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ABSTRACT

The hepatitis C virus (HCV) is among the leading causes of chronic liver diseases worldwide.
The current primary treatment for HCV includes the oral administration of ribavirin (RBV)
and pegylated interferon alpha (pegasys). The treatment is associated with toxic side effects
due to the high daily dosage of 1200 mg RBV and overall low success rate. RBV possess a
high accumulation rate in erythrocytes (red blood cells), therefore this makes it difficult for
RBV to reach the target cells (hepatocytes) in the liver. The aim of this project was to load
RBV into a polymer as nanoparticles (NPs) and characterize their physicochemical
properties. The in vitro drug release was performed to study the ability of the polymer to
release the drug. Eudragit L100 (Eud) and RBV were chosen as polymer and drug
respectively. Polyvinyl alcohol (PVA) and poloxamer 407 (POLO) were selected as

emulsifying agents.

Nanoprecipitation technique was employed to formulate the NPs by varying the surfactant
concentration and the type of organic solvent. NPs characteristics such as particle size,
polydispersity index (PDI) and zeta potential (ZP) were carried out by Malvern Zetasizer.
The effects of surfactant concentration and organic solvent on particle size and ZP were
analysed and the two optimised NPs were chosen for further characterisation. The optimised
NPs had a diameter ranging from 200-250 nm and ZP of greater than -30 mV. The
morphological study of the optimised NPs was carried by scanning electron microscopy and

the NPs were spherical.

The Fourier transform infrared spectroscopy showed the major peaks of both drug and
polymer. There was clear evidence that there is a high amount of drug entrapped within the
polymer. The ultraviolet visible spectroscopy studies showed a high drug encapsulation
efficiency of >70%. The drug release studies showed a rapid release within the first 6 hours.
The NPs showed the sensitive pH characteristic in vitro drug release. The Eud-RBV NPs
showed a high thermal stability than pure RBV. The in vivo cytotoxicity in Daphnia magma
showed that NPs were not toxic. Therefore, the use of NPs as drug delivery system for RBV



shows substantial characteristics; this promise a possibility to decrease the high daily intake

of RBV thus minimizing its toxic side effects.
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hepatocellular carcinoma, liver cirrhosis and liver cancer (Karoney & Siika, 2013).
Worldwide, }" 7V causes about 57% cases of liver cirrhosis and over 78  of i ‘¢ er
(Chakravarti et al., 2013). Most diseases caused by HCV cause have high mortality rate of
over 80%, therefore, the virus makes an integral part to the burden of chronic diseases that

claim millions of lives (Chakravarti et al., 2013).

HCV consists of four different genotypes that exhibit a high genetic variety characterized by
different regions in genotype prevalence (Shepard et al., 2005). Therefore HCV poses a

challenge to the development of an effective vaccine and pan-genotypic treatments (Messina
etal.,2015).

The current primary treatment for HCV is a combination of intravenous administration of
pegasys and orally taken ribavirin (RBV). The two drugs are taken together with one of the
secondary line drugs which include, telaprivir, boceprivir, sovaldi or olysio, depending on the
genotype of the virus (Van Vlierberghe et al., 2001; Shepard et al., 2005). The dosage and
duration of the treatment varies according to the weight of the patient, progress of the
infection and also the genotype of the virus (Tablel.1). The treatment has a low success rate
of 64% and is associated with adverse side effects which leads to poor patient’s adherence
(Takaki et al., 2004).

Table 1.1: Pegasys and RBV dosing recommendations (WHO, 2013)

Hepatitis C virus Pegasys dose Ribavirin dose Duration

Genotype (once weekly) (daily)

uenotypes 1, 4

18V mcg <75 kg = 1000 mg 48 weeks

>75 kg =1200 mg 48 weeks

Genotypes 2,3 180 mcg 800 mg 24 weeks




RBV is taken as a tablet, a capsule or as solution twice a day, in the morning and the evening,
for 24 to 48 weeks or longer. The daily dosage varies from 800 to 1200 mg depending on the
patient’s weight. The patients weighing ~ 75 kg take 1000 mg and those weighing > 75 kg

take 1200 mg together in combination with 180 mcg / 0.5 mL weekly injection of pegasys
(WHO, 2013).

The combination therapy can cure the virus in 50% of patients infected with genotype 1 and
80% of patients infected with genotype 2 or 3 (Nishimata et al., 2014). This therapy is
usually suggested for vulnerable patients at risk of chronic hepatitis (Oze ef al., 2011). The
risk is usually defined by measuring RNA level of the virus and liver biopsy that shows a
portal fibrous connective tissues along with moderate redness and necrosis (Iwasaki ef al.,
2006). The treatment has challenges including high drug toxicity, poor bioavailability, poor
efficacy and stability (Oze ef al., 2011; Kumar, 2013).

Currently there are on-going researches on developing and improving HCV treatment (WHO,
2014). Scientists from various disciplines including, microbiology, virology, medicine,
pharmaceuticals and nanotechnology are attempting to solve this problem (Logothetidis,
2012).

In this study, the proposed solution for improving the treatment was through the application
of nanotechnology. The technology was used to improve the oral treatment for HCV using
RBV as a model drug. Improvement was aimed at protecting the drug against unfavourable
conditions within gastro intestinal tract and preventing the side reactions. It also helps in
increasing the stability and oral bioavailability of the drug and minimising its adverse side
effects by reducing the high daily dosage of 800 -1200 mg RBV. Preparation and
characterisation of Eudragi L100 (Eud) and RBV nanoparticles (NPs) was proposed in the
study, in order to address some challenges facing HCV treatment such as high dosage, oral
bioavailability and adverse side effects. The expected results are improved controlled release

over a period of time, thus reducing overall dosage.

RBV was chosen because it is one of the first line drugs in the treatment of HCV and it has
been used for years without any modification. Even though it has shown a encompassing

spectrum of antiviral action on both DNA and RNA viruses, the raw drug has not been



effective enough to cure liver infections (Reddy et al., 2009). RBV is also used to treat other
infections such as respiratory syncytial virus and Lassa fe - virus (Crotty ef al., 2002). The
molecular mechanism of RBV is not yet well known but believed that it inhibits the synthesis
of viral nucleic acid and messenger RNA capping (Patterson & Fernandez-Larsson, 1990).
The main physicochemical of RBV (Figure 1.2) are: molecular Wight of 244. 207 g/mol,
half-life of 298 h and solubility of 142 mg/mL

Figure 1.2: Molecular structure of RBV (WHO, 2013)

The major limitations of RBV are; haemolytic anaemia may occur with a significant drop in
haemoglobin and this may worsen cardiac diseases leading to fatal or nonfatal myocardial
infarctions. Risk of hepatic failure and severe hypersensitivity reactions including, urticarial,
angioedema, bronchoconstriction, anaphlysis and severe skin reactions. Pulmonary disorders,

severe depression, bone marrow suppression etc (WHO, 2013).

Nanoprecipitation method was used to formulate RBV NPs from Eud polymer. Eighteen NPs
were prepared in variation of surfactant concentrations and different organic solvents. The
NPs with good particle parameters such as size, polydispersity index (PDI) and zeta potential

(ZP) were chosen for further characterisation.



1.2 Problem statement

In 2013, WHO estimated that over 150 million people were at risk of developing chronic
hepatitis. Meanwhile Sub-saharan Africa has the leading prevalence of HCV with estimated
5.3% and it progresses to chronicity in about 75% of infected individuals in Africa. The co-
infection of Human Immunodeficiency Virus (HIV) and HCV increases the risk of chronic
liver diseases and Africa has the highest prevalence of HIV as well. The RBV treatment is
related with the occurrence of unfavourable events (Patterson & Fernandez-Larsson, 1990;
Guo et al., 2015). It is thought to result from the lack of phosphates in red blood cells (RBC),
therefore leading into RBV molecules becoming trapped intracellular and accumulate,
reading into a very high intra-RBC concentrations that exceed 1mM (Dong et al., 2013). The
high intracellular RBV concentrations in RBCs competitively consume ATP levels, which
contributes to haemolytic anaemia (Iwasaki et al., 2006). The side effects mostly occur in
patients having decreased cardiovascular and pulmonary functions who are less resistant to
haemolytic anaemia. The high toxicity of this treatment leads to poor patient’s adherence;
therefore it is necessary to improve the RBV treatment for HCV so that it becomes more

effective.

1.3 Aims and objectives

The purpose of this study was to prepare drug loaded RBV/Eud nanoparticles and
characterize their physicochemical properties (size, morphology, encapsulation efficiency and
surface charge) and control release to reduce the overall dosage of RBV in drug delivery.
Oral bioavailability of RBV will be increased in order to improve the treatment for chronic
HCV.

The main objectives of the study are to:

o Prepare the drug loaded RBV/Eud nanocarriers using nanoprecipitation method;



o Characterize the nanocarriers in terms of size, encapsulation efficiency, surface
cha : and morphology using dynamic light scattering (DLS), ultraviolet
spectroscopy (UV), scanning electron microscope (SEM) and fourier transform
infrared spectroscopy (FTIR) X-ray diffractometer (XRD), Thermogravimetric
analysis (TGA) and Differential scanning calorimetry (DSC);

o Study the in vifro drug release of the nanoparticles and encapsulation efficiency (EE);

o Determine in vivo cytotoxicity test using Daphnia magma modelling assay.

1.4 Method of preparation

1.4.1 Preparation of NPs

There are various methods developed for the formation of polymeric NPs since the era of
nanotechnology has arisen (Pillai & Panchagnula, 2001; Reis et al., 2006). In order to
successfully develop NPs with desired properties of choice, the technique of NPs formation
should be considered (Nagavarma er al, 2012). The widely used methods include;
nanoprecipitation, solvent evaporation, salting out, emulsification/solvent diffusion, dialysis
and supercritical fluid technology (Pillai & Panchagnula, 2001). These methods are classified
into two categories according to whether their formation of NPs involves a polymerization
reaction or is achieved directly from a preformed polymer or ionic gelation (Reis et al., 2006;

Nagavarma et al., 2012).

1.4.2 Nanoprecipitation technique

Nanoprecipitation method (Figure 1.3) was chosen for the preparation of NPs in this study.
This technique is also known as solvent displacement method and was modified by Fessi er
al. 1989. It involves only one-step nanoprecipitation based on solvent displacement (Morales-

Cruz et al., 2012a; Nagavarma et al., 2012; Lepeltier et al., 2014).






1.4.3 Selection of polymer

Polymer selection is a very important fundamental task in the formulation of NPs for drug
delivery. The task requires an exhaustive understanding of the surface properties of the
polymer that can yield the wanted functions in drug delivery (Pillai & Panchagnula, 2001).
There are inherent diversity of polymer structures with different characteristics in which NPs
can be prepared from (Nagavarma et al., 2012). The polymer selection is dependent on the

need for wide biochemical characterization (Pill'ai & Panchagnula, 2001).

Polymers are classified into two groups, namely, natural (albumin, chitosan, algenate, etc)
and synthetic (poly lactic acid, poly lactide-co-glycolide, Eud etc) (Pillai & Panchagnula,
2001). Synthetic polymers are found in a broad diversity of makeup and their characteristics
are readily adjustable. Natural polymers bear from batch to batch diversity due to difficulties
in refinement therefore synthetic polymers are often employed in drug delivery (Angelova &
Hunkeler, 1999; Pillai & Panchagnula, 2001).

The physicochemical properties of the polymer such as hydrophilicity, surface charge,
lubricity, surface energy and smoothness regulate the biocompatibility with cells, tissues and
blood (Angelova & Hunkeler, 1999). Moreover they influence the toxicity and physical
properties such as permeability, durability and degradability (Nagavarma B V N, 2012). In
this study Eud (Figure 1.4) was considered the better polymer for preparation of RBV NPs.

Figure 1.4: Molecular structure of Eud



Eudragit polymers are well known in pharmaceuticals and widely used for different NPs as
tl  are biocompatible in nature (Hao et al, 2013). Tl pol, c:rs a classified into
synthetic polymers which are frequently used in oral drug delivery systems. They are further
classified according to their pH dependence (Aguilar et al., 2015). Eudragit L, S and E are
pH-dependent whereas Eudragit RS, RL and NE are pH independent; this is determined by
the organic functional groups on the side chains such as carboxylic acid, alcohol or ether
(Haznedar & Dortung, 2004). They can be used with or without other polymers for targeted
drug release in desired organ within the GIT (Haznedar & Dortung, 2004). Among the family
of the Eudragits, Eud was chosen because it’s an enteric pH-dependent copolymer. It is
soluble above pH 5.5 medium and has been commonly used for the preparation of enteric

solid dosage forms as good coating and skeleton material (Hao et al., 2013).

The polymer has anionic properties and the surface of RBC is also negatively charged. The
90% of the total charge of RBCs is thought to come from the sialic acid on glycoproteins and
glycolipids on the surface. Therefore when developing drugs with anti-hemolysis properties,
the surface properties and uptake pathways of RBC should be considered (Guo ef al., 2015).
This choice of Eud suggests that, there will be repulsion between NPs and RBC, therefore
minimise the high accumulation of RBV in RBC.

1.5 Freeze drying process

Freeze drying is a procedure for the smooth drying of high quality products whereby the
product is dried by sublimation. It is used as preservation technique in food production
industries, e.g. dried fruits, cereals. Another important area of application is the drying of
biotechnological and pharmaceutical products, e.g. tissues and tissue extracts, bacteria,
vaccines, etc. During this process, the biological properties of the sensitive substances are
preserved and the compounds remain unchanged from a qualitative and quantitative point of

view.

Freeze-drying is extract water from a product in the frozen state gently. The drying process

takes place by the direct transition of a product from the solid phase to the gas phase and the

9



process occurs under a vacuum. The vapour pressure curve above ice describes the phase
transition as a function of the pressure and temperature. The higher the temperature is, the
higher the vapour pressure. If the vapour pressure is higher than 6.11 mbar, water passes
through all three phases: solid, liquid, and gas. If the vapour pressure is below 6.11 mbar and
energy is added, the ice will be directly converted into water vapour once the sublimation
curve is reached. If thermal energy is added to pure ice with a temperature of less than —30 °C

at a pressure of 0.37 mbar, it will be converted into water vapour once it reaches -30 °C.

The vacuum prevents the melting of ice when energy is added. If thermal energy is added to a
frozen product under vacuum, thawing of the product will be prevented and the water that is

contained within the product will be released in the form of water vapour.

1.6 Overview of dissertation
This dissertation comprises of five chapters
Chapter 1: Brief introduction of the study including aims and objective.

Chapter 2: Reports on the literature about HCV, nanotechnology and its application in

attempt to improve the HCV treatment.

Chapter 3: Presents the methods for preparation of Eud-RBV NPs and their

characterisation.
Chapter 4: Deals with results and discussion of data analysis of the research study.

Chapter 5: Draws conclusion about the work and findings, including the recommendations

for future work.

10



CHAPTER 2

LITERATURE REVIEW

2.1 Overview of hepatitis

Hepatitis is a term defining the irritation and swelling of the liver (WHO, 2013). It is known
as the leading cause of liver related diseases worldwide (Chakravarti et al., 2013). There are
various causes of hepatitis reported, which include excessive amount of alcohol, toxins and
chemicals that are poisonous to human; autoimmune diseases that cause the immune system
to attack the healthy tissues in the body and viruses (Madigan et al., 2012). Among all these
causes, viral hepatitis is the leading form of hepatitis in the world (WHO, 2013).

Viral hepatitis is caused by the group of infectious viruses that infects the liver cells and
affects hundreds of millions of people worldwide (WHO, 2013). There are six known distinct
hepatitis viruses that have been identified and named as hepatitis A, B, C, D, E and G (WHO,
2013; Madigan et al., 2013). These viruses differ in terms of their effects, duration of
infection, transmission and treatment (Dubuisson & Cosset, 2014a). Furthermore, they
consist of different epidemiological profiles (Chakravarti et al., 2013; Dubuisson & Cosset,
2014b).

The Hepatitis B virus (HBV) and HCV have been reported to be the most prevalent, difficult
to treat and hence leading to chronic hepatitis (WHO, 2013; Madigan et al., 2012). According
to the WHO, it is estimated that about 600 000 and 350 000 people die every year from HBV
and HCV respectively. This is because viral hepatitis is a latent epidemic and most people are
not aware of their infection (WHO, 2013). The Global Burden of Disease reported that HBV
and HCV together caused over 1.4 million cases of deaths in 2010 worldwide, including

those from acute infections, cirrhosis and liver cancer (WHO, 2013).

Hepatitis A virus (HAV) and hepatitis E virus (HEV) also cause millions cases of acute

illness every year, which can last for several months. Hepatitis D virus only causes problems
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in people infected with HBV, since it ce ot survive on its own because it requires a protein
that is produced by HBV to enable it to infect liver cells (Messina et al., 2015). Hepatitis G
virus (HGV) has been discovered recently and found to resemble HCV; the epidemiology of

the virus is undergoing investigations at present and some investigators do not recognize it as
a cause of hepatitis (WHO, 2013).

Transmission routes of viral hepatitis are different. The exposure to infected blood through
blood transfusion and unsterile injection practices serve as a major route for the spread of
HBYV and HCV. Infection from mother to unborn child during pregnancy and delivery serves
as the secondary route for HBV, HCV and HGV (WHO, 2013; Shepard et al., 2013; Madigan
et al., 2012). Consumption of contaminated food and water serves as a potential transmission
route for HAV and HEV.

The cure and vaccination are available for some types of viral hepatitis, including HAV and
HBV. Some acute hepatitis viruses such as HDV, HGV and HEV last for a few weeks and
can be cleared from the body by the immune system or by taking simple over counter
medicines such as paracetamol (WHO, 2013). However, the major challenge is the treatment
and prevention of chronic HCV. This virus consists of four genotypes named 1,23 and 4
which differ in some characteristics such as virulence and stability, therefore it is difficult to

design the best vaccine for HCV (Kumar, 2013)

2.2 Background of HCV

2.2.1 Structural organization of HCV

The morphology of this virus is that; it is 50 nm in diameter, enveloped with proteins (E1 and
E2), single stranded RNA positive sense (Figure 2.1) (Dubuisson & Cosset, 2014b). It is
classified as a separate genus (Hepacivirus) the member of the family, Flaviviridae. Its
genotypes vary in their impact, virological response, epidemiology and the strains belonging

to different genotypes differ at 30-35% of nucleotide sites(Messina et al., 2015).
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Figure 2.1: Morphology of HCV (WHO, 2014)

The reservoir of the virus is human, but it can also infect chimpanzees, resulting in the same

effects as in humans (WHO, 2013; Madigan et al., 2012).

2.2.2 HCV life cycle and replication

The viral attachment to the host cell is mediated by the proteins on the envelope. The proteins
play a significant part in the receptor binding mechanism and the fusion process between the
endosomal host cell membrane and viral envelope (Figure 2.2 stage 1) (Dubuisson & Cosset,
2014a). The nucleocapsid is then released into the cytoplasm of the host cell (Figure 2.2

stage 2) as a result of a merger between cellular and viral membranes (Pawlotsky et al.,
2007).
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Table 2.1: Approved drugs in use for the treatment of HCV

Class Target of action Drug Adult dosage (mg)
Nucleoside Stop RNA synthesis | Ribavirin 800-1200 daily
analogue and mRNA
Protease inhibitors | Stop viral replication | Telaprevir 800
Boceprevir
Pariitaprevir
—ﬁalymerase | Blocks RNA | Sovaldi(sofosbuvir) | 400 daily
inhibitor polymerase Ledipasvir
NS5A(5)
Interferons Stop RNA capping Pegasys 180 mg weekly
Peglum

Every stage of the HCV life cycle presents a diversity of potential targets for different
antiviral drug (Pawlotsky e al., 2007). The nucleoside analogue drugs stop the generation of
negative strand RNA template, (Figure 2.2 stage 8). Polymerase inhibitors prevent the

assembly of mature RNA from forming a virion, stage 10.

2.3 Nanotechnology and its applications in drug delivery

The development and application of nanotechnology in drug delivery has gained attention in
recent years. In pharmaceuticals, this technology is aimed at formulating agents into
biocompatible nanocarriers to improve their clinical effects (Jain, 2012). The exploitation and
use of nanotechnology in presently discovered drugs may modify their clinical therapeutic
effects, and mini * : the need for discovery and development of 1 v drugs with better

properties (Jain, 2012).
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The developed nanocarriers are used as drug carrier platforms for targeted, repeated drug
applications, resulting in long lasting therapeutic effects (Jain, 2012). The are various types
of nanocarriers currently used in drug delivery systems, including gold NPs, lipoparticles,
micelles, polymeric NPs, dendrimers, nanofibers, nanoconjugates, liposomes, solid lipid NPs,
etc. (Logothetidis, 2012; Gao et al., 2014).

The preparation and loading of therapeutic agents into NPs has proved the following

successful achievements (Lembo & Cavalli, 2010b):

o The enhancement of the solubility and absorption of hydrophobic drugs;

o Delivery of drugs into target areas in the body;

o The increase in cellular uptake of drugs through compact epithelial and endothelial
obstructions;

o Efficient delivery of large molecular drugs such as peptides, nucleic acids and
proteins to intracellular sites and

o Delivery of more than two drugs using the same carrier; and follow the same drug

delivery route in the body (Lembo & Cavalli, 2010b).

The most commonly used nanocarriers are polymeric nanoparticles (Kumari et al., 2010).
These particles are prepared from polymers that act as vehicles for sustained delivery of
different therapeutic agents including both high molecular and low molecular weight
compounds to target cells and organs (Panyam & Labhasetwar, 2003). There are various
types of PNPs, including nanocapsules and nanospheres (Figure 2.3). The immediate
proximity of oil in the nanocapsules results into a vesicular structure while its absence in
nanospheres provides a matrix organization of the polymeric chains. Considering the
encapsulation mechanisms, the drug can be entrapped, dispersed, dissolved within or
adsorbed on the nanoparticles (Figure 2.3) (Guterres et al., 2007).They are all nanometer-

sized which promotes effective permeation through cell membranes and stability in the blood

stream (Nagavarma et al., 2012).
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Figure 2.3: Difference between nanocapsule and nanosphere (Nagavarma B V N, 2012)

There are various types of delivery systems employed in nanotechnology. Smart drug
delivery systems (SDDSs) are also called stimuli-sensitive delivery systems. These are
polymers that are environmentally sensitive. They demonstrate sharp changes in behaviour
with reaction to an environmental stimuli such as temperature, pH, salts, solvents, electrical
field, and biochemical or chemical agents (Kopeéek, 2003). SDDSs are founded on the
release-on-demand scheme that allows a drug carrier to release a therapeutic drug. This
liberation occurs only when it is required in reaction to a specific stimulation (Kopecek,
2013). These systems occur when the polymer configuration in solution is determined by
both the polymer—polymer and polymer-solvent interactions (Gao ef al., 2014). In an
effective solvent, polymer—solvent interactions prevail and the polymer chains are at ease due
to minimal inter-segmental reciprocal actions. Whereas in a poor solvent, the polymer will
conglomerate due to a unfree chain movement because of increased interactions in polymer—

polymer (Kumari et al., 2010).

The other systems in use include the liposomes. These are oily organic macromolecules with
homocentric vesicles in which an aqueous volume is entirely enclosed in a lipid bilayer
comprised mainly of phospholipids and cholesterol (Lembo & Cavalli, 2010a). Gregoriadis
proposed that liposomes are the first vesicular carriers used in drug delivery systems
(Guterres et al, 2007). This system has been employed in the treatment of hepatitis.
Recently, several notable cationic liposomal anti-HBV siRNA delivery systems have
demonstrated potential for the treatment of HBV infections through the incorporation of

specific functional moieties (Li et al., 2010). The liposomes can differ in size, from 20- 30
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nm in diameter up to micrometres, depending on their chemical makeup and the technique
used for preparation (Lembo & Cavalli, 2010a). They can be grouped as either small or large
unilamellar vesicles depending on their structures. Their permeability plays a significant role
in the encapsulation of both hydrophilic and lipophilic drugs within the lipid bilayer of the
liposome (Lembo & Cavalli, 2010a; Eloy et al., 2014). The lipid bilayer in the liquid

crystalline phase is more permeable to the encapsulated drug than the gel state (Eloy et al.,
2014).

The widely employed systems are NPs. ..ey encapsulate the drug into a polymer membrane
and protect it from the undesired conditions within the gastrointestinal tract (GIT). NPs are
formulated with biocompatible materials and they have good potential in delivering drugs in
a more particular fashion. They deliver the drug either passively by improving the
physicochemical properties of the drug carriers such as surface properties and size, or
actively by employing tissue/cell particular orienting ligands which permit the targeting of
the disease site, while reducing side-effects. NPs delivery systems offer the following several
advantages over conventional therapy: (Kumar, 2013; Giannitrapani et al, 2014b;

Giannitrapani ef al., 2014a):

o Protection of the drug, such as nucleic acid, against deactivation until it get through
the target site of action;

o The practicability of encapsulation of both hydrophilic and hydrophobic drugs;

o Developing of pharmacological strength such as increased bioavailability of the
agent;

o The reduction of drug concentration fluctuations in the blood hence lower risk of
ineffective or toxic concentration;

o Sustained drug release, and,

o Active targeting due to the hypothesis of achieving a good attraction of the

nanoparticle system for particular tissues.

The stereotypical NPs are easily opsonized by plasma proteins after systemic administration
and recognized as foreign bodies. NPs are then captured by the reticuloendothelial system

(RES). The liver and the spleen are the major organs of accumulation of NPs due to their rich
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blood supply and the abundance of tissue-resident phagocytic cells, therefore liver targeting

by NPs may be favourable for treating liver diseases (Moghimi et al., 2001).

The physicochemical properties of both drug and polymer play a significant role in
determining their interactions. Polymer and drug compatibility is known as one of the key
factors in determining the effectiveness of polymeric delivery systems (Liu et al., 2004). Size
of the NPs determines their absorption and performance into the blood stream. These
particles have, in general relatively, higher intracellular uptake compared to microparticles
(Panyam & Labhasetwar, 2012). The uptake and distribution of NPs depend on their size
(Giannitrapani et al., 2014b). NPs with a mean diameter > 400 nm are quickly captured by
the RES and NPs with a diameter < 200 nm show prolonged blood circulation and a
relatively low rate of RES uptake. On the other hand, to reduce opsonisation by blood
proteins and to prolong bloodstream circulation by limiting RES uptake and reducing
immunogenicity/ antigenicity, biologically inert hydrophilic polymers, such as poly(ethylene
glycol) (PEG), have been covalently linked to the nanocarrier surface (Owens lii & Peppas,
2006).

In general, even the new discovered conventional chemotherapeutics for treating cancer

diseases still suffer the following limitations in clinical use (Couvreur & Vauthier, 2006):

o Drug resistance at the tumour level because of physiological barriers (noncellular-

based mechanisms);
o Drug resistance at the cellular level (cellular mechanisms);

o Distribution, biotransformation and clearance of anticancer drugs in the body.
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Table 2.2: Nanomedicine based therapeutics in clinical use and under invest:~~tions (Sun et

al.,2014)
Trade Formulation Drug Application Fhase
name of
Develo
pment
' Abraxane | Albumin-bound | Paclitaxel Metastatic breast cancer Approv
ed
Caelyx PEGylated Doxorubicin | Metastatic breast cancer and | Approv
liposome ovarian  cancer, Kaposi | ed
sarcorma
DaunoXo | Liposome Daunorubicin | Kaposi sarcoma Approv
me ed
Depocyt Liposome cytarabine Lymphoma Approv
ed
Doxil i Liposome Doxorubicin | Kaposi sarcoma Approv
ed
Genexol- | Polymeric paclitaxel Breast cancer Approv
PM micellar ed
Marqioo Liposome Vincristine Lymphoblastic leukemia Approv
sulphate ed
Zinostatin | Poly(styrene-co- | Neocarzinost | Hepatocellular carcinorma Approv
stimalame | maleic  acid)- | atin ed
r conjugated
neocarzinostatin
Genexol- | Methoxy PEG- | paclitaxel Ovarian and lung cancer Phase
Polymeric | PLA I
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Micelles
CRLX101 Cylo&xm;— Lamprotnect ‘Ovarian ana rectal cancer phasel/]
PEG micelle n 11

CYT-6091 | Gold Tumor Pencratic cancer, melanoma, | Phase
necrosis soft-tissue sarcoma, ovarian, | I/1I1
factor alpha | and breast cancer

TKM- Lipid SiRNA Liver cancer Pnase 1

080301

Docetaxel- | Polymeric docetaxel Advanced solid malignancies | Phase I

PNP

DEP- | wendrimer docetaxel Breast, prostate, lung and | Phase I

Docetaxel ovarian cancer

Encapsulating drug molecules inside NPs allows for controlled drug release. This offers
various advantages over the conventional dosing forms based on free drug (Sun ef al., 2014).
The release characteristics of polymeric NPs are one of the most important features in
polymer-drug NPs because of the proposed application in sustained drug delivery systems.
There are many factors that affect the release rate of the encapsulated drug (Hans & Lowman,
2002).

There are various drug release mechanisms that have been developed to achieve temporal
distribution of drug controlled release using polymers (Uhrich et al., 1999). The purpose of
controlled release systems is to maintain an adequate drug concentration in the blood for
delivery into target cells or tissues at a desired value as long as possible (Raval et al., 2010).
The controlled drug release mechanisms can be classified based on release of drug from
nanocarriers. These mechanisms involve diffusion, degradation, swelling followed by
diffusion and active efflux (Figure 2.4). All these mechanisms employ physical
transformation of constituents involved in the system when they are put into a biological

environment (Raval et al., 2010).
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be employed for parenteral administration, for example PEG is hydrophilic block of wide
variety of nanocarriers developed. Moreover for oral applications in which the polymer

passes through the gastrointestinal tract (Uhrich et al., 1999).

2.4 Nanomedicine in the treatment of HCV

2.4.1 Pegylation of interferon alpha 2a

Interferon alpha 2a is the current treatment for HCV and is one of the protein drugs
susceptible to enzyme degradation and rapid clearance. Therefore, in order to be effective, it
needs to be administered frequently to provide consistent serum concentrations within the
therapeutic range. Then the interferon alpha was modified by pegylation. This refers to the
covalent attachment of PEG to proteins (Abuchowski et al., 1977).

Pegylated interferons are related with increased half-life that contributes to greater biological
activity, decreased clearance and lesser antigenicity (Berak et al., 2014). There are two forms
of pegylated interferon approved by FDA: peginterferon alfa-2a and peginterferon alfa-2b;
both are administered in combination with RBV. They differ in their size, binding and
structure of PEG. Peginterferon alfa-2a has a 40 kD PEG molecule that is covalently bound to
the protein via lysine. Peginterferon alfa-2b has a 12 kD PEG molecule that is bound by an
ester linkage to histidine (Berak et al., 2014). Pegylation is recognized as a promising method
for increasing therapeutic efficacy of medicines in clinical settings (Roberts et al., 2002). The
group explained the main advantages of pegylation, as an increase in the size of molecule,
resulting in reduced filtration by kidneys, an increase in solubility and protection from
enzymatic digestion and recognition by antibodies. A variety of molecules, such as small
molecules, peptides, proteins, enzymes, antibodies and their fragments, and nanoconjugates
have been modified with PEG (Abuchowski et al ., 1977 & Roberts et al., 2002 ).
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2.4.2 Carbon nanotube -based loaded with RBV

Zhu et al 2015 formulated a functionalized single welled carbon nanotubes (SWCNTs)
loaded with RBV to develop the treatment for viral diseases in fish especially a grass carp
reovirus. The diameter and length distribution of well-dispersed preparations of SWCNTs
were measured by FE-SEM. The length and diameter of individual SWCNT were 0-1000 nm
and 0.8-1.6 nm (inner diameter), respectively. The percentage content of RBV, BSA and
SWCNTSs were 20.4%, 41.9%, and 37.7% in RBV-SWCNTs, respectively. The in vivo results
showed increasing RBV intake was observed by SWCNTs carrier and therapeutic dosage to
kill grass carp reovirus was significantly reduced. At 12 days post infection, survival rate and
infection rate were 29.7% and 50.4% for naked RBV treatment group exposed to the highest
concentration (20 mg/L); however, survival rate of 96.6% and infection rate of 9.4% were
observed in 5 mg/L ribavirin-SWCNTs treatment group. In addition, the drug detention time
in different organs and tissues (blood, gill, liver, muscle, kidney and intestine) was also
significantly extended (about 72 h) compared with the same dosage in naked RBV treatment
group (Zhu et al., 2015).

2.4.3 Haemoglobin-RBYV conjugates for targeted drug delivery

Brookes et al. 2006 developed a novel drug targeting strategy using haemoglobin (Hb) as a
natural carrier to target the delivery of RBV to the liver by taking advantage of the natural Hb
clearance pathways. Hb is the most abundant blood protein consisting of alpha and beta
chains. The main function of Hb is to bind oxygen in the lungs for delivery to respiring
tissues in the body and returns carbon dioxide from tissues back to the lungs. The conjugate
complex haptoglobin, Hp-Hb-RBV, was selectively taken up in vitro by cells that express the
Hb-Hp receptor. The recovered ribavirin enzymatically cleaved from Hb-RBV showed
equipotent anti-proliferative activity compared to the controlled unconjugated RBV against
human liver cell lines. Tt  anticipated that as a protein-drug conjugate Hb-RBV, would be
administe  intravenously. Furthermore, Hb-RBV may serve as a more potent source of
RBYV that is particularly suited to acute stages of viral infection or the prevention of HCV
recurrence following liver transplant when free RBV cannot be used due to the unacceptably

high toxicity (Brookes et al., 2006).
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2.4.4 Liver-targeting nanoparticles from the amphiphilic random copolymer

Liver-targeting drug-conjugate nanoparticles were prepared via self-assembly of the lactose-
functionalized amphiphilic random copolymer (Li et al, 2008). The functional drug
containing amphiphilic random copolymer was prepared using the two-way step chemo
enzymatic synthetic route. Particle morphology was spherical with a diameter of 174 + 27
nm. /n vitro drug release was studied by dialysis experiments. The concentration of ribavirin
released from the copolymer in different media was determined by UV-vis spectroscopy at
207 nm and results showed that raw RBV was quickly released and the cumulative released
amount was up to 100% after two hours. Comparatively, RBV was slowly released from
drug-conjugate with pseudo zero order kinetics in two different media. The cumulative
release was 63 and 38% after seven days (Li et al, 2008). The lower critical aggregation
concentration value of 0.1 mg/L of the nanoparticles allowed their use in very dilute aqueous
media such as body fluids. Moreover, the nanoparticles had effective growth inhibitory

activity in hepG2 human hepatoma cells.

2.4.5 Niosomes containing RBYV for liver targeting

The study of Hashim et al. 2010 formulated and evaluated RBV encapsulated niosomes for
their in vitro and in vivo characteristics in an attempt to provide a maximum concentration of
RBYV in the liver by niosomal encapsulation of the drug (Hashim et al., 2010). RBV niosomes
were prepared by the thin film hydration method. Their work was aimed at improving the
efficacy of low doses of the drug and minimizing the risk of haemolytic anaemia associated
with higher doses of the drug. The average particle size showed a narrow size distribution
ranging from 0.85-1.01 um. The calculated PDI of all niosomal NPs ranged from 0.171-
0.280. The formulated niosomes appeared as large unilamellar vesicles with spherical shape.
Their results showed that the mean RBV concentration in the liver after 4 hours of
administration of a single dose for niosomal RBV dispersion was much higher than that
obtained from free RBV solution by approximately 6-fold (Hashim et al., 2010). The PDI
obtained ranged from 0.171-0.288 and EE ranged from 4.89-4.40%.
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2.4.6 RBV loaded poly(lactide-co-glycolide) nanoparticles

Kumar developed and characterized the RBV loaded poly (lactide-co-glycolide)
nanoparticles by double emulsification method to improve the oral delivery of RBV. The
morphology of particles was spherical with diameter ranging from 340.0-490.9 nm with high
PDI ranging from 0.45-0.94. The zeta potential showed unstable particles with values from -
6.51 to -13.30 mV in all five NPs. In his study, the highest drug loading was found to be
about 12.19% with an encapsulation efficiency of about 88%. Samples were kept for variable
specific periods of time up to 75 days. RBV was released in a sustained manner over a longer

period of time of 75 days and around 78% of the drug was released (Kumar, 2013).

2.4.7 RBV-Boronic acid loaded nanoparticles

Abo-zeid et al. 2013 wused phenylboronic acid (PBA) and 4-butoxy-3,5-
dimethylphenylboronic acid (BPBA) to modify RBV, they used poly (glycerol-adipate)
[PGA] polymer to prepare the nanoparticles (RBV-PGA, RBV-PBA20%-C3sPGA, RBV-
PBA20%-CsPGA, RBV-BPBA20%C;sPGA, RBV-BPBA40%-CsPGA and RBV-BPBA20%-
CsPGA) by nano-precipitation method. The particle size ranged from 85-269 nm in diameter
for different RBV NPs. The results from 'H-NMR analysis showed the purity of RBV
boronic ester pro-drugs and % yield of RBV-PBA and RBV-BPBA was 77% and 69%
respectively. RBV-BPBA-20%CsPGA nanoparticles showed an enormous increase of RBV
loading% around 1700 times of RBV-PGA (Abo-Zeid et al., 2013).
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This chapter give detailed experimental review of NPs preparation and characterisation

3.1 Materials

“HAPTER 3

METHODOLOGY

Chemicals Supplier
Ribavirin Leapchem (China)
Eudragit L100 Evonik industries (Germany)

Poloxamer 407

Sigma (Jonannesburg)

Poly Vinyl Alcohol (PVA)

Sigma (Johannesburg)

Potassium chloride

Sigma (Johannesburg)

Sodium hydrogen phosphate Sigma (Johannesburg)
Potassium hydrogen sulphate | Sigma (Johannesburg)
Sodium hydroxide Sigma (Johannesburg)

| Soarum chloniae Sigma (Johannesburg)
Acetone Merck (Johannesburg)
Ethyl acetate Classworld (Johannesburg)

Hydrochloric acid

Classworld (Johannesburg)
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3.2 Development of calibration curve

3.2.1 Preparation of RBYV solution using distilled water

Stock solution of 1000 ppm was prepared by dissolving 0.1 g RBV in distilled water to make
1000 mL solution. The eight aliquots of different concentrations from 0 ppm to 35 ppm were

prepared from the stock solution.

3.3 Preparation of Phosphate Buffer Saline (PBS)

The following were dissolved in 800 mL of distilled water: 8 g sodium chloride (NaCl), 0.20
g potassium chloride (KCl), 1.44 g sodium hydrogen phosphate (Na,HPQ4), 0.24 g Potassium
hydrogen phosphate (KH,PQ,). NaOH (0.2M) was used to adjust the pH to 7.40. The

volume was then filled to 1000 mL with distilled water.

3.4 Preparation of Simulated Gastric Fluid (SGF)

Weighed 2 g of NaCl, 3.2 g of pepsin and added 7 mL HCI to dissolve the salts. The solution
was then added into 1000 mL volumetric flask containing about 800 mL of distilled water

then filled to the mark with distilled water and adjusted the pH to 1.2 (Marques et al 2011)

3.5 Preparation of Simulated Intestinal Fluid (SIF)

Weighed 6.8 g of monobasic KPO, into 500 mL beaker and dissolved it with 250 mL of
distilled water. Added 77 mL of 0.2 M NaOH and transferred the solution into 1000 mL
volumetric flask. About 1 g of pancreatine was added into the solution and adjusted the pH to

4.6 and filled the flask to the mark with distilled water (Marques et al 2011)
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3.6 Determination of absorbance maxima of RBV

RBV was first dissolved in distilled water and scanning was done in the range of 200-400 nm

using (Spectroquant Prove 300, Germany) UV vis to determine the absorption maxima of the

drug.

3.7 Preparation of NPs

NPs were prepared from nanoprecipitation technique using three organic solvents namely,
acetone, ethyl acetate (EA) and ethanol (EtOH) to dissolve the polymer. RBV of 50 mg and
100 mg Eud were dissolved in 20 mL beaker containing 10 mL organic solvent under stirring.
The organic mixture was transferred drop wise using a syringe equipped with a needle into
20 mL of distilled water containing surfactant with different concentrations (0.25, 0.5 ,0.75,
1.0, 1.5% PVA or POLO under high stirring speed of 6 000rpm using (Onmi PDH, US)
homogenizer for 10 minutes. The solutions were left to stir for 12 h under fume hood using
(IKA RT10 Power 10-position magnetic hot plate, Germany) to evaporate the organic
solvent. The suspended NPs were centrifuged three times in 15 minutes cycles at the speed of
13 500 rpm using (Hermle Z 326 K, Germany) and washed with distilled water to remove the
excess surfactant. NPs were collected and frozen in ultralow freezer at -80 °C for 24 h. The
suspended NPs were freeze dried for 30 h at -50 °C using (Christ Alpha plus 1-4, Germany)

freeze dryer. Figure 3.1 represents nanoprecipitation technique employed.
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3.8 Evaluation and characterization of Eud-RBV NPs

3.8.1 Particle size, PDI and zeta potential

The freeze dried NPs were suspended in distilled water and transferred into clear cell and
analysed by (Malvern Zetasizer nano ZS, UK) installed with DTS software. For average
particle size measurement, the instrument applied dynamic light scattering (DLS) principle. It
uses the intensity, volume, and number distribution in calculating average size and PDI. The
software collects and interprets data for the particle size and zeta potential. Then mean
particle diameter, and PDI were measured. The ZP was also measured from the same
instrument by observing the oscillations in signal that result from light scattered by particles
located in an electric field. All the parameters were measured three times at 25 °C and three
repetitions were done. The two optimised NPs were labelled Eud-RBV(PVA) and Eud-
RBV(POLO) NPs, and were chosen for further characterisation.

3.8.2 Morphology study of Eud-RBV(PVA) NPs and Eud-RBV(POLO) NPs

The two optimised Eud-RBV NPs were taken for morphological study through scanning
electron microscope (FEI Quanta 250 FEG SEM, UK) operating at 10 kV. Samples were
mounted on 12 mm aluminium specimen stubs with double sided carbon tape, coated with

gold palladium and examined.

3.8.3 Drug-excipients interaction determination by FTIR

RBV, PVA, POLO, Eud, Eud-RBV(PVA) and Eud-RBV(POLO), were all scanned and
recorded using (Varian 300 FTIR, US). The solid samples we placed on sample holder and
analysed over a wavelength of 4000-400 cm™’ using FTIR in:  ment.
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3.8.4 Crystallinity study of Eud-RBV NPs through XRD

The nanoparticle crystal structure was analysed by x-ray power diffraction. The sample was
placed in cold nitrogen at a temperature of 25 °C and centred in the beam of the X-ray. The
evaluation of the crystal and collection of data were conducted using (Bruker APEXII CCD
DUO diffractometer, Japan) which uses MoKa (k = 0.71073 A°) radiation.

3.8.5 Encapsulation Efficiency determination

The amount of drug encapsulated within the polymer in NPs was determined by UV-vis
spectrophotometry. The prepared samples were centrifuged three times at 13500 rpm for 15
min per cycle. The supernatant from the first cycle was taken and measured the absorbance

sing (Spectroquant Prove 300, Germany) UV-vis. The determined wavelength of RBV was
206 nm.

The encapsulation efficiency (EE) of the drug was calculated by the equation

EE = initial drug amount—drug in the —~—=-=natant % 10004

initial drug amount

3.8.6 In vitro drug release analysis

Accurately weighed 4 mg of each product (Eud-RBV(PVA), RBV and Eud-RBV(POLO)) in
3 triplicates and suspended in 4 mL of different buffer solutions i.e. PBS at pH 7.4, SIF at pH
4.6 and SGF at pH 1.2 separately in 5 mL Eppendorf tubes. The samples were then left in
shaking water bath at 37 °C with constant shaking of 50 rpm. The 2 ml of samples were then
taken out at a definite time interval from 0-6 h and replaced with a fresh medium. The sample
taken was “uted to 10 ml with distilled water and monitored by using UV-vis
spectrophotometer at wavelength 206 nm and this procedure was repeated two times. The
measured absorbance was used to determine the corresponding concentration from the

calibration curve.
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3.8.7 Thermal analysis of Eud-RBV NPs

Thermogravimetric analysis and differential scanning calorimetry were performed using
(TGA/DSC Spin Mettler, Germany). Samples pure RBV, Eud, Eud-RBV(PVA) and Eud-
RBV(POLO) were weighted at different weights from 3.5-10.75 mg into aluminium pans.
The nitrogen gas was used at the flow rate of 30 mL/min and the analysis done at a
temperature range from 25 to 300 °C at heat rate of 10 °C /min. NPs were subjected to
thermogravimetric analysis to investigate their thermal stability against the pure polymer and

to assess their residual moisture content.

3.8.8 In vivo cytotoxicity study of Eud-RBV NPs

Preliminary in vivo toxicity testing was completed using Daphnia magna, a standard
international species. Stock cultures were kept in 2.5 L tanks in Daphnia media which were
replaced three times per week and kept at a temperature of 20 °C. Daphnia adults were fed on
5 mL of Raphidocelis subcapitata (microalgae) after each water change which occurred three
time per week. Prior to the toxicity test adults were transferred to clean medium and neonates
less than 24 hours old were collected for testing. All four constituents were tested, however
for RBV and Eud only range finding (1 mg/L and 10 mg/L) concentrations were tested
(Botha 2016). The in vivo study was done once.

The Eud-RBV(PVA) NPs and Eud-RBV(POLO) NPs had a full range tested. The acute
immobilization test (OECD 202) was used for toxicity testing. Twenty-one neonates were
used per concentration; tests were carried out in triplicate with each of the three S0mL
beakers per concentration containing seven organisms. A 16 h light and 8 h dark cycle was
applied for the duration of the test and the temperature was maintained at 20 £+ ~"C using a
temperature controlled environmental room. At 24 h intervals the number of immobilized
Daphnia, that is, any animal that was immobilized for more than 15 seconds, was counted.
Any abnormal behaviour was also noted. The test was concluded after 48 h and analysis was
performed using ToxRat solutions GmbH which is able to calculate and LC value using

probit analysis.
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The regression coefficient was 0.9855 and indicated a good lii rity. Three trials were
conducted in scanning of the drug in order to obtain the reproducible results. The measured

absorbance was too close in all three trials. This gives a good average absorbance.
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Figure 4.2: Calibration curve of RBV in PBS.

Calibration curve showed a minor deviation that indicated favourable accuracy of the adopted
analytical methods. In the developed calibration curve, the value of R? was obtained and
indicated the accuracy of estimation regarding the drug content, EE and in viiro drug release

in this research work (Zhang et al., 2002).

4.2 Average particle size analysis of Eud-RBV NPs

Nanoparticle size is a very useful parameter in nanotechnology and drug delivery systems.
The NPs uptake and distribution within the human body depend on the size (Giannitrapani e?
al., 2014b). The smaller NPs with diameter < 250 nm show quick absorption into
bloodstream and are usually not taken into RES. The bigger NPs with a mean diameter > 400
nm are quickly captured by the RES and quickly cleared from the body by microphages. The
literature suggests that, the smaller NPs ranging from 20-200 nm can be used for intravenous

administration (Alexis ez al., 2008).
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and lastly acetone with the high solvent-water value gave the larger size of 489.2-1577.0 nm.
The observed trend was similar in NPs formed when POLO was used as a surfactant. This

approach suggests that the higher the solvent-water affinity the smaller the NPs formed.

The obtained results showed the average particle size ranging from 200-250 nm in all NPs
when EA was used as an organic solvent. Therefore these results promise a good absorption
and distribution in blood from oral administration as suggested by Alexis et al 2008.
Moreover these results have met the minimum requirements for oral delivery as compared to
the work done by (Hashim et al., 2010; Kumar, 2013). NPs prepared using EA are further
analysed and discussed in this work because their size is ideal for oral administration. It is
thought that these NPs will have a low uptake into RES (Redhead ef al., 2001). The NPs
formed from EtOH showed size ranging from 24.47-88.12 nm, therefore they were not

further characterized since their size is ideal for intravenous but not oral administration.

4.2.1 Effect of surfactant on NPs size analysis

Surfactants are used to stabilise the NPs in aqueous solution in order to prevent aggregation
or precipitation of water insoluble polymer (Akagi et al., 2012). In this study there was a
clear trend observed in size of NPs prepared from PVA and POLO, when EA was used. NPs
prepared using PVA as surfactant tend to increase in average size (Figure 4.4) with the
increase in PVA concentration; this trend was observed in all NPs prepared from three
organic solvents. In general, this is because of the supersaturation effect of PVA and when

organic solvent diffuses, it leads into larger size (Overhoff et al., 2008).
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4.6 show the percentage intensity against average size, as this determined the PDI. The NPs

of 7'OH show a PDI range of 0.045-0.427. All these results indicate the monodisperse

system.
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Figure 4.5: Intensity versus average size of all NPs prepared from PVA and EA
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Figure 4.6: Intensity versus average size of all NPs prepared from POLO and EA

There was no observed trend in differences of PDI values of NPs in both surfactants. In

general the PDI values of ethyl acetate NPs were lower than those of ethanol, in both

surfactants.

4.4. Effect of surfactant on Zeta Potential of NPs

Zeta potential (ZP) is a measure of the charge on the surface of the particle, as such the larger

the absolute value of ZP, the greater the amount of charge (Hans & Lowman, 2002). ZP was
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determined by Zetasizer ZS (Malvern instrument, UK). The dispersant used was water with a

‘'ven “'spersant dielectric constant and operating temp  ture was 25 °C. ZP values above
30 mV (positive or negative) lead to more stable NPs, because the repulsion between the
particles is high and prevent the aggregation (Kharia et al., 2012). From the obtained results,
ZP values were higher in NPs of EA (Table 4.1), ranging from -24.0 to -57.0 mV. The NPs
prepared from of PVA and EA measured ZP values greater than -50 mV, this indicates that
the NPs were very stable in suspended condition and this reduces aggregation. This higher
stability indicates that the suspended NPs can be stored in liquid medium (Abdelwahed ef al.,
2006). Whereas NPs prepared from POLO measured the ZP of -24.0 to -38.0 mV, those NPs
with ZP values less than -30 mV were not stable enough. The samples were then left
lyophilized so that they can last longer without changing their properties and be used for
further stability studies such as TGA and DSC.

Table 4.1: Variation of ZP in NPs prepared using EA

NPs prepared | ZP NPs prepared using | ZP
using PVA POLO surfactant
surfactant

0.25% PVA -54.4 0.25% POLO -38.3
0.50% PVA -53.3 0.50% POLO -29.3
0.75% PVA -57.0 0.75% POL -25.4
1.0% PVA -353 1.0% POLO -24.0

The data obtained from EtOH as solvent show a lower ZP values (Table 4.2) as compared to
their EA counterparts. In this case, all the PVA NPs measured ZP greater than -22 mV,
suggests the medium stability. The POLO NPs were all less than -20 mV, th  fore from the
data, it is evident that all the POLO in EtOH NPs were unstable in a suspended condition.
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Table 4.2: Variation of ZP values of NPs prepared using EtOH

NPs prepared | ZP NPs prepared using | ZP
using PVA POLO surfactant
surfactant
0.25% PVA -35.7 0.25% POLO -18.5
0.50% PVA -22.3 0.50% POLO -14.2
0.75% PVA -31.7 v./5% POLO -6.88
1.0% PVA -22.6 1.0% POLO -5.47
|

The literature suggests that, it is because polymers such as Eud impart a negative charge to
the surface, whereas non-ionic surfactant such as POLO turns to reduce the absolute value of
the ZP (Kumar, 2013).This suggests that the particles should not be stored in a liquid
suspension form but rather they should be stored in a lyophilized state (Abdelwahed et al.,
2006). Immediately before the administration, they should be reconstituted, as such type of
NPs stored in colloidal stage have more stability problem than those stored in the dry form
(Abdelwahed et al., 2006).
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4.5 Selection of optimised NPs

In the development of agents with anti-haemolysis effects, the surface properties and uptake
pathways of erythrocytes/red blood cells (RBC) should be taken into consideration (Guo et
al., 2015). The surface of erythrocytes is negatively charged and 90 % of the net charge
comes from sialic acid on the glycoprotein and glycolipids on the RBC surface (Guo ef al.,
2015). Positively charged particles and molecules have been shown to interact with the
interior of the bilayer, result into binding and penetration (Verma & Stellacci, 2010).

Therefore, a negative charge on the particle surface might reduce the association with RBC.

The selection of optimised NPs was based on the results obtained from zetasizer such as size,
PDI and ZP. These three. physicochemical properties determine the performance of the NPs
(He, 2010). The two chosen NPs have the average particle size between 200-250 nm, with
low PDI of 0.012-0.149.and high ZP of over -29.0 mv. These NPs were both prepared from
EA and 0.50% PVA or 0.50% POLO (Table 4.1). Therefore the further characterisation will
be done on these NPs, whereby 0.50% PVA will be named ‘Eud-RBV(PVA) NPs and 0.50%
POLO will be ‘Eud-RBV(POLO) NPs.

4.5.1 FTIR analysis

FTIR was used to determine the drug excipients interaction within the formulated NPs. The
FTIR of the pure RBV, Eud and Eud-RBV NPs were recorded and compared. The spectrum
of Eud (Figure 4.7) was characterized by one band at 1705 cm’ that is assigned to the C=0
vibration of the carboxylic acid group and OH stretch at 3000 cm’ (Kumar, 2013). For bands
at 1480 and 1447 cm™ which can be assigned to CH, and CHj; bending corresponding a minor

variation in the ratio of the copolymer
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The Eud is an enteric pH-dependent copolymer and is soluble above pH 5.5 medium, so all
the buffers prepared were pH controlled. The other parameter may be due to the

hydrophilicity of RBV, therefore once release it dissolves quicker.

4.5.6 Thermal analysis

Thermal analysis is commonly used in the drug delivery field to obtain information about
drug-polymer interactions and formulation effects on these interactions (Silva-Junior et al.,
2008; Gaisford & Buckton, 2001). The thermal properties of RBV, Eud and two of drug-
loaded polymeric nanoparticles (Eud-RBV(PVA) NPS and Eud-RBV(POLO) NPs) were
determined using TGA and DSC. From Table 4.3, it is observed that the pure drug is not
thermal stable on its own but with the encapsulation of the polymer with the drug, it shows

more stable nanoparticles with less percentage weight loss after 30 minutes.

Table 4.3: TGA results for RBV, Eud, Eud-RBV(PVA) NPs and Eud-RBV(POLO) NPs

Sample Initial weight(mg) | Weight loss (mg) % weight loss
Eud-RBV(PVA) 3.100 0.7091 22.8748

NPs

Eud-RBV(POLO) | 4.500 0.8065 17.9218

NPs

RBV 10.75 5.7793 53.7605

Eud 10.12 0.9831 9.7144

The results also confirmed the trend observed from the Zeta potential results. The NPs
showed a lower th 1l stability as compared to the pure polymer. ...e results also agreed
with the work done by (Fitzgerald & Corrigan, 1996), Venier-Juleinne & Benoit, 1996 & Mu
& Feng, 2002).
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since the OECD tests guideline allows even the control to have a 10% mortality there was no
toxicity observed. The Eud however showed 14.3% mortality at 1 mg/L and 28.6% mortality
at 10 mg/L, a full range of testing needs to occur to determine an LC50 (Botha, 2016).

The Eud-RBV(PVA) NPs showed no toxicity after a period of 48h, while the Eud-
RBV(POLO) NPs showed a lethal concentration where 10% of the organisms would be
affected (LCjo) of 23.07 mg/L within 24 h of exposure. Concentration effect curves
(Figure14.16 and 14.7) show the concentration curve used for probit analysis. Changes in
swimming and for aging behaviour was seen during exposures where nanomaterials formed

mechanical interference.

Table 4.4: The results of the probit analysis showing LCx values for Eud-RBV(PVA)NPs
and Eud-RBV(POLO)NPs.

Eud-RBV(PVA) NPs

Toxicity Metric  LCyo LCy LCso

Value [mg/L] n.d. n.d. n.d.

lower 95%-cl n.d. n.d. n.d.

upper 95%-cl n.d. n.d. n.d.
Eud-RBV(POLO) NPs

Toxicity Metric  LCyg LCy LUsg o

Value [mg/L] 23.07 n.d. n.d.

lower 95%-cl n.d. n.d. n.d.

upper 95%-cl n.d. n.d. n.d.
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Figure 4.16: Concentration-effect curve showing the influence of the Eud-RBV(PVA) NPs

on immobility of the introduced Daphnia magna as observed after 24 h
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Figure 4.17: Concentration-effect curve showing the influence of the Eud-RBV(POLO) NPs

on immobility of the introduced Daphnia magna as observed after 24 h

Low toxicity levels were seen for all nanomaterials and constituents tested within this study.

Since predictions don’t, at this point, envisage a concentration higher than 10 mg/L to be

found within the environment the levels are within acceptable ranges It is however necessary

to do one higher concentration, perhaps 40mg/L in order to get conclusive results.
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CONCLUSIONS AND RECOMENDATIONS

5.1 Conclusions

RBV was successfully encapsulated into Eud by nanoprecipitation technique. EA is preferred
organic solvent for preparing Eud-RBV NPs ranging between 200-250 nm and PVA is also a
preffered surfactant. The Optimised NPs results showed a good physiochemical properties
thought out the characterisations. The high ZP that demonstrated a high stability of NPs
liquid suspension and this data assists in the storage and life of the NPs (Abdelwahed, 2006).
A spherical morphology was observed in both optimised the NPs. The FTIR confirmed the
high EE by showing the major peaks of the drug in the NPs. This also imply that some drug
amount was located on the surface of the polymer and in addition, the in vitro drug release

studies showed a rapid drug release.

There are numerous studies done in attempt to improve the effectiveness of RBV though the
application of nanotechnology. But the most important parameters such as size and ZP were
not controlled. In his work, (Kumar, 2013) formulated PLGA-RBV NPs using double
emulsion method. The results showed a low ZP of -6.51-13.8 mV and high PDI ranging from
0.45-0.94, with average size ranging between 342.0-635.5 nm. In another attempt, (Hashim e#
al., 2010) used niosomes as the drug carrier for RBV, but the EE was very low between 4,89-
14.4%. Therefore from the results obtained in this work, nanoprecipitation technique offers
the best physiochemical properties and Eud L100 is preffered polymer for preparing RBV
NPs. Furthermore the in vivo cytotoxicity showed a 100% survival in the Eud-RBV(PVA)
NPs. Therefore the results in this study promise to improve the theurapeutic effectiveness of
RBV. In conclusion, this study has achived the major objectives and the NPs formed may
offer an alternative in the near future for the treatment of HCV and could potentially improve

patient compliance.

5.2 Recommendations

More in vivo studies are needed on swimming and foraging behaviour in Daphnia using
higher concentration of more than 40 mg/L and this will confirm the results obtained using a
lower concentration. In vitro studies using human cells will add more value to the in vivo
results obtained. Futhermore, the physical mixture of Eud, RBV and surfactant will be
assayed for possible confirmation that the incorporation of RBV in the NPs could actually

change the drug thermal behaviour
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