EFFECT OF MANNAN-REDUCED GOLD NANOPARTICLES ON PROSTATE
CANCER CELLS

by
Nur Selin Kaya

Submitted to Graduate School of Natural and Applied Sciences
in Partial Fulfillment of the Requirements
for the Degree of Master of Science in

Biotechnology

Yeditepe University
2016



EFFECT OF MANNAN-REDUCED GOLD NANOPARTICLES ON PROSTATE
CANCER CELLS

APPROVED BY:

Prof. Dr. Mustafa Culha

(Thesis Supervisor)

Prof. Dr. Bahattin Yal¢in

Assist. Prof. Dr. Hiiseyin Cimen rerermia s Ff .(‘:\ . W ”

DATE OF APPROVAL: ..../..../2016



ACKNOWLEDGEMENTS

First, I would like to express my deepest appreciation to my supervisor, Prof. Mustafa
Culha, for his guidance, continuous supports and suggestions about my proceeding

experiments during my master study.

Moreover, | would like to thank to Yeditepe University Nanobiotechnology Group
Members for always being there when | need something. Special thanks to Mine Altunbek,
Pmar Akkus Siit and Gamze Kuku for their technical and intellectual support throughout
my scientific works. | would like to thank my labmate Gizem Ugankus, my friend Dilara

Tiiztin for their moral support.

Finally, my deepest heart-felt gratitude is to my family to whom this dissertation was
dedicated to. I would like to thank to my father Metin Kaya, my mother Tiillay Kaya, my
sisters Seray Kaya and Nurhayat Kaya for always believing and supporting me, no matter
what it is. Last but not least, | would like to thank to my boyfriend Peter Horstmann for

always being there for me and encouraging me in every obstacle | had encountered.

I would like to acknowledge TUBITAK for financial support during my master study.



ABSTRACT

EFFECT OF MANNAN-REDUCED GOLD NANOPARTICLES ON PROSTATE
CANCER CELLS

Prostate cancer is a severe cancer type which kills a large number of males every year. The
new nanotechnological therapeutic tools based on the targeting of the over-expressed
receptors have showed advances to decrease the side effects on healthy cells. In this thesis,
gold nanoparticles were synthesized using mannan (M-AuNPs), which is a polymer of
mannose, attaches the mannose 6-phosphate receptor (M6PR) highly expressed in prostate
cancer. AuNPs were used as anticancer drug delivery vehicle and their efficiency was
compared with other gold nanoparticles reduced with starch and citrate on healthy PNT1A
and cancerous DU145 cells. The results showed that the synthesized AuNPs did not
influence the viability of the both cell lines. Dox-loaded AuNPs displayed a high rate of
toxicity on DU145 cancer cells by inducing cell cycle arrest in G2/M phase. As a
conclusion, M-AuNPs can be a promising tool for prostate cancer by combining with

photothermal therapy.



OZET

MANNAN iLE iINDIRGENMIS ALTIN NANOPARCACIKLARIN PROSTAT
KANSER HUCRELERINE ETKIiSI

Prostat kanseri, her yil ciddi sayida erkegin 6liimiine yol agan bir kanser tiiriidiir. Anlatimi
artmis reseptorlerin hedeflenmesine dayali yeni nanoteknolojik terapotik araglar saglikli
hiicrelere yan etkilerin azaltilmasinda 6nemli gelismeler gostermistir. Bu tezde, prostat
kanserinde yiiksek miktarda bulunan mannoz-6-fosfat reseptorii (M6PR) hedeflenmis ve
hedeflemede bir mannoz polimeri olan mannan ile indirgenmis altin nanoparcaciklar (M-
AuNP) kullanilmistir. Doksorubisin anti-kanser ilacinin verimliligi, saglikli PNT1A ve
kanserli DU145 hiicreleri lizerinde, ilag dagitim araci olarak mannan, sitrat ve nisasta ile
indirgenmis altin parcaciklar kullanarak kiyaslanmistir. Sonuglarda, sentezlenen altin
nanopargaciklarin her iki hiicre tipinin de canliligini etkilemedigi gozlenmistir. Dox ytiklii,
mannanla indirgenmis altin nanoparcaciklarin DU145 kanserli hiicreleri hiicre dongiisiinde
G2/M fazinda durdurarak, canliligt 6nemli oranda diisiirdiigli gézlemlenmistir. Sonug
olarak, mannan ile indirgenmis altin nanoparcaciklarin fototermal terapi ile birlestirilerek

prostat kanserinin tedavisinde gelecek vaad eden bir ara¢ olabilecegi diisiintilmektedir.
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1. INTRODUCTION

There are various research and development about nanoparticle-based diagnostics and
therapeutics so far [3]. The remarkable potential of NPs in gene therapy, targeted drug
delivery, imaging, stem cell tracking and differentiation, immunotherapy, photo-ablation
therapy has been observed [4-8]. Many different nanocarriers such as polymer micelles and
vesicles, nanocapsules, dendrimers, metal NPs and liposomes have been used in delivery
system [9-13]. Gold nanoparticles (AuNPs) have recently emerged as an attractive
structures due to their applications in biology, optics, catalysis and chemical sensing [14].
The reason of popularity of AuNPs comes from that can be applied for cancer targeted
drug delivery as well as imaging. The physicochemical properties of AuNPs which
separate them from other nanoplatforms are mainly suitable optical properties for being
used as imaging agents, chemical inertness, easy surface functionalizability and
conformable electronic structure for Plasmon resonance [15]. Another important feature of
AUNPs is due to their widely ranged core sizes from 1 to 150 nm can be synthesized not
only easily but also with controlled dispersity. Size and dispersity are important issues for

drug delivery systems [16].

Prostate cancer is one of the most death causing type of cancer in males. In 2010, the total
medical costs for prostate cancer was 12 billion [25]. Around 220,000 men diagnosed with
this type of cancer and around 27,000 of them died from this disease in USA in 2014 [26].
Prostatectomy, radiotherapy or brachytherapy are mainly applied to patients in early stages
[27]. However, these methods have drawbacks. Prostatectomy is the removal of prostate
glands from patients and patients whom applied prostatectomy become infertile after
surgery. Radiotherapy is a non-selective method which also affects the whole body.
Brachytherapy is an advanced method for early-stage of prostate cancer. Radioactive seeds
are placed in tumor area and cells are treated by high radiation. This is a localized, précised
and high-tech technique. However, it uses radiotherapy as treatment method so it might
cause side effects in that localized area as well. For advanced stages, androgen deprivation
therapy (ADT), which targets androgen receptor in a specific localization, is performed as
a standard procedure. Prostate cancer cells need androgen hormones and by this technique,
androgen hormones are reduced in cancer cells and growth is slowed down. Since ADT

only makes the growth slower, radiation therapy should be applied after ADT. Due to the



side effects of radiation, this therapy is also not the most efficient way to treat prostate
cancer[28]. This is why new, non-toxic and more efficient drug delivery systems have been

investigated in the last few decades.

Chemotherapy is one of the main auxiliary therapeutic options for the treatment of
metastatic cancer. However, it has a crucial problem about the chemotherapeutic agents
because they cannot differentiate normal and cancerous cells. This causes consequential
damage on normal cells as well. One of the problems on the basis of this inefficiency is
resulted from that interstitial fluid pressure in solid tumor is more than in normal tissue and
this reduces the transcapillary transportation of chemotherapeutic agents into the target
tumor areas [29-30]. Furthermore, due to the damaging side effects of chemotherapeutic
agents, insufficient of amount is treated to the patients, which lead to incomplete response

from tumor and thus, drug resistance by time [31].

Different nanocarrier systems for drug delivery were developed for treatment of prostate
cancer. By synthesizing NP-drug conjugations, it was aimed to improve solubility,
bioavailability, biocompatibility, retention time and pharmacokinetics behavior [91]. NPs
were modified with hyaluronic acid and conjugated with cisplatin to reduce side effects of
chemotherapeutic drug for targeted delivery of prostat cancer cells by using CD44 surface
marker [92]. In another study, catechin attached-carbon nanotubes were explored as a
possible nanocarrier system for targeting prostate cells [93]. In combination with X-ray
irradiation, catechin-loaded gelatin NPs and carbon nanotubes showed promising results
for treatment of prostate cancer [94]. Kulhari et al. showed that succinoyl TPGS
nanomicelles conjugated with cyclic peptide (cCRGDfK) can be used efficiently for targeted
drug delivery of docetaxel in prostate cancerous cells [95]. Magnetic iron NPs are also
used widely for diagnostic and theranostic applications. Magnetic iron nanoparticles were
conjugated with Dox, in vitro and in vivo studies indicated that they NP-Dox clusters
induces high toxicity for PC3 prostate cancer cells.by light-triggered Dox release and
photo-ablation [96]. Axiak-Bechtel et al. studied the cytotoxic effect of gum-Arabic coated
radioactive gold NPs in prostate cells and it caused minimal short-term toxicity [97]. In the
study of Vaillant et al., mesoporous silica NPs were functionalized with analogue of
mannose-6-phosphate receptor. It was proven that these NPs can be used for targeted drug

delivery in prostate cancer cells using photodynamic therapy [67].



1.1. GOLD NANOPARTICLES

Nanotechnology can be described as controlling the size and shape at nanometer scale in
design, production, characterization and application of structures, devices and systems [1].
Nanoparticles (NPs) get attention due to their desirable physicochemical properties [2].
Many different nanocarriers such as polymer micelles and vesicles, nanocapsules,
dendrimers, metal nanoparticles and liposomes have been used as delivery system [9-13].
AuUNPs have recently emerged as an attractive structure due to their applications in
biology, optics, catalysis and chemical sensing [14]. Figure 1.1. shows the schematic

representation for the AuNPs properties.
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Figure 1.1. Major properties of gold nanoparticles [8].

AuNPs interact with the light in the visible region, absorb strongly and scatter it more than
other nanomaterials [52]. When the light is absorbed, it starts the oscillation of the
conduction band electrons of metal. The electron oscillation around the surface of
nanoparticle induces formation of dipole oscillation along the direction of electric field of
incident light. When the amplitude of the oscillation is in maximum at a specific
frequency, this is called as Surface Plasmon Resonance (SPR) [17]. SPR band is much
stronger in AuNPs comparing to other metal NPs. AuNPs show a strong SPR band in
visible region [52]. SPR frequency is dependent on size, shape, surface properties of
nanoparticle, interactions between nanoparticles and dielectric properties of surrounding

medium [18]. Any difference in one of those parameters can be differentiated with optical



resonance using UV/Vis Absorption Spectroscopy by showing a shift in absorption

wavelength [19].

1.1.1. AuNP Synthesis Methods

AUNPs can be easily synthesized with controlled dispersity in a range of 1 to 150 nm using
bottom-up and top-down methods [73]. Nanosphere lithography, chemical,
electrochemical, photochemical, sonochemical, templating and thermal reduction
techniques are based-on bottom-up method [74-76]. This method is applied by the
reduction of ions producing desired nanostructures. Au salts are reduced in the presence of
surface stabilizers, which inhibit the aggregation of Au in the solution by attractive Van
der Waals and depletion forces [72]. Top-down methods, which are photolithography and
electron beam lithography, are performed by that the matter is removed from the bulk
material for production of nanoparticles [77-78]. There are 5 commonly used techniques
for synthesis of AuNPs: Turkevich, Brust, seeded growth, digestive ripening and
miscellaneous methods. Turkevich method is the most common way of synthesizing
spherical AuNPs. Gold ions (Au*®) are reduced to Au® atoms by citrate, ascorbic acid,
aminoacids or UV light [79-80]. In Brust method, firstly gold salt is transferred to an
organic solvent from aqueous solution and then, reduced by sodium borohydride [81].
Turkevich and Brust methods are used generally for synthesis of spherical gold
nanoparticles. When other shapes of gold nanoparticles are desired, seeded growth method
is used. In this method, gold salt is reduced with sodium borohydride to obtain seed
particles, then the solution is transferred to metal salt solution with a weaker reducing
agent such as ascorbic acid. By changing the concentrations of seeds, shape of gold
nanoparticles can be altered [82]. In digestive ripening technique, gold nanoparticles are
synthesized using excessive ligands in the presence of alkanethiols. Thiols, amines or
silanes can be used as ligand in this method. The most important issue is the high
temperature in this type of synthesis for control of size distribution of AuNPs [83].
Miscellaneous methods include ultrasonic waves, microwaves, laser ablation, solvothermal
method, electrochemical and photothermal reduction techniques which are used for
synthesis of AuNPs [80].



Methods explained above are used widely for production of AuNPs. However, they have a
drawback of generating toxic byproducts that can induce toxicity, which is an important
issue for drug delivery systems [16]. To overcome this problem, new strategies were
developed with non-toxic chemicals. These strategies are based on the principles of green
chemistry which uses biodegradable reagents by reducing waste products and toxicity, and

provides production at desired temperature and pressure [84].

1.1.2. Advantages of AuNPs in Biomedical Applications

The AuNPs can be applied for cancer targeted drug delivery as well as imaging due to the
physicochemical properties of AuNPs which separate them from other nanoplatforms with
suitable optical properties, chemical inertness, easy surface functionalizability and
conformable electronic structure for surface Plasmon resonance (SPR) [15]. Figure 1.2

shows the application fields of AuNPs in theranostics [8].

Theranostic
Applications

Figure 1.2. Applications of gold nanoparticles for cancer therapy [8].



The particle size is a major key for circulation and biodistribution of nanoparticles. While
NPs smaller than 10 nm are cleared quickly from the body by the kidneys or through
extravasation, larger NPs can be caught by mononuclear phagocyte system (MPS) [40].
As a result of many studies, nanoparticles smaller than 100 nm have a longer circulation
time in blood and exposed to reduced hepatic filtration. Size of nanoparticles also affects
the accumulation in tumor site via EPR [41]. The optimum size range for nanoparticles to
escape from physiological barriers and take advantage on EPR effect should be 10-250 nm
[42]. Surface charge of NPs can cause them to be caught by MPS. Neutrally charged NPs
have less opsonization rates compared to charged nanoparticles[43-44]. Positively charged
NPs induces higher phagocytic uptake then neutrally or negatively charged NPs [45].
Davis et al. proposed that NP surface charge should be in the range of -10 and +10 mV to

reduce phagocytosis and nonspecific interactions of NPs [46].

AUNPs have a high surface area to volume ratio which increases the loading amount of
functionalities onto the nanoparticle surface [20]. They also provide diversity about the
conjugation of different therapeutic drugs or biomacromolecules onto the nanoparticle
surface covalently or non-covalently, due to their multivalent and tunable surface
characteristics [21-22]. ]. Figure 1.3. shows the two different type of functionalization of

gold nanoparticles mainly used in delivery applications.
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Figure 1.3. Two different type of functionalization of gold nanoparticles mainly used in
delivery applications [24].

AuNPs display strong optical absorbance in the NIR tissue optical transparency range. An
energy source such as laser generates nonionising electromagnetic radiation when it is
applied to a specific area. With the applied energy to gold nanoparticles, energy is
converted to heat by electron excitation and relaxation on the surface of AuNPs. With the
heat release from AuNPs, temperature rises in that local area and this phenomenon is
called as hyperthermia. Hyperthermia is one of the possible treatment methods for cancer.
It causes apoptotic cell death and increases local control. This method can be used also in
combination with radiotherapy and chemotherapy [53-55]. It can be applied with heat
generation by radiofrequency waves, ultrasound or microwaves [56]. Due to side effects of
chematherapeutic agents, photothermal therapy is combined with chemotherapy to use
lower dose of chemotherapeutic agents and increase the effect with hyperthermia. Toxic
heat and drugs work simultaneously and locally on tumor sites. In chemo-photothermal
therapy, cancer cells are not only affected by the cytotoxicity of drugs but also sensitized
by high temperatures on targeted area [57-61].



1.2. AuNPs in DRUG DELIVERY

Due to toxic side effects of anti-cancer drugs, new, non-toxic and more efficient drug
delivery systems has been investigated in the last few decades. Nanocarriers are found out

as useful tool as drug delivery systems in numerous studies [32].

Drugs can be loaded onto nanoparticle surface covalently or non-covalently.When the
conjugation is covalent, the nanocarrier platform is formed more stable. Nevertheless, the
prodrug should be processed intracellularly [33]. In non-covalent conjugation of drugs with
nanoparticles, active drug is released in cells directly, but the disadvantage of this method

is the possibility of premature release [24].

1.2.1. Passive Targeting Strategies

Gold nanoparticles can penetrate into tumor tissue via enhanced permeation and retention
(EPR) effect through the leaky vasculatures in tumor site. Since vasculatures in tumor site
are super-leaky, AuNPs can reach to the interstitial space of the tumor by EPR effect.
Moreover, clearance of gold nanoparticles from tumor site is limited by impaired
lymphatic drainage, thereby this induces enhanced retention (ER) of nanoparticles. These
two cases occur because of the fast growth of tumor tissue and the collapse of blood and

lymph vessels in that area [34].

1.2.2. Active Targeting Strategies

For active targeting of gold nanoparticles, ligands such as peptides, proteins, nucleic acids
or antibodies with high affinity to a specific receptor which are over-expressed in tumor
tissue are conjugated to nanoparticles. Due to multivalent surface characteristics of gold
nanoparticles, the surface of nanoparticles can be loaded with different type of ligands to
increase the efficiency of cellular uptake and enhance the targeting [8].



1.2.3. Doxorubicin

Doxorubicin is an anti-cancer drug used for the treatment of many different cancer types.
The anti-tumor activity is performed by intercalating DNA. It interacts with DNA

replicative system in the cell nucleus [35].

Doxorubicin conjugated gold nanoparticles can enhance computed tomography (CT)
imaging contrast and used for photothermal cancer therapy [37]. Doxorubicin can be
conjugated to gold nanoparticles in two ways. Firstly, a linker molecule can be utilized for
covalent conjugation [37-39]. Secondly, the conjugation can be achieved by electrostatic
interactions or hydrogen bonds. Second method can be advantageous because linker
molecule is unnecessary and drug release into the cells would be easier than in covalent
conjugation [36]. The electrostatic interactions between Dox and gold nanoparticles are

illustrated in Figure 1.4.

- __ + U —_—— g—_ —=

Gold Nanoparticle Drug (Doxorubicin) IT

Figure 1.4. Preparation of Doxorubicin conjugated AuNPs [36].

1.3. MANNAN

Mannan is a polymer of mannose sugar. Mannan can be found in 4 different forms in
nature which are linear mannan, glucomannan, galactomannan and galactoglucomannan.
Each type is named according to the composition of sugar monomers in the polymer. A

linear mannan contains mannose residues in a linear arrangement with (-1,4-linked
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backbone. All types of mannans have this backbone [47-49]. Structure of mannan is shown

in Figure 1.5.
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Figure 1.5. Structure of mannan polysaccharide.

Mammalian cells are covered with high density of carbohydrates on the surface. Cell
surface carbohydrates have crucial role in cell-cell recognition, inflammation, metastasis,
infection, immune surveillance of tumors and cancer [63-65]. AuNPs conjugated with
carbohydrates increases the biocompatibility, targeting ability and maintains higher

delivery efficiency [24].

1.3.1. Mannan-based Drug Targeting Systems

Mannan, which is recognized by the mannose receptors easily on the surface of antigen-
presenting cells, has a distinctive property than other polysaccharides. This makes the
uptake of mannan-bearing nanoparticles into the cells easier via mannose-mediated

endocytosis and phagocytosis. [62]

The use of mannan has been reported in drug delivery systems. In study of Apostolopoulos
et al., mannan was oxidized and conjugated with MUC1 fusion protein. This drug delivery
system was used for tumor immunotherapy in treatment of early-stage of breast cancer

[85]. Ferreira et al., prepared nanogel from mannan and cytocompatibility was investigated
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in mouse embryo fibroblast (3T3) and mouse-macrophage-like (J774) cells. It was shown
that mannose residues were bound to mannose-binding receptors on cell surface and these
complexes were internalized through the endocytic pathway. It was confirmed that mannan
nanogels have high toxicity in macrophage-like cells but primary cultures of macropahges
are more suitable for the application of mannan nanogels [86]. In 2012, he and his team
studied of the mannan nanogel cytocompatibility on mouse embryo fibroblast (3T3) and
mouse bone marrow-derived macrophage (BMDM) cells. It was indicated that mannan

nanogel induces DNA damage on mouse BMDM but no cytotoxicity in 3T3 cells [87].

Moreover, superparamagnetic iron oxide nanoparticles (SPIONSs) were coated with mannan
and used for targeted delivery to macrophages. Vu-Quang et al. investigated the
physicochemical properties of carboxylic mannan-coated SPIONs (CM-SPIONS) using
MRI. It was demonstrated that CM-SPIONSs stay longer in blood circulation than M-
SPIONSs and claimed that CM-SPIONs can be potential contrast agent for MRI [88].

Konjac glucomannan (KGM) is a water soluble polysaccharide. It was shown that KGM is
degraded by colon -mannanase which is secreted from human colon bacteria. KGM is a

stable and non-cytotoxic material for drug delivery [89].

Kaur et al. investigated mannan-coated gelatin nanoparticles for targeted delivery of
didanosine for HIVV. Mannan-coated nanoparticles were uptaken more by macrophage cells
and drug release was retarded. It was concluded that due to mannose-binding receptors on

cell surface of macrophages, mannan-coated NPs are penetrating into cells more [90].

1.4.  AIM OF THE STUDY

AUNPs due to their many advantageous properties have been used for many drug delivery
systems for various diseases. Due to high abundance of mannose binding lectins on the
surface of prostate cancer cells, mannan reduced AuNPs can be an efficient tool for
treatment of prostate cancer. In this study, it was aimed to investigate the effect of
doxorubicin conjugated mannan-reduced AuNPs on DU145 prostate cancer cell line,
examine the cytotoxicity of these nanocarriers on both normal and malignant (PNT1A and
DU145, respectively) prostate cancer cells and compare mannan-reduced AuNPs to citrate
and starch-reduced AuNPs.
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2. MATERIALS AND METHODS

2.1. SYNTHESIS OF GOLD NANOPARTICLES

2.1.1. Synthesis of Mannan Reduced Gold Nanoparticles (M-AuNPs)

The AuNPs were synthesized by mannan reduction of HAuCl,;-3H,0 (#27988-77-8, Sigma,
Germany) with sodium hydroxide (NaOH, #67-56-1, Sigma-Aldrich, USA) [50]. 5 mL of
10 mM HAuUCI,-3H,0 was mixed with 5 mL of 0.04 M NaOH solution and incubated for
15 min. A 25 mg of mannan (#9036-88-8, Sigma-Aldrich, USA) was dissolved in 5 mL of
dH,0O and mixed with 5 mL of 0.02 M NaOH solution. The mixture was heated to 80°C
and incubated for 15 min. The mannan and prepared gold solutions were mixed and stirred
at 80°C for 30 min. The gold colloid was cooled down to room temperature and the final

volume of the colloid was adjusted to 20 mL with dH,O.

2.1.2. Synthesis of Citrate Reduced Gold Nanoparticles (C-AuNPs)

The AuNPs were synthesized by sodium citrate reduction of HAuCl,;-3H,0 [51]. 100 mL
of ImM HAuCI4-3H,0 solution was heated until boiling. After the solution is boiled, 10
mL of citrate stock solution (38.8 mM of trisodium citrate (#6132-04-3, Sigma-Aldrich,
USA) dissolved in 10 mL of water) was mixed with boiling gold solution, rapidly. Then,
the color of the solution changes from yellow to black and finally to dark red. The final

solution was kept boiling for 15 min.

2.1.3. Synthesis of Starch Reduced Gold Nanoparticles (S-AuNPs)

The AuNPs were synthesized by starch reduction of HAuCl4-3H,0 (#27988-77-8, Sigma,
Germany) in the alkaline condition using the similar procedure used for mannan reduction
[50]. Briefly, a 5 mL of 10 mM HAuUCI,;3H,0 was mixed with 5 mL of 0.04 M NaOH
solution and incubated for 15 min. A 100 mg starch dissolved in 5 mL of dH,0O (#9005-84-
9, Sigma-Aldrich, USA) was mixed with 5 mL of 0.02 M NaOH solution and heated to
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80°C for 15 min. Then, starch-NaOH solution was mixed with Gold-NaOH solution and
incubated at 80°C for 30 min. The gold colloid was cooled down to room temperature and

the final volume of the colloid was adjusted to 20 mL dH,0.

2.1.4. Doxorubicin Conjugation of Gold Nanoparticles

A 5uL of 1 mM Dox solution was added to 1 mL of M-AuNPs, C-AuNPs and S-AuNPs

and incubated for 24h while shaking at room temperature.

2.2. CHARACTERIZATION OF SYNTHESIZED GOLD NANOPARTICLES

2.2.1. UV/Vis Absorption Spectroscopy

The plasmon absorption spectra of synthesized M-AuNPs, C-AuNPs and S-AuNPs were
characterized using UV-Vis Spectrophotometer Lambda 35 (Pelkin Elmer). The changes in
the absorption spectra of M-AuNPs, C-AuNPs and S-AuNPs after conjugation with

Doxorubicin were also monitored with UV-Vis spectrophotometer.

2.2.2. Dynamic Light Scattering (Zeta Sizer)

The measurements were done using Malvern Zetasizer Nano ZS at 25°C at 173° scattering
angle with a 4 mV He-Ne laser for both synthesized M-AuNPs, C-AuNPs and S-AuNPs
and Dox-conjugated M-AuNPs, C-AuNPs and S-AuNPs. Standard disposable polystyrene
cuvettes for size measurements were used. The refractive index and absorption of colloids

were set as 2.0 and 0.320, respectively.

2.3. CELL CULTURE

Normal human prostate cell line (PNT1A, #95012614, Sigma-Aldrich) and human
prostatic carcinoma cell line (DU145, HTB-81, ATCC) were used to monitor the efficiency
of M-AuNPs, C-AuNPs and S-AuNPs for drug delivery. The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, #D5546, Sigma-Aldrich) containing 10%
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Fetal Bovine Seum Albumin (FBS, #3020-20, ATCC), 100 units/mL penicilin and 100 mg/
mL Streptomycin (Gibco, UK), 2 mM L-glutamine (#56-85-9, Sigma-Aldrich) and were
cultured at 5% CO; supplied at 37°C in incubator.

2.3.1. WST-1 Cell Viability Assay

PNT1A and DU145 cells were seeded on 96-well culture plate at 5000 cells/well and
incubated for 24 h for cell attachment at 37°C humidified incubator supplied with 5% CO,.
Then, the medium was changed with fresh medium containing bare and Dox-conjugated

conjugated M-AuNPs, C-AuNPs and S-AuNPs. The un-treated cells were used as control.

2.3.2. Cell Cycle Assay

The effect of M-AuNPs and Dox conjugated M-AuNPs on cell cycle was evaluated by
comparison with free Dox treatment. Briefly, PNT1A and DU145 cells were seeded on 6-
well culture plate at 150000 cells/well and incubated for 24 h for cell attachment. Then, the
cells were treated with 3 nM AuNPs (mannan), 0.5 uM Dox-conjugated to AuNPs
(mannan) in 3 nM concentration, 0,5 uM Dox and 0.5 uM Colchicine for 24h. Cells were
removed with Trypsin and solved in PBS. After medium was removed from cells
completely by centrifugation, cells were fixated in 700 puL of cold 100% ethanol and 300
uL of cold PBS. The cells were kept at +4°C during cell fixation. Then, cells were
incubated at -20°C for overnight. The cells were centrifuged at 3500 rpm for 10 min and
rinsed off until ethanol is removed from cells completely. Cells were solved in 400 pL of
cold PBS. First, RNAse A and 10 min later Pl was added to cells in the ratio of 2:1. It was
incubated in darkness for 15 min at ice box. The cell cycle results were acquired by
EasyCyte Flow Cytometer device (GUAVA).

2.3.3. Intracellular Uptake of M-AuNP

In order to demonstrate the efficient uptake of M-AuNPs by prostate cancer cells, the M-
AUNPs treated PNT1A and DU145 were examined on ICP-MS. Briefly, 30000 cells were

cultured in 24-well plate for both cell lines and incubated for 24h. The un-treated cells



15

were used as control. After 24h incubation with 1 nM M-AuNPs, cells were washed with
medium for 3 times and then rinsed with nitric acid twice and collected. After cells were
sonicated, samples were filtered with 0.22 uM filter. The final concentration was
completed to 10 mL and then, ICP-MS measurement was conducted.
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3. RESULTS

3.1. CHARACTERIZATION OF AUNPs

The surface plasmon absorption profile of AuNPs alters depending on size, shape, surface
chemistry, agglomeration and the dispersion media. The distinctive SPR absorption
profiles of mannan reduced (M-AuNPs), citrate reduced (C-AuNPs) and starch reduced (S-
AUNPs) are shown in Figure 3.1. M-AuNPs have maximum absorption at 520 nm while C-
AUNPs and S-AuNPs have their absorption band at 519 nm and 526 nm.

519 526 ——M-AuNP

0.3 =

0.2

Absorbance

0.1 A

0 T T T T T T T T T T T T T T T T T T T 1
400 450 500 550 600

Wavelength (nm)

Figure 3.1. UV/Vis spectra of M-AuNPs, C-AuNPs and S-AuNPs.

The DLS measurement provides information about hydrodynamic sizes of M-AuNPs, C-
AUNPs and S-AuNPs in aqueous environment. The DLS spectra of M-AuNP, C-AuNP and
S-AuNP showed that they had 90, 16 and 60 nm hydrodynamic sizes, respectively as seen
in Figure 3.2.
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Figure 3.2. Size distribution of M-AuNP, C-AuNP and S-AuNP in DLS Analysis.

17

M-AuNPs were also examined on Atomic Force Microscopy (AFM). The size of M-

AUNPs was measured as 12 nm approximately as seen in Figure 3.3 on line measurement.
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nm

Figure 3.3. AFM image of M-AuNPs.

The images of bare and Dox conjugated M-AuNPs, C-AuNPs and S-AuNPs were shown in
Figure 3.4. M-AuNPs and S-AuNPs were stable possessing similar color compared with
their bare form, which may be an indication of high Dox-loading capacity while Dox
addition to C-AuNPs changed the color of colloidal suspension to dark blue and caused
precipitation of the particles immediately, which may be explained by lower stability and
lower Dox loading capacity of C-AuNPs. A plausible explanation for the precipitations is
due to the surface charge change of AuNPs as doxorubicin bins to the surface, which
initiates aggregation.
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M-AuNPs C-AuNPs S-AuNPs

Figure 3.4. Image of (a) M-AuNPs, (b) C-AuNPs, (c) S-AuNPs and their Dox loaded
forms.

The Dox-loaded M-AuNPs and S-AuNPs were characterized using UV/Vis absorption
spectroscopy and DLS. After incubation of NPs with Dox for 24h, the solutions were
centrifuged and free-Dox was removed from the solution. Final Dox concentration was
calculated according to Dox absorbance spectrum which was about 2.5 pM Dox in final
AUNP solutions. In Figure 3.5. and 3.6., the spectra of bare and Dox-conjugated M-AuNPs
and S-AuNPs are shown respectively. A small redshift from 519 nm to 523 nm and a
broadening of the absorption band were observed after Dox-loading of M-AuNPs as seen

in Figure 3.5.

When S-AuNPs were conjugated to Dox, 2 nm redshift from 526 nm and broadening of the
absorption peak were observed indicating that the Dox loading caused the agglomeration
of the S-AuNPs as shown in Figure 3.6.
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Figure 3.5. Comparison of absorption spectra of bare M-AuNPs and Dox-conjugated M-
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Figure 3.6. Comparison of absorption spectra of S-AuNP and Dox-conjugated S-AuNPs.
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The reproducibility of the Dox loading of M-AuNPs was evaluated at different batches. As
shown in Figure 3.7., AuNP-Dox conjugation reaction is reproducible which, the

maximum absorbance wavelength of final solution is acquired at 522 nm.
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Figure 3.7. Reproducibility of AuNPs conjugation with Doxorubicin.

DLS spectra of Dox-loaded M-AuNPs and S-AuNPs were shown in comparison to their
bare form in Figure 3.8. and Figure 3.9. The increase in hydrodynamic size also
demonstrates the Dox loading on AuNPs. The final size of M-AuNPs and S-AuNPs were
around 90-100 nm and 100-110 nm, respectively. While there was a small size change in
M-AuUNP-Dox, the size of S-AuNPs was doubled after loaded with Dox. This can be
explained by the agglomeration of S-AuNPs after centrifugation and dispersion in dH,O.
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3.2. WST-1CELL VIABILITY ASSAY

The influence of M-AuNPs, mannan, Dox-loaded M-AuNPs and Dox on PNT1A and
DU145 cells was evaluated by measuring the mitochondrial activity. Cells were exposed to
M-AuNPs at 0.35, 0.70 and 1.40 nM concentration. The concentration of free-mannan was
selected in the 4.5, 9.0 and 18.0 pg/mL range which is the amount of mannan used during
the synthesis in the M-AuNPs. The Dox conjugated M-AuNPs (M-AuNPs-Dox) and free
Dox exposure at 0.25, 0.5 and 1 uM concentrations were also compared in order to
evaluate the efficiency of M-AuNPs on drug delivery for prostate cancer. The cell viability

after exposure to mannan, M-AuNPs and M-AuNP-Dox was shown in Figure 3.10.

M-AuNPs and free-mannan did not show any cytotoxic effect on both PNT1A and DU145
cells. In PNT1A cells, cell viability is about 88% after M-AuNP-Dox treatment whereas
free Dox treatment decreased the cell viability to 60% at 1 uM Dox concentration as seen
in figure 3.10.B. The percent viability of Dox-loaded M-AuNPs treated DU145 cells was
61% whereas Dox treatment decreased the viability to 51% at 1uM concentration.
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Figure 3.10. Cell viability of (A) PNT1A and (B) DU145 cells after exposure of M-
AUNPs, free-mannan, M-AuNP-Dox and free-Dox for 24 h.

Since C-AuNPs could not be conjugated with Dox, it was not possible to make comparison
between Dox-loaded C-AuNPs. The cytotoxic effect of bare C-AuNPs and M-AuNPs on
PNT1A and DU145 cells were compared in Figure 3.11. Both C-AuNPs and M-AuNPs
were observed not to be toxic for PNT1A and DU145 cells. C-AuNPs have increased the
cell viability more than M-AuNPs.
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Figure 3.11. Cell viability of (A) PNT1A and (B) DU145 cells after exposure of M-
AuNPs and C-AuNPs.

Starch as another polysaccharide, was used for reduction of AuNPs to show which
polysaccharide would be more suitable for this drug delivery system. As shown in Figure
3.12, S-AuNPs did not show toxic effect on both PNT1A and DU145 cells in used
concentration range. S-AuNP-Dox also showed cytotoxic effect on both PNT1A and
DU145 cells after 1 uM concentration of Dox. However, free-Dox treatment decreased the
viability 5-10 % more at 1 uM concentration on both cell lines.
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Figure 3.12. Cell viability of (A) PNT1A and (B) DU145 cells after exposure of S-AuNPs,

free-Dox, and S-AuNP-Dox conjugates.
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3.3. CELL CYCLE ANALYSIS

After penetration into nucleus, Dox blocks Topoisomerase-11 enzyme and induces arrest in
G,/M phase [71]. However, there was an obvious effect of mannan-reduced AuNP on
prostate cancer cells. The effects on the cell cycle and growth, were evaluated after
treatment with Dox (0.5 uM), colchicine (0.1 uM), M-AuNP (3 nM) and Dox-AuNP
conjugates ( 1 uM Dox loaded in 3 nM M-AUNP ). Colchicine is a chemotherapeutic drug
which causes cell cycle arrest in Go/M phase as Dox does and it was used as positive

control in the cell cycle studies.

In Table 3.1. and 3.2., the percentage of every cell cycle phases is shown and where the

most of the cells are currently in PNT1A and DU145 cell lines, respectively.

In PNT1A healthy prostate cell, while colchicine and Dox causes cell arrest in Go/M phase
and M-AuNP shows the same cell cycle pattern as in untreated cell lines. Almost 75% of
PNT1A cells treated with Dox-loaded M-AuNPs were in Go/G; phase on the contrary of

cells treated with only Dox.

Table 3.1. Cell cycle results of PNT1A cell line treated with Colchicine, M-AuNP, free-
Dox and M-AuNP-Dox.

PNT1A Go/G; (%) S (%) G./M (%)
(-) Ctrl (Untreated) 45.14 21.08 32.17
(+)Ctrl (Colchicine) 12.53 11.37 74.9
M-AuNP 41.95 22.56 34.03
Dox 8.28 23.4 63.81
M-AuNP-Dox 74.52 9.18 17.16

In DU145 cells, however, compared to PNT1A cells, Dox-treated cells were not that much
effective in DU145 cells, only one third of cells were in G,/M, but Dox-loaded M-AuNPs

caused higher arrest than others in Go/M phase.
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Table 3.2. Cell Cycle results of DU145 cell line treated with Colchicine, M-AuNP, free-
Dox and M-AuNP-Dox.

DU145 Go/G1 (%) S (%) G./M (%)
(-) Ctrl (Untreated) 48.81 13.82 37.37
(+)Ctrl (Colchicine) 15.97 12.24 71.79
M-AuNP 48.38 17.94 33.69
Dox 33.8 34.29 31.91
M-AuNP-Dox 8.15 22.29 69.57

3.4. INTRACELLULAR ACCUMULATION OF M-AUNPs

The uptake efficiency of M-AuNPs by the prostate cancer cells was demonstrated by the

accumulated amount of Au*? inside cells using ICP-MS. As shown in Table 3.3., M-

AUNPs are accumulated inside DU145 cells almost twice than in PNT1A cells. Whilst
there was 197.97 ng/mL of Au*? present in PNT1A cells, 360.41 ng/mL Au*? was found in

DU145 cells.

Table 3.3. Amount of Au*? accumulated inside cells determined by ICP-MS.

Amount of Au*?in PNT1A | Amount of Au™ in DU145
(ng/mL) (ng/mL)
(-) Negative Ctrl 17.63444 + 12.40 0.52667 + 1.59
M-AuUNPs 197.9778 = 31.79 360.416 + 56.11
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4. DISCUSSION

The rational design of nanocarrier systems for drug delivery applications plays important
role to delivery of the cargo efficiently to the targeted area. The NPs have been modified
with different biomolecules for targeted drug delivery systems to have more efficient
transport and reduce cytotoxicity. Antibodies, aptamers, peptides, sugars or drugs can be
conjugated on the surface of AuNPs [41]. Polysaccharide-modified nanocarrier systems
can be used for targeting of carbohydrate recognizing receptors such as lectin. Especially
in prostate cancer cells, it was shown that mannose-6-phosphate receptors, which are one
type of lectins are over-expressed, but not in prostate and breast healthy cells [67]. When
mannose residues are recognized by lectins, they are phagocytosed inside the cell [68].
However, most of procedures used for conjugation of biomolecules on the surface of
AUNPs consist of linker or acidic chemicals, which can induce cytotoxicity after hydrolysis
of NPs inside cells. For avoiding any unpredictable toxic effect of NPs in long term, in the
synthesis procedure of AuNPs, no linker was used and AuNPs were synthesized with

biomolecules directly.

In this purpose, mannan reduced gold nanoparticles were synthesized in order to use in
targeted drug delivery for prostate cancer cells. In order to demonstrate the efficiency, the
AuUNPs were synthesized with three different reducing agents which are mannan, citrate
and starch. By the virtue of that mannan is a polymer of mannose residues, mannan was
chosen as reducing agent for targeted drug delivery to prostate cancer cells and
investigated as a possible method for the treatment of prostate cancer. C-AuNPs and S-
AUNPs were chosen to be compared with M-AuNPs in terms of efficiency and cytotoxicity
because reduction by citrate method of AuNPs have been used widely in many biological
applications and starch is very common carbohydrate which is also used for modification
of NPs. The NPs were compared in terms of their SPR absorption, hydrodynamic size as
well as cytotoxicity, cell uptake and effect on cell cycle on PNT1A and DU 145 cells. The
synthesized AuNPs are in the range of 10-100 nm which clarifies the availability of these
NPs for efficient drug delivery system due to the EPR effect, which the particles escape
from physiological barriers more efficiently [42]. If nanoparticles are smaller than 10 nm,
they are cleared from the body rapidly by kidneys or through the extravasation. If

nanoparticle size is larger than 10 nm, they are more likely to be cleared from the body by
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reticuloendothelial system [40]. According to DLS results, the size of M-AuNPs are
greater than S-AuNPs, which has greater size than C-AuNPs.

The Dox loading capacities and stabilities of the M-AuNPs, C-AuNPs and S-AuNPs also
showed differences. Since Dox is a positively charged molecule due to amine group on it
and synthesized AuNPs are negatively charged, the conjugation reaction occurred non-
covalently by electrostatic interactions. The M-AuNPs, C-AuNPs and S-AuNPs were
mixed with Dox in the same concentration. The results showed that C-AuNPs aggregated
immediately after the addition of Dox and the color of the solution turned to dark blue
from red, while M-AuNPs and S-AuNPs had a color change to pink from red and had no
aggregation. This results from the lower loading capacity and colloidal stability of C-
AUNPs than in M-AuNPs and S-AuNPs.

The cytotoxic effect of C-AuNPs than in M-AuNPs and S-AuNPs on both healthy and
cancerous prostate cells was evaluated and they were found not cytotoxic. The effect of
Dox loaded AuNPs were also evaluated. Dox is commercially used as an anthracycline
antibiotic [69]. It behaves in two ways in cancer cells. First one is that it generates free
radicals and they damage DNA, cell membrane and proteins, so induces apoptotic cell
death [70]. Second way is intercalating DNA. Dox penetrates into the cell, blocks
Topoisomerase-1l and causes arrest in Go/M phase in cell cycle. This ends up with the cell
death [71]. Dox has been used in treatment of many different types of cancer.
Nevertheless, the main disadvantage of Dox is the lack of tumor targeting ability. Thus, it
affects healthy cells beside cancerous cells [37]. Due to poor biodistribution, different

strategies were developed to reduce side effects of Dox.

The influence of M-AuNPs, M-AuNP-Dox and Dox were compared to demonstrate the
efficiency on prostate carcinoma cells by comparing prostate healthy cells. The influence
of mannan was evaluated in order to discriminate the effect of NPs itself on the cells. Free-
mannan and M-AuNPs did not show cytotoxic effect on both cell lines. After treatment of
cells with 1 uM Dox-loaded M-AuNP-Dox, the effect of Dox on the cells was observed by
decreasing the cell viability to 60 %. When 1 uM of free Dox is introduced to cells, in
DU145 cells, free-Dox showed less viability around 51%. However, in PNT1A cells, it has
been found that M-AuNP-Dox do not induce death as only Dox did, in which the cell
viability was about 88% in healthy cells after treatment with M-AuNP-Dox whereas only
60% of PNT1A cells were alive after treatment with Dox. This result is promising because
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it reveals that when Dox is loaded on M-AUNPs, it decreases the side effects of Dox on

healthy cells but keeping efficient killing ability for cancerous cells.

S-AuNPs were also examined as a tool for treatment of prostate cancer. S-AuNP-Dox had
decreased cell viability to 50% on DU145 cells while Dox reduced to 40 %. However, it
also showed high toxic effect on PNT1A healthy cell lines so that cell viability was
reduced to 70%. Thus, it can be interpreted as starch does not reduce side effects of Dox on
healthy cell lines, as M-AuNP-Dox does.

To examine the effect of free-Dox and M-AuNP-Dox on prostate cells, cell cycle assays
were performed. Similar to free-Dox treatment, M-AuNP-Dox showed cell arrest in G,/M
phase in cancerous cells whereas healthy cells were not arrested. On the contrary, cell
growth was proceeding and most of the cells were in Go/G; phase, indicating differential

influence of M-AuNPs-Dox on healthy and cancerous cells.

For better interpretation of cytotoxicity and cell cycle results, intracellular accumulation of
M-AuNPs was investigated. Almost double amount of M-AuNPs taken up into DU145
cancerous cells than in PNT1A healthy cells. This might be because of that prostate cancer
cells have more lectin receptors which recognize mannose residues, on cell surface and this

increases the uptake of NPs into cancerous cells than healthy cells.
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5. CONCLUSIONS

In this study, M-AuNPs were synthesized to evaluate their possible use as drug delivery
agent for prostate cancer treatment. Mannan is used to reduce to AuNPs with the aim of
targeting the highly expressed mannose 6-phosphate receptor (M6PR) in prostate cancer
cells. The selective uptake of M-AuNPs compared to S-AuNPs by prostate cancer cells
was demonstrated. The results showed that the synthesized AuNPs did not influence the
viability of the both cell lines. Dox-loaded AuNPs displayed a high rate of toxicity on
DU145 cancer cells by inducing cell cycle arrest in G2/M phase. It was shown that the M-
AUNPs could be used for transferring Dox in prostate cancer cells. The results indicate that
M-AuNPs are more efficient nanocarrier than C-AuNPs and S-AuNPs for possible
treatment of prostate cancer. In addition, once M-AuNPs carrying chemotherapy agent are
accumulated in the tumor region, a NIR laser can be used to eliminate the tumor with
thermal ablation since the aggregates of AuNPs strongly absorbs the light in the NIR
region. Although access to prostate is invasive, a fiber optic with a less invasive procedure
can be inserted to the ablation location. As alternative to intravenous injection of the
prepared formulation, local injection can be considered to avoid the potential side effects
of the prepared chemotherapy agent. Although further in vitro and in vivo studies are
necessary to clarify the potential of M-AuNPs as multifunctional therapeutic agent, this
study shows promising results for that direction.
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