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ABSTRACT

Breast cancer is considered the second most commonly diagnosed type of cancer across
the world. The common modes of treatment are limited by severe side-effects that hinder
the efficacy of the drugs, compromise the patients’ quality of life and often lead to other
disorders. One of the main focuses of nanobiotechnology research is to develop novel
anti-cancer drug delivery systems that improve the drug efficacy, limit harmful side
effects and also allow for the delivery of developing therapeutics that are rapidly
degraded in circulation, such as small interfering RNA (siRNA). Nano-carriers are
helpful particularly in anti-cancer drug delivery due to the Enhanced Permeability and
Retention (EPR) effect. In the current research study, we developed and investigated the
use of surface modified HSA nanoparticles for the delivery of anti-cancer therapeutics in
breast cancer applications. Results showed formation of modified HSA nanoparticles of
sizes below 150 nm and contained a positive surface charge. The cellular uptake of the
nanoparticles was higher in coated particles (average: ~70%) than uncoated particles.
Furthermore, the cytotoxicity assessment of modified HSA nanoparticles suggested that
empty particles are biocompatible and non-toxic to cells. Therefore, the presented PEI-
enhanced and TAT-coated HSA nanoparticles form an appealing delivery system for anti-

cancer therapeutics with a potential for clinical application.



RESUME

Le cancer du sein est considéré comme le deuxiéme type de cancer le plus couramment
diagnostiqué a travers le monde. La plupart des traitements sont characterises par des
effets secondaires nocifs qui limitent I'efficacité des médicaments, compromettent la
qualité de vie des patients et conduisent souvent a dautres troubles nocifs. L'un des
principaux axes de recherche en nanobiotechnologie est de développer un nouveaux
systeme de délivrance qui permet d'améliorer I'efficacité du médicament, de limiter les
effets secondaires nocifs et aussi de permettre la livraison de molecules qui sont
rapidement dégradées dans la circulation, tels que les petits ARN interférents (SIRNA).
Les nano-transporteurs sont utiles en particulier dans I'administration de médicaments
anticancerigenes en raison de leur perméabilité accrue et de leur conservation (EPR).
Dans I'étude de la recherche actuelle, nous avons développé et étudié l'utilisation de
nanoparticules HSA a surface modifiée pour la livraison de médicaments anticancéreux
dans les applications de cancer du sein. Les résultats ont montré la formation de
nanoparticules HSA de tailles modifiées en dessous de 150 nm contenant une charge de
surface positive. L'absorption cellulaire des nanoparticules est plus élevée dans les
particules enrobées (moyenne: ~ 70%) que les particules non enrobée. Par ailleurs,
I'évaluation de la cytotoxicité des nanoparticules HSA modifiées a suggéré que les
particules vides sont biocompatibles et non toxiques pour les cellules. Par conséquent, les
nanoparticules HSA revétues de TAT et PEIl-améliorée forment un systéme de prestation

idéale pour les thérapies anti-cancereuses avec un potentiel d'application clinique.
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1.0 General Introduction

It has been estimated that approximately 12.7 million new cancer cases and 7.6 million
deaths from cancer occurred in 2008. Breast cancer is considered as the second most
commonly diagnosed type of cancer across the world [1]. After the diagnosis of cancer,
the common modes of treatment include: surgery, radiotherapy and chemotherapy [2].
The patients have to suffer the symptoms of the disease as well as debilitating side-effects
of the conventional treatment methods that compromise their quality of life. Common
side-effects of cytotoxic anti-cancer drugs include neutropenia, peripheral neuropathy,
hypersensitivity reactions, nausea, vomiting and diarrhea [3,4]. Specifically, doxorubicin
is known to cause more serious effects: acute and late irreversible cardiotoxicity which

may also lead to congestive heart failure [3].

One of the main focuses of nanobiotechnology research is to develop novel drug delivery
systems that improve anti-cancer drug efficacy, limit their harmful side effects and also
allow for the delivery of therapeutics that are rapidly degraded in circulation. Nano-
carriers are helpful in anti-cancer drug delivery due to the Enhanced Permeability and
Retention (EPR) effect [5,6]. In an active tumor, the vasculature differs from that in
normal tissue as it is leaky, irregular with large gaps or fenestrations [7]. Furthermore, a
poor lymphatic drainage and slow venous blood return with increased permeability of the
tumor tissue results in an accumulation of nanoparticles and macromolecules (>50 kDa)
within the tumor interstitium [8]. Thus, a suitable nano-carrier would be able to passively

target cytotoxic anti-cancer drugs, such as doxorubicin, to tumour tissue.

In addition, small interfering RNA (siRNA) gene-silencing has shown the potential of
developing into a potent cancer treatment; however, its application is limited by the
highly unstable nature of SiRNA. siRNA-mediated gene silencing involves post-
transcriptional silencing of specific genes. [9]. siRNA interacts with a protein complex,
known as RNA-induced silencing complex (RISC), and activates it. Upon activation, the
RISC is directed to the target complementary strand of mRNA molecules, leading to
sequence-specific cleavage of the target transcript [10]. By incorporating siRNA into

nanoparticles, the gene silencing function of siRNA can be exploited to target cancer.



In this research study, we investigated the use of a biodegradable and biocompatible
delivery system for anti-cancer drugs and SiRNA. Human serum albumin (HSA)
nanoparticles with cationic surface functionalization were developed and characterized in
vitro for the enhanced delivery of anti-cancer drugs and siRNA. Surface coatings were
added on the HSA nanoparticles to improve the cellular uptake of the drug-loaded
nanoparticles to maximize the therapeutic efficacy of the drug.

1.1 Thesis Hypothesis

Do surface modified HSA nanoparticles enhance the delivery features of the drug and
gene by increasing the stability, bioavailability and cellular uptake of the loaded

therapeutics for breast cancer applications?

1.2 Research Objectives

1) To characterize and assess the efficacy of modified surface functionalized
(polyethylenimine) siRNA-loaded HSA nanoparticles.

2) To investigate the potential of using polyethylenimine-coated HSA nanoparticles for
the delivery of anti-cancer drugs, using doxorubicin as an example.

3) To design novel HIV 1 TAT peptide coated HSA nanoparticles for the delivery of
therapeutics (siRNA) in breast cancer applications.



2.0 Literature Review

2.1 Introduction to breast cancer

Cancer is considered as one of the most pressing issues currently facing health care across
the world. In 2008, there were an estimated 12.7 million new cancer cases and 7.6
million deaths due to cancer across the world [1]. As shown in Figure 1, prostate,
lung/bronchus, colon/rectum cancers among men, while breast, lung/bronchus and
colon/rectum cancers are the most common in women (in decreasing order) [11]. Breast
cancer is the second most common diagnosed type of cancer, amounting to 1.38 million
cases (10.9 % of total cases) worldwide [11]. However, the mortality rate of breast
cancer has decreased in developed countries over the past decades, ranging to
approximately 6-19 deaths per 100,000 [12].
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FIGURE 2.1: Annual age-adjusted incidence rates of different types of cancers from 1975
to 2004 for the U.S. standard population [11].



Breast cancer leads to the most number of deaths from cancer among women globally
[11]. The decline in mortality could be because of increased awareness and improved
cancer screening and treatment methods [13]. Similar to other types of cancers, breast
cancer can also not be attributed to a single cause. There are several risk factors that have
been found to play a role in the development of the disease, including age, reproductive
history, exogenous hormone in-take, life style (alcohol consumption, diet, obesity,
exercise), and genetic factors [13].

The growth of tumours is initiated by a single cancerous cell that replicates and divides at
a higher rate than the surrounding healthy cells. Thus, the cancerous cell metabolizes at a
higher rate, consuming more nutrients and releasing a greater amount of waste products
[14]. Upon the formation of a small tumour mass, the healthy cells are deprived of an
insufficient nutrient supply. The tumour mass will continue to proliferate and grow until
it has completely displaced the healthy cells and reached a maximum size, beyond which
it cannot grow with the existing normal nutrient and oxygen supply [14]. At this point,
the tumour is at a steady state size. The cells towards the periphery of the tumour receive
maximum nutrients and continue multiplying, while the cells on the inside are deprived of
nutrients and proper elimination of waste products due to which they die, forming a
necrotic core of the tumour. For the tumour to further grow, new vasculature must form

to provide the required nutrients and removal of wastes [14].

2.2 Currently used methods for treating breast cancer and their limitations

An early diagnosis of the disease is the most important step towards its treatment.
Regular clinical and self-examinations, ultrasonography and mammography are ways of
detecting tumor growth in the breast. These practices together with greater public
awareness of the disease have led to earlier diagnoses and a resultant decline in the breast
cancer mortality rate [11,15,16]. There has been an estimated 24% of decline in mortality
from breast cancer between 1990 and 2000 [17]. Biopsy, an invasive method of
removing the tumor tissue for pathological examination, confirms the presence of
cancerous cells. After the detection and diagnosis of breast cancer, it is classified into
one of four stages, according to size, location and presence of metastasis [16]. For earlier

stages of cancer, localized treatment is usually the initial mode of targeting the disease.
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Localized treatment methods include surgery and radiotherapy. On the other hand,
systemic therapy may also be used in combination with localized treatments for possible
spread of potential tumor cells. This minimizes the chances of disseminated cancerous
cells becoming a tumor at another location [18]. After the breast cancer tumor becomes

metastatic, the disease cannot be “cured” or eradicated [19].

Systemic therapy, primarily, consists of two types: administration of hormones or
chemotherapy. Hormone therapy is designed to target tumors that over express the
estrogen receptor or progesterone receptor. On the other hand, chemotherapy is most
effective against high-grade tumors that are rapidly proliferating [17,20].
Chemotherapeutics, by definition, are mostly inhibitors of proliferating cells that block
different aspects of DNA synthesis or repair [18]. To do so, these compounds may be
involved in the disruption of alkylation, inhibition of DNA topoisomerases, physical
binding or intercalation of DNA or microtubules [21]. As the action of these
chemotherapeutic agents is non-selective, it may affect healthy dividing cells as well,
leading to serious adverse side effects. This lack of selectivity is one of the major
limitations of anti-cancer chemotherapy. Common chemotherapeutic agents for breast
cancer are anthracyclines, namely doxorubicin and epirubicin, and taxanes, including

docetaxel and paclitaxel [22].

Taxanes are hydrophobic compounds that can be intravenously administered with the
help of solvent-based delivery vehicles. Despite the potent anti-cancer effect of taxanes
through mitotic arrest, their clinical efficacy has been hindered by toxicity caused by their
solvent-based administration. The solvent-based vehicle used for paclitaxel consists of
poly-ethoxylated castor oil (Cremophor® EL) and ethanol (Taxol®), CrEL-paxlitaxel.
Side effects commonly associated with CrEL-paclitaxel include neutropenia, peripheral
neuropathy, hypersensitivity reactions, nausea, vomiting and diarrhea [3,4].
Anthracyclines are known to cause short-term side effects, such as myelosuppression,
vomiting, alopecia, and mucositis; more serious effects include acute and late irreversible
cardiotoxicity which may also lead to congestive heart failure [3]. Anthracyclines lead to
the generation of oxygen-based free radicals, which damage proteins, lipids and DNA

molecules. The oxidative stress has shown to result in apoptosis of myocytes [23].



2.3 Upcoming strategies to treat breast cancer: using siRNA

Many researchers have been actively investigating new treatment methods in order to
evade the side effects of conventional anti-cancer therapies. Drugs directed against
angiogenesis in tumour development or other signalling pathways that are responsible for
tumour growth are being studied [24]. In addition, efforts are being made towards
developing a breast cancer vaccine that will enable T-cells to identify and eliminate
tumour cells specifically [25]. Gene-based therapies are also being studied extensively in
order to manipulate gene expression to suppress the growth of cancerous cells [26-28].
siRNA-based gene silencing has shown considerable promise for developing into an
effective mode of treating cancers [29-32]. siRNA are about 20-25 base-pairs in length
and upon entering cells, they bind and activate the RNA-induced silencing complexes
(RISCs) that consist of an endoribonuclease. As illustrated in Figure 2, upon formation of
the active RISCs, the siRNA strands direct the complex to the target complementary
strand of MRNA and leads to the destruction of the target RNA molecule [33,34]. In this
manner, the messenger RNA molecule of a particular gene can be destroyed specifically,
thereby blocking protein expression of the gene of interest.

The ability of siRNA to alter gene expression is the key to employing siRNA-gene
silencing in tumor cells for cancer therapy. The objective of siRNA therapy is to
downregulate genes that lead to cancer malignancy and to make the tumour cells more
susceptible to other modes of treatment [35]. The expression of receptor tyrosine kinases,
along with other antiapoptotic genes, survival factors, growth factors, signalling
molecules and genes required for cell division, can be suppressed, as detailed in Table 1.
Global oncogenic transcription factors, such as Myc, or cell-type specific transcription
factors may be targeted using siRNA therapy. Such selectivity would not be possible
using conventional drug therapy. Furthermore, sSiRNA also has potential to target cancer
stem cells, responsible for the recurrence of the disease, that are resistant to radio- and
chemotherapy [35]. Another advantage of using siRNA gene silencing over conventional
drugs is that the transporter proteins present in drug resistant tumour cells are unlikely to
act upon RNA molecules. The dulation of siRNA gene silencing is dependent upon the

distribution of siRNA bound to the RISCs that occurs between daughter cells as the cells



divide [35]. For rapidly dividing tumour cells, the duration of gene silencing can extend
up to a week. Despite this limitation, sufficient gene silencing may have already occurred
to bring about the desired tumor suppressive effect. Alternatively, continuous weekly
administration of siRNA could be carried out to prolong the span of siRNA gene
silencing [35]. Although siRNA-based gene silencing holds immense potential for
developing into an effective anti-cancer therapy, the biggest hurdle is the unstable rapidly
degradable nature of siRNA [36,37]. Many researchers have been attempting to develop
a suitable delivery system for siRNA in order to protect its functional and structural

integrity, while enhancing its cellular uptake [33,37].
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FIGURE 2.2: Schematic illustration of post-transcriptional gene silencing by siRNA that
can be used for gene silencing in breast cancer [38].



TABLE 2.1: Examples of genes that have been targeted by siRNA gene silencing in breast
cancer [39].

Target protein function Gene(s) silenced | Invitro | Invivo | References
Estrogen receptor cofactor NFAT3 W - [40]
Estrogen induced protein GREB2 W - [41]
Receptor tyrosine kinase ERBB2 W - [42]
Cytosolic  serine-threonine | Raf-1 W W [43]
kinase

Rho GTPases RhoA, RhoC W w4 [44]
Antiapoptotic protein XIAP W W 4 [45,46]
P-glycoprotein MDR1 W 4 - [47,48]
Double strand break repair | RAD21 W - [49]
protein

Urokinase plasminogen | UPA W - [39]
activator

Laminin adhesion receptor a6p4 integrin W - [39,50]

2.4 Nanotechnology and breast cancer

The cancer-based research achievements over the past few decades have not resulted in
similar advances in clinical applications. This is largely due to the lack of selectivity of
anti-cancer therapeutics, which leads to toxicity of healthy cells. The survival rate of
cancer patients and their quality of life is determined by the targeting ability of their
cancer treatment [14]. A promising avenue that may help address this issue is of
nanotechnology, which is an increasingly progressive field that promises innovative
solutions for the treatment of numerous diseases. By definition, nanotechnological
devices need to be man-made and of 1-1000 nm in at least one dimension [51]. Nano-
technologies used for cancer diagnostics or therapy include nanovectors, designed to
deliver therapeutics, and nano magnetic resonance imaging contrast agents [51]. The
various nanovectors include nanoparticles, liposomes, quantum dots, carbon nanotubes,

micelles and dendrimers [52]. An ideal therapeutic delivery system would be specific for



only tumour cells and be able to overcome barriers, such as the cell membrane and the
blood-brain barrier, that stop it from reaching its target [51].

2.5 Polymeric nanoparticles- carriers for anti-cancer therapeutics

Various nanoparticle-based systems are being studied to achieve these goals of improving
the efficacy of the therapeutics and also limiting harmful side effects of various cancer
drugs. Polymeric nanoparticles may be defined as sub-cellular colloidal entities,
composed of natural or synthetic polymers [53]. One of the objectives of a nanoparticle-
based drug delivery system is targeted delivery to help reduce side-effects of various
harmful drugs by decreasing their systemic levels, and increasing the drug availability at
the target site. Also, they may help to stabilize the compound to be delivered and
increase their half-life by protecting the therapeutic molecule from hydrolysis or
breakdown, solubilize certain therapeutics for intravascular administration, and may also
allow for controlled delivery [53,54]. Nanoparticles may carry the therapeutic compound
by dissolving, encapsulating or entrapping it within the nanoparticles, and on the other
hand, by adsorbing or chemically attaching the therapeutic compound to its surface. The
cargo being delivered may consist of drugs, peptides or proteins, or gene-based
compounds [53,54].

Due to their sub-cellular sizes, nanoparticles can easily pass through the thin capillary
beds into tissues, allowing delivery of the therapeutic compound to different tissues of the
body [55]. As nanoparticles can be taken up by the cells, the therapeutics they deliver
may have an intracellular target, such as the mitochondria, nucleus, or the cytoplasm [55].
Studies have shown that nanoparticles can be taken up by cells through different
endocytic pathways. These pathways may include pinocytosis, phagocytosis or receptor-
mediated endocytosis. Panyam and Labhasetwar studied the cellular uptake of Poly-
(D,L-lactide-co-glycolide), PLGA, nanoparticles in vitro, using human vascular smooth
muscle cells. They illustrated that nanoparticles are endocytosed by cells, at the earliest
after 1 min. of incubation, showing an increase in uptake with incubation time of
nanoparticles [56,57]. Upon removal of nanoparticles from the media, approximately
65% of the internalized nanoparticles underwent exocytosis and were expelled by the

cells into the medium within 30 min., suggesting that there is a concentration-dependent
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endocytic process [56]. The surface properties of the nanoparticles play a crucial role in
determining the mechanism of their intracellular uptake, the cytosolic target and the
release of the therapeutic cargo [58]. Followed by internalization, approximately 15% of
the nanoparticles remain in the cytosol, whereas a significant amount is removed from the
cell by exocytosis [58]. Within the cytosol, the nanoparticles exhibit a sustained release
of the therapeutic compound; the rate of degradation of the polymer that the nanoparticles

are comprised of would depend upon the nature of the polymer [56].

Cellular uptake of nanoparticles has also shown to be dependent upon the uniform
distribution of particles and particle-size. It has been illustrated that the transfection
efficiency of nanoparticles loaded with DNA that are smaller than 100 nm is 27 times
greater than those larger (~200 nm) [28]. Similarly, Desai et al. illustrated that particles
of 100 nm in size have a significantly greater number and total mass uptake by intestinal
tissue as compared to bigger particles (1000 nm) [59]. Another parameter that may play a
role in the cytosolic delivery of the therapeutic agent is the molecular weight of the
polymer [56,57].

FIGURE 2.3: Cellular uptake of Human serum albumin (HSA) nanoparticles via cavaloae
and clathrin-mediated endocytosis. Confocal images after HSA nanoparticles are
incubated with cells for 1 hr: (A) without endocytosis inhibitor; (B) with chlorpromazime;
(C) filipin [60].

Intracellular delivery of therapeutics by nanoparticles is especially important when the
target of the drug, or therapeutic agent, is within the cell. The target may be present in
the cytoplasm, nucleus, mitochondria or other intracellular compartments. This form of

delivery protects degradation of proteins and nucleic acids by proteases and nucleases,
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respectively, or other enzymatic degradation. In addition, cytosolic delivery helps
overcome the problem of drug efflux from the cell by efflux transporters, such as the

human multidrug-resistance gene MDR1 transporter, P-glycoprotein [61].

It is important to assess the biocompatibility and biodegradability of the polymer or
material that the nanoparticles are composed of, because the remnants of the
nanoparticles must be degraded and metabolized after unloading the cargo. Ideally, the
nanoparticles should be broken down into non-toxic material that is easily cleared from
circulation in order to avoid any toxic effects [62]. The material being used to synthesize
the particles should also be chemically inert and free from impurities. Nanoparticles are
cleared from circulation based upon their size. Sizes < 30 nm are removed by renal

filtration and larger particles are taken up by the mononuclear phagocytic system [55].

Various polymers, including synthetic and those found naturally, may be used to make
biodegradable nanoparticles. The synthetic polymers would include polylactide-
polyglycolide copolymers, polyacrylates and polycaprolactones, where as albumin,
gelatin, collagen and chitosan are naturally occurring polymers [63]. Synthetic polymers,
in general, have an advantage over natural polymers, in being able to provide a more
sustained release of the therapeutic compound from a few days till weeks in some cases.
However, the synthetic polymers may be limited by the presence of organic solvents and

impurities that need to be removed [64].

TABLE 2.2: Main advantages and disadvantages of various polymers used for the
synthesis of nanoparticles [65,66].

Polymers used for NP Advantages Disadvantages
PLGA/PLA Biodegradable, biocompatible, | Hydrophobic  polymer —
non-toxic unstable colloidal carrier,

coating the particles is
difficult and expensive.

Poly g-caprolactone Biodegradable, biocompatible, | --
stable

Chitosan Biocompatible, biodegradable, | Aggregation may occur
hydrophilic,  adhesive  to during synthesis
mucosa

HSA Biodegradable, non-toxic, | Large-scale  manufacture

non-antigenic. ~ Allows  for | may be an issue
electrostatic ~ adsorption  of
positively charged species
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2.6 Nanoparticles can be used to enhance drug permeability and retention

Nanoparticles are particularly effective in anti-cancer drug delivery due to the Enhanced
Permeability and Retention (EPR) effect [5,6]. In an active tumor, the vasculature differs
from that in normal tissue as the vessels have a larger size, greater density and are more
heterogenously distributed. The tumour vasculature is more leaky, irregular with large
gaps or fenestrations [7]. However, normal tissue vasculature has a tight endothelium
[66]. Furthermore, a poor lymphatic drainage and slow venous blood return alongside
increased permeability of the tumor tissue results in an accumulation of nanoparticles and
macromolecules (>50 kDa) within the tumor interstitium, as shown in Figure 4 [8].
Therefore, the EPR effect facilitates the extravasation of nanoparticles into the tumour
tissue, thereby increasing the drug concentration within the tumour tissue [67,68].
Previous research has shown that nanoparticles can deliver drugs to tumor tissue with
local concentrations (at least 10-fold) higher than with the same dosage of free drug
administration. The drug concentrations in tumor tissue were also significantly higher

than in normal tissue [67-70].

Tumor Tissue ?;:}—b Nanoparticles

W
Q:_:;\(: - )C:_:¥ B )C:_:D-; Endothelium
{:F :‘:::s Normal vasculature {;? ixg

Leakv tumor vasculature

O oD
L

Tumor Tissue

FIGURE 2.4: The top illustration depicts the lack of permeability of the normal
vasculature, preventing the extravasation of nanoparticles into the tumour interstitium.
The lower part shows the accumulation of nanoparticles within the tumour tissue due to
large gaps in the tumour vasculature, resulting in the EPR effect [66].
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2.7 Introduction to albumin-based nanoparticles

Albumin is synthesized in the liver and is released into the blood; it forms the most
abundant plasma protein (35-50 grams/L human serum) [71]. Figure 2.5 illustrates the
structure of Human Serum Albumin (HSA), the smallest blood plasma protein [71]. HSA
acts as a carrier and solubilizing protein in blood. It binds bilirubin, the breakdown
product of heme, different therapeutic drugs such as penicillin and sulphonamides, and
various metal ions. Albumin is soluble in both water and ethanol, two possible solvents

for intravenous delivery [72].
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FIGURE 2.5: Three-dimensional structure of Human Serum Albumin, created by X-ray
structure analysis [73].

Albumin is an acidic protein, which stays stable in pH range 4-9, and can withstand
temperatures up to 60 °C. Albumin overcomes the problems of immunogenicity and
toxicity that other drug delivery systems commonly face. Since albumin is found in the
body naturally in such abundance, it is easily degraded and metabolized [71]. Clinical
trials have suggested that Abraxane®, paclitaxel bound to a human serum albumin

nanoparticle, is an effective way of delivering this drug [72].

Currently, the delivery of other taxanes using albumin nanoparticles is being studied for
the treatment of hormone refractory prostate cancer [72]. Albumin binds with the
albumin receptor gp60 and crosses the endothelium into extravascular space through a

process known as transcytosis. Since tumour tissue has higher metabolism as compared
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to normal cells, plasma proteins are more actively transported into these cells. Thus,
Abraxane® is carried and accumulated within tumour tissue, making the anti-cancer drug

more effective [72].

Transmission Electron
Micrograph

FIGURE 2.6: Model of Abraxane®, albumin-bound paclitaxel nanoparticle; Transmission
electron micrograph on the right. Abraxane® is 130 nm in size [73].

2.8 Potentials of albumin-based nanoparticles

Albumin nanoparticles have a wide range of applications in the delivery of therapeutic
agents.  Abraxane® is a commercially available albumin-based nanoparticle with
encapsulated paclitaxel, formed by passing the aqueous solution of the drug and HSA
through a spray jet. This results in the formation of HSA nanoparticles in the size range
of 100-200 nm, as shown in Figure 2.6. After preclinical and clinical investigation,
Abraxane® was approved by FDA for the treatment of metastatic breast cancer after
combination therapy has been unsuccessful [73].  Abraxane® showed higher
accumulation of Paclitaxel as compared to free drug administration of the same
concentration [74]. Most importantly, Abraxane® does not require the use of the
hydrophobic solvent, Cremophor EL. Furthermore, hypersensitivity has not been
reported after the use of Abraxane® by patients and pre-medication is not necessary
[75,76]. Clinical studies have shown that the serious side-effects, such as neutropenia and
neuropathy due to axonal degeneration, were lower with the use of Abraxane® than with
Paclitaxel administered using Cremophor EL [75,76]. These promising advances with
HSA-based nanoparticles strongly support the need for further studying and developing

this technology.
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Chemotherapeutic agents, doxorubicin, 5-Fluorouracil and noscapine, were encapsulated
into HSA nanoparticles for drug delivery to cancer cells. Results were encouraging as
they suggested an increase in drug efficacy with nanoparticle-based delivery as compared
to free drug. Preclinial studies need to be carried out to examine the effect of using HSA
nanoparticle-based delivery for these chemotherapeutic drugs on toxicity of healthy cells
[77-79].

In addition, aspirin was also encapsulated into HSA nanoparticles. Due to their small size
and biocompatibility, HSA nanoparticles can be used in sensitive regions, such as the eye,
as minimal irritation will be caused. Thus, aspirin-loaded HSA nanoparticles were
characterized by using the coacervation method to synthesize them for various potential
applications, such as intra-articular therapy in arthritis or diabetic retinopathy [80,81].

Albumin-based nanoparticles have also been studied to deliver proteins [82]. Bovine
serum albumin (BSA) was used to encapsulate the osteoinductive growth factor, bone
morphogenetic protein-2 (BMP-2), which induces bone formation. The BSA
nanoparticles in this study were coated with polyethylenimine (PEI), which reduced the
initial burst release of BMP-2 and allowed a more prolonged and sustained availability of
BMP-2 at the site of action. A more recent study modified PEI-BSA nanoparticles by
attaching poly(ethylene glycol) (PEG) to PEI. PEI-PEG coated BSA nanoparticles
illustrated a higher de novo bone formation in rats than PEI-coated nanoparticles [83].
More recently, the co-encapsulation of the vascular endothelial growth factor and
angiopoietin-1 was carried out using HSA nanoparticles for improved mitotic and

antiapoptotic effects on vascular endothelial cells [81].

HSA nanoparticles have shown potential of developing into efficient, non-toxic, non-viral
vectors for gene delivery [60,81,84]. Nanoparticles have gained interest as gene carriers
due to their low risk of immunogenicity, pathogenicity and oncogenicity, ease of
preparation and little limitation on the size of the gene to be transferred [85]. Steinhauser
et al. investigated the delivery of plasmids, expressing small hairpin RNAs designed to
target polo-like kinase 1, for inhibition of cancer progression [84]. HSA-based
nanoparticles have also been used as a delivery system for anti-sense oligonucleotides

(ASOs). The studies show that the oligonucleotides are successfully loaded into the
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nanoparticles without being degraded, and their hybridizing ability to complementary
oligonucleotides is retained. The incorporation of the ASO into the nanoparticles showed
to be dependent upon pH and the ionic environment of the HSA solution. Some ASO
was also reported to be adsorbed at the surface, while the rest was inside the
nanoparticles. The ASO at the surface was not protected from enzymatic degradation
[86].

2.9 Special features of albumin-based nanoaparticles: Excellent place for surface
functionalization for enhanced delivery features

Surface of nanoparticles may be modified to achieve the following objective: reduce the
levels of opsonization of nanoparticles and augment the cellular uptake of nanoparticles
[87]. In order to help increase the bioavailability of nanoparticles, surface modifications
can be carried out by adsorbing or covalently bonding compounds. Compounds such as
polyethylene oxide (PEO) or polyethylene glycol (PEG), have been employed to adsorb
and coat the surface of the polymeric nanoparticles, forming a hydrophilic covering that
helps decrease their rate of opsonization by the reticulo-endothelial system [88,89]. The
outer layer of PEG provides steric hindrance and prevents the plasma proteins from

attaching to nanoparticle, thereby disallowing the initiation of opsonization [89].

In addition, a neutrally charged surface does not show tendency of interacting with cell
membranes, while charged groups found on nanoparticles are actively involved in
nanomaterial-cell interaction [90]. Cho et al. found in their study of cellular
internalization of gold nanoparticles that positively charged particles demonstrate greater
adherence to the cell membrane and are thus taken up by the cells more than negatively
and neutrally charged nanoparticles, as depicted in Figure 7 [91]. Cationic nanoparticles
are shown to bind the negatively charged functional groups, such as sialic acid, found on
cell surfaces and initiate transcytosis [90]. Due to the highly efficient transfection
property of positively charged nanoparticles, many nanoparticle-based drug and gene
delivery systems are positively charged. A variety of cationic molecules, such as
poly(ethylenimine) (PEI), poly(L-lysine) and PAMAM dendrimers, have been used to
form the outer layer of nanoparticles [65,90].
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FIGURE 2.7: Schematic illustration of the effect nanoparticle surface charge has on
cellular uptake [90]. (A) Negatively charged nanoparticles had a low affinity towards the
cell membrane, resulting in low cellular uptake. (B) Positively charged nanoparticles
adhere to the cell membrane, leading to a higher rate of endocytosis.

Ligands, such as thiamine [92] or transferrin [93] may also be conjugated with
nanoparticles to enhance cellular uptake. Thiamine-conjugated nanoparticles showed that
due to the addition of this ligand onto the nanoparticle surface, association of the
nanoparticle with the BBB thiamine transporter was facilitated [92]. This association
could then further lead to an increased transport of the nanoparticles across the BBB.
Similarly, paclitaxel-loaded nanoparticles conjugated with transferrin (Tf) exhibited
higher efficacy of the drug on murine models of prostate cancer [93]. The ICsy of
paclitaxel administered with Tf-conjugated nanoparticles was approximately 5-fold lower

than with unconjugated nanoparticles.

In order to facilitate the cellular uptake of nanoparticles, several coatings may be added
on the nanoparticle surface. A great amount of research has been carried out to study the
use of peptides that enhance cell adhesion and have the ability to penetrate eukaryotic cell
plasma membrane [94]. These peptides are also known as cell penetrating peptides
(CPPs) and are capable of traversing the cell membrane; thus, CPPs can be used to
enhance the transport of peptides, drug molecules and genes. One such protein is the
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trans-activating transcriptional activator (TAT) protein, found in HIV-1 [95]. Protein
transduction domains (PTDs) are the regions found within the structure of proteins and
peptides that enable these molecules to easily penetrate the cell membrane by a process
that is receptor, transporter and endocytosis-independent [96]. Some studies suggest that
CPPs may be involved in targeting the lipid layer directly, through promoting the
reorganization of the membrane lipids [96]. The PTD of the TAT protein consists of 10
residues (47-57) which include mostly basic (arginine and lysine) amino acids; the
domain also conforms into an alpha helix shape [97]. TAT was conjugated onto the
surface of PLGA-based nanoparticles for the delivery of Protease inhibitors across the
blood brain barrier to the central nervous system [98]. Results showed a 7-fold greater Pl
level in the brain when administered with TAT-conjugated nanoparticles than with

unconjugated nanoparticles [98].
2.10 Potential and limitations of nanoparticles: drug delivery

Various kinds of nanoparticles have been investigated for the delivery of doxorubicin, a
potent anti-cancer agent, to avoid the harmful side-effects caused by it [66]. Firstly, Janes
et al. showed the feasibility of using chitosan nanoparticles for the delivery of
doxorubicin [99]. Results suggested that the encapsulated doxorubicin remained active.
PEGylated PLGA nanoparticles seem promising as a delivery system for doxorubicin.
The efficacy of doxorubicin was not decreased by its encapsulation in nanoparticles;
doxorubicin delivered with nanoparticles resulted in lower pathological changes in
animals as compared to free doxorubicin [100].

FIGURE 2.8: Encapsulation of doxorubicin inside a nanoparticle with a cationic polymer
coating.
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Lastly, doxorubicin was encapsulated into HSA nanoparticles and their anti-cancer effects
were evaluated in vitro on two neuroblastoma cell lines (UKF-NB3; IMR 32) [101]. The
drug loading of doxorubicin into HSA nanoparticles was optimized and a standard
protocol was established [77]. Results showed that the ICsy values were significantly
lower when dox was delivered with HSA nanoparticles. This also suggests that loading
doxorubicin to HSA does not compromise the anti-cancer activity of doxorubicin [101].
Although studies using different kinds of nanoparticles have shown encouraging results,
there is still a need for an improved biocompatible delivery system that can be made

targeted to different kinds of tumours.
2.11 Potential and limitations of nanoparticles in sSIRNA delivery

In order to benefit from the upcoming siRNA-based gene silencing in the fight against
cancer, it is imperative to design a delivery system that can both protect the siRNA and
facilitate its cellular uptake. The negatively charged siRNA easily form complexes with
cationic polymers that form nanoparticle-based carriers [102]. Chitosan nanoparticles
have been used to deliver siRNA in vivo; results have shown effective and safe SIRNA
delivery via intranasal and intravenous routes [29,102,103]. PEl-based nanoparticles
have also shown increased cellular uptake of siRNA. In vivo administration of siRNA
using PEI-based nanooparticles resulted in 80% decrease in the target gene expression;
however cytotoxicity was a concern [32]. Additionally, PLGA, PLA, dendrimers, and
magnetic iron oxide nanoparticles have also been used to study the encapsulation and
delivery of siRNA [29,31,39,46,102,104-106].

FIGURE 2.9: Schematic figure depicting the encapsulation of siRNA into a nanoparticle
designed for cellular transfection.
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2.12 Summary

In summary, published literature suggests that HSA nanoparticles in general hold
excellent potential in breast cancer drug and siRNA delivery. However, suitable
formulation is yet to be found. Designing such a formulation based on HSA nanoparticle

surface modifications in breast cancer applications is the goal of this thesis.
2.13 Research Signficance

Although cancer treatments have improved a great deal over the past decades, there is still
an urgent need to reduce the toxicity and related side-effects that most conventional anti-
cancer drugs, such as doxorubicin cause. Secondly, upcoming anti-cancer therapeutics,
such as siRNA gene-silencing, cannot be clinically used due to their unstable nature and
low cellular uptake. In the current study, PEI-coated HSA nanoparticles have been
prepared and characterized in vitro for the delivery of drug (doxorubicin) molecules as
well as siRNA for effective anti-cancer treatment. Additionally, a novel TAT-enhanced
HSA nanoparticle delivery system has been developed and characterized in vitro for
increased efficacy of sSiRNA due to the surface adsorbed cell penetrating peptide, TAT.
Using a cationic polymer (PEI) or a cell-penetrating peptide (TAT) to coat HSA
nanoparticles increases the cellular uptake of HSA nanoparticles, leading to greater
internalization and thus higher effectiveness of the anti-cancer therapeutic. These
modified HSA-based nanoparticle delivery systems will provide a carrier for unstable
anti-cancer therapeutic, such as siRNA and reduce the systemic toxicity of anti-cancer
drug such as doxorubicin. The findings of this study will set a platform for further pre-
clinical investigations of the suitability and benefit of the developed HSA-based
nanoparticle delivery systems. In this manner, the results obtained in this study could
eventually contribute towards an improved method of anti-cancer drug delivery; thereby,

the quality of life of cancer patients, their survival rate and time span may be improved.
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Preface for Chapters 3, 4 and 5

Chapters 3, 4 and 5 present the results obtained during this research project. Chapter 3
presents the preparation and characterization of polyethylenimine (PEl)-coated HSA
nanoparticles. Furthermore, the ability of the developed nanoparticles to protect and
deliver siRNA in breast cancer applications is investigated. Chapter 4 furthers the study
in Chapter 3 by examining the use of PEI-coated HSA nanoparticles for anti-cancer drug
(doxorubicin) delivery. The efficacy of PEI-coated HSA nanoparticle-based drug
delivery is compared to free drug administration. Chapter 5 puts forward another method
of enhancing the efficacy of HSA nanoparticles by developing a novel HIV-1 TAT
peptide surface functionalized HSA nanoparticle delivery system for anti-cancer

therapeutics. In particular, the protection and delivery of sSiRNA is examined.
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Investigation of sSiRNA loaded polyethylenimine-coated human serum albumin
nanoparticle complexes for the treatment of breast cancer
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Preface:

The current chapter investigates the potential of using modified polyethylenimine (PEI)-
coated HSA nanoparticles as a delivery system for siRNA for breast cancer applications.
In order to characterize the PEI-coated HSA nanoparticles, various parameters were
studied, such as PEI amount, HSA concentration and pH level. To ensure better scope for
clinical application, cytotoxicity of the nanoparticle was optimized by using varied
amounts of PEI of two different molecular weights. Results illustrating efficient
transfection, retention of sSiRNA function and low cytotoxicity of the delivery system, it

holds promise as a non-viral gene vector.
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ABSTRACT

Small interfering RNA (siRNA) molecules have great potential for developing into a
future therapy for breast cancer. In order to overcome the issues related to rapid
degradation and low transfection of naked siRNA, polyethylenimine (PEI)-coated human
serum albumin (HSA) nanoparticles have been characterized and studied here for
efficient siRNA delivery to the MCF-7 breast cancer cell line. The optimized
nanoparticles were ~90 nm in size, carrying a surface charge of ~+26 mV and a
polydispersity index (PDI) below ~0.25. The shape and morphology of the particles was
studied using electron microscopy. A cytotoxicity assessment of the nanoparticles showed
no correlation of cytotoxicity with HSA concentration, while using high molecular weight
PEI (MW of 70kDa against 25kDa) showed higher cytotoxicity. The optimal transfection
achieved of fluorescin-tagged SiRNA loaded into PEI-coated HSA nanoparticles was
~61.66 + 6.8 %, prepared with 6.25 pg of PEI (25kDa) added per mg of HSA and 20
mg/ml HSA, indicating that this non-viral vector may serve as a promising gene delivery

system.

Keywords: nanoparticles, nanomedicine, breast cancer, gene silencing, albumin,
nanobiotechnology
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INTRODUCTION

Deaths from cancer worldwide are projected to continue rising, with an estimated 12
million deaths in 2030 [11]. Breast cancer leads to the most number of deaths globally
among women [11,107] and thus, various kinds of therapies are being devised to fight
breast cancer. Small interfering RNA (siRNA) has shown potential for developing into
an effective cancer therapeutic [29-32]. siRNA are about 20-25 base-pairs in length and
upon entering cells, they form RNA-induced silencing complexes (RISCs) that consist of
an endoribonuclease. Upon formation of the RISCs, the SiRNA strands direct the
complex to the target complementary strand of RNA molecules, leading to destruction of
the target RNA molecule [33,34]. In this manner, the messenger RNA molecule of a
particular gene can be destroyed specifically, thereby blocking protein expression of the
gene. This ability of siRNA to alter gene expression is the key to employing siRNA
gene-silencing in tumor cells for cancer therapy. However, therapeutic applications of
SiRNA are limited by their unstable nature and poor cellular uptake [36,37]. The
introduction of a nanoparticle-based delivery system could overcome these problems that
SiRNA gene silencing therapy is currently facing.

Nanoparticle-based delivery systems can be used to provide an increased circulation
period in serum and aid in cellular internalization of the siRNA [102]. Polymeric
nanoparticles and liposomes can be defined as sub-cellular colloidal particles that entrap
drug molecules, proteins or nucleic acids [108,109]. Polymeric nanoparticles hold an
advantage over liposomal nano-carriers in terms of stability in physiological media and
safety [102]. Due to the sub-cellular size of nanoparticles, they can easily pass through
the thin capillary beds into tissues, allowing delivery of the therapeutic compound to
different tissues of the body [110]. As nanoparticles may be taken up by the cells, the
therapeutics they deliver could have an intracellular target, such as the mitochondria,
nucleus, or the cytoplasm [111].

It is of vital importance to choose a biocompatible, biodegradable, non-toxic and non-
immunogenic material to synthesize the nanoparticles. Colloidal nanoparticles composed
of Human Serum Albumin (HSA) exhibit these properties, as albumin is found in the

blood naturally in great abundance [73]. Albumin is synthesized in the liver and is
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released into the blood. Albumin is an acidic protein, which stays stable in pH range 4-9,
and can withstand temperatures up to 60 °C [73]. Unlike most studies that have been
carried out using HSA-based nanoparticles, this study does not use glutaraldehyde as a
cross-linker due to its high toxicity, which may raise a concern in vivo.
Polyethylenimine (PEI), a cationic polymer, has been used to coat the HSA nanoparticles
[112]. This is the first time to our knowledge that PEI-coated HSA nanoparticles are
being employed to deliver siRNA.

For cancer therapy, nanoparticle-based delivery systems take advantage of the ‘enhanced
permeability and retention effect” (EPR), which results in an accumulation of particles
within the tumor interstitium. Thus, the deposition of the therapeutic molecule within the
tumor is increased. The EPR occurs due to dysfunctional lymphatic clearance and
increased permeability of the tumor tissue, allowing the retention of colloidal particles or
macromolecules of > 50 kDa [113,114].

In the present study, siRNA-incorporated delivery system was developed as a potential
therapy for breast cancer. In order to characterize the PEI-coated HSA nanoparticles,
various parameters were studied, such as PEl amount, HSA concentration and pH level.
To ensure better scope for clinical application, cytotoxicity of the nanoparticle was
optimized by using varied amounts of PEI of two different molecular weights. Results
illustrating efficient transfection, retention of sSiRNA function and low cytotoxicity of the

delivery system, it holds promise as a non-viral gene vector.

MATERIALS AND METHODS
Materials

Human serum albumin (HSA Fraction V, purity 96-99 %) and branched polyethylenimine
(PEI) (M ~25,000) were purchased from Sigma Aldrich (ON, Canada). High molecular
weight (MW) PEI (30% Aqueous, ~70,000 Da) was purchased from Polysciences Inc.
(PA, USA). Low range DNA ladder (O'GeneRuler™), 25-700 bp and 6X Tri-track
loading dye solution were purchased from Fermentas (ON, Canada). All other reagents

were purchased from Fischer (ON, Canada). To maintain the cell culture, the reagents
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such as fetal bovine serum, trypsin, Dulbecco’s modified Eagle’s Medium were obtained
from Invitrogen (ON, Canada). The breast cancer cell-line, MCF-7, was purchased from
ATCC (ON, Canada). RNAse A, AllStars Hs Cell Death Control siRNA and AllStars
Negative Control siRNA, labeled with fluorescin were purchased from Qiagen (ON,
Canada). Promega Cell-Titer 96® AQueous Non-Radioactive Cell Proliferation MTS
Assay kit was purchased from Promega (WI, USA).

Preparation of HSA nanoparticles coated with PEI

HSA particles were synthesized at room temperature using a desolvation technique as
depicted in the schematic illustration (Figure 3.1) with varied amounts of HSA, ranging
between 10 and 100 mg [112,115]. HSA was added to 1 ml of 10 mM NaCl (aqg) under
constant stirring (800 rpm). The solution was stirred for 10 min. Upon complete
dissolution, the solution was titrated to pH 8.5-9 with 1 N NaOH (aq) and stirred for 5
min. This aqueous phase was subjected to desolvation by the slow drop-wise addition of
ethanol to the continuously stirred HSA solution until the solution became turbid. Adding
an excess of ethanol caused the particles to form aggregates. Lastly, different amounts of
PEI, ranging from 0.78 pg to 25 pg, were added to the newly formed particles. PEI was
allowed to coat the HSA nanoparticles under constant stirring at room temperature for 2,
4 or 8 hrs. In order to synthesize siRNA-loaded HSA nanoparticles, the specified amount
of siRNA was added to 1 ml of HSA solution after adjusting the pH and stirred for 30

min., followed by ethanol addition.

Purification of albumin nanoparticles

Before any purification technique was employed, the newly formed HSA nanoparticles
were subjected to ultra-sonication for 10 min. (Branson 2510). Gradient centrifugation
allowed impurities, PEI and ethanol to be removed from the nanoparticles. The first
round of ultra-centrifugation was carried out at 16000 g for 15 min; the second round of
ultra-centrifugation was of the supernatant of the first at 17000 g for 25 min. The
supernatant of the second round was then ultra-centrifuged at 18000 g for 30 min. The

pellets from all three rounds of centrifugation were re-dispersed in 10 mM NaCl (aq) to
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the original volume and ultra-sonicated for 15 min. This cycle of ultra-centrifugation was

repeated thrice to ensure complete removal of impurities.

Determination of particle size and zeta potential

The particle size, zeta potential and polydispersity index (PDI) were measured with
electrophoretic laser Doppler anemometry, using a Zeta Potential Analyzer (Brookhaven
Instruments Corporation, USA). The HSA nanoparticles were diluted 1:10 with double-

distilled water prior to measurement.

Transmission and scanning electron microscopy

The shape and size of the nanoparticles was observed by transmission electron
microscopy (TEM), using Philips CM200 200 kV TEM. The purified nanoparticles were
diluted with water to allow for clearer pictures. The morphology of the HSA
nanoparticles was studied by scanning electron microscopy (SEM), using a Hitachi S-
4700 FE scanning microscope. The samples for SEM were prepared by ultra-centrifuging
the HSA nanoparticles and washing with distilled water thrice, followed by freeze drying

the samples over-night to allow complete removal of moisture.
Atomic force microscopy

Samples were prepared using the same technique as for SEM observation. Images were
produced with a Nanoscope I11 (Digital Instruments, USA) using a silicon cantilever in
tapping mode and analyzed using the nanoscope v 5.12r5 software.

Gel Retardation Assay

The gel retardation assay was performed to assess the protection PEI-coated HSA
nanoparticles provide siRNA from RNAse degradation. The siRNA-nanoparticle
complexes, containing the Allstar Cell death siRNA (Qiagen) were incubated with
RNAse A for 30, 60 and 120 mins. The siRNA-loaded nanoparticles were then loaded
onto a 4% agarose gel with 6x loading buffer. The gel electrophoresis was carried out in
0.5% Tris/Borate/EDTA (TBE) buffer at 100V for 25 minutes. The siRNA bands were

visualized using an ultra violet (UV) imaging system.
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Transfection of breast cancer cells with siRNA-loaded nanoparticles

MCF-7 breast cancer cells were grown in Dulbecco’s modified Eagle’s Medium
(DMEM) with 10% Fetal Bovine Serum (FBS). Cells were cultured in a humidified
incubator containing 5% CO, at 37°C. Before transfection, cells were washed with
Phosphate buffered saline (PBS) and replenished with fresh DMEM without FBS. The
PEI-coated HSA nanoparticles were added to the cells and incubated at 37°C. After 4 hrs
of incubation of cells with the nanoparticles, the culture medium was replaced with fresh
DMEM, containing 10% FBS. Under the fluorescence microscope (TE2000-U, Nikon;
USA), pictures were taken to assess the levels of transfection. The percentage of
transfected cells was calculated by using the average of the number of cells exhibiting
fluorescence under five different fields of view. The relative fluorescence units were
measured with a Victor3 Multi Label Plate Counter (Perkin EImer, USA).

Cell viability assay

The cytotoxicity was evaluated using the Promega Cell-Titer 96® AQueous Non-
Radioactive Cell Proliferation MTS Assay kit. For this, 3-(4, 5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, (MTS) and phenazine
methosulfate reagents were used. Living cells reduce MTS to form formazan, a
compound soluble in tissue-culture media. The amount of formazan is thus proportional
to the number of living cells and can be quantified by measuring the absorbance of
formazan using 1420-040 Victor3 Multilabel Counter (Perkin Elmer, USA) at 490nm.
Therefore, the intensity of the color produced by formazan reflects the viability of cells.
MCF-7 cells were seeded onto a 96-well plate (10* cells per well) 24 hrs before treatment.
Cytotoxicity was measured at the pre-determined time for each experiment using the

MTS assay which was performed as per the manufacturer’s protocol.

RESULTS
Characterization of PEI-coated HSA nanoparticles for siRNA delivery

The nanoparticles were synthesized using a slightly modified version of a desolvation

protocol [115,116]. Nanoparticles were formed by the addition of a desolvation agent,
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ethanol, to HSA. The nanoparticles were optimized based on size, zeta potential and
polydispersity. Firstly, the effect of the amount of PEI added to stabilize the HSA
nanoparticles was studied. Using PEI quantities of 0.78, 1.56, 3.125, 6.25, 12.5 and 25
Hg added per mg of HSA, the size of the nanoparticles was observed to decrease with
increasing PEI amount until 6.25 pg, after which the size remained constant (Table 3.1).
0.78 pg was not enough to allow stable particle formation, leading to precipitation of
HSA (Table 3.1). The trend for zeta potential with increasing quantity of PEI added was
similar to that of particle size, as the surface potential became more positive until 6.25 g,
and then stayed approximately constant (Table 3.1). The polydispersity index for
nanoparticle preparations with different amounts of PEI added stayed < 0.30. The impact
of coating time on these parameters was also tested. There was little difference between
the 4 and 8 hrs of coating time duration, where as 2 hrs showed particles of larger sizes
(Table 3.1).

The influence of HSA concentration on the nanoparticles was also studied. At a
concentration of 20 mg/ml HSA, the smallest average particle size of ~85 nm was
achieved. Further increasing or decreasing the HSA concentration led to an increase in
particle size (Table 3.2). Zeta potential and the polydispersity index showed no

correlation with the HSA concentration.

Stirring speed of the desolvation step during the synthesis of nanoparticles also illustrated
an effect on the particle size, as increasing the stirring speed from 400 to 800 rpm led to a
decrease in particle size. Further increasing the stirring speed did not alter the particle
size considerably (Table 3.3). Varying the pH of the aqueous HSA solution caused
change in particle size and zeta potential (Table 3.3). Increasing the pH from 6.5 to 8.5
led to a great drop in the particle size, while further increasing the pH to 10.5 did not
result in significant changes in particle size. As the pH became more acidic, the zeta

potential resulted in more positive charge.

TEM, SEM and AFM were conducted to visualize the empty nanoparticles (Figure 3.2,
3.3). Loading siRNA into the PEI-coated HSA nanoparticles did not bring about any
change in the resulting nanoparticles. A comparison of TEM and SEM images of sSiRNA-

loaded nanoparticles with images of empty particles shows that the shape, size and
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morphology remained largely unchanged (Figure 3.7). Both preparations were made
using HSA concentration of 20 mg/ml, with and without loading siRNA, resulting in

well-dispersed nanoparticles of < 100 nm with an irregular shape.

Optimizing the nanoparticle dosage for minimum cytotoxic effects on MCF-7 cells

The MTS assay was used to determine the cytotoxic effect of empty PEI-coated HSA
nanoparticles. MCF-7 cells (10* cells per well) were cultured in a 96 well-plate and
incubated with 100 ul of the PEIl-coated HSA nanoparticle preparations for 48 hrs.
Untreated cells incubated with pure cell-culture media, DMEM, were considered as the
control treatment. Firstly, cytotoxicity was measured for nanoparticles prepared using
different HSA concentrations: 20, 60 and 100 mg/ml (Table 3.4). Secondly, cytotoxicity
was assessed for nanoparticles prepared with PEI of molecular weights, 25 kDa and 70
kDa, and at PEI amounts of 0.78, 1.56, 3.125, 6.25, 12.5 and 25 ug of PEI added per mg
of HSA (Figure 3.4). Variations in HSA concentration of the nanoparticle preparation did
not show any significant change in the percentage of cell viability (Table 3.4). However,
increasing the volume of the nanoparticle preparation that the cells are incubated with did
result in higher cytotoxicity levels. Using higher molecular weight PEI (70 kDa) for
coating the HSA nanoparticles resulted in higher cytotoxicity than lower molecular
weight PEI (25 kDa). As the amount (ug) of PEI added per mg of HSA was increased, a
decline in cell viability was observed. This decline seemed to be more evident with the
higher molecular weight PEI (70 kDa) (Figure 3.4). For the lower molecular weight PEI
(25 kDa), no significant decline in cell viability was observed until 6.25 pg of PEI per mg
of HSA; however, further increasing the PEI quantity led to a steep increase in the

cytotoxic effect.

Nanoparticles provide RNase protection to siRNA

Untreated siRNA and naked siRNA degraded with RNase A for 30 min. were loaded in
lanes 1 and 6, respectively (Figure 3.5). Lane 1 shows a band at ~20 bp, indicating that
SIRNA without added RNase A remained intact. No band is observed in lane 6, as the
naked siRNA was completely degraded in the presence of RNase A. Nanoparticles
containing Allstar Cell death siRNA, incubated with RNase A for 30 min. were loaded in

lanes 2 and 3, containing nanoparticles prepared with 1.56 and 6.25 pg of PEI added per
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mg of HSA, respectively. Lane 2 shows a faint band only at the starting point of the well,
while Lane 3 shows a clear band at the well. As siRNA was trapped inside the HSA
nanoparticles in Lane 2 and 3, it remained protected from RNase degradation and was
thus unable to travel through the gel and form a band as in the case of naked siRNA in

lane 1. Lanes 4 and 5 showed no band, indicating complete degradation of SIRNA.

Efficient nanoparticle-mediated transfection in breast cancer cells

Fluorescein-labeled AllStar siRNA was incorporated into PEI-coated HSA nanoparticles
to determine the transfection efficiency of the siRNA-loaded nanoparticles with a
fluorescence microscope and a Victor3 Multi Label Plate Counter (Perkin Elmer, USA).
Transfection efficiency was measured at varying HSA concentrations: 20, 60 and 100
mg/ml. For each HSA concentration, three different PEI amounts were used to coat the
particles: 1.56, 6.25 and 25 pg of PEI per mg of HSA. MCF-7 cells (10* cells per well)
were cultured in a 96 well-plate and incubated for 4 hrs with 100 ul of the nanoparticles
re-suspended in DMEM, containing 20 ng of the labeled AllStar control siRNA (Qiagen).
The data representing the manually counted percentage of transfected cells (Figure 3.6 a)
and the normalized fluorescence measured by the Plate Counter (Figure 3.6 b) show the
same trends. With each HSA concentration, highest transfection resulted by coating the
nanoparticles with 6.25 pg of PEI per mg of HSA. However, the lowest transfection
percentage was observed when the nanoparticles were coated with 25 pg of PEI per mg of
HSA. All three PEI amounts added for coating particles prepared with 20 mg/ml HSA
show higher transfection efficiency than 60 and 100 mg/ml HSA (Figure 3.6). Similarly,
fluorescence microscope images show a greater number of cells transfected using 6.25 ug
of PEI per mg of HSA and 20 mg/ml HSA.

Induction of cell death in breast cancer cells by siRNA-loaded nanoparticles

For transfecting MCF-7 cells, PEI-coated HSA nanoparticles synthesized with 20 mg/ml
HSA, 6.25 ug of PEI per mg of HSA, pH 8.5 under constant stirring at 800 rpm, were
loaded with AllStars cell death siRNA, as observed in TEM and SEM images (Figure
3.7). 1, 2 or 4 ug of the AllStars cell death siRNA was added to 1 ml of 20 mg/ml HSA
to form the nanoparticles, which were then purified and re-suspended in 5 ml of DMEM.

MCF-7 cells were grown in a 96 well-plate and incubated with 100 ul of the nanoparticle
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preparation, containing ~40 ng of the AllStars cell death sSiRNA. Nanoparticles loaded
with the AllStars Cell death siRNA were incubated with MCF-7 at 37 °C for 4 hrs to
allow for transfection. The gene silencing function of AllStars Cell death siRNA was
assessed by measuring cell death after 72 hrs using the MTS assay (Figure 3.8).
HiPerfect transfecting reagent, a cationic lipid preparation developed by Qiagen that is
shown to carry out efficient sSiRNA delivery inside cells, was used to deliver the AllStars
Cell death siRNA as a positive control. Untreated cells and cells incubated with free
siRNA and empty nanoparticles were taken as negative controls. AllStars Cell death
SIRNA resulted in a decrease in cell viability when delivered with PEI-coated HSA
nanoparticles as compared to the negative controls. Cell viability using PEI-coated HSA
nanoparticles, carrying 2 pg of siRNA, was the lowest, while nanoparticles loaded with 1
pg of siRNA showed highest cell viability. Cell viability using the HiPerfect reagent in
the positive control was lower than observed using the PEI-coated HSA nanoparticles.

DiscussION

Using siRNA to silence the expression of genes to enhance tumour suppression is coming
forth as a promising strategy to treat cancer. Due to the unstable and rapidly degrading
nature of SIRNA, it is imperative to put in place a delivery system that can carry sSiRNA to
the target tissues and cells [29,33]. It is thus essential to deliver SIRNA in a manner that
prevents its breakdown and also allows for the siRNA to be taken up by the cells. In the
current study, siRNA is delivered to MCF-7 breast cancer cells using albumin-based PEI-

coated nanoparticles.

Non-viral delivery systems have attracted immense attention in order to overcome the
shortcomings of viral vectors. Adeno- or retroviruses may be used, however, risks related
to immunogenicity and potential pathogenicity form a serious concern [117-119]. This
severely restricts the potential of using viral vectors for clinical applications. Non-viral
nano-vectors also possess other favorable characteristics, including biocompatibility, easy

administration and a potential for targeted delivery [118].
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Human serum albumin (HSA) is a protein well-suited for synthesizing nanoparticle
delivery systems. HSA is found in great abundance naturally in blood, as it acts as a
carrier and solubilizing protein [73]. As HSA is one of the main constituents of blood,
when used in nanoparticles, it is unlikely to cause any undesired interaction with other
serum proteins. Albumin-based nanoparticles have been studied as a delivery system for
anti-sense therapy, using anti-sense oligonucleotides [86]. However, these studies have
largely been conducted using glutaraldehyde as the cross-linking agent. Glutaraldehyde
cross-links with the amines on HSA and stabilizes the nanoparticles [120]. An alternative
to glutaraldehyde was needed, as along with being cytotoxic, it is reported to hinder the
release of the cargo therapeutic being delivered [121,122]. In this study,
Polyethylenimine (PEI), a cationic polymer, has been used to replace glutaraldehyde to
form HSA-based nanoparticles. PEI has been previously used to coat HSA nanoparticles,
however, siRNA is being delivered using these nanoparticles for the first time [112,123].
On the other hand, a group has also studied the co-encapsulation of PEI with cargo DNA

as a stabilizing agent in order to help increase the rate of transfection of cells [124].

The size and charge of PEI-coated HSA nanoparticles were optimized according to
various parameters, including PEI amount, HSA concentration, pH of the HSA solution
before desolvation, and stirring speed. An optimal nanoparticle needs to be synthesized
as size and a positive surface charge of the nanoparticles are factors that determine
cellular uptake of these particles. Previous studies have shown that there is an indirectly
proportional relation between particle size and levels of cellular uptake of the
nanoparticle, as smaller sized nanoparticles are more easily taken up by cells [28,125].
The exact size range of nanoparticles that is most efficient for cellular uptake has not
been laid out in literature; thus, indicating that the type of nanoparticle and what it is
composed of may play a role. The smallest size of approximately 85 nm was achieved
with 6.25 pg per mg HSA of PEI and 20 mg/ml of HSA. Similarly, the optimal pH level
and the stirring speed, resulting in the smallest particle size was 8.5 and 800 rpm,

respectively.

For the clinical application of a therapeutic delivery system, it is of extreme importance to

minimize its toxicity. PEI has been reported to have some toxic effects on cells at high
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concentrations, possibly due to its ability to make cell membranes permeable [126].
According to results achieved in this study, the lower M.W. (25 kDa) should be used for
nanoparticle preparation as cytotoxicity was greater for the higher M.\W. PEI (70 kDa).
Amounts < than 6.25 pg per mg HSA of 25 kDa PEI showed similar cytotoxicity levels.
Furthermore, Zhang et al. have carried out in vivo experiments using PEI-coated HSA
nanoparticles, illustrating the stability of the particles in vivo [123].

The gel retardation assay was carried out to show that the PEI-coated HSA nanoparticles
provide siRNA with protection from enzymatic degradation. The presence of a band
around the well, where the samples were loaded, indicates that SiRNA was not degraded
by the RNase A and was retained within the nanoparticles. This retention of SiRNA at the
well of the agarose gel for Lane 2 and 3 confirms successful siRNA-loading of the
nanoparticles. Lane 2 shows a faint band at the well, while lane 3 shows a clear band
(Figure 3.6). This indicates that the nanoparticles provide protection from RNase A
degradation for 30 min. As nanoparticles prepared with a very low concentration of PEI
(1.56 pg) were loaded in lane 2, lesser amount of siRNA was retained at the well,
resulting in a fainter band. A higher retention of siRNA in nanoparticles prepared with a
greater amount of PEI (6.25 ug) suggests that PEI provides the nanoparticles with more

strength, preventing the degradation of the therapeutic molecules being carried as cargo.

In order to confirm siRNA-loading of the nanoparticles and establish the conditions that
yield maximum cellular uptake of the nanoparticles, control FITC-tagged siRNA was
transfected into MCF-7 cells by the PEI-coated HSA nanoparticles (Figure 3.7). The
presence of fluorescence suggests that the siRNA was successfully loaded into the
nanoparticles and protected. The transfection efficiency of the nanoparticles was assessed
based upon HSA concentration and PEI amount. The combination of 6.25 pg per mg
HSA of 25 kDa PEI and 20 mg/ml of HSA showed maximum transfection. As PEI is a
cationic polymer, increasing its amount makes the surface potential more positive, which
would augment cellular uptake of the particle. However, further increasing the PEI
amount to 12.5 pg showed lower transfection efficiency, which can be due to higher
toxicity and consequent cell death. Changing the HSA concentration affects the size of
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the nanoparticles, thereby influencing transfection efficiency as smaller sized
nanoparticles are more easily internalized by cells [59,127].

Using optimal conditions for transfection, the efficacy of these nanoparticles was assessed
by checking whether the siRNA delivered can carry out its silencing function. Cell death
SiRNA (Qiagen) is designed to induce cell death, and was delivered using the PEI-coated
HSA nanoparticles to MCF-7 cells. The results show that the Cell death sSiRNA remains
functional as it induces cell death; this indicates that the procedure applied to synthesize

these nanoparticles does not lead to degradation of the sSiIRNA.
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FIGURE 3.1: Schematic illustration of the method used for preparing PEI-coated HSA

nanoparticles that are loaded with siRNA.
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TaBLE 3.1: Effect of the quantity of PEI (MW 25 kDa) added on the physical
characteristics of PEI-coated HSA nanoparticles prepared at pH 8.5, 20 mg/ml HSA
(mean + S.D., n=3).

Amount of PEl | Time of Particle Size Zeta Potential Polydispersity

(1g) added per | incubation with | (nm) (mV) Index

mg of HSA PEI (hrs)

0.78 2 -- -211+0.74 N/A
4 -- -21.6 +0.47 N/A
8 -- -204+16 N/A

1.56 2 438.1+4.2 +3.3+0.3 0.30 + 0.008
4 351.2+47.3 +3.6+0.2 0.30 + 0.004
8 3625+2.1 +74+05 0.28 +0.01

3.125 2 3152+ 55 +102+1.2 0.275+0.01
4 279.8+1.2 +14.8+0.7 0.268 + 0.001
8 280.2+1.1 +157+15 0.265 + 0.008

6.25 2 102.7+1.5 +228+1.1 0.241 + 0.002
4 90.1+1.9 +26.4+0.7 0.174 + 0.009
8 88.2+24 +26.1+04 0.171 + 0.004

12.5 2 1153 +2.2 +26.6 +0.3 0.205 + 0.01
4 83.7+1.4 +25.7+0.5 0.179 + 0.001
8 829+1.2 +253+21 0.169 + 0.008

25 2 1105+ 3.2 +26.5+0.6 0.210 + 0.01
4 89.5+1.1 +26.6+0.2 0.172 + 0.005
8 90.6+2.1 +26.2+25 0.178 + 0.02
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TABLE 3.2: Effect of HSA concentration on the physical characteristics of PEI-coated
HSA nanoparticles prepared at pH 8.5, 6.25 pg of PEI (MW 25 kDa) added per mg of
HSA (mean + S.D., n=3).

HSA Particle Size Zeta Potential Polydispersity
concentration (nm) (mV) Index
(mg/ml)

10 1449+ 5.1 +18.23+0.15 | 0.194 + 0.003
20 82.4+0.8 +1741+0.1 0.185 + 0.02
40 116.1+2.3 +19.02+0.31 | 0.25+0.008
60 229.7+4.4 +17.31+0.25 |0.214+0.01
80 301.4+35 +18.06 +1.2 0.201 + 0.005
100 336.8 +5.9 +16.54 + 0.7 0.195 + 0.003
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TABLE 3.3: Effect of stirring speed and pH during the desolvation step on the physical
characteristics of PEI-coated HSA nanoparticles, prepared with 20 mg/ml HSA and 6.25
pg of PEI (MW 25 kDa) added per mg of HSA (mean + S.D., n=3).

Stirring speed pH of the HSA | Particle Size Zeta Potential
(rpm) solution (nm) (mV)
6.5 550.2+4.1 +29.5+0.3
400 8.5 2115+2.3 +182+1.2
10.5 209.1+15 +53+0.2
6.5 420.1+9.1 +30.1+23
600 8.5 1354+ 7.6 +20.4+0.7
10.5 140.7 + 2.5 +7.8+0.05
6.5 380.2+11.2 +26.3+34
800 8.5 89.6+34 +22.6+0.9
10.5 915+24 +8.1+0.04
6.5 4009+ 14.2 +31.5+45
1000 8.5 91.3+35 +17.3+2.6
10.5 100.1+4.9 +105+1.8
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FIGURE 3.2: (a) Transmission electron microscope image. (b) Scanning electron
microscope image of empty PEI-coated HSA nanoparticles, synthesized with 20 mg/ml
HSA, pH 8.5, 6.25 pg of PEI (MW 25 kDa) added per mg of HSA under constant stirring
of 800 rpm.

FIGURE 3.3: Atomic force microscopy image of empty PEI-coated HSA nanoparticles,
synthesized with 20 mg/ml HSA, pH 8.5, 6.25 ug of PEI (MW 25kDa) added per mg of
HSA under constant stirring of 800 rpm.
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TaABLE 3.4: Cytotoxicity of empty PEI-coated HSA nanoparticles formed using different
concentrations of HSA, pH 8.5, 6.25 pg of PEI (MW 25 kDa) added per mg of HSA on
MCEF-7 cells after an incubation period of 48 hrs (mean + S.D., n=3).

Cell viability (%)
HSA Concentration (mg/ml) | 100 pl 150 pl 200 pl
-ve ctrl 100 100 100
20 941+29 |87.1+05 |758+23
60 952+40 |838+16 |73.1+09
100 946+24 |832+42 |764+17
120 -
m 25 kDa PEI m 70 kDa PEI
100 -
S 80 -
=
3 60
S
= 40
)
20 -
0 -
-vectrl 0.78 1.56 3.125 6.25 12.5 25
Amount of PEI (ug) added per mg of HSA

FIGURE 3.4: Cytotoxicity of empty PEI-coated HSA nanoparticles prepared with
different amounts of PEI of two molecular weights (mean + S.D., n=3). PEI-coated HSA
nanoparticles were formed with either 25 kDa or 70 kDa M.W. of PEI with 0.78, 1.56,
3.125, 6.25, 12.5 and 25 pg of PEI added per mg of HSA. 100 ul of the nanoparticle
preparation, suspended in DMEM, were added to MCF-7 cells that were cultured in a 96
well-plate at 10* cells and incubated for 48 hrs.
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FIGURE 3.5: Gel electrophoresis of siRNA-loaded PEI-coated HSA nanoparticles.
Nanoparticles containing Allstar Cell death siRNA, incubated with RNase A for 30 min
were loaded in lanes 2 and 3, containing nanoparticles prepared with 1.56 and 6.25 g of
PEI (MW 25kDa) added per mg of HSA, respectively. Nanoparticles containing Allstar
Cell death siRNA, incubated with RNAse A for 60 and 120 min. were loaded in lanes 4
and 5, respectively. Lane 1 was with control untreated naked siRNA while lane 6 was
with naked siRNA treated with RNase A for 30min. White arrow pointing towards lane 3
shows the faint band at the well, illustrating the protected siRNA inside the nanoparticles
(with high PEI conc.). lane 2 has a fainter band, which indicates lesser protection of
entrapped siRNA by the nanoparticle formulation (with low PEI conc.).
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FIGURE 3.6: Transfection efficiency was measured at varying HSA concentrations: 20, 60
and 100 mg/ml. For each HSA concentration, three different PEI amounts were used to
coat the particles: 1.56, 6.25 and 25 ug of PEI (MW 25kDa) per mg of HSA. 10 ug of the
non-silencing Allstars negative control siRNA tagged with fluorescein was added to 20
mg/ml HSA. Upon purification, it was re-suspended in 5 ml cell-culture media. MCF-7
cells were cultured in a 96 well-plate and incubated for 4 hrs at 37 °C with 100 ul of the
nanoparticles re-suspended in DMEM. Transfection was measured by (a) manually
counting the percentage of cells showing fluorescence different fields of view, and (b) a
plate reader at 410 nm, expressed as normalized fluorescence expression (%), (mean +
S.D., n=3). (c) Fluorescence microscope images of the transfected MCF-7 cells by
nanoparticles synthesized at different HSA concentrations (mg/ml) and PEI amounts (g
per mg of HSA).
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FIGURE 3.7: (a) Transmission electron microscope image. (b) Scanning electron
microscope image of siRNA-loaded PEI-coated HSA nanoparticles, synthesized with 20
mg/ml HSA, pH 8.5, 6.25 ug of PEI (MW 25 kDa) added per mg of HSA under constant
stirring of 800 rpm.
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FIGURE 3.8: Assessing the functionality of siRNA delivered using PEI-coated HSA
nanoparticles. 1, 2 or 4 pg of the Allstars Cell Death siRNA was added to 20 mg/ml
HSA. The nanoparticles were synthesized as per the optimized parameters and re-
suspended in 5 ml cell-culture media. MCF-7 cells (10* cells per well) were grown in a
96-well plate and incubated for 4 hrs at 37 °C with 100 pl of the nanoparticles re-
suspended in DMEM. The induction of cell death was measured after 72 hrs using the
MTS assay (mean + S.D., n=3). HiPerfect transfection reagent was used to deliver the
AllStars Cell death siRNA as a positive control. Untreated cells, cells incubated with free
SiRNA and cells incubated with empty nanoparticles were taken as negative controls.
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Preface:

In the previous chapter, polyethylenimine (PEI)-enhanced HSA nanoparticles were
developed and characterized for siRNA delivery to breast cancer cells. The current
chapter expands the application of PEI-coated HSA nanoparticles by investigating the
delivery of a potent anti-cancer drug (doxorubicin) to MCF-7 breast cancer cells. The
drug-loaded PEI-coated HSA nanoparticles are prepared using the same method as
siRNA-loaded nanoparticles and characterized by measuring particle size, surface zeta
potential and transfection efficiency [128-130]. The cytotoxicity of the developed dox-
loaded nanoparticles was assessed in comparison to free dox at varying drug
concentrations over different time points. Results suggest that PEI-coated HSA

nanoparticles can also be used to deliver drugs (doxorubicin) to treat breast cancer.
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ABSTRACT

Most anti-cancer drugs are greatly limited by the serious side-effects that they cause.
Doxorubicin (dox) is an antineoplastic agent, commonly used against breast cancer.
However, it may lead to irreversible cardiotoxicity, which could even result in congestive
heart failure. In order to avoid these harmful side-effects to the patients and to improve
the therapeutic efficacy of doxorubicin, we developed dox-loaded polyethylenimine
(PEI)-enhanced Human Serum Albumin (HSA) nanoparticles. The formed nanoparticles
were ~ 137 nm in size with a surface zeta potential of ~ +15 mV, prepared using 20 pg of
PEI added per-mg-of-HSA. Cytotoxicity was not observed with empty PEIl-enhanced
HSA nanoparticles, formed with low-molecular weight (25 kDa) PEI, indicating
biocompatibility and safety of the nanoparticle formulation.  Under optimized
transfection conditions, approximately 80% of cells were transfected with HSA
nanoparticles containing tetramethylrhodamine-conjugated Bovine serum albumin.
Conclusively, PEI-enhanced HSA nanoparticles show potential for developing into an

effective carrier for anti-cancer drugs.

Keywords: Nanoparticles, nanomedicine, biotechnology, breast cancer, doxorubicin
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INTRODUCTION

Doxorubicin (Adriamycin) is a commonly used anti-cancer drug. It is most often used
against breast and esophageal carcinomas, osteosarcoma and soft-tissue sarcomas,
Hodgkin’s and non-Hodgkin’s lymphomas [131]. The effectiveness of doxorubicin (dox)
in treating various types of cancers is greatly limited by the serious side-effects caused by
the drug. The initial side-effects caused as a result of dox administration include less
serious symptoms, such as nausea, vomiting, myelosuppression and arrhythmia, which
are usually reversible [131]. However, dox-associated cardiomyopathy and congestive
heart failure have raised grave concern among health practitioners [132]. A widely
researched approach of increasing the efficacy, while lowering the deleterious side-effects
caused by anti-cancer agents such as doxorubicin, is of developing nanoparticle-based
drug delivery systems [2,133,134].

Various kinds of nanoparticles have been studied for the delivery of dox, which include
poly(butylcyanoacrylate) [135], poly(isohexylcyanoacrylate) [136], poly(lactic-co-
glycolic acid [100], chitosan [99], gelatine [137] and liposomes [138]. In addition, Dreis
et al. employed Human serum albumin (HSA) nanoparticles of a size range between 150-
500 nm to deliver dox to a neuroblastoma cell line [133]. These nanoparticles showed a
loading efficiency of 70-95% and an increased anti-cancer effect as compared to free dox.
The endogenous HSA serves as a suitable material for nanoparticle formation as albumin
is naturally found in the blood and is thus easily degraded, non-toxic and non-
immunogenic [139]. Albumin is an acidic protein, and remains stable between pH range
4-9 and temperatures up to 60 °C. In addition, clinical studies carried out with HSA
particle formulations, Albunex [140] and Abraxane [141], have shown that albumin-

based nanoparticles do not have any adverse effects on the body.

Furthermore, albumin-based nanoparticle delivery systems are easily accumulated in
tumor tissue due to the Enhanced Permeability and Retention (EPR) effect [6-8]. The
vasculature in an active tumor is different from the vessels found in normal tissue. The
distinctive tumor vasculature has the following properties: hypervasculature, poorly
developed vascular architecture, a defective lymphatic drainage and slow venous blood

return [7,8]. These characteristics lead to the preferential accumulation and retention of
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macromolecules and nanoparticles in the tumor tissue. Therefore, using a nanoparticle
delivery system to deliver low molecular weight anti-cancer drugs will be passively
targeted to the tumour tissue through the EPR effect [6]. In addition, studies have also
suggested that accumulation of albumin-based nanoparticles within the tumor tissue is
also because of transcytosis, which occurs by the binding of albumin to 60-kDa
glycoprotein (gp60) receptor, which then results in the binding of gp60 with caveolin-1
and the consequent formation of transcytotic vesicles [74,139]. Overall, HSA would

form a suitable material to use for nanoparticle synthesis.

The surface properties of nanoparticles play a vital role in the cellular internalization of
the particles. A neutrally charged surface does not show tendency of interacting with cell
membranes, while charged groups found on nanoparticles are actively involved in
nanomaterial-cell interaction [90]. Cho et al. found in their study of cellular
internalization of gold nanoparticles that positively charged particles demonstrate greater
adherence to the cell membrane and are thus taken up by the cells more than negatively
and neutrally charged nanoparticles [91]. Cationic nanoparticles are shown to bind the
negatively charged functional groups, such as sialic acid, found on cell surfaces and
initiate translocation [90]. Due to the highly efficient transfection property of positively
charged nanoparticles, many nanoparticle-based drug and gene delivery systems are
positively charged. In this study, poly(ethylenimine) (PEI), a cationic polymer, has been
used to coat the HSA nanoparticles in order to add stability and a positive surface charge
to the nanoparticles. PEI may possess a linear or branched structure, with molecular
weight ranging between 1-1000 kDa [142]. Typically, branched low molecular weight
PEI (<25 kDa) has been observed to result in higher cellular uptake. As shown in our
previous study, higher molecular weight PEI (70 kDa) leads to more cytotoxicity than
lower molecular weight PEI (25 kDa) [143]. The most commonly used stabilizing agent
for the preparation of HSA nanoparticles, glutaraldehyde, has been reported to interfere
with the release of the encapsulated material [121,122]. Thus, PEI is being employed as
an alternative to glutaraldehyde in the current study. PEI has been previously used to
stabilize HSA nanoparticles; however, to our best knowledge, PEIl-coated HSA

nanoparticles are being used to delivery drugs for the first time [112,123].
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In this research study, the effectiveness of dox-loaded polyethylenimine (PEI)-enhanced
HSA nanoparticles used against MCF-7 breast cancer cells was investigated. The
nanoparticles we prepared using an ethanol desolvation method and characterized by
measuring particle size, surface zeta potential and cellular uptake [128-130]. The
cytotoxicity of the developed dox-loaded nanoparticles was assessed in comparison to
free dox at varying drug concentrations over different time points. Results were
promising and suggest that the study needs to be followed up with an in vivo

investigation of the dox-loaded PEI-enhanced HSA nanoparticles.

MATERIALS AND METHODS
Materials

Human serum albumin (HSA Fraction V, purity 96-99 %), 8% glutaraldehyde, and
branched polyethylenimine (PEI) (Mw ~25,000) were purchased from Sigma Aldrich
(ON, Canada). Doxorubicin hydrochloride was purchased from Calbiochem (Gibbstown,
U.S.A). All other reagents were purchased from Fischer (ON, Canada).
Tetramethylrhodamine conjugated Bovine serum albumin (BSA) was purchased from
Invitrogen (ON, Canada). To maintain the cell culture, the reagents such as fetal bovine
serum, trypsin, Dulbecco’s modified Eagle’s Medium and Opti-MEM | Reduced Serum
Medium were obtained from Invitrogen (ON, Canada). The breast cancer cell-line, MCF-
7, was purchased from ATCC (ON, Canada). Promega Cell-Titer 96® AQueous Non-
Radioactive Cell Proliferation MTS Assay kit and were purchased from Promega (WI,
USA).

Cell culture

MCEF-7 cells were cultured on tissue culture plates as per the manufacturer’s instructions.
MCF-7 cells were grown in Dulbecco’s modified Eagle’s Medium (Invitrogen)
supplemented with 10% (v/v) fetal bovine serum and placed in an incubator with 5% CO,
at 37°C. The cells used in the experiments were obtained from passages 5-6.
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Preparation of dox-loaded PEI-enhanced HSA nanoparticles

PEIl-coated HSA nanoparticles were prepared at room temperature using an ethanol
desolvation technique, as illustrated in Figure 4.1 [128-130,144]. In brief, 20 mg of HSA
was added to 1 ml of 10 mM NaCl (aq) under constant stirring (800 rpm) at room
temperature. The solution was stirred for 10 min. After total dissolution, the solution
was titrated to pH 8.5 with 1 N NaOH (aq) and stirred for 5 min. This aqueous phase of
HSA solution was desolvated by the drop-wise addition of ethanol under constant stirring.
Ethanol was added until the HSA solution became turbid (~1-2 ml). Cross-linking agent,
8 % glutaraldehyde, was added to form stable HSA particles. The obtained nanoparticles
were centrifuged three times and washed with deionized water (dH,0), followed by
resuspension in an equal volume of Phosphate Buffer Saline (PBS). PEI dissolved in
dH,0 was added to the nanoparticle preparation to allow PEI to form an outer coating due
to electrostatic binding. For the preparation of drug-loaded HSA nanoparticles,
doxorubicin was added to 1 ml HSA solution after pH adjustment and allowed to stir for

4hrs, followed by ethanol addition.
Purification of PEIl-enhanced HSA nanoparticles

PEI-coated HSA nanoparticles were ultra-centrifuged (16500 g) for 12 min and added to
10 mM NaCl (aqg) by vortexing and ultrasonication (Branson 2510). This method was
repeated thrice to ensure complete removal of impurities.

Determining particle size and surface zeta potential

The particle size and zeta potential were measured by electrophoretic laser Doppler
anemometry, using a Zeta Potential Analyzer (Brookhaven Instruments Corporation,

USA). The nanoparticles were diluted with distilled water before measurement [129].
Surface characterization of PEI-enhanced HSA nanoparticles

The size and shape of the HSA nanoparticles were observed by transmission electron
microscopy (TEM), using Philips CM200 200 kvV TEM (Markham, Canada). The
morphology of the HSA nanoparticles was studied using scanning electron microscopy
(SEM), Hitachi S-4700 FE scanning microscope (Hitachi, Oakville, Canada). The
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samples for SEM were prepared by ultra-centrifuging the nanoparticles and washing with
distilled water, followed by air-drying the samples overnight to allow removal of
moisture. Samples for atomic force microscopy (AFM) were diluted in distilled water
after purification of the nanoparticles. 2.0 ul of the sample was dropped onto the surface
of the disc. Images were produced with Nanoscope |1l (Digital Instruments, Palo Alto,
USA) using a silicon cantilever in tapping mode and analyzed using the Nanoscope
software (version 5.12r5; Digital instruments) [128,129,144].

Cellular Uptake of breast cancer cells with PEIl-enhanced HSA nanoparticles

Prior to incubation with nanoparticles, cells were washed with Phosphate buffered saline
(PBS) and replenished with fresh serum-free DMEM. The PEI-coated HSA nanoparticles
were prepared using 5% of tetramethylrhodamine-conjugated Bovine serum albumin
(BSA). The nanoparticles were purified and added to the cells. After 8 hrs of incubation
of cells at 37°C with the nanoparticles, the culture medium was replaced with fresh
DMEM, containing 10% FBS. Under the fluorescence microscope (TE2000-U, Nikon;
USA), pictures were taken to assess the levels of cellular uptake. The percentage of
cellular uptake was calculated by using the average of the number of cells exhibiting

fluorescence under five different fields of view.
Cell viability Assay

The number of surviving cells was assessed using the Promega Cell-Titer 96® AQueous
Non-Radioactive Cell Proliferation MTS Assay kit. 3-(4, 5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, (MTS) and phenazine
methosulfate reagents were used. Live cells reduce MTS to form formazan, a compound
soluble in tissue-culture media. The amount of formazan is proportional to the number of
living cells and can be quantified by measuring the absorbance of formazan, using 1420-
040 Victor3 Multilabel Counter (Perkin Elmer, USA) at 490 nm. The intensity of the
color produced by formazan indicates the viability of cells. MCF-7 cells were seeded
onto a 96-well plate (10* cells per well) 24 hrs before treatment. Cell viability was
measured at the pre-determined time for each experiment using the MTS assay,

performed as per the manufacturer’s protocol.
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TUNEL Assay

Terminal Deoxynucleotidyl Transferase (TdT) enzyme adds a biotinylated nucleotide at
the 3"-OH ends of DNA; the biotinylated nucleotides are conjugated with horseradish-
peroxidase-labelled streptavidin. The peroxidase is then detected using its substrate,
hydrogen peroxide and the chromogen, diaminobenzidine (DAB). Following the

manufacturer’s protocol, the nuclei of apoptotic cells are stained brown.
RESULTS & DISCUSSION
Optimization of cationic dox-loaded PEI-enhanced HSA nanoparticles

The desolvation technique, as depicted in the schematic illustration in Figure 4.1, used to
prepare the HSA nanoparticles [128,129,145] is simple to perform; the synthesized
particles are consistent in size, surface zeta potential and morphology. The desolvation
technique involves a liquid-liquid phase separation of an aqueous homogenous albumin
solution, leading to the formation of a colloidal (or coacervate) phase that contains the
nanoparticles [146]. In addition, the size of the nanoparticles formed by this technique
can be altered based upon the various parameters of the technique, such as concentration
and pH of HSA solution, volume and rate of ethanol addition [128,144,147]. In our
previous research article, we presented that the smallest nanoparticle size was achieved
with 20 mg/ml HSA at pH 8.5, ~1-2 ml of 100% ethanol added for desolvation of the
HSA solution [128]. These parameters were kept unchanged in this study as well.
Glutaraldehyde cross-linking was carried out to stabilize the formed HSA nanoparticles
before PEI surface coating; this also increases the drug entrapment ability of the HSA
nanoparticles [77].

In the current study, PEI-enhanced HSA nanoparticles were prepared by coating the HSA
nanoparticles with electrostatic binding to the PEI molecules. As HSA is an acidic
protein, it carries a negative zeta potential in ~ pH 8.5 and thus allows the positive PEI to
bind to HSA nanoparticles [97,139,148]. The amount of PEI used for surface coating of
the nanoparticles was optimized. Table 4.1 shows that as the amount of PEIl was
increased, a slight increase in the particle size was observed and the surface zeta potential

became positive. This increase in size was gradual and could be attributed to the addition
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of the PEI surface coating or slight aggregation of the particles. The surface zeta
potential increased from approximately -47 to +18 mV, clearly indicating that the PEI
was successfully adsorbed to the nanoparticle surface. Furthermore, results presented in
Table 4.2 show that 8 hrs of incubation at a stirring speed of 1000 rpm resulted in the
smallest particle size and maximum zeta potential. Conditions were optimized to attain
the smallest particle size and maximum zeta potential in order to achieve the highest
cellular uptake [90]. Size-dependence of cellular uptake has been studied previously
[149]. For instance, Prabha et al. showed that smaller nanoparticles (~70 nm) experienced
a 27-fold greater transfection than larger nanoparticles in COS-7 cell line, with all other
parameters kept constant [149]. Similarly, surface charge of nanoparticles plays an
important role in determining their transfection efficiency [90]. Harush-Frenkel et al.
found that cationic nanoparticles resulted in rapid internalization through a clathrin-
mediated pathway, while nanoparticles with a negative surface charge showed less
efficient cellular uptake [150]. The TEM images shown in Figure 4.2 illustrate roughly

spherical shape of the formed HSA nanoparticles of approximately 100 nm of size.

Increased cellular uptake of PEI-enhanced HSA nanoparticles

The cellular internalization of PEIl-enhanced HSA nanoparticles was assessed by
incubating MCF-7 Dbreast cancer cells with nanoparticles prepared with
tetramethylrhodamine-conjugated BSA. As shown in Figure 3, images were taken using
a fluorescence microscope (TE2000-U, Nikon; USA). Cellular uptake was measured
with respect to the amount of PEI added to coat the nanoparticles. It is essential to
optimize the amount of PEI used for coating the nanoparticles as this helps determine
how much of the polymer is required to reach the maximum adsorption capacity of the
surface of the nanoparticles. Firstly, the lowest percentage of cellular uptake was
observed with uncoated nanoparticles, which can be attributed to the negative surface zeta
potential of the uncoated HSA nanoparticles. Based on Figure 4.3 (a), it can be
concluded that increasing the amount of PEI, up to 20 pg of PEI per mg of HSA, used for
coating the nanoparticles leads to an increasing in cellular uptake. Further increasing the
amount of PEI used for coating the nanoparticles did not translate into higher cellular

uptake. This observation could be explained by reaching the maximum capacity of PEI
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binding with the surface of HSA nanoparticles. Figure 4.3 (b-d) show corresponding
fluorescence images of cellular uptake of PEI-enhanced HSA nanoparticles. The increase
in cellular uptake due to coating the nanoparticles with PEI is in agreement with
previously published results. Cationic nanoparticles are shown to bind the negatively
charged functional groups, such as sialic acid, found on cell surfaces and initiate
transcytosis [90]. Previously, PEI-based nanoparticles have shown increased cellular
uptake of siRNA. In vivo administration of siRNA delivered using PEIl-based
nanoparticles resulted in 80% decrease in the target gene expression, indicating that PEI-
based nanoparticles remain effective in vivo [151,152]. Therefore, a reasonable
conclusion to draw from the results of the cellular uptake experiment would be that the

PEI adsorbed to the surface of the nanoparticles aids in the internalization of the particles.

Dox delivery with PEI-enhanced HSA nanoparticles to Kill breast cancer cells

The efficacy of anti-cancer chemotherapy is limited by the cytotoxic effect on healthy
cells due to a lack of selectivity of the drugs and poor uptake of the therapeutics by the
tumor cells [3,22,90]. Doxorubicin, a strong antineoplastic agent, has been shown to
cause irreversible cardiomyopathy, which could also lead to congestive heart failure
[3,90,153]. In order to overcome this issue, many researchers have tried delivering dox
by nanoparticles, reducing the amount of drug reaching cardiac tissue while increasing
the accumulation of the drug-loaded nanoparticles in the tumor tissue [14,52,61,99,136].
Furthermore, by incorporating a layer of PEI on the surface of the HSA nanoparticles, we
aimed to increase the cellular uptake of dox in the tumor tissue. Previously, uncoated
HSA nanoparticles were studied for the delivery of dox to neuroblastoma cell lines.
Results obtained by this group suggested that dox delivered using nanoparticles was more
cytotoxic against cancer cells as compared to free dox. In our study, we observed that the
cytotoxicity of dox-loaded nanoparticles and free dox against MCF-7 breast cancer cells
was about the same after 48 hrs as the dox concentration was increased, shown in Figure
4.4 (a). However, assessing the cytotoxicity at different time points in Figure 4.4 (b)
showed that dox-loaded nanoparticles led to a greater decrease in cell viability as
compared to free dox after 144 hrs. This observation can be explained by the slow
release of dox from the nanoparticles. These results would be more effective in vivo as
the free drug would diffuse out of the tumor tissue, while the nanoparticles would
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accumulate within the tumor tissue due to the EPR effect and release the drug over time.
Images of treated cells after TUNEL staining in Figure 4.5 (a-c) confirm that the
cytotoxic effect of dox-loaded nanoparticles was comparable to free dox. Figure 4.5 (c)
shows that the cells remained healthy after the addition of empty PEIl-enhanced HSA
nanoparticles, suggesting that the nanoparticle formulation does not have cytotoxic
effects. It is important for the nanoparticle delivery system to be non-toxic for any future

clinical application.
CONCLUSION

In our current study, we used modified HSA nanoparticles by adding an outer coating of
the polyethylenimine (PEI) to improve the therapeutic index of doxorubicin against MCF-
7 breast cancer cells. The nanoparticles prepared were characterized based upon size and
surface charge with respect to the amount of PEI used for coating. A rise in the surface
zeta potential of the nanoparticles confirms the electrostatic binding of PEI with the
surface of HSA nanoparticles.  Different microscopic techniques were employed to
observe the shape, dispersion and morphology of the nanoparticles. PEI-enhanced HSA
nanoparticles resulted in a higher percentage of cellular uptake, indicating that the
addition of the layer of cationic polymer did improve cell penetration of the particles.
PEIl-enhanced HSA nanoparticles illustrated a more potent cytotoxic effect on MCF-7
breast cancer cells over longer time duration. The results shown in this study are
promising and set a platform for further examining the suitability of this PEI-enhanced

delivery system in vivo.
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FIGURE 4.1: Schematic representation of the preparation of drug loaded polyethylenimine
(PEI)-enhanced HSA nanoparticles using a desolvation technique [115,143].

FIGURE 4.2: (a) Transmission electron microscope images of drug-loaded PEI-enhanced
HSA nanoparticles, (b) Higher magnification image of nanoparticles.

TABLE 4.1: Effect of the amount of PEI added (ug per mg of HSA) on the physical
characteristics of drug loaded PEI-enhanced HSA nanoparticles prepared at pH 8.5, 20
mg/ml HSA (mean + S.D., n=3).

| Amount of PEI (ug) | Particle Size (hm) | Zeta Potential |
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added per mg of HSA (mV)
0 99.63+6.01 -46.9+5.06
10 105.6+8.07 +6.14+1.11
20 121.7+2.78 +12.3+0.18
30 137.2+8.20 +17.92+1.04
40 135.5+4.27 +18.38+3.7

TABLE 4.2: Effect of incubation time for PEI coating and stirring speed during the
desolvation step on the physical characteristics of drug loaded PEIl-enhanced HSA
nanoparticles, prepared with 20 mg/ml HSA and 30 pg of PEI added per mg of HSA

(mean + S.D., n=3).

Time of Stirring speed Particle Size Zeta Potential
incubation with | (rpm) (nm) (mV)
PEI (hrs)
250 412.76+12.7 8.94+0.12
4 500 248.43+1.7 7.20+0.19
1000 130.47+11.3 4.24+0.08
250 362.77+0.65 17.4+0.36
8 500 218.57+15.9 19.14+0.51
1000 100.73+3.93 18.39+0.27
250 332.67+16.2 16.13+0.91
12 500 205.17+8.16 10.99+0.71
1000 111.53+4.72 13.73+0.36
(a) #50 ul ®W100 ul * 200 pl
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FIGURE 4.3: Cellular uptake percentage of PEI-enhanced nanoparticles was assessed with
respect to different amounts of PEI used for coating (mean + S.D., n=3). PEl-enhanced
HSA nanoparticles were prepared using an ethanol desolvation technique with 20 mg/ml
HSA. The nanoparticles were composed of 5% tetramethylrhodamine-conjugated BSA,
and the celllular uptake was observed under a fluorescence microscope (TE2000-U,
Nikon; USA). (a) Percentage of cellular uptake with nanoparticles prepared using: 0, 10,
20, and 30 pg of PEI per mg of HSA. Varying quantities of nanoparticle preparations
were added to the cells: 50, 100 and 200 pl. Fluorescence images of cellular uptake of
different HSA nanoparticle preparations, consisting of tetramethylrhodamine-conjugated
BSA are shown: (b) uncoated HSA nanoparticles, (c) 10 pug and (d) 30 pg of PEI added
per mg of HSA to form PEl-enhanced HSA nanoparticles. Corresponding bright field
images are illustrated below (b’, ¢’ and d°).
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FIGURE 4.4: (a) Cytotoxicity of dox-loaded PEIl-enhanced HSA nanoparticles as
compared to free dox administered to MCF-7 breast cancer cells in log-phase culture after
48 hrs of treatment with different concentrations of dox. (b) Cytotoxicity resulting from
dox-loaded PEI-enhanced HSA nanoparticles versus free dox over 144 hrs was measured.
The concentration of dox administered was 1 pg/ml to MCF-7 breast cancer cells.
Percentage of viable cells was assessed by an MTS assay and then compared to untreated

cells in the control wells (mean + S.D., n=3).
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FIGURE 4.5: TUNEL assay to confirm cell death after dox administration: (a) dox-loaded
PEIl-enhanced HSA nanoparticles, (b) free dox and (c) empty PEl-enhanced HSA
nanoparticles. The concentration of dox administered was 1 pug/ml to MCF-7 breast
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cancer cells grown in a 96 well-plate (24 hrs). The black arrows point towards cells
showing TUNEL staining.

CHAPTER S
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HIV-1 TAT peptide surface functionalized aloumin nanoparticles for improved gene
delivery: optimization of in vitro transfection conditions to target breast cancer
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Preface:

In the previous chapters, we used the polyethylenimine (PEI) as a surface coating for
HSA nanoparticles to deliver siRNA and doxorubicin. In the current chapter, we
designed and investigated the use of a novel TAT-coated HSA nanoparticle delivery
system for carrying siRNA into MCF-7 breast cancer cells. In Chapter 5, we have
modified the outer coating of the HSA nanoparticles studied in Chapters 3 and 4 by
adding a cell penetrating peptide, TAT, to enhance the cellular uptake of the
nanoparticles. The TAT-coated HSA nanoparticles have been characterized by size,
surface charge and morphology. In addition, the transfection conditions were optimized

and the functionality of siRNA delivered using the developed nanoparticles was assessed.

ABSTRACT

The clinical application of gene-silencing using siRNA-based therapy is limited by the
rapid degradation of siRNA in circulation. Biodegradable nanocomplexes coated with a
cell-penetrating peptide, the transactivating-transcriptional-factor (TAT) domain from
HIV-1, have been developed and characterized in this study to deliver sSiRNA to MCF-7
breast cancer cells. The nanocomplexes are well-dispersed spherical particles, ~120-140
nm in size. The surface charge of the nanoparticles showed a rise with increasing
amounts of TAT, reaching a plateau at ~+15mV. The empty nanocomplexes showed low
cytotoxicity, promising scope for clinical application. Under the optimized transfection
conditions, approximately 65-70% of cells showed presence of fluorescence, suggesting

efficient cellular uptake of TAT-coated nanoparticles. The structural and functional
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integrity of siRNA inside the nanoparticles was protected against RNase degradation.
Thus, the novel TAT-coated HSA nanoparticles characterized in this study has potential

of developing into a safe non-viral delivery system for future clinical application.

Keywords: Nanomedicine, gene-silencing, breast cancer, nanoparticles, biotechnology

INTRODUCTION

Nanobiotechnology is an increasingly progressive field that promises innovative avenues
for the treatment of numerous diseases. It has been estimated that approximately 12.7
million new cancer cases and 7.6 million deaths from cancer occurred in 2008. Breast
cancer is considered the second most commonly diagnosed type of cancer across the
world [1]. After the diagnosis of cancer, the common modes of treatment include

surgery, radiotherapy and chemotherapy [2].

One of the main focuses of nanobiotechnology research is to develop novel drug delivery
systems that improve the drug efficacy and also limit harmful side effects of various
cancer drugs. Nanoparticles are colloidal carriers with nano-dimensions that are being

studied as a means of delivering drugs. Polymeric nanoparticles are often defined as
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“sub-cellular colloidal entities, composed of natural or synthetic polymers” [134]. The
size of the nanoparticles allows them to cross the capillary beds and enter the target tissue
[110]. Nano-carriers are helpful particularly in anti-cancer drug delivery due to the
Enhanced Permeability and Retention (EPR) effect [5,6]. In an active tumor, the
vasculature differs from that in normal tissue as it is leaky, irregular with large gaps or
fenestrations [7]. Furthermore, a poor lymphatic drainage and slow venous blood return
alongside increased permeability of the tumor tissue results in an accumulation of
nanoparticles and macromolecules (>50 kDa) within the tumor interstitium [8]. Previous
research has shown that nanoparticles can deliver drugs to tumor tissue with local
concentrations higher than with free drug administration. The drug concentrations in

tumor tissue were also significantly higher than in normal tissue [5].

Considerable efforts have been channeled towards developing a bio-compatible and
degradable nanoparticle-based delivery system for cancer therapeutics. The nanoparticles
should be composed of a polymer that is chemically inert, free of impurities and easily
degrades into a non-toxic material that does not harm the body and is rapidly removed
from circulation. Human serum albumin (HSA) is an acidic protein, retains stability over
a pH range of 4-9, suitable for nanoparticle synthesis as it is the most abundant plasma

protein, thus easily metabolized and does not have a toxic impact on the body [139].

One of the major benefits of a nanoparticle-based delivery system is to allow the cargo
therapeutics such as siRNA to remain stable in circulation over a longer period of time
[102,106]. Small interfering RNA (siRNA)-based therapy has shown the potential of
developing into a potent cancer treatment; however, its application is limited by its
rapidly degradable nature of siRNA. siRNA-mediated gene silencing, also known as
RNA interference (RNAI), involves post-transcriptional silencing of specific genes [154].
SiRNAs are composed of double-stranded RNA, approximately 21-22 nucleotides in
length, and are processed by a RNase 111 enzyme [154]. siRNA interacts with a protein
complex, known as RNA-induced silencing complex (RISC), and activates it. Upon
activation, the RISC is directed to the target complementary strand of mMRNA molecules,

leading to sequence-specific cleavage of the target transcript [33]. By incorporating

67



SIRNA into nanoparticles, the gene silencing function of sSiRNA can be exploited to target

cancer.

In order to facilitate the cellular uptake of nanoparticles, several coatings may be added
on the nanoparticle surface. A great amount of research has been carried out to study the
use of peptides that have the ability to enhance cell adhesion and internalization of
eukaryotic plasma membranes [94]. These peptides are also known as cell penetrating
peptides (CPPs) and are capable of penetrating the cell membrane and can be used to
enhance the transport of peptides, drug molecules and genes. One such protein is the
trans-activating transcriptional activator (TAT) protein, found in HIV-1 [95]. Protein
transduction domains (PTDs) are the regions found within the structure of proteins and
peptides that enable these molecules to easily traverse the cell membrane through a
process that is receptor, transporter and endocytosis-independent [96]. Some studies
suggest that CPPs may be involved in targeting the lipid layer directly, through promoting
the reorganization of the membrane lipids [96]. The PTD of the TAT protein consists of
10 residues (47-57) which include mostly basic (arginine and lysine) amino acids; the
domain conforms into an alpha helix shape [97].

In this study, we investigate the use of a novel TAT-coated HSA nanoparticle delivery
system for carrying siRNA into MCF-7 breast cancer cells. In order to characterize the
developed nanoparticles, the amount of TAT added to coat the surface was optimized,
based upon particle size, surface zeta potential and transfection efficiency. In addition,
the efficacy of siRNA delivery using TAT-coated HSA nanoparticles was assessed.
Results showing low cytotoxicity of the nanoparticles, high cellular transfection and
preservation of siRNA structure and function suggest that the developed nanoparticle

system may serve as a promising vector for siRNA delivery.

MATERIALS AND METHODS

Materials
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Human serum albumin (HSA Fraction V, purity 96-99 %), 8% glutaraldehyde and
fluorescein isothiocyanate (FITC)-tagged HSA were purchased from Sigma Aldrich (ON,
Canada). TAT (GRKKRRQRRRPQ) and scrambled-TAT (GRKRKQRPRRRQ) (s-TAT)
were purchased from Sheldon Biotechnology Centre (QC, Canada) [95]. All other
reagents were purchased from Fischer (ON, Canada). To maintain the cell culture, the
reagents such as fetal bovine serum, trypsin, Dulbecco’s modified Eagle’s Medium and
Opti-MEM | Reduced Serum Medium were obtained from Invitrogen (ON, Canada). The
breast cancer cell-line, MCF-7, was purchased from ATCC (ON, Canada). RNase A,
HiPerfect Transfection Reagent, AllStars Hs Cell Death Control siRNA and AllStars
Alexa Fluor-488 conugated negative control siRNA were purchased from Qiagen (ON,
Canada). Promega Cell-Titer 96® AQueous Non-Radioactive Cell Proliferation MTS
Assay kit was purchased from Promega (WI, USA).

Cell culture

MCF-7 cells were cultured and grown on tissue culture plates according to the
manufacturer’s instructions. They were grown in Dulbecco’s modified Eagle’s Medium
(Invitrogen) supplemented with 10% (v/v) fetal bovine serum and placed in an incubator
with 5% CO, at 37°C. The cells used in this study were obtained from passages 5-6.

Preparation of TAT-coated HSA nanopatrticles

TAT-coated HSA nanoparticles were prepared at room temperature using a desolvation
technique, as shown in Figure 5.1 [128-130,144]. Briefly, 20 mg of HSA was added to 1
ml of 10 mM NaCl (ag) under constant stirring (800 rpm) at room temperature. The
solution was stirred for 10 min. Upon complete dissolution, the solution was titrated to
pH 7.5-8.0 with 1 N NaOH (aqg) and stirred for 5 min. This aqueous phase was subjected
to desolvation by the slow addition of ethanol to the HSA solution under constant stirring.
Ethanol was added drop-wise using a micropipette until the solution became turbid (~1-2

ml). Adding an excess of ethanol caused the particles to form aggregates. Cross-linking
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agent, 8 % glutaraldehyde, was added to stabilize the HSA particles. The formed
nanoparticles were centrifuged three times and washed with deionized water (dH,0),
followed by resuspension in an equal volume of Phosphate Buffer Saline (PBS). TAT
dissolved in dH,0 was added to the nanoparticle preparation to allow TAT to form an
outer coating due to electrostatic binding. For the preparation of siRNA-loaded HSA
nanoparticles, siRNA was added to the 1 ml HSA solution after pH adjustment and

allowed to stir for 30 min, followed by ethanol addition.
Purification of TAT-coated HSA nanoparticles

TAT-coated HSA nanoparticles were ultra-centrifuged at 16000 g for 15 min and re-
suspended in 10 mM NaCl (aqg) by vortexing, followed by ultrasonication (Branson 2510)
for 10 min. This method was repeated thrice to ensure complete removal of free TAT,
ethanol and other impurities.

Determining particle size and surface zeta potential

The particle size, zeta potential and polydispersity index (PDI) were measured by
electrophoretic laser Doppler anemometry, using a Zeta Potential Analyzer (Brookhaven
Instruments Corporation, USA). The HSA nanoparticles were diluted 1:10 with double-

distilled water prior to measurement [129].
Surface characterization of TAT-coated HSA nanoparticles

The size and shape of the HSA nanoparticles were observed by transmission electron
microscopy (TEM), using Philips CM200 200 kV TEM (Markham, Canada). Samples
for atomic force microscopy (AFM) were prepared using the same technique as described
above for SEM observation. 1 ul of the sample was dropped onto the surface of the disc.
Images were produced with Nanoscope 11 (Digital Instruments, Palo Alto, USA) using a
silicon cantilever in tapping mode and analyzed using the Nanoscope software (version
5.12r5; Digital instruments) [128,129,144].

Gel Retardation Assay

The gel retardation assay was performed to assess the protection TAT-coated HSA
nanoparticles can provide siRNA from RNAse degradation. The siRNA-nanoparticle
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complexes, containing the Allstar Cell death sSiRNA (Qiagen) were incubated with
RNAse A for 30 or 60 minutes. The siRNA-loaded nanoparticles were then loaded onto a
4% agarose gel with 6x loading buffer. The gel electrophoresis was carried out in 0.5x
Tris/Borate/EDTA (TBE) buffer at 100 V for 25 minutes. The siRNA bands were

visualized using an ultra violet (UV) imaging system [155].
Transfection of breast cancer cells with siRNA containing nanoparticles

Prior to transfection, MCF-7 cells were washed with Phosphate buffered saline (PBS) and
replenished with fresh serum-free Opti-MEM I. The TAT-coated HSA nanoparticles
were added to the cells and incubated at 37°C for the specified duration. Upon incubating
cells with the nanoparticles, the culture medium was replaced with fresh DMEM,
containing 10% FBS. Under the fluorescence microscope (TE2000-U, Nikon; USA),
pictures were taken to assess the transfection efficiency of the nanoparticles. The
percentage of transfected cells was calculated by using the average of the number of cells

exhibiting fluorescence under five different fields of view [128,155].

Cell viability assay

Cell viability was evaluated using the Promega Cell-Titer 96® AQueous Non-
Radioactive Cell Proliferation MTS Assay kit. For this, 3-(4, 5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, (MTS) and phenazine
methosulfate reagents were used. Living cells reduce MTS to form formazan, a
compound soluble in tissue-culture media. The amount of formazan is thus proportional
to the number of living cells and can be quantified by measuring the absorbance of
formazan using 1420-040 Victor3 Multilabel Counter (Perkin Elmer, USA) at 490 nm.
MCF-7 cells were seeded onto a 96-well plate (10* cells per well) 24 hrs before treatment.
Cytotoxicity was measured at the pre-determined time for each experiment using the

MTS assay as per the manufacturer’s protocol [128,129].

RESULTS

Characterization of TAT-coated HSA nanoparticles for siRNA delivery
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The nanoparticles were prepared using a modified version of a desolvation protocol as
shown in a schematic illustration in Figure 5.1 [130,144]. Nanoparticles were formed by
the addition of a desolvation agent, ethanol, to 20 mg/ml of HSA solution that was titrated
to pH 8.5-9. As shown in Figures 5.2 and 5.3, the TEM, SEM and AFM micrographs of
the TAT-coated HSA nanoparticles were obtained to visualize empty nanoparticles. The
micrographs in Figure 5.2 (a,b) show well-dispersed particles, roughly spherical shaped.
Figure 5.2 shows an AFM image that provides a three-dimensional view of the

nanoparticles.

As illustrated in Figures 5.4 and 5.5, the nanoparticles were optimized based on the effect
of amount of TAT added on size and surface zeta potential. Using TAT quantities of 0,
200, 400, 600 and 1200 pg added to nanoparticles formed from 20 mg/ml of HSA
solution, the size of the nanoparticles was observed to increase slightly as the amount of
TAT was increased to 400 pg of TAT, as shown in Figure 5.4. However, further
increasing the amount of TAT did not show a significant increment in the particle size.
Figure 5.5 shows the surface zeta potential measurements using increasing quantities of
TAT. Coating the negatively charged surface of HSA nanoparticles with increasing
amount of TAT resulted in a positive surface zeta potential. Without TAT coating, the
surface charge of the nanoparticles was observed to be ~ -43 mV. With 200 pg of TAT,
the surface zeta potential increased to ~ +7 mV, and further increasing to ~ +15 mV with
600 ug of TAT. Adding more TAT did not result in additional increase of surface charge.

Optimizing the amount of TAT for minimum cytotoxic effects on breast cancer cells

The MTS assay was employed to determine the cytotoxic effect of empty TAT-coated
HSA nanoparticles. MCF-7 cells (10* cells per well) were cultured in a 96 well-plate and
incubated with 100 ul of the TAT-coated HSA nanoparticle preparations for 48 hrs.
Untreated cells were incubated with pure cell culture media, DMEM, and considered as
the control treatment. Figure 5.7 shows that adding 400 ug or lower amounts of TAT for
coating the HSA nanoparticles resulted in only a negligible decrease in cell viability.
Adding 600 or 1200 ug of TAT resulted in successive decrease in cell viability to 80 %

and 70 %, respectively.
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Protection from siRNA degradation by nanoparticles

Untreated naked siRNA degraded with RNase A for 30 min. was loaded in lane 1, as
shown in Figure 5.8. Lane 1 is empty and does not show any band, indicating that naked
SIRNA was rapidly degraded by added RNase A. Nanoparticles containing Allstar Cell
death siRNA, incubated with RNase A for 30 minutes and 60 minutes were loaded in
lanes 2 and 3, respectively. A clear band can be observed at the starting point of the well
in Lane 2, while Lane 3 shows a fainter band at the well. As sSiRNA was trapped inside
the HSA nanoparticles in Lane 2 and 3, it remained protected from RNase degradation

and was thus unable to travel through the gel.

Efficient nanoparticle-mediated transfection in breast cancer cells

Cellular uptake of empty TAT-coated HSA nanoparticles was shown by transfecting
MCF-7 cells with nanoparticles synthesized using fluorescein isothiocyanate (FITC)-
tagged HSA in the nanoparticles, as presented in Figure 5.6. The presence of
fluorescence within the cells suggests that considerable cellular uptake of the
nanoparticles took place. In addition, Allstar Alexa Fluor-488 conjugated negative
control siRNA was incorporated into TAT-coated HSA nanoparticles to determine the
transfection efficiency of the siRNA-loaded nanoparticles as illustrated in Figures 5.9 and
5.10. Transfection efficiency was measured for varying amounts of TAT added to coat
the HSA nanoparticles: 200, 400 and 600 pg. MCF-7 cells (10* cells per well) were
cultured in a 96 well-plate and incubated with 100 pl of the nanoparticles, containing 20
ng of the labeled AllStar control siRNA (Qiagen) that were re-suspended in Opti-MEM |
transfection medium. Results in Figure 5.9 show an increase in transfection efficiency
with respect to incubation time. Transfection efficiency approximately increases by 3
times as the incubation time is increased from 0.5 to 6 hrs. Further increasing the
incubation time from 6 to 12 hrs does not lead to an increment in transfection efficiency;
however, a slight decrease in the transfection efficiency was observed. In addition, the
amount of TAT applied for coating the nanoparticles shows a direct relationship with the
percentage of cells transfected. After an incubation period of 0.5 hr, the transfection
efficiency of all nanoparticle preparations appears to be largely the same. After 2 hrs of

incubation, the effect of adding an outer coating of TAT seems to be evident as the trend
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shows that higher amounts of TAT vyield higher transfection efficiency. After 4 hrs of
incubation, the transfection efficiencies of nanoparticles prepared without TAT as
compared to nanoparticles with a coating of 200 pg appear to have little difference.
Although the difference between the transfection efficiency of nanoparticles prepared
with 400 and 600 pug was miniscule, they are higher than the transfection efficiency
observed for nanoparticles without TAT and coated with 200 pg of TAT, as evident in
Figure 5.9. The highest transfection efficiency achieved across all incubation time points
and nanoparticle preparations was with 400 pug of TAT coating after 6 hrs of incubation.
Transfection efficiency of nanoparticles prepared with 600 pug of TAT coating was lower
than that of nanoparticles with 400 pg of TAT coating after 6 hrs of incubation. At 12 hrs
of incubation, the transfection efficiency of all nanoparticle preparations, except for
nanoparticles prepared without TAT, was lower than at an incubation of 6 hrs, as shown

in Figure 5.9.

Figure 5.10 illustrates the effect of other parameters on transfection efficiency of TAT-
coated HSA nanoparticles. Firstly, transfection was carried out in MCF-7 cells using
different transfection media. Results from Figure 5.10 (a) suggest that transfection was
lowest for cells that were transfected using Phosphate buffered saline (PBS) (pH 7.2 1X)
as the transfection medium. An increase in the cell transfection was observed when
serum-free DMEM (no FBS) was used as the transfection medium instead of PBS.
However, adding 10% Fetal bovine serum (FBS) to DMEM showed a decrease in cell
transfection as compared to using only DMEM (no added FBS). The highest transfection
was observed when OPTI-MEM (Reduced Serum Medium) was used as the transfection

medium.

Secondly, the cell confluence and amount of nanoparticles added to the cells were
simultaneously optimized to achieve the highest transfection level, as shown in Figure
5.10 (b). Adding 50 pl of the nanoparticle preparation to the MCF-7 cells resulted in the
lowest cell transfection across the three variations of cell confluence. There appears to be
little difference in the percentage of transfected cells achieved with 100 and 150 pl. A

trend of decreasing cell transfection with increase in cell confluence is evident. Lowest
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transfection for all three volumes of nanoparticle preparation added was obtained at a cell
confluence of 1x10° cells per well of a 96-well plate.

Thirdly, Figure 5.10 (c) shows the effect of adding an outer TAT coating on cell
transfection of the nanoparticles which was tested using two HSA concentrations, 10 and
20 mg/ml. For all three nanoparticle preparations, using 10 mg/ml of HSA concentration
to form the nanoparticles resulted in lower cell transfection than 20 mg/ml of HSA. TAT-
coated nanoparticles showed the highest percentage of cell transfection, while the lowest
percentage of transfection was observed with nanoparticles with no TAT-coating. Using
scrambled-TAT (s-TAT) to coat the nanoparticles resulted in slightly lower cell
transfection than the percentage achieved with TAT-coated nanoparticles. Images
illustrating fluorescence inside cells due to the incorporated Allstar Alexa Fluor-488
conjugated negative control siRNA also support the assertion that TAT-coated HSA

nanoparticles have increased transfection efficiency, as observed in Figure 5.10 (d, e, f).

Using TAT-coated HSA nanoparticles to induce cell death in breast cancer cells

TAT-coated HSA nanoparticles, synthesized with 20 mg/ml HSA, 400 pg of TAT as an
outer coating, were loaded with AllStars cell death siRNA. 2, 4 or 8 ug of the AllStars
cell death siRNA was added to 1 ml of 20 mg/ml HSA to form the nanoparticles that were
purified and re-suspended in 5 ml of DMEM. MCEF-7 cells were grown in a 96 well-plate
and incubated with 100 ul of the nanoparticle preparation. Nanoparticles loaded with the
AllStars cell death siRNA were incubated with MCF-7 at 37 °C for 4 hrs to allow for
transfection. The gene silencing ability of the AllStar cell death siRNA, delivered by
TAT-coated HSA nanoparticles, was assessed by using the MTS assay to measure cell
death after 72 hrs of treatment, as shown in Figure 5.11. A cationic lipid preparation that
is shown to conduct efficient siRNA transfection, HiPerfect transfecting reagent (Qiagen),
was used to deliver AllStars cell death siRNA as a positive control in order to compare
the performance of the newly developed nanoparticles. Untreated cells and cells
incubated with free siRNA and empty nanoparticles were used as the negative controls
for the experiment. All the TAT-coated HSA nanoparticle preparations containing
AllStars cell death siRNA showed significant decrease in cell viability as compared to the

negative controls. TAT-coated HSA nanoparticles carrying 4 and 8 pg of siRNA showed
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a greater decrease in cell viability than the nanoparticles carrying 2 pug of AllStars cell
death siRNA.

DISCUSSION

Over the past few years, nanoparticle-based delivery systems for cancer therapeutics have
been of great interest to researchers across the world. The benefits of prolonged stability
and bioavailability of the cargo molecule, tumor accumulation of nanoparticles due to the
EPR effect of the tumor tissue and decreased systemic concentration are the main reasons
for developing a nanoparticle-based delivery system for cancer drugs [2,10,148,156]. For
upcoming gene-silencing therapies that hold considerable promise for cancer treatment,
such as siRNA, a non-toxic biodegradable and biocompatible nanoparticle-based delivery
system would increase the chances of their clinical application. In the current study,
novel TAT-coated HSA nanoparticles have been developed and characterized for the

delivery of sSiRNA to MCF-7 breast cancer cells.

The novel TAT-coated HSA nanoparticles were formulated using an ethanol desolvation
technique, as shown in Figure 5.1 [130,144,157]. As shown in Figures 5.2 and 5.3, the
formed particles were visualized using three different microscopic techniques: TEM,
SEM and AFM. Results indicated the formation of well-dispersed, irregular spherical
shaped nanoparticles, approximately 110+20 nm in size. Figure 4 shows a slight increase
in particle size observed as higher amounts of TAT were used to coat the surface of HSA
nanoparticles. This change in particle size could suggest that coating of the nanoparticle
surface with TAT was successful. A large increase in surface zeta potential confirms that
TAT was coated onto the surface of the HSA nanoparticles, as observed in Figure 5.5.
The cationic TAT PTD, consisting of basic residues, is expected to electrostatically bind
to the anionic surface of HSA nanoparticles at the experimental pH of 7.5-8 [158]. These
results are in agreement with results published by Singh et al.; they studied the
electrostatic coating of Poly-(L)-Lysine on the surface of HSA nanoparticles [148]. TAT
adsorption onto the surface of HSA nanoparticles was assessed as a function of the
amount of TAT added to the nanoparticles. The surface zeta potential reached a plateau

76



when 600 pg of TAT was added to 1 mg of HSA nanoparticles, indicating that the surface
area of the HSA nanoparticles was saturated with adsorbed TAT molecules.

The successful cellular uptake of TAT-coated HSA nanoparticles was confirmed by
visualizing fluorescence inside MCF-7 cells after incubating them with nanoparticles,
composed of 5 % FITC-tagged HSA, as presented in Figure 5.6. Internalization of the
siRNA-loaded nanoparticles is important for siRNA therapy as the negatively charged
SIRNA molecules do not easily penetrate the lipid cell membrane and need to be
facilitated by a carrier system to access the intracellular action site [156]. Taking clinical
application of this novel delivery system into consideration, the cytotoxicity of the
particles was assessed. Figure 5.7 shows little toxic effect of the empty nanoparticles on
MCF-7 breast cancer cells after 48 hrs of exposure. Low cytotoxicity is encouraging as
the widespread clinical use of delivery systems, such as cationic liposomes, is hindered
by their toxicity risk [159-162]. Cytotoxicity has been reported for cationic lipids in vitro
and in vivo. More recently, cationic liposomal formulations have also resulted in
activating non-specific gene expression [162] and play a role in increasing SiRNA
immunogenicity [163].

It is essential to ensure that protection from degradation is provided to the siRNA cargo
by the carrier nanoparticles until the sSiRNA is released inside the cell where it can carry
out its gene-silencing function. Results from the gel retardation assay, shown in Figure
5.8, suggest that the TAT-coated HSA nanoparticles successfully protect sSiRNA from
rapid breakdown. The presence of a clear band at the loading well of lane-2 indicates that
SiRNA was protected from degradation by RNase A and was also retained inside the
nanoparticles. The band observed at the loading well of lane-3 is fainter because of a
longer exposure time of the siRNA-loaded nanoparticles to RNase A. Lane-1 shows the
negative control. There is no band observed, confirming that naked siRNA was
completely degraded by RNase A. These results suggest that sSiRNA remains protected

from RNase degradation by encapsulating it into nanoparticles.

The transfection efficiency of the TAT-coated HSA nanoparticles was assessed by
incorporating AllStars Alexa Fluor-488 conjugated negative control siRNA into the

nanoparticles. The transfection efficiency of the nanoparticles increased as higher
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amounts of TAT were used to coat the surface of the particles, as illustrated in Figure 5.9.
4-6 hrs of incubation time seemed optimal to allow for maximum transfection of
nanoparticles. Figure 5.10 (a, b) shows that transfection efficiency was highest with
serum-free Opti-MEM 1, low cell confluence (1x10%), incubated with 100-150 pl of the
nanoparticle preparation. In addition, nanoparticles coated with TAT showed higher
transfection as compared to nanoparticles coated with s-TAT or uncoated nanoparticles as
observed in Figure 5.10 (c), suggesting that TAT does play a role in facilitating better
cellular uptake of the nanoparticles. The fact that TAT-coated nanoparticles resulted in
higher transfection than s-TAT-coated nanoparticles suggests that TAT helps in the
internalization of nanoparticles in a sequence-specific manner; thus the primary and
secondary structures of the TAT PTD are important [97,158]. These findings are in
coherence with previously published results which show improved transfection of
lipofectin by mixing TAT with the particle preparation, without a covalent linkage [164].
A higher transfection efficiency of nanoparticles coated with s-TAT as compared to
uncoated nanoparticles shows that the positive charge of the s-TAT also contributes to the
cellular uptake of the particles. The fluorescence microscope images shown in Figure
5.10 (d, e, ) confirm these findings and illustrate that the greatest density of AllStars
Alexa Fluor-488 conjugated negative control siRNA was observed using TAT-coated
HSA nanoparticles, followed by s-TAT-coated nanoparticles. The lowest transfection

was observed with uncoated nanoparticles.

Lastly, results in Figure 5.11 show that the novel TAT-coated HSA nanoparticles
succeeded in protecting the functionality of the cargo siRNA. AllStars Cell death siRNA,
designed to induce cell death in various cancer cell-lines, was delivered using the
developed nanoparticles. The increase in cell death after the delivery of the AllStars Cell
death siRNA suggests that the siRNA being carried by the nanoparticles retains its gene
silencing function. It can also be concluded that the procedure of nanoparticle
preparation does not compromise the structure or function of the siRNA. Empty TAT-
coated HSA nanoparticles and naked siRNA serve as negative controls and showed
negligible cell death. These results can be compared with our previous study involving
the delivery of siRNA using polyethylenimine-coated HSA nanoparticles [128]. The

TAT-coated HSA nanoparticles appear to be more effective in protecting the
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encapsulated siRNA and delivering it to cells. There was a greater percentage of cell
death when AllStars Cell death positive control sSiRNA was delivered using TAT-coated
HSA nanoparticles instead of polyethylenimine-coated HSA nanoparticles. These results
also suggest that the positive charge of TAT is not the only factor helping cellular uptake

of siRNA loaded nanocomplexes, and that the sequence of the TAT peptide plays a role.

The clinical use of viral delivery systems is limited by the safety risks, such as severe
immunogenicity and pathogenicity, associated with them [165]. In this current study, we
have developed an enhanced albumin-based nanoparticle delivery system, exploiting the
cell penetrating ability of the TAT peptide from HIV-1. The delivery system has very
low cytotoxicity, sufficient cell transfection efficiency and would therefore serve as a

suitable non-viral gene delivery system.
CONCLUSION

The present study developed a novel TAT-coated HSA nanoparticles for the efficient
delivery of siRNA to MCF-7 breast cancer cells. A narrow range of particle size was
observed and the morphology was studied using various microscopic techniques,
illustrating roughly spherically shaped well-dispersed nanoparticles. An increase in the
surface zeta potential charge of the HSA nanoparticles upon TAT coating was observed
with increasing amounts of TAT. The developed nanoparticles resulted in very low
cytotoxicity to MCF-7 cells, although sufficient cellular uptake was observed. The
positive surface charge of TAT and its primary amino acid sequence seem to play a role
in the internalization of the TAT-coated nanoparticles. siRNA encapsulated inside TAT-
coated HSA nanoparticles was shown to remain intact and retain its functional integrity.
The promising results found in this study suggest that the novel TAT-coated HSA
nanoparticles have great potential for developing into an effective delivery system for

cancer therapeutics.

Acknowledgements

This work is supported by a research grant to S.P. from Canadian Institutes of Health
Research (CIHR), MOP # 93641. S.A. is supported by the McGill Faculty of Medicine
Internal Studentship - G. G. Harris Fellowship and the Ontario-Quebec Exchange

79



Fellowship. A.P. acknowledges the financial support from NSERC Alexander Graham

Bell Canada Graduate Scholarship. The authors are grateful for the assistance provided

for TEM imaging by Dr. Xue-Dong Liu, McGill, Department of Physics.

FIGURES

siBNAnaded HSA
BABORAKTicles after ethanal
desnlvatiam. (~1-2 ml)

Cross-linking: add 5%
glofarpldehyde d rop-wise

Stirforl2hrs | ,< >
g - 1!I
T,

Un-coated cross-linked HEA
BABADANHCIES (45 mV)

L]
‘ ® % TaT

Incubate for 4 hrs,
wash and purify

D

Add TAT or s-TAT {x mz/ml)
to coat the panoparficke after

purification




FIGURE 5.1: Schematic representation of the method employed to prepare TAT-coated

HSA nanoparticles.
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FIGURE 5.2: (a) Scanning electron microscope image, (b) Transmission electron
microscope image of empty TAT-coated HSA nanoparticles. Images obtained from both
techniques showed well-dispersed, roughly spherical nanoparticles, approximately 120-
140 nm in size.

FIGURE 5.3: Atomic force microscopy image of empty TAT-coated HSA nanoparticles.
The surface of the nanoparticles appeared to be smooth and spherical.

180 -
160 -
140 -
120 -
100 -
80 -
60 -
40 -
20 - 82

Particle size (nm)




FIGURE 5.4: Effect of the amount of TAT added on the particle size (nm) of TAT-coated
HSA nanoparticles (mean + S.D., n=3). The nanoparticle size appeared to increase with
higher amounts of TAT added for surface coating, until 600 pg of TAT.
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FIGURE 5.5: Effect of the amount of TAT added on the surface zeta potential (mV) of
TAT-coated HSA nanoparticles (mean + S.D., n=3). The surface zeta potential of the
nanoparticles became more positive with increasing amounts of TAT added for surface
coating, until 400 pg of TAT.




FIGURE 5.6: Cellular uptake of empty TAT-coated HSA nanoparticles. Nanoparticles
were prepared using 25% FITC-tagged HSA of the total HSA. 100 pl of the nanoparticle
preparation, re-suspended in serum-free Opti-MEM, were added to MCF-7 cells that were
cultured in a 96 well-plate at 10* cells and incubated for 4 hrs. Pictures were taken under
fluorescence (a) and bright field (b) to observe the transfection of nanoparticles using the
fluorescence microscope (TE2000-U, Nikon; USA).
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FIGURE 5.7: Cytotoxic effect of empty TAT-coated HSA nanoparticles on MCF-7 breast
cancer cells. Nanoparticles were prepared with different amounts of TAT, ranging from
0-1200 pg (mean + S.D., n=3). 100 ul of the nanoparticle preparation, suspended in
DMEM, were added to MCF-7 cells that were cultured in a 96 well-plate at 10* cells and

incubated for 48 hrs.
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FIGURE 5.8: Effect of TAT-coated HSA nanoparticles on siRNA stability. Gel retardation
assay was carried out using SIRNA loaded TAT-coated HSA nanoparticles.
Nanoparticles containing Allstar Cell death siRNA, incubated with RNase A for 30 and
60 minutes were loaded in lanes 2 and 3, respectively. Lane 1 was loaded with untreated
naked siRNA incubated with RNase A for 30 minutes. 4 % agarose gel was used to run
the samples at 100 V for 1 hr. The arrows point towards the band observed at the loading
wells.
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FIGURE 5.9: Transfection efficiency was measured using TAT-coated HSA nanoparticles
prepared with varying amounts of TAT: 0, 200, 400 and 600 pg. Cells were incubated
with each nanoparticle preparation for 0.5, 2, 4, 6 and 12 hrs. Transfection efficiency was
determined by manually counting the percentage of cells showing fluorescence different
fields of view (mean + S.D., n=3). TAT-coated HSA nanoparticles were prepared by
ethanol desolvation with 20 mg/ml HSA which was titrated to pH 9.0, cross-linked with
glutaraldehyde and then coated with TAT. 10 ug of the non-silencing Allstars negative
control siRNA tagged with Alexa 488 was added to HSA prior to ethanol addition. Upon
purification, it was re-suspended in 5 ml cell-culture media. MCF-7 cells were cultured
in a 96 well-plate and incubated for 4 hrs at 37 °C with 100 pl of the nanoparticles re-
suspended in serum-free Opti-MEM 1.
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FIGURE 5.10: Transfection efficiency was measured using different parameters (mean +
S.D., n=3). TAT-coated HSA nanoparticles were prepared by ethanol desolvation with
20 mg/ml HSA. 10 pg of non-silencing Allstars negative control siRNA tagged with
Alexa Fluor-488 was loaded into the nanoparticles. Upon purification, the nanoparticle
formulation was re-suspended in 5 ml cell-culture media. MCF-7 cells were cultured in a
96 well-plate and incubated for 4 hrs at 37 °C with 100 ul of the nanoparticles re-
suspended in serum-free Opti-MEM I. The parameters that were tested include: (a)
different transfection media, (b) variation of cell confluence incubated with 50, 100 and
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150 pl of the nanoparticle preparation and (c) 10 mg/ml or 20 mg/ml of HSA to form
different nanoparticle preparations, TAT-coated (TAT-np), s-TAT-coated (s-TAT-np)
and without TAT (No TAT-np). s-TAT-coated nanoparticles were prepared using TAT
with a scrambled primary sequence. Fluorescence microscope (TE2000-U, Nikon; USA)
images of MCF-7 cells transfected with three different HSA nanoparticle preparations are
illustrated: (d) TAT-coated HSA nanoparticles, (e) s-TAT-coated HSA nanoparticles, (f)
HSA nanoparticles without coating, with corresponding bright field images (d’, e’ and
).
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FIGURE 5.11: Assessing the functionality of siRNA delivered using TAT-coated HSA
nanoparticles (TATnp). 2, 4 or 8 pg of the Allstars Cell Death siRNA was added to 20
mg/ml HSA. The nanoparticles were synthesized using the optimized parameters and re-
suspended in 5 ml cell-culture media. MCF-7 cells (10* cells per well) were grown in a
96-well plate and incubated for 4 hrs at 37 °C with 100 pl of the nanoparticles re-
suspended in DMEM. The induction of cell death was measured after 72 hrs using the
MTS assay (mean + S.D., n=3). HiPerfect transfection reagent was used to deliver the
AllStars Cell death siRNA as a positive control. Untreated cells, cells incubated with free
SiRNA and cells incubated with empty nanoparticles (Empty np) were taken as negative
controls.

CHAPTER 6
GENERAL DISCUSSION

Scientific research advances have not proportionally translated into clinical
improvisations for cancer treatments. Nanobiotechnology holds promise to ensure that
potent anti-cancer drugs, such as doxorubicin, can be used more effectively to eliminate

cancerous cells without adverse side-effects. Biocompatible and biodegradable delivery
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systems, such as HSA nanoparticles, have potential of becoming non-toxic carriers for
drug and gene therapeutics. Nanoparticle-based delivery systems exploit the Enhanced
Permeability and Retention Effect of tumour tissue and allow for passive targeting of the
anti-cancer therapeutic [67,68]. Encapsulating cytotoxic anti-cancer drugs will therefore
reduce the side effects caused by them, due to higher accumulation of the nanoparticles
within the tumour tissue and lower systemic concentration. Moreover, employing a nano-
carrier will also protect siRNA molecules, used for gene-silencing anti-cancer therapy,
from rapid degradation in circulation. Altogether, this research work puts forth modified

cationic HSA nanoparticles as a suitable delivery system for breast cancer applications.

Firstly, the use of siRNA loaded polyethylenimine (PEI)-coated HSA nanoparticles
prepared, characterized and investigated for breast cancer applications. Under the
optimized conditions, PEI-coated HSA nanoparticles were observed to be ~90 nm in size,
carrying a positive surface charge ~+26 mV. According to other published studies, both
size and charge are favourable for cellular uptake [125,127,150,166]. A comprehensive
assessment of the cytotoxicity of the nanoparticle formulation was carried out. A very
low cytotoxic effect with 25 kDa PEI suggests biocompatibility of the nanoparticles and
the suitability of this delivery system for clinical applications. The use of siRNA for
gene-silencing therapy is limited by their inability to transfect cells; thus, our results are
encouraging as ~62% cells were transfected. Furthermore, RNase treatment of siRNA-
loaded PEI-coated HSA nanoparticles showed that the siRNA was resilient towards
enzymatic degradation of 30 min. This also indicates that the PEIl-coated HSA
nanoparticles are likely to protect siRNA in circulation, allowing further exploration into
SIRNA gene-silencing therapy. Finally, PEIl-coated HSA nanoparticles provide an
appealing alternative for viral gene delivery systems. Non-viral delivery systems have
attracted immense attention in order to overcome the shortcomings of viral vectors.
Adeno- or retroviruses may be used, however, risks related to immunogenicity and
potential pathogenicity form a serious concern [117-119]. This severely restricts the
potential of using viral vectors for clinical applications. PEI-coated HSA nanoparticles
also possess other favorable characteristics, including biocompatibility, easy

administration and a potential for targeted delivery [118].
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Secondly, polyethylenimine (PEI)-enhanced HSA nanoparticles were examined as a
suitable delivery system for doxorubicin in order to minimize the systemic concentrations
of the drug and to benefit from passive targeting of tumour tissue due to the Enhanced
Permeability and Retention effect. Doxorubicin is a potent cytotoxic anti-cancer drug,
commonly prescribed for regimes against breast cancer. The dosage and use of this drug
is severely limited by its side-effects of irreversible cardiotoxicity and congestive heart
failure [20,22,23]. The formed nanoparticles were ~137 nm in size with a surface zeta
potential of ~+15 mV, prepared using 20 pg of PEI added per-mg-of-HSA. Cytotoxicity
was not observed with empty PEl-enhanced HSA nanoparticles, formed with low-
molecular weight (25 kDa) PEI, indicating biocompatibility and safety of the nanoparticle
formulation. Under optimized transfection conditions, approximately 80% of cells
showed cellular uptake of HSA nanoparticles. The addition of a layer of PEI showed an
increase in cellular uptake and is also designed to provide further stability and protection
to the structural integrity of the particles. Glutaraldehyde cross-linking was carried out to
stabilize the formed HSA nanoparticles before PEI surface coating; this increases the drug
entrapment ability of the HSA nanoparticles [77].  In conclusion, PEI-enhanced HSA
nanoparticles show potential for developing into an effective carrier for doxorubicin. In
our study, we observed that the cytotoxicity of dox-loaded nanoparticle and free dox
against MCF-7 breast cancer cells was about the same after 48 hrs as the dox
concentration was increased. However, assessing the cytotoxicity at different time points
showed that dox-loaded nanoparticles led to a greater decrease in cell viability as
compared to free dox after 144 hrs. This observation can be explained by the slow
release of dox from the nanoparticles. Results were promising and suggest that the study
needs to be followed up with an in vivo investigation of the dox-loaded PEI-enhanced

HSA nanoparticles.

Lastly, biodegradable nanocomplexes coated with a cell-penetrating peptide, the
transactivating-transcriptional-factor (TAT) domain from HIV, were proposed as efficient
carriers for anti-cancer therapeutics. The clinical application of gene-silencing using
SiIRNA-based therapy is limited by the rapid degradation of siRNA in circulation. We
developed and characterized the TAT-coated HSA nanoparticles in this study to deliver

SiRNA to MCF-7 breast cancer cells. The nanoparticles were observed to fall within the
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size range of ~120-140 nm. The surface charge of the nanoparticles showed a rise with
increasing amounts of TAT, reaching a plateau at ~+15mV. This observation was
important in confirming that an outer layer of TAT did form on the particle surface. The
cationic TAT PTD, consisting of basic residues, was electrostatically adsorbed to the
anionic surface of HSA nanoparticles [158]. Taking clinical application of this novel
delivery system into consideration, the cytotoxicity of the particles was assessed. Under
the optimized transfection conditions, approximately 75% of cells showed presence of
fluorescence, suggesting efficient cellular uptake of TAT-coated nanoparticles consisting
of fluorescein isothiocyanate (FITC)-tagged HSA. The structural and functional integrity
of siRNA inside the nanoparticles was protected against RNase degradation. The novel
TAT-coated HSA nanoparticles characterized in this study could be developed into a safe

non-viral delivery system for future clinical application.

CHAPTER 7
SUMMARY OF OBSERVATIONS
With the general aim to design a suitable drug and siRNA nanoparticle delivery

system, this research was performed. Following are the summary of observations:
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1)

2)

3)

4)

5)

6)

In Chapter 3, polyethylenimine (PEI)-coated human serum albumin (HSA)
nanoparticles have been characterized and studied for efficient sSiRNA delivery to
the MCF-7 breast cancer cell line in order to overcome the issues related to rapid
degradation and low transfection of naked siRNA. The size and charge of PEI-
coated HSA nanoparticles were optimized according to various parameters,
including PEI quantity, HSA concentration, pH of the HSA solution before
desolvation, and stirring speed. The smallest size of approximately 85 nm was
achieved with 6.25 pg per mg HSA of PEI and 20 mg/ml of HSA. Similarly, the
optimal pH level and the stirring speed, resulting in the smallest particle size was
8.5 and 800 rpm, respectively.

The lower M.W. (25 kDa) should be used for nanoparticle preparation as
cytotoxicity was greater for the higher M.W. PEI (70 kDa). Amounts < than 6.25
Hg per mg HSA of 25 kDa PEI showed similar cytotoxicity levels.

The gel retardation assay was carried out to show that the PEI-coated HSA
nanoparticles provide siRNA with protection from enzymatic degradation. The
presence of a band around the well, where the samples were loaded, indicates that
siRNA was not degraded by the RNase A and was retained within the
nanoparticles. This retention of siRNA at the well of the agarose gel for Lane 2
and 3 confirms successful siRNA-loading of the nanoparticles.

The combination of 6.25 pg per mg HSA of 25 kDa PEI and 20 mg/ml of HSA
showed maximum transfection. As PEI is a cationic polymer, increasing its
amount makes the surface potential more positive, which would augment cellular
uptake of the particle. However, further increasing the PEI amount to 12.5 ug
showed lower transfection efficiency, which can be due to higher toxicity and
consequent cell death.

Results show that the Cell death siRNA remains functional as it induces cell
death; this indicates that the procedure applied to synthesize these nanoparticles
does not lead to degradation of the siRNA.

In Chapter 4, the effectiveness of dox-loaded polyethylenimine (PEI)-enhanced
HSA nanoparticles used against MCF-7 breast cancer cells was investigated. The
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7)

8)

9

nanoparticles were prepared using an ethanol desolvation method and
characterized by measuring particle size, surface zeta potential and cellular uptake
As the amount of PEI was increased, a slight increase in the particle size was
observed and the surface zeta potential became positive. This increase in size was
gradual and could be attributed to the addition of the PEI surface coating or slight
aggregation of the particles. The surface zeta potential increased from
approximately -47 to +18 mV, clearly indicating that the PEI was successfully
adsorbed to the nanoparticle surface.

Results show that 8 hrs of incubation at a stirring speed of 1000 rpm resulted in
the smallest particle size and maximum zeta potential. The TEM images illustrate
roughly spherical shape of the formed HSA nanoparticles of approximately 100
nm of size.

Firstly, the lowest percentage of cellular uptake was observed with uncoated
nanoparticles, which can be attributed to the negative surface zeta potential of the
uncoated HSA nanoparticles. It can be concluded that increasing the amount of
PEI, up to 20 pg of PEI per mg of HSA, used for coating the nanoparticles leads
to an increasing in cellular uptake. Further increasing the amount of PEI used for
coating the nanoparticles did not translate into higher cellular uptake. A
reasonable conclusion to draw from the results of the cellular uptake experiment
would be that the PEI adsorbed to the surface of the nanoparticles aids in the

internalization of the particles.

10) In our study, we observed that the cytotoxicity of dox-loaded nanoparticles and

free dox against MCF-7 breast cancer cells was about the same after 48 hrs as the
dox concentration was increased, shown in Figure 4.4 (a). However, assessing the
cytotoxicity at different time points in Figure 4.4 (b) showed that dox-loaded
nanoparticles led to a greater decrease in cell viability as compared to free dox
after 144 hrs. This observation can be explained by the slow release of dox from

the nanoparticles.

11) In Chapter 5, we investigate the use of a novel TAT-coated HSA nanoparticle

delivery system for carrying siRNA into MCF-7 breast cancer cells. In order to
characterize the developed nanoparticles, the amount of TAT added to coat the
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surface was optimized, based upon particle size, surface zeta potential and
transfection efficiency.

12) Nanoparticles were formed by the addition of a desolvation agent, ethanol, to 20
mg/ml of HSA solution that was titrated to pH 8.5-9. The micrographs show well-
dispersed particles, roughly spherical shaped.

13) Without TAT coating, the surface charge of the nanoparticles was observed to be
~-43 mV. With 200 ug of TAT, the surface zeta potential increased to ~ +7 mV,
and further increasing to ~ +15 mV with 600 pug of TAT. Adding more TAT did
not result in additional increase of surface charge.

14) Adding 400 pg or lower amounts of TAT for coating the HSA nanoparticles
resulted in only a negligible decrease in cell viability. Adding 600 or 1200 pg of
TAT resulted in successive decrease in cell viability to 80 % and 70 %,
respectively. These results indicate that TAT-coated HSA nanoparticles are
biocompatible and non-toxic.

15) The gel retardation assay was carried out to investigate the protection and stability
that TAT-coated HSA nanoparticles provide to siRNA. As siRNA was trapped
inside the HSA nanoparticles in Lane 2 and 3, it remained protected from RNase
degradation and was thus unable to travel through the gel.

16) Conditions for transfection of siRNA-loaded TAT-coated HSA nanoparticles were
optimized. Results in Figure 5.9 show an increase in transfection efficiency with
respect to incubation time. The difference between the transfection efficiency of
nanoparticles prepared with 400 and 600 pug was miniscule, they are higher than
the transfection efficiency observed for nanoparticles without TAT and coated
with 200 ug of TAT. In addition, the amount of TAT applied for coating the
nanoparticles shows a direct relationship with the percentage of cells transfected.
The highest transfection efficiency achieved across all incubation time points and
nanoparticle preparations was with 400 pg of TAT coating after 6 hrs of
incubation.

17) Furthermore, the highest transfection was observed when OPTI-MEM (Reduced
Serum Medium) was used as the transfection medium. A trend of decreasing cell

transfection with increase in cell confluence is evident. Using 10 mg/ml of HSA
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concentration to form the nanoparticles resulted in lower cell transfection than 20
mg/ml of HSA. TAT-coated nanoparticles showed the highest percentage of cell
transfection, while the lowest percentage of transfection was observed with
nanoparticles with no TAT-coating. Using scrambled-TAT (s-TAT) to coat the
nanoparticles resulted in slightly lower cell transfection than the percentage
achieved with TAT-coated nanoparticles.

18) TAT-coated HSA nanoparticles, synthesized with 20 mg/ml HSA, 400 ug of TAT
as an outer coating, were loaded with AllStars cell death siRNA. The gene
silencing ability of the AllStar cell death siRNA, delivered by TAT-coated HSA
nanoparticles, was assessed by using the MTS assay to measure cell death after 72
hrs of treatment. Untreated cells and cells incubated with free sSiRNA and empty
nanoparticles were used as the negative controls for the experiment. All the TAT-
coated HSA nanoparticle preparations containing AllStars cell death siRNA

showed significant decrease in cell viability as compared to the negative controls.

CHAPTER 8
CONCLUSIONS

This research study was based on the general hypothesis that surface modified HSA

nanoparticles enhance the therapeutic efficacy of drugs (doxorubicin) and siRNA by
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increasing the stability, bioavailability and cellular uptake of the loaded therapeutics for
breast cancer applications. We investigated the use of a biodegradable and biocompatible
delivery system for anti-cancer drugs (doxorubicin) and siRNA. HSA nanoparticles with
cationic surface properties were developed and characterized in vitro for the enhanced
delivery of anti-cancer drugs and siRNA. Surface coatings were added on the HSA
nanoparticles to improve the cellular uptake of the drug-loaded nanoparticles to maximize
the therapeutic efficacy of the drug. Firstly, polyethylenimine, a cationic polymer, was
used to coat HSA nanoparticles to improve cellular uptake and particle stability. Both
drug (doxorubicin) and siRNA was used to deliver using PEI-coated HSA nanoparticles.
Results illustrated efficient transfection, retention of sSIRNA function and low cytotoxicity
of the delivery system; it holds promise as a non-viral gene vector. Secondly, HSA
nanoparticles were coated with a cell-penetrating peptide, the transactivating-
transcriptional-factor (TAT) domain from HIV-1. TAT-coated HSA nanoparticles were
developed and characterized in this study to deliver sSiRNA to MCF-7 breast cancer cells.
These modified HSA-based nanoparticle delivery systems provide a carrier for unstable
anti-cancer therapeutic, such as siRNA and allow for the potential reduction of systemic
toxicity of anti-cancer drug such as doxorubicin. The findings of this study set a platform
for further pre-clinical investigations of the suitability and benefit of the developed HSA-
based nanoparticle delivery systems. In this manner, the results obtained in this study
may eventually contribute towards an improved method of anti-cancer drug delivery;
thereby, the quality of life of cancer patients, their survival rate and time span may be

improved.

CHAPTER 9

Recommendations and Future Applications
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1)

2)

3)

4)

5)

The encouraging results found in this research study suggest a need for further
study to assess suitability of the developed and characterized surface modified
HSA nanoparticles. Firstly, a preliminarly in vivo study should be carried out to
assess the efficacy of the nanoparticle-based therapeutic delivery. It needs to be
established whether the proposed delivery system withstands the enzymatic
degradation in circulation and is not removed by the reticuloendothelial system.
Although in vivo studies using HSA nanoparticles have been previously carried
out, no animal studies have been done with PEIl-enhanced or TAT-coated HSA

nanoparticles.

A more elaborate in vivo study should compare the proposed modified HSA
nanoparticles to uncoated HSA nanoparticles carrying the therapeutics and the

commonly crosslinking agent, glutaraldehyde.

In order to make developed nanoparticle delivery system clinically viable, a
thorough toxicological investigation needs to be carried out. The in vitro effect of
the nanoparticle preparation should be observed on other human cell lines.
Furthermore, a biodistribution study should be carried out in vivo to investigate

whether the nanoparticles aggregate in healthy tissues.

The developed modified HSA nanoparticles should be further characterized for
the delivery of other anti-cancer therapeutics, such as epirubicin, docetaxel, other
gene vectors, and proteins. Also, these nanoparticles should be studied for oral
delivery of anti-cancer drugs by encapsulating them in microcapsules, such as the

alginate-poly-L-lysine-alginate (APA) microcapsules [167].

The presented modified HSA nanoparticles could also be made more targeted for
increased tumour-based selectivity by adding ligands on antibodies to the

nanoparticles [21].
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