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RECEPTOR-TARGETED CARBON NANOTUBES AS NANOMATERIALS
FOR DIAGNOSTICS AND TARGETED TREATMENT OF CANCER

SUMMARY

Heart disease and cancer are the first and second leading causes of deaths in the world
for more than a decade. However, the statistics from the American Cancer Society
show that cancer death rate has dropped progressively over the past 25 years in the
United States. The decline in cancer mortality is attributed to the gradually drops in
smoking and developments in early diagnostics and treatment. Uncontrolled and
rapidly growth of cells in the body results in cancer tissues. Appearance of cancer
tumor in one part of body may spread to other organs in case of late detection and
treatment. Breast cancer is one of the diseases with mortality rate among women. In
this regard, treatment of cancer with drug delivery systems offer great advantages over
the conventional drug applications.

The objective of this study, was to develop receptor targeted carbon nanotube based
nanocarrier with optimized properties for breast cancer therapy. Due to the outstanding
physical, chemical, optical and NIR fluorescence properties, carbon nanotubes have
been widely investigated as nanocarrier. Single walled carbon nanotubes (SWNTS)
were used to compose the key part of the designed system. Two different single walled
carbon nanotubes (short and long) were utilized to develop the nanocarrier. After
fabrication of nanotubes, purification process was applied to the SWNTSs in order to
remove impurities from the samples. Thereafter, to incorporated biocompatibility to
the nanocarriers, poly ethylene glycol (PEG) as biocompatible polymer was used.
Owing to its hydrophilicity, this polymer can provide the required biocompatibility to
the nanocarriers. Four different PEG polymers in terms of length were prepared to coat
both SWNTS. PEG2000, PEGs000, PEG12000 and branched PEGsooo Were prepared in the
first step. The start point in the synthesis process was methoxy PEG. In next step, these
PEG polymers were converted to PEG-COOH. In the next step, noncovalent approach
was employed for surface modification of SWNTSs. An esterification reaction between
PEG-COOH and pyrene methanol was taken place in order to obtain pyrene bearing
PEG. In the final step, physical coating of the SWNTSs were successfully achieved by
utilizing of the mentioned pyrene bearing PEGs. *HNMR, FTIR, TGA, UV-vis and
fluorescence spectroscopy analysis were performed to characterize the synthesized
samples. The result of TGA analysis indicated that the amount of PEG binding to short
SWNTs was higher than long SWNTs. To gain primary insight into the
biocompatibility of the fabricated nanocarriers, in vitro cytotoxicity and in vivo blood
circulation time assays were conducted for PEGylated SWNTSs. The results of in vitro
cytotoxicity for PEGylated short and long SWNTSs exhibited that short SWNTSs have
higher cell viability with respect to long SWNTSs samples. Moreover, as the molecular
weight of PEG polymer decreased cell viability reduced due to inhibition cell
proliferation. Confocal fluorescence microscopy imaging confirmed the results in vitro
cytotoxicity. In the next step, in vivo blood circulation time studies were carried out
on mice. Interestingly, branched PEGsooo coated SWNTs showed higher blood
circulation time with near to 13 hours.
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In the next phase of the study, Doxorubicin (DOX) as an anticancer agent was used to
load to the SWNTSs. In the study, DOX loading studies were conducted in two step. At
first step, short and long SWNTSs were dissolved in buffer solutions with different pH
to understand its effect on the amount of DOX loading. UV-vis spectrometer was used
to explore the amount of DOX loading and release. To gain a clear understanding to
the characteristic peak of DOX wavelength scan was conducted between 350-650 nm.
It is observed that 490 nm can be exploited for further studies. Accordingly, 490 nm
was used for DOX loading and release studies.

In order to impart receptor-targeted feature to the samples, Folic Acid (FA) was
employed as ligand. Folic acid (FA) functionalized SWNTSs are promising carbon
based nanocarriers for targeted delivery of biomolecules to tumor sites. FA is a type
of B vitamin that as medication can be used in the treatment folic acid deficiency. FA
has high affinity to the folate receptor a (FR-a) and binds to folate receptors that
overexpressed on the surface of many types of cancer cells.

One of the low molecular weight agents that have been used extensively with
PEGylated SWNTs as nanoplatfrom for therapy purpose is DOX. DOX is a
chemotherapy medication drug used for the treatment of various types of cancer such
as breast cancer, esophageal carcinomas, acute lymphocytic leukemia, bladder cancer
and lymphoma since late 1960s. To improve the pharmacokinetics and bioavailability
of this anticancer drug, several studies have been conducted in order to enhance the
efficiency of the DOX. After incorporation of pyrene-FA to SWNTSs, PEGylation of
the samples were conducted and finally, DOX molecules were introduced to the
nanocarriers.

The loading of DOX at different pH values to the short and long SWNTSs exhibited
that basic pH 9 led to higher DOX loading onto SWNTSs. The release performance of
the nanocarriers were performed in physiological pH 7.4 and acid pH 5.4 to mimic the
intracellular environment. The results showed the all samples have higher release rate
at pH 5.4 with respect to pH 7.4. Moreover, FA-conjugated SWNTSs nanocarriers
showed higher release rate at both pH. In the final step, in vitro cytotoxicity were
conducted for the DOX loaded SWNTSs samples. It was observed that FA-conjugated
SWNTSs have lower cell viability with respect to nonFA-conjugated SWNTS.

In vast majority of the studies that have been conducted regarding CNTSs, these
nanostructures were considered as perfect arrangement of carbon atoms in aromatic
cylindrical settings. However, through the nucleation and growth process and also
exposing to the electron irradiation these nanomaterials inescapably hold structural
defects. Undoubtedly, the density and site of these structural defects may have
substantial impact on their unique physical, chemical electrical and mechanical
properties. Therefore, it is very crucial to address this fundamental issue in CNTs with
structural defects.

Despite the outstanding promise of non-covalently coated SWNTs for biomedical
imaging and molecular therapy applications, a quantitative understanding of structural
defects on the non-covalent interactions is lacking. In previous chapters, short and long
SWNTSs were used in in vitro and in vivo studies. However, it is believed that through
the growth and purification phase of the SWNTs production, it is not avoidable to
achieve defect-free SWNTs. Consequently, in this chapter, we will investigate the
effect of defect bearing SWNTSs on van der Waals interaction between nanotubes and
pyrene bearing structures. Accordingly, to explore the role of n-stacking interaction in
defect bearing SWNTSs, molecular dynamics and experimental studies were conducted
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with a set of hydroxyl and carboxyl functionalized compounds designed to adsorb onto
the SWNT sidewalls.

We introduce a multisegment SWNT model consisting of pristine, Stone-Wales
defects bearing, and carboxyl functionalized/ Stone-Wales defects bearing SWNTS to
theoretically and experimentally explore SWNTSs behaviors with structural defects. In
the model, the mentioned segments were separately created in Material Studio 8.0
software and each segment of the model was allowed to interact with strongly polar
organic groups in aqueous medium. Therefore, in the last part of the study, an
integration investigation on the effect of topological Stone-Wales defects on SWNTs
on the amount of binding pyrene bearing compound were conducted.

The rearrangement of two m-bonded carbon atoms in CNTSs, fullerenes and graphene
creates a crystallographic defect, which is supposed to have important impact on the
chemical, electrical, and mechanical properties of these materials. Topological Stone-
Wales (SW) defects can be formed by changing the connectivity of C-C bonds in the
SWNT sidewall by rotating them 90°. This rotating leads to the formation of two
pentagons connected by two heptagons with a 5-7-7-5 topological defect. First,
molecular dynamic studies were performed on SWNTSs with defect-free, defect bearing
nonfunctionalized and —COOH functionalized. Pyrene-COOH, pyrene-(OH). and
pyrene-OH as coating compounds were used. The results binding energy and Radial
Distribution Function (RDF) showed that pyrene-COOH can establish higher H-bond
with water molecules therefore, are able to disperse SWNTSs in the aqueous medium.
Moreover, defect bearing -COOH functionalized SWNTSs due to the disruption on
their aromaticity may not provide effective n-r stacking with aromatic molecules such
as pyrene. Therefore, binding of pyrene to the surface of SWNTSs in not stable. In the
final part, pyrene-COOH, pyrene-(OH). and pyrene-OH compounds were synthesized
and were employed for physical coating of SWNTs. As expected pyrene-COOH
coated SWNTSs provided higher dispersion for the fabricated nanocarriers.
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KANSER TESHIS VE TEDAVISI ICIN RESEPTOR-HEDEFLI KARBON
NANOTUP NANOMALZEMELERIN GELISTIRILMESI

OZET

Kanser, kiiresel 6l¢ekte 6liim sebeplerinin baginda gelmektedir ve viicuttaki hiicrelerin
hem kontrolsiiz hem de hizla biiylimesi kanser dokularinin olusmasina neden
olmaktadir. Kanser tlimoriiniin ge¢ tani ve tedavisi durumunda, tiimdriin viicudun
diger kisimlarina yayilabilmesi olagandir. Meme kanseri, kadinlar arasinda 6liim orani
yiiksek olan hastaliklardan biridir. Bu bakimdan, kanserin ilag salim sistemleriyle
tedavisi, geleneksel ilag uygulamalarina gore biiyilik avantajlar saglamaktadir.

Bu ¢aligmanin amaci, meme kanseri tedavisi i¢in optimize edilmis 6zelliklere sahip
reseptor hedefli karbon nanotiip bazli nano-tasiyict gelistirmektir. Karbon
nanotiiplerin one ¢ikan fiziksel, kimyasal, optik ve NIR floresan 6zellikleri nedeniyle,
tasiyict olarak genis capta arastirilan malzemelerdir. Tasarlanan sistemin anahtar
boliimiini olusturmak i¢in tek duvarli karbon nanotiipler (TDKNT'ler) kullanilmistir
ve nano tastyicinin gelistirilmesi igin iki farkl tek duvarli karbon nanotiip tercih
edilmistir. Nanotiiplerin imal edilmesinden sonra, numunelerdeki safsizliklari
gidermek icin SWNT'lere saflastirma islemi uygulanmistir. Daha sonra, nano-
tagiyicilara biyouyumluluk 6zelliklerinin kazandirilmasi i¢in, biyouyumlu bir polimer
olan polietilen glikol (PEG) kullanilmistir. Literatiirde belirtildigi gib PEG’in
hidrofilikligi sayesinde polimer nano tastyicilara gereken biyouyumluluk
saglanabilmektedir. Ik adimda, her bir TDKNT’yi kaplamak igin zincir uzunluklar:
farkli olan 4 adet PEG (PEGo2o00, PEGso00, PEG12000 ve dalli PEGsooo) polimeri
hazirlanmistir. Bu calismadaki sentez isleminde baslangi¢ noktast metoksi PEG’dir.
Bir sonraki adimda, PEG polimerleri PEG-COOH'ye doniistiirilmiistiir ve
TDKNT lerin yiizey modifikasyonu i¢in kovalent olmayan bir yaklagim kullanilmistir.
piren tastyan PEG elde etmek i¢cin, PEG-COOH ile piren metanol arasinda bir
esterifikasyon reaksiyonu gergeklestirilmistir. Son adimda ise, TDKNT'lerin fiziksel
kaplamalari, s6z konusu piren tasiyan PEG'ler kullanilarak basariyla
gerceklestirilmistir. Sentezlenen numuneleri karakterize etmek i¢in 'HNMR, FTIR,
TGA, UV-vis ve floresan spektroskopisi analizi yapilmistir. TGA analizinin sonucu,
kisa TDKNT'lere PEG baglanma miktarinin, uzun TDKNT'lerden daha yiiksek
oldugunu gostermistir. Uretilen nano-tasiyicilarin biyouyumluluguna dair bilgi
edinmek i¢in, PEG ile kaplanmig TDKNT'ler i¢in in vitro sitotoksisite ve in vivo kan
dolasim siiresi analizleri yapilmistir. PEG ile kaplanmis kisa ve uzun TDKNT'ler i¢in
yapilan in vitro sitotoksisite sonuglarindan, kisa TDKNT'lerdeki hiicre canliliginin
uzun TDKNT numunelerine gore daha yiiksek oldugu anlagilmistir. PEG polimerinin
molekiiler agirlig1 azaldikga, hiicre ¢ogalmasinin 6nlenmesi sonucunda hiicre canlilig
azalmistir. Ayrica, konfokal floresan mikroskopi goriintiileriyle in vitro sitotoksisite
sonuclart birbirini dogrulamistir. Bir sonraki adimda, fareler iizerinde in vivo kan
dolasim siiresi incelenmistir. Ilging bir sekilde, dallanmis PEGsooo kaplt TDKNT'lerin
kan dolasiminda 13 saate yakin kalarak daha uzun bir siire dolasima dahil oldugu
gorilmiistiir.
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Calismanin bir sonraki asamasinda, TDKNT'lere yiiklemek i¢in bir antikanser ajan
olarak Doksorubisin (DOX) kullanilmistir. Calismamizda DOX yiikleme c¢aligmalari
iki adimda gerceklestirilmistir. Ik adimda, kisa ve uzun TDKNT'ler, DOX
yiiklemesinin miktarini ve verimini arastirmak i¢in 3 farkli pH'l tampon ¢6zeltilerinde
hazirlanarak incelenmistir. DOX yilikleme ve salim miktarini aragtirmak i¢in UV-
spektrometresi kullanilmistir. DOX dalga boyunun karakteristik pikine dair net bir
bilgi elde etmek i¢in 350-650 nm arasinda taram yapilmigtir. 490 nm'nin karakteristik
pik olarak seg¢ilip ileri caligmalar i¢in kullanilabilecegi gézlenmistir. Bundan sonra,
TDKNT'ler i¢in in vitro sitotoksisite arastirilmasiyla ile birlikte DOX-yiikli
nanotastyicilarin ilag salim performanslarinin daha dikkatli bir incelemesi igin, ilag
salim profillerinin matematiksel yaklagimla incelemesi yapilmistir.

Bir sonraki asamada, nanotasiyicilara reseptor hedefli 6zellik kazandirmak i¢in, Folik
Asit (FA) ligand olarak kullanilmistir. Piren-FA'nin TDKNT'lere eklenmesinden
sonra, numunelerin PEGilasyonu gercgeklestirilmis ve son olarak, nanotasiyicilara
DOX ilac1 yiiklenmistir. DOX'un farkli pH degerlerinde (5.5, 7.4 ve 9) kisa ve uzun
TDKNT'lere yiiklenmesi incelenerek, pH 9 da TDKNT'lere DOX yiiklemesine daha
yiiksek oldugu gdzlemlenmistir. Nano tasiyicilarin salim performansi, normal ve
kanser hiicrelerinin i¢i ortamini taklit etmek i¢in sirasiyla fizyolojik pH 7.4 ve asit pH
5.4'te incelenmistri. Sonuglar, tiim nanotasiyicilarin pH 5.4'te daha yiiksek salim
miktarina sahip oldugunu gostermistir. Ayrica, FA kapli TDKNT nanotasiyicilari, her
iki pH'ta da daha yiiksek salim performansi gostermistir. Son asamada, DOX yiiklii
TDKNT ornekleri i¢in in vitro sitotoksisite gergeklestirildi. FA kapli TDKNT'lerin,
FA kapli olmayan TDKNT'lere gore daha diisiik hiicre canliligina sahip oldugu
gbzlenmistir.

Onceki béliimlerde, in vitro ve in vivo calismalarda hasarsiz  TDKNT'ler
kullanilmistir. Bununla birlikte, TDKNT iiretimi ve saflagtirma asamasi boyunca,
hasarsiz TDKNT'lerin elde edilmesinin Onlenemeyecegi diisiiniilmektedir. Bu
calismanin devaminda, hasarli nanotiipler ve piren tasiyici yapilar arasindaki van der
Waals etkilesimi tizerindeki etkisini aragtiritlmistir. Buna gore, hasarli TDKNT'lerde
n-w etkilesiminin roliinii aragtirmak i¢cin, TDKNT yan duvarlarina adsorbe etmek tizere
tasarlanmis bir dizi hidroksil ve karboksil fonksiyonellestirilmis bilesik ile molekiiler
dinamik ve deneysel calismalar yapilmistir. Topolojik Stone-Wales hasarlamin
TDKNT'ler iizerindeki etkisinin, piren tastyici bilesik yapilarinin baglanma miktar
tizerindeki etkisi arastirilmistir. Ik asamada, 3 farkli TDKNT (hasarsiz, hasarli ve —
COOH fonksiyonelestirilmis hasarli karbon nanotiiplerin molekiiler dinamik
caligmalar yapilmistir. Kaplama bilesikleri olarak piren-COOH, piren- (OH)2 ve piren-
OH kullanilmistir. Baglanma enerjisi ve Radyal Dagilim Fonksiyonu (RDF), piren-
COOH'nin su molekiilleri ile daha yiiksek hidrojen bagi olusturabildigini, dolayisiyla
TDKNT'leri sulu ortamda dagitabildiklerini gdstermistir. Ayrica, aromatik yapisinda
bozulma nedeniyle -COOH fonksiyonellestirilmis hasarli TDKNT"leri, piren ile etkili
bir m-m etkilesiminin saglayamadigi goézlemlenmistir. Bu nedenle, pirenin
TDKNT'lerin yiizeyine baglanmasi kararli degildir. Son asamada, piren-COOH, piren-
(OH)2 ve piren-OH bilesikleri sentezlenerek ve TDKNT'lerin fiziksel kaplanmasi igin
kullanilmistir. Beklendigi gibi, piren-COOH kapli TDKNT'ler, sentezlenmis TDKNT
nanotastyicilart i¢in daha yiiksek dagilim saglamistir. Piren-COOH, piren- (OH)2 ve
piren-OH kapli TDKNT'lerin dispersiyonu hakkinda gorsel bilgi edinmek igin,
TDKNT'lerin t = 0, 1,3,5 saat zaman araliklarinda su igindeki dispersiyonu
fotograflandi. Sonuglar, TDKNT'lerin 1 saat sonra su i¢inde basariyla dagildigini
acikca gostermistir. Pyr-OH ve pyr- (OH)2 ile kaplanmis TDKNT'lerin ¢6kmesi zaman

XXViil



ilerledikge gergeklestigi goriilmgiistiir. Pyr-OH ve pyr- (OH)2 ve su molekiilleri
arasinda diisiik H-bag1 olusumu ve daha hidrofobik yapilar1 nedeniyle TDKNT'lerin
daha diisiik bir dispersiyouna sahip oldugu gézlemlenmistir. Pyr-COOH ile kaplanmis
SWNT'lerde ise, 5 saat sonra tamamen homojen bir sekilde dipsers oldugu
saptanmigtir. Dispersiyon davranisindaki farkin, pyr-COOH igindeki karboksil
gruplar1 ve su arasindaki etkili H-bag1 etkilesimlerin molekiiler dinamik simiilasyon
sonugclari ile miikemmel uyum i¢inde oldugu goriilmiistiir
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1. INTRODUCTION

Heart disease and cancer are the first and second leading causes of deaths in the world
for more than a decade. However, the statistics from the American Cancer Society [1]
show that cancer death rate has dropped progressively over the past 25 years in the
United States. The decline in cancer mortality is attributed to the gradually drops in
smoking and developments in early diagnostics and treatment.

Cancer refers to the rapid and abnormal cell growth in the body [2-4] . Unlike to
normal cells, in cancerous tissues cells divides in an uncontrolled manner into
malignant. These cancer cells are not restricted in fixed sites and may spread more
rapidly leading to development of tumor. Breast cancer is the second most diagnosed
cancer in women in the world [1], after skin cancer, affecting one in eight woman aged
up to 80 years. The disease arises when breast cells mutate and reproduce
uncontrollably and form tumor. Early diagnostics play crucial role in treatment of
cancer [5]. Cancer cells have the capability to spread to all over the body and may
develop other cancer types [3]. Women with a family history of the disease carry
higher risk for breast cancer. The delivery of a therapeutic agent to the specific part of
the body has always been a major challenge in diseases treatment. Weak
biodistribution, lack of selectivity and limited efficacy are main disadvantages of
conventional drugs application. At this point, controlled drug delivery systems offer
great prospects to overcome these limitations. Controlled drug delivery systems have
the following advantages [6-10] over the conventional drug application: 1) lower
clearance from the circulatory system 2) delivery of the drug to the site of action 3)

lower harmful side effects and 4) lower drug concentration required.

1.1 Nanoparticels

According to the National Nanotechnology Initiative (NNI) classification,
nanoparticles size in the range of 1 and 100 nm can be assumed as one dimension. In
order to characterize a nanoparticle as potential delivery tools, nanoparticles should

have optimized physical, chemical and biological features (Figure 1.1). Moreover, the



size of the nanocarrier has to be in appropriate range to be taken up easily by targeted
cell tissues [11].

Polymer core Orug (Payload)

Polymer shell /
9,
)'\ Cell surface targeting moiety

g (Peptide/ Ligand)
Polyethylene glycol

Antibody (hydrophilic polymer)

Figure 1.1 : A polymeric nanohybrid device vector [12].

Thus far, various nanocarriers were offered as drug delivery systems (Figure 1.2). The
first nanocarrier that was used as drug carriers is liposomes. These spherical vesicles
nanocarriers are in 80-300 nm size range [13] and mostly composed of phospholipids
bilayers. It was shown that liposomal nanocarriers enhance the pharmacokinetic
properties of the therapeutic agents by improving their solubility and biodistribution
[14]. After the encapsulation of the drug in liposomal nanocarrier, the release can be
triggered by changing the pH of the medium, its concentration, or osmotic gradient.
Thus far, several therapeutic agents including anti-inflammatory [15], antibiotics [16],
[17] neurotransmitters (serotonin) [18] and anticancer drugs [14] were successfully

used to be delivered by liposomal formulation.

Polymeric nanoparticles are main class of nanocarriers that have been widely
employed for drug delivery applications. PEGylated PLGA for DOX delivery [19],
polyacrylate in delivery of [-lactam [20], PLA-co-PLG for antifungal drug
Clotrimazole delivery [21] and poly(ethylene oxide-g-acrylamide) for delivery of
anticancer prodrug of Capecitabine [22] are some examples of polymeric

nanoparticles that were used for biomedical applications.

1.2 Carbon Nanotubes

Carbon nanotubes (CNT) are novel class of nanomaterials attracted tremendous
attention due to their promising characteristics for biological settings [23-27]. CNTs
with three dimensional hexagonal arrangements of carbon atoms which are considered

one of the high stiff materials [28, 29] and characterized with excellent optical intensity



[30], thermal [28, 31, 32] and electrical [33][34] and strong Raman signals [35, 36]
CNTs can be classified mainly into two types based on their diameter, length and
number of walls as shown in Figure 1.3. Single walled carbon nanotubes (SWNTSs)
and multi walled carbon nanotubes (MWNTS) are two types of carbon nanotubes that

are widely used in various application.
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Nanoparticles as drug delivery systems
Figure 1.2 : Classification of particles based on their size [11].

Owing to their intrinsic physiochemical and Near Infrared (NIR) photoluminescence
properties, these nanomaterials hold great application for drug delivery systems
especially for cancer imaging and therapy. CNTs can be considered as nanocarrier as
they contain the following properties [37] :1) Needle like structure 2) high aspect ratio
3) NIR fluorescence emission. However, these nanomaterials have some drawback just
like any other nanomaterials. One of the disadvantages of these nanoparticles are the
cytotoxicity in biological applications. In this regards, surface modification of these
nanoparticles is required to be employed in drug delivery systems. Two different

methods were offered to overcome this challenge. Covalent functionalization and



noncovalent coating of these nanomaterial are two approach that have used to improve
their cytotoxic properties.
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Figure 1.3 : Classification of CNTSs: (a) Single wall carbon nanotubes (b) Multiwall
carbon nanotubes [37].

Noncovalent surface modification of CNTs can be achieve by coating the surface of
these nanomaterials by supramolecular structures such surfactants, DNA, RNA,
biopolymers and proteins. Due to their sp? graphitic carbon atoms, these nanomaterials
have hydrophobic structures. Therefore, they can easily provide van der Waals and n-

n stacking interaction with similar structures.

Sodium dodecyl sulfate based materials [38, 39], DNA [40, 41], protein[42—44] and
phospholipid—polyethylene glycol (PL-PEG) are some of the supramolecular
structures that was used for surface modification of these nanomaterials [37].

Covalent functionalization is another approach that was employed by researchers for
surface modification of CNTs. This method results in the introduction of heteroatoms

(mostly O and N) to the side wall or end cap of nanotubes which leads to the disruption



of SP2 hybridization of carbon atom. However, through these kind of atoms surface

functionalization of CNT is achievable by conjugation of biocompatible structures.

1.3 Molecular Dynamics

Molecular dynamics (MD) is a computer simulation technique for understanding the
atoms and molecules structure-to-function relationships. Over the last several decades
MD has become an integral part of theoretical study for engineering, material sciences,
biophysics, chemistry, and biology. In MD technique, the time evolution of many-
body systems is assessed by numerically integrating Newton’s equations of motion.
Thanks to recent progress in high performance computing (HPC) machine, it is now

possible to achieve time scales that compatible with biological processes.

In this part of the chapter in summary we present how molecular dynamics simulation
was performed to light up the invisible microscopic details for the designed nanocarrier
system. Moreover, it is discussed how MD concept and technique have been applied
to make the main principle operational and therefore to predict experimental results.

1.3.1 Classical molecular dyanmics

In classical MD simulations for a system of N interacting particles, Newton’s

equations of motion are described by [45]:

fi =miq, (1.1)
fi= - s=u(rn) a2
[ (’)ﬁ"u Ti, 7y

where m; and ]_‘; are the mass of particle i and the force acting on atom i due to the

interactions with nearby atoms, respectively. @, and p denote the acceleration created

by the force ]_‘; and the potential energy between the atoms, respectively.

1.3.2 Force fields

In molecular modeling, a Force Fields (FF) is a mathematical expression describing
the time evolution of bonding interaction consisting of bond lengths, bond angles and
torsions and nonbonding interaction consisting of van der Waals and electrostatic

interactions between atoms [46].
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1.3.3 Statistical ensembles

In statistical mechanics, an ensemble is a probability distribution refers to an idealized
tool, which is used for studying the evolution of a thermodynamic system. The
ensemble involves a large number of virtual copies with a set of fixed and known

thermodynamic variables (Table 1.1).

Table 1.1 : List of statistical ensemble used in molecular daynamics.

Symbol Ensemble Name  Fixed Variables
Q Microcanonical N, V, E

Q Canonical NV, T

A Isobaric-isothermal N,P, T

Q) Grand canonical u, V,T

1.3.3.1 Microcanonical

The microcanonical ensemble (NVE) refers to constant-energy, constant-volume
system which can be defined by solving Newton's equation without any temperature

and pressure control. This system is completely isolated from its surroundings.

1.3.3.2 Canonical ensemble

In statistical mechanics, a canonical ensemble is the statistical ensemble that represents
the possible states of a mechanical system in thermal equilibrium with a heat bath at a
fixed temperature. The system can exchange energy with the heat bath, so that the

states of the system will differ in total energy.

In canonical ensemble (NVT), temperature, volume and number of particles of the
system (a solid, liquid or a gas) are kept constant throughout the run. The ensemble is



obtained by being immersed in a heat bath at a temperature T and fixing the volume
of the system.

1.3.3.3 Isothermal-Isobaric ensemble

This ensemble is typically abbreviated in terms of constant number of particles,
pressure, and temperature (NPT). This ensemble enables us to have control over both
the temperature and pressure.

1.3.3.4 Grand canonical

The grand canonical ensemble (uVT) can be described by constant-chemical potential,
u, constant-volume V and constant-temperature T variables. In uVT ensemble, the

total particle number N is therefore allowed to fluctuate.






2. EXPERIMENTAL

2.1 Materials

Poly (ethylene glycol) monomethyl ether with 2000, 5000 and 12000 g/mol molecular
weight were obtained from Sigma Aldrich and were used as received.
Dichloromethane (CH2Cl2) was purchased from Aldrich and distilled over P2Os before
usage. Tetrahydrofuran (THF; 99.8%, J.T. Baker) was dried and distilled over
benzophenone—Na. Other solvents were purified using standard procedures. Succinic
anhydride, dimethylaminopyridine (DMAP), trimethylamine (TEA), N, N'-
dicyclohexylcarbodiimide (DCC), Folic acid (FA), 1-pyrenemethanol 98% and 1-
pyreneacetic acid were all purchased from Aldrich and used as received without further
purification. Human Umbilical Vein Endothelial cells (HUVEC) were obtained from
American Type Culture Collection (Manassas, VVa.). Nitric acid (78%) and phosphate-

buffered saline powder were purchased from Sigma-Aldrich.

Short and long SWNTSs and doxorubicin (DOX) were kindly provided by Prof. Dr.
Nilgiin Yavuz from Energy Institute of Istanbul Technical University and Dr. Ayhan

Unlii from Trakya University, respectively.

2.2 Synthesis Methods

2.2.1 Preparation of PEG -COOH

Succinic anhydride (1.46 g, 14.6 mmol) and dimethylaminopyridine (DMAP) (209
mg, 1.71 mmol) were completely dissolved in 15 mL of anhydrous THF and kept at 0
°C for 30 min. PEG2o00 (4.28 g, 4.28 mmol) and trimethylamine (TEA) (1.8 mL, 12.8
mmol) were mixed in 15 mL of THF and transferred slowly into the succinic anhydride
solution using a syringe. The solution was stirred at 0 °C for 2 h, and the reaction was
continued at room temperature for 24 h under the nitrogen atmosphere. Then
PEG2000COOH was precipitated in cold diethyl ether. The precipitates were dissolved
in dichloromethane again and then reprecipitated in cold diethyl ether. The precipitates
were dried under vacuum at room temperature overnight. The same procedure was
applied to synthesize PEGsp00COOH and PEG12000COOH.



2.2.2 Preparation of pyrene bearing polymers (pyr-PEG)

A relatively straightforward method was used to synthesize poly (ethylene glycol)
monomethyl ether pyrene. Firstly, 1-pyrenylmethanol (1.0 g,4.3 mmol),
PEG2000COOH (3.5 g, 1.1 mmol), and 25 mL of dry THF were added to an around-
bottomed flask. Then, to the reaction mixture, dicyclohexylcarbodiimide (1.33 g, 9.47
mmol) and dimethylaminopyridine (DMAP) (0.21 g, 1.71 mmol) in 15 mL of dry THF
was added dropwise over a period of 30 min at 0 °C under nitrogen and then stirred at
room temperature overnight. At the end of reaction time, the reaction solution was
concentrated and the crude product was dissolved in diethyl ether, washed with dilute

NaHCO3 aqueous solution for two times, and dried over anhydrous Na>SOa.

2.2.3 Functionalization of SWNTSs with pyrene-PEG

50 mg SWNTs, 0.25 g pyrene-PEG2000 (polymer to nanotubes ratio: 5, w/wy), and 150
mL of dry THF were added to a round-bottomed flask. The obtained mixture was
sonicated for 30 min, in a low-power sonic bath and stirred vigorously for additional
72 h at room temperature. The mixture was filtered through a filter (Sartorius, PTFE;
pore size, 0.2 um) to remove nonattached pyrene-PEG (pyr-PEG). Then remaining
solid on the filter was sonicated well with using an excessive amount of fresh THF and
filtered again. This procedure repeated until the free filtrate was obtained. The
achieved black powder was then dried under vacuum at 35 °C for 24 h. The same

procedure was applied to obtain pyrene-PEGsooo and pyrene-PEG12000.

2.2.4 Preparation of branched PEGsooo(pyr-PEGbsooo)

(6,10-dihydropyren-1-yl)methyl 2,2 5-trimethyl-1,3-dioxane-5-carboxylate (pyrene
ketal) (0.5 g, 1.4 mmol), PEGs000-COOH (2.73 g, 4.2 mmol) and DMAP (0.17 g, 1.4
mmol) was dissolved in 100 mL of CH2Cl. were added to the reaction mixture in that
order. After stirring 5 minutes at room temperature, DCC (0.87 g, 4.2 mmol) dissolved
in 50 mL of CH.Cl, was added. Reaction mixture was stirred two days at room
temperature and ammonium salt by-product was filtered. The product was purified by
column chromatography over silica gel eluting with ethyl CH.Cl./acetate (1:1) to get
the unreacted materials then CH2Clo/methanol(1:1) to obtain pyr-PEGsooo-PEGsooo.
Then the polymer was precipitated in diethyl ether.
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2.2.5 Synthesis of 4-oxo-4-(pyren-1-ylmethoxy)butanoic acid (pyr-COOH)

First, pyrene methanol (2.0 g, 8.61 mmol) was dissolved in 100 mL of CH2Cl». To the
reaction mixture, EtsN (6 ml, 43.1 mmol), DMAP (1.05 g, 8.61 mmol) and succinic
anhydride (2.58 g, 25.8 mmol) were added in the given order. The mixture was stirred
for overnight at room temperature. Then, the reaction solution was discharged into ice-
cold water (150 mL), stirred for 30 min at room temperature before pouring into
separating funnel. The organic phase was extracted with 1M HCI (100 mL). The
aqueous phase extracted with CH2Cl, and combined organic phases dried over Na,SO4

and concentrated.

2.2.6 Synthesis of (6,10-dihydropyren-1-yl)methyl 3-hydroxy-2
(hydroxymethyl)-2-methylpropanoate (pyr-Diol)

In order to obtian pyren-(OH)2 (pyr-Diol), acid ketal (3.0 g, 7.7 mmol) was dissolved
in a mixture of 100 mL of THF and 60 mL of 1 M HCI. The reaction mixture was
stirred for 2 h at room temperature. Afterward, the reaction solvent was evaporated
and product was extracted with 320 mL of CH2Cl, and 80 mL of water. The combined
organic phase was dried with Na,SO4 and concentrated.

2.2.7 Synthesis of pyrene bearing folic acid (pyr-FA)

Typically, 1.5 mg of the 1-pyreneacetic-acid was added to a 50-mL round-bottom flask
containing 0.2 g of folic acid (Aldrich, N97%) and 25 mL of N,N dimethylformamide
(DMF; Aldrich, 99.8%). The mixture was refluxed overnight. After refluxing, pyr-FA
was filtered using a 0.45-um PTFE membrane (Membrane Solutions). Finally, pyr-FA

was redispersed in water, filtered, and washed with deionized water.

2.2.8 Functionalization of SWNTSs with pyrene bearing folic acid

50 mg SWNTs, 0.15 g pyr-FA and 150 mL of dry THF were added to a round-
bottomed flask. The obtained mixture was sonicated for 30 min, in a low-power sonic
bath and stirred vigorously for additional 48 h at room temperature. The mixture was
filtered through a filter (Sartorius, PTFE; pore size, 0.2 um) to remove nonattached
pyr-FA. Then, the remaining solid on the filter was sonicated well with using an
excessive amount of fresh THF and filtered again. This procedure repeated until the
free filtrate was obtained. The achieved black powder was then dried under vacuum at
35 °C for 24 h.
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2.2.9 Functionalization of SWNTSs with pyr-FA and pyr-PEG

50 mg SWNTs/pyr-FA, 0.25 g pyr-PEGnsooo and 150 mL of dry THF were added to a
round-bottomed flask. After sonication for 30 min in a sonic bath the mixture was
stirred vigorously for additional 72 h at room temperature. Finally, the mixture was
filtered through a filter (Sartorius, PTFE; pore size, 0.2 um) to remove nonattached
pyr-PEGhs000. Then, the remaining solid on the filter was sonicated well with using an
excessive amount of fresh THF and filtered again. This procedure repeated until the
free filtrate was obtained. The achieved black powder was then dried under vacuum at
35 °C for 24 h. The same procedure was applied to obtain pyr-PEGi2000 coated
SWNTs/pyr-FA nanostructure.

2.2.10 Doxorubicin (DOX) loading onto SWNTSs

DOX hydrochloride (1.5 mM) was stirred with short and long SWNTSs nanocarriers
(0.1 mg/ml) in different buffer solutions (pH=5.5, 7,4 and 9) for 20 h at room
temperature. The product was collected by separation and washed several times with
buffer until the supernatant became color free. UV-vis absorbance spectra of DOX-
loaded samples were measured by using Perkin Elmer LS 45 spectrometer. The
concentration of DOX loaded SWNTSs nanocarriers was measured at the characteristic
value of DOX which is 490 nm. To achieve DOX loaded PEGylated SWNTSs,
noncovalent binding method was used. Different PEGylated SWNT samples were
separately dissolved in buffer solution at pH 9 and sonicated for 30 min to achieve a
satisfactory SWNT dispersion. Then, SWNT solution was simply stirred with DOX
for 20 h at room temperature in the dark. To remove any free and unbound DOX in
solution repeated fltering were carried out. The formation of different PEGylated
SWNT/DOX complex was verifed by the reddish color of the solution.

2.2.11 Doxorubicine release studies

In order to explore the release performance of DOX from different SWNT samples
two different pH values were used (pH 7.4 and 5.5). DOX loaded SWNT (1 mg)
sample was dissolved in 5 ml buffer solution at 37 °C in pH 7.4 and pH 5.5. At different
time intervals, 0.8 ml of the solution was withdrawn and the concentration was
detected by Perkin Elmer LS 45 spectrometer at 490 nm. The releasing measurement
of SWNT samples were repeated in triplicate. After UV-vis record, the outer SWNT

solution were instantaneously returned back to the releasing medium. The release
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measurement of all samples were pursued until the DOX releasing profile turned to
flat.

2.3 Materials Characterization

Thermal gravimetric analysis (TGAs) were performed on Perkin—Elmer Diamond
TA/TGA in the temperature range of 30-800 °C, with a heating rate of 10 °C /min
under nitrogen. UV-vis spectra were recorded on an Agilent Cary 100
spectrophotometer in CH2Cl. High-resolution transmission electron microscopy (HR-
TEM) micrographs were collected using a JEOL 2100 instrument operating at 200 kV.
HR-TEM samples were prepared by drop coating a dilute solution of the sample (in
THF) on a holey carbon-coated copper grid. The 1H spectra were recorded in CDCl3
with Si(CHa)z as internal standard on an Agilent VNMRS 500 instrument (500 MHz
for 1H). The FTIR spectra for poly (ethylene glycol) monomethyl ether, PEG—COOH,
and pyrene-PEG were recorded by FTIR spectrometer [Spectrum RX I (Perkin-Elmer,
Waltham, MA)] by using both ATR system (powder form directly usable). Raman
spectra was recorded using a Raman Microscopy System (U.K.) with excitation at 514

nm and 10x objective, 10% laser power.

2.3.1 Fluorescence microscope images

MDA-MB-231 cells were cultured and after 48 h incubation, cells were trypsinized
and reseeded into 9.5 cm? 6-well coverslips containing culture plate of Nest that there
were 500,000 cells in every plate. After 24 h incubation the DOX loaded long and
short CNTs applied to the cells at concentrations 0, 10, 100 pg/ml, 2 wells for each.
After 24 h waiting, cell culture media was removed from each well and washed twice
with PBS. After washing and removing PBS, we added 1% Triton x-100 and % 99
PBS solutions to each well and waited 20 min at room temperature. The cells again
washed twice with PBS and 1 ml of %2 paraformaldehyde and % 98 PBS solution was
added to each well and incubated 1 h at + 4 °C. The cells washed twice with PBS last
time and 1 ml of 1/1000 actin phalloidin TRICH and BSA-PBS solution was added to
each well in the darkness and incubated at 37 °C, 30 min. Coverslips were carefully
removed from the wells and blotted to remove any excess water. One drop of Prolong

Dapi antifade was dispensed onto the microscope slide per coverslip. The coverslips
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were mounted with the cells facing towards the microscope slide and visualized using

Olympus BX51 fluorescence microscope.

2.3.2 Laser scanning confocal microscopy (LSCM)

HUVECs were seeded on round coverslip with 106 cells in each well. The day after,
cells were incubated with pyr-PEG coated SWNTSs for 6 h. Cells were washed with
PBS and incubated for 30 min for increasing the membrane permeability with 0.1%
Triton X-100-PBS. This was followed by 3 washes with PBS, which was repeated at
the end of each step. Paraformaldehyde-PBS (2%) was used for the fixation for 1 hour
at 4 °C, and then Phalloidin-TRITC (1:1000, Sigma) was used to determine the
intracellular actin distribution. For labelling the nuclei, 4', 6-diamidino-2-phenylindole
(DAPI, Invitrogen) was implemented and the preparations were imaged with a
confocal laser scanning microscope (Leica, TCS-SPE) equipped with lasers providing
532 nm and 405 nm laser lines by Leica Application Suit Advanced Flourescence 3.3
(LAS AF) software [47].

2.4 Cell Culture and Cell Viability Assay

Human Umbilical Vein Endothelial Cells (HUVECSs) were cultured in Dulbecco's
Modified Eagle Medium F-12 (DMEM/F12, Gibco, UK) supplemented with 10% fetal
bovine serum and 100 U/ml penicillin and 100 pg/ml streptomycin at 37 °C. Cells were
seeded into 6-well plate (106 cells/well) and were incubated for 48 h prior to treatment
with increased concentrations (5, 10, 50, 100 ug/ml) of pyr-PEG coated SWNTSs.
Cytotoxic effect of pyr-PEG coated SWNTSs was tested with two different assays; 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma, USA) and
water-soluble tetrazolium salt (WST-1, Sigma, USA). After incubation of HUVECs
with pyr-PEG coated SWNTs for 48 h, MTT (final concentration 0.1 mg/ml) was
added and incubated for 4 h at 37 °C. Following the decantation of supernatants,
DMSO was added and incubated at room temperature in the dark for 30 min.
Absorbance was measured at 570 nm with a plate reader (Biotek, USA). WST-1 cell

proliferation/viability assay was realized according to the manufacturer's instructions.
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2.5 In Vivo Blood Circulation Time Assay

To investigate in vivo blood circulation time for the PEGylated SWNTSs, eight-week-
old BALB/c mice were used. 4 mice were used for each SWNT sample. Each sample
in saline solution was intravenously injected into the tail vein. At different time
intervals, ~ 2 ul blood sample were collected and the same amount of lysis buffer
added to the blood samples. The lysis buffer consists of buffer 40 mM Tris acetate, 1%
Triton X-100, 1% SDS, 10 mM DTT and 10 mM EDTA. Raman spectroscopy was
employed to measure the amount of SWNTSs in the circulatory system of the mice
using the density of the G bands. To achieve this, PEGylated SWNT solutions with
known concentrations of 0.01 to 5 mg / ml were prepared and the density of the G

bands were recorded at 808 nm to plot the calibration curve.

2.6 Statistical Analysis

All experimental studies were performed at least three times and each concentration
was assayed in triplicate, to achieve independent experiments for the viability assays.
Results were expressed as mean =+ standard deviation (SD). Statistical analysis was
carried out using one-way analysis of variance (ANOVA), followed by Student's t-test
by GraphPad Prism 6.01. Differences were considered significant from p <0.05 and p
<0.01.

2.7 Computational Methods

In the first step, one SWNTSs was modeled to reveal the effect of functional groups on
the interactions between pyr-COOH, pyr-(OH). and pyr-OH and SWNT. We used the
Build module of Materials Studio to generate a SWNT having (6,6) chirality with a
diameter of 8.0 A and a length of 22.0 A. Model SWNT dimensions agree with the
synthesized nanotubes. Using the same module, we built pyrene bearing pyr-COOH,
pyr-(OH)2 and pyr-OH molecules. Generated structures were subjected to the energy
minimization satisfying an energy threshold of 0.001 kcal/mol using a combination of
steepest descent, Newton-Raphson and quasi-Newton methods.

Using the Adsorption Annealling module for each system 7 pyrene bearing molecules
and one SWNT were randomly packed together to the simulation box of a aqueous

medium, fixing the density to 1.2 g/cm®. Water was selected as solvent in order to
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mimic both the polar solvent in the coating experiments and the hydrophilic property
of body fluids. Simulation boxes were large enough to accommodate the SWNT and
7 pyrene bearing molecules. After energy minimization of the simulation cell MD
simulations were performed with the Forcite module using the COMPASS force field
for molecular interactions. Periodic boundary conditions were employed for the NVT
ensemble at 300 K that was maintained by applying Berendsen thermostat with a decay
constant of 0.1 ps. Electrostatic interactions were computed using the Ewald
summation technique. For the long-range van der Waals interactions, the cutoff
distance was taken as 12.5 A. Each system was run for 5 ns, which was sufficient to
monitor the rapid coating process of SWNTs with pyrene bearing molecules. Each
simulation was replicated at least three times leading to a total 15 ns of simulation

time.

16



3. RESULTS AND DISCUSSION

Owing to their intrinsic chemical, physical and biological properties, Single-walled
carbon nanotubes (SWNTs) have been on spotlight as one of the most promising
nanomaterials for biomedical applications such as cellular imaging [48, 49] bone
scaffolding [50] MRI contrast agents [51] tumor destruction agents [52, 53] and
intracellular protein transporters [23]. Although, pristine SWNTSs have been reported
to have the capability to transport their cargo without metabolism in the circulatory
system and directly enter into the intracellular medium [24, 35, 54, 55] several studies
revealed that carbon nanotubes have cytotoxic effects on cultured cells and adverse
health outcomes on animals. Inhibition of cell proliferation [56, 57], induction of
oxidative stress [25, 58] and apoptosis/necrosis are some of the negative impacts of
SWNTs. The challenging task of employing of pristine SWNTs is their limited
solubility in any biological environment due to their hydrophobic structure, which is
prone to form bundles. Covalent modification or noncovalent attachment of
biocompatible macromolecules to SWNTSs are two common approaches, which trigger
off the required dispersion into the biological media. Compared to the covalent
functionalization, the noncovalent attachment is preferred to retain the desired
properties of SWNT for cellular media, especially for NIR-II fluorescence imaging
applications. Moreover, SWNTs wrapped by polymers, DNA or proteins prevent the

disruption of the n-network of pristine carbon nanotubes.

Poly(ethylene glycol) (PEG) is a FDA approved polymer and one of the most effective
polymers for surface coating of SWNTSs [59]. Due to the hydrophilic, flexible nature
and surface passivation of SWNTs, PEG chains provide the required resistance against
immune system macrophages, which results in PEG-modified SWNTs to be
recognized as biomaterials followed by prolonged blood circulation time and delayed
clearance from the body[60]. Several strategies have been developed to synthesize
PEG-coated SWNTs [49, 50, 61]. One of the versatile synthesis methods is the
adsorption of aromatic moieties functionalized with PEG chains onto pristine SWNTS.

Pyrene is an example of an aromatic compound made of four benzene rings fused
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together. Pyrene conjugated PEG chains can strongly bind to SWNTs surface via n—n
interactions leaving the PEG chains extruding out from the sidewall [62, 63]. Here,
the SWNTs size and the degree of PEGylation of SWNTs play crucial roles in
affording the required biodistribution to the fabricated nanoplatforms for potential
clinical applications. However, thus far there have been a few studies investigating
these paramaters from this aspect. PEG chains with at least 2 kDa molecular weight
can provide sufficient biodistribution and protection against immune system
macrophages [64, 65]. The Dai group explored the uptake of SWNTs noncovalently
functionalized by PEGylated phospholipids in the reticuloendothelial system (RES) of
mice [66]. They observed that PEG chains with branched structures (7 kDa) had the
desired blood circulation behavior and biodistribution excellent for in vivo
applications. Low solubility of SWNTSs in the biological environment is another issue
that is strongly a size-dependent characteristic. As the size of SWNTSs increase, due to
strong van der Waals attractions between them, SWNTSs tend to aggregate and form
bundle structures leading to highly cytotoxic activity against cell lines and animal
species [67, 68]. In this part of the study, the effect of PEG chain length (PEG2000,
PEGso00, PEG12000 and branched PEGsoo0) and SWNT size on cell viability of Human
Umbilical Vein Endothelial Cells (HUVEC) along with in vivo blood circulaton time

on mice were investigated.

3.1 SWNT Characterization

TEM images of the fabricated SWNTs are shown in Figure 3.1 TEM, is significantly
the highest-resolution technique that enables to capture fine detail of carbon nanotube

samples.

Figure 3.1 : TEM images of SWNTSs synthesized at 800 °C.
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It is evident that the structures synthesized by chemical vapor deposition method are
carbon nanotubes. Raman spectroscopy is a powerful technique for the
characterization of the structure of carbon nanotubes. Figure 3.2 shows Raman spectra
for synthesized carbon nanotubes deposit excited by 532 nm laser. Two different
spectra of CNTs were observed at the G band (around 1580 cm™) and D band (around
1350 cm™). It can be seen that the intensity of the G band is considerably higher than
the D band. The intensity ratio of D to G band (ID/IG) expresses the quality of SWNTSs.
The higher ratio explains the higher amorphous carbon content and defect formation.
The intensity ratio of G to D band of the synthesized SWNT sample was found as 0.69.
This observation leads to a conclusion: SWNTSs have low amorphous carbon content
and defects. As seen in Figure 3.2, the spectrum in the RBM band, which is a
characteristic of SWNT, was observed in the sample. The reason for this spectrum is
that the tube diameter is below 2 nm and this result is consistent with other studies
found in the literature [69]. If nanotube diameter is greater than 2 nm, RBM spectrum
becomes difficult to be observed.
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Figure 3.2 : Raman spectra of SWNTs synthesized at 800 °C.

RBM band has a property that can be used to calculate the mean diameter of SWNTs
by the equation (3.1);

o(cm™) = A/d(nm)+B(cm™) (3.1)
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where; A and B are constants (A= 223 cm™t.nm™, B=10 cm™) and d is the diameter of
SWNT. The calculated mean diameter of the synthesized SWNT sample was found

as approximately 1.4 nm.

3.2 Synthesis and Characterization of PEG-coated SWNT

The synthetic routes used for the preparation of pyr-PEG functionalized short SWNT
(SSWNT) and long SWNT (ISWNT) is illustrated in Figure 3.3. Poly (ethylene glycol)
monomethyl ethers with molecular weights of 2000, 5000, 12000 and branched
PEGso000 designated as PEG2oo0, PEGso00, PEG12000 and PEGbsogo Were selected to
synthesize pyr-PEGs. As shown in Scheme 1, hydroxyl end group of the PEG2ooo,
PEGs000, PEG12000 and PEGhbsooo Were first transformed into the carboxylic acid group
via reaction of PEG with succinic anhydride. The reactions for all PEG-COOH was
carried out under mild conditions at room temperature through the catalysis of TEA
and DMAP.

1
e uccinic Anhydride PEGp00COOH  Dcc/omar Pyr-PEG 000
2000 =
PEGeon

E
DCC/DMAP PEGsq00 COOH a - Pyr-PEGson0

0 # PEG3000C00H  bemt Pyr-PEG
PEszmn A F TEYi2000 12000
PEGy5000C00H PYr-PEGysooo

Pristine SWNT Pyr-PEGsgop

Pyr-PEG,000

Pyr-PEGys009

Pyr-PEG 15000

SWNT/Pyr-PEG,5000

SN 51

Figure 3.3 : Schematic illustration of the reactions involved in the preparation of the
PEGylated SWNT.

To investigate the effect of PEG chain length, along with PEG2000, PEGso00, and
PEG12000 branched PEGsoo0 Was also synthesized. The synthesis protocol was given in
previous chapter in detail. FTIR along with tTHNMR analysis were used to investigate
the conversion of the hydroxyl group of methoxy PEG to PEG-COOH. Figure 3.4
shows the characteristic FTIR spectra of PEGsoo0 and PEGso00COOH. According to
FTIR analysis, methoxy PEG exhibited its characteristic peak at 2882 cm™ due to —-O
CH2CHp: units of PEG backbone [69].
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Figure 3.4 : Schematic FTIR characterization of PEGso00 and PEGs000COOH.

The characteristic peaks for carboxyl group of the PEGsq00COOH appeared at 1734
cm™! confirming the transform of hydroxyl to the carboxyl groups.
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Figure 3.5 : THNM characterization of (a) PEGso00COOH, (b) pyr-PEGsooo.
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Figure 3.5a shows the *HNMR characteristic peaks of CH, group (& = 2.5 ppm) of
succinic anhydride, which proved the formation of PEGs000COOH. The formation of
pyr-PEG was confirmed by the FTIR and *HNMR measurements. As shown in Figure
3.4, the FTIR characteristic peaks of aromatic double bond for pyr-PEG was obtained
at 1574 cmt and 1625 cm![70, 71].
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Figure 3.6 : THNM characterization of (a) pyr-PEG functionalized SWNT (b) pyr-
PEGDbsooo.

The formation of pyr-PEG via esterification reaction was also corroborated by
'HNMR. As it can be seen from Figure 3.5 and Figure 3.6, all expected signals
attributed to the pyrene (6 = 8-8.2 ppm, ArH) and PEG (8 = 3.62 ppm, OCH2CH0)
segments can be seen for the synthesized pyr-PEGsooo. While pyr-PEG was introduced
to SWNTSs, the THNMR characteristic peaks of pyrene (5 = 8-8.2 ppm, ArH) was
disappeared due to the formation of n—=n stacking interactions between the pyrene
bearing PEG molecules and SWNTs. HNMR analysis for the branched PEGsooo are
illustrated in Figure 3.6. The related characteristic peaks for branched PEGsoo0 and

pyrene anchor are appeared in different ppm values as represented in the 3.6b. In the
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final step of SWNTs PEGylation, the synthesized pyr-PEG was noncovalently (n—n
stacking) linked to SWNTs. The anchor molecule pyrene can attach irreversibly onto
the graphitic surface of SWNTSs due to van der Waals interactions [72]. This binding
characteristic between pyrene molecule and SWNTs was used by Dekker and
coworkers [73] to study the effect of the enzyme on the electrical conductance of
SWNT.

The noncovalent functionalization of SWNTs based on a pyrene moiety were also
studied by Robert et al. [62] in the fabrication of protein immobilized SWNTs by
using a bifunctional molecule 1-pyrenebutanoic acid, succinimidyl ester. They
observed that the pyrenyl group irreversibly bound onto the sidewalls of SWNTs in an
organic solvent. A similar modification strategy involves the attachment of pyrene-
modified miktoarm star polymer to the sidewalls of the nanotubes was reported by
Hakan et al [74]. In this case, the group introduced the amphiphilic miktoarm star
polymer, polystyrene-poly(ethylene glycol)-poly(methyl methacrylate), bearing a
pyrene group at the end of polystyrene arm (Pyrene-PS-PEG-PMMA) onto the multi-

walled carbon nanotubes (MWNT) by noncovalent binding.

Fluorescence spectra of pyr-PEGsooo and SSWNT_Pyr-PEGsooo at 375 nm excitation
wavelength are shown in Figure 3.7.
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Figure 3.7 : Fluorescence emission spectra of pyr-PEGsooo and SSWNT _ pyr-
PEGs000.
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The pyr-PEGsooo displayed the characteristic fluorescence peak of pyrene unit,
however, after the incorporation of Pyr-PEGseoo to SWNTS, this characteristic peak
was completely quenched. This result is consistent with the literature [62] and verifies
that the pyrene side chain directly interacted with the nanotubes surface as expected.
Accordingly, both fluorescence spectroscopy and tHNMR measurements proved the
successful formation of PEGylated SWNT.

To gain a quantitative insight into the relative amount of the incorporated pyr-PEG on
the SWNTs, thermogravimetric analysis (TGA) was carried out under the condition as
described in the experimental section. According to TGA results, while short and long
SWNTs are thermally stable up to 800 °C, pyr-PEG coated SWNTs experienced

significant weight losses.

The thermal degradation of SWNT coated with pyr-PEG is a multistage process
(Figure 3.8). At temperatures up to 150 °C, a slight weight loss was detected regarding
the evaporation of the adsorbed water. The degradation between 250 and 450 °C was
attributed to the decomposition of PEG chains. Additional weight loss observed from
500 to 600 °C can be ascribed to the decomposition of pyrene attached to the PEG

chains.
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Figure 3.8 : Thermogravimetric curves of PEGsooo, short SWNT and Short
SWNT/pyr-PEGso00.

It is kown that the length of PEG chains did not affect the interaction energy of pyrene
to SWNT. On the other hand, PEG chain length may play a significant role for
attachment on the SWNTSs. At this point, solvents with different polarities such as THF

and dichloromethane (DCM) can provide an insight into this phenomenon. As it can
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be seen from Figure 3.9, the amount of the linkage of pyr-PEG to SWNTs (both
SSWNT and ISWNT) in DCM exhibited completely different trends compared to the
THF results. As the molecular weight of PEG increased for the samples that were
prepared in THF solvent, the amount of weight loss increased. However, in the case of
DCM, this amount experienced an increase up to pyr-PEGsooo subsequently a sharp
decrease observed for pyr-PEGa2000. This can be attributed to the lower polarity index
of DCM with respect to THF, which hinders the movement and therefore the
diffusivity of pyr-PEG chains in the solvent. This effect of solvent is more pronounced
once pyr-PEG12000 Was used for the coating. Therefore, to achieve a successful coating
of SWNT, we used THF as a solvent for further studies. TGA analysis also revealed
that the amount of noncovalent linkage for the pyr-PEG coated SWNT samples with
SSWNT was higher than that of ISWNT. This can be attributed to the higher
attachment of pyr-PEG to SSWNT because of its lower length with respect to ISWNT.
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Figure 3.9 : Thermogravimetric results for SWNTSs coated with pyr-PEG2o00, pyr-
PEGs000, pyr-PEGa12000 and pyr-PEGpsooo.

The number of nanotubes per unit volume for SSWNT in the solvent was higher than
that of ISWNT, this may increase the number of successful collisions between pyr-
PEG and sSWNT. Besides, the noncovalent linkage quantity for pyr-PEGi2000 Was
higher than that for the pyr- PEG2000 and pyr- PEGsooo Samples obtained with both
ISWNT and sSSWNT. Thermogravimetric analysis for branched PEGsooo demonstrated
that the amount of PEGpsooo binding onto the surface of short and long SWNTs was

measured to be ~ 17 % and ~22 %, respectively. The quantity was slightly lower than
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that of PEG12000. It seems that although the PEG chain increase led to higher binding
for linear PEG, however, in the case of branched PEGso0 has an upper limit ~ 22 %.
To further gain insight into the efficiency of PEGylation, in vitro cytotoxicity, in vitro
confocal microscopy imaging and in vivo blood circulation time studies were

performed.

3.3 In Vitro Cell Viability

MTT and WST-1 assays were used to evaluate the effect of PEGylated SWNT on
Human Umbilical Vein Endothelial (HUVEC) viability. HUVEC cell lines were
utilized and treated with the short and long SWNTs coated with pyr-PEGazo00, pyr-
PEGs000, pyr-PEG12000 and at pyr-PEGnsooo concentrations of 5, 10, 50 and 100 pg/mL.
The MTT viability results for pristine SWNT showed that the fabricated carbon
nanotubes were cytotoxic at the applied concentration (Figure 3.10)( The asterisk
(L) denotes a statistically significant difference as for Student's t-test between long
SWNT and short SWNT (p < 0.05)). After 12 h incubation, ISWNT coated with pyr-
PEG2000 exhibited more cytotoxic effect on the cell viability than SSWNT coated with
pyr-PEG2o00 in all concentrations (Fig. 3.11).
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Figure 3.10 : Cell viabilities results for the pristine short and long SWNT.

Similarly, after an exposure time of 12h, ISWNT coated with pyr-PEGsooo, pyr-
PEGu12000 and pyr-PEGhwso00 Were observed with higher cytotoxicity behavior relative
to SSWNT counterparts (Figure 3.12, 3.13 and 3.14). Analysis of MTT data with
Student's t-tests revealed that the cell viability was decreased significantly after
treatment with PEGylated ISWNT compared to the SSWNT. MTT assay demonstrated
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that SSWNT had lower cell proliferation inhibition behavior when compared to
ISWNT. Furthermore, WST-1 in vitro cell viability assay was performed to verify the
reproducibility of the results. Likewise, ISWNT coated with different pyr-PEG

reflected the same inhibitory trend of cell viability compared to the sSWNT
counterparts.
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Figure 3.11 : Cell viabilities results for ISWNT and sSSWNT coated with pyrene-
PEG2000 groups (p < 0.05).
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Figure 3.12 : Cell viabilities results for ISWNT and sSSWNT coated with pyrene-
PEGs000 groups (p < 0.05).

The enhanced cell growth inhibition with decreasing the PEG chain length corresponds
to the fact that the molecular weight of PEG polymers plays a critical role in
camouflaging the SWNT sidewalls. Briefly, WST-1 exhibited the same viability
pattern for PEGylated SWNT cytotoxicity, thus, supporting the results obtained from
the MTT assay. These results indicated that the short SWNT coated with longer PEG
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chains has excellent safety and biocompatibility over a wide range of concentrations
among the fabricated nanocarriers.
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Figure 3.13 : Cell viabilities results for ISWNT and sSSWNT coated with pyrene-
PEG12000 groups (p < 0.05).
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Figure 3.14 : Cell viabilities results for ISWNT and sSSWNT coated with pyrene-
PEGnso00 groups (p < 0.05).

3.4 In Vitro Confocal Microscopy Imaging

The actin cytoskeleton plays a major role in the physiology of endothelial cells
including motility, adhesion, and permeability [75]. To visualize the effect of
PEGylated carbon nanotubes on the actin cytoskeleton, actin filaments were
fluorescently labeled with Phalloidin-TRITC in human umbilical vein endothelial cells
(HUVECSs) (Figure 3.15). HUVECs cultured in control conditions displayed both
cortical (peripheral) and stress fibers. In this study, the PEGylated SWNT treated and
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control HUVECs showed differences and similarities in the filament distribution
information.

Figure 3.15 : Confocal fluorescence microscopy images of the actin cytoskeleton in

HUVECSs treated with PEGylated SWNT (a) Control, (b) Short SWNT/PEG2000, ()

Long SWNT/PEG2000, (d) Short SWNT/PEGso00, (€) Long SWNT/PEGsooo, (f) Short
SWNT/PEGa2000, (g) Long SWNT/PEG12000.

Actin re-organization and cell shape changes were observed in cells treated with the

short and long SWNT at all concentrations especially for the long SWNTSs coated with

pyr-PEG2000. However, the actin filaments were occurred to interestingly be more

comparable to the control cells (Figure 3.15 f-g) once treated with the short and long
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SWNT/pyr-PEG12000. The breakdown of actin filament occurred for the cells treated
with the long SWNT/pyr-PEGso0o (Figure 3.15 d,e). The impaired membrane integrity

decreased as the molecular weight of PEG decreased for both short and long SWNTSs.

In recent years, SWNT-based nanoparticles offer promising perspectives to the field
of regenerative medicine including in situ cell engineering, building in vitro disease
models, and in vitro instruction of therapeutic cells such as artificial extracellular
matrixes[76]. The functionality of endothelial cells is essential for the vascular system
[77]. SWNT can easily enter the bloodstream, consequently, endothelial cells would
be the primary cells exposed to these nanoparticles [78]. Currently, a complete
understanding of how SWNT interact with endothelial cells at the molecular level
remains unclear. The cytoskeleton plays a fundamental role in many cellular processes
including maintaining cellular shape, endosomal transport, cell polarity, cell division
and formation of motility structures especially signal pathways with interacting many
proteins [79]. In this study, HUVECs were considered to approximately characterized
the endothelial cells in blood vessels. Actin filament rearrangement was correlated to
direct contact of PEGylated SWNT with the HUVEC cells. It was observed that
changes in actin organization as well as similar changes in cell proliferation.
PEGylated SWNT effects were dose-dependent and most likely associated with
mechanical damage to the cell membrane by actin re-organization. On the other hand,
other SWNTSs with low and higher dose treatment affected the cell viability and actin

re-arrangement.

This can be attributed to the actin reorganization, which is involved in vital functions
of the cells as it plays a practical role in important signal pathways. The study
demonstrated that HUVEC cells experienced actin cytoskeleton disruption and
induced reticulated fibrils formation, and a concomitant diminished viability as a result
of exposure to long SWNTs coated with the low molecular weight of PEGs. This
resulted in disruption of the actin cytoskeleton and the intercellular interactions which
may have multiple effects on endothelium function. However, the endothelial cells
extremely tolerated the high concentrations of short SWNT coated with PEG12000 and

PEGuso00 Without changes in viability, cytoskeleton, and function.
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3.5 In Vivo Blood Circulation Time Studies

To investigate in vivo blood circulation time for the PEGylated SWNTSs, eight-week-
old BALB/c mice were used. Each sample was intravenously injected into the tail vein
as seen in Figure 3.15. Raman spectroscopy was employed to measure the amount of
SWNTs inside the blood using the density of the G bands. To achieve this, PEGylated
SWNT solutions were prepared and the density of the G bands were recorded at 808
nm.

Liu et al. [66] have showed that PEGylated SWNTSs exhibit similar Raman intensities
in different mediums. They proposed that the Raman intensity of SWNTSs independent
and relatively insensitive to the molecular weight of PEG and type of the medium.
Therefore, intrinsic NIR features of SWNTSs can be exploited by using Raman intensity

in PEG coated nanotubes.
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Figure 3.16 : Eight-week-old BALB/c intravenously inject from the tail vein.
The in vivo blood circulation time results for PEGz2000, PEGsoo0, PEG12000 and branched
PEGso00 are presented in Figure 3.16. It was observed that as the molecular weight of
PEG polymer increases from the 2 kDa to 12 kDa, the amount of blood circulation
time appreciably increased (up to ~ 7h). These results are in consistent with the results

of in vitro studies.

Nevertheless, SWNTs coated with branched PEGsoo chains experienced an
outstanding increase in circulation to ~13.5 h. These results are indicative that
branched PEGsooo Structures on SWNTSs can afford the optimal biological properties

that avoid the nanotubes to be removed from the blood stream. This feature of SWNTSs
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can be attributed to the efficient coverage of SWNTs surface due to the compact

density of hydrophilic PEG polymers on SWNTSs.
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Figure 3.17 : In vivo blood circulation time results for PEG coated SWNTs
nanocarriers.
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4. DOX LOADED SWNTS FOR RECEPTOR-TARGETED DELIVERY

SWCNTSs have been exploited as a nanoplatform for the delivery of various low
molecular weight targeting agents, biomolecules and antibodies. Such nanoplatforms
provide markedly efficacy after internalization into the intracellular matrix[80, 81].
The present chapter addresses the development and investigation of release
performance of doxorubicin (DOX) loaded folate receptor-targeted PEGylated
SWNTSs for breast cancer therapy.

4.1 DOX Delivery

One of the low molecular weight agents that have been used extensively with
PEGylated SWNTs as nanoplatfrom for therapy purpose is DOX. DOX is a
chemotherapy medication drug used for the treatment of various types of cancer such
as breast cancer, esophageal carcinomas, acute lymphocytic leukemia, bladder cancer
and lymphoma since late 1960s [82]. To improve the pharmacokinetics and
bioavailability of this anticancer drug, several studies have been conducted in order to
enhance the efficiency of the DOX. Chemical structure of DOX is depicted in Figure
4.1.

Figure 4.1 : Chemical structure of DOX molecule.

To clarify the antimitotic and cytotoxic activity of DOX, a number of mechanisms of
action for DOX proposed by different researchers. Formation of complexes with DNA

and disruption of base pairs, generation of reactive oxygen species by lipid
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peroxidation in cell membrane, formation of iron-related free radicals and
mitochondrial disruption all leads to apoptotic pathways activation which triggers cell
death [83, 84].

There are some adverse side effects of conventional DOX therapy. Irreversible
cardiomyopathy is one of the long-term aggressive eff ect of DOX administration. To
overcome such irreversible cardiomyopathy and other severe side eff ects, PEGylated
liposomal drug delivery methods [85, 86] polymeric micelles, inorganic materials and
carbon based nanomaterials were employed. Among the aforementioned
nanomaterials, carbon nanotubes hold promising applications specifically for

molecular delivery in various types of cancer.

In this part of the chapter, we will explore synthesis of Folic acid targeted SWNTSs
followed by investigation of the DOX loading and release performance for PEGylated
SWNTs.

4.2 Nanoparticle Synthesis and Characterization

4.2.1 Synthesis of folic acid bearing PEGylated SWNTSs

Folic acid (FA) functionalized SWNTSs are promising carbon based nanocarriers for
targeted delivery of biomolecules to tumor sites. FA is a type of B vitamin that as
medication can be used in the treatment folic acid deficiency. FA has high affinity to
the folate receptor a (FR-a) and binds to folate receptors that overexpressed on the

surface of many types of cancer cells [87, 88].

To attach FA on the surface of SWNTs non-covalent attachment approach was
utilized. The pyrene anchor of 1-pyreneacetic-acid (Figure 4.2) was used to bind FA
to the SWNTSs. It is worthy to note that the reaction took place between —NH. group
of FA and —~COOH group of pyreneacetic acid.

Therefore, an amide bond formed as result of reaction between pyr-AA and FA. The

chemical structure of pyr-FA is given is Figure 4.3.

Mark and colleagues [89] was also used amide formation approach to attached FA on
the surface of SWNTSs. They first treated SWNTSs with strong nitric acid to purify and

to form carboxylic acid groups on the end and side walls of nanotubes.
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Figure 4.2 : Chemical structure of 1-pyreneacetic-acid.

Then, the mixture of FA with oxidized SWNTs in DMF as solvent were refluxed

nanotubes.

overnight. Their results exhibited that FA was chemically attached to the surface
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Figure 4.3 : Chemical structure of the synthesized pyr-FA.

In our case, tHNMR and FTIR analysis were employed to assess the reaction between
Pyr-OH and FA. Figure 4.4 shows the FTIR spectrum for pyr-FA structure. As it can
be seen, the characteristic peaks for —-C=0 stretch bond and aromatic double bond for
pyrene-FA was obtained at 1574 cm™ and 1625 cm*respectively. The formation of
amide C-N stretch at 1296 cm™* and amide N-H bends at 1530 and 1510 cm™?

corroborates the attachment of FA to the nanotubes.

'HNMR measurement also verified the formation of pyr-FA structure (Figure 4.5).
The characteristic peaks of pyrene aryl group (6 = 8-8.2 ppm, ArH) and folic acid
functional groups (6 ~ 5.85 ppm (a), 4.62 ppm (b), 6.64 ppm (c), 7.1 ppm (d), 2 ppm
(e), 7.6 ppm (f), 2.5 ppm (g) ppm) are all presented in the Figure 4.5. The obtained
results were further confirmed the formation of pyr-FA.

35



pyr-FA
R

Pyreneacetic acid

T N
FA —-OH

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)-!

Figure 4.4 : FTIR characterization of FA, pyreneacetic acid and pyr-FA.
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Figure 4.5 : THNMR characterization of pyr-FA.

These two characterization methods were used to be assured that the amide bond was
successfully formed between FA and pyreneacetic acid. In the next step, the obtained
pyr-FA powder was utilized to physically mix with SWNTs. The objective was to
achieve FA functionalized SWNTs. This nano-structure was then dispersed in THF

and was mixed branched PEGsooo and PEG12000 Separately.

The amount of pyr-FA binding to SWNTs would play important role in targeted
delivery of DOX molecules to the tumor tissues. Thus, the efficacy of the non-

covalently coating of SWNTSs with pyr-FA was required to be investigated.
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The TGA results for short SWNTSs coated with pyr-FA and pyr-PEGbsooo/pyr-FA are
presented in Figure 4.6. Although, in PEGylation of SWNTSs two different nanotubes
in terms of length were employed, due to the higher cytotoxicity of long SWNTSs, in
all DOX loading and release studies, only short SWNTSs were utilized. As mentioned
before, through the purification of SWNTs small of amount of functional groups can
be formed on the end caps of nanotubes. The observed nearly 7 % weight loss for
pristine SWNTSs can be attributed to these functional groups disappearance while the
heat flow reaches to higher temperatures in TGA analysis. In the case of pyr-FA, the

amount of weight loss reached to about 20 %.
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Figure 4.6 : Thermogravimetric results of short SWNTSs coated with pyr-FA and
SWNT/PEGpso00/pyr-FA.

It is needed to mention that in this part of the study for all SWNTSs coating, we applied
1mg SWNTs/5 mg PEG to achieve the desired PEG coated SWNTSs. However, for FA
functionalized SWNTs, the weight ratio was lower than 1/5 due to the fact that using
the similar amount for pyr-FA would cover SWNTSs surface to huge amount with pyr-
FA and therefore, conjugation of PEG onto SWNTs in the next step would
significantly drop. Based on this consideration, we applied 1mg SWNTs/2 mg pyr-FA
formula followed with Img SWNTs/5 mg PEG formula. It means that we first coated
SWNTSs with pyr-FA afterward, FA functionalized SWNTSs were treated with branched
PEGs000 and PEG12000. The pure amount of weight loss for SWNTs/pyr-FA was 12 %.

These results corroborate the attachment of FA on the side walls of nanotubes. Thus
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far, we achieved receptor targeted SWNTSs by employing FA. However, biocompatible
SWNTs are required for cancer therapy purpose. Therefore, the synthesized
SWNT/pyr-FA complex was coated with both branched PEGsooo and PEGi2000 Which

provide higher biocompatibility to the nanotubes.

Interestingly, the amount of binding for SWNT/PEGbseoo/pyr-FA is significantly
higher than that of SWNTSs coated with pyr-FA. The result indicates that incorporation
of branched PEGsoo0 to the SWNT/pyr-FA led to high amount of weight loss. It can be
said that the fabricated SWNTSs has coated successfully with branched PEGsgoo and
has the targeted agent necessary for targeted delivery.

4.3 Drug Loading on SWNTSs

Due to their intriguing features, CNTs have been used as drug delivery nanocarriers
specially for the delivery of anticancer drugs. Various studies have been conducted to
enhance the amount of drug accumulation in tumor tissues. To conjugated the
anticancer drugs on to CNTs covalent and noncovalent approach can be applied. In
this study, noncovalent types of attachment were employed. In the literature, this type
of drug loading attracted huge amount of attention from various research groups.
Camptothecin (CPT) as an anticancer drug was non-covalently attached onto poly
(vinyl alcohol) (PVA)-functionalized MWNTs via n—x interactions in PBS buffer of
pH 7.4 at 37 °C. The purpose of the study was to raise water solubility and antitumor
effect of CPT [90]. In an in vitro study by Nahid et al [82], the group developed
PEGylated MWNTSs to be used for DOX delivery to HeLa cells. The loading studies
was conduct in PBS medium at pH 5. In an another study, Co-delivery of DOX and
paclitaxel (PTX) were investigated using amphiphilic triblock copolymer as drug
carrier [91]. In their study, despite using triblock copolymer, n—n interactions between
amphiphilic polymer and DOX and PTX provided the core fragment of the
nanovehicle. The loading for codelivery of DOX and PTX process was performed in
ambient temperature and pH was adjusted to pH 7-7.5.

In our study, DOX loading studies were conducted in two step. At first step, short and
long SWNTs were dissolved in buffer solutions with different pH to understand its
effect on the amount of DOX loading. UV-vis spectrometer was used to explore the
amount of DOX loading and release. To gain a clear understanding to the characteristic

peak of DOX wavelength scan was conducted between 350-650 nm. It is observed that
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490 nm can be exploited for further studies. Accordingly, 490 nm was used for DOX
loading and release studies.

The measurement of UV-vis absorbance for DOX loaded short and long SWNTSs at
different pH medium (pH= 5.5, 7.4 and 9) are presented in Figure 4.7. It can be seen
that the amount of loading for both short and long SWNTs are pH-dependent.
Furthermore, the amount of DOX loading for both short and long SWNTSs exhibit a
maximum performance at pH = 9. By moving from basic pH to the acidic medium, a
substantial decline in DOX loading was observed for both SWNTSs. It can be clearly
said that the best medium for noncovalent loading of DOX is basic medium. On the
other hand, short SWNT displayed slightly higher loading performance with respect
to long ones. This may be due to the fact that as the number of SWNTSs per weight of
SWNTSs increase in the medium the probability of the collision between DOX and
nanotubes increase and this leads to a higher amount of DOX attachment to the
sidewall of the SWNTs. Therefore, basic pH was used for DOX loading of all
PEGylated SWNTs.

—-Long SWNT

—e—Short SWNT

Loaded DOX/SWNT
Weight Ratio

pH
Figure 4.7 : pH-dependent loading of DOX on short and long SWNTSs.

In the second step of DOX loading studies, PEGylated SWNTs were separately
dissolved in basic buffer (pH=9) and then was simply stirred with DOX to achieve
DOX laoded nanocarriers. The results of drug loading on SWNTSs nanocarriers are

represented in Figure 4.8.

It can be seen that as the molecular weight of the PEG increases the amount of loaded
DOX on SWNTSs showed an uptrend.
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Figure 4.8 : DOX loading ratios for PEGylated short SWNTs at pH 9.

It seems that at higher pH values DOX molecules tend to stay away from hydrophilic
aqueous medium because of low solubility and hydrophobic nature of doxorubicin at
basic environments. Morover, DOX molecules have the capability to interact with
PEG polymers leading to higher amount of drug binding. The caculated DOX/SWNTs
ratios for different nanocarriers were in the rage of 5.11-6.47 % as shown in Figure
4.8. The obtained results are in consistant with the results reported in the literature[92].
Furthermore, FA conjugated nanocarriers that exhibited higher drug loading capacity
with respect to their counterparts. It appeares that DOX can interact with FA via Van
der Waals interaction. In the literature, the attachment of DOX on SWNTSs was linked
up to the m—x stacking interactions between nanotubes and the aromatic nature of the
DOX molecules[82, 92, 93]. Similar results were reported by Dai et al [92]. They
fabricated supramolecular assembly of phospholipid functionalized SWNTs. The
DOX loading studies at different pH showed that at lower pH the amount of loading
decreased by factor ~ 4. As a consequence, to attain an effective DOX loading onto

the SWNTSs side walls, basic pH values can be preferred.

4.4 Drug Release Performance of FA Receptor-targeted PEGylated SWNTSs

As is explained in the previous chapter, DOX release studies were conducted at 37 °C
at pH 7.4 and pH 5.5 PBS buffered solutions. After different time intervals, the
released DOX was assessed via UV-Vis spectroscopy. The cumulative release
performance of the SWNTSs non covalently coated with different PEG and FA were
measured in physiological pH 7.4 and PH 5.5 typical of the micro-environments of
cancerous tissue. As it can be seen in Figure 4.9 and Figure 4.10, the release of the
DOX from SWNTs is clearly pH-triggered. The release performance of different
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SWNTs nanocarriers displayed a slow and sustained release pattern in both pH values,
and however, there were substantial differences between the release rates at pH 7.4
and 5.5. The release performance of the SWNT nanocarriers in physiological pH 7.4
shows that, after a quick release within 20 h, DOX release tended to be flat and the
amount of release for the PEGylated samples were between 25-45% as shown in
Figure 4.11. The difference observed between the release rate of PEGylated and
pristine SWNTSs is indicative that as the hydrophilicity of the PEGylated SWNTSs
increase, m-n stacking interaction between the DOX aromatic parts with the inner and

outer side walls of SWNTSs begin to weaken.

DOX Release Performances at pH=7,4
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Figure 4.9 : Cumulative release profiles of various DOX loaded SWNT samples at
pH 7.4.

Furthermore, the amount of release for PEGylated SWNTs/FA nanocarriers are higher
than that of PEGylated SWNTs nanocarriers. This behavior might be due to the
establishment of VVan der Waals interactions between FA and DOX molecules which
weaker than n-7t stacking interaction between DOX and SWNTSs. As it can be seen for
SWNTs coated with branched PEGsooo and PEGi2000, there are noticeable difference
between the release rates of these samples and PEG2000 and PEGsooo. Therefore, as the
molecular weight of the PEG chain decreases the amount of cumulative release
decreased which shows that the more hydrophilic the surface of SWNTSs are, the higher

amount of release can be obtained.
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DOX Release Performances at pH=5,5
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Figure 4.10 : Cumulative release profiles of various SWNT samples at pH 5.5.

This behavior aslo confirms that DOX molecules establish van der Waals interactions
with PEG chains. The slow DOX release from pristine SWNTs might be ascribed to
the strong hydrophobic interaction between DOX and the inner and outer side walls of
the nanotubes. In the case of SWNT/DOX nanocarriers functionalized with FA, the
amount of release increased compared with the non-FA-conjugated construct. It seems
that incorporation of FA onto the SWNTs surface, due to weakening of n-m stacking
interaction between SWNTs and DOX, the amount of cumulative release increased
which validate once more that the degree of the hydrophilicity of the SWNTSs controls
the amount of DOX release from these nanocarriers. In similar studies, it was
demonstrated that supramolecular CNT/DOX complexes functionalized with FA
provide higher amount of loading and release performance leading to be taken up more
effectively by cancerous tissues via FR-mediated endocytosis, leading to higher
cytotoxicity than non-targeted CNT/DOX [93, 94].

pH-triggered drug release from the fabricated SWNTSs nanotubes, in which the DOX
is loaded onto the SWNTSs surface under basic pH medium and released at pH 5.5,
corresponding to lysosomal pH provide an in-depth understanding mechanism for
DOX release from the nanocarriers. To explore this release behavior, SWNTs with and
without tumor targeting properties, FA, were investigated at reduced pH value. The

release performance for the same SWNTs samples at pH 5.5 are presented in Figure
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4.10. Interestingly, the amount of release for all nanostructures experienced a
substantial increase at pH 5.5 and was significantly affected by the environment
acidity. Furthermore, the amount of release for PEGylated SWNTSs are again higher
than the SWNTs without coating. It appears that PEGylation of the SWNTSs with
hydrophobic surface led to the dispersion of the SWNTSs due to the hydrophilicity that
obtained by PEG chains. On the other hand, van der Wales interactions between DOX
molecule and SWNTSs require large surface area which significantly covered by PEG
chains in PEGylated SWNTSs.
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Cumultative Release (%)

SWNT SWNT/FA SWNT/PEG  SWNT/PEG SWNT/PEG SWNT/PEG SWNT/PEG  SWNT/PEG
2000 5000 b5000 12000 12000/FA b5000/FA
mpH=7.4 17.21 19.84 25.60 29.49 28.80 32.09 45.49 44 .31
pH=5.5 29.20 35.40 46.03 52.61 58.02 63.07 64.18 66.42

Figure 4.11 : Cumulative release amount for various SWNT nanocarriers at pH=7.4
pH=5.5.
Therefore, DOX molecules, which are in van der Wales interactions with PEG chains,
due to the weaking of hydrophobicity of the DOX molecuels at acidic pH, tend to
detach from the nanocarries. Morover, strong m- 7 interactions between DOX and
SWNTs are available only in SWNTs without PEGylation. In acidic medium, n- ©
interactions between DOX and SWNTs weaken due to the protonation of the DOX
molecule leading to detachment of the DOX from the SWNTSs surface. The similar
behaviors can be observed for SWNTSs coated with low molecular weight PEG. In this
case, as the length of PEG chain decreases the hydrophobicity of the SWNTSs increases

which provides strong n-  interactions between DOX and SWNTs.

The results of release performances for the fabricated SWNTSs nanocarries were
compared in Figure 4.11. It can be seen that the amount of release at pH=5.5 are higher
than that at pH=7.4. The amount of release at pH=5.5 increased between 11.99-22.11

%. Consequently, as the molecular weight of PEG chain increases the amount of
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release increase for PEGylated SWNTSs for both pH. The remarkable DOX release at
pH 5.5 for FA-conjugated SWNTs/DOX systems might be ascribed to the significantly
increased protonation degree of the —NH> group in DOX molecules resulting in the
weakening of n- m interactions interactions between the SWNTSs nanoparticles and
DOX molecules. In the literature, there are similar result for FA-conjugated
CNT/DOX system in which FA bearing SWNTSs systems are more efficient than non-

FA-conjugated nanostructures apparently due to slow rate of DOX release [93].

4.5 Kinetic Modelling Studies of DOX Loaded Nanocarriers

There are number of kinetic models, which designates the overall release of drug from
the nanomaterials. Because qualitative and quantitative changes in a formulation may
alter drug release and in vivo performance, developing tools that facilitate product
development by reducing the necessity of bio-studies is always desirable. In this
regard, the use of in vitro drug dissolution data to predict in vivo bio-performance can
be evaluated as the comprehensible development of controlled release formulations.
Zero-order model, First-order model, Higuchi and Korsmeyer-Peppas are four models,

which were investigated the kinetics of drug release from PEGylated SWNTSs.

Drug dissolution from dosage forms that do not disaggregate and release the drug
slowly can be represented by Zero-order model. To study the release kinetics, data
obtained from in vitro drug release studies were plotted as cumulative amount of drug
released versus time. First-order model has been used to describe absorption and/or
elimination of some drugs although it is challenging to theorize this mechanism on a
theoretical basis. The data obtained are plotted as log cumulative percentage of drug

remaining vs. time, which would yield a straight line with a slope of -K/2.303.

The first example of a mathematical model aimed to describe drug release from a
matrix system was proposed by Huguchi in 1961 [95]. Initially conceived for planar
systems, it was then extended to different geometrics and porous systems. This model
is based on the hypotheses that (i) initial drug concentration in the matrix is much
higher than drug solubility; (ii) drug diffusion takes place only in one dimension (edge
effect must be negligible); (iii) drug particles are much smaller than system thickness;
(iv) matrix swelling and dissolution are negligible; (v) drug diffusivity is constant; and

(vi) perfect sink conditions are always attained in the release environment.
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Korsmeyer and colleagues [96] developed a modest relationship which defined drug
release from a polymer based system equation. To figure out the mechanism of drug
release, first 60% drug release data were fitted in Korsmeyer-Peppas model. In this
model, the value of n characterizes the release mechanism of drug. For the case of
cylindrical tablets, 0.45 > n corresponds to a Fickian diffusion mechanism, 0.45 <n
<0.89 to non-Fickian transport, n = 0.89 to Case Il (relaxational) transport, and n >
0.89 to super case Il transport (37, 38). To discover the exponent of n the portion of
the release curve, where Mt / Moo < 0.6 should only be used. To study the release
Kinetics, data obtained from in vitro drug release studies were plotted as log cumulative
percentage drug release versus log time.

Table 4.1 : n, k and regression values obtained from Zero-order, First-order, Higuchi
and Korsmeyer Peppas Equation for DOX loaded PEGylated SWNTSs.

- - Zero First

Kornsmeyer-Peppas Higuchi Order Order

Nanocarrier pH=7.4 pH =55 pH =7.4 pH =5.5 pH pH pH  pH
=74 =55 =74 =55

 n r© n rr k r  k oo
SWNT 093 022 093 022 091 3071 090 4044 081 072 075 0.56
SWNT/FA 095 021 095 022 093 36.89 092 3596 078 076 070 0.66
SWNT/PEG2000 095 032 091 026 098 1347 086 3733 090 0.66 0.79 048
SWNT/PEGsp00 093 032 093 028 098 11.30 091 31.27 092 0.74 081 054
SWNT/PEGuso00 097 0.16 094 027 098 41.61 091 3331 090 0.72 0.81 0.54
SWNT/PEG 5000 096 021 095 023 099 3223 090 3786 090 072 081 0.56

SWNT/PEG2000/FA 095 0.0 095 027 089 6566 086 3476 0.74 0.66 0.66 0.53
SWNT/PEGusoo/FA 095 0.0 095 025 082 66.04 085 3693 0.6 0.64 054 053

In our study, a model-dependent approach was used to clarify drug release mechanisms
and kinetics. To apply the model-dependent approach, drug release data were fitted to
aformentioned models. The results of kinetic modelling for the mentioned models are
represented in Table 4.1. It can be seen that the linear regression analysis for
Korsmeyer-Peppas and Higuchi model are considerably higher than the first order and
zero order models. When the fraction of DOX released was plotted against time,
according to the first order and zero order models equations, the plots did not present
satisfactory linearity, the releasing mechanism was not similar to zero order transport.
The results indicated that the release mechanism can be significantly explained by
Korsmeyer-Peppas. The value of n which characterizes the release mechanism of drug
for all samples are 0.45 > n. This value corresponds to a Fickian diffusion mechanism

which in agreement with the results reported in the literature[96, 97].
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4.6 In Vitro Cytotoxicity Studies of SWNTs/DOX Complexes

4.6.1 Cytotoxicity studies of pristine long and short SWNTs/DOX

To investigate the cellular uptake of SWNTs loaded with DOX MDBA-MB-231 breast
cancer cell line was used. Figures 4.12 and 4.13 shows the cytotoxicity results for
DOX-loaded long and short SWNTSs.
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Figure 4.12 : Cell viability results of different concentrations of DOX-loaded short
SWNTSs in MDA-MB-231 breast (p <0.05).
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Figure 4.13 : Cell viability results of different concentrations of DOX-loaded long
SWNTs in MDA-MB-231 breast (p <0.05).

It can be seen that the intracellular uptake of DOX in SWNTs/DOX systems is higher
than free DOX for both short and long SWNTSs. Interesting, as the concentration of
DOX increases to higher than 5 pg/ml in the SWNTs/DOX construct in both short and

long nanotubes, cell viability decreases significantly. Moreover, long SWNTs/DOX
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samples exhibited higher cytotoxicity at concentration higher than 5 pg/ml than short
SWNTs/DOX. These results demonstrated that pristine SWNTs loaded with DOX
molecule could be a very interesting tool to obtain an efficient DOX delivery and
extended to enhance the efficiency of cancer therapy in vivo. These findings suggest
that drug-loaded SWNTSs with desired length exhibit obviously therapeutic effect on

cancer cell lines and they become promising strategy in future cancer applications.

4.6.2 In vitro fluorescence imaging results for DOX loaded pristine SWNTs

To explore visually cellular uptake of short and long SWNTs samples, in vitro

fluorescence imaging micrographs of the samples were gathered (Figure 4.14).

20 um

S50 um

Figure 4.14 : In vitro fluorescence imaging of MDA-MB-231 cells after application

of short and long SWNTSs. (a) Control group for short SWNTSs. (b) Control group for

long SWNTSs. (¢) 10 pg/ml for short SWNTs. (d) 10 pg/ml for long SWNTs. (e) 100
pg/ml for short SWNTs. (f) 100 pg/ml for long CNTs.

The results exhibited that DOX release from short and long SWNTSs are significantly
high leading to the disruption of actin skeleton of the MDA-MB-231 breast cancer

cells.
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It is observed that fluorescence microscope images of long SWNTs with high aspect
ratio effect were obvious in the samples. It seems that prior to intracellular uptake
DOX loaded SWNTs disrupt actin structures of the cancer cells. Similar structural
changes were observed at each three repetition of the assay at the same concentrations.
The present data demonstrates that pristine short SWNTs may inhibit breast cancer
cell line migration by modulating actin cytoskeleton to form a global array of clusters
at relatively high concentration 100 pg/ml. Moreover, increasing the concentration of
pristine short SWNTSs increases disruption of cells proportionally and decreases focal

adhesion assembly.

4.6.3 In vitro cytotoxicity studies of PEGylated SWNTs/DOX

Figure 4.15 shows the cell viability of free DOX and DOX-loaded different SWNTs
nanocarriers at ~25 pg/ml SWNTs/DOX concentrations toward MDA-MB-231 breast
cancer cell lines using MTT and WST-1 methods. While treated with an equivalent
concentration of drug, cancer cells exhibited lower viability for DOX-loaded SWNTs
and SWNTSs/FA than that of PEGylated SWNTSs. As expected, FA-conjugated SWNTs
exhibited lower cell viability than non-targeted SWNTSs due to the hydrophilicity of

the PEG chains which bound onto the surface of nanotubes.

Similar results were reported by researchers confirming the sustain release of CNTs
when covalent or non-covalent methods were applied to handle the cytotoxicity of
these nanostructures [98]. Additionally, low cell viability (<40%) could be achieved
only when cancer cell lines treated with DOX-loaded pristine SWNTSs/FA (~75 pg/ml
DOX). This suggests FA-targeted SWNTSs are able to effectively deliver the drug to
the intracellular matrix medium due to the efficient cellular internalization of FA-

conjugated SWNTSs via receptor binding endocytosis.

Selective targeting and delivery of drugs into cancer tissues has become a research hot
spot due to the improving the efficacy and minimizing the toxicity of the drug by
enhancing its concentration in desired parts of the body [99]. In particular, folic acid
(FA) as a ligand for the targeted delivery of drug has been widely used due to the
frequently overexpression of folate receptors (FRs) on the surface of numerous

cancerous cells [100, 101].
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Figure 4.15 : Cell viability results of DOX-loaded short SWNTs in MDA-MB-231
breast (p <0.05).

Therefore, receptor-targeted delivery plays crucial role in diagnostic and treatment of
various types of cancer. The obtained results displayed that PEGylated SWNTs are
promising nanocarriers for biomedical applications.
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5. EFFECT OF STRUCTURAL DEFECT ON PYRENE COATED SWNTS

In vast majority of the studies that have been conducted regarding CNTSs, these
nanostructures were considered as perfect arrangement of carbon atoms in aromatic
cylindrical settings. However, through the nucleation and growth process[102] and
also exposing to the electron irradiation [103] these nanomaterials inescapably hold
structural defects. Undoubtedly, the density and site of these structural defects may
have substantial impact on their unique physical, chemical electrical and mechanical
properties. Therefore, it is very crucial to address this fundamental issue in CNTs with

structural defects.

Despite the outstanding promise of non-covalently coated SWNTs for biomedical
imaging and molecular therapy applications, a quantitative understanding of structural
defects on the non-covalent interactions is lacking. In previous chapters, short and long
SWNTSs were used in in vitro and in vivo studies. However, it is believed that through
the growth and purification phase of the SWNTs production, it is not avoidable to
achieve defect-free SWNTs. Consequently, in this chapter, we will investigate the
effect of defect bearing SWNTSs on van der Waals interaction between nanotubes and
pyrene bearing structures. Accordingly, to explore the role of n-stacking interaction in
defect bearing SWNTSs, molecular dynamics and experimental studies were conducted
with a set of hydroxyl and carboxyl functionalized compounds designed to adsorb onto
the SWNT sidewalls.

We introduce a multisegment SWNT model consisting of pristine, Stone-Wales
defects bearing, and carboxyl functionalized/ Stone-Wales defects bearing SWNTSs to
theoretically and experimentally explore SWNTSs behaviors with structural defects. In
the model, the mentioned segments were separately created in Material Studio 8.0
software and each segment of the model was allowed to interact with strongly polar

organic groups in aqueous medium.
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5.1 SWNTs with Stone-Wales Structural Defects

The rearrangement of two n-bonded carbon atoms in CNTSs, fullerenes and graphene
creates a crystallographic defect, which is supposed to have important impact on the
chemical, electrical, and mechanical properties of these materials. Topological Stone-
Wales (SW) defects can be formed by changing the connectivity of C-C bonds in the
SWNT sidewall by rotating them 90° as shown in Figure 5.1.

il — B¢

|
C

Figure 5.1 : Formation of Stone-Wales (SW) defect by changing the connectivity of
C-C bonds.

This rotating leads to the formation of two pentagons connected by two heptagons with
a 5-7-7-5 topological defect. Extensive studies on SW type defects have been showed
that they have essential role in the structure transition of carbon-based nanostructures,

such as the coalescence of carbon nanotubes and fullerenes [104, 105].

End defect  Middle defect Perfect SWNT Middle defect End defect

| ) \ | |
| | | |

Figure 5.2 : Multisegment SWNT containing there different parts: (a) end defect (b)
middle defect and (c) perfect segment.

As represented in figure 5.2, the multisegment SWNT was designed to have three

segments as follows: 1) an ideal or perfect pristine SWNT in 2) two Stone-Wales
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defects functionalized with carboxylic acid groups at the end wall 3) two Stone-Wales
defects functionalized with carboxylic acid groups on the inner sidewall.

5.2 Chemical Structure of Compounds

In order to understand the n-7 interaction mechanism between multisegment SWNTSs
and aromatic anchor-bearing molecules we devised three chemical compounds with

different organic functional groups all sharing an aromatic pyrene molecule.

’ a) Pyr-COOH

b)Py-(OH), |

) Pyr-OH

Figure 5.3 : Chemical structure of the compounds used for SWNT coating. a) pyr-
COOH b) pyr-(OH)2 c¢) pyr-OH.

As illustrated in Figure 5.3, there different functional groups including -COOH, —
(OH)2 and —OH were decided to integrate to the pyrene molecule. Therefore, both in
simulation and experimental part, the pyr-COOH, pyr-(OH)> and pyr-OH were
developed for further SWNTSs coating. In this chapter, all these compounds will be

designated as pyr-X when it is required.
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5.3 Computational Results For Ideal Pristine SWNTSs

The aromatic structure of four benzene ring in pyrene plays a key role in establishing
van der Waals interaction between the generated pyr-X and SWNTs. Due to the
hexagonal honeycomb and cylindrical structures of the nanotubes, pyrene anchor of
the adsorbents can strongly attach onto the surface of nanotubes via n-m stacking

interaction.

Figure 5.4 : Simulation cubic box and with all the components.

In the first step of the simulation, to generate the system a cubic box was selected to
embed all the molecules. The simulation cubic box size was allowed to be 30x30x30
A (Figure 5.4). Prior to the generation of the system, several adsorption annealing
processes were carried out to gain information regarding the number of pyr-X
molecules that cover the SWNT surface. It was observed that once the number of Pyr-
X in the system was chosen to be seven, the successful coverage of the SWNTSs surface
can be obtained. Thereafter, the system was built with seven pyr-X molecules and one
SWNT with water medium. It is worthy to note that all the components were

experienced energy minimization prior to system construction.

The MD simulation time was allowed to be 5 ns for each run. As mentioned in
Computational Methods, COMPASS forcefiled was utilized in each MD run. To

calculate the amount of interaction energy, each MD trajectory output files was used
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as input files for further 1 ns quenched MD simulation runs. Likewise, COMPASS
forcefiled was employed for binding energy calculation in Quench.

In order to measure m-w interaction strength between SWNTs and pyrene-X structures

the following interaction energy Ege (kcal/mol) equation 5.1 is introduced.
EBE = Ecomplex _(ESWNT + EPyr—x) (51)

Here, Ecomplex IS the total energy of the Pyr-X adsorbed on SWNT, Eswnr is the total
energy of the SWNT without pyr-X and Epyr-pec total energy of the pyr-X without the

nanotube.
The average amount of Interaction energies Ege (kcal/mol) per one pyr-X for perfect

SWNTSs coated with pyr-X are displayed in Table 5.1.

Table 5.1 : Average interaction energies Ege (kcal/mol) per one pyr-X for
SWNT/pyr-X systems.

Ideal SWNT
Model

Ege (kcal/mol)
pyr-COOH -28.3
pyr-(OH):2 -23.3
pyr-OH -20.4

As it can be seen, the average amount of interaction energy for pyr-X are all in the
same order of magnitute. There is, however, an increase in the interaction energy of
pyr-COOH. It seems that as the polarity of the functional group in the pyr-X structure
increases, there is a positive effect on the amount of interaction energy between Pyr-
X and SWNTSs. In terms of pyr-COOH, this increase might be attributed in part to the
reorientation of pyr-COOH molecules on SWNT sidewall upon interacting with the

water molecules.

In order to gain insight into hydrogen bond strength between Pyr-X and water
molecules, radial distribution function (RDF) was used. The probability of finding a
particle in a shell dr at the distance r of another particle represents the radial
distribution function, g(r).

1 N 1 N N

rN=—"-— 5[‘—[’. = 51‘—1‘~ (52)
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In this equation, p is the number density, N is the set of number of molecules, 6 is the
Kronecker delta, and ri is the position vector of molecule i. To measure the amount of
H-bond for Pyr-X molecules, we first calculate g(r) function for every pyr-COOH,
pyr-(OH). and pyr-OH in each system (Figure 5.5). As expected, hydrogen bond
strength between the H atom of the carboxyl group of pyr-COOH and water molecules
are considerably higher than the other pair groups. A comparison between H-bond
interaction between different polar atom with water molecules are presented in Figure
5. 5. Similar to the results of the RDF for pyr-COOH, the magnitude of hydrogen bond
between hydroxyl groups of pyr-(OH). and water molecules are significantly higher
than the other pairs. Therefore, the mentioned pairs were considered in further

comparisons.

4 -
3 4
-~ Hydroxyl H - waterO
~ 2
(o)) e PyO-waterH
essCarbonyl O - waterH
4 e=m=Hydroxyl O - waterH
0 T T T T T )
0 2 -+ 6 8 10 12

r(A)

Figure 5.5 : Hydrogen bond between the different atoms of the carboxyl group of
pyr-COOH and water molecules.

The amount of H-bond strength for pyr-X compounds are presented in Figure 5.6. The
existence of —-COOH group in SWNT/pyr-COOH system led to efficient H-bond

interaction between water molecules and hydrogen atom of the carboxyl group.

Consequently, establishment of strong H-bond interaction in SWNT/pyr-COOH
system with respect to the SWNT/pyr-(OH), and SWNT/pyr-OH may handle
SWNT/pyr-COOH dispersion in agueous mediums.
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pyr-COOH
pyr-(OH)2
— pyr-OH

r(A)
Figure 5.6 : Hydrogen bond between SWNT/pyr-X and water molecules.
In the case of SWNT/Pyr-(OH). and SWNT/pyr-OH, such strong H-bond interaction
was not occurred. This observation can be ascribed to the lower polarity of —OH group

with respect to -COOH group.

YY)

AR\

Figure 5.7 : Representation of m-n and hydrogen-bonded interactions in the system.

It is believed that there is competing interaction between m-m interactions and
hydrogen-bonded interactions. The schematic n-7 interactions and hydrogen-bonded
interactions for a pyr-COOH are illustrated in Figure 5.7. If H-bonded interactions are
extremely strong enough it can be assumed that pyr-X structures have the possibility
to detach from the SWNTSs sidewall. In the case of perfect SWNTSs, due to the
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establishment of strong n-n stacking interactions between pyr-X and SWNTSs, it is not
expected to observe such detachment for all three pyr-X. To further examine this
competing interaction between =m-m stacking interactions and hydrogen-bonded
interactions and their impact on the configuration of pyr-X on the SWNTSs surface,

structural Stone-Wales defects were introduced to the SWNTS.

5.4 Computational Results For Defect Bearing SWNTSs

Early theoretical study [106] has shown that perfect SWNTSs as quasi one-dimensional
nanostructures exhibit unique physicochemical, electrical and mechanical properties
which arise from their diameter and chirality. However, these nanostructures are
probably not perfect because the growth mechanism of SWNTs are still not sufficiently
well understood. Therefore, various defects such as pentagons, heptagons, vacancies,
can be readily formed which lead to drastically changes in the properties of these

nanosystems.

Figure 5.8 : Four Stone-Wales defects at the end (left) and middle (right) of each
SWNTSs.

In this part, we built two distinct SWNTs with end and middle defects. The topological
stone-wales defects of the SWNTSs are shown in the Figure 5.8. Two pentagons and
two heptagons created in each SWNT. In SWNTs with end defects, these pentagons
and heptagons were placed near to the end cap of SWNTSs. It is aimed to assess the
effect of these end defects on the strength of -7 stacking interactions. Another SWNT
with middle defects containing similar pentagons and heptagons were built in the
middle of the SWNT side wall. These two nanotubes were created to explore and

compare the amount of binding strength and possible detachment of Pyr-X from the
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surface of SWNT. The adsorption position of the seven pyr-COOH for SWNTSs with
end and middle defects at the beginning and the end of the MD runs are presented in
Figure 5.9 and 5.10 respectively.

Figure 5.9 : Adsorption position of the pyr-COOH on the sidewall of SWNTSs with
end defects at the beginning (left) and end (right) of the MD run.

It can be seen from the Figure 5.9 that there is no stacking of pyr-COOH on each other
once SWNT with end defect was utilized. However, the existence of middle defects in
SWNT result in stacking of pyr-COOH on each other. The may be due to the fact that

the local aromaticity of the SWNTSs side wall in these points declined drastically.

Figure 5.10 : Adsorption position of the pyr-COOH on the sidewall of SWNTs with
middle defects at the beginning (left) and end (right) of the MD run.

Although, for SWNTs with end defect the aromatic behavior of that local site
disrupted, however, the settlement of these Stone-Wales defect near to the end cap
would not significantly affect the interaction between SWNT and pyr-X complex.
Interesting, the pyr-COOH stacking in SWNTs with middle defects disappeared near
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to the middle of the MD run and all pyr-COOH molecules directly attached to the
SWNTs sidewall. Therefore, it seems that although middle defects on SWNT
rigorously changes the configuration of the pyr-COOH on the SWNT side wall but, by
giving the required time these pyr-COOH tends to displace and attach directly to
SWNT surface. Moreover, no detachment happened for pyr-COOH on SWNTSs with
end and middle defects. In the case of pyr-(OH). and pyr-OH, no stacking was
observed at the beginning of simulation. MD simulation results revealed that
reorientation of pyr-COOH groups on the SWNT surface were higher than that of pyr-
(OH)2 and pyr-OH.

It can be said that displacement of pyr-COOH on the surface of SWNT might be due
to the strong H-bond interaction with water molecules and weak n-7 interaction with
SWNT. The interaction energy Egse (kcal/mol) calculation for pyr-X on SWNTs with
end and middle defects are displayed on table 5.2.

Table 5.2 : Interaction energies Ege (kcal/mol) per one pyr-X for SWNT/pyr-X

systems.
Ideal SWNT
Model
Ege (kcal/mol)
pyr-COOH -24.3
pyr-(OH)z2 -23.3
pyr-OH -21.1

It is noteworthy to mention that the equal conditions were employed in MD simulation
to calculate the interaction energies. The similar range was acquired for defect bearing
SWNTs as for perfect SWNTSs.

These results revealed that despite the presence of defects, n-m interaction between
pyr-X and SWNTSs are strong enough. However, the presence of Stone-Wales defects
on SWNTSs surface led to continuous reorientation of pyr-X on the SWNTSs surface

especially in middle defects bearing SWNTSs.

It can be said the observed continuous reorientation is due to the weaker n-m interaction
with respect to defect-free SWNTSs. The radial distribution function g(r) calculation

for the models are illustrated in Figure 5. 11.

60



a4 SWNT with end defects SWNT with middle defects

w

pyr-COOH
—pyr-{OH)2
=pyr-OH

pyr-COOH
—pyr-{OH)2
—pyr-OH

a(n
N

-

"(A) r(A)

Figure 5.11 : Radial distribution function (RDF) for the pyr-X with end and middle
defect bearing SWNTSs.

The amount of RDF for pyr-COOH is significantly higher than that of pyr-(OH)2 and
pyr-OH for both end-defected and middle-defected SWNTSs. There is no noticeable
difference between pyr-(OH)2 and pyr-OH. These results are in agreement with that
obtained for defect-free SWNTs revealing that no huge changes take place in

Interaction energy and radial distribution function of both SWNTs coated with Pyr-X.

5.5 Computational Results For Defect Bearing SWNTSs Functionalized with —
COOH Groups

Heretofore, we investigate defect-free SWNTs and SWNTSs bearing middle and end
Stone-Wales defects. However, studies revealed that in the production or purification
phase of SWNTSs, various functional groups such as -OH, -COOH, -COH and —CO
can be formed on SWNTs side walls particularly at the end caps of SWNTs [107-109].

;
. P « ” )
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Figure 5.12 : Four Stone-Wales defects at the end (left) and in the middle (right) of
SWNTSs.
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To mimic such alteration on the SWNT structure, —-COOH groups along with
topological Stone-Wales defects were created on SWNTSs surface and MD simulations
repeated for these structures with the same pyr-X. The illustration of these structures
are given in Figure 5.12. It is better to note that the end caps of SWNTs with middle
defects were also functionalized with —COOH groups. Additionally, -COOH was
added to the end and middle defects of both SWNTSs.There are no significant changes
in Interaction energy of the Pyr-X molecules for both end and middle bearing defects
SWNTs (Figure 5.11). However, for SWNTSs coated with pyr-COOH detachment took
place after 1 ns.
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Pyr-COOH Pyr-(OH), Pyr-OH

Figure 5.13 : Interaction energies of the pyr-X molecules for both end and middle
bearing defects SWNTSs.
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Figure 5.14 : Adsorption position of the pyr-COOH on the sidewall of SWNTs with
end defects at the beginning (left) and end (right) of the MD run.
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Figure 5. 14 and 5.15 illustrates the pyr-COOH adsorption position on SWNTs with
end and middle defects before and after the MD runs respectively. It can be observed
that one of the pyr-COOH molecules in SWNTSs with end defects and two of the pyr-
COOH in SWNTs with middle defects disconnected from the SWNTSs sidewall at the
end of MD run.

}
i
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Figure 5.15 : Adsorption position of the pyr-COOH on the sidewall of SWNTs with
middle defects at the beginning (left) and end (right) of the MD run.

This detachment of pyrene bearing molecule from the SWNTSs surface have not been
reported before. This incident might be due to competing interactions between
hydrogen bond and n-stacking. The presence of —-COOH functionalized Stone-Wales
defects provide steric hindrance for pyrene bearing molecules to efficiently establish
n-w stacking interaction with SWNTs. On the other hand, in these sites, the aromaticity
of the SWNTSs dramatically diminished. Therefore, the SWNTSs cannot afford all seven
pyr-COOH on its surface. Moreover, formation of strong H-bond with water
molecules, Pyr-COOH molecules tend to be dispersed in the solvent.

As it can be seen from figure 5.13, the presence of topological Stone-Wales defects in
the middle part of the SWNTSs led to higher detachment with respect to SWNTSs with
end defects. This behavior can be associated to the drastic reduction in aromaticity of
the SWNTSs side wall.

The radial distribution function calculation for pyr-X molecules in water are given in
Figure 5.16. A substantial increase in the amounts of g(r) function for all of pyr-X
were obtained. This markedly increase can be associated to incorporation of the —
COOH groups on the SWNTSs end caps and at the defect sites. The carboxylic acid

groups built up H-bonds with water molecules and this increase the density of the water
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molecules adjacent to the pyr-X which leads to effective interaction with these

molecules.

10 COOH functionalized SWNT with end defects 10 COOH functionalized SWNT with middle defects

pyr-COOH
—pyr-{(OH)2
—pyr-OH

0 2 4 [ 8 10 12
r(A) r(A)

Figure 5.16 : Radial distribution function calculation for Pyr-X in water system.

These MD simulation results illustrate a noncovalent functionalization scheme for
multisegment SWNTs and reveal how one could tailor the coating of SWNTs by
judicious choice of Stone-Wales defects. The study also helps in building a
quantitative understanding of non-covalent coating of SWNTS using pyrene as anchor
molecule. As mentioned previously, through the production and purification process,
both functional groups and defect can be generated in nanotubes. Recent studies (ref
12-16) revealed that hydroxyl, carboxyl and other functional groups tend to be formed
at the end caps due to the existence of carbon with single bond at these sites. Moreover,
the presence of defects on side walls of SWNTs provide such carbon atom to be
functionalized with hydroxyl, carboxyl groups. Therefore, based on the results of
computational studies we used SWNTSs purified using nitric acid treatment in order to
mimic the behavior of multisegment SWNT coated with pyr-COOH, pyr-(OH). and

pyr-OH molecules.

This detachment of pyrene bearing molecule from the SWNTSs surface have not been
reported before. This incident might be due to competing interactions between
hydrogen bond and n-stacking. The presence of —COOH functionalized Stone-Wales
defects provide steric hindrance for pyrene bearing molecules to efficiently establish
n-w stacking interaction with SWNTs. On the other hand, in these sites, the aromaticity
of the SWNTSs dramatically diminished. Therefore, the SWNTSs cannot afford all seven
pyr-COOH on its surface. Moreover, formation of strong H-bond with water

molecules, pyr-COOH molecules tend to be dispersed in the solvent.
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5.6 Synthesis of Pyr-COOH, Pyr-(OH)2 and Pyr-OH

Similar to simulation part of the study, we prepared pyr-COOH, pyr-(OH)2 and pyr-
OH. Pyrene methanol (pyr-OH) was used as starting point in synthesizing of both pyr-
COOH and pyr-(OH)2. To obtain pyr-COOH, Pyr-OH was treated with succinic
anhydride in the conditions mentioned in the experimental part. In the case of Pyr-
(OH)2, acid ketal was used as start point and treated with pyr-OH to achieve pyrene
diol (Pyr-(OH)2). After synthesizing of pyr-COOH and pyr-(OH)2, *HNMR
measurements (Figure 5.17) confirmed the formation of the compounds.
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Figure 5.17 : INMR spectrum of of pyr-COOH and pyr-(OH)..

As it can be seen from Figure 5.17, the signal attributed to the pyrene (6 = 8-9.2 ppm,
ArH) appeared in both measurements. The tHNMR measurement for pyr-COOH also
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exhibit the signals for —-CH> groups of succinic anhydrate at 6 = 2 ppm. Besides, the
signals for —-CH2 (6 = 6 ppm) bound to the aromatic pyrene group and —CH> (6 = 3.5—
4 ppm) attached to the hydroxyl groups of pyr-(OH)> compound are all depicted in
Figure 5.17. The synthesized pyr-X compounds were then used to non-covalently coat
SWNTs in next step. Fluorescence spectroscopy was used to characterize pyr-X coated
SWNTSs. Fluorescence emission spectra of pyr-COOH, pyr-(OH)2 and pyr-OH at 375
nm excitation wavelength are illustrated in Figure 5.18 to 5.20. The characteristic
fluorescence peak of pyrene anchor of the pyr-X compounds were appeared at 375
excitation wavelength, however, after the incorporation of pyr-X to SWNTSs, these
peaks were completely disappeared. This behavior of pyrene molecule is due to the
quenching of pyrene excitation after establishment of n-m stacking interaction with
SWNTs and was confirmed by previous studies[27, 74, 110]. This results verify that
the pyrene anchor of pyr-X directly interacted with the nanotubes surface as expected.
Accordingly, both fluorescence spectroscopy and HNMR measurements

demonstrated successful formation of the SWNT/pyr-X nanostructures.
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Figure 5.18 : Fluorescence emission spectra of pyr-COOH and SWNT/pyr-COOH at
375 nm excitation wavelength.

To gain a quantitative insight into the relative amount of the incorporated pyr-X on the
SWNTs surface, thermogravimetric analysis (TGA) were carried out. As it can be seen
from the Figure 5. 21 the decomposition temperature of the pyrene for all of the Pyr-
X appeared between 350-450 °C [74]. The amount of weight loss for pristine SWNT
and SWNTSs coated with pyr-X are shown in Figure 5. 22. The weight loss observed
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for pristine SWNT may be due to the carbon impurities such as amorphous carbon in
the sample.
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Figure 5.19 : Fluorescence emission spectra of pyr-Diol and SWNT/pyr-Diol at 375
nm excitation wavelength.

To gain a quantitative insight into the relative amount of the incorporated pyr-X on the
SWNTs surface, thermogravimetric analysis (TGA) were carried out. As it can be seen
from the Figure 5. 21, the decomposition temperature of the pyrene for all of the pyr-
X appeared between 350-450 °C [74]. The amount of weight loss for pristine SWNT
and SWNTSs coated with pyr-X are shown in Figure 5. 21. The weight loss observed
for pristine SWNT may be due to the carbon impurities such as amorphous carbon in

the sample.
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Figure 5.20 : Fluorescence emission spectra of pyr-OH and SWNT/pyr-OH at 375
nm excitation wavelength.
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All Thermogravimetric curves for pyr-X coated SWNTs displayed similar trend with
the weight loss amount between ~13-22 %. Interestingly, pyr-COOH exhibited higher
weigh loss with respect to the pyr-(OH)2 and pyr-OH. This may be attributed in part
to higher attachment of pyr-COOH to the SWNTSs because of its strong polar group
which leads to smoothly gain mobility in the solvent.
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Figure 5.21 : Thermogravimetric analysis for pyr-COOH, pyr-(OH) and pyr-OH.
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Figure 5.22 : Thermogravimetric analysis for SWNTSs coated with pyr-X.
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To gain visual insight into the dispersion of the pyr-X coated SWNTSs, the dispersion
of the SWNTSs in distilled water at t=0, 1,3,5 h time intervals was photographed (Figure
5.21).
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Figure 5.23 : Dispersion images of the pyr-X coated SWNTs in distilled water.

To gain visual insight into the dispersion of the pyr-X coated SWNTSs, the dispersion
of the SWNTs in distilled water at t=0, 1,3,5 h time intervals was photographed (Figure
5.21). The results clearly displayed that the SWNTs were successfully dispersed in the
distilled water after 1 hour. It can be seen that precipitation of the SWNTSs coated with
pyr-OH and pyr-(OH). were taken place as time progressed. This can be explained via
lower H-bond formation between with Pyr-OH and pyr-(OH). and water molecules.
In the case of SWNTs coated with pyr-COOH, the solution is completely
homogeneous after 5 hours.
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6. CONCLUSIONS AND RECOMMENDATIONS

An approach was utilized to devise a biocompatible PEG-coated SWNT nanocarrier
for further drug delivery studies. We first fabricated noncovalent assembly of SWNTs
bearing PEG was synthesized by using pyrene as an anchor. Two types of SWNT with
different length were functionalized by incorporation of different pyr-PEGs (PEG200o,
PEGs000, PEG12000 branched PEGsoo0). Cell viability results revealed that short SWNT
enhanced cell proliferation, however, long SWNT had inhibitive behavior. Longer
PEG chains provided lower cytotoxicity of SWNTSs and higher biocompatibility to the
endothelial cells lines (HUVEC). In vivo blood circulation time study on mice
revealded the fabricated PEGylated short SWNTs have obtained biocompatibility,
with substantial biocompatility from branched PEG. Further Folic acid introduced the
SWNTs and DOX as anticancer drug was loaded to the fabricated nanocarriers. The
loading results at different pH indicated that at basic pH values, higher amount of
loading can be obtained. Release performance from the nanocarriers exhibited that at
acid pH 5.5 FA-conjugated nanocarriers have higher relase rate with respect to
nontargeted nanoccaries. Finally, MD simulation results along with experimental
results showed that the defect bearing SWNTSs although can provide lower z-r stacking
interaction at the defect site however, if the site of the defects is located near to the end
caps it would not severly affect the amount of hydrophobic interaction. The present
study indicated that effectively PEGylated short SWNT system provides a promising
platform not only for cellular imaging but also for therapeutic purposes in the treatment
of different types of cancerogenic tissues.

As recommendation, the length and type of the SWNTSs can be considered for further
studies. In this study, it was showed that, the length of nanotubes plays important role
on their biocompatibility. Therefore, an optimization of SWNTSs length and also on its
chirality may provide deeper insight into the structure of these nanocarriers. To gain
in depth insight to the receptor targeted SWNTSs, in vivo studie would also provide
valuable information about the fabricated SWNTSs/PEG/FA/DOX nanocarriers.
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6.1 Practical Application of This Study

The fabricated nanocarreis have the potential to be used not only for cancer imaging
and therapy purpose but also for other type of deseases in case of introduction of

appropriate receptor targeted ligand.
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