diameters of about 200 pum and 50
pm, respectively. Otherwise, cancellous bone is composed of a narrow lattice rods and
plates (70 to 200 pm in thickness) called trabeculae. The trabeculae are encircled by
bone marrow that is vascular and transport nutrients and takes away its waste disposal

[16].

Corical bong
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Figure 2.1 The mechanical properties between trabecular and cortical bone.
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Figure 2.2 Depicts the hierarchical organization of human cancellous bone from the nano- to the
macroscale.

2.1.1 Femur Fracture

Dynamic tissue like bone has a fundamental function which is to carry load and
support and protect organs. When a fracture caused by a serious injury or trauma
occurs, the transmission of normal forces through the bone is disrupted. Treatment of

fractures aims at achieving a situation as close to the prefracture situation as possible

[17].

Femur (thighbone) is the longest and strongest bone in the body. Because the
femur is so strong, it usually takes a lot of force to break it. Femoral fractures in
young people are frequently due to some type of high-energy collision. For example car

crashes are the number one cause of femur fractures [17].

2.1.2 Types of Femoral Shaft Fractures

There four types of fracture including transverse, oblique, comminuted and spi-
ral. Transverse fracture is a straight horizontal line going across the femoral shaft.
On the other hand oblique fracture is angled fracture across shaft. The fracture line
encircles the shaft when spiral fracture occurs. Finally, Comminuted fracture is the

fracture of bone breaks into two or many pieces [17].



Figure 2.3 Representation of femur bone fracture.

2.2 Poly (Ether ether ketone) (PEEK)

Polyether ether kethone (PEEK) is an organic thermoplastic polymer in a semi-
crystalline structure. PEEK is known as high performance engineering material with
prominent mechanical strength. Its great mechanical properties are associated with
the symmetry of benzene rings along the linear polyaromatic polymer backbone which

is consisting of two ether groups and a kethone group [18].

Figure 2.4 Chemical structure of PEEK.

PEEK has an extreme resistance to chemicals, electricity, radiation and tem-
perature. Due to the fact that PEEK maintains structural stability at temperatures
greater than 300°C, this material can be handled easily without dimensional alterations.
In addition of processability of PEEK, it is non-cytotoxic and can be repeatedly steril-
ized using conventional steam, v-irradiation and ethylene oxide treatment without any

deterioration of its mechanical properties [19].



PEEK is considered an advanced biomaterial for medical implants to supply
structural support or to substitute with bone tissue . In contrast to Ti and its alloy,
elastic modulus of PEEK is lower and closer to that of human cortical bone. This can
prevent the effect of stress shielding causes bone resorption around biomaterial after
implantation process. In addition to noticable mechanical properties, thermal stability,
chemical resistance, biocompatibility, good wear resistance and natural radiolucency
make PEEK favorable biomaterial to apply in orthopedic implants especially for load-

bearing bone tissue engineering.

Besides all the merits of PEEK, the reason why PEEK does not to release toxin
ion, by product and not to corrode or degrade is that PEEK generally has inactive
biological surface (bioinert) owing to chemically stable structure. Hydrophobic surface
of PEEK results in a low surface energy which arouses adverse osseointegration. Re-
stricted cell adhesion underlies insufficient bone-implant contact [2]. Bioactivity which
means positive interaction between biomaterial and biological environment at the de-
fected side should be taken into consideration and must be improved not to cause any
inflammation during wounds healing process [5]. Topological and chemical factors of
biomaterials must be modified or coated in order to increase bioactivity so that the
response of tissue against the biomaterial and the wound healing process associated
with compatibility between implant and bone tissue is mitigated. Surface modification
of biomaterials could be effective approach to augment the growth of cells and their

adhesion on the surface which means an enhanced robust bone-implant integration.

It has been reported that hydrophilic surface of material contributes to cell
adhesion and cell proliferation. A hydrophilic surface can be obtained by adjusting
with hydrophilic functional groups, peptides or amino acid molecules which in turn

promote the chemical activitiy of the suface and cell growth as well [2].

Many efforts have been made to devolop the properties of the neat PEEK tho-
ruogh an incooperation with fillers such as carbon fibres,glass fibres and carbon nan-
otubes [20]. The first study on polymer nanocomposites using carbon nanotubes as

fillers were introduced by Ajayan et al. in 1994 [11]. Since then a profound investi-



gations have been conducted about incorporation of CNT into the polymer matrix to
accomplish excellent properties in contrast to the bare polymer. Recently, In addition
to several methods applied for manufacturing CNTs/PEEK, it also was taken atten-
tion on that further studies on CNT-based PEEK composites need to be conducted to

understand cellular behavior and the mechanism of bone tissue formation [19].

2.3 Carbon Nanotubes (CNTs)

Carbon nanotubes (CNTs) first were discovered by the Japanese electron mi-
croscopist Sumio Ilijima in 1991. Because of its potential structural application many
scientists give attention CN'Ts’ unique properties caused by its rigid atomic structure
[21]. They have emerged as a promising nanomaterial owing to their tremendous com-
bination of strength, ultra-light weight, high surface area and high stability, which

allow them to employ for composite reinforcement material in biomedical field [22].

2.3.1 Structure of CNTs

Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical nanostruc-
ture were first introduced by Iijima et al. almost two decades ago. The formation of
this novel artificial nanomaterial resembles the rolling of a graphene sheet constructed
from exclusively the sp? hybridized carbon atoms in a hexagonal lattice constitutes hol-
low cylinders as shown in the Figure 2.5. While its diameter is changing in nano-metric
scale, the length of CNTs is ranging from a few nanometers to several microns. The
number of concentric cylinders determines the type of CNT. According to the intensity
of concentric cylinders mainly three types of CNT exist, which are single-walled carbon
nanotube (SWCNTs), double-walled carbon nanotubes (DWCNTs) and multi-walled
carbon nanotube (MWCNTSs) as shown in the Figure 2.6 [23].

SWCN'Ts consist of a single graphene layer rolled up into a seamless cylinder

and their diameters is ranging from 0.4 to 2 nm. The structure of SWCNTs can be
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Figure 2.5 Visualization of CNT formation from graphene flakes [24].

Single-walled CNT Multi-walled CNT

Figure 2.6 Different type of CNTs which based on the number of tubes walls [25].

differentiated through its chiral vector occurred by how the graphene sheet is wrapped
with different angles in hexagonal lattice lattice to create a seamless cylindrical tube.
They are named as zigzag, armchair, chiral form of the SWCNTs, see the Figure 2.7.The
electrical properties of CNTs are differed by chiral angle and diameter. It could show
metallic behaviour (armchair CNTs) or similar to semiconducting (zigzag and chiral
CNTs) materials’ behavior. More than two concentric cylinders of graphene sheets form
MWCNTS which are co-axially arranged around a central hollow core. The adjacent
layers of graphene sheets are attracted to each other by van der Waals forces. Their
diameters are in the range of 1-3 nm for the inner tubes and 2-100 nm for the outer

tubes and length may reach up from 100 nm to several micrometres, respectively [26].

2.3.2 Properties of CNTs

CNTs are characterized with low density, high aspect ratio (long length com-
pared to a small diameter) and high strength [28]. CNTs intrinsically exhibit unique
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Figure 2.7 Configurations of Carbon nanotube structures of armchair, zigzag and chiral [27].

mechanical, thermal and electrical properties. The multi-faceted properties of the
CNTs would originate in their atomic arrangement (or in other terms the way their
graphene sheets are rolled). Their excellent mechanical characteristics are associated
with the sigma bonds between individual carbon atoms (C-C bonding) in sp? hybridized
CNTs. Elastic modulus of 1.2 TPa and tensile strength of about 50-200 GPa have been
reported for CNTs [23].

2.3.3 Modification of CNT Surface

The conspicuous properties of CNT bestow to these materials a considerable
potential to employ as a reinforcement agent in a host matrices to fabricate polymer
nanocomposites with improved mechanical properties at very low concentration. When
it comes to biomedical application of CNT there is some limitation of its usage. CNT
structure is chemically inert. That makes processability of the crude CNT challeng-
ing. Moreover, the issue about dispersion of these nanoscale fillers homogeneously in
the polymer matrix in order to offer sufficient interaction surface area for effective en-
hancement of the nanocomposite’ properties are crucial. However, CNT is insoluble
and its dispersibility is poor resulting from its innate highly hydrophobicity. That is
to say CNTs’ a great surface to volume ratio and strong van der Waals (vdW) forces

in the CNT structure retain them together tightly, which give rise to composing of
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large agglomerates which behave differently from individual CNTs. There is a diffi-
culty in incorporating of pristine CN'Ts into polymer materials due to aforementioned
entanglements. The formation of bundles in the polymer matrix results in reducing of
interfacial adhesion between polymeric matrix and CNT filler, which adversely affects
the load transfer. Therefore individual CNTs embedded in a polymer only exhibit a
fraction of their potential. CNT aggregation has been found to dramatically hamper
the mechanical properties of fabricated nanocomposites |23, 29]. There has been an
immense effort to establish the most suitable conditions for the transfer of either me-
chanical (stress) load to individual nanotubes in a polymer composite component. A
prerequisite for such an endeavor is the efficient dispersion of individual nanotubes and
the establishment of a strong chemical affinity (covalent or non-covalent) with the sur-
rounding polymer matrix. In order to surmount the obstacles, modification of CN'Ts’
surface becomes essential via functionalization process. Attaching or wrapping several
functional groups on the surface of CNTs encourage to exfoliate from bundles to give
individual CN'Ts. Modifying has been reviewed to elevate CNTs’” solubility and bio-
compatibility which are the most imperative factors taken into account for biomedical
applications [25]. Moreover, the functionalization of CNT is a powerful way to hinder
nanotube aggregation by promoting distribution of individual CNT tubes uniformly
which lead to evolved adhesion of CNTs to miscellaneous host polymer matrix and
advanced load transfer across the CNT-polymer interface successfully through good

interfacial interactions as well.

Various methods for modification of CNT surface have been explored quite suc-
cessfully in introducing functional moieties over CNT surface with reduced toxicity
[30]. Strategies of functionalization can be divided into two categories which are non-

covalent functionalization and covalent functionalization.

Having large hydrophobic aromatic (m-electron) of CNTs render them a eligi-
ble to interact with proper complementary molecules. Non-covalent functionalization
(physical) of nanotubes can be carried out without any compromising of the physical
properties of CNTs. Yet it is still capable of improving the solubility and processability

of CNTs with polymer matrix. Weak physical interactions such as surface absorption,
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electrostatic interactions, hydrogen bonding and 7-7 stacking are responsible for an ef-
fective attachment with large scale of molecules into CN'T surface noncovalently (Figure
2.8, 2.9). Such interactions disrupt van der Waals forces which are caused CNTs to
aggregate into bundles. This non-destructive approach basically includes coating with
amphiphilic surfactant molecules and wrapping with long polymer chains as dispersing
agents to obtain miscible CNT both in polymer matrix and compatible within biologi-
cal systems. However, the shortcoming of the noncovalent functionalization is that the
dispersion of CNTs is not stable which in turn; the suspension may reagglomerate after

for a while [31, 32|.

Figure 2.9 7 — 7 stacking interaction between single-walled carbon nanotube (SWCNT) and protein
molecules [32].

Covalent functionalization (chemical) includes forming chemical linkage over
the defective carbon atoms either at the sidewall or at the open end caps (tips) of
CNTs. Therefore it can also be known as defect functionalization [25]. Treatment with
strong acids can be applied to functionalize CN'Ts by converting to sp? hybrid carbon

atoms to sp?® carbon atoms during oxidation process. As a result of exposure to strong
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acids such as nitric acid, sulfuric acid or their mixture, oxygen containing functional
groups such as carboxyl (-COOH), hydroxyl (-OH) and carbonyl (-C=0) groups anchor
on the CNT surface (Figure 2.10). Obtained hydrophilic head groups will lead to
CNT solubilization in most of the common polar solvent through their electrostatic
repellency. These oxygenated groups lead to dramatically increase in reactivity of CN'Ts
and evolution of their adhesion to the host polymer matrix. The functional groups
on the sidewall allow further functionalization as well. Chemical functionalization
prevent from reagglomeration of CNTs by offering long term stable dispersibility and
miscibility. Although chemical functionalization has advantages, some physical and

electrical properties of CNT can be impaired [30].

Pristine
MWCNT

Functionalization
HMNO2/H2504

Figure 2.10 Schematic presentation of oxidation [33].

2.4 Methods for Nanocomposites Fabrication

A great number of approaches are come up with to manufacture CNT reinforced

polymer nanocomposite which can vary depending on the type of polymer.

2.4.1 Solution Casting

Solvent casting method is one of the easiest way widely applied to fabricate
CNT /polymer nanocomposite in the form of film. On the other hand, this simple
processes is limited to polymers which are soluble in the common organic solvents.
For solution mixing method, preparing suspension of CNT is necessary in the desired

polymer solution via mechanical stirring or ultrasonic agitation which in turn alleviates
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the dispersion of nanotubes. Followed by the homogeneous suspension, the solution
is placed into mold and the solvent is allowed to evaporate during drying stage of
process to form the CNT /polymer film nanocomposite. However there is a limitation
of this technique that owing to long evaporation time, CNT can tend to form bundles
preventing nanotubes from homogeneous dispersion in the host polymer matrix. The
solvent selection depend on the solubility of the polymer which is of importance in
term of properties of resulted nanocomposite. The complete removal of solvent is also

crucial [23].

2.4.2 Melt Mixing

The melt compounding method is compatible with the thermoplastic poly-
mer/CNT nanocomposite and mostly applied on a commercial scale. This method
is suitable polymers of which ability to dissolve is impossible. High magnitude of shear
occurred throughout the melt mixing process makes possible CNT bundles exfoliate
with simultaneous dispersion and distribution in the host polymer melt. The elevated
temperatures is generally utilized to render polymer less viscous and generate high
shear forces to disperse nanotube bundles. Twin screw extruder is used to produce
a composite masterbatch then obtained substrate can be shaped differently by using
injection molding or compression molding technique. This approach is viewed as not
effective in dispersion of CNT into polymer matrix although it has advantages of sim-

plicity and speed of process [23].

2.4.3 In-situ Polymerization

This method enables combining of CNT with a high molecular weight polymer
chain. When it comes to insoluble and thermally unstable polymers, in-situ polymer-
ization technique works for production of composites with higher CNT loading. This
method also shows superiority over the other composite fabrication methods. In the

growth stage of polymerization, getting intimate chemical affinity between CNTs and
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polymer chain is easy that results in obtaining much stronger interface which is nec-
essary for a good load transfer from matrix to nanotube. Grafting of large polymer
molecules onto the side walls of CNT are carried out by polymerization of monomers
in the presence of CN'T. Using low viscosity of beginning polymer is beneficial In order

to acquire a good distribution of CNT in composite as a result of a better infiltration

into the CNT [23].
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3. MATERIALS AND METHODS

3.1 Carboxyl functionalization of MWCNT

80 mg of pristine MWCNTs were treated with 40 ml of sulfuric acid (Sigma
Aldrich, 95-98 %, H5S0,) and nitric acid (Sigma Aldrich, 65%, HNO3) mixture with
a volume ratio of 3:1, respectively. MWCNTs were subjected to continuous ultra-
sonic vibration in the HS0,/H NQOj solution mixture in an ultrasonic bath at 50°C
for 24 hours. At the end of prescribed time of sonication, the suspension was di-
luted with 150 ml of deionized water to avoid damaging of the filter membrane. The
resulting nanotubes-acid mixture was then vacuum filtered using a 0.2 pum polyte-
trafluoroethylene (PTFE) filter membrane. The resultant black solid of carboxylated-
MWCNT (MWCNT-COOH) was collected on the filter membrane with repeated wash-
ing with deionized water until the pH was neutral. Finally, filter cake was dried at 60°C

overnight. Figure 3.1 shows the oxidation reaction for this procedure:
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Figure 3.1 Representation of oxidation reaction [20].
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3.2 Synthesis of sulfonated PEEK (SPEEK)

450G Victrex PEEK was kindly provided from Uniplast. Neat PEEK is a hy-
drophobic polymer and this prevents formation of its films by solution casting. PEEK
is unable to dissolve in most of the solvents with the exception of high concentration
of sulfuric acid. Sulfonated PEEK is hydrophilic which also enables its easy process-
ability. Mechanical and thermal stability of the PEEK maintains thank to its aromatic
backbone on which chemical modification through simple electrophilic substitution can
be carried out by sulfonation. In order to sulfonate the neat PEEK, concentrated sul-
furic acid (98% purity, Sigma Aldrich) was used as a sulfonating agent. The Figure
3.2 shows sulfonation reaction. The pure PEEK was added into concentrated sulfuric
acid with a ratio of 810 wt. %. The solution mixture was heated up to 60 °C in a
water bath for 24 h. Once PEEK was dissolved in the sulfuric acid, and the solution
became viscous with a dark red color, sulfonated PEEK (SPEEK) was formed. After
this, the polymer solution was stirred for another half an hour at 50°C. Sulfonation
reaction, was terminated by gradually pouring over excess of ice cold deionized water
under mechanical stirring and as a consequence the precipitated SPEEK turned to
white color. The precipitate was kept in the ice cold water overnight and subsequently
washed with distilled water by vacuum- filtering until pH was neutralized. Finally,
samples were dried at 50°C for 24 hours. Figure 3.3 represents the experimental stages

of sulfonation process.
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Figure 3.2 The reaction for the production of Sulfonated PEEK [34].
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Figure 3.3 Experimental procedure of sulfonation reaction.
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3.3 Fabrication of SPEEK/CNT Nanofilm

SPEEK was dissolved in 10 wt.% dimethylformamide (DMF). 0.5, 1 and 2 wt.%
MWCNT, were incorporated into 10 wt.% SPEEK solution to produce carboxylated-
MWCNT/ SPEEK nanocomposite films. In this process, 1g SPEEK was dissolved in
6 ml DMF using a mechanical stirrer. SPEEK solution was filtered with a 0.45 um
PTFE membrane. The Carboxylated-MWCNT was dispersed in 4 ml of DMF with
an ultrasonicator (Bandelin) for about 2 hours. These two solutions were blended and
magnetically stirred overnight to obtain a homogenous solution. Finally, before casting,
blended solution was homogenized for an hour. Then films were casted and dried in an
air oven at 60°C for 48 hours. After complete evaporation of the solvent nanocomposite
films were peeled off with the addition of deionized water. Figure 3.4 displays hydrogen
bonding formation emerged strong interfacial adhesion between SPEEK and f-CNT.
Figure 3.5 illustrates the resultant SPEEK film and SPEEK/CNT nanofilms.
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Figure 3.4 Formation of hydrogen bond between -COOH group of functionalized CNT and —SO3H
sulfur group of SPEEK |[35].

The miscibility of this components become easier through hydrogen linkages
between the hydrophilic functional groups. Table 3.1 gives experimental groups for in-
vestigation effect of f-~CNT addition into SPEEK polymer matrix on mechanical prop-
erties, surface morphology and biocompatibility in the produced nano-films compared

to pure SPEEK.
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Figure 3.5 Obtained SPEEK film (A) and SPEEK /CNT nanofilm (B).

Table 3.1
SPEEK/CNT composite concentration and their designations.
Designations SPEEK content (gr) | CNT content (gr) | Concentration (CNT/SPEEK)
SPEEK/CNT 0.5 1 0.005 0.5 wt/wt %
SPEEK/CNT 1 1 0.01 1 wt/wt %
SPEEK/CNT 2 1 0.02 2 wt/wt %

3.4 Aminolysis: Preparation of SPEEK/MWCNT-NH, Nano-
films

The nanocomposite films with a size of 1x2 ¢m? were immersed in 25, 50 and
75 v/v % diluted 400 pl hydrazine monohydrate solution. Pre-determined reaction
times (15, 30 and 45 min) were also performed for each concentration of solution at
room temperature to come up with the optimal concentration and reaction time to
aminolyze the surface of SPEEK/MWCNT nanofilms. When aminolyzation reaction
was terminated for every given time, resultant samples (SPEEK/MWCNT-NH;) were
thoroughly rinsed with ultra-purified deionized water for several times with deionized
water in 15 min intervals to eliminate the unreacted hydrazine. Finally samples were
dried at 30°C for overnight. Figure 3.6 exhibits that how the hydrazine molecule

interacts with the ketone groups existing in the polymer backbone.
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Figure 3.6 Formation of NHy groups on SPEEK (drawn in ACD/Chem Sketch freeware, ACDLABS
2016.2).

Figure 3.7 represents the free NHy groups on nanofilms surface which provides

for further modification.
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Figure 3.7 The schematic representation of aminolysis (drawn in ACD/Chem Sketch freeware,
ACDLABS 2016.2).

3.5 Surface Modification of Nanofilms with L- Arginine

The amino acid molecules were covalently grafted on the nanofilm surface. In
order to avoid protein aggregation, modification was governed in two steps. Firstly,
aminolyzed nanofilms were incubated in 1 wt. % glutaraldehyde (GA) solution at pH
7.0 for 3h at room temperature. The reaction occurs between the free NHy groups
and aldehyde group of GA and -N=CH- linkages are formed by yielding one free alde-
hyde group for further modification as well as. Then samples were washed with a
large amount of deionized water to remove the unreacted GA. Then, nanofilms were
immersed into PBS with 2 wt. % L-arginine for 24 h at room temperature. After
incubation period, nanofilms were rinsed thoroughly with large quantity of deionized

water for 2 hours at an interval of 15 min. L-arginine modified nanofilms (denoted
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SPEEK/CNT-L-arg) were accomplished with the chemical reaction between the free
aldehyde groups of GA and the amino groups of L-arg via imine bond (-C=N-) forma-

tion. Figure 3.8 shows the reaction carried out [15].

===z

Figure 3.8 The schematic representation of SPEEK/CNT nanofilm modification with L-arginine
(drawn in ACD/Chem Sketch freeware, ACDLABS 2016.2).

3.6 Surface Characterization of the Nanocomposite Film

The characterization of the nanocomposite films was performed in three distinct

categories:

Chemical Characterization ( H-NMR, XPS and FT-IR, water contact angle mea-
surements (WCA) )

Morphological characterization (AFM)

Mechanical characterization (DMA)

In vitro biological characterization (Alamar Blue)

3.6.1 Fourier Transform Infrared (FTIR) Spectroscopy Analysis

FTIR spectra of nanocomposite film samples were recorded on Thermo Scientific
Nicolet 380 FT-IR spectrometer in a transmission mode to identify the chemical struc-
ture of PEEK and SPEEK. FTIR spectra was also conducted for determination of the

carboxyl functionalization onto MWCNT through acid oxidation. The measurement
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of FTIR spectra were taken within the range of 500-4000 ¢m~!. The FTIR analysis

was performed at Bogazic¢i University Chemistry Department.

3.6.2 Contact Angle Measurement

The hydrophobic or hydrophilic characteristic of plain and modified nanofilm
surfaces were assessed via contact angle measurement. Static water contact angle of
the unmodified and modified nanofilms were measured by sessile drop method using
a Contact Angle Measurement Goniometer (CAM 101 KSV instruments) at Bogaz-
i¢i University Chemistry Department with about 3-5 pl deionized water droplets at
ambient temperature. The image of droplet fall onto nanofilm surface was recorded
within 20 second with 1 second time interval with a digital camera after introduction
of water droplet onto film surface and the state of droplet at 30th second was taken
into consideration to measure the water contact angle. For each experimental group
five droplets were measured from different points of nanofilms surface and the result

was presented as average of these ten values with standard deviation.

3.6.3 Proton Nuclear Magnetic Resonance (H-NMR) spectroscopy

Sulfonation is an electrophilic aromatic substitution of hydrogen atoms with
sulfonate groups through monosubstitution reaction on benzene ring connected with
two ether (-O-) bonds in the repeated PEEK unit [36]. Proton Nuclear Magnetic
Resonance (H-NMR) spectroscopy was employed to identify the incorporation of the
sulfonate group into the SPEEK structure by elucidating position of aromatic protons
in hydroquinone ring. The degree of sulfonation of polymers was determined by cal-
culating the ratio between related peaks. The spectra of the specimens were obtained
in dimethyl sulfoxide-dg (DMSO-dg) solution (3-5 wt. %). NMR data were acquired
for 32 scans at room temperature. H-NMR spectra of all unmodified composites were
recorded by using a Varian Mercury-VX 400 MHz BB at Bogazigi University Advanced

Technologies Research and Development Center.
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3.6.4 X-Ray Photoelectron Spectroscopy (XPS) Analysis

The variation in the surface chemistry and valence (electronic) state of element
existed over surface were observed before and after L-arginine immobilization. El-
emental composition and chemical station of SPEEK/CNT, SPEEK/CNT-NH, and
SPEEK/CNT-L-arg nanofilm surface was elucidated by using Thermo Scientific K-
alpha X-ray Photoelectron spectrometer equipped with a monochromatized Al Ka
X-ray radiation (hr = 1486.6 e€V) as an excitation light source, operating at power
of 72W energy, spot size of X-ray 400 um and 90° angle. Performed XPS measure-
ment for the survey spectra and high resolution spectra on the regions of interest were
acquired at an electron pass energy of 150 eV and 50 eV, respectively. The data spec-
trum were curve-fitted using Gaussian-Lorentzian function in order to find peaks of
different coordinated elemental components [37]. The signal of N1s core-level can be
evaluated as an indicator of the immobilized L-arginine. The binding energies of Cls
and Nls core levels were obtained then these peaks were deconvoluted into distinct
components. Atomic percentages for C, O and N atoms on the surface were calculated.
The analysis was carried out at Bogazigi University Advanced Technologies Research

and Development Center.

3.6.5 Force Microscope (AFM)

The surface roughness (Ra) values of the fabricated nanofilms and modified
nanofilm were measured by using AFM (Ez-AFM nano-magnetics) in the contact mode
at Istanbul Technical University, Physic Department in Nano-mechanic Lab. Observa-
tion surface topography and morphology was also carried out by AFM. The dimension
of the scanning fields of samples were ranging from 5x5 um to 20x20 um acquired at
fixed resolution (256x256 data points). The captured images from AFM were analyzed
with Image Analyzer v1.4 processing software. CNT distribution in polymer matrix
was investigated and the effect of CNT addition on morphology of the nanofilm surface

was also assessed with AFM 3D images.
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3.6.6 Dynamic Mechanical Analysis (DMA)

The temperature dependent mechanical and thermal properties of produced
samples of nanocomposite films were analyzed by employing DMA Q800 Dynamic
Mechanical Analyzer (TA Instruments) at Istanbul Technical University, Civil Eng.
Faculty, in Experimental Mech. Lab. Data were obtained at a fixed frequency of
0.5 Hz with 0.01N preload force and 10um oscillation amplitude. Measurement was
governed in the linear viscoelastic region. Before starting to experiment, samples were
heated up to 60°C then keep 30 min and it was waited for cooling up to 35°C itself.
The storage modulus and glass transition temperature of the samples were determined
with the temperature variant, at a heating rate of 3°C/min, from 25°C to 190°C. The

analyzed samples had an approximate size of 13 x 5 x 0.15 mm?.

3.7 Cell Culture Studies

To evaluate the effect of CNT addition and L-arg modification on the cell via-
bility and morphology, cell culture studies was carried out with human fetal osteoblast
(hFOB 1.19, ATCC) cells. The cells were cultured in the Dulbecco’s Modified Ea-
gle’s Medium (DMEM) /Nutrient Mixture F-12 DMEM /F-12 (Sigma) medium supple-
mented with 10% (v/v) fetal bovine serum (FBS), 12.5% (v/v) glutamine and 1% (v/v)

penicillin /streptomycin.

3.7.1 In vitro hFOB Culture

SPEEK, SPEEK/CNT 2 and SPEEK/CNT-L-arg study groups were cut into
circular discs with 9 mm diameter. Then the samples were sterilized by exposure to UV
radiation for 1 hour per side. Sterile nanofilms were placed into 48 well-plates and the
cells was seeded on the modified and unmodified films with a density approximately of
1.5 x10* hFOB. The cell culture which included the cell-seeded nanofilms were sustained
in the incubator at 37°C and 5% CO, and 95% humidified air.
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3.7.2 Alamar Blue Assay

Alamar Blue (AB) assay was performed to explore the cell viability quantita-
tively for SPEEK, SPEEK/CNT2, and SPEEK/CNT L-Arg study groups. AB dye
leads to higher intensity readings on the spectroscopy at a 570 nm redox reaction due
to metabolic activity of the cell [38]. The AB test was applied the culture after incu-
bation at 1% and 37 days. The sample number was five (n=4) for each study group
and medium without cells was used as a negative control group. On the test day, the
old medium was decanted and 200 um fresh medium was added in to every single well
and supplemented with 10% of culture medium and subsequently Alamar blue (20 pm)
was added. Finally, the 48 well tissue culture plates were incubated further 3.5 hours
at 37°C environment. After incubation, the culture of 100 pum solution was taken and
transported into 96 well tissue culture plates to measure the reduction of Alamar blue
dye at 570 and 595 nm wavelength by via a microplate reader (BIO-RAD Mark, Mi-
croplate Reader). The equation 3.1 was used to determine the percentage of reduction

of Alamar Blue (AB).

(60){).)\2.14)\1 — (60)().)\1.14)\2

Reduced =
% cauce (Ered>-)\1-A/)\2 — (Q‘ed)-)\l-A/)Q

(3.1)

where,

cox— molar extinction coefficient of AB oxidized form
€req— molar extinction coefficient of AB reduced form

A= absorbance of test wells at 570 and 595nm

A’= absorbance of negative control well at 570 and 595nm
A= 570 nm

Ao— 595 nm
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4. RESULTS

4.1 Fourier Transform Infrared Spectroscopy (FTIR) Analysis
of -MWCNT

The spectra for FTIR measurements of MWCNT, -MWCNT and commercial
cheap tube MWCNT were presented in the Figure 4.1.
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Figure 4.1 FTIR spectra of MWCNT, - MWCNT and commercial cheaptube carboxyl functionalized
MWCNT.

The absorption band at 3435 cm™! was associated with the stretching vibra-
tion of hydroxyl group (-OH) bonds in the -COOH groups. The absorption peaks
observed at 2929 em~! and 2854 ¢m ™! were correlated with the asymmetric and sym-
metric stretching vibration of (O-H) binds in the terminal carboxyl groups attached
to MWCNT surface and sidewalls [39]. The emergence of the additional peaks at
1770 em™! resulted from the carbonyl group in -COOH [40, 41]. Observed peak of
C=C bonds appeared at wavelengths of cm™" and 1564 em ™! [42, 43, 39, 44, 45]. The
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bands at 1390 cm ™! and 1076 ecm ™! was attributed to O-H bending and C-O stretching
vibration in carboxyl groups formed by acid functionalization, respectively [44]. The
evidences illustrated the successfulness of the incorporation of carboxyl included groups

on sidewalls and ends of MWCNT upon oxidation.

4.2 Sulfonation of PEEK
4.2.1 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The successful substitution of sulfonic acid group on PEEK structure was proved

through the comparison of FT-IR spectra of SPEEK with that of PEEK in the Figure
4.2.
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Figure 4.2 FT-IR spectra of SPEEK and PEEK.

Observation of the peak in the Figure x the spectrum of SPEEK shows the
broad band at 3431cm ™! were attributed to the O-H stretching of SOsH and absorbed

water moisture.
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Figure 4.3 demonstrates the magnified spectra of PEEK and SPEEK FTIR

measurements to be enable to observe the shifts at a certain interval.
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Figure 4.3 FT-IR Spectra of SPEEK and PEEK within the range of 2000-800 ¢m ™! wavelength.

For the more detailed investigation spectra of SPEEK and PEEK was presented
in the range of 2000-800 ¢m ™! in the Figure y. The band at 1487 em ™! corresponding
aromatic C-C ring in the PEEK was split into two additional characteristic peaks be-
tween 1470 em~! and 1491 em ™!, which were associated with S=0O, sulfonic acid group
in SPEEK. The new absorption band in SPEEK spectra emerged at 1020 em~! and
1076 cm~! were attributed to the S=O stretching and symmetric stretching vibration
of the O=S=0, respectively. The peak absorption was observed at 1254 ¢m~! which
is assigned to the asymmetric stretching of O=S=0 [46, 47, 48, 49]. Therefore, the

results proved the presence of sulfonation of PEEK aromatic backbone.
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4.2.2 Proton Nuclear Magnetic Resonance (H-NMR) Analysis

H-NMR was applied to investigate the structure and composition of SPEEK.
Monosubstitution due to sulfuric acid reaction with PEEK was assessed by H-NMR
spectrum. Figure 4.5 shows a distinct peak which is denoted as HE for the proton
in ortho position of SO3H and density of this single signal is associated with the
content of SO3H groups in the structure [36]. The peak at 7.24 ppm in the spec-
trum stand for the He protons in unsubstituted hydroquinone ring of repeated unit
of PEEK. This H¢ protons is differentiated into three categories H(,, H}, and Hp.
Introduced sulfonic groups into the hydroquinone ring gave rise to a significant down-
field shift of the H{, Hp, and HJ signals in the hydroquinone ring at 7.21 ppm,
7.09 ppm, and 7.50 ppm, respectively. The degree of sulfonation (DS) of SPEEK
was quantitated from spectra of H-NMR by calculating the ratio of peak area of the
distinct H;(Apgg) signal to the peak area of all the other aromatic hydrogens corre-
sponding with Ha, Hy, Hg, Hp/, Ho, Hpsignals(AH A 4 g g’ c,p). The nomenclature
for displaying presence of the characteristic protons in the aromatic ring in the sul-

fonated PEEK repeat unit is described as shown in the Figure 4.4 [50].

Figure 4.4 Nomenclature of the aromatic protons of PEEK and SPEEK repeat unit [51].

This HC protons is differentiated into three categories: HC’, HD’ and HE’ which
indicates the presence of protons of the -SO3H groups as shown in Fig, while the sulfonic
group is attached to the aromatic ring of PEEK. The DS (degree of sulfonation) was
determined through integration of distinct aromatic signals [52, 53]. DS was calculated

using equations 4.1 and 4.2 [54]:



31

A
12=2n Y Au, 4 pwen

where 'n’ is the number of HE per repeat unit.

DS(%) =n x 100 (0 < DS < 1) (4.2)

The estimated degree of sulfonation of the prepared SPEEK in this study was

calculated as approximately 81%.

Hg

Figure 4.5 H-NMR spectrum of SPEEK in DMSO-d.

4.3 Water Contact Angle Measurements

In order to investigate the effect of additional CN'T and modification with L-
arginine on hydrophilicity of the SPEEK and SPEEK/CNT nanofilms, water contact
angle measurement was conducted. Figure 4.6 demonstrates that SPEEK and SPEEK
/CNT nanofilms had lower contact angles than pure PEEK which suggested that the
nanocomposite films were more hydrophilic. The average values of water contact angle

with standard deviation among nanocomposite films with different concentrations of
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CNT were 67.77+6.5, 60.33+4.1, 56.574+7.4 and 50.82+6.5 for SPEEK, SPEEK/CNT
0.5, SPEEK/CNT 1 and SPEEK/CNT 2, respectively. There is a slight decrease with
the increase of wt. % of CNT. The hydrophilicity of SPEEK and its composite with
different concentration of CN'T is better than the untreated PEEK which was 103.5°C.
But the effect of CNT on the wettability was insignificant due to embedding of CNT

into matrix.

COMTACT AMGLE ()
T
—
-
-

Figure 4.6 Surface Contact angles of PEEK granule, SPEEK membranes and SPEEK/CNT
nanofilms.

Figure 4.6 exhibits the captured images of nanocomposite films for 20 second

of water droplet on the surface.

‘.‘. A 4. .4

SPEEK/CNT 0.5 SPEEK/CNT 1 SPEEK/CNT 2

pure PEEK SPEEK

Figure 4.7 Image of nanofilms for contact angle measurement.

Once the nanofilms were immobilized with L-arginine amino acid the contact
angle value did not exhibit a dramatic changes. The Figure 4.8 indicated the contact

angle of L-arg modified nanofilm which was 56°.
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Figure 4.8 Image of L-arg modified nanofilm for contact angle measurement.

4.4 X-Ray Photoelectron Spectroscopy (XPS) Analysis

XPS analysis was used as a surface sensitive and nondestructive spectropho-
tometer technique. The electronic state of the surface and the chemical components
detected owing to amino acid attachment over nanocomposite films surface were elu-
cidated through this method [55]. XPS measurements were acquired for modified
and unmodified SPEEK/CNT nanofilms in order to confirm the grafting of L-arginine
onto SPEEK/CNT nanofilms surface. The survey scan spectra of SPEEK/CNT,
SPEEK/CNT-NH, and SPEEK/CNT-L-arg nanofilms were collected to demonstrate
the L-arginine attachment on the surface of SPEEK/CNT nanofilm. The Figure 4.9
displayed survey spectra of samples included essential peaks that there are three main
elemental species such as C, O and N. Respective photoelectron peaks corresponding
to Cls and Ols appeared at binding energy 285 and 532 eV for all type of nanocom-
posite films. However, the photoemission peak existing at 400 eV was only present for
SPEEK/CNT-NH; and SPEEK/CNT-L-arg nanocomposite films, which confirms the
presence of N1s atomic component. Moreover, Figure 4.10 shows that after immobi-
lization of L-arg, the intensity of N1s peak significantly increased with the increased N

composition which indicated successful immobilization of L-arg.

The atomic percentage concentrations of carbon, oxygen and nitrogen atoms
were also measured by integrating peak areas of the Cls, Nls, and Ols from the
XPS survey spectra. The overall nitrogen content in the nanofilms were determined
by using the ratio N1s to Cls integrated peak areas for before and after L-arginine

immobilization. Table 4.1 revealed that Carbon (C), Oxygen (O) and Nitrogen (N)



34

Cils
a
=
o
=
2 ots
L
£
S2p
T T T T T T J
0 200 400 600 800 1000 1200 1400
BE (eV)
c1
El
e
=
i}
8
£ o1
Nis
Z
S2p
T T T T T T 1
0 200 400 600 800 1000 1200 1400
BE (eV)
Cis
C
=l
o
2 Ots
@
c
2
=
- N1
-
S2p
T T T T T T 1
0 200 400 600 800 1000 1200 1400
BE (eV)

Figure 4.9 Comparison of nanofilms XPS survey spectrum of surface a) Survey scans of
SPEEK/CNT, b) survey scan of SPEEK/CNT-NHs, ¢) survey scan of SPEEK /CNT-L-arg nanofilm.

atomic concentration for all experimental groups and the measured nitrogen/carbon
(N/C) ratio on the nanofilm surface which is higher on the L-arg modified nanofilm
than on that of hydrazine treated counterparts. According to XPS data, the nitrogen
atomic concentrations on SPEEK/MWCNT-NH, and SPEEK/MWCNT-Arg increased
by 1.13% and 3.12%, respectively. In addition, a higher N/C ratio was determined on
the surface of SPEEK/MWCNT -Arg (0.033) than on that of SPEEK/MWCNT-NH,
(0.013).

XPS is also able to determine variance in bonding environments of individual
clements material with curve-fitting of the element’s photoemission peak [56]. The
chemical bonding state of elements presenting on the surface was tried to deduce from
the shape and shift of the XPS spectra. Further information was obtained from inves-
tigation of Cls and N1s high resolution spectra with fittings curves for before and after

immobilization of L-arg. In order to identify the different bonding states of C atoms,
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Figure 4.10 Increase in the signal of the N1 envelope (core level) spectra of nanocomposite films.

Table 4.1

Surface elemental composition of modified and unmodified SPEEK/CNT films.

Elemental atomic concentration (%) Ratio
Sample
Cls Ols N1s N/C
SPEEK/CNT 80.77 13.3 0 0
SPEEK/CNT-NH, 83.97 11.15 1.13 0.013
SPEEK/CNT-Arg 79.59 12.82 3.12 0.039

high resolution of Cls spectra were deconvoluted into three components as shown in

the Figure 4.11.

The characteristic photoelectron peaks emerged at binding energies of 284.44,

285.64 and 288.24 eV for hydrazine treated nanofilm composite and at that of 284.57,

285.78 and 288.15 eV for L-arg modified nanofilm composite. The characteristic pho-

toemission peaks, observed at 284.44, 285.64, and 288.88 eV, were attributed to the
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Figure 4.11 Cls high resolution of a) hydrazine treated nanofilm and b) L-arg modified nanofilm.

C-C/C=C, C-O/C= 0O, and C=N bonds, respectively [57]. After grafting of L-arginine
there is slight shift in binding energies. The new peak of C-N of which binding energy
is corresponded to 285,78 existed from - C-NH-C- on the nanofilm surface, which signs
to be grafted of L-arg. However, it is not enough distinguishable peak to observe due
to respective peaks may overlap in narrow (high resolution) range. Table 4.2 presents
the chemical state of C element with corresponding binding energies, FWHM values

and atomic concentration.

Table 4.2
Chemical Bonds and corresponding binding energies of C atom.

Nanofilm Desig- | Elements Binding FWHM Atomic Chemical
nation Energies Conc. (%) | state
(V)
284.44 1.11 89.66 C-C/C=C
SPEEK/CNT-NH, | Cls 285.64 1.38 6.18 C-0/C=0
288.24 1.26 4.16 C=N
284.57 1.16 82.72 C-C/C=C
SPEEK/CNT-L-arg | Cls 285.78 1.79 11.98 C-0/C=0
288.15 1.66 5.3 -C-NH-C-

The analysis for nitrogen region of the XPS spectra was also proved the de-
duction. The high-resolution N1s core level spectra for hydrazine treated and L-arg

modified nanofilms were fitted with Gaussian curves (Figure 4.12).

N1s spectrum of SPEEK/CNT- NH, was deconvoluted into two characteristic
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Figure 4.12 Nls high resolution of hydrazine treated nanofilm (a) and L-arg modified nanofilm.

peaks at which binding energies of N coordinated atoms are 399.88 and 401.9. The
peak observed at 399.88 eV associated with free amino group (NHy) and N=C [58].
That binding energy may also be attributed to azo bridges (-N=N-) in the hydrazine
groups [59]. The second peak component appeared at 401.9 eV was assigned to N-H
and ammonium groups (-N H3 ) binding energies [60, 57]. The curve fitted spectra of
SPEEK/CNT- L-arg was different which can suggest the appearance of L-arg on the
nanofilm surface. The new peak component of N-C with N=C can be attributed to
binding energy of 399.56 €V [61]. The binding energy of 401.33 may ascribed to C-NH-
C bond [62]. Table 4.3 indicates the chemical state of N element with corresponding

binding energies, FWHM values and atomic concentration.

Table 4.3
Chemical Bonds and corresponding binding energies of N atom.

Nanofilm Desig- | Elements Binding FWHM Atomic Chemical
nation Energies Conc. (%) | state
(eV)
399.88 2.07 1 -N=N-,
SPEEK/CNT-NH; | Nis
-NH;y, N=C
401.90 1.22 0.22 N-H, -NH;
399.56 1.8 1 -N-C, N=C,
SPEEK/CNT-L-arg | Nls
-C=N-C-

401.33 2.19 0.14 -C-NH-C-
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4.5 Atomic Force Microscope

Surface roughness values of the fabricated and modified nanofilms are found
with AFM. The alteration in the surface of nanofilms was also observed. The surface
morphology and thickness profiles were presented at two different scanning size. In
the Figure 4.13 demonstrates images scanned 5 x 5 micron field of nanofilms with
thickness profile. The roughness of the films were 3.97 nm, 10.60 nm, 19.62 nm, 23.60
nm and 0.18 um for SPEEK, SPEEK/CNT 0.5, SPEEK/CNT, SPEEK/CNT 2 and
SPEEK/CNT-L-arg, respectively. It can be referred the effect of the CNT addition
increases the surface roughness of the nanofilms. Moreover, CNT distribution within
the polymer matrix was more homogenous in the polymer matrix and the surface for
SPEEK/CNT 2 nanofilm in comparison with other groups. After L-arg immobilization
through the nanofilm surface, the surface roughness were altered visibly at a micron
scale. When compered 5 x 5 micron image of L-arg with 20 x 20 micron, There is no
significant difference in the value of surface roughness which might mention that the
L-arg was distributed equally all the surface. Pretty rougher surface of modified film
may be evidence of the grafting of amino acid molecule. The Figure 4.14 additionally
displays the 3D AFM images of nanofilms corresponding to 2D images in the Figure
4.13.

Figure 4.13 AFM 2D images with corresponding height (thickness) profile of SPEEK/CNT
nanofilms at 5x5 micron A) SPEEK B) SPEEK/CNT 0.5 C) SPEEK/CNT 1 D) SPEEK/CNT 2
E) SPEEK/CNT-L-arg.

In the Figure 4.16 2D AFM images of nanofilms at 15 x 15 scanning scale were

also showed. At size of 15 x 15 micron field, a single CNT particle was seen on the



39

A

. B c ’
N 8 nm 160 om Jf
- - Sum sum m sum
o
. 0.0 . 0.0 ,
D E .
- | o |

Figure 4.14 AFM 3D images of SPEEK/CNT nanofilms at 5x5 micron A) SPEEK B) SPEEK/CNT
0.5 C) SPEEK/CNT 1 D) SPEEK/CNT 2 E) SPEEK /CNT-L-arg.

SPEEK/CNT 0.5 nanofilm surface, which resulted in a considerable increase in the
surface roughness for some zones. But the distribution of CNT was inhomogeneous.
Surface roughness values for SPEEK/CNT 0.5, SPEEK/CNT 1, SPEEK/CNT 2 and
SPEEK/CNT-L-arg were 136.61 nm, 18.12 nm, 36.43 nm and 0.22 pm, respectively.
The roughness values were consistent only for SPEEK/CNT 1, SPEEK/CNT 2 and
SPEEK/CNT-L-arg at a larger scale due to homogeneity. When it comes to SPEEK/
CNT 0.5 nanofilm it could not be said. Single CNT cylinder cause to increase rough-
ness enormously resulting from nonhomogeneous distribution in polymer matrix. The

Figure 4.15 gives the 3D AFM images of nanofilms corresponding to 2D images in

Figure 4.16.
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Figure 4.15 AFM 2D images with corresponding height (thickness) profile of SPEEK /CNT nanofilms
at 15% 15 micron A) SPEEK/CNT 0.5 B) SPEEK/CNT 1 C) SPEEK /CNT 2 D) SPEEK /CNT-L-arg.
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Figure 4.16 AFM 3D images and thickness profile of SPEEK/CNT nanofilms at 15x15 micron A)
SPEEK/CNT 0.5 B) SPEEK/CNT 1 C) SPEEK/CNT 2 D) SPEEK/CNT-L-arg.

4.6 Dynamic Mechanical Analysis

The mechanical behavior of the nanofilms composites were influenced dramati-
cally by carboxyl functionalized MWCNT addition. The mechanical properties of the
film nanocomposite was strengthened with the incorporation MWCNT into SPEEK
polymer matrix as a reinforcement agent. The curve for the storage modulus (E’) of
SPEEK/CNT nanofilms as the function of temperature were demonstrated in Figure

4.17.
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Figure 4.17 Storage modulus of SPEEK/CNT nanofilms.

The storage modulus represents the elastic behavior of polymer material. It
should be equal to Young’s modulus of material in ideal case [63]. Up to 100°C, the
storage modulus of the samples were increasing slightly which might be due to re-
moval of solvent stacked into nanocomposites during solvent casting which caused a
plasticizing effect [64, 65]. The storage modulus values for SPEEK, SPEEK/CNT 0.5,
SPEEK/CNT land SPEEK/CNT 2 were 1500 MPa, 1798 MPa, 1819 MPa and 2261

MPa at 37°C, respectively. There was an increment of storage modulus of nanocom-
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posite films with the increasing wt. % of f- MWCNT. The enhancement of mechanical
properties is related to formation of hydrogen bonds between hydrophilic functional
groups of SPEEK and -MWCNT which leads to a good interfacial adhesion resulted
in a good load transfer from SPEEK as a polymer matrix to MWCNT [66]. Therefore
the excellent mechanical strength of CNT owing to its pretty high elastic modulus can
be totally transferred into polymer matrix by improving the modulus of the obtained
nanocomposite films. Moreover, formation of hydrogen bonds constrains the slippage
of polymer matrix chains in the structure [67]. In addition to hydrogen bonds, increase
in homogenous distribution of -MWCNT with increased -MWCNT loading gives rise

to elevated mechanical properties of resultant nanofilms as well [20].

Tan Delta (&)

Figure 4.18 Tan delta of SPEEK/CNT nanofilms.

The curve in Figure 4.18 display variation of the phase angle (tand) with the
elevated temperature at a certain rate. It can be described as the ratio of loss modulus
(associated with the viscos response of the polymer) to the storage modulus. The
phase angle of material has sensitivity to its phase transition like glass transition of
the polymer (Tg) [63]. Tg is the point where polymer side chain movement initiates.
Therefore Tg is defined as the temperature at the peak or onset point in tand curves
[68, 69, 64]. According to the Figure the Tg values of SPEEK film was 162°C at which
the tand value was the highest. With the increased ratio of CNT in polymer matrix, the
Tg values shifted from 162 to above 190°C. The reason why Tg was getting increased
was the effect of nanoparticle stiffened. This effect hinder the polymer chain motion
[68, 66]. However, as unexpected result that Tg of 0.5 wt. % CNT were less than the
pure SPEEK.
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4.7 Alamar Blue

Alamar blue is a non-cytotoxic redox indicator which elicit colorimetric change
towards metabolic activity of the cells. It was governed to investigate cell viability on
the modified and unmodified naonafilms. The equation 3.1 was used to calculate the
percentage of reduced Alamar blue which correlated with the cell metabolic activity.
The presented data was indicated as average with standard deviation and sample num-
ber was 4 for each study groups. Figure 4.19 showed the result of Alamar blue assay on
day 1 after culturing of the cell seeded samples and the Alamar reduction percentage
was 36.7 %, 38.7 %, 49.8 % and 66.9% for SPEEK, SPEEK/CNT 2 , SPEEK/CNT- L-
arg and TCP, respectively. There was a significant increase in the cell viability for L-arg

modified nanofilms which proved the favorable effect of L-arg on the cell proliferation.
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Figure 4.19 Alamar Blue assay result at first day (n=4).

Figure 4.20 demonstrated the 3rd day of cell culture on the samples and the
percent of Alamar reduction was 184.8 %, 191.7 %, 272.7 % and 519.6 % for SPEEK,
SPEEK/CNT 2, SPEEK/CNT- L-arg and TCP, respectively. Among the experimental
groups, the highest cell proliferation was for the L-arg modified nanofilm study groups
as well. For both days, when the Alamar blue assay was carried out, there was the

same trend in the experimental group.
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Figure 4.20 Alamar Blue assay result at third day (n=4).
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Figure 4.21 Comparison of first and third days’ results of Alamar Blue assay.

Figure 4.21 displayed the comparison of 1st and 3rd day regarding with cell
proliferation. Cell viability increased considerably while culturing is maintained from

1st to 3rd day.
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5. DISCUSSION

PEEK is widely applied in medical field due to its biocompatibility, good wear
resistance radiolucency and corrosion resistance which are of crucial value in load-
bearing implant application. In addition, it is shows similarity to the bone in terms of
biomechanical properties. Mechanical strength of PEEK can also be adjusted by the
addition of some carbon based fillers. But, its bioinertness prevents well bone-implant
integration. Some surface modification can be carried out to overcome unfavorable
bioactivity of PEEK. To the end, L-arginine as a biomolecule functionalization was
performed on the -MWCNT reinforce SPEEK to enhance the cell attachment and cell

proliferation as well.

5.1 Structural Analysis of -MWCNT and SPEEK

Before fabrication of SPEEK/CNT nanocomposite films, its PEEK and CNT
were modified to enable their processability via solvent casting and to increase affin-
ity between two PEEK and CNT. Additionally, functionalization of both constituents
enhance the biocompatibility and wettability which are desirable characteristics for
biomedical application. Moreover, interfacial interaction between carboxyl groups of
CNT and sulfonate functional groups in PEEK occurs via strong hydrogen bonding.
A good adhesion plays a crucial role in the formation of homogenous nanocomposites
increase the miscibility rate of CNT with PEEK and therefore this lead to improvement
of the physical properties [69].

CNT has attracted as a reinforcement agent because of its exceptionally high
elastic modulus, large surface area and low density. However, its intrinsic nature leads
to strong propensity for entanglement. Formation of agglomeration in the matrix pre-
vents fabrication of high quality nanocomposites [20]. Oxidative treatment of CNT with

strong acids is one of the ways to increase the dispersibility of CNT within the polymer



45

matrix by producing hydrophilic functional groups on the defect side. In this study,
CNT powder was treated in the Hy,SO,/HNQOj3 acid solution to accomplish carboxyl
functionalized CNT. After carboxyl group functionalization of MWCNT, to clarify the
presence of functional groups were confirmed with FTIR analysis. FTIR spectra shows
distinct absorptions bands -COOH groups on the surface which are emerged as a re-
sult of oxidative treatment of MWCNT were observed. These peaks at 1770 em ™!,
1390 em~! 1079 em™' and 3435 em~! corresponded the -C=O stretching vibration,
-O-H bending vibration, -C-O stretch binding and -O-H stretching binding vibration
of the pendant -COOH, respectively [39, 40, 70]. The obtained characteristic bands
are in accordance with the literature. Therefore, FTIR data proved the achievement

of functional group introduction.

The aromatic backbone of PEEK upholds mechanical and thermal stability of
its structure and it allows chemical modification through simple electrophilic substi-
tution by sulfonation. Sulfonation of the PEEK enables its solubility in the organic
solvents and increase its hydrophilicity [6]. To prove the sulfonate groups of PEEK
and calculate the degree of sulfonation, FTTR and H-NMR were employed. According
to FTIR spectra, specific bands appeared at 1254cm™!, 1076cm™t, 1020 ecm ™!, and
708cm ! which were corresponding to the sulfonate groups which were in agreement
with previous literature reports. The H-NMR data showed the distinct peak for HE
proton at 7.50 ppm [71]. This data is also in accordance with the literature result by
the similar procedure. The DS of SPEEK was determined as 81% which is quite soluble

in common solvent.

5.2 Surface Characterization of Nanofilm

Nanofilms were produced by solvent casting technique by dissolving 10 wt. %
of SPEEK in DMF and then blending in subsequently polymer solution was blended
with well dispersed 0.5 wt. %, 1wt. % and 2wt. % -MWCNT. After evaporation of
the solvent the nanofilms were obtained. Resultant nanofilms were immobilized with

L-arginine in three consecutive steps. Firstly, to generate free NHy 1 x 2cm? with
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a thickness of 150420 pm, samples were immersed in 50% hydrazine monohydrate
solution. The primary amine group of hydrazine reacts with ketone groups, which is

called a 'ketimine linkage’. Figure 5.1 indicates the formation of ketamine bond.

o NHz-MNH: N—NH

+ H0

Figure 5.1 Illustration of introduction of primary amine group to SPEEK/CNT nanofilm via for-
mation of ketamine linkages [72].

The second stage of the nanofilms was treatment with GA. This leads to ’Schiff
base’ chemical reaction where the aldehyde group of GA bonded with NHy groups on
the nanofilm by yielding bond via —N = CH — (CH)3CHO and one free aldehyde
group emerged for further modification [73]. GA also improved the stability of ma-
terial while enhancing its sterility [14]. Finally, samples were incubated in 2% L-arg
solution. L-arg modified nanofilms were obtained via imine bond (—C = N) between
the residual aldehyde groups of GA and the amino groups of L-arg. Figure shows the
reaction carried out [15]. The prepared samples were characterized with XPS, WCA
and AFM. XPS was performed to elucidate the elemental composition of the surface
and valance states of individual elements. Survey scan of SPEEK/CNT, SPEEK/CNT-
NH; and SPEEK/CNT-L-arg and Cls and N1s high resolution of SPEEK/CNT-NH,
and SPEEK/CNT-L-arg were obtained from XPS data. The peak at 400 eV indicates
the presence of N atom. Atomic concentration of N sharply increased after L- arg
attachment. The photoemission peak at 288.15 €V in the Cls fitting curves was also
proved the formation of —C' — NH — C'— after addition of L-arg [74]. Moreover, the
peak at 401.33 €V in the N1s fitting curves is evidence for this new bond [62]. These re-
sults verified the success of L-arg modification on the surface of SPEEK/CNT nanofilm

covalently which shows similarity with the previous XPS analysis in the literature [57].
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To evaluate the surface wettability of modified and unmodified nanofilms, WCA
measurements were taken. After concentric H,S0, treatment, water contact angle de-
creased dramatically which means the sulfonation reaction is pretty effective to elevate
hydrophobicity of PEEK [13]. The water contact angle value was 67.77 for SPEEK
which was pretty close with the literature [75]. The introduction of fMWCNT was
slightly rised the contact angle of the nanofilms. However, changes were not dramatic
as -MWCNT was in SPEEK polymer matrix rather than on the surface of the films.
Nonetheless the lowest contact angle value was for SPEEK/CNT 2. Surface rough-
ness significantly effects for the cellular spreading on the biomaterials. AFM analysis
was carried out to determine the surface roughness (Ra) and to investigate the surface
morphologies of modified and unmodified films. A more homogenous distribution was
observed for SPEEK/CNT 2 than that of the other groups. There was a significant
increase in the Ra values, especially SPEEK/CNT 2 nanofilm was the highest with

value of 23.60 nm. After L-arg grafting the Ra value was measured as 0.18 um.

5.3 Mechanical Characterization of Nanofilm

One of the main objectives of this study was to improve the mechanical strength
of SPEEK with the addition of MWCNT. The impact of addition of -MWCNT with
three different concentrations on the mechanical behavior was investigated. Tempera-
ture variant dynamic mechanical properties and thermal behavior of the nanocomposite
films were assessed with DMA analyses in the linear viscoelastic region. Temperature
dependent storage modulus and tand was plotted. The obtained graphs demonstrated
that the addition of -MWCNT as a filler significantly influenced the mechanical behav-
ior and Tg values of the films. The storage modulus at 37°C were taken into account

for interpretation.

Overall, there was a rise of the storage modulus correlated with the increased
CNT rate in the polymer matrix. There was a slight increase in the storage modulus
with the rise of wt. % of CNT from 0.5 wt. % to 2 wt. %. The result was attributed

to inhomogeneous of the samples. The storage modulus of nanofilm with 2% CNT
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additive (2261 MPa) was 1.5 times higher than that of the SPEEK (1500 MPa) [67].
There were several underlying reasons of the higher storage modulus for SPEEK/CNT
2. The most important one is high elastic modulus of CNT leads to rise of storage
modulus. Another reason was the formation of strong hydrogen bonds between hy-
drophilic functional groups which lead to an effective interfacial adhesion for excellent
stress transfer. These hydrogen linkages restricts the mobility of the polymer chains

that gives rise to achievement of high mechanical strength.

In the DMA curve tand value of the material increased when the nanocomposites
reached their glass transition temperature during occurrence of their stress relaxation.
The temperature which corresponding to the maximum tand value in the curve is called
glass transition (Tg). The Tg value was 162° for SPEEK. The Tg values was above 190°
for SPEEK/CNT 1 and SPEEK/CNT 2. As expected, the material structure became
more stable with rise of their Tg. However, The Tg values for SPEEK/ CNT 0.5 was

below the Tg values of neat polymer.

To sum up, the advanced homogeneous dispersion of -MWCNT within the
polymer matrix was also proven by DMA results. The successful load transfer from

matrix to filler accounted for improved modulus.

5.4 Cell Culture Studies

To observe the effect of L-arg and CNT on cellular behavior of hFOB cell,
cell culture studies was carried out. The viability on the cell seeded samples was
analyzed with Alamar blue after 1°¢ and 3"¢ days of 48-well plate incubation. At
the end of both days there is a similar trend in the experimental groups. Moreover,
there was a remarkable increase in the cell viability for each group at the 3"¢ day of
incubation. Addition of -MWCNT into SPEEK matrix was also slightly increased the
cell viability. That could be due to advanced stiffness of CN'T modified nanocomposite
films. However, cell viability was the highest on the L-arg modified nanofilm. From

the obtained results it can be deduced that L-arg biomolecule encouraged cell adhesion
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and proliferation significantly. Finally, Alamar blue assay as a quantitative method
provides information regarding cell proliferation. In this regard obtained cell culture
data shows an acceptable correlation between obtained proliferation percentage and

cell doubling time of 36 hours as reported in the literature |76].

5.5 Future Studies

Biological activity of SPEEK, SPEEK/CNT and SPEEK/CNT-L-arg must be
investigated elaborately. The duration of viability and proliferation assay will be ex-

panded up to day 7.
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