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ABSTRACT

FUNCTIONALIZATION OF CARBON NANOTUBES FOR
THE DRUG DELIVERY IN CANCER TREATMENT

Cancer is a significant health problem and the main cause of death worldwide.
Targeted drug delivery is a possible replacement for classical cancer treatment, which
includes chemotherapy, surgery, and radiation therapy. With this treatment, single-
walled carbon nanotubes (SWNTs) are widely exploited. They have the advantage
over other materials with their conductivity, large specific surface area, and chemical
stability. However, the cytotoxicity of SWNTs is still a challenge in this field. The
goal of the study is to obtain biocompatible SWNTs to use in targeted drug deliv-
ery. To reduce the toxicity of SWNTs and get an excellent drug carrier, we were
modified SWNTs with a novel noncovalent functionalization method: adsorption of
9-fluorenylmethyloxycarbonyl (Fmoc)-terminated aromatic amino acid-functionalized
with poly(ethylene) glycol (PEG) chains onto pristine SWNTs. For that purpose,
among biocompatible agents, we used a Fmoc-Cys(Trt)-OH, Fmoc-terminated aromatic
amino acid, due to operational simplicity, and PEG, an FDA-approved safe polymer,
with two different molecular weights (PEG5000 and PEG12000). With this work, we
can say that we successfully obtained functionalized SWNTs (f-SWNTs). In addition,
we determined the most competent coating among synthesized f~-SWN'Ts in terms the
stability, binding efficiency, and suspending properties. Consequently, the in-vitro ef-
fectiveness of functionalized SWN'Ts was tested on fibroblast cells. Our results show
that modifications improve the cytotoxicity of SWNTs, and f-~SWN'Ts can be used in

cancer drug delivery.

Keywords: Carbon nanotubes, Fmoc, Poly(ethylene) glycol, cancer.



vii
OZET

KANSER TEDAVISINDE iLAC TASINIMI iCIN KARBON
NANOTUPLERIN FONSIYONELLESTIRILMESI

Kanser diinya capinda onemli bir saglik sorunu ve &liimlerin ana nedenidir.
Hedefli ilag taginim sistemleri; kemoterapi, cerrahi ve radyasyon terapisini iceren klasik
kanser tedavileri icin olasi bir alternatiftir. Bu yontem icin, tek duvarli karbon nanotii-
plerden (TDNT'ler) yaygm olarak faydalanilmaktadir. TDNT'ler, iletkenligi, genis
spesifik yilizey alani ve kimyasal stabilitesi ile diger malzemelere gore avantajhidir-
lar. Bununla birlikte, TDNT'lerin sitotoksisitesi, saghk alaninda kullanilmasi acisin-
dan agilamamig bir engeldir. Calismanin amaci, hedefli ila¢ taginiminda kullanila-
cak biyouyumlu TDNT'leri elde etmektir. Toksisitesini azaltmak ve miikemmel bir
ilac tagiyicist elde etmek i¢in, TDNT ler yeni bir kovalent olmayan fonksiyonellestirme
yontemi ile modifiye edilmigtir: 9-fluorenilmetiloksikarbonil (Fmoc) ile sonlandirilmig
aromatik amino asit ile fonksiyonellegtirilmis poli(etilen glikol) (PEG) zincirlerinin
TDNT'lerin iizerine adsorbsiyonu. Bu amacla, biyo-uyumlu ajanlar arasindan, op-
erasyonel basitlik nedeniyle bir Fmoc-Cys(Trt)-OH, Fmoc sonlu aromatik amino asit
ve FDA onayli bir polimer olan PEG, iki farkh molekiil agi rli ginda (PEG5000,
PEG12000) segilmigtir. Bu g¢alisma ile, iglevsel TDNT'leri (f~-TDNT'ler) bagariyla
elde ettigimizi sOyleyebiliriz. Ek olarak, sentezlenmis f~TDNT'ler arasinda en yetkin
kaplama stabilite, baglanma etkinligi ve siispansiyon 6zellikleri agisindan belirlenmigtir.
Calhigmanin son agamasinda, fonksiyonellegtirilmis TDNT'lerin in-vitro etkinligi fibrob-
last hiicreleri iizerinde test edilmigtir. Sonuglar, geligtirilen f-TDNT'lerin toksik ol-

madigim ve ilag tasiyici sistem olarak kullanilabilecegini gostermektedir.

Anahtar Sozciikler: Karbon nanotiip, Fmoc, Poli(etilen) glikol, kanser.
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1. INTRODUCTION

Cancer is a disease described by uncontrolled cell growth and the spread of these
cells leads to mutations in a tissue, organ, or cell DNA. If the spread is not controlled,
it may result in death. Today, health problems are rapidly increasing due to industrial
development and environmental problems on the one hand and rapid population growth

on the other [1].

The classical cancer treatment includes chemotherapy, surgery, and radiation
therapy. The main disadvantage of conventional therapies is the destruction of healthy
cells as well as harmful cells during treatment [1]. Targeted drug delivery is a possible
replacement for accepted methods. Therefore, efforts towards the development of tar-
geted drug delivery systems capable of controlled drug release are continuing rapidly.
There are many advantages of controlled drug delivery systems over conventional meth-
ods: site-specific drug delivery is possible, fewer side effects are observed, and lower

drug concentration is needed [2, 3, 4, 5, 6].

Nanomedicine is a rapidly evolving field that revolutionizes the cancer diagnosis
and treatment. Nanoparticles’ exceptional biological properties are due to their small
size and large ratio of surface area to volume. The use of nanomaterials to enhance
the delivery of available therapeutic agents represents one among the oldest and most
established branches of nanomedicine (Figure 1.1 |7]).Loading conventional drugs into
nanoformulations by encapsulation, incorporation, or alternative techniques could have
an effect on solubility, stability, pharmacokinetics, and biodistribution, and thus could
alter the therapeutic reaction of the product [8]. Nanocarriers can remain in the blood
circulation for a long time and provide the drug release according to the adjusted
dose. These very small structures diffuse the tissue system, expedite drug uptake by
the cells, allow effective drug delivery, and enable activity at the targeted site. The
nanostructures intake by cells is much faster than other particles of size range from

1 to 10 pwm .Thus, it interacts directly with reduced or negligible side effects to treat



diseased cells [9].
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Figure 1.1 Particle classification according to their size. Scale shows size of nanoparticles used as
drug delivery systems comparatively to other materials in macro, micro and nanoscale.

Besides the strong curiosity in nanoparticles as transporters of the active com-
ponents, there are some struggles in unassisted active components usage. Certain
active components are materials which are non-cellular permeable and susceptible to
metabolic degradation. Another feature that limits their use is that they are extremely
hydrophobic. Such components can be carried through the physiological environment
by means of nanoparticles. By the use of nanotechnology for drug release, upgraded
pharmacokinetic and pharmacodynamic assets of an active substance can be obtained.
In the transport of this active component by nanoparticles, one of the most important
parameters affecting the efficiency of the release system is particle size [10]. The drugs

attached to the nanoparticles through adsorption, absorption, or covalent bonding.



Desorption occurs by polymer degradation, diffusion, physical or chemical polymer
transformation (for example, protonation/deprotonation, low critical solution temper-
ature), or a mix of those mechanisms. The advantages of using nanoparticles in drug
delivery are more than its disadvantages, one of the benefits is their high dissolution
rate, which leads to improved bioavailability and low drug dosing, reducing toxicity
(Table 1.1). In addition, the success of nanoparticles in drug delivery can be credited
to various aspects such as physical and biological constancy, simplicity of the produc-
tion method, the possibility of effortless scaling, and suitability for freeze-drying and

sterilization [11].

Table 1.1
Advantages and drawbacks of nanoparticles in drug delivery.

Advantages of nanoparticles Disadvantages of nanoparticles

Controlled and sustained drug release Production cost

Large amounts of drug loading Not being able to characterize all features
Local targeting Difficulty to adapt to large scale production
Variety of application methods Biodistribution cannot be determined

The increased therapeutic effect of the drug
A decrease in the side effect
Incorporation of the drug without any chemical reaction

Manageable particle size and surface characteristics

Drugs transported by polymer-coated nanoparticles are released by diffusion or
erosion procedures along the polymeric membrane. This membrane serves as a block-
ade to drug release. Hence, the drug solubility and diffusibility in the membrane is the
determining factor for the release process. We need to concentrate on two essential ele-
ments developing a successful nanoparticle system: drug release and polymer biodegra-
dation. The drug release rate depends on several factors: drug solubility, desorption of
the absorbed drug, drug diffusion through the nanoparticle matrix, degradation of the
nanoparticle, erosion/diffusion process. Therefore, to control the drug release process,

we must focus on solubility, diffusion, and biodegradation of matrix materials.



The nano-carriers used in chemotherapy can be classified into two main cate-
gories: carriers using organic molecules as the primary building material for targeted
or untargeted drug release, and carriers using inorganic elements (usually metals) as
the core. Organic nano-carriers include lipids, dendrimers, liposomes, emulsions, and

synthetic polymers.

Inorganic nanocarriers are extensively researched for imaging treatments re-
cently because of their large surface area, better drug loading capacity, better bioavail-
ability, low deadly side effects, and tolerances to most organic substances such as
controlled drug release. Quantum dots, carbon nanotubes, porous silica, and magnetic
nanoparticles have been widely used in cancer treatment in various ways [12]. Also,
inorganic nanoparticles used as nanocarriers include silver, gold, iron oxide, and sil-
ica nanoparticles. Although the studies examining these have shown some potential
applications, they are not as much as the other nanoparticle types mentioned in this
section. Yet, just a few of the nanoparticles have been recognized for clinical use, with

more than half still at the clinical trial stage [9].

Up until now, many nanocarriers were offered to use as drug delivery agents.
Some of the widely used nanocarriers for chemotherapeutics delivery are liposomes,
polymeric nanoparticles [13], dendrimers [14], carbon nanotubes [15], mesoporous silica
nanoparticles [16], micelles [17], quantum dots [18], gold [19] and magnetic nanoparticle
[20]. The schematic representation of the aforementioned commonly used nanocarriers

is given in Figure 1.2 [21].
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2. CARBON NANOTUBES: DISCOVERY TO DRUG
DELIVERY

The development of carbon nanotubes (CNTs) dates back to 1985. Harry Kroto
of the University of Houston, USA, and Sussex University of the United States of Amer-
ica, Rice University, announced their investigation concludes on a very unconventional
carbon allotrope. This C60, which contains 60 carbon atoms, is likened to a soccer
ball with a total of 32 faces, 20 of which are hexagonal and 12 of which are pentag-
onal. While only two carbon allotropes of diamond and graphite are known prior to
the present invention, a different path has been made in the carbon physical chemistry
with the present invention. These newly developed molecules are known as 'fullerene
'. Sumio [jima, on the other hand, discovered carbon nanotubes in Japan in 1991 with

the efforts to obtain cylindrical nanostructures from fullerenes |22, 23].

CN'Ts are cannulate carbon graphite nanomaterials with high surface area, high
length-to-width ratio, and ultra-lightness. These tubes are between 1-100 nm in diam-
eter and normally have both ends sealed with half of a fullerene molecule. Every atom
is combined with three adjacent atoms, so the CN'Ts have sp2 bonds with an average

of 1.4 AC-C distance, which gives molecules a unique power|[24, 25, 26].

Carbon nanotubes are graphene layers generally known to have a high surface
area, large aspect ratios, and unique mechanical strength. It is known that the ten-
sile strength of CNTs is almost 100 times higher than that of steel and also exhibits

electrical and thermal conductivity properties such as copper.

Carbon nanotubes consist of six-membered rings can be used as sensors, di-
agnostic devices, and carriers for drug delivery. It creates toxicity problems and is
not entirely soluble in all solvents. Mounting functional groups into carbon nanotubes
can make them water-soluble and functional so that active molecules such as proteins,

and drugs can bind to peptides, nucleic acids [15]. Functionalization or conjugation of



CNTs makes them more soluble and biocompatible [15].

CNTs have strong potential as nanocarriers offering excellent electrical and ther-
mal conductivity, durability, and also, they have applications in the manufacturing of
biomedical devices and biosensors. Its physical properties, such as tensile strength,
elasticity, and elasticity, make it possible to form a nanocarrier frame with outstanding

mechanical properties.

Choosing the correct shape of carbon nanotube is essential to build up a drug

delivery mechanism. There are two choices in this respect: single-walled carbon nan-

otubes (SWNTs), and multi-walled carbon nanotubes (MWNTs).

SWNTs can be regarded as a single long-wrapped graphene sheet. They com-
monly have a length /diameter ratio of about 1000 nm and are therefore conceived to
be almost one-dimensional structures. SWNTs are excellent graphene sheets having a
polyaromatic, mono-atomic layer in which a hexagonal ring wound into a cylinder is

held in contact by a seamless assembly.

SWNTs have a diameter range of 0.4 — 3.0 nm and length range of 20 — 1000 nm.
They are excellent conductors, but despite their great potential in various nanotechno-
logical applications, the production of SWN'Ts is still costly and the advance of more
cost-effective synthesis methods is very important to bring them into commercial-scale

applications.

There are many advantages of SWNTs as drug delivery agents. Due to their
large surface area they are qualified to cross amphipathic cell membranes, variable
interactions with the drug, adjustable surface chemistry, and dimensions. Peptides,
proteins, nucleic acids, as well as drug molecules, can be delivered by SWN'Ts for
therapeutic purposes. Numerous advances have shown the functionalized SWNT-based
drug delivery systems are effective for cancer tratments [27] and treatment of other

diseases such as neurodegenerative diseases [28, 29].



MWNTs are formed by folding the graphene layer 2-10 or rolling only one
graphene layer to produce a complex multi-wall structure [30]. MWNTs have an av-
erage cylindrical tube diameter of 1-3 nm and an outer cylindrical tube diameter of 2
to 100 nm [4]. MWNTSs consist of a plurality of layers of graphite that coaxially roll
to form a tubular shape. They are also commonly used in drug delivery systems with
their robust structure [31]; however, they can always be shaped with a high degree of

structural defects.

2.1 Preparation and Purification of CNTs

In the design of drug delivery systems, the synthesis method of CN'T5s is also
a parameter to consider. Synthesis of CNTs is performed using graphite and carbon
black in a controlled flame environment [23].However, the nanotubes manufactured
by this procedure do not have good quality and purity, appropriate size and shape,
and mechanical strength due to its natural environment. There are three core tech-
niques developed to manufacture CN'T structures. High-temperature procedures, such
as electric arc discharge and laser ablation, were initially considered; however, low-
temperature chemical vapor deposition is nowadays commonly favored as it permits

more precise control of the CNT structure [32].

Chemical vapor deposition (CVD) is a well-known synthesis method for high
quality and purity solids in the reactive gas chamber [33]. It is one of the usual
techniques for synthesizing CN'Ts and is intended for large-scale production of CN'Ts. In
this method, initiator and CNT formation occurs on the surface of the catalyst particles.
Much of CNT is produced by using a carbon source in the gas phase (methane, carbon
monoxide, acetylene, etc.) and an energy source to energize a gaseous carbon. The
synthesis of CNT by the CVD method is essentially a two-step process. The first step
is the catalyst preparation, and then the actual synthesis of the CNTs is performed.
The catalyst is usually used for physical vapor deposition, spraying, immersion coating,
etc. The following stage is to heat the substrate to 500-1000° C in a carbon-rich gas

medium. Fe, Ni, or Co nanoparticles are used as catalysts [34].



Compared to laser ablation, the CVD method is an economical and practical
method for producing large-scale and highly pure CNT [24]. The volume of the sample
produced in arc discharge and laser ablation operations depends on the carbon source
size (anode in arc discharge and target for laser ablation). It also requires intensive pu-
rification steps, as previously described. These drawbacks have led to the development
of gas-phase techniques. CVD has been recognized as the finest method for producing
high-purity carbon nanotubes [35].

Following the step of synthesis is the purification of carbon nanotubes. Carbon
nanotubes generally have an average purity of about 5 — 10% since they contain large
amounts of impurities such as metal particles, amorphous carbon, and small fullerenes.

Therefore, there is a need for purification prior to the addition of drugs to CNTs [34].

Purification techniques of CN'Ts are divided into three groups: chemical, physi-
cal, and a combination of both. The chemical purification technique is based on selec-
tive oxidation, where carbon-related impurities oxidization rate is higher than CNTs,
and metal-related impurities are dissolved by acids. Chemical purification effectively
removes amorphous carbon and metal particles, excluding those impacted in polyhe-
dral graphitic units. On the other hand, oxidation involved in the chemical method
permanently affects the CNT structure. The physical method relieves CNTs from im-
purities based on physical variances such as aspect ratio, size, magnetic properties, etc.
The physical method is employed to separate different diameter/length ratios of CNTs
or take out graphene sheets, carbon nanospheres, and aggregates. Since this technique
does not involve oxidation, it prohibits CNTs from severe damage. There are some
handicaps of the physical method: it is complex, time-consuming, and less effective.
Multi-step purification is the third technique, which involves the advantages of physical

and chemical purification. This technique yields superior CNT products [36].
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2.2 Functionalization of CNT surface

In order to use purified CNT as a drug carrier, we must solve a significant prob-
lem: the biodegradability. In order to do that and obtain a perfected drug carrier,
SWNTs are functionalized with various biocompatible molecules by chemical methods
such as covalent and noncovalent attachment. These chemical modifications improve
the water solubility, decrease cytotoxicity, and advance drug targeting features of CNTs.
For biomedical applications, surface chemistry or functionalization ensures the disso-

lution of CNTs, resulting in biocompatibility and low toxicity [15].

The functionalization process involves altering the structure of naturally pure
CNTs by adding probable functional groups, ligands, nucleic acids, polymers, drug
molecules, proteins and peptides, dyes, or radio-contrast agents for therapeutic appli-
cations. Despite the rewarding properties such as durable and water insoluble nature,
CNTs are extremely lethal in nature, and accumulate in organs. The functionalization
process gives the CN'Ts high resolution with improved biocompatibility. Accordingly,
functionalized CNTs (f-CNT) are highly suitable for applications of encapsulation of

therapeutic agents for targeted release studies [37].

f-CNTs have wide applications and take charge of increasing biocompatibility,
solubility, encapsulation tendency, drug release in the body. According to various
studies, drug molecule-loaded f-CNTs enter cells, and nuclei, indicating the peak con-

centration level of the drug molecule at the cell and molecule level [37].

There are two modification methods for CN'Ts: covalent and non-covalent mod-
ification (Figure 2.1 [38]). Covalent approaches include inoculation of polymer chains
where durable chemical bonds are shaped. Covalent functionalization has the advan-
tage of increasing the distribution of CNTs in polymeric structures and thereby greatly
extending the efficacy of these polymer nanocomposites [39]. Due to the covalent at-
tachment, strong chemical bonds are formed between polymer chains to CNTs [24].
The trajectories of the sp2 hybridized sidewalls of the CNTs are very reactive and tend
to effortlessly covalently bind with the molecule. Nevertheless, the CNTs symmetry is
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compromised. The carbon atoms of sp3 are changed from sp2, by this means electrical
properties of CN'Ts in the polymer grafted nanocomposite is degrading. CN'Ts can be
effortlessly functionalized through the carboxyl and hydroxyl functional groups through
oxidation. Through strong acids such as air, oxygen or sulfuric acid, nitric acid, hy-
drogen peroxide. The benefit of this method is the usage of preformed polymer units
of known molecular weight and multi-dispersion, thereby ensuring tight regulation of
conformational symmetry. The foremost difficulty of this method is preformed polymer
moieties primary bonding that sterically inhibits the diffusion of other polymers to be

bonded on the CNTs, this guides to less binding density [40].

The most used covalent functionalization method is oxidation which is devel-
oped to functionalize carbon nanotubes. CNT oxidation is executed through oxidizing
agents, for example, nitric acid. Throughout processing, carboxyl groups appear at the
ends of the tubes and defects in the side walls. However, oxidized CN'Ts are collected
in the presence of salts, although they are water-soluble, and therefore cannot be used
straight for biological utilization as a result of the high salt amount of almost every

biological solution.

® =» functional groups

Covalent

=» small molecules
» polymers

Figure 2.1 Schematic representation of bonding to CNT walls.There are two types of attachment: in
covalent bonding, functional groups are covalently attached to the walls, on the other hand polymers
and small molecules can bind to the surface by non-covalent interactions.

Additional modifications can be made in order to obtain stable CNT-polymer
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conjugates in biological surroundings. Addition of hydrophilic polymers for instance
poly(ethylene glycol) (PEG) to oxidized CNTs serves this purpose. Even with the
strength of the covalent functionalization technique, the physical properties of CNTs
are frequently demolished after chemical reactions as a result of the deteriorated nan-
otube structure and reduce the optical application potential of these materials [41].
Therefore, covalent binding cannot be utilized to functionalize CN'Ts used for pho-

tothermal ablation or imaging [42].

A relatively safer covalent functionalization method of CNTs is to combine drug
molecules or functional groups. The covalent functionalization of CNTs obtained by the
CN'Ts oxidation by strong acids causes reduction and produces carboxylic acid groups,
which cause increased dispersibility in aqueous media. Alternatively, hydrophilic group

addition to the outer walls and the ends of the CNTs results in water-solubility [37].

Such reactions frequently need extreme conditions for covalent bonding. In drug
release perspectives, direct covalent modification of drug molecules to the CNT surface
is less available in the literature. However, covalent functionalization has been usually
applied for therapeutic biomolecules for example proteins, peptides, and DNA [37]. In
most cases, covalent functionalization changes the internal properties of CN'Ts, such as
conductivity and mechanical strength, because it destroys the normal graphene type

structure [43].

In contrast to the covalent method, non-covalent functionalization can be ac-
complished via coating the CN'Ts with amphiphilic surfactants or polymers. Since the
chemical structure of carbon nanotubes does not deteriorate, the physical properties
of CNTs are mainly maintained via a non-covalent approach, with the exception of
the shortening of the length due to the sonication used in the functionalization pro-
cess. The non-covalent method includes the binding of therapeutic drug molecules to
CNT surface through adsorption procedure. CNTs serve as nanoreversors to adsorb
drug molecules through host-guest interaction. Methods of functionalizing CNTs relied
on non-covalent interaction that can be completed without damaging the internal sp2

hybridized formation of the nanotube sidewall, thereby preserving the original elec-
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tronic design and assets of the CNTs. Several types of non-covalent modifications were
investigated. It is found that the non-covalent functionalization of CNTs can be ac-
complished by m — 7 interactions between conjugated molecules and graphite sidewalls
of CNTs [44, 45]. CNTs make considerable effort to preserve the final properties and
increases their solubility considerably [46]. This behavior is clarified due to CNTs ten-
dency to converge due to their strong internal van der Waals forces. To overcome this
disadvantage, it is a fundamental approach to wrap the CN'Ts through non-covalent

interactions with the polymer [43].

Non-covalent functionalization is crucial for improved biocompatibility and biomed-
ical utilization of CN'Ts. With this modification, surfactants, polymers, and biomolecules
such as DNA, siRNA, proteins, and peptides can be favorably loaded to the CN'T sur-
face. In addition, hydrophobic forces can inoculate lipophilic drug molecules into CN'Ts
for targeted drug delivery utilizations. The existence of charge on the nanotube surface
supports in the adsorption of drug particles.Non-covalent functionalization of CNTs is
especially favored since it allows chemical modifications without influencing the elec-

tronic properties of the nanotubes.

In non-covalent functionalization, numerous polymers for instance poly(ethylene),
nylon, and PEG are used. This method usually includes van der Waals forces and elec-
trostatic interactions. PEGylation, one of the functionalization methods, has lately
gained significant significance due to improved biocompatibility, solubility, and low
toxicity. PEG-functionalized CNTs are broadly utilized in drug delivery because of
their non-toxicity and enhanced solubility [47]. Nowadays, in the biomedical field ap-
plications of functionalized carbon nanotubes is mainly limited by chemical approaches
that can make this material biologically compatible. The most straightforward proce-
dures involve the physical adsorption of f-CNTs via several molecules, such as pyrene,

naphthalene [48, 49].

One example of the limitations of non-covalent functionalization is showed ap-
plying it to a single DNA sequence by means of aromatic DNA base units. It has been

revealed to be unstable because it is cleaved by nuclease, and as a result, the biological
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application has been limited [42].

As mentioned above, the non-covalent binding of molecules to CNTs is the most
commonly utilized drug delivery technique in literature. Regarding limitations, a non-
covalently functionalized ideal CN'T needs to have specific properties. This can be
accomplished via forming micelle-type structures in which the amphiphilic molecules
are coated to the CN'T. Despite limitations, the non-covalent method has many ad-
vantages. Compared to chemical modifications, the non-covalent method has two core
advantages: (i) being able to operate under comparatively mild reaction conditions,

and (ii) maintaining the excellent graphitic character of CNTs [47].

With the non-covalent method, it is able to stabilize the dispersions of the
nanotube in water without changing the conjugate system. Non-covalent modifications
may make SWNT secondary properties such as molecular selectivity in addition to
improved distribution [50]. One of the significant advantages of this approach is the
protection of the conjugated electronic structures of the CNTs while improving their

resolution in a remarkable manner [51].

In general, non-covalent functionalization enhances reactivity, catalytic activity,
binding capacity, dispersibility, biocompatibility, and sensing behavior in nanomateri-
als [52, 53]. The above-mentioned modifications allow the CNT to cross the plasma
membrane and encourage cellular uptake of tiny molecules and macromolecules such

as nucleic acid [54], peptide [55].

PEG is an FDA approved polymer, and it is the most preferred material for
functionalizing CN'Ts, enhancing dispersion in aqueous solution and biocompatibility

of CNTs [56].

The challenge in using PEG is that the difference in hydrophilicity of the CN'T
surface and PEG. PEG is a highly hydrophilic polymer. In contrary, the CNT surface

is hydrophobic. An intermediary agent to functionalize the CN'T surface is needed.
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In the last decade, studies on the active release of biomolecules and the non-
covalent functionalization of CNTs for designing imaging agents have continued. In
this study, non-covalent functionalization was performed to enhance the biocompati-
bility and water solubility of CN'Ts. For this purpose, 9-fluorenylmethyl chloroformate
(Fmoc) -PEG complex was attached to the CNT surface. The reasons for using PEG

as listed in the literature are as follows;

e Low toxicity and not perceived as foreign matter by the immune system,
e Soluble in the water environment,

e It is not a steric barrier to surface treatments or bioconjugation due to its high

flexibility [47].

In the present study, by connecting the PEG chains to the CNT wall, the
strengths of the PEG chain and CNTs are combined; a blood-compatible, and sta-
ble structure of nanomaterials can be obtained. After the SWNTs were functionalized,
the cytotoxicity of -=SWN'Ts on healthy cells were tested. In order to do so, fibroblast
cells were used. After all, the nanomaterials obtained in this way are promising great

future as pharmaceutical vehicles with their superior properties.
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3. EXPERIMENTAL SECTION

3.1 Chemicals and Properties

PEG monomethyl ether with a molecular weight of 5000 and 12000 g/mol, Fmoc-
Cysteine (Fmoc-Cys(Trt)-OH), were obtained from Sigma Aldrich. Fmoc refers to the
9-fluorenylmethyl carbonyl. Dichloromethane (DCM) was obtained from Aldrich and
distilled on P205 before use. Tetrahydrofuran (THF; 99.8%, J.T. Baker), diethyl ether,
dimethylaminopyridine (DMAP) and N, N’-dicyclohexylcarbodiimide (DCC) were pur-
chased from Sigma Aldrich. The chemical formula of PEG monomethyl ether and
Fmoc-Cys(Trt)-OH is given in Figure 3.1.

(a) (b)
H3C O 0
° \|EO/\1'OH O s/\l)\OH
n

Figure 3.1 The chemical formula of (a) PEG monomethyl ether and (b) Fmoc-Cys(Trt)-OH.

3.2 Preparation of SWNTs

SWNT synthesis was carried out, under the direction of Prof. Dr. Nilgiin Yavuz
(ITU Energy Institute faculty member), according to the fluidized bed chemical vapor
deposition method [57, 58]. The system where SWNT was produced is located in
ITU Energy Institute Materials Production and Preparation Laboratory. The system
consists of an oven and a quartz reactor that can operate at high temperatures. (Figure
3.2) The catalyst was placed in a quartz reactor with a disc, and fluidization occurs with
the gas flow. During the production of the catalyst, iron nitrate [Fe(NO3)s.9H,0] and
magnesium oxide (MgO) was ultrasonically mixed in ethanol, and after the homogenous

mixture was achieved, catalyst production was carried out by drying and grinding. The
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amounts of iron nitrate and magnesium oxide were selected based on the mass ratios
of iron and magnesium targeted in the catalyst. The iron nitrate in the catalyst was
placed in the furnace turns into iron oxide (Fe,O3) at temperatures above 125°C during
the heating process of the furnace, and thus the structure of FesO3 + MgO takes its

final form.

"

Figure 3.2 Synthesis system of carbon nanotubes. SWNTs are formed by CVD method. In the
system there is a gas flow controller (1), panels showing gas flow rate (2), furnace (3), quartz tube
(4), gas discharge unit (5), temperature controller (6), and a pump (7).

In the study, SWNT production takes place in the region of 5-10 cm above the
disc in connection with the gas flow to the reactor at 800°C. The desired temperature
was reached with argon gas, and acetylene with a specific flow rate was fed to the
system. Argon was used as the carrier inert gas, and it was sent into the reactor
with hydrocarbon. The most important reason for using inert gas was to provide the
required fluid rate in addition to the hydrocarbon flow rate for the fluidization of the
catalyst. In addition, at the beginning and at the end of the SWNT production, the
inert gas flow was required to clean the inside of the reactor from the air and other
gases, and thanks to this gas, structures formed outside the reaction zone of the furnace
are flowed out of the furnace. The time required for the formation of carbon nanotubes
has been determined by taking into consideration the previous studies in the literature

and the group [59]. The flow of acetylene gas was then stopped, and the sample was
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cooled to 200°C in an argon gas environment.

Following the synthesis, the SWNT was purified utilizing 6 M HNOj3. In order
to gain short SWN'Ts, extremely concentrated HNOj3 handling was utilized during 7 h
at a temperature of 120°C. Afterward, the nanotubes were filtered, carefully washed

using distilled water just before the pH arrive ~ 7, and dehydrated in air.

3.3 Preparation of Fmoc-Cys(Trt)-OH Bearing Polymers (Cys-
PEG)

A total of 2 Fmoc-PEG complexes were synthesized in the study. From the
reaction of Fmoc-Cys(Trt)-OH with PEG5000 and PEG12000, Fmoc-PEG complexes
were synthesized mainly by following the method specified in the literature [59]. For ex-
ample, the synthesis using Fmoc-Cys(Trt)-OH and PEG5000 will be explained in detail.
Other synthesis was carried out similarly with mole ratios of Fmoc-Cys:PEG:DCC:DMAP
as 1.5:1:1.8:0.5, respectively. First, monometoxy PEG5000 (2.0 g) was dissolved in
CH,C5 (30 ml) and mixed with Fmoc- Cys(Trt)-OH (0.45 g). DCC (0.37 g) and DMAP
(0.122 g) dissolved in 10 ml of THF were added to the mixture, and the reaction was
stirred at room temperature for 48 hours. At the end of the reaction time, the reaction
solution was concentrated to precipitate the product in diethyl ether. The solid white
precipitate was filtered, washed with ether, and dried under vacuum overnight. This

procedure was repeated for PEG12000. Sample codes are given in Table 3.1.

Table 3.1
Codes of the samples.

Code Fmoc-Cys(Trt)-OH | PEG5000 | PEG12000 | SWNT
Cys/PEG5000 + + i _
Cys/PEG12000 + - + i
Cys/PEG5000-SWNT + - - +
Cys/PEG12000-SWNT + - - +
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3.4 Functionalization of SWNTs with Cys-PEG

The procedure to functionalize SWN'Ts, attach the prepared Fmoc-PEG com-
plexes to the SWN'T wall, is described below for the Fmoc-PEG5000 complex. SWNT
(50 mg) and Fmoc-PEG5000 (0.25 g) were added to a flask containing 50 mL of dry
THEF'. The mixture was sonicated in an ultrasonic bath for 30 minutes and then stirred
at room temperature for 72 hours. The resulting mixture was filtered using a Sartorius
PTFE filter with 0.2um pore size to dispose unbound Fmoc-PEGs. A humid solid
was remained on the filter. It was then washed with THF (500 ml) and acetone (500
ml) and filtered again. As a result, a black powder was obtained and it was dried
for 24 hours under vacuum. The same process was used to get SWNTs functionalized
with Cys-PEG12000. Schematic representation of Cys-PEG complexes preparation

and functionalization of SWN'Ts is given in Figure 3.3.

3.5 Characterization of Materials

Transmission electron microscope. A JEOL 2100 device, operating at 200 kV,
was used to obtain high-resolution transmission electron microscopy (HR-TEM) im-
ages. In order to prepare HR-TEM samples diluted solution (in THF) of the sample

was dropped a on a holey carbon-coated copper grid.

Fourier transform infrared spectroscopy. FT-IR spectra were examined with an
Agilent Technologies Cary 630 FT-IR device in the range of 4000-500 cm-1. FT- IR
spectra play an essential role in determining the binding of Fmoc-Cys(Trt)-OH to PEG

because it can directly reveal the formation of new bonds after binding.

Nuclear magnetic resonance spectroscopy. The 1H (500 MHz) spectra were recorded
in CDCI3 using an Agilent VNMRS 500 device, and the structural characterization of

the Fmoc-PEG complexes was performed.
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Fluorescence spectroscopy. Fluorescence spectra were obtained using an F-

4500 spectrophotometer. This study was carried out to verify the functionalization

of SWNTs with PEG.

Thermal gravimetric analysis. Thermal gravimetric analyses (TGA) were per-
formed on Perkin-Elmer Diamond TA /TGA with a heating rate of 10°C/min under an
inert atmosphere in the temperature range of room temperature to800°C. The func-

tionalization amount and thermal stability of SWNTs were determined.

3.6 In-vitro cytotoxicity studies

Cell viability assay. Samples are tested on fibroblast cell line, which was pro-
duced. Fetal bovine serum (%10) and 100 U/ml penicillin supplemented Dulbecco’s
Modified Eagle Medium F-12 (DMEM/F12, Gibco, UK) was used in cell culture at
37° C. For the cell viability assay, 96-well plate was used with 62103 cells per well.
Before the assay, cells were treated with two different concentrations (50, 1004ug/ml)
of coated SWNTs for 48 h. Cytotoxicity assay was done with 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT, Sigma, USA). After the treatment for 48
h, MTT (0.1 mg/ml) was added to each well. Then, the cells were exposed to MTT
for 4 h at 37°C. Afterward, DMSO was added to wells, and the cells incubated at room

temperature in the dark for 30 min. The cell viability assay was done in triplicates.

3.7 Statistical Analysis

All experimental studies were performed at least three times and each concen-
tration was done in triplicates, to achieve independent experiments for the cell viability.
Results are given as mean + standard deviation (SD). In the evaluation of data, sta-
tistical analysis is done by two-way analysis of variance (ANOVA). Differences were

considered significant from p < 0.05.
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4. RESULTS AND DISCUSSION

4.1 Preparation of SWNTs

Single-walled carbon nanotubes were synthesized by the CVD method. In order
to ensure the type of CNT and determine the characteristics; Raman Spectroscopy,
FTIR, XRD, and TEM analysis were completed. The highest resolution technique is
TEM which allows capturing the fine details of carbon nanotube samples. Single-walled
carbon nanotubes with a diameter of 4 nm are visible in TEM images of synthesized

CN'Ts which is given in Figure 4.1.

Figure 4.1 TEM images of SWNTs. The transmission electron microscope exposes the single walled
constitution of the CNT.

4.2 Preparation of SWNTs

The molecule to be bound to PEG is 9-fluorenylmethyl carbonyl, which is also
used as a protecting group in the organic synthesis of peptides [60]. Fmoc contains
an aromatic fluorenyl group that can be easily attached to PEG. Structural charac-
terization of Fmoc-Cys(Trt)-OH connected by different molecular weight PEGs was
monitored by FT-IR spectrometry. The characteristic peaks observed in all spectra
at approximately 2880 c¢m-1 in Figures 4.2 and 4.3 originate from the -CH,CHy O-
group contained by PEG [61]. Looking at the literature, around 1720 ¢m™' bands

seen in the Fmoc-PEG spectra correspond to the carbonyl carbamate of the Fmoc
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group|62]| . FTIR results support that we are successfully synthesized Cys/PEG struc-
ture. In addition, to support the FTIR data, the binding of Fmoc-Cys(Trt)-OH to

"\/’-—_ W—WW—
1 —PEG 5
PEG 5000 2879

=
3
g - - VT_'VWY"Y“""W
E ] ——fmoc-Cys(trt)-OH 1730
£ | —cyspEGso00 VT 1722
2 2879
4000 3330 2660 1990 1320 650

Wavelength (cm)

Figure 4.2 FTIR Spectra for PEG500, fmoc-Cys(Trt)-OH, and Cys/PEG5000. At the spectra, we
see: characteristic peak of -CH2CH20- repeat unit at approximately 2880 cm-1 for PEG, around
1720 cm-1 bands carbonyl carbamate peak for Fmoc group. Looking at Cys/PEG complex, both
characteristic peaks of PEG and Fmoc are seen.

PEG12000

| 2884
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& | — Fmoc-Cys(Trt)-OH WV'WW
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Figure 4.3 FTIR Spectra for PEG1200, fmoc-Cys(Trt)-OH, and Cys/PEG12000. At the spectra,
we see: characteristic peak of -CH2CH2O- repeat unit at approximately 2880 cm-1 for PEG, around
1720 cm-1 bands carbonyl carbamate peak for Fmoc group. Looking at Cys/PEG complex, both
characteristic peaks of PEG and Fmoc are seen

PEG monomethyl ether is examined by 1H NMR spectra. The TH NMR spectra of
Fmoc-Cys(trt)-PEG5000 and Fmoc-Cys(trt)-PEG12000 are given in Figures 4.4 and
4.5. Fmoc-Cys(trt)-PEG5000 spectrum gave signals representing the methylene pro-
tons of the PEG backbone at 3.6 ppm. According to the TH NMR spectrum of the
synthesized Fmoc-Cys(trt)-PEG12000, Fmoc proton signals and characteristic peaks
are also described in Figures 4.4 and 4.5 [63, 64].
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Figure 4.4 1H NMR Spectra for Cys/PEG5000. Peaks for zones are specified by letters.
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Figure 4.5 1H NMR Spectra for Cys/PEG12000. Peaks for zones are specified by letters.
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4.3 Functionalization of SWNTs with Fmoc/PEG complexes

Fmoc-Cys(Trt)-OH was used for direct CNT immobilization. Also, it is known
that Fmoc amino acids can interact via the 7 — 7 bond because such molecules can self-
associate with nanostructures [65]. In this study, Fmoc-PEG complexes are physically
mounted to SWNTs for noncovalent functionalization of CNTs. With the computa-
tional studies carried out in the project numbered MGA-2019-41823 carried out within
the scope of the ITU BAP Unit, it was found that the Fmoc-Cys(Trt)-OH have stacked
on the surface of the CNT thanks to the aromatic fluorenyl groups. In this study, the
yield of reaction preparing Fmoc-Cys(trt)-PEG5000 is calculated as 86%, and the yield

of reaction preparing Fmoc-Cys(trt)-PEG5000 is calculated as 76%.

Figure 4.6 and 4.7 show the fluorescence spectra of Fmoc-Cys(trt)-PEG5000 and
Fmoc-Cys(trt)-PEG12000. These fluorescence spectra are specific for Fmoc. In the
Fmoc-PEG-SWNT complexes, the Fmoc groups fluorescence is quenched and provides

evidence that the hydrophobic ends of this group in the ring structure are adsorbed

onto the SWN'T surface.
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Figure 4.6 Fluorescence Spectra for Cys/PEG5000 and Cys/PEG5000-SWNT. Damping in the
graph is seen after the Cys / PEG complex is bound to the SWNT.

As seen in Figure 4.6 and 4.7, the peaks at 315 and 319 nm in the spectrum of the
Fmoc-PEG complex are damped after the step of binding to SWNT. The hydrophilic
PEG chain is expected to extend into the solution. The m — 7w bond between the

aromatic rings has also been reported in the literature that may cause the fluorescence
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spectrum to dampen in energy transfer[59).
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Figure 4.7 Fluorescence Spectra for Cys/PEG12000 and Cys/PEG12000-SWNT. Damping in the
graph is seen after the Cys / PEG complex is bound to the SWNT.

The amount of Fmoc-Cys(Trt)-OH attached to the CNT surface was determined
by TGA analysis (Figure 4.8). In order to confirm the attachment, and to eliminate the
chain length effect of PEG, the amount of Fmoc-aa related to SWN'Ts was determined
and TGA analysis was performed as specified in the characterization of the materials
section. Also, we need to prove that the Cys/PEG complex bound to the SWNT
surface. As shown in Figure 4.8, there is only a negligible difference in percent weight
loss between Cys/PEG5000 and Cys/PEG12000, and it is clearly seen that weight loss
is 95%. On the other hand, for Cys/PEG5000-SWNT and Cys/PEG12000-SWNT, a
significant decrease in weight loss indicates that the Cys/PEG complexes bind to the
surface of SWNTs. Investigating the difference in PEG chain length, Cys/PEG5000-
SWNT has more percent weight loss than Cys/PEG12000-SWNT. Since we put the
equal amounts of Cys/PEG5000 and Cys/PEG12000 when coating the SWNTs, we can
say that SWNTs are more effectively coated with Cys/PEG5000 complex.
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Figure 4.8 Percent weight loss for Cys/PEG complexes and functionalized SWNTs. Here, weight
loss represents the organic material.

4.4 Dispersion in water

The dispersion of SWNT in water was examined in 0, 1, 3 and 5-hours. The
results of the experiments performed to determine the dispersion behavior of SWNT
modified with Cys/PEG complexes are shown in Figure 4.9. CNT dispersions were
obtained by non-covalent modifications using Cys/PEG complexes with aromatic func-
tionality mounted on nanotube surfaces with 7 — 7 interactions. The CNT surface is
hydrophobic, and when Fmoc amino acids are bound to the surface, polar groups of
PEG (-OH and -COOH) lead to surfactant-like properties. As stated in the literature,
supplementary interactions arise among the surface-bound and unbound Fmoc amino
acids byr — 7 stacking and hydrogen bonding; this can support the complete devel-
opment of a stable nanotube distribution in the aqueous medium [65]. As shown in
Figure 4.9, it was determined that Cys/PEG5000-SWNT provides the best dispersing

feature.
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a) ) b)

Figure 4.9 Dispersion of pristine CNT, Cys/PEG5000-SWNT, and Cys/PEG12000-SWNT at (a)
0 h, (b) 1h, (c) 3h, (d) 5h. Since the pH of blood and deionized water are almost equal, dispersion
behavior of a material in a time period gives insight about the blood stay of that material.

4.5 In-vitro cytotoxicity studies

Carbon nanotubes are good drug delivery systems, they only have biocompati-
bility issues. Because they are not biocompatible, they are quickly expelled from the
body before they reach the cancer cell shortly after they are given to the body |66, 67].
By functionalizing the carbon nanotubes with Fmoc/PEG complexes, we aimed to in-
crease the duration of the drug delivery system in the body and thus the possibility
of reaching the cancer cell. For this reason, cytotoxicity studies were performed on

healthy fibroblast cells.

MTT assay was performed to detect the effect of biocompatible coating on

SWNTs on fibroblast cells (PCS-201-012). Fibroblast cells were treated with Cys/PEG5000-

SWNT and Cys/PEG12000-SWNT in two concentrations (50, 100 ug/ml). Results of
this assay was evaluated regarding that pristine SWN'Ts are highly cytotoxic, approx-
imately 5% cell viability[49]. MTT assay results are given in Figure 4.10. Results
show that Cys/PEG5000-SWNT has higher cell viability. Comparing doses applied
to the samples, 50 pg/ml has higher cell viability for both Cys/PEG5000-SWNT and
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Cys/PEG12000-SWNT. We can conclude that Csy/PEG5000-SWNT has better cell
viability performance. This result supports the better dispersion in water and more

effective coating at TGA analysis.
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Figure 4.10 Cell viability results for Cys/PEG5000-SWNT and Cys/PEG12000-SWNT. These re-
sults are the mean of triplicate experiments. Cells were treated with two concentrations of f-SWNTs.
The results were given as mean £5D.

4.6 Statistical Analysis Results

As indicated by the two-way ANOVA, a statistically significant (p<0.05) differ-
ence was found between the groups in view of cell viability. Also, the process included
the evaluation of the material type and applied dose influence on cell viability. The
most noteworthy effect on the cell viability was shaped by the applied dose of material,

while material type had less impact.

We can say that the synthesized and characterized -SWN'Ts have been success-
fully prepared as a drug delivery agent based on all the features described above. In
the literature, it is seen that loading and releasing studies of various cancer drugs are
carried out for similar biocompatible drug delivery systems. Similarly, drug loading
and release behaviors for this system can be examined using, for example, doxorubicin,

mitoxantrone, and gemcitabine [37].
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In the future, besides treating cancer and infectous diseases, neuroprotection
could be achieved in chronic neurological disorders using nano-drug delivery. Drug
delivery across the blood-brain barrier is accomplished by the application of nanotech-
nology in therapeutic techniques. The usage of CNTs as a delivery method for central
nervous system pathology treatment is based on CNTs structural properties, particu-
larly CN'Ts improved dispersion in biological solvents by the reason of CN'Ts function-
alization, large surface area, the ability of effortless modification by drug molecules,
and biocompatibility with neural environments. As an example, acetylcholine modified

SWNTs are used to treat Alzheimer’s Disease.|68]
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5. CONCLUSION AND RECOMMENDATIONS

In this study, an integrative approach was used to develop a nanocarrier for
use as a drug delivery system. To improve the biocompatibility of CN'Ts and increase
water solubility, non-covalent functionalization was performed. For this purpose, PEG
(PEG5000, and PEG12000) carrying a Fmoc-aa were attached to the SWNT surface.
Cysteine is selected as the amino acid to which the Fmoc groups used. This system was
designed for drug transport and is completed in 3 steps. Primarily, to form the basis
of the system, SWNT was synthesized using the chemical vapor deposition method.
Thereafter, the Cys/PEG complexes were prepared. Lastly, prepared Cys/PEG com-
plexes were mounted on the SWNT wall. Based on the literature, it is revealed that
PEG-SWNTs carrying Fmoc-Cys molecules have the necessary structural strength. The
stability, binding efficiency, and suspending properties of FmocPEG-coated SWN'Ts

were investigated with the characterization studies.

In order to verify the first step of the synthesis, TEM images were given. In the
images, SWNTs synthesized with the CVD method are characterized. Afterward, to
follow the synthesis of Fmoc/PEG complexes, 1H NMR spectra were used. The charac-
teristic peaks of Fmoc-Cys(Trt)-OH and PEG in the spectra show that we successfully
formed Cys/PEG complexes. Furthermore, to support 1H NMR spectra, FT-IR spec-
tra of Fmoc-Cys(Trt)-OH, PEG, and Cys/PEG were compared. The characteristic
peak of the Fmoc group and PEG observed in the spectra of the Cys/PEG complex.

In the last step of the synthesis, Cys/PEG5000 and Cys/PEG12000 complexes
were mounted on SWNTs. In this step, attachment of Cys/PEG complexes on SWNTs
was ensured with a fluorescence spectrophotometer, and the amount of this attachment
was determined by thermogravimetric analysis. The fluorescence spectra of Fmoc/PEG
complexes and Fmoc/PEG - SWNT were obtained. The damping in the spectra af-
ter binding proves the successful functionalization of SWNTs. Fmoc group was easily

mounted on SWNT walls due to the presence of aromatic fluorenyl rings, and it has
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been determined by TGA analyzes that cysteine is attached to SWNTs homogeneously.
As a result of TGA analysis, we can say that the Cys/PEG500 complex is more ef-
fectively attached to SWNTs. Moreover, results of dispersion in water can be used
in further optimization of PEG chain length. It can be deduced from its dispersion
that Cys/PEG5000-SWNT has improved blood stay. It is beneficial to investigate the
blood stay of the materials. Investigating the effects of -=SWN'Ts on fibroblast cells,
MTT assay is realized. Cell viability of cells were obtained from this assay. Results
show that Cys/PEG5000-SWNT has better cell viability, especially for 50 ug/ml dose
cell viability is almost equal to the control. This outcome is highly coherent with

characterization methods such as dispersion in water and TGA.

After all, by connecting PEG chains containing Fmoc-Cys to the CNT wall,
the strength of the PEG chain and CNTs were combined; a nano-carrier, which is
biocompatible, has the potential to pass through the cell wall, has a stable structure
and excellent optical properties, was synthesized. The synthesized product will be
a nano-carrier, which can perform targeted drug transport and release, minimizing

harm/side effects in line with the need for alternative methods in cancer treatment.

Conducting in-vivo experiments is a good starting point to further optimize
f-SWNTs for commercial use. Also, after completely proving biocompatibility of the f-
SWNTs, drug loading and release properties must be investigated. Furthermore, other
molecules, proteins or biological particles can be used to functionalize SWNTs. Be-
sides, molecular interactions of the system should be examined through computational
methods. After some further study, this material has great potential for commercial

use in cancer imaging and therapy.
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