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Chapter 1 Introduction

1. INTRODUCTION

1.1. Liver anatomy and function

Liver is the largest organ in the human body. The average weight of the adult human liver is
1.5-2.0 kg. It is situated in the upper right quadrant of the abdomen, below the diaphragm
and partially protected by the rib cage (Abdel-Misih & Bloomston, 2010). The liver is
covered by a layer of connective tissue called Glisson's capsule. It has two main lobes
(Figure 1.1), larger one is the right hepatic lobe and smaller one is the left hepatic lobe
which is separated by the course of the middle hepatic vein. Each lobe is composed with
numerous lobules which are in general hexagonal in shape (Figure 1.1). The interior of each
lobule is occupied by the central vein and the periphery of the lobule is described by a close
arrangement of hepatic artery, portal vein, and bile duct; called “portal triads”. The liver
consists of various types of cells. Oval cells are normally observed near the portal triad.
These cells are also called hepatic stem cells. The polygonal hepatic parenchymal cells
(hepatocytes) are the main cell-type in the liver. About 80% of hepatocytes are present in the
hepatic lobules. They have clear cell membrane; sometimes with two nuclei and contain
deposits of glycogen, often with lipid droplets and basophilic materials. They also contain
other cellular organelles such as mitochondria, rough endoplasmic reticulum (granular) and
smooth endoplasmic reticulum (agranular), golgi apparatus and lysosomes (Mukherjee et
al., 2012). Hepatocytes undergo cell division and produce large number of hepatocytes. They
metabolize and excrete into sinusoids or bile canaliculi. Besides endothelial cells, liver
sinusoids also contain phagocytic cells that obtained from monocytes, known as Kupffer
cells. Kupffer cells are tissue resident macrophages and they phagocytose and destroy
pathogens and other foreign bodies and materials in the blood. These macrophages are also
engaged in the recycling of erythrocytes and the digestion of apoptotic cells. Other hepatic
cell-type is known as the ito cell which is also called adipose or perisinusoidal cells or
hepatic stellate cells. These are involved with the secretion and maintenance of extracellular
matrix. They maintain a large reservoir of vitamin A in the liver and respond to damaged
hepatocytes and immune cells by differentiating into tissue-regenerating myofibroblasts (Yin
etal., 2013).
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Figure 1.1. Liver anatomy diagram: anterior and inferior surface.

The two major sources of blood supply in liver are the hepatic artery and portal vein (Abdel-
Misih & Bloomston, 2010; Mishra et al., 2013). The left and right hepatic arteries supply
oxygen-rich blood to the liver from the heart. The portal vein carries nutrient-rich blood (but
relatively less oxygenated) from the spleen, pancreas and intestines to the liver and comprises
the remaining 65-70% of blood volume. The majority of the blood is then drained from the

liver through the left, middle and right hepatic veins (Reddy & Couvreur, 2011).

The main functions of the liver are;

e Production and secretion of bile, which contains bile salts (sodium glycocholate,
sodium taurocholate). The bile salts emulsify fats and oils and thus help in the
digestion of them.

e Storage of iron, vitamins, trace elements and glycogen.

e Metabolism of carbohydrates, fat and hemoglobin and synthesis of lipid.

e Volume reservoir and filter for blood.

e Hormonal balance and detoxification and removal of many toxic chemicals, including
drugs, carcinogens and various toxins through bile from the body.

e Production of immune factors to fight infection against pathogens and

e Conversion of waste products for excretion by the kidneys and intestines (Hoekstra
et al., 2013; Ghibellini et al., 2006; Pond & Tozer, 1984; Wang et al., 2015).
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1.2. Liver cancer and its types

Cancer, one of the most devastating diseases having a tremendous morbidity and mortality
impact in the developing world, caused nearly 8.8 million deaths in 2015

(http://lwww.who.int/mediacentre/factsheets/fs297/en/). In 2018, 1,735,350 new cancer

cases and 609,640 cancer deaths are expected to occur in the United States (Siegel et al.,
2018). Globally, 1 in 6 deaths is due to cancer. It is characterized by an abnormal growth of
cells. When healthy cells become cancerous, they begin to grow and divide rapidly and
forming a tumor. Healthy cells are unable to compete with the cancerous cells which rapidly
consume the nutrient supplied from the blood stream (Hu & Zhang, 2009). The healthy cells
will ultimately be overcrowded by the tumor cells. Although, the excess demand of nutrition
cannot be supported continuously by the vasculature, because of this reason, some of the
cancer cells die, but most of them will survive and still divide continuously in an
environment that lacks nutrition. Among all the cancers, liver cancer is common and second-
leading cause of cancer deaths after lung cancer

(http://www.who.int/mediacentre/factsheets/fs297/en/). Liver cancer more commonly

occurs in sub-Saharan Africa and Southeast Asia than in the US. Men are more susceptible
than woman in case of liver cancer (Jemal et al., 2011). Uncontrolled proliferation of the
cells causes solid mass formation in the liver, resulting hepatic tumor. The main causes of
liver cancer are chronic infection with hepatitis B virus (HBV), hepatitis C virus (HCV),

alcoholic cirrhosis and cirrhosis associated with genetic liver diseases (Bosch et al., 2004).
1.2.1. Primary liver cancer

Primary liver cancer is the most common type of liver cancer. It starts primarily in the liver
not from the cancerous cells present surrounding the liver. It is much more common in men
than in women and older people are more likely to affect with this cancer. The causes of
primary liver cancer are chronic viral infections such as hepatitis B or C, some toxins,
chemical induced hepatic damage, radiation-induced hepatic damage and chronic liver

diseases such as cirrhosis. Different types of primary liver cancer are as follows.
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Hepatocellular carcinoma (HCC)

HCC is the most common type of primary liver cancer which starts from the main liver cells,
called hepatocytes. HCC is also known as hepatoma. It is more common in adult people. The
main causes of HCC are the result of infection with hepatitis B or C, or cirrhosis of the liver
caused by alcoholism. A rare type of HCC called fibrolamellar HCC generally affects
younger women and is not related to previous liver disease and it is more responsive to

treatment than other types of liver cancer.
Cholangiocarcinoma

It occurs in the small, tube-like bile ducts within the liver and accounting about 10-20 percent

of all liver cancers.
Angiosarcoma

It is also called hemangiocarcinoma and accounts for about 1 percent of all liver cancers.
Angiosarcomas start in the blood vessels of the liver and develop rapidly. They are typically

diagnosed at an advanced stage.
1.2.2. Secondary liver cancer

Secondary liver cancer develops when primary cancer from any part of the body invades
hepatic tissues. This is also known as liver metastasis. The spreading of malignant cells from
other part of the body to liver occurs through the blood flow or through the lymphatic
system, the anchorage of the cells in liver, angiogenesis (formation of new blood vessels for
supply of food and oxygen for new cells) and cellular proliferation leading to solid growth of
mass are the possible sequences of secondary liver cancer. More than half of people

diagnosed with colorectal cancer build up secondary liver cancer.
1.3. Current treatments strategy of liver cancer
1.3.1. Surgical resection

Surgical resection is the treatment of choice for noncirrhotic patients, when the lesion is

superficial and of small dimensions. In earlier days, survival was rare but recently, the 5-
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years survival rate after resection has increased up to 41%-74% (Allemann et al., 2013). The
resectability of the tumor is dependent on the tumor size, location, underlying liver function
and the remaining liver volume. In the United States and Europe, selection of perfect
candidates for resection is generally based on the assessment of portal hypertension, which is
assessed by cannulation of the hepatic vein and calculation of the hepatic portal venous
gradient. In patients with normal synthetic function, standardized levels of bilirubin and the
pressure gradient of <10 mmHg in the hepatic vein (Grade Il recommendation) are the
potential candidates for liver surgery (Bruix & Sherman, 2011; Bruix et al., 1996).
Operative mortality depends on the presence (10%) or absence (5%) of cirrhosis (Colleoni et
al., 1998). Instead of curative resection, recurrence is common (Hwang et al., 2015). After 5
years of surgery recurrence rates may be as high as 70%. Recurrence occurs either from the
microscopic residual disease that remains after resection or from de novo cancer that comes
about in hepatitis or cirrhosis (Cha et al., 2003). The majority of liver cancer recurrences
develop within a short period (1-2 years) which is believed to be due to the dissemination or
micrometastasis from the primary tumor and not from inadequate surgical resection
(Crissien & Frenette, 2014). Contraindications to the resection are the occurrence of

extrahepatic metastasis or invasion of the main portal trunk by the tumor.
1.3.2. Liver transplantation (L T)

Liver transplantation is a potential curative treatment for patients with decompensated
cirrhosis, and only solid tumor. LT provides a better oncological outcome than surgical
resection because it not only removes all precancerous and cancerous lesions within the liver
but also cures the co-existing liver disease. But, selection of the candidates is a difficult
matter, due to worldwide organ shortage, controlling the amount of tumor present during the
time till transplant, exploring live donors and different immunosuppressive or supplementary
therapy (Clavien et al., 2012). In early days back to the 1980s the 5-year survival rates after
liver transplantation was less than 40%. Recently, LT is proposed for the patients whose
tumor is within the Milan criteria for liver cancer (one lesion not larger than 5 cm, or up to 3
lesions with each 3 cm or smaller). LT according to this selection procedure results in a 5-

year overall survival rate more than 70% and a tumor recurrence rate of less than 15%
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(Mazzaferro, 1996, 2007 & 2011). The shortage of liver donor remains the main problem

for liver cancer patients and increases the waiting time for transplantation.
1.3.3. Local ablative therapy

Local ablative therapy is two types such as, chemical ablation and thermal ablation. Ethanol
and acetic acid are used as chemical ablation and thermal ablation uses radiofrequency,
microwaves, cryoablation, lasers and ultrasound. Local ablation is an alternative treatment
for cirrhotic patients with early-stage HCC and contraindications for surgical treatment. The
complication rate of this treatment is low, and is suitable in patients with good liver function.
The 5-year survival rate of up to 50% may be achieved (Llovet et al., 2012). Radiofrequency
ablations (RFA) are effective to all other local ablative therapies. For unresectable liver
cancer, local ablative therapy has also been shown better efficacy when combined with
transarterial chemoembolization (TACE). In a randomized trial comparing TACE followed
by RFA versus RFA in patients with HCC < 7 cm in size, the combination therapy resulted in
1-, 3-, and 4-year overall survival rates of 93, 67, and 62%, respectively, compared to 85, 59,
and 45% respectively in the RFA-alone (Xie et al., 2014). The corresponding recurrence-free

survivals were 79, 61, and 55% as well as 67, 44, and 39%, respectively.
1.3.4. Transarterial chemoembolization (TACE)

For intermediate-stage of liver tumors TACE is the treatment of choice (Llovet et al., 2012;
Bruix & Sherman, 2011). TACE is based on the simultaneous application of a
chemotherapeutic agent and embolization with occluding particles. The successful TACE
depends on the presence of a hypervascularized tumor. Selective administration of the
mixture of chemotherapeutic agent and occluding particles results in a high local
concentration of the chemotherapeutic agent in the tumor with low systemic distribution. The
chemotherapeutic agents remain in the tumor region due to occlusion of the tumor vessels
and the resulting hypoxia improves the effect of the chemotherapeutic agent. Procedures for
TACE are not standardized. Commonly used chemotherapeutic agents are doxorubicin,
mitomycin C and cisplatin. Lipiodol as an oily suspension has an affinity to HCC and acts as
a carrier for the chemotherapeutic agent. TACE is either performed as ‘on demand’ (repeated

in case of persistent vascularization) or as ‘continuous’ (repeated every 4-6 weeks until
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devascularization) schedule. TACE and oral tyrosine kinase inhibitor sorafenib are the active
treatments for HCC. Liu et al. (Liu et al., 2014) studied a meta-analysis on this subject and

concluded that the combination seems to be more active than each single approach.
1.3.5. Systemic therapy

Most of the liver cancer patients were diagnosed in advanced stage. Up to 2008, there was no
systemic therapy available which could improve the survival rate. Recently, there are many
chemotherapeutic agents which are identified as anticancer drugs. Among these drugs, some
are available in the market as formulated drugs and some of them are in the clinical trials.
Sorafenib, an oral multiple kinase inhibitor, is approved by United State Food and Drug
Administration (US-FDA) for advanced liver cancer treatment. Another oral multi-kinase
inhibitor, regorafenib has also been shown to improve overall survival of advanced liver
cancer patients after a phase 3 trial (Bruix et al., 2017). In 2017, regorafenib has been
approved by FDA due to the efficacy and safety. Other liver cancer targeted drugs that have
been evaluated in clinical trials include sunitinib and linifanib (multi-targeted tyrosine kinase
inhibitor), erlotinib and gefitinib (inhibitors for epidermal growth factor receptor), brivanib
(selective inhibitor of fibroblastic growth factor receptor and vascular endothelial growth
factor), tivantinib (oral Met receptor tyrosine kinase inhibitor), everolimus (inhibitor of
mammalian target of rapamycin) and bevacizumab (humanized monoclonal antibody against

vascular endothelial growth factor) (Fu & Wang, 2018).
1.4. Nanoparticle targeting

Targeting can be attained by designing nanocarriers, conjugated with ligands that have high
affinity to the specific receptors present on the cancer cells. Hence, higher drug concentration
can be achieved to the target sites, depending on the extent of receptor-ligand interaction,
concentration of ligand on the surface of NPs, and the extent to which these receptors are
expressed by cells. The targeting ligands are used to modify the surface of different types of
nanoparticles, like polymeric, lipid-based, metallic nanoparticles etc. (Elsabahy et al., 2015;
Zhang et al., 2012; Ma et al., 2016; Meng et al., 2015; Tomuleasa et al., 2012).
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There are several advantages of nanoparticle targeting in liver cancer.
e Increase drug concentration in the tumor through:
(1) Passive targeting
(11) Active targeting
e Decrease drug concentration in normal tissue.
e Improve pharmacokinetic and pharmacodynamic profiles.
e Improve the solubility of drug to allow intravenous administration.
e Release maximum drug during transit.
e Release maximum drug at the targeted site.
e Increase drug stability and reducing drug degradation.
e Improve internalization and intracellular delivery.

e Biocompatible and biodegradable.
1.4.1. Passive targeting

This targeting approach exploits the pathophysiological conditions, such as leaky
vasculature, pH, temperature, and surface charge surrounding the tumor for specific delivery
of NPs.
e Enhanced permeation and retention (EPR) effect

Passive targeting of nanoparticulate systems in the liver tumor can occur by enhanced
permeability and retention (EPR) effect that was first described by Matsumura and Maeda in
1986 (Matsumura & Maeda, 1986). When the tumor volume reaches more than 2 mm?,
diffusion limitation takes place, which ultimately impairs nutrition intake, waste excretion
and oxygen delivery (Byrne et al., 2008). Such rapidly growing cancer cells generate new
blood vessels, a phenomenon called angiogenesis (or neovascularization). As a result unusual
tortuosity, abnormalities in the basement membrane and the lack of pericytes lining
endothelial cells are produced which imperts leaky vessels with gap sizes of 100 nm to 2 um,
depending upon the tumor type (Maeda, 2001). Poor lymphatic drainage occurs due to the
high interstitial pressure at the core of the tumor than at the periphery. This combination of
leaky vasculature and poor lymphatic flow results in enhanced permeation and retention

(EPR) effect. Thus, NPs can favorably localize in the cancerous tissues owing to their smaller
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size than the blood vessel fenestration and be entrapped in to the tumor due to higher
retention ability than the normal tissues (Figure 1.2) (Carmeliet & Jain, 2000).

e Tumor microenvironment
Passive targeting also depends on microenvironment surrounding the tumor cells, and it
differs from that of the normal cells. Generally cancer cells show high metabolic rate.
Glycolysis can occur to of nutrients and oxygen to the tumor cells, which results in acidic
environments in cancer cells (Pelicano et al., 2006). The pH sensitive nanoparticles are
designed to remain stable at physiological pH (pH 7.4), but they release the active material at
the pH lower than physiological pH such as acidic environment of tumor cells (Yatvin et al.,
1980). Hyperthermia is produced in many types of cancers such as ovarian carcinoma.
Thermo-sensitive polymeric nanoparticles contain polymer that reveals a low critical solution
temperature (LCST) and that have a tendency to release drug at the temperature above LCST
in the tumor cells. Localized hyperthermia in tumors can be induced by physical methods

such as ultrasound or photothermal means (Brewer et al., 2011, Cheng et al., 2010).

e Surface charge
Tumor cells bear relatively high negative surface charge than the normal cells and they favor
binding of cationic nanoparticulate systems (James et al., 1956). Targeting of cationic
nanoparticles is achieved by electrostatic binding to negatively charged phospholipid head
groups presented on tumor endothelial cells (Ran et al., 2002; Krasnici et al., 2003). The
cytotoxicity potential of polymeric nanoparticles largely depends on cellular internalization
and subcellular localization of the NPs, which is governed by the nature of polymeric surface

charge (anionic, cationic, or neutral) (Asati et al., 2010).
1.4.2. Active targeting

In active targeting, nanoparticles containing the chemotherapeutic agents are designed in
such a way that the surface of nanoparticle is modified to target the cancerous cells. Non-
uniform drug distribution may cause incomplete cancer treatment and drug targeting may be
one of the most suitable options to tackle the problem. By targeted drug delivery system drug
accumulates in the targeted organ or tissue in a selective way independent of site and method

of administration. Thus, drug at the disease site becomes more while its concentration at the
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non-targeted tissues will be minimum (Danhier et al., 2010). Active targeting utilizes either
by ligand-receptor interaction or antibody-antigen recognition (Figure 1.2) (Guo & Szoka,
2003; Nie et al., 2007; Cho et al., 2008). Nanoparticles with targeted ligand such as
antibody, antibody fragments, aptamers, polysaccharide, peptide and small biomolecules like
folic acid etc. (Zhong et al., 2014) are being used to target cells through ligand-receptor
interactions. Various ligands used against the receptors of hepatic stellate cells include
mannose-6 phosphate, human serum albumin, galactocyte and galactosamine and those of
hepatocytes are glycyrrahizin, linoleic acid and apolipoprotein A1 (Mukherjee et al., 2016).
Active targeting by nanoparticulate system has three main components namely, (i) an
apoptosis-inducing agent (anticancer drug), (ii) a targeting moiety-penetration enhancer and
(iii) a carrier. Several materials are used to construct a nanoparticle and they include ceramic,
polymers, lipids and metals (Yezhelyev et al., 2006). Nanoparticles containing
chemotherapeutic agents are engulfed by phagocytes and quickly cleared by the
reticuloendothelial system (RES). Various methods have been developed to sustain the
nanoparticles in blood stream like alteration of the polymeric composition of the carrier and
coating of nanoparticles with hydrophilic polymers to avoid wash out that can sufficiently
target the cancerous cells. Hydrophilic polymer coating on the nanoparticle surface repels
plasma proteins and escapes from being opsonized and cleared. This is described as a
“cloud” effect (Brigger et al., 2002; Jeon et al., 1991; Tallury et al., 2009; Francis et al.,
2004). Commonly used hydrophilic polymers are polyethylene glycol (PEG), poloxamines,
poloxamers, polysaccharides etc (Storm et al., 1995; Torchilin & Trubetskoy, 1995).
Specific receptors are present on the cell surface of the cancer cells but, they are absent on
normal cells. Some receptors of cancer cells may be altered due to over expression or
mutation. Active targeting develops after functionalization of nanoparticles with specific
ligand that has a high affinity towards tumor cell differentiating target receptor. Various
targeting cells of human liver are non-parenchymal sinusoidal endothelial cells (SECs),
kuffer cells (KCs), hepatic stellate cells (HSCs) and the predominant parenchymal
hepatocytes.

10



Chapter 1 Introduction

e ® e
e
.".. CF LA
o e e o b 00
&

L 1+ &

& . e o o
" . U o 4y
¢ L : e 0.
EPR effect

Receptor mediated endocytosis ..'. . Nanoparticle-mediated
o

/o D drug delivery system

L

——Ligand

I~ Receptor

Therapeutics

Figure 1.2. The schematic diagram of ligand-based targeted therapy
through EPR effect and active targeting. (Li et al., 2016).

1.5. Liver cell specific targeting

There are five different cell types present in liver for active targeting of drug. They are
hepatocytes, Kupffer and sinusoidal endothelial cells, hepatic stellate cells (HSC), bile duct
epithelial cells.

1.5.1. Hepatocytes

Hepatocytes may be affected with many liver diseases like viral hepatitis (hepatitis A, B or
C), alcohol-induced steatohepatitis (ASH), nonalcohol induced steatohepatitis (NASH) and
some genetic diseases like Wilson‘s disease, hemochromatosis, a-1 antitrypsin deficiency
and several other metabolic disorders. Many methods have been developed for hepatocytes
selective drug targeting for reduction of side effects and enhancement of the therapeutic
effect of drugs. The most prevalent and attractive method is asialoglycoprotein receptors
(ASGP-R) targeting strategy. Asialoglycoprotein receptors (ASGP-R) are situated at the
basolateral membrane of hepatocytes and, therefore, are in direct contact with the
bloodstream. They show high affinity for binding to a broad range of molecules mainly

galactose and N-acetyl-galactosamine residues such as asialoorosomucoid, asialofetuin (AF),
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sterylglucoside, lactose and poly-(N-p-vinylbenzyl-O-B-D-galactopyranosyl-[1-4]-D-
gluconamide (PVLA). Clerc et al. (Clerc et al., 1995) showed that the number of binding
sites for glycyrrhetinic acid (GA) is much more than that for glycyrrhizin (GL) in
hepatocytes. Tian et al. (Tian et al., 2010) prepared glycyrrhetinic acid-modified
chitosan/poly(ethylene glycol) nanoparticles for liver-targeted delivery and found that the
cellular uptake of nanoparticles modified with glycyrrhetinic acid by rat hepatocytes was 19-
fold higher than that of unmodified ones. The delivery of novel drug delivery system like
liposomes, niosomes, nanoparticles, and proteins to the hepatocytes using ASGP-R as a

target receptor is one of the first options for the cell specific delivery to the liver cells.
1.5.2. Kupffer and sinusoidal endothelial cells

Kupfter cells are located within the space of disse (perisinusoidal space) in the surrounding
area of the hepatocytes (Gratton et al., 2008). Kupffer cells may be involved in the
pathogenesis of various liver diseases like hepatitis, steatohepatitis, alcoholic liver disease,
intrahepatic cholestasis, and activation or rejection of the liver during liver transplantation
and liver fibrosis (Sharma et al., 2010). Kupffer and sinusoidal endothelial cells can enhance
the uptake of drug delivery systems and showed high phagocytic capacity. Accumulation of
targeted carrier systems in Kupffer and endothelial cells occurs either by nonspecific or
specific uptake mechanism via designated receptors. Drug delivery systems like liposomes,
micelles and viral particles are taken up by nonspecific uptake mechanism due to their largest
phagocytic activity (Arnida et al., 2011). Targeting to Kupffer cells is directed through
mannose receptor using sugar moieties (like mannose and fucose) which are coupled to
delivery system while targeting to sinusoidal endothelial cells is possible using hyaluron
receptor as the target receptor (Banquy et al., 2009; You & Auguste, 2009). Yamashita et
al. (Yamashita et al., 1991) observed that when liposome surface was modified by
cetylmannoside then it could be useful for targeting to Kupffer cells. Melgert et al.
investigated that when dexamethasone was combined to mannosylated albumin, it was

selectively delivered to the Kupffer cells (Melgert et al., 2001).
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1.5.3. Hepatic Stellate Cells (HSC)

Hepatic stellate cells (HSC) play an important role for the development of liver fibrosis due
to production and regulation of vascular tone in extracellular matrix, and production of
inflammatory mediators such as transforming growth factor-beta (TGF-B) and platelet-
derived growth factor (PDGF). These processes are dearranged during fibrosis and at a
certain time point, the HSC continue the fibrogenesis by generating several autocrine loops.
Thus, this process is maintaining without contribution of the other cell types. These cells are
major target for antifibrotic drugs (Merkel et al., 2011; Hillaireau & Couvreur, 2009;
Schuppan et al., 2001; Benyon & Arthur, 2001; Rockey, 2001). The first target receptor
chosen was the mannose-6-phosphate (M6P)/insulin-like growth factor II (M6P/IGFII)
receptor, because it was reported to be highly unregulated on the cell membranes of activated
HSC. Mannose-6-phosphate hepatic stellate cell (M6P-HSA) binds to the activated HSC and
rapid internalization of the protein occurs via a receptor mediated endocytotic route.
Greupink et al. (Greupink et al.,, 2005) showed that targeted delivery of coupled
mycophenolic acid to the HSC-selective drug carrier mannose-6-phosphate modified human
serum albumin results in a decrease in HSC activation, which is the first drug that is

successfully delivered to this cell type.
1.6. Nanoparticle therapeutics for liver cancer

Over the last few decades, nanocarriers in the form of nanoparticles (NPs) have been
developed for drug delivery in liver cancer treatment for increased efficiency and reduced
drug side effects (Marinina et al., 2000; Sachdeva, 1998). Therapeutic agents that have
been incorporated with the drug carriers include chemotherapeutic agents such as paclitaxel,
docetaxel and doxorubicin; the antibiotic, thiostrepton; gene therapy (TNF); the flavanoid-
like antioxidant, wogonin; toad toxins (bufadienolides) and a licorice root extract,
glycyrrhizin (Souza et al., 2015). There are many types of nanocarriers that have been used
for the treatment of liver cancer. But, other than NPs, a number of small molecule drugs and
monoclonal antibodies are in clinical trials now. All the NP systems currently used for the

therapy of liver cancer are characterized by their unique properties (Surendran et al., 2017).
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1.6.1. Polymeric nanoparticles

Recently, polymeric nanoparticles, a novel drug delivery system, may be a promising
approach for beginning of new era as chemotherapeutic agent to treat liver cancer (Figure
1.3). The main advantages of polymeric nanoparticles include increase in water solubility,
reduction of side-effects and toxicity, improvement of pharmacokinetic properties and tissue
distribution through the leaky neovasculature and premature lymphatic system of tumor cells,
improvement of anti-tumor efficacy of anticancer agents (Ryu et al., 2012; Greish, 2007;
Lu et al., 2012). Most polymeric nanoparticles are biodegradable and biocompatible. They
demonstrate good potential for surface modification and functionalization with different
ligands and provide potent pharmacokinetic control and are suitable for encapsulating and
delivering anti-cancer drugs for liver cancer. The most commonly used polymers are
poly(lactic-co-glycolic acid), polybutyl cyanoacrylate, poly(caprolactone) etc. Biodegradable
materials used for the formulation of nanoparticles provide sustained drug release within the
target site over a prolong period of time. In order to prolong the blood circulation and
increase tumor accumulation of nanoparticles, few researchers have been proposed for
modification of polymer with hydrophilic poly(ethylene glycol) (PEG) (Liu et al., 2012).
Various polymeric-based NPs have also been developed to deliver drugs and other
therapeutic moieties for the treatment of liver cancer. For example, sorafenib is a tyrosine
kinase inhibitor that has recently been proven to be a potential antifibrotic agent.
Poly(ethylene glycol)-B-poly(lactic-co-glycolic acid) (PEG-PLGA) copolymers with PLGA
were developed recently for the systemic delivery of sorafenib into the fibrotic livers of
CClg-induced fibrosis mouse models. The results showed decreased alpha-smooth muscle
actin (a-SMA) content and collagen production in the liver with significantly shrunken
abnormal blood vessels and decreased microvascular density, leading to vessel normalization

in fibrotic livers (Lin et al., 2016).
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Figure 1.3. Polymeric nanoparticles (Cerqueira et al., 2015).

1.6.2. Inorganic nanoparticles

Inorganic nanoparticles have achieved significant attention in the recent years for the
treatment of liver cancer due to their distinctive properties such as material- and size-
dependent physicochemical properties. These NPs consist of a metal oxide or metal core,
which is covered with an organic layer (Figure 1.4). These metal cores give them unique
optical, electrical and magnetic properties according to their size and shape. Up to now, the
inorganic NPs are in the preclinical stage of studies due to their lack of biocompatible
characteristics (Mudshinge et al., 2011; Anselmo & Mitragotri, 2015; Paul & Sharma,
2010; Giner et al., 2016; Sipai et al., 2012). The widely used inorganic NPs for the liver
cancer therapy are cerium oxide NPs (CeO, NPs), gold NPs and silver NPs (Hendi, 2011).
Most of the inorganic NPs are inert in nature (Tomuleasa et al., 2012). Conjugated gold NPs
containing thiolterminated PEG-paclitaxel revealed superior properties, including enhanced
water solubility, drug loading and targeted drug release inside tumor cells, resulting in an
enhanced tumor cell killing ability in vitro and tumor therapeutic efficacy in mice bearing
liver tumors (Ding et al., 2013). Silica NPs have been also used as drug carriers to improve
the treatment of liver tumors. PEGylated silica nanorattle (SN-PEG) loaded with docetaxel
(Dtxl; SN-PEG-Dtxl) exhibited high therapeutic efficacy in a murine hepatocarcinoma 22
(H22) subcutaneous model. The average inhibition rate calculated from tumor weight by the
SN-PEGDtxl group was 72%, in comparison to the untreated group. Further, SN-PEG-Dtxl

showed low toxicity in vivo (Li et al., 2010).
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Figure 1.4. Inorganic nanoparticle (Cerqueira et al., 2015).

1.6.3. Lipid-based nanoparticles

Lipid-based nanocarriers are the alternative colloidal carrier systems to emulsions, liposomes
and polymeric nanoparticles for controlled drug delivery. Lipid nanoparticles have many
advantages than other particulate carriers, like good tolerability, biodegradability and high
bioavailability. Mainly, two types of lipid nanocarriers such as lipid nanocapsules and solid
lipid nanoparticles are used for liver cancer therapy. Lipid nanocapsules are biomimetic
carriers that mimic physiological lipoproteins (Huynh et al., 2009). They have size ranges
from 20 to 100 nm and are characterized by a hybrid structure between polymer
nanocapsules and liposomes. Lipid nanocapsules have an oily core, corresponding to
medium-chain triglycerides surrounded by a membrane made from a mixture of lecithin and
pegylated surfactant (Heurtault et al., 2002). In the other way, solid lipid nanoparticles are
particles made from solid lipid and stabilized by surfactant. Several studies have been carried
on lipid nanocapsules and solid lipid nanoparticles which show controlled drug delivery,
enhancement of bioavailability of entrapped drugs, improvement of tissue distribution and
targeting of drugs. Jimenez et al. (Jimenez et al., 2015) examined lipid NPs loaded with
siRNA and the results have shown that remarkably down regulated procollagen a I(I) gene
expression and, therefore, reduced the total hepatic collagen content, which in turn reduced

hepatic fibrosis in carbon tetrachloride (CCly) induced liver fibrosis in Balb/c mice.
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1.6.4. Albumin-based nanoparticles

Albumin is also a natural carrier of endogenous hydrophobic molecules (such as vitamins,
hormones and other water-soluble plasma substances), which are bound in a relatively non-
specific manner and enhance penetration by albumin receptor-mediated endothelial
transcytosis. It is used as the wall material for nanoencapsulation due to biocompatibility and
biodegradability. After coating to the anticancer drugs, albumin assists in the transport of the
nanoparticles to the interior of the tumor cell that preferentially takes in albumin as a nutrient
through the gp60 pathway. Albumin that binds to the therapeutic peptide or protein enhances
the stability and efficacy of the anticancer drugs. It also provides controlled delivery and

targeting of drugs for liver cancer therapy.
1.6.5. Liposomes

In the recent years, liposome is one of the most promising areas of research interest in both
preclinical and clinical stages (Figure 1.5). Liposome can entrap both hydrophilic and
hydrophobic drugs and release them in the appropriate target sites. The main advantages of
liposomal delivery systems are biocompatibility, biodegradability and low toxicity. However,
the low solubility, high cost of production and chance of leakage of drugs are challenging for
researchers as well as clinicians (Akbarzadeh et al., 2013; Toh & Chiu, 2013). Various
researchers studied the therapeutic potential of dexamethasone-loaded liposomes and it was
confirmed that the treatment reduced both liver inflammation and liver fibrosis. The
reduction of liver inflammation and fibrosis were due to reduction of T-cells in the liver
through an immune reaction (Bartneck et al., 2015). Most of the NP systems for liver
fibrosis therapy are in the preclinical stage of study; however, the only type of NPs in the
clinical stage of study is liposomal nucleic acid carrier. The gene delivery system of vitamin
A-conjugated siRNA lipid NPs is now under clinical Phase I trials for the treatment of
hepatic fibrosis. siRNA delivery through PLK-1 targeting lipid particles, as well as double-
stranded RNA-encapsulated liposomes, is also now being studied in Phase II and Phase I
trials, respectively, for the treatment of HCC. In that study, the successful delivery of siRNA

to HSC against gp46 using vitamin A-coupled liposomes resulted in the suppression of
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collagen secretion and therefore reduced liver fibrosis in a CCly™ and bile duct-ligated fibrosis

mouse model (Bansal et al., 2016).

Targeting ligand
Lipid layer
Therapeutic load

Hydrophilic polymer

Figure 1.5. Liposome (Cerqueira et al., 2015).

1.6.6. Nanomicelles

Nanomicelles with a core-shell architecture composed of a semisolid hydrophobic core
which entraps water-insoluble drugs (Figure 1.6). These NPs can be used in wide variety of
cancer because most of the anticancer drugs are water insoluble. The stability of entrapped
drug will increase and provides effective drug targeting. The size of these NPs is very small.
One of the main advantages of polymeric micelles is that stimuli-responsive drug release is
possible. Apart from many advantages, these NPs have a number of challenges. The small
size of the polymeric micelles limits the drug loading of the particles and there is a long-term

stability problem of these NPs (Movassaghian et al., 2015).

18



Chapter 1 Introduction

? Targeting ligand
g Hydrophilic polymer

‘JI/\ :E\Turpclt load

Figure 1.6. Polymeric micelles (Cerqueira et al., 2015).
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1.7. Methods for preparation of polymeric nanoparticles
1.7.1. Emulsification-solvent evaporation method

The most commonly used method of preparation of polymeric nanoparticles (NPs)
preparation is single (oil-in-water (o/w)) or double emulsion solvent evaporation technique
(water-in-oil-in-water (w/o/w)). Single emulsion method is conducted for the formulation of
hydrophobic drugs (oil soluble); while double emulsion is adopted for the encapsulation of

hydrophilic drugs (peptide and protein drugs) (Ansary et al., 2014).

The w/o/w double emulsion solvent evaporation method has been commonly used for NPs
preparation due to simple process, convenience in controlling process parameters and ability
to produce with inexpensive instrument (Ruan et al., 2002). At first, polymer is dissolved in
an organic solvent like dichloromethane (DCM). Other solvents like chloroform, ethyl
acetate or methylethyl ketone have also been used. An aqueous solution of hydrophilic drug
is added drop-wise in to the polymer solution and the mixture is homogenized by a high
speed homogenizer to form w/o emulsion (Figure 1.7). Then, the primary emulsion (w/0) is
added gently in to aqueous poly(vinyl alcohol) (PVA) solution with continuous
homogenization to form w/o/w double emulsion (Maji et al.,, 2014). PVA is used as
surfactant or stabilizers. The organic solvent is removed by either solvent extraction or
solvent evaporation to harden the NPs and the nanoparticles are collected by filtration or

centrifugation.
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Figure 1.7. Schematic representation of the emulsification-evaporation

technique.

1.7.2. Emulsification solvent diffusion (ESD) method

In this method, the polymer(s) and drug are dissolved in an organic solvent and the mixture is
emulsified in an aqueous PVA solution by using a high speed homogenizer to form o/w
emulsion. Water is then added under constant stirring to the above formed emulsion which
cause phase transformation and outward diffusion of the solvent from the internal phase,
leading to the nanoprecipitation of the polymer and the formation of colloidal nanoparticles

(Figure 1.8). Finally, the solvent can be removed by vacuum steam distillation or

evaporation.
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Figure 1.8. Schematic illustration of the ESD technique
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1.7.3. Emulsification reverse salting-out method

In this method, initially the polymer is dissolved in a water miscible organic solvent such as
tetrahydrofuran (THF) or acetone. Then, the oil phase is emulsified in an aqueous phase
containing surfactant and salt of high concentration under strong shearing force by an
overhead mechanical stirrer. The most commonly used salts are magnesium chloride
hexahydrate or magnesium acetate tetrahydrate with a ratio of 1:3 (polymer to salt) (Eley et
al., 2004). The water miscible organic solvents migrate from the oil phase to the aqueous
phase resulting in the formation of nanoparticles (Figure 1.9). Finally, the salting out agent is

removed by centrifugation.

Polymer + Drug
in acetone

H;0  Diffusion
|:> of acetone
in aqueous
Stabilizer and phase

Salting-out agent
in water

Figure 1.9. Schematic of the salting-out technique
1.7.4. Nanoprecipitation method

Nanoprecipitation or solvent displacement method is a popular technique to prepare
nanoparticles due to narrow size distribution, absence of shear stress and absence of
surfactants for amphiphilic polymers (Fessi et al., 1989). The polymer and drug are dissolved
in a water miscible organic solvent like acetone or methanol. The solution is then added into
an aqueous solution of surfactant under continuous magnetic stirring. Particles are formed
spontaneously by precipitation and subsequent solidification of the polymer upon rapid
solvent diffusion. Finally, the solvents are removed under reduced pressure. The mechanism
of formation of NPs by this technique has been explained by the interfacial turbulence
generated at the interface of the solvent and non-solvent. Thus, the process is also called

solvent displacement or interfacial deposition.
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2. AIM & OBJECTIVES
2.1. Aim of the work

Except surgery, chemotherapy is the main treatment for liver cancer. Its clinical application
is restricted due to some limitations such as side-effects like non-specific dose-limiting organ
toxicities, short circulating half-life, poor solubility, stability and pharmacokinetic properties
and development of drug resistance (Nag et al., 2016). Thus, there is an urgent need to
develop some alternative approach to treat liver cancer which can nullify the existing
drawbacks. Polymeric nanoparticles, a novel drug delivery system, may be a promising

approach for beginning of new era as chemotherapeutic agent to treat liver cancer.

In this work, we have selected paclitaxel as a model drug. PTX is one of the most useful and
effective antineoplastic agents for treatment of liver cancer (Bernabeu et al., 2014). It is
advantageous to use PTX for the treatment of liver cancer over other drugs owing to its broad
spectrum antitumor activity, effectiveness on both solid and disseminated tumors and a
unique mechanism of action as it stabilizes the microtubule and selectively disrupts the
microtubule dynamics, thus inducing mitotic arrest that leads to cell death. PTX binds with
B-tubulin and promotes the assembly of microtubules which prevents microtubular
depolymerization and causes cell death (Priyadarshini & Keerthi, 2012). It shows activity
against several cancers such as advanced ovarian cancer, breast cancer, lung cancer and liver
cancer (Cho et al., 2015; Danhier et al., 2015). There are several reasons for formulation of
PTX. Intravenous infusion of paclitaxel is painful and often causes hypersensitive reactions
(Wang et al., 2013). Its systemic bioavailability is less than 8% due to low aqueous
solubility (0.3 £ 0.02 g/ml). The low solubility is due to its highly lipophilic nature (log P,
3.96) and bulky polycyclic structure (molecular weight 853 Da). The poor oral bioavailability
is also attributed to its significant —first-pass” metabolism by cytochrome P450 in liver and p-
glycoprotein mediated effluxing by intestinal cells (Scripture et al., 2006). So, it is
important to formulate the paclitaxel to avoid such drawbacks. In the recent years, the use of
biodegradable nanomaterials has gained impressive attention to bypass those properties for

efficacious treatment (Raza & Sood, 2014).
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Clinical formulation of PTX (Taxol®) is used with 1:1 mixture of Cremophore EL
(polyethoxylated castor oil) and ethanol due to its low aqueous solubility. The solvent is
harmful and shows severe toxic effects such as hypersensitivity reactions, nephrotoxicity and
neurotoxicity (Battogtokh et al., 2015; Danhier et al., 2009; Lv et al., 2011). Thus,
Cremophore EL free formulation of PTX can eliminate the solvent related toxicity, improve

stability, bioavailability and present sustained drug release (Aygul et al., 2013).

PTX is very little soluble in water and phosphate buffer. PLGA (85:15) is also very non-polar
polymer. Hence drug release from the formulation is very slow. PTX will be formulated to
improve the efficacy of the drug and reduce the adverse effects associated with Cremophore
EL. The prepared PLGA formulation may have better pharmacokinetic properties. Thus, the
aim of the present study is to develop paclitaxel-loaded poly-(D-L-lactide-co-glycolide)
nanoparticles for intravenous administration of PTX for prolonged drug release and sustained

drug action to successfully treat hepatocellular tumor.
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2.2. Objectives of the work

The objectives of the present study are given more precisely below:

>

>

Investigation of drug excipients interaction.

Preparation of PTX-loaded nanoparticles by emulsification solvent evaporation

method.

Measurement of particle size, shape, morphology by Field Emission Scanning
Electron Microscopy (FESEM) and drug distribution and internal morphology of

nanoparticles by Transmission electron microscope (TEM).

Determination of drug loading and drug loading efficiency.

Study on comparative in vitro drug release pattern of different formulations.
Determination of kinetics of drug release from the prepared nanoparticles.

Comparison of hydrolytic degradation of nanoparticles at different pH conditions.
Determination of in vitro antitumor efficacy of experimental nanoparticles in

comparison to free-drug and Pacliall® by MTT assay method.

Study on cellular uptake of PTX-loaded nanoparticles by fluorescent microscopy in

HepG2 cells lines.

Determination of lipid peroxidation of formulation in HepG2 cells and normal liver

cells.

Determination of different pharmacokinetic parameters after the administration of

PTX-loaded nanoparticles in rats and

Investigation of deposition of the formulation in rat liver.
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3. LITERATURE REVIEW

Worldwide, liver cancer is one of the most common cancers, with a rising incidence. It is
increased with age. Surgical resection is one of the most common treatments for liver cancer.
Unfortunately, only 10% to 20% of patients undergo surgery due to the advanced stage of the
disease at diagnosis (Sitzmann, 1995 & 1987). Liver transplantation is another treatment of
liver cancer which can completely resect the tumors and also improve the liver function of
the patients. It is the only radical surgical treatment for patients who cannot undergo liver
resection. But, metastatic and recurrent tumors significantly reduce the effectiveness of
transplantation. Calne et al. (Calne et al., 1993) reported that 37.5% of patients died
between 2 months to 5 years after surgery due to recurrence of the tumor. The 5 years
survival rate is 18.6%. Chemotherapy is the alternative treatment for patients who cannot
tolerate surgical resection or bear high risk of recurrence and metastasis after surgery and
transplantation. Systemic drugs used in the treatment for cancer are tyrosine kinase inhibitor
like sorafenib, anti-angiogenic drugs, MET inhibitors, and immunotherapeutics which are
currently under advanced clinical investigation (Trojan et al., 2016). However,
chemotherapy can control the growth of tumor but, poor targeting, low sensitivity, short
circulation half-life, high toxicity restrict its clinical application (Tang, 2006; Thomas &
Zhu, 2005; Wu, 2009). Therefore, it is essential to develop newly active and well-tolerated

formulations to improve the survival rate of liver cancer patients.

Colloidal drug carriers have attracted great interest in the recent years for administration of

anticancer drugs to overcome existing clinical problems.

Zhang et al. (Zhang et al., 1996) prepared mitoxantrone loaded polybutyl cyanoacrylate
nanoparticles (PBCA-NPs) by the emulsion polymerization method for antineoplastic
targeting drug delivery system. They studied surface charge, drug loading, stability,
morphology, size, in vitro release characteristics and the distribution of drugs in animals for
their prepared formulations. After giving i.v. injection of 3H-mitoxantrone PBCA-NPs, they
observed that the radioactivity was mainly concentrated in the liver and it was higher in liver

tumors than in liver tissue. Finally, the authors suggested that the method of preparation
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might be helpful towards increasing the anti-tumor efficacy and decreasing the toxicity of

mitoxantrone.

Lacoeuille et al. (Lacoeuille et al., 2007) developed paclitaxel-loaded lipid nanocapsules
(PX-LNC) and the biodistribution studies were performed using '*C-trimyristin ('*C-TM) or
14C-phosphatidylcholine ('*C-PC) whereas antitumoral activity of PX-LNC formulations was
based on the animal survival in a chemically induced hepatocellular carcinoma (HCC) model
with Wistar rats. They observed that (i) blood concentration-time profiles for both labeled
“C-TM-LNC and "“C-PC-LNC were similar (ii) the ti» and MRT (mean residence time)
values indicated the long circulating properties of the LNC carrier with a slow distribution
and elimination phase (ii1) survival curves of paclitaxel treated groups showed a statistically
significant difference when compared to the control survival curve (iv) animals treated with
4x70 mg/m> of PX-LNC showed the most significant increase in mean survival times
compared to the controls (ISTmean 72%) and cases of long-term survivors were preferentially
observed in the PX-LNC treated group (37.5%; 3/8). Finally, they concluded that therapeutic
equivalency of the paclitaxel loaded nanocapsules was comparable with classical paclitaxel
formulation and PX-LNC exhibited the great advantage in avoiding the use of Cremophor®

EL for the solubilization and formulation of paclitaxel.

Qi et al. (Qi et al., 2007) attempted to develop chitosan nanoparticles (CNP) and evaluated
the antitumor effects on various cell lines both in vitro and in vivo. They analyzed cell
viability, ultrastructural changes, surface charge, mitochondrial membrane potential, reactive
oxygen species (ROS) generation, lipid peroxidation, DNA fragmentation and fatty acid
composition by MTT assay, electron microscopy, zetasizer analysis, flow cytometry,
spectrophotometric thiobarbituric (TBA) assays, DNA agarose gel electrophoresis and
GC/MS respectively. They have also studied the size, body weight and morphologic changes
of tumor and liver tissues of mice after oral administration of chitosan, saline, and CNP with
different mean particle sizes. CNP showed high antitumor activities with an 1Csy value of
15.01 pg/ml, 6.19 pg/ml and 0.94 pg/ml after treatment for 24 h, 48 h and 72 h respectively.
The tumor growth inhibitory rates on BEL7402 cells in nude mice treated with chitosan and
CNP with different mean particle size (40, 70 and 100 nm) were 24.07%, 61.69%, 58.98%

and 34.91% with no liver abnormalities. Their results showed a strong antitumor effect of
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CNP on human hepatoma cell line BEL7402 both in vitro and in vivo. Finally, the authors
concluded that CNP could be a kind of promising agent for further evaluations in the

treatment of HCC.

Again, Morille et al. (Morille et al., 2009) developed galactosylated DNA lipid
nanocapsules (LNCs), with a size suitable for systemic injection (109+6 nm) for efficient
hepatocyte targeting. The LNCs were stabilized by long chains of poly(ethylene glycol)
(PEG), which was obtained either from a PEG lipid derivative (DSPE-mPEG 2000) or from
an amphiphilic block copolymer (F108). A specific ligand (galactose) was added at the distal
end of the PEG chains in order to provide active targeting of the asialoglycoprotein-receptor
present on hepatocytes. Their study showed that DNA LNCs were as efficient as positively
charged DOTAP (1,2-dioleoyl-3-trimethylammonium-propane)/DOPE (1,2-dioleyl-sn-
glycero-3-phosphoethanolamine) lipoplexes for transfection. It was also reported that in
primary hepatocytes, non-galactosylate nanocapsules significantly decreased the transfection,
probably by creating a barrier around the DNA LNCs. Finally, the authors claimed that
galactosylated F108 coated DNA LNCs led to an 18-fold increase in luciferase expression

compared to non-galactosylated ones.

Further, Xu et al. (Xu et al., 2009) designed and prepared docetaxel-loaded hepatoma-
targeted solid lipid nanoparticles (tSLNs) with galactosylated dioleoylphosphatidyl
ethanolamine. They studied the cellular cytotoxicity, cellular uptake, subcellular localization,
in vivo toxicity, therapeutic effect, biodistribution and histology of tSLNs. The cytotoxicity
of tSLNs was compared with conventional formulation (Taxotere®) and non-targeted SLNs
(nSLNs) against HCC and it was reported that tSLNs was superior to the conventional
formulation and non-targeted SLNs. The tSLNs also showed better tolerant and antitumoral
efficacy in murine model bearing hepatoma than Taxotere® or nSLNs. The authors claimed
that better antitumor efficacy of tSLNs was due to both increased accumulation of drug in
tumor and more cellular uptake by hepatoma cells. Targeted nanocarrier of docetaxel can
enhance its antitumor effect in vivo with low systemic toxicity for the treatment of locally

advanced and metastatic HCC.
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Tian et al. (Tian et al.,, 2010) reported a liver-targeted drug delivery nanoparticle
(CTS/PEG-GA) composed of poly(ethylene glycol)-glycyrrhetinic acid (PEG-GA) and
chitosan (CTS), prepared by ionic gelation process and characterized the nanoparticles both
in vitro and in vivo. Cellular uptake was studied by single-photon emission computed
tomography and human hepatic carcinoma cells (QGY-7703 cells). Biodistribution and anti-
neoplastic effect of the DOX-loaded nanoparticles were also studied. They also observed that
CTS/PEG-GA nanoparticles accumulated extensively in the rat liver cells within a few
minutes and maintained a high level (around 50%) even higher than that of the nanoparticles
without GA. They found that the DOX-loaded nanoparticles were cytotoxic to human hepatic
carcinoma cells (QGY-7703), and the ICsy (50% inhibitory concentration) for the free
doxorubicin-HCIl (DOX-HCI) and the DOX-loaded CTS/PEG-GA nanoparticles were 47 and
79 ng/ml respectively. They claimed that introduction of GA to the nanoparticles could
increase the affinity towards human hepatic carcinoma cells significantly and DOX-loaded
CTS/PEG-GA nanoparticles showed remarkable cytotoxicity towards QGY-7703 cells.
Finally, the authors concluded that DOX-loaded CTS/PEG-GA nanoparticles might be an

effective formulation for liver-targeted drug delivery system.

Maeng et al. (Maeng et al, 2010) developed multifunctional doxorubicin loaded
superparamagnetic iron oxide nanoparticles (YCC-DOX) which was composed of poly
(ethylene oxide)-trimellitic anhydride chloride-folate (PEO-TMA-FA), doxorubicin (DOX),
superparamagnetic iron oxide (Fe;O4) and folate for chemotherapy and magnetic resonance
imaging in liver cancer. They performed the efficacy of the nanoparticles in rats and rabbits
with hepatocarcinoma. The authors compared the results with free-DOX (FD) and a
commercial liposome drug, DOXIL® and reported that YCC-DOX have anticancer efficacy,
thereby increasing the bioavailability and efficacy of DOX. They found that the relative
tumor volume was decreased two to four fold. From immunohistochemical analysis, the
authors found that YCC-DOX group showed lower expression of CD34 and Ki-67 which are
markers for angiogenesis and cell proliferation respectively while apoptotic cells were
significantly rich in the YCC-DOX group in terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay. Finally, they proposed that YCC-DOX had potential
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value for drug delivery therapy and diagnostic imaging in the future nanomedicine to treat

human liver cancer and other diseases.

Kang et al. (Kang et al., 2010) developed a novel hepatoma-targeted gene delivery system
which was prepared by combining a human liver cell-specific bionanocapsule (BNC) and a
tumor cell-specific gene regulation polymer responding to hyperactivated protein kinase Ca
in hepatoma cells. They observed that the developed system showed increased transfection
efficiency which resulted in cell-specific gene expression in hepatoma cells and tissues
(HuH-7) but no gene expression was observed in normal human hepatocytes or human
epidermoid tumor cells (A431). The author and co-workers claimed that their system could
be a useful method with applications in hepatoma-specific gene therapy and molecular

imaging.

Zhou et al. (Zhou et al., 2011) developed albumin-bound paclitaxel nanoparticles for the
treatment of hepatocellular carcinoma. They have utilized gene expression profiling on 43
paired HCC tumors and adjacent non-tumoral liver for this study. The authors examined the
potential use of microtubule targeting taxane drugs including paclitaxel and docetaxel and
compared it with the results obtained from doxorubicin, a common chemotherapeutic agent
used in HCC. Their studies showed that drug delivery by nanoparticles have enhanced
efficacy with reduced side effects and ICsy dose was lowered by 15-fold than paclitaxel alone
or the derivative analogue of docetaxel (showed ~450-fold less ICsy compared to
doxorubicin). They also performed flow cytometric analysis to confirm the cell cycle
blockade at G2/M phase and increased apoptosis following nab-paclitaxel treatment. From in
vivo animal studies, they showed that nab-paclitaxel readily inhibited xenograft growth with
less toxicity for host cells compared to other anti-microtubule drugs and doxorubicin. Gene
silencing of the microtubule regulatory gene STMN1 by RNAi showed synergistic effect
during the combined treatment with nab-paclitaxel. Finally, they concluded that the

microtubule assembly might be a promising therapeutic target development for HCC.

Again, Sha et al. (Sha et al.,, 2011) investigated the cytotoxicity of titanium dioxide
nanoparticles (TiO, NPs) in vitro using four liver cell lines such as, human hepatocellular

carcinoma cell line (SMMC-7721), human liver cell line (HL-7702), rat hepatocarcinoma
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cell line (CBRH-7919) and rat liver cell line (BRL-3A). They checked cell viability, cell
morphology and levels of reactive oxygen species (ROS) and glutathione (GSH) after TiO,
exposure with different concentrations (0.1-100 pug/ml) and for different rate of exposure (12-
48 h). They found that four cell lines exposed to TiO, NPs showed cytotoxicity in a dose-
dependent and time-dependent manner after comparing with NP-free control. They also
found that carcinomatous liver cells and human liver cells exhibited more tolerance towards
TiO, NPs exposure for 24 h as compared to normal liver cells and rat liver cells. Their results
suggested that in vitro cytotoxicity induced by NPs should be assessed with great caution
before the use of nanocomposites and that there was a need to standardize the cytotoxicity

testing procedure of nanoscale components in composites when using different cell lines.

In another study, Albarran et al. (Albarran et al., 2011) developed controlled release IFC-
305 (derivative of 6-aminoribofuranosil purine) encapsulated in silica nanoparticles for liver
cancer synthesized by sol-gel. They characterized the IFC-silica nanoparticles by Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermal analysis (DTA-
TGA), transmission electron microscopy (TEM), and N, adsorption-desorption isotherms
(BET). They claimed that the slow release rate was obtained due to strong carboxylic acid-
amine interactions. They proposed that the rate of drug release was a combination of
dissolution and diffusion processes and the release rates could be controlled by the internal
structure of the particles for a desired diffusion profile. Finally, they concluded that IFC-

silica nanoparticles could be used for liver targeted drug delivery reservoirs.

Cao et al. (Cao et al., 2011) synthesized and characterized two di-block copolymers (PEI-
PCL) of poly(e-caprolactone) (PCL) and linear poly(ethylene imine) (PEI) and assembled
them to biodegradable nanocarriers for co-delivery of BCL-2 siRNA and doxorubicin (DOX)
to observe synergistic effect. They used folic acid as a tumor-targeting ligand which was
conjugated to the polyanion, poly(ethylene glycol)-block-poly(glutamic acid) (FA-PEG-
PGA). FA-PEG-PGA was coated onto the surface of the prepared nanoparticles which
potentiate a ligand-directed delivery to human hepatic cancer cells Bel-7402. They observed
that at certain N/P to C/N ratios (N/P: PEI-PCL nitrogen to siRNA phosphate; C/N: FA-PEG-
PGA carboxyl to PEI-PCL amine), the nanoparticles showed high transfection efficiency and
controlled drug release. They also found that folate-targeted delivery of BCL-2 siRNA
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showed better gene suppression at BCL-2 mRNA and protein expression levels, inducing
cancer cell apoptosis and improving the therapeutic efficacy of the co-administered DOX
compared to non-specific delivery. Finally, they claimed that their results showed potential
hierarchical nano-assembly as a facile nano-platform for siRNA and hydrophobic drug co-

delivery in biomedical applications.

Again, Qin et al. (Qin et al., 2012) prepared carboxylated polyethylene glycol-polylactide
block copolymer based brucine immuno-nanoparticles (BINPs) for HCC. They performed in
vitro studies for evaluation of size, shape, zeta potential, drug loading, encapsulation
efficiency and release of immune-nanoparticles and also studied targeting, growth, invasion
and metastasis inhibitory effects of these nanoparticles on liver cancer cells (SMMC-7721).
After comparing with conventional brucine formulation and brucine nanoparticles, the
authors reported that BINPs had higher tumor specific cell targeting effect, more local drug
concentration and effectively inhibited cancer cell growth, matrix adhesion, invasion and
metastasis. Finally, the authors suggested that BINPs might be potentially promising

anticancer targeting drug for inhibiting the growth, recurrence and metastasis of HCC.

Further, in another study, Liu et al. (Liu et al., 2012) developed docetaxel (DOC)-loaded
polyethylene glycol-poly(caprolactone) (mPEG-PCL) nanoparticles and characterized the
formulations by both in vitro and in vivo. They claimed that in case of in vitro cytotoxicity
test, DOC-NPs inhibited the murine hepatic carcinoma cell line H22 in a dose-dependent
manner which was similar to commercial formulation of docetaxel (Taxotere®). The in vivo
biodistribution studies showed that the nanoparticles achieved higher concentration and
longer retention in tumors than in non-targeted organs. The in vivo antitumor evaluation
studies also showed that DOC-NPs significantly inhibited tumor growth. The researchers
concluded that high effectiveness and biocompatibility of their simultaneous delivery system

might provide a promising approach for future targeted therapy against hepatic carcinoma.

Wang et al. (Wang et al., 2012) prepared and evaluated paclitaxel-loaded poly(lactic-co-
glycolic acid) (PLGA) nanoparticle incorporated with galactose-carrying polymer poly(vinyl
benzyl lactonamide) (PVLA). They used polyvinyl alcohol (PVA) as co-emulsifier to

facilitate the hepatocyte cell targeted delivery of paclitaxel via ligand-receptor mediated
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endocytosis. They investigated the presence of PVLA on the particle surface through the
change of zeta potential and surface hydrophobicity. They used HepG2 cells for evaluating
cellular uptake and cytotoxic activity. The authors observed that presence of PVLA in the
nanoparticles led to increased zeta potential, reduced particle surface hydrophobicity, slight
promotion of paclitaxel encapsulation efficiency and more homogeneous particle size,
whereas excessive PVLA accelerates the burst release. The PVLA incorporated nanoparticles
with enhanced attachment and cellular uptake efficiency, exhibited significant cytotoxicity to
HepG2 cells. They have also been found that the nanoparticles with higher PVLA-to-PLGA
ratio showed much higher cytotoxicity due to the larger drug capacity and faster release rate.
Lastly, they concluded that PVLA incorporated paclitaxel-loaded nanoparticles could
enhance the anti-tumor efficiency of paclitaxel by facilitating the drug targeting to the

hepatocyte cells and alleviating the elimination in the course of transport.

Guan et al. (Guan et al., 2012), synthesized N-trimethyl chitosan (TMC) and prepared
lactosyl-norcantharidin TMC nanoparticles (Lac-NCTD-TMC-NPs) using an ionic cross-
linkage process. They observed that average particle size of Lac-NCTD-TMC-NPs was 120.6
+ 1.7 nm with an entrapment efficiency of 69.29% =+ 0.76%, drug-loading amount of 9.1% +
0.07%, sustained in vitro drug release and the half-maximum inhibiting concentration (ICs)
of 24.2%. After comparing with chitosan free Lac-NCTD, they found that Lac-NCTD-CS-
NPs showed strong antitumor activity on the murine hepatocarcinoma 22 subcutaneous

model.

Wang et al. (Wang et al.,, 2012) designed a monoclonal antibody-conjugated gene
nanocomplex for targeted therapy of HCC to enhance tumor targeting abilities and
therapeutic efficiency. The authors used biodegradable cationic polyethylenimine-grafted-
a,B-poly(N-3-hydroxypropyl)-DL-aspartamide (PHPA-PEI) for complexing pDNA to form
the PHPA-PEI/pDNA nanoparticle and 9B9 mAb, an anti-epidermal growth factor receptor
(anti-EGFR) monoclonal antibody for conjugation to produce the PHPA-PEI/pDNA/9B9
mAb (PP9mN) complex. The authors performed in vitro studies which showed that the
PP9mN complex was highly efficient in gene delivery to the HCC whereas in case of in vivo

studies, PP9mN could target the tumor tissue effectively. Finally, they proposed that
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monoclonal antibody-conjugated gene complex might be a safe and effective delivery agent

for liver cancer gene therapy.

Yu et al. (Yu et al., 2012) designed and synthesized lipid nanoparticles (LNPs) for siRNA
delivery, based on cationic lipids, with multiple tertiary amines and hydrophobic linoleyl
chains. LNPs named TRENL3 which contains tris-(2-aminoethyl) amine (TREN) and 3-
linoleyl chains showed high siRNA transfection efficacy that was markedly superior to
lipofectamine. They reported that incorporating of linoleic acid and linolenic acid in the
formulation further enhanced the siRNA delivery efficiency. They concluded that the new
LNPs have shown preferential uptake by the liver and hepatocellular carcinoma in mice,
thereby leading to high siRNA gene-silencing activity might serve as valuable nanocarriers

for in vivo targeting and siRNA therapeutic for use in liver discases.

Bao et al. (Bao et al., 2014) developed a combinative drug delivery system of two drug
delivery strategies in one system that composed of organic and inorganic materials. In their
work, gold nanoparticles (GNPs) and liposomes had taken to observe the performance of
Paclitaxel (PTX) in tumor therapy. They observed that the hybrid liposomes resolved the
solubility and stability problems of gold conjugates and produced high drug loading capacity
and sustained drug release behavior. The authors also observed that, the stability and liver
targeting performance of hybrid liposomes was higher than Taxol®™ and gold conjugates
before the protection by liposomes. At last, the authors concluded that the improved
circulation longevity and liver targetability not only afforded the hybrid liposomes better
antitumor treatment efficacy in the tumor bearing mice, but also provided a great possibility

to develop a super long-acting drug delivery system of antineoplastics.

In a study, Gao et al. (Gao et al., 2015), formulated sorafenib in C-X-C receptor type 4
(CXCR4)-targeted lipid-coated poly(lactic-coglycolic acid) (PLGA) nanoparticles for
hepatocellular carcinoma treatment. The authors reported that AMD3100 attached to the
sorafenib-loaded CXCR4-targeted NPs could block CXCR4/Stromal-derived factor la
(SDF1a) and produced reduction of tumor-associated macrophages, enhancement of anti-
angiogenic effect, delayed in tumor progression and increased overall survival in the

orthotopic HCC model compared with other control groups. The authors claimed that their
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results highlighted the clinical potential of CXCR4-targeted NPs for delivering sorafenib and

overcoming acquired drug resistance in liver cancer.

Qi et al. (Qi et al., 2015) prepared doxorubicin (DOX) loaded glycyrrhetinic acid-modified
recombinant human serum albumin nanoparticles (DOX/GA-rHSA NPs) for liver cancer
targeting therapy. The formulated NPs showed spherical particle of 170 nm size and high
stability in plasma with negative zeta potential. The encapsulation efficiency of the NPs was
75.8%. The authors also reported that the targeted NPs produced higher cytotoxic activity
and cellular uptake in liver tumor cells than the non-targeted NPs. Biodistribution study
showed that DOX/GA-rHSA NPs exhibited a much higher level of tumor accumulation than
non-targeted NPs after certain time point. The authors finally suggested that the DOX/GA-
rHSA NPs could be considered as an efficient nanoplatform for targeting drug delivery

system for liver cancer.

Di-Wen et al. (Di-Wen et al., 2016) also studied epirubicin-loaded CXCR4-targeted
nanoparticles composed of PLGA/TPGS (D-a-Tocopheryl polyethylene glycol succinate)
and the surface of nanoparticle was conjugated with LFC131 peptide. They reported that the
nanoparticle had size less than 150 nm, sustained drug release kinetics, higher affinity to
HepG2 cells and 3-fold improvement in cellular uptake than non-targeted one. In vivo study
showed that the nanoparticles distributed mostly in the xenograft tumor and remained in the
blood for at least 24 h. Their results suggested that CX-EPNP could effectively inhibit the

growth of liver tumors in situ and could potentially reduce the systemic side effects.

Loutfy et al. (Loutfy et al., 2016) synthesized water-soluble chitosan nanoparticles (CS-
NPs) and evaluated their properties using transmission electron microscopy (TEM), Fourier
transform infrared spectroscopy (FT-IR) and zeta analysis. The cytotoxic effects of the CS-
NPs on HepG2 cells were conducted by sulforhodamine B colorimetric assays for
cytotoxicity screening and flow cytometric analysis. The authors also conducted molecular
investigations including DNA fragmentation and the expression of some apoptotic genes on
the transcriptional RNA level. They reported that after 24 h of HepG2 cell exposure with
different concentrations of 150 nm diameter CS-NPs did not show any alteration of cell

morphology but, after 48 h of cell exposure with 100 pg/ml of CS-NPs showed 12% of cell
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death with ICsy value of 239 pg/ml. They found that flow cytometry analysis produced mild
accumulation of NPs in the G2/M phase followed by cellular DNA fragmentation after 48 h
of cell exposure. Extensive evaluation of the cytotoxic effect of the CS-NPs showed
messenger RNA (mRNA) apoptotic gene expression (p53, Bak, Caspase3) after 24 h of cell
exposure with no expression of the mRNA of the caspase 3 gene after 48 h of cell exposure.
Finally, the authors suggested that CS-NPs were effective against liver cancer cells at a

concentration of 100 pg/ml.

Again, Marakby et al. (Marakby et al., 2017) developed valeric acid modified chitosan
nanoparticles for the delivery and liver-targeting of a natural chemotherapeutic agent like
Ferulic acid. They characterized the modified nanoparticles for particle size, PDI and zeta
potential and subjected to ex-vivo stability study in serum and cytotoxicity studies in HepG2
cell lines. The nanoparticles were also surface-decorated with glycyrrhizin for active liver
targeting. The authors observed that in vivo biodistribution study showed highest
accumulation (13.34% ID/g) of the glycyrrhizin containing nanoparticles in liver than the
drug solution and glycyrrhizin free nanoparticles after 6 h. Their results suggested that the
proposed selected system could be efficiently utilized as a successful platform for targeting a

natural chemotherapeutic agent viz. ferulic acid to the liver.

Further, Zhang et al. (Zhang et al., 2017) prepared Bufalin-loaded bovine serum albumin
nanoparticle by desolvation method and evaluated in vitro and in vivo. The authors observed
that, (i) the average particle size of NPs was 125.1 nm with sustained drug release behavior,
(i1) the uptake of liver for Bufalin NPs was 352.045 + 35.665 ng/g while for Bufalin was
164.465 + 48.080 ng/g (P < 0.01) at 5 min, (ii1) the uptake of tumor for Bufalin NPs was
significantly higher than that of Bufalin both at 5 min (50.169 + 11.708 ng/g, 93.415+13.828
ng/g, P <0.01) and 15 min (43.683 £ 11.499 ng/g, 64.219 + 17.684 ng/g, P > 0.05), (iv) both
had similar antitumor activity in vitro and finally, (v) pharmacokinetics study showed that the
half-life, blood plasma area under the curve and apparent volume of distribution of Bufalin
NPs group were higher than that of Bufalin treated group, whereas the clearance rate was
lower than Bufalin group. Lastly, the authors concluded that, Bufalin-loaded bovine serum
albumin nanoparticle was a promising liver-targeted drug delivery system with higher liver

uptake and stronger antitumor activity against hepatocellular carcinoma.
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Several researchers studied the gene therapy to overcome the poor responses and toxicity
associated with standard treatments. Zamboni et al. (Zamboni et al., 2017) developed and
evaluated non-viral strategy for effective and cancer-specific DNA delivery to human HCC
using biodegradable poly(beta-amino ester) (PBAE) nanoparticles (NPs). They reported that
the polymeric NPs, composed of 2-((3-aminopropyl) amino) ethanol end-modified poly(1,5-
pentanediol diacrylate-co-3-amino-1-propanol) (_536°) at a 25 polymer-to-DNA weight-to-
weight ratio led to high transfection efficacy to all of the liver cancer lines, but not to
hepatocytes. It has also been reported that each individual HCC line had a significantly
higher percentage of exogenous gene expression than the healthy liver cells. The authors
suggested that the biodegradable end-modified PBAE gene delivery vector was not cytotoxic
and maintained the viability of hepatocytes above 80%. The in vivo study confirmed an
effective DNA transfection. Finally, the researchers concluded that PBAE-based NPs might

be a promising technology to deliver therapeutic genes to liver cancer.

In a study, Wang et al. (Wang et al., 2018) developed and evaluated paclitaxel-loaded
poly(ethylene oxide)-b-poly(butylene oxide) (PEO-PBO) nanoparticles for tumour targeting.
Their results showed that the size of the nanoparticles was about 92.71 nm and the zeta
potential was —5.06 mV. The authors also reported that the PEO-PBO nanoparticles showed
superior pharmacokinetic, biodistribution and tumor inhibitory properties than commonly
used block copolymer poly(ethylene glycol)-b-poly-D,L-(lactic acid) (PEG-PDLLA). They
found that the PEO-PBONPs had excellent biocompatibility and antitumor efficacy. The
researchers concluded that PEO-PBO was promising novel polymeric materials with

potential application in liver cancer.

Further, Wang et al. (Wang et al., 2018) established doxorubicin (DOX) loaded hyaluronic
acid-glycyrrhetinic acid succinate (HSG) conjugates based nanoparticles (HSG/DOX
nanoparticles) for liver-targeted therapy. The researchers reported that the nanoparticles were
sub-spherical in shape with particle size in the range of 180-280 nm, the drug loading was
dependent on drug-to-carrier ratio and GA graft ratio and in vitro drug release was in
sustained manner. Pharmacokinetics study demonstrated the HSG/DOX nanoparticles could
prolong blood circulation time of DOX and had a higher AUC value than that of DOX
solution. The authors also reported that biodistribution of HSG/DOX nanoparticles increased
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the accumulation and decreased the cardiotoxicity and nephrotoxicity of DOX. The
accumulation of HSG-20/DOX, HSG-12/DOX and HSG-6/DOX nanoparticles in the liver
was 4.0-, 3.1-, and 2.6-fold higher than that of DOX solution. Their results suggested that
HSG conjugates prepared via modifying the hydroxyl groups of HA had promising potential

as a liver targeting nanocarrier for the delivery of hydrophobic anti-tumor drugs.
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4. EXPERIMENTAL

4.1. Materials

The drug and various other excipients and reagents used in this work are enlisted in the

following Table 4.1.

Table 4.1.
Drug, excipients and reagents used in this work
Serial No. Chemical name Source
1. Paclitaxel Fresenius Kabi Oncology Ltd. Kolkata,
India.
2. Poly-D-L-lactide-co-glycolide Sigma-Aldrich Co, Mumbai, India.
(ratio 85:15)
3. Polyvinyl alcohol S.D. Fine Chem. Pvt. Ltd, Mumbai,
India.
4 Dichloromethane Merck, Mumbai, India.
5 Potassium dihydrogen phosphate | Merck, Mumbai, India.
6. Disodium hydrogen phosphate Merck, Mumbai, India.
7. Sodium chloride Merck, Mumbeai, India.
8 Sodium carbonate Merck, Mumbai, India.
2 Sodium hydrogen carbonate Merck, Mumbai, India.
10. Fluorescein isothiocyanate 98% HiMedia Laboratories, Mumbai, India.
11. 4', 6-Diamidino-2-phenylindole) | HiMedia Laboratories, Mumbeai, India.
(DAPI)
12. 3-(4,5-Dimers dimethylthiazol-2- | HiMedia Laboratories, Mumbai, India.
yl)-2,5-diphenyltetrazolium
bromide (MTT)
13. Dulbecco‘s Modified Eagle‘s HiMedia Laboratories, Mumbai, India.
Medium (DMEM) containing
fetal bovine serum (FBS) and
Minimum Essential Medium
(MEM)
14. Antibiotics (1% penicillin HiMedia Laboratories, Mumbai, India.
streptomycin
15. Pacliall® injection (100 mg vial) | Panacea Biotec Limited, Mumbai, India.
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4.2. Profile of drug
4.2.1. Paclitaxel (PTX)

CAS Number: 33069-62-4

Chemical name: 5B,20-Epoxy-1,20,4,7B,108,13a-hexahydroxytax-11-en-9-one 4,10-
diacetate  2-benzoate  13-ester with  (2R,3S)-N-benzoyl-3-
phenylisoserine.

Structural formula;

; -Sh YN
/O\/@W/U\ N 16
N

Chemical formula: C47H51NOy4

Molecular weight: 853.9 Da.
Bioavailability: <8%.
Description: Paclitaxel is obtained by a semi-synthetic process from Taxus

baccata. It is a white to off-white crystalline powder.

Solubility: Soluble in DMSO at 200 mg/ml; soluble in ethanol at 40 mg/ml;
very poorly soluble in water; maximum solubility in plain water is
estimated to be about 10-20 pM.

Melting point: 216-217° C

Mechanism of action: PTX binds with p-tubulin and promotes the assembly of
microtubules which prevent microtubular depolymerization.
Chromosomes are thus unable to achieve a metaphase spindle

configuration. This blocks the progression of mitosis and prolonged
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Uses:

Storage:

activation of the mitotic check-point triggers apoptosis or reversion
to the G-phase of the cell cycle without cell division.

Paclitaxel (PTX) is a powerful anticancer chemotherapeutic agent.
It is used to treat different types of cancer such as, ovarian
cancer, breast  cancer, lung  cancer, Kaposi  sarcoma, cervical
cancer, pancreatic cancer and liver cancer. It is advantageous to use
PTX for the treatment of liver cancer over other drugs owing to its
broad spectrum antitumor activity, effectiveness on both solid and
disseminated tumors and a unique mechanism of action as it
stabilizes the microtubule and selectively disrupts the microtubule
dynamics, thus inducing mitotic arrest that leads to cell death.

The drug should be stored the product at 2-8°C and protected from
the light.
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4.3. Profile of excipients
4.3.1. Poly(D,L-lactide-co-glycolide) (PLGA) 85:15

Synthesis: PLGA is a linear copolymer that can be prepared at various ratios
between its constituent monomers, lactic (LA) and glycolic acid

(GA).

Chemical structure of poly(lactic-co-glycolic acid) and its monomer:

O 0

Poly-(lactic-co-glyeolic acid)

Where n=number of units of lactic acid, m=number of units of glycolic

acid.
Molecular weight: 17,000 g/mol.
Crystallinity: Amorphous
Solubility: The polymer is soluble in chlorinated solvents, tetrahydrofuran,

acetone or ethyl acetate.
Degradation: There are four steps of PLGA degradation; (i) hydration: water
penetrates into the amorphous region and disrupts the van der

Waals forces and hydrogen bonds, causing a decrease in the glass
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transition temperature (Tg), (i) initial degradation: cleavage of
covalent bonds, with a decrease in the molecular weight, (iii)
constant degradation: carboxylic end groups autocatalyze the
degradation process and mass loss starts by massive cleavage of the
backbone covalent bonds, resulting in loss of integrity and (iv)
solubilization: the fragments are further cleaved to molecules that
are soluble in the aqueous environment.

PLGA is used as biodegradable polymers for the development of
nanocarrier because it undergoes hydrolysis in the body to produce
the biodegradable metabolite monomers, lactic acid and glycolic
acid. These monomers are metabolized in the body via Krebs cycle
and removed as carbon dioxide and water which result minimal
systemic toxicity.

The polymer should be stored in a cool and dry place.
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4.3.2. Polyvinyl alcohol (PVA)

CAS Number:
Chemical formula:

Description:

Molecular weight:
Melting point:
Solubility:

Uses:

Storage:

9002-89-5

(CH40)

Polyvinyl alcohol is a synthetic resin prepared by the
polymerization of vinyl acetate, followed by partial hydrolysis of
the ester in the presence of an alkaline catalyst. It is odourless,
translucent, white or cream-coloured granular powder.

44.053 g/mol.

200C

The polymer is soluble in water and sparingly soluble in ethanol.
PVA is a well-known hydrophilic polymer usually acts as stabilizer.
Although PVA has hydrophilic -OH group, it has also a nonpolar
vinyl part. Thus, it reduces the surface tension between the aqueous
part and the nonpolar non-aqueous part, where vinyl group remains
towards non-polar part and OH-group faces towards aqueous part.
Thus, it stabilizes primary emulsion. Other uses of polyvinyl
alcohol include: (i) paper adhesive with boric acid in spiral tube
winding and solid board production, (ii) thickener, modifier, in
polyvinyl acetate glues, (iii) as a surfactant for the formation of
polymer encapsulated nanobeads etc.

The polymer should be stored in a cool and dry place.
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4.4. Instruments and equipments

Various instruments/equipments used in this work are enlisted in the following Table 4.2.

Table 4.2.
List of instruments/equipments used.
Serial No. Name and Make/model Availed at
I. High speed homogenizer, IKA Laboratory | Department of Pharmaceutical
Equipment, Model TI10B Ultra-Turrax, | Technology, Jadavpur
Staufen, Germany. University, Kolkata.
2. Cold centrifuge, 3K30 Sigma Lab Centrifuge, | Department of Pharmaceutical
Merrington Hall Farm, Shrewsbury, UK. Technology, Jadavpur
University, Kolkata.
3. Freeze dryer, Laboratory Freeze Dryer, | Department of Pharmaceutical
Instrumentation India Ltd., Kolkata, India. Technology, Jadavpur
University, Kolkata.
4. Fourier transform infrared spectroscopy, | Department of  Inorganic
Perkin-Elmer RX-1, USA. Chemistry, Jadavpur
University, Kolkata.
5. UV-visible spectrophotometer, Advanced | Department of Pharmaceutical
Microprocessor UV-Visible single beam, | Technology, Jadavpur
Intech 295, AP, India. University, Kolkata.
6. Liquid chromatography-Mass | Department of Pharmaceutical
Spectrophotometer, LC: Shimadzu Technology, Jadavpur
Model 20AC, MS: AB-SCIEX, Model: | University, Kolkata.
API4000, Software: Analyst 1.6.
7. Particle size analyzer, Zetasizer Nano ZS 90, | Department of Pharmaceutical
Malvern Instruments, Malvern, UK. Technology, Jadavpur
University, Kolkata.
8. Bath sonicator, Trans-o-sonic, Mumbai, | Department of Pharmaceutical
India. Technology, Jadavpur
University, Kolkata.
9. Fluorescent = microscope, Carl  Zeiss, | School of Medical Science

Oberkochen, Germany.

and  Technology, Indian

Institute ~ of  Technology,

Kharagpur.
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10. Digital balance, Sartorius, Goettingen, | Department of Pharmaceutical
Germany. Technology, Jadavpur
University, Kolkata.
11. Deep freeze (-80°C), New Brunswick | Department of Pharmaceutical
Scientific, U410, Swedesboro, USA. Technology, Jadavpur
University, Kolkata.
12. Magnetic stirrer, Remi Equipments, Mumbai, | Department of Pharmaceutical
India. Technology, Jadavpur
University, Kolkata.
13. Field emission scanning electron microscope, | Indian Association for
JEOL JSM 6700 F, JEOL, Tokyo, Japan. Cultivation of  Science,
Kolkata.
14. Transmission electron microscope, FEI type | Indian Association for
FP5018/40 Tecnai G2 Spirit Bio TWIN. Cultivation  of  Science,
Kolkata.
15. pH meter, Toshniwal Inst. Mfg. Pvt. Ltd., | Department of Pharmaceutical

Ajmer, India.

Technology, Jadavpur

University, Kolkata.
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4.5. Methodology

4.5.1. Preparation of calibration curve of paclitaxel in phosphate buffered saline (PBS)

containing 0.5% (w/v) sodium lauryl sulphate (SLS)

Preparation of PBS, pH 7.4

Phosphate buffer saline, pH 7.4 was prepared as per the formula mentioned in Indian
Pharmacopoeia (volume 1). According to above formula, NaCl 0.8 g, Na,HPO, 0.238 g and
KH,PO4 0.019 g were taken in a 100 ml volumetric flask and dissolved with double distilled
water. The solution was sonicated for some time using a bath sonicator and pH was adjusted
to 7.4. Finally, volume was made up to the mark. After that 0.5 g of SLS was added into the

above prepared PBS and ultrasonicated for 5 min using a bath sonicator to dissolve properly.

Determination of absorption maxima (Amax) Of PTX in PBS containing 0.5% (w/v) SLS

A solution of PTX (10 pg/ml) in PBS containing 0.5% (w/v) SLS was scanned from
wavelength 200 nm to 400 nm in UV/VIS spectrophotometer by using PBS, pH 7.4
containing 0.5% (w/v) SLS with reference to PBS, pH 7.4 containing 0.5% (w/v) SLS as

blank solution.

Preparation of standard curve for drug loading study

A stock PTX solution of 100 pg/ml was prepared by adding 10 mg PTX in 100 ml water-
acetonitrile mixture (HPLC grade) in ratio of 40:60 in a borosilicate glass volumetric flask
followed by ultrasonication for about 2 min for complete dissolution of PTX in the solvent.
From this stock solution, different volumes, 0.2 ml, 0.5 ml, 1.0 ml, 1.5 ml, 2.0 ml and 2.5 ml
were withdrawn and diluted with water-acetonitrile mixture to 10.0 ml to obtain five different
solutions having different concentrations of PTX, namely 2 pg/ml, 5 pg/ml, 10 pg/ml, 15
pg/ml, 20 pg/ml and 25 pg/ml. Absorbance of each solution was measured using UV-visible

spectrophotometer against water-acetonitrile mixture as blank, at 218 nm.

Preparation of standard curve for drug release study
To make a stock solution of PTX (100 pg/ml), 10 mg of drug was taken in a 100 ml
volumetric flask. Then 100 ml of PBS, pH 7.4 containing 0.5% (w/v) SLS was added and

ultrasonicated for about 10 min for complete dissolution of PTX in PBS. From this stock
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solution, various volumes 0.2 ml, 0.5 ml, 1.0 ml, 1.5 ml, 2.0 ml and 2.5 ml were placed in
five different 10 ml volumetric flasks and diluted with PBS, pH 7.4 containing 0.5% (w/v)
SLS to obtain concentrations of PTX namely, 2 ug/ml, 5 pg/ml, 10 ug/ml, 15 pg/ml, 20
pug/ml and 25 pg/ml. Absorbance of individual solution was measured using UV-visible

spectrophotometer against PBS, pH 7.4 containing 0.5% (w/v) SLS as blank, at 218 nm.
4.5.2. Preparation of buffers for hydrolytic stability study

Preparation of citrate buffer pH 3.0 and pH 5.0

A solution of 1.134 g of citric acid and 1.204 g of sodium citrate dihydrate was prepared with
80 ml of double distilled water in 100 ml volumetric flask. Adjust the desired pH (pH 3.0 or
5.0) using hydrochloric acid or sodium hydroxide. Finally, the volume was made up to 100

ml with double distilled water.

Preparation of bicarbonate buffer pH 9.2
A solution of 0.105 g of sodium bicarbonate and 0.927 g of sodium carbonate (anhydrous)
was prepared with 80 ml of double distilled water in 100 ml volumetric flask. Finally, the

volume was made up to 100 ml with double distilled water.
4.5.3. Fourier transform infrared spectroscopy (FTIR)

FTIR (Perkin-Elmer RX-1, USA) was carried out to observe infrared spectra of pure drug
(paclitaxel), PLGA, PVA, their physical mixture, blank formulation and prepared
nanoparticles. During analysis, sample was mixed with potassium bromide in the ratio of
1:100 and compressed into pellets using a hydraulic press at 5.5 metric ton pressure. The
pellets were scanned with FTIR spectroscope in a range of 4000400 cm . The spectra were

recorded as % transmittance (ordinate) against wave number (abscissa).
4.5.4. Differential scanning calorimetry (DSC) study

The physical state of PTX and PTX in PTX-loaded PLGA nanoparticles were investigated by
differential scanning calorimetry (Jade DSC, Perkin Elmer, Japan). The samples were

weighed from 1.18 to 2.784 mg and heated at a scanning rate of 10°C min ' under dry
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nitrogen flow at 20 ml/min over a temperature range of 32°C to 310°C (Mandal et al.,
2010).

4.5.5. Preparation of nanoparticles

Paclitaxel-loaded PLGA nanoparticles were prepared using multiple-emulsion solvent
evaporation method (Mosafer et al., 2017; Maji et al., 2014). In the first step, 2.5% (w/v)
and 1.5% (w/v) aqueous solutions of PVA were prepared separately. After that, an organic
solution of drug and PLGA was prepared in dichloromethane (2 ml). The amounts of drug
and polymer used for various formulations were shown later in Table 5.3. Previously
prepared 0.5 ml of 2.5% PVA solution was added drop-wise into the drug-polymer mixture
and homogenized at 20,000 rpm with a high speed homogenizer (IKA Laboratory
Equipment, Model T10B Ultra-Turrax, Staufen, Germany) for 5 min at room temperature
and primary emulsion was formed (water-in-oil). This primary emulsion was then added
drop-wise into 75 ml of 1.5% PVA solution with constant homogenization at 20,000 rpm for
8 min. PVA is a well-known hydrophilic polymer usually acts as stabilizer (Ibraheem et al.,
2014). Although PVA has hydrophilic —OH group, it has also a nonpolar vinyl part. Thus, it
reduces the surface tension between the aqueous part and the nonpolar non-aqueous part,
where vinyl group remains towards non-polar part and OH-group faces towards aqueous part.
Thus, it stabilizes primary emulsion. The resulting mixture was stirred overnight using a
magnetic stirrer for removal of organic solvent. The nanoparticles were then separated by
centrifugation using a cold centrifuge (3K30 Sigma Lab Centrifuge, Merrington Hall Farm,
Shrewsbury, UK) at 15,000 rpm for 45 min and washed three times with double distilled
water at the same speed for removal of free drug and PVA. The separated nanoparticles were
poured in a petridish and kept it at —40°C overnight. Then the frozen nanoparticles were
lyophilized using freeze dryer (Laboratory Freeze Dryer, Instrumentation India Ltd., Kolkata,
India) for 8 h. This method has been well-standardized with PVA as stabilizer. In this
method, no other cryoprotectant (such as sucrose) was required. Cryoprotectants (such as
sucrose, lactose, manitol) mostly function because of the presence of number of poly
hydroxyl group. In PVA, there is also the presence of number of hydroxyl group, owing to
which it could have acted as cryoprotectant by itself. Finally, the product was collected and

kept in an air tight container at 4°C. We have prepared nanoparticle formulation without drug
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using the same procedure as discussed above. Fluorescent nanoparticles of PTX were also
prepared to visualize the distribution of nanoparticles in the cancer cells. FITC-stock solution
was prepared by dissolving FITC in ethanol:chloroform (1:3 ratio). During emulsification,
100 pl of this solution was added into the organic phase of drug-polymer mixture and all

other steps were same as mentioned above.
4.5.6. Physicochemical characterization of nanoparticles

Drug loading and loading efficiency

Drug loading was carried out to identify the amount of drug entrapped in the experimental
formulations. The required amount of nanoparticles (2 mg) was suspended with 2 ml of
water-acetonitrile mixture (40:60 v/v). The mixture was vortexed for 5 min followed by
shaking in an incubator shaker for 3—4 h at 37°C. Finally, it was centrifuged at 10,000 rpm
for 5 min and the supernatant was collected. After appropriate dilution, the absorbance was
measured spectrophotometrically at 218 nm. The same procedure was also followed for
blank formulation and absorbance was measured. The actual amount of drug present in
nanoparticles was calculated from the difference between the absorbance of nanoparticle
formulation and blank formulation. The percentage of actual drug loading and loading

efficiency were calculated using the following equations:

Amount of drug present in nanoparticles

Percentage of actual drug loading = x100

Weight of nanoparticle sample analy zed

Actual drug loading

Percentage of loading efficiency = x100

Theoretical drug loading

Yield percentage
The amount of nanoparticles obtained was determined with respect to the total amount of raw
materials used for the formulation. The lyophilized nanoparticles were weighed and the

percentage yield of the formulations was calculated by using the following formula:

Amount of nanoparticles obtained

Percentage yield = x100

Totalamount of drug and polymerused
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Particle size, size distribution and zeta potential

The particle size distribution of nanoparticles is important to understand size range of the
particles. Zeta potential is the measurement of surface charges of nanoparticles which implies
the stability of colloidal dispersion. Average particle size, size distribution and zeta potential
of paclitaxel-loaded PLGA nanoparticles were studied by dynamic light scattering technique
(Zetasizer Nano ZS90, Malvern Instrument, Malvern, UK). The analysis was performed at
25°C with scattering angle of 90°. Samples were dispersed with Milli-Q water before
observation (Maji et al., 2014).

Surface morphology by field emission scanning electron microscopy (FESEM)
Surface morphology of the nanoparticles was analyzed using field emission scanning
electron microscope (Model-JSM-6700F; JEOL, Tokyo, Japan). The samples were coated

with platinum under vacuum for 6 min before observation (Ghosh et al., 2017).

Transmission electron microscopy (TEM)

Drug distribution and internal morphology of nanoparticles were determined by transmission
electron microscope (FEI type FP5018/40 Tecnai G2 Spirit Bio twin, Praha, Czech
Republic). Small amount of nanoparticles were uniformly distributed in Milli-Q water and a
drop was placed on a carbon coated grid. The grid was then air-dried overnight and examined

using TEM.
4.5.7. In vitro drug release and release kinetics

In vitro drug release study was carried out in phosphate-buffered saline (PBS), pH 7.4
containing 0.5% sodium lauryl sulfate (Acharya & Reddy, 2016) to check the release of the
drug from the formulations. To see the drug release, we have taken 5 mg of the prepared
nanoparticles in a microcentrifuge tube containing 2 ml of release medium. The tube was
placed in an incubator shaker at 37°C. At different time intervals (0.5, 2, 4, 6, 8, 24, 48, 72,
168, 360, 528 and 720 h), the tube was removed from incubator shaker followed by
centrifuged at 15,000 rpm for 10 min. The supernatant portion of the sample was collected
from the tube. The tube was again filled up with 2 ml of fresh medium and the nanoparticles
were resuspended and incubated under the same condition as mentioned above. The

absorbance of the supernatant of the collected sample was measured using a UV
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spectrophotometer at 218 nm. The concentration of the drug was calculated from the
calibration curve. The same procedure was repeated in three times to check the

reproducibility.

We have used different mathematical models such as zero order, first order, Higuchi,
Korsmeyer-Peppas, and Hixon Crowell model to evaluate in vitro drug release kinetic
patterns using drug release data. The best kinetic model was selected based on the highest
correlation coefficient (R?) values, calculated by using Microsoft Excel software (Costa &

Lobo, 2001; Dash et al., 2010).
4.5.8. Hydrolytic stability study

Required amount (10 mg) of NP3 and pure PTX were taken separately in 2 ml buffer of
different pH (3.0, 5.0, 7.4 and 9.2) to measure the hydrolytic degradation of nanoparticles as
compared with pure drug. Buffers used were citrate buffer pH 3 and 5, phosphate buffered
saline pH 7.4 and bicarbonate buffer pH 9.2. The solutions were kept in an incubator at
37+2°C with mild shaking. After the scheduled time intervals that is, 7" day, 14 day, 21%
day and 28" day, the samples were removed from incubator, centrifuged and washed two
times with double distilled water and dried in speed vac for 30 min and then mass of
nanoparticles was measured. The incubation medium was completely replaced with fresh
medium. For determination of mass loss, the weight of each sample was carefully measured
before the hydrolytic degradation measurement. After drying, the weight of the samples was
taken to evaluate the change of weight. The weight change was calculated according to the
following formula (Jain et al., 2010; Chen et al., 2013):
W, - W,

Weight change % = ——x 100
w

0

Where, Wy and W, represent the initial weight and the weight at time t respectively.

4.5.9. Cancer cell culture and culture condition

Human liver hepatocellular carcinoma HepG2/Huh-7 cells were cultured in Dulbecco's
Modified Eagle's Medium (DMEM) containing fetal bovine serum (FBS) and antibiotics (1%
penicillin streptomycin). Normal Chang liver cells were cultured similarly in Minimum

Essential Medium (MEM) medium. Cancer cells were maintained at 37°C in CO, incubator.
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The atmosphere inside the incubator was kept humidified. Cells were grown in T-25 culture

flask and taken for further experiments.

(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay (MTT assay)

MTT assay was performed in cancer cells (Bharti et al., 2016) to evaluate anti-proliferative
potential of free drug, marketed formulation of paclitaxel (Pacliall®) and NP3 (selected as
the best experimental formulation upon physicochemical evaluation). We have now
performed MTT assay using multiple cell lines, HepG2 cells and Huh-7 cells and further, in
normal cell type (Chang liver cells). Human liver cancer (HepG2, Huh-7) cells and normal
cell type (Chang liver cells) were cultured, collected and resuspended in complete DMEM
medium (for HepG2, Huh-7) and MEM (Chang liver cells) medium. 2.0x103 cells were
seeded in each well of 96 well plates. After overnight incubation, complete medium was
removed and incomplete medium containing free paclitaxel/Pacliall®/NP3 (Dose dependent
treatment) was added in each well. After 48 h of incubation, drug containing medium was
discarded and MTT solution (1 mg/ml) was added. After 4 h of incubation, MTT solution
was discarded and 100 ul DMSO was added. After 20 min, optical density was measured at
560 nm by plate reader (Biorad, Hercules, CA, USA).

Cellular uptake assay

Cellular uptake study was performed according to earlier reported method (Panja et al.,
2016) to evaluate the entry of NP3 inside HepG2 cancer cells. Briefly, cells were cultured on
sterile lysine-coated cover slips. After attaining the 50-60% confluence, cells were starved
with incomplete medium. Cells were then treated with low doses of FITC conjugated NP3
for 1 h and 4 h. Then, cells were incubated in 4% formalin solution followed by washing
with sterile PBS and staining with DAPI. Florescent images were captured by using Zeiss
Observer microscope (Carl Zeiss, Oberkochen, Germany) at 20x% magnification. For
quantitative uptake, HepG2 cells were grown in 13 mm petridish at a concentration 10°
cells/well for a period of 24 h. After that, FITC conjugated paclitaxel-loaded nanoparticle
was added and the cells were incubated with the formulation for different time period such as
1 h and 4 h. Then the cells were collected by trypsinization and suspended in PBS for
analysis by flow cytometry (FACS Canto II cell sorter, BD Biosciences, San Jose, CA) using
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FACS Diva Software (BD Biosciences) to measure cellular uptake of nanoparticles. Cells

without treatment were considered as control.
4.5.10. Lipid peroxidation

Lipid peroxidation in HepG2 cells and normal liver cells (Chang liver cells) was estimated by
the method available (Maia et al., 2010). Malondialdehyde (MDA), a product of lipid
peroxidation was determined spectrophotometrically by using Thiobarbituric Acid-Reactive
Substances (TBARS). Lysate supernatant (0.2 ml) was mixed with 0.8 ml of phosphate
buffered saline (pH 7.4) followed by 0.025 ml of butylated hydroxyl toluene solution (8.8
gl™") and 0.5 ml of 30% trichloroacetic acid. The mixture was incubated at 37°C for 1 h.
From the above solution 1 ml was mixed with 0.25 ml of 1% thiobarbituric acid in 0.05 N
NaOH and 0.075 ml of 0.1 M EDTA. The solution was vortexed and heated on a water-bath
at 95°C for 20 min and then cooled under tap water. The absorbance of the mixture was read
at 532 nm and the calculated lipid peroxidation value was expressed in nM MDA/h/mg
protein using a molar extinction coefficient of 1.56x105/M/cm (Chowdhury et al., 2013).

4.5.11. In vivo study

Plasma and liver pharmacokinetic study

Pharmacokinetic studies were performed using Sprague-Dawley rats (male) with an average
body weight 150+20 g to investigate various pharmacokinetic parameters of drug in plasma
and to determine hepatic drug concentration upon i.v. administration from NP3, marketed
formulation (Pacliall®) and free drug suspension. The study protocol was approved by
Institutional Animal Ethical Committee (IAEC), Jadavpur University, Kolkata and the study
was conducted following the IAEC guideline. The animals were housed and maintained
under standard laboratory conditions as mentioned below. The temperature and relative
humidity (RH) were maintained at 254+2°C and 55+5%, respectively. The animals were
maintained in 12 h light and dark cycle (Choudhury et al., 2014). The animals were fasted
for 12 h with free access of water before sacrifice. The animals were divided into four
groups. First group of animals was treated with nanoparticle formulation (NP3), the second
group of animals received commercial paclitaxel formulation and animals of the third group

received free drug suspension. Doses were calculated as equivalent dose of 5 mg/kg body
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weight of rat (Wang et al., 2013). The fourth group of animals received no treatment and
was considered as control group. The animals of group A-C were treated with the
experimental formulations (NP3), Pacliall® and free drug containing equivalent amount of
drug by intravenous injection in tail vein. After the scheduled time intervals (15 min, 30 min,
1 h,2h,4h,8h, 10 h, 12 h, 24 h and 48 h), the animals were anaesthetized and sacrificed.
Around 0.5 ml of blood was collected by terminal heart puncture of the animals and placed in
microcentrifuge tube containing small amount of EDTA solution. Plasma was separated
immediately using centrifugation at 5000 rpm for 6min at 4°C. We have also collected the
liver of corresponding animals at the same time intervals. The plasma and liver organs were
preserved in —80°C until analysis. The concentrations of PTX upon treatment of NP3,
marketed formulation (Pacliall®) and free drug suspension were estimated by tandem liquid

chromatography-mass spectroscopy (LC-MS/MS) (Zeng et al., 2012).

Sample analysis by LC-MS/MS

PTX stock solution was prepared by serial dilution with HPLC grade methanol. Calibration
control (CC) and quality control (QC) samples were prepared by spiking the working stock
solutions in blank plasma. Here, protein precipitation technique was used to extract the CC,
QC and PTX from the study samples. Protein of plasma sample (100 pl) was precipitated
with 300 ul ice cold 50:50 acetonitrile-methanol mixture containing 200 ng/ml docetaxel as
internal standard (IS). The mixture was vortex-mixed for 10 min, centrifuged at 10,000 rpm
at 4°C for 5 min. Supernatant (100 pl) was mixed with 100 pl of water and loaded into LC-
MS/MS (LC: Shimadzu Model 20AC, MS: AB-SCIEX, Model: API4000, Software: Analyst
1.6). Analytes were eluted using YMC Triat C18 column (30%2.1 mm, 5 p) and gradient
elution technique of two mobile phases (mobile phase A: 0.1% formic acid in water and
mobile phase B: 0.1% formic acid in methanol-acetonitrile-water mixture (45:45:10)) was
conducted with injection volume 20 pl, flow rate 0.8 ml/min and total run time 3.0 min. Liver
samples were weighed and diluted with four times water, homogenized and processed
following the above mentioned protein precipitation technique using liver homogenate.
Plasma data were plotted against time and various pharmacokinetic parameters such as
maximum plasma concentration (Cp,,y), area under curve to the last measurable concentration

(AUCy), half-life (t;), clearance, steady state volume of distribution (V) and mean
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residence time (MRT) were determined by WinNonlin software (Certara, Princeton, NJ).

Further, hepatic drug concentration was also determined.

Statistical analysis

All the experimental works were carried out at least three times for checking reproducibility.
Data was expressed as the meantstandard deviation (SD). Statistical significance was
evaluated using one-way ANOVA followed by Tukey post hoc test using Origin Pro 8
software (Origin Lab, Northampton, MA). Differences were considered statistically

significant when p<0.05 at 95% confidence level.
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5. RESULTS
5.1. Determination of absorption maxima of PTX in PBS (pH 7.4) containing 0.5%

(w/v) SLS and water-acetotonitrile mixture:

Drug absorption maxima was determined in different working solution such as PBS
containing 0.5% (w/v) SLS and in water:acetonitrile=40:60 by using a UV/VIS

spectrophotometer. The results were shown in Figure 5.1 & 5.2.
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Figure 5.1. The absorption maxima of PTX in phosphate buffer
(pH 7.4) containing 0.5% (w/v) SLS was detected at 218 nm.
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Figure 5.2. The absorption maxima of PTX in water:

acetonitrile=40:60 was detected at 218 nm.

56



Chapter 5 Results

5.2. Preparation of calibration curve of PTX

Respective absorbance against concentrations was determined in PBS of pH 7.4 (Table 5.1)
and water-acetonitrile mixture (Table 5.2). The data were plotted to develop the respective

calibration curves shown in Figure 5.3 & 5.4 respectively.

Table 5.1.
Absorbance data for calibration curve of PTX in PBS, pH 7.4 at 2/8 nm.
SL. No. Concentration of PTX in Absorbance values*
PBS, pH 7.4
(ug/ml)

1 2 0.0673+£0.021656
2 5 0.1798+0.031749
3 10 0.3691+0.034394
4 15 0.5464+0.039051
5 20 0.7429+ 0.036387
6 25 0.9364+0.038223

* SD means standard deviation

1.2 1

0.6 1

0.4 A

Absorbance

0.2 y =0.037x - 0.006

R>=10.999

10 15 20 25 30

Concentration (mcg/ml)

Figure 5.3. Calibration curve of PTX in PBS, pH 7.4 (Data represent mean =+ standard

deviation, n=3).
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Table 5.2.

Absorbance data for calibration curve of PTX in water-acetonitrile mixture

(40:60)

SL. No. Concentration of PTX in water- Absorbance values*
acetonitrile mixture
(ug/ml)

1 2 0.0765+0.008717
2 5 0.1875+0.018027
3 10 0.3394+ 0.026457
4 15 0.5059+0.021794
5 20 0.6753+0.024576
6 25 0.8294+0.031224

* SD means standard deviation
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Figure 5.4. Calibration curve of PTX in water: acetonitrile=40:60 (Data represent

mean =+ standard deviation, n=3).
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5.3. Drug-excipients interaction study

FTIR spectroscopy was carried out to investigate the interactions between drug and other
excipients (Satapathy et al., 2016). Figure 5.5 (A—G) shows the FTIR spectra of drug, all
the excipients and formulations (with or without PTX). Pure PTX showed characteristic
peaks at 3440 cm ™' as N-H stretching vibration and at 2944 cm ™' for CH, asymmetric and
symmetric stretching vibrations. The peak found at 1720 cm ' is assigned to C=0 stretching
vibration from ester group. C-N stretching and C-O stretching vibrations produced peaks at
1246 cm ™" and at 1072 cm™' respectively. Peaks at 980 cm™' and 710 cm™' were for C-H in
plane deformation and C-H out-of-plane/C-C=0 deformation, respectively. PLGA showed
characteristic peaks at 3508 cm ' for O-H, 2998 c¢cm™' for C-H and 1754 cm' for C-O
stretching bands, respectively. PVA produced characteristics peaks at 3450 cm ' for O-H,
2930 cm ™' for C-H, 1738 cm™' for C=0 stretching bands and 1096 cm™' for C-O stretching
band. It was observed that all the characteristic bands of drug, PVA and PLGA were present
in their physical mixture. It suggests that there was no chemical interaction between the drug
and the excipients. There are no peaks of drug in nanoparticle formulation reveals that the
nanoparticles had no free drug on the surface. Small shifting of peaks was found in
nanoparticle formulation. Shifting of bands from 1754 to 1756 cm ™' and 750 to 752 cm ™' for
PLGA and that from 1096 cm ' to 1088 cm' for PVA was observed. Those siftings might be
due to the formation of some weak physical bonds such as weak hydrogen bond, van der

Waals force of attraction or dipole-dipole interaction.
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5.4. DSC study

DSC was performed to confirm the physical state of PTX in the formulation and interaction
between the drug and other excipients. The DSC thermogram (Figure 5.6) of PTX showed a
melting endothermic peak at about 212.25°C which is assigned to the melting temperature of

PTX. The drug-loaded nanoparticle formulation also showed an endothermic peak at the
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Figure 5.5. FTIR spectrum of paclitaxel (A), PLGA (85:15)
(B), PVA (C), mixture of PLGA and PVA (D), mixture of drug,
PVA and PLGA (E), blank formulation (F) and formulation

NP3 (G).
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same position, suggesting that drug in the formulation and free-drug was in same physical

state. But blank formulation had no peak.
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Figure 5.6. Differential scanning calorimetry thermogram of paclitaxel (A), NP3 (B) and blank

formulation (C).

5.5. Preparation of nanoparticles

After checking of the compatibility among PTX and other excipients by FTIR spectroscopy
and DSC study, various formulations were prepared as shown in Table 5.3 and it was found
that NP3 formulation was the best optimized formulation in terms of final product yield in
the process, percentage of drug loading and loading efficiency percentage. This formulation

was selected for further in vitro characterization and in vivo pharmacokinetic study and was

reported here.
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Table 5.3.

Various compositions, drug loading, loading efficiency and yield percentage

formulations.

of prepared

Formulation | Amount | Amount | Amount | Theoretical | Actual Loading Yield (%)

code of drug of of FITC drug drug efficiency

(mg) PLGA (ub) loading loading (%)£SD’

(mg) (%0) (%)+SD’ (n=3)
(n=3)
NP1 2.5 240 1.03 0.69+0.11 | 67.47+10.29 | 55.22+3.05%
NP2 5 240 2.04 1.58+0.15 | 77.694+2.42 | 63.91+5.27%
NP3 10 240 4.00 3.37+0.19 | 84.25+4.95 | 72.62+9.96%
FITC-NP3 10 240 100 4.00 3.31+0.15 | 82.75+£5.24

* SD means standard deviation
5.6. Drug loading and loading efficiency

Increasing amount of drug showed increasing amount of drug loading in the present study. It
was found to be saturated at a drug:polymer ratio 1:24 (Table 5.3). Hence, no further
formulations have been reported here. The drug loading of NP1, NP2 and NP3 were found to
be 0.69+0.11%, 1.58+0.15% and 3.37+0.19%, respectively. Loading efficiencies of the
formulations varied from 67.47+10.29% to 84.25+4.95%. NP3 had highest percentage of
drug loading and loading efficiency as compared to the other experimental formulations. The
yield percentage of NP1, NP2 and NP3 were 55.22+3.05%, 63.91+5.27% and 72.62+9.96%
respectively (Table 5.3).

5.7. Particle size and zeta potential

The average particle sizes of different formulations varied from 308.6 nm to 369.5 nm as
shown in Table 5.4 and Figure 5.7. The polydispersity indices of different formulations were
shown to vary from 0.156 to 0.419 and zeta potential values had a variation between —10.70
and —7.60 mV (Table 5.4). Zeta potential was found to decrease with an increasing amount

of drug in the experimental formulation.
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Table 5.4.
Particle size, PDI and zeta potential of different formulations.
Formulation Mean particle size Polydispersity Zeta potential
code (nm)* Index” (mV)*
NP1 369.5+10.75 0.156+0.046 -7.60+0.19
NP2 317.0+1.84 0.406+0.007 -8.95+0.51
NP3 308.646.22 0.419+0.009 -10.70+0.21
* Data show mean =+ standard deviation (n=3)
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Figure 5.7. Particle size distribution of formulations NP1 (A), NP2 (B) and NP3 (C). Zeta potential
of formulations NP1 (D), NP2 (E) and NP3 (F).

5.8. FESEM and TEM study

The morphological characteristics of PTX-nanoparticles were examined with FESEM and

TEM. Particles were spherical in shape with orange peel like surface. All the particles were

in nanometer size range with a variable distribution pattern (Figure 5.8). In some

formulations, some rod shaped PTX-crystals were detected, as PTX owing to its poor
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solubility is often difficult to remove. TEM images (Figure 5.9) show that drug particles (as
seen by black spots) were distributed throughout the formulation.

LEI 50kv  X100,000 100

5.0kV X50,000 100nm 3

Figure 5.8. FESEM photograph of formulation NP1 at 50,000x (A), formulation NP2 at 100,000%
(B), formulation NP3 at 50,000x (C) and formulation NP3 at 100,000x (D).
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Figure 5.9. Transmission electron microscopic images of the optimized formulation (NP3); small size

particles (A) and large size particles (B).
5.9. Drug release and release kinetics

In vitro drug release profile of various formulations shows that the formulations had a
biphasic drug release profile as characterized by an initial burst release within 8 h followed
by a slow and continuous sustained drug release as shown in Figure 5.10. The initial burst
release might be due to the dissolution and diffusion of drug that was present closed to the
inner surfaces of the nanoparticles followed by sustained release due to the drug diffused
from the core of the polymer matrix. Variable particle sizes might play a role into it by
varying drug diffusion pathways (Gratton et al., 2008). After 30 days of drug release study,
it was observed that cumulative percentages of drug released from NP1, NP2 and NP3 were
89.4144.46%, 52.61+2.62% and 31.22+1.56% respectively. Drug released from NP3 was

comparatively slower than the other two formulations i.e., NP1 and NP2.
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Figure 5.10. In vitro release profiles of PTX from NP1, NP2 and NP3 in phosphate buffer, pH

7.4. Data show meantstandard deviation of three different experiments in triplicate.
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Figure 5.11.1. Zero order kinetics of drug release from the experimental formulation.
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Figure 5.11.2. First order kinetics of drug release from the experimental formulation.
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Figure 5.11.3. Higuchi kinetics of drug release from the experimental formulation.
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Figure 5.11.4. Korsmeyer-Peppas kinetics of drug release from the experimental formulation.
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Figure 5.11.5. Hixson-Crowell kinetics of drug release from the experimental formulation.
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The different drug release kinetics of PTX from the experimental formulation under study
was shown in Figure 5.11.1-5.11.5. The correlation coefficient (R”) and release exponent —”
(wherever applicable) were obtained from various drug release kinetic models tested for
experimental formulations (Table 5.5). Drug release data were fitted in different kinetic
equations for different formulations. In case of NP1 and NP3, Korsmeyer-Peppas kinetic

model (R>=0.967 and 0.977 respectively) indicated good linearity as compared to the other

models whereas NP? represented good linearity in Higuchi kinetic model (R*=0.945).

Table 5.5.

“_ 9

In vitro drug release kinetic equations, R? values and drug release exponent “n” of various

formulations.

In vitro Release

A NP1 NP2 NP3
Kinetics

Zero-order Kinetics y =0.101x+24.70 y=0.063x+14.32 y=0.033x+12.18
R?=0.825 R?=0.804 R?=0.708

First-order Kinetics y=-0.001x+1.889 y=-0.000x+1.932 y=-0.000x+1.943
R?=0.957 R?=0.873 R?=0.736

Higuchi Kinetics y=2.905x+14.08 y=1.849x+7.450 y=0.997x+8.295
R?=0.948 R?=0.945 R?=0.887

Korsmeyer-Peppas y=0.349x+0.985 y=0.407x+0.645 y=0.266x+0.780
Kinetics R?=0.967 R?=0.933 R?=0.977
n=0.349 n=0.407 n=0.266

Hixson-Crowell y=-0.002x+4.241 y=-0.001x+4.407 y=-0.000x+4.444
Kinetics R?=0.930 R?*=0.851 R?*=0.727

5.10. Hydrolytic degradation study

The biodegradability of the PLGA-nanoparticles was estimated from the increase in their
weight loss following hydrolytic degradation. Hydrolytic stability study demonstrated that
pH significantly affects the weight loss. With decreasing pH of the medium the hydrolysis of
the formulation increased. After one week study, mass loss at pH 9.2 was 5.66+0.44%, at pH
7.4 was 8.45+0.70%, at pH 5.0 was 11.82+0.99% and at pH 3.0 was 19.62+1.13% (Figure
5.12) respectively. There was no significant mass loss of pure PTX observed all over the

study (not shown in Figure 5.12).
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Figure 5.12. Weight change of PLGA nanoparticles at different pH.

5.11. MTT assay

The anti-proliferative effects of free drug, Pacliall®, NP3 and blank formulation were
performed by MTT assay using HepG2 cells, Huh-7 cells and normal liver parenchymal cells
(Chang liver cells). After 48 h incubation, rate of cell death increased with increasing
concentration of NP3 which was comparable with Pacliall® and free drug (Figure 5.13 (A-
C)). The inhibitory concentration (ICs¢) values of NP3, Pacliall® and free drug in HepG2
cells were 8.5 nM, 24.0 nM and 26.4 nM, respectively and in Huh-7 cells, the 1Csy values
were 12.2 nM, 27.3 nM and 31.1 nM respectively. The ICsy value of NP3 in Huh-7 cells was
1.4 fold more than HepG2 cells. All the treated samples showed dose-dependent cell
cytotoxicity. The cytotoxic effect of NP3 in all the cell types was found to be more than those
of Pacliall® and free drug. Further, NP3, Pacliall® and free drug had more cytotoxic effect
in HepG2 cells and Huh-7 cells as compared to human normal liver parenchymal cells
(Chang liver cells). Moreover, there was no effect of the excipients used in the formulation
on the cytotoxicity of PTX as there was no cell death detected from blank formulation

(without drug).
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Figure 5.13. Cell viability study by MTT assay of free drug, marketed formulation, NP3 and blank
formulation in HepG2 Cells (A), in Huh-7 cells (B) and in Chang Liver cells (C). Data show mean +

standard deviation of three different experiments.
5.12. Cellular uptake study

HepG2 cells were used to observe the cellular uptake of dye containing drug loaded
nanoparticle (NP3) using confocal fluorescence microscopy. Figure 5.14 shows that the
intensity of fluorescence was increased in HepG2 cells with increasing incubation time from

1 h to 4 h. The images show that nanoparticles were internalized and distributed well into
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cellular cytoplasm, suggesting that PTX-loaded nanoparticles could enter into the hepatic

cells.

DAPI FITC conjugated Merge

- 2p pm

4h --

Figure 5.14. Cellular uptake study of NP3 in HepG2 cells for | hand 4 h

The data obtained from flow cytometric analysis, it was observed that uptake of the
formulation within the HepG2 cells increased in a time dependent manner as median
intensity for FITC uptake for controlled, after 1 h and 4 h treatment were found to be 518,
1229 and 2486 respectively (Figure 5.15 and Table 5.6).
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Figure 5.15. Flow cytometric measurement of HepG2 cells incubated with FITC-conjugated
nanoparticles at different time points. Control cells (1), cells treated for 1 h (IT) and 4 h (III).

Table 5.6.
Median intensity of FITC-conjugated NP3 in HepG2 cells
FITC-conjugated NP3 Median intensity of FITC-
treated groups conjugated NP3 in HepG2 cells
Control cells 518
After 1 h 1229
After4 h 2486
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5.13. Lipid peroxidation

Lipid peroxidation by free radicals generates TBARS that can be measured by
malondialdehyde (MDA) levels. An elevation of MDA concentration was found in HepG2
cells as compared to normal liver cells and control cells. The MDA concentration in HepG2
cell line was 6.33+0.36 nM/mg protein and that in normal liver cells was 5.88+0.39 nM/mg
protein. A marked elevation (p<0.05) in lipid peroxidation (as assessed by MDA level) in
NP3 treated HepG2 cells was observed as compared to NP3 treated normal liver cells (Chang
liver cells) (Figure 5.16). NP3 treatment predominantly enhanced lipid peroxidation level
both in normal and in HepG2 cells. In HepG2 cells, it was found to show more toxicity as

assessed by lipid peroxidation level.

nM MDA/mg protein
w = L7

(]
1

Normal liver cells HepG2 cells NP3 treated NP3 treated
normal liver cells HepG2 cells

Figure 5.16. MDA level in HepG2 cells and normal liver parenchymal cells. Data show

mean=tstandard deviation of three different experiments.
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5.14. Pharmacokinetic study using LC-MS/MS

After intravenous (i.v) administration of single dose of free drug, Pacliall® (marketed
formulation) and nanoparticle (NP3), (equivalent dose of 5 mg/kg of PTX) various
pharmacokinetic parameters were analyzed using LC-MS/MS and summarized in Table 5.7.
From the plasma drug concentration-time profile (Figure 5.17), it was found that the plasma
drug level of free drug increased rapidly after 0.25 h of i.v. injection than NP3 and Pacliall®.
Through-out the study, after 0.5 h, the plasma concentration of NP3 remained comparatively
higher than free drug and Pacliall® and then declined slowly. After 48 h, the plasma drug
concentration of NP3 was found to be 14.91 fold and 4.58 fold higher than free drug and
Pacliall®, respectively. AUCy.; value of NP3 (2915.46+145.54 ng.h/ml) was significantly
higher (p<0.05) than that for free drug (1272.95+£63.54 ng.h/ml) and Pacliall®
(2250.84+112.36 ng.h/ml). Plasma half-life (t;,) of NP3 was found to be higher than free
drug and Pacliall® (2 fold and 2.25 fold respectively). MRT value of NP3 increased by 3.36
and 1.6 fold, respectively than the value for free drug and Pacliall®. Drug clearance of NP3
decreased by 65.36% and 38.46% as compared to free drug and Pacliall®, respectively.
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Figure 5.17. Plasma concentration-time profile of PTX after i.v. administration

of NP3, Pacliall® and free drug in rats (5 mg/kg). Data show mean+SD (n=3).

Concentration of drug in liver was studied up to 8 h after i.v injection. At 8 h, hepatic drug
concentration from NP3 was found to be 12.13 fold and 3.08 fold higher than free drug and
Pacliall®, respectively (Figure 5.18). Concentration of NP3 was more than that of free
drug/Pacliall® in liver of rats at all the study points except at 0.25 h after injection, where
concentration Pacliall® was higher than NP3/free drug. Data suggests that higher amount of drug

accumulated in liver after i.v. administration of NP3 as compared to free drug/Pacliall® treated

rats.
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Figure 5.18. Liver concentration of PTX after i.v. administration of NP3, Pacliall® and

free drug in rats (5 mg/kg). Data show mean+SD (n=3).
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6. DISCUSSIONS

FTIR spectroscopy was used to study the interactions between the drug and the excipients.
Presence of characteristic peaks of the drug, PLGA and PVA in the physical mixtures reveals
that there were no chemical interactions between the drug and the excipients (Figure 5.5).
Though, minor shifting of few peaks was found which might be due to the formation of weak
hydrogen bonding, van der Waals forces or dipole-dipole interaction (Maji et al., 2014).
Such physical interactions might help for formation of spherical structure and sustained
release of drug from the nanoparticles (Sahana et al., 2010). There was no peak of drug
observed in nanoparticle formulations, suggesting non availability of free drug on the surface
of the nano formulations (Maji et al., 2014). In DSC study, the presence of endothermic
peak of drug in nanoparticle formulation (Figure 5.6) revealed that the drug was
encapsulated and had the same physical state as the free drug. Endothermic peak of the drug
was not present in the formulations (without drug) and it suggests the absence of drug in the
formulation. The result further confirmed that there was no chemical interaction between the

drug and the excipients.

Paclitaxel-loaded nanoparticles were prepared by using emulsification solvent evaporation
method. In this work, we have prepared different formulations by gradually increasing the
amount of drug and observed the percentage of drug loading and loading efficiency to get
optimized formulation. We have initially observed that the percentage of drug loading and
loading efficiency increased with increasing amount of drug in the formulations (Table 5.3).
But, after a certain amount of drug incorporation, percentage of drug loading and loading
efficiency did not increase with increasing amount of drug any further as because polymer
matrix has also the limit to accommodate maximum amount of drug (saturation point) in the
polymeric network (Maji et al.,, 2014). Maximum drug loading of the experimental
formulations was thus optimized. Thus, out of the various experimental formulations, NP3
was considered as the best formulation in terms of different physicochemical data and has
been considered for further investigation. With an increasing amount of drug in formulation,
percentage yield also increased. However, percentage yields were little less due to recovery

problem. Sticky PLGA was adhered to the homogenizer and the quantities of excipients were
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also less. This problem might be minimized if the formulations were prepared in a large

quantity.

Submicron size particles were obtained experimentally (Figure 5.7). The sizes of the
different formulations varied from 308.6 nm to 369.5 nm (Table 5.4). PDI was used to
investigate distribution pattern of nanoparticles. The value reflects size distribution of
nanoparticles (Vaculikova et al., 2016). The formulations with a wider range of particle
sizes have higher PDI values, while those comprising of evenly sized particles have lower
PDI values (Masarudin et al., 2015). In this study, values of PDI (<0.5) indicate that the

formulations had a wider distribution pattern within a variable submicron size range.

Zeta potential of various formulations varied from —7.60 to —10.70 mV (Table 5.4 & Figure
5.7). Zeta potential value above +30 mV and/or below —30 mV suggests that the particles
remain in a suspended state for longer period of time and avoid rapid agglomeration in
suspended state (Crooke, 2007; Shaw et al., 2017). The experimental data suggests that the

nanoparticles should be preserved in lyophilized form and reconstituted before use.

FESEM images (Figure 5.8) showed that the size of the particles were in below 300 nm with
spherical in shape with smooth surfaces. TEM study (Figure 5.9) showed that drug

distribution occurred throughout the particle.

Cumulative percentage of drug release showed initial rapid release of drug followed by slow
release from all the experimental formulations during 30 days (total period of study) (Figure
5.10). Comparatively higher cumulative amount of drug released from NP1 (89.41+4.46%)
and NP2 (52.61+2.62%) than NP3 (31.22+1.56%). Small particles below 100 nm range of
the formulation might provide faster drug release to meet up immediate need of therapeutic
drug level, whereas larger particles might provide more sustained drug release owing to the
larger diffusion pathway (Mukherjee et al., 2008). Drug release performance from
nanoparticles depends on the presence of larger and smaller particles in a formulation.
Although NP3 shows the slowest drug release and had the smallest size in terms of average
particle size, higher surface charge (zeta potential) on the particle surface as compared to
NP1 and NP2, might retard drug release from the formulation predominantly compared to

NP1 and NP2.
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In drug release study, we found wide variation in drug release patterns from the three
formulations (NP1, NP2 and NP3). NP1 when released about 90% drug, at the same time
point NP2 showed about 45% drug release and NP3 showed about 30% drug release. Since,
NP2 and NP3 showed predominantly slow drug release patterns as compared to NP1, no
further study was conducted as on long-term release study, the formulation may erode and

lead to erroneous results.

In vitro drug release kinetic data (Table 5.5) revealed that NP1 and NP3 were best fitted with
Korsmeyer-Peppas model and NP2 followed Higuchi kinetics. Thus, the release kinetic data
revealed that drug release from nanoparticle formulations might follow binary mechanism.
To understand drug release mechanism, the drug release data were fitted to Korsmeyer-
Peppas model which is related with the function of time for diffusion controlled mechanism
(Shaw et al., 2017) and depicted by the equation as M/M,=Kt", where, My/M; is the fraction
of drug release, t is time, K is rate constant and n is release exponent. If n=0.85, the release is
zero order or case Il relaxational release transport. When n is <0.43, the release follows
Fickian diffusion-controlled drug release and ‘n’ value between 0.43 and 0.85 indicates that
drug release follows an anomalous diffusion (drug diffusion in the hydrated matrix and the
polymer chain relaxation). In our study, ‘n’ values of all the formulations (NP1 and NP3)
were <0.43. This suggests that the drug release followed Fickian diffusion mechanism
(Sannaet al., 2011).

The variation of degradability at different pH values can be correlated with the effect of pH
on hydrophilicity. The polymer at alkaline pH (pH 9.2) kept its non-polar (hydrophobic)
character, due to entrapment of hydroxyl ions by the ester groups on the film surface, which
lowers their water absorption capacity. As a result, water cannot penetrate into the sample
and the weight loss can only be produced by superficial degradation. On the other hand, the
acidic pH (pH 3.0) of the media changed the materials from hydrophobic to hydrophilic in
character and also catalyzed the hydrolysis of polymer linkages which caused faster

degradation of PLGA-nanoparticles (Sailema-Palate et al., 2016).

In vitro cytotoxic activity of experimental nanoparticle (NP3) was assayed by MTT assay
using HepG2 cells, Huh-7 cells and normal liver parenchymal cells. ICsq values of Pacliall®
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and free drug were almost similar in HepG2 cells and Huh-7 cells, although it was
predominantly lower for NP3 after 48 h incubation (Figure 5.13). The lower value of 1Cs
was possibly due to a higher cellular uptake of the nanoparticles and thus, more drugs could
be taken up by the cells. The drug released from nanoparticles could diffuse into the nuclear
compartment and produced effective cell death (Zeng et al., 2014). The percentage viability
of normal liver parenchymal cells was more in case of NP3 as compared to Pacliall® and
free drug as shown in Figure 5.13C. This might be possibly due to low internalization of
PTX-PLGA nanoparticles by normal liver cells. The result recommends that NP3 might not
be toxic to normal liver parenchymal cells (Chang liver cells). For blank formulation
(without drug), the decrease in cell viability of the cultured cell population was not notably
significant, suggesting that the excipients of the formulation had no predominant impact on

the cell death and these excipients are safe for liver cancer treatment.

Cellular internalization of nanoparticles was observed by confocal fluorescence microscopy
(Figure 5.14). Cellular uptake of nanoparticles depends on various factors including size and
shape of the nanoparticles, incubation time, temperature etc. In the present study, HepG2
cells were found to internalize NP3 well. The cellular uptake also increased with increasing
incubation time from 1 to 4 h, as observed by fluorescence intensity in HepG2 cells as
assessed by FACS (Figure 5.15). Higher cellular uptake of nanosize NP3 formulation
compared to free drug and marketed formulation as quantified by LC-MS/MS (data not
shown) might cause the highest toxicity in HepG2 cells. The present result is well

corroborated with previously published observation (Gratton et al., 2008).

MDA is a major end product of peroxidative degradation of the polyunsaturated fatty acid
constituents of biological membranes. Oxidative stress is playing an important role in the
mechanism of toxicity for a number of nanoparticles through either the excessive generation
of reactive oxygen species (ROS) or depletion of cellular antioxidant capacity (Wise et al.,
2010). ROS is generally included the superoxide radical (O,-), H,O, and the hydroxyl radical
(-OH), which causes damage to cellular components, including DNA and ultimately lead to
apoptotic cell death. The MDA concentration in HepG2 cells upon NP3 treatment was
16.88% more than untreated HepG2 cells and 8.48% more than normal liver cells, indicating

the generation of much more free radical oxygen and lipid peroxides in HepG2 cells after
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NP3 treatment. The results revealed that oxidative stress produced by NP3 in HepG2 cells

was predominantly more as compared to normal liver cells.

Plasma and liver pharmacokinetic studies were carried out using NP3, Pacliall® and PTX at
an equivalent dose (dose of 5 mg drug/kg body weight in rats). This study showed that
plasma concentration of free drug was relatively higher at 0.25 h after injection and it
declined sharply after that (Figure 5.17). PTX is very little soluble in water and phosphate
buffer. PLGA (85:15) is also very non-polar polymer. Hence, drug release from the
formulation was very slow. However, in the live system due to the presence of several
enzymes and protein binding and distribution mechanism drug released rather somewhat

differently.

Quick distribution of free drug as compared to the NP3 and Pacliall® could be the reason for
it. Comparatively higher amount of drug from NP3 was present in plasma all over the study
(48 h) and mean residence time was also more for NP3 than free drug and Pacliall®.
Sustained drug release and prolonged drug residence in blood from NP3 (Zhang et al., 2009)
might cause a significantly higher (p<0.05) AUC,and AUMC,. values than free drug and
Pacliall®. Nanoparticles thus appeared comparatively more bioavailable. Recently, US-FDA
has approved a Cremophor® free formulation of albumin-bound PTX NPs (nab-paclitaxel or
Abraxane®) for cancer treatment. In this formulation, PTX is formulated within albumin
particles to improve the efficacy of the drug and reduce the adverse effects associated with
Cremophor®. However, it has been demonstrated that Abraxane® shows a quick elimination
of PTX from the blood circulation and does not improve the pharmacokinetics of PTX
(Taxol®) (Sparreboom et al., 2005). Moreover, it is a high-cost formulation which might
not be easily accessible for every patient, mainly those who are living in low- and middle-
income countries (Bernabeu et al., 2014). At the recommended Abraxane® clinical dose,
260 mg/m®, the mean maximum concentration of paclitaxel which occurred at the end of the
infusion was 18,741 ng/ml. The mean total clearance was 15 L/h/m?. The mean volume of
distribution was 632 L/m”. The clearance and volume of distribution of Abraxane® were
much higher than the prepared PLGA nanoparticles (clearance was 0.80+0.03 L/h and

volume of distribution was 22.204+0.78 L). Abraxane® is more quickly eliminated from the
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blood circulation. Thus, the prepared PLGA formulation had better pharmacokinetic

properties as compared to nab-paclitaxel.

After intravenous administration of NP3/Pacliall®/free drug in rats, hepatic drug
concentration from NP3 was more than the hepatic PTX concentration in free drug/Pacliall®
treated rats at all the experimental time points (up to 8 h) except the time point of 0.25 h
(Figure 5.18). There was a significant variation (p<0.05) of hepatic drug concentration
between NP3 and free drug treated rats whereas, the variation is less in rats treated with
NP3/Pacliall®. Thus, the developed PTX-loaded PLGA nanoparticles possessed possibly a
significant drug delivery potential to liver as compared to the free drug/marketed formulation
(Pacliall®). In this work, we have concentrated on the liver only. Though, it is also important
to see whether the other organs are affected or not. Literatures show that other organs were
also affected upon application of PTX-loaded nanoparticles. But the concentration of the
drug (paclitaxel) in other organs was comparatively less than the concentration of the drug in
liver. Li et al. (Li et al., 2011) measured the PTX levels in liver, spleen, kidney, heart and
lung. The researchers reported that the PTX level was 8 fold higher in liver.

Various researchers have conducted studies on paclitaxel-loaded PLGA nanoparticles
(Fonseca et al., 2002; Le Broc-Ryckewaert et al., 2013; Gupta et al., 2014). However, the
present study is predominantly different from those available reports. We have prepared
nanoparticles using multiple emulsion solvent evaporation method. However, the above
mentioned researchers prepared nanoparticles completely by different methods. Further, they
did not measure the yield value of nanoparticles but, our yield of the formulation was
72.62+9.96%. In the present work, we used HepG2 cells, Huh-7 cells and Chang liver cells.
In the reported work, they used other cells for their study. We also performed hydrolytic
degradation of PLGA nanoparticles for one month in different pH conditions and the
degradation was increased with decreasing pH of the medium. Gupta et al. (Gupta et al.,
2014) studied the accelerated stability study for three months. The last but not the least, none
of the above mentioned studies has performed plasma and liver pharmacokinetic profile of
formulation. Our results showed that nanoparticle formulation prolonged the blood level and

higher liver uptake than the free drug and marketed formulation.
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Non-uniform drug distribution may cause incomplete cancer treatment and drug targeting
may be one of the most suitable options to tackle the problem. By targeted drug delivery
system drug accumulates in the targeted organ or tissue in a selective way independent of site
and method of administration. Thus, drug at the disease site becomes more while its
concentration at the non-targeted tissues will be minimum (Danhier et al., 2010).
Nanoparticles with targeted ligand such as antibody, antibody fragments, aptamers,
polysaccharide, peptide and small biomolecules like folic acid etc. (Zhong et al., 2014) are
being used to target cells through ligand-receptor interactions. Various ligands used against
the receptors of hepatic stellate cells include mannose-6 phosphate, human serum albumin,
galactocyte and galactosamine and those of hepatocytes are glycyrrahizin, linoleic acid and

apolipoprotein A1 (Mukherjee et al., 2016).

The study shares lots of information of potential interest related to PTX-PLGA nanoparticles.
Plasma and hepatic pharmacokinetic data showed that the formulation was superior to free
drug and the tested commercial formulation in terms of plasma level, mean residence time,
bioavailability, hepatic uptake and clearance. PTX-PLGA nanoparticles had sustained drug
release and lower toxicity in contrast to free drug and the marketed formulation providing a

potential use of the nanoparticles in liver cancer treatment.
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Chapter 7 Summary and Conclusions

7. SUMMARY & CONCLUSIONS

There are many anticancer drugs including PTX are identified for liver cancer treatment.
PTX is one of the most useful and effective antineoplastic agents for treatment of liver
cancer. It is advantageous to use PTX for the treatment of liver cancer over other drugs
owing to its broad spectrum antitumor activity, effectiveness on both solid and disseminated
tumors and a unique mechanism of action as it stabilizes the microtubule and selectively
disrupts the microtubule dynamics, thus inducing mitotic arrest that leads to cell death. PTX
binds with B-tubulin and promotes the assembly of microtubules which prevents
microtubular depolymerization and causes cell death. Intravenous infusion of paclitaxel is
painful and often causes hypersensitive reactions. Its systemic bioavailability is <8% due to
low aqueous solubility (0.3 £ 0.02 g/ml). The low solubility is due to its highly lipophilic
nature (log P, 3.96) and bulky polycyclic structure (molecular weight 853 Da). The poor oral
bioavailability is also attributed to its significant “first-pass” metabolism by cytochrome
P450 in liver and p-glycoprotein mediated effluxing by intestinal cells. Further, clinical
formulation of PTX (Taxol®) is used with 1:1 mixture of Cremophore EL (polyethoxylated
castor oil) and ethanol due to its low aqueous solubility. The solvent is harmful and shows
severe toxic effects such as hypersensitivity reactions, nephrotoxicity and neurotoxicity.
Thus, Cremophore EL free formulation of PTX can eliminate the solvent related toxicity,
improve stability, bioavailability and present sustained drug release. So, it is important to
formulate the paclitaxel to avoid such drawbacks. Colloidal drug carriers especially

nanoparticles have gained significant interest in this respect.

In this work, paclitaxel-loaded nanoparticles were prepared by using emulsification solvent
evaporation method. Drug-excipients interaction was studied by Fourier Transform Infrared
(FT-IR) spectroscopy and data showed that there was no chemical interaction between the
drug, PTX and other excipients like Poly(D-L-lactide-co-glycolide) (PLGA) and polyvinyl
alcohol (PVA) used for the preparation of nanoparticles. We have prepared different
formulations such as NP1, NP2 and NP3 by gradually increasing the amount of drug and
observed the percentage of drug loading and loading efficiency to get optimized formulation.

Thus, out of the various experimental formulations, NP3 was considered as the best
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formulation in terms of different physicochemical data and has been considered for further

investigation.

The particle size data showed that the sizes of the different formulations varied from 308.6
nm to 369.5 nm and zeta potential varied from —7.60 to —10.70 mV. The size analysis was
further confirmed by FESEM and TEM. FESEM images showed that the size of the particles
were in below 300 nm with spherical in shape with smooth surfaces. TEM study showed that
drug distribution occurred in the particle throughout. Cumulative percentage of drug release
showed initial rapid release of drug followed by slow release from all the experimental
formulations during 30 days (total period of study). Comparatively higher cumulative amount
of drug released from NP1 and NP2 than NP3. Hydrolytic stability study demonstrated that
pH significantly affects the weight loss. With decreasing the pH of the medium the
hydrolysis of the formulation increased. The half maximal inhibitory concentration (ICsp)
values of Pacliall® (marketed formulation) and free drug were almost similar in HepG2 cells
and Huh-7 cells, although it was predominantly lower for NP3 after 48 h incubation. The
percentage viability of normal liver parenchymal cells was more in case of NP3 as compared
to Pacliall® and free drug. Cellular internalization of nanoparticles was observed by confocal
fluorescence microscopy. The intensity of fluorescence was increased in HepG2 cells with
increasing incubation time from 1 h to 4 h. The nanoparticles were internalized and
distributed well into cellular cytoplasm, suggesting that PTX-loaded nanoparticles could
enter into the hepatic cells. Flow cytometric analysis also revealed that uptake of the
formulation within the HepG2 cells increased in a time dependent manner. The
malondialdehyde (MDA) concentration in HepG2 cells upon NP3 treatment was 16.88%
more than untreated HepG2 cells and 8.48% more than normal liver cells, indicating the
generation of much more free radical oxygen and lipid peroxides in HepG2 cells after NP3
treatment. The results revealed that oxidative stress produced by NP3 in HepG2 cells was
predominantly more as compared to normal liver cells. Plasma and liver pharmacokinetic
studies were carried out using NP3, Pacliall® and PTX at an equivalent dose (dose of 5 mg
drug/kg body weight in rats). This study was performed by using LC-MS/MS. From the
plasma drug concentration-time profile, it was found that the plasma drug level of free drug
increased rapidly after 0.25 h of i.v. injection than NP3 and Pacliall®. Through-out the study,
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after 0.5 h, the plasma concentration of NP3 remained comparatively higher than free drug
and Pacliall® and then declined slowly. After 48 h, the plasma drug concentration of NP3
was found to be 14.91 fold and 4.58 fold higher than free drug and Pacliall®, respectively.
Concentration of drug in liver was studied up to 8 h after i.v injection. At 8 h, hepatic drug
concentration from NP3 was found to be 12.13 fold and 3.08 fold higher than free drug and
Pacliall®, respectively. Different pharmacokinetic parameters such as half-life (t;5),
maximum blood concentration (Cyx), area under the concentration-time curve (AUC), mean
residence time (MRT), clearance (CL), steady state volume of distribution (Vy), area under
the first moment curve (AUMC) of PTX from NP3, Pacliall® and free-drug were calculated,
compared and found that there was a significant improvement of these parameters in NP3

treated rats as compared to free-drug treated and Pacliall® groups of rats.

Thus, PTX-loaded PLGA nanoparticles successfully delivered PTX in liver in a sustained
manner. In vitro study confirmed increased cellular uptake and reduction of ICsy upon PTX-
PLGA nanoparticle administration as compared to free drug/marketed formulation. The
formulation maintained a prolonged blood residence time and higher bioavailability of PTX
than free drug/Pacliall®. The experimental biodegradable polymer based nanoparticles may
be a potential drug carrier for the treatment of hepatic cancer or other hepatic chronic

diseases.
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ABSTRACT

Liver cancer is a leading cause of death related to cancer worldwide. Poly(p-L-lactide-co-glycolide) (PLGA) nano-
particles provide prolonged blood residence time and sustained drug release, desirable for cancer treatment. To
achieve this, we have developed paclitaxel-loaded PLGA nanoparticles by emulsification solvent evaporation
method and evaluated by in vitro and in vivo studies. The results obtained from in vitro study showed that drug
loading efficiency was 84.25% with an initial burst release followed by sustained drug release. Cellular uptake
and in vitro cytotoxicity of the formulated nanoparticles using HepG2, Huh-7 cancer cells and Chang liver cells
were also investigated. The formulated nanoparticles showed more cytotoxic effect at lower concentration and
were internalized well by HepG2 cells compared to free-drug and marketed formulation. Prolonged half-life
and higher plasma and liver drug concentrations of the formulated nanoparticles were observed as compared
to free drug and marketed formulation in rats. Thus, paclitaxel-loaded polymeric nanoparticle has shown its po-
tential for the treatment of liver cancer.

Pharmacokinetics

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Cancer, one of the most devastating diseases having a tremendous
morbidity and mortality impact in the developing world, caused nearly
8.8 million deaths in 2015 [1]. In 2018, 1,735,350 new cancer cases and
609,640 cancer deaths are expected to occur in the United States [2].
Globally, 1 in 6 deaths is due to cancer. Among all the cancers, liver can-
cer is common and second-leading cause of cancer deaths after lung
cancer [1]. Liver cancer more commonly occurs in sub-Saharan Africa
and Southeast Asia than in the US. Men are more susceptible than
woman in case of liver cancer [3]. The main causes of liver cancer are
chronic infection with hepatitis B virus (HBV), hepatitis C virus (HCV)
and alcoholic cirrhosis [4]. Except surgery, chemotherapy is the main
treatment for liver cancer. Its clinical application is restricted due to
some limitations such as side-effects like non-specific dose-limiting
organ toxicities, short circulating half-life, poor solubility, stability and
pharmacokinetic properties and development of drug resistance [5].
Thus, there is an urgent need to develop some alternative approach to
treat liver cancer which can nullify the existing drawbacks. Recently,
polymeric nanoparticles, a novel drug delivery system, may be a
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E-mail address: biswajit. mukherjee@jadavpuruniversity.in (B. Mukherjee).

https://doi.org/10.1016/j.ijpiomac.2018.02.021
0141-8130/© 2018 Elsevier B.V. All rights reserved.

promising approach for beginning of new era as chemotherapeutic
agent to treat liver cancer. The main advantages of polymeric nanopar-
ticles include increase in water solubility, reduction of side-effects and
toxicity, improvement of pharmacokinetic properties and tissue distri-
bution through the leaky neovasculature and premature lymphatic sys-
tem of tumor cells, improvement of anti-tumor efficacy of anticancer
agents [6-8]. Poly-(p-L-lactide-co-glycolide) (PLGA) is very useful to de-
velop drug nanocarrier for cancer therapy owing to its high stability,
outstanding biocompatibility, biodegradability and low immunogenic-
ity. The United State Food and drug administration (US-FDA) has ap-
proved PLGA as harmless for application as pharmaceutical excipients.
It has ability for passive targeting of novel drug delivery system with en-
hanced permeability and retention effect (EPR) [9-12]. Recently, there
are many chemotherapeutic agents which are identified as anticancer
drugs. Among these drugs, some are available in the market as formu-
lated drugs and some of them are in the clinical trials. Sorafenib, an
oral multiple kinase inhibitor, is approved by US-FDA for advanced
liver cancer treatment. Another oral multi-kinase inhibitor, regorafenib
has also been shown to improve overall survival of advanced liver can-
cer patients after a phase 3 trial [13]. In 2017, regorafenib has been ap-
proved by FDA due to the efficacy and safety. Other liver cancer targeted
drugs that have been evaluated in clinical trials include sunitinib and
linifanib (multi-targeted tyrosine kinase inhibitor), erlotinib and
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gefitinib (inhibitors for epidermal growth factor receptor), brivanib (se-
lective inhibitor of fibroblastic growth factor receptor and vascular en-
dothelial growth factor), tivantinib (oral Met receptor tyrosine kinase
inhibitor), everolimus (inhibitor of mammalian target of rapamycin)
and bevacizumab (humanized monoclonal antibody against vascular
endothelial growth factor) [14].

Paclitaxel (PTX) is a powerful anticancer chemotherapeutic agent
[15]. PTX is one of the most useful and effective antineoplastic agents
for treatment of liver cancer [16]. It is advantageous to use PTX for the
treatment of liver cancer over other drugs owing to its broad spectrum
antitumor activity, effectiveness on both solid and disseminated tumors
and a unique mechanism of action as it stabilizes the microtubule and
selectively disrupts the microtubule dynamics, thus inducing mitotic ar-
rest that leads to cell death. PTX binds with 3-tubulin and promotes the
assembly of microtubules which prevents microtubular depolymeriza-
tion and causes cell death [17]. It shows activity against several cancers
such as advanced ovarian cancer, breast cancer, lung cancer and liver
cancer [18,19]. Intravenous infusion of paclitaxel is painful and often
causes hypersensitive reactions [20]. Its systemic bioavailability is <8%
due to low aqueous solubility (0.3 4= 0.02 g/mL). The low solubility is
due to its highly lipophilic nature (log P, 3.96) and bulky polycyclic
structure (molecular weight 853 Da). The poor oral bioavailability is
also attributed to its significant “first-pass” metabolism by cytochrome
P450 in liver and p-glycoprotein mediated effluxing by intestinal cells
[21]. So, it is important to formulate the paclitaxel to avoid such draw-
backs. In the recent years, the use of biodegradable nanomaterials has
gained impressive attention to bypass those properties for efficacious
treatment [22].

Clinical formulation of PTX (Taxol®) is used with 1:1 mixture of
Cremophore EL (polyethoxylated castor oil) and ethanol due to its low
aqueous solubility. The solvent is harmful and shows severe toxic effects
such as hypersensitivity reactions, nephrotoxicity and neurotoxicity
[23-25]. Thus, Cremophore EL free formulation of PTX can eliminate
the solvent related toxicity, improve stability, bioavailability and pres-
ent sustained drug release [26]. Till now, several Cremophore EL free
formulations of paclitaxel examples, liposome [27], emulsion [28],
cyclodextrin [29], microsphere [30] and polymeric nanoparticles [24]
have been developed as alternate delivery system.

However, PTX is always chosen to design in an advanced delivery
system to minimize the side-effects and to explain its biomedical action.

The aim of the present study is to develop paclitaxel-loaded poly-
(p-L-lactide-co-glycolide) nanoparticles for intravenous administra-
tion of PTX for prolonged drug release and sustained drug action to
successfully treat hepatocellular tumor.

2. Materials and methods
2.1. Materials

Paclitaxel (99.95%) was gifted by Fresenius Kabi Oncology Ltd. (Kol-
kata, India). PLGA (MW 50,000-75,000; poly-p-L-lactide-co-glycolide
ratio 85:15) was purchased from Sigma-Aldrich Co (Bengaluru, India)
and polyvinyl alcohol (PVA, MW 125,000) was procured from S.D.
Fine Chem. Pvt. Ltd. (Mumbai, India). Dichloromethane (DCM) was pro-
cured from Merck. Fluorescein isothiocyanate 98% (FITC) was pur-
chased from HiMedia Lab. Dulbecco's Modified Eagle's Medium
(DMEM) containing fetal bovine serum (FBS) and antibiotics (1% peni-
cillin streptomycin) were purchased from HiMedia Laboratories Pvt.
Ltd. (Mumbai, India). 40,6- Diamidino-2-phenylindole (DAPI) and tet-
razolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma-Aldrich. Human liver he-
patocellular carcinoma HepG2 cells were procured from National Center
for Cell Science (NCCS, Pune, India). Marketed formulation of paclitaxel
(Pacliall® injection 100 mg vial) was purchased from Panacea Biotec
Limited, Mumbai, India. All other chemicals and reagents used were of
analytical reagent grade.

2.2. Preparation of paclitaxel-loaded nanoparticles

Paclitaxel-loaded PLGA nanoparticles were prepared using multiple-
emulsion solvent evaporation method [31,32]. In the first step, 2.5%
(w/v) and 1.5% (w/v) aqueous solutions of PVA were prepared sepa-
rately. After that, an organic solution of drug and PLGA was prepared
in dichloromethane (2 ml). The amounts of drug and polymer used for
various formulations were shown in Table 1. Previously prepared
0.5 ml of 2.5% PVA solution was added drop-wise into the drug-polymer
mixture and homogenized at 20,000 rpm with a high speed homoge-
nizer (IKA Laboratory Equipment, Model T10B Ultra-Turrax, Staufen,
Germany) for 5 min at room temperature and primary emulsion was
formed (water-in-oil). This primary emulsion was then added drop-
wise into 75 ml of 1.5% PVA solution with constant homogenization at
20,000 rpm for 8 min. PVA is a well-known hydrophilic polymer usually
acts as stabilizer [33]. Although PVA has hydrophilic -OH group, it has
also a nonpolar vinyl part. Thus, it reduces the surface tension between
the aqueous part and the nonpolar non-aqueous part, where vinyl
group remains towards non-polar part and OH-group faces towards
aqueous part. Thus, it stabilizes primary emulsion. The resulting mix-
ture was stirred overnight using a magnetic stirrer for removal of or-
ganic solvent. The nanoparticles were then separated by
centrifugation using a cold centrifuge (3K30 Sigma Lab Centrifuge,
Merrington Hall Farm, Shrewsbury, UK) at 15,000 rpm for 45 min and
washed three times with double distilled water at the same speed for
removal of free drug and PVA. The separated nanoparticles were poured
in a petridish and kept it at —40 °C overnight. Then the frozen nanopar-
ticles were lyophilized using freeze dryer (Laboratory Freeze Dryer, In-
strumentation India Ltd., Kolkata, India) for 8 h. This method has been
well-standardized with PVA as stabilizer. In this method, no other cryo-
protectant (such as sucrose) was required. Cryoprotectants (such as
sucrose, lactose, manitol) mostly function because of the presence
of number of poly hydroxyl group. In PVA, there is also the presence
of number of hydroxyl group, owing to which it could have acted as
cryoprotectant by itself. Finally, the product was collected and kept
in an air tight container at 4 °C. We have prepared nanoparticle
formulation without drug using the same procedure as discussed
above.

FITC containing nanoparticles were also prepared to visualize the
distribution of nanoparticles in the cancer cells. FITC-stock solution
was prepared by dissolving FITC in ethanol:chloroform (1:3 ratio). Dur-
ing emulsification, 100 p of this solution was added into the organic
phase of drug-polymer mixture and all other steps were same as men-
tioned above.

2.3. Drug-excipients interaction study by Fourier transform infrared spec-
troscopy (FTIR)

FTIR (Perkin-Elmer RX-1, USA) was carried out to observe infrared
spectra of pure drug (paclitaxel), PLGA, PVA, their physical mixture,
blank formulation and prepared nanoparticles. During analysis, sample
was mixed with potassium bromide in the ratio of 1:100 and com-
pressed into pellets using a hydraulic press at 5.5 metric ton pressure.
The pellets were scanned with FTIR spectroscope in a range of 4000-
400 cm™".

24. Differential scanning calorimetry (DSC) study

The physical state of PTX and PTX in PTX-loaded PLGA nanoparticles
were investigated by differential scanning calorimetry (Jade DSC,
Perkin Elmer, Japan). The samples were weighed from 1.18 to
2.784 mg and heated at a scanning rate of 10 °C min~! under dry
nitrogen flow at 20 ml/min over a temperature range of 32 °C to
310 °C [34].



820 D. Mandal et al. / International Journal of Biological Macromolecules 112 (2018) 818-830

Table 1
Various compositions and yield percentage of prepared formulations.

Formulation ~ Amount of drug  Amount of PLGA Amount of Theoretical drug Actual drug loading (%) + Loading efficiency (%) & SD* Yield (%)® + SD
code (mg) (mg) FITC (ul) loading (%) SD? (n = 3) (n=23) (n=3)

NP1 2.5 240 1.03 0.69 + 0.11 67.47 +10.29 55.22 + 3.05%
NP2 5 240 2.04 1.58 £ 0.15 77.69 £ 2.42 63.91 £ 5.27%
NP3 10 240 4,00 337+ 0.19 84.25 £ 4.95 72.62 £ 9.96%
FITC-NP3 10 240 100 4.00 331 +0.15 82.75 +£ 524

¢ SD means standard deviation.

2.5. Physicochemical characterization of nanoparticles

2.5.1. Drug loading and loading efficiency

Drug loading was carried out to identify the amount of drug
entrapped in the experimental formulations. The required amount of
nanoparticles (2 mg) was suspended with 2 ml of water-acetonitrile
mixture (40:60 v/v). The mixture was vortexed for 5 min followed by
shaking in an incubator shaker for 3-4 h at 37 °C. Finally, it was centri-
fuged at 10,000 rpm for 5 min and the supernatant was collected. After
appropriate dilution, the absorbance was measured spectrophotometri-
cally at 218 nm. The same procedure was also followed for blank formu-
lation and absorbance was measured. The actual amount of drug
present in nanoparticles was calculated from the difference between
the absorbance of nanoparticle formulation and blank formulation.
The percentage of actual drug loading and loading efficiency were calcu-
lated using the following equations:

Percentage of actual drug loading
Amount of drug present in nanoparticles

- Weight of nanoparticle sample analysed x 100

Actual drug loading

heoretical drug loading x 100

Percentage of loading efficiency = T

2.5.2. Yield percentage

The amount of nanoparticles obtained was determined with respect
to the total amount of raw materials used for the formulation. The ly-
ophilized nanoparticles were weighed and the percentage yield of the
formulations was calculated by using the following formula:

Amount of nanoparticles obtained
Total amount of drug and polymer used

Percentage yield = x 100

2.5.3. Particle size, size distribution and zeta potential

The particle size distribution of nanoparticles is important to under-
stand size range of the particles. Zeta potential is the measurement of
surface charges of nanoparticles which implies the stability of colloidal
dispersion. Average particle size, size distribution and zeta potential of
paclitaxel-loaded PLGA nanoparticles were studied by dynamic light
scattering technique (Zetasizer Nano ZS90, Malvern Instrument,
Malvern, UK). The analysis was performed at 25 °C with scattering
angle of 90°. Samples were dispersed with Milli-Q water before obser-
vation [32].

2.54. Surface morphology by field emission scanning electron microscopy
(FESEM)

Surface morphology of the nanoparticles was analyzed using field
emission scanning electron microscope (Model-JSM-6700F; JEOL,
Tokyo, Japan). The samples were coated with platinum under vacuum
for 6 min before observation [35].

2.5.5. Transmission electron microscopy (TEM)
Drug distribution and internal morphology of nanoparticles were
determined by transmission electron microscope (FEI type FP5018/40

Tecnai G2 Spirit Bio twin, Praha, Czech Republic). Small amount of nano-
particles were uniformly distributed in Milli-Q water and a drop was
placed on a carbon coated grid. The grid was then air-dried overnight
and examined using TEM.

2.6. In vitro drug release and release kinetics

In vitro drug release study was carried out in phosphate-buffered sa-
line (PBS), pH 7.4 containing 0.5% sodium lauryl sulfate [36] to check the
release of the drug from the formulations. To see the drug release, we
have taken 5 mg of the prepared nanoparticles in a microcentrifuge
tube containing 2 ml of release medium. The tube was placed in an in-
cubator shaker at 37 °C. At different time intervals (0.5, 2, 4, 6, 8, 24,
48,72, 168, 360, 528 and 720 h), the tube was removed from incubator
shaker followed by centrifuged at 15000 rpm for 10 min. The superna-
tant portion of the sample was collected from the tube. The tube was
again filled up with 2 ml of fresh medium and the nanoparticles were
resuspended and incubated under the same condition as mentioned
above. The absorbance of the supernatant of the collected sample was
measured using a UV spectrophotometer at 218 nm. The concentration
of the drug was calculated from the calibration curve. The same proce-
dure was repeated in three times to check the reproducibility.

We have used different mathematical models such as zero order,
first order, Higuchi, Korsmeyer-Peppas, and Hixon Crowell model to
evaluate in vitro drug release kinetic patterns using drug release data.
The best kinetic model was selected based on the highest correlation co-
efficient (R?) values, calculated by using Microsoft Excel software
[37,38].

2.7. Hydrolytic stability study

Required amount (10 mg) of NP3 and pure PTX were taken sepa-
rately in 2 ml buffer of different pH (3.0, 5.0, 7.4 and 9.0) to measure
the hydrolytic degradation of nanoparticles as compared with pure
drug. Buffers used were citrate buffer pH 3 and 5, phosphate buffered
saline pH 7.4 and sodium bicarbonate buffer pH 9. The solutions were
keptin an incubator at 37 £ 2 °C with mild shaking. After the scheduled
time intervals that is, 7th day, 14th day, 21st day and 28th day, the sam-
ples were removed from incubator, centrifuged and washed two times
with double distilled water and dried in speed vac for 30 min and
then mass of nanoparticles was measured. The incubation medium
was completely replaced with fresh medium. For determination of
mass loss, the weight of each sample was carefully measured before
the hydrolytic degradation measurement. After drying, the weight of
the samples was taken to evaluate the change of weight. The weight
change was calculated according to the following formula [39,40]:

Weight change% = Wo—W: X

Wo 100

where, Wy and W, represent the initial weight and the weight at time t
respectively.
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2.8. Cancer cell culture and culture condition

Human liver hepatocellular carcinoma HepG2/Huh-7 cells were cul-
tured in Dulbecco's Modified Eagle's Medium (DMEM) containing fetal
bovine serum (FBS) and antibiotics (1% penicillin streptomycin). Nor-
mal Chang liver cells were cultured similarly in Minimum Essential Me-
dium (MEM) medium. Cancer cells were maintained at 37 °C in CO,
incubator. The atmosphere inside the incubator was kept humidified.
Cells were grown in T-25 culture flask and taken for further
experiments.

2.9. (4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay
(MTT assay)

MTT assay was performed in cancer cells [41] to evaluate anti-prolif-
erative potential of free drug, marketed formulation of paclitaxel
(Pacliall®) and NP3 (selected as the best experimental formulation
upon physicochemical evaluation). We have now performed MTT
assay using multiple cell lines, HepG2 cells and Huh-7 cells and further,
in normal cell type (Chang liver cells). Human liver cancer (HepG2,
Huh-7) cells and normal cell type (Chang liver cells) were cultured, col-
lected and resuspended in complete DMEM medium (for HepG2, Huh-
7) and MEM (Chang liver cells) medium. 2.0 x 103 cells were seeded in
each well of 96 well plates. After overnight incubation, complete me-
dium was removed and incomplete medium containing free pacli-
taxel/Pacliall®/NP3 (Dose dependent treatment) was added in each
well. After 48 h of incubation, drug containing medium was discarded
and MTT solution (1 mg/ml) was added. After 4 h of incubation, MTT so-
lution was discarded and 100 pl DMSO was added. After 20 min, optical
density was measured at 560 nm by plate reader (Biorad, Hercules, CA,
USA).

2.10. Cellular uptake assay

Cellular uptake study was performed according to earlier reported
method [42] to evaluate the entry of NP3 inside HepG2 cancer cells.
Briefly, cells were cultured on sterile lysine-coated cover slips. After
attaining the 50-60% confluence, cells were starved with incomplete
medium. Cells were then treated with low doses of FITC conjugated
NP3 for 1 h and 4 h. Then, cells were incubated in 4% formalin solution
followed by washing with sterile PBS and staining with DAPI. Florescent
images were captured by using Zeiss Observer microscope (Carl Zeiss,
Oberkochen, Germany) at 20x magnification. For quantitative uptake,
HepG2 cells were grown in 13 mm petridish at a concentration 10°
cells/well for a period of 24 h. After that, FITC conjugated paclitaxel-
loaded nanoparticle was added and the cells were incubated with the
formulation for different time periods such as 1 h and 4 h. Then the
cells were collected by trypsinization and suspended in PBS for analysis
by flow cytometry (FACS Canto II cell sorter, BD Biosciences, San Jose,
CA) using FACS Diva Software (BD Biosciences) to measure cellular up-
take of nanoparticles. Cells without treatment were considered as
control.

2.11. Lipid peroxidation

Lipid peroxidation in HepG2 cells and normal liver cells (Chang liver
cells) was estimated by the method available [43]. Malondialdehyde
(MDA), a product of lipid peroxidation was determined spectrophoto-
metrically by using Thiobarbituric Acid-Reactive Substances (TBARS).
Lysate supernatant (0.2 ml) was mixed with 0.8 ml of phosphate buft-
ered saline (pH 7.4) followed by 0.025 ml of butylated hydroxyl toluene
solution (8.8 g 1™1) and 0.5 ml of 30% trichloroacetic acid. The mixture
was incubated at 37 °C for 1 h. From the above solution 1 ml was
mixed with 0.25 ml of 1% thiobarbituric acid in 0.05 N NaOH and
0.075 ml of 0.1 M EDTA. The solution was vortexed and heated on a
water-bath at 95 °C for 20 min and then cooled under tap water. The

absorbance of the mixture was read at 532 nm and the calculated lipid
peroxidation value was expressed in nM MDA/h/mg protein using a
molar extinction coefficient of 1.56 x 105/M/cm [44].

2.12. In vivo study

2.12.1. Plasma and liver pharmacokinetic study

Pharmacokinetic studies were performed using Sprague-Dawley
rats (male) with an average body weight 150 + 20 g to investigate var-
ious pharmacokinetic parameters of drug in plasma and to determine
hepatic drug concentration upon iv. administration from NP3,
marketed formulation (Pacliall®) and free drug suspension. The study
protocol was approved by Institutional Animal Ethical Committee
(IAEC), Jadavpur University, Kolkata and the study was conducted fol-
lowing the IAEC guideline. The animals were housed and maintained
under standard laboratory conditions as mentioned below. The temper-
ature and relative humidity (RH) were maintained at 25 + 2 °C and 55
+ 5%, respectively. The animals were maintained in 12 h light and dark
cycle [45]. The animals were fasted for 12 h with free access of water be-
fore sacrifice. The animals were divided into four groups. First group of
animals was treated with nanoparticle formulation (NP3), the second
group of animals received commercial paclitaxel formulation and ani-
mals of the third group received free drug suspension. Doses were cal-
culated as equivalent dose of 5 mg/kg body weight of rat [46]. The
fourth group of animals received no treatment and was considered as
control group. The animals of group A-C were treated with the experi-
mental formulations (NP3), Pacliall® and free drug containing equiva-
lent amount of drug by intravenous injection in tail vein. After the
scheduled time intervals (15 min, 30 min, 1 h,2 h,4 h,8 h, 10 h, 12 h,
24 h and 48 h), the animals were anaesthetized and sacrificed. Around
0.5 ml of blood was collected by terminal heart puncture of the animals
and placed in microcentrifuge tube containing small amount of EDTA
solution. Plasma was separated immediately using centrifugation at
5000 rpm for 6 min at 4 °C. We have also collected the liver of corre-
sponding animals at the same time intervals. The plasma and liver or-
gans were preserved in —80 °C until analysis. The concentrations of
PTX upon treatment of NP3, marketed formulation (Pacliall®) and free
drug suspension were estimated by tandem liquid chromatography-
mass spectroscopy (LC-MS/MS) [47].

2.12.2. Sample analysis by LC-MS/MS

PTX stock solution was prepared by serial dilution with HPLC grade
methanol. Calibration control (CC) and quality control (QC) samples
were prepared by spiking the working stock solutions in blank plasma.
Here, protein precipitation technique was used to extract the CC, QC and
PTX from the study samples. Protein of plasma sample (100 pl) was pre-
cipitated with 300 pl ice cold 50:50 acetonitrile-methanol mixture con-
taining 200 ng/ml docetaxel as internal standard (IS). The mixture was
vortex-mixed for 10 min, centrifuged at 10,000 rpm at 4 °C for 5 min.
Supernatant (100 pl) was mixed with 100 pl of water and loaded into
LC-MS/MS (LC: Shimadzu Model 20AC, MS: AB-SCIEX, Model:
API4000, Software: Analyst 1.6). Analytes were eluted using YMC Triat
C18 column (30 x 2.1 mm, 5 p) and gradient elution technique of two
mobile phases (mobile phase A: 0.1% formic acid in water and mobile
phase B: 0.1% formic acid in methanol-acetonitrile-water mixture
(45:45:10)) was conducted with injection volume 20 pl, flow rate
0.8 ml/min and total run time 3.0 min. Liver samples were weighed
and diluted with four times water, homogenized and processed follow-
ing the above mentioned protein precipitation technique using liver ho-
mogenate. Plasma data were plotted against time and various
pharmacokinetic parameters such as maximum plasma concentration
(Cinax), area under curve to the last measurable concentration (AUCy_¢),
half-life (t;,,), clearance, steady state volume of distribution (V) and
mean residence time (MRT) were determined by WinNonlin software
(Certara, Princeton, NJ). Further, hepatic drug concentration was also
determined.
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2.13. Statistical analysis

All the experimental works were carried out at least three times for
checking reproducibility. Data was expressed as the mean + standard
deviation (SD). Statistical significance was evaluated using one-way
ANOVA followed by Tukey post hoc test using Origin Pro 8 software
(Origin Lab, Northampton, MA). Differences were considered statis-
tically significant when p < 0.05 at 95% confidence level.

3. Results
3.1. FTIR study

FTIR spectroscopy was carried out to investigate the interactions be-
tween drug and other excipients [48]. Fig. 1 (A-G) shows the FTIR spec-
tra of drug, all the excipients and formulations (with or without PTX).
Pure PTX showed characteristic peaks at 3440 cm™' as N—H stretching
vibration and at 2944 cm™! for CH, asymmetric and symmetric
stretching vibrations. The peak found at 1720 cm™'is assigned to C=0
stretching vibration from ester group. C—N stretching and C—O
stretching vibrations produced peaks at 1246 cm~'and at 1072 cm ™!
respectively. Peaks at 980 cm ™! and 710 cm™" were for C—H in-plane
deformation and C—H out-of-plane/C—C=0 deformation, respec-
tively. PLGA showed characteristic peaks at 3508 cm~! for O—H,
2998 cm ™! for C—H and 1754 cm ™! for C—O stretching bands, respec-
tively. PVA produced characteristics peaks at 3450 cm ™' for O—H,
2930 cm™~! for C—H, 1738 cm™! for C=0 stretching bands and
1096 cm ™! for C—O stretching band. It was observed that all the char-
acteristic bands of drug, PVA and PLGA were present in their physical
mixture. It suggests that there was no chemical interaction between
the drug and the excipients. Missing of the peaks of drug in nanoparticle
formulation reveals that the nanoparticles had no free drug on the sur-
face. Small shifting of peaks was found in nanoparticle formulation.
Shifting of bands from 1754 to 1756 cm~! and 750 to 752 cm™ ' for
PLGA and that from 1096 cm™! to 1088 cm™"' for PVA was observed.
Those siftings might be due to the formation of some weak physical
bonds such as weak hydrogen bond, van der Waals force of attraction
or dipole-dipole interaction.

3.2. DSC study

DSC was performed to confirm the physical state of PTX in the for-
mulation and interaction between the drug and other excipients. The
DSC thermogram (Fig. S1) of PTX showed a melting endothermic peak
at about 212.25 °C which is assigned to the melting temperature of
PTX. The drug-loaded nanoparticle formulation also showed an endo-
thermic peak at the same position, suggesting that drug in the formula-
tion and free-drug was in same physical state. But blank formulation
had no peak.

3.3. Drug loading and loading efficiency

Increasing amount of drug showed increasing amount of drug
loading in the present study. It was found to be saturated at a drug:
polymer ratio 1:24 (Table 1). Hence no further formulations have
been reported here. The drug loading of NP1, NP2 and NP3 were
found to be 0.69 + 0.11%, 1.58 £ 0.15% and 3.37 4 0.19%, respec-
tively. Loading efficiencies of the formulations varied from 67.47 +
10.29% to 84.25 £ 4.95%. NP3 had highest percentage of drug load-
ing and loading efficiency as compared to the other experimental
formulations. The yield percentage of NP1, NP2 and NP3 were
55.22 4+ 3.05%, 63.91 + 5.27% and 72.62 4 9.96% respectively
(Table 1).

3.4. Particle size and zeta potential

The average particle sizes of different formulations varied from
308 nm to 369.5 nm as shown in Table 2 and Fig. S2. The polydispersity
indices of different formulations were shown to vary from 0.156 to
0.419 and zeta potential values had a variation between —10.70 and
—7.60 mV (Table 2). Zeta potential was found to decrease with an in-
creasing amount of drug in the experimental formulation.

3.5. FESEM and TEM study

The morphological characteristics of PTX-nanoparticles were exam-
ined with FESEM and TEM. Particles were spherical in shape with or-
ange peel like surface. All the particles were in nanometer size range
with a variable distribution pattern (Fig. 2). In some formulations,
some rod shaped PTX-crystals were detected, as PTX owing to its poor
solubility is often difficult to remove. TEM images (Fig. 3) show that
drug particles (as seen by black spots) were distributed throughout
the formulation.

3.6. Drug release and release kinetics

In vitro drug release profile of various formulations shows that the
formulations had a biphasic drug release profile as characterized by an
initial burst release within 8 h followed by a slow and continuous
sustained drug release as shown in Fig. 4 (A). The initial burst release
might be due to the dissolution and diffusion of drug that was present
closed to the inner surfaces of the nanoparticles followed by sustained
release due to the drug diffused from the core of the polymer matrix.
Variable particle sizes might play a role into it by varying drug diffusion
pathways [49]. After 30 days of drug release study, it was observed that
cumulative percentages of drug released from NP1, NP2 and NP3 were
89.41 + 4.46%, 52.61 + 2.62% and 31.22 + 1.56% respectively. Drug re-
leased from NP3 was comparatively slower than the other two formula-
tions i.e.,, NP1 and NP2.

The correlation coefficient (R?) and release exponent “n” (wherever
applicable) were obtained from various drug release kinetic models
tested for experimental formulations (Table 3). Drug release data
were fitted in different kinetic equations for different formulations. In
case of NP1 and NP3, Korsmeyer-Peppas kinetic model (R> = 0.967
and 0.977 respectively) indicated good linearity as compared to the
other models whereas NP2 represented good linearity in Higuchi kinetic
model (R? = 0.945).

3.7. Hydrolytic degradation study

The biodegradability of the PLGA-nanoparticles was estimated from
the increase in their weight loss following hydrolytic degradation. Hy-
drolytic stability study demonstrated that pH significantly affects the
weight loss. With decreasing pH of the medium the hydrolysis of the
formulation increased. After one week study, mass loss at pH 9 was
5.66 + 0.44%, at pH 7.4 was 8.45 4 0.70%, at pH 5 was 11.82 & 0.99%
and at pH 3 was 19.62 £ 1.13% (Fig. 4B) respectively. There was no sig-
nificant mass loss of pure PTX observed all over the study (not shown in
Fig. 4B).

3.8. MTT assay

The anti-proliferative effects of free drug, Pacliall®, NP3 and blank
formulation were performed by MTT assay using HepG2 cells, Huh-7
cells and normal liver parenchymal cells (Chang liver cells). After 48 h
incubation, rate of cell death increased with increasing concentration
of NP3 which was comparable with Pacliall® and free drug (Fig. 5 (A-
C)). The inhibitory concentration (ICsq) values of NP3, Pacliall® and
free drug in HepG2 cells were 8.5 nM, 24.0 nM and 26.4 nM, respectively
and in Huh-7 cells, the ICso values were 12.2 nM, 27.3 nM and 31.1 nM
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respectively. The ICsq value of NP3 in Huh-7 cells was 1.4 fold more than
HepG2 cells. All the treated samples showed dose-dependent cell cyto-
toxicity. The cytotoxic effect of NP3 in all the cell types was found to be
more than those of Pacliall® and free drug. Further, NP3, Pacliall® and
free drug had more cytotoxic effect in HepG2 cells and Huh-7 cells as
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Fig. 1. FTIR spectrum of paclitaxel (A), PLGA (85:15) (B), PVA (C), mixture of PLGA and
PVA (D), mixture of drug, PVA and PLGA (E), blank formulation (F) and formulation NP3
(G).

Table 2
Particle size, PDI and zeta potential of different formulations.

Formulation Mean particle size Polydispersity Zeta potential

code (nm)*? index? (mv)?

NP1 369.5 + 10.75 0.156 + 0.046 —7.60 + 0.19

NP2 317.0 + 1.84 0.406 + 0.007 —8.95 + 0.51

NP3 308.6 &+ 6.22 0.419 + 0.009 —10.70 £ 0.21

¢ Data show mean =+ standard deviation (n = 3).

compared to human normal liver parenchymal cells (Chang liver
cells). Moreover, there was no effect of the excipients used in the formu-
lation on the cytotoxicity of PTX as there was no cell death detected
from blank formulation (without drug).

3.9. Cellular uptake study

HepG2 cells were used to observe the cellular uptake of dye contain-
ing drug loaded nanoparticle (NP3) using confocal fluorescence micros-
copy. Fig. 5D shows that the intensity of fluorescence was increased in
HepG2 cells with increasing incubation time from 1 h to 4 h. The images
show that nanoparticles were internalized and distributed well into cel-
lular cytoplasm, suggesting that PTX-loaded nanoparticles could enter
into the hepatic cells. The data obtained from flow cytometric analysis,
it was observed that uptake of the formulation within the HepG2 cells
increased in a time dependent manner as median intensity for FITC up-
take for controlled, after 1 h and 4 h treatment were found to be 518,
1229 and 2486 respectively (Fig. 6).

3.10. Lipid peroxidation

Lipid peroxidation by free radicals generates TBARS that can be mea-
sured by malondialdehyde (MDA) levels. An elevation of MDA concen-
tration was found in HepG2 cells as compared to normal liver cells and
control cells. The MDA concentration in HepG2 cell line was 6.33 +
0.36 nM/mg protein and that in normal liver cells was 5.88 +
0.39 nM/mg protein. A marked elevation (p <0.05) in lipid peroxidation
(as assessed by MDA level) in NP3 treated HepG2 cells was observed as
compared to NP3 treated normal liver cells (Chang liver cells) (Fig. 7).
NP3 treatment predominantly enhanced lipid peroxidation level both
in normal and in HepGz2 cells. In HepG2 cells, it was found to show
more toxicity as assessed by lipid peroxidation level.

3.11. Pharmacokinetic study using LC-MS/MS

After intravenous (i.v) administration of single dose of free drug,
Pacliall® (marketed formulation) and nanoparticle (NP3), (equivalent
dose of 5 mg/kg of PTX) various pharmacokinetic parameters were an-
alyzed using LC-MS/MS and summarized in Table 4. From the plasma
drug concentration-time profile (Fig. 8), it was found that the plasma
drug level of free drug increased rapidly after 0.25 h of i.v. injection
than NP3 and Pacliall®. Through-out the study, after 0.5 h, the plasma
concentration of NP3 remained comparatively higher than free drug
and Pacliall® and then declined slowly. After 48 h, the plasma drug con-
centration of NP3 was found to be 14.91 fold and 4.58 fold higher than
free drug and Pacliall®, respectively. AUCy_; value of NP3 (2915.46 +
145.54) was significantly higher (p < 0.05) than that for free drug
(1272.95 + 63.54) and Pacliall® (2250.84 + 112.36). Plasma half-life
(t1/2) of NP3 was found to be higher than free drug and Pacliall® (2
fold and 2.25 fold respectively). MRT value of NP3 increased by 3.36
and 1.6 fold, respectively than the value for free drug and Pacliall®.
Drug clearance of NP3 decreased by 65.36% and 38.46% as compared
to free drug and Pacliall®, respectively.

Concentration of drug in liver was studied up to 8 h after i.v injection.
At 8 h, hepatic drug concentration from NP3 was found to be 12.13 fold
and 3.08 fold higher than free drug and Pacliall®, respectively (Fig. 9).
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Fig. 2. FESEM photograph of formulation NP1 at 50,000x (A), formulation NP2 at 100,000 (B), formulation NP3 at 50,000x (C) and formulation NP3 at 100,000 (D).

Concentration of NP3 was more than that of free drug/Pacliall® in liver
of rats at all the study points except at 0.25 h after injection, where con-
centration Pacliall® was higher than NP3/free drug. Data suggest that
higher amount of drug accumulated in liver after i.v. administration of
NP3 as compared to free drug/Pacliall® treated rats.

4. Discussion

FTIR spectroscopy was used to study the interactions between the
drug and the excipients. Presence of characteristic peaks of the drug,
PLGA and PVA in the physical mixtures reveals that there was no chem-
ical interaction between the drug and the excipients (Fig. 1). Though,
minor shifting of few peaks was found which might be due to the forma-
tion of weak hydrogen bonding, van der Waals forces or dipole-dipole
interaction [32]. Such physical interactions might help for formation of

spherical structure and sustained release of drug from the nanoparticles
[50]. There was no peak of drug observed in nanoparticle formulation,
suggesting non availability of free drug on the surface of the nano for-
mulations [32]. In DSC study, the presence of endothermic peak of
drug in nanoparticle formulation (Fig. S1) revealed that the drug was
encapsulated and had the same physical state as the free drug. Endo-
thermic peak of the drug was not present in the formulations (without
drug) and it suggests the absence of drug in the formulation. The result
further confirmed that there was no chemical interaction between the
drug and the excipients.

Paclitaxel-loaded nanoparticles were prepared by using emulsifica-
tion solvent evaporation method. In this work, we have prepared differ-
ent formulations by gradually increasing the amount of drug and
observed the percentage of drug loading and loading efficiency to get
optimized formulation. We have initially observed that the percentage

A

Fig. 3. Transmission electron microscopic images of the optimized formulation (NP3); small size particles (A) and large size particles (B).
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Fig. 4. In vitro release profiles of PTX from NP1, NP2 and NP3 in phosphate buffer, pH 7.4. Data show mean + standard deviation of three different experiments in triplicate (A), Weight

change of PLGA nanoparticles at different pH (B).

of drug loading and loading efficiency increased with increasing amount
of drug in the formulations (Table 1). But, after a certain amount of drug
incorporation, percentage of drug loading and loading efficiency did not
increase with increasing amount of drug any further as because polymer
matrix has also the limit to accommodate maximum amount of drug
(saturation point) in the polymeric network [32]. Maximum drug load-
ing of the experimental formulations was thus optimized. Thus, out of
the various experimental formulations, NP3 was considered as the
best formulation in terms of different physicochemical data and has
been considered for further investigation. With an increasing amount
of drug in formulation, percentage yield also increased. However, per-
centage yields were little less due to recovery problem. Sticky PLGA
was adhered to the homogenizer and the quantities of excipients were
also less. This problem might be minimized if the formulations were
prepared in a large quantity.

Submicron size particles were obtained experimentally (Fig. S2). The
sizes of the different formulations varied from 308.6 nm to 369.5 nm
(Table 2). PDI was used to investigate distribution pattern of nanoparti-
cles. The value reflects size distribution of nanoparticles [51]. The for-
mulations with a wider range of particle sizes have higher PDI values,
while those comprising of evenly sized particles have lower PDI values
[52]. In this study, values of PDI (<0.5) indicate that the formulations
had a wider distribution pattern within a variable submicron size range.

Zeta potential of various formulations varied from —7.60 to
—10.70 mV (Table 2) (Fig. S2). Zeta potential value above +30 mV
and/or below —30 mV suggests that the particles remain in a suspended
state for longer period of time and avoid rapid agglomeration in
suspended state [53,54]. The experimental data suggest that the nano-
particles should be preserved in lyophilized form and reconstituted be-
fore use.

Table 3
In vitro drug release kinetic equations, R? values and drug release exponent ‘n’ of various
formulations.

In vitro release NP1 NP2 NP3
kinetics
Zero-order y=0.101x + 2470 y = 0.063x + 14.32 y = 0.033x + 12.18
kinetics R?=0.825 R? = 0.804 R? = 0.708
First-order kinetics y = —0.001x + y = —0.000x + 1.932 y = —0.000x +
1.889 1.943
R?* = 0.957 R*>=0.873 R*=0.736
Higuchi y =2.905x + 14.08 y = 1.849x + 7450 y = 0.997x + 8.295
kinetics R? = 0.948 R? = 0.945 R? = 0.887
Korsmeyer-Peppas y = 0.349x 4 0.985 y = 0.407x + 0.645 y = 0.266x + 0.780
kinetics R? = 0.967 R? = 0.933 R? = 0.977
n=0349 n = 0407 n = 0.266
Hixson-Crowell y = —0.002x + y = —0.001x + 4.407 y = —0.000x +
kinetics 4.241 4444
R? = 0.930 R* = 0.851 R? = 0.727

FESEM images (Fig. 2) showed that the size of the particles were in
below 300 nm with spherical in shape with smooth surfaces. TEM
study (Fig. 3) showed that drug distribution occurred in the particle
throughout.

Cumulative percentage of drug release showed initial rapid release
of drug followed by slow release from all the experimental formulations
during 30 days (total period of study) (Fig.4 (A)). Comparatively higher
cumulative amount of drug released from NP1 (89.41 + 4.46%) and NP2
(52.61 + 2.62%) than NP3 (31.22 4+ 1.56%). Small particles below
100 nm range of the formulation might provide faster drug release to
meet up immediate need of therapeutic drug level, whereas larger par-
ticles might provide more sustained drug release owing to the larger
diffusion pathway [55]. Drug release performance from nanoparticles
depends on the presence of larger and smaller particles in a formulation.
Although NP3 shows the slowest drug release and had the smallest size
in terms of average particle size, higher surface charge (zeta potential)
on the particle surface as compared to NP1 and NP2, might retard
drug release from the formulation predominantly compared to NP1
and NP2.

In drug release study, we found wide variation in drug release pat-
terns from the three formulations (NP1, NP2 and NP3). NP1 when
released about 90% drug, at the same time point NP2 showed about
45% drug release and NP3 showed about 30% drug release. Since,
NP2 and NP3 showed predominantly slow drug release patterns as
compared to NP1, no further study was conducted as on long-term
release study, the formulation may erode and lead to erroneous
results.

Invitro drug release kinetic data (Table 3) revealed that NP1 and NP3
were best fitted with Korsmeyer-Peppas model and NP2 followed
Higuchi kinetics. Thus, the release kinetic data revealed that drug re-
lease from nanoparticle formulations might follow binary mechanism.
To understand drug release mechanism, the drug release data were
fitted to Korsmeyer-Peppas model which is related with the function
of time for diffusion controlled mechanism [54] and depicted by the
equation as My/M, = Kt", where M/M, is the fraction of drug release,
tis time, K is rate constant and n is release exponent. If n = 0.85, the re-
lease is zero order or case Il relaxational release transport. When n is
<0.43, the release follows Fickian diffusion-controlled drug release and
‘n’ value between 0.43 and 0.85 indicates that drug release follows an
anomalous diffusion (drug diffusion in the hydrated matrix and the
polymer chain relaxation). In our study, ‘n’ values of all the formulations
(NP1 and NP3) were <0.43. This suggests that the drug release followed
Fickian diffusion mechanism [56].

The variation of degradability at different pH values can be corre-
lated with the effect of pH on hydrophilicity. The polymer at alkaline
pH (pH 9) kept its non-polar (hydrophobic) character, due to entrap-
ment of hydroxyl ions by the ester groups on the film surface, which
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lowers their water absorption capacity. As a result, water cannot pene- media changed the materials from hydrophobic to hydrophilic in char-
trate into the sample and the weight loss can only be produced by su- acter and also catalyzed the hydrolysis of polymer linkages which
perficial degradation. On the other hand, the acidic pH (pH 3) of the caused faster degradation of PLGA-nanoparticles [57].
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In vitro cytotoxic activity of experimental nanoparticle (NP3) was
assayed by MTT assay using HepG2 cells, Huh-7 cells and normal liver
parenchymal cells. ICsq values of Pacliall® and free drug were almost
similar in HepG2 cells and Huh-7 cells, although it was predominantly
lower for NP3 after 48 h incubation (Fig. 5A and B). The lower value of
ICso was possibly due to a higher cellular uptake of the nanoparticles
and thus, more drugs could be taken up by the cells. The drug released
from nanoparticles could diffuse into the nuclear compartment and pro-
duced effective cell death [58]. The percentage viability of normal liver
parenchymal cells was more in case of NP3 as compared to Pacliall®
and free drug as shown in Fig. 5C. This might be possibly due to low in-
ternalization of PTX-PLGA nanoparticles by normal liver cells. The result
recommends that NP3 might not be toxic to normal liver parenchymal
cells (Chang liver cells). For blank formulation (without drug), the de-
crease in cell viability of the cultured cell population was not notably
significant, suggesting that the excipients of the formulation had no pre-
dominant impact on the cell death and these excipients are safe for liver
cancer treatment.

Cellular internalization of nanoparticles was observed by confocal
fluorescence microscopy (Fig. 5D). Cellular uptake of nanoparticles de-
pends on various factors including size and shape of the nanoparticles,
incubation time, temperature etc. In the present study, HepG2 cells
were found to internalize NP3 well. The cellular uptake also increased
with increasing incubation time from 1 to 4 h, as observed by fluores-
cence intensity in HepG2 cells as assessed by FACS (Fig. 6). Higher cellu-
lar uptake of nanosize NP3 formulation compared to free drug and
marketed formulation as quantified by LC-MS/MS (data not shown)
might cause the highest toxicity in HepG2 cells. The present result is
well corroborated with previously published observation [49].

MDA is a major end product of peroxidative degradation of the poly-
unsaturated fatty acid constituents of biological membranes. Oxidative
stress is playing an important role in the mechanism of toxicity for a
number of nanoparticles through either the excessive generation of
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Fig. 8. Plasma concentration-time profile of PTX after i.v. administration of NP3, Pacliall®
and free drug in rats (5 mg/kg). Data show mean + SD (n = 3).

reactive oxygen species (ROS) or depletion of cellular antioxidant ca-
pacity [59]. ROS is generally included the superoxide radical (O;-),
H,0,, and the hydroxyl radical (-OH), which cause damage to cellular
components, including DNA and ultimately lead to apoptotic cell
death. The MDA concentration in HepG2 cells upon NP3 treatment
was 16.88% more than untreated HepG2 cells and 8.48% more than nor-
mal liver cells, indicating the generation of much more free radical oxy-
gen and lipid peroxides in HepG2 cells after NP3 treatment. The results
revealed that oxidative stress produced by NP3 in HepG2 cells was
predominantly more as compared to normal liver cells.

Plasma and liver pharmacokinetic studies were carried out using
NP3, Pacliall® and PTX at an equivalent dose (dose of 5 mg drug/kg
body weight in rats). This study showed that plasma concentration of
free drug was relatively higher at 0.25 h after injection and it declined
sharply after that (Fig. 8). PTX is very little soluble in water and phos-
phate buffer. PLGA (85:15) is also very non-polar polymer. Hence,
drug release from the formulation was very slow. However, in the live
system due to the presence of several enzymes and protein binding
and distribution mechanism drug released rather somewhat differently.

Quick distribution of free drug as compared to the NP3 and Pacliall®
could be the reason for it. Comparatively higher amount of drug from
NP3 was present in plasma all over the study (48 h) and mean residence
time was also more for NP3 than free drug and Pacliall®. Sustained drug
release and prolonged drug residence in blood from NP3 [60] might
cause a significantly higher (p < 0.05) AUCy.; and AUMCg_; values than
free drug and Pacliall®. Nanoparticles thus appeared comparatively
more bioavailable. Recently, US-FDA has approved a Cremophor® free
formulation of albumin-bound PTX NPs (nab-paclitaxel or Abraxane®)
for cancer treatment. In this formulation, PTX is formulated within

Table 4

Plasma pharmacokinetic parameters of PTX in rats treated with nanoparticles/marketed formulation/free drug [dose 5 mg of drug/kg body weight].
Formulation t12 (h) Cmax (ng/ml) AUCo.¢ (ng-h/ml) AUMCG, (ng-h?/ml) CL (L/h) MRT (h) Vs (L)
Nanoparticle 28.48 + 0.99*" 951.9 + 47.5% 2915.46 + 145.54"# 32,588.88 + 1486.98"# 0.80 + 0.03"# 11.18 + 0.56"# 2220 + 0.78"#
Pacliall® 12.62 + 0.59 838.1 + 41.8° 2250.84 + 112.36° 15,530.84 + 775.29° 1.30 + 0.05* 6.95 + 035 11.40 + 0.40
Free drug 1422 + 0.82 1181.4 + 589 1272.95 + 63.54 4200.73 + 209.70 231+ 0.08 332+ 0.16 10.61 + 037

Note: values represent mean + SD (n = 3). Statistical significance was evaluated using one-way ANOVA followed by Tukey post hoc test using Origin Pro 8 (OriginLab, Northampton, MA).

Differences were considered statistically significant when p < 0.05 at 95% confidence level.

Abbreviations: t; , half-life; Cy,ax, maximum blood concentration; AUCq_, the area under the plasma drug concentration-time curve from the time of injection to a determined time point;
AUMC, area under the first moment curve; CL, clearance; MRT, mean residence time and Vs, steady state volume of distribution.

*# Indicates statistically significant data when comparison was made between nanoparticle and free drug treated group of rats.

* Indicates statistically significant data when comparison was made between nanoparticle and Pacliall® drug treated group of rats.

% Indicates statistically significant data when comparison was made between Pacliall® and free drug treated group of rats.
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albumin particles to improve the efficacy of the drug and reduce the ad-
verse effects associated with Cremophor®. However, it has been dem-
onstrated that Abraxane® shows a quick elimination of PTX from the
blood circulation and does not improve the pharmacokinetics of PTX
(Taxol®) [61]. Moreover, it is a high-cost formulation which might not
be easily accessible for every patient, mainly those who are living in
low- and middle-income countries [62]. At the recommended
Abraxane® clinical dose, 260 mg/m?, the mean maximum concentra-
tion of paclitaxel which occurred at the end of the infusion was
18,741 ng/mL. The mean total clearance was 15 L/h/m? The mean vol-
ume of distribution was 632 L/m?. The clearance and volume of distribu-
tion of Abraxane® were much higher than the prepared PLGA
nanoparticles (clearance was 0.80 4 0.03 L/h and volume of distribution
was 22.20 + 0.78 L). Abraxane® is more quickly eliminated from the
blood circulation. Thus, the prepared PLGA formulation had better phar-
macokinetic properties as compared to nab-paclitaxel.

After intravenous administration of NP3/Pacliall®/free drug in rats,
hepatic drug concentration from NP3 was more than the hepatic PTX
concentration in free drug/Pacliall® treated rats at all the experimental
time points (up to 8 h) except the time point of 0.25 h (Fig. 9). There was
a significant variation (p < 0.05) of hepatic drug concentration between
NP3 and free drug treated rats whereas, the variation is less in rats
treated with NP3/Pacliall®. Thus, the developed PTX-loaded PLGA
nanoparticles possessed possibly a significant drug delivery potential
to liver as compared to the free drug/marketed formulation (Pacliall®).
In this work, we have concentrated on the liver only. Though, it is also
important to see whether the other organs are affected or not. Litera-
tures show that other organs were also affected upon application of
PTX loaded nanoparticles. But the concentration of the drug (paclitaxel)
in other organs was comparatively less than the concentration of the
drugin liver. R. Li et al. [63] measured the PTX levels in liver, spleen, kid-
ney, heart and lung. The researchers reported that the PTX level was 8
fold higher in liver.

Various researchers have conducted studies on paclitaxel-loaded
PLGA nanoparticles [64-66]. However, the present study is predomi-
nantly different from those available reports (Table S1). We have pre-
pared nanoparticles using multiple emulsion solvent evaporation
method. However, the above mentioned researchers prepared nanopar-
ticles completely by different methods. Further, they did not measure
the yield value of nanoparticles but, our yield of the formulation was
72.62 £ 9.96%. In the present work, we used HepG2 cells, Huh-7 cells
and Chang liver cells. In the reported work they used other cells for
their study. We also performed hydrolytic degradation of PLGA nano-
particles for one month in different pH conditions and the degradation
was increased with decreasing pH of the medium. Gupta et al. [66] stud-
ied the accelerated stability study for three months. The last but not the

least, none of the above mentioned studies have performed plasma and
liver pharmacokinetic profile of formulation. Our results showed that
nanoparticle formulation prolonged the blood level and higher liver up-
take than the free drug and marketed formulation.

Non-uniform drug distribution may cause incomplete cancer treat-
ment and drug targeting may be one of the most suitable options to
tackle the problem. By targeted drug delivery system drug accumulates
in the targeted organ or tissue in a selective way independent of site and
method of administration. Thus, drug at the disease site becomes more
while its concentration at the non-targeted tissues will be minimum
[67]. Nanoparticles with targeted ligand such as antibody, antibody
fragments, aptamers, polysaccharide, peptide and small biomolecules
like folic acid etc. [68] are being used to target cells through ligand-re-
ceptor interactions. Various ligands used against the receptors of he-
patic stellate cells include mannose-6 phosphate, human serum
albumin, galactocyte and galactosamine and those of hepatocytes are
glycyrrahizin, linoleic acid and apolipoprotein A1 [69].

The study shares lots of information of potential interest related to
PTX-PLGA nanoparticles. Plasma and hepatic pharmacokinetic data
showed that the formulation was superior to free drug and the tested
commercial formulation in terms of plasma level, mean residence
time, bioavailability, hepatic uptake and clearance. PTX-PLGA nanopar-
ticles had sustained drug release and lower toxicity in contrast to free
drug and the marketed formulation providing a potential use of the
nanoparticles in liver cancer treatment.

5. Conclusion

In conclusion, PTX-loaded PLGA nanoparticles successfully delivered
PTX in liver in a sustained manner. In vitro study confirmed increased
cellular uptake and reduction of ICso upon PTX-PLGA nanoparticle ad-
ministration as compared to free drug/marketed formulation. The for-
mulation maintained a prolonged blood residence time and higher
bioavailability of PTX than free drug/Pacliall®. The experimental biode-
gradable polymer based nanoparticles may be a potential drug carrier
for the treatment of hepatic cancer or other hepatic chronic diseases.
Further studies are required.
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Successful delivery of docetaxel to rat brain using experimentally
developed nanoliposome: a treatment strategy for brain tumor
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Abstract

Docetaxel (DTX) is found to be very effective against glioma cell in vitro. However, in vivo
passage of DTX through BBB is extremely difficult due to the physicochemical and
pharmacological characteristics of the drug. No existing formulation is successful in this
aspect. Hence, in this study, effort was made to send DTX through blood-brain barrier (BBB) to
brain to treat diseases such as solid tumor of brain (glioma) by developing DTX-loaded
nanoliposomes. Primarily drug-excipients interaction was evaluated by FTIR spectroscopy. The
DTX-loaded nanoliposomes (L-DTX) were prepared by lipid layer hydration technique and
characterized physicochemically. In vitro cellular uptake in C6 glioma cells was investigated.
FTIR data show that the selected drug and excipients were chemically compatible. The
unilamellar vesicle size was less than 50 nm with smooth surface. Drug released slowly from
L-DTX in vitro in a sustained manner. The pharmacokinetic data shows more extended action of
DTX from L-DTX in experimental rats than the free-drug and Taxotere®. DTX from L-DTX
enhanced 100% drug concentration in brain as compared with Taxotere® in 4h. Thus,
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nanoliposomes as vehicle may be an encouraging strategy to treat glioma with DTX.

Introduction

Astrocytoma (commonly known as glioma) is most prevalent
among three different types of brain tumors, namely astro-
cytomas, oligidendrogliomas and oligoastrocytomas, in adults.
This aggressive malignant form of cancer accounts for ~45—
50% of all primary tumors resulting in death of patients within
a couple of years (Guo et al., 2011; Nance et al., 2014). The
characteristic features such as lack of sharp border, infiltration
ability of the tumor cells in the brain of glioma as well as their
wide distribution restrict their treatments by surgery and
radiotherapy (Guo et al., 2011). Further, due to the strategic
location of the blood-brain barrier (BBB) that allows a
selective transport of drugs into the brain, chemotherapy
becomes an auxiliary treatment for malignant glioma. In the
last few decades, many drugs have been or being explored for
the treatment of glioma. Most of them including docetaxel
(DTX) are large hydrophobic molecules, which are unable to

Address of correspondence: Biswajit Mukherjee, Department of
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West Bengal, India. Tel: +91-33-24146677. Fax: +91-33-24146677.
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This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/Licenses/by/
4.0/), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

cross the BBB easily (Asperen et al., 1997) and may become an
effective candidate for efflux by various efflux pumps
governed by BBB as well as tumor cells (Beaulieu et al., 1997).
Docetaxel (DTX) is a complex diterpene alkaloid, isolated
from the bark of Texas baccata, congener of paclitaxel. It has
an efficient antineoplastic effect against a wide spectrum of
solid tumors, such as ovarian, breast and lung cancer. It is
found to be effective in the treatment of glioma in vitro but its
in vivo efficacy is highly compromised due to its poor
aqueous solubility and high molecular weight (Banks, 2009;
Liu et al., 2011; Tan et al., 2012). Therefore, suitable design
and development of appropriate vehicle for the transport of
therapeutic payload is of prime importance in order to
develop an effective therapy against glioma. In this context
colloidal drug carrier especially nanoliposomes have gained
significant interest among the researchers around the globe.
(Jain, 2012; Zhang & Zhang, 2013; Hao et al, 2015; Sonali
et al., 2016a; Sonali et al., 2016b; Sonali et al., 2016c).
Liposomes, the small spherical vesicle with single or
multiple lipid bilayers, made from natural and/or synthetic
lipids have been widely exploited due to their unique
characteristics such as high biocompatibility, biodegradabil-
ity, and non-immunogenicity (Laouini et al., 2012;
Akbarzadeh et al., 2013). They usually improve biodistribu-
tion and pharmacokinetic profile of the therapeutic payload
by sustained drug release from the formulation and
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CHAPTER

Multifunctional drug
nanocarriers facilitate more
specific entry of therapeutic
payload into tumors and
control multiple drug
resistance in cancer

Biswajit Mukherjee, Samrat Chakraborty, Laboni Mondal,
Bhabani Sankar Satapathy, Soma Sengupta, Lopamudra Dutta,
Ankan Choudhury and Dipika Mandal

Department of Pharmaceutical Technology, Jadavpur University, Kolkata, India

INTRODUCTION

Cancer has instigated lots of interest among researchers around the globe due to its
high mortality, unique nature, and inadequate treatment strategies. As per the published
report of American Cancer Society, it is expected that by 2030 about 21.4 million new
cancer cases will impose a serious global concern and cancer related death toll may
reach up to 13.2 million due to the growth and aging of population. Despite the
remarkable breakthroughs that have been achieved in understanding the disease, espe-
cially mapping and profiling of specific tumor biomarkers, characterization of cancer
cells and the understanding of signal cascades involved in pathogenesis of cancer, the
development of an appropriate treatment strategy is still in its infancy. This may be
due to our inability to deliver the cargo of drug(s) specifically to the target site without
imparting any adverse effect on healthy tissues and organs. Therefore, it would be very
much essential to develop a smarter and more efficient carrier system that can over-
come the biological barriers, distinguish between normal and cancerous cells, capable
enough to exploit the heterogeneous and complex microenvironment to deliver cargo
within an optimal dosage range (Mukherjee et al., 2014; Karra and Benita, 2012).
Traditional treatment options for cancer include surgical intervention, radia-
tion, and chemotherapeutic drugs, which produce adverse effects on healthy cells,
thus imparting toxicity to the patients. Moreover, most of the potent anticancer
agents possess limited solubility in the biological environment, which has greatly
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