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GREEN SYNTHESIS OF GOLD NANOPARTICLES AND THEIR

PHOTOTHERMAL AND PROTEIN INTERACTION STUDIES

ABSTRACT
Utilization of toxic chemicals in the synthesis of gold nanoparticles (AuNPs), poor
stability and low biocompatibility of AuNPs in physiological system are some of the
factors that limit the clinical applications of AuNPs. Herein, we describe the use of
Curcuma mangga (CM) extract as an alternative method for the synthesis of safe, stable
and biocompatible CM-AuNPs to circumvent these constraints. Effects of time, CM
extract and gold (III) chloride trihydrate (HAuCl4-:3H>O) concentration on the synthesis
of CM-AuNPs were studied using UV-Vis spectroscopy. Incubation of 4 ml of CM
extract (10 mg/ml) and 10 ml of HAuCls (1 mM) for 24 h at room temperature was found
to produce spherical AuNPs with higher stability, thus these conditions were used to
synthesize CM-AuNPs for subsequent studies. Transmission electron microscopic
analyses characterized CM-AuNPs as spherical particles with an average particle
diameter of 15.6 nm. The field effect scanning electron microscopic data also supported
these results. Fourier transform infrared spectral analysis showed importance of carbonyl
groups of terpenoids, present in the CM extract used in the synthesis of CM-AuNPs,
which act as a reducing agent. Greater stability of CM-AuNPs compared to citrate-AuNPs
in various buffers or media was evident from the absence of significant change in the
UV-Vis spectral characteristics. CM-AuNPs also exhibited low cytotoxicity to human
colon fibroblast, CCD-18Co and human lung fibroblast, MRC-5 cell lines. Furthermore,
CM-AuNPs were also found to be red cell-compatible, showing less than 10% hemolysis
without any erythrocytes’ aggregation. The interaction of CM-AuNPs with human serum
albumin (HSA) was also investigated to understand their transport in human circulation.

Fluorescence spectral studies suggested that the interaction of CM-AuNPs with HSA was
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initiated by dynamic quenching mechanism. The binding constant obtained at 25°C was
found to be 0.97 x 10* M™!, indicating moderate binding affinity between CM-AuNP and
HSA. Thermodynamic analysis revealed involvement of hydrophobic forces in CM-
AuNP-HSA complexation. Alteration in the tertiary structure of the protein was also
observed upon interaction of HSA with CM-AuNPs, as analyzed by circular dichroism
analysis. Three-dimensional fluorescence spectral results suggested microenvironmental
perturbations around protein’s fluorophores upon CM-AuNPs interaction with HSA. CM-
AuNPs binding site has been predicted to be Sudlow’s site II, located in subdomain IIIA
of HSA. Photothermal efficiency of CM-AuNPs was evident from the increase in the
media temperature upon photoirradiation. The media temperature increased with
increasing laser intensity and CM-AuNP concentrations. The percentage viability of
MCF-7 breast cancer cells was markedly reduced upon photothermal treatment with CM-
AuNPs. CM-AuNP-dependent photothermal-induced MCF-7 cells’ death were found to
be mediated by apoptosis. All these results suggested potential use of CM-AuNPs as

therapeutic agents in cancer therapy.

Keywords: gold nanoparticles, Curcuma mangga, human serum albumin, fluorescence

quenching, photothermal effect
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SINTESIS HIJAU NANOPARTIKEL AURUM DAN KAJIAN FOTOTERMA

DAN INTERAKSI PROTEIN

ABSTRAK
Antara faktor-faktor yang mengehadkan penggunaan partikel emas nano (AuNPs) dalam
bidang perubatan ialah penggunaan bahan kimia toksik untuk sintesis AuNPs,
ketidakstabilan AuNPs dalam sistem fisiologi dan keserasian biologi yang rendah. Dalam
kajian ini, sintesis hijau dengan ekstrak Curcuma mangga (CM) digunakan sebagai
kaedah alternatif untuk menghasilkan CM-AuNPs yang selamat, stabil dan bio serasi
dalam menangani kekangan tersebut. Kesan masa, kepekatan ekstrak CM dan aurum (III)
klorida trihidrat (HAuCls-3H>O) terhadap sintesis CM-AuNPs telah dikaji dengan
menggunakan spektroskopi UV-Vis. Inkubasi 4 ml ekstrak CM (10 mg/ml) dengan 10 ml
HAuCls4 (1 mM) selama 24 jam dalam suhu bilik didapati menghasilkan AuNPs yang
berbentuk sfera dengan kestabilan yang lebih tinggi. Oleh itu, keadaan tersebut telah
digunakan untuk menghasilkan CM-AuNPs bagi kajian seterusnya. Mikroskopi elektron
transmisi mencirikan CM-AuNPs sebagai zarah berbentuk sfera dengan diameter purata
zarah sebagai 15.6 nm. Data daripada mikroskop pengimbas elektron kesan medan juga
mengesahkan keputusan tersebut. Analisis dari spektroskopi inframerah transformasi
fourier menunjukkan kepentingan kumpulan karboknil dalam terpenoid yang hadir dalam
ekstrak CM yang digunakan dalam sintesis CM-AuNP, bertindak sebagai agen reduksi.
Kestabilan CM-AuNPs yang lebih tinggi berbanding dengan sitrat-AuNPs di dalam
pelbagai buffer atau media disahkan oleh ketidakhadiran perubahan ketara dalam
pencirian spektra UV-Vis. CM-AuNPs juga mempamerkan ketoksikan yang rendah
terhadap sel-sel fibroplast kolon manusia CCD-18Co dan fibroplast paru-paru manusia
MRC-5. Selanjutnya, CM-AuNPs juga telah didapati serasi dengan sel darah merah,
menunjukkan peratusan hemolysis yang kurang daripada 10% tanpa sebarang

pengagregatan sel darah merah. Interaksi CM-AuNPs dengan albumin serum manusia



(HSA) juga diselidik untuk memahami pengangkutannya dalam sistem peredaran
manusia. Spektroskopi fluoresens mencadangkan interaksi antara CM-AuNPs dengan
HSA telah dicetuskan oleh mekanisme pelindapkejutan dinamik. Nilai pemalar
pengikatan pada 25°C telah didapati sebagai 0.97 x 10* M™!, menunjukkan kekuatan
pengikatan yang sederhana antara CM-AuNP dengan HSA. Analisis termodinamik
mengutarakan penglibatan daya-daya hidrofobik dalam pengkompleksan CM-AuNP-
HSA. Perubahan di dalam struktur tertiar protein juga telah diperhatikan selepas interaksi
HSA dengan CM-AuNP, seperti yang dianalisis oleh dikroisma bulatan. Spektroskopi
fluoresens 3D mencadangkan perubahan persekitaran mikro di sekitar fluorophores
protein ketika interaksi CM-AuNP dengan HSA. Tapak pengikatan CM-AuNP telah
diramalkan sebagai tapak II Sudlow, terletak dalam subdomain IIIA HSA. Kecekapan
fototerma CM-AuNPs telah ditunjukkan dengan kenaikan suhu media apabila disinarkan
dengan laser. Suhu media meningkat dengan peningkatan keamatan laser dan kepekatan
CM-AuNP. Peratusan “viability” sel kanser dada MCF-7 telah menurun secara mendadak
selepas dirawat dengan CM-AuNP. Kematian sel-sel MCF-7 didorong oleh proses
fototerma dan bergantung kepada CM-AuNP telah dicetuskan oleh apoptosis. Semua
keputusan tersebut mencadangkan potensi kegunaan CM-AuNP sebagai agen terapeutik

bagi rawatan kanser.

Kata kunci: partikel emas nano, Curcuma mangga, albumin serum manusia,

pelindapkejutan kependarfluoran, kesan fototerma
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CHAPTER 1: INTRODUCTION

1.1 Research background

Ineffectiveness of current cancer therapeutics such as chemotherapy, radiotherapy and
surgical removal has led to severe side effects to cancer patients, thus provide insufficient
therapeutic benefits (Steichen et al., 2013; Maeda et al., 2013). Nanoparticles have
emerged as potential therapeutic agents to replace the use of conventional
chemotherapeutic drugs, due to their ability to be delivered to the target sites through
enhanced permeability and retention effect (Maeda, 2001). Ease of synthesis and
functionalization have made gold nanoparticles (AuNPs) as the nanoparticles of choice
for therapeutic use (Daniel & Astruc, 2004). Ability of AuNPs to dissipate the absorbed
light as heat has been successfully exploited in using them as a photothermal agent for
cancer treatment. Photothermal therapy is a noninvasive cancer therapy, which uses
localized heat produced from the photon energy for killing of cancer cells (Huang & El-

Sayed, 2011).

Conventional methods of AuNPs synthesis i.e., chemical methods or physical methods
often involve the use of hazardous substances, such as cetyl trimethylammonium bromide
(CTAB), hydroxylamine and sodium borohydride (PubChem Compound Database, n.d.;
Alkilany et al., 2009; Evelo et al., 1998), which can be toxic to human system. For
example, CTAB-coated gold nanorods have shown damage to the cell membrane,
increased lysosomal membrane permeation and decreased mitochondrial membrane
potential, which subsequently induce cell death (Wan et al., 2015). Besides their toxicity
to normal cells, chemically synthesized-AuNPs often require additional stabilizing agents
for their clinical applications (Moore et al., 2015), as physiological environment is
abundant with proteins and salts which may lead to aggregation of AuNPs (Alkilany &
Murphy, 2010; Wang et al., 2014). Both toxicity and low stability of AuNPs have limited

their use in clinical applications.
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In recent years, green synthesis of AuNPs has emerged as an alternative method due
to its simplicity, low cost, energy-efficient and minimal production of hazardous waste
(Nath & Banerjee, 2013). Green synthesis utilizes natural biomolecules such as
phytochemicals, polysaccharides and microbial enzymes as the reducing and stabilizing
agents for AuNP synthesis (Basha et al., 2010; Maity et al., 2012; Menon et al., 2017). In
contrast to the physical and chemical methods of AuNP synthesis, green synthesis does
not require heat or pressure, which ultimately reduces the energy usage and thus lowers
the production cost (Du et al., 2012). Plants showing antioxidant activity, including ginger
contain phytochemicals which can be potentially used as a reducing agent for AuNPs
synthesis. Curcuma mangga (CM) is a type of ginger and is traditionally used in the
treatment for fever, stomach aches and cancer (Malek et al., 2011). It has been shown to
possess anticancer, antioxidant and antimicrobial properties (Malek et al., 2011; Liu &
Nair, 2011; Philip et al., 2009). Numerous phytochemicals with antioxidant activity have
been reported to be present in CM extract (Liu & Nair, 2011), which can be used as the

reducing agent for the synthesis of AuNPs.

Interaction of AuNPs with proteins can affect their biodistribution, uptake, efficacy
and cytotoxicity (Wolfram et al., 2014; Nguyen & Lee, 2017). Among various proteins,
serum albumin is the most abundant protein in blood plasma and is the major transporter
in human circulation, which plays an important role in shuttling of endogenous and
exogenous ligands, including drugs and metabolites. It is a globular protein of 66 kDa,
consisting of 585 amino acid residues in a single polypeptide chain with only one
tryptophan (Trp-214) residue (Ghuman et al., 2005). Ligands mainly bind to human serum
albumin (HSA) at either of the three well known ligand binding sites, i.e. Sudlow’s site
I, Sudlow’s site 11 or site 111, located in subdomains IIA, IIIA and IB, respectively (Sudlow

et al., 1975; Brunmark et al., 1997). The binding affinity of drug to HSA determines its
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delivery, distribution, efficacy and toxicity under in vivo system (Ghuman et al., 2005;

Sudlow et al., 1975).

1.2 Problem statement and research objectives

Although several plant extracts with antioxidant activity have been used as a reducing
agent for AuNPs synthesis, CM extract has not been tested so far for the green synthesis
of AuNPs. Since CM extract has been shown to possess antioxidant activity, several

questions remain to be answered regarding its use in the green synthesis of AuNPs:

1. Can CM extract be used as a reducing agent for AuNPs synthesis?

2. What are the characteristics of the AuNPs, synthesized using CM extract?

3. How do these AuNPs (CM-AuNPs) interact with the major transport protein of
human circulation?

4. Can CM-AuNPs be used as a photothermal agent for treating cancer cells?

In view of the above, the aims of the present study are to synthesize AuNPs using CM
extract and study their interaction with HSA as well as their application as a photothermal
agent in cancer treatment. In order to achieve these aims, following objectives were set:

1. To synthesize AuNPs using aqueous ethanol extract of Curcuma mangga

2. To characterize these AuNPs (CM-AuNPs) using spectroscopic and electron
microscopic techniques

3. To investigate cytotoxicity and blood compatibility of CM-AuNPs

4. To study interaction of CM-AuNPs with human serum albumin

5. To evaluate photothermal effect of CM-AuNPs on cancer cells
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1.3 Thesis outline

This thesis is comprised of five chapters:

Chapter 1: Introduction. This chapter describes the limitations of current cancer
therapy and suggests the use of AuNPs for photothermal treatment. The advantages of
green synthesis of gold nanoparticle and importance of protein interaction studies have

also been discussed. Research problems and objectives are clearly stated in this chapter.

Chapter 2: Literature review. This chapter presents the background of cancer,
nanotechnology and protein interaction studies. Different AuNPs synthesis methods as
well as exploitation of AuNPs properties for different biological applications have also
been discussed. The importance of interaction of AuNPs with HSA, its physicochemical

and structural properties have been included.

Chapter 3: Materials and methods. The materials used and the methods employed in

this study were described in detail in this chapter.

Chapter 4: Results and discussion. This chapter includes the analysis of results
obtained, along with discussion on the green synthesis of CM-AuNPs, its protein
interaction and photothermal studies. There are four highlights in this chapter, which are
synthesis and optimization of CM-AuNPs, characterization of CM-AuNPs, interaction of

CM-AuNPs with HSA and photothermal effect of CM-AuNPs.

Chapter 5: Conclusions and future perspectives. The research outcomes are

summarized in this chapter and future perspectives have also been proposed.



CHAPTER 2: LITERATURE REVIEW

2.1 Cancer

Cancer is one of the leading causes of death globally, responsible for 8.8 million of
death in 2015, according to World Health Organization (Forman & Ferlay, 2014). Cancer
arises after a series of gene mutations occurring in the normal cells, which lead to
abnormal cell growth and tumor formation. As normal cells become tumorigenic
(neoplastic state), they acquire several hallmark capabilities that enable tumor growth and
metastatic dissemination. These hallmarks include sustained proliferative signaling,
evading growth suppressors, resisting cell death, enable replicative immortality, inducing
angiogenesis, activating invasion and metastasis, reprogramming energy metabolism and

evading immune destruction (Hanahan & Weinberg, 2011).

2.1.1 Tumor physiology and enhanced permeability and retention effect
Understanding of tumor physiology can be exploited for development of more
effective therapeutics. As mentioned above, one of the hallmarks of cancer is the
uncontrolled proliferation of cancer cells due to their ability to sustain proliferative
signaling (Hanahan & Weinberg, 2011). Since the cells obtain nutrients through diffusion
in the initial stages of tumor growth, tumor size cannot be greater than ~2 mm?. In order
to grow beyond the limited size and receive enough nutrients for the rapidly growing
cells, tumor cells stimulate the growth of new blood vessels through angiogenesis
(Brannon-Peppas & Blanchette, 2004). Due to their rapid growth, the angiogenic blood
vessels usually have abnormal architecture, which includes lack of smooth muscle layer,
irregular vascular alignment and defective endothelial lining with wide fenestrations
(Fang et al., 2011). The fenestrations in angiogenic blood vessels may vary from a few
hundred nanometers to a few micrometers, depending on tumor type. These fenestrations
are much larger than the pore size (2-6 nm), present in the normal blood vessels

(Grossman & McNeil, 2012). Thus, macromolecules and blood components can easily
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pass through the wide fenestrations in angiogenic blood vessels to the tumor interstitium.
This phenomenon is known as enhanced permeability effect (Maeda, 2001). In addition
to it, higher levels of vascular effectors, such as bradykinin, vascular endothelial growth
factor and nitric oxide in tumor sites also contribute to the vascular permeability of the

tumor (Maeda et al., 2013).

Lymphatic system plays an important role in the maintenance of interstitial fluid
volume and protein concentration as well as transportation of solutes and macromolecules
from tissues back to the circulatory system (Weid & Zawieja, 2004). On the other hand,
such lymphatic drainage is impaired in the tumor tissue (Maeda, 2001). Thus, drainage
of fluids and wastes is markedly reduced in the tumor tissue. Due to this hindrance in the
transportation of solutes and macromolecules from the tumor back to the circulatory
system, macromolecules or NPs with size greater than 4 nm are less likely to diffuse and
thus, accumulate in the tumor interstitial spaces for a prolonged period. Therefore,
retention of macromolecules in tumor is greatly enhanced (Youichiro et al., 1998). Both
enhanced permeability of vasculature and poor lymphatic drainage in tumor sites lead to
the phenomenon, known as enhanced permeability and retention (EPR) effect. The EPR
effect was first introduced by Maeda for selective delivery of macromolecular drugs
(Maeda, 2001). Figure 2.1 illustrates distribution of drug molecules and NPs in normal

tissues as well as tumor sites according to the concept of EPR effect.

2.1.2  Cancer treatment and limitations

Current therapeutic techniques for cancer treatment are chemotherapy, radiotherapy or
in combination with surgical resection (Steichen et al., 2013). Chemotherapy involves the
use of chemotherapeutic agents, usually low molecular weight drug molecules which
inhibit replication or induce apoptosis of cancer cells. A few examples of the commonly

used chemotherapeutic drugs are doxorubicin (DOX), epirubicin, paclitaxel, docetaxel,
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Figure 2.1: Diagram showing distribution of nanoparticles in normal and tumor tissues.



gemcitabine (GEM), cisplatin etc. Doxorubicin and epirubicin, which belong to the
‘anthracyclines’ class of chemotherapeutic drugs, fall in the category of the most effective
drugs, used for cancer treatment. Anthracyclines are known to inhibit DNA
topoisomerase 11, thus initiate DNA damage and induce apoptosis of cells (Minotti et al.,
2004). Paclitaxel and docetaxel are taxanes, which inhibit cell proliferation by stabilizing
microtubules from depolymerization, thus prevent mitosis at the metaphase/anaphase
boundary (Rowinsky, 1997). One of the most widely used pyrimidine analog,
gemcitabine functions by inhibiting DNA polymerases and ribonucleotide reductase and
blocks DNA synthesis (Minotti et al., 2004; Ciccolini et al., 2016). Similarly, cisplatin, a
platinum-compound is also a DNA-damaging agent that triggers apoptosis of cells

(Zamble & Lippard, 1995).

Despite significant advancement in cancer diagnosis and treatment over the past few
decades, morbidity and mortality of cancers remain high. While successfully inhibiting
the replication as well as killing of cancer cells, one of the major limitations of
chemotherapeutic drugs is non-specific damage to normal cells (Steichen et al., 2013).
Low tumor selectivity of chemotherapeutic drugs leads to non-specific distribution of
these drugs in normal tissues and organs as well as tumor sites as shown in Figure 2.1
(Maeda et al., 2013). This non-selective action of chemotherapeutic drugs exerts
deleterious effects on both cancer cells and cells with rapid turnover rate such as bone
marrow cells and intestinal epithelial cells, thus results in severe side effects in cancer
patients (Feng & Chien, 2003). For example, doxorubicin, one of the most widely used
chemotherapeutic drugs, produces many side effects, such as fatigue, nausea and
cardiotoxicity in cancer patients, which may lead to fatality (Minotti et al., 2004). As a
result, these chemotherapeutic drugs provide insufficient therapeutic benefits and cause
severe systemic toxicity, namely, dose-limited toxicity (Maeda et al., 2013). Therefore,

the current approach for cancer treatment is to find therapeutic formulation with the
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ability to selectively target diseased tissue, overcome biological barriers and produce

minimal damage to normal tissues and organs.

2.2 Nanotechnology

Nanotechnology has emerged as a potential therapeutic approach to overcome the
aforementioned constraints in current cancer treatments, due to physical and biological
advantages of nanoparticles (NPs) over conventional drugs. Nanoparticles are structures
of any shapes with dimension(s) ranging from 1 to 100 nm according to International
Union of Pure and Applied Chemistry recommendations (Vert et al., 2012). This size
range is bigger than the size of free drugs. Thus, NPs can accumulate at tumor sites
through passive targeting due to EPR effect, which their entry is prevented into normal
cells (Maeda, 2001). Such increase in drug accumulation at the diseased sites may allow
reduction of the effective dosage, therefore decreasing the toxicity and side effects of
therapeutic drugs (Ventola, 2017). Other advantages of NPs are enhanced solubility and
increased stability of drugs along with decreased drug resistance (Bhatia, 2016).
Furthermore, use of NPs also led to the development of photothermal therapy as an

alternative treatment for cancer (Zou et al., 2016).

Generally, NPs can be categorized into organic and inorganic NPs. Organic NPs
include carbon-based NPs, protein NPs and polymeric NPs such as liposomes, dendrimers
and micelles. Metal NPs and metal oxide NPs, e.g. AuNPs, silver NPs, copper NPs, iron
oxide NPs and titanium dioxide NPs are some of the examples of inorganic NPs (Ealia &

Saravanakumar, 2017).

2.2.1  Cancer nanomedicine
Nanomedicine is the medical applications of nanotechnology, which includes

applications from biological imaging to drug and gene delivery (Pillai & Ceballos-
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Coronel, 2013). Some of the nanodrugs (nanoparticle-formulated drugs) have already
been approved by FDA for cancer treatment, while many of the nanodrugs are still under
clinical trials. A few examples of both FDA-approved nanodrugs and those undergoing
clinical trials are given in Table 2.1. Most of the approved nanodrugs utilize organic NPs
due to their biocompatible nature. Doxil, Myocet and DaunoXome are liposomal
anthracyclines, which were formulated to improve efficacy while reducing toxicity of free
anthracyclines (Pillai, 2014). Doxil (PEGylated liposomal doxorubicin) was approved for
the treatment of ovarian cancer, breast carcinoma, AIDS-related Kaposi's sarcoma, and
multiple myeloma, while Myocet and DaunoXome are being used as nanodrugs for
treatment of breast cancer and AIDS-related Kaposi’s sarcoma, respectively (Lao et al.,
2013; Forssen & Ross, 1994). Sustained-release of cytarabine was made possible by
encapsulation of cytarabine in liposome (DepoCyt). This formulation has helped in
maintaining therapeutic drug concentration for prolonged periods and reducing the
frequency of drug administration for lymphomatous meningitis treatment (Glantz et al.,
1999). Marqibo and Vyxeos are two examples of liposomal drugs, used for delivery of
vincristine and co-delivery of daunorubicin and cytarabine, respectively. Vincristine is
encapsulated in sphingomyelin liposomes to prolong its half-life while decreasing its
toxicity for Philadelphia chromosome negative acute lymphocytic leukemia (ALL)
treatment (Silverman & Deitcher, 2013; Thomas et al., 2006). Co-delivery of
daunorubicin and cytarabine using liposome has improved the efficacy of treatment for
acute myeloid leukemia (AML) and AML with myelodysplasia related changes (Lancet

etal., 2014).

Other organic NPs formulation, such as Abraxane, an albumin-bound paclitaxel
nanosphere has been found advantageous for increasing solubility, bioavailability and
accumulation of free drugs at tumor site in treating breast / pancreatic cancers as well as

non-small cell lung carcinoma (Miele et al., 2009; Pillai, 2014). Another sustained-release
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Table 2.1: FDA-approved nanodrugs and those undergoing clinical trials for cancer
treatment. Adapted from (Pillai, 2014; Ventola, 2017; Anselmo & Mitragotri,

2015).

Chemical Nature Trade Name

PEGylated doxorubicin  Doxil
HCI nano-liposome

Liposomal doxorubicin Myocet
Liposomal DaunoXome
daunorubicin
Liposomal cytarabine ~ DepoCyt
Liposomal vincristine Marqibo
Liposomal Vyxeos
daunorubicin and
cytarabine
Albumin-bound Abraxane
paclitaxel nanospheres
Leuprolide acetate and  Eligard
polymer
PEG-conjugated Oncaspar
L-asparaginase
Denileukin diftitox Ontak
TNF-o bound-colloidal ~ Aurimmune
gold nanoparticles (CYT-6091)

(In clinical Phase I1)
Silica-gold nanoshells ~ AuroShell
coated with PEG (In clinical Phase I)

Cancer Type

Ovarian / Breast cancer
Kaposi’s sarcoma
Multiple myeloma

Breast cancer

AIDS-related Kaposi’s
sarcoma

Lymphomatous meningitis

Philadelphia chromosome-
negative ALL

Acute myeloid leukemia
(AML)

AML with myelodysplasia
related changes

Breast cancer
Non-small cell lung carcinoma
Pancreatic cancer

Prostate cancer

Acute lymphocytic leukemia
(ALL)

Cutaneous T-cell lymphoma

Head and neck cancer

Head and neck cancer
Primary and/or metastatic lung
tumors
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formulation was successfully designed for the delivery of leuprolide acetate using
biodegradable polymer matrix (Eligard) in treating prostate cancer (Tunn, 2011). On the
other hand, conjugation of polyethylene glycol (PEG) to L-asparaginase (Oncaspar) was
found to increase the half-life of the enzyme and reduce the allergic response in ALL
treatment (Avramis & Tiwari, 2006). Ontak is a fusion protein that combines the targeting
protein with diphtheria toxin for specific targeting of T-cells in cutaneous T-cell
lymphoma treatment (Ventola, 2017). Apart from the organic NPs-formulated drugs, one
of the examples of inorganic NPs-derived nanodrug that is undergoing clinical trials, is
Aurimmune, a TNF-a bound colloidal AuNPs, used in treatment of head and neck cancer.
Aurimmune has been shown to reduce toxicity of TNF-a and avoid its immediate

clearance from the circulatory system (Libutti et al., 2010).

Although nanoformulations offered improved efficacy and reduced toxicity of the
drugs, side effects from such treatments (nanoparticle-formulated drugs) still exist.
Although nanodrugs have shown higher accumulation in target sites, their delivery to
other organs, e.g. liver, spleen, kidney and skin cannot be avoided. This has resulted in
toxicity to these organs due to the release of toxic chemotherapeutic drugs in these sites
(Park, 2013). Thus, alternative therapies with more localized treatment, such as
photothermal and photodynamic therapies using inorganic / organic NPs have been
developed. An example of inorganic nanoparticles undergoing clinical trial is AuroShell,
a silica-gold nanoshells coated with PEG. Photothermal therapy using AuroShell is a
localized tumor treatment, which selectively treats the tumor while reducing the damage

to the healthy tissue (Anselmo & Mitragotri, 2015).

2.2.2  Gold nanoparticles
Among the various NPs, gold nanoparticles (AuNPs) have emerged as an attractive

candidate for biomedical applications (Daniel & Astruc, 2004). This is due to the inert
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gold core, ease of synthesis and functionalization to obtain biocompatible AuNPs suitable

for various biomedical applications.

2.2.2.1 AuNPs synthesis
(a) Conventional methods

Methods for the synthesis of AuNPs can be categorized into top-down and bottom-up
approaches. Top-down approach is normally used to synthesize AuNPs for their
applications in the fields of electronics, sensors and catalysis, while AuNPs used for

biomedical applications are usually synthesized by bottom-up approach.

Bottom-up approach synthesizes nanoparticles from individual ions / molecules,
which involves chemical or biological reactions. Various molecular components self-
assemble to build up into more complex assemblies (Nath & Banerjee, 2013). Chemical
reaction occurs in two steps: nucleation and successive growth. A few conventional
methods that have been used for AuNPs synthesis are in situ synthesis, seeded growth

synthesis, polymer-mediated synthesis and inert gas condensation (Figure 2.2).

AuNPs synthesis involving nucleation and growth in the same step is known as in situ
synthesis, which is generally used in preparation of spherical or quasi-spherical AuNPs.
A commonly used method of in sifu synthesis of AuNPs is Turkevich method, which uses
trisodium citrate as a reducing and stabilizing agent. This method requires heating of auric
salt (normally HAuCls) and addition of trisodium citrate with vigorous stirring
(Turkevich et al., 1951). In this reaction, the precursor auric ions (Au®") are reduced to
aurous ions (Au’) and Au’, which then coalesce to from AuNPs. AuNPs produced
following this procedure can be tailored for a size of 15-150 nm (Frens, 1973). However,
AuNPs bigger than 20 nm size are always polydisperse AuNPs. To prepare AuNPs with

smaller size (< 10 nm), a stronger reducing agent is needed. Brown and co-workers
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Figure 2.2: Scheme showing bottom-up and top-down syntheses of gold nanoparticles.



introduced the use of sodium borohydride (NaBH4) as a reducing agent and citrate as a

stabilizing agent to prepare AuNPs of 6 nm size (Brown et al., 1996).

Seeded growth synthesis requires two separate steps for nucleation and growth (Zhao
etal., 2013). This method has been adopted to produce larger monodispersed AuNPs with
spherical, quasi-spherical, rod and anisotropic shapes. Small-sized AuNPs seeds are
prepared by using strong reducing agent such as NaBH4 in the first step of seeded growth
method. The seeds are then added to the ‘growth’ solution, containing auric salt and mild
reducing and stabilizing agents. The mild reducing agents such as citrate, hydroxylamine,
ascorbic acid can only reduce Au**ions to Au’ in the presence of gold seeds, where the
newly reduced Au’ can only assemble on the surface of gold seeds. Nucleation does not
occur in the growth solution (Zhao et al., 2013). A commonly used stabilizer is
hexadecyltrimethylammonium bromide (CTAB) for the synthesis of gold nanorods with

different aspect ratio, which can be produced by adjusting the concentration of CTAB.

Polymer-mediated synthesis can be carried out in one step or two steps, where the
HAuCly solution is added to the functionalized polymers, followed by the addition of
reducing agent (NaBH4) to form AuNPs (Zhao et al., 2013). Some commonly used
polymers are PEG, polystyrene, polyvinyl pyridine, polyethylenimine, poly(N-
isopropylacrylamide) and poly(N,N-dimethylaminoethyl methacrylate) (Mendes et al.,
2017; Corbierre et al., 2004; Zhou et al., 2015; Hu et al., 2010; Kusolkamabot et al., 2013;
Alinejad et al.,, 2018). In some cases, co-polymers such as poly(styrene-B-N-
isopropylacrylamide) and poly(ethylene oxide)-poly(propylene oxide) were also
exploited as both the reducing and stabilizing agents for AuNPs synthesis (Alexandridis

& Tsianou, 2011; Liu et al., 2010).

AuNPs synthesized by inert gas condensation method involves evaporation of the

metal in ultra-high vacuum chamber filled with inert gas (helium or argon), followed by
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condensation into small particles on liquid nitrogen-cooled substrate. The growth of these
particles by Brownian coagulation and coalescence leads to the formation of nanocrystals
(Nath & Banerjee, 2013). Inert gas condensation technique requires high energy

consumption and thus increases the production cost.

Use of the hazardous chemicals as well as high energy consumption in the above-
mentioned bottom-up techniques of AuNPs synthesis, limits their in vivo applications.
Therefore, green synthesis was proposed as an alternative method for the synthesis of
AuNPs, which is more economical, simple and non-toxic for in vivo use (Prabhu &

Poulose, 2012).

(b) Green synthesis

Biological resources, such as bacteria, fungi, algae, actinomycetes and plant extracts
have been exploited in the green synthesis of AuNPs, as shown in Figure 2.3 (Baker &
Satish, 2015; Castro-Longoria et al., 2011; Gonzalez-Ballesteros et al., 2017; Ranjitha &
Rai, 2017; Ahmad et al., 2018). Both extracellular and intracellular methods have been
employed in the green synthesis of AuNPs. Extracellular synthesis of spherical AuNPs of
5-30 nm size has been shown using cell-free supernatant of Pseudomonas aeruginosa,
Pseudomonas veronii and Klebsiella pneumoniae (Husseiny et al., 2007; Baker & Satish,
2015; Malarkodi et al., 2013). However, Klebsiella pneumoniae has led to significant
aggregation of AuNPs, indicating lack of stability of these AuNPs (Malarkodi et al.,
2013). Purified sulfite reductase enzyme from Escherichia coli has also been used as
reducing agent for AuNPs synthesis (Gholami-Shabani et al., 2015). Intracellular
synthesis of 5-50 nm-long hexagonal AuNPs has also been reported using Geobacillus

stearothermophilus (Luo et al., 2015).

Examples for the use of fungi in the intracellular synthesis of AuNPs include

Flammulina velutipes and Neurospora crassa, while Fusarium oxysporum and
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Figure 2.3: Examples of various organisms used in the green synthesis of gold nanoparticles.



Penicillium chrysogenum for extracellular synthesis of AuNPs in the size range of 3—100
nm (Narayanan et al., 2015; Castro-Longoria et al., 2011; Thakker et al., 2013; Magdi &
Bhushan, 2015). Water extract of Pleurotus florida has also been used for the synthesis

of uneven-shaped (10-50 nm) AuNPs (Bhat et al., 2013).

AuNPs of 6-67 nm size have been synthesized using algal extract from Padina
gymnospora, Cystoseira baccata, and Turbinaria conoides (Singh et al., 2013; Gonzélez-
Ballesteros et al., 2017; Rajeshkumar et al., 2013). Use of Sargassum wightii and
Stoechospermum marginatum in the AuNPs synthesis has also been reported (Singaravelu
etal., 2007; Rajathi et al., 2012). Actinomycetes such as Gordonia amarae, Streptomyces
hygroscopicus,  Streptomyces  fulvissimus,  Streptomyces  griseoruber  and
Thermomonospora curvata have been demonstrated to synthesize 15-60 nm AuNPs

(Menon et al., 2017; Sadhasivam et al., 2012; Ranjitha & Rai, 2017).

Extracts from various plants, e.g. Elaeis guineensis, Artemisia capillaris, Zingiber
officinale, Morinda citrifolia and Citrus limon have also been successfully used as
reducing and stabilizing agents for synthesis of AuNPs in the size range of 5-80 nm
(Ahmad et al., 2018; Lim et al., 2016; Kumar et al., 2011; Suman et al., 2014; Sujitha &
Kannan, 2013). Phytochemicals such as phenolic compounds, flavonoids, citric acid and
ascorbic acid, present in these extracts were found to be responsible to reduce precursor

Au** ions in the synthesis of AuNPs (Ahmad et al., 2018; Sujitha & Kannan, 2013).

Curcuma mangga (Figure 2.4A) locally known as “temu pauh” or “kunyit mangga”,
belongs to the Zingeberaceae family and possesses antioxidant activity besides antitumor,
antimicrobial and anti-allergic properties (Jitoe et al., 1992; Kirana et al., 2003; Kamazeri
et al., 2012; Tewtrakul & Subhadhirasakul, 2007). Major compounds present in CM
extract are terpenoids such as labda-8(17),12-diene-15,16-dial, calcatarin, zerumin A,

15,16-bisnor-labda-8(17),11-diene-13-on, longpene A and coronadiene
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Figure 2.4: (A) Photograph of Curcuma mangga rhizome. (B) Chemical structures of
some of the known terpenoids, present in Curcuma mangga. Adapted from (Malek et
al., 2011; Liu & Nair, 2011).

19



(Liu & Nair, 2011; Malek etal., 2011). As depicted in Figure 2.4B, labda-8(17),12-diene-
15,16-dial and calcatarin contain aldehyde group, while zerumin A contain both aldehyde
and carboxyl group. A keto-group is noticed in the structure of 15,16-bisnor-labda-

8(17),11-diene-13-on, while both longpene A and coronadiene possess a carboxyl group.

2.2.2.2 Properties of AuNPs

AuNPs exhibit unique physicochemical properties such as surface plasmon resonance
(SPR), high X-ray absorption coefficient, tunable electronic and optical properties as well
as ability to react with amine and thiol groups for surface modification (Daniel & Astruc,
2004; Elahi et al., 2018). AuNPs can be categorized into 4 classes, i.e., 0D, 1D, 2D and
3D nanostructures, based on the number of dimensions which are not confined to the
nanoscale range. AuNPs with 0D include nanospheres and nanocubes, while nanorods,
nanowires and nanotubes belong to 1D. On the other hand, nanoplates, nanosheets, and
nanowalls are known to be 2D AuNPs, while 3D AuNPs include nanocoils and
multinanolayers (Sajanlal et al., 2011; Elahi et al., 2018). Several properties of AuNPs
such as size, surface charge and surface coating as well as their administration routes may
affect their acute and chronic toxicity (Jia et al., 2017). For example, positively-charged
AuNPs (CTAB-AuNPs and polyallylamine hydrochloride-AuNPs) have been shown to
cause acute toxicity to Daphnia magna, whereas negatively-charged AuNPs (citrate-
AuNPs and mercaptopropionic acid-AuNPs) did not affect the mortality of Daphnia magna
(Bozich et al., 2014). Acute toxicity and subchronic toxicity studies of AuNPs using mice
with different administration routes have shown least toxic effect with tail vein injection

route compared to oral and intraperitoneal routes (Zhang et al., 2010).

(a) Optfical properties
The unique optical property of AuNPs is attributed to SPR, which is reflected as

intense colour that does not exist in nonmetallic particles. SPR is due to the collective

20


https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_166
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_180
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_66
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_66
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_73
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_226
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_73
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/final%20submission/additinal%20point.docx#_ENREF_2
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/final%20submission/additinal%20point.docx#_ENREF_1
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/final%20submission/additinal%20point.docx#_ENREF_6

coherent oscillations of free electrons on the particle surface’s induced by oscillating
electromagnetic field of light (Daniel & Astruc, 2004; Kerker, 1969). This electron
oscillation results in charge separation corresponding to the ionic lattice and form a dipole
oscillation along the direction of the electric field of the light. The amplitude of the
oscillation reaches maximum at a specific frequency, which is the SPR phenomenon. The
SPR is responsible for the strong absorption of incident light that can be detected by
UV-Vis spectrometer. Noble metal NPs, such as AuNPs exhibit much stronger SPR than
other metallic NPs (Huang & El-Sayed, 2010). Factors affecting electron charge density
on NP surface, such as particle size, shape, metal type, composition and the dielectric
constant of the surrounding medium can influence the wavelength and intensity of SPR

band (Huang & El-Sayed, 2010; Abdelhalim et al., 2012).

In addition to light absorption, AuNPs also possess the ability to scatter light, where
the magnitude of scattering efficiency is directly correlated with the particle size (Jain et
al., 2006). The magnitude of the visible light scattering by 80 nm gold nanospheres has
been found comparable to the scattering from the much larger (300 nm) polystyrene
nanospheres, which are generally used in confocal cell imaging. This scattering
magnitude has also been found to be five orders of magnitude higher than the light
emission from fluorescein molecules, a common fluorescent imaging agent (Jain et al.,
2006). The scattering efficiency can be affected by the shape, composition and

surrounding medium.

The optical properties of AuNPs are tunable by synthetic control of the particle size,
shape, structure and composition. AuNPs with core diameter of < 2 nm, as well as bulk
gold do not show SPR band in the UV-Vis spectra. The wavelength of SPR absorption
peak is found to increase with increasing size of AuNPs in aqueous medium (Daniel &

Astruc, 2004). Upon changing the shape of AuNPs from spheres to rods, the SPR band is
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split into two bands, namely, ‘transverse band’ and ‘longitudinal band’. The ‘transverse
band’ is the band that appeared in the visible region at a wavelength similar to that of gold
nanospheres, while ‘longitudinal band’ appears in the near-infrared (NIR) region,
corresponding to electron oscillations along the long axis. Increasing the aspect ratio
(length/width) of the gold nanorods may lead to a large red shift of the ‘longitudinal band’
(Huang & El-Sayed, 2010). Structural variation may also contribute to the change in
optical property, as this phenomenon can be seen in gold nanoshells and nanocages.
Decreasing the thickness of gold nanoshell may lead to a large red shift in SPR band due
to the strong coupling between the inner and outer shell plasmons for thinner shell
particles (Prodan et al., 2003). The SPR of gold nanocages can be tuned to a specific
wavelength by controlling the amount of auric acid used in the synthesis (Chen et al.,
2005). This tunable optical property of AuNPs has been successfully exploited to

synthesize suitable AuNPs for various applications.

(b) Non-radiative properties

Apart from the tunable radiative properties, AuNPs are also capable of converting the
absorbed light into heat through a series of nonradiative processes (Huang & El-Sayed,
2010). The energy transformation process is initiated by fast phase loss of the coherently
excited electrons via electron-electron collisions, thus forming hot electrons with high
temperature. The hot electrons are then thermally equilibrated with the nanoparticle
lattice by passing the energy through electron-phonon interactions, leading to a hot lattice
with increase in temperature on the order of few tens of degrees (Ahmadi et al., 1996;
Link et al., 2000). Two subsequent processes may occur following lattice temperature
rise, depending on the energy content. The first process involves the cooling of lattice by
heat transfer to the surrounding medium via lattice-environment or phonon-phonon
interactions, resulting temperature rise in the surrounding medium. Second possible

process is the structural changes of NPs, i.e. NPs melting or fragmentation as a result of
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massive heat accumulation within the lattice. The heat accumulation usually occurs when
the heating rate is much faster than the cooling rate, as both of these processes are
competitive against each other. Melting of gold nanorods into nanospheres of comparable
volumes has been reported upon irradiation using a femtosecond (fs) laser of 40 pJ
energy, while fragmentation of gold nanorods to smaller nanospheres is observed upon
irradiation using nanosecond laser with higher energy (Link et al., 1999). The possible
mechanism suggested for the melting of gold nanorods involves heating of electrons at
initial absorption on the femtoseconds time scale, followed by electron-phonon relaxation
processes in the 1-3 picoseconds (ps) time scale. Since the irradiation time (100 fs) is
shorter than the electron-phonon relaxation time (1-3 ps), kinetic energy of the gold
atoms is increased, which leads to the melting of gold nanorods (Link et al., 1999). In
order to use AuNPs for photothermal therapy, the first process has to be dominated to

allow heat dissipation to the surrounding medium for killing of the cancer cells.

2.2.2.3 Applications of AuNPs

The unique properties of AuNPs, i.e. light scattering, conversion of absorbed light into
heat and ease of functionalization, have been exploited for various biological
applications, such as disease detection, imaging, photothermal therapy and drug delivery
(Her et al., 2017), as illustrated in Figure 2.5. The physicochemical characteristics of
AuNPs can be tailored for different applications. For example, larger AuNPs are preferred
for imaging due to higher scattering efficiency, whereas smaller AuNPs are more
preferred for photothermal therapy as the absorbed light energy undergoes a thermal
dissipation process to produce localized heat (Jain et al., 2006). Some of these

applications are described below.
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Figure 2.5: Diagram showing various biomedical applications of AuNPs. Adapted with permission from (Her et al., 2017).



(a) Cancer imaging

In vivo imaging plays an important role in early diagnosis and therapy of cancer. Gold
nanoparticles have been shown to be an ideal candidate as contrast agent for cellular and
biological imaging, owing to their high scattering efficiency and high X-ray attenuation
power. In addition, AuNPs can be specifically engineered to carry payloads or prolong
circulation time. Earlier reports have demonstrated the use of AuNPs as contrast agent for
cellular and tissue imaging using confocal scanning optical microscopy, multiphonon
plasmon resonance microscopy and dark field microscopy (Sokolov et al., 2003; Yelin et
al., 2003; El-Sayed et al., 2005). Furthermore, use of AuNPs for cellular imaging has
overcome the common problems encountered in the use of fluorescent dyes, as AuNPs
are brighter, non-susceptible to photobleaching or denaturation and are easily detected at

low concentrations (El-Sayed et al., 2005).

Table 2.2 summarizes in vivo applications of AuNPs for cancer imaging based on
different techniques. Gold nanospheres have been demonstrated for the use as contrast
agent for in vivo computed tomography (CT) of various types of cancers, due to their high
X-ray attenuation power. CT is one of the most extensively used radiography imaging
techniques that produces cross-sectional images for 3D image construction
(Padmanabhan et al., 2016). Both high spatial and temporal resolution images can be
produced with CT at relatively lower cost. However, currently used, iodinated contrast
agents in CT have limitations of short circulation half-life, non-specificity and renal
toxicity (Cheheltani et al., 2016). On the other hand, use of AuNPs as CT contrast agent
has shown to overcome the drawbacks of iodinated contrast agents (Zhou et al., 2016).
Gold nanospheres labeled with radioactive isotopes (e.g. '>’I and '°’Au) have been shown
as an effective probe emitting gamma rays for single-photon-emission computed
tomography (SPECT) / CT in imaging glioblastoma (Kim et al., 2011; Zhao et al., 2016).

Radiolabeled (**Cu) gold nanoshells, nanocages and hollow nanospheres have been
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Type of AuNPs

Gold nanospheres

Table 2.2: In vivo applications of gold nanoparticles for cancer imaging.

Cancer Type

Glioblastoma (U87MG cells)
Lung cancer (SPC- Al cells)

Epidermal carcinoma

(FA receptor-overexpressing KB cells)

Epidermal carcinoma (KB cells)
Colon carcinoma (CT26 cells)
Melanoma (SKMEL23 cells)

Breast cancer (4T1 cells)

Imaging Technique

SPECT /CT
CT

CT, MRI

CT

CT, Fluorescence imaging
CT

SPECT /CT

Reference

Kim et al. (2011)
Peng et al. (2012)
Chen et al. (2013)

Zhou et al. (2016)
Zhang et al. (2015)
Meir et al. (2015)
Zhao et al. (2016)

Gold nanorods

Ovarian cancer (OV2008, HEY, SKOV3 cells)

Liver cancer (Huh-7 cells)

PAIL SERS imaging

PAIL NIR fluorescence imaging

Jokerst et al. (2012)
Guan et al. (2017)

Gold nanoshells

Squamous cell carcinoma (SCC-4 cells)

Epithelial carcinoma (A431 cells)

Colorectal cancer (SW620 cells)

PET/CT
PET
MRI, CT

Xie et al. (2010)
Karmani et al. (2013)
He et al. (2014)
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Table 2.2, continued.

Type of AuNPs

Gold nanoclusters

Cancer Type

Breast cancer (MCF-7 cells)

Cervix adenocarcinoma (HeLa cells)
Prostate cancer (PC3 cells)
Glioblastoma (U87MG cells)
Glioblastoma (U87MG cells)

Imaging Technique

CT, MRI NIR fluorescence imaging
NIR fluorescence imaging

PET

PET, NIR fluorescence imaging
MRI, SERS imaging

Reference

Hu et al. (2013)
Zhang et al. (2014)
Zhao et al. (2014)
Hu et al. (2014)
Gao et al. (2017)

Gold nanostars

Ovarian cancer (SKOV3 cells)

Lung adenocarcinoma (A549 cells)

SERS imaging

CT, MRI, NIR fluorescence imaging

D’Hollander et al. (2016)
Hou et al. (2017)

Gold nanocages Breast cancer (EMT-6 cells) PET/CT Wang et al. (2012)
Hollow gold nanospheres Hepatocellular carcinoma (VX2 cells) PET/CT Tian et al. (2013)
Gold nanoprisms Colorectal cancer (HT-29 cells) PAI Bao et al. (2013)
Gold nanotripods Glioblastoma (U87MG cells) PAI Cheng et al. (2014)
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successfully used for positron emission tomography (PET) / CT, which allows tracking

of AuNPs in vivo distribution (Xie et al., 2010; Wang et al., 2012; Tian et al., 2013).

Although CT is useful for tumor staging, it however offers poor soft tissue contrast
and sensitivity. Thus, combination of different imaging techniques has been employed to
get a more comprehensive diagnostic information. Chen and co-workers have
successfully synthesized gadolinium (Gd*")-chelated gold nanospheres for dual-modal
CT and magnetic resonance imaging (MRI), targeting folic acid (FA) receptor-
overexpressing KB cells (Chen et al., 2013). The advantage of excellent soft-tissue
contrast offered by MRI can complement CT results (Chen et al., 2013). Furthermore,
tagging of aggregation-induced emission red dye to PEGylated phospholipid-entrapped
AuNPs allows their use as dual-modal fluorescence and CT probes for high spatial
resolution and high sensitivity imaging of colon carcinoma (Zhang et al., 2015). Triple
modal imaging, involving CT, MRI and fluorescence imaging has also been shown by

using gold nanoclusters chelated with Gd** (Hu et al., 2013; Hou et al., 2017).

Photoacoustic imaging (PAI) produces a tomographic image in vivo with very high
spatial resolution and deep penetration. Gold nanorods have been synthesized and used
for cancer imaging as dual-modal contrast agents for PAI along with surface-enhanced
Raman scattering (SERS) imaging or NIR fluorescence imaging (Jokerst et al., 2012;
Guan et al., 2017). Gold nanoprisms and gold nanotripods have also been used as contrast
agents for PAI in imaging colorectal cancer and glioblastoma (Bao et al., 2013; Cheng et
al.,, 2014). Due to enhancing capacity of Raman signals, gold nanostars have been
developed as SERS contrast agent in imaging of ovarian cancer (D’Hollander et al.,

2016).
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(b) Photothermal treatment of cancers

Photothermal treatment (PTT) utilizes the non-radiative properties of AuNPs to
convert absorbed light into heat for photothermal ablation of cancer (Huang & El-Sayed,
2010). Irradiation of AuNPs with light of suitable wavelength increases localized
temperature, thus leading to photothermal destruction of cancer cells in the vicinity. PTT

can selectively target tumor and cause minimal damage to adjacent normal tissues

(Mieszawska et al., 2013).

Photothermal ablation of cancer can be attained using gold nanospheres upon
irradiation with pulsed or continuous wave lasers in the visible range. Such treatment is
applicable for shallow tumors, e.g., skin and breast cancers. Successful results have been
obtained with both in vitro and in vivo studies. El-Sayed and his group have synthesized
anti-epithelial growth factor receptor antibody-conjugated gold nanospheres for selective
killing of squamous carcinoma upon laser (514 nm) irradiation (El-Sayed et al., 2006).
Gold nanospheres conjugated with anti-Mucin 7 have been shown to kill urothelial cancer
cells upon laser (532 nm) irradiation (Chen et al., 2015). Use of gold nanospheres in
combination with DOX in PTT has shown improved treatment efficacy for breast cancer
(Mendes et al., 2017). Recently, aptamer-conjugated gold nanospheres have been used
for selective in vivo photothermal destruction of Ehrlich carcinoma, upon irradiation with

532 nm laser (Kolovskaya et al., 2017).

Several earlier reports have also demonstrated in vivo PTT of various cancers using
AuNPs of different shapes, 1.e., nanorods, nanocages, nanoshells, hollow nanospheres and
nanoclusters (Table 2.3). These AuNPs possess SPR absorption in NIR region, which
allows PTT using NIR laser. NIR light has deeper penetration due to minimal absorption
of the hemoglobin and water in tissues in this spectral region, thus making it suitable for

PTT of deep-seated tumor within the tissue (Huang & El-Sayed, 2010). Some of the
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Type of AuNPs

Gold nanorods

Cancer Type

Melanoma (MDA- MB-435 cells)
Lung adenocarcinoma (A549 cells)

Lung adenocarcinoma (A549 cells)

Non-small cell lung cancer (PC-9 cells)

Gastric cancer (MGCS803 cells)

Colon carcinoma (26 cells)

Breast cancer (4T1 cells)

Treatment

Laser: 810 nm, 2 W/cm?, 5 min
Laser: 980 nm, 0.84 W/cm?, 5 min
Laser: 808 nm, 0.5 W/cm?, 10 min
Laser: 808 nm, 3.6 W/cm?, 8 min
Laser: 808 nm, 1.5 W/cm?, 3 min

Laser: 808 nm, 0.24 W/cm?, 10 min
Drug: DOX

Laser: 760 nm, 16 W/cm?, 20 min
Drug: DOX

Table 2.3: /n vivo applications of gold nanoparticles in photothermal treatment of various cancers.

Reference

Maltzahn et al. (2009)
Shi et al. (2014)

Luo et al. (2016)
Wang et al. (2016)
Liu et al. (2016)

Li et al. (2014)

Zhang et al. (2014)

Gold nanocages

Breast cancer (4T1 cells)

Breast cancer (MDA-MB-231 cells)

Laser: 850 nm, 1 W/cm?, 10 min

Laser: 808 nm, 1 W/cm?, 5 min
Drug: DOX

Piao et al. (2014)

Wang et al. (2014)
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Table 2.3, continued.

Type of AuNPs

Gold nanoshells

Cancer Type

Breast cancer (MDA-MB-231 cells)
Breast cancer (4T1 cells)

Breast cancer (4T1 cells)

Hepatoma (BEL-7402 cells)

Treatment

Laser: 810 nm, 2 W/cm?, 5 min
Laser: 808 nm, 1 W/cm?, 5 min

Laser: 808 nm, 1 W/cm?, 10 min
Drug: 10-Hydroxycamptothecin

Laser: 808 nm, 1.5 W/cm?, 2 min
Drug: DOX

Reference

Ayala-Orozco et al. (2014)
Xuan et al. (2016)

Lietal. (2014)

Wang et al. (2016)

Hollow gold nanospheres

Ovarian carcinoma (SKOV3 cells)

Ovarian carcinoma (SKOV3 cells)

Laser: 808 nm, 1.5 W/cm?, 3 min

Laser: 808 nm, 0.5 W/cm?, 2 min (3%)
Drug: DOX

Wang et al. (2015)

Zhou et al. (2015)

Gold nanoclusters

Fibrosarcoma (HT-1080 cells)

Laser: 660 nm, 0.5 W/cm?, 1 min

Kang et al. (2015)



https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_21
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_276
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_157
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_266
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_270
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_293
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_134

AuNPs have also been conjugated with targeting moieties, e.g. aptamer, CXCR4
antibody, peptide and hyaluronic acid for active targeting of cancer cells (Shi et al., 2014;
Liu et al., 2016; Wang et al., 2015; Wang et al., 2014). Furthermore, these AuNPs can be
loaded with chemotherapeutic drugs such as DOX, for simultaneous PTT and

chemotherapy (Zhang et al., 2014; Wang et al., 2014).

Photothermal therapy can triger cell death through two mechanisms, i.e. apoptosis and
necrosis, as illustrated in Figure 2.6 A. Cells undergoing apoptosis maintain their
membrane integrity and express engulfment signals, leading to their prompt clearance by
phagocytes without incurring inflammation (Park & Kim, 2017). Earlier studies
have reported that PTT-induced cell death is mediated by apoptosis mechanism (Pérez-
Herndndez et al., 2015; Al et al., 2017). Apoptosis can occur through two major
pathways, i.e. ‘intrinsic’ and ‘extrinsic’ pathways. ‘Intrinsic’ pathway is more likely to
be the major mode of PTT-mediated apoptosis. A proposed intrinsic pathway
(mitochondrial apoptosis pathway) for PTT-induced apoptosis is depicted in
Figure 2.6 B. Proapoptotic members of Bcl-2 family (Bax/Bak) are activated upon cell
stress, which trigger mitochondrial membrane permeabilization and release of
cytochrome c. Once cytochrome c is released into cytoplasm, it interacts with Apaf-1,
deoxyadenosine triphosphate (dAATP) and procaspase 9 to form the apoptosome, which
activates executioner caspases-3, -6 and -7 to initiate apoptotic cell death (Melamed et

al., 2015; Pérez-Hernandez et al., 2015).

Secondary necrosis may occur if the apoptotic cells were not cleared by phagocytes,
leading to loss of membrane integrity and release of damage-associated molecular
patterns (DAMPs). On the contrary, primary necrotic cells loss their membrane integrity
and release DAMPs, resulting in inflammatory response (Melamed et al., 2015). Contrary

to earlier reports suggesting involvement of apoptotic mechanism in PTT-induced cell
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Figure 2.6: Diagrams showing photothermal-induced cell death through two
mechanisms, i.e. apoptosis and necrosis (A) and proposed apoptosis mechanism upon

gold nanoprism-mediated photothermal treatment (B). Reprinted with permission from
(Melamed et al., 2015).
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death, there are reports which have suggested necrosis as the primary cell death
mechanism in PTT (Kolovskaya et al., 2017; Mocan et al., 2011; Iancu et al., 2011).
Apoptosis is considered as a ‘cleaner’ pathway and is preferred over cell death through
necrosis. Treatment parameters, such as laser type and laser intensity can be a
determination factor for the mechanism of cell death (Huang et al., 2010; Pérez-
Hernandez et al., 2015). It has been shown that PTT using high intensity (30 W/cm?) laser
is able to induce cell death through necrosis, while reducing the laser intensity to
5 W/cm? can induce cell apoptosis (Pérez-Hernandez et al., 2015). On the other hand,
PTT using nanosecond-pulsed laser triggers cell necrosis, while PTT using continuous
wave laser can induce apoptosis or necrosis, depending on the laser intensity
(Huang et al., 2010). In view of the beneficial aspect of apoptotic killing of cells, PTT

should be designed to trigger apoptosis.

(c) Theranostics

Theranostics is a therapeutic technique that is used for simultaneous diagnosis and
treatment of a disease (Ahmed et al.,, 2012). Apart from the above-mentioned
applications, multifunctional AuNPs can be fabricated for theranostic applications,
allowing simultaneous targeting and diagnosis as well as cancer therapy (Guo et al., 2017,

Gharatape & Salehi, 2017).

Selected examples of theranostic applications of AuNPs are listed in Table 2.4. A dual-
modal imaging-guided photothermal tumor ablation has been shown with the help of
Prussian blue-coated gold nanospheres for the treatment of colon adenocarcinoma. These
nanospheres allow a more precise guidance for PTT using PAI and CT, where location
and size of the tumor can be detected as well as presence of photo-absorbing agent can
be determined before therapy (Jing et al., 2014). Hybrid gold nanoshells with Fe3O4

nanoclusters have also been designed for CT, photoacoustic tomography (PAT) and MRI
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Type of AuNPs

Table 2.4: Theranostic applications of gold nanoparticles.

Cancer Type

Imaging Technique

Therapeutic Approach

Reference

Glioblastoma (US7MG cells) MRI Drug delivery (DOX) Cheng et al. (2014)
Gold nanospheres
Colon adenocarcinoma (HT-29 cells) PAIL CT PTT Jing et al. (2014)
Squamous carcinoma (SCC-7 cells) ~ NIR fluorescence imaging PTT, PDT Jang et al. (2011)
Squamous carcinoma (SCC-7 cells)  PAI PTT, Chen et al. (2015)
Drug delivery (DOX)
Gold nanorods oy . . . .
Epithelial carcinoma (A431 cells) NIR fluorescence imaging PTT Choi et al. (2012)
Glioblastoma (U87 MG cells) PET PTT Sun et al. (2014)
Glioblastoma (U887 MG cells) PAI PTT Song et al. (2015)
Glioblastoma (U87 MG cells) PAI PTT Luetal. (2011)
Hollow gold nanospheres
Adenocarcinoma (A549 cells) CT PTT, Radiotherapy, Park et al. (2015)

Drug delivery (DOX)

Gold nanoshells

Melanoma (B16-F10 cells)

MRI, X-ray imaging,
Optical imaging

PTT

Coughlin et al. (2014)
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Table 2.4, continued.

Type of AuNPs

Hybrid gold
nanoparticles

Cancer Type

Glioblastoma (C6 cells)

Glioblastoma (U87 MG cells)
Pancreatic adenocarcinoma
(AsPC-1 cells)

Breast cancer (4T1 cells)

Lung tumor, Melanoma (A2058)

Pancreatic tumor (MiaPaca-2 cells)

Squamous carcinoma (SCC-7 cells)

Hepatoma (H22 cells)

Imaging Technique

MRI, PAI

X-ray imaging

NIR fluorescence imaging,
MRI
PAI, MRI, SERS imaging

PET
Fluorescence imaging
NIR fluorescence imaging,

PAI

CT, PAT, MRI

Therapeutic Approach

PTT

PTT,
Drug delivery (Docetaxel)

PTT

PTT

PTT,
Drug delivery (DOX)

Drug delivery
(GEM & DOX)

PTT

PTT

Reference

Yang et al. (2013)

Hao et al. (2015)

Chen et al. (2014)

Huang et al. (2015)

Cheng et al. (2016)

Croissant et al. (2016)

Gao et al. (2016)

Li et al. (2016)
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Table 2.4, continued.

Type of AuNPs

Cancer Type

Imaging Technique Therapeutic Approach

Reference

Primary soft-tissue sarcomas Two-photon luminescence PTT Liu et al. (2015)
Gold nanostars imaging, SERS imaging,
CT
Breast cancer (MDA-MB-231 cells) MRI, SERS imaging PTT Gao et al. (2015)
Gold nanoclusters Breast cancer (MDA-MB-231 cells), NIR fluorescence imaging Drug delivery (DOX) Chen et al. (2012)

Sarcoma (S180 cells)
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trimodal imaging-guided tumor PTT and have been used successfully in the treatment of
hepatoma (Li et al., 2016). Other imaging techniques (fluorescence and SERS imaging)

have also been employed for imaging-guided PTT (Gao et al., 2016; Liu et al., 2015).

A gold nanorod-photosensitizer complex has been exploited to work as a
multifunctional platform for NIR fluorescence imaging as well as PTT and PDT to treat
squamous carcinoma. This complex can clearly identify tumor site and effectively reduce
tumor growth (Jang et al., 2011). Furthermore, targeting ligands such as peptide, biotin
and antibody have also been conjugated to multifunctional AuNPs for active targeting of
cancer cells. For example, conjugation of Arg-Gly-Asp peptide to **Cu-integrated gold
nanorods has shown high targeting ability towards glioblastoma and has been applied for
in vivo PET imaging-guided PTT (Sun et al., 2014). Hybrid silica-gold-iron-oxide NPs
conjugated with anti-neutrophil gelatinase associated lipocalin antibody can specifically
target pancreatic adenocarcinoma cells in vivo through dual-modal imaging-guided PTT
(Chen et al., 2014). Recent reports have demonstrated combination of chemotherapy with
imaging-guided PTT. For example, Chen and colleagues have successfully synthesized
biotin-conjugated gold nanorods loaded with DOX for simultaneous cancer-targeted
imaging and imaging-guided chemo-photothermal therapy (Chen et al., 2015). Hollow
gold nanospheres loaded with DOX have also been developed for CT imaging and triple
combination of chemotherapy, PTT and radiotherapy for lung adenocarcinoma treatment

(Park et al., 2015).

2.3 Interaction of nanoparticles with plasma proteins

After administration of NPs into blood stream, a dynamic layer of proteins, known as
corona is formed around NPs. The interactions between NPs and plasma proteins may
influence biocompatibility, distribution and efficacy of nanotherapeutic agents, i.e., NPs

(Zanganeh et al., 2016; Nguyen & Lee, 2017). Protein corona has been shown to reduce
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cytotoxicity and intracellular oxidative stress of NPs, thus making NPs more
biocompatible for various biological applications (Wang et al., 2013; Tedja et al., 2012).
Additionally, protein corona can also prolong NPs blood circulation by reducing
macrophage recognition and complement activation (Peng et al., 2013). The common
carrier proteins present in blood plasma include HSA and a-1-acid glycoprotein. Many
studies have been reported on the interaction between ligands and HSA, as it is the most
abundant transport protein, which can reversibly bind to a large number of ligands
(Korolenko et al., 2007). The following sections describe the physicochemical, structural

and ligand binding properties of HSA.

2.3.1 Physicochemical properties of HSA

Table 2.5 summarizes various physicochemical properties of HSA. It has a molecular
mass of 66,438 Da, as calculated from its amino acid composition (Peters Jr, 1996), which
was in agreement with the molecular mass of 66,437 Da, obtained from matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry (Amoresano
et al., 1998). The hydrodynamic parameters of HSA, such as diffusion coefficient and
sedimentation coefficient were determined to be 6.1 x 10”7 cm? s™! and 4.6 s, respectively
(Oncley et al., 1947). Polypeptide chain of HSA forms a heart-shaped structure with
dimensions of 80 x 80 x 30 A, based on the results obtained from X-ray crystallography
(He & Carter, 1992). The partial specific volume was found to be 0.733 cm® g'! (Hunter,
1966). The radius of gyration is 26.7 A and was similar to the rotational hydrodynamic
radius of 26.4 A (Carter & Ho, 1994). An axial ratio of 3.5:1 was obtained from dielectric
dispersion results (Ferrer et al., 2001). Values of intrinsic viscosity and frictional ratio of
0.056 dL g and 1.28:1, respectively, indicated globular conformation of the protein
(Hunter & McDuffie, 1959; Oncley et al., 1947). The isoionic point of HSA was
determined as 5.16 (Hughes, 1954). Native HSA possesses an isoelectric point of 4.7,

which is increased to 5.8 for defatted HSA (Peters Jr, 1996). Higher value of the molar
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Table 2.5: Physicochemical properties of HSA.

Property

Value

Reference

Molecular mass
- Amino acid composition
- MALDI-TOF

Diffusion coefficient, D2gw
Sedimentation coefficient, Sz, w
Overall dimension

Partial specific volume, o:
Radius of gyration

Axial ratio

Intrinsic viscosity, [7]
Frictional ratio, f/fo

Isoionic point

Isoelectric point

- Native
. Defatted

Extinction coefficient, € at 280 nm

Secondary structures
- a-Helix
- B-Sheet

Net charge per molecule
- Hydrogen ion titration (pH 7.4)
- Amino acid sequence

66,438 Da
66,437 Da

6.1 x 107 cm? 57!
4.6s

80 x 80 x 30 A
0.733 cm’ g'!

26.7 A

3.5:1

0.056 dL g'!
1.28:1

5.16

4.7

5.8

36,500 M cm™!

67 %
10 %

-19
—-15

Peters Jr (1996)
Amoresano et al. (1998)

Oncley et al. (1947)
Oncley et al. (1947)
He & Carter (1992)
Hunter (1966)

Carter & Ho (1994)

Ferrer et al. (2001)

Hunter & McDuftie (1959)
Oncley et al. (1947)
Hughes (1954)

Peters Jr (1996)

Peters Jr (1996)

Painter et al. (1998)

Carter & Ho (1994)
Carter & Ho (1994)

Tanford (1950)
Peters Jr (1996)
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extinction coefficient at 280 nm (36,500 M"! cm™) can be ascribed to the presence of Trp
and Tyr residues in HSA (Painter et al., 1998). The secondary structure of the protein is
predominantly a-helical (67%), with remaining residues distributed as -sheets (10%)
and flexible regions (23%) (Carter & Ho, 1994). At physiological pH (pH7.4), the net
charge of HSA was found to be —19 (Tanford, 1950), which was slightly higher than the

calculated value of —15 from its amino acid sequence (Peters Jr, 1996).

2.3.2 Amino acid composition and structural properties of HSA

Human serum albumin is a small globular protein and is comprised of 585 amino acid
residues in a single polypeptide chain. The amino acid composition of HSA is shown in
Table 2.6. HSA has a single Trp residue, while Met (6) and Ile (8) are also present in
small amounts. The protein is rich in the distribution of several hydrophobic amino acids
such as Ala (62), Leu (61), Val (41), Phe (31) and Pro (24). Number of charged amino
acids is also found to be higher, being 62, 59, 36 and 24 for Glu, Lys, Asp and Arg,

respectively. There are 35 Cys residues present in HSA.

As depicted in Figure 2.7, the amino acid residues form nine flexible loops, which are
organized into distinct pattern with eight sequential Cys-Cys pairs. The primary structure
of HSA is comprised of three domains with long-short-long loops. These domains are
encompassed of amino acid residues, 1-195 (domain I), 196-383 (domain II) and
384-585 (domain IIT). Among the nine loops, the first two loops of each domain, viz.
loops 1-2, 4-5 and 7-8 are grouped to form subdomains IA, IIA and IIIA, respectively,
while loop 3, 6 and 9 form subdomains IB, IIB and IIIB, respectively. There are 17
intramolecular disulfide bonds, formed by all Cys residues except Cys-34, which stabilize
the HSA structure. The three domains of HSA show structural and sequence similarities,
with 18-25% sequence homology, which is found highest among the long loops 3, 6 and

9 (Peters Jr, 1996).

41


https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_198
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_42
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_249
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_206
https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_206

Table 2.6: Amino acid composition of HSA. Adapted from (Peters Jr, 1996).

Amino Acid No. of Residues

Alanine 62
Arginine 24
Asparagine 17
Aspartic acid 36
Cysteine 35
Glutamic acid 62
Glutamine 20
Glycine 12
Histidine 16
Isoleucine 8

Leucine 61
Lysine 59
Methionine 6

Phenylalanine 31
Proline 24
Serine 24
Threonine 28
Tryptophan 1

Tyrosine 18
Valine 41

Total 585
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Figure 2.7: Amino acid sequence and disulfide bonding pattern of HSA. The three
domains are indicated by arrows, with each domain contains two long and one short
loops. Reproduced from (Dugaiczyk et al., 1982).
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The crystal structure of HSA reveals a heart-shaped structure, which is formed by three
homologous domains I, II, and III (Peters Jr, 1996). Each homologous domain is further
divided into a pair of subdomains, namely, ‘A’ and ‘B’, which are comprised of 6 and 4
a-helices, respectively. The order of helices h1-h4 in subdomains ‘A’ and ‘B’ is identical,
while two additional short helices (hS and h6) in subdomain ‘A’ are arranged in
antiparallel fashion. These helices are connected with each other through 17 Cys-Cys
disulfide bridges, while the two subdomains are assembled via hydrophobic helix packing
interactions. Domains I-II and II-III are connected through extensions of helices, viz.,
Ib-h4-Ila-h1 and IIb-h4-Illa-hl, respectively, thus creating two longest helices
(Carter & Ho, 1994). Therefore, the actual number of helices in HSA structure is 28

instead of 30.

Although the three domains are structurally similar, their global assembly is highly
asymmetric. Domain I is aligned perpendicular to domain II, forming a T-shaped
assembly of HSA. Conversely, formation of a Y-shaped assembly is observed due to an
angle shift of 45° between domains II and III. Interactions between domains, i.e., domains
IT to domains I and III involve hydrogen bonds and hydrophobic forces (Sugio et al.,
1999). Deep hydrophobic pockets with positively charged residues at the entrances are
found in subdomains IIA, IIIA and IB, which form ligand binding sites I, II and III,

respectively (Sudlow et al., 1975; Kragh-Hansen et al., 2002).

2.3.3  Functions of HSA

Serum albumin is the most important protein responsible for numerous physiological
functions due to its high concentration in the blood plasma. It plays important roles in
maintenance of the blood pH, regulation of the colloid osmotic pressure and
transportation of variety of small molecules (Figge et al., 1991; Singh-Zocchi et al., 1999;

Peters Jr, 1996). Besides, HSA also acts as an antioxidant to protect bound substances
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from oxidative damage (Roche et al., 2008). It also possesses enzymatic (esterase) activity

(Goncharov et al., 2017).

The major function of HSA is transportation of a vast variety of endogenous and
exogenous compounds, such as hormones, prostaglandins, fatty acids, bile acids and
therapeutic drugs. It also facilitates the transportation of metal ions such as calcium, iron,
copper, zinc and chloride through blood circulation (Peters Jr, 1996). In addition, HSA
also acts as a toxic waste carrier to bind bilirubin and delivering it to the liver for hepatic

excretion (Inoue et al., 1985).

2.3.4 Ligand binding properties

Serum albumin interacts with different ligands at several high and low affinity binding
sites. Sudlow and his group have characterized two specific ligand binding sites, i.e.,
Sudlow’s site I (warfarin binding site) and site II (benzodiazepine binding site) (Sudlow
et al., 1975). Furthermore, a third site, namely, site Il of HSA has also been identified,
which is the preferred binding site for ligands such as digitoxin and hemin (Kragh-
Hansen, 1985; Zunszain et al., 2003). Sudlow’s site | and site II are located in subdomains

ITA and IIIA, respectively, while site III is present in subdomain IB of HSA (Figure 2.8).

Sudlow’s site I is characterized as hydrophobic ligand binding pocket, which is
comprised of six helices of the subdomain IIA as well as a loop-helix feature of
subdomain IB (Kragh-Hansen et al., 2002; Ghuman et al., 2005). It is composed of two
clusters with polar residues, an inner cluster at the bottom of the pocket, consisted of Tyr-
150, His-242 and Arg-257 residues and an outer cluster at the entrance of the pocket,
formed by Lys-195, Lys-199, Arg-218, and Arg-222 residues (Ghuman et al., 2005).
Presence of positively-charged residues at the entrance favors the binding of negatively-

charged bulky heterocyclic molecules to this site. As illustrated in Figure 2.8, ligands
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Figure 2.8: Ligand binding sites of HSA. The three domains are displayed in different
colors and ligands are shown as space-filling models. Different ligands are represented
by different colors: oxygen atoms (red); fatty acids (black); other endogenous ligands
(hemin and thyroxine) (light grey) and drugs (orange). Reprinted with permission from
(Ghuman et al., 2005).
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such as warfarin, azapropazone, indomethacin and phenylbutazone preferably bind to

Sudlow’s site I (Ghuman et al., 2005).

Sudlow’s site II is similar to site I, as it is also comprised of six helices of subdomain
IITA. The interior of the binding pocket is hydrophobic with a single dominant polar patch
centered around Arg-410 and Tyr-411 residues near to the entrance (Curry, 2009). This
site is more suited for the binding of aromatic carboxylic acids with a negatively-charged
group at one end of the molecule away from a hydrophobic center (Kragh-Hansen et al.,
2002). Ligands such as diazepam, ibuprofen, diflunisal and ketoprofen are found to have

preference for the binding site II.

Apart from these two sites, site III is identified as D-shaped hydrophobic binding
cavity, located in subdomain IB (Zunszain et al., 2003). It is the primary binding site for
ligands such as hemin, digitoxin and lidocaine (Zunszain et al., 2003; Kragh-Hansen,
1985) and as secondary binding site for site I drugs, viz., warfarin azapropazone and
indomethacin (Zsila, 2013). The hydrophobic cavity of site III consists of three basic
residues at its entrance and the binding pocket is partly blocked by Tyr-138 and Tyr-161

residues in the absence of ligand (Zunszain et al., 2003).

2.3.5 Interaction of AuNPs with HSA

In view of the ligand binding properties of HSA, several earlier reports have shown
the interaction of AuNPs with HSA (Sharma & Ilanchelian, 2015; Cafiaveras et al., 2012).
The interaction between AuNPs and HSA might influence physicochemical
characteristics of the NPs as well as induce structural and conformational changes in the
protein. Such structural changes in the protein may affect its normal functions and may

lead to physiological complications (Wolfram et al., 2014).
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Serum albumin has been shown to interact with AuNPs forming a layer of corona,
which stabilizes the AuNPs (Cafaveras et al., 2012). Furthermore, the binding constant,
degree of cooperativity, protein conformational changes have been demonstrated to
depend on the particle size and nature of NP’s surface (Lacerda et al., 2010; Canaveras et
al., 2012). Although these reports have characterized the interaction of chemically-
synthesized AuNPs with HSA, interaction of green-synthesized AuNPs with HSA has not
been explored. Therefore, the interaction of green-synthesized AuNPs with HSA was
studied in detail in terms of binding affinity, forces involved, effect on protein’s structure
and fluorophores microenvironment as well as location of binding site. These results can

help in understanding the biological implications of these AuNPs.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials
3.1.1 CM-AuNPs synthesis and characterization

Gold (II) chloride trihydrate (HAuCls-3H20) (lot MKBQ2208V) was procured from
Sigma-Aldrich Co., USA. Curcuma manga rhizomes powder was obtained from
Yogjakarta, Indonesia. Absolute ethanol (AR grade) was purchased from Merck,
Germany. Carbon film-coated 300 mesh copper grids (lot 140604) were supplied by
Proscitech, Australia. Disposable folded capillary cells (DTS1070) were the products of

Malvern Instruments Ltd., UK.

3.1.2  Cell culture

Eagle’s  minimum  essential —medium (EMEM), sodium  pyruvate,
penicillin/streptomycin, amphotericin B, dimethyl sulphoxide (DMSO) and 3-(4,5-
Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich Co., USA. Human normal colon fibroblast cell line (CCD-18Co), human
lung fibroblast cell line (MRC-5) and human breast cancer cell line (MCF-7) were
procured from American type culture collection (ATCC), USA. Dulbecco’s modified
Eagle’s medium (DMEM) with and without phenol red, fetal bovine serum (FBS),
accutase and phosphate-buffered saline (PBS) (10%, pH 7.4) were supplied by Nacalai,
Japan. Minisart syringe filters (0.2 um pore size) were obtained from Sartorious,

Germany.

3.1.3  Protein interaction studies

Human serum albumin (lyophilized powder, essential fatty acid free, lot 068K7538V)
and l-anilinonaphthalene-8-sulfonate (ANS) and warfarin (WFN) were obtained from
Sigma-Aldrich Co., USA. Sodium dihydrogen phosphate (anhydrous) and disodium

hydrogen phosphate (anhydrous) were purchased from Systerm, Malaysia.
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3.1.4  Miscellaneous

Gold nanoparticles (20 nm, stabilized in citrate buffer, lot MKBS8077V), gold
standard for ICP (lot BCBM7955V), calcium chloride (anhydrous) and trisodium citrate
dihydrate were procured from Sigma-Aldrich Co., USA. FITC-Annexin V apoptosis
detection kit was supplied by BD Biosciences, USA. Potassium chloride, sodium
hydrogen carbonate, fuming hydrochloric acid (37%) and nitric acid (65%) were procured
from Merck, Germany. Triton-X, sodium chloride, magnesium chloride and dextrose
were supplied by Acros Organics, Belgium, Fisher Scientific, UK, R&M Chemicals, UK

and HmbG Chemicals,Germany, respectively.

Ultrapure (Type 1) water, obtained from Mili-Q water purification system (Merck,

Germany) was used throughout these studies.

3.2 Methods
3.2.1  Synthesis of CM-AuNPs
3.2.1.1 Extraction of Curcuma manga extract

Curcuma mangga rthizomes powder (100 g) was soaked in 300 ml of aqueous ethanol
(50% v/v) at room temperature for 3 days. The extract-rich solvent was filtered and dried
under reduced pressure using a rotary evaporator. The extract was further dried in the

oven (60 °C) until a constant weight was reached. This was used as CM extract.

3.2.1.2 Preparation of stock solutions

Stock HAuCls solution (1% w/v) was prepared by dissolving 1g HAuCl4 crystals in
100 ml of water. The working HAuClj solution (1 mM) was made by diluting 3.94 ml of
the stock solution to 100 ml with water. Stock solution of CM extract (10 mg/ml) was
prepared by dissolving 100 mg of the dried CM extract in 10 ml of aqueous ethanol

(50% v/v).
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3.2.1.3 Method of preparation
Since various factors such as concentrations of reducing agent and HAuCls as well as
incubation time are known to affect the synthesis of AuNPs, effects of these factors were

studied in the preparation of CM-AuNPs.

Effect of incubation time on the preparation of CM-AuNPs was studied by mixing
4 ml of CM extract (10 mg/ml) and 10 ml of HAuCl4 (1 mM) followed by incubation at
room temperature for varying time periods. UV-Vis absorption spectra were recorded
after 15, 30, 45, 60, 90 and 1440 min on BioTek Synergy H1 hybrid reader, in the

wavelength range of 300—-800 nm.

Influence of CM extract concentration on the preparation of CM-AuNPs was studied
by adding 4 ml of CM extract at different concentrations (2—10 mg/ml with 2 mg/ml
intervals) to each tube containing 10 ml of HAuCls4 (1 mM) and incubating the mixture
for 1 h at room temperature. The spectral measurements were made in the same way as

described above.

Kinetic runs of these samples were also made by recording absorbance of these
samples at 535 nm for different time periods (0-300 min). These samples were further
incubated for 24 h at room temperature and zeta potential values was measured at 25 °C,

using a folded capillary cell (DTS1070) on Malvern Zetasizer Nano ZS.

In order to investigate the effect of HAuCls concentration on the preparation of
CM-AuNPs, 4 ml of CM extract (10 mg/ml) was added to each tube containing 10 ml of
HAuCly at different concentrations (0.5, 1, 2, 3 and 4 mM). The mixtures were incubated
at room temperature for 24 h prior to UV-Vis spectral and zeta potential measurements

as described above.
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3.2.1.4 Purification and concentration measurements

CM-AuNPs synthesized by incubating 4 ml of CM extract (10 mg/ml) and 10 ml of
HAuCls (1 mM) for 24 h were selected for subsequent studies. These CM-AuNPs were
purified by repeated (3 times) centrifugation at 14,000 rpm for 30 min. The CM-AuNPs

pellet, thus obtained was resuspended in water and stored at 4 °C.

The concentration of CM-AuNPs was determined based on Au mass concentration on
Agilent microwave plasma-atomic emission spectrometer (MP-AES) 4100. Gold
standard (10 pg/ml) was used to prepare the calibration curve prior to the analysis of the
samples. For sample preparation, CM-AuNPs were digested with aqua regia (HCI:HNO3
= 3:1) by incubating 100 pl of CM-AuNPs with 300 pl of aqua regia for 12 h at room
temperature. Digested sample was filtered and diluted 100 times with water before

subjecting it to MP-AES analysis.

3.2.2  Characterization of CM-AuNPs
3.2.2.1 High resolution-transmission electron microscopy

Size and shape of CM-AuNPs were studied using JEOL JEM-7600F high resolution-
transmission electron microscope (HRTEM) with an accelerating voltage of 120 kV.
CM-AuNPs were placed on 300-mesh carbon-coated copper grid, dried in an oven
overnight and viewed under HRTEM at magnification of 100,000%, 250,000x and
500,000x%. The size distribution of CM-AuNPs was obtained by analyzing the diameter

of ~400 particles from HRTEM using Image J software.

3.2.2.2 Field effect scanning electron microscopy and energy dispersive X-ray
spectroscopy

JEOL JSM-7600 field effect scanning electron microscope (FESEM) was also

employed to evaluate size and shape of CM-AuNPs, using an accelerating voltage of

10 kV at magnification of 50,000%. Gold analysis of CM-AuNPs was performed on
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energy dispersive X-ray spectrometer (EDX) attached to FESEM by evaluating the EDS
spectrum of a selected spot viewed under FESEM. The sample was prepared in the same

way as described above (Section 3.2.2.1).

3.2.2.3 Fourier transform infra-red spectroscopy

Fourier transform infra-red (FTIR) spectroscopy was carried out on a PerkinElmer
Spectrum 400 spectrometer to determine the functional group (s) involved in the
reduction of Au**. Both untreated CM extract and residual fraction of the CM extract left
upon CM-AuNPs synthesis, were subjected to FTIR analysis. Residual fraction of CM
extract was prepared by removing CM-AuNPs from the reaction mixture through
centrifugation at 14,000 rpm for 30 min. The supernatant was collected and freeze-dried.
FTIR spectra of these samples were recorded in the wavelength range of 450-4000 cm’!,

using a data pitch of 1 cm™.

3.2.2.4 Zeta potential and hydrodynamic size measurements

The effect of buffers / media on the zeta potential and hydrodynamic size of CM-
AuNPs was studied. CM-AuNPs (2 ml) were added to separate tubes containing 2 ml of
HSA (0.5% w/v) / PBS (pH 5.0) / PBS (pH 7.4) / PBS (pH 9.0) / DMEM media / DMEM
with FBS (10% v/v), followed by incubation at room temperature for 24 h. Suspension
containing CM-AuNPs (2ml) and water (2 ml) was used as negative control. Zeta
potential and hydrodynamic size of the CM-AuNPs were measured on Malvern Zetasizer

Nano ZS at 25 °C, using a folded capillary cell and 1 cm plastic cuvette, respectively.

3.2.2.5 In vitro stability study

In vitro stability of CM-AuNPs was studied according to the published procedure
(Basha et al., 2010) with slight modification. The samples were prepared in the same way
as above (Section 3.2.2.4). All these samples were subjected to UV-Vis absorption

spectral measurements in the in the wavelength range of 300—800 nm.
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3.2.3  Biocompatibility of CM-AulNPs
3.2.3.1 Cytotoxicity study
(a) Preparation of media and reagents

EMEM medium was supplemented with FBS (10% v/v), sodium pyruvate (1% v/v),
amphotericin B (1% v/v) and penicillin/streptomycin (1% v/v), followed by filtration
using sterile syringe filter (0.2 um pore size daimeter). The supplemented medium was

stored at 4 °C and used within one month.

MTT solution (5 mg/ml) was prepared by dissolving 25 mg of MTT crystals in 5 ml

of PBS (pH 7.4). The solution was stored at 4 °C and used within one month.

(b) Cell culture

CCD-18Co and MRC-5 cells were maintained in supplemented EMEM medium at
37 °C in CO2 (5%) humidified incubator. For cell viability assay, both cell lines were
seeded into 96-well plate at 8000 cells/well and incubated overnight for cell adherence.
The supplemented medium in each well was removed and replaced with medium
containing CM-AuNPs or CM extract at increasing concentrations (3.13, 6.25, 12.50,
25.00, and 50.00 pg/ml). Sample containing untreated cells in EMEM medium was used
as negative control. The cells were then incubated in CO» incubator at 37 °C for 24 h and

72 h before cell viability was determined using MTT assay.

(c) MTT assay

MTT assay was carried out following the procedure recommended by Mosmann
(1983) with slight modification. Medium in each well was removed and replaced with
100 pl of fresh EMEM medium together with 20 pl of MTT solution and incubated at
37 °C for 4 h. The supernatants were then removed and 100 pl of DMSO was added to

solubilize the newly formed purple formazan crystals. The absorbance values of each well
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were measured using the BioTek Synergy H1 hybrid reader at wavelength of 540 nm.

The cell viability (%) was calculated using the following formula:

Absspi

Cell viability (%) = x 100 (1)

A Sneg

where Absgy, is the absorbance of treated cells and Abs,, is the absorbance of untreated

cells.

3.2.3.2 Hemocompatibility study
(a) Preparation of reagents

Ringer’s solution was prepared by dissolving NaCl (0.79 g), KCI (0.0375 g),
MgCl» (0.02 g), Na,HPO4 (0.018 g), NaHCOs (0.125 g), CaCl2 (0.03 g), dextrose (0.2 g)
and sodium citrate (0.38 g) in ~ 80 ml water. The solution was then topped-up to 100 ml
with water in a volumetric flask. Modified Ringer’s solution was prepared in the same

way as Ringer’s solution but without the addition of sodium citrate.

Fresh human blood (5 ml) was collected from the volunteer donor in EDTA tube. The
blood was centrifuged at 1000 x g (4 °C) for 10 min to separate the red blood cells (RBCs)
from the blood plasma. The RBCs were then washed 3 times with cold PBS (pH 7.4) and
centrifuged at 1000 x g (4 °C) for 10 min. For hemolysis assay, 200 pl of RBC pellet was
suspended in 9.8 ml of PBS (pH 7.4) to get 2% RBC suspension. For aggregation assay,

2% RBC suspension was prepared in Ringer’s solution / modified Ringer’s solution.

(b) Hemolysis assay

Hemolysis assay was performed following the method reported by (Evans et al., 2013)
with modification. Mixtures containing 100 pl of 2% RBC suspension and 100 pl of
CM-AuNPs / CTAB-AuNPs / CM extract at different final concentrations (3.13, 6.25,

12.50, 25.00, and 50.00 pg/ml) in PBS (pH 7.4) were placed in a 96-well plate (round
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bottom). Mixtures containing 100 pl RBC suspension (2%) + 100 pl Triton X-100 (1%
v/v) and 100 pl RBC suspension (2%) + 100 ul PBS (pH 7.4) were included as positive
and negative controls, respectively. The samples in the 96-well plate were incubated at
37 °C for 5 h followed by centrifugation at 1000 x g (4 °C) for 10 min. The supernatant
(100 pl) from each well was transferred to a 96-well plate (flat-bottom) and the
absorbance was recorded at 550 nm on a BioTek Synergy H1 hybrid reader. The
percentage hemolysis was calculated using the following equation:

(Absspi—AbSneg) y
(Abspos—Absneg)

Hemolysis (%) = 100 (2)

where Absgy, is the absorbance value of the sample, Absy, is the absorbance value of

the negative control and Abs,,,; is the absorbance value of the positive control.

(c) Aggregation assay

Aggregation assay was carried out according to the published procedure (Singhal &
Ray, 2002) with slight modification. Mixtures containing 100 pl of 2% RBC suspension
in Ringer’s solution and 100 pl of CM-AuNPs / CTAB-AuNPs / CM extract at different
final concentrations (3.13, 6.25, 12.50, 25.00, and 50.00 pg/ml) in PBS (pH 7.4) were
placed in a 96-well plate (round bottom). Positive and negative controls were prepared
by mixing 100 ul of PBS (pH 7.4) with 100 ul of 2% RBC suspension, prepared in
modified Ringer’s solution and Ringer’s solution, respectively. The samples in the 96-
well plate were incubated at 37 °C for 2 h. At the end of incubation, 10 ul of RBCs from
each well were placed on glass slides and viewed under light microscope.

Photomicrographs of these slides were taken at 100x magnification.
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3.2.4 Interaction of CM-AulNPs with HSA
3.2.4.1 Preparation of stock solutions

HSA stock solution was prepared by dissolving 80 mg of protein crystals in 20 ml of
60 mM sodium phosphate buffer, pH 7.4 and its concentration was determined
spectrophotometrically, using a molar extinction coefficient of 36500 M! cm™ at 280 nm

(Painter et al., 1998). The stock solution was stored at 4 “C and used within one week.

To prepare the ANS stock solution, 5 mg of ANS crystals were dissolved in 5 ml of
60 mM sodium phosphate buffer, pH 7.4. A molar extinction coefficient of
5000 M cm™ at 350 nm was used to determine ANS concentration (Johnson et al., 1979).

The solution was prepared fresh for each experiment.

The stock solution of WFN was prepared by dissolving 3 mg of WFN crystals in 1 ml
of methanol and diluting it to 10 ml with 60 mM sodium phosphate buffer, pH 7.4. A
molar extinction coefficient of 13610 M cm™ at 310 nm was used to determine WFN

concentration (Twine et al., 2003).

CM-AuNPs (200 uM) were prepared in 60 mM sodium phosphate buffer, pH 7.4.

3.2.4.2 Fluorescence quenching titration
(a) Titration experiments

The titration experiments of HSA (5 puM) with increasing concentrations of
CM-AuNPs (5-30 puM with 5 puM intervals) were carried out at three different
temperatures i.e. 25, 30 and 35 °C following the published procedure (Kabir et al., 2016).
Increasing volumes (75-450 pl) of the stock CM-AuNPs suspension were added to a
fixed volume (300 pl) of the stock HSA (50 uM) solution in different tubes and the total
volume in each tube was made to 3 ml with 60 mM sodium phosphate buffer, pH 7.4. The

fluorescence spectra of HSA and CM-AuNP-HSA mixtures were recorded after 1 h
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incubation at the desired temperature, in the wavelength range, 300—400 nm, using Aex of
295 nm. An additional incubation time of 10 min at a particular temperature was used

after placing the sample in the cuvette for equilibrium attainment.

Fluorescence spectral measurements were performed on Jasco FP-6500
spectrofluorometer, using 1 cm quartz cuvette, placed in a thermostatically-controlled
water-jacketed cell holder. For the inner filter effect correction of the fluorescence
quenching titration data, absorption spectra of HSA (5 pM) in the absence and presence
of CM-AuNPs (5-30 uM with 5 uM intervals) were recorded on Shimadzu UV-2450
spectrophotometer, using a pair of 1 cm quartz cuvettes, in the wavelength range, 295—

400 nm, at 25 °C.
(b) Data analysis

i Inner filter effect correction

The fluorescence data were corrected for the inner filter effect as described by

Lakowicz (2006) according to the following equation:
Aex T Aem ) 12
Feor = Fops 10 ( ) (3)

where F.,- and F,,s are the corrected and the measured fluorescence intensity
respectively, while 4., and A, are the changes in the absorbance at the excitation
(295 nm) and the emission wavelength (300—400 nm), respectively, upon the addition of

CM-AuNP to HSA.

58


https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_151

ii  Quenching data analysis

Quenching mechanism involved in CM-AuNP-HSA interaction was probed by
analyzing the fluorescence quenching data according to the Stern-Volmer equation

(Lakowicz, 2006):

Fo/F =1+ Ksy [0]=1+kq 70 [O] 4

where F,, and F are the fluorescence intensity values in the absence and presence of
CM-AuNPs and [Q] is the concentration of CM-AuNPs. K, is the Stern-Volmer
constant; kg is the bimolecular quenching rate constant and 7, denotes the fluorescence

lifetime of the protein, taken as 6.38 x 10 s for HSA (Abou-Zied & Al-Shihi, 2008).

Further analysis of the fluorescence quenching titration data was made following
double logarithmic equation (Eq. 5) to determine the values of the binding constant (K,,)

and Hill coefficient (n) for the interaction between CM-AuNP and HSA (Bi et al., 2004).

log (Fo — F) / F = nlogK, — nlog [1/ ([Lt] = (Fo — F) [Pr]/ Fo)] )

where [Lr] and [Pr] represent the concentrations of CM-AuNPs and HSA, respectively,

while Fj and F have the same significance as described above.

iii  Thermodynamic data analysis

Thermodynamic parameters for CM-AuNP-HSA interaction were determined using

van’t Hoff equation:

InK,=-AH/RT+4S /R (6)
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where K, refers to the binding constant, 4H and A4S are enthalpy change and entropy
change, respectively, R denotes the gas constant (8.314 J mol! K™!) and 7 is the absolute

temperature (273 £+ °C).

Gibbs free energy change (4G) of the binding reaction was calculated by fitting AH

and 45 values into the following equation:

AG = AH - TAS (7)

3.2.4.3 Absorption spectral analysis

The absorption spectra of HSA (20 uM) both in the absence and presence of
CM-AuNPs (60 and 120 pM) were recorded in the wavelength range, 240-360 nm.
Absorption spectra of free CM-AuNPs (60 and 120 uM) were also recorded in the same
wavelength range. Mixtures (3 ml) containing HSA and CM-AuNPs were incubated at

room temperature for 1 h before absorption spectral measurements.

3.2.4.4 Analysis of protein structural changes
(a) Circular dichroism

Circular dichroism (CD) spectra were recorded on Jasco J-815 spectropolarimeter,
equipped with thermostatically-controlled cell holder, using 1 mm and 10 mm quartz
cuvettes in the far-UV (200-250 nm) and near-UV (250-300 nm) regions, respectively,
under constant nitrogen flow. The samples contained either free HSA or CM-AuNP-HSA
(6:1) mixtures, using a protein concentration of 5 uM (far-UV CD spectra) and 10 uM
(near-UV CD spectra). Transformation of CD values to mean residue ellipticity (MRE)

in deg-cm? -dmol! was carried out according to the following equation:

_ [Qobs X MRW]
MRE = 10%7%C, (8)
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where 6, is the ellipticity in millidegree; MRW is the mean residue weight (molecular
weight of the protein, 66500 divided by total number of amino acid residues, 585); C,, is

the protein concentration in mg/ml and / is the path length of cuvette in cm (Chen et al.,

1972).

(b) Three-dimensional fluorescence spectral analysis

Three-dimensional (3D) fluorescence spectra of HSA (5 uM), CM-AuNPs (30 uM)
and CM-AuNP-HSA mixtures (molar ratios of 3:1 and 6:1) were recorded using emission
wavelength range of 220-500 nm with a data pitch of 1 nm and excitation wavelength

range of 220-350 nm with a data pitch of 5 nm.

3.2.4.5 Site-specific marker displacement studies
To characterize the binding site of HSA involved in CM-AuNP-HSA complex
formation, site marker displacement experiments were carried out using WFN and ANS

as markers for Sudlow’s site I and site II, respectively.

WEFN displacement experiment was performed by titrating the WFN-HSA (1:1)
mixture (5 uM each) with increasing concentrations of CM-AuNPs (5, 10, 15, 20, 25, 30
and 100 uM). The WFN-HSA mixture was pre-incubated for 30 min 25 °C before titrating
it with CM-AuNPs. The mixture was further incubated for an additional period of 1 h at
25 °C prior to fluorescence spectral measurements. The fluorescence spectra were

obtained in the wavelength range, 360—480 nm upon excitation at 335 nm.

For ANS displacement experiment, the ANS-HSA (1:1) mixture (5 uM each) was
titrated with increasing concentrations of CM-AuNPs (20, 40, 60, 70, 80, 90 and 100 uM).
The ANS-HSA mixture was preincubated for 30 min at 25 °C before titrating it with
CM-AuNPs. The mixture was further incubated for an additional period of 1 h at 25 °C

prior to fluorescence spectral measurements. The fluorescence spectra were obtained in
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the wavelength range, 300—570 nm and 400—600 nm upon excitation at 295 nm and

350 nm, respectively.

3.2.5 Photothermal anticancer activity of CM-AulNPs
3.2.5.1 Preparation of media and reagent

Preparation of MTT solution and supplementation of DMEM medium were made in
the same way as described in Section 3.2.3.1 (a) for EMEM medium. On the other hand,
DMEM medium (without phenol red) was supplemented with FBS (10% v/v) only.
CM-AuNPs and citrate-AuNPs were suspended in supplemented DMEM medium

(without phenol red) for photothermal studies.

3.2.5.2 Photothermal heating curves
Photothermal heat generation of CM-AuNPs was studied using a Millenia Prime
continuous wave diode-pumped solid-state (DPSS) laser, using wavelength of 532 nm.

The temperature change was measured by Omega type T thermocouple.

For temperature measurements, the thermocouple microprobe was submerged in
100 pl of CM-AuNPs (20 pg/ml), followed by laser irradiation at different intensities
(1, 2 and 3 W/cm?), in a 96-well plate. The temperature increase in the medium was

recorded every 30 s for 300 s.

A comparison of photothermal heat generation between citrate-AuNPs (20 pg/ml) and
CM-AuNPs at different concentrations (5, 10 and 20 pg/ml) upon laser (3 W/cm?)
irradiation was also made, in a 96-well plate. DMEM medium without AuNPs was used
as negative control. The temperature increase in the medium was recorded in the same

way as described above.
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3.2.5.3 In vitro photothermal treatment

MCEF-7 breast cancer cells were maintained in supplemented DMEM medium at
37 °C in COz incubator. To find a suitable laser intensity and irradiation time for PTT,
MCEF-7 cells were seeded into 96-well plate at 8000 cells/well and incubated overnight
for cell adherence. The medium in each well was then removed and replaced with DMEM
medium (without phenol red) and irradiated using laser at different intensities (2 and 3
W/cm?) for different time periods (60, 120, 180, 240 and 300 s). The cell viability was

determined by MTT assay after incubating the cells in COz incubator at 37 °C for 24 h.

Cytotoxicity of CM-AuNPs without laser irradiation on MCF-7 cells was investigated
using MTT assay. MCF-7 cells were seeded under similar conditions as described above
and treated with AuNPs or CM extract at different concentrations (5, 10, 15, 20 and 25
png/ml). The treated cells were incubated in a CO; incubator at 37 °C for 24 h before

assessed by MTT assay.

For PTT, MCEF-7 cells were seeded and treated with citrate-AuNPs and CM-AuNPs in
the same way as described above. The treated cells were incubated in CO> incubator at
37 °C for 3 h, followed by irradiation with DPPS laser (3 W/cm?) for 120 s. After laser
treatment, the cells were incubated in a CO; incubator at 37 °C for another 24 h prior to

MTT assay.

For annexin V / PI apoptosis assay, MCF-7 cells were seeded into 24-well plate at
50,000 cells/well and incubated overnight for cell adherence. The medium in each well
was replaced with DMEM medium (without phenol red) containing citrate-AuNPs
(20 pg/ml) / CM-AuNPs (20 pg/ml). The treated cells were incubated and irradiated in
the same way as described above before assessed by annexin V / PI apoptosis assay.
Untreated cells and cells treated with doxorubicin (1.5 pg/ml) were also included as

negative and positive controls, respectively.
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3.2.54 FITC-Annexin V / PI apoptosis assay

Annexin V / PI staining was performed following the protocol provided by the
manufacturer (BD Biosciences). Briefly, the cells were harvested and washed twice with
cold PBS (pH 7.4) before re-suspending them in 1x binding buffer at a concentration of
1x10% cells/ml. Cell suspension (100 pl, 1x10° cells) was transferred to 1.5 ml centrifuge
tube, followed by addition of FITC-Annexin V and PI (5 ul each). After gentle vortexing,
the cell suspension was incubated in the dark at room temperature for 15 min. Then,
400 pl of 1x binding buffer was added to the cell suspension and the samples were
analyzed by flow cytometry (BD FACS Canto II cytometer) within 1 h. Unstained
positive control, positive control stained with only one dye, ie. FITC-Annexin V or PI
only were used to set up compensation and quadrants prior to analyzing the samples.

Quadrant statistical analysis yielded the percentage of cell population in each quadrant.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Green synthesis of CM-AuNPs

In this study, CM-AuNPs were synthesized through bottom-up approach using auric
ions (Au®") from HAuCls as the precursor for CM-AuNPs synthesis. On the other hand,
CM extract was used as reducing and stabilizing agent replacing the use of conventional
chemicals, such as sodium borohydride and sodium citrate. Green synthesis method is
simple and energy-efficient, as it involves the mixing of CM extract and HAuCl4 at room
temperature without heating. The formation of CM-AuNPs can be observed by the colour
change in the reaction mixture from light yellow to red-violet. The intense red-violet
colour of CM-AuNPs mixture is associated with the SPR of AuNPs, due to the oscillation
of free conducting electrons induced by the electromagnetic field (Petryayeva & Krull,
2011). As synthesis of CM-AuNPs depends on the concentrations of HAuCls and
reducing agent (CM extract) as well as reaction time, effect of these factors on CM-

AuNPs synthesis were studied separately.

4.1.1 Effect of reaction time

UV-Vis spectroscopy was carried out to ascertain the formation of CM-AuNPs. It is
well-known that SPR of spherical AuNPs produces an absorption band in the range of
520-580 nm (Haiss et al., 2007). Several factors such as shape, size and surface coating
of NPs as well as dielectric constant of the medium may affect the peak position, intensity
and band shape of SPR (Kelly et al., 2003). Figure 4.1 shows the UV-Vis absorption
spectra of CM-AuNPs synthesized from 10 ml of HAuCls (1 mM) and 4 ml of CM extract
(10 mg/ml) at different incubation times (15-1440 min). Appearance of an absorption
band at around 546 nm (corresponding to the SPR band of AuNPs) was noticed after 15
min of incubation, which indicated formation of CM-AuNPs. Although significant
increase in the intensity of the absorption band was noticed up to 45 min of incubation

time, the intensity increased sharply upon increasing the time from 15 to 30 min.
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Figure 4.1: UV-Vis absorption spectra of CM-AuNPs, synthesized at different incubation
times. Spectra 1-7 were obtained at 0, 15, 30, 45, 60, 90 and 1440 min after addition of 4
ml of CM extract (10 mg/ml) to 10 ml of HAuCls (1 mM) at room temperature.
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Sharp increase in the intensity of the absorption band was suggestive of speedy formation
of CM-AuNPs. Increasing the incubation time beyond 45 min led to smaller increase in
the intensity of the absorption band, indicating slower formation of CM-AuNPs. Even at
the highest incubation period used, i.e., 1440 min, increase in the absorbance value was
only 0.1 a.u. compared to that observed at 90 min incubation, suggesting attainment of
saturation within 90 min. In addition to the increase in the intensity, absorption band also
showed a blue shift from 546 nm to 535 nm, while narrowing down its bandwidth upon
90 min incubation (Figure 4.2). As evident from Figure 4.2, the blue shift was more
pronounced up to 45 min incubation and became gradually smaller beyond this period.
Both these characteristics of the absorption band were indicative of the formation of
spherical and monodisperse CM-AuNPs at increasing time periods (Jana et al., 2001).
These results were in line with previous studies showing blue shift and increase in
intensity of AuNPs SPR band upon longer incubation period (Ahmad et al., 2018; Rajan

etal., 2014).

4.1.2  Effect of CM extract concentration

Several earlier reports have shown reducing agent concentration as one of the
controlling factors in the synthesis of AuNPs (Chen et al., 2017; Shi et al., 2017).
Therefore, effect of CM extract concentration (reducing agent) on the synthesis of CM-
AuNPs was also investigated. Figure 4.3 shows the UV-Vis absorption spectra of CM-
AuNPs synthesized by incubating fixed concentration (1 mM) of HAuCl4 and increasing
concentrations (0—10 mg/ml) of CM extract for 60 min at room temperature. As can be
seen from the inset of Figure 4.3, there was a pronounced increase in the intensity of the
absorption band upon increasing the CM extract concentration up to 6 mg/ml, followed
by a smaller increase in the intensity. Such increase in the intensity of the absorption band
reflected increasing formation of CM-AuNPs with increasing CM extract concentrations.

In addition to the increase in the intensity, resolution (narrowness in the bandwidth) as
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Figure 4.2: Plots showing change in the absorbance of Amax (A) and absorption
maximum (B) of the mixture containing 4 ml of CM extract (10 mg/ml) and 10 ml of
HAuCl4 (1 mM) with increasing incubation time.
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Figure 4.3: UV-Vis absorption spectra of CM-AuNPs, synthesized using different
concentrations of CM extract. Spectra 1-6 were obtained for the CM-AuNP mixtures
containing 4 ml of CM extract (0 — 10 mg/ml with 2 mg/ml intervals) and 10 ml of
HAuCls (1 mM), after 60 min of incubation at room temperature. Inset shows the
change in absorbance of Amax With increasing CM extract concentration.
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well as blue shift of the absorption band was also noticed upon increasing CM extract
concentrations (Figure 4.3). Broader bandwidth and longer wavelength characterized the
formation of larger and polydisperse CM-AuNPs, whereas narrow bandwidth and shorter
wavelength indicated formation of smaller, spherical and monodisperse CM-AuNPs
(Huang & El-Sayed, 2010; Uppal et al., 2010). Formation of large and polydisperse CM-
AuNPs at lower concentrations of CM extract maybe due to insufficient concentration of
biomolecules that were responsible for capping and stabilizing the AuNPs (Sujitha &
Kannan, 2013). Thus, higher concentration of CM extract was needed to produce small,
spherical and monodisperse CM-AuNPs. Similar results have been shown in previous
reports where lower concentrations of fruit extracts favor the formation of large

anisotropic AuNPs (Sujitha & Kannan, 2013; Amin et al., 2012).

Effect of CM extract concentration on the kinetics of CM-AuNPs synthesis was also
studied by monitoring the change in absorbance at 535 nm at increasing time periods up
to 300 min, and the results are shown in Figure 4.4. As evident from the figure, increase
in the incubation time led to an initial linear increase in absorbance at 535 nm, which
sloped off and reached saturation at higher incubation time. Such increase in absorbance
at 535 nm was indicative of CM-AuNPs formation. Although kinetic plots obtained with
different CM extract concentrations were qualitatively similar, quantitative differences
were noticed. Increasing CM extract concentrations reduced the linearity zone on the time
scale, while making the regression line steeper. In other words, rate of formation of
CM-AuNPs, as obtained from the slope values of the regression lines showed positive
correlation with CM extract concentration. The initial rate constant increased by ~5 fold
upon increasing the concentration of CM extract by 2 mg/ml in the lower concentration
range (2—6 mg/ml). Subsequent increase in the CM extract concentration (6—10 mg/ml)

with 2 mg/ml intervals led to a smaller increase (2 fold) in rate constant. Such increase in
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Figure 4.4: Kinetic plots showing change in absorbance at 535 nm with time for
mixtures containing 10 ml of HAuCls (1 mM) and 4 ml of CM extract. The
concentrations of the CM extract used are shown with different symbols:
2 mg/ml (H); 4 mg/ml (@); 6 mg/ml (4); 8 mg/ml ('¥) and 10 mg/ml (®). The initial
rate constants were obtained from the slope values of the dotted lines.
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the rate of CM-AuNPs formation with increasing CM extract concentration can be

ascribed to the higher reducing agent concentration (Kumari et al., 2016).

Zeta potential measures the surface charge of NPs in a suspension, thus providing
information on the repulsive forces between particles as well as stability of NPs
suspension (Xu, 2008). Greater magnitude of zeta potential implies higher repulsive
forces between the particles, which offer higher stability to the NPs suspension (Jin et al.,
2005). In view of it, CM-AuNPs synthesized with different CM extract concentrations
were subjected to zeta potential measurements. Figure 4.5 illustrates the zeta potential
values of CM-AuNPs synthesized using different concentrations of CM extract. All CM-
AuNPs synthesized were found to possess negative zeta potential and the magnitude of
zeta potential of CM-AuNPs increased from —12.0 to —32.2 mV with increasing
concentrations of CM extract, used in their syntheses. This indicated that use of increasing
concentrations of CM extract can improve the colloidal stability of CM-AuNPs. Hence,
it was suggested that CM extract also played a role in stabilizing CM-AuNPs besides
acting as reducing agent in their syntheses. Similar results were also reported in earlier
studies, where higher amount of plant extract was found to stabilize the AuNPs (Sujitha

& Kannan, 2013; Lim et al., 2016).

4.1.3 Effect of HAuCls concentration

Since HAuCl4 is the precursor of Au’" ions, its concentration is presumed to affect
AuNPs synthesis. In order to test this hypothesis, CM-AuNPs synthesis was monitored at
increasing HAuCls concentrations using UV-Vis absorption spectral and zeta potential
measurements. Figure 4.6 shows the absorption spectra of CM-AuNPs, synthesized with
fixed concentration of CM extract (10 mg/ml) and increasing concentrations (0.5, 1, 2, 3
and 4 mM) of HAuCls upon incubation at room temperature for 24 h. The mixture

containing 0.5 mM HAuCl4 did not produce any absorption peak after 24 h of incubation.
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Figure 4.5: Zeta potential values of CM-AuNPs, synthesized using 4 ml of CM extract
at different concentrations and 10 ml of HAuCls (1 mM).
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Figure 4.6: UV-Vis absorption spectra of CM-AuNPs, synthesized using different
concentrations of HAuCls. Spectra 1-5 were obtained for the CM-AuNP mixtures
containing 4 ml of CM extract (10 mg/ml) and 10 ml of HAuCl4 (0.5, 1, 2, 3 and 4
mM), after 24h of incubation at room temperature.
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On the other hand, the intensity of the absorption band increased with the increase in
HAuCls concentration. CM-AuNPs synthesized with higher HAuCl4 concentrations (2—4
mM) produced high intensity absorption band at longer wavelength. Such characteristics
of the absorption spectra reflected formation of larger CM-AuNPs (Huang & El-Sayed,
2010). However, CM-AuNPs formed with 1 mM HAuCls showed absorption peak at
relatively shorter wavelength, which indicated formation of smaller, spherical and
monodispersed CM-AuNPs (Aromal & Philip, 2012). Since a constant amount of CM
extract (reducing and stabilizing agent) was used in all the mixtures, higher ratio of
[HAuCl4] / [CM extract] resulted in lower capping and stabilizing activity of CM extract.
Such conditions might be responsible for exposure of facets on AuNP surface for fusion

of nuclei, thus forming larger CM-AuNPs (Chen et al., 2017; Kumari et al., 2016).

Effect of HAuCl4 concentration on the zeta potential of synthesized CM-AuNPs was
also studied. Figure 4.7 shows the zeta potential of CM-AuNPs synthesized with different
concentrations (1-4 mM) of HAuCls. Mixture containing 0.5 mM HAuCls was not
subjected to zeta potential measurement, since absorption peak at around 535 nm was not
visible. As can be seen from the figure, the magnitude of zeta potential decreased with
the increase in HAuCls concentration, used in the synthesis. Such decrease in zeta
potential can be due to insufficient stabilizing agent at high HAuCls concentrations for
CM-AuNPs synthesis, as higher ratio of [HAuCl4] / [CM extract] might reduce the
stabilizing activity of CM extract. This further supported the earlier suggestion that CM

extract also act as stabilizing agent in CM-AuNPs synthesis.

In view of the above, incubation of 4 ml of CM extract (10 mg/ml) and 10 ml of
HAuCls (1 mM) for 24 h was found to produce smaller, spherical and monodispersed

AuNPs with higher stability at faster reaction rate. The yield of CM-AuNPs was found to
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Figure 4.7: Zeta potential values of CM-AuNPs, synthesized using 4 ml of CM extract
(10 mg/ml) and 10 ml of HAuCly at different concentrations.
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be 52.5%, as determined by MP-AES analysis. Therefore, these conditions were

employed to synthesize CM-AuNPs for further studies.

4.2 Characterization of CM-AuNPs

The physicochemical properties of NPs including size, shape, surface charge and
composition as well as stability can influence their distribution, uptake and toxicity
(Gatoo et al., 2014). Therefore, CM-AuNPs were characterized in terms of size, shape,
composition, identification of functional group(s) involved in AuNPs synthesis and in

vitro stability of CM-AuNPs in various media.

4.2.1 Determination of size, shape and composition

The size and shape of CM-AuNPs were determined by HRTEM and FESEM. HRTEM
images of CM-AuNPs at different magnifications are depicted in Figure 4.8. As evident
from the figure, CM-AuNPs were largely spherical in shape. The average core size of
CM-AuNPs was found to be 15.6 nm. HRTEM histogram (Figure 4.9) revealed CM-
AuNPs size distribution ranging from 2 nm to 35 nm. Size distribution of CM-AuNPs
was found to be close to normal distribution, as size of 76.8% of CM-AuNPs had fallen
in the range of 5-25 nm. In order to confirm the size of CM-AuNPs, FESEM was also
employed. Figure 4.10A illustates the FESEM image of CM-AuNPs at magnification of
50,000%, where CM-AuNPs were observed as spherical particles of ~15.0 nm diameter.
This observation further supported the results obtained from HRTEM image analysis.
Earlier studies have shown that NPs with size lesser than 5 nm easily undergo renal
clearance (Choi et al., 2007), while NPs with a size greater than 200 nm are retained in
the spleen (Blanco et al., 2015). In view of these results, AuNPs with size in the range of
10-100 nm are desirable for systemic administration (Blanco et al., 2015). Thus, CM-
AuNPs synthesized in this study fulfilled the criteria for safer usage in systemic

administration.
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Figure 4.8: TEM images of CM-AuNPs, obtained on a 300 mesh carbon-coated
copper grid at magnification of 100,000x (A) and 500,000x (B). CM-AuNPs were
synthesized using 4 ml of CM extract (10 mg/ml) and 10 ml of HAuCls (1 mM) after
24 h incubation at room temperature.
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Figure 4.9: Histogram showing size distribution of CM-AuNPs. Results were
obtained after analyzing ~ 400 particles from TEM image using Image J software. CM-
AuNPs were synthesized in the same way as described in the legend to Figure 4.8.
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Figure 4.10: (A) FESEM image (50,000 magnification) of CM-AuNPs, obtained on
a 300 mesh carbon-coated copper grid. CM-AuNPs were synthesized in the same way
as described in the legend to Figure 4.10. (B) EDX spectrum of CM-AuNPs.
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To confirm the gold composition in the newly formed CM-AuNPs, EDX spectrum of
CM-AuNPs was analysed, which is shown in Figure 10B. In line with earlier reports
(Ahmad et al., 2018; Irfan et al., 2017), apperance of a strong gold signal at 2.15 keV
confirmed the presence of elemental Au in the newly formed NPs. This clearly suggested

reduction of Au** ions to elemental Au during CM-AuNPs synthesis.

4.2.2 Identification of reactive functional group

FTIR spectroscopy was performed to investigate the involvement of functional
group(s) in the synthesis of CM-AuNPs. Figures 4.11 and 4.12 illustrate the FTIR spectra
of the untreated and the residual fraction of the CM extracts left upon CM-AuNPs
synthesis, respectively. Two intense bands appearing at 1036/1038 and 3273/3292 cm’!
in both the FTIR spectra, characterized the presence of C—OH and O-H bonds,
respectively (Smith, 1999). These results were in accordance to the chemical composition
of CM extract, showing presence of polyphenolics, curcuminoids, and terpenoids,
molecules rich in C-OH and O-H bonds (Malek et al., 2011). Other bands that were visible
in both spectra occurring at 2929/2931 and 1394/1408 signified the presence of CHz and
CH; groups. Bands observed in the wavenumber range, ~500-868 cm™' suggested the
presence of C—H groups (Smith, 1999) that were abundant in the CM extract. Occurrence
of the intense band at 1588 cm™ in the FTIR spectrum of the untreated CM extract (Figure
4.11) reflected the presence of unsaturated carbonyl groups (Bennet et al., 2015), which
are commonly found in terpenoids. Interestingly, the intensity of this band was
significantly reduced and showed a shift to 1610 cm™ in the FTIR spectrum of the residual
fraction (Figure 4.12), obtained after the reduction of Au®’. These results clearly
suggested that the carbonyl groups of terpenoids present in the CM extract reduced Au**

in the synthesis of CM-AuNPs.
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Figure 4.11: FTIR spectrum of oven-dried (60 °C) CM extract in the wavenumber range of 450 to 4000 cm™.
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Figure 4.12: FTIR spectrum of freeze-dried residue fraction of CM extract left upon CM-AuNPs synthesis, in the wavenumber range of 450 to

4000 cm™.
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CM extract is composed of terpenoids, such as labda-8(17),12-diene-15,16-dial;
15,16-bisnor-labda-8(17),11-diene-13-on; calcatarin and zerumin A (Liu & Nair, 2011;
Malek et al., 2011). Except 15,16-bisnor-labda-8(17),11-diene-13-on, which contains a
keto group, rest of the above terpenoids possess aldehyde groups. These carbonyl
compounds are capable of reducing Au** to Au. The FTIR spectral results, obtained in
this study were in agreement to a previous study, showing predominant involvement of

carbonyl group(s) in the reduction of Au** ions (Rajan et al., 2014).

Based on the FTIR results as well as published reports, the mechanism of CM-AuNPs
formation can be proposed, as shown in Figure 4.13. In the first step of CM-AuNPs
synthesis, the precursor Au®" ions were reduced to Au by the carbonyl groups of
terpenoids. Nucleation process then occurred, where the gold atoms aggregated and led
to the nuclei formation. The newly formed nuclei coalesced and contributed to the growth
of CM-AuNPs (Aziz et al., 2014; Polte et al., 2010). Terpenoids with carboxyl groups,
such as longpene A, coronadiene and zerumin A can bind to AuNP surfaces and act as a

stabilizing agent (Aziz et al., 2014), which stopped further growth of CM-AuNPs.

4.2.3  Effect of buffers / media on zeta potential and hydrodynamic size
Physicochemical changes in CM-AuNPs, occurred, if any, upon 24 h incubation at
room temperature in various buffers / media were studied by zeta potential and
hydrodynamic size measurements. Zeta potential values of CM-AuNPs, suspended in
different buffers or media are shown in Table 4.1. CM-AuNPs, suspended in water
showed a zeta potential value of —38.2 + 0.6 mV. A smaller decrease in the zeta potential
was noticed upon their suspension in HSA (0.5% w/v) or PBS (pH 9.0). Lowering the pH
value of PBS from pH 9.0 to pH 5.0 or addition of DMEM media led to gradual decrease
in the magnitude of zeta potential of CM-AuNPs. Such decrease in the zeta potential can

be attributed to either protonation of ionizable groups or increase in ionic strength, which
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Figure 4.13: Proposed mechanism for the formation of CM-AuNPs, synthesized using CM extract as a reducing and stabilizing agent.



Table 4.1: Zeta potential values of CM-AuNPs after 24 h incubation in different
buffers / media. *Significantly different from the negative control value (p < 0.05),
as analyzed by one-way ANOVA.

Zeta Potential

Physiological Media (mV)

PBS (pH 5.0) —26.4 £+ 1.0*
PBS (pH 7.4) —29.2 +£0.8*
PBS (pH 9.0) -33.3+£0.6*
HSA (0.5 % w/v) —34.4+1.0*
DMEM -20.9+0.4*
DMEM + FBS (10% v/v) —13.5+0.1*
Ultrapure water (Negative control) —38.2+0.6

87



might have disrupted the surface charges of CM-AuNPs (Yallapu et al., 2015; Pfeiffer et
al., 2014). CM-AuNPs, suspended in DMEM media + FBS (10% v/v) showed a marked
decrease in the zeta potential, which might be explained due to formation of protein
corona on the surface of CM-AuNPs, responsible for screening the negative surface
charges (Goy-Lopez et al., 2012). However, no visible aggregation of CM-AuNPs was

observed in DMEM media + FBS (10% v/v) despite the low zeta potential value.

The hydrodynamic size of CM-AuNPs in suspension was measured using DLS
technique. Table 4.2 shows the hydrodynamic size of CM-AuNPs, obtained after 24 h
incubation at room temperature in different buffers / media. The hydrodynamic size of
CM-AuNPs in water was determined to be 78.7 + 0.5 nm, which was much larger than
the value of the particle size, obtained from TEM analysis. This was due to different
measurement analysis, used in these techniques. Whereas, DLS measures hydrodynamic
size, which includes NPs’ coating, TEM measures only the core size of NPs (Mefford et
al., 2008). Therefore, the hydrodynamic size of NPs is usually bigger than the core size,
determined by TEM (Regmi et al., 2011). No significant change in the hydrodynamic size
of CM-AuNPs was noticed upon their suspension in PBS (pH 5.0), HSA (0.5% w/v) or
DMEM media. On the other hand, the hydrodynamic size of the CM-AuNPs was
significantly reduced upon their suspension in PBS of higher pH values, i.e., pH 7.4 and
pH 9.0. Surprisingly, CM-AuNPs incubated in DMEM + FBS (10% v/v) showed ~46%
increase in the hydrodynamic size. Such increase seems to be a common phenomenon,
where proteins present in FBS form protein corona after being adsorbed on NPs surface,
thus contributing to their bigger size (Yallapu et al., 2015). This was in agreement to a
previous report, where serum was found to promote ~3 fold increase in NPs size

(Caracciolo et al., 2010).
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Table 4.2: Hydrodynamic size of CM-AuNPs after 24 h incubation in different
buffers / media. *Significantly different from the negative control value (p < 0.05),

as analyzed by one-way ANOVA.

Physiological Media

Hydrodynamic Size
(nm)

PBS (pH 5.0)

PBS (pH 7.4)

PBS (pH 9.0)

HSA (0.5% w/v)

DMEM

DMEM + FBS (10% v/v)

Ultrapure water (Negative control)

829+1.0

55.4+1.5%

68.8 £ 2.0*

77.3+1.3

758+ 1.8

114.7 + 1.4%*

78.7+0.5
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4.2.4  Invitro stability

The stability of NPs in buffer and biological media is considered to be an essential
criterion before their use in cell-based studies or systemic use. This is important since the
bloodstream or culture media contain serum proteins, electrolytes, nutrients and
metabolites that contribute to a high ionic strength, which may lead to aggregation of
these NPs (Sperling & Parak, 2010). Aggregation of chemically-synthesized AuNPs in
the blood stream has been reported in an earlier study, which can limit their use for in

vivo human applications (Eghtedari et al., 2009).

In order to check if CM extract had stabilized the AuNPs against such aggregation,
stability of CM-AuNPs was investigated by suspending them in PBS (pH 5.0), PBS (pH
7.4), PBS (pH 9.0), HSA (0.5% w/v), DMEM, DMEM + FBS (10% v/v) and water
(negative control). As shown in Figure 4.14A, UV-Vis absorption spectra of CM-AuNPs
in water was characterized by the presence of an SPR band at 535 nm. Although a
decrease in the absorbance value of the SPR band was noticed in different buffers / media
compared to the value obtained with water after 24 h incubation at room temperature,
peak shape of the absorption band was retained in all cases (Figure 4.14A). Whereas, ~9—
12 % decrease in the absorbance value was observed in the presence of PBS (pH 5.0) /
HSA (0.5% w/v) / DMEM, other media [PBS (pH 7.4) / PBS (pH 9.0) / DMEM + FBS
(10 % v/v)] produced ~20 % decrease in the absorbance. Since the absorption band of
CM-AuNPs was not markedly affected upon suspending them in all the above buffers /
media, it is presumed that CM-AuNPs remained stable under these conditions. This was
verified by testing the stability of citrate-AuNPs in the above buffers / media and the
results are shown in Figure 4.14B. As can be seen from the Figure 4.14B, the SPR band
of citrate-AuNPs which occurred at 520 nm, disappeared completely or markedly reduced
in intensity. This was accompanied by the appearance of a new absorption peak at longer

wavelength upon their suspension in PBS of different pH and DMEM media. These
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Figure 4.14: UV-Vis absorption spectra of CM-AuNPs (A) and citrate-AuNPs (B)
after 24 h incubation in various media. CM-AuNPs were synthesized in the same way
as described in the legend to Figure 4.10. Different media used are shown with
different colours: PBS-pH 5.0 (black); PBS-pH 7.4 (red); PBS-pH 9.0 (light blue);
HSA (0.5% w/v) (pink); DMEM (green); DMEM + 10% FBS (dark blue) and
DI water (purple).
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results indicated aggregation of citrate-AuNPs. Similar results have been reported earlier
on chemically-synthesized AuNPs, such as citrate-AuNPs and CTAB-AuNPs, which
were found unstable and had undergone aggregation in PBS (Du et al., 2012; Wang et al.,
2014). The SPR band of citrate-AuNPs suspended in HSA (0.5% w/v) or DMEM + FBS
(10% v/v) retained characteristic features (peak shape and absorbance value) as shown by
the negative control. This can be ascribed to the adsorption of proteins, present in FBS or
HSA on the surface of AuNPs, which prevented their aggregation (Cafiaveras et al., 2012;
Goy-Lopez et al., 2012). In view of the above, CM-AuNPs were found to be more stable
than citrate-AuNPs, as evident from the retention of the SPR band as well as absence of
longer wavelength peak in different buffers / media. Terpenoids, present in the CM extract
might have added more to steric repulsion in addition to electrostatic repulsion in order
to stabilize CM-AuNPs in high ionic strength buffers / media. On the other hand, citrate-
AuNPs, which are stabilized predominantly by electrostatic repulsion, required addition
of proteins or polymers to prevent their aggregation in buffers / media (Shi et al., 2012;
Liuetal., 2007). Thus, CM-AuNPs offer additional advantage over the use of chemically-

synthesized AuNPs for biological applications.

4.3 Biocompatibility of CM-AuNPs

Biocompatibility of NPs is an important criterion for therapeutic applications of NPs,
so as to produce minimal effect on normal cells. Earlier reports have shown abnormal
sedimentation, hemagglutination and hemolysis of RBCs upon treatment with various
NPs (Lin & Haynes, 2010; Khullar et al., 2012; Li et al., 2008). Therefore, it is essential
to evaluate the cytotoxicity and hemocompatibility of CM-AuNPs, synthesized in this

study.
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43.1  Cytotoxicity

In order to investigate the in vitro toxicity profile of CM-AuNPs, cells were treated
with CM-AuNPs for a desired time period and cell viability was checked using MTT
assay. MTT is a water-soluble yellow tetrazolium dye, which can only be reduced by live
cells to produce a water-insoluble purple formazan product. MTT assay is more
convenient compared to other cytotoxic assays as no washing steps are required after

removal of aqueous medium prior to solubilization of MTT-formazan product.

Two normal human fibroblast cell lines, i.e., human colon fibroblast cells (CCD-18Co)
and human lung fibroblast cells (MRC-5) were employed to check cytotoxicity of CM-
AuNPs. The percentage viability of CCD-18Co cells after treatments with increasing
concentrations of CM-AuNPs for 24 h and 72 h is shown in Figures 4.15A and B,
respectively. As evident from Figure 4.15A, treatment of cells with increasing
concentration of CM-AuNPs up to 50 pg/ml for 24 h did not produce any toxic effect, as
> 90% cell viability was observed under these conditions. On the other hand, increasing
the incubation time to 72 h produced significant (~39%) inhibition of cell viability upon
treatment with 50 pg/ml CM-AuNPs (Figure 4.15B). Greater than 80% cell viability was
noticed upon treatment with CM-AuNPs’ concentrations up to 25 pg/ml for 72 h (Figure

4.15B).

Figures 4.16A and B illustrate the percentage viability of MRC-5 cells after CM-
AuNPs treatment with increasing concentrations for 24 h and 72 h, respectively. MRC-5
cells did not experience any toxicity of CM-AuNPs up to 25 pg/ml concentration for both
24 h and 72 h treatments, as > 80% cell viability was observed under these conditions.
However, treatment with higher concentration of CM-AuNPs (50 pg/ml) showed a
pronounced toxic effect to MRC-5 cells, as ~71% and ~16% cells remained viable upon

24 h and 72 h treatments, respectively.
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Figure 4.15: Bar diagram showing percentage viability of CCD-18Co cells after
treatment with increasing concentrations of CM-AuNPs for 24 h (A) and 72 h (B), as
analyzed by MTT assay. The concentrations of CM-AuNPs used are shown with
different colours: 3.13 pug/ml (mEm); 6.25 pg/ml (=@ ); 12.50 pg/ml (= );
25.00 pg/ml (=9) and 50.00 pg/ml (mm).
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Figure 4.16: Bar diagram showing percentage viability of MRC-5 cells after treatment
with increasing concentrations of CM-AuNPs for 24 h (A) and 72 h (B), as analyzed
by MTT assay. The concentrations of CM-AuNPs used are shown with different
colours: 3.13 pg/ml (mm); 6.25 pg/ml (232); 12.50 pg/ml (mm); 25.00 pg/ml (3) and
50.00 pg/ml (mm).
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To check if CM extract had contributed towards toxicity of CM-AuNPs, cytotoxicity
of CM extract on both of these cell lines was also investigated. The percentage viability
of CCD-18Co and MRC-5 cells after treatment with increasing concentrations of CM
extract for 24 h and 72 h was checked by MTT assay and the results are depicted in
Figures 4.17 and 4.18, respectively. As evident from these figures, treatment of cells with
CM extract at increasing concentrations up to 50 pug/ml for 24 h as well as 72 h did not
produce any toxic effect, as the percentage viability was found to be > 95% in both

CCD-18Co and MRC-5 cells.

The cytotoxicity results, as described above suggested that CM-AuNPs with
concentrations up to 25 pg/ml did not produce any toxic effect on the two normal human
fibroblast cell lines. Such non-toxicity of CM-AuNPs can be attributed to the
biocompatibility of CM extract, which was used as a stabilizing agent in the preparation
of CM-AuNPs. On the contrary, residual contamination from synthesis or desorption of
the stabilizing agent from AuNPs often contribute to the toxicity of chemically-
synthesized AuNPs. For example, the common capping agent, CTAB, used in the
preparation of gold nanorods, has been found to be highly toxic to cells, which may
contribute to the cytotoxicity of CTAB-capped gold nanorods at nanomolar
concentrations. Therefore, overcoating the CTAB-capped gold nanorods with polymers
is required to reduce the toxicity of CTAB-capped gold nanorods (Alkilany et al., 2009).
Herein, we demonstrated the use of phytochemicals as biocompatible capping agents,

which might be a better option for the biological applications of AuNPs.

43.2 Hemocompatibility
Hemocompatibility test is an important parameter to evaluate the toxicity profile of
nanoparticles for intravenous use. Both hemolysis and aggregation of RBCs were

examined to measure the loss of RBCs, if it occurs, upon exposure to CM-AuNPs.
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Figure 4.17: Bar diagram showing percentage viability of CCD-18Co cells after
treatment with increasing concentrations of CM extract for 24 h (A) and 72 h (B), as
analyzed by MTT assay. The concentrations of CM extract used are shown with
different colours: 3.13 pg/ml (mm); 6.25 pg/ml (m=@); 12.50 pg/ml (A );
25.00 pg/ml (=3) and 50.00 pg/ml (=m).
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Figure 4.18: Bar diagram showing percentage viability of MRC-5 cells after treatment
with increasing concentrations of CM extract for 24 h (A) and 72 h (B), as analyzed
by MTT assay. The concentrations of CM extract used are shown with different
colours: 3.13 pg/ml (mm); 6.25 pg/ml (E32); 12.50 pg/ml (mm); 25.00 pg/ml (=3) and
50.00 pg/ml (mmm).
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The hemolysis assay is a colorimetric assay, used to estimate the amount of released
red-colored hemoglobin, which indicate the extent of damage of RBCs (Evani &
Ramasubramanian, 2011). Hemolytic results of RBCs, incubated with increasing
concentrations of different AuNPs as well as CM extract alone are shown in Figure 4.19.
As evident from Figure 4.19, percentage hemolysis of RBCs was found to be < 10%,
upon exposure to either CM-AuNPs or CM extract, being ~10 % and 0 %, respectively.
A value of percentage hemolysis < 10% has been considered as the safe hemolytic ratio
for biomaterials according to ISO/TR7406 (Jain et al., 2016). On the other hand, exposure
of RBCs to CTAB-AuNPs of concentrations 25 and 50 pg/ml resulted in 45 % and 96 %

hemolysis, respectively.

Microscopic images, shown in Figure 4.20 depict results of RBCs’ aggregation assay
upon treatment with increasing concentrations of CM-AuNPs / CM extract / CTAB-
AuNPs. RBCs treated with either CM-AuNPs or CM extract maintained healthy smooth
biconcave shape and possessed similar morphology, as noticed with the negative control.
No clear aggregation was observed in the RBCs treated with CM-AuNPs or CM extract
at all the concentrations tested. On the other hand, RBCs treated with lower
concentrations (3—-12.5 pg/ml) of CTAB-AuNPs showed cell deformation, while
treatment with higher concentrations (25 pg/ml) resulted in hemolysis of RBCs. For
treatment with 50 pg/ml of CTAB-AuNPs, only cell debris was visible due to complete

hemolysis of RBCs.

In view of the above results, CM-AuNPs were found to possess good
hemocompatibility due to low percentage hemolysis and lack of RBC aggregation up to
50 pg/ml treatment. The hemocompatible characteristic of CM-AuNPs can be attributed
to its negative surface charge, contributed by the carboxylate group of terpenoids present

in CM extract, as negative surface charged-NPs have been found to be more
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Figure 4.19: Percentage hemolysis of human red blood cells after incubation with
increasing concentrations of AuNPs or CM extract for 5 h at 37°C. Different AuNPs
or CM extract are shown with different symbols: CTAB-AuNPs ( "% ),
CM-AuNPs (48), Citrate-AuNPs (-&) and CM extract (-®-).
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Figure 4.20: Micrographs (100x magnification) of red blood cells after incubation
with increasing concentrations of CM-AuNPs, CM extract and CTAB-AuNPs for 2 h
at 37°C.
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biocompatible (Alkilany et al., 2009). On the other hand, desorption of CTAB from
CTAB-AuNPs seems to be responsible for significant hemolysis of RBCs. This was in
agreement with a previous report, suggesting RBCs lysis at lower concentrations of free
CTAB molecules (Lin & Haynes, 2010). Besides, the positive surface charge of CTAB-
AuNPs might be responsible for attachment of CTAB-AuNPs to RBCs, thus leading to

their lysis.

4.4 Interaction of CM-AuNPs with HSA

Upon NPs administration into circulatory system, proteins can form a dynamic layer
around NPs, known as the protein corona (Wolfram et al., 2014). Interaction of NPs with
proteins can affect their biodistribution, uptake, efficacy and cytotoxicity (Wolfram et al.,
2014; Nguyen & Lee, 2017). The major transport protein found in human plasma, namely,
HSA is known to bind different ligands including NPs (Yamasaki et al., 2013; Cafaveras
et al., 2012). Earlier reports have shown that adsorption of albumin on NPs surface can
reduce their cytotoxicity (Peng et al., 2013; Tedja et al., 2012). In addition, protein corona
enriched with albumin or apolipoproteins on NPs was found to reduce macrophage
recognition and complement activation, thus prolonged NPs blood circulation time
(Nguyen & Lee, 2017; Peng et al., 2013). In view of the above, it would be important to

study the binding characteristics of CM-AuNP to HSA.

4.4.1 Fluorescence quenching

The interaction of nanoparticles with proteins often leads to changes in the
fluorescence properties of the biomolecule. Thus, intrinsic fluorescence quenching was
employed to study the interaction of CM-AuNP with HSA (Boulos et al., 2013; Sharma
& TIlanchelian, 2015). Figure 4.21 illustrates the fluorescence spectra of HSA in the
absence and presence of increasing CM-AuNP concentrations at 25 °C, upon excitation

at 295 nm. These spectra were obtained after treating the measured fluorescence spectra
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for inner filter effect correction according to Eq. (3) in order to avoid the interference of
light absorption by CM-AuNPs. As can be seen from Figure 4.21, free HSA showed an
emission maximum at 343 nm. The excitation wavelength of 295 nm was selected to
avoid the contribution from tyrosine (Tyr) residues. Hence, the fluorescence spectrum
observed was solely contributed by the lone Trp residue, located at position 214 in the
primary sequence of HSA (Peters Jr, 1996). Addition of increasing CM-AuNP
concentrations quenched HSA fluorescence gradually without noticeable change in the
emission maximum (Figure 4.21). Reduction in the fluorescence intensity can be ascribed
to the changes in the polarity of the microenvironment around Trp residue due to either
movement of charged groups in its vicinity or its exposure to polar environment (Khanna
et al., 1986). Either one or both of these mechanisms seem to be responsible for the

decrease in the fluorescence intensity upon complexation of CM-AuNP with HSA.

The fluorescence quenching of HSA can be characterized as either dynamic quenching
or static quenching. These two quenching mechanisms can be distinguished by their
temperature dependence or by lifetime measurements (Lakowicz, 2006). Increase in
temperature results in larger diffusion coefficient, thus, increases dynamic quenching and
the Stern-Volmer constant (K, ), while dissociation of weakly-bound complex can occur
at higher temperature, thus decreases static quenching and K, (Lakowicz, 2006). In
order to characterize the mechanism of CM-AuNP-induced quenching of HSA
fluorescence, titration experiments were performed at three different temperatures. The
results of the fluorescence quenching titrations obtained at 30 °C and 35 °C are shown in
Figures 4.22 and 4.23, respectively. The fluorescence quenching data were treated
according to Eq. (4) and the resulting Stern-Volmer plots for CM-AuNP-HSA system,
obtained at 25, 30 and 35 °C are depicted in Figure 4.24. Values of the K, were obtained

from the slope of the Stern-Volmer plots and are given in Table 4.3.
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Figure 4.21: Quenching of HSA fluorescence induced by CM-AuNPs addition.
Spectrum 1 refers to the fluorescence spectrum of HSA (5 uM), while spectra 2—7
were obtained in the presence of increasing CM-AuNP concentrations (5-30 uM with
5 uM intervals). The spectra were recorded in 60 mM sodium phosphate buffer,
pH 7.4 at 25 °C, upon excitation at 295 nm. The fluorescence spectrum of free CM-
AuNPs (30 uM) is shown by dotted line.
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Figure 4.22: Quenching of HSA fluorescence induced by CM-AuNPs addition.
Spectrum 1 refers to the fluorescence spectrum of HSA (5 uM), while spectra 2—7
were obtained in the presence of increasing CM-AuNP concentrations (5-30 uM with
5 uM intervals). The spectra were recorded in 60 mM sodium phosphate buffer,
pH 7.4 at 30 °C, upon excitation at 295 nm.
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Figure 4.23: Quenching of HSA fluorescence induced by CM-AuNPs addition.
Spectrum 1 refers to the fluorescence spectrum of HSA (5 uM), while spectra 2—7
were obtained in the presence of increasing CM-AuNP concentrations (5-30 uM with
5 uM intervals). The spectra were recorded in 60 mM sodium phosphate buffer,
pH 7.4 at 35 °C, upon excitation at 295 nm.

106



1.6

m 298K (r = 0.990)

" e 303K (r=0.995)

A 308K (r = 0.998)
1.4
. -
= 12t
1.0 F

] ) ] ) | \ ]

0 10 20 30
[CM-AuNP] x 10° (M)

Figure 4.24: Stern-Volmer plots for quenching of HSA fluorescence induced by
CM-AuNPs addition, acquired at three different temperatures. The plots were obtained
by treating the fluorescence quenching data (Figures 4.21-4.23) according to Eq. (4).
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Table 4.3: Values of the Stern-Volmer constant, binding constant and Hill
coefficient for the interaction of CM-AuNP with HSA, obtained from the
fluorescence quenching titration experiments at three different temperatures.

25 0.94+£0.01 1.44 +0.02 0.97 £0.06 1.03£0.05
30 1.14+0.03 1.72 £ 0.08 1.33£0.06 1.04 +£0.03
35 1.52+£0.05 2.34+0.11 1.54 +£0.07 1.01 £0.08
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As can be seen from Table 4.3, value of K increased with increasing temperature,
thus characterizing the CM-AuNP-induced quenching of HSA fluorescence as dynamic
quenching. These results were in line with the findings reported earlier, where the
quenching of HSA fluorescence by gold nanoclusters was characterized as collisional
quenching (Yin et al., 2017). The values of the bimolecular quenching rate constant (k)
were obtained by substituting the value of K, into Eq. (4) and are also listed in Table
4.3. Value of kg, which is an indicator for the efficiency of quenching or fluorophore
accessibility to the quencher has been suggested to lie in the range of 10'° M!s! for
diffusion-controlled quenching (Lakowicz, 2006). However, several earlier reports have
characterized the ligand-induced quenching of protein fluorescence as dynamic
quenching based on the positive correlation of Kg, with temperature, even though the k,
values obtained in these studies had fallen in the range of 10! or higher (Li et al., 2013;
Lakshmi et al., 2017; Yin et al., 2017). Involvement of dynamic quenching was further
supported by time-resolved fluorescence data in these studies (Li et al., 2013; Lakshmi et
al., 2017). In view of the above, it seems plausible to assume dynamic quenching as the
mechanism involved in the CM-AuNP-induced quenching of HSA fluorescence, based

on the positive correlation of K, with temperature.

4.4.2 Binding constant and thermodynamic parameters

Assuming independent binding of CM-AuNP to its binding site on HSA, values of the
binding constant, K, of CM-AuNP-HSA interaction at different temperatures were
obtained after treating the fluorescence quenching data according to the double
logarithmic equation (Eq. (5)). Figure 4.25 shows the double logarithmic plots, obtained
at three different temperatures. The K,values, as obtained from the intercept of these plots
are listed in Table 4.3. The K, values were found to lie in the range of 0.97—

1.54x10* M™!, indicating moderate binding affinity between CM-AuNP and HSA.
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Figure 4.25: Double logarithmic plots of log (Fo — F) / F versus log [1 / ([Lt] — (Fg —
F) [Pr] / Fy)] for the fluorescence quenching data of CM-AuNP-HSA interaction,
acquired at three different temperatures. The plots were obtained by treating the
fluorescence quenching data (Figures 4.21-4.23) according to Eq. (5).
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Increasing trend of the K, value with temperature also suggested CM-AuNP-induced
quenching mechanism as dynamic quenching. The slope value from the double
logarithmic plot yielded Hill coefficient, ‘n’. As shown in Table 4.3, value of ‘n’ was
found to be close to 1.0, which suggested non-cooperative binding of the protein

molecules on the nanoparticles’ surface (Weiss, 1997; Sharma & Ilanchelian, 2015).

In order to characterize the forces involved in CM-AuNP-HSA interaction,
temperature dependence of the binding constant was analyzed by using Eq. (6). No
structural change in the protein is expected to occur within the selected temperature range,
as the protein is known to remain stable within this range (Sun et al., 2009). Figure 4.26
shows the van’t Hoff plot for CM-AuNP-HSA interaction. Values of the enthalpy change
(4H) and the entropy change (4S) of the binding reaction were obtained from the slope

and intercept, respectively, of the van’t Hoff plot.

Substitution of 4H and 4S values into Eq. (7) yielded values of the Gibbs free energy
change (4G) at different temperatures. The values of 4H, A4S and AG are tabulated in
Table 4.4. The negative values of 4G indicated spontaneous binding reaction between
HSA and CM-AuNPs. The binding reaction was found to be entropically driven (4§ =
+195.6  mol ! K1), as the larger 74S value offsets the positive value of 4H, thus making
the 4G value negative. Positive value of A4S can be ascribed to the disruption of the
ordered water molecules upon CM-AuNP-HSA complex formation, that were previously
arranged in an organized fashion around CM-AuNPs as well as protein molecules in their
free forms. The hydrophobic amino acid residues in HSA, which were previously exposed
to water molecules seem to have been buried upon binding of CM-AuNP, thus resulted
in removal of these water molecules from the binding site (Ross & Subramanian, 1981;
Amroabadi et al., 2018). Although a positive value of 4S5 also suggest the involvement of

electrostatic interactions, the value of 4H has been found to be either extremely small or
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Figure 4.26: van’t Hoff plot for the interaction between CM-AuNP and HSA.
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Table 4.4: Thermodynamic parameters for the interaction of CM-AuNP with
HSA, obtained from the fluorescence quenching titration experiments at three
different temperatures.

A4S

(J mol'' K1)
25 -22.8
30 +195.6 +35.5 -23.8

35 -24.8
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close to zero for these interactions (Ross & Subramanian, 1981). Since the value of 4H,
as obtained in this study for CM-AuNP-HSA interaction was found to be +35.5 kJ mol™!,
involvement of electrostatic interactions can be ruled out. In view of this, interaction of
CM-AuNP with HSA is supposed to be facilitated by hydrophobic forces. Involvement
of hydrophobic interactions in the CM-AuNP binding to HSA was further supported by
the positive signs of AH and 48, as suggested by Ross and Subramanian (1981). It seems
plausible to consider the involvement of hydrophobic forces in CM-AuNP-HSA
interaction due to the presence of cyclic hydrocarbon structures in terpenoids, the major
components of the CM extract (Foo et al., 2017). In previous reports, interaction between
serum albumin and metallic NPs has also been shown to be stabilized by hydrophobic

interactions (Bhogale et al., 2014; Yin et al., 2017).

44.3  Absorption spectra

CM-AuNP-induced quenching mechanism of HSA fluorescence was further verified
by UV-vis absorption spectral analysis. According to Lakowicz (2006), dynamic
quenching only affects the excited state of the fluorophore (Trp) without changing its
absorption spectra. UV-vis absorption spectra of HSA in the absence and presence of
CM-AuNPs (60 and 120 uM) are illustrated in Figure 4.27. These absorption spectra were
obtained after subtracting the absorption spectrum of free CM-AuNPs from the
absorption spectra of CM-AuNP-HSA mixtures. Presence of an absorption maximum at
278 nm in the absorption spectrum of HSA was due to the aromatic amino acid residues
in HSA (Sharma & Ilanchelian, 2015). No significant difference in the peak position and
the peak amplitude was observed in the absorption spectrum of HSA upon addition of
CM-AuNPs (Figure 4.27). This observation further supported the involvement of
dynamic quenching in the CM-AuNP-HSA system and was in agreement with a previous

report on the binding of gold nanoclusters to HSA, where dynamic quenching was also
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Figure 4.27: UV-Vis absorption spectra of HSA in the absence and presence of
CM-AuNPs. Spectrum 1 refers to the absorption spectrum of HSA (20 uM), while
spectra 2 and 3 were obtained in the presence of CM-AuNPs at concentrations of 60
and 120 puM, respectively. The spectra were recorded in 60 mM sodium phosphate
buffer, pH 7.4 at 25 °C. The spectra (2 and 3) were acquired after subtracting the
absorption spectra of CM-AuNPs from the respective absorption spectra of
CM-AuNP-HSA mixtures.
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proved by the absence of absorption spectral changes upon addition of the nanoclusters

(Yin et al., 2017).

44.4  Circular dichroism spectra

The influence of CM-AuNP interaction with HSA on the secondary and tertiary
structures of the protein was evaluated by far-UV and near-UV CD spectral analyses.
Figures 4.28 and 4.29 represent the far-UV and the near-UV CD spectra of HSA,
respectively, in the absence and presence of CM-AuNP ([CM-AuNP]:[HSA] = 6:1). The
distribution of different secondary structures in native HSA has been reported as ~70%
a-helix, ~4% B-sheet, ~10% B-turn and ~12% random coil (Ali et al., 2016). Dominance
of the a-helical structure in the protein was evidenced by the appearance of two minima
at 208 and 222 nm (Kelly et al., 2005) in the far-UV CD spectrum of HSA (Figure 4.28).
Overlapping of the far-UV CD spectra displayed by CM-AuNP-HSA mixture and HSA
apparently suggested absence of secondary structural change in the protein upon binding
to CM-AuNP. A similar observation has been reported by Yallapu et al. (2015), where
the interaction of magnetic NPs with human serum protein did not produce significant
change in the secondary structure of the protein. Since the far-UV CD spectrum represents
the average secondary structures of a protein, it seems probable that there had been
secondary structural changes among different secondary structures of the protein upon

CM-AuNP binding but were not detectable by the far-UV CD spectra.

The near-UV CD spectrum of HSA was characterized by the appearance of two
minima around 261 and 268 nm and shoulders around 282 and 291 nm, which can be
attributed to the aromatic chromophores and disulfide bonds present in the protein (Sun
et al., 2005). Addition of CM-AuNPs to HSA produced significant change in the near-
UV CD spectrum of HSA, suggesting alteration in the tertiary structure of HSA upon

interaction of CM-AuNP with HSA. These results were in agreement with earlier
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Figure 4.28: Far-UV CD spectra of HSA (5 uM) in the absence (solid line) and
presence (dotted line) of CM-AuNPs (30 uM), obtained in 60 mM sodium phosphate
buffer, pH 7.4 at 25 °C.
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Figure 4.29: Near-UV CD spectra of HSA (10 puM) in the absence (solid line) and
presence (dotted line) of CM-AuNPs (60 uM), obtained in 60 mM sodium phosphate
buffer, pH 7.4 at 25 °C.
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reports, suggesting tertiary structural changes in protein in the presence of nanoparticles

(Aghili et al., 2016; Cukalevski et al., 2011).

4.4.5 Three-dimensional fluorescence spectra

Three-dimensional (3D) fluorescence spectra were used to monitor the changes in the
microenvironment around Tyr and Trp residues of the protein upon its complexation with
CM-AuNP. Figures 4.30—4.32 illustrate the 3D fluorescence spectra and corresponding
contour maps of HSA, CM-AuNP-HSA (3:1) and CM-AuNP-HSA (6:1), respectively. In
order to check the fluorescence contribution of CM-AuNPs, 3D fluorescence spectrum of
CM-AuNPs was also studied and the results are shown in Figure 4.33. The 3D
fluorescence spectral characteristics of the above samples are summarized in Table 4.5.
As evident from Figures 4.30—4.32 and Table 4.5, four peaks were observed in the 3D
fluorescence spectra of HSA as well as CM-AuNP-HSA mixtures. Two of the peaks,
namely, ‘a’ and ‘b’ were characterized as scattering peaks, representing the first-order
Rayleigh scattering peak (Aex= Aem) and the second-order Rayleigh scattering peak (2Aex=
hem), respectively. These peaks were visible in all 3D fluorescence spectra including the
one obtained with CM-AuNPs (Figure 4.33). On the other hand, origin of peak 1 (Aex=
280 nm; Aem= 338/339 nm) and peak 2 (Aex= 230 nm; Aem= 335-338 nm) can be ascribed
to the fluorescence spectral characteristics of aromatic fluorophores (Trp and Tyr) of the
protein (Bortolotti et al., 2016). Addition of CM-AuNPs to the protein solution produced
significant decrease in the fluorescence intensity of both peaks, being 23% and 22% in
peak 1 and peak 2, respectively, at CM-AuNP:HSA molar ratio of 3:1 (Table 4.5). The
percentage decrease in the fluorescence intensity became more pronounced (~40% and
36% decrease in peaks 1 and 2, respectively) at higher (6:1) CM-AuNP:HSA molar ratio
(Table 4.5). A marginal red shift (1-3 nm) in the emission maxima of these peaks was
also observed. Decrease in the fluorescence intensity along with red shift in the emission

maximum usually occurs upon transferring the fluorophores (Tyr/Trp) from non-polar
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Figure 4.30: Three-dimensional fluorescence spectrum and corresponding contour
map of HSA (5 uM), obtained in 60 mM sodium phosphate buffer, pH 7.4 at 25 °C.
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Figure 4.31: Three-dimensional fluorescence spectrum and corresponding contour
map of HSA (5 uM) in the presence of CM-AuNPs (15 uM), obtained in 60 mM
sodium phosphate buffer, pH 7.4 at 25 °C.
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Figure 4.32: Three-dimensional fluorescence spectrum and corresponding contour
map of HSA (5 uM) in the presence of CM-AuNPs (30 uM), obtained in 60 mM
sodium phosphate buffer, pH 7.4 at 25 °C.
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Figure 4.33: Three-dimensional fluorescence spectrum and corresponding contour
map of CM-AuNPs (30 uM), obtained in 60 mM sodium phosphate buffer, pH 7.4 at
25 °C.
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Table 4.5: Three-dimensional fluorescence spectral characteristics of HSA in the
absence and presence of CM-AuNPs as well as free CM-AuNPs, obtained at 25 °C.

Peak Position
[)\.ex/ Aem (nm/ n m)]

Intensity

(" a
b
HSA (5 M) <
1
2
~
" a
b
[CM-AuNP]:[HSA]
(3:1) < |
_ 2
(" a
b
[CM-AUNPLHSA]
(6:1) |
2
\

CM-AuNP (30 M)

230/230 — 350/ 350

250/500

280/338

230/335

230/230 — 350/ 350

250/500

280/339

230/336

230/230 — 350 /350

250/500

280/339

230/338

230/230 — 350/ 350

250/500

18.0 > 95.5

105.0

470.6

94.2

19.2 — 395.8

219.3

363.7

73.7

20.1 —» 631.4

281.3

2823

60.5

76.9 — 636.4

311.6
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to polar medium (Ghisaidoobe & Chung, 2014). In view of this, presence of CM-AuNP
in the mixture had led to the change in the microenvironment around Tyr and Trp residues

of HSA from non-polar to polar, thus suggesting complexation between CM-AuNP and

HSA.

4.4.6 Identification of CM-AuNP binding site on HSA
Site marker displacement experiments using site-specific markers, i.e., WFN and ANS
were performed to characterize the binding site of HSA involved in the interaction with

CM-AuNPs.

WEN binds specifically to Sudlow’s site I, located in subdomain ITA of HSA
(Yamasaki et al., 1996). The WFN-HSA complex produced an emission peak at 385 nm
upon excitation at 335 nm (Figure 4.34A). No significant change in the fluorescence
intensity at 385 nm was observed upon addition of CM-AuNPs. This can be clearly seen
from Figure 4.34B, where relative fluorescence intensity at 385 nm is plotted against CM-
AuNP concentration. As evident from the Figure 4.34, treatment of WFN-HSA (1:1)
complex with increasing concentrations of CM-AuNPs (5-100 uM) did not significantly
affect the fluorescence signal of the WFN-HSA complex. This clearly suggested that CM-

AuNP did not bind to the WFN binding site on HSA (Sudlow’s site I).

Although ANS is known to bind to HSA at two independent classes of binding sites,
the binding site located in subdomain IIIA has been shown to be the primary high affinity
ANS binding site (Bagatolli et al., 1996), while subdomain IIA houses the binding region
of two additional ANS molecules with lower affinity. The high affinity ANS binding site
is also characterized as Sudlow’s site II, which is a hydrophobic cavity formed by non-
polar residues (Sudlow et al., 1975). Therefore, ANS in the bound form to this site
produces a fluorescence signal at 470 nm, which can be markedly reduced in the presence

of a competitive ligand due to ANS displacement from this site. Hence, this property was
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Figure 4.34: Relative fluorescence intensity at 385 nm (RFI385 um) of WFN-HSA (1:1)
complex with increasing concentrations of CM-AuNPs (5-100 uM), upon excitation
at 335 nm.
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exploited to identify the CM-AuNP binding site on HSA. In order to probe the CM-AuNP
binding site on HSA, ANS-HSA (1:1) mixture was titrated with increasing concentrations
of CM-AuNPs, as described in Section 3.2.4.5. Use of 1:1 ANS:HSA molar ratio was
made to saturate the high affinity ANS binding site as well as to confirm the involvement

of this site in CM-AuNP complexation.

As shown in Figure 4.35, ANS-HSA complex (1:1) exhibited two emission peaks at
341 nm and 466 nm, when excited at 295 nm. Since free HSA produced an emission
maximum at 341 nm (spectrum ‘a’), appearance of the peak at 341 nm can be attributed
to the presence of Trp residue in the protein. On the other hand, emergence of the peak at
466 nm can be characterized as ANS fluorescence peak, exhibited by protein-bound ANS
molecules. This was in accordance to a previous report, showing occurrence of the ANS
fluorescence signal at 460—470 nm (Holm et al., 2012; Canaveras et al., 2012). ANS in
free form shows weak emission in aqueous solution, but produces strong fluorescence
signal, when bound to the hydrophobic sites in the protein (Cattoni et al., 2009). This can
also be seen from the fluorescence spectrum of free ANS (spectrum ‘b’ of Figure 4.35).
Since ANS shows absorption peaks at 270 and 350-370 nm (Hawe et al., 2010;
Kuznetsova et al., 2012), ANS-HSA mixture was also excited at 350 nm. Figure 4.36
shows the fluorescence spectra of ANS-HSA complex upon excitation at 350 nm. The
fluorescence spectrum shows the emission maximum at 466 nm, which was similar with
the emission maximum of the second peak shown in Figure 4.35, thus confirming the

appearance of peak 2 in Figure 4.35 was due to the ANS fluorescence.

As can be seen from Figures 4.35 and 4.36, ANS-HSA complex produced relatively
higher fluorescence intensity at 466 nm, when excited at 295 nm compared to the
fluorescence spectra obtained upon excitation at 350 nm. The observed change in the

fluorescence intensity can be ascribed to the Forster resonance energy transfer, where
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Figure 4.35: Effect of increasing CM-AuNP concentrations on the fluorescence
spectrum of ANS-HSA complex. Spectrum 1 refers to the fluorescence spectrum of
ANS-HSA (5 uM each) mixture, while spectra 2—8 were obtained in the presence of
increasing CM-AuNP concentrations (20, 40, 60, 70, 80, 90 and 100 uM). The spectra
were recorded in 60 mM sodium phosphate buffer, pH 7.4 at 25 °C, upon excitation at
295 nm. Fluorescence spectra of HSA (5 uM), ANS (5 uM) and CM-AuNPs (100 uM)
were also recorded under similar conditions and are represented by ‘a’, ‘b’ and ‘c’
respectively.
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Figure 4.36: Effect of increasing CM-AuNP concentrations on the fluorescence
spectrum of ANS-HSA complex. Spectrum 1 refers to the fluorescence spectrum of
ANS-HSA (5 uM each) mixture, while spectra 2—8 were obtained in the presence of
increasing CM-AuNP concentrations (20, 40, 60, 70, 80, 90 and 100 uM). The spectra
were recorded in 60 mM sodium phosphate buffer, pH 7.4 at 25 °C, upon excitation at
350 nm. Fluorescence spectra of HSA (5 uM), ANS (5 uM) and CM-AuNPs (100 uM)
were also recorded under similar conditions and are represented by ‘a’, ‘b’ and ‘c’
respectively.
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Trp-214 in HSA acts as a donor while the bound ANS acts as acceptor (Togashi & Ryder,
2008; Qin et al., 2014). There was more than 50% decrease in Trp emission at 341 nm
(Figure 4.35), which suggested the energy transfer to bound ANS molecules, thus
resulting in a higher fluorescence intensity at 466 nm. Since Trp was not excited at 350
nm, energy transfer from Trp to ANS did not occur. Hence, observed peak at 466 nm in
Figure 4.36 was solely contributed by bound ANS molecules, showing relatively lesser

fluorescence intensity.

Addition of increasing concentrations of CM-AuNP to ANS-HSA (1:1) mixture led to
a progressive decrease in the fluorescence intensity at 466 nm, irrespective of the
excitation wavelengths used (Figures 4.35 and 4.36). On the other hand, free CM-AuNP
(spectrum ‘c’ in Figures 4.35 and 4.36) did not produce any fluorescence signal in the
recorded wavelength range. Since ANS is known to bind to site II of HSA with high
affinity, decrease in the ANS fluorescence intensity at 466 nm can be attributed to the
displacement of ANS from site II. This clearly indicated that both CM-AuNP and ANS
compete for the same binding site on HSA. Thus, binding of CM-AuNP to HSA seems
to occur preferentially through Sudlow’s site II. Involvement of ANS binding
hydrophobic sites has also been shown in the binding of polyvinylthiol functionalized-
silver NPs to HSA (Ali et al., 2015). This suggested that binding of CM-AuNP to HSA
involved hydrophobic interactions, which was in good accordance to the thermodynamic

data.

4.5 Photothermal effects of CM-AuNPs

Photothermal (PT) therapy is a noninvasive cancer therapy, which employs heat
generated from the conversion of photon energy for destruction of cancer cells. Heating
sources such as near infrared or visible light, ultrasound waves, microwaves and

radiofrequency waves are commonly used to increase temperature at the targeted site
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(hyperthermia) for the killing of cancer cells (Huang & El-Sayed, 2011). Cancer cells are
usually found to be more sensitive to heat than normal cells due to the more hypoxic,
acidic and nutrient-deficient microenvironment of tumor (Luk et al., 1980; Abadeer &
Murphy, 2016). This allows selective thermal ablation of cancer cells while producing
minimal effect on the normal cells in vicinity of the tumor. The ability of AuNPs to
efficiently dissipate heat from the absorbed light, allows their application as a PT agent.
Thus, PT heating efficiency and photocytoxicity of CM-AuNPs to estrogen-dependent
human breast cancer (MCF-7) cells were examined. In these studies, CM-AuNPs were
suspended in phenol red free DMEM medium to avoid optical interference from phenol

red due to the overlap of their absorption bands.

4.5.1 Photothermal properties

In order to study the PT efficiency of CM-AuNPs, DPSS laser with wavelength of
532 nm was used, as CM-AuNPs displayed a strong absorption signal at 535 nm (Figure
4.1). Photothermal heating of CM-AuNPs (20 pg/ml) irradiated with different laser
intensities for different irradiation time was monitored to optimize the laser power and
irradiation time suitable for PTT. Results on the temperature increase of the media upon
irradiation with different laser intensities (1, 2 and 3 W/cm?) are depicted in Figure 4.37.
As can be seen from the heating curves shown in the figure, increasing the irradiation
time led to a progressive increase in the temperature, which sloped off at longer irradiation
time. The temperature increase was large at the first 120 s of irradiation and became
smaller beyond this time. Furthermore, this effect was positively correlated with the laser
intensity, showing higher temperature increase with higher laser intensity. These results
were in agreement with previously published reports (Hou et al., 2015; Song et al., 2016).
Laser intensity of 1 W/cm? increased the medium temperature by 12.7 °C, reaching to a
final value of 39.5 °C after 300 s of irradiation. Increase in medium temperature became

more pronounced when laser of higher intensities i.e., 2 and 3 W/cm? were employed,
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Figure 4.37: Photothermal heating curves of CM-AuNPs, suspended in DMEM
media, upon laser irradiation. Different laser intensities are shown with different
symbols: 1 W/cm? (H); 2 W/cm? (@) and 3 W/cm? (A).
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being 19.6 and 27.1 °C, respectively. The final medium temperature was reached to 46.5
and 54.1 °C after 300 s of irradiation upon treatment with 2 and 3 W/cm? laser intensity,
respectively. It was observed that even with 120 s of irradiation time using 3 W/cm? laser
intensity, the medium temperature was increased to 46.6 °C. Therefore, a laser intensity
of 3 W/cm? for 120 s was selected in subsequent studies, as irradiation with a shorter time
was sufficient to heat up the medium to the desired temperature. The selected laser
intensity (3 W/cm?) and irradiation time (120 s) seems to be a promising choice for PTT
as the temperature range, 41-48 °C is known to effectively destruct cancer cells
(Bharathiraja et al., 2018). Higher temperature was not desired, as increasing thermal dose

from 52 °C to 60 °C can result in cell necrosis (Song et al., 2014).

Figure 4.38 shows the heating curves of CM-AuNPs at different concentrations (5, 10
and 20 pg/ml) as well as of citrate-AuNPs (20 pg/ml) upon irradiation with 3 W/cm? laser
intensity for different time periods. Results of irradiation of DMEM medium alone
without AuNPs are also included as a control in Figure 4.38. As can be seen from the
figure, similar trend of temperature increase with irradiation time, as shown in Figure
4.37 was observed at all concentrations of CM-AuNPs used. Furthermore, temperature
increase was found to be directly correlated with CM-AuNP concentrations, being higher
with higher CM-AuNP concentrations. The final medium temperature reached to a value
of 41.5, 46.9 and 53.8 °C after 300 s irradiation with 5, 10 and 20 pg/ml CM-AuNP
concentrations, respectively. Irradiation of the medium without AuNPs also produced a
slight increase in the temperature to 38.1 °C under similar conditions. On the other hand,
citrate-AuNPs of 20 ng/ml concentration was found to increase the medium temperature
up to 48 °C against 53.8 °C, observed with CM-AuNPs under similar conditions. These
results clearly showed that CM-AuNPs can convert the photon energy into localized heat
more efficiently than citrate-AuNPs, thus would be a better PT agent compared to citrate-

AuNPs. Therefore, CM-AuNPs at a concentration of 20 pg/ml were chosen for PTT
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Figure 4.38: Photothermal heating curves of different concentrations of CM-AuNPs,
suspended in DMEM media, upon laser irradiation at intensity of 3W/cm?. The
concentrations of CM-AuNPs are shown with different symbols: 5 pg/ml (@®); 10
ng/ml (A) and 20 pg/ml (V). Heating curves obtained with DMEM media () and
citrate-AuNPs (#) are also included for comparison.
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of MCF-7 cancer cells in subsequent study. This concentration of CM-AuNPs was also

found to be non-toxic to normal cells (Figure 4.15 and 4.16).

4.5.2  Laser safety

Selection of laser intensity and irradiation time is important to ensure its safety as to
produce minimal effects on the normal cells in the absence of AuNPs. Since laser intensity
of higher than 1 W/cm? was required for effective heat conversion of CM-AuNPs
(Figure 4.37), effect of laser at different intensities (2 and 3 W/cm?) and irradiation time
in the absence of AuNPs on cell viability was investigated. Since cancer cells have been
shown to be more prone to high temperature compared to normal cells, MCF-7 cells were
chosen for this investigation. Figure 4.39 shows the percentage cell viability of MCF-7
cells upon irradiation with laser intensity of 2 and 3 W/cm? for different time periods.
Cell viability of MCF-7 remained at 100 % upon irradiation up to 180 s for both 2 and
3 W/cm? laser intensities. Increasing the irradiation time beyond 180 s led to a slight
decrease in the viability of MCF-7 cells with both laser intensities. Since irradiation with
3 W/cm? laser intensity for 120 s can effectively heat up the medium with CM-AuNPs
(20 pg/ml) to ~47 °C, this irradiation condition was chosen to determine the PT

cytotoxicity of CM-AuNPs on MCF-7 cells.

4.5.3  Invitro photothermal cytotoxicity

Photothermal therapeutic property of CM-AuNPs on MCF-7 cells was evaluated for
its potential use as PT agent. Figure 4.40 shows cell viability of MCF-7 cells, as assessed
by MTT assay after treatment with increasing concentrations of CM-AuNPs or citrate-
AuNPs followed by photoirradiation (3 W/cm? for 120 s). Results of CM-AuNPs-treated
cells without photoirradiation are also included in Figure 4.40 for comparison. In the
absence of photoirradiation, CM-AuNPs showed ~33% decrease in the percentage

viability of MCF-7 cells at 25 pg/ml concentration. On the other hand, treatment of
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Figure 4.39: Percentage cell viability of MCF-7 cells in DMEM media, upon laser
irradiation for varying time periods, as analyzed by MTT assay. Different laser
intensities are shown with different symbols: 2W/cm? () and 3W/cm? (-@-).
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Figure 4.40: Percentage cell viability of MCF-7 cells, as analyzed by MTT assay,
upon treatment with or without laser irradiation. The percentage cell viability upon
laser irradiation (3 W/cm? for 120 s) and after treatment with increasing concentrations
of nanoparticles are shown with different symbols: citrate-AuNPs (~4=) and CM-
AuNPs (“¥). The percentage cell viability after treated with increasing concentrations
of CM-AuNPs for 24 h without laser irradiation (+ ##) is also included.
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MCEF-7 cells with increasing CM-AuNP concentrations and photoirradiation markedly
reduced (~86%) the percentage cell viability to 14.2%, with an ICso value of 16.5 pg/ml.
These results suggested greater enhancement in cytotoxicity of CM-AuNPs upon laser
irradiation. Treatment of CM-AuNPs coupled with laser irradiation can induce localized
hyperthermia to kill MCF-7 cells. Such increase in the temperature may result in thermal
denaturation of proteins, which may be the main factor of cell injury and cell death (Feng
et al., 2015; He et al., 2004). Contrary to it, treatment of MCF-7 cells with increasing
citrate-AuNPs and photoirradiation led to smaller decrease in cell viability, being 26% at
25 pg/ml concentrations. This decrease was markedly lesser than the one observed with
CM-AuNPs with photoirradiation. In view of it, CM-AuNPs were found to be a more

efficient PT agent compared to citrate-AuNPs.

454  Apoptosis detection in photothermal-induced cell death

In general, cell death induced by PTT can occur via two mechanisms, i.e. apoptosis
and necrosis (Pattani et al., 2015). However, necrosis is more commonly observed for in
vitro cellular responses to PTT (Melamed et al., 2015). Apoptosis is defined as
programmed cell death that attenuates inflammatory responses and is considered as a
‘cleaner’ pathway of cell death (Majno & Joris, 1995). Conversely, necrosis is
characterized by cell swelling, followed by loss of membrane integrity, resulting in
leakage of cytoplasmic components into extracellular space. Pro-inflammatory factors
from the cytoplasm are released during the final step of necrosis, inducing inflammation,
which can also harm surrounding tissues (Trump et al., 1997; Pattani et al., 2015). Thus,
induction of apoptosis is preferred over necrosis to minimize the inflammatory responses

that may promote the destruction of surrounding healthy tissues (Ali et al., 2017).

In order to detect whether the CM-AuNP-dependent PT-induced cell death of MCF-7

cells occurred through apoptosis or necrosis, FITC-annexin V / PI apoptosis assay was
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performed using flow cytometry. Annexin V binds with high affinity to
phosphatidylserine (PS), which is normally present in the inner leaflet of the plasma
membrane. During early apoptosis, apoptotic cell loses its membrane asymmetry,
exposing PS to the outer leaflet of the plasma membrane, while the membrane remains
intact. On the contrary, necrotic cells lose membrane integrity, thus are permeable to vital
dye such as PI. Therefore, measurement of FITC-annexin V coupled with dye exclusion
test (PI staining) can be used to distinguish early apoptotic cells from necrotic cells

(Vermes et al., 1995).

Figures 4.41 A and B show representative dot plots of MCF-7 cells after 24 h PTT in
the presence of CM-AuNPs (20 pg/ml) and citrate-AuNPs (20 pg/ml), respectively. The
dot plot of untreated MCF-7 cells (negative control) is shown in Figure 4.41 C. Cell
population in the lower left quadrant (Annexin V~ / PI") represents viable cells, since
viable cells have intact membrane and absence of PS in the outer leaflet. Presence of early
apoptotic cells is shown in the lower right quadrant (Annexin V' / PI"), while late
apoptotic cells or secondary necrotic cells can be seen in the upper right quadrant
(Annexin V' / PI"). Cells in the upper left quadrant (Annexin V- / PI") are necrotic or
dead cells. Analysis of the percentage of cells in each quadrant is summarized in Figure
4.42. As can be seen from the figure, the percentage of viable MCF-7 cells decreased
from 77% (negative control) to 5% and 14% upon PTT with CM-AuNP and citrate-
AuNP, respectively. After 24 h of PTT with CM-AuNPs, most of the MCF-7 cells (69%)
were found to be Annexin V' / PI', indicating early phase of apoptosis, while 25% of
MCEF-7 cells were in the phase of late apoptosis or secondary necrosis. Relatively lower
percentage of MCF-7 cells was noticed in both early and late phases of apoptosis for the
cells treated with citrate-AuNPs compared to CM-AuNPs. PTT with citrate-AuNPs also
produced higher percentage (9%) of necrotic cells compared to CM-AuNPs. Presence of

secondary necrotic cells in MCF-7 cells treated with either CM-AuNPs or citrate-AuNPs
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Figure 4.41: Dot plots showing flow cytometry results of Annexin V-PI apoptosis
assay for MCF-7 upon photothermal treatment. The results were obtained after 24 h
photothermal treatment (laser irradiation at 3 W/cm? for 120 s) with 20 pg/ml of CM-
AuNPs (A) and citrate-AuNPs (B). (C) Dot plot of untreated MCF-7 cells. The cell
populations are categorized based on the four quadrants on the dot plot as viable (lower
left), early apoptotic (lower right), late apoptotic (upper right) and dead cells/ debris

(upper left).
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with different colours: viable (lll); early apoptotic (HEl); late apoptotic (B&); and
dead cells/ debris (EE).

141



can be attributed to the absence of phagocytes to remove the apoptotic cells (Melamed et
al., 2015). PT-induced apoptosis upon treatment with gold nanoprism has been reported
earlier, where apoptosis was suggested to be primarily mediated by intrinsic
mitochondrial pathway (Pérez-Hernandez et al., 2015). In view of it, PTT with CM-
AuNPs using laser (3 W/ecm?, 120 s) triggered cell death of MCF-7 cells through
apoptosis, while PTT with citrate-AuNPs induced cell death involving both apoptotic and
necrotic mechanisms. Therefore, PTT using CM-AuNPs has the advantage and can be

preferred over the use of chemically synthesized AuNPs.
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CHAPTER 5: CONCLUSIONS AND FUTURE PERSPECTIVES

5.1 Conclusions

This study has shown a successful green synthesis of CM-AuNPs from precursor Au**
ions, using CM extract as a reducing and stabilizing agent. CM-AuNPs were found to be
homogeneous and spherical in shape with an average particle diameter of 15.6 nm. The
reactive functional group of CM extract, responsible for reduction of Au*" ions was
identified as carbonyl group of terpenoids. CM-AuNPs were found to possess relatively
greater stability than citrate-AuNPs in various buffers / media. Furthermore, they did not
show significant cytotoxicity towards CCD-18Co and MRC-5 cells up to 25 pg/ml. They
were also found to be blood compatible, showing <10% hemolysis and absence of RBCs
aggregation up to 50 pg/ml. CM-AuNPs showed moderate binding affinity
(K= 0.97 x 10* M at 25°C) towards HSA, involving hydrophobic interactions as the
major force in the CM-AuNPs-HSA complexation. It binds specifically to Sudlows’s site
I, located in subdomain IIIA of HSA and this binding leads to microenvironmental
changes around protein fluorophores as well as tertiary structural change. Photothermal
heating efficiency of CM-AuNPs was evident from the heating curves and photothermal
treatment with CM-AuNPs have been found to effectively reduce the percentage viability
of MCF-7 cells through apoptosis. In view of the above results, CM-AuNPs have great

potential to be used as photothermal agent for cancer treatment.

5.2 Future perspectives

Photothermal treatment of CM-AuNPs irradiated with visible light can be applied for
treatment of shallow tumors, such as skin and breast cancers as well as cancer in
transparent organ (e.g. eye). However, visible light has lower tissue penetration depth,
which limited its application in cancer therapy. Photothermal treatment using NIR light
for treatment of deep-seeded tumors are preferred due to deeper penetration of NIR light

into fluids and tissues (Mendes et al., 2017). Since optical properties of AuNP are tunable

143


https://d.docs.live.net/5d242e123ede7f93/Documents/UM/Thesis/print/content.docx#_ENREF_185

by changing its size, shape or structure, SPR band of CM-AuNPs can be tuned to NIR

region for PTT using NIR light.

In addition, CM-AuNPs are capable to be further developed as multifunctional NPs
for theranostic purpose. Owing to high X-ray absorption of AuNPs, CM-AuNPs can be a
potential contrast agent for CT imaging. This could be useful for monitoring in vivo
distribution of NPs and detecting local and metastasized cancer as well as imaging-guided
PTT. The possibility of conjugation of targeting moieties to CM-AuNP can provide active
targeting property to improve their selectivity and efficacy. Different targeting moieties,
such as folic acid, aptamer and targeting peptide can be conjugated to specifically target
different type of cancers (Zhou et al., 2016; Shi et al., 2014; Wang et al., 2015). For
example, anti-human epidermal growth factor receptor 2 (HER2) antibody can be
conjugated to AuNPs to specifically target HER2 overexpressing breast cancer cells (Mu
et al., 2015). In addition, synthetic oligodeoxynucleotides containing unmethylated
cytosine-phosphate-guanine conjugated to gold nanoparticles have been used for cancer
immunotherapy to enhance macrophage stimulation and inhibit tumor growth (Lin et al.,
2013) . Gold based-nanovaccines have also been synthesized by conjugation of tumor-
associated antigens (TAA) or TAA-derived peptides with gold nanoparticles, which can
stimulate antitumor response by inducing activation and maturation of dendritic cells (Lin
et al., 2013). Besides, photosensitizers or chemotherapeutic drugs can also be loaded to

CM-AuNPs for combinational therapy of PTT with PDT or chemotherapy.

Despite the positive outcomes obtained from this study, in vivo study using animal
models is necessary before these CM-AuNPs can be used for clinical applications. /n vivo
study is important to provide more information on the distribution of CM-AuNPs as well

as toxicity profile and efficacy of these CM-AuNPs.
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