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Abstract

Hepatocellular carcinoma (HCC), a primary liver cancer, is the third leading common cause of death
worldwide. The major risk factors include chronic liver diseases like cirrhosis, long-term alcohol
consumption, diabetes, hepatitis B, hepatitis C, and non-alcoholic fatty liver disease. Most patients
with HCC are diagnosed very late when the disease has reached advanced-stages. Sorafenib, a kinase
inhibitor drug, is approved for HCC. It has been shown to increase the survival rates of patients with
advanced-stage liver cancer. However, because of sorafenib's poor water solubility, rapid metabolism,
and low bioavailability, its clinical applications are constrained. The present study aimed to overcome
these limitations of sorafenib through an improvised nanoparticulate drug delivery system. Casein, a
major milk protein, possesses several exciting properties that make it a good candidate for drug
delivery systems. Casein shows amphiphilic nature, self-assembling property, the ability to show
sustained release and the capability to encapsulate hydrophilic and hydrophobic drugs. Camel milk
was used as a source of casein protein because of its non-allergic potential, medicinal value and
thermostable properties. Camel milk casein has a higher amount of hydrophobic protein, which
enhances its drug delivery potential. In this study, we have developed and characterized sorafenib
loaded camel milk casein nanoparticles. Subsequently, the efficacy of this sorafenib encapsulating
camel milk casein nanoparticles has been studied in vitro in HepG2 cells by evaluating its cytotoxicity.
Furthermore, pharmacokinetic and biodistribution studies of sorafenib loaded casein nanoparticles
have been conducted using Swiss albino mice. Calcium chloride was used as a crosslinker to prepare

the novel camel milk casein-based nanoparticles to encapsulate the hydrophobic drug sorafenib.

Initially, the resultant sorafenib-loaded camel milk casein nanoparticle was thoroughly characterized
for size distribution, zeta potential, and morphology. Camel milk casein nanoparticles exhibited a
particle size of around 230 nm with a uniform spherical shape and negative charge. The quantification
of drug content in nanoparticles as well as the drug-protein binding studies was conducted by UV
spectroscopy. The cytotoxicity and cellular uptake efficiency studies were performed in HepG2 cell
lines. This sorafenib drug-loaded nanoparticle had a higher intracellular uptake of sorafenib than the
free drug. The drug-loaded nanoparticles were also more cytotoxic in the mammalian hepatocarcinoma

cell line, HepG2 as checked by MTT assay.

Subsequently, we evaluated the cytotoxicity and underlying mechanisms of apoptosis of sorafenib

encapsulated in camel milk casein nanoparticles by conducting different apoptosis assays like DNA



fragmentation, Annexin Pi assay and checking the expression of apoptotic-related genes and proteins.
Subsequently, the effect of the drug-loaded nanoparticles on cell cycle phase distribution has also been
studied. Furthermore, the gene expression of apoptosis-related was also studied at the transcriptional
and translational levels. Our study revealed that entrapment of sorafenib within casein nanoparticles
exerted potent cytotoxicity against liver cancer cell lines by inducing cell cycle arrest, apoptotic cell
death and generation of reactive oxygen species. The gene expression studies at the transcriptional
level suggested the up-regulation of tumour suppressor 53, pro-apoptotic bax (bcl-2 associated X
protein), and caspase-3 while decreased anti-apoptotic bcl2 (B-cell lymphoma-2) thus, hence
confirming induction of apoptotic cell death. At the translational level, it was demonstrated that
treatment increased the expression of proapoptotic bax protein and decreased the antiapoptotic protein
bcl2 expression. We have also validated the absence of any toxicity of camel milk casein drug-loaded
nanoparticles in normal cells taking HEK 293 cells as a model system. Further, we also calculated the
therapeutic index of nanoparticles, which came out to be about two times higher as compared to the
drug. Our results highlighted the feasibility of using camel milk casein nanoparticles as a nontoxic,

biocompatible delivery vehicle with enhanced therapeutic outcomes.

Furthermore, we conducted an in vivo pharmacokinetic and distribution study of sorafenib-loaded
camel casein nanoparticles in Swiss albino healthy mice. Before this, we developed a bioanalytical
method of sorafenib quantitation in mice plasma and various tissues like the liver, kidney, lungs, heart,
and spleen. Furthermore, the pharmacokinetic study upon intravenous administration of SEN-CasNPs
in Swiss albino mice, showed that SFN-CasNP enhanced the bioavailability of sorafenib drug as
exhibited by the enhanced area under the curve (AUC) and ti of the drug. Further, an enhanced
accumulation of SFN-CasNPs in the liver and kidney (biodistribution studies) indicated their
therapeutic usefulness in liver and kidney cancer that eventually could prove to be useful for clinical
studies. Very importantly, we have observed less accumulation of drug-loaded nanoparticles in the
heart as compared to the free drug. This indicates the safety of a nanoparticulate drug delivery system

for the heart.

Therefore, it can be seen from above that in this study a novel, simple and reproducible method has
been developed for synthesizing sorafenib-loaded camel milk casein nanoparticles. In vitro, cytotoxic
studies in HepG2 cells show the strong anticancer effects of sorafenib and sorafenib encapsulated

nanoparticles may be mediated via increasing the ROS level whereas cytotoxicity is induced by



apoptosis. Notably, the casein-encapsulated sorafenib nanoparticles did not show any significant
cytotoxicity to normal HEK cells. Overall, this study has confirmed the benefit of sorafenib loaded
casein nanoparticles by enhancing bioavailability, ti» and more selective delivery to the liver while

being free from cardiac toxicity.

Vi
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Figure 5. 6

Biodistribution profile of sorafenib (SFN) and sorafenib loaded
casein nanoparticles (SFN-CasNPs) at different time points (0.5 h, 6
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+ standard error mean (SEM), (n=3). *** P<(0.001, **P<0.01,
*P<0.05 and ns = non-significant.
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Chapter-1 : Introduction & Review of Literature

1.1 General Introduction

Cancer is characterized by uncontrolled growth and abnormal division of cells leading to disease
progression and mortality. Its treatment by chemotherapy is often limited by non-specific drug
delivery and the consequent side effects. Besides the disease itself, the side effects of cancer
therapy also significantly increase morbidity in patients and lead to difficulty in compliance with
complex therapeutic regimens. The utilization of nanotechnology-based drug delivery systems

using natural biomolecules holds a very promising approach in chemotherapy.

Advancements in pharmaceutical and nanotechnology sciences have catapulted the importance of
milk proteins much beyond their consumption for nutritional benefits. Milk components,
especially its proteins, have played a vital role in the nutrition, growth, overall development and
survival of infants across mammalian species. Camel milk is very nutritious and has various health
and therapeutic benefits against diseases. It is known for its antimicrobial, anti-diabetic, immuno-
modulatory, and anticancer activity due to the high level of bioactive molecules like lactoferrin,
lysozymes, lactoperoxidases, peptidoglycan recognition proteins and most importantly, nanosized
antibodies (Dubey et al. 2015; Mahala et al. 2022). Many milk proteins, especially casein micelles,
serve as carriers of various important bioactive molecules present in milk. Casein’s amphiphilic
nature and flexible structure especially make it a very suitable molecule to act as a molecular
transporter. Camel milk is preferred over cow's milk as it is significantly better for people with
lactose intolerance or cow's milk allergy due to the absence of the protein beta-lactoglobulin, the
causative agent of milk allergies in many people (Maryniak et al. 2018). Yet the individual protein
fractions of camel milk have yet to be exploited for their nutritional value, medicinal properties

and drug delivery potential.

Cancer ranks as the second leading cause of death globally. According to GLOBOCAN, 10 million
cancer deaths occurred in 2020, and 19.3 million new cases have been reported (Sung et al. 2021).
Predictions are that these cases will rise to 28.4 million by 2040. Amongst cancer-related mortality,
lung cancer exhibits the highest count, being responsible for 1.8 million deaths (18%), followed

by colorectal cancer (9.4%), liver cancer (8.3%), stomach cancer (7.7%) and female breast cancer



(6.9%) (Deo et al. 2022). Liver cancer is the third leading cause of cancer death worldwide,
depicted in Fig 1.1. Improvisation in drug delivery for the treatment of liver cancer is the subject

of study in the present thesis, as will be detailed later.

(Adapted from Sung et al., 2021)

Figure 1. 1 Distribution of cancer incidence and mortality in 2020

Cancer cells are able to sustain proliferative signalling, evade growth suppressors and resist cell
death. They show replicative immortality and are able to induce more blood vessel formation
(angiogenesis) to fullfill their increased metabolic requirements. As the disease progresses, these
cells invade the basal membrane and migrate to other organs (metastasis) (Hanahan et al. 2000).
Metastasis and angiogenesis are prominent features of cancer the former being a significant cause
of death from cancer (Nishida et al. 2006). These significant hallmarks of cancer have been

depicted in Fig 1.2.



Cancer

Hallmarks

Figure 1. 2 Hallmark of cancer

1.2 Liver

Liver is one of the largest organs of our body, situated under the right rib beneath the right lung of
the body and weighs around 1.2-1.4 kg. The liver plays a vital role in the production of bile, which
helps in the breakdown and digestion of lipids (including fats and cholesterol). The liver stores
and synthesizes multiple fat-soluble vitamins like A, D, E and K. Most importantly, it plays a vital
role in the interconversion of macromolecules and detoxification of drugs, toxins, etc. It is also the
central organ of blood detoxification, besides having many immunological functions (Chew et al.
2019). The detailed functions of the liver have been depicted in Fig. 1.3. Hepatitis A, B, and C,
fatty liver disease, cirrhosis, liver cancer, hemochromatosis, and Wilson disease are the major liver
diseases from which approximately 2 million people die yearly (Marcellin et al. 2018; Williams

2006).



Figure 1. 3 Functions of the liver

1.3 Liver cancer

Cancers originating in hepatocytes are categorized as primary liver cancer, whereas when the
cancer cells metastasize to the liver from other organs like the pancreas, colon, stomach, breast, or
lung, it comes under the category of secondary liver cancer (Usmani et al. 2018). In the United
States and Europe, secondary or metastatic liver tumours are more common than primary liver

cancer.

Primary liver cancer includes hepatocellular carcinoma (HCC), cholangiocarcinoma and
angiosarcoma (Ananthakrishnan et al. 2006). Approximately 80% of primary liver cancer belong
to the category of (HCC). This is associated with chronic degenerative liver conditions, like
cirrhosis and generally affects adults. Cholangiocarcinoma, which arises in bile duct cells in the
liver, comprises 10-20% of primary liver cancer. Angiosarcoma is a fast-growing primary liver
cancer that starts in the liver's blood vessels and is a rare type of primary liver cancer found in

adults (Fig 1.4).



Figure 1. 4 Types of liver cancer

1.4 Prevalence of primary liver cancer

Primary liver cancer is the sixth most frequently diagnosed and the third most common cause of
cancer-related death. Liver cancer is 2-3 times more common in males than females. In the last
four decades, the incidence of liver cancer has at least tripled (Petrick et al. 2019). For men, liver
cancer is the fifth most common cause of cancer incidence, whereas, for women, it is the seventh

most common cause of incidence.

Most incidences of HCC occur in Eastern and South Eastern Asia (Mongolia, Thailand, Cambodia,
and Viet Nam) and in sub-Saharan Black Africans (Egypt and Niger) (Singal et al. 2020). Hepatic
viral infections are common in developing countries, Africa, Central East Asia and the United

States. The important risk factors will be discussed in the future section.

Global data suggests an estimated 905,677 people were diagnosed with primary liver cancer, while
830,180 died in 2020 (Rumgay et al. 2022). Predictions suggest that this year in 2023, diagnoses
of a total of 41,210 people (27,980 men and 13,230 women) and a total of 29,380 deaths (19,000

men and 10,380 women) from liver cancer are likely to occur just in the United States (Siegel et
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al. 2023). However, incidence and cancer-specific mortality will continue to increase. The number
of new cases and deaths from liver cancer could rise by more than 55% by 2040 (Mukthinuthalapati
et al. 2021; Rumgay et al. 2022). Although considerable progress has been made in understanding

liver cancer, it remains a challenging disease.

In India, the incidence of HCC is rising and is a concern for public health. The highest incidence
of liver cancer was reported in parts of India, particularly Sikkim and Arunachal Pradesh, in 2014
(Shetty et al. 2022). The primary reason for the prevalence of liver cancer in Northeast India was
hepatitis B & C infections in people. This prevalence and detection rate is getting higher with time.
HCC in India also occurs in an advanced stage of cirrhosis, complicating detections and outcomes

(Mondal et al. 2022).

1.5 Hepatocellular carcinoma (HCC)

HCC is recognised to be very most complex aggressive disease. Its tumours demonstrate
considerable morphological and molecular heterogeneity (Li et al. 2016). It shows inter-tumoral
heterogeneity among patients and intra-tumoral heterogeneity within the individual tumour. This
heterogeneity complicates the available treatment options. Its heterogeneity and progression lead
to metastasis, drug resistance, and poor clinical prognosis. Genetic heterogeneity and genetic drift,
epigenetic environment, and genomic instability are the main reported reasons for tumour survival,

even in cellular stress conditions (Llovet et al. 2008).

1.5.1 Epidemiology & risk factors for HCC

The worldwide incidence of HCC varies depending on its risk factors. The multiple risk factors
associated with HCC development have been depicted in Fig 1.5. In the United States, cirrhosis is
the most common underlying cause of HCC, with 80% of patients diagnosed having underlying
cirrhosis. The hepatitis-causing virus is transmitted through infected blood and body fluids. This
is one of the main causes of liver cirrhosis, which ultimately results in liver cancer (Yang et al.
2019). Chronic infections lead to persistent liver inflammation. Long-term infections with hepatitis
B virus (HBV) and hepatitis C virus (HCV) are associated with developing HCC. Excessive
alcohol consumption, non-alcoholic fatty liver disease (NFLH), obesity, aflatoxin, smoking and
type 2 diabetes are some other important risk factors that drive HCC initiation and progression

through different mechanisms (Paradis et al. 2023).


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hepatitis-b-virus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hepatitis-b-virus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hepatitis-c-virus

Figure 1. 5 Risk factors for HCC

The geographical distribution of HCC according to risk factors has been depicted in Fig 1.6. Major
incidences of HCC occur in Eastern and South-Eastern Asia and in sub-Saharan Black Africans.
Hepatic viral infections are common in developing countries, Africa, Central East Asia, and the
United States (Mukthinuthalapati et al. 2021). However, hepatitis B can be prevented by
vaccination and safe hygiene. Our surroundings, lifestyle, age (<60), and food intake play a
significant role in tumorigenesis. These factors may change the genetic and signalling networks
that control the functioning of cells. Chronic alcohol consumption can lead to alcohol-induced
cirrhosis followed by the transformation of hepatocytes. Alcohol intake is an etiological factor in
Central and Eastern Europe (Huang et al. 2023). Aflatoxin, a carcinogenic toxin produced by the
fungus, can contaminate certain food items like grains (rice, wheat), corn, nuts, and soybeans. Its
intake, either directly or via the food supply chain, can cause liver cancer (Mart et al. 2023). This
fungus generally grows in tropical countries that are humid and have a warm climate. A detailed
understanding of all possible risk factors inducing hepatocarcinogenesis could be helpful in

preventing this disease.



(Adapted from Llovet et al. 2021)

Figure 1. 6 Geographical distribution of HCC Incidence according to etiological factors

1.5.2 Staging of HCC

Treatment of liver cancer is given according to the stage of the disease. Staging of liver cancer
tells about the tumour size, its location, and the advancement or invasiveness of the disease (Pons
et al. 2005). Amongst various staging systems, The Barcelona Clinic Liver Cancer (BCLC) staging
system is quite widely used. Different stages of liver cancer as per the BCLC staging system are

shown in Table 1.1.



Table 1.1 Staging of HCC

BCLC Stage Tumour Burden Function of liver
Very early stage (O) Tumour size is <2 cm normal functioning of the liver
Early stage (A) Single or multi tumours with a normal functioning of the liver

size less than 3 cm

Intermediate stage (B) Multiple tumours in the liver  normal functioning of the liver

Advanced stage (C) Vascular invasion or normal functioning of the liver

extrahepatic spread

End stage (D) Maximum HCC burden impaired liver function

1.5.3 Treatment of HCC

Standard treatment options available for the early and intermediate stages of HCC are surgery,
liver transplantation, radiofrequency ablation (RFA), and transarterial chemoembolization
(TACE) (Méndez-Sanchez et al. 2021). However, in advanced HCC, the treatment becomes
limited. However, chemotherapies, molecular targeted therapy, and immunotherapy are often
given in the advanced stage when surgical sectioning is impossible. The treatment options have

been described below and depicted in Fig 1.7, per the disease progression.

(Adapted from Yang, J. D., & Heimbach, J. K. (2020)

Figure 1. 7 Standard treatment of liver cancer



1.5.3.1 Surgery & Liver Transplantation: Surgical treatment is possible only in non-
metastasized hepatic tumours. It is the best possible direct treatment option in the early stage of
the disease while the liver function is still fine. The side effects may include pain, weakness,
fatigue, and temporary liver failure. Besides surgery, liver transplantation is also an additional
option when fewer tumours grow with smaller sizes (Liu et al. 2015). Problems like an insufficient
suitable liver donor, donor's liver rejection by the host body and its infection are always a cause of

concern (Hartke et al. 2017).

1.5.3.2 Radiofrequency ablation (RFA): It is a heat or thermal therapy used in an early stage of
HCC to destroy primary or metastatic tumours in the liver. A needle-like probe is placed on the
tumour site that delivers electromagnetic energy (Ryan et al. 2016). The generation of an electric
field through electromagnetic energy causes agitation of the ions in the target tissue, resulting in
frictional heat. Permanent tissue destruction occurs at temperatures of 45°C- 60°C. However, RFA
is ineffective for enormous tumour burdens. Moreover, it has a high chance of recurrence after

treatment.

1.5.3.3 Trans Arterial Chemoembolization (TACE): TACE is widely used to treat the
intermediate stages of HCC. It is considered a first-line treatment. In TACE, the catheter is passed
through blood vessels until it reaches the liver's hepatic artery to deliver the embolic agents to
block the blood vessels that feed the tumour and facilitate the chemotherapeutics drugs that can
act on the liver tumour (Chang et al. 2020). TACE is performed when surgical resection of the

liver is not possible.

1.5.3.4 Immunotherapy: Immunotherapy involves treatment with agents or drugs that can modify
the immune system to recognise and act against tumour-specific antigens on cancer cells. It is now
recognized that immune checkpoints prevent a detrimental immune response against healthy cells.
United States Food and Drug Administration (US FDA) approved immunotherapy includes
Immune checkpoint inhibitors (ICIs). To maintain homeostasis, liver immune cells utilise various
checkpoint proteins like cytotoxic T lymphocyte-associated protein 4 (CTLA-4), programmed cell
death protein 1 (PD-1), and anti-programmed death-ligand (PD-L1) (Johnston et al. 2019).
Monoclonal antibodies like pembrolizumab and nivolumab are used against PD-1. For anti-CTLA-
4, drugs like tremelimumab and a combination of nivolumab and ipilimumab are used, while

inhibitor drugs for PD-L1 atezolizumab, avelumab, and durvalumab are used. Recently, approval
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was given for a combination treatment of HCC. A combination treatment of immune checkpoint
inhibitor atezolizumab (Tecentriq) and antiangiogenic drug bevacizumab (Avastin) has been very
recently used (Mandlik et al. 2023). Cancer immunotherapy has a critical role to play in HCC

treatment. But, there is still enough scope for significant improvements in this context.

1.5.3.5 Molecular targeted therapy: With advances in tumour biology and molecular genetic
profiling, several signalling pathways and molecular mechanisms have been identified as
responsible for initiating and promoting HCC. Kinases are a family of enzymes involved in protein
phosphorylation or growth factors phosphorylation. These proteins regulate cellular machinery
like proliferation, differentiation, cell cycle, migration, and apoptosis. Any dysregulation,
mutation, and hyperactivation of kinases can lead to abnormal growth of cells and the spread of
cancer. The kinase inhibitors are a large group of unique and potent antineoplastic agents
specifically targeting protein kinases. These kinases are altered in cancer cells, accounting for their
abnormal growth. Kinase inhibitors may also block the growth of new blood vessels (angiogenesis)
that tumours need to grow. Molecular targeted therapy plays an important role as it inhibits various
kinases that are involved in cancer progression. Amongst tyrosine inhibitors, Sorafenib was
approved as the first targeted therapy for advanced HCC treatment in 2007 worldwide (Fig 1.7).
Another drug, Lenvatinib, an oral multi-targeted tyrosine kinase inhibitor, has also been approved

to treat advanced HCC after ten years and post-phase 111 trials (Kudo 2020).

In contrast, other multikinase inhibitor drugs, such as regorafenib, cabozantinib, and ramucirumab,
have been developed as second-line therapy (Bteich et al. 2019). The development of approved
tyrosine kinase drugs for HCC has been depicted in Fig. 1.8. The other tyrosine kinase inhibitors
(TKIs) such as sunitinib, erdafitinib, erlotinib, anlotinib, pazopanib, tivantinib, brivanib, and
linifanib have been tested in phase III trials. Still, the outcome of these trials was far from
satisfactory (Ikeda et al. 2018). Moreover, small molecular chemotherapy in HCC also suffers
from the drawbacks of dose-limiting toxicities, development of multidrug resistance (MDR) and
unfavourable side effects like the formation of other cancers. Therefore, there is a desperate need
for a developing drug delivery system (DDS) to overcome these limitations and improve overall

survival.
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(Adapted from Huang, Ao, et al. 2020)

Figure 1. 8 Approved molecular targeted drugs for HCC

1.6 Sorafenib and its mechanisms of action

Sorafenib tylosate is an FDA-approved, small-molecule, targeted anticancer drug. Other than liver
cancer, it is also used in the treatment of renal and thyroid cancers. Sorafenib is found to not only
improve the quality of life of the patient but also enhance survival. It is commercially available in
the market under the brand name Nexavar in tablet form and is recommended to be taken orally

(Llovet et al. 2008).

(Adapted from Tseng, et al. 2013)
Figure 1. 9 Molecular structure of sorafenib

Sorafenib is an inhibitor of several kinases involved in tumour cell proliferation, growth and
angiogenesis. These kinases include Raf, vascular endothelial growth factor receptor 2 (VEGFR)
and platelet-derived growth factor receptor (PDGFR). Raf is serine/threonine kinase, which, when
activated by Ras (membrane-localized protein), stimulates gene transcription in the nucleus,
leading to various tumour-promoting cellular effects. Vascular endothelial growth factor (VEGF)
is the primary mediator of normal and tumour-associated angiogenesis. It exerts this effect through
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several mechanisms, including induction of endothelial cell division and migration, promoting
endothelial cell survival through protection from apoptosis and reversing endothelial cell ageing.
VEGF interacts with receptors (VEGFR 1,2,3) on the endothelial cell surface, leading to
autophosphorylation of intracellular receptor tyrosine kinase and further activating a cascade of
downstream proteins (Niu et al. 2010). PDGF has its receptor on the surface of capillary
endothelial cells. The binding of PDGF to the receptors has several effects on endothelial cell
motility and apoptosis (Raica et al. 2010). Sorafenib also induces autophagy, which further helps

suppress tumour growth (Prieto-Dominguez et al. 2016).

1.6.1 Clinical limitations of sorafenib

The clinical use of sorafenib is limited by its low and variable oral bioavailability. Sorafenib is a
lipophilic and poorly water-soluble molecule. Its poor oral absorption is caused by its low
solubility (Kong et al. 2021). The absolute sorafenib bioavailability has not been evaluated
adequately. However, one study reported its absolute bioavailability too low, around 8.3% (Yang
et al. 2016). Its mean relative bioavailability after administration of tablet dosage forms was found

to be 38 - 49 % compared to an oral solution.

Another problem is that it undergoes high presystemic hepatic metabolism. Therefore, a higher
daily dose of 800 mg has to be given. It also has a high efflux by virtue of the permeability
glycoprotein (Pgp). Furthermore, it shows altered pharmacokinetics and lower bioavailability
(28%) after taking food. Its use is associated with several adverse effects, such as dermatological
reactions (hand-foot skin reaction, rash or itching of the skin), gastrointestinal problems, diarrhoea,
liver dysfunction, hair thinning, weight loss, hypertension, fatigue, abdominal pain, and nausea.
Adverse reactions may lead to reduced doses, interrupted treatment, reduced efficacy and patient
compliance (Raut et al. 2022). Some of these solubility and bioavailability-related issues can be
addressed by encapsulating this drug with a suitable nanocarrier system, as has been done in the

present thesis.

1.7 Therapeutic index

It can be seen from above that there is an acute need to create a suitable drug delivery system that
can enhance its drug therapeutics index and possibly reduce the side effects associated with its
consumption. With a low therapeutic index, anticancer drugs or their active molecules exhibit

adverse effects in normal tissues, which limits their efficacy (Olusanya et al. 2018). Using
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nanoparticles as a nanocarrier in drug delivery systems provides a platform for delivering drugs
with increasing anti-cancer efficacy, reducing their side effects, and improving therapeutic index
through selective targeting of tumour tissues. The therapeutic index quantitatively measures the
drug’s safety and efficacy. It is a ratio that compares the blood concentration at which a drug
becomes toxic and the concentration at which it is effective. The larger the therapeutic index (T1),
the safer or more effective the drug is (Lynch 2022). The TI is calculated by considering the
cytotoxicity of a drug (or viability of a treated cell) in normal cells and in cancer cells in an in vitro
experiment. Therapeutic index = (IC50 normal (non-neoplastic) cell lines) / (IC50 cancer
(neoplastic) cell line) (Deepa et al. 2012). TI is defined here as the ratio of the drug concentration
that inhibits 50% viability of the normal cells to the concentration that inhibits 50% viability of
tumour cells. In this respect, biodegradable nanoparticles with a limited life span as long as

therapeutically needed would be optimal.

1.8 Pharmacokinetic and biodistribution study and their applications

Medications are prescribed in order to give maximum therapeutic outcomes with minimal side
effects, if any. Pharmacokinetics (PK) deals with drug absorption, distribution, metabolism and
excretion, whereas pharmacodynamics (PD) is the study of a drug's molecular, biochemical, and
physiologic effects or actions. Actually, pharmacokinetics studies the effect that an organism has
on the drug, whereas pharmacodynamics studies the action of the drug on the organism. The
chemical and physical properties of the nanoparticles, including size, surface charge, and surface
chemistry, are important factors that determine their PK and biodistribution. The Pharmacokinetics
study of drugs provides the estimation of the locations and concentrations of a drug in different

areas of the body. By studying it, safe drug dosing can be estimated.

Nanotechnology has been increasingly employed in drug delivery. The tissue distribution of
nanoparticles largely defines their therapeutic effect and toxicity. Currently, optimal drug delivery
systems are being explored to increase the drug dissolution rate, enhancing absorption and
bioavailability (Arti et al. 2022). Bioavailability is one of the vital pharmacokinetic properties of
a drug. When the drug is administered in a dose, the part that reaches the systemic circulation
unchanged is called its bioavailability (Toutain et al. 2004). The blood concentration of any drug
is often correlated with its efficacy and toxicity. The pharmacokinetic profiles of a free drug and

the drug encapsulated in the nanoparticles often differ. Together study of pharmacokinetics and
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biodistribution helps analyze plasma or tissue drug concentration profiles, monitor their level,
compare them with their nanoformulations and optimize the dosage. Therefore, monitoring
nanoparticles' pharmacokinetics and biodistribution are essential to understanding and predicting
their efficacy and side effects. Undesirable biodistribution or pharmacokinetic behaviour can lead
to toxicological or side effects on the body. Pharmacokinetics studies provide information on the
administered food compound or drug’s circulation throughout the body for the entire duration of
exposure. It encompasses the drug’s absorption, distribution, metabolism, and excretion (ADME)

(Li et al. 2019).

1.9 Nanoparticulate drug delivery system (NDDS) in cancer

Nanotechnology is a new field of science that takes advantage of the peculiar properties of matter
at the nanoscale range. The extreme surface area to / volume ratio of nanoparticles allows them to
interact efficiently with their environment. Nanoscale drug delivery systems can be very suitably
used to transport drugs either passively or actively to the tumour site, thereby playing an essential
role in diagnosing and treating tumours. The challenge of crossing the blood-brain barrier could

also be possible due to the use of a nano-drug delivery system (Gupta et al. 2012).

Nanoparticles target the tumour cells either actively or passively (Fig 1.10). In passive targeting,
the retention of nanoparticles at the tumour site is mainly due to the enhanced permeability and
retention (EPR) effect. According to this, the size of the nanoparticles influences their uptake and
enhances their retention at the tumour site due to the leaky vasculature and defective lymphatic
drainage system in a tumour. Unlike low molecular weight drugs, it does not extravasate out of
blood vessels at this size (Ejigah et al. 2022). In active targeting, the nanoparticles as drug carriers
are designed to target specific cancer cells by attaching ligands against specific receptors present
on them (Zwicke et al. 2012). Transferrin and folic acid receptors are overexpressed in many types
of cancers and can serve as targets for active transport. Other common targets include human
epidermal growth factor receptor 2 (HER2) and epidermal growth factor receptor (EGFR) (Large
et al. 2019). It has been observed that nanoparticles coated with anti-HER2 monoclonal antibodies
(Herceptin), which had been loaded with paclitaxel, showed significantly higher tumour
accumulation of paclitaxel in a disseminated ovarian cancer model compared with free paclitaxel

(Cirstoiu-Hapca et al. 2010).
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Figure 1. 10 Active and Passive targeting of nanoparticles to cancer cells

Nanocarriers such as liposomes, micelles, polymeric nanomaterials, mesoporous silica, gold, and
magnetic nanoparticles have improved biomedical applications, including gene and drug delivery
(Edis et al. 2021). Polymeric particulate systems are derived from biodegradable and
biocompatible polymers but are synthesised within a nano range to protect drugs against in vitro
and in vivo degradation. Reduced liver metabolism and renal clearance of drug-encapsulated
nanoparticles often result in prolonged blood circulation with an increased chance of accumulation
in the target tissue. They also facilitate the release of the drug in a controlled manner. In addition,
the polyethylene glycol (PEG) modification can protect them from blood clearance by the
mononuclear phagocytic system (MPS) by preventing opsonisation (Alexis et al. 2008).
Nanoparticulate drug delivery systems have also established benefits in cancer treatment and
management by demonstrating good pharmacokinetics and, hence better bioavailability of water-
insoluble drugs. Its usage also limits the unnecessary accumulation of the drug in various non-
target organs, thereby improving the biodistribution to the target organ (Narvekar et al. 2014).
Besides this, polymeric nanoparticles can be made to possess intelligent responses upon being

stimulated by variations in temperature, pH, redox, light, enzyme activity, etc. (Alsehli 2020).
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Figure 1. 11 Advantages of nanoparticulate drug delivery system in cancer

Many current cancer chemotherapy regimens can only prolong the patient's life instead of being
able to cure the disease completely. High dosages of chemotherapeutic drugs cause severe side
effects due to the non-specific in vivo distribution and limited efficiency. The solubility of the drug
has a significant role in its final biodistribution, efficiency, and uptake. Solubilizing agents, such
as dimethyl sulfoxide (DMSO), are added to the system to increase solubility in vitro. However,
this compound leads to neurotoxicity in vivo. Even at low concentrations, this toxicity restricts the

applications of free drugs for treatment (Shihong Shen et al. 2017).

Efforts have been made to reduce side effects by employing biological and pharmacological
strategies. It is a great challenge to balance the two by designing novel delivery systems for
selective distribution. Doxil (liposomal doxorubicin), Marqibo (Liposomal vincristine), Onivyde
(liposomal irinotecan), Abraxane (albumin-particle bound paclitaxel), Eligard (leuprolide acetate),
Vyxeos (liposomal cytarabine and daunorubicin), DaunoXome (liposomal daunorubicin) are some
FDA- approved nanotechnology-based medicines for various cancers available in the market for

clinical use (Rodriguez et al. 2022).

Bioavailability is one of the vital pharmacokinetic properties of a drug. It is approximated that
about 65 billion dollars are wasted per year because of the poor bioavailability of drugs. Several
new anticancer drugs act by blocking or turning off signals. Some examples of such drugs are
tyrosine inhibitors dasatinib and sorafenib, or monoclonal antibodies bevacizumab and rituximab.

These drugs generally have poor water solubility and tend to distribute and accumulate in the
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peripheral tissues, translating into significant systemic toxicity. Nanoparticulate systems of such
drugs have been explored but not thoroughly characterized for improved dissolution rate,
cytotoxicity, bioavailability, and stability. In the present thesis, camel milk casein-based
nanoparticle has been used as a suitable drug delivery system for enhancing the bioavailability and

solubility of sorafenib, as will be discussed later in detail.

1.9.1 Types of Nanoparticles

Over the years, poor solubility has been the major drawback for drugs in the developmental stage
and even in many marketed drugs. Due to low solubility, high doses of drugs have to be
administered to obtain the desired efficacy. This leads to unwanted clinical complications,
especially in the case of anticancer drugs. Researchers have tried to overcome this limitation by
enhancing the solubility and dissolution rate of poorly soluble drugs. Various techniques have been
used, such as size reduction, salt formation, complexation, use of surfactants, and solid dispersions.
Solid colloidal microscopic particles ranging from 1 to 1000 nm are included in nanoparticulate
systems. Drugs may be embedded, dissolved, encapsulated, entrapped or adsorbed in a suitable
matrix. This may be a polymeric or lipidic matrix (Shitole et al. 2022). Currently, natural as well
as synthetic polymers are employed for drug delivery. Nanoparticles can be prepared from
different sources of materials like proteins (Gelatin, Albumin, Lectins, Legumin, and Casein),
polysaccharides (Alginate, Dextran, Chitosan, Agarose, Pullulan), and synthetic polymers e.g.
poly (lactic acid) (PLA), poly(e-caprolactone) (PCL), poly (lactic-co-glycolic acid) (PLGA), N-
(2-hydroxypropyl)-methacrylamide copolymer (HPMA) and poly (styrene-maleic anhydride)
copolymer (Cheng et al. 2021). Besides being biodegradable and biocompatible, polymers should
be compatible with the body regarding adaptability (non-toxicity) and immunological tolerance

(non-antigenicity).

1.10 Significance of milk proteins as a nanocarrier for drug delivery system

Milk is the most consumed primary functional food due to its health benefits. Milk is an essential
source of calcium, phosphorus, vitamins A, B12 and D and various proteins. Its proteins are
essential in making milk nutritious and helping to fight many conditions like metabolic disorders,
hypertension, cancer, and infectious diseases, besides helping in growth and development (Haug

et al. 2007).
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Owing to milk protein’s unique structural and functional properties, they are now being
significantly explored for their role in nutraceuticals and drug delivery. Naturally available milk
proteins are inexpensive and can be polymerized to yield drug delivery systems for great
therapeutic benefit. Hydrophobic molecules can be bound to milk proteins via hydrogen bonding,
hydrophobic interactions, and van der Waals forces. The binding sites are located on the surface
(the so-called hydrophobic pockets) or inside the inner cavities of globular protein structures. Milk
and its derived protein nanocarriers come under the category of GRAS (Generally considered safe)

(Mehla et al. 2021).

1.10.1 Milk whey and its components in drug delivery

Milk consists of two main protein fractions, casein and whey, which differ in chemical constituents
and physical properties. Casein is separated from whey proteins by acidic precipitation at pH 4.6
(Yen et al. 2015). Whey proteins include a-lactoalbumin (a-la), B-lactoglobulin (B-lg),
immunoglobulins, lactoferrin, lactoperoxidase, etc. (Davoodi et al. 2016; Mahala et al. 2023). They
belong to the category of water-soluble globular proteins. Nanoparticles have been prepared from
whole whey proteins to encapsulate antioxidants such as soy isoflavones and Coenzyme Q10
(CoQ10). This has improved solubility, stability, and oral bioavailability (Liu et al. 2022). Studies
about encapsulating astaxanthin, 3,3’-Diindolylmethane, vitamin D3, resveratrol, and B-carotene
have been reported. Likewise, a BSA-based nanoparticle was prepared to deliver survivin-siRNA
resulting in brilliant antitumor and biocompatibility in vitro (MCF-7 cells) and in vivo (Wang et
al. 2021). The whey protein B-lactoglobulin has received tremendous research interest as a
transport vehicle for hydrophobic substances like vitamin D, fatty acids, B-polyphenols like EGCG
(epigallocatechin gallate) from green tea, and folic acid (Maulana et al. 2022).

1.10.2 Lactoferrin in drug delivery

Lactoferrin (Lf) is an exciting whey protein present in milk. It is an iron-binding glycoprotein that
belongs to the transferrin family (Mahala et al. 2022). This biodegradable protein has antibacterial,
anticancer, antioxidant, and immunomodulatory properties (Guzman-Mejia et al. 2023). It is now
widely explored as a drug nanocarrier because of its net positive charge at physiological pH (7.0-
8.0) and its stability in the gastrointestinal tract (Ahmed O. Elzoghby et al. 2020). The presence of
its receptors in the intestine and on several tumour cells facilitates the increased oral absorption

and bioavailability of hydrophobic drugs and nutraceuticals (Tran et al. 2023). Lactoferrin-based
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amphiphilic micelles were synthesized with zein protein to encapsulate the anticancer drugs
rapamycin and wogonin, which showed enhanced in vitro cytotoxicity and cellular uptake on
MCEF-7 cells (Sabra et al. 2018). Furthermore, they also exhibited an enhanced anticancer efficacy

in Ehrlich ascites tumor animal model.

In addition, the drug dasatinib also showed sustained drug release with increased in vitro cytotoxic
effect against the human breast cancer cell line, MDA-MB-231. This suggested the potential of
utilizing lactoferrin-based nanoparticles as efficient drug delivery systems. LF nanoparticles were
also developed for oral nanoformulation of gambogic acid (Zhang et al. 2013) and oleanolic acid
(Xia et al. 2017) for their enhanced anti-tumour effect, improved oral absorption, pharmacokinetic
profile, and bioavailability in rats. Some Lf nanoformulations have been designed to transport
drugs across the blood-brain barrier (BBB) to the central nervous system (CNS). These are helpful

for the treatment of Alzheimer's and Parkinson's disease (Kumari et al. 2017).

1.10.3 Casein as a drug delivery molecule
The milk protein casein is abundantly present in the micellar form (Fig. 1.12). These casein
micelles in human milk work as natural nano vehicles by delivering calcium and amino acids from

the mother to neonates (Ranadheera et al. 2016).

Figure 1. 12 Casein micelles in milk
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(Adapted from www.foodhighs.com)

Calcium phosphate complexes generally stabilize casein micelles. The high phosphate content of
the casein family allows it to bind with calcium and form calcium phosphate salts. Casein micelles
comprise phosphoprotein, a heterogeneous mixture of 4 significant components, including alpha
casein (asl-casein and as2-casein), beta-casein, gamma-casein, and kappa-casein (Yelubaeva et
al. 2017) depicted in Fig. 1.13. Each has amino acid composition, molecular weight, and

physiochemical and functional properties.

(Adapted from de Kruif CG et al. 2003)
Figure 1. 13 Casein micelle structure

Casein does not have a proper secondary and tertiary structure but has a high proline content. The
open structure of casein allows it to self-assemble into spherical micelles flexibly and has a
diameter of 150-180 nm. In an aqueous solution, it has a hydrophobic core inside and a
hydrophilic-charged k-casein layer outside. The hydrophobic core of casein micelle consists of
alpha- (asl- and as2-casein) and beta-casein. Hydrogen bonding, hydrophobic and electrostatic
interactions are involved in forming casein micelles (Sadiq et al. 2021). The hydrophobic core
binds calcium, and the hydrophilic layer provides stability. Due to these structural and
physiochemical properties, casein protein from bovine milk is widely explored as a nanocarrier for
various bioactive compounds (Morris 2002). The amphiphilic structure also leads to the thermal
stability of casein micelles. Bioactive compounds with water solubility and stability-related
limitations fail to show their complete efficiency in providing essential health benefits. The unique
property of casein, its porosity and amphiphilic nature facilitates its more efficient interaction with
hydrophobic and hydrophilic molecules. It has already offered advantages for the

nanoencapsulation of bioactive and pharmaceutical drugs like flutamide (Elzoghby et al. 2013),
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-3 fatty acids, curcumin (Sahu et al. 2008), vitamin A, vitamin D (Maryniak et al. 2018), -

carotene etc.

1.11 Camel milk’s casein as a drug delivery molecule

Earlier studies have shown that as a nano-drug delivery system, camel milk casein is safe, natural,
biodegradable, and non-immunogenic (Sadiq et al. 2021). Camel milk casein peptides on
hydrolysis show antioxidant properties. A higher presence of B-casein in camel milk is beneficial.
It tends to possess highly hydrophobic amino acids, which could show high encapsulation of
hydrophobic drugs with hydrophobic interactions (Farah et al. 1989). An earlier study has reported
that camel milk beta-casein micelles increase curcumin solubility and cytotoxicity when
encapsulated in camel milk B-casein (Esmaili et al. 2011). Comparatively speaking, B-casein
constitutes about 65% of the total casein in camel casein, whereas only about 34% in bovine casein.
In fact, camel milk has a wide range of casein micelles sizes from 20 to 300 nm in diameter
compared to 40—160 nm in cow's milk. As a result, camel casein is likely to show more promising
delivery effects, enhanced solubility and bioavailability of hydrophobic drugs and bioactive
molecules as compared to bovine milk. However, as per the existing literature, the application of
camel milk casein is not yet thoroughly studied. Its role as a delivery vehicle for drugs and
nutraceuticals is yet unexplored. Given its high application, a lot of work needs to be done in this

area.

1.12 Current status of therapeutic nanoparticulate delivery of sorafenib

Polymeric nanoparticles, encapsulating sorafenib, serve as a novel delivery platform and exhibit
immensely promising potential for enhanced cancer therapy. In a study conducted by (Li et al.
2020), a novel sorafenib-loaded d-a-tocopheryl polyethylene glycol 1000 succinate
(TPGS) nanoparticle showed robust stability and SFN release in a pH-based manner. It also
exhibits higher cellular uptake and cytotoxicity than free unencapsulated SFN. Furthermore, it
significantly inhibited tumour growth in vivo without apparent side effects. In another study,
sorafenib-loaded silica-containing redox nanoparticles (sora@siRNP) were given orally to protect
them from harsh gastrointestinal (GI) conditions (Tran et al. 2022). siRNP improved
antiproliferative and antifibrotic effects against hepatic stellate cells (HSCs) and showed low
toxicity against normal endothelial cells. They also showed an improved level of sorafenib uptake

in the liver. A study showed that sorafenib-encapsulated PEG-PLGA nanoparticles also influenced
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immune cells in the tumour microenvironment (D. Zhang et al. 2022). It has the ability to restrict
tumour growth after intravenous administration in mice. Researchers also explored its active
targeting by attaching the hGC33 antibody to SFN-loaded polyethylene glycol-b-PLGA polymer
nanoparticles against glypican-3, an overexpressed membrane protein on HCC cells. Results
showed inhibition in cell migration, cell cycle progression, and proliferation by inhibiting the
Ras/Raf/MAPK and the Wnt pathways in tandem with GPC3 molecules. They also inhibited the

growth of liver cancer in vivo and improved the survival rate of tumour-bearing mice.

Theranostics therapy refers to pairing diagnostic biomarkers with therapeutic agents that share a
specific target in diseased cells or tissues. Interestingly, a team of researchers (Huang et al. 2022)
recently performed a dual functionality study of sorafenib-loaded Cu,—«Se nanoparticles. Sorafenib
was encapsulated in photothermal cored Cuz—xSe nanoparticles exhibiting a photothermal effect.
Its anticancer activity was enhanced by this coordination with the targeted drug. This study
provided insight into using Cux—Se-based theranostics agents for biomedical applications in

photothermal therapy.

Furthermore, various multifunctional pH-sensitive nanoparticles with surfaces modified with
antibodies for targeted delivery have been formulated. They have shown good biocompatibility
and high efficiency in tumour killing. For example, when modified for pH-sensitive and targeted
delivery, sorafenib showed a higher synergistic effect with doxorubicin (Duan et al. 2018). Also,
sorafenib nanoformulation, when conjugated with VEGFR, can kill tumours through the pH-
sensitive release of this drug. A higher antitumor effect in this conjugated form has been observed
than in free sorafenib. These studies highlight the significance of proper encapsulation of sorafenib

to get an optimal benefit for its use in cancer therapy.

2. Gaps in Research

Many existing FDA-approved chemotherapeutic drugs have low water solubility, due to which
they suffer from poor oral bioavailability, pharmacokinetic variability, and toxicity. Despite
numerous studies on sorafenib nanoparticulate drug delivery in liver cancer, HCC remains a
disease with a poor prognosis. Furthermore, drug delivery systems for tyrosine kinase drugs remain
largely uninvestigated. It can be observed from earlier studies that although a few polymeric
nanoparticles loaded with sorafenib have been tested but their potential has not been explored. It

is known that both polymeric and metallic nanoparticles increase ROS production in vivo, leading
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to cytotoxicity even in normal cells besides exhibiting unpredictable reactions and interactions.
Overcoming these limitations by developing a suitable natural nanoparticulate drug delivery
system could increase the therapeutic index and safety of sorafenib. Most importantly, it would
provide additional opportunities for HCC patients. It is important to note that camel milk casein’s
amphiphilic and stable nature makes it a very relevant model for drug delivery in cancer therapy.

This novel system is yet to be explored as a drug delivery system.
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Chapter- 2: Aims and Objectives

Many existing FDA-approved chemotherapeutic drugs have low water solubility, due to which they
suffer from poor oral bioavailability, pharmacokinetic variability, and toxicity. Sorafenib, a water-
insoluble and multikinase inhibitor used to treat hepatocellular carcinoma, is limited by its low oral
bioavailability. Casein is a biocompatible dietary protein of pharmaceutical relevance. Due to its
amphiphilic nature, self-assembling property, ability to show sustained release and capability of
encapsulating hydrophilic and hydrophobic drugs, it can be a suitable nanocarrier. The broad
objective of the current study is to develop a novel drug delivery system to enhance the efficacy of

sorafenib. To fulfil this broad objective, the following specific objectives are proposed:

Objective 1: To synthesise, characterize, and conduct a cellular uptake study of sorafenib-
loaded camel casein nanoparticles.

For this, camel milk protein is first separated into casein protein by acid precipitation. Further, this
casein was visualised by SDS-PAGE. Firstly, casein nanoparticles were developed and then loaded
with the drug sorafenib. Characterization of drug-encapsulated casein nanoparticles and only casein
nanoparticles was done by dynamic light scattering (DLS), zeta potential analysis, scanning light
microscopy (SEM), and FTIR (Fourier-transform infrared) spectroscopy. The drug content in
nanoparticles, as well as the drug-protein binding studies, were conducted by UV-Vis spectroscopy.
In vitro cytotoxicity (MTT and DAPI) was performed on HepG2 cells. Later on, the cellular uptake

study was studied by fluorescence microscopy.

Objective 2: To study the cytotoxicity and associated mechanisms induced by sorafenib and
sorafenib-loaded camel casein nanoparticles in HepG2 cells.

Initially, cytotoxicity studies were performed in HepG2 cell lines in vitro. Mechanisms of apoptosis
were studied by phase contrast microscopy, DNA fragmentation assay, cell cycle analysis, and
annexin Pi assay. Its ability to induce reactive oxygen species was studied by ROS assay. Lastly,
the expression of cancer-related genes like p53, bcl-2, bax, & caspase 3 was studied at the
transcription level by RT-PCR and apoptosis-related protein like caspase 3, PARP, BAX, and BCl-
2 was studied by western blotting. The therapeutic index of drug-loaded camel casein nanoparticles

has also been compared with only sorafenib.
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Objective 3: To conduct In vivo Pharmacokinetics and Biodistribution studies of sorafenib-

loaded camel casein nanoparticles in Swiss albino mice
Pharmacokinetics and biodistribution studies followed the development of the bioanalytical
method, which was done by HLPC. Pharmacokinetic studies have been done through intravenous
dosing. Multiple pharmacokinetic parameters like area under the curve (AUC), half time (t12), mean
residence time (MRT), initial concentration (Co), elimination constant (Ke), clearance (Cl), the
volume of distribution (Vd) were analysed through Phoenix Winolin software. Biodistribution of
sorafenib was also performed in various tissues- kidney, liver, heart, spleen, and lungs. The

quantification of the drug in tissues was done by HPLC.
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Chapter- 3: To synthesise, characterize, and cellular uptake study of
sorafenib-loaded camel casein nanoparticle

3.1 Introduction

Nanotechnology holds great potential in the diagnosis, treatment, and management of cancer (Din
et al. 2017; William H. et al. 2015). The distinctive properties of nanoparticles (NPs), like small
size, tailored surface, improved solubility and administration through different routes, are of
utmost importance (Krishna et al. 2019). These characteristics override the drawbacks of utilizing
conventional chemotherapeutic agents (Hejmady et al. 2020; Patra et al. 2018; Rajesh et al. 2009).
Different nanocarriers have been employed in drug delivery to enhance various biomedical
applications (Krishna et al. 2020). Milk whey proteins such as alpha-lactalbumin, -lactoglobulin,
lactoferrin, caseins, etc., have all been investigated to deliver medications, nutraceuticals, and
other bioactive molecules. These GRAS natural derivatives are suitable for drug transport, safety,
and improved therapeutic index of anticancer treatments due to their biocompatibility,
amphiphilicity, wide availability, lack of toxicity, non-antigenicity, and low cost (Lohcharoenkal

et al. 2014).

Casein nanoparticles can deliver both hydrophilic and hydrophobic drug molecules due to their
micellar properties. They are also helpful for the controlled release of oral medications because of
their pH-dependent behaviour. Furthermore, casein’s unfolded structure makes it conveniently
accessible for proteolysis, ensuring good release by proteolytic enzymes in the gastrointestinal
tract. Additionally, caseins can penetrate the cell membrane in an energy-independent fashion,
which can enhance cellular uptake on oral administration. Physiological degradation products of
casein produce immunomodulatory peptides, antioxidants, and ACE inhibitors (which optimize
blood pressure regulation). These characteristics make casein a good candidate for use as an

encapsulating matrix for anticancer agents (Glab et al. 2017; Sahu et al. 2008).

Camel milk has been traditionally consumed worldwide for its nutritional benefits and medicinal
properties. It also has therapeutic and prophylactic benefits against cancer (Dubey et al. 2015; Al
haj et al. 2010). Camel milk proteins have more thermal stability and pH hydrolysis resistance
(Atri et al. 2011). Camel milk casein is in micellar form, is readily biodegradable, has an

amphiphilic character, is an antioxidant, and has a molecular chaperon-like activity (Kumar et al.
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2016). Earlier, camel casein has been used as an effective nano vehicle for curcumin, and its
application has been suggested in functional health food formulations (Esmaili et al. 2011). Camel
milk casein has the potential to bind with both polar and non-polar compounds and serve as a

suitable nanocarrier for other physiological compounds, including drugs.

HCC is the most common type of primary liver cancer and the most common cause of death in
people with cirrhosis (Balogh et al. 2016). Kinases are essential in tumour cell signalling,
angiogenesis, and apoptosis (Krishna et al. 2021). Sorafenib is a promising anticancer drug with
the properties of a multikinase inhibitor. It acts against several solid tumours by preventing cell
proliferation, tumour growth, and angiogenesis (Jindal et al. 2019). However, sorafenib is a small-
molecule drug with poor aqueous solubility and low bioavailability. Being a small-molecule drug,
it may be distributed throughout the whole body and be rapidly metabolized, leading to adverse
effects (Babos et al. 2018). Camel milk reduces drug-induced hepatic and renal toxicity, whereas
casein-derived peptides are important pharmaceutically active and immunomodulatory molecules
(Gtab et al. 2017; Kumar et al. 2016). Therefore, in this chapter, we have explored using casein-
derived nanoparticles from camel milk to encapsulate sorafenib. For this, we have initially
developed and characterized camel casein nanoparticles. Later we studied the bioavailability and

cytotoxicity of sorafenib-loaded casein nanoparticles in the HepG2 cell line.

3.2 Methodology

3.2.1 Camel milk sample collection
Camel (Camelus dromedarius) samples were collected from ‘Sarika Raika MilkBhandar’, Jaipur,
India. The sample was collected under aseptic conditions and stored at -20 °C in a sterile container

until further use.

3.2.2 Isolation and purification of casein protein from camel milk

Isolation of casein from camel milk was done according to the process described earlier (Kumar et
al. 2016; Salami et al. 2011) with slight modification (Fig 3.1). Briefly, fat was removed from the
milk by centrifugation at 8000 rpm for 30 min. at 4 °C. The supernatant containing skimmed milk
was collected for further use. Whey and casein were separated by acid precipitation with 1N HCl
at pH 4.6 and centrifugation at 12000 rpm for 30 min. at 4 °C. The precipitated casein was washed

thrice with distilled water. The precipitated casein pellet was kept at -20 °C until further use and
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solubilized according to the reported method (Ashkan Madadlou et al. 2009), briefly described as

follows.

Camel Milk

Centrifugation at 8000 rpm for 30 min. at 4°C

Fat Layer Skimmed Milk Fractions
(Casein & Whey Protein)

Acidification at pH 4.6, Centrifuged at 12000
rpm for 30 min. at 4°C

Soluble fraction
(Whey Protein)

Insoluble fraction
(Casein)

The precipitated casein was washed twice with distilled water
and solubilised at pH 7, 9, 12 by addition of 1 M NaOH.

Figure 3. 1 Method of isolation of casein protein from camel milk

Casein solution (5%) was prepared by adding 10 g casein protein to 200 mL of deionized water (pH
7.0), stirring at 1000 rpm for 60 min at room temperature. Sodium azide (0.03%) was added to
prevent any microbial contamination. The solution was stored at 4 °C for 10-12 hours for complete
hydration. The pH of the solution, originally 6.48, was then adjusted to 7, 9 or 12 separately by

slowly adding 1N sodium hydroxide solution with constant stirring.

3.2.3 Polyacrylamide gel electrophoresis

Skimmed milk and isolated camel milk casein protein were analyzed by SDS-PAGE on 12% gel
under reducing conditions using a Bio-Rad mini gel electrophoresis unit run at 80 V. Before the
electrophoresis, skimmed milk and casein protein samples were diluted to 2 pg/uLL with the sample
buffer. Sample denaturation was done for 5 min. at 100 °C, and protein samples were loaded into
each well. Proteins in the gel were stained by Coomassie Brilliant Blue R-250, and the gel image
was viewed using a gel documentation system (BioRad). Separated proteins were validated for

identification using the molecular weight marker.
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3.2.4 UV- Vis spectroscopy
Quantitative analysis of sorafenib and casein was performed using a UV-Vis spectrometer. Stock
solutions of casein and sorafenib drugs were prepared in Milli Q water and methanol, respectively.
The UV — Vis absorption spectra were recorded on a UV-2700 spectrophotometer (Shimadzu Co.,
Kyoto, Japan) over a wavelength range of 200-300 nm. The wavelength (A) range of these
compounds was estimated from the calibration curve. The binding of the sorafenib drug with casein

micelles was analyzed by UV- Vis spectrophotometry.

3.2.5 Synthesis of camel milk casein nanoparticle

Casein nanoparticles were prepared according to an earlier reported method with some
modifications (Sona Gandhi 2018). Five percent casein solution was mixed with the drug sorafenib
of concentration (1 mg/mL) 200 uL and was stirred at 900 rpm at room temperature for one hour.
This was followed by adding 50 pL (10 mM) CaCl; until the solution became turbid. Further, it
was kept for 6 to 7 hours on a magnetic stirrer to remove methanol. This same has been explained

pictorially in Fig. 3.2.

Figure 3. 2 Pictorial representation of the synthesis of camel milk casein nanoparticle (A) 5%
casein solution with sorafenib drug. (B) Turbid mild casein solution upon addition of calcium
chloride (CaClz) (C) Casein nanoparticle
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3.2.6 Characterization of camel milk casein nanoparticle

3.2.6.1 FTIR study

The chemical functionality and interaction between the casein nanoparticle and sorafenib were
investigated by FTIR spectroscopy. Briefly, the spectra of casein, sorafenib, their mixture (1:1),
and sorafenib-loaded casein nanoparticles were recorded using a Fourier Transformed-IR system
(Alpha Bruker’s) equipped with a germanium attenuated total reflection (ATR) system.
Lyophilized Solid samples of each were placed directly in the FTIR sample holder in direct contact
with the ATR crystal. In transmittance mode, IR spectra were obtained in the spectral region of

4,000 cm™ to 500 cm™.

3.2.6.2 Physical property analysis & scanning electron microscopy of camel milk casein
nanoparticles
The prepared casein nanoparticles were characterized for their size, polydispersity index (PDI),
and zeta potential using a Zetasizer, Nano series (Nano-ZS, Malvern, UK). The casein nanoparticle
diameter and surface charge/ZP were measured in water pH (6.2-7.4) at 25 °C with a scattering
angle of 90 °C. Morphology was examined by scanning electron microscopy (SEM) at a voltage
of 20 kV after coating with gold under a vacuum. Drops of nanoparticle samples were put on slides
and dried under nitrogen gas. Then, these slides were placed on aluminium stubs fixed by double-
sided tape and placed in the vacuum chamber of SEM (Thermo Scientific™ Apreo scanning

electron microscope). Slides were seen from 30,000 x to 10,000 x magnifications.

3.2.6.3 Drug encapsulation efficiency

To quantify the drug content, 1 mL aliquot of the nanoparticle solution containing the drug was
centrifuged at 10,000 rpm for 20 minutes at 4°C. Now, the pellet was dissolved in methanol to
precipitate the protein. Subsequently, it was vortexed for 1 hour and centrifuged at 6000 rpm for
10 minutes. The drug concentration in the pellet was determined using a UV-Vis
spectrophotometer. Results have been presented as means + SEM of three independent
experiments performed in duplicate. The encapsulation efficiency (E.E.) was calculated by using

the following formula:

E.E. (%) = (Mass of a drug in nanoparticles/mass of drug used in formulation) x 100 (Equation

1)
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3.2.7 Cell culture-associated studies

3.2.7.1 Culture of cells

HepG2 cells procured from NCCS, Pune, India was, cultured at 37°C, 5% CO, in minimum
essential medium (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen) and 1%
antibiotics solution - Penicillin (100 UML™) and streptomycin (100 pgmL™'; Invitrogen).
Trypsin- EDTA solution (0.05%) was used to detach cells. The cells were grown to 70%
confluence in tissue culture flasks (Tarson), detached using trypsin EDTA solution, rinsed in
phosphate buffer saline, and transferred in an entirely fresh medium. Subsequently, they were

analyzed for cellular uptake, viability, and morphological changes.

3.2.7.2 Cellular internalization study

Coumarin-6 (green-fluorescent dye) entrapped casein nanoparticles were prepared in the same way
as described above in section 3.2. HepG2 cells were seeded on coverslips in six-well plates and
treated with the 3 pg/mL of coumarin-6 entrapped casein nanoparticles at 37 °C for 4 h and 6 h,
respectively. The cells were washed twice with PBS to remove nanoparticles not taken up by the
cells and fixed with methanol for 10 minutes. Subsequently, they were stained with DAPI (2
pg/mL) for 3—5 min and washed twice with PBS. Cells were mounted using glycerol and examined
under a fluorescence microscope (Zeiss Axio Scope Al) using filters for DAPI and FITC. The

merged image was also obtained for better visualization.

3.2.7.3 Cytotoxicity assay

MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide) assay was used to
determine the cytotoxicity of the drug, sorafenib and its loaded casein nanoparticles. Briefly,
HepG2 cells were seeded at a density of 8000 cells/well in a 96-well plate. After reaching 70%
confluence, cells were treated with different concentrations of sorafenib and its loaded casein
nanoparticles for 24 hours. MTT was added to cells and incubated for 4 hrs at 37 °C. Subsequently,
the media was discarded, and 150 pL of DMSO was added to each well. The colour intensity was
measured at 570 nm wavelength using a microplate reader (Multiskan #Thermo scientific). Each
determination was carried out in triplicate, and at least two independent experiments were carried

out. Cell viability was calculated using the following formula.

% Cell Viability = O.D of treated cells/O. D of control untreated cells *100...... Equation (2)
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3.2.7.4 DAPI staining

HepG2 cells were implanted on a coverslip in a 6-well plate and incubated with only sorafenib
and casein-encapsulated sorafenib at 10 uM and 20 uM concentration for 24 h. Cells were washed
twice with PBS, fixed with ice-cold methanol, and washed twice with PBS. Next, cells were
stained with DAPI (2 pug/mL) and incubated for 10 min at room temperature in the dark. The cells
were washed with PBS two times and visualized under a fluorescence microscope (ZEISS Axio

Scope A1 microscope). The apoptotic bodies were observed.

3.2.7.5 Statistical analysis
Graphs and statistical analysis of data were performed by using GraphPad Prism 8 software. The
data are given as the mean values + SEM. Comparisons among inter and intra-groups were analysed
using one-way and two-way ANOVA followed by the Bonferroni post-test. P<0.05 was considered
to indicate a statistically significant difference. All experiments were repeated at least three times

and performed in triplicates.

3.3 Results and Discussion

3.3.1 Solubility and SDS PAGE analysis of camel milk casein protein

Camel milk casein was obtained at its isoelectric pH of 4.6 at room temperature. It is a hydrophobic
protein and insoluble in water. At high pH (7, 9, and 12), casein will have a net negative charge
(due to the ionization of its acidic side chains). Therefore, it was soluble after adding 1 N NaOH

at all three pH values, as shown in Fig. 3.3 (A).

Camel milk casein is a major dietary phosphoprotein of 4 types, namely, as] casein, as2 casein, 3
casein, and k casein. The electrophoretic migration of camel milk casein has been depicted in Fig
3.3 (B) at the three different pH studied. The molecular weight of a-caseins, -casein, and k-casein
was observed to be about 28 kDa, 26 kDa, and 22 kDa, respectively, at each pH as expected and
reported earlier (Kappeler et al. 1999; Yelubaeva et al. 2017). It was also clearly seen that the
bands corresponding to whey protein in camel skimmed milk decreased or disappeared in casein

protein, depicting the relative purity of the isolated casein protein.

33



Figure 3. 3 (A) Solubilization of camel milk casein solution at pH 7, 9, and 12. (B) SDS- PAGE
image of solubilized casein at pH 7, 9, and 12. The molecular weight marker has been loaded in
the 1% lane, skimmed camel milk (SM) in the 2™ lane and camel milk casein at pH 7, 9, and 12
have been loaded in lanes 3, 4, and 5, respectively

3.3.2 UV-visible spectroscopic analysis of camel milk casein and sorafenib

Spectrum analysis of the drug sorafenib, camel milk casein, and the drug mixed with casein (not
as nanoparticle) was analyzed by UV-Vis spectroscopy; the respective of Amax Was determined and
has been depicted in Fig 3.4. Casein (1 pg/mL) exhibits maximum absorption at the wavelength of
275 nm, as shown in Fig. 3.4 (A). It can be explained by the presence of the aromatic side-chains
of amino acids like tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe) residues, which
absorb in this range of wavelength (Antosiewicz et al. 2016). Sorafenib showed maximum
absorbance at 264 nm at all studied concentrations ranging from 1-6 pg/mL. This corresponds to

earlier studies (Onur 2018) and has been shown in Fig. 3.4 (B).

To investigate the effect of sorafenib interaction with camel milk casein for any structural changes
induced in the mixture, the UV spectra of casein were plotted by taking various concentrations of
sorafenib in Fig. 3.4 (C). The maximum absorption peak of only casein was at 275 nm, and it
remained unchanged in the presence of sorafenib at the concentration range studied. With the
increase in sorafenib concentration, the absorbance of casein gradually increased from 0.6 to 0.9 at
the same Amax (275 nm). This suggests that the drug has changed the polarity of the

microenvironment around Trp and Tyr residues of casein, but this does not cause its conformational
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change in casein (D. Li et al. 2011; Yue et al. 2012). The linear calibration curve obtained by
measuring the absorbance of the sorafenib at various concentrations has been shown in (Fig. 3.4

(D) has good linearity with a correlation coefficient of R>=0.998.

Figure 3. 4 UV-Visible spectrum (A) UV spectra of camel casein milk protein (B) UV spectra of
sorafenib at various dilutions (C) UV spectra of casein (1 uM) in the absence and presence of
different concentrations of Sorafenib drug (1 uM - 6 uM) and (D) Calibration curve of sorafenib
drug.

3.3.3 Synthesis of camel casein nanoparticle

In this study, we have indigenously prepared novel camel milk casein nanoparticles and have

explored its use as a carrier for the anticancer drug sorafenib. Casein self-assembles into spherical
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micelles at pH 7 when dissolved in water, and sorafenib gets encapsulated into the hydrophobic
core of casein micelle (M. Corzo-Martinezl et al. 2015). This is further stabilized by adding
calcium chloride solution, which maintains micellar integrity (M.G. Sosa-Herrera et al. 2012). The
solution formed was mildly turbid due to densely formed casein nanoparticles (Penalva et al.
2015). A pictorial depiction of the synthesis of nanoparticles done by us has been described earlier
in section 2.6 (Fig 3.2), and its features are described subsequently. No exogenous cross-linkers

and toxic chemicals were used in the process of preparation.
3.3.4 Characterization of camel milk casein nanoparticle

3.3.4.1 FTIR spectra analysis of sorafenib loaded camel milk casein nanoparticle
The chemical analysis of the drug sorafenib, casein, physical mixture of casein and drug, as well as
the drug-loaded casein nanoparticle was subjected to analysis by FTIR spectroscopy, as shown in
Fig. 3.5. The mixture was also used to investigate any possible chemical association, change in
composition, or compatibility between the drug and its carrier. The initial bands higher than 3608
cm! are due to the solvent system in all four panels. The uppermost panel represents the sorafenib
band. The bands at 3062 cm™ and 2928 cm™ (due to the C-H stretching band of aromatic and
aliphatic CH, respectively) are evident. The sorafenib band at 1696.4 cm ™! is characteristic of the
amide group (C=0). Absorption bands of casein (2" panel from top) are at 3273 cm™' (amide band)
and at 1639 cm ™! which is mainly associated with the C=0 stretching vibration and depends on the
backbone conformation and hydrogen bonding. Casein also exhibits another characteristic band at
1442 cm ™" which may be attributed to the carboxylate group (O-C-O). The major absorption bands
shown in casein and drug spectra were also found in their physical mixture spectrum (3™ panel from
the top) and casein-loaded nanoparticle (4" panel from the top). FTIR spectral analysis we
conducted revealed that the specific functional groups of casein as a carrier and the drug sorafenib
in the nanoparticles have almost identical chemical characteristics of the pure casein and drug
bound together. The FTIR spectrum of the sorafenib-loaded casein nanoparticles indicates that there
was no significant chemical interaction between the sorafenib and casein. This indicated that
sorafenib was well encapsulated in casein nanoparticles. This result aligns with the spectrometric

analysis done earlier in section 3.3.2.
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Figure 3. 5 FTIR spectra of 1. Sorafenib drug, 2. Casein at pH 7, 3. A physical mixture of casein
and drug, 4. Drug-loaded casein nanoparticle (NP)

3.3.4.2. Physical & morphological studies of unloaded and sorafenib loaded camel casein
nanoparticles

The novel camel casein nanoparticles were analyzed to determine their particle size, distribution,
and zeta potential using the Malvern zeta sizer, as shown in Fig. 3.6 and Table 3.1. Camel milk
casein nanoparticles were found to have an average particle size (hydrodynamic diameter) of 192
+ 5.4 nm with a polydispersity index of 0.22, whereas sorafenib loaded camel casein nanoparticles
had a slightly greater size, i.e., 212 +£ 6 nm with a narrow polydispersity index of 0.23 (shown in
Table 3.1). This indicates that the particles were uniform and monodispersed. The entrapment
efficiency of drug-loaded nanoparticles was observed to be 51.5 = 3.2%. The magnitude of zeta
potential determines the colloidal stability. The zeta potential of a nanoparticle also represents its
surface charge. The zeta potential of the casein nanoparticles was found to be negatively charged
(data shown in Table 3.1) because of the ionized carboxylic groups of sodium caseinate at pH 7.

The negative surface charge is also indicative of low toxicity as compared to the positively charged
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nanoparticle, which internalizes the cells by various mechanisms which need to be explored further

(Tang et al. 2018).

Figure 3. 6 Measurement of nanoparticle (A) size and (B) zeta potential of casein nanoparticle by
dynamic light scattering (DLS)

Table 3.1 Characterization of nanoparticles

NPs Dn (nm) PDI ZP (mV) EE %
Casein NP 192 +54 0.21 -23+1.5 -
Sorafenib-CasNPs 212+ 6 0.22 20+£1.2 51.5+3.2

Note: Dn: average hydrodynamic diameter; PDI: polydispersity index; ZP: zeta potential; EE: drug

encapsulation efficiency. Data represent mean + SD (n=3)

The shape of the camel casein nanoparticle was analyzed using scanning electron microscopy
(SEM). A smooth surface and spherical shape of the nanoparticles were observed, as has been
shown in Fig. 3.7. The size of particles in terms of diameter ranges between 160-220 nm, which is

in agreement with the dynamic light scattering studies done earlier (Penalva et al. 2015).
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Figure 3. 7 A) Scanning electron microscopic image of camel milk casein nanoparticles and B)
Particle size distribution plot of camel milk casein nanoparticles

3.3.5 Cellular internalization study

Coumarin-6 encapsulated casein nanoparticle was used to study cellular uptake as it is a suitable
fluorescent probe. The resulting fluorescence images depict that coumarin-6 dye-loaded
nanoparticles were effectively taken up by the cells (Fig. 3.8). Coumarin-6 dye-loaded
nanoparticles showed a preferentially higher accumulation in the cytoplasm as compared to the
nucleus of HepG?2 cells after 4 h (Fig. 3.8 (A) and 6 h (Fig. 3.8 (C) of incubation, compared to the
only dye-treated cells (Fig. 3.8 (B & D). It can also be seen that the fluorescent intensity of
coumarin-6 encapsulated casein nanoparticles also increased within 2 h (between 4 h and 6 h) of
the time interval. This enhanced cellular internalization associated with the nanoparticles could

translate to better therapeutic efficacy.
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A DAPI FITC MERGED

4hrs

Figure 3. 8 Internalization study of fluorescent dye (coumarin) loaded casein nanoparticle by
fluorescence microscopy on HepG2 cells. (A) Fluorescent images of HepG2 cells after 4 hours
incubation with coumarin loaded casein nanoparticle (B) HepG2 cells after 4 hours incubation
with free coumarin (C) Fluorescent images of HepG?2 cells after 6 hours incubation with coumarin
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loaded casein nanoparticle and (D) HepG2 cells after 6 hours incubation with free coumarin. The
scale bar is 10 um.

3.3.6 Cellular toxicity study of drug-loaded camel milk casein nanoparticles

Cytotoxicity of our novel drug-loaded casein nanoparticles was evaluated in the HepG2 cell line
by the MTT assay after 24 h. Improved cytotoxic efficacy of sorafenib in the HepG2 cell line in
vitro was observed as compared to the untreated control, as has been shown in Fig. 3.9. According
to the results, the ICso concentrations were determined as ~14 uM for sorafenib and ~9 uM for
sorafenib loaded casein NPs respectively. Sorafenib-loaded casein NPs had a remarkable activity
on HepG2 cells at 10 pM concentration (48.5% cell viability), whereas it has been observed that
when treated with non-encapsulated sorafenib, there was (58% cell viability) at the same
concentration. This can be due to better internalization of drug-loaded nanoparticles into the cells
than the only drug. Further, it was observed that the cytotoxicity increased with increasing drug

concentration in a statistically significant manner.

Figure 3. 9 Cell viability of HepG2 cells treated with Sorafenib loaded casein nanoparticle and
free Sorafenib.

To gain further insight into the mechanism involved, the cells were stained with DAPI, a nuclear

stain. Cell shrinkage, nuclear fragmentation, and margination of the nucleus were observed in cells
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after treatment with the drug-loaded casein nanoparticle as well as with only sorafenib, as can be
observed in Fig. 3.10. In untreated control cells, the nucleus was seen normal without any

condensation of nuclear material.

A. Control HepG2 cells B. SFN-CasNPs (10pM) C. SEN-CasNPs (20uM)

D. SEN (10uM) E. SFN (20uM)

Figure 3. 10 Fluorescence images of DAPI stained HepG2 cells treated with drug-loaded casein
nanoparticle and only drug sorafenib. Magnification 60x. (A) Control cells without any treatment,
(B) Cells treated with sorafenib loaded casein np (conc. 10 uM), (C) Cells treated with sorafenib
loaded casein np (conc. 20 uM), (D) Cells treated with sorafenib (conc. 10 uM), (E) Cells treated
with sorafenib (conc. 20 uM). The scale bar is 10 pm.

3.4 Conclusion

In the present study, novel camel milk casein nanoparticles were developed by us and loaded with
the drug sorafenib, to overcome its poor solubility and bioavailability. We have successfully
developed the camel milk casein nanoparticles with a particle size of around 230 nm with a uniform
spherical shape and negative charge. This drug-loaded nanoparticle had a higher intracellular
uptake of sorafenib as compared to the uptake of the only drug. The drug-loaded nanoparticles
were found to be more cytotoxic and induced apoptosis in the mammalian hepatocarcinoma cell
line, HepG2. In the subsequent chapters, the focus is on the cytotoxicity and the in vivo
pharmacokinetic studies of this novel sorafenib loaded camel milk casein nanoparticle-based

anticancer drug delivery system developed.
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Chapter- 4: To study the in vitro cytotoxicity of sorafenib-loaded
camel casein nanoparticles

4.1 Introduction

HCC is the most common primary liver malignancy and is the third leading cause of cancer-related
death worldwide (Yang et al. 2010). Sorafenib is the first FDA-approved oral multi-tyrosine kinase
inhibitor drug administered in patients with renal and hepatocellular carcinoma (Mou et al. 2021).
Kinases are involved in the phosphorylation of proteins or growth factors that facilitate cellular
signalling and regulate the cell cycle. Any dysregulation in kinases can eventually lead to cancer.
Kinase inhibitors such as sorafenib have immense therapeutic potential. Sorafenib induces
apoptosis, suppresses cell growth, and inhibits tumour-associated angiogenesis. Its anticancer
activity improves the overall survival of patients with advanced HCC (Liu et al. 2006; Ma et al.
2022). The optimal utilization of sorafenib is restricted by its low water solubility and
bioavailability. Several studies have reported its toxicity-related adverse effects leading to reduced

patient compliance (Yang et al. 2016; Zhang et al. 2014).

Casein is the major colloidal phosphoprotein in milk and exists in micellar form. It is an
amphiphilic molecule with structural and physicochemical characteristics suitable to be used as a
carrier molecule, besides being biodegradable and non-toxic. The rationale for using milk casein
protein as nanoparticulate drug delivery lies in its size, biocompatibility, biodegradability,
amphiphilic characteristics, and stability (Elzoghby et al. 2013; Mittal et al. 2021). Casein carries
a negative charge and exhibits stability due to proline residue, explicitly found in beta-casein
(Sadiq et al. 2021). Camel milk casein has four constituent components, namely, aS1-casein, aS2-
casein, B-casein, and k (kappa). Beta-casein is found in a maximum amount (65%) higher than
bovine milk (36%). It possesses high hydrophobicity, which would be helpful in binding
hydrophobic drugs and increasing their solubility and hence bioavailability (Swelum et al. 2021).
Another essential property of camel milk casein is the presence of a wide range of micelles size
(20 to 300 nm in diameter) as compared to the 40—160 nm range found in cow’s milk (Farah et al.

1989; Swelum et al. 2021).

Moreover, unlike bovine milk, camel milk proteins do not induce allergic responses (Maryniak et
al. 2018). Based on the suitable properties of camel milk casein, we hypothesized that

encapsulation of sorafenib in camel milk casein nanoparticles would have an enhanced cytotoxic
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effect on liver cancer cells compared to the drug given without any carrier. Being a natural

biomolecule, it may reduce the toxic effect on normal cells.

In the previous chapter, we have already synthesized casein NP from camel milk and characterized
it in terms of its particle size, zeta potential, and morphology by scanning electron microscopy

(SEM) (Mittal et al. 2021).

However, we have further optimized casein nanoparticles for better drug encapsulation efficiency
and checked their stability here. The current work aims to evaluate the cytotoxic efficiency of
sorafenib against the human hepatoma cancer cell line, HepG2, using camel milk casein
nanoparticles as a carrier. The underlying mechanisms of apoptosis have also been investigated in
various dimensions. Subsequently, the effect of the drug-loaded nanoparticles on cell cycle phase
distribution has been studied. Furthermore, the induced alteration of gene expression of apoptosis-
related genes is studied at the transcriptional and translational levels. Lastly, we have studied the
toxicity of this drug-loaded nanoparticle in HEK 293 cells and calculated the therapeutic index,

taking the latter as a model system for normal cells.

4.2 Methodology

4.2.1 Optimization, synthesis, and storage stability of casein nanoparticles

The synthesis of SFN-CasNPs was optimised to improve its drug encapsulation efficiency. Two
parameters, casein protein composition (5%, 4%, and 3%) and volume of 10 mM CacCl; (20, 30,
40, 50) uLL were chosen. With each parameter size, zeta, PDI, and EE% were calculated. The most
optimal conditions were used for further studies. Accordingly, nanoparticles were synthesized, and

storage stability was checked for a month by keeping the nanoparticles at 4 9C.

4.2.2 Cell culture

STR profiled HepG2 (liver) and HEK 293 (kidney) cells that were purchased from the National
Centre of Cell Science (NCCS), Pune, India. Cells were cultured in minimum essential medium
(MEM) supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin,
0.1 mM non-essential amino acids, I mM sodium pyruvate, and 10 % FBS. A temperature of 37
OC in an atmosphere of 5% CO> was maintained in the CO> incubator for cell culture and growth.

Cells were detached from the flask and dishes with the help of trypsin.
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4.2.3 Phase-contrast microscopy

Either HepG2 cells or HEK293 cells were seeded at a density of 2x10° cells/well in a 6-well plate.
Sorafenib-loaded casein nanoparticles treatment was given at 70% confluency of the cells. After
24 hrs, the changes in cell morphology were examined under an inverted microscope (Carl Zeiss)

at 20x magnification, and images were captured using Zeiss software (Zen 3.4).

4.2.4 DNA fragmentation assay

Cells were seeded in a 6-well plate at 2x10° cells/well density. Further, DNA was isolated from
HepG2 cells after 24 h treatment with casein protein, sorafenib, and sorafenib-loaded casein
nanoparticles, respectively. Both adherent and floating cells were harvested, pelleted down, and
washed with PBS. Cell pellets were then treated with 100 uL. of DMSO and mixed well. This was
followed by the addition of an equal volume of TE (Tris-EDTA) (pH 7.4) buffer containing 2%
SDS (sodium dodecyl sulfate) (Sigma-Aldrich). After that, it was, centrifuged at 12000 rpm for 15
minutes at 4 °C. The DNA supernatant was subjected to 2% agarose gel electrophoresis for DNA
fragmentation analysis (Pandey et al. 2012).

4.2.5 Annexin V-FITC/Propidium iodide apoptosis assay and cell cycle phase distribution
analysis by flow cytometry

For performing annexin pi and cell cycle assay, HepG2 Cells (2x10° cells/well) were plated in two
different 6-well plates and treated with drug-encapsulated nanoparticles (15 pM) or with the free
drug (15 uM) for 24 h. After treatment, for annexin pi assay, cells were harvested by trypsinization,
washed with PBS, and resuspended in 500 pL of 1X binding buffer (Thermo Fisher Scientific).
Subsequently, 5 pL of AnnexinV-FITC (Thermo Fisher Scientific) and 5 pL of propidium iodide
(PI) (Sigma-Aldrich) are added and incubated in the dark for 20 minutes. Then samples were

acquired and analysed.

For analysing the distribution of cells in the phases of the cell cycle, after the above-mentioned
treatment, cells were harvested as described earlier. After that, the cell pellet was resuspended in
100 uL PBS and fixed with 900 uL 70% ethanol overnight at -20 °C. Subsequently, cells were
centrifuged at 1500 rpm; the pellet was resuspended in PBS (pH 7.4), 5 uL PI dye was added, and
incubated for 10 min in the dark. Experimental analysis depicting the percentage of cells in the

sub-G1, G0/G1, S, and G2/M phases was performed by flow cytometry (CytoFLEX, Beckman
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Coulter). The histogram of the percentage of cells in each phase of the cell cycle was acquired

from CytExpert software and represented in a bar diagram.

4.2.6 Reactive oxygen species (ROS) assay

DCFDA (2°, 7’-dichlorofluorescein diacetate), a fluorogenic dye that measures ROS activity
within the cell, was used for this assay. In the presence of ROS, DCFH is rapidly oxidized to highly
fluorescent DCF. Quantitative estimation of DCF is used to determine cell ROS levels (Liou et al.
2010; Kalyanaraman et al. 2012). Approximately 7000 cells/well were seeded in a 96-well plate
and treated with either drug-loaded casein nanoparticle or free drug for 24 h. Also, 5 mM NAC
(N-acetyl cysteine) (Sigma-Aldrich), a ROS scavenger, was added one hour before treatment. To
these cells, 100 uL. of DCF-DA dye (20 uM) (Sigma-Aldrich) was added after 24 hr of treatment
and incubated for one hour at 37 °C in the dark. Fluorescence was measured using a microplate
reader (Fluoroskan Ascent) at an excitation wavelength of 485 nm and an emission wavelength of
530 nm. Correspondingly, an MTT assay was also performed, giving similar treatment to cells, in

the absence and presence of NAC, to estimate cell viability as described in the next section, 4.2.7.

4.2.7 Cell viability assay

MTT is a colourimetric assay based on reducing a yellow tetrazolium salt (3-(4, 5-dimethy] thiazol-
2-yl)-2, 5-diphenyltetrazolium bromide) to purple formazan crystals by metabolically active cells
and used as an indicator of cell viability, proliferation, and cytotoxicity. Briefly, HEK 293 cells
were harvested, counted, and seeded at 7000 cells per well in the 96-well plate for 24 hours. The
following day, cells were treated with various concentrations of the sorafenib-loaded casein
nanoparticles and free sorafenib for 24 hours. Untreated cells served as a negative control.
Subsequently, 20 uL. of 5 mg/mL MTT (Sigma) reagent was added to each well and incubated for
4 hours. Lastly, the media was removed, and 150 pL of dimethyl sulfoxide (DMSO) was added to
the wells to solubilize the formazan crystals. The resulting coloured solution is quantified by
measuring absorbance at 570 and 630 nanometers using a microplate reader (Multiskan™ Thermo
Scientific™). Each determination was carried out in triplicate, and at least two independent

experiments were carried out. Cell viability was calculated using the following formula:

% Cell viability = O.D of treated cells/O.D of untreated control cells x 100.
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4.2.8 RNA isolation, cDNA preparation, and qRT-PCR

Standard protocols were followed for the extraction of RNA from HepG2 cells. Briefly, cells were
lysed with Trizol reagent and incubated for 45 minutes on ice. The cell suspension was transferred
to a fresh tube, followed by adding 200 pL of chloroform and incubated for 5 minutes at room
temperature. The suspension was centrifuged at 12000 rpm for 15 minutes at 4 °C, and the upper
aqueous layer was transferred to a fresh tube. An equal volume of isopropanol was added, and the
mixture was incubated overnight at -20 °C. Subsequently, it was centrifuged at 12000 rpm for 15
minutes at 4 °C. The resulting RNA pellet was washed with 70% ethanol. The pellet was air-dried
and resuspended in DNase-free water. Genomic DNA contamination was removed by treating with
DNase (Thermo Scientific) for 30 minutes at 37 °C. The RNA concentration of this DNA-free
sample was determined by measuring the absorbance at 260 nm. RNA quality was determined by

measuring the 260/280 ratio in a nanodrop (Thermo Scientific, USA).

cDNA was synthesized immediately by a high-capacity cDNA reverse transcription kit
(Thermofisher). 1 pg of RNA per 20 uL reaction mixture was used for cDNA preparation. Briefly,
the reaction was conducted with 2 uL 10x RT buffer, 0.8 pL 25x dNTPs mix (100 mM), 2 uL 10x
RT random primer, 1 pL reverse transcriptase, 1 pL. RNAse inhibitor, and 3.2 pL sterile nuclease-

free water.

qRT-PCR was performed on the amplified cDNA template. The latter was further checked for the
expression of BAX, BCI2, Caspase-3, and p53 genes using SYBR® Green PCR master mix
reagents (Biorad, USA) on the CFX connect RT-PCR system (BioRad). B-actin was used as a
housekeeping gene. Details about primers, like their size, forward and reverse sequences, and
annealing temperature, are mentioned in Table 4.1. A pre-denaturation was done for 5 min at 95
°C, followed by 35 cycles of 30 secs each at 94 °C for denaturation. The annealing temperature of
gene-specific primers was for 30 seconds, then extension at 72 °C for one minute, and a final
extension at 72 °C for 3 minutes. Fold change in gene expression was calculated with CT values
of treated and untreated cells. It was quantified by the 2"*2“T method, where ACT=CT of target
gene — CT of the housekeeping gene, AACT= ACT treated cells - ACT control cells.
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Table 4. 1 Details of primer sequence (Bcl-2, Bax, Caspase-3, B-actin, p53)

S.No. Gene Forward sequence Reverse sequence Band size Annealing
name (bp) Temperature
Tm (°C)
1. Bcl-2 5'- 5'- 281 60
TGTGGCCTTCTTT TCACTTGTGGCCC
GAGTTCG-3’ AGATAGG-3’
2. Bax 5'- 5'- 246 62
TTTGCTTCAGGGT CAGTTGAAGTTGC
TTCATCC-3’ CGTCAGA-3’
3. Caspase  5'- 5'- 223 54.8
3 TTGATGCGTGAT CAATGCCACAGTC
GTTTCTA-3' CAGTTC-3'
4. B-actin 5'- 5'- 139 54.5
TATTGGCAACGA  GGCATAGAGGTCT
GCGGTTCC -3’ TTACGGATGTC -3’
5. p53 5- 5- 92 65
GTTCCGAGAGCT ACTTCAGGTGGCT
GAATGGG-3' GGAGTGA-3'

4.2.9 Western blotting

HepG2 cells were seeded in a 6-well plate, and treatment was given with a dose of 15 uM for both
drug-encapsulated nanoparticle and free drug for 24 hours. Cells were incubated with RIPA lysis
buffer and proteinase inhibitor cocktail. Subsequently, the protein lysate was collected by a
scraper, sonicated for a few seconds and centrifuged at 12000 rpm, 4 °C for 20 min. The protein
concentration of the lysate was measured by Bradford assay. This was followed by boiling for 10
minutes in an SDS buffer for denaturation. Forty micrograms of protein lysate were loaded per
well on a 12% SDS gel and run at a voltage of 80 V. The separated protein was transferred onto
the polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories). The membrane was
blocked by 5% skimmed milk dissolved in Tris buffer saline (TBS) at room temperature for two
hours. It was then incubated overnight with the primary antibody in TBS at 4 °C. The details of
primary and secondary antibodies are mentioned in Table 4.2. The membranes were washed three
times with Tris-buffered Saline, 0.05% Tween® 20 Detergent (TBS-T) at room temperature for 10
minutes each time. This was followed by the addition of an HRP-linked secondary antibody.
Following incubation, membranes were again washed three times with TBS-T. The Protein band

detection was done with an enhanced chemiluminescence system (Pierce ECL Western Blotting
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Substrate; Thermo Fisher Scientific, Inc.). The ChemidocTM XRS+ system was used for imaging.

The images were analyzed by Image Lab Software.

Table 4. 2 Details of primary and secondary antibodies (Bcl-2, Bax, Caspase-3, B-actin, Parp,
Anti-rabbit IgG, HRP-linked antibody)

S.No. Antibody Catalogue number Molecular weight
1. Bcl-2 BioBharti, #BB-AB0230 34 kDa
2. Bax BioBharti, #BB-AB0250 20 kDa
3. Caspase 3 CST, #14220 35 kDa
4. B-actin Santa Cruz, #Sc-69879 42 kDa
5. Parp CST, #9542 116 kDa
6. Anti-rabbit IgG, CST, #7074 -

HRP-linked antibody

4.2.10 Statistical analysis

All experiments were performed at least thrice. The data are expressed as the mean + SEM of these
determinations. Comparisons between groups were made by either one-way or two-way analysis
of variance (ANOVA) followed by the Bonferroni test. Values of P < 0.05 were considered to be

statistically significant. All data analysis was performed using GraphPad Prism 8 software.

4.3 Results

4.3.1 Optimization and storage stability of casein nanoparticles

To increase the encapsulation efficiency, nanoparticles were synthesized with varying
concentrations of casein protein and calcium chloride. Results are shown in Table 4.3. Among the
formulations, lesser drug encapsulation was obtained with 5% casein (50.65%, 47.6%, 40.67%,
40.11%). Higher size (274.6, 254, 252.3, 343.8 nm) and higher PDI (0.371, 0.347, 0.272, 0.5) were
shown with 3% casein. Acceptable PDI (0.261), size (230 nm), zeta (-14.4), and EE% (96.92%)
were obtained with 4% casein and 50 pL of calcium chloride. The synthesized method was the
same as described in Chapter 3. This chosen formulation was further studied for its storage

stability.
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Table 4.3 Effect of variables - casein (vol%) and CaCl; (calcium chloride) on nanoparticle size,

PDi (Poly dispersity index), zeta, and EE% (encapsulation efficiency)

S.No. Casein (Vol. %) CaCl: Size (nm) PDi Zeta (mV) EE%
(nL)
1. 5% 20 199.2 0.233 -13.5 50.65
2. 5% 30 229 0.121 -11.8 47.6
3. 5% 40 236 0.175 -11.5 40.67
4, 5% 50 242 0.158 -11.4 40.11
5. 4 % 20 226 0.33 -17.6 51.8
6. 4 % 30 215.6 0.207 -15.3 67.7
7. 4 % 40 277.4 0.33 -12.9 99.5
8. 4% 50 230 0.261 -14.4 96.92
0. 3% 20 274.6 0.371 -16 51.5
10. 3% 30 254 0.347 -14.5 65.95
11. 3% 40 252.3 0.272 -13.6 65.15
12. 3% 50 343.8 0.5 -12.5 98.07

According to the results shown in Fig 4.1 (A and B), The size of nanoparticles was consistent

within one month at least. No significant change was found in PDI with the optimized

nanoformulations until the 30th day. Zeta potential was also seen as unchanged during storage

(Table 4.4).
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Figure 4. 1 Storage stability of nanoparticles at 4 °C. A. Measurement of the size of nanoparticles
on 1, 7% 15" and 30" day B. Measurement of nanoparticles' PDi (Polydispersity index) on 1, 7%,

15" and 30" day.

Table 4.4 Measurement of the zeta potential of nanoparticles on 1, 7, 15", and 30™ day (1 month)
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Days Zeta (mv) =£S.D

1%t day 134+1.6

7% day 13.9+0.65
15" day -14£0.8
1 month -14.33 £0.57

4.3.2 Effect of sorafenib-loaded casein nanoparticles (SFN-CasNPs) on HepG2 cell
morphology

The effect of SFN and SFN-CasNPs on HepG2 cells was examined morphologically by phase
contrast microscopy after 24 hours of treatment. As shown in Fig. 4.2, many treated cells were
shrunken, rounded, granular with indistinct margins, and irregular. A concentration-dependent cell
detachment and floatation of cells were also observed. Consequently, the cell density was reduced
as the concentration increased from 5 uM to 15 uM compared to the untreated control cells. A
similar effect was observed with either free or encapsulated drug treatment. These unprecedented
changes in cell morphology are the characteristic features of apoptosis. The untreated control

HepG2 cells were well spread and adhered, depicting their normal morphology.

51



Figure 4. 2 Inverted phase contrast microscopy of HepG2 cells. (a) control HepG2 cells (b) SFN-
CasNPs (5 uM) (c¢) SFN (5 uM) (d) SFN-CasNPs (15 uM) (e) SEN (15 uM). The scale bar is 50
pum.

4.3.3 Effect of SFN-CasNPs on DNA Fragmentation

We performed a DNA fragmentation assay to check whether the cell death was indeed caused by
apoptosis (Fig 4.3). The characteristic pattern of the DNA ladder appeared when the HepG2 cells
were treated with SFN-CasNPs (lanes 4 & 5). The fragmenting of DNA was almost similar to the
pattern observed when cells were treated with increasing concentrations of free drug (SFN), except
a higher concentration of free drug was extremely detrimental (lanes 6 & 7). However, no DNA
fragments were observed in the cells treated with only casein protein (lane 3) or the untreated

control HepG2 cells (lane 2). The DNA marker is displayed in lane 1.

52



Figure 4. 3 DNA fragmentation assay in HepG2 cells. Lane 1: standard DNA ladder; lane 2:
Untreated control cells; lane 3: casein-treated cells; lane 4 and lane 5: SFN-CasNPs (5 uM and 15
uM); lane 6 and lane 7: free SFN treatment at a concentration of 5 uM and 15 pM

4.3.4 Effect of SFN-CasNPs on apoptosis and cell cycle phase distribution by flow cytometry
analysis

Apoptosis induction by SFN-CasNPs was further studied using Annexin PI assay. Fig.4.4 a.
depicts the proportion of viable cells and cells in the early/ late stage of apoptosis. In control
HepG2 cells (left), the viability was 99.37%, whereas, in the SFN-CasNPs treated cells, the
viability declined to 72.67%. However, unencapsulated (free) sorafenib (SFN) drug at 15 uM
concentration caused more cytotoxicity, i.e., lesser viability (55.82%). In the SFN-CasNPs, the
early apoptotic population of cells was 7.83%, and the late apoptotic cell population was 18.79 %.
Treatment with only SFN showed slightly more cell population in early (9.46 %) and late apoptosis
(30.9%). When compared, no significant difference was found in apoptotic HepG2 cell populations
when treated with both SFN and SFN-CasNPs.

Fig.4. 4 displays a quantitative description of apoptotic cells after treatment. It can be observed
that HepG2 cells, upon treatment with both SFN-CasNPs and only SFN showed an increase in the
percentage of apoptotic cells as compared to control cells. The impact was more by only SFN than

an encapsulated drug, although both were statistically significant.
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Figure 4. 4 Flow cytometric analysis of apoptotic HepG2 cells by annexin pi assay

a. Depicts control HepG2 cells (panel 1); HepG2 cells treated with SFN-CasNPs (panel 2), SFN
(panel 3). [Upper left (UL): Percentage of necrotic cells; Upper right (UR): Percentage of late
apoptotic cells; Lower right: Percentage of early apoptotic cells viable cells; and Lower left (LL)
-Percentage of viable cells].

b. Percentages of apoptotic cells after 24 h of treatment. Data are presented as mean + standard
error mean, and each measurement was repeated two times independently. **P<0.01, *P<0.05.
Abbreviation-. FITC - fluorescein isothiocyanate, PE — phycoerythrin.

Fig 4.5 a. demonstrates the distribution of the cells in different phases of the cell cycle, including
the detection of cells in the sub-G1 phase. As shown in Fig.4.5 (a and b), treatments with free SFN
or SFN-CasNPs caused an increase in the sub-G1 phase cell population, which might represent the
DNA fragmentation and apoptotic cell population. The sub-G1 population increased significantly
as compared to control cells in both types of treatments. Also, the number of cells in the S phase

was significantly decreased.
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Figure 4.5 Cell cycle analysis of HepG2 cells using flow cytometer

a. Fluorescence intensity of Propidium Iodide (PI) in Control HepG2 cells; HepG2 cells treated
SFN-CasNPs (15 uM) and SFN (15 uM).

b. Percentage of cells in each phase of the cell cycle. The data are presented as mean + standard
error mean (SEM) of three independent experiments.

4.3.5 Effect of sorafenib loaded casein nanoparticle on reactive oxygen species (ROS)
production

In this experiment, we wanted to determine whether ROS is involved in cell death induced by
treatment with the drug sorafenib, either in its free or encapsulated form. As shown in Fig 4.6,
sorafenib-loaded casein nanoparticles significantly increased ROS production (6-fold) at the
highest dose (20 uM) in HepG2 cells. It was observed that free sorafenib also increased ROS
production (4-fold) in the absence of NAC treatment. Also, in experiments, cells were treated with
NAC (a ROS scavenger) before the drug treatment to block the intracellular ROS generated in

cells. Subsequently, sorafenib’s effect on cell viability was studied.

In contrast, the pretreatment of cells with NAC led to a significantly suppressed production of
intracellular ROS at 20 pM in both cases: sorafenib encapsulated nanoparticles and free sorafenib.

At lower concentrations, such as 10 uM and 15 puM, no significant increase in ROS in the
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encapsulated nanoparticles was observed either in the absence or the presence of NAC. Free
sorafenib significantly increased ROS production in (-NAC) HepG2 cells at 10 uM and 15 uM

concentrations compared to (+NAC) and control HepG2 cells.
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Figure 4. 6 Fold change in ROS generation by HepG2 cells on treatment with SFN and SFN-
CasNPs for 24 h in the presence and absence of NAC, a ROS scavenger. Statistical analyses were
carried out using one-way ANOVA (***P < 0.001, comparison between +NAC vs -NAC).

As shown in Fig 4.7, the viability of cells increased significantly when NAC was added before
treatment as compared to cells without treatment of NAC. This effect was observed when the free
drug or drug-loaded nanoparticles treatment was given. It is interesting to note that change occurs
in the cell viability in dose-dependent in both cases. It can be noted that pretreatment with NAC
has consistently increased cell viability, further suggesting an intracellular ROS-dependent cell

death induced by sorafenib in an encapsulated and free form.
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Figure 4. 7 The effect of ROS on HepG2 cell viability by MTT assay. Mean and = SEM of 3
experiments was plotted, and statistical analyses were carried out using one-way ANOVA (**P <
0.01, ***P < 0.001 vs control)

4.3.6 Effect of sorafenib on the expression of apoptosis-related genes at the transcriptional
level by Real-time PCR analysis

Here we have studied the effect of SFN-CasNPs on four apoptosis-related genes, namely,
p53, Bax, caspase 3, and Bcl-2. Real-time PCR results showed that mRNA levels of p53 gene
expression were significantly upregulated at a higher dose (15 uM) of the encapsulated drug
compared to control cells. Whereas in lower doses, treatment with the drug in either encapsulated
or free form led to downregulation of p53 expression. Fig 4.8 (a) thus indicates a low dosage may
not be effective. p53 is an essential classical tumour suppressor gene, and its upregulated
expression is associated with tumour cell apoptosis. Caspase 3 and Bax genes are pro-apoptotic
genes responsible for the induction of apoptosis, whereas Bcl-2 is anti-apoptotic. Significant
upregulation of caspase 3 gene expression can be observed in free sorafenib-treated cells at only
the higher concentration of 15 pM compared to control HepG2 cells (Fig. 4.8 b). At the same time,
no significant difference in upregulated caspase gene expression was found in SFN-CasNPs treated
cells at either concentration. It was observed that the pro-apoptotic Bax gene expression increased
significantly, for both cases, at the dose of 15 uM compared to control. In contrast, lower doses of
treatment had no impact (Fig. 4.8 (d). mRNA expression of anti-apoptotic gene Bcl-2 decreased
significantly in treated cells at both doses compared to control HepG2 cells (Fig. 4.8 (c). These
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changes showed that sorafenib treatment (in a free and encapsulated form) significantly affected
some apoptosis-related genes at appropriate concentrations. It further substantiates the induction

of induced apoptosis in HepG2 cells by both forms of treatment.

Figure 4.8 Apoptotic mRNA expression determined by qPCR assay. HepG2 cells were treated
with SFN and SFN-CasNPs (5 uM) and (15 puM) for 24 h. Data of qPCR were normalized against
B-Actin. Data were expressed as mean + standard error mean. (* P <0.05, ** P <0.01 vs control).
ns indicates a non-significant difference

4.3.7 Effect of sorafenib on the expression of apoptosis-related proteins by western blot

To better understand the mechanism of apoptosis at a translational level, the expression of vital
anti and pro-apoptotic proteins, namely, Bax, Bcl-2, Parp, and Caspase-3, were examined by
western blot analysis. After 24 hrs of treatment, the expression of pro-apoptotic protein Bax protein
was slightly increased in drug-loaded Nps (SFN-CasNPs) and free drug (SFN) as compared to
control cells (without any treatment) as shown in Fig. 4.9 (a). The anti-apoptotic protein Bcl-2
showed a slight decrease in protein expression in both treatment groups compared to the control
in Fig. 4.9 (b). Parp protein is involved in DNA repair and apoptosis. During apoptosis, numerous

DNA strand breaks can lead to PARP activation (Pazzaglia et al. 2020). Upon analysis, a slight
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decrease in parp protein expression was observed in treated cells, as shown in Fig. 4.9(c). Caspase-
3 expression was downregulated significantly in SFN as compared to control cells. Decreased

caspase 3 protein expression was also observed in SFN-CasNPs (Fig. 4.9 (d).

Figure 4. 9 Expression of apoptotic proteins in cells treated for 24 h with SFN-CasNPs (15 uM),
SFN (15 uM) (represent sorafenib drug) with respect to control. Results showing representative
gel images exhibiting bands of (a) Bax, (b) Bcl-2, (¢) Parp, and (d) Caspase-3. The corresponding
B-actin bands have also been depicted. Also graphically represented is the quantification of the
expressed protein. Data were expressed as meant standard error mean. *P < 0.05 as compared
with control. ns is non-significant.
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4.3.8 Effect of sorafenib-loaded casein nanoparticles on normal HEK cell morphology and
viability

We also checked the effect of SFN-CasNPs and free SFN on the morphology and viability of
noncancerous cells, taking HEK 293 as a model of normal cells. The untreated control cells
depicted normal elongated epithelial morphology and appeared healthy (Fig. 4.10 (a). When
treated with free SFN drug (15 uM), cells became round, clumped, and partially detached (Fig
4.10 (c). The cells had a significantly reduced confluency compared to untreated controls and were
no longer adherent, thus suggesting cell death. This was in contrast to the treatment of cells with
SFN-CasNPs. Now, most of the cells were quite confluent, in elongated shape (normal epithelial

morphology), and looked healthy (Fig 4.10 (b) to HEK 293 cells.

Figure 4. 10 Cell morphology of HEK 293 cells (a) Untreated control cells (b) Cells treatment
with 15 uM SFN-CasNPs (c) Cells treatment with 15 pM SFN. Images were taken in a Zeiss™
inverted phase contrast microscope. The scale bar is 50 um.

In the MTT assay, too, the percentage viability of cells when treated with 15 pM of sorafenib
loaded casein np was 76.8% and with free sorafenib was 53.1%, respectively. Similarly, when
cells were treated with a higher dose (20 pM) concertation of sorafenib-loaded casein nanoparticle
(NP), casein np without the drug (CNP), and sorafenib, their percentage viability further decreased
to 63.27%, 82.29%, and 37.14% respectively shown in Fig 4.11. It may be noted that the toxicity
of casein-loaded sorafenib was less than the free drug at all the concentrations studied in HEK
cells. The therapeutic index of sorafenib was 1.095, and for sorafenib-loaded casein nanoparticles,

it was 2.6845 i.e., more than double the free drug, thus indicating its higher safety.
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Figure 4. 11 Percentage cell viability of HEK 293 upon drug treatment. SFN-CasNPs represent
sorafenib encapsulated casein NPs, and CasNPs represent casein NPs without drug. Statistical
analysis was done using 2 way ANOVA (Mean = SEM (n=3)

4.4 Discussion

In our study, we observed that variables such as the amount of casein protein and calcium chloride
volume were the factors that affected the particle size, zeta potential, size distribution, and
percentage drug encapsulation efficiency of the SFN-CasNPs. Calcium binding to casein protein
is pH-dependent and generally binds at pH 7 or above (Zittle et al. 1958). Calcium was used as a
cross-linker. Fifty microliters of 10 mM calcium chloride were found to bind efficiently with
casein to form denser casein micelles with satisfying size, zeta potential, and drug encapsulation

efficiency.

Treatment of HepG2 cells with sorafenib in either encapsulated or free form significantly affects
its morphology. It also reduced the cell density in a dose-dependent manner as compared to
untreated control cells. These results are consistent with the previously reported in vitro study
showing morphological changes in HepG2 upon sorafenib treatment in lung cancer, NCI-H292

cells (Kuo et al. 2022), and gastric cancer cells (Tao et al. 2014).
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Apoptosis is characterized by cell shrinkage, blebbing, chromatin condensation, and DNA
fragmentation (Elmore 2007; He et al. 2009). Our study demonstrated that sorafenib encapsulated
in casein nanoparticles and free sorafenib induced more apoptosis-mediated cell death than control
cells when monitored by DNA fragmentation and annexin pi assay. In apoptosis cells,
phosphatidylserine (PS) becomes exposed to the external cellular environment. Annexin V
conjugated FITC has a high affinity for binding PS and thus is used to identify the apoptotic cells,
an early apoptosis marker. Cells stained with propidium iodide (PI), a non-cell-permeable DNA
dye, indicate necrotic cells (Demchenko 2013). In our study, cells stained with PI and annexin V-
FITC demonstrated later-stage apoptosis and early necrosis. Cell cycle analysis by flow cytometry
revealed a significantly greater accumulation of cells in the sub-G1 phase after treatment with 15
uM sorafenib and sorafenib-loaded casein nanoparticles as compared to untreated control cells.
This may indicate that sorafenib encapsulating in casein nanoparticles induces cell cycle arrest in
the sub-G1 phase as efficiently as sorafenib treatment. It has been suggested that the “Sub-G1"
peak represents oligonucleosomal DNA fragments (Wlodkowic et al. 2009). A study was
conducted in which sorafenib caused G1 arrest and S phase decrease and induced apoptosis in
human synovial sarcoma cells (Peng et al. 2009). During normal cell division, the checkpoints
present between the phases of the cell cycle control its progression. Anticancer drugs targeting the
cell cycle phase can help inhibit the uncontrolled proliferation of cancer cells and also initiate their

apoptosis.

Reactive oxygen species are one of the essential factors that play a role in the induction of
apoptosis. In our study, we explored whether ROS are involved in sorafenib-induced
apoptosis. Our results demonstrated that treatment with sorafenib and sorafenib-loaded
nanoparticles leads to the production of ROS in HepG2 cells in a dose-dependent manner.
Similarly, the cell viability also decreased with an increase in ROS. Moreover, NAC, the ROS
inhibitor, reversed these effects, thus confirming the ROS-mediated pathways being the cause of
the induced cell death. Even in some other earlier studies, sorafenib has been reported to produce
ROS and induce cell death also in humans (HepG2) and murine cell lines (Hepa 1.6) (Coriat et al.
2012).

The control of apoptosis has been linked to the expression of anti and pro-apoptotic genes at a

transcriptional and translational level. Here, the gene expression studies were used to gain insight
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into the expression of key regulators that play an important role in cell apoptosis and its associated
molecular mechanisms. Our work showed that at an upregulated p53, Bax and Caspase-3 mRNA
expression were consistent with the p53 mRNA expression in treated HepG2 cells at the
transcriptional level. Similar Bax upregulation and Bcl-2 protein downregulation at the
translational level have been observed in our western blot results. On the other hand, a reverse
effect was found in the Bcl-2 mRNA expression, as expected by an anti-apoptotic gene. This

requires further investigation.

According to earlier studies, p53 has its effect by binding with the cellular stress-induced damaged
DNA, leading to cell cycle arrest (Ozaki et al. 2011). Furthermore, studies suggest that sorafenib
induced cancer cell apoptosis by activating the mitochondria-mediated intrinsic pathway (Zhang
et al. 2008). The mitochondria-mediated mode of the cell death pathway is a vital mode of the
programmed cell death pathway (Kiraz et al. 2016). In response to DNA damage, p53 (tumour
suppression protein) induces apoptosis by translocating to the mitochondria, where it forms
inhibitory complexes with Bax (Bcl-2 associated X protein) and Bcl-2 (B-cell lymphoma-2),
causing the permeabilization of the mitochondrial membrane to release cytochrome ¢ and induce
caspase-dependent cell death (Vaseva et al. 2009). The Bcl-2 family of proteins plays a crucial
role in the induction and regulation of apoptosis. Bax is a pro-apoptotic protein that resides in the
outer mitochondrial membrane (Kale et al. 2018), while Bcl-2 and Bcl-X proteins can inhibit
apoptosis. Studies showed that the up-regulation of Bax caused the permeabilization of the

mitochondria membrane to release cytochrome C and initiated a caspases cascade, resulting in cell

death.

On the other hand, the inhibition of pro-caspase 3 in the cells directly targeted the mitochondria,
leading to cell death (Jiirgensmeier et al. 1998). Caspases are the key proteins represented by a
family of cysteine proteases that modulate the apoptotic response (Julien et al. 2017). Caspase-3
is a key executioner of apoptosis, which is activated via both extrinsic and intrinsic apoptotic
pathways. Multiple types of activated caspases cleave respective cellular substrates, ultimately
leading to cell death. Importantly, caspase-3 was reported to be crucial for PARP cleavage and
DNA fragmentation, which are hallmarks of apoptosis (Brentnall et al. 2013). PARP, a DNA repair
enzyme activated by DNA damage, has been used as a biochemical marker of apoptosis. A loss of

PARP enzyme activity will accelerate cellular instability and inhibit tumour growth (Jagtap et al.
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2005; Morales et al. 2014). In our study, the western blot analysis showed a slight decrease in
PARP and caspase 3 expressions with drug-encapsulated casein nanoparticles when compared to
control cells. These findings in our study suggest that sorafenib may induce HepG2 cell death

through the intrinsic apoptotic pathway.

Sorafenib is an approved therapeutic drug for advanced HCC known to prolong the survival of
patients (Huang et al. 2020). However, sorafenib, when taken orally, suffers from aqueous
insolubility and is associated with a variety of side effects, including hypersensitivity, rashes,
weakness, and gastrointestinal disturbances (Brose et al. 2014; Kim et al. 2011). In our study, the
cytotoxicity of casein loaded with sorafenib was also tested on normal kidney cells HEK 293 and
the therapeutic index was evaluated. Here camel milk casein encapsulated sorafenib was found to
be less toxic and had a less adverse effect on HEK 293 cell morphology and cell viability when
compared to unencapsulated free sorafenib drug. The therapeutic index of sorafenib-loaded casein
nanoparticles was 2.45 folds times more than sorafenib. We feel that casein, a natural polymer,
may help limit the side effects of the sorafenib drug, as shown enhanced therapeutic index when
encapsulated. This also indicates that camel milk casein is an efficient drug delivery system against

HepG2 cells.

4.5 Conclusion

The physical parameters for optimized nanoparticle size, zeta, and encapsulation efficiency were
studied in this part of the thesis. They were also studied for their stability upon storage.
Furthermore, SFN-CasNPs were evaluated in vitro for treating liver cancer, taking HepG?2 cells as
a model system. Here we report induction of apoptosis by sorafenib drug and sorafenib-loaded
casein nanoparticle in HepG2 cells as tested by annexin pi assay, G1 cell cycle arrest, DNA
fragmentation, and ROS-induced cell death. Further, the down-regulation of Bcl2 and up-
regulation of Bax and caspase-3 genes confirmed mitochondrial apoptotic cell death. The
cytotoxicity of camel milk casein encapsulated sorafenib was also checked in normal kidney cells
(HEK293). It was also observed that its encapsulation in natural and biocompatible casein protein
also reduced its potential side effects. Our study highlights the potential of camel milk casein for

a hydrophobic drug like sorafenib in vitro without compromising the drug's efficiency.
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Chapter-5: To conduct in vivo pharmacokinetics and biodistribution studies of

sorafenib loaded camel milk casein nanoparticle

5.1 Introduction

Sorafenib, an FDA-approved tyrosine kinase inhibitor drug, is the first-line treatment for HCCand
advanced renal cell carcinoma (RCC) (Narayanan et al. 2014). It inhibits tumour cell proliferation
and prevents tumour angiogenesis (H. Zhang et al. 2022). Sorafenib is administered orally in
patients with a high dose (400 mg) in advanced stages of HCC disease when no other treatment
options are feasible (Mammatas et al. 2020). However, sorafenib is classified in the
Biopharmaceutics Classification System (BCS) as class II according to its solubility and
permeability. Sorafenib is known to have high permeability but poor aqueous solubility and limited
oral absorption. Thusin vivo, dissolution is the critical determinant of absorption and
bioavailability (Yasuhiro Tsumea et al. 2014). Upon reaching its target organ, sorafenib
metabolizes in the liver, reducing oral bioavailability by 38%. Moreover, after administration,
patients suffer from several adverse side effects such as skin toxicity, diarrhoea, fatigue,
hypertension, etc. (Ye et al. 2014). Due to this, the efficacy of sorafenib is reduced, and patient

compliance may be compromised.

Nanoparticulate size causes an increase in surface area and increased dissolution, thus helping in
high bioavailability, improved in vivo pharmacokinetics and better passive tumour targeting
(Hoshyar et al. 2016). Many synthetic polymers, liposomes, silica, and metallic nanoparticles have
been developed to improve the delivery of sorafenib (Kong et al. 2021). Still, the natural

nanocarrier for the delivery of sorafenib is yet to be reported.

Pharmacokinetics is the study of how the body interacts with administered drugs for the entire
duration of exposure, from the moment of their administration to elimination from the body.
Together study of pharmacokinetics and biodistribution study of any drug helps analyze plasma or
tissue drug concentration profiles. Whereas biodistribution study is the distribution of drugs from
the systemic circulation throughout the body and its quantification. Biodistribution is fundamental

to identifying target organs for monitoring drug safety and efficacy (Currie 2018).

Casein is a major mammalian milk phosphoprotein. It is a natural carrier of calcium and phosphate

because of its micellar structure. Casein micelles are spherical, with an average size of 300 nm,
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varying among mammalian species (Runthala et al. 2023). The importance of the natural
biomolecule casein micelles lies in their encapsulation of both hydrophobic and hydrophilic
bioactive molecules (Ranadheera et al. 2016). Therefore, casein nanoparticles have been explored
as various nutraceutical and drug delivery systems. Micelle formation has become an essential
approach for preparing i.v. formulations of the poorly water-soluble drug (X. Li et al. 2011).
Micelles of camel milk casein (20-300 nm) are found to have a larger average size as compared to
bovine casein micelles (40-160 nm) (Swelum et al. 2021). Camel milk casein is more stable and
possesses highly hydrophobic -casein and thus can be used as a better alternative to bovine casein
because of having increased solubility and bioavailability of hydrophobic drugs via hydrophobic
interactions. Reports suggest that camel milk exhibits unique physical, nutritional, and
technological properties compared to other species of milk, mainly bovine (Mohamed et al. 2020).
Moreover, a casein micelle enables intravenous injection of poorly soluble anti-cancer drugs by
incorporating them inside its hydrophobic core (Elzoghby et al. 2013). Moreover, the degradation

products of casein have health benefits, like the reduction of oxidative stress (Behrouz et al. 2022).

The objective of the present work is to develop, characterize and evaluate the capability of camel
milk casein nanoparticles as carriers for the in vivo delivery of sorafenib. In this chapter, we
optimized the already synthesized drug-loaded nanoparticle for in vivo study. Further, the
lyophilized casein-loaded sorafenib nanoparticles were characterized in terms of size, zeta
potential, and PDI. We also calculated the drug encapsulation efficiency and drug loading
efficiency of this system. These synthesized drug-loaded casein nanoparticles were evaluated for
their efficiency by determining various pharmacokinetic parameters and performing
biodistribution studies in mice after intravenous administration. This bioanalytical study method
of sorafenib estimation was evaluated in mice plasma, liver, lungs, kidney, heart, and spleen using

HPLC.

5.2 Methodology

5.2.1 Preparation and characterization of sorafenib-loaded camel milk casein nanoparticles
Drug-loaded nanoparticles were synthesized with little modifications from the earlier procedure
(Mittal et al. 2021). Briefly, 4 mL of 5 per cent of casein solution was taken, and 4 mg/mL of
sorafenib solution was added. Calcium chloride was added as a cross-linker and stirred on a

magnetic stirrer for 6-7 hours to evaporate the organic solvent ethanol. The nanoparticles formed
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were subsequently lyophilized using a Labconco™ FreeZone™ Triad Freeze Dryer. For
characterization, the lyophilized nanoparticles were reconstituted in Milli-Q water and size, PDI,

and zeta potential were measured.

5.2.2 Determination of drug encapsulation efficiency and drug loading

For determining drug loading in nanoparticles, 20 mg of lyophilized nanoparticles were mixed
with 1 mL of methanol and sonicated to release the drug into the organic solvent. The resulting
solution was centrifuged, a clear supernatant was analyzed with UV- Vis spectroscopy at 265 nm,

and drug encapsulation was determined as described earlier.
Drug loading in nanoparticles = (Mass of SFN in NP / Mass of NP recovered)

5.2.3 Animal-related details

Experimental animals (Swiss albino mice) weighing 28-38 g were purchased from a Central
Animal Facility, BITS Pilani. Animals were caged and provided with a controlled environment of
temperature conditions (2542 °C), 12 h day/light cycle. They were given standard Ad libitum
feeding and water throughout the study. Before the initiation of this study, protocols were reviewed
and approved by the Institutional Animal Ethics Committee (IAEC), Birla Institute of Technology
and Science (BITS-Pilani), Pilani campus, Rajasthan, India (IAEC/RES/28/3).

5.2.4 Formulation of sorafenib for in vivo studies

The stock solution of sorafenib (4 mg/mL) was prepared according to the reported study (Yang et
al. 2016). Four milligrams of sorafenib was dissolved in a stock solution containing an equal
volume (100 pL) of Chremophore EL, 100 pL ethanol and 800 pL of saline (0.9 % NaCl). After
the addition of Chremophore EL and ethanol, the solution was vortexed at high speed for 5 minutes

until the sorafenib was completely dissolved. A clear sorafenib solution was obtained and stored

at 4 °C for further use.

5.2.5 Bioanalytical method development by high-performance liquid chromatography
(HPLC)

The chromatography was conducted by a reversed-phase HPLC methodology. The HPLC system
(Agilent 1260 infinity II) equipped with a quaternary pump, autosampler, thermostated column
compartment, UV-visible detector and fluorescence detector was used. A bioanalytical method

was developed to isolate sorafenib from mice plasma and tissues. Chromatographic separation of
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the drug was performed using a C18 column, Infinity Lab Poroshell 120 (4.6x150 mm, 4-Micron).
The mobile phase was used in isocratic mode. It consisted of acetonitrile and 10 mM potassium
dihydrogen phosphate buffer in a ratio (60:40, v/v). The mobile phase was filtered and sonicated
for 20 minutes before use. A flow rate of 0.8 mL/min was optimized, and detection was done at a
wavelength of 264 nm for sorafenib and 227 nm for the internal standard drug paclitaxel. The

injection volume for each sample was set at 60 pL, and the run time was 10 minutes.

5.2.5.1 Sample preparation

The stock solution of the drug (1 mg/mL) was prepared in methanol to establish the standard curve
of sorafenib. 200 puL of blood was withdrawn from mice, and the organs under study, namely the
liver, spleen, kidney, heart, and lung, were dissected. A pictorial representation of the methodology
of sample preparation for pharmacokinetic and biodistribution study has also been depicted in Fig
5.1. An aliquot (10 pL) for each diluted sorafenib solution (1000-20000 ng/mL) was spiked with
80 pL of blank plasma and tissue homogenate, yielding 100 to 2000 ng/mL concentrations. Also,
10 pL of paclitaxel (internal standard) was added at a concentration of 2 pg/mL. Subsequently, the
tissue homogenates or plasma samples were treated with 300 pL of methanol and vortexed for 7-
10 minutes to precipitate the constituent proteins. The obtained suspensions were centrifuged at
12,000 rpm for 20 min, and the clear supernatant was injected into the HPLC system. The

calibration curve of sorafenib and the linear regression equation was established.

68



Figure 5. 1 Pictorial methodology of sample preparation for pharmacokinetic and biodistribution
study 1. Method of plasma sample preparation for the bioanalytical method development of
sorafenib drug for pharmacokinetic study. 2. Method of tissue sample preparation for the
bioanalytical method development of sorafenib drug for biodistribution study

5.2.6 In vivo pharmacokinetic analysis of sorafenib and sorafenib-loaded camel milk casein
nanoparticles in Swiss albino mice

Healthy Swiss albino mice (25-32 g) were used in the study, as described earlier. Mice were
divided into two groups, with nine mice in each group. The first group was treated with sorafenib
(SFN), and the next with sorafenib-loaded casein nanoparticles (SFN-CasNPs). Mice were injected
via the tail vein with free drug solution and nanoformulation with a 20 mg/kg/5 mL dose. Blood
(200 pL) at different time points, namely, 0.0833 h, 0.25 h, I h,and 2 h,4 h, 8 h, 12 h and 24 h
were collected from the retro-orbital plexus of mice post-injection. EDTA (10%) was used as an
anticoagulant. Plasma was separated immediately after blood collection by centrifugation at 6000
rpm for 10 minutes at 4°C. The protein precipitation method, as described earlier, was used to
determine the amount of sorafenib in mice plasma. Furthermore, this methodology has also been
depicted figuratively below (Fig 5.2). Sorafenib concentration at each time point was determined
by the high-performance liquid chromatography (HPLC) method, as described above. The

experiment was performed in triplicates.
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Figure 5. 2 Pictorial methodology of pharmacokinetic study (Pk) of sorafenib drug in mice plasma

5.2.6.1 Pharmacokinetic Analysis

Different pharmacokinetic parameter analyses were carried out using the Phoenix WinNolin
CerteraTM (Pharsight, USA). The non-compartmental analysis (NCA) and trapezoidal model were
employed for the pharmacokinetic parameter analysis. These parameters included the Co (drug
concentration at time 0), AUC (area under the plasma concentration-time curve), maximum plasma
concentration (Cmax), Z, (elimination rate constant), the elimination half-life (Ti2), mean
residence time (MRT), Vss ops (volume of distribution per kilogram), clearance (CL), and Cpax

(maximum observed plasma concentration).

5.2.7 In vivo biodistribution study of sorafenib and its casein nanoparticles

The mice were divided into two groups with a sample size of six per group. The first group was
for free drug-treated mice, whereas the next group was for sorafenib-loaded casein nanoparticle
treatment. In both these groups, 200 pL of sorafenib solution and sorafenib encapsulated in casein
nanoparticles of dose (20 mg/Kg) were given intravenously into the tail vein, respectively. After
administration of the free drug and its nanoparticle, mice were sacrificed at three different time
points (0.5, 6, and 12 hrs). The animals were sacrificed, and different organs like the liver, lungs,

heart, kidney, and spleen were harvested, as shown in the methodology figure above in Fig 5.2.
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Further, harvested organs were thoroughly washed with phosphate buffer saline (PBS), weighed,
and homogenized with PBS in a (w/v) ratio of 1:1. The concentration of the sorafenib in tissue
homogenate was determined based on the peak area with reference to the linear regression equation

in the calibration curve of different tissue samples.

5.2.8 Statistical analysis

In this study, all experiments were performed in triplicate, and the data are presented as the mean
+ standard deviation of these values. Significant differences between the two groups were
evaluated by a two-way ANOVA followed by the Bonferroni post-test using GraphPad Prism 8.0

software. Values of P < 0.05 were considered statistically significant.

5.3 Results

5.3.1 Characterization of camel milk casein nanoparticles synthesized for in vivo studies

After lyophilization, we characterized the synthesized reconstituted freeze-dried casein
nanoparticles; the results of the same are shown in Table 5.1. Results confirmed that the mean size,
PDI, and zeta potential were approximately the same as the sorafenib-loaded casein nanoparticles
prepared earlier. Particle size was in the range of 230 nm with 0.27 PDI and -16.6 mV zeta
potential. The drug encapsulated in casein nanoparticles was also observed to be high, i.e., around

92%.

Table 5.1 Characterization of physical properties of sorafenib-loaded camel milk casein
nanoparticles (SFN-CasNPs). Data has been expressed as the triplicate values, mean + standard
deviation (S.D).

Sample Size(nm)+ PDI+S.D Zeta potential = S.D Drug EE% £S.D
S.D (mV) loading+ S.D

SFN- 2303+20  0.27+0.02 -16.6 £ 2.5 222 £1.3 92% + 10

CasNPs

5.3.2 Calibration curve analysis of sorafenib obtained in mice plasma and tissue homogenates
for pharmacokinetic and biodistribution studies

For the pharmacokinetics and biodistribution studies, the quantity of sorafenib was determined in
mice's plasma, liver, spleen, heart, kidney, and lungs by HPLC. Chromatograms of blank mice
plasma, plasma spiked with paclitaxel (IS), plasma spiked with sorafenib, and the internal standard

(IS) have been depicted in Fig. 5.3. As shown in the chromatogram SFN peak is well separated
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from the IS peak exhibiting retention times of 6.5 and 4.2 minutes, respectively. The mobile phase
consisted of acetonitrile and potassium dihydrogen phosphate buffer in the ratio of 60:40. The peak
for SFN and IS was detected at wavelengths 264 nm and 227 nm, respectively.

Figure 5. 3 Chromatograms of a blank mice plasma, plasma sample spiked with paclitaxel as
internal standard (IS), and plasma sample spiked with sorafenib and IS

After the HPLC method development, the peak area ratio of sorafenib to IS was calculated. A
calibration curve of sorafenib was constructed for plasma, kidney, spleen, liver, heart and lungs,
respectively, as shown in Fig. 5.4. They showed good linearity (R?= 0.99) over a concentration
range from 100 ng/mL to 2000 ng/mL. The mobile phase and chromatographic conditions were

the same for the mice plasma and tissues.

72



Figure 5. 4 Standard curves and correlation coefficients of quantitated sorafenib obtained from
Plasma, Liver, Kidney, Spleen, Heart and Lungs, respectively

5.3.3 In vivo Pharmacokinetic profile of sorafenib in swiss albino mice

In vivo, the pharmacokinetic study was performed in Swiss albino mice for up to 24 hours. The
variation of mean plasma drug concentration with time profile and correspondingly determined
pharmacokinetic parameters have been shown in Fig. 5.5 and Table 5.2. The graph shows that for
all time points studied, the plasma concentrations of intravenously applied sorafenib were
significantly lower than sorafenib encapsulated in casein nanoparticles. This indicates an increased

bioavailability of sorafenib in plasma when loaded in casein nanoparticles.
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Figure 5. 5 Pharmacokinetic profile of Plasma sorafenib after intravenous administration of
sorafenib (SFN) and sorafenib loaded casein nanoparticles (SFN-CasNPs) in Swiss albino mice
(dose - 20 mg/kg)

Pharmacokinetic parameters (Table 5.2) revealed a dramatic elevation in the maximum
concentration (Cmax) of sorafenib-loaded casein nanoparticles in plasma. It was 3.8 times higher in
drug-loaded nanoparticles than free sorafenib. There was also an enhancement in the AUC when
sorafenib was encapsulated in casein nanoparticles. These results indicate an improved
bioavailability of sorafenib in an encapsulated form compared to free sorafenib, as observed
earlier. A decrease in the elimination rate constant of sorafenib was also observed in the case of
encapsulated sorafenib nanoformulation. The time to reach the maximum concentration (Tmax) was

similar for both.

The MRT of SFN-CasNPs was also found to be almost similar to unencapsulated or free SFN. The
clearance of SFN loaded in casein nanoparticles was 1.43 times lower than that of free SFN,
whereas its volume of distribution was found to be 1.34 times lower. Furthermore, the half-time

(t12) of SFN-CasNPs increased to 8.21 h, while for free SFN, the ti,» was 6.82 h.
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Table 5.2 Pharmacokinetic parameters of sorafenib (SFN) and sorafenib loaded casein
nanoparticles (SFN-CasNPs) (20 mg/kg) in mice after intravenous administration

Parameters Unit SFN (n=4) SFN-CasNPs (n=4)
Co (drug concentration at time ng/mL 1659.95£159.37  7636.78 £ 813.6™"
0)
AUC (area under the plasma hr*ng/mL  12760.76 £ 467.58 18213.3 £237""
concentration-time curve)

MRT (mean residence time) hr 10.3+0.18 11+0.117
Z,. (elimination rate constant; 1/hr 0.1016 +0.002 0.084 £+ 0.0005
Ke)

Cmax  (maximum  observed ng/mL 1514.464 £71.57  5778.08 + 402.88"*"
plasma concentration)
CL obs (Clearance) mL/hr/kg  1569.425 £ 57.88  1098.28 + 14.33

Vss obs (volume of distribution mL/kg 16160.02 +343.97 12043.23 +270.5"*"
per kilogram)
T12 (elimination half-life) 1/hr 6.82+0.14 8.21 £0.05™

5.3.4 In vivo biodistribution profile of sorafenib and sorafenib-loaded camel milk casein
nanoparticles

Mice were administered with sorafenib and sorafenib encapsulated in casein nanoparticles by the
LV. route in the tail vein. The kidney, heart, spleen, liver, and lungs were harvested, and
concentrations of the sorafenib were quantified at 0.5 h, 6 h, and 12 h. The results are depicted in
Fig.6. At 0.5 hours, the highest concentration of sorafenib-loaded casein nanoparticles was found
in the liver among all harvested organs, followed by the kidney, lungs, spleen, and heart. During
the same period, the free sorafenib drug was highest in the heart, followed by the liver, kidney,
spleen, and lungs. At the 6th hour, the concentration of sorafenib-loaded casein nanoparticles in
the liver did not decrease much compared to 0.5 hours. The concentration of drug-loaded
nanoparticles was found to be decreased gradually in other organs in a pattern like liver>
lungs>spleen>kidney>heart at 6th hours. Along with the liver, free sorafenib concentration was
significantly higher in the lungs, heart, and spleen at the 6th hour than the encapsulated form. In
the kidney, no significant difference in concentration of free sorafenib is found at the 6th hour. At

the 12th hour, concentrations of both sorafenib-loaded casein nanoparticles and free drug were
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found to be decreased in the liver, lungs, kidney, spleen, and heart compared to 0.5 hour and 6th

hour.

Figure 5. 6 Biodistribution profile of sorafenib (SFN) and sorafenib loaded casein nanoparticles
(SFN-CasNPs) at different time points (0.5 h, 6 h, 12 h) in a. Liver, b. Lungs, c. Spleen, d. Kidney,
e. Heart in Swiss albino mice after IV dose of 20 mg/Kg. Data are presented as mean + standard
error mean (SEM), (n=3). *** P<(0.001, **P<0.01, *P<0.05 and ns = non-significant
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5.4 Discussion

SFN-CasNPs were characterized for their size, zeta potential, PDI, drug loading, and encapsulation
efficiency before the intravenous administration to the mice for the pharmacokinetic and
biodistribution studies. Particle size was 230 nm with 0.27 PDI and -16.6 mV zeta potential. They
have been shown to encapsulate a good amount of sorafenib, around 92%. According to other
studies on casein micelles' size and hydrophilic properties, the average size of casein micelles
ranges from 50 to 500 nm, with a 280-380 nm average diameter in camel casein (Habtegebriel et
al. 2020). Also, the presence of a negative charge stabilizes the micellar structure (Seifu 2023).
The PDI value indicates nanoparticle size distribution and stability (Liu et al. 2020). In our study,
the PDI of SFN-CasNPs was also in an acceptable range (0.1-0.3). It also showed that casein
nanoparticles can be lyophilized without using any cryoprotectant. Similar characterization
parameters of casein nanoparticles carrying celecoxib (Madan et al. 2020) and doxorubicin
(Gandhi et al. 2019) have been reported. In our study, we report that the sorafenib encapsulation
in camel milk casein was remarkably high. This study confirms the minimum drug loss and assured

authenticity for better delivery in less volume.

The overall bioanalytical data suggested that the SFN peak was well separated from the plasma
and internal standard peaks without interference. The KH,PO4 buffer and acetonitrile (40:60, v/v)
used in the mobile phase were found to be suitable for sorafenib. A similar mobile phase
chromatographic condition for sorafenib has been reported previously (Heinz et al. 2011).
Therefore, this system could be successfully applied to the present pharmacokinetic and

biodistribution study.

Sorafenib is an oral anticancer drug targeted against liver and kidney cancer. Sorafenib is insoluble
in water or other buffered solutions at various pH values (pH 1.2 - 7.4). The absolute bioavailability
of sorafenib is very low and has been reported in the literature to be only around 8.43% (Zhang et
al. 2014). The relative oral bioavailability of sorafenib tablets is also only 38% (Liu et al. 2016).
In the present study, camel milk casein nanoparticles are developed to enhance the

pharmacokinetics and biodistribution of sorafenib intravenously given to healthy mice.

A significant increase in the maximum concentration of sorafenib-loaded camel milk casein
nanoparticles in plasma (Cmax), AUCo-24, and a longer half-life suggested elongating the circulation

time of SFN in plasma compared to free SFN. Negative charge and outer hydrophilic kappa casein
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chains stabilize the circulatory system. These results also support previously reported studies
indicating that casein nanoparticles had hemocompatibility and immunocompatibility, which were
suitable for IV administration (Narayanan et al. 2014). Another study proved that after in vivo
intravenous administration of flutamide casein (FLT-CAS) nanoparticles, CAS nanoparticles
exhibited a longer circulation time, delayed blood clearance, and extended half-life of FLT when
compared with free FLT (Elzoghby et al. 2013). Our study suggests that the camel milk casein
nanoparticles are biocompatible and can act as long-circulating drug delivery systems of

hydrophobic anticancer drugs like sorafenib.

In the biodistribution part of our study, we observed that free SFN accumulation in the heart was
extremely high (as compared to SFN-CasNPs). The high availability of free sorafenib in the heart
could cause cardiotoxicity. Thus, encapsulation would be a better option. However, the drug
concentration in the liver and kidney for sorafenib-casein nanoparticles was higher than in the
spleen, heart, and lungs up to the 12" hour of the study. This indicated that the particle size of
nanoparticles favours the high affinity towards the liver and kidney. This also shows that with
targeted ligands against liver receptors, targeted casein nanoparticles loaded with sorafenib can be
further synthesized and explored to specifically target the liver to avoid any non-specific

biodistribution of sorafenib.

5.5 Conclusion

In this novel study, we encapsulated sorafenib in camel milk casein nanoparticles by a simple and
reproducible synthesis method. We tested the efficiency of this formulation in healthy Swiss albino
mice. Furthermore, a bioanalytical HPLC method was successfully developed to determine
sorafenib in mice plasma, liver, kidney, heart, spleen, and lungs. The in vivo pharmacokinetic study
showed that SFN-CasNP enhanced the circulation of the drug in plasma and thus has the potential
to improve the bioavailability of the hydrophobic drug sorafenib. Also, encapsulation significantly
reduced the availability of sorafenib in the heart, thus reducing the chances of cardiotoxicity being
induced by the drug. Lastly, the accumulation of SFN- CasNPs in the liver and kidney could further

facilitate their use for clinical application.
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Chapter 6: Conclusion, Limitations and Future Prospects

6.1 Conclusion

In this study, we isolated the casein protein from camel milk, and then we formulated calcium
chloride-linked camel casein nanoparticles by a simple and non-toxic method. Sorafenib drug was
successfully encapsulated into camel casein nanoparticles. Synthesized nanoparticles were well
characterized in terms of particle size, morphology, zeta potential, polydispersity index, and drug
encapsulation efficiency. We evaluated their cytotoxicity against human hepatocarcinoma cells
(HepG2 cells) in vitro. Underlying mechanisms of apoptosis have been investigated in HepG2 cells
by conducting assays such as DNA fragmentation, ROS generation, and annexin pi. Subsequently,

the effect of the drug-loaded nanoparticles on cell cycle phase distribution has also been studied.

Furthermore, the gene expression of apoptosis-related genes, namely p53 (tumour suppression
protein), caspase-3, bcl2 (B-cell lymphoma-2), and bax (Bcl-2 associated X protein), was also
studied at the transcriptional and translational levels. The cell viability was also calculated in normal
cells (HEK 293), and then the therapeutic index was also calculated. The bioanalytical method was
developed by HPLC. The pharmacokinetic profile and tissue distribution of the nanoparticles were

determined in healthy Swiss albino mice.
For the sake of brevity, given below is the chapter-wise conclusion of our study.

In accordance with the first objective of the study

» We were able to successfully develop the casein nanoparticles in the free form and its
encapsulated form (by adopting calcium chloride linkage) with a simple and reproducible
preparation method. These spherical-shaped nanoparticles were prepared within the size range
of 160-230 nm, were negatively charged, had -20 mV zeta potential and were with uniform
dispersity (PDI - 0.23).

» MTT results show that encapsulation of sorafenib in SFN-CasNPs leads to a decrease in the 1Cso
concentration (9 uM), thus increased cytotoxicity at a lower dose, as compared to the free
sorafenib (15 uM)

» Fluorescence microscopy shows that encapsulated SFN showed higher cellular uptake in HepG2

cells.
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This chapter indicated that the nanoparticles developed had properties of acceptable particle size and
spherical shape. They had a higher cytotoxicity as compared to free drug.

The second objective of the study pertained to the cytotoxicity of the developed drug-encapsulated
nanoparticles. This revealed that the mechanism of cytotoxicity induction by sorafenib drug and

sorafenib-loaded casein nanoparticle-treated HepG2 cells was apoptosis.

» This was tested by phase contrast microscopy, where it exhibited apoptosis-specific changed
morphology and a reduced cell number. There was a significantly increased annexin pi-positive
apoptotic cell population, fragmented DNA and arrest in the G1 phase of the cell cycle, indicating
the same.

» Accumulation of ROS in HepG2 cells on drug treatment was an indication of drug-induced cell
death or apoptosis.

» There was an increased mRNA expression of p53, Bax and caspase-3 upon treatment with both,
at the transcriptional level whereas at a translational level, they upregulated apoptotic proteins
like Bax and decreased the anti-apoptotic protein bcl2. This indicates a mitochondria-associated
apoptotic cell death.

» The cytotoxicity of SFN-CasNP was also reduced when checked in normal kidney cells (HEK
293). The therapeutic index of this SFN-CasNPs (2.68) was also more than the free sorafenib

(1.09), ensuring better drug safety and efficacy upon encapsulation.

From this chapter, it is also concluded that its encapsulation in natural and biocompatible casein
protein would reduce its potential side effects. Our study highlights the potential of casein as a carrier
for a hydrophobic drug like sorafenib in vitro without compromising the drug's efficiency. The
fundamental intent of drug delivery systems to improve the therapeutic index of biologically active

agents is also achieved through this study.

In the third objective of the study, the bioanalytical HPLC method of sorafenib drug has been

successfully developed to determine drug concentration in plasma, heart, spleen, lungs, liver, and

kidneys.

»  In vivo pharmacokinetic study showed that SFN-CasNP enhanced the circulation of the drug in
plasma in terms of increased t-half (8.21 hr) and area under curve (AUC). The AUC of the loaded
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nanoparticle increased by 1.42 times, indicating better absorption than that of the free drug. Thus,
newly developed nanoparticles have the potential to improve the bioavailability of the
hydrophobic drug sorafenib.
It was observed that the SFN-CasNPs accumulated in the liver and kidney, which could further
facilitate their use for clinical application.
The accumulation of encapsulated drug in the heart was significantly lower than the free drug,
thus indicating a reduced risk of cardiotoxicity. The latter was a limiting factor in the efficiency
of the free sorafenib.
This chapter indicates the efficiency of sorafenib loaded camel milk casein nanoparticles in
transporting sorafenib in Swiss albino mice. It suggests that this system is suitable for drug delivery

in the liver and kidney.

In conclusion, this study highlighted the importance of nanoformulation design for poorly soluble
drugs like sorafenib. Camel milk casein protein seems to be an appropriate and effective carrier
for the solubility enhancement of sorafenib. The structural and physicochemical properties of
casein facilitate its functionality in drug delivery systems. Overall, in this study we have been able
to develop sorafenib encapsulated camel milk casein nanoparticle, characterize it and evaluate its
efficacy against the hepatic cell line HepG2. Our study indicates a very promising prospect of this

molecule for liver chemotherapy. The limitations and future prospects of this study follow ahead.

6.2 Limitations

The development of HCC involves the aberration of many intricate signalling mechanisms. There
are several molecular mechanisms involved in the action of any drug, including sorafenib. These
mechanisms have not been explored in this thesis. Furthermore, many clinical cancer cases cannot
be successfully treated because of the emergence of multi-drug resistance (MDR). Herein, such
mechanisms have not been explored with reference to sorafenib. More precise information on the
nanoparticle's size and shape could be determined by another valuable method, i.e., transmission
electron microscopy (TEM), which has not been used here. Moreover, it could be more informative
to see the accumulation of the sorafenib-encapsulated casein nanoparticles in tumour-bearing mice

if could have been used in pharmacokinetics and biodistribution studies.
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6.3 Future perspective

Active drug targeting by attaching a specific ligand against the receptor expressed on cancer cells
can help a nanocarrier system to get through biological barriers, reduce the system's overall
toxicity, and boost the therapeutic effect. For future studies, a transferrin ligand can be conjugated
to casein nanoparticles to specifically target the liver cancer cells and increase the rate of
intracellular drug absorption. It would help in dose reduction and further prevent adverse effects
of sorafenib. Applying this approach to sorafenib-encapsulated casein nanoparticles would further
increase the potential of our nanocarrier system. Also, for the translation of sorafenib-loaded casein
nanoparticle activity studies to clinical studies, it is necessary to conduct the pharmacokinetic and
pharmacodynamic studies in vivo studies in a tumour mice model while also including efficacy-
related studies. After that, this study can perhaps be tested further in preclinical drug development

and clinical trials.
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