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ABSTRACT

Although there have been significant efforts in breast cancer treatment over the past many
decades, current therapeutic approaches are limited by non-specific systemic distribution,
inadequate drug concentrations reaching the tumor and multidrug resistance. This dissertation
presents the results of experimental and theoretical studies of the potential applications of
biosynthesized gold nanoparticles (AuUNPs) and micro encapsulated prodigiosin in targeted drug
delivery for the treatment of breast cancer. Gold nanoparticles possess unique physicochemical
properties, such as large surface area to mass ratio, and high surface reactivity, presence of
surface plasmon resonance (SPR) bands, biocompatibility and ease of surface functionalization,
which enables them to diffuse with greater ease inside the tumor cells delivering a high amount
of drug selectively to tumor cells with significant reduced toxicity. In this work, the biosynthesis
of gold nanoparticles (AuNPs) from plant (Nauclea latifolia) and bacteria (Serratia marcescens)
were elucidated. The Nauclea latifolia extract was used to synthesize AuNPs in a record time of
< 30 sec, and the sizes of the nanoparticles were in the range of 10 nm — 60 nm. The AuNPs
were characterized with UV-visible (UV-Vis) spectroscopy, while the nanoparticle shapes, sizes
and polydispersity were elucidated via transmission electron microscopy (TEM) and dynamic
light scattering (DLS), respectively. Selected area electron diffraction (SAED) patterns of the
AuNPs showed the four-fringe pattern of gold nanoparticles, which corresponds to the face
centered cubic (fcc) metal structure of gold ((111), (200), (220), (311)), which confirmed the
formation of pure metallic gold nanoparticles. The biosynthesized nanoparticles were
functionalized with some molecular recognition units (MRU) (Luteinizing Hormone Releasing
Hormone, LHRH and Folic Acid), through thiol linkages or carbodiimide chemistry. The

adhesion force between LHRH- or Folate- conjugated AuNPs and the breast cancer cell line



MDA-MB-231 was determined through atomic force microscopy (AFM). Furthermore, Helium
lon Microscopy (HIM) was used to visualize the clear ring of attachment of the ligands to the
gold core. The encapsulation of prodigiosin in chitosan microspheres was equally studied for
localized drug delivery. The water-in-oil emulsion technique in which glutaraldehyde was used
as a cross-linker was adopted. The morphologies of the resulting microspheres were then studied
using scanning electron microscopy (SEM). The average sizes of the microspheres were between
40 um and 60 pum, while the percentage yields were found to be between 42+2% and 55.5+3%.
The resulting encapsulation efficiencies were between 66.7+3% and 90+4%. The in- vitro drug
release from the microspheres were characterized using Higuchi and Korsmeyer-Peppas models.
The implications of these results are then discussed with a view of developing suitable drug
delivery systems that will go a long way to solving the problem of breast cancer in the world,

with particular reference to Africa.
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CHAPTER 1

1.0 Background / Introduction

1.1 Problem of Cancer

Cancer is a worldwide problem! [1] It is the second leading cause of death among other diseases
[2, 3]. There is hardly any community in the world today without a cancer patient. According to
the International Agency for Research on Cancer (IARC) [4], there were 14 million new cancer
cases in 2012, worldwide, of which 5.6 million occurred in economically developed countries
and 7.1 million in economically developing countries. A corresponding number of deaths also
occurred in 2012 in the tune of 8.2 million (about 21,000 cancer deaths a day), 2.9 million in
economically developed countries and 5.3million in economically developing countries. By
2030, this global burden is expected to grow to 21.7 million new cancer cases and 13 million
cancer deaths due to the growth and aging of the population, as well as reductions in childhood

mortality and deaths from infectious diseases in developing countries [2].

Cancer has a lot of economic implications. The immediate cost includes the money paid for the
treatment and care/rehabilitation related to the illness [5]. The indirect costs include the loss of
economic output due to days missed from work (morbidity costs) and premature death (mortality
costs) [6]. There are also hidden costs of cancer, such as health insurance premiums and
nonmedical expenses (transportation, child or elder care, house-keeping assistance etc.) [5-10].
According to a report by the American Cancer Society on the global economic cost of cancer
(2010) [11], the total economic impact of premature death and disability from cancer was
estimated to be as high as $895 billion worldwide, not including the direct cost of treating

cancer. By implication, the study stated that 83 million years of healthy life were lost due to



death and disability from cancer in 2008 [11]. It was also found that the top three cancers that
had the most economic impact are lung cancer ($188 billion), colon/rectal cancer ($99 billion)

and breast cancer ($88 billion) [12, 13, 14].

Breast cancer is the most common cancer in women worldwide. Nearly 1.7 million new cases
were diagnosed in 2012 [15]. This represents about 12% of all new cancer cases and 25% of all
cancers in women [15]. Between 1980 and 2010, the number of women diagnosed with breast
cancer in the USA increased more than two and a half times from 641,000 to 1.6 million a year
[16]. The highest growth rates have been in North Africa, the Middle East, Oceania, South-East
Asia, Western Sub-Saharan Africa and Central America  [14]. The number of cases has risen
most slowly in the rich, developed countries. The United Kingdom has one of the lowest growth
rates of new cases of cancer at 1% a year [16]. In 2016, an estimated 246,660 new cases of
invasive breast cancer are expected to be diagnosed in women in the U.S., along with 61,000

new cases of non-invasive (in situ) breast cancer [17, 18].

In Africa as a whole, breast cancer is currently one of the most commonly diagnosed cancers
among women in Africa, and also the leading cause of death due to cancer [19]. Breast cancer
rates were highest in the Northern Africa and Southern Africa regions (32.7 per 100,000 and 38.1
per 100,000 respectively) [20]. According to a report [19], breast cancer incidence is on the
increase, as compared to previous decades in which cervical cancer was the most commonly
diagnosed cancer in many of these countries. The reasons for this shift include an increase in the
prevalence of risk factors for breast cancer such as early menarche, later child-bearing, having
fewer children, and obesity — factors that are associated with higher economic development [21].
In Uganda, breast cancer incidence has doubled from 11 per 100,000 in 1961 to 22 per 100,000

in 1995 [22]. This increase has been attributed to the adoption of westernized lifestyles;
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however, improvements in data collection and reporting may also be contributing factors [23-
24]. The factors contributing to the high mortality rates (fewer than half of women with breast
cancer survive beyond 5 years in Gambia, Uganda and Algeria, compared with nearly 90% in the
USA) include lack of appropriate screening services, lack of awareness about the symptoms of

breast cancer, and the stigma that is often still associated with having cancer [25-26].

In Nigeria, breast cancer is the most common type of cancer in Nigerian women [27-28]. The
incidence rate increased from 13.8-15.3 per 100,000 in the 1980s, to 33.6 per 100,000 in 1992
and 116 per 100,000 in 2001 [29]. The increase has been ascribed to changes in the demography,
socio-economic parameters, epidemiologic risk factors, better reporting and increased awareness
of the disease. Whereas the rate of mortality is declining in the developed countries such as
America, Australia and Western Europe as a result of early diagnosis, screening, and improved
cancer treatment programs, the reverse is the case in Africa and other developing countries [30-
32]. Between 1960 and 1980, cervical cancer had 19.9% prevalence while breast cancer had
11.2% but between 1981 and 1995, breast cancer has taken over the lead with 25.7% while
cervical cancer followed closely with 22.7% [33]. These statistics shows the incidence of breast

cancer to be rated first among all other cancers.

Though breast cancer occurs at various ages, in 15% of the cases the women are under 30 years
with the youngest age of 16 years being recorded in Lagos State [29]. The menace of breast
cancer afflicting young women has been consistently reported among Africans including African

Americans [34-41].

Most women present in advanced stages, retrospective studies have showed that 70 —90% of

African women present with Stage Il or IV of the disease. [34,36,37,42-43]. This could be as a



result of several factors ranging from lack of awareness, stigmatization, religious beliefs, family
issues and socioeconomic factors which have been noted to influence the choice and outcome of

treatment among women with late stages of breast cancer [22,37,44-46].

The biggest problem facing the cure of cancer is that of early detection [47 - 48], because the
existing methods of detection such as biopsy, ductogram, and mammogram are limited in spatial
resolution. Another major problem is the severe effects of existing cancer treatment methods e.g.
radiation, surgery and chemotherapy. However, experts insist that early detection in order to

improve breast cancer outcome and survival remains the cornerstone of breast cancer control.

1.2 Nanoparticles for the detection and treatment of cancer

Nanotechnology is the science that deals with matter at the scale of 1 billionth of a meter
(i.e.,20 9 m =1 nm)[49]. A nanoparticle is a small object that measures between 1-100 nm and
behaves as a whole unit with respect to its transport and properties [50]. Metallic nanoparticles
have different physical and chemical properties from bulk metals, which make them attractive in
various industrial applications. Such properties include; lower melting points, higher specific
surface areas, specific optical properties, mechanical strengths, and specific magnetizations [49].
The particles have wide variety of potential applications in biomedical, optical and electronic
fields [51-53]. Nanoparticles often have unexpected visible properties because they are small
enough to confine their electrons and produce quantum effects. For example gold nanoparticles
appear deep red to black in solution. Nanoparticles also have a very high surface area to volume

ratio; this makes them to be more reactive to some other molecules than the bulk material.

Research in the field of nanoscience and nanotechnology has experienced unprecedented growth

in recent time. There is hope that nanotechnology, as applied to medicine, will lead to significant
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improvements in the area of diagnosis and treatment of disease. Nanoparticles (NPs) are
attractive for medical purposes because of some unique features, such as high surface to mass
ratio, quantum properties and ability to adsorb and carry other compounds such as drugs, probes
and proteins [54].

One of the major applications of nanotechnology is in the field of medicine. Nanoparticles can be
engineered as platforms for effective targeted drugs delivery and imaging labels by overcoming
the many biological, biophysical, and biomedical barriers [55-56]. There are some barriers that
limit the application of nanoparticles in preclinical and clinical use, such as biocompatibility, in
vivo Kinetics, tumor targeting efficacy, acute and chronic toxicity, ability to escape the

reticuloendothelial system (RES), and cost-effectiveness [57-58].

Effective cancer therapy remains one of the greatest challenges to the scientific community. A
major limitation inherent to most conventional anticancer chemotherapeutic agents is their lack
of tumor selectivity. The use of nanoparticles as drug delivery vehicles for anticancer
therapeutics has great potential to change the future of cancer therapy [59]. Tumor architecture
allows nanoparticles to preferentially accumulate at the tumor site through enhanced permeation
and retention effect (EPR) [60-61]. Using nanoparticles as drug delivery vectors results in the
localization of a greater amount of the drug load at the tumor site thereby improving cancer
therapy and reducing the harmful nonspecific side effects of chemotherapeutics [62-63]. In
addition, formulation of these nanoparticles with imaging contrast agents provides a very
efficient system for cancer diagnostics [62]. Early detection is the major factor in cancer
treatment. Breast cancer is usually asymptomatic, such that by the time symptoms appear, the

tumor would have metastasized beyond the breast. On the other hand, if breast cancers are



detected early, they tend to be smaller and still confined within the breast [64]. Some of the
symptoms (Figure 1.1) of breast cancer include; (1) a lump or area of thickened tissue in either
breast, (2) a change in the size or shape of one or both breasts, (3) discharge from either of your
nipples (especially blood), (4) a lump or swelling in either of your armpits (5) dimpling on the
skin of your breasts, (6) a rash on or around your nipple (7) a change in the appearance of your
nipple, such as becoming sunken into your breast.

The size of a breast cancer and how far it has spread are two of the most important factors that determine
the prognosis of a woman with this disease [65]. Presently, the common methods of diagnosis includes
self -examination, biopsy, magnetic resonance imaging (MRI), mammogram, and ultra sound. Among
all these, the mammogram is the gold standard [66], because it offers an effective means to detect breast
cancer early. It is noninvasive, relatively inexpensive, and has reasonable sensitivity (72-88%) that
increases with age [67-68]. Its primary advantage is the ability to detect tumors less than 1 cm in size and
before they become clinically palpable [69]. The mammogram has the challenge of not being able to
distinguish between benign and malignant lesions [70]. Thus, a biopsy is required to confirm or rule out
cancer. Another drawback for the mammogram is that it is difficult to detect tumors in dense or scarred
breast tissue or in augmented breasts is by mammography. Studies have revealed that mammography fails
to detect 10% to 25% of breast cancers [71-72].

The conventional methods employed in the treatment of breast cancer include; surgery,
radiotherapy, chemotherapy, hormonal therapy, gene therapy and immunotherapy [73-74]. These
have been in use over many years but there are serious issues with them that hinder their efficacy
at different levels. The main problems with conventional methods include; (i) they are not site-
specific (ii) they have high toxicity, (iii) they have devastating short- and long-term side effects,
(iv) low efficacy with less than 1% of drug making it to tumor cells. And also (v) they lack

specificity.



The emergence of nanoparticles has come to offer solutions to these problems of early diagnosis
and more specified treatment of cancer. More so, the ideal technology will be inexpensive and
rapid and can be accomplished with little or no discomfort to the patient. Nano-medicine
involves the use of precisely engineered materials within the range of 1 — 100nm length scale to

develop novel therapeutic and diagnostic materials [75-76].

Gold nanoparticles have been widely used in biomedical science including tissue or tumor
imaging, drug delivery, photo thermal therapy and immunochromatographic identification of
pathogens in clinical specimens due to the surface plasmon resonance (SPR) [77]. The choice of
gold nanoparticles results from their unique physiochemical properties including, large surface
area to mass ratio, high reactivity unlike the bulk materials of the same composition, shape,
biocompatibilities and surface carrier capabilities which enables different ligands to be attached
thereby making them suitable for drug delivery. These properties are being used to overcome
some of the limitations found in traditional therapeutic and diagnostic agents [78-79]. Because of
their unique properties, nanoparticles have found use in medicine in areas of targeted drug
delivery, as diagnostics and in the production of improved biocompatible materials [80]. Gold
nanoparticles can be employed in immunohistochemistry to identify protein-protein interaction
[81-83]. Also, through surface enhanced Raman scattering spectroscopy they can be used for
detection and identification of single dye molecules [84]. Gold nanoparticles have also been
employed for many other applications such as time-of-flight secondary ion mass spectrometry
[85], capillary electrophoresis [86], and detection of cancer cells [87-88]. Dynamic light
scattering (DLS) has been employed in the quantitative estimation of the concentration of

intravenously injected gold nanoshells in mouse blood [89]. In another study, the use of gold



nanoshells as optical biosensors for real-time

diluted human blood was evaluated [90].
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Figure 1.1: A schematic representation of the symptoms of breast cancer

1.3  Research Objectives

The major challenges of breast cancer are that of early detection and treatment regime. These

constitute the issues that nanoparticles set to address.

This thesis, which is focused on the

biosynthesis of gold nanoparticles for breast cancer targeted drug delivery, has the following

specific objectives;

>

L)

°

o0

R/
o0

AUNPs

% To biosynthesize gold nanoparticles from plants ( Nauclea latifolia)
To biosynthesize gold nanoparticles from bacteria (Serretia marcescens).
To understand the mechanism for the formation of gold nanoparticles

To ascertain the effects of pH and time on the shapes and sizes of the biosynthesized



X/
°e

To functionalize the gold nanoparticles by conjugating with some ligands (LHRH and

folic acid) and drug of interest (prodigiosin).

X/
°e

To carry out in vitro targeting of breast cancer cells (MDA-MB-231) using the AuNPs -

drug design

X/
°e

To determine the adhesion and pull-off forces between the conjugated gold nanoparticles

and breast cancer cells by using the AFM cantilever method.

X/
°e

To extract and purify prodigiosin, an anti-cancer agent, from the bacteria, Serratia
marcescens

% To encapsulate prodigiosin in chitosan microspheres for localized drug delivery

% To study the drug release profile from the microspheres
It is important to consider the possible adverse effects of residual material after the drug delivery.
Gold nanoparticles being biocompartible makes them a good candidate in this respect. Also, the
choice of chitosan for microencapsulation is equally good since chitosan is biodegradable [91]
This research is therefore aimed at using the combined action of gold nanoparticles targeted drug
delivery and localized drug delivery using drug encapsulated microspheres to ensure complete

cure of breast cancer.

1.4 Scope of Thesis work

This thesis comprises experimental and theoretical work aimed at using biosynthesized gold
nanoparticles in conjunction with chitosan microspheres as drug delivery devices at the nano-
and micro-scales for the treatment of breast cancer. We present the results of our efforts to
biologically synthesize gold nanoparticles from locally sourced materials, to design novel drug

delivery systems that can Kill breast cancer cells. It also contains fundamental studies involving



the robustness of current strategies that are being employed in drug delivery systems. This
chapter introduces the problems associated with cancer, followed by nanoparticles for the
detection and treatment of cancer, the research objectives and the scope of the thesis. Chapter 2
presents a survey of relevant literatures, while chapter 3 proceeds to introduce the synthesis of
gold nanoparticles with Nauclea latifolia leaf extracts, a plant of local origin, and the adhesion of
the conjugated AuNPs to breast cancer cells. Also in Chapter 4, we present the biosynthesis of
gold nanoparticles and gold/prodigiosin nanoparticles with Serratia marcescens bacteria,
a local isolate. Chapter 5 discusses the ligand conjugation of gold nanoparticles with special
reference to triple negative breast cancer and cell adhesion, while in Chapter 6, the encapsulation
of prodigiosin in chitosan microspheres, the drug release and swelling studies are presented.

Salient conclusions are summarized in Chapter 7 along with suggestions for future work.

1.5 Summary

Breast cancer is the second greatest killer disease among women all over the world. In Africa, it
is the major killer disease for women. Though the incidence rate of breast cancer is higher in the
western word and Europe, than the developing countries, the rate of mortality is higher in the
developing countries with particular reference to Africa. Normally, the age of occurrence is 40
years and above, but in Africa and African-Americans, breast cancer begins early in
premenopausal women (30 years and above). Most times the type of breast cancer (triple
negative breast cancer) that occurs among women of African origin is very virulent with limited

prognosis.

The aims of this thesis are to biosynthesize gold nanoparticles and functionalize them with some

ligands for targeted drug delivery to breast cancer cells. Indigenous biomaterials (plant leaves
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and bacteria) were used for the synthesis which will go a long way to reducing the cost of
treatment. Another interesting part of this work is the fact that the anti-cancer drug (prodigiosin)
we are using was extracted from the bacteria, Serratia marcescens, which we isolated locally
from soil at Sheda Science and Technology Complex, Abuja, Nigeria. This will also result in the

reduction in the final cost of treatment and ensure availability of the drug.
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CHAPTER 2
2.0 Literature Review

2.1 Introduction

The increase in the incidence of breast cancer in the world today and the high mortality rate with
particular reference to African women, has led to the involvement of philanthropists, financiers
and researchers in a search of better strategies for the eradication of this dreaded disease [1].
Nanotechnology comprises the synthesis, characterization of materials and design of functionally
organized devices in nanoscale (1-100nm) [2]. The application of nanostructured materials in
medicine is termed Nanomedicine. The evolvement of Nanomedicine has brought many changes
in healthcare and drug delivery. The nanoscale constructs are being utilized to provide a range of
multiple, essentially new properties, which can be exploited in ways that improve the detection,

treatment and monitoring of disease states [3].

Nanomaterials have a high surface to volume ratio, which enables the attachment of other
materials such as drugs or other molecules leading to the formation of multifunctional
nanomaterials [3]. Nanomaterials can be engineered to have different shapes, sizes and surface
chemistry; as a result, nanomaterials have a wide range of applications in drug delivery, in vivo
and in vitro diagnostics, biomaterials, active implants, in vivo imaging, bio-sensing, cell labeling,

and tissue engineering [4-6].

This chapter presents an overview of prior work on drug delivery, with a focus on localized drug
delivery and targeted delivery using nanoparticles and microparticles. The studies involving
biosynthesis of gold nanoparticles (AuNPs), ligand conjugation, drug encapsulation, breast
cancer treatment and combination therapy are also discussed.
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2.2 CANCER AND CANCER GENETICS

Cancer is a group of diseases that cause cells in the body to change and grow out of control [7].
Most types of cancer cells eventually form a lump or mass called a solid tumor, and are named
after the part of the body where the tumor originates. Cancer results from a series of molecular
events that alter the normal properties of cells [8]. The normal control systems that prevent cell
overgrowth and the invasion of other tissues are disabled in cancer cells [8]. As such, these
altered cells divide and grow in the presence of signals that normally inhibit cell growth. Hence,
cancer cells no longer require special signals to induce cell growth and division. The result is that
these cells grow and develop new characteristics, including changes in cell structure, decreased
cell adhesion, and production of new enzymes [9]. The overall effect is that the cell and its
progeny divide and grow, even in the presence of normal cells which typically inhibit the growth
of nearby cells. These changes allow cancer cells to spread and invade other tissues in the

process of metastasis [10].

A small fraction of the approximately 35,000 genes in the human genome are associated with the
development of cancer [11]. Alterations in the same gene often result in different forms of cancer
[10]. The genes which malfunction can be categorized into three groups. First is the group called
proto-oncogenes, which produce proteins that enhance cell division or inhibit normal cell death.
The mutated forms of these genes are called oncogenes. The second group is tumor suppressor
genes. These genes make proteins that usually prevent cell division or cause cell death. The third
group contains DNA repair genes, which helps to prevent mutations that lead to cancer. Cell
growth is usually regulated by a control of proto-oncogenes, which accelerate growth, and tumor

suppressor genes, which slow or prevent cell growth. Mutations that produce oncogenes

21



accelerate growth [12], while those that affect tumor suppressors prevent the normal inhibition of
growth. When any of these mutations occur, uncontrolled cell growth results [13].

2.2.1 Tumor:

A tumor is a mass of tissue made up from abnormal cells [10]. Tumors are divided into two
types, benign and malignant.

2.2.2 Benign Tumors

A Dbenign tumor is a mass of cells that lacks the ability to invade neighboring tissue or
metastasize. These may form in various parts of the body. Benign tumors grow slowly, and are
not cancerous and are not usually life-threatening (depends on where the tumor develops. If
tumor develops in brain, it can cause illness or death because size of cranium is limited) [14].
They often do no harm if they are left alone. However, some benign tumors can cause problems,
if tumor is allowed to continue to grow and further mutations occur, the tumor can become
malignant. For example, some grow quite large and may cause local pressure symptoms, or look
unsightly. Also, some benign tumors that arise from cells in hormone glands can make too much

hormone, which can cause unwanted effects [15].

2.2.3 Malignant Tumors

Malignant tumors tend to grow quite quickly, and invade nearby or far away tissues and organs,
where they can cause damage. Tumors normally develop in one original site - the primary tumor.
Malignant tumors may also spread to other parts of the body to form secondary tumors
(metastases). This happens if some cells break off from the primary tumor and are carried in the
bloodstream or lymph channels to other parts of the body. These secondary tumors may then

grow, invade and damage nearby tissues, and spread again. Not all cancers form solid tumors.
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For example, in cancer of the blood cells (leukemia), many abnormal blood cells are made in the

bone marrow and circulate in the bloodstream.

2.2.4 How Cancer Develops

Cancer cells behave as independent cells, growing without control to form tumors [16]. Tumor
formation takes place in stages. Initially a point mutation occurs in one of the genes of the cell.
This leads to hyperplasia due to uncontrolled cell division [17, 18]. At this stage the cells appear
normal, but changes have occurred that result in some loss of control of growth (Figure 2.1). The
next step is dysplasia, resulting from further growth, followed by abnormal changes to the cells.
Additional changes in the cells still occur generating more abnormal cells which can now spread
over a wider area of tissue. The cells then become anaplastic and begin to lose their original
function. At this stage, the tumor is still contained within its original location (in situ) and is not
invasive (benign). The last step occurs when the cells in the tumor metastasize, that is, they can
invade surrounding tissue, including the bloodstream, and spread to other locations. This is the

most serious type of tumor, but not all tumors progress to this point.

23



Initiation

oXOXoroX XX ooX KoKl Xl ONe

Basal lammina Single anital Mutation
prroliferative <ol

ROCCOO0COCCEHOEEE

Cell
proliferation
T P si
Blood vessel Lymnphatc rogression
Proliterative wversserl
ool progpralation

-@@@%9@@@0@0601

o Initial tumor cell

YOECEH0ECEOOEEOE
0 O Variant cell

Variant tumor
cell population

Intersrmsclaate
aclaonaorna

Large acdaersaonue
prluss carcinosrna B

............
.......

Invasion of HBlood 1 """"
arvcd Iyrngphatic

A 8%
T Yy v -

O o
........

AAAAAAAA
vvvvvv

growing
variant

tumor cell
population

......
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2.3 BREAST CANCER:

Breast cancer is a malignant neoplasm originating from breast tissue, most commonly from the
inner lining of milk ducts or the lobules that supply the ducts with milk [19]. Some of the masses
are benign; that is, they are not cancerous, do not grow uncontrollably or spread, and therefore
are not life-threatening [20]. Some breast cancers are confined within the ducts and are known as
ductal carcinoma in situ (DCIS) or in the lobules, called lobular carcinoma in situ (LCIS). Most
times, LCIS (also known as lobular neoplasia) is not regarded as a true cancer, but an indicator
of increased risk for developing invasive cancer in either breast [21]. The majority of in situ
breast cancers are DCIS, and these account for about 83% of in situ cases diagnosed during
2004-2008 [22, 23]. Some breast cancers are invasive, that is, they break through the duct or
glandular walls to invade the surrounding tissue of the breast. Triple-negative breast cancer
(TNBC) is a subtype of invasive breast cancer with cells that lack estrogen receptors,
progesterone receptors and human epithelial receptor 2 (HER 2). TNBC tends to appear more

often in younger women and African-American women [24-28].

2.3.1 The Normal Breast

To understand breast cancer, it helps to have some basic knowledge about the normal structure of
the breasts (Figure 2.2). The female breast is made up mainly of lobules (milk-producing
glands), ducts (tiny tubes that carry the milk from the lobules to the nipple), and stroma (fatty
tissue and connective tissue surrounding the ducts and lobules, blood vessels, and lymphatic
vessels). Most breast cancers begin in the cells that line the ducts (ductal cancers). Some begin in

the cells that line the lobules (lobular cancers), while a small number start in other tissues.
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Anatomy of the Breast
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Figure 2.2: The Anatomy of the Breast

2.3.2 Risk Factors of Breast Cancer

It is not easy to pinpoint the main causes of breast cancer, however, some risk factors have been

identified, which include;

e Gender: Breast cancer occurs mostly in women, though a small fraction of men
occasionally develops breast cancer.

e Age: The older a woman gets, the higher is her risk of developing breast cancer. Over
80% of all female breast cancers occur among women aged 50+ years (after menopause)

[29, 30].
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Genetics: Women who have a close relative who has/had breast or ovarian cancer are
more likely to develop breast cancer. If two close family members develop the disease, it
does not necessarily mean they shared the genes that make them more vulnerable,
because breast cancer is a relatively common cancer. The majority of breast cancers are
not hereditary. Women who carry the BRCA1 and BRCA2 genes have a considerably
higher risk of developing breast and/or ovarian cancer. These genes can be inherited.
TP53, another gene, is also linked to greater breast cancer risk [31-33].

A history of breast cancer: Women who have had breast cancer, even non-invasive
cancer, are more likely to develop the disease again, compared to women who have no
history of the disease.

Having had certain types of breast lumps: Women who have had some types of benign
(non-cancerous) breast lumps are more likely to develop cancer later on. Examples
include atypical ductal hyperplasia or lobular carcinoma in situ.

Dense breast tissue: Women with denser breast tissue have a greater chance of
developing breast cancer.

Estrogen exposure: Women who started having menstrual periods at an earlier age or
entered menopause later than usual have a higher risk of developing breast cancer. This is
because their bodies have been exposed to estrogen for longer. Estrogen exposure begins
when periods start, and drops dramatically during menopause [34, 35].

Obesity: Post-menopausal obese and overweight women may have a higher risk of
developing breast cancer. Experts say that there are higher levels of estrogen in obese

menopausal women, which may be the cause of the higher risk [36, 37].
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e Height: Taller-than-average women have a slightly greater likelihood of developing
breast cancer than shorter-than-average women.

e Alcohol consumption: The more alcohol a woman regularly drinks, the higher her risk
of developing breast cancer is. It is advised that if a woman wants to drink, she should
not exceed one alcoholic beverage per day [38, 39].

e Radiation exposure: Undergoing X-rays and CT scans may raise a woman's risk of
developing breast cancer slightly. Scientists found that women who had been treated with
radiation to the chest for a childhood cancer have a higher risk of developing breast
cancer [40].

e Hormone Replacement Therapy (HRT): Both forms, combined and estrogen-only
HRT therapies may increase a woman's risk of developing breast cancer slightly.

Combined HRT causes a higher risk [41, 42].

é.3.3 Symptoms of Breast Cancer

In the early stage, breast cancer is usually asymptomatic; hence early detection is usually eluded,
thus making treatment to be difficult. However, as the tumor progresses, some of signs and
symptoms may be noticed. These include; breast pain or heaviness; persistent changes to the
breast, such as swelling, thickening, or redness of the breast’s skin; and nipple abnormalities
such as spontaneous discharge (especially if bloody), erosion, inversion, or tenderness. It is
important to note that pain (or lack thereof) does not indicate the presence or the absence of

breast cancer.
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Figure 2.3: Summary of the Process of Cancer Formation

2.4 Gold Nanoparticles for Targeting of Breast Cancer

Despite the fact that research in the field of cancer biology has significantly increased in the past
two decades, cancer is still a major health problem worldwide and remains the second leading
cause of death [43]. Every year, more than 10 million new cases and over 5 million deaths result
from the disease [44]. A diagnosis of cancer is usually considered terminal (However, some

cancers, such as lymphoma, are not detected until they are stage 1V, but the cure rate is usually
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high) but, if detected early, the outcome may be favorable. Most times, a good number of cancer

patients are asymptomatic until they are in the late stages of the disease.

The conventional methods of treatment of breast cancer usually fall into one of the following
categories: surgery, radiation, chemotherapy, immune-therapy, hormone therapy, or gene therapy
[45]. Chemotherapy is the most frequently used of these methods. The transport of anti-cancer
drugs depends largely on the physicochemical properties of the molecules including size,
configuration, charge and hydrophobicity [46]. Generally speaking, the conventional methods of
treatment have so many pitfalls, which include, nonspecific systemic distribution of antitumor
agents, inadequate drug concentrations reaching the tumor site, intolerable cytotoxicity, limited
ability to monitor therapeutic responses, and development of multiple drug/heat resistance and

devastating short- and long-term side effects [47, 48].

Due to inadequate therapies and clinical procedures for overcoming multi-drug resistant cancer,
it becomes pertinent that new technologies emerge for accurate early detection and treatment of
cancer. One of such technologies is the development of nanotechnology for targeted drug
delivery. Gold nanoparticles have proved valuable in addressing some of these problems due to
their unique characteristics. They have enhanced permeability and retention in tumor tissue, they
exhibit surface plasmon resonance in near-infrared light, their interaction with radiation
generates secondary electrons, and they also have the ability to be conjugated with drugs or other
agents. The unique combination properties of gold nanoparticles allow them to act as highly
multifunctional anticancer agents [49, 50]. Gold nanoparticles are used for both detecting and
destroying cancer cells, as they can carry chemicals to destroy a cancer cell or they can be used
with radiation to Kkill cancer cells. Targeting gold nanoparticles to the cancer cell and irradiating

the nanoparticles with a laser has been shown to be a promising tool in fighting cancer [51]. The
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heated nanoparticles heat the cancer cell up which would destroy the cancer cell without harming
healthy cells. Using gold nanoparticles, Gibson et al., [52] discovered a way to load dozens of
molecules of paclitaxel onto tiny gold spheres that are barely wider than a strand of DNA
without chemically altering the drug. Eghtedari et al., (2009) [53] described a novel technique to
functionalize gold nanorods (GNRs) allowing for in- vivo targeting of breast cancer tumors
grown in athymic nude mice. GNRs were functionalized by covalent attachment of Herceptin
(HER), a monoclonal antibody that enables molecular recognition of breast cancer cells

expressing highly specific tumor associated antigens.

Among the benefits of targeted drug delivery are that it ensures specific delivery of the anti-
cancer agent to the cancer, reduction in toxicity while maintaining therapeutic effects, greater
safety and biocompatibility, reduction in the frequency of the dosages taken by the patient,
providing a more uniform effect of the drug, reduction of drug side effects and reduced
fluctuation in circulating drug levels (Figure 2.3). Some other unique features of targeted drug
delivery by AuUNPs include small size, large surface area, biocompatibility, stability,
environmental friendliness, and ease of manufacture. The large surface area is employed in the
modification of gold nanoparticles with targeting molecules or specific biomarkers, for targeted
delivery. [54, 55] The strong binding attraction for thiols, proteins [55], carboxylic acid [56]
aptamers [57] and disulfides makes AuNPs a suitable candidate for targeted drug delivery. Also,
the surface plasmon resonance (SPR) of gold nanoparticles is being employed in photo thermal

therapy and tumor imaging [58].
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Figure 2.4: A chart showing the roles of targeted drug delivery

2.4.1 Mode of Targeting

The success of any delivery system depends on the ability of a nanocarrier to arrive at the
targeted tissues after administration into the circulatory system through the penetration of
barriers in the body with minimal loss of their volume or activity in the blood circulation.
Secondly, after reaching the tumor tissue, drugs should have the ability to selectively kill tumor
cells without affecting normal cells with a controlled release mechanism. [59]

Two approaches of targeting have been identified. They are, passive targeting and active

targeting. [60]

2.4.2 Passive Targeting
This is a type of targeting that relies on the pathophysiological features of solid tumors which

enable nanoparticles to selectively accumulate in tumor tissues [61]. Through the process of
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angiogenesis, new blood vessels are developed for the growth and repair of cells in the body.
This normal process is usually disturbed in the event of angiogenic diseases such as cancer,
inflammatory, ischaemic, infectious and immune disorders. [62, 63] Cancer cells grow very
rapidly, leading to increased demand of oxygen and nutrients. [62] The resultant effect of
disturbance of the angiogenic process is that the blood vessels surrounding the tissue grow larger
and become more permeable (leaky) than healthy vessels thereby increasing the porosity of the
vasculature. This feature, termed the enhanced permeability and retention effect, is being
employed as a means of passive targeting of cancer cells (and other angiogenic diseases) with
gold nanoparticles. More so, as a result of the fast growing cancer cells, more oxygen and
nutrients are required, so the glycolytic pathway is activated to release more energy. This leads
to an acidic environment [64]. Taking advantage of this, some researchers have developed pH-
sensitive liposomes designed to be stable at physiological pH 7.4, but degraded to release drug
molecules at the acidic pH [65].
However, certain problems have been identified which affect the use of passive targeting as a
means of drug delivery. These include,

1.  The nanoparticles may be stopped by a mucosal barrier

2. There may be non-specific uptake of the nanoparticles

3. Also there may be non-specific delivery of the drug

2.4.2 Active Targeting

As a result of the shortcomings of passive targeting, researchers developed another mechanism
that is more specific and delivers the drugs to the particular site of interest. This method is
termed the active targeting. This phenomenon involves attaching of ligands (antibodies, [66]

peptides [67], aptamers [68] or small molecules [69] that only bind to specific receptors on the

33



cell surface) to the gold nanoparticles through any of the conjugation methods available. The
nanocarriers recognize and bind to target cells through ligand—receptor interactions. In order to
achieve high specificity, the receptors should be more highly expressed on tumor cells than on

normal cells, or if possible should be totally absent on the normal cells.

The internalization of the drug carriers takes place through a process called receptor-mediated
endocytosis. This involves the binding of the nanocarriers to the receptor followed by the plasma
membrane engulfing the receptor and nanocarrier forming the early endosome (Figure 2). The
newly formed endosome is transferred to specific organelles. The pH within the endosome
becomes acidic, so there will be dissociation and cleavage of the ligand and receptors. Then the
drug particles are released which spread and enter the cytoplasm. The liberated receptors then
move back to the cell surface where they attach and again partake in receiving more ligand
conjugates [59].

For the folate receptor, when a folate-targeted conjugate binds with folate receptor on the cell
surface, the invaginating plasma membrane envelopes the complex of the receptor and ligand
forming an endosome. The endosomes are transferred to target organelles. As the pH value in the
interior of the endosome diminishes to become acidic and lysozymes are activated, the drug is
released from the conjugate and enters the cytoplasm, provided that it has the acceptable
physicochemical properties for crossing the endosomal membrane. Released drug is then carried
by its target organelle depending on the drug. Meanwhile, the folate receptor is set free from the
conjugate and returns to the cell membrane, for another cycle of transport by attaching to folate-

targeted conjugates [70].
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Figure 2.5: Processes involved in receptor-mediated endocytosis

2.4.3 Receptors on Cell Membranes

Cell surface receptors are receptors on the surface of a cell that act in cell signaling by receiving
(binding to) extracellular molecules. Receptors are specialized integral membrane proteins that
allow communication between the cell and the outside world. This type of receptor spans the
plasma membrane and performs signal transduction, converting an extracellular signal into an
intracellular signal or response. Thus, ligands that interact with cell-surface receptors do not have

to enter the cell that they affect. Cell-surface receptors are also called cell-specific proteins or



markers because they are specific to individual cell types. Each cell-surface receptor has three
main components: an external ligand-binding domain (extracellular domain), a hydrophobic
membrane-spanning region, and an intracellular domain inside the cell [71].

Receptors on cell membranes allow specific interaction of drug carriers with cells facilitating
their uptake via receptor-mediated endocytosis [72]. Folate receptors, which are differentially
overexpressed in cells of cancers of epithelial origin, are applied to tumor-specific drug delivery
in cancers including breast, ovary, brain, and lung malignancies. Further, as peptide receptors are
expressed in gigantic quantities in some tumor cells, peptides/peptide analogs are conjugated to a
drug carrier to allow tumor-specific targeting of cytotoxic agents, ensuring interaction with

peptide receptors.

2.5. Biosynthesis of Gold Nanoparticles

The synthesis of metallic nanoparticles using biological systems as efficient means of producing
nanoparticles is receiving great attention in modern nanotechnology. The conventional chemical
and physical approaches for the synthesis of gold nanoparticles are based on either a top-down or
bottom-up approaches. In using the top-down approach, bulk metal is decomposed into
nanoparticles using high laser ablation [73] pyrolysis or attrition [74]. These techniques lack the
ability to control the size of the nanoparticles [75] and also to maintain the surface structure,
which accounts for the physicochemical and catalytic properties of the AuNPs [74]. More so, this
laser ablation method is very expensive due to the complex and hi-tech equipment required. [73].
In the bottom-up approach, AuNPs are constructed atom by atom starting from a precursor gold
(Au) salt solution, using either ultrasound [76] radiation [77], high temperature [78], lithography
[79] or chemical/electrochemical methods [80,81,82] . The chemical synthesis method makes use

of non-polar solvents, which are toxic and so not environmental friendly. [83] Physical methods
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on their own, usually operate at high temperatures and pressures, which leads to increased energy
consumption and high cost of production. Nanoparticles for biomedical application should be
prepared only with biocompatible chemicals to minimize their toxic effect and increase their safe

usage [84]

In contrast, the biosynthesis of gold nanoparticles from plants [85] and microbes [86] is cost
effective, eco-friendly [87] and can also enable increased control over the formation of
nanoparticles with different shapes and sizes [88,89,90]. Green synthesis helps to overcome the
toxicity issues associated with chemical synthesis. Some researchers have advanced reasons why
microorganisms synthesize nanoparticles. They suggested that microorganisms like bacteria,
algae and fungi synthesize nanomaterials to benefit from their mechanical strength and chemical
properties [91]. Diatoms, for instance, mineralize silica to build their cell walls [92],
coccolithophore algae mineralize calcium carbonate to form calcite plates and build their
exoskeleton [93] and magnetotactic bacteria (e.g. Magnetospirillum gryphiswaldense) synthesize
magnetite nanoparticles [94] to enable the bacteria to migrate along a magnetic field towards low

oxygen environments [95].

Microorganism can synthesize metal nanoparticles through metal bio-reduction to remove
soluble metals from the surrounding environment, thus decreasing their toxicity and
bioavailability. Most metal ions are toxic for bacteria, and, therefore, the bio-reduction of ions or
the formation of water insoluble complexes is a defense mechanism developed by the bacteria to
overcome such toxicity [96-99]. In metal-contaminated environments, only microorganisms that
are capable of bio-reduction can survive there. Shewanella oneidensis can grow in presence of

sub-Mm concentrations of Ag*[100], Geobacter sulfurreducens can reduce in few hours soluble
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U6+ to insoluble U4+ [101] and Fe3+-reducing mixed cultures can tolerate high concentrations

of Ni, Cu, Cd, Zn, and Co [102].

The use of parts or whole plants, in the synthesis of gold nanoparticles is an exciting possibility
that is relatively underexploited [87,89,103-104]. Using plants for synthesis of nanoparticles has
a lot of advantages over other environmentally friendly biological methods. This is because using
plants eliminates the cumbersome process of maintaining microbial cultures. Furthermore, the
scale up of the biosynthesis of nanoparticles is relatively easy compared to the chemical
synthesis.

Some plants have been used for synthesis of gold nanoparticles [105]. These include: the leaf
extracts of geranium (Pelargonium graveolens),[105] lemongrass (Cymbopogon flexuosus)[106]
Cinnamommum camphora,[107] neem (Azadirachta indica),[108] Aloe vera,[109] tamarind
(Tamarindus indica)[110] and fruit extract of Emblica officinalis.[111] These have been shown to
have the potential to reduce Au’" to form gold nanoparticles (Au”). The use of plants which have
been found to possess anticancer or other therapeutic activity in biosynthesis of gold
nanoparticles may yield drug conjugated nanoparticles with biological pendant groups which are

lethal to malignant cells but do not affect normal cells.

2.5.1 The Mechanism for the Formation of Gold Nanoparticles

The mechanism leading to the formation of AuNPs is r reduction reaction that involves electron
transport that goes on in the cell membrane of the bacteria. The cell-free extracts contain
reducing agents (antioxidants such as vitamin C precursors, cytochrome oxidase, vitamin B
complex and porphyrins) [112, 113, 114]. Among these, the cytochrome complex and the

porphyrins stand out as possibilities for the reduction of HAuUCIl,. The mechanism leading to the
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formation of AuNPs is a reduction reaction that involves electron transport that goes on in the

cell membrane of the bacteria.

Cytochrome complexes, a class of hemoproteins, play a great role in electron transport. These
proteins can change the valence of the heme iron, alternating between ferrous (Fe**) and ferric
(Fe*") states (equation 1). Cytochrome oxidase is a transmembrane protein complex found in
bacteria and the mitochondrion of eukaryotes [115]. Cytochrome oxidase receives an electron
from each of four cytochrome ¢ molecules, and transfers them to one oxygen molecule,

converting molecular oxygen to two molecules of water as shown in equation (2).

Fe?* ——> Fe¥+¢e 1)
4 Cyt Cred + O2 +8 H+ matrix ———> 4 Cyt Cox 2 HZO + 4 H+ intermembrane (2)
In the process, cytochrome oxidase binds four protons from the inner aqueous phase to make
water, and in addition translocate four protons across the membrane, helping to establish a
transmembrane difference of proton electrochemical potential that the ATP synthase then uses to
synthesize ATP. Equation 3 is a combination of equationsl and 2 showing the complete reaction
that go on in the cell membrane during electron transport.

4 Fe*"-cytochrome ¢ + 8 Hj, + 0, ———> 4 Fe**-cytochrome ¢ + 2 H,0 + 4 H' oyt (3)

In the presence of HAuUCI, cytochrome c reduces Au** in place of Fe*" thereby forming gold

nanoparticles
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HAUCl, +3¢° ———> Au+ 4ClI +H' (4)

AU’ (ag) +3¢ ——> AU’ (9)

2.6 Ligand Conjugation

Gold nanoparticles, being inert and relatively non-cytotoxic, are extensively used for various
biomedical (or nano-medical) applications including drug and gene delivery [116-118].
However, due to their size, gold nanoparticles can easily penetrate various cells, and this non-
specific penetration is one of the greatest challenges in using these nanoparticles for targeted
delivery to specific tissues. To overcome this problem, researchers have been conjugating these
nanoparticles with various biomolecules and ligands to develop strategies for targeted delivery.
Bioconjugation simply involves the linking of biomolecules to nanoparticles by chemical or
biological means [119]. It includes the conjugation of antibodies, nucleic acids and liposomal
components or other biologically active molecules with nanoparticles. The outcome is several
molecular combination that have useful properties. The conjugation of different moieties to the
nanoparticles widens their application fields and provides the nanoparticles with new or
enhanced properties [120]. The use of AuNPs in biological applications has demonstrated the
importance of the conjugation of AuNPs with biological molecules [121, 122]. The biological
molecules not only provide the interfaces for interactions between nanoparticles and the
biological environment, but also contribute their biological functions, such as tumor cell
targeting [123], cell penetration [124], antibody- antigen recognition [125], and many others. As
a result of their well-defined surface chemistry [126], AuNPs can be modified and functionalized
with a wide variety of biological molecules, such as peptides [127], proteins [128],

oligonucleotides [129,130], carbohydrates [131], and even whole viral capsids [132-137].
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Peptides represent a viable targeting moiety with favorable characteristics over antibodies and
antibody analogues and fragments, including low molecular weight (around 1kDa), ideal tissue
penetration ability, lack of immunogenicity, ease of production and relative flexibility in
chemical conjugation processes [138]. Various peptides that recognize cancer-specific epitopes
that are over-expressed on tumor cells and vasculature have been used as targeting moieties for

drugs and drug nanorcarriers, one of which is luteinizing hormone releasing hormone (LHRH).

To prepare conjugates from nanoparticles and biomolecules, the surface chemistry of the
nanoparticles must be such that the stabilizing ligands are fixed to the nanoparticle and possess
terminal functional groups that are available for biochemical coupling reactions if required. The
binding to the nanoparticle surface is frequently done through thiol groups [139-141]. Prior
works by Carls et al., [142-147] described the formation of self-assembled monolayers (SAM) of
alkanethiolates via adsorption of alkanethiols onto the surfaces of gold colloids in agqueous
dispersions. When an alkanethiol solution is added into gold nanoparticles, thiols will
spontaneously bind to the surface of the gold with the SH head groups via a strong gold-sulfur
interaction resulting in a closely packed monolayer, thus exposing the end groups at the
layer/medium interface. Tailoring the terminated chemical identity of self-organized assemblies
provides an effective means to functionalize gold and tune the surface physical or chemical
properties to meet specific requirements.

In this work, the ligands; luteinizing hormone- releasing hormone (LHRH) and folic acid were

characterized for their ability to target AUNPs.
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2.6.1 Luteinizing Hormone-Releasing Hormone (LHRH)

Luteinizing hormone-releasing hormone (LHRH) is a decapeptide containing pGlu-His-Trp-Ser-
Tyr- Gly-Leu-Arg-Pro-Gly-NH2 [148]. LHRH binds to receptors in the pituitary gland,
stimulating the release of luteinizing hormone (LH) and follicle stimulating hormone (FSH). LH
and FSH stimulate the gonads to synthesize steroid hormones [149]. A continuous supply of
LHRH, as opposed to the naturally occurring pulsatile pattern, causes down- regulation of the
LHRH receptors, resulting in a marked decrease in androgens in males and estrogens in females
[150]. LHRH is being used to treat hormone-dependent tumors, through the desensitization of
LHRH receptors. This also forms the basis for the hormonal treatment of prostate cancer, benign
prostatomegaly, endometriosis, hysteromyoma, metrofibroma, precocious puberty, or breast

cancer [151-154].

Over expression of luteinizing hormone releasing hormone (LHRH) receptors in hormone-
associated cancers makes LHRH an attractive target for the selective delivery of
chemotherapeutics. In the mid-1980s, analogs of LHRH peptide were introduced to target LHRH
receptor in prostate [155] and breast [156] cancers. Since then this class of peptides has been
extensively tested as carriers of chemotherapeutic agents to cancer cells. For example, LHRH
analogs were conjugated to doxorubicin (DOX) (conjugate AN-152) or its counterpart 2-
pyrollino-DOX (conjugate AN-207) resulting in targeted therapeutic conjugates in various
cancer models [157-169]. In the work done by Obayemi et al [170], LHRH was successfully
conjugated to magnetite nanoparticles for targeting of breast cancer cells. LHRH receptors are

overexpressed on these cancerous tissues and so this peptide can be used as a targeting moiety.
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2.6.2 Folic Acid (Folate)

Folate, also known as pteroylglutamate, is a water-soluble B vitamin that is critical to DNA
synthesis, methylation, and repair (folate is used to synthesize thymine) [155-173]. Folic acid is a
small molecule (441 Da), stable over a broad range of temperatures and pH values, inexpensive,
and non-immunogenic [174]. Research has shown that Folate binding protein a
glycosylphosphatidylinositol (GPI) anchored cell for folate (folate receptor), is overexpressed in
some human tumors including ovarian, breast and lung cancers,[171, 175] while it is highly
restricted in normal tissues [176]. This knowledge has been exploited in targeted drug delivery,
by conjugating folate with a number of nanotechnology platforms, such as gold nanoparticles
and chemotherapeutic agents. When these nano-conjugates are deposited at the tumor site a
variety of methods to eradicate the cancer cells can be used, such as thermal ablation, drug
release or delivery, or even coating the cancer cells with a high affinity antigen, which the body’s
immune system can detect and mount a defense against [173].

Conjugation of folate to gold nanoparticles can be achieved through succinimidyl ester amine

chemistry, which results in a stable amide linkage [177-179]. Folate must be conjugated to

nanoparticles via its y—carboxyl group in order to retain its receptor-binding activity [180].

Covalent conjugation of small molecules, proteins, and even liposomes to the y—carboxyl moiety

of folic acid does not alter its ability to bind the folate receptor and undergo endocytosis by
receptor bearing cells [181-183].
Our interest in folate is based on the findings of some researchers that folate can be used to target

triple negative breast cancer. In the work done by O’Shannessy et al. [184] they reported that in

metastatic breast cancer, folate receptor -oo (FRA) Was expressed in 86% of TNBC patients.
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These results support the claim that FRA expression is enriched in the TNBC subtype of breast
cancer and represents a new therapeutic target for this devastating disease. Similarly, Tacha and
Bremer [185] , found that 50% of the population of breast cancer patients they tested who

expressed folate receptors had triple negative breast cancer (TNBC).

2.7 Cell Adhesion Measurement

Adhesion plays a very vital role in cell communication and regulation, and also in the
development and maintenance of tissues. Cell adhesion is the ability of a single cell to stick to
another cell or the extracellular matrix (ECM). In vitro, most mammalian cells are anchorage-
dependent and attach firmly to the substrate [186]. The greater adhesion that a cell has, the
greater number of chemical bonds it has on its surface [187,188]. Cell adhesion also helps in
stimulating signals that control cell differentiation, cell cycle, cell migration, and cell survival
[189]. The adhesion of cells to substrate is a crucial consideration in biomaterial design and
development. Cell adhesion is also essential in cell communication and regulation, and becomes
of fundamental importance in the development and maintenance of tissues. Changes in cell
adhesion can be the defining event in a wide range of diseases including arthritis [190,191],
cancer [189,192,193], osteoporosis [194,195], and atherosclerosis [196,197]. Cell adhesiveness
is generally reduced in human cancers. This reduced intercellular adhesiveness makes the cancer
cells lose orderliness, leading to the destruction of histological structure, which is the
morphological mark of malignant tumors [193]. Generally, tumor cells are characterized by
changes in adhesivity to ECM, which may be related to the invasive and metastatic potential

[198].
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To measure the force of adhesion between the cell and the substrate, the Atomic Force
Microscope (AFM) is used. The AFM measures the deflection of a cantilever spring with a sharp
AFM tip (the tip radius is about 10-100 nm) as a function of displacement from a horizontal
position which is driven by a piezo. The deflection of the cantilever is monitored by a laser-
photodiode system and it relates to the forces acting between a probing tip and a substrate [199].
When the cantilever is far from the surface of the sample, the AFM-tip is force free, that is, there
IS no interaction. However, as the tip approaches the surface, electrostatic forces are generated
which attracts the tip towards the substrate. At a distance of nanometers to atomic level
(~20nm)[200], Van der Waals and capillary forces acting on the surface becomes higher than

the spring constant of the cantilever and the tip “jumps” onto the sample surface.

The piezo drive pushes the AFM-tip further onto the surface until a point of repulsion is reached
and the motion of the piezo is reversed. The cantilever deflects towards the surface due to
adhesion force before the tip breaks contact with the surface. The sudden pull off causes free
vibrations of the cantilever. The force acting on the cantilever immediately before coming out of

contact is a measure for the adhesion force between the AFM tip and the surface [201-203].

The pull-off force, which is a measure of the force of adhesion, was determined from the
equation:

F=Kx 1)
Where K is the spring constant of the cantilever and x is the maximum deflection of cantilever

during the tip-substrate adhesion.
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2.8 Breast Cancer Treatment

Different factors come into consideration when deciding which treatment option is best. Some of
these factors include, the type of breast cancer, the size of the breast tumor, the stage of the
breast cancer, the grade of the cancer cells, whether menopause has set in, whether the cancer
cells have receptors for particular cancer drugs and generally the health status of the patient.
There is no single treatment that is best for ball types of cancer, and patients often receive a
combination of therapies and palliative care. Treatments usually fall into one of the following

categories: surgery, radiation, chemotherapy, immunotherapy, hormone therapy, or gene therapy.

One of the most critical points in breast cancer treatment is early stage diagnosis, before tumor
cells metastasize. In addition current diagnostic and therapeutic approaches rely predominantly
on surgery and crude, non-specific techniques such as irradiation and chemotherapeutic agents
[204,205]. Unfortunately, cancer therapies are limited by inadequate drug concentrations
reaching the tumor. The rapid elimination and widespread distribution of the drug into targeted
organs and tissues requires its administration in large quantities which often results in systemic
toxicity and adverse effects [206,207]. Moreover, the majority of anti-cancer drugs is water
insoluble and need to be dissolved in an organic solvent in order to be administered as an

injectable solution. These organic solvents may be toxic and have their own side effects [208].

The development of resistance to chemotherapeutic agents is one of the major challenges in
effective cancer treatment. Tumor cells are able to generate multi-drug resistance (MDR) to the
majority of anti-cancer drugs [209]. Resistance to treatment results from a variety of factors
including individual variations and somatic cell genetic differences in tumors, even those from

the same tissue. The most common reason for acquisition of resistance to a broad range of
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anticancer drugs is the expression or over-expression of one or more energy-dependent

transporters that detect and eject anticancer drugs from cells [210].

The application of nanotechnology to medicine (nanomedicine) has the potential to offer
solutions to these current obstacles in cancer therapies. The unique size (1-100nm) and large
surface-to-volume ratios of nanoparticles [211] offer the ability to convert insoluble or poorly
soluble drugs into soluble suspensions, thus eliminating the need for toxic organic solvents. The
incorporation of anticancer drugs into nanoparticles not only has the potential to decrease their
adverse cytotoxic effects, but also to increase the accumulation of the drug in the tumor
vasculature [211-213]. Therefore, cancer nano-therapeutics are rapidly progressing and are being
implemented to solve several limitations of conventional drug delivery systems [214].
Nanoparticles can be engineered to incorporate a wide variety of chemotherapeutic agents and
target the delivery of these agents directly and specifically to the tumor site for better efficacy
and less toxicity [215,216]. Combining types of passive encapsulation and release modalities
with surface modifications (i.e. hydrophilic coatings) or tumor-specific targeting moieties could
potentially increase the efficacy of nanoparticulate formulations several-folds. In this way,
nanoparticles with enhanced surface properties may be able to deliver a high amount of drug
selectively to tumor sites [217]. Obviously, nanoparticles have the ability to accumulate in cells
without being recognized by P-glycoprotein (P-gp), one of the main mediators of multidrug
resistance, resulting in an increased intracellular concentration of drugs [218]. In our study, we
used prodigiosin, extracted from the indigenously isolated bacterium, Serratia marcescens as the

anti-cancer drug of choice.
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2.9 Prodigiosin

Prodigiosin is a red pigment produced as a secondary metabolite from certain species of
microorganisms, such as Serratia, Pseudomonas and Streptomyces [219,220]. It is an alkaloid

with a unique tripyrrole chemical structure.

Figure 2.6:

(a) structure of prodigiosin
(5[(3-methoxy-5-pyrrol-2-
ylidene-pyrrol-2-ylidene)-
methyl}-2-methyl-3-pentyl-
1Hpyrrole),

(b) red pigment (prodigiosin)
produced by Serratia
marcescens on a petridish,
(c) column chromatography
for prodigiosin purification,
d e (d) different fractions
collectedfromthe
chromatography and

(e) the collected fractions
when iluminatedwith UV
light, prodigiosin flucresces.

Prodigiosin has three rings forming a pyrrolylpyrromethane skeleton with a C-4 methoxy group,
a molecular formula C20H25N30 and a molecular weight of 323.44 Da (Figure 2.6) [220-222].
It is sensitive to light and insoluble in water. It is moderately soluble in alcohol and ether, and
soluble in chloroform, methanol, acetonitrile and DMSO [223,224] . Prodigiosin has several
biological activities such as immunomodulatory, antibacterial, anti-mycotic and antimalarial
activities [225,226]. Recently, many studies [227-230] imply that prodigiosin has a massive
potential in cancer chemotherapy, which draws increasing public attention. The studies on the

anticancer effect of prodigiosin mainly focus on its ability to induce apoptosis. It has been
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reported that prodigiosin can induce apoptosis in various kinds of cancer cells, such as
haematopoietic, colorectal and gastric cancer cells [227-229]. Apoptosis is a form of cell death
in which cells actively participate in their own destruction. This process is characterized by
morphological [231-
233] and biochemical/molecular [234,231,233] criteria. Cells undergoing apoptosis shrink and
lose their normal intercellular contacts and subsequently exhibit cytoplasmic and chromatin
condensation and internucleosomal cleavage of DNA. In the final stages of apoptosis, cells

become fragmented into small apoptotic bodies, which are then eliminated by phagocytosis.

2.10 Drug encapsulation

Microencapsulation is a process by which individual particles or droplets of solid or liquid
material (the core) are coated with a continuous film of polymeric material to produce capsules
in the nanometer to micrometer size range, known as nanospheres or microspheres.[235,236]
The coating materials suitable for microencapsulation should possess these qualities; able to
stabilize the core material, be inert toward active ingredients, capable of controlled release under
specific conditions, be film-forming, pliable, tasteless and stable, be non-hygroscopic, no high
viscosity, and also economical. In addition, the coating materials should be equally soluble in an
aqueous media or solvent, and the coating can be flexible, brittle, hard or thin [237,238].
Microencapsulation includes Bio encapsulation which is more restricted to the entrapment of a
biologically active substance (DNA, cell or group of cells) generally to improve its performance

and enhance its shelf life [239,240].

Drugs are encapsulated for taste and odor masking, to stabilize the drug, improve gastrointestinal

(GI) tolerance, and provide sustained-release after oral administration [240]. Drug encapsulation
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can be used to overcome some of the issues associated with conventional therapy which include
non-site-specific to tumor, high toxicity, devastating short- and long-term side effects, low
efficacy, <1% of drug making it to tumor cells [ 241,242]. To obtain maximum therapeutic
efficacy, there is need to deliver the agent to the target tissue in an optimal amount and at the
right time [243,244]. There are various approaches to delivering a therapeutic substance to the
target site in a sustained controlled release fashion. One such approach is using microspheres as
carriers for drugs. Microspheres are characteristically free flowing powders consisting of
proteins or synthetic polymers which are biodegradable in nature and ideally having particle size

less than 200 um [245]

2.10.1 Types of Drug Release Mechanisms

The ultimate goal of drug encapsulation is to make the drug available at the site of interest at a
particular time and in a required quantity. To achieve this, some workable systems have been
developed by some researchers through which drugs can be released from microspheres. These
include;

1. Degradation controlled monolithic system

Here, the drug is dissolved in a matrix and is distributed uniformly throughout the matrix. The
drug is strongly attached to the matrix and is released on degradation of the matrix. The diffusion
of the drug is slow as compared with degradation of the matrix.

2. Diffusion controlled monolithic system

Here the active agent is released by diffusion prior to or concurrent with the degradation of the
polymer matrix. The rate of release also depends on whether the polymer degrades by a
homogeneous or a heterogeneous mechanism.

3. Diffusion controlled reservoir system
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Here the active agent is encapsulated by a rate controlling membrane through which the agent
diffuses, and the membrane erodes only after its delivery is completed. In this case, drug release
is unaffected by the degradation of the matrix.

4. Erosion
Erosion of the coat due to pH and enzymatic hydrolysis causes drug release with certain coat

materials like glyceryl monostearate, beeswax and steryl alcohol [246-249].

2.10.2 Mechanism of drug release from swellable matrix tablets

Controlled drug release is based on diffusion through polymers, erosion of polymers and other
polymer characteristics such as osmotic and ion exchange properties. When a glassy (or dry)
polymer comes into contact with water or any other medium within which it is
thermodynamically compatible, the solvent penetrates into the free spaces on the surface
between the macromolecular chains. When enough solvent has entered into the matrix, the glass
transition temperature (Tg) of the polymer drops to the level of the experimental temperature
(which is usually 37°C). The presence of solvent in the glassy polymer causes stresses, which are
then accommodated by an increase in the radius of the gyration and end to end distance of the

polymer molecules, which is seen macroscopically as swelling [250].
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CHAPTER 3
3.0 Plant synthesis of Gold nanoparticles with Nauclea latifolia leaf extract and Adhesion
of Conjugated Gold/Prodigiosin Nanoparticles to Breast Cancer Cells
3.1.Introduction
Significant efforts have been made to develop gold nanoparticles (AuNPs) and conjugated
AuNPs/cancer drug nanoparticles for the specific and selective targeting of cancer [1-3]. In most
cases, gold has been used due to its photo-optical properties and biocompatibility [4]. AuNPs

have also been synthesized by chemical, physical and biological pathways [5-8].

Although most of the prior efforts to synthesize AuNPs have used chemical synthesis [9] and
physical synthesis [10], there is growing interest in the biosynthesis of AuNPs from plants [11-
13], microbes [14] and fungi [15]. These approaches have been used to produce AuNPs with
different sizes and shapes [16, 17]. Gold nanoparticles have also been shown to interact with
laser beams to induce heat for hyperthermic cancer treatment [18], laser surgery [19] and drug

delivery [20].

In most cases, fungi [21], actinomycetes [22], and bacteria [23] have been used to synthesize
metallic nanoparticles [24]. Some prior work [13, 22, 25, 26] has also explored the use of parts of
plants, or whole plants, in the synthesis of AuNPs. Such plant-based synthesis, using plant
extracts, is relatively under-exploited. This method of synthesis could also be adapted in low-
resource settings and developing countries for the synthesis of metallic nanoparticles.

Furthermore, the plant-based synthesis of AuNPs has been shown to be easier than the microbial-
based synthesis of AuNPs. This is because the plant-based process occurs relatively quickly, and
does involve the use of bioreactors, as in the case of microbial synthesis [27]. The use of plant

extract method also is a technique that is relatively easy to scale up [28, 29].
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A number of plants have been used to synthesize AuNPs [30-37]. They include: leaf extracts of
Tamarind (Tamarindus indica) [31], cinnamon Cinnamommum camphora [32], lemongrass
(Cymbopogon flexuosus) [33], geranium (Pelargonium graveolens) [34], extract of Emblica
officinalis [35], Neem (Azadirachta indica) [36] and Aloe vera [37]. All of these plant extracts
have been shown to have the potential to reduce Au** ions to AuNPs.

In our recent work [27], AuNPs were synthesized from Nauclea latifolia (NL) leaf extracts. The
effects of pH on the sizes and shapes of the AuNPs were also explored. The AuNPs that were
synthesized at pH values between 4.5 and 9.5 had sizes between 10 and 60 nm. Furthermore,
extracts from the NL leaf were also shown to have anticancer activity and/or therapeutic activity
[38-40]. These two-in-one effects suggest that the biosynthesis of AuNPs can be combined with
the drugs to produce nanoclusters that are conjugated to attach specifically to receptors on cancer
cells [41] or diseased cells [42]. There is, therefore, a potential to develop such AuNPs for the

specific targeting and treatment of cancer and other diseases.

Although, AuNPs are being considered for potential applications in laser hyperthermia,
significant efforts have also been made to develop Au/cancer drug nanoparticles that can be used
for both laser hyperthermia and cancer drug release [43, 44]. There is, therefore an interest in the
synthesis of Au/cancer drug nanoparticles that can be used for both cancer drug release and laser
hyperthermia. Hence, in this paper we explore the synthesis of AuNPs/prodigiosin cancer drug
for the specific targeting and treatment of triple negative breast cancer cells via localized drug

delivery and laser hyperthermia.

Furthermore, in an effort to understand the specific targeting of breast cancer cells, the adhesion

of the nanoparticles was studied along with the shapes and sizes of AuNPs/prodigiosin (PG) drug
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prepared under different pH conditions. The AuNPs were characterized using transmission
electron microscopy images and dynamic light scattering. The adhesion of LHRH-conjugated
AuUNPs is shown to be much greater than that of AuNPs to normal breast cancer cells. The
increased adhesion of the LHRH-conjugated AuNPs and/or PG cancer drug is attributed to the
increased incidence of LHRH receptors that are over-expressed on the surfaces of breast cancer
cells. The implications of the results are discussed for the specific/selective targeting and the

localized treatment of triple negative breast cancer cells.

3.1.1Theory of Adhesion Measurement

The technique of adhesion measurement involves the use of Atomic Force Microscope (AFM) to
measure adhesion forces between nanoparticles coated on an AFM tip and breast cancer cells at a
nanoscale. The force microscopy method involves bringing coated AFM tips close enough to a
substrate for adhesive interactions to occur [Figures 3.1(a & b)]. Due to the presence of inherent

Van der Waals forces present, the two components jump into contact [Figure 3.1(b)].

After contact, the tips get displaced further, as they undergo elasticity in the same direction [45-
47]. Upon their retraction, the displacements are reversed, as the loads are reduced to zero.
However, because of the presence of adhesion, the tips do not detach at zero load. The tips only
get retracted when the applied force applied is sufficient to overcome the adhesion. When this

happens, the pull-off of the AFM tips occurs from the substrates.

The resulting pull-off force, represented as F, is a measure of the adhesion between the
nanoparticle/drug complex and the breast cancer/normal breast cells. This is given by Hooke’s

law to be:
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F=ko 1

where k is the stiffness of the AFM cantilever and o is the displacement of the AFM tip at the on
onset of pull-off. The spring constants of the uncoated (bare) and coated AFM tips are usually
determined experimentally using the thermal tune method [48]. Thermal tuning is done to obtain
the actual spring constants (k) that are subsequently used to calculate the pull-off forces
(adhesion forces) from Hooke’s equation above. The k value is usually obtained at a temperature
of 22°C and a steady relative humidity of 36-45%. Usually, prior to each adhesion measurement,

the photodetector sensitivity was calibrated using a stiff quartz material.

It is important to note that measurements of pull-off (adhesion forces) have been used to measure
forces in biological materials [49-51]. These have been shown to be sufficient to detect the
differences between breast cancer cells and normal breast cells in recent work by Meng et al.,
2010 [46]. The adhesion forces have also been shown to reveal differences between the adhesive
and cohesive interactions in different nanoclusters of gold nanoparticles in recent work by Oni et

al., 2014 [47].

However, although atomic force microscopy has been used to measure the adhesive forces
between the constituents of nanoclusters, to the best of our knowledge, there have been no prior
measurements of the adhesion forces between LHRH-conjugated gold nanoparticles and triple
negative breast cancer cells/normal breast cells. These will, therefore, be measured in the current
work, with the objective of determining the robustness of gold nanoparticle clusters for the

specific targeting and treatment of cancer via localized chemotherapy and hyperthermia.
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3.2 Experimental Procedures

3.2.1 Materials

The gold (III) chloride trihydrate, ACS reagent, > 49.0% Au basis, was purchased from Sigma-
Aldrich, St. Louis, USA, Lot number 127K1374. The other materials include: sterile distilled
water and mature leaves of Nauclea latifolia (obtained from SHESTCO, Abuja, Nigeria).
Phosphate buffer and Acetate buffer for synthesis were obtained from Sigma-Aldrich (St. Louis,
MO, USA), and Thermo Fisher Scientific, Inc. (Waltham, MA, USA), respectively. Cyclohexane
Mercaptan, 99% for conjugation work was purchased from Acros Organics, Thermo Fisher
Scientific (New Jersey, USA).

The LHRH peptides that were used for the conjugation and the immuno-fluorescence staining of
LHRH receptors were purchased from Sigma-Aldrich Co. LLC, (St. Louis, MO USA). In the
case of the adhesion measurement, MDA-MB-231 breast cancer cell line, MCF-10A normal
breast cell line, growth media (L15), and medium supplements (fetal bovine serum and
penicillin/streptomycin) were all purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). Also, uncoated antimony (n)-doped Si atomic force microscopy (AFM)

tips (MPP-31100) were purchased from Bruker AFM Probes (Santa Barbara, CA USA).

3.2.2 Extraction and Synthesis of Gold Nanoparticles

Details of the procedures that were used to obtain plant extracts from Nauclea latifolia are
provided in Ref. 27. Hence, we will only summarize the procedures for the extraction and
synthesis of the AuNPs from the Nauclea latifolia leaves. Although extracts for AuNPs
synthesis can be obtained from both fresh leaves and dry ones, fresh mature leaves of Nauclea

latifolia were used in this study. These were collected from the Botanical Park at Sheda Science
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and Technology Complex (SHESTCO), Gwagwalada, Abuja, Federal Capital Territory, Nigeria.
Some of the leaves were sun dried for 2 days, ground into powder with a pestle and mortar,

before storing the ground powder in a bottle and refrigerator.

In the case of the fresh leaves, they were washed with sterile distilled water and ground with a
mortar and pestle. 1g of freshly ground leaves was placed in each of 7 beakers containing 20 ml
of 0.5M Acetate buffer (pH 4.0, 5.5, 6.5) and 0.5M phosphate buffer solutions of pH ranges 7.5,
8.5 and 9.5, with the last flask containing distilled water, labelled as NLO (that is, without pH
adjustment, though the pH was found to be 7.0). These were stirred at 500 rpm for 20 minutes on
a magnetic stirrer. The leaf extracts were filtered through Whatmann filter paper No.1. The
synthesis of AuNPs at pH 7.0 from Nauclea latifolia has been shown [27] to be promising for
biomedical applications.

In the case of the dry leaves, 0.05g (0.25%) of the dried Nauclea latifolia leaf powder was
soaked in 20 ml of the corresponding buffer solutions (at different pH) and stirred on a magnetic

stirrer for 20 minutes. The solutions were then filtered accordingly to obtain the extract.

Synthesis of AuNPs was achieved by using the extracts from the leaves prepared as described
above. 4 ml of each of the fresh Nauclea latifolia extracts were measured into corresponding test
tubes. Subsequently, 1 ml of 2.5mM gold (I11) chloride tri-hydrate was then added to each test
tube at room temperature (28-30°C). The Nauclea latifolia leaf extract reacted with hydrogen
tetra chloroaurate (HAuCl,4) within 30 seconds forming AuNPs. This was revealed by the visible

color change that occurred as HAuUCI, solution changed color from pale yellow to ruby red.
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3.2.3 Ligand Conjugation of LHRH to Gold Nanoparticles
3.2.3.1 Thiolation of Gold Nanoparticles

The thiolation and conjugation was done using AuNPs that were formed at a pH of 7.0. The
conjugation process involved the use of a self-assembled monolayer (SAM) method developed
originally by Shiao-wen et al., 2008 [52], with some modifications. Cyclohexane mercaptan,
99%, from Acros Organics was used. First, a 1 mM thiol solution was prepared by measuring
6ul of the cyclohexane thiol in a fume cupboard, into 50ml of 50% ethanol, and stirred at 500
rom for 20 minutes to mix properly. In another 50ml beaker, 10 ml of 5mg/ml gold
nanoparticles was added and placed on a magnetic stirrer that was set at 500 rpm. Then 2 ml of 1

mM thiol solution was then added and stirred for 30 minutes.

3.2.3.2 Conjugation with LHRH

A 1mg/ml solution of LHRH was freshly prepared in deionized water. Subsequently, 4ml of the
already thiolated gold nanoparticles was then poured into a beaker, before adding 1 ml of the
LHRH solution. This was then stirred on the magnetic stirrer for 30 minutes at a temperature of
4°C. This resulted in the coupling of LHRH to the gold core (using a thiol linkage), either
through an amino acid added at the C-terminus, or a D-amino acid placed in position 6 of the

LHRH peptide sequence.

3.2.4.0 Prodigiosin Synthesis and Prodigiosin/AuNP Mixtures

3.2.4.1 Prodigiosin (PG) Synthesis

A method developed recently by Obayemi et al., 2016 [53] for the synthesis and purification of

prodigiosin (PG) was adopted for the synthesis and purification of the PG used in this work.
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Hence, the synthesis and purification process will only be summarized in this paper. The
extraction of PG was done from Serratia marcescens subsp. marcescens strain using the method
described by Kamble et al. [54]. The extracted samples were then purified using size exclusion
chromatography (using Sephadex G-50 superfine resin), prior to characterization with High
Performance Liquid Chromatography (HPLC) using an HPLC system with a dual wavelength
absorbance detector (Waters 2695 with 2487 Absorbance Detector, LabX, Midland, ON, Canada
The PG content was determined from the HPLC analysis by comparing the peak areas
(normalization), as well as the symmetrical increase of the peak areas, as a function of the

retention time.

3.2.4.2 Mixture of Prodigiosin and Conjugated Gold Nanoparticles

PG was added to the gold nanoparticles-conjugate by means of physisorption, whereby the
molecules were held in place by Van der Waals forces. 1 mg of prodigiosin was dissolved in 2
ml of methanol and added to the gold nanoparticles conjugate. The mixture was stirred at 500

rom at a temperature of 4°C (to prevent the denaturation of proteins) for 30 minutes.

3.2.5.0 Gold Nanoparticle Characterization

3.2.5.1 UV-Spectrophotometry Measurements

Following the synthesis and conjugation, an ultraviolet-visible spectrophotometer (UV-Vis)
(CECIL 7500 Series, Buck Scientific Inc., East Norwalk, USA), with a range between 400 and
700 nm, was used to confirm the formation of gold nanoparticles. This was done using
procedures described in detail in Ref. 27. The procedures were repeated at 20-minute intervals

for total durations of 1 hour, 24 hours and 48 hours.
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3.2.5.2 Transmission Electron Microscopy (TEM) and Electron Diffraction (ED)

The shapes and sizes of the nanoparticles produced by these reactions were characterized using
transmission electron microscopy (CM100 Transmission Electron Microscope, Philips/FEI
Corporation, Hillsboro, OR, USA), while the presence of gold was confirmed again using
selected-area electron diffraction (SAED) patterns of the nanoparticles. Prior to TEM
examination, drops of gold nanoparticle solutions were placed on copper grids. These were
allowed to dry under ambient conditions (25°C). They were then mounted on a CM100
Transmission Electron Microscope at the Princeton Institute of Science and Technology of
Materials (PRISM) at Princeton University, New Jersey, USA. Subsequently, the nanoparticle
sizes and shapes were further analyzed using ImageJ software package (NIH Image, Scion Image
for Windows, National Institute of Health, Bethesda, Maryland, USA). In the case of SAED
analysis, a selected-area aperture, with a diameter of 1 mm, was used. The resulting SAED

patterns were then recorded and analyzed.

3.2.5.3 Dynamic Light Scattering (DLS)

A Malvern Instrument Zeta-sizer Nano Series (Malvern Instruments, Westborough, MA, USA)
was used in the DLS measurements of the AuNPs as well as conjugated AuNPs/PG mixtures at
room temperature (25°C). The samples were first diluted 1:8 with distilled water. They were then
filtered with a 0.22 micron filter and in each case 0.1 mL of the gold nanoparticles solution was
added to the cuvette. The DLS instrument was run at a wavelength of 660 nm and the fixed
scattering angle used was 90. Three runs per sample were performed for 2:00 minutes per run,

giving a total of 6:00 minutes per sample.
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3.2.5.4 Energy Dispersive X-ray Spectroscopy (EDS)

An Environmental Scanning Microscope (ESEM) (Model FEI Quanta 200F with Oxford-EDS
system IE 250 X Max 80, Philips/FEI, Hillsboro, OR, USA) was used to obtain semi-quantitative
estimates of the compositions of the AuNPs and LHRH-conjugated AuUNPs/PG mixtures. Prior to
EDS characterization, the AuUNP solutions and the conjugated AuNP/PG mixtures were
centrifuged at 12,000 rpm for 30 minutes to concentrate the nanoparticles. The nanoparticles

were then placed on the SEM sample holder and air-dried before viewing them in the ESEM.

3.2.5.5 Adhesion Measurements

Prior to the adhesion measurements, a breast cancer cell line (MDA-MB-231cells) and a normal-
breast cell line (MCF 10A cells) was cultured and prepared. About 20 pl of 5 x 10* cells/ml
MDA-MB-231 cells was cultured in 60 x15 mm Falcon cell culture Petri dishes at 37°C. This
was done under standard atmospheric pressure in L-15 medium supplemented with 100 1.U./mL

penicillin/100 Ig/mL streptomycin and 10% FBS.

In the case of the normal breast cells, 5 x 10* cells/ml of MCF10A breast cells was incubated at
37 °C in 5% CO, in DMEM/F12 medium (Invitrogen # 11330-032) supplemented with 5%
horse serum (Invitrogen # 16050-122), 30 ng/ml murine Epidermal Growth Factor (Peprotech
#315-09), 0.5 ug/ml hydrocortisone (Sigma, #H-0888), 100 ng/ml cholera toxin (Sigma #C8052-
1IMG), 10 pg/ml insulin (Sigma #1-882-100MG), 1% Penicillin-Streptomycin (Invitrogen

#15070-063), and 0.2% amphotericin (Gemini Bioproducts, #400-104), respectively.
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After 72 h of culturing, the cell confluence was about 70%. Both cell samples were then washed
twice with PBS solution (1X PBS at 4°C) and fixed in 3.7% formaldehyde solution for 15
minutes. The fixed cells were then rinsed three times with PBS (1X PBS at 4°C). This was
followed by three rinses with distilled-deionized water (4°C). This last rinse with water was used
to remove possible salt deposits that may have resulted from the prior PBS rinses. Finally, the
fixed cells were dried in a vacuum desiccator for two hours (at 25 - 30°C).

Adhesion measurements were done using a Multimode Dimension DI Nanoscope Illa Atomic
Force Microscope (Bruker Instruments, Woodbury, NY, USA). The Atomic Force Microscope
(AFM) tips were coated with the LHRH, AuNPs, prodigiosin drug (PG), LHRH-conjugated
AuNPs and LHRH-conjugated AuNPs/PG mixture using a simple dip coating technique [47].
This was done under sterile conditions at a temperature of 22°C, as reported by Oni et al. [47].
To ensure that the AFM tips were coated with LHRH or LHRH-AUNPs, the bare AFM tips and
the nanoparticle coated AFM tips were imaged using environmental scanning electron
microscopy (ESEM). The secondary electron images of the coated and bare AFM tips were
obtained from a Phillips FEI Quanta 200 Field Emission Gun (FEG) Environmental-SEM
(Philips Electronics N.V., Eindhoven, Netherlands). These images were used to confirm the
presence of LHRH and nanoparticle coatings on the AFM tips, before and after the adhesion
measurements. The different coated tips were brought into contact with the substrates (breast

cancer cells and normal breast cells) during the AFM adhesion measurements.

As described in Section 2, the Atomic Force Microscope (AFM) measures the deflection of a
cantilever spring with a sharp AFM tip (the tip radius is about 10-100 nm) as a function of

displacement from a horizontal position, which is driven by a piezo-electric system. The
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deflection of the cantilever is monitored using a laser-photodiode system. It relates the forces
between the probe-tip and the substrate [55] to the displacement of the tip.

When the cantilever is far away from the surface of the sample, the AFM-tip is force free. Hence,
there is no adhesive interaction between the tip and the substrate. However, as the tip approaches
the surface, adhesion forces increase significantly. These attract the tip towards the substrate
(See Figure 1b). At a distance of a few nanometers from the substrate (~ 20 nm), the secondary
forces (Van der Waals forces and hydrogen bonds) acting on the surface become significant,

causing the cantilever and the tip to jump into contact with the sample surface [56].

The piezo drive pushes the AFM-tip further on the surface until a point of repulsion is reached
and the motion of the piezo is reversed. The cantilever deflects towards the surface due to
adhesion force before the tip breaks contact with the surface. The sudden pull-off may cause free
vibrations of the cantilever. The pull-off is described as the adhesion between the coated AFM

tips and surface of the substrate [54-59].

The following adhesion measurements were made:

Q) Bare AFM tip to breast cancer/normal breast cells;

(i) LHRH-coated AFM tip to breast cancer/normal breast cells;
(iii) PG drug coated AFM tip to breast cancer/normal breast cells;
(iv)AuNPs to breast cancer/normal breast cells;

(vi) AuNPs—-LHRH to breast cancer/normal breast cells, and

(vii)  AuNPs-LHRH/PG mixture to breast cancer/normal breast cells;
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3.2.5.6  Confocal Fluorescence Microscopy of LHRH Receptors

Immuno-fluorescence staining of both breast cancer cells and normal breast cells were carried
out using methods reported earlier by Meng et al., 2010 [46]. Both triple negative breast cancer
cells (MDA-MB-231 cells) and normal breast cancer cells (MCF-10A cells) were cultured on
sterile glass cover slips (with inside cross sectional areas of 60 mm x15 mm) and Falcon cell
culture Petri dishes in their respective growth media. After 48 h, the cells were fixed, stained

and imaged, as reported by Meng et al., 2010 [46].

3.3.0 Results and Discussion

3.3.1 Nanoparticle Synthesis, Conjugation and Characterization

Duration of 30 seconds was used to synthesize the AUNPs from the Nauclea latifolia leaf extract
[27]. This was possible when gold aurochloride (HAuUCI,) reacted with the extract at a pH of
about 7.0. The formation of AuUNPs was revealed by the visible color change that occurred, as the
HAuCI, solution changed from a pale yellow color to ruby red [27].

The production of gold nanoparticles has been correlated with the change in color of pale yellow
plant extracts or bacterial cell suspensions to pink or purple [60,61]. This color change is as a
result of the reduction of Au** to Au® [62]. Detailed results of the synthesis of AuNPs from

Nauclea latifolia are reported by Dozie-Nwachukwu, et al. [27].

From the UV-Vis measurements, the peaks revealed that the AuNPs were synthesized within 30
seconds, with a plasmon resonance peak at 540 nm. The nanoparticles also remained stable with
a peak at 540 nm, even after 48 hours. The peak remained stable although the absorbance
increased with time. It was also observed that dried leaves of Nauclea latifolia resulted in a

similar yield of AuNPs, compared to the yields under wet conditions. However, processing with
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dried leaves required about 1/20™ the weight of Nauclea latifolia that was used under wet

conditions.

The UV results for both un-conjugated AuNPs and LHRH conjugated AuNPs showed evidence
of the presence of AuNPs (Figure 3.2a). After conjugation, the UV-Vis spectra (Figure 3.2b)
showed the presence of 2 peaks, one peak at 260 nm which confirms the presence of the
peptide, LHRH [63] , and a second peak at 540nm which is the wavelength of AuNPs. The
reaction schematics of conjugation of AUNPs to LHRH is represented below.

0, N\)LNHQ

d% 0
@gfof‘gw % o

LHRH

+ AUNPs —SH ————» LHRH-S-AuNPs (2)

The TEM micrograph obtained for the AuNPs synthesized from Nauclea latifolia leaves, as well
as the LHRH-conjugated AuNPs/PG mixtures, are presented in Figure 3.3. After conjugation
with LHRH, the average size of the conjugated AuNPs was within the range of 51— 60 nm.
Generally, the images of the AuNPs formed (Figure 3.3a) are combination of prismatic,

octagonal, heptagonal and hexagonal shapes, with varying sizes.

Similar nanoparticle morphologies were also observed after conjugation and mixture with PG
(Figure 3.3 b & c¢).These combination of shapes and sizes may be relevant for optimum surface
plasmon resonance effect (SPRE) of AuNPs considering the incident angle and AuNPs-laser
interaction. The TEM images and selected area electron diffraction (SAED) patterns also

confirmed the formation and crystallization of nanoparticles. The SAED pattern presented in
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Figure 3d represents the four-fringe pattern of gold nanoparticles, which corresponds to the face-
centered cubic (fcc) crystal structure of gold [111, 200,220 311]. This confirms the formation of
pure gold nanoparticles. The observed ring pattern is consistent with the reference to fcc gold,
indicating that the biogenic nanoparticles seen in the TEM images are indeed crystalline gold.
The Scherer ring pattern characteristic of face-centered cubic gold is clearly observed (figure 3.3
d), showing that the structures presented in the TEM images are nanocrystalline in nature.

Typical size distributions obtained from the image analyses of the TEM images are compared to
those obtained from the DLS measurements in Figure 3.4. The hydrodynamic diameter measured
with the DLS is presented in Figures 3.4 (¢ & d). The DLS measurements of the mean
hydrodynamic diameters and the polydispersity indices of the AuNPs are represented in Figures
3.4(e) and 4(f). The hydrodynamic diameter of the AuNPs nanoparticles synthesized at a pH of
7.0 was 47.9 nm, while the polydispersity index (PDI) of the same nanoparticles was 0.23. The
measured PDIs show that the representative samples of the biosynthesized AuNPs were
relatively mono-dispersed. The measured hydrodynamic diameter describes the dimensions of a
sphere that has the same diffusion coefficients within the same viscous environment.
Furthermore, a comparison of the hydrodynamic diameters and the polydispersity index of the
AuUNPs synthesized (before and after conjugation) was studied. The Z average (which is the
intensity weighted mean hydrodynamic size of the ensemble collection of particles measured by
dynamic light scattering (DLS)), increased with the addition of the ligand, LHRH. The z-
average also increased further when the anti-cancer drug, prodigiosin (PG), was added. This goes

futher to confirm that conjugation actually took place.

In the case of AuNPs synthesized at a pH of 7.0, the z-averages before conjugation, after
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conjugation with LHRH, and after the addition of prodigiosin, were 47.9 nm, 58.9 nm and 60.2
nm, respectively (Figure 3.4e). These are consistent with the findings of Takae et al. [64], who
observed an increase in nanoparticle diameter (from 20 to 33.3 nm) after functionalization with
6,000 Mw PEG. Some other researchers also have reported that DLS measurements of the
hydrodynamic diameters of AuNPs increase from 28.2 nm to 48.5 nm, with the addition of PEG
coatings [65,66].

The results obtained from the DLS meaurements of the polydispersity index (PDI) showed that
the PDI decreased with the addition of the ligands. This suggests that conjugation improves the
dispersity of the particles. The AuNPs synthesized at a pH of 7.0 had a PDI of 0.23 before
conjugation, a PDI of 0.29 after conjugation with with LHRH and a PDI of 0.08 after the
addition of PG cancer drug (Figure 3.4f). In figure 3.4 (b and d), the size distributions of AUNPs
were presented using results obtained from the TEM and DLS analyses. As discussed earlier, the
TEM images correspond to electron transmission through the nanoparticles, while the DLS

correspond to the hydrodynamic diameters.

The hydrodynamic diameters measured from the DLS were generally much greater than the
effective diameters obtained from the TEM images. This is partly due to the adsorption of
proteins and organic wastes onto the surfaces of the AuNPs, which is accounted for in the DLS
measurements [67]. Such adsorption tends to promote the formation of nanoparticle clusters that
increase the hydrodynamic radii. In the case of the TEM measurements, they only account for
the electron transmission through the nanoparticle core. Thus, the high magnification TEM
images required for the measurement of individual nanoparticle sizes may not necessarily reveal

the statistical variations in the cluster sizes that are formed due to nanoparticle aggregation [67].
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Typical EDS results obtained from the AuNPs synthesized at a pH of 7.0 are presented in Figure
3.5. The results show clear and predominant evidence of gold peaks at 540 nm, although peaks
corresponding to some of the materials (used in the reactions) were also observed (Figure 3.5b).
Note that the carbon and silicon peaks are attributed to the specimen mounting solution in the
SEM grid [68]. The presence of gold peaks at 540 nm is consistent with the existence of AuNPs.
The EDS analysis revealed the presence of gold (Au) and iron (Fe), which are usually attached to

prodigiosin, as well as Cu and Si, which are most likely to be from the sample grid.

3.3.2 Adhesion Force Measurements

The SEM images of the bare AFM tip, AuNPs coated AFM tip, AuNPs-LHRH coated tips and
LHRH-conjugated AuNPs/PG mixture coated tip are presented in Figure 3.6a — 3.6d,
respectively. When coated with plain AuNPs, the attachment of the AuNPs was sparsely
scattered on the tip, but the coating with AuNPs-LHRH conjugated AuNPs showed an even
attachment as seen from the peeled off region in Fig. 3.6c. The SEM images of the coated tip
clearly show the presence of AuNPs on the apex of the AFM tips [Figure 3.6(b-d)]. SEM images
were used to ensure that the delamination of the coatings on the AFM tips did not occur during
the pull-off/adhesion experiments. Figure 3.7 shows a typical AFM — force/distance curve
measured by the AFM-cantilever versus tip sample distance. It indicates the AFM force-
displacement behavior between AuNPs-LHRH coated AFM tips and MDA-MB- 231 breast
cancer cells.

The measured adhesion force between the different constituents and breast cancer cells/normal
breast cells are represented in Figure 3.8. The resulting pull-off/interaction forces between the

bare AFM tip and the breast cancer cells (MDA-MB-231 cells) are slightly greater (the results
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for breast cancer cells are actually over two-fold greater) than those between bare tips and
normal breast cells. In the case of AuNPs coated AFM tips, the interaction between AuNP-
coated AFM tips and breast cancer cells is more than two-fold greater than the interaction

between AuNP-coated tips and normal breast cells (48.5 + 2.5 nN compared to 18.6 + 0.93 nN).

In the case of the adhesion forces between LHRH ligand and breast cancer cells or normal breast
cells, the pull-off forces obtained were 105.6 + 5.3 nN and 21.7 £ 1.8 nN, respectively. It is clear
here that the interaction between LHRH coated AFM tip with breast cancer cells was greater
than those of normal cells by a factor of about 5 (actually 4.8). This partly explains why LHRH
specifically targets triple negative breast cancer cells [68-72].

In the case of therapeutics, the PG interaction to breast cancer cells or normal breast cells was
measured. This result was important to understand the behavior of PG when used in a
nanocluster of AuNPs-LHRH-PG. The adhesion forces between the PG drug and breast cancer
cells or normal cells were relatively low, and within the same range (20.3 +0.7nN and 13.5
+1.6nN). Furthermore, the adhesion between LHRH-conjugated AuNPs and breast cancer cells
or normal breast cells were measured to be 125.6 + 6.3 nN and 35.3 + 1.8 nN, respectively,
which is about a three and a half-fold difference. These results clearly show that LHRH-
conjugated AuNPs can be used for selective and specific targeting of triple negative breast
cancer cells. Finally, the interaction between LHRH-conjugated AuNPs/PG mixtures to breast
cancer cells was (118.4 £ 6 nN), which is almost 3-fold greater than for the interactions with
normal breast cells (43.4 = 2.7 nN).

The higher adhesion values obtained for the LHRH-conjugated AuNPs component to breast

cancer cells are attributed to the over-expression of LHRH receptors on cancer cells compared to

90



normal cells (Figure 3.9). The increased adhesion between the LHRH-conjugated nanoparticles
to breast cancer cells has been shown to be due to the increased incidence of LHRH-receptors on
breast cancer cells [66, 68-72]. The results suggest that the over-expressed LHRH receptors,

located on breast cancer cells, interact very strongly with LHRH peptides, respectively.

The current results suggest that force microscopy techniques incorporated with LHRH-
conjugated AuNPs presented here may be used as a method for the fast screening of ligand-
conjugated nanoparticles that can be used for the early detection of other forms of cancer and
other diseased cells that over-express ligand receptors on their membrane surfaces. Such over-
expression should increase the potential for the specific targeting and treatment of triple negative

breast cancer.

3.4  Summary and Concluding Remarks

This paper presents the results of a study of adhesion of biosynthesized gold and
gold/prodigiosin nanoparticles to triple negative breast cancer cells and normal breast cells. The
AuNPs were synthesized from Nauclea latifolia leaf extracts, and the prodigoisin was purified
from a local isolate of Serratia marcencens. We argue that such adhesion could increase the
potential for specific targeting and cancer therapy. The adhesion results show that the adhesion
force between LHRH-conjugated biosynthesized AuNPs and the breast cancer cell line MDA-
MB-231 was greater (by a factor of five) than that of LHRH-conjugated AuNPs to normal breast
cells. Similarly, in the case of the nanocluster of AuNPs-LHRH-PG mixture, the adhesion of the
mixture to breast cancer cells is almost three-fold greater than that to normal breast cells. The

increase in adhesion of the LHRH-conjugated gold nanoparticles is associated with the increased
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incidence of LHRH receptors that are over-expressed on the surfaces of breast cancer cells. The
increased incidence of LHRH receptors increased adhesive interactions by a factor of about five.
It also increases the potential for use of AUNPs-LHRH-PG in the selective and specific targeting

and treatment of breast cancer by localized cancer drug delivery, hyperthermia and laser surgery.

REFERENCES

1. Jennings, T., Strouse, G.: Past, present and future of gold nanoparticles. Adv Exp
Med Biol. 620, 34 — 47, (2007).

2. Holiday, R. Use of gold in medicine and surgery. Biomedical Scientist (The Official
Gazette of the Institute of Biomedical science, UK), 962-63, (2008).

3. Dykman, L. A., Khlebtsov, N. G.: Gold Nanoparticles in Biology and Medicine:
Recent Advances and Prospects. Acta Naturae. 3 (2), 34-55, (2011).

4. Chen, P.O., Mwakwari, S.C., Oyelere, A.K.: Gold nanoparticles: From nanomedicine
to nanosensing. Nanotechnology, Science and Applications. 1, 45-66, (2008).

5. Canizal, G., Ascencio, J.A., Gardea-Torresday, J., Jose-Yacaman, M. Multiple
twinned gold nanorods grown by bio-reduction techniques. J.Nanoparticle Res. 3
475-481, (2001).

6. Zhou, Y., Yu, S.H., Cui, X.P.,, Wang, C.Y., Chen, Z.Y.. Formation of Silver
Nanowires by a Novel Solid- Liquid Phase Arc Discharge Method. Chem. Mater. 11,
545-546, (1999).

7. Sun, Y., Mayers, B., Herricks, T., Xia, Y.. Polyol Synthesis of Uniform Silver
Nanowires: A Plausible Growth Mechanism and the Supporting Evidence. Nano Lett.
3, 955-960, (2003).

8. Mouxing, F., Qingbiao, L., Daohua, S., Yinghua, L., Ning, H., Xu, D., Huixuan, W.,

Jiale, H.: Rapid Preparation Process of Silver Nanoparticles by Bioreduction and
Their Characterizations. Chin. J. Chem. Eng. 14(1) 114- 117, (2006).

92



10.

11.

12.

13.

14.

15.

16.

17.

18.

Selvakannan, P. R., Mandal, S., Pasricha, R., Adyanthaya, S. D., Sastry, M.: One-step
synthesis of hydrophobized gold nanoparticles of controllable size by the reduction of
aqueous chloroaurate ions by hexadecylaniline at the liquid-liquid interface. Chemical
Communications, 13, 1334-1335, (2002).

Okitsu, K., Yue, A., Tanabe, S., Matsumoto, H., Yobiko, Y.: Formation of colloidal
gold nanoparticles in an ultrasonic field: control of rate of gold (Il1) reduction and
size of formed gold particles. Langmuir. 17(25), 7717-7720, (2001).

Singh, A., Jain, D., Upadhyay, M. K., Khandelwal, N., Verma, H. N.: Green
synthesis of silver nanoparticles using Argemone mexicana leaf extract and evaluation
of their antimicrobial activities. Digest Journal of Nanomaterials and Biostructures. 5
(2), 483-489 (2010).

Leela, A., Vivekanandan, M.: Tapping the unexploited plant resources for the
synthesis of silver nanoparticles. African Journal of Biotechnology 7 (17), 3162-
3165, (2008).

Balaprasad, A., Biosynthesis of Gold Nanoparticles (Green-Gold) Using Leaf Extract
of Terminalia Catappa. E-Journal of Chemistry. 7(4) 1334-1339, (2010)

Gericke, M., Pinches, A.: Microbial Production of Gold Nanoparticles. Gold bulletin.
39(1) 22-28, (2006).

Sanghi, R., Verma, P., Puri, S.: Enzymatic Formation of Gold Nanoparticles
Using Phanerochaete Chrysosporium. Advances in Chemical Engineering and
Science. 1 (3) 154-162, (2011).

Sun, Y., Xia,Y.: Shape-controlled synthesis of gold and silver nanoparticles. Science.
298 (5601), 2176-2179, (2002).

Nair, B., Pradeep, T.: Coalescence of Nanoclusters and Formation of Submicron
Crystallites Assisted by Lactobacillus Strains. Crystal Growth and Design, 2 293,
(2002).

Chatterjee, D.K., Diagardjane, P., Krishnan, S.: Nanoparticle-mediated hyperthermia
in cancer therapy. Ther Deliv. 2(8), 1001-14, (2011).

93



19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

Mafune, F., Kohno, J., Takeda, Y.: Full Physical Preparation of Size-Selected Gold
Nanoparticles in Solution: Laser Ablation and Laser-Induced Size Control. J. Phys.
Chem. B. 106 (31), 7575-7577, (2002).

Cho, K., Wang, X., S. Nie, Z. (Georgia) Chen, Dong M. Shin, Therapeutic
Nanoparticles for Drug Delivery in Cancer. Clin Cancer Res. 14(5) 2008.

Mukherjee, P., Ahmad, A., Mandal, D., Senapati, S., Sainkar, S.R., Khan, M.,
Parischa, R., Ajayakumar, P.V., Alam, M., Kumar, R., Sastry, M.: Fungus mediated
synthesis of silver nanoparticles and their immobilization in the mycelial matrix: A
novel biological approach to nanoparticle synthesis. Nano Lett. 1, 515-519, (2001).

Ahmad, A., Senapati, S., Khan, M.1., Kumar, R., Sastry, M.: Extracellular
Biosynthesis of Monodisperse Fold Nanoparticles by a Novel Extremophilic
Actinomycete Thermonospora sp. Langmuir. 19, 3550-3553, (2003).

Stephen, J.R., Maenaughton, S.J.: Developments in terrestrial bacterial remediation of
metals. Curr Opin Biotechnol. 10, 230-235 (1999).

Sastry, M., Ahmad, A., Khan, M.1., Kumar, R.: Biosynthesis of metal nanoparticles
using fungi and actinomycete. Curr Sci. 85, 162-170, (2003).

Huang, J., Li, Q., Sun, D., Lu, Y., Su, Y., Yang, X., Wang, H., Wang, Y., Shao, W.,
He, N., Hong, J., Chen, C.: Biosynthesis of silver and gold nanoparticles by novel
sundried Cinnamomum canphora leaf, Nanotechnology. Nanotechnology, 18(10)
105104-105115, (2007).

Kasthuri, J., Kathiravan, K., Rajendiran, N., Phyllanthin-assisted biosynthesis of
silver and gold nanoparticles: a novel biological approach. J Nanopart Res. 11(5)
1075-1085, (2009).

Dozie-Nwachukwu, S.0O., Etuk-Udo, G., Obayemi, J.D., Anuku, N., Odusanya, O. S.,
Malatesta, K., Chi, C., Soboyejo, W.O.: Biosynthesis of Gold Nanoparticles from
Nauclea latifolia Leaves; Advanced Materials Research 1132, 36-50, 2016.

Cho, K., Wang, X., S. Nie, Z. (Georgia) Chen, Dong M. Shin, Therapeutic
Nanoparticles for Drug Delivery in Cancer. Clin Cancer Res. 14(5) 2008.

Pellegrino, T., Kudera, S., Liedl, T., Mufioz Javier, A., Manna L., Parak, W. J..: On
the Development of Colloidal Nanoparticles towards Multifunctional Structures and
their Possible Use for Biological Applications. Small. 1, 48-63 (2005).

94



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Shankar, S.S., Ahmad, A. Pasrichaa, R., Sastry, M.: Bioreduction of chloroaurate
ions by geranium leaves and its endophytic fungus yields gold nanoparticles of
different shapes. J Mater Chem. 13, 1822-1826, (2003).

Ankamwar, B., Chaudhary, M., Sastry, M.. Gold nanotriangles biologically
synthesized using tamarind leaf extract and potential application in vapor sensing.
Synth React Inorg Metal-Org Nano- Metal Chem. 35, 19-26 (2005).

Huang, J., Li, Q., Sun, D., Lu, Y., Su, Y., Yang, X.: Biosynthesis of silver and gold
nanoparticles by novel sundried Cinnamomum camphora leaf. Nanotechnology. 18
105104-105114, (2007).

Shankar, S.S., Rai, A., Ahmad, A., Sastry, M.: Controlling the optical properties of
lemongrass extract synthesized gold nanotriangles and potential application in
infrared-absorbing optical coatings. Chem Mater. 17, 566-572, (2005).

Shankar, S.S., Ahmad, A. Pasrichaa, R., Sastry, M.: Bioreduction of chloroaurate
ions by geranium leaves and its endophytic fungus yields gold nanoparticles of
different shapes. J Mater Chem. 13, 1822-1826, (2003).

Ankamwar, B., Damle, C., Ahmad, A., Sastry M.: Biosynthesis of gold and silver
nanoparticles using Emblica officinalis fruit extract, their phase transfer and
transmetallation in an organic solution. J Nanosci Nanotechnol. 5, 1665-1671,
(2005).

Shankar, S.S., Rai, A., Ahmad, A., Sastry, M.: Rapid synthesis of Au, Ag and
bimetallic Au core—Ag shell nanoparticles using neem (Azadirachta indica) leaf
broth. J Colloid Interf Sci 275, 496-502, (2004).

Chandran, S.P., Chaudhary, M., Pasricha, R. Ahmad, A. Sastry, M.: Synthesis of
gold nanotriangles and silver nanoparticles using Aloe vera plant extract. Biotechnol
Prog. 22, 577-583, (2006).

Umadevi, M., Sampath Kumar, K.P., Bhowmik, D., Duraive, S.: Traditionally Used
Anticancer Herbs in India. Journal of Medicinal Plants Studies 1(3) 56-74, (2013).

Paul, J., Gnanam, R.M., Jayadeepa, R., Arul, L.: Anti-cancer activity on Graviola,
an exciting medicinal plant extract vs various cancer cell lines and a detailed
computational study on its potent anti-cancerous leads. Curr Top Med Chem 13(14)
1666-1673, (2013).

95



40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

Akpanabiatu, M.1., Umoh, I.B., Eyong, E.U., Udoh, F. V.: Influence of Nauclea
latifolia Leaf Extracts on Some Hepatic Enzymes of Rats fed on Coconut oil and non-
Coconut oil meals. Pharmaceutical Biology. 43(2) , 153-157, (2005)

Brandenburg, K.S., Shakeri-Zadeh, A., Mansoori, G.A.: Folate-conjugated gold
nanoparticlesfor cancer nanotechnology applications. Nanotech 3, 404 — 407, (2011).

Gao, T., Hong, H., Sun, J.: Applications of gold nanoparticles in cancer
nanotechnology. Nanotechnology, Science and Applications 1, 17-32, (2008).

Chatterjee, D.K., Diagaradjane, P., Krishnan, S.: Nanoparticle-mediated hyperthermia
in cancer therapy. Therapeutic delivery, 2(8):1001-1014, (2011).

Jain, S., Hirst, D.G., O’Sullivan, J.M. Gold nanoparticles as novel agents for cancer
therapy. The British Journal of Radiology, 85(1010):101-113 (2012).

Hampp, E., Botah, R., Odusanya, S. O., Anuku, N., Malatesta, K., Soboyejo, W.O.:
Biosynthesis and Adhesion of Gold Nanoparticles for Breast Cancer Detection and
Treatment. Journal of Materials Research; 27 (22), 2891, (2012).

Meng, J., Paetzell, E., Bogorad, A., Soboyejo, W.O.: Adhesion between
peptides/antibodies and breast cancer cells, J. Appl. Phys. 107, 114301,(2010).

Oni, Y., Hao, K., Dozie-Nwachukwu, S., Obayemi, J.D., Odusanya, O. S., Anuku, N.,
Soboyejo, W. O.: Gold nanoparticles for cancer detection and treatment: The role of
adhesion. Journal of Applied Physics J. Appl. Phys. 115, 084305 (2014).

Gates, R.S., Osborn, W.A, Pratt, J.R.: Experimental determination of mode correction
factors for thermal method spring constant calibration of AFM cantilevers using laser
Doppler vibrometry. Nanotechnology, 24(25):255706, (2013).

Dupres,V., Menozzi, F.D., Locht, C., Clare, B.H., Abbott, N.L., Cuenot, S., Bompard,
C., Raze, D., Dufrene, Y.F.: Nanoscale mapping and functional analysis of individual
adhesins on living bacteria. Nat. Methods, 2, 515-520, (2005).

Wojcikiewicz, E.P., Zhang, X., Moy, V.: Force and Compliance Measurements on
Living Cells Using Atomic Force Microscopy (AFM). Biol. Proced. Online 6, 1-9
(2004).

Li, F., Redick, S.D., Erickson, H. P., Moy, V. T.: Force Measurements of the a5p1
Integrin—Fibronectin Interaction. Biophys. J. 84, 1252-1262 (2003).

96



52.

53.

54.

55.

56.

S57.

58.

59.

60.

61.

Shiao-Wen, T., Jiunn-Woei, T.L., Fu-Yin, H., Yi-Yun, C., Mei-Jhih, L., Ming-His Y.:
Surface-Modified Gold Nanoparticles with Folic Acid as Optical Probes for Cellular
Imaging. Sensors, 8, 6660-6673, (2008).

Obayemi, J.D., Danyuo, Y., Dozie-Nwachukwu, S., Odusanya, O.S., Anuku, N.,
Malatesta, K., Yu, W., Uhrich, K.E., Soboyejo, W.O.: PLGA-based microparticles
loaded with bacterial-synthesized prodigiosin for anticancer drug release: Effects of
particle size on drug release Kkinetics and cell viability. Materials Science and
Engineering C ; 66, 51-65, (2016).

Kamble, K.D, Hiwarale, V.D., “Prodigiosin production from Serratia marcescens
strains obtained from farm soil” International Journal of Environmental Sciences, 3
(1), 631-638, (2012).

Butt, H., Cappella, B., Kappl, M.: Force measurements with the atomic force
microscope: Technique, interpretation and applications. Surface Science Reports. 59
1-152, (2005).

Santner, E., Stegemann, B.: Adhesion measurements by AFM — a gateway to the
basics of friction Accessed from:
www.academia.edu/7351106/Adhesion_measurements_by AFM_a_gateway to_the
basics_of friction on 30th March, 2016.

Bhushan, B. (Ed.), Handbook of Micro/Nanotribology. 2nd ed. CRC press, Boca
Raton (1999).

Burnham, N.A., Colton, R.J, Pollock, H.M. Interpretation of force curves in force
microscopy. Nanotechnology, 4: 64-80 (1993).

Cappella, B., Dietler, G. Force-distance curves by atomic force microscopy. Surf. Sci.
Rep., 34(1-3): 1-104 (1999).

Boham, A.B., Kocipai, A.A.: Flavonoids and condensed tannins from leaves of
Hawaiian Vaccinium vaticulation and V. calycinium. Pacific Science. 48, 458 — 463,
(1994).

Madhavi, R.B., Dighe, V.V.. Synthesis of Gold Nano particles using Putranjiva

roxburghii Wall. Leaves Extract. International Journal of drug discovery and herbal
research (IIDDHR). 2(1), 275-278, (2012).

97



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Kundu , A., Layek, R.K., Kujla, A., Nandi A.K.: Highly fluorescent graphene
oxide-poly (vinyl alcohol) hybrid: an effective material for specific Au®" ion
sensors. ACS Appl Mater Interface. 4(10) 5576-82, (2012).

Rogosi¢, M., Mencer, H.J., Gomzi, Z.: Polydispersity index and molecular weight
distributions of polymers. European Polymer Journal. 32, (11), 1337-1344 (1996).

Takae, S., Akiyama,Y., Otsuka, H., Nakamura, T., Nagasaki, Y., Kataoka, K. :
Ligand density effect on biorecognition by PEGylated gold nanoparticles: regulated
interaction of RCA120 lectin with lactose installed to the distal end of tethered PEG
N strands on gold surface. Biomacromolecules 6(2) 818-824 (2005).

Hall, J.B., Dobrovolskaia, M.A., Patri A.K., McNeil, S.E.: Characterization of
nanoparticles for therapeutics. Nanomedicine. 2(6) 789-803 (2007)

Arnida, A., Janat-Amsbury, M.M., Ray, A., Peterson, C.M., GhandehariH.: Geometry
and surface characteristics of gold nanoparticles influence their biodistribution and
uptake by macrophages. Eur J Pharm Biopharm: 77, 417423 (2011).

Lim, J., Yeap, S.P., Che, H.X., S. C. Low; Characterization of magnetic nanoparticle
by dynamic light scattering. Nanoscale Research Letters 2013 8:381.

Obayemi, J. D., Dozie-Nwachukwu, S., Danyuo,Y., Odusanya, O.S., Anuku, N., K.
Malatesta, K., Soboyejo, W.O.: ‘Biosynthesis and the Conjugation of Magnetite

Nanoparticles with Luteinizing Hormone Releasing Hormone (LHRH)’ : Journal of
Materials Science and Engineering C, 46, 482-496, (2015).

Zhou, J., Leuschner, C., Kumar, C., Hormes J.F., Soboyejo, W.O.: Sub-cellular
accumulation of magnetic nanoparticles in breast tumors and metastases.
Biomaterials; 27(9):2001-2008, (2006).

Zhou, J., Leuschner, C., Kumar, C., Hormes J., Soboyejo, W.O.: A TEM Study of
Functionalized Nanoparticles Targeting Breast Cancer Cells in Mice, Materials
Science and Engineering C, 26, 1451-1455, (2006).

Leuschner, C., Kumar, C.S.S.R., Hansel, W., Zhou, J., Soboyejo, W.O., Hormes, J.:
LHRH-Conjugated Magnetic Iron Oxide Nanoparticles for Detection of Breast
Cancer Metasteses. Breast Cancer Res. Treat. Springer 2006 DOI 10.1007/s10549-
006-9199-7. 99 163-176, (2006).

Meng J., Fana, J., Galiana, G., Branca, R.T , Clasen, P.L., Ma,S., Zhou, J.,
Leuschner, C., Kumar, C.S.S.R., Hormes, J., Otiti, T., Beye, A.C., Harmer, M.P.,

98



Kiely, C.J., Warren, W., Haataja, M.P. Soboyejo,W.O.:“LHRH-Functionalized
Superparamagnetic Iron Oxide Nanoparticles for Breast Cancer Targeting and

Contrast Enhancement in MRI” Materials Science and Engineering C 29, 1467—
1479, (2009).

99



(@)

Petri Dish AFM Cantilever
/
AFM Tip—
= NPs

A

{NP/Cell
Interactions

i Cells

Fig. 3.1a: Ligand/receptor interactions. In the experimental setup, ligands on the dip-coated AFM tip interact with
surface receptors on breast cancer cells (MDA-MB-231)/normal breast cells (MCF10A) seeded on a Petri dish
([Adapted from Ref. [45]).
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Fig. 3.1b: Schematic of typical force—displacement plot with corresponding stages of force displacement behavior.
In one approach-retract cycle, the AFM tip approaches the surface of the sample (A), jumps to contact with the
surface when significant van der Waals forces are felt (B), and undergoes elastic bending and is retracted (C, D).
Due to adhesive interactions, the tip does not detach from the substrate until a force sufficient to pull the tip off of
the surface is achieved (E). (Adapted from Ref. [43,45]).
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Fig.3. 2 (a) UV/Vis spectra obtained for AuNPs produced from Nauclea latifolia leaves at a pH of 7.0; (b) UV/Vis
spectra obtained for LHRH-conjugated AuNPs Synthesized in (a) above.
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Fig. 3.3 TEM images of (a) AuNPs synthesized from Nauclea latifolia leaves at a pH of 7.0; (b) LHRH-conjugated
AUNPs (¢) LHRH-conjugated AuNPS with PG mixtures (d) The Scherer ring patterns indicating the fcc gold which
is nanocrystalline in nature.
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Fig. 3.4: (a) and (b) Typical TEM AuNPs size distribution (c) and (d) Typical DLS hydrodynamic diameter of size
distribution of AuNPs synthesized from Nauclea latifolia leaves. (e) and (f) show the average distribution and
polydispersity index of AUNPs, AuNPs-LHRH and AuNPs-LHRH-PG, respectively.
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Fig. 3.5: EDX showing elemental composition of (a) AuNPs synthesized from Nauclea latifolia at a pH 7.0; (b)

LHRH-conjugated AuNPs/PG mixture.
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Fig. 3.6. Scanning Electron Microscopy image of AFM tips: (a) Bare tip (b) AuNPs coated AFM tip (¢) LHRH-
conjugated AuNPs coated AFM tip (d) AuNPs-LHRH/PG drug coated AFM tip.
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Fig. 3.7: Typical AFM force-displacement behavior between AuNPs-LHRH coated AFM tips to MDA-MB 231
breast cancer cells.
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Fig.3. 8: Summary of adhesion force measurements between uncoated/bare AFM tip as well as different
nanoparticles-coated AFM tips and breast cancer (MDA-MB-231) cells/normal breast (MCF 10 A) cells.
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Fig. 3.9: Fluorescence confocal images of LHRH receptor distribution on (a) normal breast cells and (b) breast
cancer cells. The images show the over-expression of LHRH receptors and nuclei designated by arrows.
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Chapter 4

4.0 Biosynthesis of Gold Nanoparticles and Gold/Prodigiosin Nanoparticles with Serratia
marcescens bacteria.

4.1 Introduction:

Since nanoparticles have large surface to volume ratios, their surface-related characteristics and
surface properties are usually affected by slight changes in their size, shape and surrounding
media [1]. Consequently, gold nanoparticles are very chemically reactive compared to bulk gold,
which is known to be inert. Gold nanoparticles also have the potential for applications in: drug
delivery; gene transfer; bio-probes in cells and tissue analysis; visualization of micro- and nano-

objects, and also for the observation of biological processes at the nano-scale [2] and micro-scale

13].

In most cases, gold nanoparticles are synthesized using chemical methods [4-6] or physical
methods [7]. However, these often require expensive equipment and chemicals and produce toxic
by-products. There is, therefore, a need for alternative, less expensive methods, for the synthesis
of gold nanoparticles. One of the alternatives is to use biological organisms, such as bacteria, [8]
fungi [9] and plants, [10, 11] in biochemical processes that result in the formation of gold
nanoparticles with different shapes and sizes that are relevant to optoelectronic devices, [12]

nano- medicine [13] and catalysis. [14-16]

Microorganisms, such as bacteria [17- 19] and fungi, [20] have been used to synthesize gold
nanoparticles in recent years [21- 24]. An earlier study by Beveridge and Murray, [25] found
that Bacillus subtilis was able to reduce Au** ions to gold nanoparticles with a size range of 5-25
nm. The nanoparticles were produced inside the cell wall. Konishi et al. [23] also found that
Shewanella algae were able to reduce Au** ions to form 10-20 nm gold nanoparticles. These
were formed extracellularly with the assistance of hydrogen gas. Similarly, fungi (Verticillium
sp.) [9], Fusarium oxysporum [26], Actinomycete (Thermomonospora sp. [17] and Rhodococcus

sp.) [27] have been used to synthesize gold nanoparticles, intra- or extra-cellularly.
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The AuNPs can also be used as contrast agents in optical coherence tomography as a result of the
variations in their sizes and shapes, which allow for the precise tuning of their resonance
wavelength [28]. Over the years, gold nanoparticles have also been used for both imaging and
therapeutic purposes in several cancer models, both in vitro and in vivo [29- 31]. Mukherjee et
al., [32] have also reported the inhibition of angiogenesis by gold nanoparticles, through the
direct binding of the particles to heparin-binding growth factors (vascular permeability

factor/VEGF and FGF specifically), a property that is very useful in halting tumor proliferation.

Further, Hainfeld et al., [33] have shown that gold nanoparticles can be used to enhance localized
radiotherapy in order to prolong 1-year survival rates of mice bearing EMT6 mammary
carcinomas (86% survival with gold nanoparticles versus 20% survival with X-rays alone).
Nanoparticles have also been localized within cancerous cells through active targeting, in which
nanoparticles are conjugated with small tumor-specific recognition molecules, like folic acid,
[34] thiamine [35] and antibodies or lectins [36]. An antibody effectively used in conjugation is
anti-HER2, [37, 29, 28] although it is possible to attach a wide variety of antibodies raised

against tumor-specific markers.

In the field of nano-electronics, gold nanoparticles have been found to be very useful. Fabien et
al., [38] developed a transistor that can mimic the main functionalities of a synapse. This organic
transistor is based on pentacene and gold nanoparticles and is known as a NOMFET
(Nanoparticle Organic Memory Field-Effect Transistor). Gold nanostructures can also be
incorporated into macro-porous scaffolds to increase the matrix conductivity and enhance the
electrical signal transfer between cardiac cells [39]. Researchers are now trying to apply gold
nanoparticles within the electronics industry for use in applications that range from data storage

and touch screens, to printed text and conductive films [40].

The interactions between gold nanoparticles and biological cells have been studied recently using
Atomic Force Microscopy [41- 43]. Hampp et al. [44] compared the adhesion forces between
breast cancer cells and chemically-synthesized or bio-synthesized gold nanoparticles. They
reported that the average adhesion force for the biologically synthesized AuNPs to breast cancer

cells, with an average diameter of about 30 nm, is approximately 20 nN. These values were
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found to be over three times larger than the average adhesion forces between breast cancer cells
and chemically synthesized gold particles. Hampp et al. [44] attributed these differences (in
adhesion values between the chemically synthesized and bio-synthesized AuNPS) to the presence
of capping proteins on the biosynthesized AuNPs. They concluded that bio-synthesized
nanoparticles are superior to chemically-synthesized nanoparticles, based on the greater adhesion

forces to breast cancer cells than to normal cells.

In this paper, we explore the bio-synthesis of gold nanoparticles from Serratia marcescens
bacteria. Serratia marcescens is a gram negative, motile bacillus of the family
Enterobacteriaceae [45]. Its common habitat is in damp areas, such as bath rooms, soil around
dirty gutters, and spoiled food, especially carbohydrates. It is also associated with urinary tract
infections. Equally, we explored the synthesis of gold nanoparticles using prodigiosin.

Prodigiosin (PG) is a tripyrrole red pigment that is produced as a secondary metabolite by
Serratia marcescens (SM) and some other bacteria. Studies have shown that, prodigiosin has
anticancer, antiproliferative, cytotoxic and antibacterial properties. It can also be used for
immunosuppressive activities [46-51]. It has been reported that prodigiosin induces apoptosis in
hematopoietic cancer cells as well as in cells derived from other human cancers (e.g. gastric and
colon cancers), with no marked toxicity in nonmalignant cell lines [47, 49, 50]. Moreover,
Francisco and coworkers (2003) [51] reported the effect and mechanisms of action of PG against
different human neuroblastoma cell lines (i.e. SH-SY5Y, LAN-1, IMR-32 (N-type) and SK-N-
AS (S-type).

The bio-synthesized gold nanoparticles were characterized using UV-Visible spectroscopy (UV-
Vis), Scanning Electron Microscopy (SEM), Energy dispersive X-ray Spectroscopy (EDX) and

Transmission Electron Microscopy (TEM).

4.2.0. Experimental Procedures

4.2.1. Materials
The gold (III) chloride trihydrate, ACS reagent, >49.0% Au basis, was purchased from Sigma-
Aldrich, St. Louis, USA, Lot number 127K1374. All the reagents used were Analar grade. The
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basic equipment includes: Mortar and pestle, A Sanyo MSE Harrier 18/80 refrigerated
Centrifuge (Sanyo, London, UK), an O’Haus PA64 analytical plus weighing balance
(Switzerland), a water bath (Fisher Scientific, model 2321, Marletta Ohio,USA), a Transmission
Electron Microscope (TEM)(CM100 Transmission Electron Microscope, Philips/FEI
Corporation, Hillsboro, OR, USA) a UV-visible Spectrophotometer (CECIL 7500 Series, Buck
Scientific Inc., East Norwalk, USA), and a rotary evaporator (BUCHI, Rotavapor® 114 with
Water Bath B-480, Bristol, Wisconsin, USA).

4.2.2 lsolation and identification of Serratia marcescens

The bacteria, Serratia marcescens (SM) were obtained from soil at Sheda Science and
Technology Complex (SHESTCO), Abuja, Nigeria. First, a soil sample was collected from a
damp area at SHESTCO using a sterile bottle. 1g of the soil was weighed into a 50 ml conical
flask and 10 ml of sterile distilled water was added to it, before mixing thoroughly. Serial
dilution was then carried out on 1ml of the sample up to a dilution of 10°. The x10* and x10°
dilutions were inoculated into nutrient agar plates (Sigma Aldrich, St. Louis, USA). About 8
different organisms grew, but our interest was on the red pigmented colonies. Subsequently, we
sub-cultured the red pigmented bacteria until we obtained a pure culture of the organism. Finally,
the culture was sent to Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), in
Germany, for characterization and identification. They identified the organism as Serratia
marcescens marcescens through sequence analysis and ribotyping.

4.2.3 Biosynthesis of gold nanoparticles using cell-filtrate and viable biomass

A loopful of Serratia marcescens growing on a petri plate was inoculated in a 250 ml conical
flask containing 100 ml of sterile peptone-glycerol broth (PGB) The inoculated medium was
incubated at 30°C in a rotary shaker at 160 revolutions per minute (rpm), for 48 hours. After 48
hours, the culture was centrifuged at 5000 rpm and 4°C for 15 minutes and further filtered
through a 2um membrane filter. The cell-free was collected in another flask, while the biomass
was washed 3 times with sterile distilled water to remove all traces of the medium. Then, 1g
(wet weight) of the biomass was re-suspended in 10 ml of sterile distilled water. The samples

were placed in the test tubes as indicated in Table 4.1. The contents of the test tubes were then
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mixed thoroughly and incubated in the water bath at 30°C for durations between 24 hours and 10

days.

4.2.4 Extraction and purification of prodigiosin (PG)

Prodigiosin was extracted from Serratia marcescens (SM) cultured on peptone glycerol agar
(PGA) and purified using column chromatography. The percentage purity was equally
determined with the aid of HPLC. This information can be seen in our recent publication,
Danyuo et al., [52].

4.2.5 Biosynthesis of gold nanoparticles with prodigiosin

10 mg of the prodigiosin extract was dissolved in 5ml methanol and brought up to 50 ml with
distilled water. 2 ml of the prodigiosin solution was reacted with 1 ml of 2.5mM HAuCI, and
stirred for 10 minutes. A color change was observed as the bright red color of prodigiosin
changed to a pale pink color in approximately 24 hours.

4.3.0 Characterization of gold nanoparticles

4.3.1 UV/Vis spectral analysis

The reduction of Au** to Au® was monitored using the UV-Vis spectrophotometer (UV-Vis)
(CECIL 7500 Series, Buck Scientific Inc., East Norwalk, USA), equipment and vendor info).
The Plasmon resonance frequency absorption characteristic of gold was monitored between
wavelength ranges 400 — 700nm. The effects of time and pH on the synthesis of gold

nanoparticles were also investigated.

4.3.2 Scanning Electron Microscopy (SEM) / Energy Dispersive X-ray Spectroscopy (EDS)

The SEM analysis of the synthesized gold nanoparticles was done using a FEI/Philips XL30
FEG-SEM, set at acceleration voltage of 15.00 kV, magnification of 102400x and a pressure of
3.91-5Torr. The gold nanoparticles solution was centrifuged at 12000 rpm for 30 minutes to
pellet the nanoparticles. Samples of the pellet were placed on the SEM sample holder for
observation. The elemental analyses of the samples were also made with EDS, using the same
equipment and the same samples. When an electron beam is focused on the sample in a scanning

electron microscope (SEM), the electrons from the primary beam penetrate the sample and
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interact with the atoms from which it is made, and X-rays result from these interactions. The X-
rays are detected by an Energy Dispersive detector which displays the signal as a spectrum of
intensity versus X-ray energy. The energies of the characteristic X-rays allow the elements
making up the sample to be identified, while the intensities of the characteristic X-ray peaks

allow the concentrations of the elements to be quantified.

4.3.3 Transmission electron microscopy (TEM)

The sizes and shapes of the gold nanoparticles synthesized were determined with the
Transmission Electron Microscope Microscope (CM100 Transmission Electron Microscope,
Philips/FEI Corporation, Eindhoven, Holland). A copper grid (SPI supplies / structure probe,
Inc., West Chester, USA) was placed on a glass slide, then a drop of gold nanoparticles solution
was placed on the grid and allowed to air dry. It was then viewed in the TEM. The sizes of the
particles were determined using the ImageJ software (NIH Image, Scion Image for Windows,
National Institute of Health, Bethesda, Maryland, USA)

4.3.4 Helium lon Microscopy (HIM)

Helium lon Microscopy was carried out at the Microscopy facility in the Department of Physics
at Rutgers University, Piscataway, New Jersey, USA using a Carl Zeiss Orion Helium lon
Microscope (ZEISS, Germany). The PG/gold nanoparticle complex was viewed with 1um and 4
pm fields of view. The working distance was 7.3 mm, while the blanker current was 0.1 pA. The
acceleration voltage was 30 kV, while the dwell time was 1 ps. The line averaging for the 1pum

field of view image was 64, while that for the 4 um field of view was 128.

The single most critical parameter in nanotechnology imaging is resolution. The helium ion
microscope is a new type of microscope that uses helium ions for surface imaging and analysis.
It works like the scanning electron microscope, but it uses a focused beam of helium ions instead
of electrons [53]. The helium ions can be focused into a smaller probe size and provide a much
smaller interaction volume at the sample surface compared to electrons. Also, it generates higher
resolution images with better material contrast and improved depth of focus. The high resolution
arises from the use of a finely sharpened needle and a process that strips individual atoms away

from the source until an atomic pyramid is created with just three atoms at the very end of the
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source tip. The HIM achieves a resolution of less than 0.3 nm at energy of 25-30 kV and can

deliver beam currents between 1 fA and 25 pA. [54]

4.3.5 Dynamic Light Scattering (DLS)

A series of 1:10 dilutions of the samples was made with Dulbecco’s Phosphate Buffer Saline
(DPBS) (Sigma Aldrich, St. Louis, MO, USA. D8537) at pH 9 that was used for the DLS
analysis. The machine used was a BIC 90 plus particle size analyzer that was equipped with a
Brookhaven BI-9000 AT digital correlator (Brookhaven Instruments Corp., Holtsville, NY,
USA). The light source was a solid-state laser operating at 658 nm with 30 mW power, while the
signals were detected by a high-sensitivity avalanche photodiode detector. All of the
measurements were conducted in triplicate at a fixed scattering angle of 90° at 25 + 1 °C. Each

sample was analyzed for 6 minutes (3 runs per sample at 2 minutes per run).

4.4.0 Results and Discussion

4.4.1 Nanoparticle Synthesis

After 24 hours of exposure to HAuClI,, the almost colorless cell-free conditioned medium of
Serratia marcescens changed color from pale yellow to pink or purple (Figure 4.1). Such color
change is generally considered to be an indication that the HAUCI, has been reduced to Au® [55-
59].

HAUCL, +3¢” — > Au+ 4CI +H' 1)

In contrast, the synthesis of gold nanoparticles by the cell biomass required a much longer
duration. The color change to pink or purple was observed on the 6™ day. The control
experiments (without either the cell-free extract or the biomass) remained pale yellow in color,
indicating that the synthesis of gold nanoparticles did not occur in the absence of the cell-free
conditioned medium or the cell biomass.

The formation of gold nanoparticles was initially monitored by visual observation and then
characterized using various characterization techniques. To verify the reduction of gold ions,
samples were withdrawn at different times and scanned in the range of 400-750 nm in a UV-
visible spectrophotometer, which revealed the appearance of the peaks at 540-560 nm, which are

characteristic of gold nanoparticles. UV-vis spectroscopy is one of the most important techniques
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used to identify the formation and stability of the gold nanoparticles in aqueous solution. Gold
nanoparticles are known to exhibit a maximum absorption in the range of 500 to 600 nm [60,
61].

4.4.2: Effects of pH on Biosynthesis of Gold Nanoparticles

We studied the effect of pH on synthesis of gold nanoparticles by Serratia marcescens using
UV-Vis spectroscopy. Both the cell-free conditioned medium and biomass of Serratia
marcescens were exposed for 10 days to a 2.5 mM HAuCI, solution, having adjusted the reaction
medium to five pH values, i.e. 4.0, 5.5, 6.5, 7.5 and 8.5. This is consistent with the results of
other prior researchers [62- 64], where variations in pH during exposure to gold ions, had an
impact on the size, shape and number of particles produced per cell.

In the current work, plasmon resonance peaks were observed in the biomass at wavelengths
close to ~ 550 nm and at pH levels of 4.0, 5.5, 6.5 and 7.5 on day 6, but by day 10, only pH 6.5
showed a plamon resonance of 570 nm with an increased absorption maxima of 1.90 (Figures
4.2a-4.2b and Table 4.2). No evidence of AuNPs formation was observed in the UV-Vis spectra
of pH 8.5 for the biomass. This is similar to the findings of Joerger et al. [65] who observed that

the optimum gold accumulation by microbial cells normally occurs in the pH range of 2 to 6.

In the synthesis reactions containing the cell-free conditioned medium, pH 4 resulted in peak
absorbance at a wavelength of approximately 540 nm (Figures 4.3a — 4.3d). This suggests that
moderately sized AuNPs were formed at this pH. In contrast, the pH of 6.5 resulted in a
maximum absorbance at a wavelength of 570 nm. This is again consistent with the synthesis of
large nanoparticle sizes (Figure 4.3b and Table 4.3) [66]. The effect of pH on the size distribution
of gold nanoparticles synthetized by Lactobacillus sp. was already observed [67]. However, no
plasmon resonance peaks were observed at the pH values of 5.5, 7.5 and 8.5, after exposure of
cell-free extracts to HAuClI, for durations up to 96 hours.

The UV-Vis scans showed that the absorption maxima at the different pH were around 540 — 570

nm, depending on the sizes of the gold nanoparticles [68]. This is attributed to the Surface
Plasmon Resonance (SPR) peak of gold nanoparticles. Smaller nanoparticles (sizes ~ 10 — 40

nm) have been shown to result in lower wavelengths (515 — 540 nm) at which maximum
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absorptions are observed. Conversely, larger nanoparticles (sizes ~ 50 — 100 nm) are associated

with higher wavelengths (550 — 570 nm), for maximum absorption / plasmon resonance [17, 69,
70].

It is important to note that gold nanoparticles were synthesized in the cell biomass after 6 days of
exposure to HAUCI,, The times taken for the color changes to occur are summarized in Tables
4.2 and 4.3. These show that the cell-free conditioned medium resulted in the fastest color
changes, while the cell biomass required much longer durations for color changes to occur.
Hence, from the color changes, we can deduce that the supernatant/ cell free medium is more
efficient at synthesizing gold nanoparticles than the cell biomass. Furthermore, the UV-Vis
results also show that the cell-free extract is more effective at producing gold nanoparticles than
the cell biomass. The current results also demonstrate that the absorbance and the nanoparticle
sizes increase with time. This is consistent with the red shift observed in the plasmon resonance
peaks of the particles, with increasing time.

4.4.3 Characterization

4.4.3.1 Transmission Electron Microscopy (TEM)

The TEM images of the gold nanoparticles synthesized with the cell-free extract of Serratia
marcescens at pH 4 and 6.5 are presented in Figures 4.4a-4.4b. They show the presence of gold
nanoparticles of different shapes and sizes. The shapes observed range from spherical to
prismatic and hexagonal nanoparticles. The average size of the particles (for a pH of 4) was
between 21-30 nm (Figure 4.5a), and 31-40 nm (for a pH of 6.5) (Figure 4.5b). Therefore, the
average size of nanoparticles seems to be dependent on the pH, with higher pH values producing
nanoparticles of larger size. Also in Figures 4.4c- 4.4e, the TEM images of the gold
nanoparticles synthesized using the biomass of Serratia marcescens were shown. Spherical
shapes were predominant, similar to the shapes of nanoparticles synthesized from the cell-free
conditioned medium. The sizes of the nanoparticles ranged from 20-120 nm, as shown in the

histograms in Figures 4.5c-4.5e.

117



4.4.3.2 Scanning Electron Microscopy (SEM)

The synthesis of gold nanoparticles with cell biomass occurred intra-cellularly as shown in the
SEM micrograph in Figure 6. This shows rod shaped bacteria, Serratia marcescens, decorated
with gold nanoparticles within the cells. The image suggests that the reducing agent responsible
for the reduction of AuCl, to Au’ is actually within the bacteria. It also explains why the
synthesis with the cell-free extract is faster, because the reducing agent (prodigiosin), a by-
product of the bacteria, is released into the surrounding environment (media). Hence, possibly
due to the higher concentration of the exudates in the media, it performs better as a reducing
agent. Another possibility is that in the cell-free extract, the reducing agent has better access to
the gold ions, which could be compartmentalized within the bacterial cell. Older publications
show TEMs of bacteria containing gold nanoparticles, and the nanoparticles are located on the
cell membrane or the cell wall within the bacteria. So, it’s possible that if the nanoparticles are
located in one of these compartments, they are not accessible to the reducing agent [71, 72]. In
contrast, in the case of synthesis from biomass, additional time is needed to secrete and transport

the by-products to react with the hydrogen aurochloride.
4.4.3.3 Energy Dispersive X-ray Spectrometry (EDS)

The EDS analyses also confirmed the presence of gold nanoparticles, as shown in Figure 4.7. In
the case of the synthesis with the cell-free conditioned medium at a pH of 4 (Figure 4.7a), only 2
elements were present, gold (Au) and silicon (Si). Sharp peaks of gold were seen indicating high
purity of the AuNPs. It also suggests that there was a complete reduction of AuCl; to AuNPs.
At pH 6.5 (Figure 4.7b), using the cell-free extract, the elements Au, Si, carbon(C) and oxygen
(O) were present. The C and Si are likely to be from the sample grid. In the case of synthesis
with the biomass, on day 6 at pH 5.5 and 6.5 (Figures 4.7c-4.7d), the elements Au, C, O, Si and
trace amount of sodium (Na ) were observed. The Na is most likely to be an impurity from the

sample grid. On day 10, for the biomass, the presence of Au, C and Si were seen.

From the results, the intensities of gold fractions in all the samples were higher than those of the

other elements present, particularly the sample at pH 4, indicating high purity of the AuNPs.
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4.4.3.4 Analysis of Gold /Prodigiosin Nanoparticles

The results of the analysis done on Gold/prodigiosin nanoparticles are presented in Figure 4.8.
The UV-Vis spectra show the curves for only prodigiosin and after the synthesis of gold
nanoparticles. The prodigiosin as extracted had a wavelength of 540nm and an absorbance of
1.23. After the synthesis of gold nanoparticles, the wavelength dropped to 535nm and an
absorbance of 0.866. The reduction in the wavelength is an indication that the nanoparticles

formed are within the range of 40-50nm, since wavelength is related to the size [73].

The TEM images revealed the nanoparticles to be mostly hexagonal in shape (Figure 4.8b). The
result of the HIM analysis done for the gold/prodigiosin nanoparticles showed the gold
nanoparticles were well dispersed (Figure 4.8c). The EDX analysis (Figure 4.9) showed the
presence of Au and iron (Fe). The presence of Fe confirms the proposed mechanism that gold

displaces Fe which is often in association with prodigiosin.
4.4.3.5 Dynamic Light Scattering (DLS)

Each of the AuNPs samples were diluted with distilled water in the ratio 1:8 and then filtered
with 0.22 micron filter. Dynamic light scattering (DLS) is used to measure the size of particles
suspended in a liquid. The average mean size (Z-Average) of synthesized gold nanoparticles at
different pH were measured and the results are as follows ( Figure 4.10 ); for the cell free
conditioned medium at pH 4.0, the Polydispersity index ( PDI), 0.25, shows that the sample is
relatively monodispersed, but the sizes of the NPs are very large, about 270 nm. At pH 5.5,
nanoparticles produced by the cell-free conditioned medium have a Z-average under 100 nm, but
this is still large for bare AuNPs. The PDI indicates that the nanoparticles were mostly
polydispersed. At pH 6.5, the nanoparticles are relatively monodispersed, but the mean size is
large, with Z-average larger than 100 nm. The results of the DLS for gold nanoparticles from cell
free extracts at pH 7.5, 8.5 and 9.5 revealed that they all have relatively moderate mean sizes
with Z-average of 40.2nm, 43.6nm, 42.6nm respectively and equally a relatively low
polydispersity, 0.27, 0.29 and 0.27 (refer to Table 4.4). These results are good for bare

nanoparticles.
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In comparing these results with the results of the UV-Vis scans, which indicated that AUNPs
were not present at pH 8.5 and 9.5, one can infer that gold nanoparticles were actually present
but that their concentration was too small to be detected; hence the DLS was able to detect them.
The gold nanoparticles synthesized with the biomass were also analyzed. The sample at pH 4 had
a very large Z-average of 120.5nm but the PDI was low at 0.21. At pH 5.5 the mean size was
small, 39.0nm but the PDI was rather very high, 0.53, making the nanoparticles unsuitable for
drug delivery.

The term polydispersity (or more recently dispersity without the poly, according to IUPAC
recommendation) [74] is used to describe the degree of “non-uniformity” of a distribution. The
polydispersity index represents the ratio of particles of different sizes to total number of
particles. The higher the polydispersity index, the less monodispersed the particles will be. The

Polydispersity Index is dimensionless and is scaled such that values smaller than 0.05 are rarely
seen other than with highly monodisperse standards. Values greater than 0.7 indicate that the
sample has very broad size distribution and is probably not suitable for the dynamic light
scattering (DLS) technique [75].

4.4.4 The Formation of Gold Nanoparticles

The cell-free conditioned medium contain reducing agents (antioxidants such as vitamin C
precursors, cytochrome oxidase, vitamin B complex and porphyrins) [76- 78]. Among these, the
cytochrome complex and the porphyrins stand out as possibilities for the reduction of HAuUCI,.
The mechanism leading to the formation of AuNPs is a reduction reaction that involves electron

transport that occurs in the cell membrane of the bacteria.

Cytochrome complexes, a class of hemoproteins, play a great role in electron transport. These
proteins can change the valence of the heme iron, alternating between ferrous (Fe**) and ferric
(Fe*") states (equation 2). Cytochrome oxidase is a transmembrane protein complex found in
bacteria and the mitochondrion of eukaryotes [79]. The cytochrome oxidase complex receives an
electron from each of four cytochrome ¢ molecules, and transfers them to one oxygen molecule,

converting molecular oxygen to two molecules of water as shown in equation (3).
Fe?t ——> Fe*'+e (2)
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4 Cyt Cred t 02 +8 H+ matrix T 4e _— > 4 Cyt Cox *+ 2 HZO + 4 H+ intermembrane (3)

In the process, the cytomchrome oxidase complex binds four protons from the inner aqueous
phase to make water, and, in addition, translocate four protons across the membrane, helping to
establish a transmembrane difference of proton electrochemical potential that the ATP synthase
then uses to synthesize ATP. Equation 4 is a combination of equations 2 and 3 showing the
complete reaction that go on in the cell membrane during electron transport.

4 Fe**-cytochrome ¢ + 8 H'jy + 0 ———> 4 Fe**-cytochrome ¢ + 2 H,0 + 4 H o (4)

In the presence of HAUCI, the Fe**-cytochrome c reduces Au®" thereby forming gold

nanoparticles.
HAUCls+3e — > Au+ 4CI +H' (1)

AU (aq) +3¢ ———> AU’ (s)

As has already been stated, the process of gold nanoparticle formation is a reduction reaction.
Generally, gold nanoparticles are produced in a liquid by reduction of hydrogen tetra chloroauric
acid (HAUCI,). As the reducing agent is added (conditioned medium), this causes Au®* ions to be
reduced to neutral gold atoms (Au®). As more and more of these gold atoms form, the solution
becomes supersaturated, and gold gradually starts to precipitate in the form of sub-nanometer
particles, the rest of the gold atoms that form stick to the existing particles. This involves the
process of nucleation and growth.

The shape and size of the nanoparticles formed are controlled by the pH of the solution. Ji et al.,
[80] reported that the pathway by which gold particles are synthesized varies depending on pH.
Other researchers, [81] also found that the pH is controlled by the concentration of trisodium
citrate. For a low pH, pH 3.7-6.5, the particles form through an intermediate of [AuCl; (OH)]
which undergoes nucleation within 10 s, a LaMer burst nucleation, followed by fast random
attachment and finally intraparticle ripening. For a higher pH ~6.5-7.7, the particles undergo
reduction through [AuCl, (OH)]* and [AuCl (OH)]*~ with a much longer nucleation of ~60 s
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followed by slow growth. In the synthesis of gold nanoparticles, it is somewhat unclear which
chemical reaction is occurring and there are two separate pathways which the gold could
undertake. The first is to bond as ions, and then have a reduction occur, or the reduction could
occur first followed by a bonding of the gold atoms [82].

4.5 Summary and Concluding Remarks

We have demonstrated that Serratia marcescens can be used in the synthesis of gold
nanoparticles both intra- and extra-cellularly. However, the use of cell-free extract proved to be
more effective than the biomass, as it requires lower reaction times. Also, the study indicates that
pH 4 is the optimum pH for the synthesis. In addition, the nanoparticle sizes at this pH (40-60
nm) are within the range that is suitable for applications in nano-medicine e.g. for cancer

detection and treatment.

The SEM image revealed gold nanoparticles within the bacterial cells. This is a strong indication
that the factor responsible for the reduction of gold chloride is located within the cell. With the
ability of prodigiosin to synthesize gold nanoparticles, it therefore confirms that it is the
prodigiosin, which is a secondary metabolite of the bacteria that is responsible for the reduction.
Furthermore, the EDS results showed that the gold nanoparticles at this pH are pure, as indicated
by the presence of high intensities of gold (Au) element, with a little amount of Silicon (Si),
which most likely was from the sample grid.

The TEM images showed the cell-free nanoparticles to be well dispersed than those from
biomass which appeared agglomerated. From the DLS results, it was seen that for pH 5.5, pH 8.5
and pH 9.5 of the cell-free synthesized gold nanoparticles and pH 5.5 of the biomass synthesized
AuUNPs has hydrodynamic size range of less than 50nm which is good for bare nanoparticles
ready for conjugation. Most of the nanoparticles have PDI of between 0.2 and 0.3 meaning that
they are mildly polydispersed. Thus, the gold nanoparticles produced by Serratia marcescens
have properties that make them well-suited for drug delivery to diseased cells.
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Fig. 4.1 Photographs showing color changes (a) before and (b) after the synthesis of gold
nanoparticles using Serratia marcescens at pH 4.0, 5.5, 6.5, 7.5, 8.5
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Fig. 4.3 Effects of pH on UV/Vis spectra of gold nanoparticles synthesis with the cell-free
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medium of Serratia marcescens at: (a) pH 4 on day 1; (b) pH 6.5 on day 1. From biomass at: (c) pH
5.5 after 24 hours; (d) pH 6.5 on day 6, and (e) pH 6.5 on day 10.
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Fig. 4.6 SEM micrograph showing rod - shaped Serratia marcescens with intracellular gold
nanoparticles after 24hr.
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at pH 6.5; (c) EDS of AuNPs from biomass on day 6 at pH 5.5 ; (d) at pH 6.5 and (e) at pH 6.5
on day 10.
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TABLE 4.1  Procedure for biosynthesis of gold nanoparticles using viable biomass and  cell-
free conditioned medium.

Biomass Cell-free-Medium
Test tubes Blank pH pH pH pH pH Blank pH4 pH pH pH pH
(0) 4 55 65 75 85 (0) 55 65 7.5 85
SAMPLE (ml) 1 1 1 1 1 1 1 1 1 1 1 1
Acetate - 1 1 1 - - - 1 1 1 - -
buffer (ml)
Phosphate - - - - 1 1 - - - - 1 1
buffer (ml)
Sterile 1 - - - - - 1 - - - - -
distilled H,O
(ml)
HAuCl, - 1 1 1 1 1 - 1 1 1 1 1
2.5mM (ml)
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TABLE 4.2 Effects of pH and time on the synthesis of gold nanoparticles from the biomass
after 6 days incubation and 10 days incubation

Incubation time | 6 days 10 days
pH Peak Absorb. Peak Absorb.
wavelength wavelength
(nm) (nm)

4 - - - -
55 540 0.631 - -
6.5 550 0.543 570 1.900
7.5 520 0.613 - -
8.5 - - - -
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TABLE 4.3 Effects of pH and time on the synthesis of gold nanoparticles from the cell-free
conditioned medium of Serratia marcescens, pH 4.0, pH 6.5 and pH 7.5

pH 4.0 6.5 7.5
Time (h) | Peak Absorb. | Peak Absorb. Peak Absorb.
wavelength wavelength wavelength
(nm) (nm) (nm)
24 550 1.078 570 0.602 - -
48 540 1.310 - - - -
72 540 1.342 - - - -
96 550 1.403 - - 550 0.855
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TABLE 4.4 DLS results of the Serratia marcescens synthesized gold nanoparticles showing the

Z-Average and the PDI.

Serratia marcescens Z-Average (d.nm) PDI

pH 4.0cf 267.9+15.8 0.25+0.04
pH 5.5cf 97.5+0.4 0.26+0.01
pH 6.5cf 119.9+1.9 0.25+0.01
pH 7.5cf 40.4+0.5 0.27+0.01
pH 8.5cf 43.6+0.7 0.29+0.04
pH 9.5cf 42.6+0.4 0.27+0.01
pH 4.0bm 120.5+26.2 0.21+0.05
pH 5.5bm 39.0+1.7 0.5320.03

Key: cf = cell-free; bm = biomass
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CHAPTER S

5.0 Folate-Conjugated Gold Nanoparticles: An Approach for Targeting Triple Negative
Breast Cancer

5.1 Introduction.

Triple-negative breast cancer (TNBC) is a type of breast cancer that does not express the genes
for estrogen receptor (ER), progesterone receptor (PR) and Her2. [1, 2] Approximately 15% of
globally diagnosed breast cancers are designated as ER-, PR- and Her2/neu-negative. [3, 4, 5]
Reports from earlier studies showed that TNBC affects mostly young women (before age 40 or
50, as compared to age 60 or older, as is the case with other types of breast cancer). TNBC is
also more likely to recur earlier at distant sites. Overall, the prognosis is very poor [6, 1, 7, 8].
Also, women with TNBC are more likely to develop visceral metastases, including central

nervous involvement [9].

An estimated 1 million cases of breast cancer were diagnosed worldwide in 2008 [4]. Of these,
approximately 170,000 cases were of the triple-negative (ER—/PR-/HER2-) phenotype [4].
TNBC is the most prevalent type of breast cancer in Africa [10]. A report [11] suggested that
about 39% of all African American pre-menopausal women diagnosed with breast cancer have
TNBC. Hence, African American women are about 3 times more likely to develop TNBC than

white women are [12].

Active targeting of drugs to specific regions of the body (e.g. cancer cells that over-express
specific receptors) has become one of the most important objectives for the next generation of
drug-delivery systems [13, 14, 15, 16, 17]. In recent times, it has been shown that new anti-
cancer advances demonstrate that successful anti-cancer strategies can be developed by
employing proper carrier systems that are better able to deliver probes, drugs, or genes to tumor
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targets [18]. Many efforts are in progress to develop active drug targeting systems that can both
allow for specific drug delivery into disease sites while also reducing the toxicological

drawbacks due to nonspecific discharge of the therapeutic regimen.

Currently, most methods that are used for breast cancer treatment are based primarily on
targeting cellular protein expression in tumors [19]. Estrogen receptor/progesterone receptor
(ER/PR) expressing breast cancers are treated with endocrine therapy. However, the triple
negative breast cancers (TNBC) that do not express ER, PR or Her2 are treated with traditional
systemic cytotoxic chemotherapy alone [19]. There is therefore a need to develop new
therapeutic approaches that improve the poor prognosis for TNBC. Folic acid has emerged as a
promising new class of anticancer agent, and is particularly useful for TNBC [20]. Folic acid is a
small vitamin, that interacts specifically with the folate binding protein (FBP) located in the
caveole-like invaginations in its receptor, which is located on the cell surface [21, 22]. The folic
acid-FBP complex is taken up by cells and transported through the many organelles involved in

endocytotic transport, providing for cytosolic deposition [22].

The folic acid receptor is over-expressed by many types of tumor cells, including ovarian,
endometrial, colorectal, breast, lung, renal, neuroendocrine carcinomas, and brain metastases
[23]. By virtue of its ability to be taken up by folate receptor overexpressing tumor cells, folic
acid has been widely investigated as a targeting molecule for active anticancer drug delivery.
Folate, or vitamin B9, is an essential cofactor in the synthesis of purines and pyrimidines and
other cellular methylation reactions, including DNA replication, proteins and lipid production

[24].
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The four folate receptors (folate receptor alpha, FRA; beta, FRB; gamma, FRG; and delta, FRD)
constitute a family of proteins that, at least in part, mediate accumulation of folate into cells,
regulate folate homeostasis and may have effects on cellular proliferation [24, 25]. FRA, a
glycosylphosphatidylinositol (GPI)-anchored cell surface glycoprotein, has a very limited tissue
distribution. In normal tissue, FRA is mainly expressed on the apical surface of a subset of
polarized epithelial cells, including parotid, kidney, lung, thyroid and breast [20, 26-28].
Previous studies reported FRA to be expressed on carcinomas of the ovary and endometrium,
non-small cell lung adenocarcinoma, clear cell renal carcinoma, colorectal carcinoma, and breast
carcinoma [20, 26-34]. The limited tissue distribution of FRA and its specific expression on
certain malignancies makes FRA an attractive agent for directed therapies. The different levels of
expression of FRA on normal and cancerous tissues have been explored in cancer therapy. One
of the cases involves drug delivery via folate-conjugated therapeutic compounds that binds both
FRA and FRB [35, 36]. Another approach involves direct and tumor cell death via humanized

anti-FRA monoclonal antibodies [37-39]

There is a correlation between the degree of FR expression and resistance to standard systemic
chemotherapy. That is, tumors that survive standard therapy commonly have higher levels of FR,
such as the triple negative breast cancer (TNBC). Hence, the idea of using folate targeting as a
new approach for targeting triple negative breast cancer has developed recently. However, since
some amount of folate receptors are also present in normal cells, this has raised doubts as regards
the suitability of using the folate receptor as a targeting moiety [40]. However, the work done by
Leamon and Reddy [41] cleared up these doubts. They found that, not only is the vasculature of

normal tissue different from that of cancerous tissue, but also that the membrane localization of
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the folate-receptor differs in normal and cancerous tissue. The membrane localization of folate
receptors therefore plays a major role in helping to differentiate them. Epithelial cells, which
form an outer layer known as skin, to protect the body’s tissues from the outside and also line the
interior cavities such as the gastrointestinal tract or lungs, have two distinct types of membranes.
These are the basal membrane, which faces the internal tissues or the bloodstream and the apical

membrane or luminal surface, which face either the environment or a cavity within the body.

The folate-receptors within normal tissues are localized on the apical membrane of the epithelial
cells. This means that the folate-receptors in the choroid plexus are entirely expressed on the
surface that faces toward the cerebrospinal fluid. Likewise, for the kidney and lungs, the folate-
receptors are expressed on the surface that faces toward urine and air, respectively [41]. This was
also reported to be true for the gastrointestinal tract. Another distinction lies in the differences
between the vasculature of normal and cancerous tissues. The vasculature of tumors is filled with
gaps or openings due to EPR effects, which are in the hundreds of nm size range, while the pores
in the healthy tissue vasculature are much smaller, in the few nanometer size range. This means
that any targeted nanotechnology treatment agent must be larger than 10 nm to prevent the
particle from entering healthy tissue. Also, the treatment agent must be smaller than 100 nm to
allow it to enter the tumor. Therefore, the size of the nanoparticle treatment agent should prevent
it from accessing the folate-receptor in healthy tissue. This may not apply if the patient has tissue
damage, where the vasculature is damaged, or has been exposed to permeability enhancers, such
that pore size is increased in normal tissues. Since the nanoparticle treatment agent will be able
to diffuse into the tumor through the defects in the tumor vasculature, the particles will only be

exposed to the folate-receptor on the cancer cells [42].
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In all, the limited and well localized tissue distribution of the folate-receptor within healthy
tissues, the defects in tumor vasculature, and the high expression level within several types of
cancer make folate an appropriate choice of targeting moiety for nanotechnology-based cancer
treatment. In this paper, membrane-bound FR (FRA and FRB), which is linked to cell surfaces
via a glycosyl-phosphatidylinositol (GPI) anchor [43] and internalizes folates by receptor-

mediated endocytosis, was used as the targeting moiety.

Prodigiosin derived from cell-free medium of Serratia marcescens is used as the drug of choice
in this work, due to the ease of its extraction and purification from Serratia marcescens.
Prodigiosin is a secondary metabolite alkaloid with a unique tripyrrole chemical structure. It is a
red pigment isolated from a few species, such as Serratia, Pseudomonas and Streptomyces [44,
45]. AuNPs synthesized using locally sourced materials of biological origin and functionalized
with the ligand, folate, are being studied as a possible remedy for the treatment of triple negative

breast cancer in resource poor environments.

5.2.0 Experimental Procedures

5.2.1 Conjugation of Gold Nanoparticles with Folate

5.2.1.1 Preparation of the N-Hydroxysuccinimide Ester of Folate (NHS-Folate)

This preparation was done according to the method of Li et al., 2012 [46] (Figure 5.1). Briefly,
1g of folic acid (Alfer Aesar, 30 Bond Street, Ward Hill, MA, USA. Lot No. F29X146) was
dissolved in 20 ml dimethyl sulfoxide (DMSO) (Qualikems Fine Chem Pvt. Ltd. 5531, Basti
Harphool Singh, Sadar Thana Road, Delhi, India. Product number: DO11112) in a 250 ml
conical flask. Then, 0.5 ml of Triethylamine (Pharmacos Ltd, Southend-on-sea, Essex, England,
Batch number 8233) was added, followed by 0.94g of N, N’ Dicyclohexyl Carbodiimide (DCC)
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(Sigma Aldrich, St. Louis, MO, USA. Lot # SHBC064V) and 0.52 g N- Hydroxysuccinamide
(NHS) (Sigma Aldrich, St. Louis, MO, USA. Lot no. MKBK170V). The flask was stirred in the
dark for 12 hours using a magnetic stirrer at 600 rpm. After this, the insoluble dicyclohexyl urea
formed was filtered off using Whatman filter paper No 1. The filtrate was then poured into a
flask containing ice-cold 98% diethyl ether (Fisher Scientific, Fair Lawn, NJ, USA), and
subsequently 30% acetone (Merck KGaA 642771 Darmstadt, Germany. Index no.606-001-00-8)
was then added to the flask. Instantly, precipitates of NHS-Folate were formed. The solution was
centrifuged at 3000g for 5min at 4°C and then washed twice with ether. A yellow powder of
NHS-Folate ester was obtained after drying at room temperature. It was then stored in the

desiccator at room temperature (~25°C).

5.2.1.2 Thiolation of Gold Nanoparticles

The process of self-assembled monolayer (SAM) was adopted, following the method of Shiao-
wen et al., 2008 [47]. Cyclohexane Mercaptan, 99% (Acros Organics, New Jersey, USA. Lot no.
A20234299) was used. First, 1 mM Thiol solution was prepared in a fume hood by measuring 6
pl of cyclohexane Thiol into a beaker containing 50 ml of 50% ethanol, and then stirred at 500
rpm for 20minutes to mix. In another 50 ml beaker, 10 ml of, AuNPs which we biologically
synthesized from Serratia marcescens and Nauclea latifolia, as described earlier [48-49], was
stirred using a magnetic stirrer that was set at 500 rpm. Then 2 ml of 1 mM Thiol (aqueous?)
solution was added to the beaker containing the AuNPs before stirring continuously for 30

minutes at room temperature.
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5.2.1.3 Conjugation of NHS-Folate with AuNPs

The method of Stella [50] was adopted in this work with some minor modifications. Briefly, 10
mg of NHS-Folate powder was prepared as described above. This was then weighed and
dissolved in 200 pl DMSO in a 50 ml beaker. Subsequently, 4 ml of thiolated gold nanoparticles
solution, with a concentration of 5 mg/ml, was added and stirred at 500 rpm with a magnetic
stirrer at room temperature. The pH was adjusted to 9.0 with 5mM carbonate/bicarbonate buffer
at pH 11.5. The reaction was allowed to go on for 1 hour, while still stirring. The resulting
Folate-S-AuNPs was purified by size exclusion chromatography, using a 3x14 Column of
Sephadex G-50 superfine and 5mM Carbonate / Bicarbonate buffer pH 9.0 was used to elute the

sample.

The Folate-S-AuNPs conjugate was eluted in the void volume [50]. Different fractions were
collected and UV/Visible spectroscopy was carried out to detect the fractions containing AuNPs-
Folate (data not shown). The UV/Vis result was compared with that of the unconjugated AuNPs.
The folate — AuNPs fractions were further purified by dialyzing against 5mM bicarbonate buffer
pH 9.0 and double distilled water (DDH20O). Finally, the anti-cancer drug, prodigiosin, earlier
extracted and purified [51], was added. One portion (half) was lyophilized to obtain the Folate-
AuNPs-prodigiosin powder for long-term (up to 6 months) storage, while the other portion (half)

was stored as a solution at 4°C for immediate use.

5.2.2 Characterization of the conjugated Gold Nanoparticles

5.2.2.1 UV-Vis Spectroscopy

UV/Vis Spectroscopic analysis was carried out at different stages of the conjugation process
using Biochrom Libra 522 spectrophotometer (Cambridge, England). The absorbance of the
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gold nanoparticles was thus measured before and after the conjugation. Plots of absorbance

against wavelength for before and after conjugation were then made (Figure 5.2).

5.2.2.2 Fourier Transformed Infra Red spectroscopy (FTIR)
A SHIMAZU FTIR-8400S Infra Red spectrophotometer (SHIMADZU CORPORATION,

International Marketing Division 3. Kanda-Nishikicho 1-chome, Chiyoda-ku, Tokyo 101-8448,
Japan) was used to analyze both unconjugated and conjugated samples. Solutions of the
nanoparticles were subjected to infrared analysis using the FTIR spectrophotometer. The IR
spectrum was collected for the mid-IR range of 400 — 4000 cm-1 and analyzed using IR Pal
software (Wolf's Shareware and Freeware Chemical Utilities, V 2.0 written by  Wolf van

Heeswijk, 2010, Bekijk het (Netherland)).

5.2.2.3 Transmission Electron Microscopy (TEM)

The shapes and sizes of the synthesized gold nanoparticles were studied in a transmission
electron microscope (CM100 Transmission Electron Microscope, Philips/FEI Corporation,
Hillsboro, OR, USA). Prior to TEM examination, drops of gold nanoparticle solutions were
placed on copper grids (CF200-Cu, Electron Microscope Sciences, Hatfield, PA, USA) and
allowed to dry under ambient conditions (28-30°C). The grids were then mounted and imaged in
the Transmission Electron Microscope at the Princeton Institute for the Science and Technology

of Materials (PRISM) at Princeton University, New Jersey, USA.

5.2.2.4 Dynamic Light Scattering (DLYS)

A series of 1:10 dilution of the samples was made with Dulbecco’s Phosphate Buffer Saline
(DPBS) (Sigma Aldrich, St. Louis, MO, USA. D8537) at pH 9 that was used for the DLS

analysis. The machine was a BIC 90 plus particle size analyzer that was equipped with a

152



Brookhaven BI-9000 AT digital correlator (Brookhaven Instruments Corp., Holtsville, NY,
USA). The light source was a solid-state laser operating at 658 nm with 30 mW power, while the
signals were detected by a high-sensitivity avalanche photodiode detector. All of the
measurements were conducted in triplicate at a fixed scattering angle of 90° at 25 + 1 °C. Each

sample was analyzed for 6 minutes (3 runs per sample at 2 minutes per run).

5.2.2.5 Helium lon Microscopy (HIM)

Helium lon Microscopy (HIM) was carried out at the Microscopy facility in the Department of
Physics at Rutgers University, Piscataway, New Jersey, USA. The folate conjugate sample was
viewed with 1um and 4 um fields of view. The working distance was 7.3 mm, while the blanker
current was 0.1 pA. The acceleration voltage was 30 kV, while the dwell time was 1 ps. The line

averaging for the 1um field of view image was 64, while that for the 4 um field of view was 128.

The single most critical parameter in nanotechnology imaging is resolution. The helium ion
microscope is a new type of microscope that uses helium ions for surface imaging and analysis.
It works like the scanning electron microscope, but it uses a focused beam of helium ions instead
of electrons [52]. The helium ions can be focused into a smaller probe size and provide a much
smaller interaction volume at the sample surface compared to electrons. Also, it generates higher
resolution images with better material contrast and improved depth of focus. The high resolution
arises from the use of a finely sharpened needle and a process that strips individual atoms away
from the source until an atomic pyramid is created with just three atoms at the very end of the
source tip. The HIM achieves a resolution of less than 0.3 nm at energy of 25-30 kV and can

deliver beam currents between 1 fA and 25 pA. [53]
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5.2.3 Adhesion Measurement
5.2.3.1 AFM tip and substrate coating/characterization:

Prior to the adhesion measurements, a breast cancer cell line (MDA-MB-231cells) and a normal
breast cell line (MCF 10A cells) were cultured and prepared. About 20 pl of 1 x 105 MDA-MB-
231 cells was cultured in 60 x15 mm Falcon cell culture Petri dishes at 37°C. This was done
under standard atmospheric pressure in an L-15 medium supplemented with 100 I.U./mL

penicillin/100 lg/mL streptomycin and 10% FBS.

In the case of normal breast cells, 20 pl of 1 x 10° of MCF-10A breast cells was incubated at 37
°C in 5% CO, in DMEM/F12 medium (Invitrogen # 11330-032) supplemented with 5% horse
serum (Invitrogen # 16050-122), 30 ng/ml murine Epidermal Growth Factor (Peprotech #315-
09), 0.5 pg/ml hydrocortisone (Sigma, #H-0888), 100 ng/ml cholera toxin (Sigma #C8052-
1IMG), 10 pg/ml insulin (Sigma #1-882-100MG), 1% Penicillin-Streptomycin (ATCC #30-2300
or Invitrogen #15070-063), and 0.2% amphotericin (Gemini Bioproducts, #400-104),

respectively.

After 72 h of culturing, the cell confluence was about 70%. Both cell samples were then washed
twice with PBS solution (1X PBS at 4°C) and fixed in 3.7% formaldehyde (Guangzhou Langs
Chemical Additives Company Limited, Guangdong, China # LX-5512) solution for 15 minutes.
The fixed cells were then rinsed three times with PBS. This was followed by three rinses with
distilled-deionized water. This last rinse with water was used to remove possible salt deposits
that may have resulted from the prior PBS rinses. Finally, the fixed cells were dried in a vacuum

desiccator for two hours.
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The AFM tips were coated by a simple dip-coating method [54]. The bare AFM tips were dip-
coated with gold nanoparticles, folate or prodigiosin (PG). This was done by immersing them
into their respective solutions for about 10 s to maximize the AFM tip surface contact with the
solution. The tips were then air-dried for less than a minute, after which they were dipped for a
second time, again for 10 s. This procedure was repeated 3-5 times to complete the coating
process. The folate-AuNPS conjugate and AuNPS solutions were used at a concentration of 0.5
mg/ml.

Subsequently, the coated AFM tips were air-dried for a minimum of 24 h. They were then
observed under a scanning electron microscope. The prodigiosin, folate and AuNPs substrates
were prepared by spreading each of the solutions on glass sheets to form thin layers. These were
then allowed to dry in air for a minimum of 24 h. The surface morphologies of the coated
substrates and the uncoated glass substrates (control surfaces) [55] were then characterized using
a Dimension 3100 Atomic Force Microscope (AFM) that was operated in the tapping mode
(Dimension 3100, Bruker Instruments, Woodbury, NY, USA).

In order to confirm that the AFM tip samples were coated with gold nanoparticles, the coated
and bare tips were imaged under a Phillips Model FEI XL30 field emission gun scanning
electron microscope (SEM) (Phillips Electronics N.V., Eindhoven, The Netherlands). The
images were obtained using secondary electron imaging. The images of the coated AFM tips
were obtained before and after the AFM experiments. In this way, possible detachment or
delamination of the coatings could be observed on the coated AFM tips.

Hence, since pull-off forces were only accepted for cases in which the coatings were still present
after the pulloff experiments, the measured pull-off forces were confirmed to be due to the

intended bi-material pairs. The spring constants of the coated and uncoated tips were measured
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using the thermal tune method [56, 57]. This was measured because the actual spring constants
are needed to obtain the true adhesion forces from Eq. (1). This also accounts for batch-to-batch
variations in the spring constants, as well as the effects of coatings on the cantilever stiffness
[55,56] The pull-off measurements were obtained under ambient conditions (room temperature
of 22-23 °C and a relative humidity of 40-45%).

The resulting pull-off force represented as F, is a measure of the adhesion between the
nanoparticle/drug complex and the breast cancer/normal breast cells. This is given by Hooke’s

law to be:

F =k 1)

where K is the stiffness of the AFM cantilever and d is the displacement of the AFM tip at the

onset of pull-off.

5.3.0 Results and Discussion

5.3.1 UV-Vis Analysis

The UV-Vis spectroscopy of the biosynthesized AuNPs before conjugation and this showed a
maximum absorption peak at 540 nm (Figures 5.2 a - 5.2 b). The measurements recorded after
conjugation showed a broadening and decrease of the peak. There was also a red shift of the
SPR from 540 nm to 550 nm. This red shift has been attributed to the intermolecular hydrogen
bonding that exists within the molecules of AuNPs linked by different ligands [58-60]. It has
also been observed that a second peak occurred at 365 nm (in 5.2 a) and 360 nm (in 5.2 b), which
confirmed the attachment of folate to the gold nanoparticles. This is in agreement with the results

of other researchers [61-63] who showed that the absorption maxima at 360 nm can be used for
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confirming the covalent attachment of the folate to Atp-AuNP (4-aminothiophenol-gold

nanoparticles).

5.3.2 FTIR Analysis

FTIR analysis was performed to further confirm the conjugation of Folate-S-AuNPs. Figure 5.3a
shows the FTIR spectrum of gold nanoparticles produced from Nauclea latifolia before
conjugation, while figure 5.3b shows the spectrum after conjugation. The results revealed
carboxylic acid (C=0) stretching vibrations at 1670 cm-1 originating from folic acid. Figure 5.3b
showed the appearance of double peaks at 1010 cm-1 and 930 cm-1 corresponding to carbonyl
stretching (C=S) and —SH stretching. [62] This accounts for the presence of the thiol group in the
reaction. Another observable difference between the conjugated and the unconjugated gold
nanoparticles is the presence of a broad peak between 3200 — 3400 cm-1 (Figure 5.3a) Also the

sharp peak at 3450 cm-1  (Figure 5.3b) corresponds to O-H stretching vibrations.

5.3.3 TEM Analysis

The TEM images of the conjugated gold nanoparticles obtained from both Serratia marcescens
(SM), at pH 4.5 and 8.5, and Nauclea latifolia without pH adjustment (NLO) are presented in
Figures 5.4a — 5.4c. The results revealed the SM pH 4.5 AuNPs had different shapes, ranging
from hexagonal to prismatic shapes. These shapes provide larger surface areas for the specific
attachment of ligands than spherical shapes do. In contrast, the nanoparticles obtained from the
pH 8.5 samples were monodispersed and spherical. They also had an average diameter of ~ 21-

30 nm (Figure 5.4b). The AuNPs from Nauclea latifolia (Figure 5.4c) had some unique shapes,
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ranging from rectangular prisms to cuboidal and hexagonal prism shapes. According to Toy et
al., [64] the shape of nanoparticles has been shown to dictate the interaction of nanoparticles
with cell membranes. The shape of nanoparticles determines their clearance by macrophages of
the reticuloendothelial organs, it also affects endocytosis by normal and cancer cells.

A histogram of the nanoparticle sizes is presented in Figure 5.5a. This shows that, at pH 4.5,
most of the gold nanoparticles synthesized from Serratia marcescens had sizes in the range of
40-50 nm. This is in the size range that is most suitable for drug delivery [62-64] (Figure 5.5a).
At a pH of 8.5, the average nanoparticle sizes were about 21 — 30 nm in diameter (figure 5.5b),
while the gold nanoparticles obtained from Nauclea latifolia (without pH adjustment) (NLO), are
smaller, with average sizes of ~11 - 20 nm (Figure 5.5c).

Selected area electron diffraction (SAED) patterns of the AuNPs are presented in Figures 5.6a-
5.6b. These represent the four-fringe pattern of gold nanoparticles, which corresponds to the fcc
metal structure of gold ((111), (200), (220), (311)). This analysis confirmed the formation of
pure metallic gold nanoparticles. The observed ring pattern is consistent with the crystalline
structure of face-centered cubic (FCC) gold. This confirms that the biogenic nanoparticles
observed in the TEM images are crystalline gold. The Scherrer ring pattern characteristic of face-
centered cubic gold was also clearly observed. This confirmed that the observed structures in the
TEM images were nanocrystalline gold.

5.3.4 HIM Analysis on the NL nanoparticles

The images obtained from the Helium lon Microscopy (HIM) are presented in Figures 5.7a —
5.7b. Figure 5.7a presents folate conjugated AuNPs, with 1 um field of view, while Figure 5.7b
presents folate conjugate with a 4um field of view. The images show clearly that the

nanoparticles are monodispersed, with evidence of attachment of folate in the surface of the
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nanoparticles, as indicated by the presence of buffy coats around the nanoparticles. This further
confirmed that the conjugation was actually successful. Figure 5.8 shows a histogram of the
particle size distributions. Nanoparticles, with diameters of ~ 21-30 nm had the highest
frequency, followed by those with sizes of ~ 31 — 40 nm. These sizes are in a range that is

suitable for drug delivery [65-67].

5.3.5 Energy Dispersive X-ray (EDX)

The image shown in Figure 5.9 shows an energy-dispersive X-ray (EDX) spectrum recorded in
the spot profile mode from folate conjugated Serratia marcescens gold nanoparticles synthesized
at pH 8.5. Strong EDX signals were detected from the gold nanoparticles. EDX signals were also
detected from Cu, Si, K, and Fe atoms. The Cu, signals are likely to be X-ray emission from the
copper grids that were used to mount the samples. Also, the silicon signal is attributed to the
glass used for sample preparation, while the Fe is from the prodigiosin that was attached to the
gold nanoparticles. This result further confirmed that the gold nanoparticles were still intact after
conjugation. They also confirmed that the anti-cancer drug, prodigiosin, was also present.

5.3.6 Dynamic Light Scattering (DLYS)

The results of the DLS experiments are presented in Figures 5.10 a - 5.10 d, and also in Tables
5.1 and 5.2. For the gold nanoparticles synthesized with Serratia marcescens (SM), at pH 4.5,
the hydrodynamic diameter for the conjugated samples, both with and without the anti-cancer
drug (prodigiosin) were 57.93+£0.24 nm and 58.71 £0.39 nm, respectively. These diameters are
considered to be good for drug delivery [63, 65, 68]. Their PDI, however, showed moderate
polydispersity (Figures 5.10 a -5.10 b and Table 5.1). At a pH of 8.5 the z-average of the

conjugated AuNPs for with and without prodigiosin was higher, having values of ~ 83.7 £1.7 nm
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and 85.4+1.1 nm. Their PDI were 0.191+0.014 and 0.166%0.003, which indicated they have a
good level of monodispersity. AuNPs at a pH of 8.5, therefore, are better candidates for drug
delivery than those produced at pH 4.5, based on the polydispersity index.

For the gold nanoparticles synthesized with Nauclea latifolia leaf extract, the Z-average and PDI
were determined for samples produced at varying pH before conjugation, after conjugation and
with prodigiosin. There was a consistent increase in the hydrodynamic diameter of the samples
labeled NLO (AuNPs without pH adjustment), as shown by the Z-averages, which were
58.9+0.3nm, for gold nanoparticles before conjugation, 62.7+0.6nm after conjugation with
folate, and 70.5+0.2nm, after attaching the prodigiosin drug (Figure 5.10c and Table 5.2). A
similar increment was also noticed in pH 7.5, 8.5 and 9.5 which further confirms that when
molecules are added to bare nanoparticles, the diameter increases [69].

The changes in the hydrodynamic diameters of the conjugated AuNPs produced in the current
study are consistent with reports by other researchers [69] who have reported changes in the
diameter of the AuNP to 48.5 nm, with the addition of PEG coatings. Takae et al., [70] have also
observed an increase in nanoparticle diameter (from 20 to 33.3 nm) after functionalization with
6,000 Mw PEG. Furthermore, Arinda et al. [71] found that functionalization with 5,000 Mw
PEG increased AuNP diameter from 50 to 89 nm.

The PDI of the sample NLO (Figure 5.10d and Table 5.2) was close to 0.2, even after
conjugation, indicating moderate monodispersity. The PDI for the nanoparticles produced at
other pH ranges varied. However, somewhat interestingly, it was observed that the PDI
decreased with increasing prodigiosin content. In any case, hydrodynamic diameters are very
important for understanding nanoparticle performance in different biological assays, as well as

for understanding the in-vitro transport of nanoparticles in different biological fluids.
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5.3.7 Adhesion measurements

The SEM images of the bare AFM tips and the coated tips are shown in Figure 5.11 (a & b),
while the adhesion force measurement for a bare tip, and tips coated with AuNPs, folate and
folate conjugated AuNPs are presented in Figure 5.11c. The force of adhesion between tips and
normal breast cells and tips and breast cancer cells shown in table 5.3.  The results showed that
the bare tips had a force of 10 nN for the normal cells and 16 nN for cancerous cells. When the
tips were coated with either AuNPs, folate, PG, or AuNPs conjugated with folate, a significant
increase in the force of adhesion was observed. The highest adhesion was noticed in the
AuNPs/folate conjugate, with the adhesion force rising up to 80nN for the interaction with the
breast cancer cells and 25 nN with the normal breast cells. By implication, this shows that
conjugation of gold nanoparticles to the ligands improves their attachment to the cells, with the
force of adhesion being more than three-fold higher in the cancer cells than the normal cells.
The higher adhesion observed in the cancerous cells than in the normal

cells confirm the specificity of the ligands.

5.3.8 Implications

The prerequisite for every possible application of nanoparticles in nanomedicine is the proper
surface functionalization of such nanoparticles, which determines their interaction with the
environment [72]. In addition, these interactions ultimately affect the colloidal stability of the
particles. They may also lead to a controlled assembly or delivery of nanoparticles to specific
targets, e.g. by the specific attachment of functional groups to receptors on the cell surface(s).
Thiol groups are considered to show the highest affinity to noble metal surfaces, such as gold.

[73] Hence, in this work, an alkanethiol was linked to gold nanoparticles by a Self-Assembled
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Monolayer (SAM) process that occurred via a physisorption reaction [74]. In this way, the
targeting moieties were attached to the gold nanoparticles.

From the results, folate molecules were successfully conjugated to gold nanoparticles, as shown
by the UV-Vis, the FTIR and the HIM results (Figures 5.2, 5.3 and 5.7). Dynamic light scattering
was also used to monitor the hydrodynamic size and colloidal stability of the gold nanoparticles.
[75]. The DLS revealed that the average dynamic size of the conjugated gold nanoparticles
ranged from 57.93+0.24 nm and 58.71 £0.39 nm, when using gold nanoparticles synthesized by
Serratia marcescens and 62.7+0.6-82.3+7.9 nm with gold nanoparticles synthesized by Nauclea
latifolia.

DLS provided statistically representative data about the hydrodynamic size of these
nanomaterials. In- situ, real time monitoring of AuNPs suspension by DLS provides useful
information regarding the Kinetics of the aggregation process and, at the same time, gives
quantitative measurements of the sizes of the particle clusters that were formed [53].

The PDI results showed that after conjugation with folate, the nanoparticles were moderately
polydispersed, and can still be used for drug delivery. Also, from the current results, we can
deduce that the conjugated gold-nanoparticles synthesized by SM at pH 8.5, and the gold
nanoparticles synthesized by Nauclea latifolia (NLO), are the best candidates for drug delivery,
based on their z-averages and PDI values. Furthermore, the DLS results can be used to probe the
layer thicknesses of the macromolecules adsorbed onto the surfaces of the AuNPs while the
SAED results further confirmed the presence of gold nanoparticles after conjugation. The
adhesion force measurement with AFM indicated that the folate conjugated gold nanoparticles
had a higher force of adhesion than the unconjugated gold nanoparticles to both breast cancer

cells and normal cells.
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With the successful conjugation of folate to the synthesized gold nanoparticles, the next step now
IS to carry out in-vitro targeting of triple negative breast cancer cells (MDA-MB-231). The folate
conjugated AuNPs with the drug payload is expected to be transported into the cell cytoplasm

via the endocytotic pathway, with the expected result of cell death.

5.4.0 Summary and Concluding Remarks

Gold nanoparticles synthesized from bacteria (Serratia marcescens) and plant, (Nauclea
latifolia) were conjugated with folate molecules through gold-thiol linkages and carbodiimide
chemistry. The conjugation was then confirmed using UV-Vis spectroscopy, which showed the
presence of a second peak at 365 nm indicating the presence of folate. Helium ion microscopy
also revealed the attachment of another layer to the gold core, while TEM, FTIR and DLS results
all confirmed the conjugation of the gold core to folate. The PDI results points to the fact that
after conjugation, the gold nanoparticles from SM synthesized at pH 8.5 were moderately
monodipersed with PDI of 0.166+0.003. These nanoparticles also had a z-average of 85.44+1.07.
Therefore, the gold nanoparticles synthesized by SM at pH 8.5 are the best candidate for the

conjugation work because these nanoparticles have the best properties for drug delivery.
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Fig. 5.2: UV-vis spectra of AuNPs from (a) Nauclea latifolia and (b) Serratia marcescens. Note the
absorption peaks before conjugation with folate change in wavelength and absorbance after conjugation.
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Fig. 5.3: Showing FTIR results obtained for AUNPs (a) before and (b) after conjugation with folate
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Fig.5.4: TEM images of folate conjugated gold nanoparticles from (a) Serratia marcescens at pH 4.5 (b)
Serratia marcescens at pH 8.5 and (c) Nauclea latifolia (NLO + S + folate).
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Fig. 5.5: Histograms of Folate conjugated gold nanopatrticles from: (a) Serratia marcescens at pH of 4.5
(b) Serratia marcescens at pH of 8.5 and (c) Nauclea latifolia (NLO+S+Folate).
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(a) (b)

Fig. 5.6: SAED patterns for biosynthesized gold nanoparticles. The Scherrer ring patterns indicate
the fcc gold which is nanocrystalline in nature. Diffraction rings attributed to (111), (200), (220), (311)
planes of FCC Au can be found in the obtained diffraction images. (a) For Nauclea latifolia (NLO)
synthesized AuNPs and (b) for Serratia marcescens synthesized AuNPs produced at pH 8.5
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Fig. 5.7: Helium ion microscopy images of gold nanoparticles synthesized with NLO conjugated with
folate (a) at 1 um field of view, (b) at 4 um field of view
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178



Count

(R liln]

20,480
0KY 40 Dagiss

Fig.5.9: Shows the EDX (energy-dispersive X-ray) spectrum recorded in the spot-profile mode from one
of the folate conjugated gold nanoparticles from Serratia marcescens produced at pH8.5.
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Fig. 5.10: Histograms of DLS results of gold nanoparticles synthesized with Serratia marcescens (SM)

(a and b) and Nauclea latifolia (NI) (c and d) comparing the effects of pH on the z-average and the PDI of
AuNPs before and after conjugation with the ligand folate, with and without prodigiosin.
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Table 5.1: DLS results of the conjugated gold nanoparticles synthesized from the conditioned
medium of Serratia marcescens at pH 4.5 and 8.5 showing the Z-Average and PDI.

Sample Z-Average mean (d.nm) PDI mean
SM pH 4.5 + thiol + folate 57.9310.24 0.215%0.009
SM pH 4.5 + thiol + folate + prodigiosin 58.71+0.39 0.224+0.002
SM pH 8.5 + thiol + folate 83.7311.67 0.191+0.014
SM pH 8.5 +thiol + folate + prodigosin 85.44+1.07 0.166+0.003

182



Table 5.2: Showing the Z-Average and PDI of folate conjugated gold nanoparticles from
Nauclea latifolia at varying pH with the anti-cancer drug prodigiosin attached.

Samples Z-Average (nm) PDI

NLO 58.9+0.3 0.2640. 004
NLO + thiol + folate 62.7+0.6 0.26+0.01
NLO + thiol + folate + prodigiosin 70.5%0. 2 0.26%0.01
NLpHG65 97.8+1.8 0. 29+0.003
NL pH 6.5 + thiol + folate 30.840. 7 0.5340. 01
NL pH 6.5 + thiol + folate + prodigiosin 81.8+0.5 0.24+0.01
NL pH 7.5 ol 28.14+0.8 0.48+0. 04
NL pH 7.5 + thiol + Tolate 82.3+7.9 0. 4740. 15
NL pH 7.5 + thiol + folate + prodigiosin 88.7%+1.0 0.25%0.01
NLpH85 23.740.3 0.4640. 01
NL pH 8.5 + thiol + folate 34 1492 1 0. 4240. 09
NL pH 8.5 + thiol + folate + prodigiosin 137.2+£0. 2 0.20%0.01
NL pH 9.5 et 33.841.0 0. 4540. 03
NL pH 9.5 + thiol + folate 49.240. 6 0.3640. 06
NL pH 9.5 + thiol + folate + prodigiosin 71.0+£3.3 0.30%0.01
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Table 5.3: Adhesion force measurement of the conjugated gold nanoparticles synthesized

AFM Tip Adhesion Force (nN)
Normal breast cells Breast cancer cells Approximate Increase

Bare tips 10+0.5 16+0.8 1.6
Folate 14+0.7 3015 2.1
AuNPs 16+0.8 25+1.25 1.6
PG 12+0.6 20+1 1.7
AuNPs/folate/PG 28+1.4 65+3.25 2.3
AuNPs/Folate 25+1.25 80+4 3.2

by SM at pH 8.5 conjugated with different ligands.
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CHAPTER 6

6.0 Extraction and Encapsulation of Prodigiosin in Chitosan Microspheres for Targeted
Drug Delivery

6.1 Introduction

One of the biggest challenges of cancer therapy is the issue of non-specific anti-cancer drug
delivery. It leads to the destruction of both cancerous cells and healthy cells [1]. Micro-
encapsulation is a process by which small particles of solids, liquids or gases are enclosed within
the thin walls of microscopic polymeric materials. Micro-encapsulation also enables the
controlled release of drugs, with reduced side effects, reduced toxicity of drugs and also
prevention of vaporization of many volatile drugs e.g. methyl salicylate and peppermint oil [2].
Micro-encapsulation is also used to mask the organoleptic properties of drugs, such as taste, odor
or color of the substance and sometimes, to ensure safe handling of toxic materials [1-6].
Furthermore, the type of coating material used affects the properties of the microspheres. The
polymer of choice should exhibit characteristics such as stability, reduced volatility, inertness

with the active ingredients, and controlled release under specific conditions [7, 8].

To design a drug delivery system, there is need to consider the normal physiological scavenging
processes that remove small foreign objects from the blood [9], hence, the need for micro-
encapsulation. Renal clearance can also be avoided when the nanoparticulates are larger than the
glomerular pore sizes [9-10]. Thus, the circulating half-lives of nanoparticles and their associated
drugs can be prolonged by controlling their sizes. Controlled release systems maintain the
concentration of drug in the blood, or in target tissues over a given period of time [11, 12]. This
is often achieved by controlling the drug release kinetics [13]. Generally, the initial drug release

rate is rapid, in order to achieve the effective therapeutic concentration of the drug. Then, the
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drug release kinetics follows a well-defined behavior, in order to supply the maintenance dose,

thus enabling the attainment of the desired drug concentration [14].

Chitosan is a linear polysaccharide that consists of B-(1-4)-linked D-glucosamine and N-acetyl-
D-glucosamine. It is produced by alkaline de-acetylation of chitin, which is the main component
of the exoskeleton of crustaceans, such as shrimps, crabs, and crawfish [15]. Chitin is the second
most abundant natural polymer, after cellulose [16, 17]. The properties of chitosan depend on the
degree of de-acetylation [18]. The degree of de-acetylation (DDA) of chitosan influences its
physicochemical characteristics [18], its biodegradability [19] and its immunological activity
[20]. Furthermore, chitosan is useful in medicine due to its biocompatibility [21],
biodegradability, [19, 22] and low toxicity [23]. It enhances wound healing and exhibits other
biological activities such as anti-microbial properties and the reduction of cholesterol level [24,
25]. The positive charge on chitosan, generated under physiological conditions, has been found
to be responsible for its enhanced bioadhesion to negatively charged cell membranes. This

enables the site-specific applications in controlled delivery systems [26-28].

In forming the microspheres, chitosan is often used, along with glutaraldehyde, as a cross linker.
The reaction of chitosan with aldehyde groups often forms covalent imine bonds with the amino
groups of chitosan. This is due to the resonance established with adjacent double ethylenic bonds
[29] via a Schiff reaction. Covalent crosslinking leads to the formation of a permanent network,
allowing for the free diffusion of water and enhancing the mechanical properties of the
microspheres. Hence, the structure and mechanical properties of chitosan are in a range that is
suitable for the controlled release of chemotherapeutic agents [30] within the therapeutic

window.
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Prodigiosin, a secondary metabolite, can be produced by the bacteria, Serratia marcescens (SM)
and other bacteria such as Zooshikella rubidus, Vibrio sp., Streptomyces griseoviridis, and
Hahella chejuensis [31-38]. It is a natural compound with a broad range of cytotoxic, anti-
fungal, anti-bacterial, algicidal, anti-protozoal, anti-malarial, immunosuppressive, anti-cancer
and anti-proliferative activities [39-41]. Prodigiosin has been reported to effectively induce
apoptosis in hematopoietic cancer cells, as well as in cells derived from other human cancers
(e.g. gastric and colon cancers), and has no marked toxicity in nonmalignant cell lines [42-44].
Furthermore, Francisco and co-workers (2003) [45] have reported the effects of PG on different
human neuroblastoma cell lines (i.e. SH-SY5Y, LAN-1, IMR-32 (N-type) and SK-N-AS (S-

type). Our interest in prodigiosin is in its anti-cancer property.

In this paper, we explore a procedure for the extraction, purification and encapsulation of
prodigiosin, an anti-cancer agent, in chitosan microspheres. Prodigiosin is produced from
Serratia marcescens. It is then encapsulated in chitosan using a water-in-oil emulsion (w/0)
technique. The sizes and shapes of the microspheres are characterized, along with their
encapsulation efficiency, drug loading, swelling ratio and drug release kinetics. The implications
of the results are then discussed for the potential applications of the microspheres in localized

chemotherapy.

6.2. Materials and Methods

6.2.1 Materials

All the following chemicals used in this project were of analytical grade:

Chitosan (Santa Cruz Biotechnology, Dallas, Texas, USA, Lot: A2913), Liquid paraffin (Lobal
Chemie PVT Ltd, Mumbai, India, lot: LL10931112), Tween 20 (BDH Laboratory Supplies
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Poole, BH15 ITD, England, lot: S2199087727), N-Hexane (Lobal Chemie PVT Ltd, Mumbai,
India), and Acetone (Merck Chemicals, Germany). Absolute ethanol (JDH Guangdong
Guanghua, Sci-Tec Co Ltd China), methanol (Sigma-Aldrich, Germany), chloroform (BDH
Laboratory supplies, England), glutaraldehyde (Antares Chem Private Limited, Mumbai), acetic
acid (Guangdong Guanghua Sci-Tech Co., Ltd), sodium bicarbonate and sodium carbonate

anhydrous (EMD Chemical Inc. Gibbstown, NJ, USA)

6.2.2 Extraction and Purification of Prodigiosin

The bacteria, Serratia marcescens (SM) were cultured on peptone glycerol agar (constituted in
the lab) and incubated at 30°C for 24 h. A characteristic red pigment associated with prodigiosin
[46] was observed after the incubation. The bacteria growing on the surface of the media were
then scooped into 100 ml of absolute ethanol contained in a conical flask. This was shaken
vigorously to extract the pigment into the ethanol. The solution was then centrifuged at 5000 rpm
for 10 minutes. The supernatant was collected and placed in a rotary evaporator evaporator
(BUCHI, Rotavapor® 114 with Water Bath B-480, Bristol, Wisconsin, USA) to separate the
ethanol from crude prodigiosin.

Subsequently, the crude prodigiosin was purified using a column chromatographic technique
[47]. The sample was dissolved in 2 ml of methanol and layered on a column packed with silica
gel (Trade-Link (Mfg.Silica Gel, Mehsana District, India) as the stationary phase. Then, a mobile
phase comprising a mixture of n-hexane, chloroform and methanol (in the ratio of 1:1:1), was
used to elute the prodigiosin. Different fractions were collected in 10 ml aliquots. These were
then scanned in the UV-Vis spectrophotometer to determine which fractions contained pure

prodigiosin. The percentage purity was then determined, as reported in our earlier work [48].

188



6.2.3a Encapsulation Procedure

Chitosan microspheres containing prodigiosin were prepared using an emulsion cross-linking
technique method developed by Roy et al., [49], with some modifications. Briefly, 100 mg of
chitosan was dissolved in 4 ml of 2% acetic acid solution (2.5 % (w/v) chitosan solution).
Different formulations (S1, S2, S3 and S4), representing concentrations of the drug (prodigiosin)
(1, 1.5, 2, 5 mg/ml) were dissolved in methanol-water (4:1). They were then added to chitosan
solution and mixed thoroughly. The mixture was then degassed in a sonicator for 10 minutes.
150 ml of light liquid paraffin containing 0.5% Tween 20 was then poured into a 250 ml beaker,

placed in the Sonicator, and stirred with a 4 blade mechanical stirrer at 2000 rpm.

The chitosan-drug solution was added drop-wisely, while still stirring, to form a w/o emulsion.
After 20 min, 0.5 ml of 25% glutaraldehyde (cross linker) was added drop-wise at a rate of 0.125
ml per 15 min for 1 h. Stirring continued for 2.5 hours until the microspheres were obtained.
The microspheres obtained were separated by centrifugation at 5000 rpm for 5 min. They were
then decanted from the paraffin and washed 3 times with n-hexane, followed by acetone (x1), to
remove the paraffin oil. Finally, the microspheres were washed with distilled water to eliminate

the glutaraldehyde, prior to freeze-drying to obtain a free flowing microsphere powder.

6.2.3b Dissecting the Microspheres

To investigate inner surfaces of soft or hard materials, cryo fracture technique was adopted. This
is a fast fracture method which involves simply breaking the specimen into two pieces after flash
freezing in liquid nitrogen (LN2). 5 mg of the microspheres was place into a 5 ml beaker

containing 2 ml of liquid nitrogen for 5 min. The microspheres were then filtered and quickly cut
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open by pressing with a flat spatula. The fractured surfaces were viewed under the microscope

using the SEM (Figure 6.1c).

6.2.4 Characterization of Drug-loaded Microspheres

6.2.4.1 Drug Concentration

A UV-Vis spectrophotometer (Biochrom Libra 522 spectrophotometer (Cambridge, England))
was used for the estimation of prodigiosin concentration. The drug (prodigiosin) was dissolved in
methanol at a concentration of 1 mg/ml and scanned in-between the wavelengths 250-700 nm in
the UV visible spectrophotometer. The maximum absorption was found to be 536 nm. This was
selected for the preparation of a calibration curve within the range of 0-1 mg/ml. Subsequently,
the concentration of the drug (prodigiosin) encapsulated was read off the calibration curve. Also

the percentage of drug release from the microspheres was calculated from the curve.

6.2.4.2 Particle Size and Morphology

The sizes and morphology of the microspheres were characterized using a Phillips Model FEI
XL30 field emission gun scanning electron microscope (SEM) (Phillips Electronics N.V.,
Eindhoven, the Netherlands). The dried microspheres were then mounted on carbon grids (Ted
Pella, Inc. Redding, CA 96003-144), prior to scanning electron microscopy. The particle size
distributions and morphologies were then analyzed using the Image J software (NIH, Bethesda,

MD, USA).

6.2.4.3 Encapsulation Efficiency

The prodigiosin content in the microcapsules was determined by the digestion method [50]. 10

mg of the prodigiosin loaded microspheres was pulverized and placed in 10 ml
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methanol/phosphate buffer (pH = 7.4). The mixture was then sonicated for 10 min and allowed
to stand for 24 h at room-temperature. The suspension was then centrifuged at 5000 rpm for 10
minutes. The absorbance of the supernatant was measured in the UV-Vis spectrophotometer
(Biochrom Libra 522 spectrophotometer, Cambridge, England) at a wavelength of 536 nm. The
concentration of the prodigiosin was then determined from the drug concentration from the
standard calibration curve. All of the samples were analyzed in duplicate. The percentage

encapsulation efficiency of each drug concentration was determined from:

EE = % Encapsulation efficiency = Amount of drug measured X 100 1)

Theoretical amount of drug

6.2.4.4 Drug Loading:

The drug loading capacity for each drug concentration was determined from:

DL = % Drug loading= Amount of drug released from the lysed microspheres X 100  (2)
Amount of microspheres used for lysis

6.2.4.5 Percentage Yield

The percentage yield was calculated as the ratio of the mass of microparticles obtained at the end

of the process and the mass of initial substances added, including the drug and polymer.

PY = Percentage Yield = Weight of microspheres X 100 % 3
Total expected weight of
drug and polymer
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6.2.5 Swelling Index

The degree of swelling of the microspheres was studied by soaking 10 mg of the different
chitosan microspheres in 10 ml of PBS (prepared in the lab) at a pH of 7.4. This was done at a
temperature of 37°C in different beakers and kept for 10 days. At daily intervals, the
microspheres were filtered, blotted with a Whatman No.1 filter paper. They were then weighed
using an analytical balance (O’Haus Analytical Plus, Switzerland). The experiments were

performed in duplicate, and the swelling index of the microspheres was determined from:

SI = Swelling index = W;— W, 4)
Wo

where Ws is the final weight of microcapsules and W, is the initial weight of microcapsules.
6.2.6 In-vitro Drug Release

10 mg of microspheres containing different concentrations of prodigiosin (1, 1.5, 2, 5 mg) were
tied in muslin cloth (3 cm?) and immersed in 10 ml of pH 7.4 PBS buffer in separate test tubes
labelled S1 — S4. These were kept in a shaker incubator (that was set at 60 rpm and 37°C
throughout the experiment). At regular intervals, aliquots (5 ml) were removed for analysis and
replaced with 5 ml of fresh buffer. The absorbance of the released drug was then measured using
a UV-Vis Spectrometer (Biochrom Libra 522 Spectrometer, Biochrom Ltd, Cambridge,
England) at 536 nm. The corresponding eluted drug concentrations were determined from a

calibration curve that was obtained from known concentrations of purified prodigiosin.
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6.2.7 Cell Viability Testing

The breast cancer cell line, MDA-MB-231, was used in this study, as reported in our previous
work [51]. A dye exclusion assay for cell viability uses a dye or stain that can enter the cell and
usually intercalates with the DNA in the nucleus. The mere entry of the dye into the cell assumes
that the cell membrane has lost its integrity and that the cell is dead. In other words, live cells

exclude the dye, while dead cells allow the dye to enter.

A 0.4% solution of trypan blue (Sigma Aldrich, St. Louis, MO, USA) in buffered isotonic salt
solution, pH 7.2 to 7.3 (phosphate-buffered saline), was prepared. Then 0.1 mL of trypan blue
stock solution was added to 1 mL of cells, mixed gently and incubated at room temperature for 1
minute. The cells were loaded immediately onto a hemocytometer and examined under an
optical microscope at low magnification. The number of blue staining cells and the number of

total cells were counted.

VC =% Viable Cells = [1.00 — (Number of blue cells + Number of total cells)] x 100

6.3.0 Modeling

The drug release kinetics was studied by fitting the data into zeroth order, first order, Higuchi
and Korsemeyer-Peppas [52 - 54] models. The most appropriate models were also determined on

the basis of goodness of fit.
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6.3.1 Zero Order Kinetics

The zeroth-order rate (Eq. 5) describes the systems in which the drug release rate is independent
of concentration [55]. A plot of the amount of the drug released versus time will, therefore, be

linear for zeroth-order kinetics. That gives:

C= kot (5)

where ko is zeroth-order rate constant, expressed in units of concentration/time, and t is the

duration.

6.3.2 First Order

First order rate Kinetics describes release rates that are concentration dependent [56]. Hence, the

plot of the log of the percentage of drug remaining versus time will be linear, with a negative

slope [57].
dc =-KC (6a)
dt

where K is first order rate constant, expressed in units of time." Rearranging Equation 6a and
taking logs of both sides gives:

log C =log Cp — Kt/2.303 (6b)
where Cy is the initial concentration of drug and k is the rate constant. The first order rate
constant, k , can be obtained from the slope of the plot of log C versus t. First order Kinetics is

often observed during the dissolution of water-soluble drugs in porous matrices [58-59].
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6.3.3 Higuchi Models

Higuchi [52, 53] has proposed models that characterize the release of water soluble drugs
incorporated into dilute semi-solid and solid matrices. For a planar system, with a homogeneous

matrix, the flux (the amount of drug per unit area per unit time) is given by:

Q = [D (2C-Cy) C]* (7a)
or
Q =Kt (7b)

Where Q is the amount of drug released in time t per unit area, C is the initial drug concentration,
Cs is the drug solubility in the matrix media and D is the diffusivity of drug molecules in the
matrix substance. Higuchi describes drug release as a diffusion process that is well described by
Fick’s first law. For diffusion controlled processes, the plot of Q versus the square root of time
exhibits a linear relationship.

6.3.4 Korsmeyer-Peppas Model

The release mechanism of prodigiosin from the microspheres was determined using the
Korsmeyer-Peppas model [54]. Korsmeyer et al., [54] have derived a simple relationship that
describes drug release from a polymeric system Eq. (8). To obtain the mechanism of drug
release, the data for the first 60% of drug release data was fitted with the Korsmeyer—Peppas

model [54]. This gives:
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M, /M; = Kt" (8)

Where M; / M; are fraction of drug released at time t, K is the rate constant and n is the release
exponent. The n value is used to characterize different release mechanisms, as shown in Table

6.4. The constants K and n were obtained from a linear form of Equation (8) to give:
m _
In("/m,) = InK +nint (9)

Where log K and n are the intercepts and the slopes of the plots of In(m,/m;) versus Int. Hence
K and n can be obtained from the plots of In(m,/m;) versus Int (Figure 6.8). Furthermore, the

mechanisms of drug release can be determined from the values of n (Table 6.4a).
6.4.0 Results and Discussion

6.4.1 Purity of Extracted Prodigiosin

The results of the UV-Vis measurements for the different fractions of extracted purfied
prodigoisin showed that some fractions had their maximum absorbance at 536 nm, which is
similar to the results from other studies [60-63]. These fractions were pooled together and later
the liquid was evaporated to obtain pure prodigiosin. The purity of the extracted prodigiosin was
determined (in percent) using methods described in our earlier publication [48]. The purity was
found to be ~ 92.8%. A purity of ~ 94.66% was obtained for standard prodigiosin (pure PG

(purity= 95%, Mw= 323.4 g/mol) was procured from Santa Cruz Biotechnology (CA, USA)).
6.4.2 Particle Sizes and Morphologies

The SEM images of the chitosan micro-particles loaded with prodigiosin are presented in Figures

6.1a — 6.1d. These images show spherical microspheres with rough surfaces (Figure 6.1a). The
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roughness is attributed to the use of glutaraldehyde as a cross-linker [49]. The average particle
sizes of the microspheres were between 40 pm and 60 um (Figure 6.1b). The SEM images also
revealed evidence of some dissected microspheres (by crogenic fracture), with micro-pores
within the microspheres (6.1 c¢). These micropores enhanced the diffusion of drugs. The pore
sizes of the microspheres, determined with the Image J 1.47v software package, are presented
in a histogram in Figure 16.e. The most frequent (other pore sizes exist: i.e., the large peak at

sizes 0 — 0.5) average pore sizes were between 1.1 um and 1.5 pm.

6.4.3 Encapsulation Efficiency and Percentage Yield

The encapsulation efficiency (PEE) (in percent) of four formulations of prodigiosin (PG) in
chitosan-based microparticles is presented in Figure 6.2a and Table 6.1. The encapsulation
efficiency of PG increased with increasing drug: polymer ratio, with S4 (5 mg/ml prodigiosin)
having a percentage encapsulation of 90 +4% and S1 a percentage encapsulation ratio of 66.7
+3.3% (Figure 6.2a and Table 6.1). The increase in the ratio of drug-to-polymer leads to the
formation of large droplets with decreased surface areas. This results in slower diffusion of
drugs, hence, higher encapsulation efficiencies [49]. The percentage yields of different
formulations (S1 to S4) were also calculated. The yields were found to be in the range of ~ 42 +
2.1% to 55.5+2.8 % (Figure 6.2b and Table 6.1) with yield decreasing as the drug:polymer ratio
increased. The loss of material during the preparation of microspheres is attributed to the poor

recovery process, especially during the filtration of the microspheres.
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6.4.4 Swelling

In drug release systems, the swelling kinetics can determine the rate of drug release, which is
dependent on pH, ionic strength of solution, or solution temperature [64-71]. In the current work,
the average swelling index was plotted against time (Figure 6.3) . The plot shows that there was
a steady increase in the size of the microspheres with time. This increase continues until the size
reaches thermodynamic equilibrium [72]. This corresponds to the findings of Sadjia and Fatma
[73], who noted that the swelling ratio increases with time, although later, constant swelling
values were observed. These swelling values can be considered as an equilibrium swelling ratio

[72].

In Figure 6.4, the swelling ratios of the different formulations of the microspheres are compared
The results show a general increase in the swelling ratio, with increasing drug concentration [74].
The implication is that this will help in the formulation of the dosage of the drug. When treating
a patient with aggressive or late stage cancer, there will be need for the system that can release
the drugs at a faster rate and, as such, reduce the number of cancerous cells. Subsequently, the

formulation with slower rate, will then be used for slower rate drug release

6.4.5 In-vitro Drug Release by Prodigiosin-Chitosan Microparticles

The percentage cumulative drug release profile is presented in Figure 6.5. The sample, S1, had
the longest period of release (11 days).  This is attributed to the higher polymer: drug
concentration [75]. Hence, the drugs travel longer distances to be eluted. Since polysaccharides
undergo dissolution in aqueous medium, due to solvent penetration, swelling, polymer chain

disentanglement and relaxation [76], solute transport from polysaccharide-based material
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systems (such as chitosan) can be driven by diffusion and/or dissolution. From the current results

(Figures 6.6a — 6.6e), the release profile suggests diffusion-controlled release.

The initial drug released is due to diffusion and burst processes, as the drug can travel through
the pores formed during the hardening phase. This is followed by a later degradation-controlled
release for a smaller fraction of the drug (Figures 6.6a - 6.6e). Figure 6.6a shows a single
microsphere before being immersed in the pH 7.4 drug release buffer. After 2 days, a crack was
noticed to have initiated (6.6b). Then, by the fifth day, a higher incidence of cracks was observed
(Figure 6.6¢). By day 9, degradation had set in and most of the polymers appear to have broken
down. Progressive degradation was observed on the 12" day, as shown in Figure 6.6e. Hence,
most of the drug release occurred by diffusion through the pores that formed during the

hardening phase.

In the current studies, in the matrix-microspheres comprising the drug, prodigiosin, and the
hydrophilic polymer chitosan, the release followed the following three steps: First, the
dissolution medium penetrated into the microsphere matrix (hydration). This is followed by
swelling, with instant or subsequent dissolution or erosion of the matrix. Finally, the transport of
the dissolved drug occurred either through the hydrated matrix, or from eroded microspheres, to
the surrounding dissolution medium [77]. The prodigiosin released on the first day for the
different formulations (S1, S2, S3 and S4) were 4.4%, 10%, 3.5% and 6.25%. By the 6" day, the

percentage release had increased to 60.1%, 71.7%, 78.7% and 77.5%, respectively (Table 6.3).

The prodigiosin release data obtained from dissolution are plotted in Figure 6.7. They are plotted
as prodigiosin concentration (mg/ml) versus time (days). In accordance with Eq. 5, a linear

regression analysis of the data yielded a best fit with a straight line (C = 8.06x - 3.01) and a
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regression coefficient of R? = 0.9559. According to Eq. 5, the slope of the line corresponds to a
zeroth order release [55]. Therefore, the rate of dissolution is ko = 8.06 mg.ml™ day™, while the

rate of prodigiosin released per unit time (Q) can be obtained from Equation (10):

Q=koxV (10)

Where V is volume of dissolution medium (ml) and kg is the rate of dissolution.

6.4.6 Drug Release Kinetics

The release kinetics of prodigiosin from the microspheres was also determined based on best fit
of the models tested, which include: zeroth- order and first-order models and the Higuchi model
[78]. The R? values were obtained for the linear curves obtained via regression analysis of the
plots (Figure 6.8a — 6.8c). The regression coefficients determined for different drug release
kinetic models are : 0.964 for zeroth-order; 0.999 for the first-order models and 0.975 for the

Higuchi model. The first order model, therefore, provides the best fit to the current data.

Hence, the first order release model was used to analyze the drug release from the different
formulations (S1 - S4), as shown in Figure 6.9. The minimum drug contents obtained after

release (Co) was calculated using Equation 11,
InC =InCo- Kt (12)
And the half-lives were equally determined using

ty, = In_2 (12)

k
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Where InCo is the intercept, Kk is the slope (rate constant) and t corresponds to time. The results
of the fit are presented in Table 6.2. These show that at concentration of 5 mg/ml (S4), 4.1
mg/ml, representing 82% of the drug, was released, leaving behind only 0.9 mg/ml (Co = 18%),
while at the concentration of 1 mg/ml (S1), Co was 0.46 (46%). This further confirms the
findings of prior researchers [73], who noted that the higher the drug-polymer ratio, the higher
the swelling ratio, and the faster the drug elution rates from the microspheres. Also, the half-life
(the time required for the drug concentration to drop to one-half its initial value) showed that the
formulation, S2, had the longest half-life of 84 h. This was followed by S1with 23.76 h, and the

least being S4, with 4.8 h.

The above results are consistent with the fact that the higher the concentration of the drug, the
larger the pore sizes, and hence, the quicker the drug elution. The differences in the pore sizes
are attributed to the effects of the cross-linking agent that was added. The same amount of the
cross-linker (glutaraldehyde) was added in all of the formulations. The formulation with the
highest polymer: drug ratio was more tightly linked than others. Hence, they have smaller pore

sizes.

Also, the drug release mechanism was determined from the plot of In (m¢/m;) versus In T (Figure
6.10). The value of n for the various formulations (Table 6.4a), is consistent with anomalous

transport. Hence, the diffusion was non-Fickian diffusion.

6.4.7 Cell Viability

In our study, the effects of drug release from the prodigiosin-chitosan microspheres were tested
on viable triple negative breast cancer cells (MDA-MB-231cells acquired from American Type

Culture Collection (ATCC Manassas, KS, USA). The results showed that prodigiosin (released
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from the microspheres) reduced the viability of the cancer cells, (Figure 6.11). The effects of
drug concentration on the viability of the breast cancer cells were studied against a control
(without drug). The results (plots of cell viability against time) (Figure 6.12) of the viability of
breast cancer cells exposed to 1mg/ml (S1) and 5mg/ml (S4) of prodigiosin encapsulated in
chitosan microspheres were compared with the cancer cells without prodigiosin treatment. A
significant decrease in the cell viability was observed after 24 hours with both levels of
prodigiosin treatment, while, in contrast, cell proliferation was observed in the control sample.
Also, the decrease in cell viability with the 5 mg/ml prodigiosin was faster than the decrease in

cell viability observed at the lower concentration (1 mg/ml).

The loss of cells’ ability to divide was largely due to the release of the drug onto the cells. The
reduction in the cell viability is attributed to the induced apoptosis associated with prodigiosin
release [79, 80]. Prodigiosin has been found to promote apoptosis in a wide variety of human
cancer cell lines, including hematopoietic, gastrointestinal, and breast and lung cancer cells, with
no marked toxicity in nonmalignant cells [81-87]. The action of prodigiosin is through the
intrinsic apoptotic pathway otherwise known as mitochondria-mediated apoptosis. Tsing-Fen et
al. [88] have recently shown that prodigiosin down-regulates survivine-protein (member of the

inhibitor of apoptosis family).

6.4.8 Implications

In this work, we have shown that - prodigiosin of high purity (92.8%) can be obtained from
Serratia marcescens. We have also demonstrated that prodigiosin reduced the viability of the
breast cancer cell line, (MDA-MB-231). Since prodigiosin can be readily produced from locally

sourced bacteria, this approach could greatly reduce the cost and availability of drugs for cancer
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treatment. The encapsulation efficiency studies incorporating prodigiosin into chitosan
microspheres also showed that the S4 formulation had the highest encapsulation efficiency. This
is consistent with the findings of Dhakar et al., [89, 90], who noted that higher drug-polymer
ratios increase the drug loading capacity. The percentage yield of the production of prodigiosin:
chitosan microspheres were generally poor for all four formulations due to the recovery process.
There is, therefore, a need to improve the recovery methodology. Finally, it is important to note
that the good network of micropores (present within the microspheres), facilitated by the use of a
cross-linker (glutaraldehyde), contributed to the efficient drug release that was observed. S1,
with a drug concentration of 1mg/ml, had the longest half-life, while the mixture with highest
drug concentration (5mg/ml), had the shortest half-life. Hence, different formulations can be

administered, as appropriate, for different types or stages of cancer.

6.5.0 Summary and Concluding Remarks:

This paper presents the results of an experimental study of prodigiosin extraction and
encapsulation in chitosan microspheres. The resulting structures, which have the potential to
reduce the cost of localized cancer drug release, were used to study the release of cancer drugs
(prodigiosin), from chitosan capsules. The formulation with the highest concentration of drug
had the highest encapsulation efficiency. The percentage yield varied, due to the recovery
method that was used. The drug release studies also showed that the primary mechanisms of drug
release were diffusion and dissolution. The drug release kinetics was determined to be well

described by first order kinetics.
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Figure 6.1: SEM images of (a) spherical shaped prodigiosin - chitosan microspheres (b) size distribution of

chitosan microspheres (c) microspheres cut open (d) enlarged micropores within the microspheres and (e) histogram
of size distribution for the micro-pores.
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Figure 6.2: Showing (a) the percentage encapsulation efficiency and (b) % yield of the different formulations of
prodigiosin-chitosan microspheres
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Figure 6.3: Average swelling ratio of the four formulations (S1 — S4) of prodigiosin-chitosan
microparticles
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Figure 6.5: Release pattern of prodigiosin from the prodigiosin-chitosan microspheres
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Figure 6.6: SEM Images showing the degradation process of the microspheres (a) microsphere before immersing in
the pH 7.4 buffer (b) microsphere after 2 days in buffer, crack being initiated (c) increase in number of cracks after
5 days immersed in bufffer(d) at day 9 degradation has set in () after 12 days.

216



80 ="
E 60
(@]
E
S 407
S
= —m— Concentration(mg/ml)
g 20+ — Linear fit
O y=8.062x +3.01
2 —
0 R’ =0.9559
0 2 4 6 8 10 12
Time (days)
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Figure 6.9: First Order Estimation of Drug Release. Plots of In C versus Time for different prodigiosin chitosan in
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Figure 6.10: Diffusion fit for prodigiosin release from a plot of In (my/m;) versus In T for prodigiosin - chitosan
microspheres
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Figure 6.11: Cytotoxicity testing of the encapsulated prodigiosin in prodigiosin:chitosan microspheres using MDA-
MB-231 cells. (a) MDA-MB-231 cells growing at 70% confluence. Figures (b) (c) and (d) show breast cancer cells
treated with 1mg/ml prodigiosin (S1) encapsulated in chitosan microspheres at 24 h, 72 h and 96 h respectively,
(e) control after 96 h, while Figures (f), (g) and (h) show breast cancer cells treated with 5mg/ml prodigiosin(S4) in
prodigiosin:chitosan microspheres at 24h, 72 h and 96 h respectively..
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Figure 6.12: Cell Viability study of MDA-MB-231 Cell Line showing the effect incubation with different
concentration of prodigiosin encapsulated in chitosan microspheres.
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Table 6.1: Showing the encapsulation efficiency, drug loading capacity and % yield of the
prodigiosin encapsulated chitosan microspheres

Samples (mg/ml) Si Sz S3 Sy
(Img/ml) (2.5mg/ml) (2mg/ml)  (5mg/ml)

% Encapsulation 66.7+3.3 80+4 76.7£3.8 90+ 4

efficiency

% Drug loading capacity 6.7+0.3 12+0.6 15.3+0.8 45+ 2.3

% Yield 55.5+2.8 52.4+2.6 50+2.5 4242.1
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Table 6.2: showing the minimum drug content after release (Co) and the half-life

Drug Conc. (mg/ml) Co (mg/ml) t 12 (Hours) R?

S1(1 mg/ml) 0.46 23.76 0.999
Sz (1.5 mg/ml) 0.6 8.4 0.983
Ss (2 mg/ml) 0.79 7.2 0.863
S4 (5 mg/ml) 0.9 4.8 0.931
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TABLE 6.3: % Cumulative drug release

TIME T S1 S2 S3 S4
(DAYS) (1 mg/ml) (12.5mg/ml) (2 mg/ml) (5 mg/ml)
1 1.00 4.4 10 35 6.25
2 1.41 26.8 23 15.33 17.5
3 1.73 30.92 39 17.33 35

4 2.00 37.76 53 53.33 50

5 2.24 45.72 67 66.67 65

6 2.45 60.12 71.67 78.67 775
7 2.65 66.12 79.17 90 88.75
8 2.82 76.52 82.5 96.67 96.25
9 3.00 79.72

10 3.16 81.72

11 3.32 82.92
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TABLE 6.4 (a): n values for the different formulations

S1 S2 S3 S4
n 0.12 0.19 0.24 0.19
K -0.36 -0.62 -0.48 -0.58
R? 0.91 0.90 0.87 0.72

Table 4(b): Exponent n of the power law and drug release mechanism from polymeric
controlled delivery systems of spherical geometry

Diffusion exponent (n) Overall solute diffusion mechanism
0.43 Fickian diffusion

0.43<n<0.85 Anomalous (non-Fickian) diffusion
0.85 Case-II transport
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CHAPTER 7
7.0 Concluding Remarks and Suggestions for Future Work
7.1 Summary and Concluding Remarks

This dissertation presented two approaches for the targeted drug delivery for the treatment of
breast cancer. One approach was the use of gold nanoparticles functionalized with targeting
moieties (LHRH and Folic Acid) and tethered with prodigiosin, an anti-cancer drug, to actively
target cancerous cells through endocytosis. The second approach involved the use of
encapsulated prodigiosin in chitosan microspheres for localized drug delivery. Some of the

salient results and conclusions made in the course of this study are stated below.

The results from our preliminary work on the biosynthesis of gold nanoparticles from Nauclea
latifolia leaf extracts showed that gold nanoparticles were synthesized in a record time of < 30
seconds [1] at pH 7.0. The TEM result revealed that most of the nanoparticles were spherical and
that the sizes varied from 10nm - 60 nm, which is ideal for biomedical applications [2, 3]. In
chapter 3, we presented the conjugation of the biosynthesized AuNPs with LHRH. Evidence of
the actual conjugation was based on the comparison of unconjugated with the conjugated gold
nanoparticles. The appearance of a second peak at 260 nm in the UV-Vis spectrum of the
conjugated nanoparticles, together with the peak characteristic of AuNPs at 540 nm confirms the

presence of the peptide, LHRH [4].

A comparison of the hydrodynamic diameters and the polydispersity index of the gold
naonoparticles synthesized (before and after conjugation) were equally studied. The z-average
increased with the addition of the ligand, LHRH and further still when the anti-cancer drug,
prodigiosin (PG), was added (47.9 nm, 58.9 nm and 60.2 nm, respectively). The adhesion results

showed that the adhesion force between LHRH-conjugated biosynthesized AuNPs and the breast
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cancer cell line MDA-MB-231 was greater (by a factor of five) than that of LHRH-conjugated
AUNPs to normal breast cells (cell line MCF-10A). This therefore defines the specificity of
LHRH to cancer cells and hence increases its potential for use in selective and specific targeting

and treatment of breast cancer.

The ability of the bacteria, Serratia marcescens to synthesize gold nanoparticles both intra-and
extra-cellularly and was demonstrated in chapter 4. The cell-conditioned medium proved to be
more effective than the biomass for the synthesis of gold nanoparticles, since nanoparticles
synthesis with the conditioned medium requires lesser reaction times. The optimum pH for the
synthesis was found to be pH 4. The secondary metabolite from Serratia, prodigiosin, was also
used to synthesize AuNPs, and was shown to be responsible for the reduction of HAuCl, to form
elemental Au. Most of the nanoparticles produced by prodigiosin have a PDI of between 0.2 and
0.3 meaning that they are mildly polydispersed.

The purpose of chapter 5 was to try to profer a solution to the particular type of breast cancer
prevalent among black Americans, Hispanics and mostly African women. This type of cancer is
called triple negative breast cancer (TNBC). From a review of the literature, it was found that
TNBC over expresses folate receptors on their surfaces, hence the effort using folic acid as the
targeting moity. AuNPs were conjugated to the folic acid through the N-hydroxy succinamide
ester of folate. The conjugation was confirmed through a series of characterizations including
UV-Vis spectroscopy, TEM, FTIR, DLS and HIM. The most interesting result was the image
from the HIM analysis that showed clearly the ring of folate coating the AuNPs. FTIR analysis
was performed to further confirm the conjugation of Folate-S-AuNPs. The results revealed

carboxylic acid (C=0) stretching vibrations at 1670 cm-1 originating from folic acid. There was
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also the appearance of double peaks at 1010 cm-1 and 930 cm-1 corresponding to carbonyl
stretching (C=S) and —SH stretching which account for the presence of the thiol group in the
reaction.

Adhesion measurements were done for the folate conjugated gold nanoparticles and the
unconjugated moieties. The force of adhesion was compared between normal breast cells and
TNBC cell line, MDA-MB-231. The highest adhesion was noticed in the AuNPs/folate conjugate
with the adhesion force rising up to 80nN for the interaction with the triple negative breast
cancer cells and 25 nN with the normal breast cells. These results clearly showed that
conjugation of gold nanoparticles to the ligands improved their attachment to the cancer cells. In
addition, the fact that the adhesion was higher with the cancerous cells than with the normal cells

confirmed the specificity of the folate ligands.

In a bid to ensure total cure of breast cancer, we decided to consider multiple approaches to drug
delivery, hence the idea of localized drug delivery (chapter 6). The extracted and purified
prodigiosin was encapsulated in chitosan microspheres by a water-in-oil emulsion (w/0)
technique. It was discovered that the drug: polymer ratio determined the encapsulation
efficiency: the higher the drug: polymer ratio, the higher the PEE. The swelling ratio was also
found to increase with the drug concentration, with the implication that patients with late stage or
aggressive cancer will need the system that can release the drugs at a faster rate and, as such,
reduce the number of cancerous cells. Subsequently, the drug design - with the slower release
rate will then be used for early stage or less aggressive cancer. In terms of the cumulative drug
release, the formulation with the higher polymer composition had the longest period of drug

release. This was attributed to the smaller pore sizes which were due to the high level of cross
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linking with chitosan. The initial drug release was due to diffusion and burst processes followed
by a later degradation-controlled release for a smaller fraction of the drug. The release kinetics of
prodigiosin from the microspheres was determined based on best fit of the models tested (zeroth-
order and first-order models and the Higuchi model). The regression coefficients determined for
the different models were: 0.964 for zeroth-order model; 0.999 for the first-order model and

0.975 for the Higuchi model. The first order model, therefore, was the best fit to the current data.

The effects of drug release from the microspheres were tested on viable breast cancer cells
(MDA-MB-231cells), while breast cancer cells without drug were used as control. An
appreciable decrease in cell viability was observed in the cancer cells while cell proliferation was
observed in the control sample. The loss of cells’ reproductive ability was largely due to the
release of the drug onto the cells. The reduction in the cell viability is attributed to the induced

apoptosis associated with prodigiosin release [5, 6].

In conclusion, a combination of / synergy between targeted drug using gold nanoparticles and
localized drug delivery with the aid of encapsulated microspheres is a dependable method to
ensuring a lasting solution to the menace of breast cancer. Secondly, the use of locally sourced
materials in this study promises to reduce the cost of treatment while also making the drugs

readily available especially in developing countries.

7.2 Suggestions for Future Work

In furtherance to the work covered by this desertation, the following suggestions are proferred as

to future work.
7.2.1 Biosynthesis using Nauclea latifolia.

The leaf extracts of this plant were successfully used to synthesize gold nanoparticles within the
shortest time ever recorded. However, the results from the TEM and the EDS indicated that some
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impurities were present, so further purification processes need to be done before using the
extract. Moreover, the phytochemical analysis of Nauclea latifolia showed that it contains
alkaloids, flavonoids, tannins, saponins, phlobatanins, sterols and cyanogenic glycosides [7].
There is a need to evaluate these compounds to know the exact component or components that is
involved in the actual reduction of the gold chloride. This will also help in achieving pure gold

nanoparticles.
7.2.2 Use of folate for targeting triple negative breast cancer

From the work we have done, folic acid was successfully conjugated to gold nanoparticles. In
addition, the adhesion measurements showed an increased adhesion of gold folate to the triple
negative cell line (MDA-MB-231) compared to normal breast cells. However, we suggest that
more TNBC cell lines be tested and also in addition to adhesion work, viability testing should be

carried out to further validate the efficacy of folate in targeting TNBC.
7.2.3 Cell culture

In the course of this work, we have been able to achieve one very important feat, which is
establishing a functional Human Cell Culture Laboratory for the first time in West Africa. This
type of cell culture laboratory is essential for any meaningful biomedical research. At the
present, we have the breast cancer cell line, MDA-MB-231, the normal breast cell line, MCF-
10A under culture in the lab. We strongly suggest that more cell lines be acquired especially for
other diseases so that many researchers and research into other diseases will benefit. Moreso,
pertaining to the work in this dissertation, more in-depth cytology work needs to be done with
the conjugated gold nanoparticles and the microspheres to study additional aspects of their

interactions with normal cells and cancer cells.
7.2.4 Animal work.

The ultimate goal of this research is to use the results as a basis for human clinical trials and
human use. To do this, additional processes and studies are necessary. First, is the in vitro study,
which we have done with the cells, to test the efficacy of AuNPs-drug design. The next stage is

to do in-vivo trials beginning with lower animals like mice before the human trials.
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Virgin female Sprague-Dawley (SD) rats (6- 8weeks old), with weights of 180 - 200 g should be
purchased. The animals will be housed two rats per plastic cages and allowed them to acclimate
in standard conditions (under a 12 h light/dark cycle) for one week. The rats should be given free
access to distilled water and food throughout the experiment. The breast cancer cell line, MDA-
MB-231 should be maintained at 37°C in a humidified atmosphere of 5% CO, in L15 medium
supplemented with 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin. When the
cells have reached 90% confluence, they should be harvested and suspended in 300 pl of
phosphate buffered saline. The rats will be anesthetized by intraperitoneal injections. The cell
suspension (6 x 10° cells in 300 pl PBS) should be drawn into 1ml insulin syringes without
needles to minimize damage, lysis and death to the cells. The cell suspension should be
inoculated subcutaneously into the mammary fat pad (right flank) of the SD rats using an insulin
syringe with #26 gauge needle. The beds of rats should be supported with suitable heat lamp
because animals may lose body heat during the procedure. The temperature, breathing and heart
rates of animals should be monitored closely. To maintain a steady breathing rate, they should
be gently turned over and back for 10 - 20 s and their position rotated every few minutes.
Thereafter, animals should be palpated for the detection of mammary tumors twice each week.
Tumors can be measured using digital calipers. They should then be weighed on a daily basis.

The latency period and the onset of tumor incidence should be noted as tumor growth landmarks
[8]. All animals were monitored for mammary tumor development, followed by the injection of
the gold nanoconjugate-drug design of various concentrations dispersed in de-ionized water. The

effect of the drug design on the tumor cells at different time intervals
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