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PREFACE

Hepatic disorders account for approximately 2 million fatalities per year worldwide.
Major liver diseases include non-cancerous liver diseases like alcoholic cirrhosis, viral
hepatitis, drug-induced hepatotoxicity, etc. and hepatocellular carcinoma (HCC).
Synthetic drug therapy is being used to treat the aforementioned illness, however, the
therapeutic regimen is frequently accompanied by serious adverse effects. In contrast,
natural products have been quite promising in treating various hepatic disorders
including HCC by the virtue of their anti-oxidant, anti-inflammatory, and
chemopreventive properties. Consumption of polyphenol-enriched foods can be a
suitable alternative in combating these chronic liver disorders. Chemo-preventive effects
of plant phenolics, such as flavonoids are progressively rising to confer protection
against carcinogenesis in the liver. However, the poor pharmacokinetic attributes of
these phytoconstituents limit their therapeutic efficacy and require high and multiple
doses for achieving a desired therapeutic effects. In this issue, nanoscale formulations of
these flavonoids have come up with the prospect to overcome these limitations and
improve their therapeutic efficacy. Biomaterials-based nanoparticles (NPs) have received
particular attention because they hold the promise to revolutionize medical treatment
with more potent, less toxic, and smart therapeutics. For the purpose of drug delivery,
NPs can encapsulate or covalently conjugate hydrophobic drugs to greatly enhance their
aqueous solubility and in turn bioavailability. Normally most of the drugs achieve high
hepatic concentration, still, their targeting is necessary because the liver is the major
organ in the body equipped for uptake, detoxification, metabolic transformation, and
excretion of xenobiotics into bile by means of carrier-mediated mechanism. As a
consequence, most of the drugs are rapidly cleared from the blood and display high first-
pass clearances by the liver which decreases the bioavailability. However, it should be
realized that the total hepatic uptake predominantly depends on hepatocytes, whereas
Kupffer cells largely contribute to the hepatic uptake of particulate material. Specific
targeting of hepatocyte receptors can also be achieved. The most commonly exploited
target is the asialoglycoprotein receptor that recognizes carbohydrates (mainly galactose
and N-acetylgalactosamine) with variable affinity. This galactose ligand is very
important in achieving liver targeting as there is a specific interaction between galactose
moiety and the asialoglycoprotein receptors which are found on the surface of
hepatocytes. Galactose has been also widely used as targeting moiety to the liver and
many research groups have reported this specialized liver targeting.

The thesis comprises the following chapters:



CHAPTER 1 is the introductory section which deals with the current status of chronic
liver diseases including HCC and their management using naturally occurring plant
metabolites followed by the role of novel drug delivery systems in the delivery of
phytoconstituents to improve their therapeutic efficacy.

CHAPTER 2 deals with the thorough literature review of the bioflavonoids (quercetin
and apigenin) and the polymer (PLGA) used in the current research.

CHAPTER 3 deals with the development of surfactant-free quercetin-loaded PLGA NPs
to investigate the hepatoprotective efficacy of the product non-invasively by nuclear
scintigraphy.

CHAPTER 4 deals with the development of galactose-tailored PLGA NPs loaded with
apigenin for active liver targeting to treat HCC in an animal model which might serve as a

potential therapeutic agent against HCC in the future by achieving improved liver

targeting.
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Chapter 1 Introduction

1.1. Introduction

Hepatic disorders which account for approximately 2 million fatalities per year worldwide
are primarily brought on by infections and exposure to xenobiotics (Li et al., 2016). The
umbrella phrase "liver disease" refers to a wide range of conditions, some of which are
relatively minor histological abnormalities while others have the potential to be fatal. This
condition is a major source of worry for public health on a global scale (Zhang et al.,
2013). Hepatocellular carcinoma, also known as HCC, is becoming more prevalent as a
result of recent food trends and less-than-ideal eating habits, in addition to leading an
unhealthy lifestyle. Hepatocellular carcinoma continues to be a major cause of morbidity
and mortality, with significant economic and social ramifications (Suresh et al., 2020).
According to predictions provided by the WHO, liver disease will be responsible for the
deaths of 820,000 individuals in 2021. Cirrhosis and HCC will be the primary causes of
mortality associated with this condition. As of 2018, it was projected that a total of 295.8
million people had chronic hepatitis B infection, and it is anticipated that an additional 1.5
million people will get chronic hepatitis B infection this year. There are around 290,000
deaths attributed to hepatitis C each year, despite the fact that there are approximately 58
million people in the globe who are now living with a chronic hepatitis C infection
(World health statistics, 2021). Due to the enormous influence that it has had on a global
scale, liver illness has become a key issue for the doctors of today (He et al., 2021).
Cirrhosis and liver cancer are responsible for 3.5% of all fatalities worldwide when taken
together. The condition known as cirrhosis ranks as the eleventh biggest cause of death,
and liver cancer places sixteenth (GBD 2017 Cirrhosis Collaborators, 2020). There are
about 400 million people around the world who are obese or diabetic. Obesity and
diabetes are linked to non-alcoholic fatty liver disease (NAFLD) as well as HCC. Almost
two billion people throughout the world partake in the consumption of alcoholic
beverages, of which more than seventy-five million have been identified as suffering from
alcohol use disorders and are at risk for alcohol-related liver injury (Crabb et al., 2020;
Singal et al., 2021; Noureddin et al., 2015). The prevalence of viral hepatitis remains high
all over the world, despite the fact that drug-induced liver injury is becoming an
increasingly common major cause of acute hepatitis (Devarbhavi, 2012; Manka et al.,
2016). These statistics are disturbing; nevertheless, they also present a great opportunity
to improve public health, as the vast majority of liver diseases may be avoided by making
healthier choices in lifestyle (Das et al., 2022).

In developed countries, the leading causes of chronic liver disease (also known as CLD)
include alcoholic liver disease, NFALD, and chronic viral hepatitis (hepatitis B and C)

(Cheemerla et al., 2021). Damage to the liver, including inflammation, fibrosis, and the
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death of liver cells (hepatocytes), can occur as a direct result of chronic and repetitive
assaults, which are the fundamental reason why CLDs arise. Hepatic damage can be
caused by a wide variety of factors, including viral infections, exposure to toxic
substances, excessive alcohol intake, metabolic abnormalities, and many others (Bataller
et al.,, 2005). Damage is the first step in a process that is followed by inflammation,
fibrosis, and compensatory hepatocyte hyperplasia on the way to cirrhosis, which is the
last stage of the disease. Cirrhosis and CLDs, almost always end up in HCC, which is the
third most lethal form of malignancy in the world (McGlynn et al., 2015).

When the liver metabolises a variety of potentially dangerous substances, reactive oxygen
species (ROS) are formed. These ROS are what cause damage to the hepatocytes, which
in turn causes damage to the liver (Li et al., 2015). In addition, in reaction to oxidative
stress, Kupffer cells will release IL-6 and TNF-a. which are prominent inflammatory
cytokines. They cause cells to bloat up and eventually die. ROS is responsible for the
promotion of lipid peroxidation in hepatic stellate cells. When hepatic stellate cells are
damaged, the damage to the liver is compounded by the secretion of more collagen
(Slevin et al. 2020; Koyama et al., 2017; Lee et al., 2011; Gandhi, 2012). In addition to
causing liver damage through the induction of irreversible alterations to lipids, proteins,
and nucleic acids, oxidative stress also encourages several pathogenic pathways through
the regulation of gene and protein expressions. It's probable that this factor contributed to
the development of liver troubles in the first place. As a result of this, oxidative stress is
now recognised as a pathogenic mechanism that plays a vital part in the aetiology and
progression of a wide variety of CLDs (Cicho-Lach et al., 2014; Arroyave-Ospina et al.,
2021). In addition to this, it has been proposed that there are intricate relationships
between the factors that cause disease, inflammation, free radicals, and immune responses
(Muriel, 2009). In annexation, the systemic oxidative stress that is caused by liver disease
can have a detrimental effect on other organs as well, including the brain and the kidneys
(Sharifi-Rad et al., 2020). Although while numerous therapeutic approaches have been
created over the course of time in order to cure a variety of liver diseases, these
approaches have not shown a great deal of promise in curing CLDs, particularly because
they produce side effects, which continue to be a big concern. Hence formulations that are
based on natural products are receiving an increasing amount of attention from
researchers in the scientific community for the therapeutic management of CLDs.

1.2. High-risk CLDs

1.2.1. Non-cancerous CLDs

In non-cancerous CLDs, the production of clotting factors and other related proteins, the

detoxification of harmful metabolites, and the elimination of bile from body gradually
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decrease (Ozougwu, 2017). CLDs, are distinguished by a recurrent cycle of inflammation,
tissue loss, and regeneration in the liver parenchyma, which ultimately results in fibrosis
and cirrhosis. Cirrhosis is the scarring of the liver caused by fibrosis (Figure 1.1). (Tanaka
et al., 2016). Alcoholism, NAFLD, chronic viral hepatitis, genetic susceptibility, and drug
induction are all common causes of CLDs (Nagaratnam et al., 2017). The final stage of
non-malignant CLDs is called cirrhosis, and it is responsible for the disintegration of the
architecture of the liver, the development of many nodules, the remodelling of blood
vessels, the creation of new blood vessels (neo-angiogenesis), and the deposition of
extracellular matrix (Borrello et al., 2022). Hepatic stem cells are necessary for
parenchymal regeneration; however, the molecular process of cirrhosis is the recruitment
of stellate cells and fibroblasts that promote fibrosis (Kisseleva et al., 2021; Zhou et al.,
2014). Fatigue, anorexia, and weight loss are examples of nonspecific signs and
symptoms of CLDs; however, they might be made worse by the presence of
comorbidities. Hepatocellular insufficiency and portal hypertension are both conditions
that can have devastating effects. A decompensated chronic liver disease can present itself
as any of the symptoms listed above (Nusrat et al., 2014; Volk et al., 2012). In the vast
majority of cases, a diagnosis of CLD can be arrived at using a mix of clinical
examinations, both invasive and non-invasive diagnostic procedures, and diagnostic
testing (Kang et al., 2017). In view of the fact that the progression of symptoms and
issues should be slowed or stopped entirely with the help of treatment, it is necessary to
employ an all-encompassing approach. In general, CLD is treated by addressing the
underlying causes of the disease, managing portal hypertension, and customising

treatment to the individual patient (Wiegand et al., 2013).
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Figure 1.1. The basic mechanism of developing CLDs.

1.2.2. HCC

The incidence of liver cancer has skyrocketed in recent decades, propelling it to the
position of being the second biggest cause of cancer-related casualties globally. It has
been discovered that HCC is responsible for between 85 to 90 % of all occurrences of
liver cancer diagnosed in adults (Chidambaranathan-Reghupaty et al., 2021). The
development of HCC has been related to cirrhosis on a global scale, and more than 80
% of tumours have a history of chronic hepatitis or cirrhosis. The most common causes
of HCC are infections with the hepatitis B and C viruses, NAFLD, alcoholism, and
dietary carcinogens such as aflatoxins and nitrosamines. This is what the findings of a
study by Lin and colleagues (2020) show. It is vital to combine both radiological
imaging and research on quantification of serological markers in order to have an
extensive screening strategy for HCC as both of these methods are widely used to detect
cancer. Radiological examinations are the more non-invasive choice of the two options;
hence, they are the one to choose. Some of the radiological diagnostics that are used for
monitoring patients the most frequently include computed tomography (CT), multiphase
computed tomography (CT), and magnetic resonance imaging (MRI) with contrast. The
serum marker known as alpha-fetoprotein, or AFP, has been utilised in the process of
diagnosing HCC. The usually accepted upper limit of normal is 20 ng/mL, which is

based on the fact that excessive AFP levels in otherwise healthy people are quite
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uncommon. Individuals who have head and neck cancer also have a higher percentage
of alpha-fetoprotein in their bodies that is reactive to lens culinaris agglutinin (AFP-
L3). Malignant hepatocytes are responsible for the production of a serological marker
known as des-y-carboxy prothrombin (DCP), which has a specificity of 91%. These
three diagnostic markers for HCC have the greatest diagnostic accuracy when utilised in
concert with one another (Bialecki et al., 2005; Sherman, 2010). Even though there are
numerous common therapeutic alternatives, the only two options that can result in a full
recovery are orthotopic liver transplantation (OLT), also known as surgical excision,
and surgical removal of the affected area. Some of the additional treatment possibilities
include radiofrequency/microwave ablation, percutaneous ethanol injection,
cryoablation, radiation therapy, systemic chemotherapy along with drugs that are
targeted at receptor and molecular level. It is important to keep in mind that the
characteristics of the tumour, such as its size, location, extrahepatic spread, and baseline
liver function, play a considerable effect in defining the treatment course (Crissien et
al., 2014; Bruix et al., 2011; de Lope et al., 2012).

1.3. Challenges associated with the treatment of liver diseases

Even though more advanced treatment plans have been developed over time for the
treatment of various liver diseases, they are not particularly successful and satisfactory in
treating CLDs without causing side effects, which is still a major cause for concern. Those
who use the therapeutic medications that are already on the market have reported
experiencing a variety of negative side effects, including hepatotoxicity, medication
resistance, and relapses. As a result, there is a need for an improved therapeutic efficacy
as well as a safer profile in the treatment of this ailment (Senapati et al., 2018; Abbas et
al., 2018). As a result of this, the concept of making use of bioactive substances found in
nature as prospective therapeutic agents for the treatment of CLDs such as HCC has
surfaced (George et al., 2021; Calvani et al., 2020; Sofowora et al., 2013; Teodoro, 2019).
Bioactive components in fruits, vegetables and spices that have shown promise in
lowering CLDs and HCC in pre-clinical animal models and in high-risk populations,
constitute the foundation of this strategy (Wang et al., 2012; Choudhari et al., 2020; Liu,
2013; Kaefer et al., 2008).

1.4. Treatments of CLDs and HCC using naturally occurring plant metabolites
People from a wide variety of cultural backgrounds have been turning to natural remedies
for the prevention and treatment of a wide array of liver problems for thousands upon
thousands of years (Dhiman et al., 2005). The use of natural phytochemicals in the
treatment of illness has received a lot of attention as of late. There has been a lot of buzz

about the medicinal potential of natural products in recent years, especially in regards to
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liver pathologies (Hong et al, 2015). In the pharmaceutical business, the research of natural
phytoconstituents as potential treatments for cancer and other diseases is becoming an
increasingly important area of focus (Singh et al., 2016). Phyllanthin has been shown to be
effective in treating chronic hepatitis B (Yuandani et al., 2013), ellagic acid has been
shown to be effective in treating hepatic fibrosis (Liu et al., 2021), and glycyrrhizin has
been shown to be effective in treating chronic viral hepatitis. These are a few examples of
phytochemicals that have shown promise in (Sato et al., 1996). According to the findings
of various pieces of study, flavonoids are an effective treatment option for fatty liver
diseases caused by both alcohol and non-alcoholic beverages (Pisonero-Vaquero et al.,
2015). (Zhao et al., 2018). Because of their one-of-a-kind make-up and activities, which
have a beneficial effect on the liver on their own, these compounds are highly prized for
the antioxidant characteristics that they possess. These compounds have the potential to
serve as primary compounds for further development as hepatoprotective medicines in
experimental settings due to the demonstrated antioxidant, antiviral, and anticarcinogenic
as well as hepatoprotective action that they have. Additionally, these compounds have low
systemic side effects (Ali et al., 2018).

Treatment options for HCC include chemotherapy, immunotherapy, and adjuvant therapy;
however, these treatments all come with their own set of undesirable side effects (Raza et
al., 2014). As rates of medicine resistance and toxicity continue to rise, these alternate
forms of treatment are becoming less useful. Many food sources have been demonstrated
to have components that help prevent and treat HCC, according to a number of studies in
the scientific community globally. Some examples include asparagus, black currants,
strawberries, plums, grapes, pomegranates, tomatoes, turmeric, garlic, ginger and many
more (Zhou et al., 2016). Curcumin, myricetin, resveratrol, quercetin (Qr), silibinin,
lycopene, emodin, caffeine, and phloretin are some of the phytochemicals that have
demonstrated potential for use in the treatment of HCC. Recent investigations have
showed that 60% of the anticancer medications that are currently in use come from
substances that occur naturally in the environment (Abdel-Hamid et al., 2018). Naturally
occurring bioactives may help to prevent the development and progression of liver cancer
by doing a plethora of things, including blocking oxidative stress and chronic
inflammation, impeding the growth of tumours and metastases, protecting against liver
carcinogens, and inhibiting the progression of tumours and metastases (Zubair et al.,
2017). In addition to this, they induce the yield of reactive oxygen species (ROS), which
leads to the death of cancer cells, and they have the potential to be used as a

chemotherapeutic agent due to the prooxidant chemistry that they exhibit.
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1.5. Role of flavonoids in liver ailments

1.5.1. Flavonoids in CLDs

The management of CLDs is a real challenge but the consumption of flavonoid-enriched
foods could at least offer prophylactic roles. The flavonoid-containing foods are not only
abundant in the market but also exhibit promise against CLDs (Simén et al., 2020).
Emerging evidence has revealed that flavonoids can ameliorate hepatic injury by
suppressing inflammation, fibrosis, and apoptosis, thus preventing cirrhosis in the setting
of CLDs. In addition, flavonoids are gaining more interest due to their low toxicity and
safety profile (Cory et al., 2018). In addition to their innate capacity for radical
scavenging and antioxidant activity, flavonoids are able to demonstrate hepatoprotective
benefits in the context of CLDs as a result of their interaction with a wide variety of
signaling pathways linked to hepatic apoptosis, inflammation and fibrosis involving
protein kinase C (PKC), mitogen-activated protein kinases (MAPKSs), and mammalian
target of rapamycin (MTOR), phosphatidylinositol 3-kinase (PI3K), protein kinase B
(Akt), transforming growth factor beta (TGFp), suppressor of mothers against
decapentaplegic (SMAD), and NF-kB-light-chain enhancer of activated B cells and
regulation of the actions that are a consequence of these interactions. (Sun et al., 2019).
Flavonoids like epigallocatechin-3-gallate, epicatechin, icariin, morin, naringenin,
silymarin, Qr, puerarin, apigenin (API), etc. exhibited excellent hepatoprotective effects
in different preclinical studies (Saha et al., 2019; Rudrapal et al., 2022). Thus, these plant-
derived antioxidant compounds may exhibit prospects in attenuating chronic liver damage
and would open new ambition in the treatment of different CLDs (Guan et al., 2015).
1.5.2. Flavonoids against HCC

In the area of cancer therapy and control, the application of phytochemicals derived from
food as a component of chemopreventive techniques is acquiring an ever-increasing
amount of significance. Because HCC develops in an inflammatory milieu that is
persistent over time, preventing hepatocarcinogenesis by the consumption of bioactive
phytochemicals on a consistent basis through diet would be protective against the
development of the disease. It is already common knowledge that flavonoids prevent
cancer, especially head and neck cancer (HCC). Because of their high level of safety and
the abundance of flavonoids that can be found in vegetables and fruits that are regularly
eaten, flavonoids are an excellent choice for chemoprevention and chemo-sensitization in
the treatment of chronic diseases. Flavonoids have been shown to be effective against
cancer in a variety of different ways. These include the scavenging of free radicals, the
stopping of the cell cycle, the stopping of uncontrolled angiogenesis, the induction of

apoptosis (via the chemistry of prooxidants), and more (Figure 1.2). Myricetin, found in
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many natural sources has been reported to have an anti-HCC activity in vitro by
decreasing cell growth and producing cell cycle arrest during the G2/M phase in Hep3B
and HepG2 cells which reduce the development of HCC cells thereby presenting a
potential new treatment method for treating this malignancy by suppressing the
expression of membrane associated ring-CH-type finger 1, also known as MARCH1
(Yang et al., 2021); naringenin effectively subdued N-nitrosodiethylamine (NDEA)-
induced hepatocarcinogenesis in rat model by regulating enzymes responsible for
xenobiotic-metabolizing, diminishing levels of liver marker enzymes and lipid
peroxidation (Arul et al., 2013); Qr promotes apoptosis in hepatoma cell line through
amendment of PI3K/ERK signalling pathways and caspase-3 activation (Granado-Serrano
et al., 2006); APl was found to inhibit the in vivo tumor growth in a xenograft mice
model through H19-mediated wingless-related integration site (Wnt)/B-catenin signalling
regulatory axis thereby making it a potential approach in treatment of HCC (Pan et al.,
2021); luteolin exerted therapeutic effect by altering the tissue damaging enzymes and the
enzymatic antioxidants and restoring the damaged histoarchitecture of diethyl
nitrosamine-treated rat liver (Balamurugan et al., 2012). Emerging evidence shows both
the chemopreventive and chemotherapeutic effects of polyphenols present in tea.
Reportedly, the phenolic fraction of tea inhibits the relocation of HCC cells. It has been
shown that tea polyphenols hinder carcinogenesis of mouse liver by modulating the
Wnt/B-catenin signalling pathway. Further, in the carcinogenesis model of rat liver
induced by dimethylaminoazobenzene, it has been found that polyphenon-B, a
polyphenol found in black tea, has a huge potential in combating liver disorders by
regulating different molecular markers (Murugan et al., 2009). Hepatoma cells that were
treated with an extract of polyphenols found in mulberry leaves exhibited a suppression of
the AMPK/PI3K/Akt signalling pathway (Yang et al., 2012). In hepatoma cultures, it has
been demonstrated that the polyphenols present in pomegranate peel can both suppress
the growth of tumours and accelerate cell death (Song et al., 2016). These scientific
findings presented here lead to the conclusion that some flavonoids may have an

anticancer effect on HCC.
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Figure 1.2. Anticancer mechanism of flavonoids against HCC.
1.6. Drawback of using flavonoids as a therapeutic option
The effectiveness of plant flavonoids as a treatment for disease, notably cancer, has
increased as a result of a number of advances that have taken place during the past two
decades. The extensive use of flavonoids in the therapy of cancer has a number of
challenges, including low water solubility, low bioavailability, poor stability, and
insufficient administration of targeted drugs. Many flavonoids were unable to
demonstrate their therapeutic value due to unexpectedly altered clearance, inadequate
absorption after dosing, low efficacy, and/or unexpected side effects (Kopustinskiene et
al., 2020).
Various factors contribute to the low bioavailability of flavonoids
Low water solubility
Flavonoid as free aglycones have low solubility in an aqueous medium, which lead to low
absorption and hence low bioavailability (Thilakarathna et al., 2013; Zhao et al., 2019).
Effect of molecular weight and structure
Whenever it comes to how well a chemical is absorbed, the molecular weight of the
molecule plays a significant influence. The bioavailability of flavonoids with a high
molecular weight decreases significantly. According to research by D'Archivio et al. 2010
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and Scalbert et al. 2000, the chemical structure and isomeric arrangement of the bioactive
dietary components have an effect on how well they are absorbed.

Degradation at low pH

Under the influence of the acidic environment in the stomach, oligomeric flavonoids are
hydrolyzed into monomers and dimers. The dimerization leads to reduce the
bioavailability of flavonoids (Kumar et al., 2013).

Low bio-accessibility in the food matrix

Flavonoids are present in a complex textured food matrix; hence it hampers
bioavailability. The amount of food matrix results in physiological changes in the
gastrointestinal tract, which have an impact on the bio-accessibility of digested
compounds. (Kamiloglu et al., 2021; Palafox-Carlos et al., 2011).

Metabolic conversion

The primary routes for the hepatic metabolism of ingested polyphenols occur through
phase | hydroxylation chemistry of the aromatic hydrocarbon rings followed by phase |1
metabolism via different conjugating enzymes like uridine-5-diphospho (UDP)-
glucuronosyltransferase,  glutathione  S-transferase  (GST), and catechol-O-
methyltransferase (Liu et al., 2007; Pandey et al., 2009; Cassidy et al., 2017; Baky et al.,
2022). Because of these interactions, the kidneys are in a position to rapidly flush away
the more water-soluble flavonoid metabolites.

Metabolism by colonic microflora

Colonic microflora can tamper with the chemical structure of the flavonoids. Flavonoids
that are not absorbed very well in the small intestine make their way to the large intestine,
where colonic bacteria transform them to simpler phenolic acids, hence lowering the
bioavailability of the parent molecule (Serra et al., 2012; Rechner et al., 2004).

Poor intestinal absorption

Microbial enzymes present in the human gastrointestinal tract could influence the
absorption of flavonoids. In the colon, the transmembrane enzyme lactase phlorizin
hydrolase acts on a wide variety of flavonoid glycosides, turning them into the less
soluble free aglycones. These free aglycones can only reach the bloodstream by passively
diffusing past the epithelium and into the bloodstream. The sugar moiety that is present in
flavonoid glycosides have a significant role in determining the bioavailability and
absorption of flavonoids (Kawabata et al, 2019).

1.7. Requirements for novel formulations

1.7.1. Requirements for novel drug delivery systems for phytoconstituents
Naturally occurring small molecules have limited clinical applications due to their

complicated nature, large dosages, poor absorption, and dose recurrence (Moradi et al.,
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2020). Whenever a therapeutic molecule is provided via a novel drug delivery system

(NDDS), the bioavailability of the drug is enhanced. This is because the requirement for

frequent dosing is minimised, as are changes in the dose. In addition, the bioavailability

of the drug is raised. There have been a number of studies that have investigated the
possible advantages of NDDS in phytopharmaceuticals, and there is currently a wide
variety of phytoconstituent formulations that are available for purchase in markets all
over the world (Ansari et al., 2012; Kumari et al., 2022). Because of a variety of
circumstances, the use of traditional herbal extracts is not an acceptable method of drug
administration for herbal treatments; instead, novel drug delivery strategies are required

(Devi et al., 2010).

e To increase the bioavailability of the naturally occurring constituents and to convey
high concentrations of medications to the site of action.

¢ By delivering the medication in extremely fine particles, one of the objectives is to
hasten the process by which it is absorbed into the bloodstream.

e To accomplish the impact that seems to last at the locations for a long time, leading to
enhanced permeability and retention (EPR), i.e., better permeation through the barriers
due to the reduced particle size, and retention because of insufficient lymphatic outflow.

o To use innovative carrier systems that demonstrate passive targeting to the diseased site
without the inclusion of a specific ligand moiety, thereby ensuring localised delivery to
the liver and other sites of interest.

¢ To reduce adverse unwanted consequences arising due to ingestion of medications.

e To reduce pharmacological doses in formulations and creating standardised dosage
forms.

e To protect the therapeutic molecules from being broken down in the gastrointestinal
tract and increase their stability.

Recently, there has been growing enthusiasm for the advancement of NDDS for

phytoconstituents. The innovative drug carriers would satisfy two requirements. To begin,

it is believed to dispense the medication during the course of the treatment at a pace that
is based on the requirements of the body. In addition to this, it should be able to direct the
active component of the herbal medication to the target area in which it is required.

Conventional dosing methods, such as delayed-release dosing methods, do not meet these

benchmarks. The development of new dosage forms for naturally occurring substances

can be of great use in formulation research in a number of different ways. They include
increased solubility and bioavailability, pharmacological efficacy, protection from
toxicity, stability, tissue macrophage distribution, prolonged administration, protection

from physical and chemical degradation, and more. Further advantages include these as
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well. These are just some of the advantages that can be gained from this type of research.
In this regard, formulation scientists have paid close attention to the various nanoparticles
(NPs), such as lipid NPs, polymeric NPs, nanoliposomes, nanoemulsion, etc. because of
their advantages over other NDDS in overturning biopharmaceutical and pharmacokinetic
constraints and enhancing the therapeutic efficacy and compliance of naturally derived
small molecules. Accordingly, improving the action and resolving difficulties with plant
ingredients could be accomplished in the future by using NDDS including nanosized
formulations of naturally occurring small compounds, such as flavonoids (Patra et al.,
2018; Zhang et al., 2021; Ajazuddin et al., 2010).

1.7.2. NPs: novel formulations with significant promise

NPs and nanotechnology are becoming increasingly significant in the medical field,
particularly in the areas of disease diagnosis and therapy. Nanomaterials, which are
materials that have dimensions at the nanoscale level, can be comprehensively
categorised as either naturally occurring or synthetically made using cutting edge
technology. Adaptability of "designed" nanomaterials, on the other hand, has attracted a
lot of attention in recent years. Newcomers to the field of nanotechnology may have a
tough time selecting a nanocarrier system and the potential applications for such a system,
despite the fact that nanotechnology has achieved significant advancements in research
and development. There are a number of key challenges that must be overcome in order
for effective drug delivery systems to be developed, including regulated drug release,
targeted or particulated drug delivery, and the avoidance of opsonization. As a result of
this, we discuss the alternative routes that pharmaceuticals can take to reach their targets,
the significance of manufacturing drug-loaded nanocarriers, and the different ways that
drug solubility and bioavailability can be improved. In addition to this, the effects of
biological and other types of barriers on drug transport, as well as the many different
methods of nanocarrier distribution, are investigated in various research studies (Yetisgin
et al., 2020; Jeevanandam et al. 2018).

Nanoscale materials are characterised by the fact that they have advantages in terms of
surface area to total volume. NPs can be found essentially important in a wide number of
fields, ranging from agriculture to medicine. NPs are undergoing development to make
them more useful in a wide variety of medical applications, such as the delivery of drugs,
the diagnosis of illnesses, and the engineering of tissue. NPs have the ability to transport
traditional drugs, as well as recombinant proteins, vaccines, and nucleotides, in a more
effective manner than other standard delivery methods (Yu et al., 2016). The production
of NPs can make use of a wide variety of components, including lipids, proteins, synthetic

and natural polymers, and metals (Murthy, 2007). NPs can encapsulate or covalently
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conjugate hydrophobic medicines, so improving their solubility in water and making them
more suitable for use as drug delivery vehicles. They can also encapsulate hydrophilic
medicines or biomacromolecules such as proteins, peptides, or nucleic acids in order to
improve their in vivo stability, increase their blood circulation time, and promote
transmembrane distribution. These three benefits are achieved by increasing the amount
of time that the medicine spends circulating in the blood. Due to the fact that they are so
small, nanoparticles, or NPs, have the potential to greatly reduce the off-target effects that
are caused by chemotherapy (Golombek et al., 2018) and utilizing the EPR effect target
tumors. An appropriate foundation can be provided by NPs that have a large surface area,
extended circulation duration, and great stability. These characteristics make them well
suited for highly selective and sensitive molecular imaging. They are able to accomplish
this by transporting the imaging probe or contrast chemical to the tissues or cells of
interest (Siafaka et al., 2021). Grafting a variety of ligands or antibodies onto the surface
of NPs makes it possible to accomplish targeting that is both more selective and more
effective. On the other hand, the structure of certain NPs makes them helpful for imaging
or therapeutic applications. This is particularly true for inorganic NPs that possess
attractive optical properties. Gold NPs and superparamagnetic iron-oxide NPs are able to
provide the imaging contrast themselves, which enables multimodal imaging. NPs also
have the ability to mediate photothermal treatment by turning light into thermal energy
(Vines et al., 2019). Figure 1.3 highlights the benefits of nanoparticles, including their
ability to increase the bioavailability of active pharmaceutical ingredients by increasing
their aqueous solubility; prolong the time the drug spends in the body by extending its
half-life for clearance and increasing its specificity for the receptors and direct the drug to
a specific site in the body, thereby minimizing the dosage regimen and the untoward side
effects of the medication. When it comes to the delivery of drugs, NPs excel due to the
many desirable properties that they possess. Some of these qualities include the capability
of combining hydrophilic and hydrophobic molecules, rendering improved stability, drug
loading capacity as well as the adaptability to be ingested orally, applied topically or

breathed in, however these are just a few examples.
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Figure 1.3. Advantages of NPs formulation

1.7.2.1. Polymeric NPs

Since of their improved bioavailability, solubility, and retention time, the therapeutic
efficacy of bioactive substances can frequently be improved by encapsulating them in
biodegradable polymeric NPs (Mahapatro et al.,, 2011; Castro et al., 2022).
Nanoencapsulation has shown the potential to maximize the therapeutic potential, target
specificity, tolerability, and therapeutic index of a poorly soluble drug. Non-specific
adverse effects have also been demonstrated to be decreased by nanoencapsulation
(Chenthamara et al., 2019). Synthetic polymers are more frequently used in formulating
polymeric NPs over natural polymers because of their purity, uniformity, and
crosslinking issues. The most prevalent kinds of polymer include poly(lactic acid)
(PLA), poly(glycolic acid) (PGA), and copolymers such poly(lactide-co-glycolide
(PLGA). These synthetic polymers are distinguished by their biocompatibility as
well as their natural biodegradation pathways. Adjusting the ratio of PLA to PGA
has an effect on the rate of degradation, which in turn has an effect on the rate at
which the medication is released. Nanoparticle formulations can also make use of
polymers such as poly-alkyl-cyano-acrylates (PAC), poly-caprolactone (PCL),
chitosan, and gelatin, as well as other polymers with a comparable structure
(Kumari et al., 2010). Targeting abilities of polymeric NPs are affected by a number
of factors, including size, zeta potential, surface modification, and release kinetics
(Zielinska et al., 2020; Begines et al., 2020).
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1.7.2.2. Successes of flavonoid-loaded polymeric NPs in combating against CLDs and
HCC

Detoxification, protein synthesis, and the creation of biochemicals for sustaining life are
just a few of the many important functions that the liver is responsible for doing. Those
who have CLDs such as viral hepatitis, liver cirrhosis, or HCC typically undergo
treatment for an extended period of time using pharmaceuticals or natural treatments are
in need for serious consideration as these conditions are a major threat to life.
Flavonoids, in particular, have been discussed earlier in this chapter as possessing
potential hepatoprotective effects; nevertheless, their poor pharmacokinetic and
biopharmaceutical characteristics severely restrict their therapeutic usefulness. To
overcome these limitations, polymeric NPs provide the desired attributes as it was
discussed in previous sections. The successes of flavonoid-loaded polymeric NPs are
discussed hereunder. Naringenin-loaded polymeric NPs served as effective
nanoplatforms for successful oral delivery of naringenin against aflatoxin B1-induced
HCC (Wang et al., 2022). Eudragit NPs loaded with naringenin improved the
bioavailability of naringenin and demonstrated high hepatoprotective potential against
CClg-induced chronic liver failure in rats (Yen et al., 2009). API-loaded polymeric NPs
demonstrated better bioavailability and successfully cured chemically induced HCC in
murine models (Bhattacharya et al., 2018; Ganguly et al., 2021). Qr NPs prepared by the
nanoprecipitation technique demonstrated significant hepatocellular protection against
the cytotoxic effects of aflatoxin-B1 in vivo (Eftekhari et al., 2018). Nanocapsulated Qr
demonstrated remarkable therapeutic prowess against arsenic-induced chronic liver
damage in an animal model (Ghosh et al., 2009). Using an emulsification technique,
Kazmi and colleagues (2021) formulated kaempferol-loaded NPs which exhibited
excellent antioxidant and hepatoprotective effects in CdClz-induced HCC in rats. Rutin-
loaded PLGA NPs were found to exhibit significant protective activity against HCC
evidenced by improvement in hepatic and hematological biochemical markers (Pandey et
al., 2018). Considering the superiority of flavonoid-loaded polymeric NPs in improving
pharmacokinetic and biopharmaceutical behaviours over free flavonoid, the subsequent
research aimed to formulate flavonoid-loaded polymeric NPs to achieve better
therapeutic efficacy against CLDs and HCC.

1.8. Nuclear scintigraphy: A non-invasive imaging modality

1.8.1. Roles of nuclear scintigraphy

Patients are given radioactive tracer compounds by injection as part of the nuclear
scintigraphy process. These compounds (such as technetium, iodine, thallium, gallium,

xenon, and krypton) can be localised to a particular organ or tissue. The radioactive decay
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of these substances is detected by a gamma camera, which then creates two-dimensional
images that can be used to investigate whether or not the functioning of a specific organ
system or tissue is normal or dysfunctional (Brawner et al., 1993; Snyder et al., 2021). By
monitoring how the radionuclide behaves inside the body during a nuclear scan, medical
professionals are able to examine and diagnose a variety of conditions, including
tumours, infections, hematomas, organ enlargement, and cysts, amongst others. Nuclear
imaging is another tool that can be utilised to assess organ function and blood flow
(Sharp et al., 1986; Heymann, et al., 1977; Werner et al., 2022). "Hot spots" are areas of a
radioactive accumulation site that have been identified as having the highest amounts of
the radioactive tracer substance. A region that does not accumulate the radionuclide and,
as a result, appears to be pale in the scanned image is referred to as a "cold spot." Among
the many examples of routine imaging procedures are scans of the heart (Underwood et
al., 2004; Berman et al., 2006; Hanna et al., 2020), brain (Jones et al., 1974; Wieler et al.,
1993), and kidneys (Taylor et al., 1995), thyroid (Broome, 2006), bone (Merrick, 1989;
Buckley et al., 2007), gallium (Vorster et al., 2022).

The United States Food and Drug Administration (USFDA) has given its approval to the
utilisation of a variety of radioactive isotopes in the medical field; nonetheless,
technetium-99m (99mTc) has been the subject of the most extensive use due to the
imaging and diagnostic capabilities it possesses. 99mTc is the radioactive isotope tracer
that is most commonly used for SPECT imaging of the central nervous system, the
skeletal system, the thyroid, the heart, the gall bladder, the liver, the spleen, the bone
marrow, the salivary and lachrymal glands, the blood pool and sentinel lymph nodes. In
the year 1938, 99mTc was first isolated from decaying molybdenum-99 (Mo-99) as a
result of the research that was being done at the time. 99mTc is a more preferred
radionuclide than other nuclear agents both due to the fact that its radioactive half-life is
only six hours, which is significantly less than that of other nuclear agents, and due to the
fact that it does not explicitly target a major organ. Due to the fact that 99mTc has such a
short half-life, the patient will be subjected to a lower total radiation dose as well as
exposure time (Papagiannopoulou, 2017; Kane et al., 2021). Numerous different nuclear
imaging systems that do not require the patient to undergo any kind of invasive procedure
have been developed. In the 1970s, 1311-rose bengal was first offered to the market, and
it quickly established itself as a leading agent in the field of hepatobiliary scintigraphy
(HBS) (Nordyke, 1972). The radioactive isotope 131l-rose bengal is removed from the
bloodstream by hepatocytes, which subsequently pass it on to the biliary system for
excretion. Due to the fact that Rose Bengal had poor imaging capabilities, it had to be

phased out of use. Regrettably, this was necessary because of rose bengal's slow hepatic
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clearance and high B-radiation levels, both of which limited the quantity of radiation that
could be safely supplied leading to substandard imaging outputs. Because of its superior
physical qualities, 99mTc is a more desirable isotope for scintigraphy than other isotopes.
As a result, several 99mTc-labelled agents have been developed, such as 99mTc-sulphur
colloid, 99mTc-galactosyl human serum albumin, and derivatives of 99mTc-
iminodiacetic acid. Nevertheless, liver reticuloendothelial cell function can be visualised
with  99mTc-sulphur colloid scintigraphy since it is based on the principle of
phagocytosis. Using the latter two radiopharmaceuticals, one is able to evaluate
hepatocyte function (Doonan, 2020; Ziessman, 2014; lida et al., 2022).

1.8.2. Liver scintigraphic imaging

Radiopharmaceuticals that are used in liver imaging can be separated into two main types
according to the physiological roles that they have. One group focuses on the hepatocytes
and biliary ducts, while another investigates the phagocytic role of the Kupffer cells in
the liver. The first category consists of lipophilic compounds that have been radioactively
tagged, and the second category consists of labelled colloids. Imaging of the liver and
biliary system is a common application for 99mTc-labeled derivatives (99mTc-DISIDA
and 99mTc-mebrofenin) of iminodiacetic acid (IDA). Hepatocytes are responsible for the
absorption of tracer molecules, which then traverse through the bile duct and gallbladder
before being excreted into the intestine. Urinary excretion of the radioactive dose that
was administered through injection is quite a low fraction of the dose. When the alkyl
chain that is attached to the benzene ring of IDA moeity making it longer, two things
happen: first, hepatobiliary extraction goes up, and second, renal excretion goes down. In
situations in which bilirubin concentrations are extremely high (over 20-30 mg/100 ml),
IDA derivatives face a stiff competition from bilirubin, which results in impaired
imaging. Imaging agents for the hepatobiliary system include 99mTc-DISIDA
(Hepatolite) and 99mTc-mebrofenin (Choletec) (Okuda et al., 1986; Krishnamurthy et
al., 1990; Labeur et al., 2020; Serenari et al., 2021). Patients who have been fasting for
four to six hours get an intravenous injection containing around 3 to 5 mCi (111 to 185
megabecquerels) dose of 99mTc-IDA derivatives. The scintillation camera that has been
coupled with the low-energy parallel hole collimator takes serial scintiphotos every five
minutes for the first half an hour, and then at 45- and 60-minutes time points.
Cholescintigraphy is the term that has been given to describe this method. Each image
contains depictions of the hepatic and jejunal structures in their entirety (Hopfer et al.,
2011). Healthy subjects, will be able to visualize their gallbladder at 30 min post
injection mainly because the liver clears the radioactivity quickly. In the event if none of

the aforementioned can be seen in one to one and a half hours, radio technologists
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continue to take scinti-images every hour for up to four hours. An active transport
mechanism, which comprises hepatic extraction, hepatocyte binding and storage, as well
as excretion into the biliary canaliculi, is responsible for the elimination of 99mTc-IDA
derivatives from the body (Ramaswamy et al., 2004). Cholescintigraphy using 99mTc-
IDA derivatives can be used to differentiate between acute and chronic cholecystitis. This
can be accomplished with the help of the procedure (Freitas, 1982). 99mTc-sulphur
colloid is the kind of substance that most commonly gets used for imaging the liver
(Ramaswamy et al., 2004). The liver's absorption capacity of the radioactive colloid is at
its maximum for 20 minutes and phagocytes have the property of flushing colloids from
the physiological system. The spleen amasses between 5% to 10% of the colloidal
particles, while the bone marrow stores the remaining portion of the particles whereas the
liver accrues between 85% to 95% of the colloidal particles. Since the phagocytes in the
liver always accumulate the majority of the radioactive colloids, the 99mTc-radioactive
colloid has a half-life that is very similar to that of the radioactive nuclei itself. It is
necessary to perform a liver flow study in order to investigate the vascularity of liver
tumours and abscesses (Willyard et al., 2022; Chacko et al., 2009). Since nuclear
scintigraphic imaging is a useful tool to determine the in vivo condition of HCC, as well
as to perceive the drug action, thus this technique has been used in this research to
perceive the effect of the developed drug formulations against chemical-induced chronic
liver damage and HCC.

1.9. Aim & Objectives

This research aimed to develop and optimize an effective drug delivery system (PLGA
NPs formulation) of Qr and API to improve their therapeutic effect against non-
cancerous CLDs and HCC, respectively. The therapeutic effects of the nanoformulations
have been assayed by employing suitable in vitro and in vivo models and compared with
the free flavonoids. Special attention has been on non-invasive liver scintigraphic
analysis using 99mTc-labeled sulphur colloid and mebrofenin to reveal the

hepatoprotective efficacy of the selected flavonoids and their respective formulations.
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Chapter 2 Literature Review

2. Literature Review

2.1. Quercetin (Qr)

Qr is a flavonoid that is abundant in various vegetables, fruits, and beverages (Anand
David et al., 2016). In plants, Qr is usually found as glycosides, ethers, prenylated
derivatives, sulphates, or as a free aglycone. The forms of Qr have a significant impact on
their absorption and pharmacokinetic behaviours (Hollman 2004; Murota et al., 2003;
Kawabata et al., 2015). Qr has attracted increasing attention due to its multimodal
therapeutic attributes (D'Andrea et al., 2015) Qr has gained attention as a prospective
nutraceutical by the pharmaceutical industries due to its potential health benefits.

The oxygen atom at position 1 of the molecule of Qr is basic and can cause the formation
of salts that are strong acids due to the presence of the keto-carbonyl group (Figure 2.1).
The molecular structure of Qr demonstrates that it is a typical flavonoid due to the
presence of five hydroxyl groups, two benzene rings (A and B), and a pyrene ring
comprising of oxygen (C). It possesses a C2=C3 double bond, a 4-carbonyl group, two
hydroxyl groups in the A ring, and two hydroxyl groups in the B ring. Moreover, it
possesses two hydroxyl groups in the A ring. Qr has significant antioxidant action
because it has a phenolic hydroxyl group and double bonds. Its anti-oxidant and anti-
inflammatory outcomes have been linked to the treatment and prevention of a wide range
of diseases and conditions, including cancer. (Magar et al., 2020; Salehi et al., 2020).

OH O
OH

HO 0

0OH
OH

Figure 2.1. Structure of Qr

2.1.1. Physicochemical characteristics

Mol. Formula: CisH100y7

Mol. Weight: 302.23

IUPAC Name: 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxychromen-4-one
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Solubility: Qr molecule is lipophilic chemical that has moderate solubility in ethanol but
a high solubility in dimethyl sulfoxide. Despite this, its solubility in water is not
particularly high (Vinayak et al., 2019).

2.1.2. Biological activities of Qr

Qr is an important bioactive compound with an array of medicinal properties (Figure 2.1)
and is widely researched globally. Some of the research enumerating its therapeutic
potential is outlined hereunder.
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Figure 2.2. The therapeutic mechanism of Qr

2.1.2.1 Antioxidant activities

The antioxidant effects of Qr have been widely explored and discussed (Xu et al., 2019;
Boots et al., 2008). Qr, a naturally occurring ROS scavenger, can neutralize hydrogen
peroxide, superoxide anion, and hydroxyl radicals, which are associated with various
disease pathophysiologies (Khan et al., 2016). Additionally, it has the ability to scavenge
highly damaging RNS, such as peroxynitrite, which contributes to its positive impacts on
health. It can simultaneously increase the body's capacity for redox defence by regulating

glutathione levels (Xu et al., 2019). Zhang and colleagues (2011) investigated the impact
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of Qr on the generation of ROS and NO in human THP-1 acute monocytic leukaemia
cells stimulated by LPS. Their findings clearly demonstrate a higher reducing potential of
Qr and consequently greater antioxidant properties. Through theoretical and practical
research, Song and colleagues (2020) concluded that Qr can shield free radical-provoked
DNA damage. Qr is also capable to prevent of free radical-mediated ailments by
suppressing DNA glycation (Sengupta et al., 2006).

2.1.2.2. Anti-inflammatory activity

Qr, like other flavonoids, exhibits significant anti-inflammatory properties and thus could
attribute potential therapeutic benefits against a variety of disease etiologies. Qr can
suppress TNF-a-induced inflammation by suppressing NF-kB and AP-1 activation in
human umbilical vein endothelial cells, which could open a new avenue in the
management of coronary heart diseases (Chen et al., 2020). It can also suppress TNF-a-
induced MMP-9 activation in GES-1 cell line via inhibiting TNFR/c-Src /ERKSs /c-Fos
INF-xB activation (Hsieh et al., 2022). In addition, it is capable to attenuate TNF-a-
induced ICAM-1 activation in human retinal pigment epithelial cells (Cheng et al., 2019).
Zhang and colleagues (2022) indicated that it can target PI3K/Akt signalling to exert an
anti-inflammatory mechanism in LPS- motivated RAW264.7 cells. Qr also showed
therapeutic promise to alleviate atopic dermatitis-like skin lesions mediated through anti-
inflammatory attributes (Hou et al., 2019). Chen and colleagues (2016) mentioned the
anti-inflammatory properties of Qr against inflammation-provoked pathogenesis in
obesity and type 2 diabetes. The anti-inflammatory properties of Qr could also be
beneficial in the management of rheumatoid arthritis (Costa et al., 2021).

2.1.2.3. Antidiabetic activity

An increasing body of information demonstrates the antidiabetic potential of Qr (Chen et
al., 2016; Bule et al., 2019; Salehi et al., 2020; Nie et al, 2021). The antidiabetic
mechanisms of Qr include improving insulin sensitivity, activating glycogenesis, and
reducing insulin resistance (Jiao et al., 2022). Qr has been shown to reciprocate glucose
metabolism disorder by activating Sirtuin 1/Akt signaling pathway (Peng et al., 2017).
Accumulating evidence reveals that Qr can protect pancreatic beta cells from oxidative
stress- and inflammation-induced injuries and restores optimum insulin output (Kim et
al., 2007; Youl et al., 2010; Carrasco-Pozo et al., 2016; Vessal et al., 2003). In addition,
Qr has also been noted as a-glucosidase and a-amylase inhibitor which aids in combating
type 2 diabetes mellitus (Meng et al., 2016; Ansari et al., 2022).

Qr also exhibited therapeutic promise against diabetic complications. It shows therapeutic
effectiveness against diabetes-provoked oxidative liver injury by suppressing CYP2E1.

(Maksymchuk et al., 2017). It is equally effective against diabetic nephropathy by
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reducing diabetes-induced oxidative stress and inflammation in renal cells (Chen et al.,
2013; Elbe et al., 2015). According to a recent study, Qr demonstrates its effectiveness
against high glucose-induced retinal neovascularization by inhibiting NLRP3 inflammasome
and autophagy and showing promise as a potential treatment for diabetic retinopathy (Li et
al., 2021).

2.1.2.4. Neuroprotective Activity

The neuroprotective effects of Qr against oxidative stress to combat paediatric
neurological disorders like CNS tumors, ASD and attention-deficit/hyperactivity disorder
have been revealed (Alvarez-Arellano et al., 2020). When it comes to neurodegenerative
ilinesses like Alzheimer's disease, Qr shields neurons from oxidative damage and
prevents the accumulation of amyloid-beta (Ap) fibrils (Khan et al., 2019). Qr also
exhibits therapeutic potential against epilepsy by controlling neurotransmitters and ion
channels, ameliorating oxidative stress and downregulating neuroinflammation (Akyuz et
al., 2021). Scientific evidence showed that Qr induces neuroprotective effects by
endorsing Nrf-2/ARE activation and triggering PON2, an antioxidant/anti-inflammatory
enzyme as well as to activate Sirtuin 1 (Costa et al., 2016; Grewal et al., 2021).

2.1.2.5. Hepatoprotective activity

Qr exhibits hepatoprotective effects against a variety of xenobiotic-induced
hepatotoxicity. It has been revealed to reciprocate hepatotoxicity through anti-
inflammatory, anti-apoptotic and anti-oxidant mechanisms (Miltonprabu et al., 2017;
Pingili et al., 2020). Qr predominantly down-regulates different pro-inflammatory
mediators and enzymes involved in hepatotoxicities, like TNF-a, IL-18, COX-2 and
iNOS. In search for anti-apoptotic mechanisms, it has been found to suppress NF-
kB/p53/PPAR-0/PI3K/Akt pathways in normal liver cells. It has the ability to reduce lipid
accumulation, restore SOD, CAT, and GSH levels, and lower total cholesterol and
triglyceride levels in livers, all of which make it an attractive candidate for use as a
therapeutic agent. Qr may be an effective treatment for T2D-induced NAFLD (Yang et
al., 2019). In addition, it simultaneously activates the FXR-1 and TGPCR-5 signalling
mechanism to exert hepatoprotective mechanisms against T2D-induced NAFLD (Yang et
al., 2019). Qr also showed its effectiveness against HCC progression by modulating cell
apoptosis, migration, invasion, and autophagy (Wu et al., 2019).

2.1.2.6. Cardioprotective activity

Qr can be useful against a variety of cardiovascular complications. A growing body of
evidence proposed that Qr attenuates heart-related complications through suppression of
LDL oxidation, inhibition of adhesion molecules and inflammatory markers,

endothelium-independent vasodilator activities, and the shielding effect on NO and
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endothelial function under redox insult (Patel et al., 2018; Ferenczyova et al., 2020). In an
experimental research model of myocardial ischemia/reperfusion damage, Qr showed
cardioprotective effects evidenced by a reduction of inflammatory reactions and
improvement of myocardial contractility along with the involvement of mitochondrial
ATP- sensitive potassium channels and NO system (Liu et al., 2021). The
cardioprotective effects of Qr against ischemia/reperfusion injury have been revealed to
be achieved by suppressing Src kinase, STAT3, caspases, Bax, intracellular ROS
production, and inflammation factor and activating inducible MnSOD expression (Chen
etal., 2013).

2.1.2.7. Nephroprotective activity

A large number of studies by different research groups has established the
nephroprotective potential of Qr (Chen et al., 2022; Alasmari, 2021; Diniz et al., 2020).
Qr offers renal protection against radiation-induced kidney damage through a
radioprotective mechanism (Baran et al., 2022). Qr has been shown to minimize acute
renal injury and apoptosis by inhibiting HIF-1a on IncRNA NEAT1/HMGBI signalling
pathway (Luo et al., 2022). Qr limits fibroblast activation and kidney fibrosis by
inhibiting the mTOR/B-catenin activation paving a way for the management of chronic
kidney diseases (Ren et al., 2016). A study by Cao and colleagues (2018) reported that Qr
is able to mitigate TGF-B induced renal fibrosis. In an in vitro assay of chronic kidney
disease, Qr protects mesangial cells via anti-inflammatory, antioxidant, and anti-fibrotic
effects showing its effectiveness against chronic kidney diseases (Widowati et al., 2022).
In addition, Qr has been to found be effective against obstructive nephropathy (Wang et
al., 2023) and lupus nephritis (Chen et al., 2022). Qr also exhibits protective roles against
off-target nephrotoxicity caused by different therapeutic drugs, such as valproic acid and
cisplatin (Sanchez-Gonzalez et al., 2011; Chaudhary et al., 2015).

2.1.2.8. Anticancer activity

Qr's anti-tumor activities arise from its ability to alter cell cycle progression, suppress cell
proliferation, promote apoptosis, halt angiogenesis, metastatic progression, and regulate
autophagy (Tang et al, 2020). The anticancer effects of Qr lie in its ability to endorse cell
death, apoptosis, and autophagy by interfering with PI3K /mTOR, Wnt/p-catenin and
MAPK signaling pathways. It can also inhibit metastasis by suppressing VEGF and
MMPs. Reyes-Farias and colleagues (2019) discussed that Qr exhibits an anticancer
effect through inhibition of the anabolic metabolism causing a negative energy state in
cancer cells. Numerous researches, including Rauf et al. (2018), Reyes-Farias et al.
(2019), and Ozsoy Gokbilen et al. (2022), have shown that Qr exerts pro-apoptotic effects

on tumour cells. The chemopreventive role of Qr has also been explored. It is shown to
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exhibit chemopreventive mechanisms through antioxidant and anti-inflammatory
mechanisms along with the involvement of different signal transduction pathways
involved in carcinogenesis pathways (Ward et al., 2018; Lin et al., 2020; Ozsoy Gokbilen
etal., 2022).

2.1.2.9. Antimicrobial activity

Qr exhibits significant antimicrobial ramifications on both Gram-positive and Gram-
negative bacteria along with fungi (Qi et al., 2022; Nguyen et al., 2022; Jaisinghani,
2017). The prominent antibacterial effect of Qr on various strains of bacteria including
Streptococcus mutans, Streptococcus sobrinus, Streptococcus sanguis, Actinobacillus
actinomycetemocomitans, Prevotella intermedia, Staphylococcus aureus and
Pseudomonas aeruginosa has been revealed (Shu et al., 2011; Jaisinghani, 2017). Qr
showed equal effectiveness against both methicillin-resistant and methicillin-sensitive
Staphylococcus aureus as well as standard Enterococcus species (Li et al., 2012). Qr has
also been found to impede biofilm formation by Vibrio parahaemolyticus and
Staphylococcus epidermidis (Mu et al., 2021; Roy et al., 2022). Research has proposed
that Qr can also be utilized as a substitute for antibiotics due to its promising bactericidal
effect (Wang et al., 2018).

Qr also exhibits a potential antifungal effect against Aspergillus fumigatus by the
downregulation of TLR-4, TLR-2 and HMGBL1 (Yin et al., 2021). It has been shown to
induce apoptosis in Aspergillus niger and Candida albicans by endorsing mitochondrial
dysfunction (Abd-Allah et al., 2015; Kwun et al., 2020). Qr also displays effectiveness
against fluconazole-resistant vulvovaginal candidiasis by inhibiting biofilm formation and
fungal load in vaginal mucosa (Gao et al., 2016).

2.1.2.10. Antiviral activities

Flaviviridae, Orthomyxoviridae, Coronaviridae, Retroviridae, Picornaviridae and
Filoviridae are just some of the virus families that have been found to be vulnerable to the
antiviral effects of Qr. Other virus families include Retroviridae, Picornaviridae,
Pneumoviridae (Di Petrillo et al., 2021). Qr has been revealed to inhibit the replication of
human Herpesvirus by suppressing viral IE-genes (Kim et al., 2020). According to a
recent theoretical study by Derosa and colleagues (2021), Qr may be able to block
3CLpro and PL pro, thus could prevent SARS-CoV-2 replication and may be used as a
therapeutic intervention against SARS-CoV-2 infection. In the early stages of influenza
infection, Qr showed an inhibitory impact, proposing that it may be useful in the

management of Influenza virus infections (Wu et al., 2015).
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2.1.3. Bioavailability of Qr

Due to its short biological half-life, high first-pass metabolism in the liver, poor
permeability, and instability in the physiological medium of the stomach and intestines,
Qr has a low oral bioavailability. As a consequence, both its ability to effectively treat
patients and their willingness to comply with treatment are weakened (Cai et al., 2013;
Gao et al., 2010; Guo et al., 2015; Murota et al., 2018).

2.1.4. Nanoformulations of Qr: A potential solution to its poor bioavailability

By increasing solubility, stability in a biological system, bioavailability, and cellular
absorption, NPs provide a viable platform for therapeutic delivery of poorly soluble
chemicals like Qr. Targeted delivery of medications in a single dose is just one of the
many applications for synthetic nanoparticles. Over the years, different polymeric and
lipid NPs of Qr have been formulated by different research groups around the world to
achieve better therapeutic efficacy and compliance.

The neuroprotective impact of Qr-loaded solid lipid NPs (mean particle size 200 nm) was
observed to be enhanced in Alzheimer's disease when compared to free Qr (Pinheiro et
al., 2020). Qr-loaded PLGA NPs have been found to improve the anti-glioma effect by
improving cellular uptake of Qr by C6 glioma cells (Ersoz et al., 2020). Qr-loaded
chitosan NPs synthesized by ionic gelation method demonstrated excellent wound healing
potential in a rat model by modulation of cytokines (Choudhary et al., 2020). Qr-loaded
silk fibroin NPs showed improved intestinal anti-inflammatory effects over free Qr in an
experimental model of mouse colitis (Diez-Echave et al., 2021). Qr-loaded silver NPs
formulated within hydrogel matrices using carbopol-934 and Aloe vera exhibited
remarkable curative effects in diabetic and burn wounds (Badhwar et al., 2021). Qr-
loaded zein NPs prepared by electro-spraying technique significantly improved in vitro
bioavailability of Qr to greater than 3 folds (Rodriguez-Félix et al., 2019). Lactobionic
acid-coupled Qr-loaded in organically designed silica NPs have been shown to improve
hepatoprotective effect compared to free Qr in cyclophosphamide-induced liver injury in
rats, which is mediated through active liver targeting by fabricated nanoformulation
(Nagvi et al., 2019). PLGA-based NPs of Qr exhibited improved antioxidant and in vivo
diuretic activity when compared to pure Qr (Anwer et al., 2016). Qr-loaded PLGA-TPGS
NPs have been developed to overturn the low hydrophilicity of Qr and this
nanoformulation better skin protective effect against ultraviolet (UV)-B radiation by
blocking UV-B-induced dermal inflammation as compared with native Qr (Zhu et al.,
2016). Qr-encapsulated in PLGA NPs significantly improved the therapeutic efficacy of
Qr against hypoxia-reoxygenation-provoked cardiac injury (Lozano et al., 2019). These

observations clearly suggest that Qr nanoformulations improved the therapeutic efficacy
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of the drug as compared with free Qr against a variety of diseases, thus opening a
prospect to overturn the pharmacokinetic limitations of Qr.

2.2. Apigenin (API)

API is known to be a flavonoid with the chemical formula 4',5,7-trihydroxyflavone in
Figure 2.3. (Ali et al., 2017). Its unadulterated form is a needle-like component that is
golden in colour and has a low molecular weight (Hostetler et al., 2017; Shukla et al.,
2010). When it comes to plants, it is one of those that can be found almost anywhere.
Vegetables (such as parsley, celery, onions, and others), fruits (such as oranges and
grapes), herbs (such as chamomile, thyme, oregano, and basil, and others), and drinks
made from plants (tea, beer, wine, etc.) are also excellent sources of API, particularly in
the glycosylated form of these substances. It has been demonstrated that a high
concentration of API possesses potent anti-cancer, anti-inflammatory, antimicrobial, and
anti-microbial properties.

OH 0O

HO 0

OH

Figure 2.3. Structure of API
2.2.1. Physicochemical characteristics
Mol. Formula: CisH100s
Mol. Weight: 270.24
IUPAC Name: 5,7-dihydroxy-2-(4-hydroxyphenyl) chromen-4-one
Solubility: It's almost completely insoluble in water but soluble in hot alcohol
moderately. Apart from these API freely solubilizes in dilute potassium hydroxide
solution and dimethyl sulfoxide (Brad et al., 2018; Huang et al., 2019).
2.2.2. Biological activities of API
API exhibits immense pharmacological attributes (Figure 2.4). Some of them are outlined
in this section.
2.2.2.1. Antioxidant activity
API is a potent antioxidant, which acts by suppressing oxidant enzymes, scavenging free
radicals, reinforcing enzymatic and nonenzymatic antioxidants, and chelating metal ions

(Kashyap et al. 2022). In preclinical models, API effectively reciprocated disease and
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xenobiotic-induced redox insults (Wang et al., 2017; Sahindokuyucu-Kocasari et al.,
2021). There is growing evidence that APl can increase the potential of antioxidant
enzymes such as GPx and SOD, as well as those enzymes involved in aerobic respiration,
most notably the mitochondrial respiratory enzyme complexes I, I, and IV (Wang et al.,
2020). A possible function in mitochondrial biogenesis is suggested by the upregulation
of genes such as ATP5B, mitochondrial transcription factor A, nuclear respiratory factor-
1, and pyruvate kinase C1. In addition, API is also involved in reversing oxidative stress-
induced pathogenesis by modulating various redox-sensitive signal transduction

processes.
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Figure 2.4. The therapeutic mechanism of API.
2.2.2.2. Anti-inflammatory activity
API displays a strong anti-inflammatory action, similar to other flavonoids. API
significantly attenuated LPS-induced microglial inflammation and reduced TNF-a and IL-
1B production in BV2 microglia cells by subduing NF-«xB activation and endorsing GSK-
3B/Nrf2/HO-1 signalling (Chen et al., 2020). It also exhibited NF-kB inhibitory effect in

lung tissue of asthmatic mice and exhibited an anti-neutrophil-associated inflammatory
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activity (Pang et al., 2019). Cicek and colleagues (2021) reported that APl can suppress
sepsis-induced lung injury by inhibiting inflammatory cell damage. APl was found to
suppress the inflammatory response in murine macrophages and rat basophilic leukemia
cells by inhibiting NO production, IL-1p, IL-6 and iNOS expressions, and MAPK
phosphorylation (Park et al., 2020).

2.2.2.3. Antidiabetic activity

API exhibits pronounced antidiabetic property due to its anti-gluconeogenic and anti-
lipogenic capacities (Bumke-Vogt et al.,2014; Panda et al., 2007). In addition, it is
effective in the reversal of insulin resistance and glucose intolerance in type 2 diabetes
(Ren et al., 2016). In addition, apigenein can protect pancreatic beta cells from oxidative
stress- and inflammation-induced damages (Suh et al., 2012). It is capable of reducing
postprandial hyperglycemia (Sahnoun et al., 2018). API shows significant a-glucosidase
inhibitory activity, which vouches for its anti-diabetic activity thereby making it a
promising drug candidate (Wang et al., 2014; Zeng et al., 2016).

2.2.2.4. Neuroprotective effects

Neuroprotective effect of APl has been revealed (Nabavi et al., 2018). API exhibits
anticonvulsive effect as well as prevents memory impairments by suppressing neuronal
apoptosis (Hashemi et al., 2019). It has been shown to attenuate cerebral
ischemia/reperfusion injury by upregulating the PI3K/AKt/Nrf2 pathway (Ling et al.,
2020. Fu et al., 2021). Through suppressing NLRP3 and TLR4 overexpression, APl also
displayed regulatory potency in cellular energy balance and immune system gene
expression, and as a result, exhibits antidepressant potential (Bijani et al., 2022). The
ability of API to protect Alzheimer's disease neurons by reducing spontaneous Ca?* signal
frequency and caspase-3/7-mediated apoptosis demonstrated its neuroprotective action
against neurodegenerative diseases (Balez et al., 2016).

2.2.2.5. Hepatoprotective activity

The hepatoprotective activity of APl have been revealed by different preclinical studies. It
has been reported to attenuate paracetamol-induced acute liver injury by decreasing lipid
peroxidation and increasing endogenous antioxidant enzymes (Raskovi¢ et al., 2017). In
search of hepatoprotective mechanism, APl has been found to attenuate paracetamol-
induced acute hepatotoxicity by suppressing IL-1p, STAT3, and caspase-3 activation and
regulating Sirtuin 1/p53 axis (Mohamed et al., 2020; Zhao et al, 2020). It can also inhibit
CCls-induced acute liver injury by attenuating hepatic oxidative stress and inflammation
(Yue et al., 2020). In search for the mechanism, it shows to activate c-IAP1 and TRAF
2/3 and inhibit NF-xB. In another model of CCls-induced hepatotoxicity, API inhibits

liver fibrosis by restraining the activation of hepatic stellate cells and autophagy by
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suppressing TGF-B1/Smad3 and p38/PPARa signaling (Ji at al., 2021). In various studies,
APl exhibited hepatoprotective potential against different xenobiotic-induced liver
damages by suppressing hepatic inflammation and redox insults (Ali et al., 2014;
Goudarzi et al., 2021; Sahindokuyucu-Kocasari et al., 2021; Al-Amarat et al., 2022)

In a research model of D-GalN/LPS inflicted hepatotoxicity in mice, APl exhibited
hepatoprotective effect by activating Nrf-2 and PPARy expressions and suppressing NF-
kB and TNF-a activation (Zhou et al., 2017). In addition, API inhibits xanthine oxidase
and the NLRP3 inflammasome, which, respectively, decreases oxidative stress and
inflammation in NAFLD (Lv et al., 2019).

2.2.2.6. Cardioprotective effect

API exhibits cardioprotective effect by inhibiting cardiac apoptosis and autophagy by
activating PIBK/AKT/mTOR signaling (Yu et al., 2017). In an in vitro model of
xenobiotic-induced  cardiotoxicity, APl significantly attenuated isoproterenol
hydrochloride-induced apoptosis in H9C2 cardiomyoblasts (Thangaiyan et al., 2018). Its
cardioprotective mechanism also includes suppression of myocardial SphK1/S1P
signalling (Zhang et al., 2015). In an animal model of myocardial infarction, API
significantly prevented the hemodynamic disorders by restoring the left ventricular
function and reinstating redox balance (Mahajan et al., 2017). API can also protect
cardiac cells against anoxia/reoxygenation injury by suppressing cardiomyocyte apoptosis
(Chen et al., 2016).

2.2.2.7. Nephroprotective activity

The evidence that APl has nephroprotective properties is growing stronger all the time.
There is a connection between the renoprotective characteristics of API and the inhibition
of CYP2EL, NF-kB, and MAPK activation. These features, in turn, lower oxidative stress
and inflammation (He et al., 2016). By downregulation of CD38 expression, raising the
intracellular NAD+/NADH ratio, suppressing MAPK activation, and promoting Sirt3-
mediated mitochondrial antioxidant enzyme activities, APl considerably reduced the
kidney lesions that are caused by diabetes in diabetic rats. These effects were seen in
tubulointerstitial fibrosis, damage to tubular cells, and expression of pro-inflammatory
genes (Ogura et al., 2020). In a mouse model of diabetic nephropathy, API inhibited the
MAPK/NF-kB/TNF- o and MAPK/fibronectin pathways, which resulted in a significant
reduction in oxidative stress and fibrosis. Because of this, there was a significant increase
in renal function (Malik et al., 2017). In animal models that were treated with API prior to
ischemia/reperfusion injury, there was a reversal of renal cell death, as indicated by
decreased Bax and caspase 3 expression and in kidney enhanced Bcl-2 activity. This was

seen in the kidneys (Wang et al., 2018). Another study found that renal apoptosis caused
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by 3-chloro-1, 2-propanediol was significantly inhibited by the compound (Zhong et al.,
2018).

2.2.2.8. Anticancer effects

The anticancer potential of API lies in its ability to modulate various cell signaling
pathways (Salmani et al., 2017, Maduni¢ et al., 2018, Singh et al., 2019; Rahmani et al.,
2022). It has been demonstrated chemopreventive role by supporting tumour suppressor
genes, reducing inflammation, preventing angiogenesis, endorsing apoptosis, and
arresting the cell cycle. Promising antitumor effects of API in reducing genomic
instability and the risks of second malignancies among normal tissues has also been
revealed (Moslehi et al., 2023). API is also capable of suppressing the unwanted toxicities
of chemotherapeutic agents (Nozhat et al.,, 2021). API simultaneously exhibits
chemotherapeutic role through a prooxidant mechanism and capable to kill cancer cells
(Sharma et al., 2019; Yan et al.,, 2017). Various research groups have explored
chemotherapeutic roles of API against cervical (Zhang et al., 2020), pancreatic
(Ashrafizadeh et al., 2020), gastric (Kim et al., 2021), prostate (Hnit et al., 2022), and
breast (Nabavi et al., 2015) cancers.

2.2.2.9. Antimicrobial properties

Antibacterial activity of API has been well documented (Nayaka et al., 2014; Lee et al.,
2018). API has been revealed to exhibit antibacterial effect by endorsing bacterial
apoptosis through prooxidant chemistry associated with enhanced production of ROS and
RNS (Kim et al., 2020). There is an increasing body of evidence suggesting that APl is a
novel molecular kind of natural antibiotic with antibacterial activity that works in the
reverse manner against quinolone-resistant bacteria (Morimoto et al., 2015). In addition to
that, it possessed antifungal qualities and delayed the spread of dangerous fungi that are
the underlying cause of skin illnesses (Lee et al., 2018).

2.2.2.10. Antiviral activity

API exhibited antiviral effects against different viruses. It has been shown to inhibit
Epstein-Barr virus reactivation by subduing of the promoter functions of two viral IE
genes (Wu et al., 2017). Khandelwal and colleagues (2020) reported the antiviral activity
of API against the Buffalopox virus. It has shown inhibitory effect on the replication of
Hepatitis C virus by inhibiting TRBP phosphorylation in a miR-122-dependent manner
(Shibata et al., 2014). It also interferes with the translational activity of the Foot-and-
mouth disease virus by inhibiting internal ribosome entry and virus replication (Qian et
al., 2015). API can selectively block enterovirus-71 infection by destroying viral RNA
relation with hnRNP Al and A2 (Zhang et al., 2014). In a recent study, Xu and colleagues

(2020) revealed that it can attenuate Influenza A virus replication and Influenza A virus-
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induced inflammation by inhibiting viral neuraminidase activity and activating RIG-I and
IFN expression.

2.2.3. Bioavailability of API

API is categorized as a class Il drug by the biopharmaceutics categorization system with
low water solubility but strong intestinal membrane permeability (Zhang et al., 2012).
The oral bioavailability of API is relatively low because of its low water solubility (Kazi
et al., 2020). In addition to the poor solubility, the poor bioavailability of API in part is
due to its extensive first-pass metabolism and phase Il conjugation by hepatic uridine 5'-
diphospho-glucuronosyltransferase and sulfotransferase enzymes (Wu et al., 2011; El
Daibani et al., 2020). Despite having multiple therapeutic attributes, the low
bioavailability issue largely severely limits its clinical translation.

2.2.4. API nanoformulations: A way to overcome its bioavailability issues

Extensive research has established that API is effective in treating various diseases,
however, developing suitable dosage forms has always been a challenge because of its
poor pharmacokinetic properties. Utilizing different nanocarriers has successfully
addressed these issues and improved the therapeutic efficacy of API. He and colleagues
(2021) revealed that APIl-loaded polymeric NPs showed better therapeutic efficacy
against ischemia/reperfusion-triggered renal inflammation by improving the
bioavailability of API. APl-loaded polymeric NPs exhibited improved biodistribution
patterns of the drug in both liver and blood following intravenous administration and the
nanoformulation showed better therapeutic efficacy against HCC in vitro and in vivo
compared with free APl (Bhattacharya et al., 2018). In the treatment of metastatic
melanoma of lung, PLGA NPs loaded with API and functionalized with meso-2,3-
dimercaptosuccinic acid showed promise when compared to native API (Sen et al., 2021).
Xu and colleagues (2021) fabricated a stable APl nanosuspension using polyethylene
glycol (PEG)-400 employing a green and efficient anti-solvent system, which
substantially improved the pharmacokinetic profile of API. API-Fe;0s/Fe;0s@mSiO,-
hyaluronic acid nanocomposites exhibited improved biocompatibility as well as antitumor
efficacy than free API (Liu et al., 2021). API-selenium NPs showed better cytotoxic
potential against breast cancer cells in terms of reduction of cell viability and induction of
apoptosis than free drug (Al-Otaibi et al., 2022). API-loaded polymer-lipid hybrid NPs
formulated using PLGA, phospholipon, and poloxmer-188 also exhibited pronounced
cytotoxicity toward breast cancer cells (Kazmi et al., 2022). APl-loaded chitosan NPs
coated with albumin-folic acid demonstrated increased anticancer activity in vitro on
HepG2 cells compared to pure API in terms of onset of apoptosis and arresting the cell
cycle (Mabrouk Zayed et al., 2022). API-loaded lipoid-PLGA-TPGS NPs improved the
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therapeutic effect of API against colon cancer (Alfaleh et al.,, 2022). API-carbon
nanopowder solid dispersions showed promising results in improving the oral
bioavailability and drug safety of API (Ding et al., 2014). The aforementioned
observations clearly demonstrate that nanoscale formulations of APl improve the
therapeutic effects of APl by overturning its pharmacokinetic limitations. Surface
fabrication and engineering with suitable ligands/groups of APl NPs further glorify its
therapeutic efficacy and compliance.

2.3.PLGA

PLGA is a synthetic co-polymer of lactic acid and glycolic acid. It is a biodegradable
polymer. Since lactic acid being an intermediate metabolite or by-product of carbohydrate
metabolism, it is widely distributed in natural sources. Glycolic acid is also found in nature
but in a much lesser extent than lactic acid. PLGA degrades in lactate and glycolate (salt
forms of lactic acid and glycolic acid, respectively). For targeted drug delivery, ligands
can be easily added to and modified on the surface of PLGA (Makadia et. al., 2011;
Kapoor et. al., 2015; Essa et. al., 2020). USFDA approved the use of PLGA for drug
delivery purposes (Makadia et al., 2011).

Glycolic acid and lactic acid are the two distinct monomer units that are mainly used
during the synthesis of PLGA via ring-opening co-polymerization reaction (Gentile et
al., 2014). Different forms of PLGA with different molecular weights are synthesized
depending on the lactides: glycolides ratio which indicates the percentages of lactic acid
and glycolic acid in that particular form of PLGA (Table 2.1).

Table 2.1. List of PLGA polymeric ratios versus molecular weights (Hyon et al., 1997).

Lactide: glycolide ratios Molecular weights

50:50 30,000-60,000

50:50 (ester terminated) 100,000

50:50 (acid terminated) 25000
65:35 40,000-75000
75:25 66,000-107,000
80:20 200,000
85:15 190,000-240,000

2.3.1. Solubility

The solubility of PLGA depends on the ratio of lactide and glycolide. Higher glycolide
concentration (> 50 %) in PLGA increases the lipophilicity of the polymers, making them

more soluble in non-polar solvents like acetone, dichloromethane, chloroform, etc.
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(Makadia et al., 2011; Kamaly et al., 2016; Garner et al., 2021). In contrast, increase in
lactide content within the polymer enhances hydrophilicity of PLGA.

2.3.2. Molecular weight

PLGA polymers have variety of molecular weights depending upon the ratios of
lactide and glycolide as shown in Table 2.1.

2.3.3. Crystallinity

The composition of a polymer critically determines its crystallinity. The extent of
PLGA crystallinity is inversely related to glycolide content resulting in less chain
rearrangement to develop crystalline structures. In contrast, high lactide content
enhances the crystallinity of PLGA (Makadia et al., 2011). The crystallinity of PLGA
also depends on the molecular weight (Makadia et al., 2011).

2.3.4. Thermal stability and storage

Different forms of PLGA are generally thermostable in absence of moisture. Prolonged
heating above 200°C in a nitrogen environment or under vacuum results in the
degradation of the polymer. Thus, PLGA should be stored in a cool and dry place in an
air-tight container (Gilding et al., 1979; Hines et al., 2013; Liu et al., 2022).

2.3.5. Degradation

The hydrolytic breakdown of ester linkages in PLGA yields lactic acid and glycolic acid.
In normal conditions, the average degradation times for PLGA 50/50, 75/25, and 85/15
are 1-2, 4-5, and 5-6 months, respectively (Xu et al., 2017; EImowafy et al., 2019).

2.3.6. Elimination

PLGA biodegradation yields lactic and glycolic acids. Lactate is eliminated from the body
in the form of carbon dioxide (CO.) and water after undergoing additional metabolic
processing through the Kreb cycle. On the other hand, glycolic acid is either expelled
unaltered through the urine or travels through the Kreb's cycle to be converted into carbon
dioxide and water before being eliminated from the body (Makadia et al., 2011).

2.3.7. Biomedical applications of PLGA

The USFDA approved the use of the biodegradable, biocompatible, and non-toxic
polymer PLGA for internal usages (Gentile et al., 2014; LU et al., 2009). Since 1974,
PLGA has been used in the biomedical industry as the brand name of vicryl, and currently
being extensively prepared by number of commercial manufacturers (Blasi, 2019).
PLGA is frequently used in the development of polymeric NPs because of its safety,
biocompatibility, and biodegradability. Here, it serves as an efficient drug carrier for a
wide variety of compounds, including chemotherapeutics (Sadat Tabatabaei Mirakabad et
al., 2014; Rezvantalab et al., 2018; Chung et al., 2020), genes (Ramezani et al., 2017),
proteins (Allahyari et al., 2016), enzymes (Bhatt et al., 2017), antibodies (Jiang et al.,
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2021), aptamers (Hashemi et al., 2020). For the production of micron- and submicron-

formulations, such as microspheres, microcapsules, NPs, and nanofibers, the polymer

PLGA is by far the most popular choice. These formulations are employed in drug

delivery systems (Yamaguchi et al.,, 2002; Bala et al., 2004; Meng et al., 2011;

Boltnarova et al., 2021; Su et al., 2021). Table 2.2 provides information regarding the

usage of a limited number of drug-loaded PLGA NPs as delivery vehicles for a number of

different illnesses

Table 2.2. PLGA nanoparticles developed against different types of diseases

Sl. Drug/ )
Targets Diseases  References
No. Compounds
) Brain targeting using nano- Alzheimer’s  Kauretal.,
1 Memantine ) o ]
formulation via intranasal route disease 2022
Brain targeting using Bhandari
2 Naringenin glutathione and tween-80 coated Autistic Disorders eta la.,
nanoparticles 2023
Brain targeting via intra-nasal )
o ) ) ) ~ Liet al,
3 Baicalin route using RVG29 peptide-  Cerebral ischemia 2022
modified nanoparticles
Baclofen and Brain targeting via intra-nasal ~ Nigamet.
o o ) Neuropathic pain
Lamotrigine administration of nanoparticles al., 2022
Brain targeting using lactoferrin Parkinson's Katila et.
5 Resveratrol ) ) ]
conjugated nanoparticles disease al., 2022
) Heart targeting via adventitial Neointimal Bai et. al.,
6 Rapamycin o ] ]
injection of nanoparticles hyperplasia 2022
Mesenchymal o
Heart targeting via
stromal cell- ) o ) ) Huetal.,
intramyocardial injection of Cardiac repair
secreted factors ) 2022
nanoparticles
(MSCF)
Heart targeting using modified- )
o ) Liet. al.,
8 Colchicine macrophage-membrane-coated  Atherosclerosis 2022
nanoparticle system
Alonso-
Targeting abnormal Gonzélez
) ) o Cancer and
9 Celecoxib angiogenesis via parenteral o et. al.,
o ) ] arthritic disease
administration of nanoparticles 2022
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) Targeting heart via Coronary
Polysaccharide ) i S o Gao et. al.,
intraperitoneal injection of microcirculatory
sulfate ) ) 2022
nanoparticles dysfunction
Nanoparticles linked to chitosan Al
and folic acid can be used to ]
o Nemrawi
11 Docetaxel specifically target cancer cells Cancer Cal
et. al.,
that have an overexpression of
2022
folate receptors.
Ovarian cancer drug delivery
o employing polymer-conjugated ) Patra et al.,
12 Genistein o Ovarian cancer
lipid (PLGA-PEG-FA) 2022
nanoparticles
) ) Targeting tumor via intra ]
Trans-cinnamic ) o Badawi et
13 ] peritoneal injection of Breast cancer
acid ) al., 2022
nanoparticles
Targeting colon cancer cells ]
] ) o ) Rahmati et
14 a-Terpineol using folic acid-chitosan coated  Colon cancer L 2022
al.,
nanoparticles
Targeting prostate cancer cell S
) ) ) Simitcioglu
15 Docetaxel line using PLGA nanoparticles  Prostate cancer
et al., 2022

of different molecular weight.
Targeting pancreatic Cancer
16 Nimbolide Stem Cells (CSC) using

nanoparticles

Pancreatic ductal ~ Singh et
adenocarcinoma  al., 2022
) Targeting cariogenic bacterial
1,3-Bis[3,5-

17 bis(trifluoromethyl) ) )
mutans UA159 to combat caries human oral cavity al., 2022

strain Streptococcus Caries in the Zhang et

phenyl]urea ) )
using nanoparticles.

Targeting different H. pylori  Gastric cancer and

) ) . ) Alametal.,
18 Curcumin strains and gastric cancer cells H. Pylori 2022
using nanoparticles infections
Delivery of drugs to inflamed
tissues and reduce joint ) Simoén-
) ) ] Rheumatoid ’
19 Dexamethasone inflammation using pegylated it Vazquez et
arthritis
nanoparticles al., 2022
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Pulmonary delivery of
. ) nanoparticles using nebulizer __ Shahabadi
20 Simvastatin Pulmonary fibrosis
for the treatment of subacute etal., 2022
paraquat poisoning
To reverse corticosteroid )

) ) ) Chronic

) resistance induced by cigarette ) Chenetal.,
21 Curcumin ) obstructive
smoke extract (CSE) using 2022

22 Sorafenib

23 Dalbergin

24 Rapamycin

25 Licochalcone-A

) ] pulmonary disease
nanoparticle formulation.

Treatment for hepatocellular

carcinoma that is based on
. Hepatocellular  Tanget al.,
nanoparticles and works by )
o ) ) carcinoma 2022
inhibiting acquired resistance

produced by P-glycoprotein.
Liver cancer targeting using

Hepatocellular ~ Gautam et
galactosedecorated

) carcinoma al., 2022
nanoparticles
) Non-alcoholic
Treatment of NAFLD using . ) Zhao et al.,
] fatty liver disease;
MPEG-PLGA nanoparticles 2020

Hepatic steatosis
Targeting ocular tissues using
PEG and cell-penetrating Ocular Galindo et
peptides functionalized inflammation al., 2022

nanoparticles
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Chapter 3 Fabrication of surfactant-free quercetin loaded PLGA nanoparticles:
Evaluation of hepatoprotective efficacy by nuclear scintigraphy
3.1. Introduction
Various natural products have been used in clinical practice as hepatoprotective agents.
Among them, flavonoids are considered to be highly efficient against reactive oxygen
species by virtue of their antioxidant activities and could be effectively used for the
prevention and treatment of various liver ailments. Qr, an important dietary flavonoid
present ubiquitously in fruits and vegetables, exhibits promising hepatoprotective activity
(Casas-Grajales et al., 2015). Recent years have seen a rise in the number of studies that
investigate whether or not Qr therapy could be effective in curing and preventing disease.
Qr possesses a wide array of pharmacological activities, e.g. antioxidative (Hu et al.,
2015; Seufi et al., 2009), hypolipidemic (Bashir, 2014), ROS scavenging, anti-
inflammatory (Boots et al., 2008), antifibrotic (Horton et al., 2013), anti-cancer (Dajas,
2012) and hepatoprotective (Casas-Grajales et al., 2015).
The hepatoprotective efficacy of Qr has been investigated against CCls-induced
hepatocellular injury (Ma et al., 2015), acrylonitrile-induced hepatotoxicity (Abo-Salem
et al.,, 2011), ethanol-induced liver injury (Kahraman et al., 2012) as well as in
diethylnitrosamine induced hepatocarcinoma model in animals (Gupta et al., 2010),
wherein it was observed that free radical scavenging, as well as modulation of signalling
pathways, are the important therapeutic strategies of the flavonoids. The liver protects our
body by detoxifying poisonous chemicals. Chemical-induced liver impurities are
associated with oxidative damages and lipid peroxidation leading to liver dysfunction. Qr
protects liver cells by enhancing the manufacture of antioxidant enzymes and protective
proteins, as well as inhibiting the cancer replicative cell cycle and reducing toxin-induced
DNA alterations (Granado-Serrano et al., 2012; Aherne et al., 1999).
Flavones are not commonly used as medicines despite having the potential to be
therapeutically beneficial. This is because flavones have a low aqueous solubility in the
gastric and intestinal fluids. As a direct result of this, the molecules have a low
bioavailability, limited permeability, and undergo substantial first-pass metabolism before
entering the systemic circulation. The bioavailability of Qr after oral administration is less
than 1% in humans due to its extremely poor hydrophilicity and instability in alkaline
medium (Gugler et al., 1975). These problems may be circumvented by
entrapping/adsorbing the drug molecules either into liposomes (Wang et al., 2013) or into
biodegradable polymeric NPs (Ghosh et al., 2013). A possible method for the delivery of
drugs is nanoparticles, which can range in size from 10 to 1000 nm. They have a very
high level of biocompatibility and bioavailability, and their peculiar physicochemical and
biological properties are a direct result of the fact that they are so small. As nano-

encapsulation protects the natural products from fast deterioration and enhances drug
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accumulation in tissues of target, it makes it possible to utilise lower doses of the
medication while simultaneously reducing the number of unwanted side effects.
Successful nano-encapsulation of Qr on PLA has been achieved by solvent evaporation
method to attain sustained delivery of the drug in biological fluids (Pandey et al., 2015).
Encapsulating Qr in liposomes (Gang et al., 2012) and chitosan NPs was successful in
achieving both an increase in the water solubility of the compound as well as the
maintenance of a continuous release of the flavonoids (Zhang et al., 2008). Qr-loaded
lecithin-chitosan NPs were formulated for topical administration in order to enhance the
level of medicament absorption that occurs in the epidermal layer of the skin (Tan et al.,
2011). PLGA, a widely used biodegradable and biocompatible polymer approved by
USFDA and European Medical Agency (Danhier et al., 2012), has also been used to
encapsulate Qr. There is a rapidly growing interest in this field to use the different
molecular weights of PLGA and its copolymers to influence drug release, drug delivery,
cellular uptake and biodistribution.
Solvent evaporation, nanoprecipitation, solvent diffusion, salting out, and dialysis are
some of the typical procedures that are used to disperse medicines in polymers in order to
generate biodegradable NPs from PLGA (Rao et al., 2011). Though solvent evaporation
and nanoprecipitation are the most widely accepted methods, they are associated with
several problems related to the removal of non-chlorinated organic solvents and
surfactants. Inactivation of the medication during the manufacturing process and drug loss
during the washing stage both contribute to the low drug loading efficiency (Jeong et al.,
2001). To avoid these, the dialysis method has been developed and many workers in this
field used this technique for the preparation of liposomes and polymeric micelles.
However, the application of this method for the preparation of Qr-NPs has not been
reported earlier.
We, in this research, report dialysis method for synthesizing Qr-NPs, which was chosen
because it eliminates the need for potentially hazardous surfactants. The prepared NPs
were characterized by physicochemical characterization techniques such as FE-SEM,
FTIR, and zeta potential measurements. Drug loading, encapsulation efficiency, in vitro
drug release studies and particle size measurements by DLS were also performed. In vitro
studies were conducted in HepG2 cells to observe the binding efficiency of Qr-loaded
NPs using fluorescence microscopy, while cytotoxicity of the formulation was evaluated
using an MTT assay to determine the optimum dose. The therapeutic efficacy of the Qr-
NPs to combat liver dysfunction was also ascertained by monitoring different biochemical

parameters. Finally, the hepatoprotective efficacy of Qr-NPs in CCls-induced
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hepatocellular degeneration in a rat model was monitored by scintigraphic imaging
technique using 99mTc-labeled sulphur colloid and mebrofenin.
3.2. Materials and methods
3.2.1. Materials
Qr was procured from Alfa Aesar, Thermo Fisher Chemicals, Waltham, USA. PLGA
with L/G molar ratio of 50:50 (PURASORB PDLG 5002A), L/G molar ratio of 75:25
(PURASORB PDLG 7502A) and L/G molar ratio of 85:15 (PURASORB PLG 8531)
were kindly gifted by Purac Biomaterials, Amsterdam, Netherlands. Dialysis membranes
with molecular weight cutoff 3.5 or 7.5 kDa were bought from Thermo Fischer, Waltham,
USA, while membrane of 12-14 kDa was obtained from Hi-Media, Mumbai, India. FITC
and DAPI were procured form Sigma Aldrich (St. Louis, MO, USA) and Invitrogen
(California, USA), respectively. DMF was purchased from Spectrochem, located in
Bombay, India. In addition to it, everything else used in experiment was of an analytical
standard. Via the use of 2-butanone extraction of a 5N NaOH solution containing
99Mo00, acquired from the Bhabha Atomic Research Centre (Mumbai, India), the
99MmTcO4 was generated. For the purpose of determining the radioactivity levels of
various organs of the body, an ECIL gamma-ray spectrometer was utilised (type
GRS23C; Hyderabad, India). A GE Infina Gamma camera from Chicago, United States
was used to scan the animals, and this camera was configured to a Xeleris work station
(Chicago, United States).
3.2.2. Preparation of NPs
Qr-NPs were prepared using dialysis method without surfactant. After dissolving Qr (5
mg) in DMF (1 ml), it was added to PLGA (50 mg) that had been previously dissolved in
acetone (5 ml). After agitating the preformed solution for 5 minutes on a stirrer, it was
added dropwise in 15 ml of distilled water and continued to be stirred. The cloudy
solution that was produced instantaneously was introduced in the dialysis tube, and
dialysed against an external aqueous phase. The external phase was kept under gentle
stirring to aid diffusion and replaced at an interval of 3 to 4 h for a period of 24 h.
Because the organic solvent diffused out of the membrane during dialysis and water
diffused into it, this led to the precipitation of polymers that self-assembled into spherical
NPs that encased the drug. After a period of 24 hours, the contents of the dialysis bag
were removed and subjected to centrifugation at 11,500 rpm for a period of 30 minutes
(Sorvall RC-5C, Waltham, Massachusetts, United States). The NPs formulated was
initially in the shape of a pellet, but it was transformed into a powder through the
application of freeze drying. FITC loaded PLGA NP were prepared by utilizing FITC

instead of Qr in the same quantity.
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3.2.3. Characterization of NPs
3.2.3.1. Determination of NP yield, encapsulation efficiency and loading
capacity
Weighing the initial quantity of polymer and drug used to make the Qr-NPs and dividing
the result by the total weight was the method that was utilised to calculate the yield
percentage. Encapsulation efficiency was calculated by knowing the amount of Qr added
initially and the amount of the flavonoids extracted from the drug-loaded NPs. After
dissolving NP pellet (2 mg) in acetone (10 ml) and centrifuging the mixture, a
concentration of Qr was determined by measuring the amount of UV radiation absorbed
at 370 nm with a Shimadzu-1700 spectrophotometer. The encapsulation efficiency and
loading efficiency have been calculated.
3.2.3.2. Morphology of NPs
FE-SEM was utilised in order to investigate the morphology of the NPs (Jeol JSSM-7600F,
Tokyo, Japan). A single drop of NP suspension that was placed on a glass cover slip was
dried with the application of freeze-drying for imaging purpose. The dried sample was ion
coated with gold (4-5 nm) using a sputter coater (QUORUM Q150T ES, Sussex, United
Kingdom) for 40 seconds under vacuum at a current intensity of 40 milliamperes. The
sputter coater was located in Sussex, United Kingdom. The acceleration voltage was
varied between 2 and 5 kV while the scanning was being done.
3.2.3.3. Drug physical state characterization
The physical status of Qr-NPs was ascertained by measuring the DSC, XRPD and FTIR
patterns. Purified dry nitrogen was utilised at a flow rate of 150 ml/min to purge standard
aluminium pans for DSC analysis, each of which contained 10 mg of sample material.
While monitoring heat flow between 0-400°C, by using a ramp rate of 12°C per minute
DSC data was acquired. The DSC instrument, which was a Pyris Diamond TG/DTA
manufactured by Perkin Elmer in Singapore, had its temperature and energy scales
calibrated with the help of indium powder, which served as the standard reference
material. The diffraction patterns of pure Qr, polymer, and Qr-NPs were determined with
the help of an X-ray powder diffractometer (XRD-2000, Rigaku, Tokyo, Japan). The
CuKa radiation was employed as the X-ray source for the studies (45 kV, 40 mA), and the
scanning rate was 1° min* across a 20 range of 2- 50°. A Fourier transform infrared
(FTIR) study was performed using potassium bromide pellets using a Bruker Tensor-27
instrument from Massachusetts, United States. This was done in order to confirm the
possibility of a chemical interaction between the flavonoid and the polymer matrix. We
scanned PLGA, free Qr, and Qr-NPs between a range of 400 and 4000 cm™.
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3.2.3.4. Particle size and zeta potential analysis
A Zeta Potential analyser (Zeta Plus, Brookhaven Instruments, Holtsville, NY, United
States) was used to determine the average particle size of the Qr-NPs as well as their zeta
potential. Before conducting an analysis of the particle size, an NP sample that contained
10 mg of the formulation was suspended in 1 ml of deionized water and diluted 10 times
again in deionized water. It was possible for us to determine the zeta potential of the drug-
encapsulated NPs by first dispersing the sample (1.5 mg) in 1.5 ml of KCI (1 mM). In
order to carry out the analysis, the powdered sample was inserted into an optical cuvette
that was intended for single-use only. At least three separate analyses were performed on
every batch of samples, and the results are presented here as an average.
3.2.3.5. In vitro release studies
A solution of 20 mg of NPs suspended in 4 ml of PBS was put into the dialysis bag
(MWCO 12-14 kDa), and positioned in a beaker that contained 400 ml of PBS, the bag
was shaken (100 rpm) horizontally while being incubated at 37°C. At regular time
intervals, 4 ml of the releasing media was aspirated out and replaced by equal amount of
fresh PBS. We were able to calculate the released Qr concentration by UV
spectrophotometric analysis at 370 nm. The outcomes of these tests, including their
averages, were recorded. A computation and graph were created to show the cumulative
percentage of drug release over time.
3.2.4. In vitro cytotoxicity studies
We evaluated the effects of free Qr and Qr-NPs on the viability of the HepG2 cell line
using a microplate reader and an MTT assay (GENios, Mannedorf, Switzerland). HepG2
cells were cultured in DMEM at a temperature of 37°C, with a humidity of 90% and a
CO> concentration of 5%. When the cells were to be harvested, trypsin-EDTA was
applied, and the medium was replaced every other day. A 96-well plate had 1x10* cells
plated into each well of the plate. The media was changed every other day until a
convergence rate of 80% was achieved. At this stage, 100 pl of freshly prepared
suspension of free drug (at varied concentrations) and drug encapsulated NPs were added
to the growth medium, and was incubated for 24 hours at the same temperature and
humidity levels as detailed before. One of the rows of wells in the 96-well plate did not
have any NPs added to it so that it could serve as a control. After discarding the media
that contained the drug and washing the wells three times with PBS, 10 ul of MTT
solution (5 mg/ml in PBS) and 90 pl of medium were added to each well. The wells were
then incubated for an additional 4 hours in order to determine the level of cell viability
present at each of the indicated time points. When the allotted amount of time had passed

for the incubation process, the MTT-containing medium was discarded and replaced with
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100 ul of DMSO in order to dissolve the formazan crystals. The absorbance was then
measured using a microplate reader at 550 nm. In the control group, we anticipated that
one hundred percent of the cells would be able to survive.
3.2.5. Confocal laser scanning microscopy
The confocal laser scanning microscope (Andor spinning disc confocal microscope, UK).
was utilised to measure the uptake by the cells. A cell culture plate of 35 mm in diameter
contained 1x10° HepG2 cells that were cultured on coverslips. When the cells in each
dish had reached 80% confluence, the medium was removed and replaced with a FITC-
loaded PLGA NP suspension (250 pg/ml). The dishes were then placed in an incubator
for two hours. After the incubation one ml of ethanol at a concentration of 70%v/v was
added to each petri dish in order to fix the cells at a temperature of -20°C for 15 minutes
of incubation. The ethanol solution was discarded, and the dishes were washed three
times with PBS before the DAPI solution was applied to stain the nuclei and allowed to
remain there for 5 minutes. Cellular internalization was evaluated using confocal laser
scanning microscopy.
3.2.6. In vivo experiment
All animal experiment protocols complied with the institutional guidelines and were
approved by CPCSEA, Government of India, New Delhi. In a controlled environment
with a temperature of 30£2°C, relative humidity of 60-80%, and a light-dark cycle of 12
hours, mature male Swiss Albino rats weighing 120-150 g were kept for seven days with
unrestricted access to both food and water. There were a total of 30 animals, with six
rodents assigned to each of the five categories. Group | (Normal Control) received
subcutaneously (s.c.) single dose of olive oil (1 ml/kg body weight). Group Il was given
CCl, (40% v/v in olive oil, 1 mg/kg body weight) subcutaneously. Animals in group IlI,
IV and V were treated by oral gavage with free drug (0.5 ml suspension of 0.2% Tween
80 aqueous solution containing 8.98 pmol/kg b.w. Qr), empty NPs (0.5 ml suspension)
and Qr-NPs (0.5 ml suspension contains 8.98 umol/kg b.w. Qr), respectively. Two hours
after oral feeding of drugs, all animals in groups Ill to VV were injected subcutaneously
with CCls (40% v/v, 1 mi/kg b.w.). Twenty-four hours after the CCls challenge, the
animals were anaesthetized and sacrificed to collect the blood sample and to collect the
liver. A portion of the liver was fixed in 10% formalin to a prepared paraffin section for
histological study and the remaining parts were immediately stored at -80°C for other
assays.
3.2.6.1. Serum biochemical analysis
After allowing the blood samples to sit for 30 minutes to coagulate, they were centrifuged

at 2000 g for 10 minutes at 4°C. The serum that was obtained from this process was then
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stored at 4°C until it could be further analyzed. Serum marker enzymes, e.g. SGPT, AP
and also serum urea and creatinine were determined in accordance with methods provided
by the manufacturers of the commercial Kits (Span Diagnostics, Surat, India).
3.2.6.2. Measurement of GSH, catalase, lipid peroxide and SOD in liver homogenate
A portion of liver tissue was homogenized in chilled sodium phosphate buffer (0.1 M, pH
7.4) containing 0.15 M KCI. The homogenate was used for the assessment of levels of
oxidative stress markers, e.g. GSH and lipid peroxide, and for the estimation of
antioxidant enzyme (catalase) activity.
Estimation of GSH was done as per the reported method (Davila et al. 1991). Briefly, 2
ml of 10% liver homogenate was added to a tube containing a mixture of 5% TCA and 1
mM EDTA solution, gently shaken for 5 min, and centrifuged at 3000 g for 30 min at
4°C. An aliquot of the resultant supernatant was transferred to a tube containing 5 ml of
phosphate buffer (0.1 M, pH 8.0) and 0.4 ml DTNB (0.01% in 0.1 M phosphate buffer of
pH 8.0), and mixed well. The absorbance of the yellow-coloured solution was measured
at 412 nm using a UV-Vis spectrophotometer (Shimadzu 1700, Kyoto, Japan) and plotted
on a standard curve obtained from a known GSH concentration to estimate the GSH
content in the homogenate.
Catalase estimation was done as per the protocol reported earlier (Mandal et al., 2005)
with modifications. Liver homogenate (5 ml, 10%) was subject to centrifugation at 300 g
for 15 min at 4 °C; the supernatant was collected after separation of small debris and
recentrifuged at 105000 g for 60 min at 4°C. To an aliquot of the supernatant containing
the cytosolic fraction, ethanol (10 ul) was added and kept in an ice bath for 30 min before
the addition of 10 % Triton X-100 (10 pl). H2O- solution (6 mM) was then added to
initiate the enzymatic reaction. After 3 min the reaction was terminated by the addition of
H»SO4 (6 N). Estimation of the enzyme activity was done by measuring the absorbance at
480 nm after the addition of KMnO4 solution (0.01 N) to the above mixture. The results
were expressed as mM of H,O, decomposed per milligram of protein /min.
The cytosolic fraction of the liver homogenate obtained during catalase estimation was
used for measuring SOD activity. To an aliquot (0.2 ml) of the fraction, 1.5 ml of tris
cacodylate buffer (pH 8.5, 50 mM), 0.1 ml DTPA (1mM), 0.1 ml catalase (0.2 uM) and
0.1 ml pyrogallol were added and the mixture was kept at room temperature for 90 sec.
Absorbance was measured at 420 nm. Estimation of SOD is based on the ability of the
enzyme to inhibit the autooxidation of pyrogallol. One unit of enzyme per 2 ml of assay
mixture is expressed as the amount of enzyme required to cause 50 % inhibition of

pyrogallol auto-oxidation (Marklund et al., 1974).
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Lipid peroxides were estimated as per the previously outlined method (Mandal et al.,
2005). To an aliquot (0.5 ml) of the supernatant obtained after centrifugation (2000 g for
15 min at 4°C) of liver homogenate, methanol (1.75 ml) and chloroform (3.5 ml) were
added successively. The mixture was kept at room temperature for 10 min and
centrifuged at 260 g for 5 min at 4°C. The aqueous layer was separated out and the
organic layer was evaporated under nitrogen. The residue obtained was dissolved in
cyclohexane and the absorbance was noted at 234 nm. Results were expressed as mmole
of lipohydroxyperoxide/mg protein.
3.2.6.3. Histopathological analysis
A portion of the liver which was previously fixed in 10% formalin was used for the
histopathological analysis. After fixation for 48 h, the liver portion was embedded in a
paraffin block and cut into 5 um thick sections using a manual microtome. The sections
were stained using haematoxylin-eosin dye and visualized under a microscope (Leica,
Germany) to determine the modifications in liver architecture.
3.2.6.4. Scintigraphic imaging studies
Adult male Swiss Albino rats (b.w. 150-200 g) were divided into three groups (three
animals in each group). Each animal of the third group was fed (orally) with Qr-NPs (8.9
pmole Qr/kg body weight), whereas all animals belonging to the first and second groups
received 0.5 ml saline orally. Two hours after oral feeding of NPs and saline, all animals
in the second and third groups were injected subcutaneously with CCl, in olive oil (40%
v/v, 1 ml/kg b.w.), whereas animals of the first group received only olive oil (1 ml/kg
b.w.). After 24 h, 30 ul (3.7 MBq) of 99mTc-labeled sulphur colloid (prepared as per the
reported method) was administered to each anaesthetized animal through a femoral vein
using canula. The animals were placed under a gamma camera and whole-body images
were acquired at 30 min post injection. The above scintigraphic experiments in different
sets of animals were also carried out using 99mTc-labeled mebrofenin kit (procured from
BRIT India). Radiolabelling with 99mTcOs was done according to the instructions
provided in the commercial kit. The amount of free pertechnetate in the labelled sulphur
colloid and mebrofenin was checked for each preparation by ascending thin layer
chromatography (silica gel plates, Merck, New Jersey, United States) using saline and
acetone respectively as mobile phase. Any preparation showing more than 5% free
pertechnetate was discarded.
3.2.7. Statistical analysis
Statistical analysis was performed with Student’s t-test. The p-values of the experimental
study results were calculated and found to be < 0.05 which was deemed to be statistically

significant.
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3.3. Results and discussion
Due to the high antioxidant qualities that it possesses, the natural flavonoid Qr has been
under a greater amount of study in recent years. Much study has been conducted on the
hepatoprotective impact of flavonoids through several mechanisms of oxidative stress.
Moreover, efforts have been made to better protect the liver from oxidative damage by
developing appropriate Qr formulations in both liposomal and nanoparticulated forms.
Throughout the course of this investigation, the dialysis method was utilised in order to
generate Qr-loaded PLGA NPs that were free of surfactant. During the process of dialysis
water diffused into the organic solvent inside the dialysis tube and the organic solvent in
turn diffused into water outside. The displacement of the organic solvent inside the tube
resulted in the precipitation of the polymer as micro- and nano- particles and the drug was
encapsulated inside the particles.
Though the technique is simple and effective, so far, no report has been available
describing the preparation of Qr-NPs by direct dialysis. Different types of dialysis
membranes of MWCO 3.5 kDa, 7 kDa and 12-14 kDa were used. The process was
continued for 24 h to remove the solvent completely and a milky suspension was
obtained at the end.
3.3.1. Surface morphology, particle size and zeta potential
FE-SEM was done to ascertain the formation of NPs. The particle size was measured by
zeta-potential analyzer (Table 3.1). Different grades of polymer as well as dialysis
membranes with different ranges of MWCO were used to fabricate formulations of nano-
particlulated drug delivery systems of optimum particle size, drug loading capacity and
encapsulation efficiency.

Table 3.1. Particle characterization.

D Fomaion PLoA o T o B
(MWCO) (DL, %)  (EE, %)
S1 50:50 97.1+26 0.211 5.1%23 75.1+1.6
S2 75:25 312.1+15 0.118 4.9+28 705+34
3 S3 85:15 278.7+21 0.122 4.6+1.8 545+5.2
S4 50:50 429.6 + 36 0.210 5.2%26 50.2+29
S5 75:25 4135+ 25 0.197 58+34 62.1+5.1
0 S6 85:15 4241+ 11 0.155 4.2+3.2 51.9+43
S7 50:50 2585+ 12 0.072 6.2x4.2 485+ 3.9
S8 75:25 361.2 £ 26 0.206 3.8x25 56.2 +5.6
12:14 S9 85:15 118.4+ 32 0.123 29z%31 42.6 + 3.3

Each value represents the average + SD (n = 3).
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The particle sizes of batches bearing formulation codes S1 - S3 and S7 - S9 which were
fabricated using dialysis membrane of MWCO 3.5 and 12-14 kDa respectively were
comparatively less, whereas encapsulation efficiencies were comparatively higher in
batches S1 and S2. Encapsulation efficiency of Batch S1 fabricated from PLGA grade
50:50 was highest, while drug loading capacity and mean particle size were also
optimum. The polydispersity index parameter was used since it was able to illustrate that
the particles had a narrow distribution profile and hence was selected for further study.
FE-SEM image (Figure. 3.1A, B) showed smooth spherical shaped particles. Particle size
distribution profile analyzed by the zeta potential analyser revealed the size distribution
(%) by intensity (Figure. 3.1C). The size distribution pattern determines the route of
administration and the drug release behaviour. Small size NPs facilitate tissue penetration
in vivo by extravasation. It was discovered that the zeta potentials of the NPs were in the
negative region, which was measured to be between -70 and -12 mV. (Figure. 3.1D). This
is due to the fact that the carboxylic group of the polymer can be found on the surface of
the particle. The measurement of zeta potential is vital which can be used to analyse the

stability of colloidal systems as well as the projected destination of NPs in vivo.
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Figure 3.1. FE-SEM images (A and B), particle size distribution profile (C) and zeta
potential distribution profile (D) of Qr-NPs.

3.3.2. Drug physical status characterization
To learn more about the physical properties of the drug inside the PLGA NPs, we ran

DSC, XRD, and FTIR investigations. Figure. 3.2A shows the DSC curves of free Qr,
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PLGA, and Qr-NPs. Free Qr showed two endothermic peaks at 118 and 313°C, which are
in agreement with the previously reported values. These peaks were not visible in Qr-NPs
formulation possibly because the drug loses its crystallinity due to entrapment into NPs.
The results of an X-ray powder diffraction experimental data are presented in Figure 3.2B
for free Qr, PLGA, and Qr-NPs. A number of distinct peaks characteristic of the
crystalline sample were observed in free drug whereas no such peaks were observed in
Qr-NPs and in PLGA. This indicates that the free drug gets converted from crystalline to
amorphous state due to nanoencapsulation. This finding also corroborates the results
obtained from DSC analyses.
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Figure 3.2. DSC thermograms (A), XRD spectra (B) of Qr (free), PLGA and Qr-NPs.

Infrared absorption peaks of Qr, PLGA and Qr-NPs were determined (Figure. 3.3) to
confirm nanoencapsulation of the drug. The FTIR spectra of free PLGA showed the
characteristic peaks between 2996-2949 cm™ due to —-CH, -CH,, -CHjs stretching, at 1754
cm® due to —C=0 stretching, and at 1271 cm™ for —C-O stretching. For Qr the spectrum
showed characteristic stretching bands due to -OH groups (3408 — 3320 cm?), -C=0
absorption (1665 cm), -C=C- groups (1609 cm™), and —C-H bending (1456, 1382 cm™)
besides strong ~C-OH and —C-C bending (aromatic) at 1168 cm™ and 1131 cm™ as well
as characteristic peaks due to aromatic ring at 1013 cm™ and 821 cm™. All these results
are in agreement with reported values (Wu et al., 2008; Dias et al., 2008). FTIR spectra of
Qr-NPs showed slight shifting of —OH stretching band. This could be due to association
of the flavonoid with the polymer through hydrogen bonding. The band at 1759 cm-1,
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which corresponds to -C=0 stretching, was broad in nature in Qr-loaded NPs, possibly

because of interplay between the carbonyl and carboxyl groups of the polymer.

3.3.3. In vitro release profile
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Figure 3.3. FTIR spectra Qr (free), PLGA and Qr-NPs.

The cumulative percentage drug release curve of Qr-NPs in PBS may be found displayed
in Figure 3.4A. After six days, the graph shows that 69 + 4.2% of the free Qr has been

released into the free state. The initial burst release (25 £ 2.9% during the first 12 hours)

may have been the result of the rapid dissolving of drug attached on the surface and

positioned near the surface of the NPs, while the subsequent, slower, continuous release

at extremely slow rates lasted for almost 6 days. This would imply that the PLGA

polymer would deliver the drug in a measured and consistent manner.
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3.3.4. Cytotoxicity assessment

In order to determine the cytotoxic effects of free Qr and Qr-NPs on the HepG2

cell line, the vitality of the cells was measured with the MTT test. This test was

used to determine whether or not the free Qr and Qr-NPs were able to kill the

HepG2 cells (Figure. 3.4B). The study comprised up to a total of 50 hours of

observational time. The concentration of NP was determined to be such that the Qr

content would fall within the range of plasma levels that could be attained by

humans. It was discovered that the cytotoxicity of the NPs that were loaded with

the drug was significantly higher than that of the free drug, even when the free drug

was given at a concentration that was ten times higher. There was a direct

correlation between the residence time of a drug in the system and the level of

cytotoxicity it produced. Because of its prolonged release features, the

nanoparticulated formulation might have a higher cytotoxicity than its free

counterpart.
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Figure 3.4. In vitro drug release profile of Qr-NPs (A), MTT cytotoxicity studies
of free Qr and Qr-NPs against HepG2 cells (B) and fluorescent microscopic
images of HepG2 cells treated with FITC-loaded PLGA NPs.
3.3.5. Cellular uptake
Confocal laser scanning microscopy was used to evaluate the cellular uptake efficiency
of FITC-loaded PLGA NP suspension in HepG2 cell line. Nucleus staining was
performed using DAPI. PLGA NP uptake (green colour) is shown in Figure. 3.4C. The
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images show the entrapment of the NPs within the intracellular space. Phagocytosis
could be the process by which the cell engulfs the NPs.
3.3.6. In vivo effects
Animal experiments were done to determine the efficacy of the Qr-loaded
nanoparticulated formulation. CCls is one of the most commonly used chemicals in
experimental study of hepatocellular injury. Oxidative stress occurring due to CCl,
metabolism plays an important role. Liver damage by CCls increases the membrane
permeability and releases the enzymes into circulation, which can be measured in the
serum. The levels of ALP and SGPT were increased significantly in CCl4 treated group.
Though treatment with free Qr prior to CCl, treatment could not significantly reduce
elevated enzyme levels, there was significant restoration of the levels on the
administration of Qr-NPs (Table 3.2) before CCl,4 treatment.

Table 3.2. Effect of oral treatment with Qr-NPs on blood serum biochemical parameters
in CCls-induced acute hepatocellular injury.

Parameters Normal CCly-treated A+free A+empty A+ Qr-NPs
group (A) Qr treated NP treated treated
AP 298 +8.2 721 +46.7* 651+6.8 765+12.4 353+ 14.3*
(unit/l)

SGPT (1U/l) 81+115 193 +13.8* 162+21.3 181+89  105+6.5*
Urea(g/l) 0.303+0.12 0.551+0.35* 0.495+0.31 0.501 +0.22 0.352 + 0.25*

Creatinine ~ 163+12  621+3.2*  500+36 59.8+21 23.1+4.2*
(mg/1)

Results are expressed as mean + SD of six animals. CCl,-treated group was compared
with the normal group and Qr-NPs treated group was compared with CCls-treated group.
*
p <0.001
After receiving therapy with Qr-NPs, the animals in the study's experimental group saw

significant decreases in their serum levels of urea and creatinine (Table 3.2). These
studies indicate the protection of structural integrity of hepatocytic cell membrane by
nanoformulation of Qr. When compared to the free dug treated groups, the serum
creatinine and urea levels of the test group that had been pre-treated with Qr-NPs were
much lower than those of the free dug treated groups. In the CCls-treated rats, these levels
had dramatically increased. However, pre-administration of nanoparticlulated Qr caused
marked diminutions in the levels of these biomarkers of renal disorder. As kidney is the
excretory organ, it might be accumulating some of the bioactive flavonoids offering
nephroprotection. The oxidative stress that is brought on by the metabolism of CCl in
the liver is what aids in facilitating hepatic fibrogenesis. The poisoning caused by CCl,4
resulted in the loss of structural integrity of cell membranes. In rats that had been

inebriated with CCl4, the content of lipohyhydroperoxide in the liver homogenates was
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significantly higher when contrasted with that of the control group. The treatment with
Qr-NP resulted in a significant reduction in these values (Table 3.3).

Table 3.3. Effect of oral treatment with Qr-NPs on GSH, catalase, lipid peroxide and
SOD activities of liver in CCls-induced acute hepatocellular injury.

Parameters Normal  CCls-treated A+free  A+empty A+ Qr-NPs
group (A)  Qrtreated NP treated treated

Lipohydroperoxide 1.8+0.25 3.9+056* 3.6+012 34+052 23%0.09*
(umole/mg protein)
Catalase (umole  9.1+1.2 3.6+£0.62* 41+052 38+022 82+0.12*
H20:
reduced/min/mg
protein)
GSH (ug/g tissue) 11.3+1.3 49+065* 6.1+032 45+011 10.2+0.12*

SOD (% auto-  2543+12 9.61+24* 1192+18 11.92+1.8 20.58+2.6*
oxidation
of pyrogallol)

Results are expressed as mean + SD of six animals. CCl, treated group was compared
with the normal group and Qr-NPs treated group was compared with CCl, treated group.
*
p <0.001

CCly4 induces oxidative stress, and cells develop several enzymatic and non-enzymatic

defences to combat the stress. Catalase and SOD are antioxidant enzymes whereas GSH
is the endogenous antioxidant that maintain intracellular redox balance and detoxify
reactive oxygen species. CCls induced hepatotoxicity resulted in a significant decrease in
SOD, Catalase and GSH levels (Table 3.3). Administration of Qr-NPs provided
significant elevation in SOD, Catalase and GSH levels. Qr not only scavenges the free
radicals formed due to CCls metabolism but also protects the liver by restoring the levels
of various antioxidants by modulating the intracellular signalling systems. Histological
examinations of liver sample (Figure. 3.5) also revealed severe liver injury in CCl,
damaged groups. Liver damage includes gross changes in cellular boundaries, ballooning
degeneration and broad infiltration. These changes were markedly reduced by the
administration of Qr-NPs before CCl, treatment as evidenced by the appearance of
normal cellular features with prominent nucleus, absence of ballooning degeneration,
minimal cellular infiltration and well brought out central vein as observed in liver section

of control groups.
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Figure 3.5. Microscopy images of H & E stained liver of rats treated with olive oil
(Normal), CCl, (damaged) and CCl4 + Qr-NPs treated.

Hepatoprotective activity of nanoparticulated Qr was further studied on CCl, induced
acute liver damages (in rat model) by radionuclide scintigraphic studies using 99mTc-
labeled sulphur colloid and 99mTc-mebrofenin. We thus developed a new probe for the
evaluation of hepatoprotective efficacy of nanoparticulated Qr by non-invasive nuclear
scintigraphy. 99mTc-labeled sulphur colloid has been well used for years as liver
scintigraphic agent to image the reticulo-endothelial system. This is well documented
whereas dynamic 99mTc-mebrofenin SPECT scan has been used to measure total liver
function and diagnose parenchymal disorder. Both the radiopharmaceuticals can delineate
normal healthy liver tissue from the damaged one. 99mTc-sulphur colloid imaging
studies were performed in rats of normal, acutely damaged and test groups. The
anaesthetized animals were placed anteriorly under gamma camera. An irregularity (or
hole) in the liver was seen on scintigraphic images (Figure 3.6A) in the region of reduced
assimilation in rats treated with CCl.. The test group (Qr-NPs treated) saw no sign of this

harm.

52



Chapter 3 Fabrication of surfactant-free quercetin loaded PLGA nanoparticles:
Evaluation of hepatoprotective efficacy by nuclear scintigraphy

= o -

CCl 4 intoxicated Group Qr-NP treated Group

Normal Group

. — e
10 20 30 40 30 60
ming

Qr-NP treated Group

lmin S min 15 min 30 min
C

Normal Group Q g ‘ .

Normal Group CCl 4 intoxicated Group

CCly i i
4g l‘l‘l)lltltl))mcated J . ' ‘

Qr-Np treated g e ‘
Group ’

Figure 3.6. (A) Scintigraphic images of 99mT c-sulphur colloid acquired at 30 min post
injection time period of Normal, CCls- intoxicated and Qr-NPs treated rats. (B)
Hepatobiliary clearance curve and (C) scintigraphic images at different post injection time
period of 99mTc-mebrofenin in Normal, CCls- intoxicated and Qr-NPs treated rats.

In dynamic studies with 99mTc-mebrofenin, the liver was visible very promptly in
normal control rats immediately after injection; this was followed by rapid clearance
(Figure. 3.6B). In rats treated with CCls4, there was no change in the amount of 99mTc-
mebrofenin absorbed by the liver; however, the amount of 99mTc-mebrofenin excreted
was dramatically reduced. The pattern of 99mTc-mebrofenin excretion was moderate in
the group that was treated with Qr-NPs; it was neither exceptionally fast nor very
sluggish, which indicates that the animals have recovered from their injury. Scintigraphic
images (Figure. 3.6C) at different time points (1, 5, 15, and 30 mins) also exhibit liver
uptake and excretion of 99mTc-mebrofenin. At 1 and 5 min, intense activity on the liver
was observed in animals of all three groups. However, in normal and NP-treated animals
99mTc-mebrofenin began to excrete at 5 min, was substantially cleared out at 15 min
and was totally cleared at 30 min leaving a shadow of liver. In contrast, the activity

retained in the liver up to 15 min in CCls-treated group and slowly excreted out. These
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studies have demonstrated the utility of non-invasive scintigraphic methods to evaluate
the hepatoprotective efficacy of nanoparticulated Qr.
3.4. Conclusion
Various oxidative stresses damage the hepatic cells. Both acute and chronic
hepatocellular disorder are very fatal to mankind. During the last two decades the role of
Qr has been widely explored for counteracting chemical induced hepatotoxicity. Recent
research has led to the development of sophisticated nanoparticulate technology to
improve the therapeutic efficacy of bioflavonoids. The present study reports the
preparation of Qr-NPs by dialysis method avoiding surfactants and chlorinated solvents.
Hepatoprotective efficacy of nanoparticulated Qr has been evaluated noninvasively based
on findings of liver scintigraphy by 99mTc-sulphur colloid and 99mTc-mebrofenin.
Overall, the studies may be considered as starting point for the development of a novel
method to monitor the hepatoprotective efficacy of nanoparticulated drug delivery
system. This approach is being utilised for monitoring the hepatoprotective efficacy of
other nanoparticulated bioflavonoids.
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Chapter 4 Apigenin-loaded galactose tailored PLGA nanoparticles:
A possible strategy for liver targeting to treat hepatocellular carcinoma
4.1. Introduction
The incidence of hepatocellular carcinoma is one of the leading causes of death from
cancer on a global scale (Chakraborty et al., 2020). It is the seventh most common type of
cancer found in females and the fifth most common type found in males (Mittal et al.,
2013). Over a half-million of newly diagnosed cases of HCC appear per year (Mittal et
al., 2013). An extremely poor prognosis worsens the recovery of this disease. Early
diagnosis of HCC can have some therapeutic options, such as surgical liver resection,
liver transplantation, and chemotherapy (Yang et al., 2019). However, HCC is mostly
diagnosed at an advanced stage, where chemotherapy remains the only therapeutic option
(Chakraborty et al., 2020). Thus, target-specific delivery of chemotherapeutic agents is a
primary therapeutic requirement in its therapeutic management. API is an edible naturally
occurring flavonoid that exhibited significant anticancer potential in preclinical studies
without imparting toxic effects to normal cells. It is an excellent apoptosis inducer to liver
cancer cells and can exhibit significant chemo-preventive and/or tumor-suppressive
effects against HCC. API induces apoptosis in liver cancer cells by increasing cellular
ROS production mediated through NADPH oxidase activation. In addition, it can inhibit
tumor proliferation by inhibiting the cell cycle at G1 and G2/M phases (Imran et al.,
2020). cDNA microarray expression analysis revealed that APl can regulate 1764 genes
in human hepatoma cells (Cai et al., 2011). Suppression of USP-18/IL-4R and Nrf-
2/P13K/Akt signaling and activation of P53/P21/Waf-1 and P38/P21/cyclinD1 pathways
were found to be accountable for its chemotherapeutic effect against HCC in different
preclinical assays (Imran et al., 2020; Cai et al., 2011; Li et al., 2020). Yet API's poor
pharmacokinetic properties greatly restrict its chemotherapeutic potency (Dewanjee et al.,
2020). A high level of protein binding and its poor release from the protein-bound form
also restricts its chemotherapeutic effectiveness following parenteral delivery (Cao et al.,
2011). In these aspects, nanoencapsulation can serve as efficient drug delivery to overturn
the aforementioned limitations of free API. PLGA is a USFDA-approved biodegradable
and biocompatible polymer. It is feasible to encapsulate medications that have a low
solubility in NPs that are based on PLGA. This makes it possible for the medications to
extravasate through the vasculature of the tumour due to an increased permeability and
retention effect (Acharya et al., 2011). According to Peca et al. (2012), liver cells have a
high concentration of asialoglycoprotein receptors, which makes it more likely for those
cells to take up polymers that have been galactosylated. Galactose-polymer conjugate
offers an amphiphilic structure and during NP formulation, the drug gets encapsulated in
the inner hydrophobic core and the outer hydrophilic shell with galactose moieties is

available for asialoglycoprotein receptor recognition (Peca et al., 2012). As a result of
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this, efforts have been made to develop API-encapsulated galactosylated-PLGA
nanoparticles (API-GAL-NPs) so that API can be administered in a manner that is both
more effective and more precisely targeted, hence leading to increased therapeutic
efficacy in the treatment of HCC. After PLGA had been galactosylated using a
straightforward esterification approach, API-GAL-NPs were manufactured using the
nanoprecipitation method with GAL-PLGA serving as the polymer. This method was
used to create API-GAL-NPs. In order to establish the efficacy of the engineered NPs,
tests both in vitro and in vivo were conducted on the particles. When it comes to the
efficiency of their respective therapeutic effects, free APl and API-NPs were put up
against one another.
4.2. Materials and methods
4.2.1. Materials
API was purchased from Otto Chemie Pvt Ltd., Mumbai, India. PLGA with L/G molar
ratio of 50:50 (Resomer RG504H) and Kolliphor P188 (Poloxamer 188) were gifted by
Evonik India Pvt. Ltd., Mumbai, India and BASF, Mumbai, India, respectively. FITC,
DAPI, and acetone were purchased from Sigma Aldrich (St. Louis, Missouri, USA),
Invitrogen (California, USA) and Fischer Scientific (Mumbai, India), respectively.
HepG2 cells were procured from NCCS, Pune, India. FITC-Annexin V/propidium iodide
(PD) double staining assay kit (Catalog No.: 556547) was purchased from BD
Biosciences, USA. Primary antibodies p53 (SC #6243), COX-2 (SC #166475), Bcl-2 (SC
#7382), BAX (SC #7480), Bcl-xL (SC #8392) and B-Actin (SC # 47778) were obtained
from Santa Cruz Biotechnology. Horseradish peroxidase (HRP) conjugated secondary
antibody (A9044) was obtained from Sigma-Aldrich, St. Louis, Missouri, USA. 99Mo
was procured from Bhabha Atomic Research Centre (Mumbai, India) and 2-butanone
extraction of a 5 N NaOH solution of 99Mo0Oy" yielded 99mTcO, . All the remaining
chemicals used in the experiments were of analytical grade.
4.2.2. Synthesis of GAL-PLGA
Synthesis of GAL-PLGA was carried out as method outlined in earlier research (Peca et
al., 2012). To summarize the method, 4 pl of methane sulfonic acid was added to a
solution of galactose (1mg/ml) in dry dimethylformamide with continuous stirring for 5
min, to which 200 mg PLGA was added and stirred for 24 h at 60 °C. Ice-cold distilled
water was added to it and the synthesized polymer was separated by centrifugation
(10000 rpm). Pellet was washed repeatedly with ultrapure water and lyophilizated to yield
PLGA-galactose conjugate. Galactosylation of PLGA was confirmed by 1H-NMR
spectroscopy (Bruker, DPX 300 MHz NMR Spectrometer, Wissembourg, France) (Peca
etal., 2012).
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4.2.3. Formulation of NPs

API-GAL-NPs and API-NPs were prepared using nanoprecipitation technique as

described by Fessi and colleagues (Fessi et al., 1989). Both the polymer, PLGA or GAL-

PLGA, and the drug API, were dissolved in acetone at a concentration of 0.5 mg/ml and 5

mg/ml, respectively. The resulting organic drug-polymer solution was poured into 50 ml

ultrapure water containing 250 mg of poloxamer 188 under moderate magnetic stirring.

The aqueous phase immediately turned milky due to the formation of NPs. Stirring was

continued overnight to evaporate acetone diffused towards the aqueous phase. NPs were

then recovered by ultra-centrifugation at 18,000 rpm for 30 min. The pellet thus obtained

was washed (3-4 times) using ultrapure water and finally lyophilized to obtain free-

flowing powder of NPs. The formulated API-GAL-NPs and API-NPs were stored at 4°C

for further use. Fluorescent NPs were prepared following the same protocol by replacing

APl with FITC (12.5 mg).

4.2.4. Characterization of NPs

4.2.4.1. Particle size distribution and zeta potential analysis

The size distribution, mean particle size, polydispersity index (PDI), and zeta potential of

the NPs in the suspension were assessed with the use of a zeta potential analyzer (Zeta

Plus, manufactured by Brookhaven Instruments and located in Holtsville, New York,

United States) (Baishya et al., 2016).

4.2.4.2. Surface morphology of NPs

FESEM (Jeol JSM-7600 F, Tokyo, Japan) and TEM (FEI, Tecnhai G2 SPIRIT Bio Twin,

Czech Republic) were utilized for the purpose of analyzing the surface morphology of

API-NPs and API-GAL-NPs employing techniques that were previously reported

(Baishya et al., 2016).

4.2.4.3. Physicochemical characterization of NPs

Based on a previously established protocols, we used UV-Vis spectroscopy to determine

drug loading, encapsulation efficiency, and yield in terms of percentage (Gaonkar et al.,

2017). FTIR, differential scanning calorimetry, and X-ray powder diffraction analyses

ascertained the physicochemical compatibility between API, polymer, and the other

formulation ingredients (Gaonkar et al., 2017).

4.2.5. In vitro release studies

The release of APl from API-NPs and API-GAL-NPs in PBS at different time intervals

was investigated for 8 days following a cumulative drug release protocol reported

elsewhere (Ganguly et al., 2016).
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4.2.6. Stability study

Using methods that have been published by Gaonkar and his colleagues, the stability of

lyophilized API-NPs and API-GAL-NPs were tested for their size distribution, zeta

potential, PDI, drug loading, and encapsulation efficiency after being stored at 4+1°C for

90 days (Gaonkar et al., 2017).

4.2.7. In vitro studies

4.2.7.1. Cell culture

HepG2 cells were cultured in EMEM fortified with 10% FBS and antibiotics solution

(Hi-Media, Mumbai, India) and the culture was maintained at 5 % CO2, 90 % humidity,

and 37 °C temperature in an incubator (Ganguly et al., 2016).

4.2.7.2. Cellular uptake studies

In vitro cellular uptake of API-NPs and API-GAL-NPs by HepG2 cells was determined

gualitatively and quantitatively by confocal laser scanning microscope (Olympus

FluoView FV10i, Olympus, Tokyo, Japan) and flow cytometer (BD LSRFortessa™, BD

Biosciences, CA, USA), respectively (Gaonkar et al., 2017). The cellular assimilation of

API-GAL-NPs in presence of galactose was determined by blocking studies (Siu et al.,

2018).

4.2.7.3. Cytotoxicity studies

An MTT-based colorimetric assay was used to assess the cytotoxic potentials of API,

API-NPs, and API-GAL-NPs against HepG2 cells (1x104 cells/well) at two different time

points (24 and 48 hours) (Ganguly et al., 2016).

4.2.7.4. Apoptosis assay

The apoptotic effects of API, API-NPs, and API-GAL-NPs on HepG2 cells were

measured using a FITC-Annexin V/propidium iodide (PI) double staining assay kit (BD

Biosciences, NJ, USA) in a flow cytometer (BD LSRFortessaTM, BD Biosciences, CA,

USA) in accordance with the instructions provided by the manufacturer of the Kit.

4.2.8. Invivo studies

4.2.8.1. Pharmacokinetic studies

The pharmacokinetic study of API, API-NPs and API-GAL-NPs were performed in

plasma samples collected from Wistar rats following the established protocol by our

group (Gaonkar et al., 2017). Briefly, the animals were treated with the aforementioned

formulations (equivalent dose of 9.2 uM of API/animal, i.v.) and blood samples were

collected at predetermined time points (1, 2, 4, 8, 12, 24 and 48 h) post-administration,

and plasma was separated. The samples were then analyzed in Dionex UltiMate 3000

HPLC system (Dionex, ldstein, Germany) using a Hypersil GOLD-C18 column (250 x

4.6 mm and particle size of 5 um; Thermo Scientific™ Hypersil GOLDTM, MA, USA)
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and eluted with water: acetonitrile: methanol (40:35:25 v/v/v) at a flow rate of 1.0
ml/min. API was detected by UV detection at a wavelength of 340 nm (Sahu et al., 2019).
The pharmacokinetic parameters were estimated using PKSolver (A freely available add-
in program for pharmacokinetic data analysis in Microsoft Excel). Zhang and colleagues
(Zhang et al., 2010) validated PKSolver with respect to other professional PK softwares
and established the reliability of this software. Different research groups successfully
employed PKSolver to determine pharmacokinetic parameters (Balakumar et al., 2013;
Abdelwahab et al., 2021).
4.2.8.2. Invivo antitumor efficacy study
Adult male Wistar rats were randomly divided into five groups (N = 7). Animals in Gr-I
(normal control) received three doses of olive oil (0.5 ml/animal). All animals in Gr-II,
Gr-111, Gr-1V, and Gr-V received DEN (200 mg/kg b.w. in olive oil, i.p.) three times at an
interval of 15 days. Gr-Ill, Gr-1V, and Gr-V were treated with API, API-NPs, and API-
GAL-NPs (equivalent dose of 9.2 uM of APIl/animal, i.v.) once a week for 16 weeks,
respectively. Gr-1 and Gr-l1l (DEN-treated control) were treated with normal saline
(Ghosh et al., 2012). DEN-treated control served as the HCC control group. After 18
weeks, two animals (from each group) from Gr-1, Gr-ll, and Gr-V were injected with
99mTc-labeled sulfur colloid (30pul; 3.7 MBg/animal) and 99mTc-labeled mebrofenin (50
pb), and viewed under a gamma camera (Ganguly et al., 2016).
4.2.8.3. Serum enzyme parameters
As described by Ganguly et al., (2016) levels of alanine aminotransferase (ALT),
aspartate aminotransferase (ALP), and aspartate aminotransferase (AST) were measured
using bioassay kits manufactured by Coral Clinical Systems in Goa, India using protocols
outlined by the manufacturers. These kits were used to analyze the enzyme parameters
from blood samples taken from animals in both the control group and the treated group.
4.2.8.4. Western blot analysis
In accordance with the established protocol, protein samples were extracted from liver
tissues collected from patients participating in a variety of treatment groups (Joardar et
al., 2019). To be more specific, 10% SDS-PAGE gel electrophoresis was carried out on
the sample proteins (10 pg), and the proteins that were successfully separated were
subsequently loaded onto a nitrocellulose membrane. After being blocked initially, the
membrane was then subjected to an incubation with the primary antibody at a temperature
of 4°C for an overnight period of 12 hours. After being washed, the membrane was
incubated with a secondary antibody that was HRP-conjugated for one hour at room
temperature. The immunoblot was developed by an ECL substrate (Millipore,

Massachusetts, United States), and the detection was carried out with a ChemiDoc touch
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imaging system (Bio-Rad, USA). The amount of protein that was loaded onto the blot
was measured using the protein B-actin as a standard. Level 1 of the intensity scale
corresponds to the normal control band (Dua et al., 2021). Image Lab was utilised for the
purpose of carrying out densitometric analysis (Bio-Rad, USA). Analyses were performed
on the levels of expression for P53, Bcl-xL, Bcl-2, and Bax proteins.
4.2.8.5. Gelatin zymography analysis
MMP-9 and MMP-2 activities were measured using gelatin zymography analysis
(Sivaramakrishnan et al., 2009). PBS extracts of liver tissue were resolved on an SDS-
PAGE gel containing 1 mg/ml gelatin by employing specific conditions that did not
involve reduction. After being cleansed, the gels were incubated in a calcium assay
solution at 37°C for a period of 24 hours. Finally, it was stained using 0.5% Coomassie
blue followed by destaining with methanol:acetic acid:water (4:1:5 v/v/v) until the bands
were clearly visible. The zones of gelatinolytic activity appeared as negative staining.
4.2.9. Statistical analysis
For the statistical analysis of the data, version 7.0 of the Graph Pad Prism programme was
utilised, and a one-way analysis of variance (ANOVA) followed by a post hoc Dunnett
and Sidak test was carried out. After much deliberation, it was agreed that a minimum
significance level of p< 0.05 was required.
4.3.Results
4.3.1. Structural confirmation of galactosylation of PLGA
The anomeric OH- functional group of galactose reacted with the free -COOH group of
PLGA in acidic conditions catalyzed by methane sulfonic acid. This esterification was
conducted in DMF media. The conjugation was confirmed by 1H-NMR spectroscopy
(Figure 4.1). *H-NMR spectra of PLGA depicted various chemical shifts between 1.57
ppm correspond to methyl proton (-CHs), 4.82 ppm due to methylene proton (-CH,), and
between 5.22 ppm due to methyne proton (-CH). The chemical shifts were observed in
the 'H-NMR spectra of galactosylated-PLGA, wherein an additional peak at 4.32 ppm
appeared due to the galactose unit. The extent of galactosylation can be measured by

comparing the relative peak areas of the -CHs and -CH» of PLGA and peaks of galactose.
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Figure 4.1. *H-NMR spectra of PLGA and GAL-PLGA

4.3.2. Characterization of NPs

In order to characterize the NPs that were formulated, measurements were conducted to
assess the particle size, the particle size distribution, and the zeta potential. A comparison
of API-NPs and API-GAL-NPs revealed that the former displayed a PDI of 0.041 +0.004
(Table 1) and a mean particle size of 110.0 nm (Figure 4.2A), while the latter displayed a
PDI of 0.059+ 0.007 (Figure 4.2A) and a mean particle size of 129.0 nm.

Table 4.1. NPs characterization and stability studies

Initial After storage at 4°C for 90 days
Formulation codes API-NPs API-GAL-NPs API-NPs API-GAL-NPs
PLGA grade 50:50 50:50 - -
Size (nm) 110.0 £ 25 129.0+ 16 122.2+11.2%  137.7+13.8NS
Zeta potential (mV) -25.0+1.3 -14.0+0.9 258+ 15N  -147+08M
PDI 0.041 + 0.004 0.059 + 0.007 0.049 £ 0.018NS  0.079 £ 0.01NS
% Yield 76.3+2.2 70.1+35 -N/A- -N/A-
Drug loading (DL, %) 51+0.9 53+0.6 4.9+0.7N 52+0.5M
Encapsulation 703+26 75.4+12 68.5+3.1N 72.8+25N

efficiency (EE, %)

Results are expressed as mean £ SD (n = 3). NS represents non-significant. The stability
data of each group was statistically compared with the initial data.

Products with low PDI values have particles of a consistent size throughout the

formulation. The DLS approach was utilized to arrive at the following conclusions
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regarding the average zeta potential of API-NPs and API-GAL-NPs: -25.0 and -14.0 mV,
respectively (Figure 4.2B). Due to the galactosylation procedure, the zeta potential of the
nanoparticles produced from GAL-PLGA is anticipated to be lower than that of the
nanoparticles manufactured from PLGA. The assimilation of NPs by the
reticuloendothelial system (RES) in both the liver and the spleen is facilitated by a
negative zeta potential. In formulations that were kept at 4°C for 90 days, the particle
size, particle distribution index, and zeta potential did not significantly change, which
confirmed that the NPs are stable (Table 4.1).
4.3.3. Drug loading and encapsulation efficiency
API-NPs and API-GAL-NPs exhibited ~5.1 and 5.3% wi/w of drug loading and ~70.3 and
75.4 % of encapsulation efficiency, respectively (Table 4.1). Drug loading in NPs was
optimum; whereas, encapsulation efficiencies were sufficiently high. Galactosylation of
PLGA does not affect API entrapment in NPs.
4.3.4. Surface characteristics of NPs
FESEM images of API-NPs and API-GAL-NPs showed that the NPs were spherical in
shape, homogeneously, and thickly distributed having a smooth outer surface (Figure
4.2C). TEM images revealed a smooth surface characteristics and entrapment of drug
within the NPs (Figure 4.2D). The diameter range of the NPs as obtained from FESEM
(60-120 nm) and TEM (85-160 nm) analyses were concurrent with the data obtained in

DLS analyses.
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Figure 4.2. Size distribution, zeta potential, and morphology of API-NPs and API-GAL-
NPs. (A) Particle size distribution profile, (B) zeta potential distribution pattern, (C)
FESEM images, and (D) TEM images.
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4.3.5. Physicochemical characteristics of NPs
4.3.5.1. DSC and XRD study
The DSC thermogram of API showed a melting endothermic peak at 359.2°C (Figure
4.3A). PLGA and GAL-PLGA being amorphous did not exhibit any sharp endothermic
peak in their respective DSC thermograms. It is likely that the absence of the endothermic
peak of API in the corresponding DSC thermograms of API-NPs and API-GAL-NPs is
due to the change of API from its crystalline state to its amorphous state during the nano-
formulation process. The nanoencapsulation procedure may result in less crystallinity and
amorphization in the final formulation, which may contribute to the formulation's
increased stability. The outcomes of the XRD investigation provided solid backing for the
DSC analysis results that were discussed previously. Due to the fact that API is a
crystalline material, the XRD spectrum of the substance displayed peaks that were
prominent and easily distinguishable (Figure 4.3B). It was determined that PLGA and
GAL-PLGA were amorphous due to the absence of a prominent peak in their XRD
spectra (Figure 4.3B). After nanoencapsulation, the disappearance of the API's
characteristic peaks in API-NPs and API-GAL-NPs was regarded as evidence that the
API had transitioned from a crystalline form to an amorphous state (Figure 4.3B).
4.3.5.2. FTIR spectroscopic analysis
In the FTIR spectrum of the physical mixture, APl, PLGA, GAL-PLGA, and poloxamer
can all be identified as peaks, albeit with some minor shifts The characteristic peaks of
API at wavenumber 3272.17cm (assigned to O-H stretching of free -OH group), 1650.97
cm?® and 1605.89 cm (attributed to C=0 stretching of carbonyl function), and a strong
band at 1353.84 cm™ (assigned to the C-O stretching couple with C-C stretching modes)
were present. Apart from this, comparatively strong bands at 1556.27 cm™, 1498.50 cm !
and 1243.97 cm™ have been attributed to the aromatic ring stretching vibrations of
apigenin. The FTIR spectrum of PLGA and GAL-PLGA showed bands at 2996.86-
2949.34 cm* region and in 3000.99-2955.41 cm™ region, respectively representing O-H
stretching of hydroxyl function. Similarly, intense C-O stretching band due to the ester
function of PLGA and GAL-PLGA appeared at 1754.70 cm? and 1759.24 cm
respectively. The FTIR spectrum of poloxamer revealed characteristic bands at 2880.52
cm?® (assigned to aliphatic C-H stretching), 1341.79 cm? (attributed to in-plane O-H
bending) and 1101.92 cm™ (assigned to C-O stretching). Physical interactions such as the
production of weak hydrogen bonds, the force of attraction exerted by Vander-Waals,
dipole-dipole interactions, and other similar phenomena were all contributors to the slight

repositioning of the peaks. The presence of distinctive peaks of the API is evidence that
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the API did not participate in any chemical reactions with the excipients. This is a

corollary to the previous statement.
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Figure 4.3. (A) DSC thermograms, (B) XRD diffractograms, and (C) FTIR spectra of
API, PLGA, GAL-PLGA, POLOXAMER, API-NPs, and API-GAL-NPs. (D) in vitro
drug release showing cumulative % of drug release of API-NPs and API-GAL-NPs.

4.3.6. In vitro drug release and kinetic study

In vitro drug release profile of nanoformulations revealed a biphasic release profile of the

formulations as characterized by initial burst release followed by a slow and sustained

drug release for about 8 days as depicted in Figure 4.3D. An initial burst release of API
(at the end of 8 h) were 131.5 % from API-NPs and [121 % from API-GAL-NPs. At the
end of 8 days, % cumulative drug releases were [188 and 86 % from API-NPs and API-
GAL-NPs, respectively. When compared to API-NPs, API-GAL-NPs had a slower rate of
API release. In addition, there was very little to no change between the drug release
profiles of API-NPs and API-GAL-NPs, which indicates that galactosylation did not have

any effect on the drug release profile. In addition, the drug release kinetic pattern was
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analyzed using the zero-order, first-order, Korsmeyer-Peppas, and Higuchi Kkinetic
models. There are a lot of different values of the regression coefficient (R?) displayed for
the different kinetic models. According to the findings, it would appear that the Higuchi
kinetic model is the one that most accurately explains the linearity of both formulations
(R? = 0.991 and 0.994, respectively, for API-NPs and API-GAL-NPs). The fact that the
Fickian drug release mechanism is indicated by the 'n' number in the Korsmeyer-Peppas
equation suggests that both formulations share this characteristic.

Table 4.2. Data for various kinetic models for NPs obtained from in vitro
drug release studies.

Kinetic models API-NPs API-GAL-NPs
y = 0.4904x + 22.323 y = 0.3933x + 16.938
Zero order
R?=0.8916 R?=10.9251
y =-0.0051x + 1.9152 y =-0.0038x + 1.9422
First Order
R?=0.9557 R?=10.9796
) ) y = 6.3439x + 9.6685 y =5.7969x + 3.9925
Higuchi
R?=0.9914 R?=0.9943
y =0.327x + 1.1938 y = 0.4088x + 0.9708

Korsmeyer-Peppas
R?=0.9795; n = 0.327 R?=0.988; n = 0.4088

4.3.7. In vitro studies

4.3.7.1. Cellular uptake and internalization

The quantitative measurement of cellular uptake behavior of FITC-labelled galactose
conjugated (FITC-GAL-NPs) and unconjugated (FITC-NPs) NPs by HepG2 cells were
determined at different intervals (15, 30, 60, and 120 min) by flow cytometric analysis
(Figure 4.4A and B). The internalization of galactosylated-NPs by the cells was
significantly decreased in presence of excess galactose (Figure 4.4C). FITC-GAL-NPs
exhibited favorably high cellular internalization relative to FITC-NPs at all the time
points (Figure 4.4D). The decrease of internalization of galactosylated-NPs in presence of
excess galactose may arise due to competitive inhibition of asialoglycoprotein receptors
present on the surface of the HepG2 cells by the excess of galactose. Qualitative analysis
by confocal microscopic studies also revealed that the intracellular fluorescence intensity
of the cells treated with galactosylated-NPs was stronger than that treated with non-
galactosylated one (Figure 4.4E). Thus, galactosylation enhances cellular internalization

and may strengthen the biological activity of the formulation.
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Figure 4.4. In vitro cellular uptake of galactosylated and non-galactosylated NPs in
HepG2 cells at different time points. (A) Cellular uptake of FITC-NPs. (B) Cellular
uptake of FITC-GAL-NPs. (C) Cellular uptake of FITC-GAL-NPs in the presence of
galactose (blocking condition). (D) Histogram representing the cellular uptake of FITC-
NPs, FITC-GAL-NPs, and FITC-GAL-NPs (blocking condition) at different time points.
Results are expressed as £ SD (n = 3). (E) Confocal microscopic images representing
cellular uptake of FITC-NPs and FITC-GAL-NPs in HepG2 cells at a time interval of 2 h.
FITC exhibits green fluorescence and DAPI (nuclear stain) exhibits blue fluorescence.

4.3.7.2. MTT assay

The cytotoxic potentials of free API, API-NPs, and API-GAL-NPs were evaluated at two
different time intervals (24 and 48 h) by MTT assay using HepG2-cells (Table 4.3). The
concentrations of NPs were selected on the basis of API available to exert the anti-
proliferative effect. In both cases API-GAL-NPs exhibited better cytotoxic potential than
API-NPs and API-GAL-NPs. After 24 h of incubation, the IC50 value of API-GAL-NPs
(37.1 £ 3.4 uM) was significantly (p < 0.01) lower than the 1C50 values of API-NPs (77.2
+ 6.4 pM) and API (130.2 £ 8.9 uM). The anti-proliferative effect was more pronounced
after 48 h of incubation and the corresponding 1C50 values of API-GAL-NPs, API-NPs,
and API were found to be 60.1 + 7.1, 40.2 £ 5.9, and 15.9 + 4.8 uM, respectively. Better
cellular internalization of API-GAL-NPs increased cytotoxic behavior and may attribute

better anticancer potential (Figure 4.5A).
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Table 4.3. ICs values of free drug and NPs on HepG2 cells at different time intervals.

I1Cs0 Conc. (UM)

Time interval (Hours) API API-NPs API-GAL-NPs
24 130.2+8.9 77.2 £ 6.4%* 37.1 £ 3.4**#
48 60.1+7.1 40.2 +5.9* 15.9 + 4.8**#

Results are expressed as mean + SD (n = 3). *Values significantly (p < 0.05) differed
from API-treated group. **Values significantly (p < 0.01) differed from API-treated
group. *Values significantly (p < 0.001) differed from API-treated group.

4.3.7.3. Apoptosis study

After treating HepG2 cells (ICso dosage for 24 h) with API, API-NPs, and API-GAL-NPs,
we used a flow cytometric test to determine how effectively free API and each of the
formulations induced apoptosis (Figure 4.5B). HepG2 cells subjected to APl and showed
8.8% and 4.1% apoptotic cells in early and late phases, respectively. These values were
relatively high with API-NPs treatment, which exhibited 22.5% and 10.9 % apoptotic
cells at early and late phases, respectively. The apoptotic activity following API-GAL-
NPs treatment was highest, which showed 27.9% and 11.3 % of apoptotic cells at early
and late phases, respectively. Optimum particle size, sustained release of API from NPs,
and promising cytotoxic effect might have resulted in higher apoptotic potentials of API-
NPs, which was further intensified in API-GAL-NPs due to improved cellular penetration

through asialoglycoprotein receptors.
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Figure 4.5. (A) Cytotoxic effect of API, API-NPs, and API-GAL-NPs on HepG2 cells at
24 and 48 h measured by MTT assay. (B) Apoptosis induction by API, API-NPs, and
API-GAL-NPs to HepG2 cells measured by flow cytometry. (C) Plasma concentration-
time profile of API at different time points following API, API-NPs, and API-GAL-NPs
treatments. Results are expressed as + SD (n = 3). **Values significantly (p < 0.01)
differed from API-treated group. ***Values significantly (p < 0.001) differed from
API-treated group. *Values significantly (p < 0.05) differed from API-NPs-treated

group.

4.3.8. Pharmacokinetic analysis

Pharmacokinetic analysis was executed to understand the plasma profile of the drug in
experimental rats following treatment with API, API-NPs, and API-GAL-NPs (Table
4.4). Despite an initial high plasma level of APl was seen in the free drug-treated group, it
was rapidly eliminated (Figure 4.5C). In contrast, both the nanoformulations were capable
to restore a steady plasma concentration of APl up to 72 h (Figure 4.4C). At 48 h, plasma
API concentration remained ~2.6 and 2.1-fold (p < 0.001) high in API-GAL-NPs and
API-NPs-treated animals as compared to free drug-treated group, respectively.
Elimination half-life (t1/2) and AUCO-t values of API-GAL-NPs were found to be
significantly (p < 0.001) higher than API-NPs. Similarly, MRT value of API-GAL-NPs
increased by ~1.27-fold (p < 0.001) than the value for API-NPs. Drug clearance of API-

GAL-NPs is decreased by ~1.33-fold (p < 0.001) as compared to API-NPs. All these
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parameters indicate that API-GAL-NPs maintained a steady and significantly high level
of APl in the blood even up to 72 h and could provide better therapeutic efficacy than API
and API-NPs.

Table 4.4. Pharmacokinetic data

Parameters APl API-NPs API-GAL-NPs
Elimination ty (h) 26.60 + 1.203 70.79 + 1.105*** 02.28 + 1.225%**#
Chmax (ng/ml) 0.076 £ 0.0025  0.063 + 0.0033***  0.060 + 0.0027***NS

AUC 0.t (ng/ml*h) 1.41 +0.051 2.67 £ 0.044%** 2.99 + 0.035%**#

AUC o.inf (ng/ml*h)  1.87 +0.031 5.22 + 0.025%** 6.98 + 0.035%***
MRT o.inf (h) 335142114  100.88 + 2.225%**  128.75 + 2.656%**#

Cl (mg/kg)/(ng/mly/h  1.33 +0.027 0.48 + 0.015%** 0.36 £ 0.012%**#

Pharmacokinetic data where values represent mean = SD (n =3). ***Values significantly
(p < 0.001) differed from API-treated group. *Values significantly (p < 0.001) differed
from API-treated group. NS: NS: Non-significant with respect to API-treated group.

4.3.9. Antitumor efficacy of NPs in vivo

4.3.9.1. Efficacy of NPs against DEN-induced HCC

Visible nodules were observed on the liver surface of all animals in DEN-treated group
(HCC control), which signified the establishment of HCC in rats caused by DEN
treatment. A large number of nodules was developed mostly at the edge of liver
parenchyma (Figure 4.6).

Gr-1 Gr-11 Gr-V

Hepatic
nodules

Figure 4.6. Images of the livers in experimental animals. Black arrows represent hepatic
nodules developed due to DEN treatment in rat.

It was observed that the average number of nodules were significantly reduced in API-
NPs (~1.43-fold; p < 0.01) and API-GAL-NPs (~3.43-fold; p < 0.001) in carcinogenic
animals as compared to HCC control group (Table 4.5). However, no remarkable change
in nodule number was noticed in API-treated animals. Relative liver weight (RLW) was

increased in DEN-treated animals and it was significantly reduced in carcinogenic
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animals treated with API-GAL-NPs (~1.32-fold; p < 0.001) and API-NPs (~ 1.15-fold; p
< 0.05) as compared to HCC control rats (Table 4.5).

Table 4.5. Effect of API in free and NP forms on relative liver weight and hepatic
nodules in DEN induced hepatocarcinogenic rats.

Experimental o ] )
Relative liver weight (%)°  Total number of hepatic nodules

groups
Gr-l 3.21+0.21 -

Gr-l11 4.66 + 0.52% 79.22 +11.50%
Gr-111 4.41 +0.16N° 82.14 + 23.24NS
Gr-1v 4.04 £ 0.66* 54,78 £ 8.21**
Gr-V 3.52 £ 0.32*%** 23.11 £ 4.22%**

Results are expressed as mean = SD (n = 5). *Values significantly (p < 0.001) differed
from Gr-1. *Values significantly (p < 0.05) differed from Gr-11. **Values significantly (p
< 0.01) differed from Gr-Il. ***Values significantly (p < 0.001) differed from Gr-II. NS:

Non-significant with respect to Gr-11. Relative liver weight = (Liver weight/Final body
weight) x 100.

Serum ALP, ALT and AST levels were significantly increased in HCC control animals

as compared to normal control group (Table 4.6). However, treatment with API-NPs (p <

0.01) and API-GAL-NPs (p < 0.001) to carcinogenic rats significantly reduced and ALK,

AST, and ALT levels in sera as compared to HCC control animals (Table 4.6). API-

treatment though reduced serum ALK, AST, and ALT levels; however, changes

remained insignificant as compared to DEN-treated animals (Table 4.6).

Table 4.6. Effect of API and nanoparticulated APl on serum enzyme parameters

Parameters Gr-1 Gr-11 Gr-111 Gr-1V Gr-V
ALP (KA 20.22 + 112.04 + 107.09 £ 71.01 + 3214 +
units) 1.82 4.46% 6.68NS 2.12%* 1.14***
70.14 + 354,92 + 346.50 + 212.33 86.54 +
AST (1U/l)
2.11 8.86% 0.13N\s 4.89** 0.65***
30.89 + 165.44 + 156.21 + 79.67 + 4237 +
ALT (1U/)
1.65 9.55% 7.96NS 2.39** 2.22%**

Results are expressed as mean = SD (n = 5). *Values significantly (p < 0.001) differed
from Gr-I. **Values significantly (p < 0.01) differed from Gr-11. ***Values significantly
(p < 0.001) differed from Gr-Il. NS: Non-significant.

4.3.9.2. Histopathological analysis
The effects of API, API-NPs, and API-GAL-NPs on DEN-induced HCC in rats was

examined by the histopathological investigation. Haematoxylin-eosin-stained liver
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sections collected from the normal control animals (Gr-I) exhibited normal hepatocytes

arranged in the cords and the portal tracts also appeared normal.
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Figure 4.7. (A) Representative photomicrographs of haematoxylin-eosin-stained liver
section. (B) Representative photomicrographs of PAS-stained liver section. (C)
Western blot analysis expression of different apoptotic proteins and histogram

showing their relative expressions in the liver. B-Actin served as a loading control
protein. The intensity of the normal control band was assigned 1 (D) Zymogram and
histogram showing the effect on MMP-9 and MMP-2 in the liver. Results are
expressed as + SD (n = 5). *Values significantly (p < 0.001) differed from Gr-l.
**Values significantly (p < 0.01) differed from Gr-11. ***Values significantly (p <
0.001) differed from Gr-Il. NS: Non-significant.

The liver section collected from HCC animals (Gr-11) exhibited scattered lesions with
cells of ground-glass opacity, dilated hepatic veins, and loss of normal hepatic
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architecture (Figure 4.7A). Cells with the pyknotic nucleus and multinucleated
hepatocytes were observed in the HCC control group (Gr-Il) with respect to Gr-l. No
distinguishable change was observed in the liver sections of API-treated carcinogenic rats
(Figure 4.7A). API-NPs treatment in carcinogenic rats demonstrated some improvement
in liver architecture and structural integrity; however, dilated hepatic veins and lesions
were still evident (Figure 4.7A). In contrast, API-GAL-NPs treatment in carcinogenic rats
resulted in perceptible recovery in the liver architecture showing increased cell density
with escalated eosinophilic staining and more defined cord structure. Significant
reduction in hepatic lesions and abnormal cells was observed in the API-GAL-NPs-
treated group (Figure 4.7A). No PAS-positive cells appeared in the PAS-stained liver
section collected from normal rats (Gr-1) (Figure 4.7B). However, the liver sample
collected from HCC control rats showed an appreciable extent of PAS-positive reaction;
whereas, adjacent pale staining of centrilobular hepatocytes indicated an
ischemia/reperfusion injury (Figure 4.7B). Free API treatment did not have much effect
as the staining intensity was not reduced (Figure 4.7B). API-NPs-treated group (IV)
exhibited better results than the free drug-treated group evidenced by the reduction of
PAS-positive cells and nodules (Figure 4.7B). API-GAL-NPs treatment in carcinogenic
rats caused a significant reduction in the intensity of PAS-positive staining in the
cytoplasm with a concomitant reduction in pre-neoplastic nodules, which signified that
API-GAL-NPs exhibited better curative effect over API-NPs against HCC in rats (Figure
4.7B).
4.3.9.3. Western blot analysis of apoptosis markers
The therapeutic efficacy of API-GAL-NPs against DEN-induced HCC was further
estimated by studying the signaling events involved in apoptotic pathways (Figure 4.7C).
In this experiment, a prominent downregulation (p < 0.001) was noticed in the expression
of P53 and Bax proteins in the livers of HCC control animals. In contrast, API-NPs (p <
0.01) and API-GAL-NPs (p < 0.001) treatments to carcinogenic rats significantly
activated P53 and Bax expression in the liver as compared to HCC control rats. No
significant change was seen in the expression of either of the proteins in the liver of API-
treated carcinogenic rats. In search of the effects on anti-apoptotic factors, the expressions
of Bcl-2 and Bcl-xL were studies in the liver of rats that received different therapy. HCC
control animals exhibited significant upregulation (p < 0.001) in the expression of Bcl-2
and Bcl-xL in the liver. In contrast, API-NPs (p < 0.01-0.001) and API-GAL-NPs (p <
0.001) treatments significantly reduced Bcl-2 and Bcl-xL expressions in the liver of

carcinogenic animals. API treatment could only suppress (p < 0.05) Bcl-xL expressions in
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carcinogenic rats. The expression analyses of the apoptotic factors clearly indicated that
API-GAL-NPs could induce apoptosis more intensively than API-NPs.
4.3.9.4. Gelatin zymography analysis
Gelatin zymography analysis of liver tissue (Figure 4.7C) exhibited significant
downregulation of the expression of MMP-2 (p < 0.01-0.001) and MMP-9 (p < 0.05-
0.001) in API-NPs and API-GAL-NPs treated carcinogenic rats as compared to HCC
control animals. However, API-GAL-NPs treatment caused ~1.1 and 1.5-fold intense
reduction in hepatic MMP-2 and MMP-9 levels as compared to API-NPs treated group
(V).
4.3.9.5. Evaluation of hepatoprotective efficacy by scintigraphic imaging analysis
The mechanistic evaluations stated above suggested the potential efficacy of API-GAL-
NPs to treat DEN-induced HCC in rats, which could be further corroborated with

scintigraphic imaging analysis.
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Figure 4.8. Nuclear scintigraphic image analyses of normal (Gr-1), HCC control (Gr-I1),
and API-GAL-NPs-treated rats (Gr-V). (A) Representative scintigraphic images of
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99mTc-sulphur colloid acquired at 1 h post-injection. (B) Representative hepatobiliary
clearance curves of 99mTc-mebrofenin. (C) Representative scintigraphic images at
different post-injection time periods of 99mTc-mebrofenin. White arrows represented
areas of low uptake of sulphur colloids.

The function of hepatic RES was qualitatively assessed using a 99mTc-labeled sulphur
colloid imaging protocol. The anterior view of the scinti-photos revealed that uniform
distribution of 99mTc-sulphur colloid in the liver of normal control animals (Gr-I)
indicating good functioning of RES (Figure 4.8A). In contrast, hepatic distribution was
discontinuous in HCC control animals (Gr-Il) (Figure 4.8A). However, API-GAL-NPs
treatment significantly reciprocated hepatic distribution in carcinogenic animals (Gr-V),
which signified that RES function could have recovered with API-GAL-NPs treatment
(Figure 4.8A). The liver function of the normal, HCC control, and API-GAL-NPs-treated
group were also monitored non-invasively by nuclear scintigraphy approach using
99mTc-labeled mebrofenin. The normal group exhibited immediate liver accumulation
following injection of 99mTc-labeled mebrofenin and rapid excretion. The sharp rise and
fall were observed in the curve as generated from the instrument (Figure 4.8B). The
nature of the curve was very irregular in HCC control (Gr-Il) group representing slow and
erratic uptake with sluggish excretion (Figure 4.8B). However, these irregularities in
uptake and excretion were relatively reversed following treatment with API-GAL-NPs to
carcinogenic animals (Figure 4.8B). The serial images of liver uptake and subsequent
clearance for a period of 1 h at 3 min interval was also depicted in Figure 4.8C.

4.4. Discussion

Emerging evidence highlighted the chemo-preventive role of APl against various types of
cancer including HCC (Imran et al., 2020; Rodriguez-Garcia et al., 2019). It exerts
anticancer effects on human liver cancer cells by inhibiting cell growth, arresting cell
cycle, and inducing apoptosis without imparting any toxic manifestation to normal liver
cells (Chiang et al., 2006). However, a gap exists between in vitro and in vivo
observations. Poor solubility in both agqueous and non-aqueous solvents, high metabolic
transformation, and high inter-individual variability limit its in vivo effectiveness
(Dewanijee et al., 2020). Thus, a much higher in vivo dosing of API is required to achieve
a therapeutic effect against HCC in preclinical assays (Singh et al., 2004; Jeyabal et al.,
2005). In this aspect, nanoformulation of API can stand as a solution to improve its
therapeutic efficacy. Our recent observations showed that API-loaded PLGA NPs can
improve the chemopreventive efficacy of API in a murine model of HCC (Bhattacharya et
al., 2018), which encouraged us to fabricate API-PLGA-NPs to achieve better therapeutic
efficacy of API via active targeting to the liver tissues. Galactose conjugation to NP

surface can improve liver targeting as galactose is actively taken up by asialoglycoprotein
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receptors which are abundant on the hepatic parenchymal cells (Peca et al., 2012). In this
study, we aimed to prepare galacotose-tailored API-NPs to improve the therapeutic
efficacy of API-NPs against HCC by improving site (liver) specificity.
To prepare galactosylated APIl-loaded polymeric NPs, polymer (PLGA) was
galactosylated by simple esterification reaction (Peca et al., 2012). Galactose conjugation
was confirmed by 1H-NMR spectroscopy (Peca et al., 2012). The galactosylated-PLGA
was used to formulate API-loaded galactosylated polymeric NPs by nanoprecipitation
technique using poloxamer 188 as a surfactant. In selecting surfactant, poloxamer 188,
polyvinyl alcohol, and vitamin E-TPGS were initially tried; however, poloxamer 188
stood optimum and included in this formulation. DSC thermograms, XRD diffractograms,
and FTIR spectra indicated that no chemical reaction occurs between API and excipients;
however, some physical interactions and changes in physical form (crystalline to
amorphous) might be involved in the formation of NPs. API-GAL-NPs were designed to
have a spherical shape, a smooth surface, and an average diameter of 129 nm after they
were finished. They have a low PDI value, which demonstrates that API-GAL-NPs are
made up of particles of a consistent size (Bhattacharya, et al., 2018). As the API-GAL-
NPs' zeta potential of -14.0 mV was found to be within the permitted range (-30 mV to
+30 mV), it was assumed that the particles would not settle down quickly following
intravenous injection. (Bhattacharya, et al., 2018). When kept at a temperature of 4°C,
API-GAL-NPs had a drug loading of 5.3% weight-per-weight (w/w), and the NPs were
stable for at least 90 days. API-GAL-NPs, demonstrated a considerable amount of API to
be released in a short period of time (21% within 8 hours), followed by a cumulative
amount of 86% being released in 8 days. The presence of API on the surface of the NPs
may result in a quick release of drug at the beginning, whereas the incorporation of drug
into the core of the NPs enables a regulated release of drug over the course of time (Das
et al., 2015). The diffusion of the drug from the API-GAL-NPs followed the Higuchi
kinetics with a high degree of linearity (as determined by the R? values), while the release
of API exhibited Fickian behaviour.
FITC-labeled API-GAL-NPs exhibited better cellular uptake by HepG2 cells compared to
APl and API-NPs. Galactosylation might facilitate intracellular uptake through
asialoglycoprotein receptors present on the surface of HepG2 cells (Pega et al., 2012).
This has been verified by blocking studies. Asialoglycoprotein receptor-mediated active
targeting improved cytotoxic and apoptotic effects of API-GAL-NPs to HepG2 cells over
API-NPs. All these findings suggest that improved internalization of API by HCC cells
from API-GAL-NPs would potentiate its chemotherapeutic efficacy to combat HCC in

vivo. In this report, the in vivo anticancer potential of API-GAL-NPs was compared with
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API and API-NPs in DEN-induced HCC in rats. DEN-induced HCC is a well-established
murine model of liver carcinoma (Tolba et al.,, 2015). API-GAL-NPs treatment to
carcinogenic rats more effectively reduced the number of nodules and RLW than API-
NPs. A gross reduction of nodule number and RLW signifies low incidence of HCC
development and/or chemotherapeutic potential of API-GAL-NPs against HCC in rats
(Bhattacharya, et al., 2018). Emerging evidence revealed that an increased risk of HCC is
conferred by the increased levels of AST, ALT, and ALP in sera (Hann et al, 2012). In
this study, HCC control rats exhibited significant elevation in the levels of AST, ALT,
and ALP as compared to normal. In contrast, API-NPs and API-GAL-NPs both could
significantly reciprocate AST, ALT, and ALP levels in sera of carcinogenic rats;
however, API-GAL-NPs exhibited better therapeutic efficacy. Histological examination
revealed that API-GAL-NPs could significantly reduce hepatic lesions, abnormal cells,
and glycogen deposition in liver and restore hepatic architecture to near-normal status.
API-NPs also ameliorated the tissue structure; however, it was not to the expanse of API-
GAL-NPs-mediated improvement.
Induction of apoptosis is a primary requirement in chemotherapy (Chakraborty et al.,
2020). Bcl-2 family proteins regulate apoptosis through a complex interplay between pro-
apoptotic and anti-apoptotic proteins. Pro-apoptotic factors, such as Bax protein promotes
apoptosis through mitochondrial stress (Das et al., 2018). In contrast, anti-apoptotic
factors of Bcl-2 family, such as Bcl-2 and Bcl-xL inhibit apoptosis via binding to pro-
apoptotic proteins (Das et al., 2018). P53, a tumor suppressor protein, can impart pro-
apoptotic role and can arrest cell cycle (Das et al., 2018; Aubrey et al., 2018; Takagaki et
al., 2005). Emerging evidence established the cross-talk between P53 and Bcl-2 family
proteins in human HCC (Chiu et al., 2003). In this study, immunoblotting showed that
API-GAL-NPs treatment to carcinogenic animals significantly activated the expression of
pro-apoptotic factors (P53 and Bax) and suppressed anti-apoptotic factors (Bcl-2 and Bcl-
xL), which signifies induction of apoptosis to the liver in HCC bearing animals. API-NPs
also induced apoptosis to the liver of carcinogenic animals, but the extent was much less
as compared to API-Gal-NPs. MMP-2 and MMP-9 are involved in epithelial-
mesenchymal transition of HCC and play important role in disease progression (Scheau et
al., 2019). Gelatin zymography showed that significant up-regulation of MMP-2 and
MMP-9 in the livers of DEN-treated rats, which signifies the progression of HCC in rats.
In contrast, API-GAL-NPs treatment to carcinogenic animals prevented HCC progression
by reducing the levels of MMP-2 and MMP-9 in the livers. API-NPs also reduced hepatic
MMP-2 and MMP-9 in carcinogenic animals; however, the extent was much less as

compared to API-GAL-NPs. Hepatoprotective efficacy of the nano-formulations was also

76



Chapter 4 Apigenin-loaded galactose tailored PLGA nanoparticles:
A possible strategy for liver targeting to treat hepatocellular carcinoma
evaluated non-invasively by nuclear scintigraphic analyses using 99mTc-sulphur colloid
and 99mTc-mebrofenin. 99mTc scintigraphy is a routinely used technique to study
hepatobiliary function (Al-Saeedi et al., 2011). In this study, HCC control rats exhibited
significant disruption in hepatobiliary function. In contrast, API-GAL-NPs treatment to
significantly attenuated hepatocellular degeneration and restored hepatobiliary function to
near normal status as observed in both qualitative and quantitative scintigraphic analyses.
Apigenin is a naturally occurring molecule with exciting anticancer potential against
HCC. However, poor pharmacokinetic and biopharmaceutical features reduce its in vivo
therapeutic effect. Earlier report revealed that API-NPs exhibited improved
chemotherapeutic effect against HCC over free API via improving pharmacokinetic and
biopharmaceutical attributes. In this study, galactose tailoring to API-NPs caused further
improvement in therapeutic efficacy over API-NPs, which has been shown to be mediated
through active targeting and improved internalization of APl by HCC cells. In conclusion,
API-GAL-NPs may serve as a novel drug delivery with improved therapeutic efficacy

achieved by active liver targeting in the management of HCC in the future.
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Abstract The purpose of this study was to develop
surfactant-free quercetin-loaded PLGA nanoparticles
(Qr-NPs) and investigate the hepatoprotective efficacy
of the product non-invasively by nuclear scintigraphy.
The nanoparticles were prepared using PLGA by dialysis
method and ranged in size between 50 and 250 nm with a
narrow range of distribution. They were found to arrive at
the fenestra of liver sinusoidal epithelium for accumula-
tion. The sizes of nanoparticles (batch S1) were optimal to
reach the target and offer enough protection of the
hepatocytes degenerated by CCl, intoxication as deter-
mined by various biochemical and histopathological tests.
In vitro studies exhibited the cytotoxic effect of the
formulation against HepG2 cell line. The hepatoprotective
efficacy of Qr-NPs evaluated non-invasively by nuclear
scintigraphic technique using *™Tc-labelled sulphur
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colloid revealed abnormality in liver at the area of
decreased uptake in rats of CCl,-treated group, which
disappeared in Qr-NP-treated group. In dynamic studies
with ®™Tc-mebrofenin, excretion was severely impaired
in CCly-treated group but was moderate in drug-treated
group, proving the recovery of animals from damage.

Keywords Quercetin-loaded PLGA nanoparticles -
Dialysis method - CCl, intoxication - Hepatocellular
degeneration - Nuclear scintigraphy - Non-intrusive
visualization - Biomedicine

Introduction

Various natural products have been used in clinical
practice as hepatoprotective agents. These flavonoids
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are considered to be highly efficient against reactive
oxygen species by virtue of their antioxidant activities
and could be effectively used for the prevention and
treatment of liver diseases and damages. Quercetin
(Qr), an important dietary flavonoid present ubiqui-
tously in fruits and vegetables, exhibits promising
hepatoprotective activity (Casas-Grajales and Muriel
2015). Recently, there has been a growing interest in
the therapeutic application of Qr for the treatment and
prevention of various diseases. Qr possesses a wide
array of pharmacological activities, e.g. antioxidative
(Hu et al. 2015; Seufi et al. 2009), hypolipidemic
(Bashir 2014), ROS scavenging, anti-inflammatory
(Bast et al. 2008), antifibrotic (Chung et al. 2013), anti-
cancer (Dajas 2012) and hepatoprotective (Casas-
Grajales and Muriel 2015).

The hepatoprotective efficacy of Qr has been
investigated against CCly-induced hepatocellular
injury (Ma et al. 2015), acrylonitrile-induced hepato-
toxicity (Abd-Ellah et al. 2011), ethanol-induced liver
injury (Kahraman et al. 2012) as well as diethylni-
trosamine-induced hepatocarcinoma model in animals
(Vikram et al. 2010), wherein it was observed that free
radical scavenging as well as modulation of signalling
pathways is an important therapeutic strategy of the
flavonoids. Liver protects our body by detoxifying
poisonous chemicals. Chemical-induced liver impuri-
ties are associated with oxidative damages and lipid
peroxidation leading to liver dysfunction. Qr combats
the damage by stimulating the production of protective
antioxidant enzymes and protective proteins in liver
cells, blocks the cancer replicative cell cycle and
reduces toxin-induced DNA mutations (Granado-Ser-
rano et al. 2012; Aherne and O’Brien 1999).

In spite of the potential therapeutic efficacy of the
flavone, its use as a drug in pharmaceutical field is
restricted due to its poor aqueous solubility in the
gastrointestinal tract. This results in poor bioavail-
ability, poor permeability and extensive first-pass
metabolism before reaching the systemic circulation.
All these restricted its clinical application. Due to the
extremely low hydrophilicity and instability in alka-
line medium, the bioavailability of Qr after oral
administration is less than 1 % in humans (Dengler
et al. 1975). These problems may be circumvented by
entrapping/adsorbing the drug molecules either into
liposomes (Wang et al. 2013) or into biodegradable
polymeric nanoparticles, i.e. NPs (Ghosh et al. 2013).
NPs (diameter in the range of 10-1000 nm) have a
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great potential as a drug carrier. Due to their small
size, they exhibit unique physicochemical and biolog-
ical properties, as well as high biocompatibility and
bioavailability. Nanoencapsulation can protect the
drug from rapid degradation and enhance drug con-
centration in target tissues, thus doses can be lowered
and undesirable side effects minimized.

Successful nanoencapsulation of Qr on poly D,L-
lactide (PLA) has been achieved by solvent evap-
oration method to attain sustained delivery of the
drug in biological fluids (Pandey et al. 2015).
Encapsulation of Qr into liposomes (Gang et al.
2012) and chitosan NPs (Tang et al. 2008) resulted
in higher aqueous solubility and constant release of
the flavonoids. Qr-loaded lecithin—chitosan NPs
were developed for topical application (Tan et al.
2011) to enhance the permeation of the drug in the
epidermal layer of the skin. PLGA [Poly D,
L-lactide-co-glycolide], a widely used biodegradable
and biocompatible polymer approved by USFDA
and European Medical Agency (Ansorena et al.
2012), has also been used to encapsulate Qr. There
is a rapidly growing interest in this field to use the
different molecular weights of PLGA and its
copolymers to influence drug release, drug delivery,
cellular uptake and biodistribution.

Dispersal of drug in preformed polymers is a very
common method used to prepare biodegradable NPs
from PLGA and can be accomplished by solvent
evaporation, nanoprecipitation, solvent diffusion, salt-
ing out, dialysis, etc. (Rao and Geckeler 2011).
Although solvent evaporation and nanoprecipitation
are the most widely accepted methods, they are
associated with several problems related to the
removal of non-chlorinated organic solvents and
surfactants. Besides, drug inactivation during the
preparation procedure and drug loss during the
washing step result in low drug-loading efficiency
(Cho et al. 2001). To avoid these, the dialysis method
has been developed and many workers in this field
used this technique for the preparation of liposomes
and polymeric micelles. However, the application of
this method for the preparation of Qr-NPs has not been
reported earlier.

In this study, we report the preparation of Qr-NPs
by dialysis method avoiding surfactants. The prepared
NPs were characterized by physicochemical charac-
terization technique such as field emission scanning
electron microscopy (FE-SEM), FTIR and zeta
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potential measurements. Drug-loading and encapsu-
lation efficiency, in vitro drug release studies and
particle size measurements by DLS were also per-
formed. In vitro studies were conducted in HepG2 cell
line to observe the binding efficiency of Qr-loaded
NPs using fluorescence microscopy, while cytotoxic-
ity of the formulation was evaluated using MTT assay
to determine optimum dose. Therapeutic efficacy of
the Qr-NPs to combat liver dysfunction was also
ascertained by monitoring different biochemical
parameters. Finally, the hepatoprotective efficacy of
Qr-NPs in CCly-induced hepatocellular degeneration
in rat model was monitored by scintigraphic imaging
technique using technetium-99 m-labelled sulphur
colloid and mebrofenin.

Materials and methods
Materials

Qr was purchased from Alfa Aesar. PLGA withan L/G
molar ratio of 50:50 (PURASORB PDLG 5002A),
75:25 (PURASORB PDLG 7502A) and 85:15 (PUR-
ASORB PLG 8531) was kindly gifted by Purac
Biomaterials. Dialysis membranes with a molecular
weight cutoff 3.5 or 7.5 kDa were bought from
Thermo Fischer, while a membrane of 12—-14 kDa
was obtained from Hi-Media. Fluorescein isothio-
cyanate (FITC) and 4’',6-diamidino-2-phenylindole
(DAPI) were procured from Sigma-Aldrich and Invit-
rogen, respectively. Dimethylformamide (DMF) was
acquired from Spectrochem. All other materials and
reagents used were of analytical grade. **™TcO4~ was
obtained by 2-butanone extraction of a 5 N NaOH
solution of 99M004_, procured from Bhabha Atomic
Research Centre (Mumbai, India). Tissue and organ
radioactivities were measured in an ECIL gamma ray
spectrometer (type GRS23C). Scintigraphic imaging
of animals was done in GE Infina Gamma camera
equipped with Xeleris workstation.

Preparation of NPs

Qr-NPs were prepared using dialysis method without
surfactant. A 5 mg portion of Qr was dissolved in
DMF (1 ml) and added to a solution of 50 mg of
PLGA in acetone (5 ml). The mixture was stirred for
5 min and dropwise added to 15 ml of distilled water

with continuous stirring. The resulting turbid solution
was introduced into the dialysis tube which was the
placed into an external aqueous phase. The external
phase was kept under gentle stirring to aid diffusion
and replaced at an interval of 3 to 4 h for a period of
24 h. During the process of dialysis, the organic
solvent diffused out of the membrane and water
diffused inside, leading to precipitation of polymers
which in turn self-assembled to form spherical NPs
encapsulating the drug. After 24 h, the content of the
dialysis bag was collected and centrifuged at
11,500 rpm for 30 min in high-speed centrifuge
(Sorvall RC-5C). The NP pellet thus obtained was
freeze dried to obtain a free-flowing powder.

Characterization of NPs

Determination of NP yield, encapsulation efficiency
and loading capacity

Qr-NPs were weighed and the percent yield was
calculated from the weight of the polymer and the drug
taken initially. Encapsulation efficiency was calcu-
lated by knowing the amount of Qr added initially and
the amount of the flavonoids extracted from the drug-
loaded NPs. Briefly, NP pellet (2 mg) was dissolved in
acetone (10 ml) and centrifuged, and the amount of Qr
was determined by UV absorbance (370 nm) using
Shimadzu-1700 spectrophotometer. Encapsulation
efficiency and loading efficiency were calculated as
per the reported method.

Morphology of NPs

The morphology of the NPs was observed using FE-
SEM (Jeol JSM-7600F, Tokyo, Japan). One drop of NP
suspension was placed on a glass cover slip and freeze
dried. The dried sample was then placed on a copper
stud with a double-sided conductive tape followed by
ion coating with gold (4-5 nm) by a sputter coater
(QUORUM Q150TES) for 40 s in vacuum at a current
intensity of 40 mA. The acceleration voltage was set at
2-5 kV during scanning.

Drug physical state characterization
The physical status of Qr-NPs was ascertained by

measuring the differential scanning calorimetric
(DSC), X-ray powder diffractometric (XRPD) and
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Fourier transform infrared spectroscopic (FTIR) pat-
terns. For DSC analysis, 10 mg of sample was sealed in
standard aluminium pans with lids and purged with pure
dry nitrogen at a flow rate of 150 ml/min. The
temperature ramp speed was set at 12 °C/min and the
heat flow was recorded from O to 400 °C. Indium
powder was used as the standard reference material to
calibrate the temperature and energy scales of the DSC
instrument (Pyris Diamond TG/DTA, Perkin Elmer,
Singapore). The X-ray powder diffraction patterns of
pure Qr, polymer and Qr-NPs were measured in X-ray
powder diffractometer (XRD-2000, Rigaku, Tokyo,
Japan). The measurements were performed in the 20
range of 2-50° using CuKa radiation (45 kV, 40 mA)
as an X-ray source and the rate of scanning was 1°
min~'. FTIR (Bruker Tensor-27) analysis was con-
ducted in potassium bromide pellets to verify the
possibilities of chemical interaction between the
flavonoid and the polymer matrix. Free Qr, PLGA and
Qr-NPs were scanned in the range of 400-4000 cm ™"

Particle size and zeta potential analysis

The mean particle size and zeta potential of the Qr-
NPs were determined using a Zeta Potential analyser
(Zeta Plus, Brookhaven Instruments, Holtsville, NY,
USA). To measure the particle size, 10 mg of drug-
encapsulated NP sample was suspended in 1 ml
deionized water which was further diluted 10 times
and subjected to analysis. The zeta potential of the
drug-encapsulated NPs was determined by dispersing
the sample (1.5 mg) in 1.5 ml KCI (1 mM). The
dispersed sample was loaded into disposable optical
cuvette to run the measurements. Analysis was carried
at least three times for each batch of sample and the
mean values were recorded.

In vitro release studies

NPs (20 mg) were dispersed in 4 ml of phosphate-
buffered saline (PBS; 0.1’ M pH 7.4) and transferred
into a dialysis bag (MWCO 12-14 kDa). The bag was
placed in a beaker containing 400 ml phosphate-
buffered saline (PBS; 0.1 M, pH 7.4) and incubated at
37 °C under horizontal shaking (100 rpm). At fixed
time intervals, 4 ml of release medium was withdrawn
and replaced with the same volume of fresh PBS. The
concentration of the released Qr was determined by UV
spectrophotometric analysis at 370 nm. The average
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values of these experiments were taken. Cumulative
percent of drug release as a function of time was
calculated and plotted graphically against time.

In vitro cytotoxicity studies

The effect of free Qr and Qr-NPs on the viability of
HepG2 cell line was determined by MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide] assay using a microplate reader (GENios).
HepG2 cells were cultured in DMEM (Dulbecco’s
Modified Eagle Medium) in 90 % relative humidity
and 5 % CO, at 37 °C. The cells were harvested using
Trypsin-EDTA and the medium was changed every
alternate day. The cells were transferred to a 96-well
plate to ensure 1 x 10* cells per well. The medium
was changed every other day till 80 % confluence was
reached. Then 100 pl of freshly prepared solution of
free drug (of different concentrations) and drug-
encapsulated NPs was added to the growth medium
and incubated for 24 h under the same conditions as
mentioned above. One row of 96-well plate was used
as the control without adding NPs. To evaluate the cell
survival after specific time intervals, the medium
containing the drug was removed, the wells were
washed with PBS three times, and 10 pl of MTT
solution (5 mg/ml in PBS) and 90 pl of medium were
added to each well and incubated for another 4 h. At
the end of the incubation period, medium containing
MTT was gently replaced by 100 pl dimethyl sulfox-
ide (DMSO) to dissolve the formazan crystals and the
absorbance was measured by a microplate reader at
550 nm. The absorbance of the test (treated cells) and
the control (untreated cells) were used for the deter-
mination of the percentage cell viability (Eq. 1). Cell
survival in control was assumed to be 100 %.

Absorb f test 1
sorbance of test sample _ . .

(1)

Cell viability =
% Cell viability Absorbance of control

Confocal laser scanning microscopy

Confocal laser scanning microscopy (Andor spinning
disc confocal microscope, UK) was performed to
determine cellular uptake. HepG2 cells (1 x 10°)
were incubated in cover slips placed inside 35-mm cell
culture dish. After 80 % confluence was reached in
each dish, the medium was replaced with FITC-loaded
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PLGA NP suspension (250 pg/ml) and incubated for
2 h. The suspension was removed, and 1 ml of 70 %
ethanol was added into each petri dish and kept at
—20 °C for 15 min to fix the cells. Ethanol solution
was removed, each dish was washed three times with
PBS, and nuclei were stained with DAPI stain solution
for 5 min. Cellular internalization was evaluated using
confocal laser scanning microscopy.

Animal experiments

All animal experiment protocols complied with the
institutional guidelines and were approved by the
committee for the Purpose of Control and Supervision
of Experiments on Animals (CPCSEA), Government of
India, New Delhi. Adult male Swiss Albino rats (body
weight 120-150 g) were kept for 7 days under controlled
conditions of 30 £ 2 °C, 60-80 % relative humidity
and 12-h light—dark cycles and allowed free access to
food and drinking water. The animals were divided into
five groups with six animals in each group. Animals in
Group I (normal control) received subcutaneously (S.C.)
single dose of olive oil (1 ml/kg body weight). Group II
was given CCly (40 % v/v in olive oil, 1 mg/kg body
weight) subcutaneously. Animals in groups III, IV and V
were treated by oral gavage with free drug (0.5 ml
suspension of 0.2 % Tween 80 aqueous solution
containing 8.98 umol/kg b.w. Qr), empty NPs (0.5 ml
suspension) and Qr-NPs (0.5 ml suspension containing
8.98 nmol/kg b.w. Qr), respectively. Two hours after
oral feeding of drugs, all animals in groups Il to V were
injected subcutaneously with CCl, (40 % v/v, 1 ml/kg
b.w.). Twenty-four hours after CCl, challenge, the
animals were anaesthetized to collect the blood sample
from heart and sacrificed to collect the liver. A portion of
the liver was fixed in 10 % formalin to prepare paraffin
section for histological study and the remaining parts
were immediately stored at —80 °C for other assays.

Serum biochemistry

The collected blood samples were allowed to stand for
30 min to clot and centrifuged (2000 g) for 10 min at
4 °C, and the serum was stored at4 °C for further analysis.
Serum marker enzymes, e.g. serum glutamate pyruvate
transaminase (SGPT), alkaline phosphatase (AP), and also
serum urea and creatinine were determined in accordance
with methods provided by the manufacturers of the
commercial kits (Span Diagnostics, Surat, India).

Measurement of GSH, catalase, lipid peroxide
and SOD in liver homogenate

A portion of liver tissue was homogenized in chilled
sodium phosphate buffer (0.1 M, pH 7.4) containing
0.15M KCI. The homogenate was used for the
assessment of levels of oxidative stress markers, e.g.
reduced glutathione (GSH) and lipid peroxide, and for
the estimation of antioxidant enzyme (catalase)
activity.

Estimation of GSH was done as per the reported
method (Acosta et al. 1991). Briefly, 2 ml of 10 %
liver homogenate was added to a tube containing a
mixture of 5 % trichloroacetic acid (TCA) and 1 mM
EDTA solution, gently shaken for 5 min and cen-
trifuged at 3000 g for 30 min at4 °C. An aliquot of the
resultant supernatant was transferred to a tube con-
taining 5 ml of phosphate buffer (0.1 M, pH 8.0) and
0.4 ml DTNB (0.01 % in 0.1 M phosphate buffer of
pH 8.0) and mixed well. The absorbance of the yellow-
coloured solution was measured at 412 nm using a
UV-Vis spectrophotometer (Shimadzu 1700) and
plotted on a standard curve obtained from a known
GSH concentration to estimate the GSH content in the
homogenate.

Catalase estimation was done as per the protocol
reported earlier (Mandal and Das 2005) with modifi-
cations. Liver homogenate (5 ml, 10 %) was subject
to centrifugation at 300 g for 15 min at 4 °C; the
supernatant was collected after separation of small
debris and recentrifuged at 105000 g for 60 min at
4 °C. To an aliquot of the supernatant containing the
cytosolic fraction, ethanol (10 pl) was added and kept
in an ice bath for 30 min before the addition of 10 %
Triton X-100 (10 pl). H,O; solution (6 mM) was then
added to initiate the enzymatic reaction. After 3 min,
the reaction was terminated by the addition of H,SOy4
(6 N). Estimation of the enzyme activity was done by
measuring the absorbance at 480 nm after the addition
of KMnQy, solution (0.01 N) to the above mixture. The
results were expressed as uM of H,O, decomposed
per milligram of protein/min.

The cytosolic fraction of the liver homogenate
obtained during catalase estimation was used for
measuring superoxide dismutase (SOD) activity. To
an aliquot (0.2 ml) of the fraction, 1.5 ml of Tris—
cacodylate buffer (pH 8.5, 50 mM), 0.1 ml DTPA
(1 mM), 0.1 ml catalase (0.2 pM) and 0.1 ml pyro-
gallol were added and the mixture was kept at room
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temperature for 90 s. Absorbance was measured at
420 nm. Estimation of SOD is based on the ability
of the enzyme to inhibit the auto-oxidation of
pyrogallol. One unit of enzyme per 2 ml of assay
mixture is expressed as the amount of enzyme
required to cause 50 % inhibition of pyrogallol auto-
oxidation (Marklund and Marklund 1974).

Lipid peroxides were estimated as per the reported
method (Mandal and Das 2005). To an aliquot
(0.5 ml) of supernatant obtained after centrifugation
(2000 g for 15 min at 4 °C) of liver homogenate,
methanol (1.75 ml) and chloroform (3.5 ml) were
added successively. The mixture was kept at room
temperature for 10 min and centrifuged at 260 g for
5 min at 4 °C. The aqueous layer was separated out
and the organic layer was evaporated under nitrogen.
The residue obtained was dissolved in cyclohexane
and the absorbance was measured at 234 nm. Results
were expressed as pmole lipohydroxyperoxide/mg
protein.

Histopathological analysis

A part of the liver which was previously fixed in 10 %
formalin was used for the histopathological analysis.
After fixation for 48 h, the liver portion was embedded
in paraffin block and cut into 5-pM-thick sections
using a rotary manual microtome. The sections were
stained using haematoxylin—eosin dye and visualized
under microscope (Leica, Germany) to determine the
changes in liver architecture.

Scintigraphic imaging studies

Adult male Swiss Albino rats (b.w. 150-200 g) were
divided into three groups (three animals in each
group). Each animal of the third group was fed (orally)
with Qr-NPs (8.9 umole Qr/kg body weight), whereas
all animals belonging to the first and second groups
received 0.5 ml saline orally. Two hours after oral
feeding of NPs and saline, all animals in the second
and third groups were injected subcutaneously with
CCly in olive oil (40 % v/v, 1 ml/kg b.w.), whereas
animals of the first group received only olive oil (1 ml/
kg b.w.). After 24 h, 30 ul (3.7 MBq) of *™Tc-
labelled sulphur colloid (prepared as per the reported
method) was administered to each anaesthetized
animal through precannulated femoral vein. The
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animals were placed under gamma camera and
whole-body images were acquired at 30 min post
injection. The above scintigraphic experiments in
different sets of animals were also carried out using
99MTc labelled mebrofenin kit (procured from BRIT
India). Radiolabelling with Pm1rc0,” was done
according to the instructions provided in the commer-
cial kit. The amount of free pertechnetate in the
labelled sulphur colloid and mebrofenin was checked
for each preparation by ascending thin-layer chro-
matography (silica gel plates, Merck) using saline and
acetone, respectively, as the mobile phase. Any
preparation showing more than 5 % free pertechnetate
was discarded.

Statistical analysis

Statistical analysis was performed with Student’s
t test. The p values of the experimental results were
calculated and found to be < 0.05 (statistically
significant).

Results and discussion

In recent years, the antioxidant properties of Qr, a
natural flavonoid, have attracted increasing attention.
Hepatoprotective activity of the flavonoids via the
oxidative stress pathways has been well studied.
Extensive efforts have also been made to develop
suitable liposomal and nanoparticulated Qr formula-
tions to render better protection of liver against
oxidative attack. In this study, the dialysis method
was used for the preparation of Qr-loaded surfactant-
free PLGA NPs. During the process of dialysis, water
diffused into the organic solvent inside the dialysis
tube and the organic solvent in turn diffused into water
outside. The displacement of the organic solvent
inside the tube resulted in the precipitation of the
polymer as micro- and nanoparticles and the drug was
encapsulated inside the particles.

Although the technique is simple and effective, so
far no report describing the preparation of Qr-NPs by
direct dialysis has been available. Different types of
dialysis membranes of MWCO 3.5, 7 and 12-14 kDa
were used. The process was continued for 24 h to
remove the solvent completely and a milky suspension
was obtained at the end.
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Surface morphology, particle size and zeta
potential

FE-SEM was done to ascertain the formation of NPs.
The particle size was measured by a zeta potential
analyser (Table 1). Different grades of polymer as
well as dialysis membrane with different ranges of
MWCO were used to fabricate formulations of
nanoparticulated drug delivery systems of optimum
particle size, drug-loading capacity and encapsulation
efficiency. The particle sizes of batches bearing
formulation codes S1-S3 and S7-S9 which were
fabricated using a dialysis membrane of MWCO 3.5
and 12-14 kDa, respectively, were comparatively
less, whereas encapsulation efficiencies were compar-
atively higher in batches S1 and S2. Encapsulation
efficiency of batch S1 fabricated from PLGA grade
50:50 was the highest, while drug-loading capacity
and mean particle size were also optimal. The value of
polydispersity index exhibited narrow distribution
profile of the particles and was used for further
studies. FE-SEM image (Fig. 1A, B) showed smooth
spherical-shaped particles. Particle size distribution
profile analysed by a zeta potential analyser revealed
the size distribution (%) by intensity (Fig. 1C). The
size distribution pattern determines the route of
administration and the drug release behaviour.
Small-sized NPs facilitate tissue penetration in vivo
by extravasation. The zeta potential values of the NPs
were found to be negative in the range of —70 to
—12 mV (Fig. 1D). This is due to the carboxylic group

Table 1 Particle characterization

of the polymer on the particle surface. The measure-
ment of zeta potential is important to assess the
stability of the colloidal systems and predict the fate of
NPs in vivo.

Drug physical status characterization

DSC, XRD and FTIR analyses were performed to
understand the physical status of the drug encapsu-
lated in the PLGA NPs. Figure 2A shows the DSC
curves of free Qr, PLGA and Qr-NPs.

Free Qr showed two endothermic peaks at 118 and
313 °C, which are in agreement with the previously
reported values. These peaks were not visible in Qr-
NP formulation possibly because the drug loses its
crystallinity due to entrapment into nanoparticles.
X-ray powder diffraction data of free Qr, PLGA and
Qr-NPs are shown in Fig. 2B. A number of distinct
peaks characteristic of the crystalline sample were
observed in free drug, whereas no such peaks were
observed in Qr-NPs and in PLGA. This indicates that
the free drug gets converted from crystalline to
amorphous state due to nanoencapsulation. This
finding also corroborates the results obtained from
DSC analyses.

Infrared absorption peaks of Qr, PLGA and Qr-NPs
were determined (Fig. 3) to confirm nanoencapsula-
tion of the drug. The FTIR spectra of free PLGA
showed the characteristic peaks between 2996 and
2949 cm~! due to —CH, -CH,, —CHj; stretching, at
1754 cm™" due to —C=O stretching and at 1271 cm ™"

Dialysis membrane Formulation PLGA Size (nm) PDI Drug loading (DL, %) Encapsulation efficiency
(MWCO) codes grade (EE, %)
35 S1 50:50 97.1 £ 26 0.211 51+£23 75.1 £ 1.6
S2 75:25 3121 £ 15 0.118 49 +128 705 + 34
S3 85:15 278.7 £ 21 0.122 46+ 18 545 +£52
7.0 S4 50:50 429.6 + 36 0.210 52+26 502 £29
S5 75:25 413.5 £ 25 0.197 58 +34 62.1 £5.1
S6 85:15 424.1 £ 11 0.155 42 £32 519 £ 43
12-14 S7 50:50 258.5 £ 12 0.072 62142 48.5 £ 3.9
S8 75:25 361.2 £+ 26 0.206 38 £25 56.2 £ 5.6
S9 85:15 118.4 £ 32 0.123 29+ 31 42,6 £33

Each value represents the average of three measurements
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Fig. 1 FE-SEM images (A,
B), particle size distribution
profile (C) and zeta potential
distribution profile (D) of
Qr-NPs (batch S1)
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for —C-O stretching. For Qr, the spectrum showed
characteristic stretching bands due to —OH groups
(3408 — 3320 cm™ '), —.C=0 absorption (1665 cm™"),
—C=C- groups (1609 cm™") and -C—H bending (1456,
1382 cm™") besides strong -C—OH and —C—C bending

@ Springer

(aromatic) at 1168 and 1131 cm ™! as well as charac-
teristic peaks due to aromatic ring at 1013 and
821 cm™'. All these results are in agreement with
the reported values (Yen et al. 2008; Dias et al. 2008).
FTIR spectra of Qr-NPs showed slight shifting of -OH
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stretching band. This could be due to the association of
flavonoid with the polymer through hydrogen bond-
ing. In Qr-loaded NPs, the band corresponding to

Wavenumber cm-1

—C=0 stretching (1759 cm™ ') was

broader which

could be due to interactions between the carbonyl and

the carboxyl groups of the polymer.
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In vitro release profile

The cumulative % drug release curve of Qr-NPs in
PBS is shown in Fig. 4A. The curve shows that
approximately 69 £+ 4.2 % of free quercetin was
released over a 6-day period. The high initial burst
release (25 £ 2.9 %) during the first 12 h could be
attributed to the immediate dissolution of the drug
adhered on the surface and located near the surface of
the NPs followed by a slower, continuous release at
extremely slow rates for a period of almost 6 days.
This indicates a slow and sustained release of the drug
from the PLGA polymer.

Cytotoxicity test

The cytotoxic activities of free Qr and Qr-NPs on
HepG?2 cell line were evaluated by assessing the cell
viability using the MTT assay (Fig. 4B). The study
was continued up to 50 h. The concentration of NPs
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FITC

BrightField

was selected so that the amounts of Qr present were in
the range corresponding to the plasma levels of the
drug achievable in humans. It was observed that the
cytotoxicity of drug-loaded NPs was even higher than
that of the free drug taken at 10 times higher
concentration. Increasing the time of drug exposure
resulted in the increase of cytotoxic activity. The
higher cytotoxicity of the nanoparticulated formula-
tion may be due to its sustained release properties.

Particle cellular uptake

Confocal laser scanning microscopy was used to
evaluate the cellular uptake efficiency of FITC-loaded
PLGA NP suspension in HepG2 cell line. Nucleus
staining was performed using DAPI. PLGA NP uptake
(green colour) is shown in Fig. 4C. The images show
the entrapment of the NPs within the intracellular
space. Phagocytosis could be the process by which the
cell engulfs the NPs.
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Fig. 4 In vitro drug release profile of Qr-NPs (A), MTT cytotoxicity studies of free Qr and Qr-NPs against HepG2 cells (B) and
fluorescent microscopy images of HepG?2 cells treated with FITC-loaded PLGA NPs (C)
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In vivo study results

Animal experiments were performed to determine the
efficacy of the Qr-loaded nanoparticulated formula-
tion. Carbon tetrachloride is one of the most com-
monly used chemicals in the experimental study of
hepatocellular injury. Oxidative stress occurring due
to CCly metabolism plays an important role. Liver
damage by CCl, increases the membrane permeability
and releases the enzymes into circulation, which can
be measured in the serum. The levels of ALP and
SGPT were increased significantly in CCly-treated
group. Although treatment with free Qr prior to CCly
treatment could not significantly reduce elevated
enzyme levels, there was a significant restoration of
the levels on the administration of Qr-NPs (Table 2)
before CCl, treatment.

Treatment with Qr-NPs also significantly reduced
the elevated levels of serum urea and creatinine in the
test group (Table 2). These studies indicate the
protection of structural integrity of hepatocyte cell
membrane by nanoformulation of Qr. Levels of serum
creatinine and urea, significantly elevated in CCly-
treated rats, were significantly reduced in the test
group pretreated with Qr-NPs compared to the free
drug-treated groups. However, pre-administration of
nanoparticulated Qr caused marked diminutions in the
levels of these biomarkers of renal disorder. As kidney
is the excretory organ, it might be accumulating some
of the bioactive flavonoids offering nephroprotection.

Oxidative stress resulting from the metabolism of
CCly in liver plays a crucial role in damaging the liver,
promoting hepatic fibrogenesis. CCl, intoxication

caused the loss of structure and integrity of the cell
membrane. The lipohydroxyperoxide level was sig-
nificantly high in liver homogenates of CCl,-intoxi-
cated rats when compared with the control group.
Treatment with Qr-NPs significantly reduced these
levels (Table 3).

CCl, induces oxidative stress, and cells develop
several enzymatic and non-enzymatic defences to
combat the stress. Catalase and SOD are antioxidant
enzymes, whereas GSH is the endogenous antioxidant
that maintains intracellular redox balance and detox-
ifies reactive oxygen species. CCly-induced hepato-
toxicity resulted in a significant decrease in SOD,
catalase and GSH levels (Table 3). Administration of
Qr-NPs provided significant elevation in SOD, cata-
lase and GSH levels. Qr not only scavenges the free
radicals formed due to CCl; metabolism but also
protects the liver by restoring the levels of various
antioxidants by modulating the intracellular signalling
systems. Histological examinations of liver sample
(Fig. 5) also revealed severe liver injury in CCly-
damaged groups. Liver damage includes gross
changes in cellular boundaries, ballooning degenera-
tion and broad infiltration. These changes were
markedly reduced by the administration of Qr-NPs
before CCly treatment as evidenced by the appearance
of normal cellular features with prominent nucleus,
absence of ballooning degeneration, minimal cellular
infiltration and well brought out central vein as
observed in liver section of control groups.

Hepatoprotective activity of nanoparticulated Qr
was further studied on CCly-induced acute liver
damages (in rat model) by radionuclide scintigraphic

Table 2 Effect of oral treatment with Qr-NPs on blood serum biochemical parameters in CCly-induced acute hepatocellular injury

Serum enzyme analysis

Parameters Normal CCly-treated (A) + free A + empty (A) + Qr-NP
group (A) Qr treated NP treated treated

Alkaline phosphatase 298 + 8.2 721 £ 46.7* 651 £ 6.8 765 £ 12.4 353 £ 14.3*

(unit/1)

SGPT (IU/N) 81 £ 11.5 193 £+ 13.8* 162 £ 21.3 181 £ 8.9 105 £ 6.5*

Urea (g/l) 0.303 £ 0.12 0.551 £+ 0.35% 0.495 £ 0.31 0.501 £ 0.22 0.352 £ 0.25*

Creatinine (mg/1) 163 + 1.2 62.1 + 3.2% 50.0 + 3.6 59.8 + 2.1 23.1 + 4.2%

Results are expressed as mean £ SD of six animals. CCly-treated group was compared with the normal group and Qr-NP-treated

group was compared with CCly-treated group
* p < 0.001
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Table 3 Effect of oral treatment with Qr-NPs on GSH, catalase, lipid peroxide and SOD activities of liver in CCls-induced acute
hepatocellular injury

Liver homogenate analysis

Parameters Normal CCly-treated  (A) + free A + empty (A) + Qr-NP
group (A) Qr treated NP treated treated

Lipohydroxyperoxide 1.8 +£ 025 3.9 4+ 0.56* 3.6 £0.12 34 4+ 0.52 2.3 + 0.09%*

(umole/mg protein)

Catalase (umole H,O, reduced/min/mg protein) 91 +1.2 3.6 + 0.62* 4.1 £ 0.52 3.8 +0.22 8.2 + 0.12%

GSH (pg/g tissue) 113+£13 49 + 0.65* 6.1 +£0.32 45 £ 0.11 10.2 £ 0.12%

SOD (% Inhibition of pyrogallol auto-oxidation) 25.43 £ 1.2  9.61 £ 2.4* 1192 £ 1.8 1192 £ 1.8 20.58 £ 2.6*

Results are expressed as mean & SD of six animals. CCls-treated group was compared with the normal group and Qr-NP-treated

group was compared with CCly-treated group
*p < 0.001

Fig. 5 Microscopy images
of H & E-stained liver of rats
treated with olive oil
(normal), CCl, (damaged)
and CCly + Qr-NPs

Normal group

studies using “™Tc-labelled sulphur colloid and
99MTc-mebrofenin. We thus developed a new probe
for the evaluation of hepatoprotective efficacy of
nanoparticulated Qr by non-invasive nuclear scintig-
raphy. Technetium-99m-labelled sulphur colloid has
been well used for years as a liver scintigraphic agent
to image the reticuloendothelial system. This is well
documented whereas dynamic °“™Tc-mebrofenin
SPECT scan has been used to measure total liver
function and diagnose parenchymal disorder. Both the
radiopharmaceuticals can delineate normal healthy
liver tissue from the damaged one. °°™Tc-sulphur
colloid imaging studies were performed in rats of
normal, acutely damaged and test groups. The anaes-
thetized animals were placed anteriorly under a
gamma camera. Scintigraphic images (Fig. 6A)
revealed abnormality (or hole) in liver at the area of

@ Springer

decreased uptake in rats of CCly-treated group. This
damage disappeared in test group (Qr-NP treated).

In dynamic studies with **™Tc-mebrofenin, liver
was visible very promptly in normal control rats
immediately after injection; this was followed by rapid
clearance (Fig. 6B). In CCly-treated animals, there
was not much variation in the overall pattern of **™Tc-
mebrofenin uptake in liver, whereas 99m T mebro-
fenin excretion was severely impaired in CCly-treated
group. In Qr-NP-treated group, the excretion pattern of
99mT_mebrofenin was moderate, neither very fast nor
sluggish, revealing the recovery of animals from
damage. Scintigraphic images (Fig. 6C) at different
time points (1, 5, 15, 30 min) also exhibit liver uptake
and excretion of **™Tc-mebrofenin. At 1 and 5 min,
intense activity in the liver was observed in animals of
all the three groups. However, in normal and
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Fig. 6 A Scintigraphic
images of *™Tc-sulphur
colloid acquired at 30 min
post injection time period of
normal, CCly-intoxicated
and Qr-NP-treated rats.

B Hepatobiliary clearance
curve and C scintigraphic
images at different post
injection time periods of
99mTc-mebrofenin in
normal, CCly-intoxicated
and Qr-NP-treated rats
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nanoparticle-treated animals *™Tc-mebrofenin began
to excrete at 5 min, was substantially cleared out at
15 min and was totally cleared at 30 min leaving a
shadow of liver. In contrast, the activity retained in the
liver up to 15 min in CCly-treated group and slowly
excreted out. These studies have demonstrated the
utility of non-invasive scintigraphic methods to eval-
uate the hepatoprotective efficacy of nanoparticulated

Qr.

Conclusion

Various oxidative stresses damage the hepatic cells.
Both acute and chronic hepatocellular disorders are
very fatal to mankind. During the last two decades, the
role of Qr has been widely explored for counteracting
chemical-induced hepatotoxicity. Recent research has
led to the development of sophisticated nanoparticu-
late technology to increase the therapeutic efficacy of

bioflavonoids. The present study reports the prepara-
tion of Qr-NPs by dialysis method avoiding surfac-
tants and chlorinated solvents. Hepatoprotective
efficacy of nanoparticulated Qr has been evaluated
non-invasively based on the findings of liver scintig-
raphy by **™Tc-sulphur colloid and °*™Tc-mebro-
fenin. Overall, the studies may be considered as the
starting point for the development of a novel method to
monitor the hepatoprotective efficacy of nanopartic-
ulated drug delivery system. This approach is being
utilized for monitoring the hepatoprotective efficacy
of other nanoparticulated bioflavonoids.
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ARTICLE INFO ABSTRACT

Keywords: Hepatocellular carcinoma (HCC) is the most common hepatic malignancy worldwide. Recent reports focusing on
Apigenin the efficacy of apigenin-loaded nanoparticles (NPs) in combating the progress of HCC encouraged us to develop
Galactosylated-PLGA galactose-tailored PLGA NPs loaded with apigenin (API-GAL-NPs) for active liver targeting to treat HCC. Two
ggst cell kinds of apigenin NPs, such as apigenin-PLGA NPs (API-NPs) and API-GAL-NPs were fabricated and characterized

by size, surface morphology, encapsulation efficacy, and in vitro drug release kinetics. In vitro assays were per-
formed on HepG2 cells to check the cellular internalization, cytotoxic potential, and apoptotic potential of free
apigenin (API), API-NPs, and API-GAL-NPs. In this stdy, API-GAL-NPs exhibited improved cellular internalization
of API resulting in significantly high cytotoxic and apoptotic potentials to HepG2 cells over API and API-NPs. In
in vivo studies, API-GAL-NPs exhibited a better protective effect against DEN-induced HCC in rats evidenced by
the significant reduction of nodule formation, downregulation of matrix metalloproteinases (MMP-2 and MMP-
9), and induction of apoptosis in the liver than API and API-NPs. Histopathological studies and scintigraphic
imaging also confirmed that API-GAL-NPs treatment achieved better therapeutic efficacy against DEN-induced
HCC in rats over API-NPs. In conclusion, API-GAL-NPs may serve as a potential therapeutic agent against HCC
in the future by achieving improved liver targeting.

Therapeutic efficacy
Scintigraphic imaging

1. Introduction stage, where chemotherapy remains the only therapeutic option [1].

Thus, target-specific delivery of chemotherapeutic agents is a primary

HCC is one of the leading causes of cancer-associated death around
the world [1]. It is the fifth most typical malignancy in men and seventh
amongst women [2]. Over a half-million of newly diagnosed cases of
HCC appear per year [2]. An extremely poor prognosis worsens the re-
covery of this disease. Early diagnosis of HCC can have some therapeutic
options, such as surgical liver resection, liver transplantation, and
chemotherapy [3]. However, HCC is mostly diagnosed at an advanced

therapeutic requirement in its therapeutic management. API is an edible
naturally occurring flavonoid that exhibited significant anticancer po-
tential in preclinical studies without imparting toxic effects to normal
cells [4]. It is an excellent apoptosis inducer to liver cancer cells, and can
exhibit significant chemo-preventive and/or tumor-suppressive effects
against HCC [4]. API induces apoptosis to liver cancer cells by increasing
cellular ROS production mediated through NADPH oxidase activation

Abbreviations: Akt, protein kinase B; ALP, alkaline phosphatase; ALT, alanine transaminase; API, apigenin; API-GAL-NPs, apigenin galactose nanoparticles; API-
NPs, Apigenin nanoparticles; ASGP-R, asialoglycoprotein receptors; AST, aspartate transaminase; AUC, area under the curve; b.w., body weight; DAPI, 4',6-dia-
midino-2-phenylindole; DEN, diethylnitrosamine; FESEM, field emission scanning electron microscope; FITC, fluorescein isothiocyanate; FTIR, Fourier transform
infrared spectroscopy; GAL-PLGA, galactosylated PLGA; HCC, hepatocellular carcinoma; HPLC, high pressure liquid chromatography; IL-4R, interleukin 4 receptor; i.
p., intraparetoneal; i.v., intravenous; MMP, matrix metalloproteinases; NMR, nuclear magnetic resonance; NPs, nanoparticles; Nrf-2, nuclear factor erythroid 2-
related factor 2; PBS, phosphate buffered saline; PDI, polydispersity index; PI3K, phosphoinositide 3-kinase; PLGA, poly (Lactic-co-glycolic acid); TEM, trans-
mission electron microscope; USFDA, United States Food and Drug Administration; USP-18, ubiquitin-specific peptidase 18.

* Corresponding author at: Infectious Diseases and Immunology Division, CSIR-Indian Institute of Chemical Biology, Kolkata, 700032, India.

E-mail address: mitacd2016@gmail.com (M.C. Debnath).

https://doi.org/10.1016/j.colsurfb.2021.111778

Received 28 December 2020; Received in revised form 30 March 2021; Accepted 17 April 2021

Available online 20 April 2021
0927-7765/© 2021 Elsevier B.V. All rights reserved.


mailto:mitacd2016@gmail.com
www.sciencedirect.com/science/journal/09277765
https://www.elsevier.com/locate/colsurfb
https://doi.org/10.1016/j.colsurfb.2021.111778
https://doi.org/10.1016/j.colsurfb.2021.111778
https://doi.org/10.1016/j.colsurfb.2021.111778
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2021.111778&domain=pdf

S. Ganguly et al.

[4]. In addition, it can inhibit tumor proliferation by arresting the cell
cycle at G1 and G2/M phases [4]. cDNA microarray expression analysis
revealed that API can regulate 1764 genes in human hepatoma cells [5].
Suppression of USP-18/IL-4R and Nrf-2/PI3K/Akt signaling and acti-
vation of P53/P21/Waf-1 and P38/P21/cyclinD1 pathways were found
to be accountable for its chemotherapeutic effect against HCC in
different preclinical assays [4-6]. However, the chemotherapeutic effi-
cacy of API is largely limited due to its poor pharmacokinetic attributes
[7]1. A high level of protein binding and its poor release from the
protein-bound form also restricts its chemotherapeutic effectiveness
following parenteral delivery [8]. In these aspects, nanoencapsulation
can serve as efficient drug delivery to overturn the aforementioned
limitations of free API. PLGA is a USFDA approved biodegradable and
biocompatible polymer. PLGA-based NPs can encapsulate poorly soluble
drugs, extravasating through the tumor vasculature by the enhanced
permeability and retention effect [9]. Galactosylation of a polymer can
improve liver targeting as galactose can recognize asialoglycoprotein
receptors which are abundant in liver cells [10]. Galactose-polymer
conjugate offers an amphiphilic structure and during NP formulation,
the drug gets encapsulated in the inner hydrophobic core and outer
hydrophilic shell with galactose moieties is available for asialoglyco-
protein receptor recognition [10]. Thus, it has been aimed to develop
API-encapsulated in galactosylated-PLGA NPs (API-GAL-NPs) to achieve
more effective and target-specific delivery of API to achieve better
therapeutic efficacy in the management of HCC. In this study, PLGA was
galactosylated by simple esterification reaction and API-GAL-NPs were
prepared by nanoprecipitation method using GAL-PLGA as polymer. The
developed NPs were characterized and subjected to in vitro and in vivo
assays. The therapeutic efficacy was compared with free API and
API-NPs.

2. Materials and methods
2.1. Materials

API was purchased from Otto Chemie Pvt Ltd., Mumbai, India. PLGA
with L/G molar ratio of 50:50 (Resomer RG504 H) and Kolliphor P188
(Poloxamer 188) were gifted by Evonik India Pvt. Ltd., Mumbai, India
and BASF, Mumbai, India, respectively. FITC, DAPL, and acetone were
procured from Sigma Aldrich (St. Louis, MO, USA), Invitrogen (Cali-
fornia, USA) and Fischer Scientific (Mumbai, India), respectively.
HepG2 cells were procured from NCCS, Pune, India. FITC-Annexin V/
propidium iodide (PI) double staining assay kit (Catalog No.: 556547)
was purchased from BD Biosciences, USA. Primary antibodies p53 (SC
#6243), COX-2 (SC #166475), Bcl-2 (SC #7382), BAX (SC #7480), Bcl-
xL (SC #8392) and p-Actin (SC # 47778) were obtained from Santa Cruz
Biotechnology. Horseradish peroxidase (HRP) conjugated secondary
antibody (A9044) was obtained from Sigma-Aldrich, St. Louis, MO, USA.
Mo was procured from Bhabha Atomic Research Centre (Mumbai,
India) and ®°™TcO; was obtained by 2-butanone extraction of a 5 N
NaOH solution of °*MoOj3. All the remaining chemicals used in the ex-
periments were of analytical grade.

2.2. Synthesis of GAL-PLGA

Synthesis of GAL-PLGA was carried out as reported earlier [10].
Briefly, 4 pL of methane sulfonic acid was added to a solution of
galactose (1 pg/L) in dry dimethylformamide with continuous stiring for
5 min, to which 200 mg PLGA was added and stirred for 24 h at 60 °C.
Ice-cold distilled water was added to it and the synthesized polymer was
separated by centrifugation (10000 rpm). Pellet was washed repeatedly
with ultrapure water and lyophilizated to yield PLGA-galactose conju-
gate. Galactosylation of PLGA was confirmed by H-NMR spectroscopy
(Bruker, DPX300 MHz NMR Spectrometer, Wissembourg, France) [10].
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2.3. Formulation of NPs

API-GAL-NPs and API-NPs were prepared using nanoprecipitation
technique as described by Fessi and colleagues [11]. Briefly, 125 mg of
the polymer (PLGA or GAL-PLGA) and 12.5 mg of API were dissolved in
25 mL of acetone. The resulting organic solution was poured into 50 mL
ultrapure water containing 250 mg of poloxamer 188 under moderate
magnetic stirring. The aqueous phase immediately turned milky due to
formation of NPs. Stirring was continued overnight to evaporate acetone
diffused towards the aqueous phase. NPs were then recovered by
ultra-centrifugation at 18,000 rpm for 30 min. The pellet thus obtained
was washed (3-4 times) using ultrapure water and finally lyophilized to
obtain free flowing powder of NPs. The formulated API-GAL-NPs and
API-NPs were stored at 4 °C for further use. Fluorescent NPs were pre-
pared following the same protocol by replacing API with FITC (12.5 mg).

2.4. Characterization of NPs

2.4.1. Particle size distribution and zeta potential analysis

Size distribution, mean particle size, polydispersity index (PDI) and
zeta potential of NPs in the suspension were determined using zeta po-
tential analyzer (Zeta Plus, Brookhaven Instruments, Holtsville, NY,
USA) [12].

2.4.2. Surface morphology of NPs

The surface morphology of API-NPs and API-GAL-NPs was observed
using FESEM (Jeol JSM-7600 F, Tokyo, Japan) and TEM (FEL, Tecnai G2
SPIRIT Bio Twin, Czech Republic) as per methods reported earlier by
this laboratory [12].

2.4.3. Physicochemical characterization of NPs

Drug loading, encapsulation efficiency and percentage (%) yield
were calculated using UV-vis spectroscopic technique following estab-
lished protocol by our group [13]. FTIR, differential scanning calorim-
etry, and X-ray powder diffraction analyses ascertained the
physicochemical compatibility between API, polymer, and the other
formulation ingredients [13].

2.4.4. Invitro release studies

The release of API from API-NPs and API-GAL-NPs in PBS (0.1 M, pH
7.4) at different time intervals was investigated for 8 days following a
cumulative drug release protocol reported elsewhere [14].

2.4.5. Stability study

Lyophilized API-NPs and API-GAL-NPs were stored at 4 + 1 °C for 90
days and analyzed for size distribution, zeta potential, PDI, drug loading
and encapsulation efficiency as per methods described by Gaonkar and
co-workers [13].

2.5. In vitro studies

2.5.1. Cell culture

Human liver hepatocellular carcinoma (HepG2) cells were cultured
in EMEM (Eagle’s minimum essential medium) fortified with 10 % FBS
and antibiotics solution (Hi-Media, Mumbai, India) and the culture was
maintained at 5 % COg, 90 % humidity, and 37 °C temperature in an
incubator [14].

2.5.2. Cellular uptake studies

In vitro cellular uptake of API-NPs and API-GAL-NPs by HepG2 cells
was determined qualitatively and quantitatively by confocal laser
scanning microscope (Olympus FluoView FV10i, Olympus, Tokyo,
Japan) and flow cytometer (BD LSRFortessa™, BD Biosciences, CA,
USA), respectively [13]. The cellular uptake of API-GAL-NPs in presence
of galactose was determined by blocking studies [15].



S. Ganguly et al.

2.5.3. Cytotoxicity studies

The cytotoxic potentials of API, API-NPs and API-GAL-NPs against
HepG2 cells (1 x 10* cells/well) were ascertained at two different time
intervals (24 and 48 h) by MTT-based colorimetric assay [14].

2.5.4. Apoptosis assay

Apoptotic potentials of API, API-NPs and API-GAL-NPs on HepG2
cells were determined in a flow cytometer (BD LSRFortessa™, BD Bio-
sciences, CA, USA) using FITC-Annexin V/propidium iodide (PI) double
staining assay kit (BD Biosciences, NJ, USA) following manufacturer
protocol.

2.6. In vivo studies

2.6.1. Pharmacokinetic studies

The pharmacokinetic study of API, API-NPs and API-GAL-NPs were
performed in plasma samples collected from Wistar rats following the
established protocol by our group [13]. Briefly, the animals were treated
with the aforementioned formulations (equivalent dose of 9.2 pM of
API/animal, i.v.) and blood samples were collected at predetermined
time points (1, 2, 4, 8, 12, 24 and 48 h) post-administration, and plasma
was separated. The samples were then analyzed in Dionex UltiMate
3000 HPLC system (Dionex, Idstein, Germany) using a Hypersil
GOLD-C18 column (250 x 4.6 mm and particle size of 5 pm; Thermo
Scientific™ Hypersil GOLDTM, MA, USA) and eluted with water:
acetonitrile: methanol (40:35:25 v/v/v) at a flow rate of 1.0 mL/min.
API was detected by UV detector at 340 nm [16]. The pharmacokinetic
parameters were determined using PKSolver (A freely available add-in
program for pharmacokinetic data analysis in Microsoft Excel). Zhang
and colleagues [17] validated PKSolver with respect to other profes-
sional PK softwares and established the reliability of this software.
Different research groups successfully employed PKSolver to determine
pharmacokinetic parameters [18,19].

2.6.2. In vivo antitumor efficacy study

Adult male Wistar rats were randomly divided into five groups
(N = 7). Animals in Gr-I (normal control) received three doses of olive
0il (0.5 mL/animal). All animals in Gr-II, Gr-III, Gr-IV, and Gr-V received
DEN (200 mg/kg b.w. in olive oil, i.p.) three times at an interval of 15
days. Gr-III, Gr-1V, and Gr-V were treated with API, API-NPs, and API-
GAL-NPs (equivalent dose of 9.2 pM of API/animal, iv.) once in a
week for 16 weeks, respectively. Gr-I and Gr-II (DEN-treated control)
were treated with normal saline [20]. DEN-treated control served as
HCC control group. After 18 weeks, two animals (form each group) from
Gr-I, Gr-II, and Gr-V were injected with 99mTe labeled sulfur colloid
(30 pL; 3.7 MBqg/animal) and 99mT labeled mebrofenin (50 pL), and
viewed under gamma camera [14].

2.6.3. Serum enzyme parameters

Blood samples collected from animals of control and treated groups
were processed as per reported method [14] and level of AST, ALT, and
ALP were determined using commercially available bioassay kits (Coral
Clinical Systems, Goa, India) following manufacturer protocols.

2.6.4. Western blot analysis

Liver tissues collected from different treatment groups and protein
samples were separated as per established protocol [21]. Briefly, The
sample proteins (10 pg) were subjected to 10 % SDS-PAGE gel electro-
phoresis and resolved proteins were transferred into nitrocellulose
membrane. Membrane was blocked and then incubated with primary
antibody at 4 °C overnight. The membrane was washed and subse-
quently treated with a suitable HRP-conjugated secondary antibody at
room temperature for 1 h. The immunoblot was developed by ECL
substrate (Millipore, MA, USA) and detected in a ChemiDoc touch im-
aging system (Bio-Rad, USA). B-Actin served as a loading control pro-
tein. The intensity of normal control band was assigned 1 [22]. The
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densitometric analysis was performed using Image Lab software (Bio--
Rad, USA). The expressions of P53, Bcl-xL, Bcl-2, and Bax were studied.

2.6.5. Gelatin zymography analysis

MMP-9 and MMP-2 activities were measured using gelatin zymog-
raphy analysis [23]. Briefly, PBS extracts of liver tissue was resolved in
10 % SDS-PAGE gel containing 1 mg/mL gelatin under non-reducing
conditions. The gels were then washed and incubated in an calcium
assay buffer for 24 h at 37 °C. Finally, it was stained using 0.5 % (w/v)
Coomassie blue followed by destaining with methanol:acetic acid:water
(4:1:5 v/v/v) until the bands were clearly visible. The zones of gelati-
nolytic activity appeared as negative staining.

2.7. Statistical analysis

The data was statistically analyzed using one-way ANOVA followed
by post hoc Dunnett and Sidak test using Graph Pad Prism Software 7.0.
p < 0.05 was considered as a minimum level of significance.

3. Results
3.1. Structural confirmation of galactosylation of PLGA

The anomeric OH— functional group of galactose reacted with the
free —COOH group of PLGA in acidic condition catalyzed by methane
sulfonic acid. This esterification was conducted in DMF media. The
conjugation was confirmed by 1H-NMR spectroscopy (Figure S1). 'H-
NMR spectra of PLGA depicted various chemical shifts between
1.57 ppm correspond to methyl proton (—CHgs), 4.82 ppm due to
methylene proton (—CHjy), and between 5.22 ppm due to methyne
proton (—CH). The chemical shifts were observed in the 1H-NMR spectra
of galactosylated-PLGA, wherein an additional peak at 4.32 ppm
appeared due to the galactose unit. The extent of galactosylation can be
measured by comparing the relative peak areas of the —CH3 and —CH,
of PLGA and peaks of galactose.

3.2. Characterization of NPs

The prepared NPs were characterized on the basis of particle size,
size distribution, and zeta potential. The mean particle size of API-NPs
was 110.0 nm (Fig. 1A) with a PDI of 0.041 + 0.004 (Table S1);
while, API-GAL-NPs exhibited a mean particle size of 129.0 nm (Fig. 1A)
and PDI of 0.059 + 0.007 (Table S1). Low PDI values indicate that the
formulations exhibit even-sized particles. The mean zeta potential
values of API-NPs and API-GAL-NPs as determined by the DLS technique
were found to be -25.0 and -14.0 mV, respectively (Fig. 1B). The
decrease of zeta potential value of the NPs prepared from GAL-PLGA
may be due to galactosylation of the PLGA. The negative zeta poten-
tial also favors reticuloendothelial system (RES) uptake by the liver and
spleen. The formulations stored at 4 °C for 90 days did not show any
significant change in particle size, PDI, and zeta potential, which
confirmed the stability of the NPs (Table S1).

3.2.1. Drug loading and encapsulation efficiency

API-NPs and API-GAL-NPs exhibited ~5.1 and 5.3 % w/w of drug
loading and ~70.3 and 75.4 % of encapsulation efficiency, respectively
(Table S1). Drug loading in NPs was optimum; whereas, encapsulation
efficiencies were sufficiently high. Galactosylation of PLGA does not
affect API entrapment in NPs.

3.2.2. Surface characteristics of NPs

FESEM images of API-NPs and API-GAL-NPs showed that the NPs
were spherical in shape, homogeneously, and thickly distributed having
a smooth outer surface (Fig. 1C). TEM images revealed a smooth surface
characteristics and entrapment of drug within the NPs (Fig. 1D). The
diameter range of the NPs as obtained from FESEM (60—120 nm) and
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Fig. 1. Size distribution, zeta potential, and morphology of API-NPs and API-GAL-NPs. (A) Particle size distribution profile, (B) zeta potential distribution pattern,

(C) FESEM images, and (D) TEM images.

TEM (85—160 nm) analyses were corroborated with the data obtained in
DLS.

3.2.3. Physicochemical characteristics of NPs

3.2.3.1. DSC and XRD study. The DSC thermogram of API showed a
melting endothermic peak at 359.2°C (Fig. 2A). PLGA and GAL-PLGA
being amorphous did not exhibit any sharp endothermic peak in their
respective DSC thermograms. The disappearance of the endothermic
peak of API in the respective DSC thermogram of API-NPs and API-GAL-
NPs may be due to the conversion of API from the crystalline state to the
amorphous state during nano-formulation. This loss of crystallinity and
amorphization due to nanoencapsulation may increase the stability of
the formulation. The above findings from the DSC analyses were well
corroborated with the results obtained from the X-RD study. The XRD
spectra of API exhibited sharp distinct peaks due to its crystalline nature
(Fig. 2B). The absence of any sharp peak in the respective XRD spectra
for PLGA and GAL-PLGA confirmed their amorphous nature (Fig. 2B).
The disappearance of the distinct peaks of API in API-NPs and API-GAL-
NPs suggested the conversion of the crystalline state of API to an
amorphous state during nanoencapsulation (Fig. 2B).

3.2.3.2. FTIR spectroscopic analysis. FTIR spectroscopy was done to
investigate the interactions between drug and excipients. Fig. 2C depicts
FTIR spectra of API, PLGA, GAL-PLGA, poloxamer, physical Mixture,
API-NPs, and API-GAL-NPs. Most of the characteristic peaks (discussed
in supplementary section) of API, PLGA, GAL-PLGA and poloxamer
appeared in the FTIR spectra of the physical mixture with only minor
shifts. The minor shifting of peaks occurred due to minor physical
interaction, weak hydrogen bond formation, Vander-Waals force of at-
tractions, dipole-dipole interactions, etc. The presence of characteristic
peaks of API also suggests that no chemical interactions took place be-
tween the drug and the excipients.

3.2.4. Invitro drug release and kinetic study

In vitro drug release profile of nanoformulations revealed a biphasic
release profile of the formulations as characterized by initial burst
release followed by a slow and sustained drug release for about 8 days as
depicted in Fig. 2D. An initial burst release of API (at the end of 8 h) were

~31.5 % from API-NPs and ~21 % from API-GAL-NPs. At the end of 8
days, % cumulative drug releases were ~88 and 86 % from API-NPs and
API-GAL-NPs, respectively. The release of API from API-GAL-NPs was
slower than from API-NPs. Moreover, the release patterns of API from
API-NPs and API-GAL-NPs were almost comparable indicating no effect
of galactosylation on the drug release profile. The drug release kinetic
pattern was further assessed using zero-order, first-order, Korsmeyer-
Peppas and Higuchi kinetic models. Various regression coefficient (R?)
values for the kinetic models are shown in Table S2. The data suggest
that Higuchi kinetic model (R? = 0.991 and 0.994 for API-NPs and API-
GAL-NPs, respectively) indicated better linearity for both the formula-
tions over other models. The drug release mechanism is Fickian in na-
ture as indicated by ‘n’ value from the Korsmeyer-Peppas equation for
both the formulations.

3.3. In vitro studies

3.3.1. Cellular uptake and internalization

The quantitative measurement of cellular uptake behaviour of FITC-
labelled galactose conjugated (FITC-GAL-NPs) and unconjugated (FITC-
NPs) NPs by HepG2 cells were determined at different intervals (15, 30,
60, and 120 min) by flow cytometric analysis (Fig. 3A and B). The
internalization of galactosylated-NPs by the cells was significantly
decreased in presence of excess galactose (Fig. 3C). FITC-GAL-NPs
exhibited favourably high cellular internalization relative to FITC-NPs
at all the time points (Fig. 3D). The decrease of internalization of
galactosylated-NPs in presence of excess galactose may arise due to
competitive inhibition of asialoglycoprotein receptors present on the
surface of the HepG2 cells by the excess of galactose. Qualitative anal-
ysis by confocal microscopic studies also revealed that the intracellular
fluorescence intensity of the cells treated with galactosylated-NPs was
stronger than that treated with non-galactosylated one (Fig. 3E). Thus,
galactosylation enhances cellular internalization and may strengthen
the biological activity of the formulation.

3.3.2. MTT assay

The cytotoxic potentials of free API, API-NPs, and API-GAL-NPs were
evaluated at two different time intervals (24 and 48 h) by MTT assay
using HepG2-cells (Table S3). The concentrations of NPs were selected
on the basis of API available to exert the anti-proliferative effect. In both
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Fig. 2. (A) DSC thermograms, (B) XRD diffractograms, and (C) FTIR spectra of API, PLGA, GAL-PLGA, PELOXAMER, API-NPs, and API-GAL-NPs. (D) in vitro drug

release showing cumulative % of drug release of API-NPs and API-GAL-NPs.

cases API-GAL-NPs exhibited better cytotoxic potential than API-NPs
and API-GAL-NPs. After 24 h of incubation, the ICsq value of API-GAL-
NPs (37.1 + 3.4 pM) was significantly (p < 0.01) lower than the ICso
values of API-NPs (77.2 + 6.4 pM) and API (130.2 + 8.9 pM). The anti-
proliferative effect was more pronounced after 48 h of incubation and
the corresponding ICsg values of API-GAL-NPs, API-NPs, and API were
found to be 60.1 + 7.1, 40.2 + 5.9, and 15.9 + 4.8 puM, respectively.
Better cellular internalization of API-GAL-NPs increased cytotoxic
behavior and may attribute better anticancer potential.

3.3.3. Apoptosis study

The induction of apoptosis to HepG2 cells following treatment (ICsg
dose for 24 h) with API, API-NPs, and API-GAL-NPs were assessed by
flow cytometric assay (Fig. 4B). API treatment induced apoptosis to
HepG2 cells with 8.8 and 4.1 % of apoptotic cells were seen at early and
late phases, respectively. These values were relatively high with API-NPs
treatment, which exhibited 22.5 and 10.9 % apoptotic cells at early and
late phases, respectively. The apoptotic activity following API-GAL-NPs
treatment was highest, which showed 27.9 and 11.3 % of apoptotic cells
at early and late phases, respectively. Optimum particle size, sustained
release of API from NPs, and promising cytotoxic effect might have
resulted in higher apoptotic potentials of API-NPs, which was further
intensified in API-GAL-NPs due to improved cellular penetration
through asialoglycoprotein receptors.

3.4. Pharmacokinetic analysis

Pharmacokinetic analysis was performed to understand the plasma
profile of the drug in experimental rats following treatment with API,
API-NPs, and API-GAL-NPs (Table S4). Despite an initial high plasma
level of API was seen in the free drug-treated group, it was rapidly
eliminated (Fig. 4C). In contrast, both the nanoformulations were
capable to restore a steady plasma concentration of API up to 72 h
(Fig. 4C). At 48 h, plasma API concentration remained ~2.6 and 2.1-fold
(p < 0.001) high in API-GAL-NPs and API-NPs-treated animals as
compared to free drug-treated group, respectively. Elimination half-life
(t1/2) and AUCy. values of API-GAL-NPs were found to be significantly
(p < 0.001) higher than API-NPs. Similarly, MRT value of API-GAL-NPs
increased by ~1.27-fold (p < 0.001) than the value for API-NPs. Drug
clearance of API-GAL-NPs is decreased by ~1.33-fold (p < 0.001) as
compared to API-NPs. All these parameters indicate that API-GAL-NPs
maintained a steady and significantly high level of API in the blood
even up to 72 h and could provide better therapeutic efficacy than API
and API-NPs.

3.5. Antitumor efficacy of NPs in vivo

3.5.1. Efficacy of NPs against DEN-induced HCC
Visible nodules were observed on the liver surface of all animals in
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Fig. 3. In vitro cellular uptake of galactosylated and non-galactosylated NPs in HePG2 cells at different time points. (A) Cellular uptake of FITC-NPs. (B) Cellular
uptake of FITC-GAL-NPs. (C) Cellular uptake of FITC-GAL-NPs in the presence of galactose (blocking condition). (D) Histogram representing the cellular uptake of
FITC-NPs, FITC-GAL-NPs, and FITC-GAL-NPs (blocking condition) at different time points. Results are expressed as + SD (n = 3). (E) Confocal microscopic images
representing cellular uptake of FITC-NPs and FITC-GAL-NPs in HePG2 cells at a time interval of 2 h. FITC exhibits green fluorescence and DAPI (nuclear stain)

exhibits blue fluorescence.

DEN-treated group (HCC control), which signified the establishment of
HCC in rats caused by DEN treatment. A large number of nodules was
developed mostly at the edge of liver parenchyma (Figure S2). It was
observed that the average number of nodules were significantly reduced
in API-NPs (~1.43-fold; p < 0.01) and API-GAL-NPs (~3.43-fold;
p < 0.001) in carcinogenic animals as compared to HCC control group
(Table S5). However, no significant change in nodule number was
observed in API-treated animals. Relative liver weight (RLW) was
increased in DEN-treated animals and it was significantly reduced in
carcinogenic animals treated with API-GAL-NPs (~1.32-fold; p < 0.001)
and API-NPs (~ 1.15-fold; p < 0.05) as compared to HCC control rats
(Table S5).

Serum ALP, ALT and AST levels were significantly increased in HCC
control animals as compared to normal control group (Table 1). How-
ever, treatment with API-NPs (p < 0.01) and API-GAL-NPs (p < 0.001)
to carcinogenic rats significantly reduced and ALP, AST, and ALT levels
in sera as compared to HCC control animals (Table 1). API-treatment
though reduced serum ALP, AST, and ALT levels; however, changes
remained insignificant as compared to DEN-treated animals (Table 1).

3.5.2. Histopathological analysis

The effects of API, API-NPs, and API-GAL-NPs on DEN-induced HCC
in rats was examined by the histopathological investigation.
Haematoxylin-eosin-stained liver sections collected from the normal
control animals (Gr-I) exhibited normal hepatocytes arranged in the
cords and the portal tracts also appeared normal. The liver section
collected from HCC animals (Gr-II) exhibited scattered lesions with cells
of ground-glass opacity, dilated hepatic veins, and loss of normal hepatic

architecture (Fig. 5A). Cells with pyknotic nucleus and multinucleated
hepatocytes were observed in the HCC control group (Gr-II) as compared
to Gr-1. No distinguishable change was observed in the liver sections of
API-treated carcinogenic rats (Fig. 5A). API-NPs treatment to carcino-
genic rats demonstrated some improvement in liver architecture and
structural integrity; however, dilated hepatic veins and lesions were still
evident (Fig. 5A). In contrast, API-GAL-NPs treatment to carcinogenic
rats resulted in perceptible recovery in the liver architecture showing
increased cell density with increased eosinophilic staining and more
distinct cord structure. Significant reduction in hepatic lesions and
abnormal cells was observed in API-GAL-NPs-treated group (Fig. 5A).
No PAS-positive cells appeared in PAS-stained liver section collected
from normal rats (Gr-I) (Fig. 5B). However, the liver sample collected
from HCC control rats showed an appreciable extent of PAS-positive
reaction; whereas, adjacent pale staining of centrilobular hepatocytes
indicated an ischemia/reperfusion injury (Fig. 5B). Free API treatment
did not have much effect as the staining intensity was not reduced
(Fig. 5B). API-NPs-treated group (IV) exhibited better results than free
drug-treated group evidenced by the reduction of PAS-positive cells and
nodules (Fig. 5B). API-GAL-NPs treatment to carcinogenic rats caused a
significant reduction in the intensity of PAS-positive staining in the
cytoplasm with a concomitant reduction in pre-neoplastic nodules,
which signified that API-GAL-NPs exhibited better therapeutic efficacy
over API-NPs against HCC in rats (Fig. 5B).

3.5.3. Western blot analysis of apoptosis markers
The therapeutic efficacy of API-GAL-NPs against DEN-induced HCC
was further estimated by studying the signaling events involved in
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Fig. 4. (A) Cytotoxic effect of API, API-NPs, and API-GAL-NPs on HepG2 cells at 24 and 48 h measured by MTT assay. (B) Apoptosis induction by API, API-NPs, and
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Table 1

Effect of API and nanoparticulated API on serum enzyme parameters.
Parameters Gr-1 Gr-1I
ALP (KA units) 20.22 +1.82 112.04 + 4.46"
AST (IU/L) 70.14 + 2.11 354.92 + 8.86"
ALT (IU/L) 30.89 + 1.65 165.44 + 9.55

Gr-1II Gr-IV Gr-v

107.09 + 6.68"° 71.01 £ 2.12%* 32.14 £ 1.14%**
346.50 + 9.13%8 212.33 + 4.89%* 86.54 + 0.65
156.21 + 7.96™ 79.67 + 2.39%* 42,37 +2.22

Results are expressed as mean + SD (n = 5).
# Values significantly (p < 0.001) differed from Gr-1.
“ Values significantly (p < 0.01) differed from Gr-II
" Values significantly (p < 0.001) differed from Gr-IL NS: Non-significant.

apoptotic pathways (Fig. 5C). In this study, a significant downregulation
(p < 0.001) was observed in the expression of P53 and Bax proteins in
the livers of HCC control animals. In contrast, API-NPs (p < 0.01) and
API-GAL-NPs (p < 0.001) treatments to carcinogenic rats significantly
activated P53 and Bax expression in the liver as compared to HCC
control rats. No significant change was seen in the expression of either of
the proteins in the liver of API-treated carcinogenic rats. In search of the
effects on anti-apoptotic factors, the expressions of Bcl-2 and Bcl-xL were
studies in the liver of rats that received different treatments. HCC control
animals exhibited significant upregulation (p < 0.001) in the expression
of Bcl-2 and Bcl-xL in the liver. In contrast, API-NPs (p < 0.01-0.001)
and API-GAL-NPs (p < 0.001) treatments significantly reduced Bcl-2 and
Bcl-xL expressions in the liver of carcinogenic animals. API treatment
could only suppress (p < 0.05) Bcl-xL expressions in carcinogenic rats.
The expression analyses of the apoptotic factors clearly indicated that

API-GAL-NPs could induce apoptosis more intensively than API-NPs.

3.5.4. Gelatin zymography analysis

Gelatin zymography analysis of liver tissue exhibited significant
downregulation of the expression of MMP-2 (p < 0.01-0.001) and
MMP-9 (p < 0.05-0.001) in API-NPs and API-GAL-NPs treated carci-
nogenic rats as compared to HCC control animals. However, API-GAL-
NPs treatment caused ~1.1 and 1.5-fold intense reduction in hepatic
MMP-2 and MMP-9 levels as compared to API-NPs treated group (IV).

3.5.5. Evaluation of hepatoprotective efficacy by scintigraphic imaging
analysis

The mechanistic evaluations stated above suggested the potential
efficacy of API-GAL-NPs to treat DEN-induced HCC in rats, which could
be further corroborated with scintigraphic imaging analysis. The
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function of hepatic RES was qualitatively assessed using **™Tc-labelled
sulphur colloid imaging protocol. The anterior view of the scinti-photos
revealed that uniform distribution of **™Tc-sulphur colloid in the liver
of normal control animals (Gr-I) indicating good functioning of RES
(Fig. 6A). In contrast, hepatic distribution was discontinuous in HCC
control animals (Gr-II) (Fig. 6A). However, API-GAL-NPs treatment
significantly reciprocated hepatic distribution in carcinogenic animals
(Gr-V), which signified that RES function could have recovered with
API-GAL-NPs treatment (Fig. 6A). The liver function of the normal, HCC
control, and API-GAL-NPs-treated group were also monitored non-
invasively by nuclear scintigraphy approach using °°™Tc-labeled
mebrofenin. The normal group exhibited immediate liver accumulation
following injection of *™Tc-labeled mebrofenin and rapid excretion.

The sharp rise and fall were observed in the curve as generated from the
instrument (Fig. 6B). The nature of the curve was very irregular in HCC
control (Gr-II) group representing slow and erratic uptake with sluggish
excretion (Fig. 6B). However, these irregularities in uptake and excre-
tion were relatively reversed following treatment with API-GAL-NPs to
carcinogenic animals (Fig. 6B). The serial images of liver uptake and
subsequent clearance for a period of 1 h at 3 min interval was also
depicted in Fig. 6C.

4. Discussion

Emerging evidence highlighted chemopreventive role of API against
various types of cancer including HCC [4,24]. It exerts anticancer effects
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on human liver cancer cells by inhibiting cell growth, arresting cell
cycle, and inducing apoptosis without imparting any toxic manifestation
to normal liver cells [25]. However, a gap exists between in vitro and in
vivo observations. Poor solubility in both aqueous and non-aqueous
solvents, high metabolic transformation, and high inter-individual
variability limit its in vivo effectiveness [7]. Thus, a much higher in
vivo dosing of API is required to achieve a therapeutic effect against HCC
in preclinical assays [26,27]. In this aspect, nanoformulation of API can
stand as a solution to improve its therapeutic efficacy. Our recent ob-
servations showed that API-loaded PLGA NPs can improve the chemo-
preventive efficacy of API in a murine model of HCC [28], which
encouraged us to fabricate API-PLGA-NPs to achieve better therapeutic
efficacy of API via active targeting to the liver tissues. Galactose
conjugation to NP surface can improve liver targeting as galactose is
actively taken up by asialoglycoprotein receptors which are abundant on
the hepatic parenchymal cells [10]. In this study, we aimed to prepare
galacotose-tailored API-NPs to improve the therapeutic efficacy of
API-NPs against HCC by improving site (liver) specificity.

To prepare galactosylated API-loaded polymeric NPs, polymer
(PLGA) was galactosylated by simple esterification reaction [10].
Galactose conjugation was confirmed by 'H-NMR spectroscopy [10].
The galactosylated-PLGA was used to formulate API-loaded galactosy-
lated polymeric NPs by nanoprecipitation technique using poloxamer

188 as a surfactant. In selecting surfactant, poloxamer 188, polyvinyl
alcohol, and vitamin E-TPGS were initially tried; however, poloxamer
188 stood optimum and included in this formulation. DSC thermograms,
XRD diffractograms, and FTIR spectra indicated that no chemical reac-
tion occurs between API and excipients; however, some physical in-
teractions and changes in physical form (crystalline to amorphous)
might be involved in the formation of NPs. Developed API-GAL-NPs
were spherical in shape with a smooth surface and mean diameter of
129 nm. A low PDI value indicated that API-GAL-NPs exhibit even-sized
particles [28]. An observed zeta potential of -14.0 mV was well within
the recommended range (-30 mV to +30 mV), which suggested that
API-GAL-NPs would not settle down so quickly and could be delivered
intravenously [28]. API-GAL-NPs exhibited ~5.3 % w/w of drug loading
and can restore stability at least for 90 days at 4 °C. API-GAL-NPs
exhibited an initial burst release of API (~21 % within 8 h) in PBS fol-
lowed by a sustained release up to 8 days (cumulative release ~86 % in 8
days). Initial burst release might occur due to the presence of API close
to the surface of the NPs; while a sustained-release profile was achieved
due to the drug present in the inner core of NPs [29]. Drug diffusion from
API-GAL-NPs followed Higuchi kinetics exhibiting good linearity (as
assessed by R? values) and the release of API was Fickian in nature.
FITC-labeled API-GAL-NPs exhibited better cellular uptake by
HepG2 cells compared to API and API-NPs. Galactosylation might
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facilitate intracellular uptake through asialoglycoprotein receptors
present on the surface of HepG2 cells [10]. This has been verified by
blocking studies. Asialoglycoprotein receptor-mediated active targeting
improved cytotoxic and apoptotic effects of API-GAL-NPs to HepG2 cells
over API-NPs. All these findings suggest that improved internalization of
API by HCC cells from API-GAL-NPs would potentiate its chemothera-
peutic efficacy to combat HCC in vivo. In this study, the in vivo anticancer
potential of API-GAL-NPs was compared with API and API-NPs in
DEN-induced HCC in rats. DEN-induced HCC is a well-established mu-
rine model of liver carcinoma [30]. API-GAL-NPs treatment to carci-
nogenic rats more effectively reduced the number of nodules and RLW
than API-NPs. A gross reduction of nodule number and RLW signifies
low incidence of HCC development and/or chemotherapeutic potential
of API-GAL-NPs against HCC in rats [28]. Emerging evidence revealed
that an increased risk of HCC is conferred by the increased levels of AST,
ALT, and ALP in sera [31]. In this study, HCC control rats exhibited
significant elevation in the levels of AST, ALT, and ALP as compared to
normal. In contrast, API-NPs and API-GAL-NPs both could significantly
reciprocate AST, ALT, and ALP levels in sera of carcinogenic rats;
however, API-GAL-NPs exhibited better therapeutic efficacy. Histologi-
cal examination revealed that API-GAL-NPs could significantly reduce
hepatic lesions, abnormal cells, and glycogen deposition in liver and
restore hepatic architecture to near-normal status. API-NPs also
improved the tissue structure; however, it was not to the extent of
API-GAL-NPs-mediated improvement.

Induction of apoptosis is a primary requirement in chemotherapy
[1]. Bcl-2 family proteins regulate apoptosis through a complex inter-
play between pro-apoptotic and anti-apoptotic proteins. Pro-apoptotic
factors, such as Bax protein promotes apoptosis through mitochondrial
stress [32]. In contrast anti-apoptotic factors of Bcl-2 family, such as
Bcl-2 and Bcl-xL inhibit apoptosis via binding to pro-apoptotic proteins
[32]. P53, a tumor suppressor protein, can impart pro-apoptotic role and
can arrest cell cycle [32-34]. Emerging evidence established the
cross-talk between P53 and Bcl-2 family proteins in human HCC [35]. In
this study, immunoblotting showed that API-GAL-NPs treatment to
carcinogenic animals significantly activated the expression of
pro-apoptotic factors (P53 and Bax) and suppressed anti-apoptotic fac-
tors (Bcl-2 and Bcl-xL), which signifies induction of apoptosis to the liver
in HCC bearing animals. API-NPs also induced apoptosis to the liver of
carcinogenic animals, but the extent was much less as compared to
API-Gal-NPs. MMP-2 and MMP-9 are involved in
epithelial-mesenchymal transition of HCC and play important role in
disease progression [36]. Gelatin zymography showed that significant
up-regulation of MMP-2 and MMP-9 in the livers of DEN-treated rats,
which signifies the progression of HCC in rats. In contrast, API-GAL-NPs
treatment to carcinogenic animals prevented HCC progression by
reducing the levels of MMP-2 and MMP-9 in the livers. API-NPs also
reduced hepatic MMP-2 and MMP-9 in carcinogenic animals; however,
the extent was much less as compared to API-Gal-NPs. Hepatoprotective
efficacy of the nano-formulations was also evaluated non-invasively by
nuclear scintigraphic analyses using °°™Tc-sulphur colloid and
99MTcmebrofenin. *°™Tc scintigraphy is a routinely used technique to
study hepatobiliary function [37]. In this study, HCC control rats
exhibited significant disruption in hepatobiliary function. In contrast,
API-GAL-NPs treatment to carcinogenic animals significantly attenuated
hepatocellular degeneration and restored hepatobiliary function to near
normal status as observed in both qualitative and quantitative scinti-
graphic analyses.

Apigenin is a naturally occurring molecule with exciting anticancer
potential against HCC. However, poor pharmacokinetic and biophar-
maceutical features reduce its in vivo therapeutic effect. Earlier report
revealed that API-NPs exhibited improved chemotherapeutic effect
against HCC over free API via improving pharmacokinetic and bio-
pharmaceutical attributes. In this study, galactose tailoring to API-NPs
caused further improvement in therapeutic efficacy over API-NPs,
which has been shown to be mediated through active targeting and
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improved internalization of API by HCC cells. In conclusion, API-GAL-
NPs may serve as a novel drug delivery with improved therapeutic ef-
ficacy achieved by active liver targeting in the management of HCC in
the future.
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ABSTRACT: The flavone apigenin (APG), alone as well as in

combination with other chemotherapeutic agents, is known to exhibit . <

potential anticancer effects in various tumors and inhibit growth and C | Cenissaen @ i
metastasis of melanoma. However, the potential of apigenin nano- s mnossricies o Snsgrphc imging

particles (APG-NPs) to prevent lung colonization of malignant e |ﬂ--r-ww‘esvﬂe-cv wewaRy T
melanoma has not been well investigated. APG-loaded PLGA-NPs e C i EL A L O X T
were surface-functionalized with meso-2,3-dimercaptosuccinic acid . o :':"'5""‘ w R T A S T
(DMSA) for the treatment of melanoma lung metastasis. DMSA- gy 'au :

conjugated APG-loaded NPs (DMSA-APG-NPs) administered by an . L Lunp memscsi ‘j‘,.; ol

oral route exhibited sustained APG release and showed considerable

enhancement of plasma half-life, C,, value, and bioavailability ™o .- Q

compared to APG-NPs both in plasma and the lungs. DMSA- - -y

conjugated APG-NPs showed comparably higher cellular internal-
ization in B16F10 and A549 cell lines compared to that of plain NPs.
Increased cytotoxicity was observed for DMSA-APG-NPs compared to APG-NPs in AS49 cells. This difference between the two
formulations was lower in BI6F10 cells. Significant depolarization of mitochondrial transmembrane potential and an enhanced level
of caspase activity were observed in B16F10 cells treated with DMSA-APG-NPs compared to APG-NPs as well. Western blot
analysis of various proteins was performed to understand the mechanism of apoptosis as well as prevention of melanoma cell
migration and invasion. DMSA conjugation substantially increased accumulation of DMSA-APG-NPs given by an intravenous route
in the lungs compared to APG-NPs at 6 and 8 h. This was also corroborated by scintigraphic imaging studies with radiolabeled
formulations administered by an intravenous route. Conjugation also allowed comparatively higher penetration as evident from an in
vitro three-dimensional tumor spheroid model study. Finally, the potential therapeutic efficacy of the formulation was established in
experimental BI6F10 lung metastases, which suggested an improved bioavailability with enhanced antitumor and antimetastasis
efficacy of DMSA-conjugated APG-NPs following oral administration.

KEYWORDS: apigenin, nanoparticles, DMSA surface conjugation, lung metastasis, gamma scintigraphy

Bl INTRODUCTION treated by surgery. Radiotherapy and chemotherapy are the
only treatment modalities.

In this context, the ability of natural agents to suppress
carcinogenesis has received widespread attention in the
research community. Many reports have shown that
consumption of phytochemical-rich diets such as fruits and
vegetables can decrease the risk of certain types of human
cancers.” Flavonoids comprise a class of low-molecular-weight
polyphenolic compounds widely distributed in the plant
kingdom, possessing potent antioxidant and anti-inflammatory

With more than 12 million new cases every year, cancer has
become one of the most devastating diseases worldwide. Lung
cancer is one of the deadliest cancers with a high mortality rate.
According to the GLOBACON report in 2018, lung cancer
affected 2.1 million of the population (11.6% of all cancers)
worldwide and caused 1.8 million deaths (comprising about
18.4% of all cancer-related deaths).' Meanwhile, in India,
according to the Indian Council of Medical Research statistics,
there were 57,795 new cases of lung cancer estimated to occur
in 2012, which is expected to increase by 67,000 (5.9% of all
cancers) annually by the year 2020.° Metastatic cancers,
especially lung metastasis cases, are almost incurable. Conven-
tional chemotherapy, radiotherapy, and surgery remain the
mainstay for treating primary or metastasizing tumor cells.
Malignant melanoma causing metastasis still accounts for most
of the cancer-related deaths, as multiple metastases cannot be
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Development of a peptide-based bifunctional
chelator conjugated to a cytotoxic drug for the
treatment of melanotic melanomaf
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The cytotoxic drug gemcitabine (GEM) has been conjugated to receptor-binding peptides to target mela-
noma tumors. A hexapeptide having a Lys-Gly-His-Lys sequence (pep-1), an octapeptide with an Arg-Gly-
Asp-Lys-Gly-His-Lys sequence (pep-2), a GEM-conjugated Lys-Gly-His-Lys peptide (GEM-pep-3) and a
GEM-conjugated Asp-Gly-Arg peptide (GEM-pep-4) were synthesized and characterized. In vitro uptake of
fluorescently labeled GEM-pep-3 and GEM-pep-4 on B16F10 cells was investigated. Fluorescence micros-
copy studies demonstrated significant uptake of GEM-pep-3 in the B16F10 mouse melanoma cell line. The
peptides and GEM-coupled peptides were radiolabeled with [*°™Tc(CO)s(H,O)sl™ and examined for in vitro
cell binding in the B16F10 melanoma cell line and in vivo biodistribution and scintigraphic studies in a
B16F10 melanoma tumor-bearing mice model. In vitro cellular uptake studies and biological evaluation

Received 18th December 2017,
Accepted 28th February 2018

confirmed significant deposition of GEM-pep-3 at the melanoma tumor site. The MTT assay depicted
higher cytotoxic behaviour of GEM-pep-3 than free GEM. A considerable amount of cell apoptosis was also
DOI: 10.1039/c7md00638a observed in B16F10 cells. Finally, the in vivo therapeutic efficacy study revealed a significant decrease in tu-
mor growth in the GEM-pep-3-treated animal model. These studies reveal enough potentiality of GEM-

rsc.li/medchemcomm pep-3 to treat melanoma and underline the need for further evaluation.

Advancement in the field of peptide synthesis over the last
few decades has resulted in the development of new tumor-

Introduction

Recent contribution of research in different areas of modern
biology includes finding novel ways to suppress tumor growth
using low-toxicity therapies. An effective therapeutic approach
is to eliminate cancerous cells while sparing the normal cells.
Conventional chemotherapeutics (i.e. DNA alkylating agents)
target proliferating cancer cells. These may damage healthy
growing cells but fail to eliminate quiescent or non-
proliferating cancer cells. As many primary and metastatic hu-
man tumors are associated with overexpression of different
endogenous regulating peptides,’™ conjugation of cytotoxic
drugs to receptor-binding peptides is an attractive approach
of various cancer research laboratories.””
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specific peptides exhibiting high affinity to receptors for re-
search, diagnosis and therapy.®® Small, synthetic, receptor-
binding peptides are preferable over proteins and antibodies
for tumor targeting because of their easy chemical modifica-
tion, favourable pharmacokinetics (high uptake in target tis-
sues, rapid clearance from blood and non-target organs), and
broad range of biological activities against many chronic dis-
eases.” In recent years, specifically designed radiolabeled
small peptides have been increasingly being used for diag-
nostic imaging and radionuclide therapy in nuclear oncol-
ogy.”® Highly sensitive molecular imaging techniques like
single-photon emission computed tomography (SPECT) and
positron emission tomography (PET) can be used to monitor
tumor localization, progression as well as therapeutic inter-
vention and  control.'®'  Somatostatin, bombesin,
neurotensin, vasoactive intestinal peptide and many others
are currently under investigation for possible clinical applica-
tions in the diagnosis and treatment of human cancers.”®
The overexpression of somatostatin receptors on various can-
cers led to the development of US FDA-approved **'In-labeled
DTPA-octreotide  (*''In-octreoscan) as a  diagnostic
radiopeptide for scintigraphic imaging of neuroendocrine tu-
mor in patients.'> A wide variety of chelating agents and

This journal is © The Royal Society of Chemistry 2018
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Garcinol loaded vitamin ETPGS
emulsified PLGA nanopatrticles:
preparation, physicochemical
e characterization, in vitro and in vivo
R L PP

Raghuvir H. Gaonkarl, Soumya Ganguly?, Saikat Dewanjee?, Samarendu Sinha3, Amit Gupta®,
Shantanu Ganguly3, Dipankar Chattopadhyay* & Mita Chatterjee Debnath!

Garcinol (GAR) is a naturally occurring polyisoprenylated phenolic compound. It has been recently
investigated for its biological activities such as antioxidant, anti-inflammatory, anti ulcer, and
antiproliferative effect on a wide range of human cancer cell lines. Though the outcomes are very

. promising, its extreme insolubility in water remains the main obstacle for its clinical application. Herein

 we report the formulation of GAR entrapped PLGA nanoparticles by nanoprecipitation method using

: vitamin ETPGS as an emulsifier. The nanoparticles were characterized for size, surface morphology,
surface charge, encapsulation efficiency and in vitro drug release kinetics. The MTT assay depicted a
high amount of cytotoxicity of GAR-NPs in B16F10, HepG2 and KB cells. A considerable amount of cell
apoptosis was observed in B16f10 and KB cell lines. In vivo cellular uptake of fluorescent NPs on B16F10
cells was also investigated. Finally the GAR loaded NPs were radiolabeled with technetium-99m with

: >95% labeling efficiency and administered to B16F10 melanoma tumor bearing mice to investigate the

. invivo deposition at the tumor site by biodistribution and scintigraphic imaging study. In vitro cellular

. uptake studies and biological evaluation confirm the efficacy of the formulation for cancer treatment.

- Inrecent years a great deal of attention has been given to identify novel pharmacophores from natural resources

. that can be used to suppress cancers as well as reduce the risk of cancer development'. Garcinol (GAR) is a poly-

. isoprenylated benzophenone derivative isolated from the fruit rind of Garcinia indica known as Kokum. Like tur-
meric, this plant is also used as a garnish in cooking and has been extensively used to treat gastric disorders and
skin irritation?. Studies by different groups have revealed the potential antioxidant, antiinflammatory and anti-
cancer effects of GAR. The anti oxidative property is due to its polyphenolic structure’. In vivo studies in animal
models have shown its efficacy in suppressing azoxymethane induced colon cancer?, 4-nitroquinoline-1-oxide
induced tongue cancer®, and nicotine-induced human breast cancer®. In vitro studies in different cancer cell lines
reveal the efficacy of the compound in modulating cell signaling pathways involved in apoptosis and cancer devel-

. opment’. Though a large number of in vitro and in vivo studies have been done to establish its wide array of phar-

: macological effects, little is known about its pharmacokinetic properties and toxicity parameters. A study report
claimed that oral administration of 285.71 mg/kg GAR in a mouse model bearing MDA-MB-231 did not result in
systemic toxicity and mortality’. The compound is a hydrophobic polyphenol exhibiting extremely low aqueous
solubility whereas freely soluble in common hydrophilic or organic solvents (0.344-1 g/ml). This necessitates the
development of potential delivery systems to enhance its stability and bioavailability.
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Abstract

In recent years the authors have reported on **™Tc(CO);-labeled peptides that serve as carriers for biomolecules
or radiopharmaceuticals to the tumors. In continuation of that work they report the synthesis of a pentapeptide
(Met-Phe-Phe-Gly-His; pep-1), a hexapeptide (Met-Phe-Phe-Asp-Gly-His; pep-2), and a tetrapeptide (Asp-Gly-
Arg-His; pep-3) and the attachment of 3-amino-1,2,4-triazole to the 5 carboxylic function of the aspartic acid
unit of pep-2 and pep-3. The pharmacophores were radiolabeled in high yields with [**™Tc(CO);(H,0);]* metal
aqua ion, characterized for their stability in serum and saline, as well as in His solution, and found to be
substantially stable. B16F10 cell line binding studies showed favorable uptake and internalization. In vivo
behavior of the radiolabeled triazolyl peptides was assessed in mice bearing induced tumor. The **™Tc(CO)s-
triazolyl pep-3 demonstrated rapid urinarZ clearance and comparatively better tumor uptake. Imaging studies
showed visualization of the tumor using ~*™Tc(CO);-triazolyl pep-3, but due to high abdominal background,
low delineation occurred. Based on the results further experiments will be carried out for targeting tumor with

triazolyl peptides.

Key words: fac—[gngc(CO)3(H20)3]+ core, internalization, triazolyl peptide synthesis, tumor imaging

Introduction

Technetium-99m (99mTc) is the most widely used radio-
isotope in diagnostic nuclear medicine. Significant ad-
vancement in technetium radiolabeling is associated with the
availability of a wide variety of ligand systems as well as
bifunctional chelating agents." Further advances have led to
the development of organometallic labeling strategy based on
the fac- [99“‘TC(CO)3(H20)3]+ core, the synthon developed by
Alberto et al., for labeling receptor-specific bioactive mole-
cules.>? This core due to its low spin, d° electronic config-
uration of Tc(I), exhibits remarkable stability over a wide
range of pH values. Excellent labeling efficiencies with a
number of donor groups, including amines, thioesters,
phosphines, carboxylates, and thiols have been achieved due
to the lability of the three water molecules coordinated to the
fac-M(CO); moiety.*

Their laboratory in recent years has made notable attempts
toward the development of °°™Tc(CO)s-labeled peptides
coupled to bioactive pharmacophores to be used as diagnostic

radiopharmaceuticals for tumor targeting.>® During the last
10 years several receptor-specific peptides have been radi-
olabeled with various radionuclides for scintigraphic appli-
cations and therapeutic purposes.” Small peptides are less
likely to be immunogenic, possess rapid blood clearance, and
are easy to synthesize and modify. Thus, for the development
of target-specific radiopharmaceuticals they are considered to
be excellent candidates.® L-type amino acid transporter 1
(LAT 1) is responsible for the transport of various natural
amino acids, such as methionine, phenylalanine, tyrosine etc.
In cancer cells too LAT 1 is found to be highly expressed.
Therefore, many natural amino acids and their synthetic an-
alogues are being explored as tumor imaging agents, which
have been radiolabeled with different radioactive isotopes.”'°

Recently the pharmacological activities of 1,2,4-triazoles
have been extensively explored. In many cases 1,2,4-triazoles
have been found to exhibit significant antitumor activity.'"*'* In
an effort to develop radiopharmaceuticals that can localize and
image tumors, **™Tc(CO)s-labeled triazole-coupled peptides
have been synthesized (Fig. 1), characterized, and evaluated for

'Infectious Diseases and Immunology Division, CSIR-Indian Institute of Chemical Biology, Kolkata, India.
’Department of Pharmaceutical Technology, Jadavpur University, Kolkata, India.
3Regional Radiation Medicine Center, Thakurpukur Cancer Center and Welfare Home Campus, Kolkata, India.

Address correspondence to: Mita C. Debnath; Infectious Diseases and Immunology Division, CSIR-Indian Institute of Chemical

Biology, 4 Raja S. C. Mullick Road, Kolkata 700 032, India
E-mail: mitacd @iicb.res.in
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