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ABSTRACT

THE SYNTHESIS AND APPLICATIONS OF BORON NITRIDE NANOTUBES
AND HEXAGONAL BORON NITRIDES AS NANOCARRIERS AND
THERAPEUTIC AGENTS

In recent years, boron-based nanomaterials, boron nitride nanotubes and hexagonal boron
nitrides (BNNTs and hBNs) have gained significant interest for their use in medical and
biomedical fields owing to their nanometer size and unique physicochemical properties
including biocompatibility, high mechanical strength and chemical stability. These
properties make them particularly suitable nanomaterials for their interaction with
biomacromolecules and variety of successful biomedical applications. This thesis aims at

addressing drug carrying and therapeutic effects of BNNTs and hBNs.

Considering their potential applications as drug carriers and therapeutic agents, the route of
their interaction with biological environment should be understood at cellular level. Their
biocompatibility evaluation revealed that the BNNTs and hBNs are good candidates for
medical applications with their non-toxic nature on healthy cells even at relatively high
concentrations. In an attempt to use the BNNTs and hBNs as drug carriers, they were
modified with doxorubicin (Dox) and folate through nonspecific interactions. Folate was
used to increase cellular uptake of BNNT by targeting folate receptors on the cell surface. It
was found that the Dox conjugated BNNTSs behave as the free Dox molecules while folate
conjugation significantly enhanced (2 fold) cancerous cellular uptake. A purer and catalyst
free hBNs batch was synthesized to use in the studies. Then, the hBNs were evaluated for
their carrier and therapeutic effects. The data obtained from in vitro studies revealed that the
level of reactive oxygen species (ROS) in the hBN exposed prostate cancer cells increased
62 per cent, cell death toward apoptosis was 4-fold enhanced and metastasis capacity of cells
reduced significantly. These results envision the exploitation of hBNs as therapeutic agents
against prostate cancer and pave the way to carry out in vivo studies to disclose their potential

as drug carrier and therapeutic agents in cancer treatment.
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OZET

BOR NiTRUR NANOTUP VE HEXAGONAL BOR NITRURLERIN SENTEZI,
NANOTASIYICI VE TEDAVi AMACLI UYGULAMALARI

Bor bazli nanomateryallerden bor nitriir nanotiipler (BNNT’ler) ve hexagonal bor nitriirler
(hBN’ler) kiiciik boyutlari, essiz fizikokimyasal yapilari ve biyouygunluklari, yiiksek
mekanik ve kimyasal dayanikliliklar1 sayesinde son yillarda tip ve biyomedikal alanlarinda
ilgi ¢eken yapilar olmuslardir. Bu 6zellikleri BNNT ve hBN’leri ozellikle
biyomakromolekiillerle etkilesimde uygun yapilar haline getirmektedir. Tez kapsaminda,

BNNT ve hBN’lerin ilag tasiyici ve terap6tik ajan olarak arastirilmasi amaglanmustir.

flag tastyic1 ve terapdtik amach kullanimlar1 gdz Oniine alinarak, biyolojik uygulamalari
amaglanan BNNT ve hBN’lerin biyolojik g¢evre ile olan etkilesimleri hiicresel boyutta
acikliga kavusturulmahidir. Yiiksek konsantrasyondaki uygulamalarina ragmen saglikli
hiicrelerde biyouygun etki gostermeleri BNNT ve hBN’lerin biyomedikal alanda
kullanimlari i¢in uygun yapilar oldugunu gostermektedir. BNNT ve hBN’lerin ilag tastyict
ajan olarak degerlendirildigi ¢alismada, yapilar doxorubisin (Dox) ve folat ile hidrofobik
olarak etkilestirilmistir. Kanser hiicre ylizeyindeki artirilmis folat reseptorleri nedeniyle
kanser hiicresini hedeflemek amaciyla yapi folat ile etkilestirilmistir. Calismanin sonucunda
Dox ile etkilestirilmis BNNT ’lerin serbest Dox molekiilleri ile ayn1 oranda etki ettigini fakat
folat sayesinde hiicresel aliminin iki kat arttig1 goriilmiistiir. Sonraki kisimlarda ise temiz bir
sentez yontemi olarak katalizor kullanilmadan sentezlenen hBN’ler ile ¢aligmalara devam
ettik. Caligmanin ikinci kisminda, reaksiyon ortaminda katalizor kullanilmadan sentezlenen
hBN’lerin tasiyict ve terapotik etkileri incelenmistir. Elde edilen sonuglarda, hBN ile
muamele edilen prostat kanser hiicrelerinde reaktif oksijen tiirlerinin (ROT) yiizde 62
oraninda arttig1, apoptoziz ile hiicre Oliimlerinin 4 kat arttigt ve hiicrelerin metastaz
kapasitelerinin Onemli o6l¢iide azaldigr goriilmiistiir. Bu sonuclar hBN’lerin prostat
kanserinin tedavisinde terapdtik ajan olarak ongoriilmesinde cesaretlendirici olmaktadir. Bu
gelecek vadeden sonuglar hBN’lerin kanser tedavisinde ilag tasiyici ve terapdtik ajan olarak

calismalarini in vivo evreye tasinmasinda bizleri cesaretlendirmektedir.
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1. INTRODUCTION

1.1. DRUG DELIVERY APPROACHES AGAINST CANCER

In recent years, scientists are diligently working to find an effective drug delivery method to
target cancerous tissues. Several drug administration routes are established including
intranasal [1], intra-arterial [2] intrathecal [3] and intraventricular drug administration [4]
and intra-tumoral delivery [5]. Moreover, several drug delivery approaches including
passive diffusion [6] carrier-mediated [7], receptor-mediated [8] and adsorption-mediated
transport [9], and disruption of the barriers including blood brain barrier (BBB) and blood
testis barrier (BTB) [10, 11] are established for accumulation of drugs in tumors as shown
in Figure 1.1. The clinical trials by using intra-arterial, intrathecal and intraventricular drug
administration show minimal improvement in terms of drug delivery effectiveness apart
from the intra-arterial injection of monoclonal antibodies, where successful trials have been
achieved [12,13]. Further, the convection enhanced diffusion (CED) technique, an
intratumoral delivery approach, is explored to increase the effective infiltration of drug into
tumor region [14]. Microdialysis is another example of intratumoral drug delivery method,
where drugs passively diffuse to the tumor tissue so exposing the tumor to enough drug

compounds [15].

Another drug delivery technique is the modification of the drug molecules with small sized
(smaller than 500 Da), low charged (should have low hydrogen binding capacity), and high
lipophilic compound, to make them more appropriate for accumulation in tumor [16].
Additionally, the drugs are modified as analogue of the ligands that are specific for the
receptor present on the tumor cells surface for adequate drug accumulation in the tumor
tissue [17]. For example, transferrin receptor mediated endocytosis is an efficient technique
for passing drugs through the BBB. Due to the localization of transferrin receptors on the
endothelial cell in BBB and overexpression at tumor cells provide selective uptake of
transferrin functionalized structure by brain cancer cells [18]. Therefore, a number of
nanoparticles were functionalized with transferrin for passing through the BBB such as solid

lipid nanoparticles [19], dendrimers, polymeric nanoparticles [20].
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Figure 1.1. Passive diffusion, carrier-mediated, receptor-mediated and adsorptive-mediated

transport pathways through the cancer cell membrane.

The cytotoxicity and genotoxicity of drugs used in cancer therapy is also a major obstacle
causing unbearable side effects in patients [21]. One of the most commonly cancer-inhibiting
strategy is preventing the cell proliferation by cytotoxic drug such as maytansine that
displays antimitotic activity. With a highly cytotoxic nature, maytansine has been
functionalized with cancer cell specific antibodies providing high target-specific

cytotoxicity in cancer cells at in vitro studies [22].

The intervention of drugs such as doxorubicin (Dox) and epirubicin with the DNA
replication process occurs either with their direct intercalation into the DNA helix or
inhibition of DNA replication enzymes such as topoisomerase, which leads to apoptosis in
cancer cells [23,24]. Several intelligently designed cytotoxic and genotoxic agents serve the
purpose as single or complex therapies to fight against cancer. However, the limited delivery
of the drugs to cancerous cells is an obstacle for the effective use of these drugs due to low
accumulation of the drugs below efficient doses in cancerous cells. Therefore, effective

targeting and delivery of toxic cancer drugs is a critical matter in their clinical applications.

In recent years, nanomaterials have gained significant interest in the medical and biomedical

fields, owing to their small size and unique chemical and physical properties, including their



intrinsic optical, magnetic, electronic and mechanical features, often different from the bulk
material counterparts [25]. These properties make them particularly suitable for interaction
with biological molecules, and thus successful for many biomedical applications, including

medical imaging, diagnosis, drug delivery, and tissue engineering [26].

The nanomaterials are widely investigated for efficient drug delivery strategies [27]. In this
context, nanomaterials are generally developed as colloidal carriers that consist of
liposomes, polymeric nanoparticles, solid lipid nanoparticles, polymeric micelles,
dendrimers or ceramic nanoparticles [28-34]. These nano-systems generally use passive
diffusion [35] through the cancer cell membrane as well as receptor mediated [36] and

adsorptive [37] transcytosis processes.

These nanocarriers can also be decorated with targeting agents such as folate, HER2 and
EGFR antibodies for specific cancer cell targeting. The designed systems have a high
potential to eliminate side effects of the drugs, but also to increase their efficiency [38, 39].
In a study, radio-labeled carbon nanotubes (CNTs) were functionalized with amino groups
for targeting cancer cell membrane and the system was tested on BBB model consisting of
brain endothelial cells, and in in vivo experiments. The results of the experiments showed
that the functionalized CNTs with the brain targeting ligands can be used as drug delivery
agent to the brain [40]. Moreover, Ciofani et al. developed a transferrin functionalized boron
nitride nanotubes (BNNTS) as a model structure for BBB targeting as shown in Figure 1.2
[41].

Figure 1.2. Graphical schematization of a TTR-BNNTSs [41].



In a study, Dox was complexed with CNTs through =n-m stacking following the
functionalization with PEG to increase their blood circulation time and to decrease their
toxicity [42]. It was found that the PEG-Dox—CNTs accumulated more in Raji lymphoma
xenograft tumors of SCID mice compared with free dox. In another study, single walled
CNTs were functionalized with Dox, a monoclonal antibody for targeting and a fluorescence
marker for visualization [32]. The results indicated that cancer cells efficiently took up the
complex. While Dox was effectively released and accumulated in the nucleus, the CNTs
remained in the cytoplasm. This result indicates that the high loading capacity of the CNTs
Is due to its large surface area and effective noncovalent interaction between CNTs and drug
molecules. However, the relatively low biocompatibility of CNTs required PEG
functionalization but coating with PEG did not completely eliminate its toxicity [43].
Furthermore, another type of tubular nanostructures, halloysite clays nanotubes (HNTS),
have been shown to be good candidates for nanoarchitectural composites due to their
biocompatible nature. The inner lumen of HNTSs can be loaded with drugs or proteins [44].
BNNTSs were also tested for their delivery potential following functionalization with folate
molecules, which showed promising results for imaging and drug targeting applications [45].
The results of the study indicated that the folate was a good candidate to target BNNTS to
cancer cells allowing a selective internalization of the BNNT—folate complex by the cancer

cells through overexpressed folate receptors on cancer cell plasma membrane [45,46].

Consequently, a wide variety of approaches for effective drug administration in tumor region
have been developed. Despite the drug targeting efficiency has been enhanced with the new
generation drug delivery approaches, it is still not enough to face with the detrimental effects

of brain tumors.

1.1.1. Drug Delivery Approaches in Glioblastoma Multiforme (GBM)

Among the brain cancers, glioblastoma multiforme is the most common type, the most
aggressive and lethal, characterized by extensive infiltration into the brain parenchyma.
GBM is a tumor of the glia, a group of cells that protect and support neurons in central
nervous system. GBM belongs to a group of brain tumors known as astrocytomas, as shown
in Figure 1.3. According to the World Health Organization (WHO) criteria, astrocytomas



are classified into four grades (grades I, II, 11l and V) based on their histopathological
features. GBM is the highest grade astrocytomas, because of the features of this tumor,
including cell necrosis localization, presence of hyperplastic blood vessels and highly

pleomorphic cell nuclei showing a high proliferation index [47].

Figure 1.3. MRI image of grade IV glioblastoma multiforme cancer [48].

Despite the cause of the disease is not entirely clear, uncommon risk factors include genetic
disorders such as neurofibromatosis, Li Fraumeni syndrome and previous radiation therapies
[49]. Its diagnosis can be performed by computed tomography scanning (CT), magnetic
resonance scanning (MR) and tissue biopsy [50]. The standard treatments of the GBM
include the removal of tumor tissue by surgery and, after that, various chemotherapy and
radiotherapy administration to the tumor region [51]. However, all the traditional therapy
approaches to the GBM present extremely poor success: the average survival time following
diagnosis of GBM is only 12 months; furthermore, the 3-year survival rate of GBM is about
3-5 per cent [52]. Despite the dramatic efforts to develop diagnostic and therapeutic tools,
the treatment of GBM remains a huge challenge in neuro-oncology, and successful
treatments are still far from being attained. The major obstacles include i) the structural
complexity of the central nervous system (CNS), ii) the heterogeneous and invasive nature
of the tumor, iii) the difficulty of identifying tumor margins and the disseminated tumor

burdens during surgical resection, iv) the insufficient accumulation of therapeutic agents at



the disease site, v) the recurrence of the pathology, and vi) the acquired drug resistance

during chemotherapy [53].

The radiotherapy for treatment of GBM has been a standard approach for thirty years [54].
It is also common to combine the radio therapy with surgery, chemotherapy, hormone
therapy and immunotherapy [55]. In general, after removal of the tumor mass with surgery,
the radiotherapy to the tumor region shows significant benefits as compared to the patients
who are not treated with radiotherapy [56]. In the mechanism of radiotherapy, the cancerous
cells in tumor are exposed to radiation that exploits oxygen in the organism as radiosensitizer
to produce reactive oxygen species and thus to damage DNA structure in the cells [57]. As
result of the irreparable damages in the DNA structure, the growth of the tumor can be
slowed down by killing cancer cells. In this technique, shaped radiation beams are used to
direct the radiation from several angles to the tumor region in the body to enhance the
therapy yield and to decrease the radiation exposure of normal healthy tissues to prevent
their damage [58]. The combination of radiotherapy with nitrosourea-based chemotherapy
or temozolomide-based chemotherapy shows certain benefits, showing 7.259 patients a
14.2-month average survival rate relative to standard radiotherapy alone, in which 6.673
patients showed a 12-month average survival rate [59]. The nitrosourea and temozolomide
are used as chemotherapy drugs owing to their DNA alkylation tendency [60]. Due to their
lipophilic nature, they are useful for treatment of GBM, given that they can penetrate through
the blood-brain barrier (BBB) freely. [61,62]. Despite a relative success of all these
therapies, advantages with respect to plain radiotherapy are still small and remain poor in
terms of long-term survival [63]. In this regard, boron neutron capture therapy (BNCT)
presents great hope in the treatment of GBM [64].

1.1.2. Drug Delivery Approaches in Prostate Cancer

Prostate cancer is one of the most detrimental form of cancer in men. Statistical analysis
show that the 1.9 million men is suffering from prostate cancer and unfortunately 6.7 million
men died in 2012 in worldwide [65]. It is the most commonly seen solid organ tumor in
Turkey and one of each twelve men is suffering from this illness [66]. The risk factors that
increase the possibility to catch prostate cancer are family history and presence of lower
urinary tract syndromes [67]. The basic diagnosis methods of the prostate cancer are



searching serum prostate specific antigen (PSA) level in blood, echography, and biopsy [68].
The UICC 2002 Tumor Node Metastasis (TNM) used a classification system to grade the
prostate cancer based on extent of the primary tumor and its metastasis extent in lymph nodes
[69]. Initial treatment techniques are prostatectomy and radiation therapy to remove or
destroy the tumor when it is already in prostate capsule [70]. When the tumor is still inside
the prostate capsule, it indicates the first grades of cancer. In this grade, it produces androgen
that induces cell proliferation as well as inhibition of apoptosis [71]. Accordingly, key point
of the therapy is ablation of the androgen that prevents tumor progression and causes
regression of prostate tumor [72]. However, it cannot generally be cured in these grades and
diagnosed after cancer spread from prostate capsule. In high grades of the illness, prostate
cancer cells make metastasis to other tissues including bone and lymph nodes [73]. It
becomes less controllable and more aggressive due to the androgen independency. It is the
lethal form of the prostate cancer due to the lack of efficient treatment method in the

literature.

Androgen dependent grade of the prostate cancer therapy is more determined that androgen
ablation to control tumor growth and then tumor removing by surgery [74]. However,
therapy at the androgen independent grade of prostate cancer is more complicated and
difficult as shown in Figure 1.4. Therapy is developed depends on the metastasis region of
cancer and differentiation of cells from their origin to target prostate specific antigens [75].
Therefore, more powerful and smart anti-cancer agents, carrying and targeting systems are
required like nanodrugs including polymeric [76], dendrimeric [77], metallic [78] or lipid-
based [79] drugs. Polymeric nanoparticles are good candidates as a carrying agent since their
controlled drug release properties and surface modification capability [80]. In a study,
paclitaxel loaded small poly(lactide-co-caprolactone-co-glycolide) (PLGA) nanoparticles,
in 100 nm size, were used for controlled drug release in prostate cancer. They revealed that
the structures were showed high intracellular activity in PC3 chemoresistan and hormone
independent cells as compared to free paclitaxel drugs [81]. In another study, prostate
specific membrane antigen (PSMA) targeted PLGA—poly (ethylene glycol) (PEG) polymers
were used for controlled cisplatin drug release in LNCaP cells [82]. Moreover, metallic
nanoparticles are also good candidates as drug carrying agents with their relatively
biocompatible nature and easy functionalization with drugs and targeting agents [83]. Gold

nanoparticles were developed as drug carrying agents by functionalization with androgen or



G protein receptor for hormone insensitive and chemotherapy resistant prostate cancer cells
[84]. According to the promising results of nanodrugs on prostate cancer cells, they represent
exploitable nanodrugs to test in in vivo applications. In another study, hollow boron nitrides
(BN) were used as boron reservoir to fight against prostate cancer. The result indicated that
the degradation products of BNs decreased the cell viability and stimulated the cell death by
apoptosis. Moreover, promising results were obtained from in vivo anti-cancer studies of the

BNs against prostate cancer [85].
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Figure 1.4. Schematic representation of prostate cancer therapies [86].

1.2. BORON-BASED THERAPEUTIC APPROACHES

Boron has been known as an essential element for life cycle (growth, development and
maturation) of organisms in all phylogenetic kingdoms [87]. Boric acid, as a chemical form
of boron in physiological conditions, has tendency to make an ester bonds with the hydroxyl
groups of organic compounds [88]. Therefore, hydroxyl group including structures such as
sugars are good candidates to internalize into their structures [89]. When the complexation
performed with structurally and functionally important sugars such as ribose in adenosine or
adenosine precursors cause adverse effects by affecting the presence or activity of the

structure [90]. These biomolecules include diadenosine phosphates (signal nucleotide) and



S-adenosylmethionine that have high affinities to boric acid [91]. S-adenosylmethionine is
generally used in methylation reactions that shows its interaction with boric acid affects the

all functions of DNA, RNA, protein and phospholipids in cell structure [92].

A recent study has been performed with arthritic people fed with a diet including 6 mg/d
boron supplement in form of calcium fructoborate for six weeks. After the process, 80 per
cent of the people with mild or moderate osteoarthritis were reported having reduced or
eliminated their painkiller drugs. Moreover, their joint rigidity disappeared, inflammation
reduced, and movements significantly increased. In another study, the inflammation
biomarkers were investigated on people whose diet was supplemented with 3, 6, 9 and 12
mg/d calcium fructoborate for 15 days. Then, it was realized that inflammatory biomarkers
including serum C-reactive protein, plasma fibrinogen and erythrocyte sedimentation rate

were significantly improved [93].

In another study effects of boron on bone formation was investigated with in vitro studies.
The cells that were exposed to 1 and 10 ng/mL of boric acid showed improved bone
formation, increased mRNa profile of type 1 collagen, osteopontin, bone sialoprotein,
osteocalcin, and RunX as compared to controls [94].

Another finding showed that boric acid-exposed people exhibited improved central nervous
system psychomotor skills, like processes of attention and short-term memory [95].
Furthermore, several studies indicated positive effects of boric acid on hormonal regulation
of the organisms including vitamin D, estrogen, thyroid hormone, insulin, and progesterone
production [96-98].

Boron-including agents such as calcium fructoborate, borax, boric acid, boronic acid and
their esters were also studied in plenty of investigations of prostate cancer treatment [99].
These studies show that boron-including agents has remarkable inhibiting effects on prostate
cancer proliferation [100,101]. In a study, it was indicated that the boric acid decreased
proliferation of the cells by manipulating Ca?* release to the cytosol, which is proliferation
stimulant, and cell migration by inhibiting F-actin polymerization in cytoskeleton [102]. In
another study, it was shown that the calcium fructoborate induces increased calcitriol level
in the blood that activates apoptosis and inhibits angiogenesis, invasion and metastasis of
breast cancer cells [93]. Moreover, boronic acids as trivalent boron including agents that has

alkyl group in place of hydroxyl group in its structure plays very important role in cancer
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treatment. Phenylboronic acid and diphenylboronic esters as boronic acid samples are more
effective on prostate cancer cell proliferation and migration thanks to their structure that

mimics organic compounds [103].

Boron neutron capture therapy is a therapeutic application exploited to selectively destroy
cancer cells, and it is based on nuclear capture and fission reaction of the 1°B isotope that is
in its nonradioactive form in nature. It is irradiated with low energy thermal neutrons to yield
high linear energy transfer (LET) of alpha particles (*He) and recoiling “Li nuclei [104] as

shown in Figure 1.5.

. Thermal Neytron.

Thermal
Neutron

Figure 1.5. The principle of boron neutron capture therapy [105].

Treatments with BNCT technique have been first explored in Japan, Europe and United
States [106]. Clinical trials with BNCT have primarily focused on the high grade GBM and
cerebral metastasis of melanoma (MET) that are most common malignant brain tumors
[107]. The treatments first consist of de-bulking surgery to remove tumor masses as fully as
possible, followed by BNCT treatments at different times after surgery. The clinical potential
of the BNCT was theoretically realized in 1930s [108], and first successful outcomes have
been obtained during the 1950s [109]. However, given the disappointing outcomes of the
trials, experiments were stopped in 1961 [110]. The main problems were a) inadequately
targeting of inorganic boron-including agents to the cancer tissue b) limited penetration of
the thermal neutrons and c) accumulation of boron-including agents in normal brain

vasculature that cause damages of scalp and vascular system [111].
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The most important requirements of a boron-delivery agent are: low systemic toxicity, high
tumor and brain/normal tissue uptake ratio, high tumor concentration of °B/g tumor, rapid
clearance from blood and normal tissue, and persistency in tumor during the BCNT
application process [112]. However, new chemical synthetic techniques, new biological and
biochemical knowledge were exploited to develop more effective boron-including agents
[113]. The biggest challenge in their development is the requirement of an effective targeting
of the tumor tissue [114]. Further, the targeting of the glioblastoma is an even bigger
challenge compared to the malignancies of other tissues, due to its highly infiltrative and

histologically complex nature [115].

In the clinical trials of the BNCT, boric acid (BA) was used as boron-including agent
between 1950-1960 [109], as a first-generation compound. This simple chemical compound
was not selective, showing low tumor retention. Then, in 1960s two other low molecular
weight boron compounds were exploited, which are (L)-4-dihydroxy-borylphenylalanine
(BPA) and another one based on a newly discovered polyhedral borane anion [116], sodium
mercaptoundecahydro-closo-dodecaborate (BSH) [117] (Figure 1.6). These second-
generation boron-including compounds were low toxic and showed high persistency in

tumor throughout the BNCT process.
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Figure 1.6. Chemical structure of BSH and BPA.

Then, clinical studies were carried out by Hatanaka in Japan in 1967 by using a thermal
neutron beam and BSH [118]. In this treatment, first the tumor was removed as soon as
possible with surgery, and thereafter BNCT was applied by the administration of BSH by a
slow intra-arterial infusion, and then intravenously. After 12-14 h, BNCT was carried out
with several nuclear reactors. Because the thermal neutrons have limited penetration depth
through the tissue, it was obligation to remove the bone flap to increase the irradiation doses

at the exposed tissue [119].

Then, Miyatake et al. have improved this technique by combined administration of BPA and
BSH intravenously for 12 h. 11 patients with high-grade gliomas were treated with this
approach. The MRI and CT results of their tumor showed a 17 per cent to 51 per cent
reduction respect to the initial volume after the treatment. The tumor volume reduction

reached a maximum of 30 per cent to 88 per cent in the following trials [120].

In 1994, higher energy epithermal neutron beams were used instead of low-energy thermal

neutron irradiation, thus eliminating the needing to remove the bone flap step before the
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treatment [121]. This eliminates the damage in the scalp structure and permits the treatment

of the cancer area in the brain [122].

Although the compounds were safe for normal tissues, they were not ideal as boron delivery
agent. Thus, a third-generation of boron-containing compounds was designed, which are
combination of low molecular weight molecules and monoclonal antibodies (mAb) [123].
For example, the epidermal growth factor (EGF) and transferrin (TfR) receptors that are
overexpressed in glioma tumor cells were chosen to exploit specific ligands bonded to

boron-including agents [124,125].

In order to be successful in BNCT, sufficient amount of 1°B should reach to the tumor cells
(~10° atoms/cell), and enough thermal neutrons must be absorbed to sustain a lethal
1B (n,a)’Li capture reaction. Thus, depending on the success of cancer tissue targeting and
overcoming, the BNCT can be considered as a safe and effective treatment technique.

1.3. BORON NITRIDE-BASED NANOMATERIALS

1.3.1. Boron Nitride Nanotubes (BNNTS)

Boron nitride nanotubes (BNNTSs) were first synthesized in 1995 by Chopra et al. [126] after
the discovery of carbon nanotubes (CNTSs) in 1991 by lijima [127]. Due to the same
honeycomb structures, BNNTSs are regarded as structural analogues of CNTs as shown in
Figure 1.7. There is a considerable charge transfer between B and N atom since their
different electronegativity that cause partially ionic character [128]. This leads to van der
Waals interactions between layers, that is the primary reason of difficulties in synthesizing
single-walled BNNTSs with respect to easy synthesizing techniques of single-walled CNTs
[129]. Furthermore, the inherent characteristics of BNNTSs are at the base of their intrinsic
physical and chemical properties [130]. They are increasingly gaining attention because of
their unique physicochemical features, including high resistance to oxidation and heating,
constant electric properties, high hydrophobicity, and considerable hydrogen storage
capacity. Consequently, they found plenty of applications in a wide range of research fields.
[131]. In addition, BNNTS are considered as good candidates for a wide range of biomedical
and related applications such as orthopedic implants [132], biosensing [133], and drug and
gene delivery [134].
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(a) SWCNT

(b) MWCNT

Figure 1.7. Molecular model of a SWCNT (a), MWCNT (b), SWBNNT (c) and
MWBNNT (d) [135].

BNNTSs were also investigated in a variety of applications as carrier or active agent to use in
cancer treatments [136]. As carriers, BNNTs were functionalized with transferrin as a
targeting ligand interacting with the overexpressed transferrin receptors on glioblastoma
cancer cells. This study presents a fundamental step towards BNNT exploitation as smart
and selective nanocarriers in several nanomedicine applications [137]. Then, BNNTs were
functionalized as contrast agents to use in BNCT application. BNNTs were functionalized
with DSPE-PEGa2o00 to increase their dispersibility in agueous media. In this study, BNNTs-
DSPE-PEG2000 accumulated in B16 melanoma cancer cells three times more than BSH,
indicating that BNNTs-DSPE-PEG2000 would be a possible candidate as a boron delivery
vehicle for BNCT [138]. In another study, BNNTs were also functionalized with poly-L-
lysine (PLL) and folic acid for BNCT (Figure 1.8). PLL was wrapped around the BNNTSs to
induce more hydrophilic properties. In addition, BNNTs were coated with folic acid for
selective interaction with the tumor cells. It was observed that PLL-F-BNNTs were
effectively taken up by malignant glioblastoma cells, suggesting that the use of BNNTs

should be further investigated for neutron capture therapy [139].
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Figure 1.8. Schematic representation of the PLL-F-BNNTs nanovector [139].

1.3.1.1. BNNT Synthesis

There are several BNNT synthesis methods that vary depending on the boron precursors,
catalysts, mode of heat, temperature, and duration of the process [140]. The differences in
the process change the production yield, length, and size of the BNNTs. The BNNTs were
first synthesized by arc discharge method, by which dark gray BNNTs were collected in
approximately 3 nm inner diameter and 200 nm length [126]. An arc discharge is generated
between a hexagonal BN (h-BN)-filled tungsten rod as an anode and a cooled copper
electrode as cathode. In another method, due to the structural similarity between the CNTs
and BNNTSs, the latter were synthesized from CNTSs by substitution reaction [141]. CNTSs,
B203 molecules as boron precursor, and MoOg as catalyst were used in this reaction. The
only way to obtain single walled-BNNTSs is laser ablation method [142]. Further, chemical
vapor deposition (CVD) method is a well-known and economical method widely used for
CNT and BNNT synthesis [143]. In this method, high production yield can be obtained and
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requires simple experimental procedure. In recent studies, high production yield has been
achieved by the CVD method using metal oxides such as ZnO, Al;O3, Fe304 and Fe.03 as
catalysts [144]. Besides, the ball milling is used to increase production yield by transferring
high mechanical energy to boron and nitrogen precursors and to increase their surface area
to increment their contact possibility [145]. In another study, the CVD technique was used
in combination with the ball milling process: high yield of BNNTSs of approximately 30 nm
in diameter and 500-1000 nm in length were obtained [146].

1.3.1.2. Functionalization of BNNTs

The high chemical stability and hydrophobicity of BNNTS result into their poor dispersibility
in aqueous media [147,148], which hinders their cellular uptake studies and reliable
assessment of their adverse effects on living systems. The poor dispersibility limits their use
in medical and biomedical applications. Therefore, significant efforts have been dedicated
to increase their dispersions in physiological solutions and their interactions with other
biomaterials. The water dispersibility of BNNTSs can be increased basically by the insertion
of —OH or —NH2 groups at the edges and/or at defects of the structures [149]. This makes
them suitable for further functionalization or more amenable for interactions with other
biomaterials. Of course, the chemical and/or physical functionalization processes can affect
the properties of the BNNTSs, and appropriate biocompatibility investigations should be
carried out after each functionalization step. Moreover, BNNTs have been physically kept
in interaction with several biomolecules such as gum Arabic, glycine, mesoporous silica,
and europium doped sodium gadolinium fluoride (NaGdF4:Eu) for cellular uptake studies
for biomedical applications including drug delivery and tissue engineering [150-153]. The
functionalization provides high dispersibility in aqueous media and functional groups to
visualize them by binding fluorescent dyes or quantum dots in fluorescence imaging studies
[154,155].

1.3.1.3. Biocompatibility of BNNTSs

The cytocompatibility of synthesized BNNTSs and their interactions with living systems were
first evaluated by Ciofani et al. In that study, polyethyleneimine (PEI) and quantum dots
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were complexed with BNNTSs, the latter being investigated on neuroblastoma SH-SY5Y
cells for 72 h. The cellular uptake and cytotoxicity experiment results confirmed that PEI-
BNNTs were completely cytocompatible structure. Moreover, the results indicated that the
cellular uptake of the PEI-BNNTs was accomplished using energy-dependent classical
endocytosis pathway, probably due to the chemical reactivity of PEI with cells [154]. Next,
glycol—chitosan (GC) non-covalently coated BNNTs were used for the treatment of human
neuroblastoma cells, that resulted viable up to 100 pg/mL of GC-BNNTSs [156]. In another
study, the BNNTs were functionalized with organic hydrophilic agents including
glucosamine (GA), poly(ethylene glycol) 1000 (PEG1000), and chitosan (CH), and their
toxicity was investigated [157]. It was found that the PEG1000-BNNT and CH-BNNT were
cytotoxic at high concentrations (100 pg/mL), while GA-BNNTs were not cytotoxic.
Moreover, compatibility investigation of unmodified BNNTs showed that they were safe on
the malignant U87 (wild type p53) and T98 (mutant p53) glioblastoma, MCF-7
adenocarcinoma mammary gland cells and normal MRC-5 fibroblast lung cells [158]. In
another study, the cytotoxicity of Tween 80 coated BNNTs was investigated with several
cell lines including lung adenocarcinoma cells (A549), murine alveolar macrophage cells
(RAW 264.7), murine embryonic fibroblast cells (3T3-L1), and human embryonic kidney
cells (HEK293) [159]. The results of that study demonstrated that BNNTSs were cytotoxic at
variable BNNT concentrations (0.2-20 g/mL) in a cell-type-dependent manner. They were
enormously cytotoxic especially on macrophage cells due to the high endocytosis capacity
of these cells. Furthermore, the biocompatibility of the glycol-chitosan modified BNNTs
was investigated with in vivo studies. BNNTs were intravenously injected in rabbits at 1
mg/mL dose in a first experiment [160]; then, 5 and 10 mg/kg doses were adopted in a second
experiment [161]. All the collected results indicated that the BNNTs have no significant
adverse effect on white blood cells, red blood cells, and many other blood parameters of the
rabbits upon their injection in the blood. In a recent study, gum Arabic functionalized
BNNTSs were injected into planarians to investigate the influence of the modified BNNTs on
the regeneration of these worms. The animals amputated below their heads showed no
important morphological and progressive differences when treated with BNNTSs, with
respect to the controls [162].
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1.3.2. Hexagonal Boron Nitrides (hBNs)

Although hBNs were discovered in 1842, their first stable form was obtained about a century
later. The hexagonal boron nitrides (hBNs), as structural analogs of graphene, have strong
intralayer covalent bonding between B and N atoms and weak interlayer van der Waals
bonding (Figure 1.9) [163]. hBNs can be potentially used in many fields including pharmacy,
cosmetics, chemistry and high-temperature technologies, due to their biocompatibility, high
chemical and thermal stability, excellent mechanical strength and electrical insulation
properties [164, 165].

I
x

Figure 1.9. Schematic representation of hBNs [166].

1.3.2.1. hBN Synthesis

As one-dimensional boron nitride-based structures hBN are widely investigated in the
literature, concerning both synthesis and characterization in several publications. In a study,
BN nanocages were produced in a typical synthesis environment of boron nitride nanotubes
using Arc discharge method in 1999 [167]. In that study, electrodes were covered with 99
per cent elemental boron and with 1 per cent nickel and cobalt as catalyst. Apart from the
BN nanotubes, BN covered nanocrystals were formed in the synthesis environment.

Following the removal of nanocrystals, hollow BN cocoons were obtained [167].
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In another study, BN synthesis was performed two steps via CVD method. In the first step,
B-N-O sphere particles were synthesized from (B(OMe)s) and ammonia precursors. Then,
oxygen atoms were removed from spheres by heating under ammonia atmosphere at high
temperature [168]. However, Golberg and coworkers claimed that the (OMe)3BNHs3
complex were produced in place of removing oxygen atoms from structure at the second
step. Therefore, there another intermediate phase was required to produce BN spheres. Then,
the BN ceramics were formed using dehydrogenative hydrolysis from BH3NHj3 for hydrogen
elimination. At the end, B-O impurities generates the nuclear center of BN spheres that are
in the size range of 50-400 nm [169].

In another study of Golberg and his team, they used argon (Ar) gas rather than NH3 that
evaporates B-O at the inner part of nanospheres at the second phase of the synthesis, in order

to obtain hollow BN nanomaterials [90].

Next, hBN nanoparticles were synthesized under low temperature using ammonium
borofluoride (NH4BF4), sodium azide (NaNs) and sulfur (S) as precursors that had mixed
each other with milling method. The mixture was heated up to 250°C for 20 h. Finally, the
product was washed with hydrochloric acid (HCI), benzene, and deionized water to remove
iron, sulfur and water-soluble salt impurities, respectively. Then, BN nanoparticles were
obtained around 35-45 nm sizes [170].

Lastly, spherical BN and BCNs were synthesized via elemental substitution reaction, where
carbon nanocages were used as template and boron trioxide as boron source. They were
mixed and heated under NHs gas flow for substitution reaction. Following the reaction, 1-3
um sized microspheres were obtained with interconnected holes as shown in Figure 1.10,

interpreted as the elemental substitution of B and N atoms in place of C atom [171].
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Figure 1.10. HRSEM and HRTEM images of MBN and MBCN nanocages (A and C:
MBN; B and D: MBCN) [171].

The biocompatibility investigations of the BNNT and hBNs have been performed to clarify
their acceptability in biomedical applications. Many of these investigations indicate that the
BNNTs and hBNs are non-toxic, however their biocompatibility related to animal model,
cell type, dose, their dispersion surfactant, BNNT aspect ratio and lateral size dimensions of
hBNs. All together, we can conclude that BNNTs and hBNs have no significant adverse
effects on the cell proliferation, metabolism and viability. However, the BNNTs and hBNs
were found non-toxic in in vitro studies, more in vivo investigations should be performed in

the future studies to reach more clear conclusions.
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2. AIM OF THE STUDY

The investigation of the use of BNNTs and hBNs as drug carriers and as potential boron
source in applications such as BNCT is the main objective of the thesis. The other objective

was to investigate their cancer suppression property by emphasizing effect mechanisms.

First, the biocompatibility of BNNTs and hBNs was carefully investigated to avoid potential
damage to healthy tissues. Then, their cellular uptake performance was investigated as one

of the most important points to reveal their effectiveness.

Next, BNNTs and hBNs based drug delivery systems are optimized by considering the

following points;

e Drug loading capacity and releasing conditions
e Cellular uptake performance of drug and targeting agent-loaded BNNTs and hBNs
e Intracellular accumulation of targeting agent-functionalized hBNs

e Therapeutic effect of hBNs on prostate cancer
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3. MATERIALS AND METHODS

3.1. MATERIALS

3.1.1. Cell Lines

Human Dermal Fibroblast (HDF) cells, Adenocarcinomic Human Alveolar Basal Epithelial
(A549) cells, human umbilical vein endothelial cells (HUVEC), cancerous HelLa cells,
glioblastoma multiforme (U87MG) cells, androgen independent prostate (DU145 and PC3)
cancer cells and healthy prostate (PNT1A) cells were purchased from American Tissue
Culture Collection (ATCC).

3.1.2. Cell Culture Reagents

Dulbecco's Modified Eagle Medium (DMEM), Opti-MEM medium, fetal bovine serum
(FBS), trypsin-EDTA, colchicine, bovine serum albumin (BSA), ribonuclease (RNase),
Rhodamine 123 and propidium iodide (PI) were purchased from Sigma-Aldrich. Phosphate
buffered saline (PBS) and penicillin streptomycin (Pen-Strep) were obtained from Gibco.
WST-1 reagent was purchased from Roche. Calcein, AM, cell-permeant dye and dimethyl
sulfoxide (DMSO) were purchases from Invitrogen. Cellular ROS detection assay kit and
Annexin V-FITC Apoptosis Staining / Detection Kit were obtained from Abcam.
Morpholino antisense oligonucleotides were prepared by Gene Tools. BD Matrigel matrix

was purchased from BD Biosciences.

3.1.3. Chemicals

Colemanite (Ca2B6011-5H20) was a gift from Eti Mine Works General Management
(Turkey). Iron (I11) oxide (Fe203), hydrogen peroxide (H202), ethanol, boric acid, boron
trioxide, nitric acid, calcium chloride dihydrate, sodium chloride, potassium hydrogen
phthalate, glycine, sodium phosphate dibasic anhydrous and sodium sulfate (anhydrous)

were purchased from Sigma-Aldrich. Glutaraldehyde and alkylbenzyldimethylammonium
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chloride were obtained from Merck Millipore. Highly pure ammonia gas (99.98 per cent)
was provided from Schick GmbH & Co. KG. Ethidium bromide was obtained from Bio-Rad

and DNA Ladder was provided from Invitrogen.

3.2. METHODS

3.2.1. Synthesis, Functionalization and Biocompatibility of BNNTs

3.2.1.1. Synthesis of BNNTSs

Boron nitride nanotubes were synthesized from colemanite using Fe>Oz as catalyst. Briefly,
2.0 g colemanite and 160 mg Fe2Os were mixed into 2.0 mL ammonia solution (13.38 M)
and this mixture was spread onto an alumina boat. After water evaporation from the mixture,
it was placed into a tubular furnace (Protherm, Furnaces PTF 14/50/450). BNNTs were
synthesized under NH3z atmosphere for 3 h at 1280°C. For purification, the BNNTSs were first
stirred in 4 M HCI solution at 90°C for 4 h, and then the solution was centrifuged at 14000
rpm for 30 min. Then, 1 M HNO3 solution was used for further purification. The BNNTS
were stirred in 1 M HNOs solution at 30°C for 6 h. After centrifugation (14000 rpm, 30 min),
they were washed with double distilled water (ddH20) to remove all the acid residues. Then,

they were dried under vacuum for 24 h and stored at room temperature.

3.2.1.2. Characterization of BNNTSs

The size and morphology of the synthesized BNNTs were monitored using scanning electron
microscopy (SEM, Helios Nano-Lab 600i FIB/SEM, FEI). Before SEM imaging samples
were prepared as gold-sputtered for 25 s at 60 nA to obtain a 3-nm thick conductive layer
over the BNNTs. TEM images of the BNNTSs were acquired with a JEOL-2100 HRTEM
microscopy system at 200 kV (equipped with LaB6 filament and an Oxford Instruments
6498 EDS system).

Then, the BNNTs were dispersed in ddH>O by sonication for 2 min before the analysis
(Bandelin Sonopuls HD 3100). A Perkin Elmer Lambda 25 UV-Vis spectrometer was used
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to obtain absorption spectra. The measurements were performed at least three times and their

mean values were shown in the figures.

BNNTSs were analyzed in dried form using IR spectroscopy; the spectra were acquired with
a Thermo NICOLET IS50 Spectrometer. The measurements were performed at least three
times and mean values of the spectra were shown in the figures. Moreover, the BNNTSs were
dispersed in ddH.O and samples prepared as drops on CaF, slides. Raman spectra of the
BNNTs were recorded using a Renishaw In Via Reflex Raman Microscopy system
(Renishaw Plc., New Mills, Wotton-under-Edge, UK) equipped with a 514 nm Argon ion
laser. A minimum of 16 spectra was acquired from a 16-um? BNNT sample area. The mean
values of the spectra were shown in the figures.

3.2.1.3. Functionalization of the BNINTSs

3.2.1.3.1. Hydroxylation of BNNTSs

In the hydroxylation process, 100 mg of pure BNNTs were added into 10 mL of 30 per cent
H20> solution and the mixture was sonicated for 1 h at 25°C. Then, the mixture was refluxed
for 48 h at 110°C while stirring. The obtained hydroxylated BNNTs (h-BNNTSs) were
precipitated by centrifugation (15 min, 10000 rpm) and washed with ddH2O five times and

dried at 60°C. The h-BNNTSs were stored at room temperature.

3.2.1.3.2. Carbohydrate (Glucose, Lactose and Starch) Modification of h-BNNTs

As carbohydrates, glucose, lactose and starch were used for further modification (m-
BNNTSs) of h-BNNTSs. Briefly, a suspension was prepared by dispersing 100 mg of h-BNNTs
in 10 mL of deoxygenated H>O and sonicated for 30 min. 10 mL of 5 per cent w/v glucose,
5 per cent w/v lactose or 2 per cent w/v starch solution were added to the suspensions. These
suspensions were then incubated for 48 h on a magnetic stirrer at 37°C after adding 500 puL
of 10 per cent v/v glutaraldehyde. The obtained m-BNNTs were precipitated by
centrifugation (30 min, 14000 rpm) and washed with ddH.O five times and dried in a

vacuum oven at 30°C. The m-BNNTs were thereafter stored at room temperature.
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3.2.1.3.3. Characterization of Functionalized BNNTSs

The synthesized h-BNNTs and m-BNNTs were analyzed in dried form using IR
spectroscopy; the spectra were acquired with a Thermo NICOLET 1S50 Spectrometer. The
measurements were performed at least three times and their mean values were shown in the

figures.

Thermogravimetric analysis (TGA) was performed on synthesized BNNTs, h-BNNTSs and
m-BNNTs by using a Perkin Elmer Pyris 1 TGA. The weight of samples was measured

between the temperatures 30-700°C and the results shown in relevant figures.

3.2.1.4. Biocompatibility of BNNTSs

3.2.1.4.1. Biocompatibility of BNNTs on Mammalian Cells

Cell Culture

The biocompatibility of BNNTs, h-BNNTs and m-BNNTs was tested on human dermal
fibroblast (HDF) and on adenocarcinomic human alveolar basal epithelial (A549) cell lines.
The cells were used to assess the cytotoxicity and the genotoxicity of modified and
unmodified BNNTs. HDFs were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM), supplemented with 10 per cent fetal bovine serum (FBS) and 1 per cent penicillin
streptomycin ampicillin (PSA) as antibiotics. A549 cells were cultured in (DMEM F-12)
supplemented with 1 per cent L-glutamine in addition to 10 per cent FBS and 1 per cent
PSA. The cells were incubated in water-jacketed incubator in a 5 per cent CO>, 95 per cent

air atmosphere at 37°C.
Cell Viability Assay
The cytotoxic effects of the modified and unmodified BNNTSs on cells were quantified with

2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
(WST-1) colorimetric assay. First, HDFs were seeded at 5 x 103cells/well and A549 cells
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were seeded at 1 x 10* cells/well in 96-well plates. The cells were incubated for 24 h, then
treated with BNNTs, h-BNNTs and m-BNNTs at increasing concentrations (5 pug/mL,10
pg/mL, 20 pg/mL, 50 pg/mL, 100 pg/mL and 200 pg/mL). The concentration of the
modified BNNTs was adjusted basing on the TGA data (Figure 4.6). After 1-3 days of
incubation, the culture medium in 96-well plates was replaced with fresh culture medium
containing WST-1 reagent with 1:10 ratio and incubated for a further 1 h. The percentage of
living cells is calculated by measuring absorbance of formed formazan salts at 450 nm with

an microplate reader.

Reactive Oxygen Species (ROS) Detection Assay

The ROS detection test was applied to BNNTSs, h-BNNTSs, and m-BNNTs exposed A549
cells. The cells were seeded in 24-well plates (the number of the cells was 1 x 10° for each
well) and incubated for 24 h at 37°C. In the following day, the cells were treated with ROS
detection reagent (2,7 dichlorofluorescindiacetate, DCFDA) and incubated for 30 min at
37°C. After diffusion into the cells, the DCFDA is transformed to a non-fluorescent
compound by deacetilation. Then, the ROS detection reagent containing medium was
removed and the cells were incubated for 24 h at 37°C with the increasing concentrations (5
pg/mL, 10 pg/mL, 20 pg/mL, 50 pg/mL, 100 pg/mL and 200 ppg/mL) of BNNTSs, h-BNNTSs
and m-BNNTs. The non-fluorescent compound in the cells is oxidized into the fluorescent
2,7-dichlorofluorescein (DCF) by the presence of ROS in the cells. Finally, the cells were

analyzed with a flow cytometer.

Genotoxicity Assay

The genotoxicity of BNNTSs, h-BNNTs, and m-BNNTs on A549 cells was analyzed with the
comet assay. The cells were treated with all the samples at 100 ug/mL and incubated for 24
h. Following the exposure to modified and unmodified BNNTS, the cells were collected into
1 mL PBS and embedded in 1 per cent low melting agarose onto high melting agarose coated
slides, which were kept into refrigerator at 4°C for 30 min. Then, the slides were put into
lysis solution (1 per cent Triton X, 10 mL DMSO, 2.5 M NaCl, 0.1 EDTA, 10 mM Tris base,
pH 10) for 1 h at 4°C. The cells were denaturated with alkaline buffer for 40 min; then,
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electrophoresis was performed at 25 V and 300 mA for 20 min with alkaline buffer. The
slides were immersed in neutralization buffer (0.5 M Tris—HCI, pH 7.5) for 15 min at 4°C.
Finally, the samples were fixed with 70 per cent ethanol for 10 min. The DNA was stained
with SYBR green dye at the 4°C for 30 min. After all these procedures, the comet images
were taken by florescence microscopy and the tail length of the DNA was measured by
comet image analysis software (Comet 1V). Fifty comets were analyzed for BNNTSs, h-
BNNTs and m-BNNTs sample.

3.2.1.4.2. Biocompatibility of BNNTs on Microorganisms

Yeast Culture

Yeast (Saccharomyces cerevisiae) cells were utilized for biocompatibility tests. They were
cultured in Yeast Extract-Peptone—Dextrose (YPD) medium. To remove the yeasts from
media, they were washed three times with PBS followed by centrifugation (5 min, 1500
rpm). The yeast concentration in the PBS was determined using UV/Vis spectroscopy at 600

nm.

LbL-coating of Yeasts with PEs (PLL-PSS-PLL) and BNNT-OHs

The yeasts were coated with poly-L-lysine (PLL) and polystyrene sulfonate (PSS) as positive
and negative charged polyelectrolytes, respectively. The negatively charged S. cerevisiae
cell wall was first coated with PLL. The yeasts were suspended in 1 mL of PLL solution (1
mg/mL in 0.5 M NaCl). They were incubated while shaking for 15 min and then washed

three times with NaCl (0.5 M) to remove free PLL molecules.

PLL-coated yeasts were exposed to PSS to provide the second monolayer around the cell
wall. This step was performed by resuspending the yeasts in 1 mL of PSS solution (1 mg/mL
in 0.5 M NaCl) and incubating the mixture while shaking for 15 min. After coating with
PLL/PSS, the yeasts were washed three times with NaCl (0.5 M) solution to remove free

PSS molecules.

The PSS-PLL-coated yeasts were exposed to PLL again to obtain third monolayer around
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the yeasts. After washing step, PLL/PSS/PLL coated yeasts were obtained. The yeasts were
suspended in 1 mL of PLL solution (1 mg/mL in 0.5 M NaCl). The cells were incubated
while shaking for 15 min and then washed three times with NaCl (0.5 M) to remove free

PLL molecules.

Finally, the PLL/PSS/PLL-coated yeasts were treated with h-BNNTs in NaCl solution (1
mg/mL in 0.5 M NacCl), thus promoting the h-BNNT absorption by electrostatic interaction
due to the negatively charged hydroxyl groups linked to the BNNTs. The cells were
incubated with h-BNNTSs while shaking for 30 min.

Characterization of PEs and h-BNNTSs Coated Yeasts

The surface potential of the yeast cells was measured using a Malvern Nano ZS instrument
in 0.5 M NaCl solution after the absorption of each layer of the oppositely charged PEs. The
PEs and h-BNNTs coated yeasts were analyzed with FTIR (Thermo NICOLET IS50)
following each coating step of PEs and h-BNNTs. PEs- and h-BNNTs-coated cells were
visualized with SEM before and after PE and h-BNNT coating processes. SEM (Helios
Nano-Lab 600i FIB/SEM, FEI) imaging was carried out on samples previously gold-

sputtered for 25 s at 60 nA, obtaining a 3-nm thick conductive layer over the samples.

Biocompatibility Assay

The cytotoxicity of the PEs and h-BNNTSs coating around the yeasts was assessed with the
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium

(WST-1) colorimetric assay. Yeasts were prepared as bare, PLL, PLL/PSS, PLL/PSS/PLL
and PLL/PSS/PLL/h-BNNT coated samples. The yeast viability was analyzed following one
day of incubation. Yeast medium mixed to the WST-1 reagent (10:1) was provided to the
samples, and the formazan products absorbance was measured at 450 nm with a microplate

reader.
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3.2.2. Synthesis, Functionalization and Biocompatibility of hBNs

3.2.2.1. Synthesis of hBNs

In the synthesis of hexagonal boron nitride (hnBNSs), boric acid and ammonia as boron and
nitrogen sources, respectively, were used. First, boric acid solution was prepared by
suspending 2 g of boric acid in 3 mL of 13.38 M ammonia solution. Then, the mixture was
layered on a silicon carbide boat and dried on a hot plate adjusted to 100°C for approximately
20 min. Then, the mixture on silicon carbide boat was heated in a Protherm Furnace PTF
14/50/450 until 1300°C with a heating rate of 10°C/min under ammonia gas flow for 2 h.
After the heating process, the silicon carbide boat was removed from furnace at around
550°C and hBNs were collected in a tube from the surface of the silicon carbide boat and

stored under room conditions.

3.2.2.2. Characterization of hBNs

3.2.2.2.1. Imaging Techniques

Size and morphology of the synthesized hBNs were characterized using SEM (Helios Nano-
Lab 600i FIB/SEM, FEI). Before the SEM imaging samples were coated with gold-sputtered
for 25 s at 60 nA previously to obtain a 3-nm thick conductive layer over the hBNs. Next,
TEM images of hBNs were performed using a JEOL-2100 HRTEM microscopy system at
200 kV (equipped with LaBe filament and an Oxford Instruments 6498 EDS system).

3.2.2.2.2. Spectroscopic Techniques

As a spectroscopic technique UV/Vis spectroscopy (Perkin EImer Lambda) were utilized to
analyze absorption of hBNs, following the hBNs were dispersed in ddH20 by sonication for
2 min before the analysis. The measurements were repeated at least three times and their
mean values are shown in the figures. The hBNs were also analyzed with IR spectroscopy
(Thermo NICOLET 1S50 Spectrometer) in their dried form. Lastly, Raman spectra of the

hBNs were recorded using a Renishaw In Via Reflex Raman Microscopy system (Renishaw
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Plc., New Mills, Wotton-under-Edge, UK) equipped with a 514 nm Argon ion laser. From a
16-pum? of each hBNs sample area a minimum of 16 spectra was acquired. Each sample was

measured at least three times and their mean values are shown in the figures.

3.2.2.3. Biocompatibility of hBNs

Biocompatibility of hBNs, was quantified with WST-1 colorimetric assay. First, 7x10° HDF
cells/well were seeded in 96-well plates and incubated for 24 h. Then, the medium of cells
was replaced with the hBNs at several concentrations (25, 50, 100, 150, 200, 300 and 400
ug/mL). Following 24 h of incubation, the culture media was replaced with fresh culture
media containing WST-1 reagent at 1:10 ratio and further incubated for 1 h. The percentage
of living cells is calculated by measuring absorbance of formed formazan salts at 450 nm

with a microplate reader.

3.2.3. BNNTs and hBNs as Nanocarriers for Anticancer Drugs

3.2.3.1. Noncovalent Interaction of Doxorubicin (Dox) with BNNTs and hBNs

3.2.3.1.1. Concentration Dependent Evaluation

BNNTs and hBNs were complexed with Dox at a fixed pH in PBS (pH 7). 2.0 mL of Dox
solutions at 0.5, 1.0, 2.0, 4.0 and 5.0 mM in PBS were prepared, and 3.0 mg of BNNTSs or
hBNs were added into these solutions. These suspensions were stirred at room temperature
for 24 h. Then, the free Dox was removed by centrifugation of the samples at 10,000 r.p.m.
for 15 min by removing the supernatant. The pellet settled at the bottom of the tube was re-
dispersed and washed with PBS three times. The characterization of the Dox loading onto
the BNNTs and hBNs was performed with a Perkin Elmer Lambda 25 UV/Vis Spectrometer
and a Cary Eclipse Fluorometer. The fluorescence spectroscopy measurement was
performed at maximum excision and emmision wavelengths of Dox (480 and 555 nm). The

absorption wavelength was 480 nm for all measurement involving Dox.
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3.2.3.1.2. pH Dependent Evaluation

The Dox interaction with BNNTs or hBNs was tested at several pH values to find out the
optimal loading. Thus, 5.0 mM of Dox and 3.0 mg of BNNTs or hBNs were stirred at room
temperature for 24 h in PBS, where pH was fixed at pH 4, pH 7 and pH 11. Following their
incubation, their washing was performed with centrifugation at 10000 rpm for 15 min at the
same pH values in PBS that were also used for their loading process. The characterization
of the Dox—BNNTs and of the Dox—hBNs interaction was performed with UV/Vis and

fluorescence spectroscopy.

3.2.3.2. Dox Release from BNNTs and hBNs

The Dox released from the BNNTSs or hBNs was monitored at fixed concentration ratios of
the samples at different pH values to reveal the pH effect. The Dox-BNNTSs and Dox—hBNs
were prepared at different pH values (pH 4, 7 and 11) and shaked at room temperature for
several h (1, 2, 4, 8, 24 and 72 h). Following their incubation, they were centrifuged at 10000
rpm for 15 min and their supernatants were collected to measure the released Dox in PBS

with UV/Vis spectroscopy.

3.2.3.3. Folate Loading on Dox-BNNT Structures

Folate was loaded onto the Dox—BNNTS to target cancer cells, which overexpress folate
receptors on their surfaces. A 2.0 mM solution of folate was stirred with 1.043 mg of Dox—
BNNTSs (10 wt per cent of 5.0 mM Dox interacted with BNNTS), 1.0 mg of BNNTs alone in
3.0 ml of PBS at room temperature for 24 h. After three washing steps, their interaction was

characterized with Malvern Zeta sizer and UV/Vis spectrometer.

3.2.3.4. Cellular Uptake of F-Dox-BNNTSs

HelLa cells and HUVECs were seeded on coverslips and incubated for 24 h. Due to 10 per
cent loading efficiency of Dox onto the BNNTSs, 0.5 mM of free Dox, which is the 1/10 of

the initial Dox concentration used to treat BNNTSs, was applied to the control cells. A 20-
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pug/ml concentration of Dox—BNNTs (5.0 mM) or F-Dox-BNNTs (5.0 mM) was
administered to the cells and incubated for 4 h. In a control experiment, 1.0 ml of 3.5 mM
folate solution was added into the media to compete with F-Dox—BNNTSs by saturating the
folate receptors on HeLa cells. After the addition of folate solution into the cell culture
media, a 30 min incubation was performed for allowing competitive inhibition. After the 30
min incubation, folate was discarded and the F—-Dox—BNNTs were added into the cell culture
and incubated for 4 h. After this incubation period, the media were removed from the cultures
and the cells were washed with PBS three-times. A 4 per cent (v/v) paraformaldehyde
solution was used for fixation of the cells. The paraformaldehyde solution was added into
the cells and incubated for 30 min at 4°C. Then, the cells were washed with PBS for 5 min
for three-times. The samples were examined with a Zeiss LSM 700 confocal laser-scanning
microscope. Then the images were analyzed with ImageJ program for fluorescence intensity

quantification of Dox-including structures up-taken by the cells.

3.2.3.5. Cell Viability Studies of F-Dox-BNNTs

The effect of F~-Dox-BNNTs, Dox-BNNTs, BNNTs and free Dox on cell viability was
comparatively quantified with 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium (WST-1) colorimetric assay on cancerous HelLa cells and
healthy human umbilical vein endothelial cells (HUVECS). First, the cells were seeded at a
density of 8x10° cells/well in 96-well plate, and incubated for 24 h. The cells were then
treated with BNNTs, free Dox, Dox-BNNTs and F-Dox-BNNTs at increasing
concentrations (5, 10, 20, 50 and 100 ug/mL). After fixed incubation times (1, 2, 4, 8, 24
and 72 h), the media was replaced with fresh culture media containing WST-1 reagent with
1:10 ratio and incubated for one more h. The percentage of living cells was calculated by

measuring absorbance of formed formazan salts at 450 nm with a microplate reader.

3.2.4. Transferrin-mediated Glioblastoma Cancer Targeting of hBNs

3.2.4.1. hBN Functionalization with DSPE-PEG-NH; and Characterization

hBNs and DSPE-PEG-NH: interaction was optimized using several concentration ratios of
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the components, and by changing sonication durations. In the optimized protocol, hBNs
were ultrasonicated for 2 min for an efficient dispersion. Then, hBNs and DSPE-PEG-NH;
were ultrasonicated for 1 min to allow their interaction. Following this process, intensive
washing procedure was applied to remove weakly bound DSPE-PEG-NH> molecules from
the hBNs. The characterization of the DSPE-PEG-hBNs was performed with UV/Vis
spectroscopy (Perkin Elmer Lambda 25 UV-Vis spectrometer); the measurements were
performed three times. Furthermore, the DSPE-PEG-hBNSs interaction yield was analyzed
using TGA (Mettler Toledo TGA/SDTA 851 instrument) following a drying process in
vacuum oven at 60°C for 24 h to remove water molecules in the samples. The samples were
analyzed with TGA under 20 mL/min N2 gas flow. The temperature was increased up to
700°C at a rate of 10°C/min.

3.2.4.2. Colloidal Stability of DSPE-PEG-hBNs

The colloidal stability analysis of hBNs and DSPE-PEG-hBNs was performed
comparatively by monitoring the size distribution of the samples in ddH20. According to the
DSPE-PEG-hBN interaction ratio, the concentration of hBNs and DSPE-PEG-hBNs were
fixed as 1000 pg/mL and 1120 pg/mL, respectively. Following the interaction process,
samples were assessed with dynamic light scattering (DLS) at several times (0, 1 and 24 h)
to evaluate their time-dependent colloidal stability.

3.2.4.3. DSPE-PEG-hBN Functionalization with Transferrin and Characterization

NHS groups are generally used as activating agent of carboxylic acid [173]. In this study,
they were used as active end for the modification of the DSPE-PEG-hBNs with the
carboxylic acid groups of the amino acids belonging to the transferrin protein. 1120 pg
DSPE-PEG-hBN and 1 mg transferrin were incubated by shaking overnight in borate buffer
(pH 9) at 4°C. Then, the samples were washed three times with centrifugation, and free
transferrin molecules were removed from the reaction environment. The characterization of
TfR-DSPE-PEG-hBN was performed with FT-IR (Thermo NICOLET 1S50 Spectrometer)
and interaction yield was investigated with BCA assay. In the BCA measurements, several
concentrations of transferrin (between 0-250 mg/mL) were prepared as standard solutions to
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reveal the interacted transferrin concentration. 25 ulL of hBN, DSPE-PEG-hBN, TfR-DSPE-
PEG-hBN samples and standard solutions were added to 2 mL of BCA working reagents in
96 well-plates and incubated for 30 min at 37°C. Since the method relies on reduction of
Cu? to Cu* by protein in an alkaline medium, the reduction of the Cu?* was measured using
a unique reagent containing bicinchoninic acid that can be detected with sensitive and

selective absorption of light at 562 nm.

3.2.4.4. Biocompatibility and Cellular Uptake of TfR-DSPE-PEG-hBNs

3.2.4.4.1. Cell Culture

U87MG glioblastoma multiforme cell line was utilized to assess the cytotoxicity and the
cellular uptake of hBNs, DSPE-PEG-hBNs and TfR-DSPE-PEG-hBNs. The cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 10 per cent
fetal bovine serum (FBS), 1 per cent penicillin/streptomycin/ampicillin (PSA) antibiotics
and supplemented with 1 per cent L-glutamine. The cells were incubated in water-jacketed
incubator in a 5 per cent CO», 95 per cent air atmosphere at 37°C.

3.2.4.4.2. Biocompatibility of TFR-DSPE-PEG-hBNs

Biocompatibility of hBNs, DSPE-PEG-hBNs and TfR-DSPE-PEG-hBNs was quantified
with 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
(WST-1) colorimetric assay. First, 6x10° US7MG cells/well were seeded in 96-well plates
and incubated for 24 h. Then, the medium of cells was replaced with the hBNs at several
concentrations (5, 10, 50 and 100 pg/mL) and with equal concentrations of DSPE-PEG-
hBNs and TfR-DSPE-PEG-hBNSs. Following 24 h of incubation, the culture medium was
replaced with fresh culture medium containing WST-1 reagent at 1:10 ratio and further
incubated for 1 h. The percentage of living cells is calculated by measuring absorbance of

formed formazan salts at 450 nm with a microplate reader.
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3.2.4.4.3. Cellular Uptake of TfR-DSPE-PEG-hBNs

The cellular uptake of hBNs, DSPE-PEG-hBNs and TfR-DSPE-PEG-hBNs by U87MG cells
was investigated using flow cytometer. 6x10* U87MG cells were seeded in 24-well plates
and incubated for 24 h. Then the medium of cells was replaced with the medium that includes
a single concentration (50 ug/mL) of hBNs, DSPE-PEG-hBNSs, or TfR-DSPE-PEG-hBNS.
They were incubated at several incubation times (1, 4, 8, 24 and 48 h). Thereafter, cells were
removed from plate following a trypsin treatment and dispersed in phosphate buffer saline
(PBS) solution for flow cytometry measurements. The increased side scattering of the cells
due to the uptake of hBNs, DSPE-PEG-hBNs or TfR-DSPE-PEG-hBNs were analyzed by
flow cytometer.

3.2.4.4.4. Confocal Microscopy Images of TFR-DSPE-PEG-hBNs Treated Cells.

The cellular uptake of TfR-DSPE-PEG-hBNs was observed by using FITC-labeled DSPE-
PEG-NH. by confocal microscopy. In this study, DSPE-PEG-NH. molecules were
covalently modified with FITC by shaking overnight in borate buffer (pH 9) at 4°C. The free
FITC molecules were removed from the interaction solution by washing three times using
filter-based centrifugation process. Then, 1 mg of hBNs was incubated with 249 pg of
DSPE-PEG-FITC and DSPE-PEG-NH: at a ratio of 1:4. Finally, DSPE-PEG-FITC-hBNs
were modified with transferrin by shaking overnight in borate buffer (pH 9) at 4°C. Then,
the samples were washed three times with centrifugation and free transferrin molecules were
removed from reaction environment.

2x10° US7MG cells/well were seeded on cover slips at 6-well plate and incubated overnight.
Then, the media of the cells were replaced with 10 ug/mL TfR-FITC-DSPE-PEG-hBN, and
100 pg/mL TfR-FITC-DSPE-PEG-hBN including fresh media, and incubated for 24 h.
Following the incubation, cells were fixed with 4 per cent paraformaldehyde at 4°C for 30
min and washed with PBS for 5 min three times. The samples were examined with a Zeiss

LSM 700 confocal laser-scanning microscope.
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3.2.5. hBNs, as Boron Source, in Prostate Cancer Treatment

3.2.5.1. Cell Culture

The inhibitory effects of hBNs and boric acid (BA) on prostate cancer cells were tested on
androgen independent (DU145, PC3) cancer cells, comparatively. As a control, healthy
prostate (PNT1A) cells were used. The cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM), supplemented with 10 per cent Fetal Bovine Serum (FBS) and 1 per cent
penicillin streptomycin ampicillin (PSA) antibiotics. The cells were incubated in water-

jacketed incubator in a 5 per cent CO2, 95 per cent air atmosphere at 37°C.

3.2.5.2. Determination of the Concentration and Cellular Sensitivity for hnBNs

The sensitivity of the prostate cancerous cells toward hBNs was analyzed by varying applied
hBN concentrations and incubation times. In this study, viability of hBNs treated cells was
quantified with 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium (WST-1) colorimetric assay. Cells were seeded at a density of 7 x 10° cells/well
in 96-well plates and incubated for different time points (1 and 3 days). Following the
incubation process, the cells were treated with increasing concentrations of hBNs and BA
were quantified as 2.2, 4.4, 11, 22, 44, 88, 176, 220 and 440 pg/mL boron including amounts.
Then, the medium of cells was replaced with fresh culture medium containing WST-1
reagent at 1:10 ratio, and cells were incubated for a further 1 h. The percentage of living
cells is calculated by measuring absorbance of formed formazan salts at 450 nm with an

microplate reader.

3.2.5.3. Cellular Uptake of hBNs

The cellular uptake and intracellular degradation of hBNs were tested on DU145 and PNT1A
cells by measuring intensity of the scattering of cells using flow cytometer and by analyzing
the boron content with ICP-MS. The cells were seeded in 24-well plates (the density of the
cells was 2.5 x 10* for each well) and incubated for 24 h at 37°C. Following day, the cells
were treated with increasing amount of (22, 44, 88 and 176 ug/mL) boron including hBNs
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and incubated for 1 and 3 days. Following the incubation, the cells were detached with
trypsin and collected in PBS. The intensity of cell side scattering signal was analyzed by

flow cytometers.

The intracellular degradation of hBNs in DU145 cells was measured with ICP-MS. Cells
were seeded in 24-well plates (the density of the cells was 2.5 x 10* for each well) and
incubated for 24 h at 37°C. In the following day, the cells were treated with increasing
amount of (22, 44, 88 and 176 pg/mL) boron including hBNs and incubated for 1 and 3 days.
After the incubation, the cells were detached from plates using trypsin and exposed to lysis
solution to remove cellular components as pellet. Then cells were centrifuged at 10000 rpm
for 10 min at 4°C. Then, 0.5 mL of the degradation products including supernatant was
mixed with 4.5 mL of 1 per cent nitric acid solution. The measurements were performed
using an ICP-MS (X Series 2, Thermo Scientific) instrument equipped with a CETAC asx-

520 autosampler.

3.2.5.4. Analysis of hBN Treated Cells

3.2.5.4.1. Cell Cycle Analysis of hBN Treated Cells

Cell cycle of the hBN and BA exposed DU145 and PNT1A cells was analyzed using flow
cytometer. The cells were seeded in 24-well plates (the density of the cells was 2.5 x 10*for
each well) and incubated for 24 h at 37°C. Then, the cells were incubated with increasing
concentrations (22, 44, 88 and 176 ug/mL) of boron including hBN and BA for 1 and 3 days
at 37°C. Then, hBN and BA including media were replaced with 0.5 ng/mL of propidium
iodide (PI) and 2.5 pg/mL of RNase including buffer and incubated for 30 min at room

temperature. Cells were finally analyzed with flow cytometer.

3.2.5.4.2. Mitochondrial Function Analysis of hBN Treated Cells

Mitochondrial function of the hBN and BA exposed DU145 and PNT1A cells was analyzed
using flow cytometer. The cells were seeded in 24-well plates (the density of the cells was
2.5 x 10*for each well) and incubated for 24 h at 37°C. Then, the cells were incubated with
increasing concentrations (22, 44, 88 and 176 ug/mL) of boron including hBN and BA for
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1 and 3 days at 37°C. Then, hBN and BA including media were replaced with 1 pg/mL of
Rhodaminel23 (Rho123) including PBS and incubated for 45 min at room temperature.

Cells were finally analyzed with flow cytometer.

3.2.5.4.3. Reactive Oxygen Species (ROS) Detection of hBN Treated Cells

ROS production in hBN and BA-exposed DU145 and PNT1A cells was measured using
flow cytometer. The cells were seeded in 24-well plates (the density of the cells was 2.5 x
10*for each well) and incubated for 24 h at 37°C. In the following day, the cells were treated
with ROS detection reagent (2,7 dichlorofluorescindiacetate, DCFDA) and incubated for 30
min at 37°C. After the DCFDA reagent diffused into the cells, the DCFDA is transformed
to a nonfluorescent compound by deacetilation. Then, the ROS detection reagent containing
media was replaced with the 22, 44, 88 and 176 pug/mL boron containing amount of hBN
and BA including media. Then, the cells were incubated for 1 and 3 days. The non-
fluorescent compound in the cells was oxidized into the fluorescent 2,7-dichlorofluorescein
(DCF) by the presence of ROS in the cells that were analyzed with flow cytometer.

3.2.5.4.4. Death Mechanism of hBN Treated Cells

The death mechanisms of hBN- and BA-exposed DU145 and PNT1A cells were studied
using flow cytometer. The cells were seeded in 24-well plates (the density of the cells was
2.5 x 10* for each well) and incubated for 24 h at 37°C. Next day, the cells were incubated
with increasing concentrations (22, 44, 88 and 176 pug/mL) of boron including hBN and BA
for 1 and 3 days at 37°C. Then, the hBN and BA-including media were replaced with anexin
V-FITC and Pl including binding buffer (Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis
Kit, ThermoFisher) and incubated for 30 min. Then, the cells were analyzed with flow

cytometer.

3.2.5.4.5. DNA Fragmentation Analysis of hBN Treated Cells

The DNA fragmentation of hBN and BA-exposed DU145 cells was analyzed by gel

electrophoresis of the whole cell DNA. In this study, the cells were seeded in 24-well plates



39

(the density of the cells was 2.5 x 10* for each well) and incubated for 24 h at 37°C. Next
day, the cells were incubated with increasing concentrations (22, 44, 88 and 176 ug/mL) of
boron-including hBN and BA for 1 and 3 days at 37°C. Then, the cells were lysed overnight
at 37°C. Next day, the whole DNA of cells was isolated by incubating samples in equal
volume of phenol and chloroform and centrifuging at 14000 rpm for 15 min. Then, the
supernatant was mixed with equal volume of ammonium acetate (7.5 M) and ethanol (100
per cent). The mixture was centrifuged at 14000 rpm for 15 min. The pellet was diluted in
TBE buffer and loaded on the agarose gel (2 per cent). Then, the gel run at 80-150 V until
the dye line is approximately 75-80 per cent of the way down the gel.

3.2.5.4.6. Imaging the Cytoskeleton of Cells

The cytoskeleton of cells is mainly constituted by actin fibers, and it plays an important role
in the migration of cancer cells in metastasis process. Thus, the effect of the hBN on actin
fibers was monitored by exploiting confocal microscopy. In this study, DU145 and PNT1A
cells were seeded in 24-well plates (the density of the cells was 2.5 x 10* for each well) and
incubated for 24 h at 37°C. Then, the cells were treated with 88 pg/mL boron including hBN
and BA. Following 1 and 3 day of incubation, the cells were fixed using 4 per cent of
paraformaldehyde and then washed with PBS three times. The actin fibers of the cells were
stained with Alexa Fluor 488® phalloidin (Excitation/Emission: 495/518 nm) and washed
with PBS for three times. The confocal microscopy images of the cells were acquired by

using 63X objective.



40

4. RESULTS AND DISCUSSION

4.1. SYNTHESIS, FUNCTIONALIZATION AND BIOCOMPATIBILITY OF BNNTs

4.1.1. Characterization of BNNTSs

The precise characteristics of nanomaterials, including size, shape, surface charge, chemical
structures and dispersibility require high quality characterization techniques such as imaging
and spectroscopic [174]. As new generation imaging techniques including scanning and
transmission electron microscopy (SEM and TEM), and they present high resolution. These
imaging techniques are widely used not only in materials characterization, but also in
biological sciences. Basically, SEM scans the surface of the structures with high energy
beams of electron. With these imaging techniques, high-resolution (less than 1 nm) and
three-dimensional images of a sample can be obtained [175]. However, the main
disadvantage of SEM imaging is that it requires conductive specimens may require coating
with a thin layer of conductive materials such as gold [176]. This is required to prevent
accumulation of static electricity on samples. The working approach of the TEM does not
rely on absorption, but instead on diffraction of the electrons. Therefore, inner part of the
samples can be seen in this imaging technique since an electron beam is transmitted through
the samples [177]. A drawback of TEM is that it requires very thin layers (1 um) of sample
slices [178]. As a complementary imaging technique, atomic force microscope (AFM) has a
probe including a sharp tip located near a cantilever beam and scans above the sample using
a piezoelectric scanner. It is another imaging instrument that obtains very high-resolution
images of samples topology [179]. In this study, BNNT morphology was analyzed using
SEM and AFM imaging techniques (Figure 4.1a and b). They were synthesized high
yieldingly and in well purified form. The results indicated that the average diameter of the
BNNTSs is around 70 nm and they have uniform structures.
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Figure 4.1. SEM (a) and AFM (b) imaging of BNNTSs.

Concerning spectroscopic characterization, ultraviolet (UV/Vis), infrared (IR) and Raman
spectroscopy play very important roles. UV/Vis spectroscopy is based on absorption of light
[180]. Therefore, the samples have absorption at ultraviolet and visible region of light could
be analyzed qualitative and quantitatively. IR spectroscopy has the same principle but uses
IR region of light in place of ultraviolet/visible [181]. Raman spectroscopy is a technique
based on vibrations and rotations of the bonds in chemical structures of samples, and more
specifically on the inelastic scattering of monocromatic laser beams that excites molecules
from ground state originating Raman scattering [182]. As stated before, IR and Raman
spectroscopies provides fingerprints of chemical bonds of the samples. Additionally, size
and surface charge features of nanomaterials are very important characteristics to estimate

their colloidal stability in aqueous conditions [183].

The characterization of BNNTs was also performed with UV/Vis spectroscopy and FT-IR
as spectroscopic techniques. In UV/Vis spectroscopy, the BNNTs showed high absorption
around 190 nm, which is the B-N bond specific wavelength, as shown in Figure 4.2.
Moreover, they were assessed in a wide range of wavelength (190-590 nm) and the lack of
extra peaks in the spectrum is attributed to the purity of the sample in the extent of these

wavelengths.
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Figure 4.2. UV/Vis spectroscopy of BNNTS.

The FT-IR spectra shows the specific BNNT peaks around 1364 and 820 cm™ that are
attributed to the B-N and B-N-B vibrations, respectively (Figure 4.3.). Furthermore, lack of
other significant peaks claims the high purity of the sample.
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Figure 4.3. FT-IR spectroscopy of BNNTS.
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4.1.2. Characterization of Functionalized BNNTs

High hydrophobicity of BNNTs hinders their use in medical and biomedical applications
[184]. A strategy to make BNNTs dispersible in aqueous media is their covalent
modification. In this study, BNNTs were first hydroxylated with a hydrogen peroxide
treatment procedure. This procedure generates -OH groups at defects and edges of the
BNNTSs, which can be used for further modification. Glutaraldehyde was used as a cross-
linker between the -OH groups of hydroxylated BNNTs with other carbohydrate species
including glucose, lactose and starch. The TEM images of the BNNTSs, before and after
hydroxylation procedure are given in Figure 4.4. In the TEM images, some damages to
BNNTSs, shown with a black arrow on the image, are most probably ascribable to the —OH

functionalization (Figure 4.4b).

Figure 4.4. TEM images of the BNNTSs (a) and h-BNNTSs (b).

The covalent modification was evaluated with FT-IR. As seen on Figure 4.5, the FT-IR
spectra demonstrate a broad peak in the range of 3000-3600 cm™%, which is attributed to -
OH group vibrations of the carbohydrates. While this band is absent on the pristine BNNT
spectrum, the band becomes clear after the hydroxylation and the carbohydrate
modifications. This band is more evident in starch-modified BNNTSs, because of the large
size of the starch molecule with respect to glucose and lactose. A band attributed to the
asymmetric C-H stretching vibrations originating from carbohydrates was also observed at
around 2930 cm ™2,
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Figure 4.5. FT-IR spectroscopy of BNNTs, h-BNNT, BNNT-Glucose, BNNT-Lactose and
BNNT- Starch

The amount of carbohydrates bound to the BNNTSs was determined with TGA. The BNNTs
are, by nature, highly resistant against heat degradation. Therefore, as seen in Figure 4.6, a
decrease in the weight of pristine BNNTs was not appreciable when the temperature
increases, because the structure of BNNTSs does not degrade up to 800°C. On the contrary,
the weight loss in glucose-modified BNNTSs was about 9 per cent, about 4 per cent weight
for lactose, and 5 per cent for starch-modified BNNTSs. This observation suggests that a
higher amount of glucose is bound to the BNNT surfaces with respect to the other
investigated carbohydrates. This finding can be explained with a more efficient binding of
glucose molecules to the -OH groups on the BNNT surfaces, most probably because of its

small size.
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Figure 4.6. TGA measurements of BNNTs, BNNT-Glucose, BNNT-Lactose and BNNT-
Starch

4.1.3. Cellular Uptake and Biocompatibility of BNNTs, h-BNNTs and m-BNNTs on

Mammalian Cells

4.1.3.1. Cellular Uptake of BNNTs, h-BNNTs and m-BNNTSs

Confocal microscopy images were acquired to analyze the internalization of BNNTSs in the
cells. Since BNNTSs show no fluorescent properties, a fluorescent dye, DAPI, was selected
to track the cellular uptake of BNNTSs. It was found that DAPI non-covalently interacts with
BNNTs, h-BNNTs and m-BNNTSs, this allowing their tracking under confocal microscopy.
As the chemical structure of DAPI presents several amino groups and aromatic rings, it is
not surprising to see some DAPI molecules binding the BNNT surfaces. While only DAPI-
stained cell nuclei were detectable in control cells, the cells incubated with DAPI-labeled
BNNTSs clearly showed fluorescence not only in cell nuclei, but also in the cytosols (Figure
4.7). The two reasons can be the origin of the fluorescence in the treated cell nuclei. Since
the BNNTs-DAPI complexes are formed through non-covalent interactions, DAPI

molecules might have separated upon their up-take into the cells. On the other hand,
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BNNTs-DAPI complexes might have moved into the cell nuclei directly after being
internalized by the cells. A549, lung cancer cells, have higher uptake capacity compared to
healthy cells, because of their higher nutrition requirement for proliferation and growth.
Thus, they are likely to internalize more material with respect to healthy cells. Additionally,
it is known that the cellular uptake of hydrophobic materials shows lower efficiency with
respect to hydrophilic materials [185]. Therefore, it is assumed that the interaction between
BNNTs and medium proteins in cell culture media, and their covalent modification with
hydroxyl groups and carbohydrates, enhances its cellular uptake by increasing its

hydrophilicity.
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Figure 4.7. Confocal images of HDF and A549 cells treated with DAPI-stained BNNTS, h-
BNNTs and m-BNNTs (BNNT-Glucose, BNNT-Lactose and BNNT-Starch)
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4.1.3.2. Cell Viability of BNNTs, h-BNNTs and m-BNNTSs Treated Cells

The comparative cytotoxicity assessment of BNNTs, h-BNNTs, and m-BNNTs on HDFs
and A549 cells are given in Figures 4.8-4.10. The HDFs and A549 cells were treated with
the BNNTs, h-BNNTs and m-BNNTSs at increasing concentrations (5-200 pg/mL) for
different incubation times (1-3 days). Figure 4.8a shows results for the BNNT-treated HDFs,
while Figure 4.8b shows BNNT-treated A549 cells. As it can be seen, whereas BNNTSs non-
significantly affect the viability and the proliferation of the HDFs, they considerably
decrease the viability of A549 cells at higher concentrations (100 and 200 ug/mL). The A549
cell viability decreased to 40 and 60 per cent, while the HDF cell viability decreased to 90
per cent at 2 and 3 days of the incubation with BNNTSs.
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Figure 4.8. Cell viability measurement of BNNT exposed HDF and A549 cells. (analyzed
with student t-test “p < 0.05)

In Figure 4.9a, images show results for the h-BNNT-treated HDFs, while Figure 4.9b shows
h-BNNT-treated A549 cells. As it can be seen, whereas BNNTs non-significantly affect the
viability and proliferation of the HDFs, they considerably decrease the viability of A549
cells at higher concentrations (100 and 200 pg/mL). The A549 cell viability decreased to 35
and 66 per cent, while the HDF cell viability decreased to 92 per cent at 2 and 3 days of the
incubation with h-BNNTS.
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Figure 4.9. Cell viability measurement of h-BNNT-treated HDFs and A549 cells.
(analyzed with student t-test “p < 0.05)

Figure 4.10a, ¢ and e show results about m-BNNTSs (glucose, lactose and starch-BNNT)-
treated HDFs, while Figure 4.10b, d and f show m-BNNTSs-treated A549 cells. As it can be
seen, each type of m-BNNTSs non-significantly affected viability of HDFs and A549 cells
apart from the high concentration (200 pg/mL) of BNNT-Lactose and BNNT-Starch.
Although it is already known the carbohydrate modification stimulates the selective uptake
of nanoparticles by cancer cells, the high cell viability could be attributed to the positive

effects of the carbohydrates on viability of cells [186].
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Figure 4.10. Cell viability measurement of m-BNNT (BNNT-Glucose, BNNT-Lactose and
BNNT-Starch) treated HDFs and A549 cells. (analyzed with student t-test “p < 0.05)

According to the cellular uptake outcomes depicted in Figures 4.8-4.10, the lower viability
of A549 cells exposed to BNNTs and h-BNNTSs can be explained with the fact that the two
cell lines do not have the same uptake capacity. The A549, lung cancer cells, take up more
BNNTs and h-BNNTs because of their higher nutrition requirement for their fast
proliferation. Therefore, BNNTs and h-BNNTSs show toxic effects on A549 cells because of
a final higher content inside the cells. In addition, the decreased viability of the h-BNNT-
treated HDFs and A549 cells at increased incubation times also could be attributed to
increased uptake of the h-BNNTSs because of their higher interactions with the cells owing
to the presence of -OH groups [187]. Moreover, the high viability of A549 cells at high m-
BNNT concentrations could be explained with the proliferative effects of carbohydrates on
cancer cells despite the increased cellular uptake of m-BNNTs [186].
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4.1.3.3. ROS Production of BNNTSs, h-BNNTs and m-BNNTSs Treated Cells

When cells are exposed to foreign substances, they tend to increase ROS production as a
defense mechanism [188]. The increased ROS levels cause cellular stress that stimulates
further ROS production. High ROS levels in the cells causes damages in the structure of
many components such as proteins, membrane lipids, and DNA. These alterations might
result into many important degenerative diseases [189]. The ROS detection was performed
to analyze whether BNNTSs, h-BNNTs, or m-BNNTSs cause any cellular stress that could
trigger death mechanism of A549 cells. The cells were treated with DCFDA, ROS detection
reagent, and they were exposed to BNNTs, h-BNNTs and m-BNNTs at increasing
concentrations (5-200 pg/mL) for 4 h. As seen in Figure 4.11, the ROS production
significantly increased in BNNT and h-BNNT treated cells up to 60 and 70 per cent, while
the ROS production was increased around 25 and 36 per cent in m-BNNT treated cells, with
respect to the control cultures. As already provided by the cell viability assays, the ROS
detection assay results indicate that the cellular uptake of BNNTs and h-BNNTs at high
doses decrease cell viability, and this decrement is correlated to an increased oxidative stress
in A549 cells. Despite the m-BNNT treated cells viability decrease was respectively lower
that correlated with the respectively low ROS production indicates the stress in m-BNNT
exposed cells.
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Figure 4.11. ROS detection assay on BNNT, h-BNNT and m-BNNT (BNNT-Glucose,
BNNT-Lactose and BNNT-Starch) treated A549 cells. (analyzed with student t-test “p <

0.05)

4.1.3.4. Genotoxicity of BNNTs, h-BNNTs and m-BNNTs

The comet assay, a single cell gel electrophoresis method used for the genotoxicity

assessment, provides detection of DNA damage in single cells [190]. The DNA damage in

the cells can be detected from the length of the smear structure of the whole cell DNA. that

means the tail length occurring after single cell gel electrophoresis. The different size of

DNA fragments occurring following DNA damages leads to a stretch of the smear structure.

The smear structure of the cells was analyzed with the Comet IV software. In Figure 4.12,

we can see as BNNT and h-BNNT treated cells tail lengths were approximately 38 per cent,

while the m-BNNT exposed cell tail lengths were 20 per cent and 30 per cent if compared

to the positive control cells, which were exposed to hydrogen peroxide: these results indicate

that the increased ROS levels in the cells are responsible of the DNA damage.



53

120 -

100 -

BNNTSs h-BNNTSs BNNT Lactose BNNT- Glucose BNNT- Starch

(]
o
|

Tail Moment (um)
I o
o S

N
o
|

Figure 4.12. Comet assay on BNNTs, h-BNNTs and m-BNNTs (BNNT-Glucose, BNNT-
Lactose and BNNT-Starch) treated A549 cells.

4.1.4. Biocompatibility of h-BNNTs on Microorganisms

The application of living microbial cells as molecular engines for a variety of
biotechnological applications, including cell-based biosensing, is an ongoing research effort.
However, there are significant difficulties to be overcome, such as the non-biocompatible
structures in contact with the microbial cells, and the weak efficiency of developed systems.
In this study, we demonstrate the biocompatibility of interfacing hydroxylated boron nitride
nanotubes (h-BNNTSs) with live yeast cell surfaces. H-BNNTs were incorporated with
polyelectrolytes (PES) using a layer-by-layer deposition onto live Saccharomyces cerevisiae
cells, as schematized on Figure 4.13. PEs and h-BNNTSs coated yeasts were characterized

using DLS and FTIR as spectroscopic and SEM as imaging techniques.
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Figure 4.13. Schematic representation of PEs (PLL-PSS-PLL) and h-BNNTSs coated yeasts.

4.1.4.1. Characterization of LbL-PEs and h-BNNTs Coated Yeasts

Phosphate residues of the mannoproteins in the cell wall of yeasts play an important role in
determining their anionic surface charge [191]; the yeast cell surface charge, moreover,
consequently shows differences in terms of positive or negative potential depending on the
charge of the PEs coated around the yeasts as shown in Table 4.1. By comparing the bare
yeast surface zeta potential to that one of the PE-coated cells, it is therefore possible to
confirm successful encapsulation. LbL deposition of the PEs shell around yeasts was
analyzed by measuring the zeta potential of bare and PEs-coated cell surface. The zeta
potential of bare yeast is approximately -23.0 £ 0.8 mV due to the carbohydrate residues
providing the highly negative charge of the yeast cell surface. After the PLL was coated on
the surface of the yeast cells, it is supposed that the amino groups in the structure of the PLL
interacted with the phosphate groups of the cell wall structure, and changes surface charge
of the cells toward higher values (-1.0 £ 0.2 mV). Next, the deposition of the PSS on the

PLL-encapsulated yeast cells provided more negative features (-7.0 + 1.1 mV) because of
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the sulfonate groups in their structures. Lastly, the deposition of the PLL on the PLL/PSS
encapsulated cells reverses the zeta potential of the cell surface again to positive values (+3.0
+ 0.7 mV). According to the zeta potential results, we can therefore state that the LbL PEs

coating on the surface of the yeast cells has been successfully performed.

Table 4.1. Surface charge of bare yeast and PE-coated yeasts.

Bare yeasts PLL PLL/PSS [PLL/PSS/PLL

Zeta Potential

-23.0+0.8 | -1.0£02 | -7.0+11 | +3.0+0.7
(mV)

The LbL deposition of PEs and the adsorption of h-BNNTs on the yeast surface were
evaluated by FTIR following each layer absorption, and eventually after that h-BNNTs were
deposited on the yeast surface (Figure 4.14). The FTIR spectra show strong peaks at around
1156 cm™ and 1550 cm™, which are attributed to the C-O-C, C-C, and C-OH bond vibrations,
which are characteristic in the structure of pyranose rings of glucan proteins in the yeast cell
wall structure [192]. However, these peaks are suppressed by BNNT-specific peaks in the
range of 700-1600 cm™ in the PLL/PSS/PLL/BNNT-OH coated yeasts. The broad peak in
the range of 3000-3600 cm™ is attributed to the -NH and -OH groups of PLL and BNNT-
OHs, respectively.

Our results confirm the successful encapsulation of yeast in the h-BNNT-based PEs shells.
Furthermore, the hindering of the -NH peak in PLL/PSS-coated samples demonstrates the
yielding of PSS layer on the PLL coated cells, by repressing the -NH peaks belonging to
PLLs.
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Figure 4.14. FT-IR spectra of bare yeast, h-BNNT, PLL, PLL-PSS, PLL-PSS-PLL and
PLL-PSS-PLL-h-BNNT-coated yeasts.

Bare yeasts, PEs and h-BNNTs modified yeasts were then observed with SEM (Figure 4.15).
The surface of the bare yeasts is smooth (Figure 4.15a), whereas we can clearly see the layers
around the cells are getting thicker following each PE coating process (Figure 4.15b, ¢ and
d). Then, well-structured yeast surface coated with a dense layer of PEs surrounded by h-
BNNTs is shown in Figure 4.15e. The average diameter of the PEs and h-BNNTSs

encapsulated yeast cells increased to approximately up to 5.8 um, as compared to their bare
form that is approximately 4 pm.
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Figure 4.15. SEM images of bare (a), PLL (b), PLL-PSS (c), PLL-PSS-PLL (d) and PLL-
PSS-PLL-h-BNNTSs (e) coated yeasts.

4.1.4.2. Biocompatibility of LbL-PEs and h-BNNTs Coated Yeasts

The biocompatibility of h-BNNTs coating approach was assessed to show the possible
exploitation in biotechnological applications. The yeast viability was tested with a WST-1
colorimetric assay after one day of incubation in their bare and adsorbed form with each
layer of PEs and h-BNNTs (PLL, PLL/PSS, PLL/PSS/PLL and PLL/PSS/PLL/h-BNNTS)

(Figure 4.16). As observed in previous experiments, the PEs and h-BNNTs coating
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significantly affect cell viability [193]. Although the PLL coated cell viability decreased,
PSS and h-BNNT coating of cells increased the viability significantly. Finally, the h-BNNTs
adsorption on the yeast surface resulted biocompatible with cells, thus making this approach

convenient for biotechnological applications.
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Figure 4.16. Cell viability results of bare, PLL, PLL-PSS, PLL-PSS-PLL and PLL-PSS-
PLL-h-BNNT coated yeasts. (analyzed with student t-test “p < 0.05)

4.2. SYNTHESIS AND BIOCOMPATIBILITY OF hBNs

4.2.1. Characterization of hBNs

Synthesized hBNs were observed by using SEM and TEM as imaging techniques, as shown
in Figure 4.17. The SEM and TEM images showed a platelet-like structures of the hBNs.
The size and morphology of the synthesized hBNs are uniform, being the lateral size
dimension is around 50 nm. Lack of the impurities around the hBNs shows the production
of hBNs without contamination.
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Figure 4.17. SEM (a) and TEM (b) images of the hBNs.

The spectroscopic characterization of the hBNs was performed using UV-Vis, FT-IR and
Raman spectroscopy. As shown in Figure 4.18, the UV-Vis spectrum of the hBNs indicates
a maximum absorbance at around 200-220 nm, that is attributed to the specific B-N bonds
in hBNs. Furthermore, the lack of extra peaks in the spectrum is attributed to the purity of

the sample in the extent of these wavelengths.
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Figure 4.18. UV/Vis spectroscopy of the hBNs.

The FT-IR spectra of the hBNs show broad peaks at around 1364 and 820 cm™ that is
attributed to the B-N and B-N-B vibrations, respectively (Figure 4.19). Furthermore, a lack
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of other peaks in the spectrum, especially at around 3400 cm™ attributed to -OH stretching,

claims the low degradation capacity of the hBNs as a degradation tendency indicator [90].
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Figure 4.19. FT-IR spectrum of hBNs.

Raman spectroscopy results of the hBNs indicates a sharp peak at around 803 and 1364 cm’

Loriginating from B-N vibrations as characteristic spectral features unique for boron nitrides

such as hBN, as shown in Figure 4.20.
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Figure 4.20. Raman spectroscopy results of hBNs.
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4.2.2. Colloidal Stability of hBNs

Time-dependent changes in the hydrodynamic size of the hBNs indicate their colloidal
stability. The hydrodynamic size of the hBNs was measured using DLS at the 0, 1 and 3
days of incubation in aqueous environment. As shown in Figure 4.21, hydrodynamic size of
the hBNs increased up to 120 nm from 101 nm following 3 days of incubation. Moreover,
we can see the peaks are broadening and maximum hBN size increased to 210 nm at the 3
day of incubation from 130 and 155 nm at the 0 and 1 day of incubation, respectively. The
results indicate that the hBNs are efficiently dispersed in the water, and present narrow size

distribution even after 3 days of incubation, confirming their high colloidal stability.
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Figure 4.21. DLS measurement results concerning hBNs at 0, 1 and 3 days of incubation.

Furthermore, zeta potential of the hBNs was measured as an indicator of their colloidal
stability in aqueous environment. It is known that highly charged particles repel each other
and show better stability while neutral structures with a low density of charges cannot resist
to attractive forces and form aggregates [194]. The zeta potentials of the synthesized hBNs
in this study were measured as -10.72 = 0.11 mV for the hBNSs. This value indicates their

high colloidal stability.
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4.2.3. Biocompatibility of hBNs

The biocompatibility of hBNs were studied on HDF cells at increasing concentrations (25-
400 nug/mL) using WST-1 colorimetric assay as shown in Figure 4.22. According to these
results, the viability of the hBN-treated cells did not show significant decrease up to 300
ug/mL concentration of hBNs. The results indicate the biocompatible nature of hBNs at low

concentrations for many kinds of biomedical applications.
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Figure 4.22. Biocompatibility of hBNs. (analyzed with student t-test “p < 0.05)

4.3. BNNTs AND hBNs AS NANOCARRIERS FOR ANTICANCER DRUGS

In this study, the potential of BNNTs and hBNs as novel nanocarriers has been
comparatively investigated. BNNTs have in fact become, in recent years, promising and
biocompatible carriers for drug delivery [161, 195] and this study represents the latest in
vitro validation of their potentialities. First, the interaction of both nanostructures with Dox
(Dox—BNNTSs and Dox—hBNs) was studied for achieving an efficient loading and following
release at different pH values; thereafter, Dox—-BNNTSs were decorated with folate molecules
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(F-Dox—BNNTSs) in order to target cancer cells as schematically represented in Figure 4.23.

Finally, their toxicity and cellular uptake / localization was investigated.

o : Dox ¢ : Folate : Folate receptor

Figure 4.23. Schematical representation of Dox interaction with BNNTs and hBNs, and

their cellular uptake.

4.3.1. Noncovalent Interaction of Dox with BNNTs and hBNs

Dox is a high-performance genotoxic drug used in cancer therapy; however, its high toxicity
is one of its limiting properties. The use of a carrier to help in delivering drug molecules
towards target cells is an ideal approach in nanomedicine to reduce toxic side effects. Among
many nanostructures investigated for this purpose, there are only a few reports regarding the
application of BN nanostructures for drug delivery so far. The reason behind this can be
found in their limited availability and not well understood toxicity. Therefore, it was
explored their possible carrier potential using Dox as a model drug. The chemical structure
of Dox and a depiction of its possible interactions with B—N sidewalls are shown in Figure
4.24. As it can be seen, Dox has two phenyl rings, one amino group, three carbonyl groups,

two ether groups and several hydroxyl groups in its structure (Figure 4.24a). It is possible
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that the presence of aromatic rings in the structure enhances its interaction with hydrophobic
BNNTSs and hBNs through n-n stacking (Figure 4.24b), while amino, carbonyl, ether and
hydroxyl groups may help Dox to remain in the aqueous phase. This interaction may also
help to increase the dispersion of BNNTs and hBNs in an aqueous environment. While the
hydrophobic part of the molecule may prefer to stay in contact with the BNNT surface, the

hydrophilic functional groups may prefer the aqueous phase.
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Figure 4.24. Chemical structure of Dox (a) and its possible interaction with B—N sidewalls

(b).

4.3.1.1. Concentration-dependent Dox Loading Investigation on BNNTs and hBNs

The interactions of Dox with BNNTs and hBNs were studied at varying Dox concentrations
to investigate the optimal concentrations showing the saturation point of BNNTs or hBNs
for Dox loading. Absorption and fluorescence spectroscopies were used to estimate Dox
concentration adsorbed onto the nanostructures. Dox has a maximum absorption at 480 nm
and has two maximum emission at around 560 and 590 nm, which can be used to estimate
its concentration onto the nanostructures and in solution [196]. In Figure 4.25, the
fluorescence spectra show the comparison of the loading capacity of BNNTs and hBNs at

increasing Dox concentration, while keeping the BNNTs or hBNs concentrations constant.
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Note that an intensive washing procedure was applied to remove the weakly bound Dox
molecules from BNNTs and hBNs. The higher is the amount of Dox complexing the
nanostructures, the higher is the fluorescence intensity originating from the Dox-BNNTSs,
while the fluorescence intensity of Dox—hBN constructs is almost constant. Although a
quenching effect of Dox fluorescence is expected upon interaction with BNNTs and hBNs,
a small increase in fluorescence intensity is observed for Dox-BNNT and Dox-hBN
complexes [197]. This is probably due to the release of weakly bound Dox molecules into
aqueous phase, or to an incomplete quenching of weakly bound Dox molecules, since the
interaction of Dox with the nanostructures is through noncovalent interactions. As we can
appreciate from Figure 4.25a, if we consider the highest Dox concentrations (2.0, 4.0 and
5.0 mM), fluorescence spectra of Dox—-BNNT complexes, suggest a drug loading saturation
point, achieved for a concentration of about 5.0 mM. Conversely, all Dox concentrations
(except 0.5 mM) interacting with hBNs show similar fluorescence intensity spectra (Figure
4.25b), and the saturation point is estimated to be 1.0 mM.
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Figure 4.25. Fluorescence spectra of Dox-BNNTs and Dox-hBNs for increasing

concentrations.

Furthermore, the absorption of Dox—BNNTs and Dox—hBNs was measured to confirm the
data obtained from the fluorescence spectroscopy data. Note that again that an intensive
washing step was applied to remove weakly bound Dox molecules from the BNNTs and
hBNs. As seen from Figure 4.26, the absorption of Dox increases as the Dox concentration
increases, indicating that more Dox molecules are bound to the nanostructures at increasing
Dox concentration. The data from both experiments clearly indicate that the BNNTSs have a
superior loading capacity for Dox.
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As the absorption of Dox molecules is lower upon their binding to the BNNTS, we have
decided to determine the Dox loading capacity of BNNTs and hBNs from the supernatants
after the incubation of BNNTs and hBNs with Dox. By combining all collected data, it was
found that the Dox loading capacity was 10 wt per cent of BNNTs while 3.75 wt per cent of
hBNs. This indicates that the BNNTs have about threefold higher loading capacity than
hBNs.
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Figure 4.26. UV/Vis spectroscopy data of Dox-BNNTs and Dox-hBNs for increasing

concentrations.

4.3.1.2. pH-dependent Dox Loading Investigation on BNNTs and hBNs

Next, the influence of pH on Dox loading efficiency on the nanostructures was studied. As
mentioned earlier, Dox has one -NH2 group and several ionizable -OH groups in its structure.
The ionization status of these groups can have an influence on the binding efficiency of Dox.
Thus, BNNTs and hBNs were conjugated with Dox in PBS at pH 4, 7 and 11. At lower pH,
it is expected that the Dox is protonated owing to the -NH> group, which may diminish the
interaction of Dox with nanostructures. As the pH increases, the number of the protonated -
NH:2 groups decreases and its hydrophobicity increases, which may allow better interaction
of Dox with the hydrophobic BNNTs and hBNs. On the other hand, the increased pH values
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of the solution cause degradation of doxorubicin, which decreases its absorption at basic pH
values [198, 199]. Note that when Dox interacts with BNNTs or hBNs, its fluorescence is
quenched as indicated earlier. Again, fluorescence spectroscopy is chosen to monitor the
Dox—nanostructure interactions. Figure 4.27 show the fluorescence spectra of Dox—-BNNTSs
and Dox-hBNs at increasing pH values from 4 to 11. A 5.0 mM concentration of Dox was
used to be conjugated with BNNTs and hBNs. As the pH increases, a dramatic decrease in
the fluorescence intensity from Dox-BNNTs and Dox-hBNs is observed due to the
improved interactions between the nanostructures and Dox molecules through n-r stacking
onto BNNT sidewalls and hBNs [200]. As seen, the BNNTSs show strong affinity for Dox at
pH 11, while the interaction is weak at pH 4. As the solubility of Dox increases at low pH
due to the protonation of free amino groups, the interaction with BNNTSs becomes weaker.
The inset images on the figure show the color of Dox—BNNTS suspension at increasing pH.
As the pH is increased, the interaction between Dox and BNNTs becomes stronger, which
means the increased Dox concentration remains in the suspension leading to a more intense
red color (Figure 4.27a). However, there is almost no color change observed in the hBNs
case (Figure 4.27b). The interactions with BNNTS are stronger at pH 7 with respect to hBNSs.
The increased loading of Dox could be explained with the adsorption of Dox onto BNNT
surfaces, but encapsulation into the inner cavity of the nanotubes can be also taken into
consideration, as suggested by other studies exploiting drug delivery inside the nanotubes
[201].
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Figure 4.27. Fluorescent spectra of Dox-BNNTs and Dox-hBNs at different pH values.

The interactions between Dox and BNNTs or hBNs at different pH values were also
characterized using UV/Vis spectroscopy. Dox has higher absorbance in its free form in
solution compared with its conjugated form with BNNTs or hBNs through its aromatic rings
[202]. This information can be used to understand the degree of interaction of Dox with
BNNTs and hBNs. The data on Figure 4.28 show that the strongest interaction between
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BNNTSs and Dox is at pH 7 and pH 11 with respect to pH 4 (absorbed Dox is calculated as
10 wt per cent). The absorbance data from the Dox—hBNs complex are higher at pH 4 (3.75
wt per cent) with respect to the other pH values. Based on these results, Dox-BNNTs and
Dox—hBNs are prepared at higher pH values (pH 7 or pH 11) for the following studies.

4,0

EBNNT-DOX  EhBN-DOX

Absorbance
g
=

Free Dox (0.5) pH4 pH7 pH 11
Concentrations (Mm)

Figure 4.28. UV/Vis spectroscopy results of Dox-BNNTs and Dox-hBNs at different pH

values.

4.3.2. Dox Release from BNNTs and hBNs

Dox—BNNTs and Dox—hBNs were prepared at pH 7 and 11 to describe Dox release behavior.
The release studies were performed in PBS solution at increasing pH values of 4, 7 and 11
at increasing incubation times (1, 2, 4, 8, 24 and 72 h). As expected, the Dox release from
BNNTSs or hBNs showed different patterns. For instance, its release was almost stable at ph
7 and 11. While its release increased at lower pH values (at 4) due to weaker interactions, as
shown in Figure 4.29. However, Dox release from hBNs was lower (Figure 4.29c and d), as
compared with Dox released from BNNTs (Figure 4.29a and b). It is clear that the low
release of Dox from hBNs is due to the low amount of Dox loaded onto hBNs. Therefore,

the experiments were continued with Dox—BNNTSs. The data suggest that the release of Dox
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from the Dox—BNNTSs can be triggered upon uptake by cells since lysosomes present an
acidic environment, exploited to digest molecular species internalized through endocytosis
[203, 204].
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Figure 4.29. Dox release from Dox-BNNTs (a and b) and Dox-hBNs (c and d) at

increasing pH values.

4.3.3. Folate Loading on Dox-BNNT Structures

The targeting studies of Dox—BNNTs to cancer cells were performed by decorating the
structures with folate molecules. BNNTs were first complexed with Dox, and then with
folate to decorate the surface of Dox—BNNTS in order to increase the possible binding with
folate receptors on the surface of the cancer cells. The chemical structure of folate is shown
in Figure 4.30. As seen, folate molecule has several ionizable groups and it can be negatively
or positively charged depending on the pH of the medium. Two possible ways of binding to
Dox—BNNTSs for folate molecules can be envisaged. Since folate has phenyl moieties, it may
bind to the surface of BNNTs (F-BNNTSs) through n-n stacking if there are any uncoated

areas left from Dox. In the second and most probable way, folate molecules graft onto Dox
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molecules because of electrostatic interaction. The nature of interaction between Dox and
folate should be mostly charge—charge in nature, since Dox tends to be positively charged
and folate tends to be negatively charged depending. Since the majority of Dox molecules
carries a positive charge at around neutral pH due to the presence of an amino group in their
structure, it will be easier for folate molecules, which will be mostly negatively charged due
to the presence of two carboxyl groups at around neutral pH, to adhere to the Dox—BNNTSs

conjugates.

(Folate)

(Folate-Dox-BNNTS)

Figure 4.30. Schematic representation of folate interaction with Dox-BNNTS.

UV/Vis spectroscopy was used to investigate the conjugation of folate onto Dox—BNNTSs.
The comparison of free Dox and Dox-BNNTSs in Figure 4.31a and folate and F-Dox—
BNNTSs in Figure 4.31b was analyzed. A strong absorption band at 230 nm, weak absorption
at 250 nm and a wide peak at around 480 nm appear for free Dox. After the binding of Dox
onto BNNTS, a decrease at the intensity of Dox absorption peaks is observed. This is possibly
due to the lower concentration of Dox molecules adsorbed onto BNNTSs. As mentioned
earlier, the loading efficiency of Dox onto the BNNTs was about 10 wt per cent. Free folate
molecules show a strong absorption peak at 275 nm and a less intense peak at 360 nm. On
the absorption spectrum of F-Dox—BNNT the characteristic peaks (at around 230, 250, 275
and 480 nm) originating from both Dox and folate are observed. However, the folate binding
onto the Dox—BNNTSs was decreased to 19 per cent. The UV/Vis spectroscopy results show
almost the same absorbance intensity at around 480 nm (specific for Dox molecule) for the
F-Dox—BNNT samples. Thus, no appreciable Dox release was detected even after the folate

conjugation.
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Figure 4.31. UV/Vis spectroscopy analysis of Dox, Folate, Dox-BNNTs and F-Dox-
BNNTSs.

The binding of folate and Dox molecules to BNNTs was also confirmed by measuring their
zeta potentials as shown in Table 4.3. Owing to the negatively charged folate and positively
charged Dox molecules, their electrostatic interaction occurred because of their opposite
charges as mentioned above. As seen in the table, after the attachment of the positively
charged Dox onto the negatively charged BNNTs (-9.94 mV), their charge becomes less
negative (-5.98 mV). Their charge becomes also more negative (-12.70 mV) when Dox—
BNNTs interacted with folate. The charge was not as negative as F-BNNTs (-14.50 mV)
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due to the positive charge of Dox. As seen, zeta potential measurements support the

absorption spectroscopy data.

Table 4.2. Zeta potential of BNNTSs, Dox-BNNTs and F-Dox-BNNTSs.

Folate-Dox Folate Dox free
BNNT -12.7£1.2mV -14.5+£0.7mV -5.97+£0.1mV -9.944+1.8mV
free -32.3+4.3mV 3.69+0.5mV

4.3.4. Cellular Uptake of Folate-Dox-BNNT Structures

In this study, HelLa cells were chosen as model cancer cells due to the overexpression of
folate receptors on their cell surface. Since folate receptors are not overexpressed in
HUVECs, it was chosen to observe folate-mediated cellular uptake of F-Dox—BNNTS.
Moreover, HUVECs were treated with F-Dox-BNNTs to estimate their behavior
envisioning future in vivo studies through intravenous administration. Confocal microscopy
images were obtained to observe the internalization of the free Dox, Dox-BNNTs and F—
Dox-BNNTSs by the cells after 4 h of incubation. The fluorescence originating from Dox
allowed the tracking of the uptake of the Dox—BNNTs and F-Dox— BNNTS in the HelLa
cells (Figure 4.32) and in HUVECs (Figure 4.33). The confocal images show HeLa cells and
HUVECs incubated with a 20 pg/mL concentration of Dox—BNNTS. Since it was found that
Dox loading efficiency onto BNNTSs is 10 wt per cent and the initial concentration of Dox
used for loading is 5.0 mM, 1/10 of this concentration (0.5 mM) as free Dox is applied to
control cells to compare the fluorescence intensity in the images. Figure 4.32 show the
results of the confocal microscopy imaging study with HelLa cells. The fluorescence
intensity from HelLa cells was weak when the free Dox and Dox—BNNTSs were added into
the cell cultures, as depicted by Figure 4.32a and b, respectively. However, the fluorescence
intensity was significantly increased when folate conjugation was performed, indicating a
remarkably increased cellular uptake of the F-Dox—BNNTs (Figure 4.32c). In order to
understand whether the cellular uptake is folate-mediated in HelLa cells, a competitive

inhibition experiment was performed. 3.5 mM free folate was added into the medium to
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saturate the folate receptors before the addition of the conjugate complex, and then the F—
Dox—BNNTSs were incubated with the cells. As shown in Figure 4.32d, a weak fluorescence

was observed indicating that the uptake was folate-mediated for F-Dox—BNNTS.
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Figure 4.32. Confocal microscopy images of HelLa cells incubated with free Dox (a), Dox—
BNNTSs (b), F-Dox—BNNTs (c) and F-Dox—BNNTs after pre-incubation with a 3.5 mM
folate solution (d).
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Figure 4.32 show the confocal images of HUVECs incubated with 0.5 mM of Dox, 20 pg/mL
of Dox-BNNTs and F-Dox—BNNTS, respectively. As proven by the results of fluorescence
intensity analysis in Figure 4.34, the fluorescence intensity pattern for HUVECs resembles
the case of HelLa cells (Figure 4.33a, b and d), exception done for Figure 4.33c. Since folate
receptors are not overexpressed in HUVECs [205], the cellular uptake of F-Dox—BNNTSs is
similar to Dox-BNNTs. The fluorescence intensity was thus weaker for F-Dox—BNNTSs in
HUVECs as compared with the HeLa cells. Furthermore, folate saturation of the receptors
did not significantly affect the cellular uptake of F-Dox—BNNTSs (Figure 4.33d) as compared
with the unsaturated cells, due to the absence of overexpressed folate receptors in HUVECs.
Moreover, the high-magnification images of HelLa cells and HUVECs show that Dox
accumulates in the nuclei regardless of whether it is free or conjugated to BNNTSs. The
fluorescent observed in the cytosol are most probable Dox—BNNTSs and just-released Dox
molecules. These observations strongly suggest that the Dox is released from the conjugate
heading to the nuclei from the cytosol. The data suggest that folate conjugation was

significant for Dox targeting into the folate receptor overexpressing cancer cells.
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Figure 4.33. Confocal microscopy images of HUVECs incubated with Free Dox (a), Dox—
BNNTSs (b), F-Dox—BNNTs (c) and F—Dox—BNNTs after pre-incubation with a 3.5 mM
folate solution (d).



79

160 -

g 140 4 B HeLa cells
< BHUVECs
= 120 A
E 100 4
= 80 -
L]
S 60 -
g 40
o
g 20 -
=
0

Free Dox Dox-BNNTs F-Dox-BNNTs F-Dox-BNNTs +F

Figure 4.34. Quantitative analyses of confocal images of HelLa cells and HUVECs.

4.3.5. Cell Viability Studies

Cellular toxicity of F-Dox-BNNTs was investigated. The cells were incubated with only
BNNTSs, free Dox, Dox—-BNNTs and F-Dox—BNNTSs with increasing concentrations (5-100
ug/mL) for increasing incubation times (1, 2, 4, 8, 24 and 72 h). Figure 4.35 and 4.36 show
the viability of HeLa cells and HUVECS, respectively. Figure 4.35a and 4.36a demonstrate
that only BNNTSs do not show toxicity to both cell types and only a slight toxicity is observed
with increased incubation times. The viability for both cell lines was between 85 and 110
per cent. The free Dox-exposed cells showed significant decrease in viability at 8, 24 and 72
h incubation times, as seen in Figure 4.35b and 4.36b. The Dox-BNNT conjugates show the
same effect as free Dox, by significantly decreasing the cell viability in the range of 20 - 60
per cent at 8, 24 and 72 h incubation times (Figure 4.35¢ and 4.36¢). The F—-Dox—BNNTSs
show significant toxic effect even at earlier incubation times (4, 8, 24 and 72 h) on HelLa
cells, and the viability is in the range of 5 - 40 per cent; moreover, they were significantly
toxic at 8, 24 and 72 h incubation times on HUVECs (in the range of 20 and 60 per cent)
(Figure 4.35d and 4.36d). The viability decrease of HeLa cells at earlier incubation times
with respect to HUVECs is attributed to a quicker accumulation of F-Dox—BNNTS into
HeLa cells due to selective targeting. These results demonstrate that the F-Dox—BNNT

conjugates can be promising structures for cancer therapy.
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Figure 4.35. Cell viability assessment of HelLa cells incubated with BNNTSs (a), free Dox
(b), Dox—BNNTs (c) and F-Dox—BNNTSs (d). (*p < 0.05)
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Figure 4.36. Cell viability assessment of HUVECs incubated with BNNTSs (a), free Dox
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Although it is assumed that drug molecules adhere to the surface of BNNTSs, the increased
loading efficiency of BNNTS suggests that it is possible that neutral Dox molecules can enter
into the nanotubes. The average diameter of BNNTSs is estimated as 40 nm as stated earlier.
When the size of the Dox molecules is considered, which is theoretically estimated as 3 nm,
trapping of Dox molecules inside the hollow nanotubes is possible. Increased loading
efficiency of Dox at neutral and higher pH values is a further hint that supports this

hypothesis.

4.4. TRANSFERRIN-MEDIATED GLIOBLASTOMA CELL TARGETING OF
hBNs

This part of study aims at addressing drug delivery issues and therapeutic challenges by
proposing a BN-based drug and boron delivery system. In the rest of study, with an easy and
catalyst free synthesize method, hBNs were synthesized and used both a nanocarrier and
boron source. As shown in Figure 4.37, hBNs were functionalized with the DSPE-PEG-NH>
phospholipid through hydrophobic interaction between hBNs and the phospholipid tails of
the DSPE-PEG-NH2. The DSPE-PEG-NH: functionalization of the hBNs increased their
dispersibility in water and provided -NH active ends for binding BBB targeting agent such
as transferrin and insulin molecules. Besides, the PEG molecules in the structure increases
their blood circulation duration, thus enhancing their BBB transfer possibility. Further, the
DSPE-PEG-hBNSs structure were dispersed in small sizes (< 100 nm) to increase their
cellular penetration capacity through the BBB. Thereafter, DSPE-PEG-hBNs were
functionalized with specific ligands that recognize BBB receptors such as transferrin (TfR-
DSPE-PEG-hBNs) thanks to the active -NH: ends in the DSPE-PEG-NH: structure
wrapping the hBNs.
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Figure 4.37. Schematic illustration of TfR-DSPE-PEG-hBNSs.

4.4.1. Characterization of DSPE-PEG-hBNs

The hBNs were complexed with DSPE-PEG-NH> molecules, that have two hydrophobic
fatty acid chains and a hydrophilic PEG structure that includes also -NH2 end for further
covalent functionalization. The interaction occurred between the side walls of the hBNs and
the hydrophobic fatty acid chains of the DSPE-PEG-NH, molecules. The bare hBNs and
DSPE-PEG-hBNs were comparatively characterized using UV/Vis spectroscopy as shown
in Figure 4.38. The UV/Vis spectra of DSPE-PEG-hBNs shows characteristic absorption
peak of the hBNs, originated from B-N bonds, around 210 nm wavelength, while the DSPE-

PEG-NH: specific absorption peaks were observed around 200 and 280 nm.
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Figure 4.38. UV/Vis spectroscopy of hBNs, DSPE-PEG-NH., and DSPE-PEG-hBNSs.

The DSPE-PEG-NH: interaction yield with hBNs was moreover quantified using TGA
analysis as shown in Figure 4.39. Due to the high thermal stability of the hBNs, the 12 per
cent weight loss of the DSPE-PEG-hBNs around 240-400°C shows the interaction yield of
DSPE-PEG-NH2 molecules. Therefore, it can be said that the 12 per cent of DSPE-PEG-
hBNs weight belongs to DSPE-PEG-NHo.



85

105 -
00 -
<95 -
=
20
§ 90 -
85
e==DSPE-PEG-hBNs
80 T T T T T T T
40 140 240 340 440 540 640 740
Temperature ("C)

Figure 4.39. TGA analysis of hBNs and DSPE-PEG-hBNS.

4.4.2. Colloidal Stability of DSPE-PEG-hBNs

The hydrophobic nature of the hBNs limits their use in biological applications because of
the poor colloidal stability in aqueous media. Therefore, one of the aims of DSPE-PEG-NH;
functionalization was providing hydrophilic surface around the hBNs, thus increasing their
colloidal stability. The colloidal stability of hBNs and DSPE-PEG-hBNs was comparatively
investigated with DLS by measuring their particle size distribution at different time points
(0, 1 and 24 h) following dispersion (Figure 4.40). The size distribution of DSPE-PEG-hBNs
was found to be between 120 and 230 nm and their average size was approximately 164 nm,
while the hBNs size distribution was between 120 and 290 and their average size was
approximately 190 nm just after the interaction (Figure 4.40a). After 1 h of interaction, the
size distribution of the DSPE-PEG-hBNSs was found to be between 100 and 290 nm and their
average size approximately was 190 nm, while hBNs size distribution was between 60 and
540 and average size approximately 255 nm, as shown in Figure 4.40b. After 24 of
interaction, the size distribution of the DSPE-PEG-hBNs was found to be between 100 and
390 nm and their average size was approximately 220 nm, while hBNs size distribution was
between 60 and 660 and average size was approximately 260 nm as shown in Figure 4.40c.
It has been observed that the size distribution of DSPE-PEG-hBNSs is narrower at each time
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points of measurement as compared to that one of the plain hBNs, indicating a higher
colloidal stability of DSPE-PEG-hBNS in aqueous environment with respect to the bare form
of hBNs. Moreover, the lower average size of the DSPE-PEG-hBNs with respect to hBNs

further confirms their higher dispersion capacity.
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Figure 4.40. Size distribution of hBNs and DSPE-PEG-hBNs at 0 (a), 1 (b) and 24 h (c)

after the dispersion.

4.4.3. Characterization of TfR-DSPE-PEG-hBNs

Transferrin-functionalized DSPE-PEG-hBNs were spectroscopically characterized using
FT-IR as shown in Figure 4.41. The FT-IR spectra of the hBNs shows the broad B-N
characteristic peaks around 1340 and 630 cm™, which were suppressed by the DSPE-PEG-
NH. and by the transferrin molecules following the functionalization process. The

transferrin-originated broad peaks in the range of 3000-3600 cm is attributed to the -NH;
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and -OH groups that were revealed in the TfR-DSPE-PEG-hBNSs structures. The small peaks
in the TfR-DSPE-PEG-hBNs structures around 2926, 2853, 1250 and 1465 cm™ are
attributed to the C-H bonds originated from transferrin and DSPE-PEG-NH,. Moreover,
transferrin conjugation indicated peaks around 1650-1550 cm™, that are attributed to the
C=C and C=N bonds in TfR-DSPE-PEG-hBNs structures. The results confirm that the
transferrin functionalization of the DSPE-PEG-hBNs was performed successfully.
Moreover, the binding efficiency was investigated using BCA protein quantification tests,

and results indicated 1 per cent binding efficiency of transferrin.
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Figure 4.41. FT-IR spectra of hBNs, DSPE-PEG-NH,, transferrin and TfR-DSPE-PEG-
hBNs.

4.4.4. Biocompatibility and Cellular Uptake of TfR-DSPE-PEG-hBNs

In this study, glioblastoma multiforme cells (U87MG) were chosen as a model brain cancer
cells with overexpressed transferrin receptors on the cell surface [206]. The cells were
exposed to hBNs, DSPE-PEG-NH,, DSPE-PEG-hBNs, transferrin, and TfR-DSPE-PEG-
hBNSs. Their biocompatibility was investigated using WST-1 colorimetric assay as shown in
Figure 4.42. According to these results, while the viability of the hBN-exposed cells
increased to the 105 per cent, the DSPE-PEG-NH, and DSPE-PEG-hBNs exposed cell



88

viability decreased to 87 per cent and 84 per cent at the highest tested concentration (100
ug/mL). However, the TfR-DSPE-PEG-hBNs exposed cell viability was significantly
decreased to the 49 per cent at the highest tested concentration (100 pwg/mL), most probably
because of the toxic nature of the transferrin at high concentrations [206].
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Figure 4.42. Cell viability assay of hBNs, DSPE-PEG-NH2, DSPE-PEG-hBNSs, transferrin,
and TfR-DSPE-PEG-hBNs exposed glioblastoma cells. (analyzed with student t-test “p <
0.05)

The cellular uptake of hBNs, DSPE-PEG-hBNs, and TfR/DSPE-PEG/hBNs was
comparatively analyzed by measuring the side scattering of the cells using flow cytometer
as shown in Figure 4.43. The internalization of structures was analyzed by considering the
cellular uptake of TfR-DSPE-PEG-hBNs at the 24 h of incubation as a reference. Therefore,
TfR-DSPE-PEG-hBNs uptake is considered to be 100 per cent at 24 h of incubation.
Relatively, the hBN uptake of the cells regularly increases up to 80 per cent, while the DSPE-
PEG-hBNs up to 71 per cent after 24 h of incubation. Moreover, the uptake of the hBNs and
DSPE-PEG-hBNs continued to increase up to 96 per cent and 91 per cent while the uptake
of the TfFR-DSPE-PEG-hBNs decreased to 91 per cent after 48h of incubation. The results
also explain the significantly increased cellular uptake of TfR-DSPE-PEG-hBNSs up to 24 h
of incubation indicates increased uptake of the structures due to transferrin functionalization,
and this provides important clues about the stimulation of active transport system of the cells
have overexpressed transferrin receptors on their surface. Additionally, the toxic nature of
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high doses of transferrin decreases the cell viability. Thus, it is estimated that the cellular
uptake of the TfR-DSPE-PEG-hBNs decreased after 48 h of incubation.
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Figure 4.43. Cellular uptake of hBNs, DSPE-PEG-hBNs and TfR-DSPE-PEG-hBNS.

Confocal microscopy images were acquired to observe the internalization of free FITC, TfR-
FITC-DSPE-PEG-hBNSs (10 pg/mL), and TfR-FITC-DSPE-PEG-hBNs (100 ug/mL) by the
cells after 4 h of incubation. The fluorescence originating from FITC allowed tracking
uptake of the TfR-FITC-DSPE-PEG-hBNs by glioblastoma cells, as shown in Figure 4.44.
As seen in the figure, the free FITC and TfR-FITC-DSPE-PEG-hBNs structures were
successfully internalized into the cells and distributed in the cytosol. It is also seen that the
both concentration of TfR-FITC-DSPE-PEG-hBNs exposed cells have apoptotic bodies in
the nucleus, while the 100 pg/mL of TfR-FITC-DSPE-PEG-hBNs exposed cells lost their
cellular integrity. All the cellular experiments clearly indicate the TfR-DSPE-PEG-hBNs
have a superior cellular uptake capacity, that is the reason of the strong cell viability decrease

of glioblastoma cancer cells.
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Figure 4.44. Confocal images of glioblastoma cells exposed to FITC (a), TfR-FITC-DSPE-

4.5. hBNs AS A PROSTATE CANCER INHIBITION AGENT

4.5.1. Determination of the Concentration and Cellular Sensitivity for hBNs

PEG-hBNs (10 pg/mL) (b) and TfR-FITC-DSPE-PEG-hBNs (100 pg/mL) (C).

The dose dependent anti-proliferative and -metastatic effects of hBNs investigated on

androgen independent (DU145 and PC3) prostate cancer cells, and it was comparatively
investigated with healthy cells (PNT1A) as shown in Figure 4.45, 4.46 and 4.47,
respectively. The cell viability was measured using WST1 colorimetric assay to reveal dose

dependent hBN effects. The results indicated the importance of long-term effects of the

structures on cells. Despite the viability of hBN-exposed DU145 cells increased around 101

per cent the first day of incubation, their viability dramatically decreased around 10 per cent

at the third day of incubation as shown in Figure 4.45a, while the viability of BA-exposed

DU145 cells increased around 118 per cent and decreased around 19 per cent at the third day
of incubation (Figure 4.45b). The result indicates that the hBN and BA sensitivity of DU145
cells are similar at the third day of incubation at high concentrations (500 and 1000 pg/mL).
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Figure 4.45. Viability of DU145 cells exposed to hBN and BA at the first (a) and third (b)
days of incubation. (analyzed with student t-test “p < 0.05)

The viability of hBN exposed PC3 cells was around 80 per cent at the first and third days of
incubation (Figure 4.46a), but BA-exposed PC3 cell viability was 42 per cent at the first day
and 18 per cent at third day of incubation as shown in Figure 4.46b. The result indicated that
the PC3 cells show higher sensitivity against BA, especially at the increased incubation
times.



92

160 -

(a) = hBN = BA

140
120 1
100
80
60

Cell Viability %

40
20

Control 11 22 44 88 176 220 440
Concentrations (ng/mL)

160
(b) = hBN = BA

1
*

140
120

o
o

Cell Viabilit’yd%
(e)] (ee]
o o

N b
o O

o

Control 11 22 44 88 176 220 440
Concentrations (ug/mL)

Figure 4.46. Viability of PC3 cells exposed to hBN and BA at the first (a) and third (b)
days of incubation. (analyzed with student t-test “p < 0.05)

The viability of hBN-exposed healthy prostate (PNT1A) cells was increased around 125 per
cent (Figure 4.47a) and their viability was around 100 per cent up to 1000 pg/mL of hBNs
concentrations at the third day of incubation (Figure 4.47b). However, BA-exposed PNT1A
viability was decreased around 32 per cent at the third day of incubation, even it was around
127 per cent at the first day. According to these results DU145 cells seem as the most hBN
sensitive cell line, while the PC3 has shown the maximum sensitivity against BA at the long
incubation time. Moreover, the lack of negative effects on PNT1A cells up to 1000 ng/mL
of hBNs indicates their safe applications in prostate cancer therapies.
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Figure 4.47. Viability of PNT1A cells exposed to hBN and BA at the first (a) and third (b)
days of incubation. (analyzed with student t-test “p < 0.05)

4.5.2. Cellular Uptake and Intracellular Degradation of hBNs

Cellular uptake of hBNs was comparatively investigated on DU145 cancer and PNT1A
healthy prostate cells by measuring the side scattering of cells using flow cytometer as shown
in Figure 4.48. The concentrations were limited as 22, 44, 88 and 176 ug/mL of boron
including hBN and BA, as they are doses at which hBNs show optimum lethal effect on
DU145 cells yet being completely safe for PNT1A cells. The internalization of hBNs was
relatively analyzed by considering the maximum concentration (176 ug/mL) of boron
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including hBN at the third day of incubation. The results show the hBN uptake significantly
increased from 47 per cent to 94 per cent at increased concentrations in DU145 cells while
they are increased from 26 per cent to 88 per cent at PNT1A cells at the first day of
incubation as shown in Figure 4.48a. Next, the cellular internalization of the hBNs increased
regularly from 61 per cent to 100 per cent at DU145 cells while it increased from 34 per cent
to 98 per cent at PNT1A cells at the third day of incubation (Figure 4.48b). The results
indicate that the hBN uptake of the DU145 cells significantly higher than the PNT1A cells
up to 200 ug/mL of concentration however their uptake performances were same at 400
ug/mL of hBN concentrations. The higher cellular uptake performance of hBNs, even at the
low concentrations, by DU145 cells, could be explained with their high nutrition
requirements. Therefore, the hBN concentrations below 400 pg/mL could be chosen for safe

accumulation in cancer cells which is up taken significantly lower by healthy cells.
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Figure 4.48. Cellular Uptake of hBNs at first (a) and third (b) days of incubation measured
by flow cytometer (analyzed with student t-test “p < 0.05)

Intracellular degradation of the hBNs in DU145 and PNT1A cells was measured using ICP-
MS as shown in Figure 4.49. Following hBN and BA treatment of DU145 and PNT1A cells,
the cells were lysed in order to release all B! amount. The results indicate that the B!
amount was increased around 6 ppm in DU145 cells while a less increment (2 ppm) in
PNT1A cells was found as compared to the control samples at the 22 pg/mL of
concentration. Then the B!! release was increased around 13 and 15 ppm in DU145 cell
while it was around 15 and 19 ppm in PNT1A cell at 44 and 88 ng/mL boron included hBN
concentrations, respectively. According to the results, the hBNs were more efficiently
degraded in PNT1A cells as compared to DU145 cells. Moreover, for the fate of BA there
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are two possibilities: BA was not up taken by cells or eliminated from the cells in three days
of incubation. Whichever is the option, we can conclude that BA is not useful agent for long

term therapy of boron.
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Figure 4.49. Intracellular degradation of hBNs at the third days of incubation measured
with ICP-MS. (analyzed with student t-test “p < 0.05)

4.5.3. Cell Cycle Analysis

The cell cycle in normal cells is controlled by series of signaling pathways that regulates cell
growth, replication, and dividing; however, the mutations in cancer cell DNA can cause
uncontrolled cell dividing due to the error in signaling pathways. While the GO/G1 phases
of cells indicate the growth and the preparation for division, S or G2/M phases indicate
normally dividing or arrested cells in DNA replication, or cell in division phase [207]. In
this study, effect of hBNs on the phases of DU145 and PNT1A cell cycle were investigated
at first and third days of incubation as shown in Figure 4.50 and 4.51. The percentage of
hBN exposed DU145 cells in G2/M phase increased from 17 per cent to 23 per cent while
the per cent of cells in G2/M phase of BA exposed cultures increased from 32 per cent to 46

per cent at the highest concentration (Figure 4.50a and b). Then, the percentage of hBN
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exposed PNT1A cells in G2/M phase increased from 26 per cent to 33 per cent, while the
G2/M phase per cent of BA exposed cells decreased from 39 per cent to 28 per cent at the
highest concentrations as shown in Figure 4.50c and d. The results show that the BA is more
effective on DU145 and PNT1A cell cycle than the hBN exposed cells while the hBN does
not show any significant difference in accumulation of cell cycle G2/M phase at the first day

of incubation.
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Figure 4.50. Cell cycle analysis of hBN and BA exposed DU145 cells (a and b) and
PNT1A cells (c and d) at the first day of incubations, respectively.

In this part of the study, the results indicate that the per cent of arrested cells in G2/M phase
increased directly proportionally to the increased hBN and BA concentrations at the third
day of incubation as shown in Figure 4.51. The percentage of hBN exposed DU145 cells in
G2/M phase increased from 17 per cent to 53 per cent, while the per cent of cells in G2/M
phase of BA exposed cultures increased from 42 per cent to 63 per cent at the highest
concentration and incubation times (Figure 4.51a and b). Then, the percentage of BA
exposed PNT1A cells in G2/M phase increased from 9 per cent to 32 per cent, while the
G2/M phase per cent of BA exposed cells decreased from 48 per cent to 55 per cent at the

highest concentrations (Figure 4.51c and d). The results indicate that the hBNs show
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relatively low accumulation as compared to BA exposed cells at G2/M phase of cell cycle

in each concentration. Moreover, the G2/M phase accumulation of the hBN exposed DU145

and PNT1A cell cycle were quite similar to each other.
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Figure 4.51. Cell cycle analysis of hBN and BA exposed DU145 cells (a and b) and

PNT1A cells (c and d) at the third day of incubations, respectively.

As an indicator, G2/M phase accumulation of cells reveals significant information about the

hBNs and BA on cell proliferation performance. The results indicate that the hBNs exposed

DU145 and PNT1A cell proliferation was similar while BA exposed ones show higher cell

proliferation decrease in each cell line as coherent with cell viability data shown in WST1

experiment results and reported in Figure 4.45, 4.46 and 4.47.

4.5.4. Mitochondrial Functionality

Since the essential functions of the mitochondria in cells, investigating their alteration

following hBN internalization is very important to clarify the role of hBNs on cell

metabolism. Therefore, mitochondrial function of cells was investigated. In this study, the
mitochondrial disfunction of hBN and BA exposed DU145 and PNT1A cells were calculated
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with respect to the normal mitochondrial function of the cells as shown in Figure 4.51. The
results indicated that hBN and BA did not show any negative effect on mitochondrial
functions of DU145 and PNT1A cells at the first day of incubation as seen in Figure 4.51a
and b. However, the mitochondrial disfunction was significantly increased up to 5 per cent
at maximum hBN concentration and 3 per cent at 88 pg/mL boron including BA
concentration exposed DU145 cells as shown in Figure 4.51c. Moreover, the mitochondrial
function of the PNT1A cells was not significantly affected at the third day of incubation as
shown in Figure 4.51d. The results indicate that the hBN cause more mitochondrial
disfunction then BA on DU145 cells at the third day of incubation, while the PNT1A cell
mitochondria have normal functions at each time of incubation. Besides, the viability of the
PNT1A cells and first day of DU145 cells could be accepted as reliable however the decrease
in mitochondrial function of DU145 cell cause some incorrect viability results at the third
day of incubation (Figure 4.45). Moreover, the decrease in mitochondrial function in DU145

cells at the third day of incubation stimulates the apoptosis of cells.
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Figure 4.52. Mitochondrial dysfunction measurements on DU145 and PNT1A cells at the
first (a and b) and third (c and d) days of incubation, respectively. (analyzed with student t-
test “p < 0.05)
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455. ROS Production

Cells tend to increase ROS production when they are exposed to foreign substances as a
result of defense mechanism. The increased ROS levels in mitochondria cause cellular stress
that further stimulates ROS production. High ROS levels in the cells causes damages in the
structure of many critical cell components such as proteins, membrane lipids, and DNA, that
hinder cellular functions and activates apoptosis processes [208]. In this study, the ROS level
of hBN and BA exposed DU145 and PNT1A cells were investigated at the first and third
days of incubations as shown in Figure 4.52. The results indicate that the significant
increment in ROS level of hBN exposed DU145 cells at the maximum concentration was
around 51 per cent, while it was around 20 per cent in PNT1A cells at the first day of
incubation as shown in Figure 4.52a and b. Then, the maximum ROS level was around 62
per cent in DU145 cells, while it was around 50 per cent in PNT1A cells at the 3 day of
incubation as shown in Figure 4.52c and d. Besides, it is clearly seen that the ROS production
of BA-exposed DU145 and PNT1A cells was at the same level in line with the negative
control at the first day of incubation. The ROS level just increased in DU145 cells (around
10 per cent) at the third day of incubation. The results indicate that the DU145 cells show
more reaction against hBN as compared to PNT1A cells by producing high level of ROS.
Conversely, the BA cause a minimal ROS production in PNT1A cells.
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Figure 4.53. ROS production in hBN and BA exposed DU145 and PNT1A cells after 1
first (a and b) and 3 (c and d) days of incubation, respectively. (analyzed with student t-test
“p < 0.05)

45.6. Death Mechanism of Cells

Death mechanism of cells is affected by many parameters in the organism, including
surrounding milieu, cell type, physiological state of the cells during the stimulation,
stimulation agent type, and its concentration [209]. However, the process seems so much
complicated, the optimal conditions were provided in in vitro conditions that mimics the
organism. In this study, hBNs and BA exposed DU145 and PNT1A cells were labelled with
anexin-V and Pl as indicators of apoptosis and necrosis as seen in Figure 4.53, respectively.
The results indicate that the just 28 per cent of DU145 cells was alive, while the 52 per cent,
11 per cent and 7 per cent of cells were in late apoptosis, apoptosis, and necrosis (Figure
4.53a), respectively. Moreover, 83 per cent of BA-exposed DU145 cells were alive, while 9
per cent of the cells were in apoptosis at the first day of incubation (Figure 4.53b). Then, the
hBN exposed PNT1A cell death mechanism was shown in Figure 4.53c and d. The results

indicate that the 39 per cent of PNT1A cells was alive while the 11 per cent of cells necrosis,
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6 per cent of cells apoptosis and 42 per cent of cells were in late apoptosis. Moreover, 77 per

cent of BA exposed PNT1A cells were alive while the 20 per cent of cells was in apoptosis.
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Figure 4.54. Cell death mechanism investigation in hBN and BA exposed DU145 cells (a
and b) and PNT1A cells (c and d) at the first days of incubations, respectively.

At the third day of incubation, 20 per cent of hBN exposed DU145 cells was alive while 13
per cent of cells was in apoptosis and 63 per cent of cells in late apoptosis. Moreover, 64 per
cent of BA exposed DU145 cells was alive while 24 per cent of the cells was in apoptosis as
shown in Figure 4.55a and b. Then, 29 per cent of BA exposed DU145 cells was alive while
11 per cent of cells was in necrosis and 56 per cent of cells in late apoptosis. Moreover, 81
per cent of BA exposed DU145 cells was alive while 9 per cent of the cells was in apoptosis
as shown in Figure 4.55c¢ and d. The results indicate that the hBN cause serious late apoptotic
phenomena in DU145 cells, that means intracellular phosphatidylserines were detected by
Annexin-V and also PI intercalated into the DNA due to the permeabilization of cell
membrane. Therefore, it is obvious that the DU145 cells are killed by hBNs relatively more

then PNT1A cells with apoptosis mechanism as desired in cancer therapy applications.



102

Cell Populations %

Cell Populations %

120% 1

100% -+

80% A

60% -

40% -

20% A

0% -

120% 1

100%

80% A

60% A

40% A

20% A

0% -

(@)

NC

(©)

NC

m Alive mNecrosis = Apoptosis = Late apoptosis

PC-a PC-n 50 100
Concentrations (ng/mL)

z

200

400

H Alive B Necrosis = Apoptosis © Late Apoptosis

x I

f

PC-a PC-n 50 100
Concentrations (ng/mL)

I

200

I

400

120%

100%

80%

60%

40%

Cell Populations %

20%

0%

120% 1

100% -

Cell Populations %

20% A

0% -

80% -

60% -

40% -

(b)

NC

(d)

NC

m Alive m Necrosis = Apoptosis

I

PC-a

PC-n 50 100
Concentrations (ng/mL)

H Alive mNecrosis & Apoptosis

PC-a

PC-n 50 100
Concentrations (ng/mL)

Late apoptosis

200 400

Late Apoptosis

200 400

Figure 4.55. Cell death mechanism investigation in hBN and BA exposed DU145 cells (a

4.5.7. DNA Fragmentation

and b) and PNT1A cells (c and d) at the third days of incubations respectively.

Double-strand breaks in nuclear DNA of cells are visible as fragments in gel electrophoresis.
This kind of DNA breaks are consistent with apoptotic cell death [210]. Therefore, the DNA
fragmentation experiment was performed on hBN and BA exposed DU145 and PNT1A cells

as shown in Figure 4.54 to reveal the underlying reason of their deaths. As seen in the image,
high concentration of hBNs (400 png/mL) cause DNA fragmentation as light smear shape in
the Figure 4.54.
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Figure 4.56. DNA fragmentation measurement in hBN and BA-exposed DU145 cells.

4.5.8. Cell Cytoskeleton Evaluation

Cytoskeleton of the cells serves in the metastasis and invasion of cancer cells by providing
strong forces for movement [211]. F-actin is the major protein in cytoskeleton that plays
crucial role in the “finger-like” shapes required to generate filopodia of cells, the structures
that are responsible for cell movements. F-actin proteins also regulate intracellular
trafficking [212]. In this study, hBN and BA exposed DU145 cell cytoskeleton and nucleus
were observed by labelling f-actin with phalloidin and cell nucleus with DAPI (Figure 4.55).
The images of cells exposed to hBN and BA show no significant difference from control
cell cytoskeleton at the first day of incubation. However, the high number of ring-shaped f-
actin filaments close to cellular membrane of hBN exposed cells could be attributed to the
strong effort of the cells to excrete the hBNs accumulated in the cells. This result suggests

that the f-actin is involved in hBN trafficking.



104

hBNs

Control

1. Day

1S pm

15 pm

3. Day

Figure 4.57. Confocal microscopy images of hBN and BA exposed DU145 cells

cytoskeleton at the first and third day of incubations (f-actin in green, nuclei in blue).

From all results, as a most hBN sensitive cell line, DU145 cells efficiently up taken the hBNs
and degraded the hBNs. The high concentrations of hBNs (200 and 400 pug/mL) seriously
induced apoptosis by causing an increase at the ROS levels in cells. With the internalization
of the hBNs, a rearrangement of the cytoskeleton was observed in a non-metastatic direction.
However, the BA just induces cell viability decrease in cell metabolism which is attributed

to their negative effects on cell proliferation.
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5. CONCLUSIONS AND FUTURE PERSPECTIVES

The investigation of boron nitride nanotubes and hexagonal boron nitrides as a drug
nanocarriers and as active agent in cancer treatment were demonstrated in the present work
with promising results. Furthermore, four original research articles were published as
outcomes as it can be found in the references [131, 213, 214 and 215], as well as a book
chapter about biocompatibility of BNNTs [216]. Actually, through the time span of this
thesis, from 2012 to 2018, a large number of promising studies was published about the
potential use of BNNTs and hBNs as nanocarrier in cancer treatment [137, 153]. A study
also was published about the usage of hBNs as an active anticancer agent in prostate cancer
treatment [90], which definitely deserves their further evaluation. In this thesis, the
biocompatibility of BNNTs and hBNs were investigated to reveal their potential biomedical
use without any damage to healthy cells.

BNNTSs were hydroxylated and modified with carbohydrates to increase their dispersibility
in aqueous media and their cellular uptake by cancer cells. The cellular uptake of BNNTS,
h-BNNTs, and m-BNNTs was investigated using confocal microscopy following the
labeling with DAPI. The confocal microscopy images indicated that unmodified BNNTSs, h-
BNNTs and m-BNNTs were more efficiently internalized by A549 cells rather than HDF
cells. The influence of BNNTSs, h-BNNTs and m-BNNTSs on viability, ROS generations and
genotoxicity was evaluated using A549 cells and HDF cell lines. The results indicated that
the unmodified BNNTs, h-BNNTs and m-BNNTs had no negative effects on viability of
HDFs, whereas BNNTs and h-BNNTs were highly cytotoxic on A549 cells at high
concentrations (100-200 g/mL). The ROS generation in BNNTs and h-BNNTSs exposed
A549 cells was seriously increased and revealed to be directly proportional to their genotoxic
effect on this cell line at higher concentrations (100-200 g/mL), confirming the cell viability
results. The difference in the toxicity results of BNNTs on HDFs and A549 cells can be
attributed to the higher cellular uptake capacity of the cancer cells as compared to the healthy
cells. However, the high cellular viability could be attributed to the positive effects of the
carbohydrate modification on cancer cell proliferation. This study suggests that BNNTS, h-
BNNTSs, but especially m-BNNTS, can be safely used as drug carrying agents. Moreover,
they could be exploited as therapeutic agents owing to the cytotoxic effects on cancer cells

at higher concentrations.
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Moreover, the biocompatibility of h-BNNTs was studied on microorganisms
(saccharomyces cerevisiae) decorated with h-BNNTs and pairs of biocompatible
polyelectrolytes. The LbL coating of PEs around the yeast facilitates the effective
immobilization of the h-BNNTSs on the yeast cell walls. The viability test results show that
the h-BNNTSs do not reduce the physiological activity in the cells. We believe that the Pes/h-
BNNT-coated yeast can be considered as a good candidate to fabricate living cell-based

biosensors which are sensitive to hydrophobic toxic agents in the environment.

Then, the biocompatibility of the hBNs was investigated with cell viability experiments and
the results indicated their biocompatible nature up to very high concentrations. Therefore,
hBNs could be accepted as a good candidate for the potential biomedical applications of

drug carrying and as therapeutic agent.

Moreover, a comparative study to explore the potentials of BNNTs and hBNs as novel
nanocarriers was conducted. It was found that a higher concentration of Dox could be loaded
onto BNNTs compared with hBNs. It was clear that the pH of the medium at the time of
loading and release was an important factor. The optimal loading was achieved at neutral
and basic pH values, threefold higher with respect to acidic pH. The decreased pH triggered
the increased release of the drug from BNNTSs. This can be an important point for effective
release in intracellular acidic compartments after uptake into the cells. Further, the
conjugation of Dox-BNNTs with folate helps effective targeting to cancer cells. The results
also indicate that the genotoxic Dox molecules also accumulate in the nucleus of the cells as
desired even though they were conjugated with the carrier BNNT structures. This study
suggests that BNNTs are a potential candidate as an effective carrier of aromatic ring
containing chemotherapy drugs to improve their therapeutic efficiency and to reduce their

side effects.

Then, hBNs were synthesized in the absence of a catalyst, a potential contaminant and used
in the rest of the study. The hBNs were intended to be generated as a boron-based active
agent for BNCT applications. Due to the hydrophobic nature of the hBNs, they were first
functionalized with DSPE-PEG-NH: to increase dispersibility in aqueous media and to
provide reactive -NH. ends for further functionalization. Then, the transferrin protein as a
brain cancer cell targeting agent was covalently bound to the active ends of the DSPE-PEG-
hBNs. The comparatively performed characterization studies indicated an optimal DSPE-
PEG-NH: interaction. Promisingly, the transferrin functionalization of the hBNs
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significantly increased their cellular uptake and caused a dose-dependent cell viability

decrement in glioblastoma cancer cells.

As a promising agent, the therapeutic efficiency of hBNs against prostate cancer was
investigated in comparison to BA on cancer and healthy cells. First of all, several prostate
cancer cells and healthy prostate cell viabilities were tested to reveal the hBN and BA
sensitivity that resulted with cellular death. According to the results, the hormone-
independent DU145 prostate cancer cells showed highest sensitivity against hBNs whereas
the healthy cells do not show significant sensitivity against hBN exposure. Then, the cellular
uptake and intracellular degradation studies of hBNs indicated their slow degradation
following efficient cellular uptake. Moreover, the sensitivity studies were supported with
cell cycle analysis. In agreement with the sensitivity results, cycle of the DU145 cells were
arrested in mitosis phase in long incubation times with hBN and BA. Besides, the
mitochondrial response of the cells gives important clues about the cellular response
following the hBN uptake. Based on the data, mitochondrial disfunction and ROS generation
significantly increased in hBN-treated DU145 cells, resulting into a seriously increased late
apoptosis at the long-term incubation. Concerning the cytoskeleton, structures of cells plays
very important role in cancer metastasis, ring formation of f-actin filaments in hBN treated
conditions indicates the constructed vesicular structures as a priority of cells in place of

metastasis.

Although the findings of this study indicate these nanomaterials quite promising as drug
carrier and therapeutic agent, their further evaluation is necessary. First, their degradation
profile in biological conditions should be investigated. Then, the cellular uptake mechanism
can be studied in order to clarify the underlying reason of higher cellular uptake by cancer

cells that might give some clues to increase the uptake profile by cancer cells selectively.

Overall, it is possible to carry chemotherapeutic drugs to the target cancerous cells by
loading onto BNNTs and thereafter release at precise pH values. Moreover, cellular
investigations demonstrated that hBNs can be good candidates for boron-based structure
accumulation in the target cells for possible BNCT applications in virtue of their
biocompatible nature. In the light of the present study, the apoptotic stimulation and the
metastasis preventive effect of the hBNs encourage us to continue to the next step of in vivo

testing for their role in cancer therapy.
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