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Chapter 1 Introduction

1. Introduction

1.1  Hepatocellular Carcinoma

Hepatocellular Carcinoma (HCC) is one of the most common malignant solid tumors with
a very poor prognosis [Li et al, 2015] and survival rate [Weledji et al, 2014] in humans.
HCC-related death has been reported as the second highest in men [Torre et al, 2015,
McGlynn et al, 2015] accounting for 9.1% of all cancer related deaths worldwide [Wong et
al, 2017, Ferlay et al, 2013]. Gender and racial dispersity on prevalence of HCC is
noticeable among multi-ethnic populations in almost all countries. According to the global
cancer statistics 2012, number of liver cancer incident estimation was 782,500, and the
death related to HCC was 745,500 (521,000 in men and 224, 500 in women) worldwide
[Colombo and Maisonneuve 2017, Torre et al, 2015]. Generally, the reason for two to three
times higher rate of HCC in males than females include excessive alcohol abuse, obesity
and cirrhosis of liver [Yuan et al, 2004; Alcorn T 2011; Saunders et al, 2010]. Half of the
total deaths were accounted in China, and the main reason behind high HCC rates in parts
of Asia and Africa reflect the chronic hepatitis B and C (HBV and HCV respectively)
prevalence in these parts. On the other hand, obesity, type-2 diabetes, alcohol abuse, non-
alcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis (NASH) and smoking
are the major reasons for prevalence of this disease in western countries. Beside this,
consumption of peanuts, soybeans, grains and corn that have been stored in warm, moist
conditions for a long time and contaminated with a poison called aflatoxin, is another risk
factor for HCC [Shin et al, 2010; Mittal et al, 2013; Altekruse et al, 2009; Torre et al,
2015]. A genetic disorder called hemochromatosis is (excessive iron storage in hepatic
cells) also associated with increased risk to HCC [Kew MS, 2014]. These statistics are
based on GLOBOCAN estimates of cancer incidence and mortality produced by the
International Agency for Research on Cancer (IARC) for 2012 [Ferlay et al 2015 and Torre
et al, 2015].

1.1.1 HCC etiology and classification

HCC is a multistage disease which unlike any other neoplastic disease, generally occurs in

a previously damaged liver. However, the occurrence rate of HCC in non-fibrotic or

Page | 1



Chapter 1 Introduction

minimum portal fibrotic liver is 15-20% [Anzola M, 2004, Fattovich et al, 2004; Bralet et
al, 2000]. There are few precursor lesions to this disease such as hepatocellular adenoma
(HCA), dysplastic foci and dysplastic nodules. HCA is a type of metabolic syndrome
which is associated with mutation of beta-catenin and leads to HCC in 4-8% patients.
Tumor histopathology of HCA and HCC in non-cirrhotic liver is almost similar and could
be hard to differentiate [Evason et al, 2013; Fattovich et al 1994]. Small focal hepatic
altered dysplastic cells are called dysplastic foci. The characteristic of dysplastic foci are
increased nuclear/cytoplasm ratio and uniform lesions of less than 1 mm in size, hence
criteria for malignancy is not fulfilled. Due to their lower rate of apoptosis and high
proliferation rate than the surrounding liver tissues, dysplastic nodules are generally
considered as a pre-malignant precursor to HCC [WP International, 1995; Schlagater et al
2014]. Dysplastic nodules are usually found in liver cirrhosis. They are bigger in size
(larger than 1 mm) and can be divided into two sub-types of high-grade and low-grade
lesions. Minimum abnormality is observed in low grade nodules, whereas high grade
nodules show irregular nuclear border, larger cell plates, basophilic cytoplasm and
occasional unpaired arteries. Multiple nodules are characteristic feature of hepatocellular
carcinoma. [Roncalli M, 2004; Schlagater et al, 2014]. HCC is classified by WHO and
International consensus group as: A) Early HCC: well differentiated form with less than 2
cm size and margins and nodules are not well defined and B) Progressed HCC: moderately
differentiated with more than 2 cm in size and nodules are distinct. Further progressed
HCC can be divided into three sub-types, nodular (single/multiple nodule), massive (large
irregular tumor) and diffused (many small nodules in one lobe or whole organ) [The
International Consensus Group for Hepatocellular Neoplasia, 2009; IARC WHO

Classification of Tumours, 2010].
1.1.2 HCC treatment

The appropriate therapy of HCC depends on the underlying status of the liver and the stage
of the disease depending on the factors such as size of tumor growth, tumor location etc
and can be divided into surgical and non-surgical approaches. The surgical treatment
includes ablation therapy, liver resection and liver transplantation [Jarnagin et al, 2010].

Non resectional ablation therapy can be divided into radiofrequency ablation (RFA) and
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Chapter 1 Introduction

transarterial chemoembolization (TAE). Both of these are effective against tumor necrosis
and small size tumors (<3cm) [Livraghi et al, 2008; Lu et al, 2005]. Hepatic resection can
be divided into two subtypes such as open liver resection and laparoscopic resection.
Hepatic resection is applicable in patients with solitary tumors without major vascular
invasion (HCC patients without cirrhosis). Survival rate is higher in liver resection but
recurrence of the disease is frequent [Bryant et al, 2008; Vigano et al, 2009]. Orthotopic
liver transplantation (OLT) is done in patients having liver cirrhosis along with large HCC
tumor. Organ donation and organ sharing is a key factor for this type of surgery [Cha et al,
2003; Marsh et al, 2003]. According to Milan criteria the early stage of HCC that is patient
with a single tumor (< 5¢cm) or 1-3 tumors (<3 cm of each) should undergo OLT. Survival
rate and improved quality of life is generally acquired after successful surgery procedure of
OLT. [Mazzaferro et al, 1996; Jarnagin et al, 2010].

15t Hit 214 Hit
/ / ' :
D — _ —

Scar tissue

Deposition of fat,
insulin resistance,
obesity, hypertension

Oxidative stress,
mitochondrial
dysfunction, cytokine

formation

Fibrosis

imbalance

NAFLD

NASH

Normal liver

Loss of cell
function

Inactivation of tumor

£ V2L 7
- HCC suppressor gene, loss of Cirrhosis
\ cell cyele control /

Liver transplant/ Death

Figure 1.1: Progression towards hepatocellular carcinoma [Anjana et al, 2018]

Non-surgical treatment of HCC mainly focuses on systemic chemotherapy and cytotoxic
chemotherapy. Other than that, radiotherapy, immunotherapy, hormone therapy and

oncolytic virotherapy are also types of approaches to treat hepatic carcinoma which are

Page | 3



Chapter 1 Introduction

currently being investigated in various phases of clinical trials. The first line drug of choice
for standard online systemic chemotherapy is sorafenib, a multikinase inhibitor which is
the first targeted therapy approved for the treatment of advanced HCC in patients with
relatively preserved liver function. Mostly, combination of sorafenib along with TAE is
used for treating advanced stage of HCC. However, as per report, in average, sorafenib is
useful against only 30% of HCC patients, and drug resistance is developed within six
months of treatment. Doxorubicin and cisplatin are used as cytotoxic chemotherapeutic
agents, but they have very high toxicity in normal hepatic cells. As liver is the main organ
for metabolism, non-cirrhotic HCC patients those who have adequate hepatic function, are
preferably treated with cytotoxic chemotherapeutic agents. [Zhou et al, 2016; Sanoff et al,
2016; Liu et al, 2015; Sanyal et al, 2010; Hootegem et al, 2016 Dhanasekaran et al, 2012].

1.2  Dietary flavonoids against HCC

Problems associated with the treatment of hepatocellular carcinoma, such as, recurrence of
the disease, drug resistance, drug induced hepatotoxicity and other adverse effects made
researchers to find out alternative treatment for HCC which includes use of dietary
supplements as tumor suppressive or therapeutic agents. Plenty of earlier researches
showed that a regular intake of high fiber rich diet along with green vegetables and fruits,
have decreased the risk, prevalence and progress of many types of cancer including HCC
and increased a general well being in patients [Zhou et al, 2016; Smith RJ, 2012, Lippman
et al, 2002; Wang et al, 2014]. Many dietary plant flavonoids act as a chemo-preventive or
tumor-suppressive or anti-proliferative or chemopreservative agent at the promotional or
proliferative stage of liver cancer by protecting against carcinogens, inhibiting the tumor
cell growth and reducing metastasis. They can act as immunomodulating agents or may
enhance the effect of other chemoprotective drugs when used as an adjuvant therapy
against HCC. Flavonoids are a group of dietary products which have proven their selective
anti-proliferative and cytotoxic activities against various types of cancer cells which are
very important criteria against compromised hepatic environment, as normal hepatocytes
are generally not affected by using those flavonoids or dietary supplements [Chatterjee and
Mitra, 2015; Thoppil et al, 2012; Zhou et al, 2016].
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Chapter 1 Introduction

1.3 Apigenin as therapeutic agent

Apigenin (API) is a bioactive dietary flavonoid found in various common vegetables and
fruits. It has effective chemo-preservative and/or tumor-suppressive activity against many
kinds of common malignancies including prostate, oral, skin, colon, breast, lungs,
pancreatic, colo-rectal and hepatic cancer [Yan et al, 2017; Das et al, 2013; Valdameri et
al, 2011, Cai et al, 2011]. API exerts its anticancer potential by different kinds of
pathways. The main three mechanism of action of API includes cell cycle arrest (anti-
proliferative effect), induction of autophagy and apoptotic pathway in tumor cells (anti-
oxidant effect) and maintenance of intracellular level of p> genes (tumor-suppressive
effect) [Maggioni et al, 2013; Lee et al 2014; Chen et al, 2016, Sung et al, 2016]. An
unique criteria of apigenin is that it possesses much lower cytotoxicity in normal cellular
environment and has been proven to have negligible side effects when consumed in a much
higher dose [Xu et al, 2011]. The preferential cytotoxicity of API against cancerous growth
has made it a very popular therapeutic strategy in anti-cancer research.

1.3.1 Mechanism of action of Apigenin

In maximum cases, the anti-oxidant and anti-inflammatory activities of API are closely
related to its anti-cancer effects [Ali et al, 2017]. APl promotes metal chelating and
scavenges free radicals which are produced due to oxidative stress inside carcinogenic cells
during progression of the disease. API also induces the activities of phase Il metabolic
enzymes in liver, which are involved in detoxification of cytotoxic materials [Middleton et
al, 2000] and also take part in down-regulation of lympholytic DNA damage by
carcinogen(s) [Kim et al, 2003]. Pro-apoptotic activities of API involve regulation of many
genes which include down-regulation of plasminogen activator inhibitor-2 by suppression
of protein kinase B (PKB) phosphorylation, maintaining the ratio of bax/bcl-2 genes,
release of cytochrome-c protein and induction of apoptotic protease activating factor 1
(Apaf-1) towards up-regulation of caspase (3, 8 and 9) pathways resulting in cleavage of
poly ADP ribose polymerase (PARP) enzyme [Zeng et al, 2015; Valdameri G; Wang et al,
1999; ]. API significantly induces Go/M and Gy,G, cell cycle arrest in cancerous cells by
inhibiting p**cdc? gene [Wang et al, 2000]. API increases the stability of p>® and p** genes

and down-regulates expression of cyclin-dependent kinase 4 (CDK4) which in turn leads to
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Chapter 1 Introduction

tumor-suppressive and anti-proliferative effect of this chemical [Chiang et al, 2006, Shukla
and Gupta, 2010]. Further, API has proved to reduce cell viability and induce apoptotic cell
death by ROS generation through NADPH oxidative pathway in different types of HCC
cells [Choi et al, 2009]. Very few in-vivo reports have also indicated that at a higher dose,
API has protective effects against oxidative stress and DNA damage by external carcinogen
in experimental rats [Jeybal et al, 2005].

1.3.2 Apigenin solubility and bioavailability

However, the therapeutic efficacy of API is severely limited by two unwanted drawbacks
with this chemical. Firstly, API has a major solubility problem in water and secondly it has
a very low bioavailability when administered orally [Ding et al, 2014]. API gets cleaved in
gastrointestinal (Gl) track after oral ingestion and gets absorbed and distributed inside the
Gl lumen. This leads to a lower bioavailability of API in other organs of the body when
given orally [Lefort and Blay, 2013]. Besides, API has a very strong affinity for human
serum albumin (HSA), that is, 10,000 times more than the other flavonoids of same group
which may also lead to the low bioavailability of it [Cao et al, 2011]. Further, API is a
class Il drug with high intestinal membrane permeation, poor solubility and very long half
life of 91.8 h when administered orally [Gradolatto et al, 2004]. The average solubilities of
APl in hydrophobic and hydrophilic media are 0.001-1.63mg/ml and 2.16ug/ml
respectively [Zhang et al, 2012; Ding et al, 2014]. This is also a severe disadvantage to

clinical feature of API.
1.4 Nanoparticle based drug delivery

All these things cumulatively triggered the scientists to develop new technologies which
can deliver hydrophobic moieties in a sustained manner to the target area to have a much
higher bioavailability of API in cancerous tissue. There are few published works which
have indicated that polymeric solid lipid nanoparticles loaded with APl may solve all these
problems and have a beneficial effect against different types of cancers [Ding et al, 2014;
Das et al, 2013; Zhai et al, 2013, Jeetah et al, 2014] including HCC [Wu et al, 2017] in-
vitro. Polymeric nanoparticles are excellent drug delivery systems (DDS) for optimum

delivery of hydrophobic/hydrophilic drug moieties, flavonoids, vaccines, genes, protein etc.
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Chapter 1 Introduction

to the target site of delivery in a sustained drug release pattern [Masood F, 2016]. Poly
lactic co-glycolic acid (PLGA) based polymeric nanoparticles gained most popularity in
this field due to their non-toxic and biodegradable nature and PLGA has been approved by
the United States Food and Drug Administration (US FDA) for using in intravenous drug
delivery for humans [Gentile et al, 2014].

Here we have developed and characterized PLGA nanoparticles loaded with APl (ApNp)
and modified the required parameters for a successful parenteral delivery of apigenin to
treat hepatocellular carcinoma in-vitro and in-vivo. Particle size was optimized according to
the need for delivery in hepatic tissues. Surface morphology were also engineered to
increase the bioavailability of apigenin and to ensure the sustained drug release in the target
site for a prolonged period of time. The cytotoxic effects of ApNp as well as raw API were
tested against two human hepatocellular cancer cell lines, HepG2 and Huh-7. Cellular
uptakes of nanoparticles were also checked by confocal microscopy and fluorescence
activated cell sorting. Biodistribution and bioavailability of API as well as ApNp were
measured by bio imaging and pharmacokinetic studies in-vivo. Further, to observe the
tumor suppressive and anti-proliferative effect of APl and ApNp, an HCC animal model
was prepared and treated with API/ApNp and compared all the data with normal and
untreated group of animals. Marker enzyme assays, macroscopic observation and

histopathology investigation were done to establish the outcome of this work.
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Chapter 2 Literature Review

2. Literature Review
2.1  Nanotechnology

Nanotechnology, as the term indicates, is the field of science which deals with the
nanosized materials (less than 1000 nm) or specifically engineered molecules to have a
sub-micron size range to reach a scientific goal towards betterment of life. The term
‘nanotechnology’ was first tossed in early 70’s (in the last century) by N Taniguchi but
popularized by K. E. Drexler in 1986 [Taniguchi N, 1974; Drexler KE, 1986]. In last few
decades, nanotechnology was extensively studied and used in novel applications. Few
major applications of nanotechnology are depicted in Figure 2.1.

Agriculture Energy & Fuel

Medicine Optical

& Drugs \ / Engmeel’mg
Application o

Nano- Pl 3 Nano-

. 4" 'r 2 A 2 A X oy .

Fevice Nanote chnolf)bj falisies
In modern life

Biotechnology Bioengineering

Defense Cosmetics

Figure: 2.1  Applications of nanotechnology

2.2 Nanomedicine

Nanomedicine or nanotherapeutics is the use of nanotechnology in the field of healthcare
and medicine. Basically, any type of nanomaterials or nanosized biological devices or
nanosensors which are used in biomedical research and application are termed as
nanomedicines. Drug delivery to a specific target site, or nanomaterials specially

engineered with required characters with the help of biotechnology or bioengineering have
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opened up a new window in medical science[Prasad M et al, 2018; Bharali and Mousa,

2010]. Nanotechnology is extensively used to improve the bioavailability of a drug in a

specific environment [Gunasekaran et al, 2010] or to modify the pharmacokinetic

parameters or biodistribution of a drug as required [Hamidi et al, 2013] or as a bioimaging

tool for diagnosis purposes [Jyothi et al, 2013]. Types of commonly used nanomedicines

with some of the US-FDA approved products with current status are listed in Table 2.1.

Table 2.1: Few commonly used nanomedicines with US-FDA approved marketed
products
Type of | Product Name (Active | Current Indication(s)
Nanomedicine | Compound) Status
Adagen® (adenosine | Marketed Severe combined
deaminase enzyme) (1990) immunodeficiency disease
(SCID)
Oncaspar® (L-aspargase) Marketed Acute lymphoblastic leukemia
(1994)
Copaxone® (Random | Marketed Multiple Sclerosis (MS)
copolymer of amino acids) | (1996)
Cimzia® (certolizumab) Marketed Crohn's disease, Rheumatoid
(2008, 2009, | arthritis, Psoriatic Arthritis,
Polymeric 2013) Ankylosing Spondylitis
Nanoparticles | gjigard® (Leuprolide | Marketed Prostate Cancer
acetate and polymer) (2002)
Mircera® (erythropoiesis- | Marketed Anemia  associated  with
0 8 o stimulating agent. ESA) (2007) chronic kidney disease
O
OO OO Neulasta® (GCSF protein) | Marketed Chemotherapy induced
(2002) neutropenia,
Pegasys® (IFN alpha-2a | Marketed Hepatitis B and Hepatitis C
protein) (2002)
Renagel® (Poly(allylamine | Marketed Chronic kidney disease
hydrochloride)) (2000)
PeglIntron® (IFN alpha-2b | Marketed Hepatitis C
protein) (2001)
Somavert® (HGH receptor | Marketed Acromegaly
antagonist ) (2003)
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Plegridy® (PEGylated | Marketed Multiple Sclerosis
IFN-B-1a) (2014)
Liposome DaunoXome® Marketed Karposi's Sarcoma
(Daunorubicin) (1996)
DepoCyt© (Cytarabine) Marketed Lymphomatous meningitis
(1996)
Doxil® (Doxorubicin) Marketed Karposi's Sarcoma; Ovarian
(1995, 2005, | cancer; multiple myeloma
2008)
Abelcet® Marketed Fungal infection
(Amphotericin B ) (1995)
Curosurf® (Liposome- | Marketed Respiratory Distress Syndrome
proteins SP-B and SP-C) (1999)
AmBisome® Marketed Protozoa/fungal infection
(Amphotericin B) (1997)
Visudyne® (Verteporfin) Marketed Macular degeneration, myopia,
(2000) ocular histoplasmosis
DepoDur® (Morphine | Marketed Post-operative analgesia
Sulfate) (2004)
Marqgibo® (Vincristine) Marketed Acute Lymphoblastic
(2012) Leukemia
Onivyde® (Irinotecan) Marketed Pancreatic cancer
(2015)
MM-398(Irinotecan) Phase 11| Small cell lung cancer,
clinical trial | metastatic pancreatic
adenocarcinoma, pediatric
solid tumors
LiPlaCis (Cisplatin) Phase Il | Advanced or refractory solid
clinical trial | tumors, metastatic breast
Inorganic and | Nanotherm® Marketed Glioblastoma
metallic (MagForce) (2010)
nanoparticles | Feraheme™/ferumoxytol | Marketed | Deficiency anemiairon
(AMAG pharmaceuticals) | (2009) deficiency in chronic Kkidney
disease (CKD)
Venofer® Marketed Iron deficiency in chronic
(Luitpold Pharmaceuticals) | (2000) kidney disease (CKD)
Feridex®/Endorem® Marketed Imaging agent
(AMAG pharmaceuticals) | (1996)
Marketed Iron deficiency in chronic
Dexlron®/Dexferrum® (1957) kidney disease (CKD)

(Sanofi Avertis)
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Nanocrystals | Emend® (Aprepitant) Marketed Antiemetic
(2003)
Tricor® (Fenofibrate) Marketed Hyperlipidemia
(2004)
Rapamune® (Sirolimus) Marketed Immunosuppresent
(2000)
Megace ES® (Megestrol | Marketed Anti-anorexic
acetate) (2001)
Avinza® (Morphine | Marketed Psychostimulant
sulfate) (2002,
2015)
Focalin XR® | Marketed Psychostimulant
(Dexamethyl-phenidate (2005)
HCI)
Ritalin LA® | Marketed Psychostimulant
(Metyhlphenidate HCI) (2002)
Zanaflex® (Tizanidine | Marketed Muscle relaxant
HCI) (2002)
Vitoss® (Calcium | Marketed Bone substitute
phosphate) (2003)
Ostim® (Hydroxyapatite) | Marketed Bone substitute
(2004)
Invega® Sustenna® Marketed Schizophrenia
(Paliperidone Palmitate) (2009,
2014)
Ryanodex® Marketed Malignant hypothermia
(Eagle Pharmaceuticals) (2014)
Protein Abraxane® (albumin- | Marketed Breast cancer, pancreatic
nanoparticles | paclitaxel) (2005 2012, | cancer
combined 2013)
with drugs or | Ontak® Marketed Cutaneous T-Cell Lymphoma
biologics (Eisai Inc) (1997)
Micellar Estrasorb™ Marketed Menopausal therapy
nanoparticles | (Novavax) (2003)
combined
with drugs

[Bobo et al, 2016; Piktel et al, 2016; Tran et al, 2017]

Beside these, there are few other nanocarriers such as dendrimers, micelles, antibody drug

conjugates, polymeric nanoshells, quantum dots, nanospheres etc. which are being

extensively studied for their therapeutic use against different types of diseases [Tran et al,

2017].
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2.3 Nanoparticles

In recent past, nanoparticles (NP) has gained very strong attention in nanomedicine field
for their controlled drug delivery strategies [Rizvi and Saleh, 2018; Bhattacharyya and
Singh, 2009; Zhang, J., Saltzman, M., 2013]. They are solid-colloidal drug delivery
systems which are used against various types of life threatening diseases including different
malignancies as a chemotherapeutic agent [Prabhu et al, 2015]. Cleverly engineered NPs
can ensure prolonged drug residence time, greater biodistribution, higher safety and
biocompatibility, specific delivery to target site, less cytotoxicity to normal cells and
reduced overall cost for chemotherapy in patients [Phillips et al, 2010]. Many types of NPs
are studied for their drug delivery purposes and among them solid-lipid polymeric
nanoparticles (PNPs) are very popular in clinical medicine and research for their unique
characteristics. PNP can incorporate a wide range of anticancer drugs of both hydrophobic
and hydrophilic nature to their core [Mukherjee et al, 2009]. Delivery of such drugs can be
achieved by either passive delivery or ligand based active targeting (Figure 2.2). [Danhier
et al, 2010]

2.3.1 Tumor targeting by nanoparticles

Passive targeting of polymeric nanoparticles uses the physiological conditions of tumor
site, leaky vasculature (enhanced permeability and retention effect), surface characteristics,
temperature and pH of tumor environment etc. for specific drug delivery. Ligand based
targeted delivery involves conjugation of a ligand to the surface of NPs such as antibody
(proteins), aptamar (nuclic acids) or any other type of ligand (peptides or vitamins or
carbohydrates) and targeted delivery is ensured depending upon the appropriate receptors
which are overexpressed by particular tumor cells to be treated [Gu et al, 2007; Maeda et
al, 2001; Yatvin et al, 1980; James et al, 1956; Kirpotin et al, 2006].
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Figure 2.2 A schematic diagram illustrating the tumor site specific delivery of
polymeric nanoparticles.

2.3.2 Preparation of polymeric nanoparticles (PNPS)

The preparation of PNP involves the use of therapeutic agents which are generally
dissolved, absorbed, entrapped or encapsulated inside the biocompatible and biodegradable
polymeric matrix of solid lipid nanoparticles. Several techniques have been developed for
preparation of polymeric nanoparticles which are classified depending upon the process of
particle formation that is by dispersion or polymerization or ionic gelation of monomers
[Yadav et al, 2012].

The common methods for preparation of PNPs by dispersion of preformed polymer:

a) Solvent evaporation: Here polymeric solutions are dissolved in a volatile
substance such as dichloromethane or chloroform or ethyl acetate and a single
emulsion (o/w) or double emulsion (w/o/w) is formed with the help of a high speed
homogenizer. After that, the organic solvent is evaporated, PNPs are sedimented by
centrifugation and dry product is collected after lyophylization [Reis et al, 2006].

b) Nanoprecipitation: This method is also known as solvent displacement technique.
Here the preformed polymer is precipitated in an organic solvent and the organic
solvent is diffused in an agueous medium in presence or absence of a surfactant
which leads to formation of colloidal suspension instantly [Barichello et al, 1999].

c) Emulsification/solvent diffusion (ESD): It is a modified form of solvent

evaporation technique. Here the polymer is dissolved in a semi water soluble

Page | 13



Chapter 2 Literature Review

d)

solvent and saturated with water. Then the polymers are precipitated and PNPs are
prepared by emulsification of polymer-water saturated solvent phase in an aqueous
medium according to oil to polymer ratio [Quintanar-Guerrero et al 1998].

Dialysis: In this method, polymer is dissolved in organic solvent and kept inside a
dialysis bag. Dialysis is performed against a non-solvent miscible with organic
solvent. Displacement of the solvent inside the dialysis bag leads to polymer
aggregation and formation of homogeneous nanoparticles [Niwa et al, 1993].
Salting out: This technique is used to separate a water miscible liquid from
aqueous solvent by salting out effect. Polymer and drug is dissolved in an organic
solvent followed by emulsification to aqueous gel containing a stabilizer and salting
out agent and this results in formation of nanoparticles when diluted with aqueous
phase [Fessi et al, 1989].

Supercritical fluid technology: By this method, environment friendly PNPs can be
prepared which are of high purity and without any trace of organic solvents.
Generally two types of techniques are used here: (i) rapid expansion of supercritical
solution (RESS) and rapid expansion of supercritical solution into liquid solvent
(RESOLV) [York et al, 1999].

Preparation of PNPs by polymerization of a monomer

a)

b)

Emulsion polymerization: This is a rapid method to produce emulsions. Here an
aqueous continuous phase is used where the monomer is dissolved. After that
polymerization process is initiated. Phase separation and formation of solid
nanoparticles take place before and after the termination of polymerization reaction
[Ekman et al, 1978].

Interfacial polymerization: Interfacial polymerization is a newly developed
method. Stepwise polymerization takes place between two monomers which have
been dissolved in two different phases (i.e., continuous and dispersed phase) and
the reaction takes place in the interface of two liquids [Crespy et al, 2007].
Controlled/living radical polymerization (C/LRP): C/LRP is done by (i)
nitroxide-mediated polymerization, (ii) atom transfer radical polymerization, (iii)
reversible addition and fragmentation transfer chain polymerization etc [Zetterlund
et al, 2008].
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Preparation of PNPs by ionic gelation/coacervation of hydrophilic polymers
a) lonic gelation: This process is used to develop nanoparticles from biodegradable
hydrophilic polymers such as chitosan, sodium algenate and gelatin. Positively
charged hydrophilic polymers react with negatively charged polyanion compound to
form ion gels with a size range of nanoparticles. Here, electrostatic interactions take
place between the two aqueous phases [Calvo et al, 1997].

2.3.3 Polymeric nanoparticles for targeted therapy in hepatocellular carcinoma:

HCC is a type of primary liver cancer which accounts for the third highest cancer related
deaths worldwide. There are several risk factors associated with HCC such as hepatitis B
and C, liver cirrhosis, alcohol consumption, various metabolic disorders etc. which may
lead to HCC in patients. Treatment strategy for HCC includes surgical (liver
transplantation or resection) and non-surgical (chemotherapy and radiotherapy) techniques.
No such drug or surgical method is yet to discover that could provide curative treatment of
HCC. Further, the underlying cause of this disease is not fully understood till date. The
main reasons for an unsuccessful chemotherapy in HCC patients include drug resistance,
reduced bioavailability of the drug at tumor site after oral and parenteral delivery, side
effects of drugs in normal hepatic tissue etc [Reddy and Couvreur, 2011; Fattal et al, 1989].
Scientists have shown that these difficulties can be overcome by using polymer based
nanoparticles to deliver drugs of both hydrophilic and hydrophobic nature in the HCC
tumor site at a much higher concentration in a sustained drug release pattern. Some of the
drug loaded nanoparticles which have achieved clinical and pre-clinical success against

HCC has been discussed below.

a) Doxorubicin loaded poly (isohexylcyanoacrylate) nanoparticles (also known as
doxorubicin transdrug or DT) have successfully controlled HCC incidences in-vivo
animal model and currently undergoing clinical trials for liver tumors. DT is active
against a multidrug resistant protein which is overexpressed in HCC patients. After
the safety and toxicological studies, a dose of 35 mg/m?® was considered to be safe
for usage in human. Recently, a phase 1l trial was conducted on efficacy of DT that

indicated that after 18 months of study on patients, 88.9% survival rate were
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b)

d)

2.3.4

Some

achieved when a repeated dose of 30 mg/m? were given [Barraud et al, 2005; Merle
et al, 2006].

Another phase Il clinical trial was conducted on treatment of HCC with
mitoxantrone-loaded polybutylacrylate nanoparticles intravenous formulation. A
slight improvement in efficacy with a 2.2 fold higher survival time was achieved
with this treatment [Zhou et al, 2009].

Carboplatin encapsulated chitosan coated magnetic nanoparticles combined with
magnetic fluid hyperthermia technique were applied on HCC tumor in preclinical
mice model with reasonable success. These nanoparticles were intra-arterially
injected to the animals and then animals were subjected to hyperthermia. A
prolonged survival rate and 93% tumor inhibition was achieved by this treatment
[Li et al, 2009].

Galactosylated polymeric nanoparticles were tested against asialoglycoprotein
receptors overexpressed on hepatic cells in HCC [Jain et al, 2010].

Sorafenib loaded polymeric nanoparticles showed much higher stability and release
of sorafenib in liver cancer cells in-vitro. Sorafenib loaded polymeric nanoparticles
tagged with an antibody had a great tumor inhibitory effect on HCC xenograft nude
mice model, without the obvious side effects of sorafenib as a free drug [Tang et al,
2018].

Super magnetic iron oxide nanoparticles (SPION) are used as a liver imaging tool
for detecting the stage of liver cancer. It acts by measuring the accumulation of
SPION in different types of hepatic environment. Two different SPION such as
ferumoxide (dextran-coated SPION, Endorem, Ferridex) and ferucarbotran
(carboxydextran-coated SPION, Resovist) are clinically approved for hepatic

cancer imaging [Digumarthy et al, 2005; Tanimoto et al, 2006].
PLGA nanoparticles against HCC

investigations involving poly (lactic-co-glycolic) acid nanoparticles (PLGA-

nanoparticles) drug delivery system against HCC are listed below.
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a) Kumar et al, (2017) showed that umbelliferone B-D-galactopyranoside (UFG)
loaded PLGA nanoparticles have a potential anti-cancer activity against HCC both
in-vitro and in-vivo.

b) Arginine-glycineaspartic acid (RGD) modified lipid coated PLGA nanoparticles
were developed for targeted delivery of two different drugs such as sorafenib and
quercetin and their combinations against HCC in-vitro and in-vivo. Studies showed
that the combination drug loaded nanoparticles showed a significant inhibition of
HCC tumors resulting in elevated therapeutic efficacy on this disease [Wang et al,
2016].

c) Devulapally et al (2016) reported that antisense miRNA-21 and gemcitabine co-
encapsulated in pegylated PLGA nanoparticles increased efficacy of the drugs when
treated against HCC cells.

d) PLGA nanoparticles loaded with betulinic acid showed a better therapeutic
response against HCC both in-vitro and in-vivo and could serve as future candidate
molecule for HCC treatment [Kumar P et al, 2018].

e) Pandey and co-workers showed that rutin loaded PLGA loaded nanoparticles
reduced incidences of hepatic nodules, necrosis formation, infiltration of
inflammatory cells, blood vessel inflammation etc. along with down-regulation of

various pro-inflammatory cytokines in HCC animal model [Pandey et al, 2018].

2.4  Excipients specific review

Several polymers such as poly (lactide-co-glycolide) (PLGA), polylactide (PLA),
polyglycolide, polycaprolactone (PCL), poly (d,l-lactide), chitosan, and PLGA-
polyethylene glycol (PEG) have been developed for passive and ligand-targeted delivery of
therapeutic moieties to the target site [Nair et al, 2011; Cheng et al, 2012; Park et al, 2009;
Prabhu et al, 2015]. Among them PLGA have been studied and used extensively as the
carrier matrix for nanoparticles and we used PLGA 85:15 grade in our formulations. Beside
this, in our study, two different concentrations of polyvinyl alcohol (PVA) were used as the

water phase of the double emulsion.
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241 PLGA

It is a synthetic co-polymer of lactic acid and glycolic acid. Lactic acid is an intermediate
metabolite or end product of carbohydrate metabolism cycle, hence abundantly found in
the natural sources. On the other hand, glycolic acid is also found in nature but in a much
lesser extent than lactic acid. PLGA is a biodegradable polymer. It degrades in lactate and
glycolate (salt forms of lactic acid and glycolic acid respectively). Ligands can be easily
added and manipulated on the surface of PLGA for targeted drug delivery [Avgoustakis K,
2005; Gentile et al, 2014].

Synthesis

PLGA is mainly synthesized by ring opening co-polymerization reaction of two different
monomers of glycolic acid and lactic acid [Erbetta et al, 2012]. Different forms of PLGA
(e.g. 50:50, 75:25, 85:15 etc.) are synthesized depending upon the lactides/glycolides ratio
which indicates the percentages of lactic acid and glycolic acid in that particular form of
PLGA [Hyon et al, 1997].

O O

\1///u\\ /H\\ 0
O A
& ( | > H s
O O O m T n
I O

O O

lactide (LA) glycolide (GA) poly(lactide-co-glycolide) (PLGA)

Figure: 2.3 Synthesis and structure of PLGA, where m and n are the number of units

of lactides and glycolides respectively. [Pan et al, 2012]
Solubility

The solubility of PLGA depends on the ratio of lactide and glycolide. When the amount of
glycolide is less than 50%, PLGA is soluble in wide range of organic solvents (such as
dichloromethane etc). But when the percentage of glycolic acid is more that 50% in the
polymer, it is insoluble in most organic solvents. Only few unusual solvent like propanolol
can dissolve that form of PLGA [Avgoustakis K, 2005].
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Molecular weight:
PLGA polymers have variety of molecular weights depending upon different ratios of

lactide and glycolide tabulated in Table 2.2.

Table 2.2 List of PLGA molecular weights versus polymeric ratios

Ratio of Lactide: Glycolide Molecular weight of that form

50:50 30,000-60,000

50:50 (ester terminated) 100,000
65:35 40,000-75000
75:25 66,000-107,000
80:20 200,000
85:15 190,000-240,000

Crystallinity

The glycol content in PLGA consisting 0-75% of total amount results in an amorphous
form of the polymer. Depending on crystallinity, the thermal stability and melting point of
PLGA differs [Gilding and Reed, 1979].

Thermal stability and storage

In absence of moisture, various forms of PLGA are generally thermostable. Prolonged
heating of PLGA over 200 °C in nitrogen vacuum results in degradation of the polymer.
PLGA should be stored at a cool and dry place in an air tight container [Silva et al, 2015;
Gilding and Reed, 1979; Lu et al, 1999].

Degradation

PLGA undergoes hydrolytic degradation via breaking of ester bonds by hydrolysis. In
normal condition, the average degradation time taken for PLGA 50/50, 75/25 and 85/15 are
1-2 months, 4-5 months and 5-6 months respectively [Park et al, 1995; Pitt and Gu, 1987;
Tracy et al, 1999].

Elimination

The lactate residue converts into CO, and pyruvate. The pyruvate residue then enters in
Kreb’s cycle. Glycolic acid is generally excreted via urine [Anderson and Shive, 1997;
Drury and Wick, 1956].
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Biomedical applications of PLGA

PLGA is nontoxic, biocompatible and biodegradable compound and it is approved by US-
FDA for internal usage in human [Gentile et al, 2014; Hans and Lowman, 2002]. PLGA is
being used since 1974 (product name was Vicryl) in biomedical field and currently being
extensively used by numbers of commercial manufacturers [Ulery et al, 2011; Conn et al,
1974]. PLGA have great cell adhesion properties, making it an excellent drug carrier for
variety of molecules such as chemotherapeutics, genes, proteins, enzymes, antibodies,
aptamers etc. for application in drug delivery field. Most often PLGA is used to prepare
nanoparticles, microspheres, microcapsules, nanospheres or nanofibers to facilitate
controlled drug delivery [Ulery et al, 2011]. Few types of drug loaded PLGA nanoparticles
as chemotherapeutic drug delivery system are listed in Table 2.3 [Prabhu et al, 2015].

Table: 2.3 PLGA nanoparticles developed against different types of diseases

Polymer Name Drug Name Passive/Active Indication
targeting
PLGA Paclitaxel Passive Human cervical cancer
Cisplatin Passive Colon adenocarcinima
5-Flurouracil Passive Glioma, breast carcinoma
Doxorubicin Passive Breast cancer, cervical
cancer
Tamoxifen Passive Breast cancer
PLGA-mPEG Cisplatin Passive Prostate cancer, ovarian
cancer
PLGA-mMPEG- 5-Flurouracil Passive HCC
CMC-GCS
PLGA-HSA-PLC Doxorubicin, Passive HCC, glioblastoma, breast
Tamoxifen cancer, cervical cancer
PLGA Gemicitabine Active Epithelial growth factor
(EGFR antibody) disease
PLGA-b-PEG Peptide Active (Aptamer) Prostate cancer
PLGA-PEG Peptide Active Epithelial growth factor
(EGFR antibody) disease

Abbreviations: PLGA, poly(lactide-co-glycolide); mPEG, methoxy-polyethylene glycol;
CMC, carboxymethyl cellulose; GCS, glycosylated chitosan; HSA, human serum albumin;
PLC, poly(d,l-lactide-co-caprolactone); EGFR, epithelial growth factor receptor
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242 PVA

Poly (vinyl alcohol) or PVA is a water soluble synthetic polymer. It is biodegradable and
biocompatible in nature and hence it is used extensively as emulsion polymerization and is
suitable for drug delivery system along with other polymers [Brough et al, 2016, Part | and
1].

Synthesis: PVA is synthesized in two steps, polymerization of vinyl acetate leads to poly
(vinyl acetate) and this is further converted to PVA [Brough et al, 2016, Part I].

Chemical structure:

~+CHsCH—

|
OH

Molecular weight: 20,000-200,000 Da
CAS-No. 9002-89-5

Physical and chemical properties: It is a crystalline substance having melting points of
230 °C (fully hydrolyzed PVA) to 180-190 °C (partially hydrolyzed PVA). At high
temperature, it undergoes pyrolysis. PVA is soluble in water, sparingly soluble in 95%

ethanol and insoluble in organic solvents.
Storage: PVA should be stored at a cool and dry place in an air tight container.

Biomedical uses: PVA is currently being used in a variety of pharmaceutical applications.
It is used as a stabilizing agent for emulsions in topical pharmaceutical and in ophthalmic
formulations. It is used in artificial tears and integrated into contact lenses for lubrication
purposes. Polyvinyl alcohol can be made into microspheres and is used as an emulsifier in
creating PLGA nanoparticles. It has also been used in sustained-release formulations for
oral administration and transdermal patches [Winterton et al, 2007; Thanoo et al, 1993;
Sahoo et al, 2002; Mu et al, 2003; Riis et al, 2007; Davaran et al, 2005].
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Safety and toxicity:

PVA is a non-toxic synthetic polymer. It is nonirritant to skin and eye hence used in
ophthalmic formulations and cosmetics. The LDsy of PVA is 14,700 mg/kg in mouse. It is
an acceptable non-medical ingredient and included in FDA inactive ingredients database
[https://www.spectrumchemical.com/MSDS/P2152-AGHS.pdf].

2.5  Drug specific review

APIGENIN

Chemical Structure:

Identifications: CAS Number 520-36-5; Drug Bank DB07352; PubChem
5280443

IUPAC Name: 5, 7-Dihydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one

Molecular formula : C15H1005

Molecular weight: 270.24 g/mol

Physical properties

= Description: Apigenin is a yellow crystalline solid

= Solubility: It is a hydrophobic chemical and insoluble in water. It is
soluble in dimethylsulfoxide (DMSO) and potassium
hydroxide (KOH).
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= Melting point: 345 to 350 °C (653 to 662 °F)
= UV-vis (Amax): 267, 336 nm in methanol
= Storage: Apigenin should be stored in an air tight container and to be

kept at a cool and dry place
Source:

Apigenin is a bioflavonoid, naturally found in many fruits and vegetables, including apples,

grape fruits, oranges, onions and celery. A high amount of apigenin can be isolated from

several popular spices, including chamomile, basil, oregano, tarragon, cilantro, and parsley
[McKay and Blumberg, 2006; Birt et al, 2001; Patel et al, 2007; Bevilacqua et al, 2004,
Shukla and Gupta, 2010].

Figure 2.4: Common sources of apigenin in nature

Pharmacokinetics properties:
= Absorption and distribution: Apigenin, when consumed orally, is well absorbed
in gastric lumen. It is highly bound to plasma protein (10,000 times more than other
flavonoids) [Cao et al, 2011; Xiao et al, 2009]. The half life of apigenin is 91.8 h
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and it appears in the blood 24 hours after initial ingestion [Gradolatto et al, 2005].
For this reason, bioavailability of apigenin is much low.

= Metabolism and excretion: It is rapidly metabolized via UDP
glucuronosyltransferase and released into serum as glucuroside and sulfate
conjugates. It is mostly excreted via the urine in the form of glucurosides and
sulfate conjugates, but there is some fecal excretion as well due to enterohepatic
ejection [Griffiths et al, 1972].

Safety and toxicity:

No apparent toxicity is recorded for apigenin overdose in normal cells. However, it has a
preferential cytotoxic effect on a variety of cancer cells. [Ross et al, 2002; Hollman et al,
1999].

Biological effects:

Apigenin possesses variety of biological functions such as anti-tumor, anti-diabetic, anti-
oxidant, anti-viral, anti-inflammatory, anti-bacterial, immuno-suppressive, antigenotoxic,
antiangiogenic, anxiolytic and sedative effects. Researchers have shown that, there are
numbers of diseases such as cardiovascular diseases, hepatotoxicity, nephrotoxicity, lung
fibrosis, ischemia, auto immune diseases, homeostasis, muscle regeneration, Alzheimer’s
disease, parkinsonism, HIV, multiple sclerosis, arthritis etc. where apigenin showed strong
beneficial effects. The chemotherapeutic potential of apigenin is also very high and it
showed a strong anti-proliferative and tumor-suppressive effect against different types of
malignancies including hepatocellular carcinoma [Yan et al, 2017; Shukla ang Gupta,
2010; Balez et al, 2016]

Mechanism of action:

Apigenin possess its biological functions by regulating different cellular pathways in
different diseases. A schematic diagram of major pathways by which apigenin exerts its

pharmacological effects is given in Figure 2.5.
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Figure: 2.5

Different molecular pathways regulated by apigenin in-vitro and
in-vivo. [Yan et al, 2017]
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3. Objectives and plan of study

3.1 Objectives

The objective of this research work was to develop and optimize apigenin (API) loaded
PLGA nanoparticles to enhance the bioavailability of apigenin and to investigate them as a
targeted therapy against hepatocellular carcinoma in-vitro and in vivo.

o©
00O i
O O O In-vitro studies
',".
— f\%
Drug loaded nanoparticles \ : N0

In-vivo studies

Figure 3.1 A simple schematic diagram explaining the objectives of the study
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3.2 Plan of study

The study was planned as given below
Preformulation studies of apigenin

» Preparation of different buffers used in the study
» Analytical method development of APl by UV-Visible spectroscopy
» Development of Calibration Curve of apigenin by UV spectroscopy

Formulations of polymeric nanoparticles of API

» Preparation of apigenin loaded polymeric nanoparticles (ApNp) by multiple
emulsion and solvent evaporation technique.

» Optimization of particle size and surface characteristics to ensure optimum
targeted delivery of ApNp to hepatic environment.

> Investigation of presence of any physical or chemical interactions between drug
and excipient by Fourier transform infra red (FTIR) spectroscopy

» Evaluation of surface morphology of the prepared nanoparticles using field
emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM) and atomic force microscopy (AFM).

» Assessment of stability of prepared ApNp by accelerated stability study and
hydrolytic stability study.

In-vitro drug release studies
» In-vitro drug release ApNp was performed in PBS (pH 7.4), citric acid buffer
(pH 3) and acetic acid buffer (pH 5) using cumulative drug release method.

» Assessment of various drug release Kinetics and regression coefficients of the

prepared formulation in different buffers.
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In-vitro experiments on human HCC cell lines

» Evaluation of cytotoxicity of ApNp and APl on HepG2 and Huh-7 cells and
determination of respective 1Csg values.

» Visualization of cellular uptake of ApNp in both HCC cells by confocal
microscopy

» Quantification of cellular uptake of ApNp by FACS

In-vivo experiments

» Development of chemical induced HCC rat model and the treatment of the
animals with ApNp and API to determine the efficacy of the formulation against
the control groups of rats.

» Pharmacokinetic studies and biodistribution of optimized nanoparticles and API
in balb/c mice and evaluation of pharmacokinetic parameters

» Time dependent bio-imaging and assessment of organ specific biodistribution of
radiolabeled nanoparticles (**"TC-ApNp) and radiolabeled free drug (**"TC-
API) in untreated and HCC bearing experimental animals.

» Assessment of variation in contents/activities of hepatocellular carcinoma-
specific marker isoenzymes/enzymes (cyt P-450, GST, UDPGT and SOD) in
different experimental groups of rats.

» Macroscopic and microscopic investigations of livers dissected from different

groups of experimental rats.
Statistical Analysis

» Statistical analysis of the data by one way ANOVA and Sudent’s t-test

wherever applicable.
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Materials and Methods

4.1 Materials

4.1.1 Chemicals

» Name and sources of the chemicals and other import materials used

Serial Name Source
No

1.  2-Acetylaminofluorene Sigma-Aldrich Co, St Louis, MO, USA.

2. Acetone Merck Life Science Pvt. Ltd, Bengaluru, India

3. Acetonitrile Merck Life Science Pvt. Ltd, Bengaluru, India

4.  Ammonium formate Sigma-Aldrich Co, St Louis, MO, USA.

5.  Apigenin Sigma-Aldrich Co, St Louis, MO, USA.

6.  Chloroform Merck Life Science Pvt. Ltd, Bengaluru, India

7. Citric acid Merck Life Science Pvt. Ltd, Bengaluru, India

8.  Cytochrome P-450 assay kit Thermo Fisher Scientific, Mumbai, India

9. 4',6-diamidino-2- Sigma-Aldrich Co, St Louis, MO, USA.
phenylindole

10. Dichloromethane Merck Life Science Pvt. Ltd, Bengaluru, India

11. Diethylnitrosamine Sigma-Aldrich Co, St Louis, MO, USA.

12. Disodium hydrogen Merck Life Science Pvt. Ltd, Bengaluru, India
phosphate

13. Dulbecco’'s Modified Eagle  HiMedia Laboratories, Mumbai, India.
Medium

14. Dimethyl Sulfoxide Merck Life Science Pvt. Ltd, Bengaluru, India

15. Dibutylphthalate Merck Life Science Pvt. Ltd, Bengaluru, India
Polystyrene Xylene

16. ethylenediaminetetraacetate  Merck Life Science Pvt. Ltd, Bengaluru, India

17. Ethyl acetate Merck Life Science Pvt. Ltd, Bengaluru, India

18. Fetal Bovine Serum HiMedia Laboratories, Mumbai, India

19. Fluorescein Isothiocyanate ~ HiMedia Laboratories, Mumbai, India

20. Glacial acetic acid Merck Life Science Pvt. Ltd, Bengaluru, India

21. Glutathione S Transferase Sigma-Aldrich Co, St Louis, MO, USA
assay kit

22. Hematoxylene and eosine Sigma-Aldrich Co, St Louis, MO, USA.

23. Methanol Merck Life Science Pvt. Ltd, Bengaluru, India
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24. 3-(4,5-Dimethylthiazol-2- HiMedia Laboratories, Mumbai, India
Y1)-2,5 Diphenyltetrazolium

Bromide
25. Naringenin Sigma-Aldrich Co, St Louis, MO, USA.
26. Penicillin-Streptomycin HiMedia Laboratories, Mumbai, India
217. Pol_y Lactic Co-Glycolic Sigma-Aldrich Co, St Louis, MO, USA.
28. Qg;t(jasium dihydrogen Merck Life Science Pvt. Ltd, Bengaluru, India
phosphate
29. Poly (Vinyl Alcohol) S D Fine-Chemicals limited, Mumbai, India
30. Sodium acetate Merck Life Science Pvt. Ltd, Bengaluru, India
31. Sodium bicarbonate Merck Life Science Pvt. Ltd, Bengaluru, India
32. Sodium carbonate Merck Life Science Pvt. Ltd, Bengaluru, India
33. Sodium citrate Merck Life Science Pvt. Ltd, Bengaluru, India
34. Sodium hydroxide Merck Life Science Pvt. Ltd, Bengaluru, India
35. Technetium chloride Sigma-Aldrich Co, St Louis, MO, USA.
36. Trypsine HiMedia Laboratories, Mumbai, India

4.1.2 Instruments

» Name and sources of the major instruments used

Serial No Name Source

1. 0.22 membrane filter ~ Merck Life Science Pvt. Ltd, Mumbai, India

2. -80° C Freezer New Brunswick Scientific, Eppendorf House,
(Model no U410-86)  Arlington Business Park, Stevenage, UK

3. Atomic force Dimension icon, Bruker, Billerica, MA, USA
microscope

4. Automatic plate Thermo Scientific Multiskan EX, Thermo Fisher
reader Scientific, Waltham, MA, USA

5. Bath sonicator Trans-O-Sonic, Mumbai, India

6. BD-FACS Verse T,  BD biosciences, San Jose, USA

7. CO; incubator Thermo Fisher Scientific, Waltham, MA, USA
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8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.
22.

23.

24,
25.

26.

Cold centrifuge
Confocal microscope
Digital camera
Digital pH meter
(EUTECH)

Digital weigh
machine

Disposable syringe
(Dispo Van)

FTIR instrument

Gamma camera

Gamma counter

High speed
homogenizer
Incubator shaker
Laminar airflow bio-
safety hood
LC-MS/MS

Light microscope
Laboratory freeze
dryer (lyophilizer)

Magpnetic stirrer

Normal Freezer
Particle size and
zetasizer

Transmission

HERMLE Labortechnik GmbH, Wehingen, Germany
TCS-SP8 confocal microscope, Leica, Germany
Canon Power Shot SX50 HS, Tokyo, Japan

Thermo Fisher Scientific India Pvt. Ltd., Hiranandani
Business Park, Mumbai India

Sartorius Corporate Administration, Otto-Brenner-
Stral3e 20, Goettingen, Germany

Hindustan Syringes and Medical Devices Limited,
Ballabgarh, Faridabad, Haryana, India

Magna-IR 750, Series Il, Nicolet Instruments Inc,
Madison, Wisconsin, USA

GE Infnia Gamma Camera with Xeleris Work station,
GE, Cleveland, OH, USA

Electronic Corporation of India, model LV4755,
Hyderabad, India

IKA Laboratory Equipment, Model T10B Ultras-
Turrax, Staufen, Germany

BOD-INC-1S, Incon, India

Thermo Fisher Scientific, Waltham, MA USA

LC: Shimadzu Model 20AC, MS: AB-SCIEX, Model:
API14000. GenTech Scientific, Inc, Arcade, NY, USA
Carl Zeiss: Axiostar plus, Jena, Germany

Instrumentation India, Kolkata, India

Remi Sales & Engineering Ltd, Ganesh Chandra
Avenue, Bando House, Dharmatala, Kolkata, India
LG double door, Yeouido-dong, Seoul, South Korea
Zetasizer nano ZS 90, Malvern Zetasizer Limited,
Malvern, UK

JEOL JEM-2010 TEM, JEOL, Japan
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electron microscope

27. UV-VIS L1-295 UV VIS Single Beam, Lasany International,
spectrophotometer Haryana, India
28. Vortex mixture Remi Sales & Engineering Ltd, Ganesh Chandra
Avenue, Bando House, Dharmatala, Kolkata, India
29. YMC Trait C-18 30X2.1 mm, 5 i, YMC CO., LTD., Koyto, Japan
Column

4.2. Experimental Methods

4.2.1 Preformulation Studies

4.2.1.1 Preparation of different buffers used in the study
Phosphate buffer saline (PBS, pH 7.4): 100 ml

PBS was prepared according to the formula mentioned in Indian pharmacopoeia (volume
1). At first, for 100 ml of PBS buffer, 0.8 g of Sodium chloride, 0.238 g di Sodium
hydrogen phosphate and 0.019 g of potassium dihydrogen phosphate were taken in a 100
ml volumetric flask and dissolved in 90 ml of double distilled water (DDW). The pH of the
solution was adjusted to 7.4 with continuous shaking. Finally, the volume was made up to
100 ml with DDW.

Citrate buffer (pH 3): 100 ml

For 100 ml of citrate buffer, we took 1.204 g Sodium citrate dehydrate and 1.134 g citric
acid in a volumetric flask and dissolved the mixture in 80 ml of DDW. The pH of the
buffer was adjusted to 3.0 with 0.1N HCL and final volume was made up to 100 ml with
DDW.

Acetate buffer (pH 5): 100 ml

0.55 g of Sodium acetate and 0.177 g of acetic acid was mixed and dissolved in 80 ml of
DDW at a continuous stirring. The pH of the solution was adjusted to 5.0 with 10N HCL

and the final volume was made up to 100 ml with DDW.
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4.2.1.2 UV-VIS absorption maxima of apigenin

To determine the exact absorption maximum of apigenin, we had scanned a dilute apigenin
solution (DDW/PBS, pH 7.4) from 200-600 nm. A small amount of APl was dissolved in
DMSO and this solution was dissolved in DDW/PBS. Base line for the study was created
using the software (LI1-295 UV VIS Single Beam Spectrophotometer). The absorbance
spectrum was set at zero taking blank solution (with DMSO) at wavelength range of 200-
600 nm. Amax Value of the drug was determined at 340 nm.

4.2.1.3 Development of Calibration Curve of Apigenin by UV Spectroscopy

Absorbance of apigenin in solutions was determined at Ayax Value of 340 nm in DDW/PBS
using spectrophotometer. At first, stock solution (1 mg/ml) of apigenin was prepared in
DDW and PBS (pH 7.4) respectively. Concentrations ranging from 1-10 pg/ml were
prepared from both the stock solutions and the absorbance was measured (LI-295 UV VIS
Single Beam Spectrophotometer) against the respective blank solutions (DDW without
drug and PBS without drug). The absorbances versus concentration curves were prepared

and the slope and regression of coefficient were measured.

4.2.2 Preparation of Nanoparticles:

Apigenin loaded PLGA nanoparticles were prepared by multiple emulsion solvent
evaporation method [Maji et al, 2014]. The predetermined amounts of apigenin were
dissolved in 0.2ml dimethylsulfoxide (DMSO). PLGA was dissolved in 2.3 ml of
dichloromethane (DCM, Merck Life Science Pvt. Ltd, India) and kept on a magnetic stirrer
and apigenin- DMSO solution was gradually added to it. The aqueous phase consisted of
2.5% (w/v) and 1.5% (w/v) of polyvinyl alcohol (PVA, MW 125,000) respectively.
Initially 2.5% of PVA was added drop wise in the organic phase with a continuous
homogenization at an optimized speed (22,500 rpm) using a high-speed homogenizer (IKA
Laboratory Equipment, Model T10B Ultras-Turrax, Staufen, Germany) and hence, the
primary emulsion (w/o) was prepared. This primary emulsion was then added slowly to
1.5% PVA solution at continuous homogenization speed of 22,500 rpm and secondary
(w/o/w) emulsion was prepared. This secondary emulsion was then sonicated for half an
hour in a bath sonicator (Trans-O-Sonic, Mumbai, India) and kept overnight on a magnetic

stirrer for solidification of particles and complete evaporation of the organic phase,
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followed by centrifugation of the emulsion in two different rotation speeds as given below
(Hermle Labortechnik GmbH, Wehingen, Germany). Larger particles were separated out in
a centrifugation speed of 5000 rpm and the nano-sized particles were then precipitated at a
speed of 16000 rpm. The precipitated particles were washed three times with Milli-
Q (Millipore Corp., Billerica, MA, USA) water and lyophilized for 8-10 h (Laboratory
Freeze Drier, Instrumentation India Ltd, Kolkata, India) to obtain the dry and solid product.

The process is shown in Figure 4.1.

PLGA Apigenin Sonication for 30 min
inDCM in DMSO (0.1ml)
B | Overnight solvent evaporation
, g P
o n Centrifugation
TERRRPIRR T in 5000 rpm and 16000 rpm
Y '
Highapeed. - | Washing the product
homogenization B sl ' .
2.5 % PVA [ ok -+ Overnight freeze drying
-+ Lyophilisation
ﬁ High speed !, o = g w v Dry product collection
homogenization | W Secondary
1.5% PVA emulsion

Figure4.1  Schematic diagram representing different steps wused for the

preparation of nanoparticles in multiple emulsion and solvent evaporation method

4.2.3 Fourier Transform Infrared spectroscopy:

Fourier transform infrared (FTIR) spectroscopy was used to investigate any physical or
chemical interactions between apigenin, and the excipients selected for the formulations.
Pure apigenin/the excipients used/the physical mixture of drug (apigenin) and the
excipients, formulations with and without drug (each on a separate basis)/formulation
stored for stability study was mixed with IR grade potassium bromide (1:100 ratio) and

compressed in a hydraulic press to form pellets. Pellets were scanned over a wave number
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range of 4000-400 cm™ in FTIR instrument (Magna-IR 750, Series 11, Nicolet Instruments
Inc, Madison, Wisconsin, USA).

4.2.4 Morphology of nanoparticles:

FESEM:

The lyophilized formulation was mounted on the stubs using double-sided adhesive tapes.
The stubs were then coated with platinum in vacuum using JEOL JFC 1600 autofine coater
at an acceleration voltage of 5 kV and examined under the field emission scanning electron
microscope (FESEM, JEOL JSM 6700 F, JEOL, Tokyo, Japan).

TEM:

The drug distribution in the particles and internal morphology were further investigated by
transmission electron microscope (TEM) (JEOL JEM-2010, JEOL, USA). Apigenin loaded
nanoparticles (ApNp) were suspended in Milli-Q water and a drop of the ApNp suspension
was given on standard carbon coated copper grid and air dried for overnight. TEM images
were taken on the next day.

AFM:

Atomic Force Microscopy (AFM) (Dimension icon, Bruker, Billerica, Massachusetts,
United States) of ApNp was performed in a tapping mode to obtain topographic images,
using antimony dope silicon tip. Micro-fabricated silicon cantilever (225 pum length and
35um width) was used in this study. The cantilever oscillation frequency was 75 kHz and
nominal spring force constant of 3 N/m were used. A small amount of each sample was
suspended in 2 ml Milli-Q water. A small drop of that suspension was added to a freshly
cleaned slide and a smear was prepared followed by vacuum drying for 24 h at 25°C for

AFM viewing.

4.2.5 Particle size assessment:

A small amount of lyophilized ApNp was taken in 2 ml of Milli-Q water and sonicated for
15 min followed by vortex for few min. Size distribution, average particle size,
polydispersity index (PDI) and zeta potential of the different formulations were determined
by Zetasizer nano ZS 90 and analyzed by the instrument Data Transfer Assistance (DTA)
software (Malvern Zetasizer Limited, Malvern, UK) by a dynamic light scattering method
at 25°C.
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4.2.6 Drug loading and loading efficiency:

One milligram of blank nanoparticles and drug loaded nanoparticles (ApNp) was weighed
and dissolved in 1 ml DMSO and was sonicated for 30 min. After that, centrifugation
(16000 rpm, for 10 min) was done and the supernatant was taken and absorbance was read.
Absorbance of ApNp sample was taken against blank nanoparticles at 340 nm (Amax of
Apigenin) in UV-VIS spectrophotometer (LI-295 UV VIS Single Beam, Lasany
International, India). The percentage of drug loading and drug loading efficiency were
calculated [Maji et al, 2014] using following equations

Actual drug loading (weight %) = (Amount of drug present in nanoparticles/Total weight
of nanoparticles sample analyzed) X 100 (%)

Drug loading efficiency (%) = (Actual drug loading/Theoretical drug loading) X 100 (%)

4.2.7 Stability studies

Hydrolytic stability study:

Required amounts (10 mg) of ApNp were taken separately in 2 ml buffer of different pH
(3.0, 5.0, 7.4 and 9.0) to measure the hydrolytic degradation of nanoparticles as compared
with pure drug. Buffers used were citrate buffer pH 3, acetate buffer pH 5 and phosphate
buffered saline pH 7.4. The solutions were kept in an incubator at 37+2 °C with mild
shaking. After the scheduled time intervals that is, 7th day, 14th day, 21st day and 28th
day, the samples were removed from incubator, centrifuged and washed with double
distilled water and dried in speed vacuum for 30 min and then mass of nanoparticles was
measured. The incubation medium was completely replaced with fresh medium. For
determination of mass loss, the weight of each sample was carefully measured before the
hydrolytic degradation measurement. After drying, the weight of the samples was taken to
evaluate the change of weight [Mandal et al, 2018]. The weight change was calculated

according to the following formula

Weight change (%) = (Wo-W;)/W, X 100,

where, Wy and W; represent as the initial weight and weight at time t, respectively.
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Accelerated stability study:

An accelerated stability study was performed to understand the effect of temperature and
relative humidity (RH) on apigenin loaded nanoparticles. Fixed amounts of ApNp3 were
weighed and kept in zone 111 at 4-8°C (in refrigerator), 30°C, 75% RH and 40°C, 75% RH
for 30, 60 and 90 days as per the International Conference on Harmonization (ICH)
guidelines (ICH, 2003) [Manasadeepa et al, 2013]. Samples were withdrawn and FTIR-
spectra, FESEM photograph and drug loading were checked for those samples at 30, 60
and 90 days.

4.2.8 In-vitro drug release:

Drug release experiment was carried for 60 days in a cumulative drug release method
[Abouelmagd et al, 2015]. Precisely, 2 mg nanoparticle was suspended in 2 ml of different
buffers (citrate buffer pH 3, acetate buffer pH 5 and phosphate buffer saline pH 7.4) and
kept at 37°C in an incubator shaker (BOD-INC-1S, Incon, India) with a continuous shaking
at 60 rpm. At pre-determined time intervals, the suspensions were centrifuged at 16000
rpm (Hermile Labortechnik GmbH, Wehingen, Germany) at 4°C to separate the
supernatant from nanoparticle pellets for 15 min. Supernatant (1 ml) was collected and
replaced with the same volume of fresh buffers. Pellets were resuspended and incubated for
further ~ sampling. Sample  supernatants were immediately analyzed by
spectrophotometer (LI-295 UV VIS single Beam, Lasany, International, Haryana, India) at
340 nm against the respected blank buffer (without drug).

All the drug release data were assessed by different drug release kinetics models [Singhvi

and Sing, 2011] with their equations as listed below:

Zero-Order: Qi = Qo + Kot (% CDR vs. time)

First-Order: Log Q: = Log Qo - Kt/ 2.303 (log % ADR vs. time)
Higuchi model: Q: = ky (t) *° (% CDR vs. root of time)
Hixson-Crowell model:  Qo™® — Q;*® = K¢ t (Cube root of % ADR vs. time)

Korsmeyer-peppas model: My¢/M., = Kt" (log % CDR vs. log t)
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Where, CDR is cumulative drug release, ADR is amount of drug to be released, Q; is
amount of drug release in time t, Qo is initial amount of drug, K is release rate constant, ky
is the release rate constant for the Higuchi model, Kyc is the rate constant for Hixson-
Crowell rate equation, M/M is fraction of drug released at time t, and n is the release

exponent in Korsmeyer-Peppas model.
4.2.9 In-vitro studies using human hepatocellular carcinoma cells:

Two different human hepatocellular carcinoma cell lines (HepG2 and Huh-7) were
purchased from National Centre for Cell Science (NCCS), Pune, India. Cell lines were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS, Sigma-Aldrich Co), 100 U/ml penicillin, 100 U/ml streptomycin
and kept in 5% CO, incubator (MCO-15AC; Sanyo, Tokyo, Japan) at 37°C, and were used
further.

4.29.1 In-vitro cytotoxicity by MTT assay:

HepG2 and Huh7 cells were seeded in a density of 8 X 10%cells/well in 96-well plates for
12 h following the treatment with 100 pl of various equivalent apigenin doses of
ApNp3/free apigenin (ApNp3/apigenin was suspended in DMEM medium) and incubated
for two different time points (24 h and 48 h). Following the incubation, MTT dye was
added in each well at a final concentration of 0.5 mg/ml and the plates were incubated for 4
h at 37° C. After that, a volume of 100 ul of DMSO was added in each well for dissolving
the formazan crystal and kept for 15 min. Absorbance of individual well was recorded
using a automatic plate reader (Thermo Scientific Multiskan EX, Thermo Scientific,
Waltham, MA USA) at 570 nm [Shaw et al, 2017]. Untreated cells were kept as positive
control for all test samples and effect of blank nanoparticles were studied as negative

control for ApNp3.
4.29.2 Cellular uptake studies:
HepG2 and Huh-7 cells were seeded in DMEM medium on cover slip inside 6-well culture

plates for 48 h. Further, FITC-labeled ApNp3 (ApNp5) was suspended in DMEM medium
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and the cells were incubated with the suspension for 1 h and 4 h. Following the incubation,
media were discarded and cover slips were washed with sterile PBS (pH 7.4) thrice and
mounted on sterile slides using DPX (dibutylphthalate polystyrene xylene). Cover slips
were viewed under confocal microscope (TCS-SP8 confocal microscope, Leica, Germany)
for localization of ApNp5 inside cells. Quantification of amount of ApNp5 was determined
by flow cytometry using fluorescence activated cell sorter (FACS). Both types of cells
were seeded (3 X 10%) in 6-well culture plates in DMEM medium. After 48 h, the media
was replaced with the fresh DMEM media, suspension of ApNp5 was added and incubated
for 0.5 to 6 h respectively. A set of cells were incubated with the fresh media without any
formulation and was serving as untreated control. Following each of the incubation, cells
were scrapped using trypsine, centrifuged at 4000 rpm for 5 min and washed in sterile PBS
(pH 7.4) and fixed in chilled ethanol for overnight at-20°C. Next day, cells were
centrifuged and washed with sterile PBS (pH 7.4) and subjected to flow cytometric
analysis by BD-FACS VerseTM machine (BD biosciences, San Jose, USA) [Wang et al,
2012, Shaw et al, 2017].

4.2.10 In-vivo studies

Animals:

Balb/c mice (25-30 gm body weight in average) and Sprague-Dawley rats (150-200 gm
body weight in average) of either sex were procured from National Institute of Nutrition,
Hyderabad, India All animals were kept in polypropylene cages and housed in the
university animal house at 25+1°C and 55% relative humidity environment with normal
day and night photoperiod. Animals were fed standard basal diet and drinking water ad
libitum. They were acclimatized to the animal house environment for 2 weeks prior to any
treatment. The animal experiments were designed and conducted upon approval of the
Animal Ethics Committee (AEC), Jadavpur University, Kolkata, India (Ref:
AEC/PHARM/1410/2014, Dated: 18.12.2014)

4.2.10.1 Radiolabeling and gamma scintigraphy study
Radiolabeling of ApNp3 and free apigenin:
At first, 5 mg of apigenin (API) was dissolved in 0.5 ml ethanol and ApNp3 containing

equivalent amount of apigenin was suspended in nitrogen purged water. A volume of 200
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ul aqueous solution of **™Tc-pertechnetate (*"TcO4-) 185-300 MBq was added to 200 ul
drug solutions and followed by addition of 30 ul freshly prepared stannous chloride
dihydrate (20 mg in 10 ml nitrogen purged water containing 100 pl of 6 N HCI) solution to
APl and 25 pl in case of nanoparticles. Mixtures were incubated for 10-15 min at room
temperature and stored in sealed vials for further studies. Instant thin layer chromatography
(ITLC) was performed using acetone as mobile phase and silica gel coated aluminum
sheets (Merck, Darmstadt, Germany) as stationary phase to determine radiolabeling
efficiency. After a while, spots were developed and the sheets were dried. Five strips of 1
cm each were cut from the sheet and quantitative counting was recorded in a well type
gamma counter at 140 keV (Electronic Corporation of India, model LV4755, Hyderabad,
India).

Biodistribution and gamma scintigraphy study:

Biodistribution studies of radiolabeled apigenin (API)/apigenin loaded nanoparticles
(ApNp3) were performed in balb/c mice weighing 25-30 g. Animals were kept hydrated for
one hour by intra-peritoneal administration of 2 ml 0.9% normal saline. After that, a
volume of 50 ul of 99mTc labeled apigenin (99mTc-Ap)/ 99mTc labeled ApNp3 (99mTc-
ApNp3) was injected in tail vein. Animals were sacrificed at 2 h and 6 h after injection.
The various organs or tissues were excised, washed with normal saline and weighed. Blood
samples were collected by cardiac puncture technique [Gaonkar et al, 2016; Satapathy et al,
2016]. The radioactivity of all the samples was measured using a well-type gamma
scintillation counter along with an injection standard. The results were expressed as percent

injected dose per g of tissue or organ.

Gamma scintigraphy:

Gamma scintigraphy study was performed to have direct information about localization of
apigenin/ApNp3 in experimental animals. For this study both HCC induced and untreated
male Sprague-Dawly rats  (weighing 200-250 g) and untreated male balb/c mice
(weighing 25-30 g) were used. Animals were divided in two groups each containing 5
animals (rats/mice). The rats received 30 pl of 99mTc-Ap/ 99mTc-ApNp3. Similarly, mice
received 20 pl of 99mTc-Ap/ 99mTc- ApNp3 respectively. Animals were anesthetized

by intra-muscular injection of ketamine hydrochloride (1 ml) and fixed on a board in the
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posterior position for live imaging. Images were taken at two different time points (1 h and
4 h) using a planar gamma camera (GE Infnia Gamma Camera equipped with Xeleris Work
station, GE, Cleveland, OH, USA).

4.2.10.2  Pharmacokinetics study and biodistribution of apigenin by LC-MS/MS

For determination of apigenin quantity in plasma and hepatic tissue, LC-MS/MS method
was developed and reported for the first time in this paper. At first, the animals were
divided into two groups each containing 36 animals (male: female, 1:1). Group | animals
received i.v bolus injection of apigenin suspended in water for injection (API) at dose of 1
mg/kg body weight and group Il animals received i.v bolus injection of ApNp3 containing
equivalent amount of apigenin (1 mg/kg). Animals (3 animals from each group at every
time point) were sacrificed in a predetermined time points (at 0.5, 1, 2, 4, 6, 8, 10, 12, 24,
48 and 72 h, after injection). Blood samples were collected by heart puncture technique,
pooled (from each group at a time point), centrifuged and stored with liver samples

(washed twice) at -80°C freezer till further use.

Plasma sample (100 pl) was mixed with 10 pl of 500 ng/ml naringenin (internal standard)
and 100 pl 20 mM ammonium formate buffer. Then 1 ml ethyl acetate was added, vortexed
for 5 min, centrifuged for 10 min at 4°C at 10000 rpm. Supernatant (800 ul) was separated
and evaporated to dryness. Content in a tube was resuspended with 1:1 methanol and 10
mM ammonium formate buffer and loaded to LC-MS/MS (LC: Shimadzu Model 20AC,
MS: AB-SCIEX, Model: AP14000, Software: Analyst 1.6). Analyte was eluted using YMC
Triat C18 column (30X2.1 mm, 5 u, YMC Corp-Japan) and gradient elution technique of
two mobile phases (mobile phase A: 10 mM ammonium formate in water and mobile phase
B: 50:40:10 methanol/acetonitrile/10 mM ammoinium formate in water), with injection
volume 20 pl, flow rate 0.8 ml/min and total run time 3.0 min was conducted. Liver
samples were weighed, homogenized with water (four times the weight/volume) and
processed following the liquid-liquid extraction technique. Here instead of plasma, liver
homogenate was used. Both plasma and hepatic drug concentrations were plotted against

time and PK parameters were determined by WinNonlin software (Certara, London, UK).
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4.2.10.3  Experimental protocol for development of chemical induced HCC in rats:

Hepatocellular carcinoma was generated in Sprague-Dawley rats by carcinogen induced
method as described [Ghosh et al, 2014]. Animals were divided in six groups each
containing six animals (male: female, 1:1).

In group A, rats received normal diet ad libitum, Group B, rats received a single i.p dose
(200 mg/kg bodyweight) of diethylnitrosamine (DENA), (Sigma-Aldrich Co, St Louis,
MO, USA) at the beginning of the study and this was followed by oral administration of
0.5% wi/w 2- acetylaminofluorene (2-AAF), (Sigma-Aldrich Co, St Louis, MO, USA) bi-
weekly for 16 weeks with basal diet and water (carcinogen control group); Group C,
carcinogen treated animals treated with ApNp3 suspended in water for injection (single i.v
dose of 20 mg/kg body weight per week) [Hu et al, 2015] from 22nd to 34th weeks, Group
D, normal rats treated with blank nanoparticles suspended in water for injection (single i.v
dose of 20 mg/kg body weight per week) from 22nd to 34th weeks, Group E, normal rats
treated with API (single i.v dose of 20 mg/kg bodyweight per week) from 22nd to 34th
weeks and Group F, carcinogenic rats treated with apigenin suspended in water for
injection (API) at a single i.v dose of 20 mg/kg body weight per week from 22nd to 34th
weeks. Animals were sacrificed at the 36th week and liver samples from various groups
were collected and stored at -80°C for further macroscopic/ histopathological and enzyme
activity studies. A schematic diagram illustrating the animal model generation is given in

Figure 4.2.

4.2.10.4 Macroscopic and histopathological studies

Macroscopic images of livers of all the animals from various groups were captured by
camera (Canon Power Shot SX50 HS, Japan). Further, a portion of liver samples were
processed and embedded into paraffin wax and cut by microtome at a thickness of 5 um.
Those sections were mounted on glass slides and stained with hematoxyline and eosine

(H&E) and examined under Carl Zeiss light microscope (Axiostar plus, Jena, Germany).
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Figure 4.2  Schematic presentation of carcinogen treatment along with the
treatment of apigenin loaded nanoparticles (ApNp3) and free drug (API). The rats
were divided in six groups (A) normal control group, (B) rats treated with carcinogen
(carcinogen control group), (C) carcinogen treated rats received ApNp3 (20 mg/kg
body weight), (D) carcinogen treated rats received API (20 mg/kg body weight). (E)
normal rats received ApNp3 (20 mg/kg body weight) and (F) normal rats received
API (20 mg/kg body weight).

4.2.10.5 Activities and content of various marker enzymes/iso-enzyme:

The frozen liver tissue, obtained from various experimental groups was thawed, blotted
with blotting paper briefly, weighed and homogenized in cold 0.1 N potassium chlorides
(KClI solution, pH 7.4) with a pre-cooled Teflon coated homogenizer. Further, the obtained
homogenate was centrifuged for 15 min at 8,000x g. An aliquot of the supernatant of the
liver homogenate was used as cytosolic fraction to study the glutatathione S- transferase
(GST) activity, and microsomal fraction was further obtained by ultra-centrifugation of a
portion of cytosolic fraction at 10,6000X g for 1h at 4°C. The activity of UDP- glucuronyl
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transferase (UDPGT), superoxide dismutase (SOD) and cytochrome P-450 content were

measured by using the respective assay kits.

Principles of different enzyme assays

Cytochrome P-450 (CYP):

The contents of CYP from various groups of hepatic tissues were measured by Thermo
Fisher assay kit. The substrates were reduced by a specific cyt P450 enzyme to products of
highly fluorescent product in aqueous solution. The fluorescent metabolites were measured
at 540 nm.

GST

Chlorodinitrobenzene (CDNB) was used as the substrate. The thiol group of GST reacted
with CDNB and the absorbance of the reaction was recorded at 340 nm. Absorbance
recorded at unit time was proportional to the measurement of the GST activity.

UDPGT

UDPGT activity was measured using competitive enzyme immunoassay technique. Assay
samples were incubated with buffer and UDPGT-HRP (monoclonal antibody conjugate)
and substrate for HRP were added to it. This enzyme-substrate reaction gave blue color
which after adding the stop solution turned into yellow color. This yellow color was
measured at 450 nm and the intensity was inversely proportional to UDPGT activity of
sample.

SOD

The rate of the reduction with a superoxide anion is linearly related to the xanthine oxidase
(XO) activity, and is inhibited by SOD. The inhibition activity of SOD was determined by

a colorimetric method at 450 nm following the guideline of manufacturer of the assay Kit.

4.2.11 Statistical analysis

Minimum of three sets for each experiments were performed in-vitro and in-vivo to check
reproducibility and all data were represented as mean + standard deviation. Student’s t-test
and one way ANOVA were used for statistical calculations and differences were
considered statistically significant when p value (probability) was <0.05 at 95% confidence

level.
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5. Results

51 Preformulation Studies

Initially the absorption maximum (Amax) OF apigenin was determined and the value was 340
nm in both DDW and PBS solution (Figure 5.1). Apigenin showed two peaks, at 268 nm

and 340 nm. However, at 340 nm, it gave maximum absorbance. Hence, it was chosen.
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Figure 5.1  Absorbance maxima of Apigenin

Respective absorbance of the various solutions of drug with variable drug concentrations
were determined in both the solutions (DDW/PBS) and the respective calibration curves (in
DDW and PBS) were developed (Figure 5.2 A and B). High regression values (R*>0.99)

in both the solutions (DDW/PBS) showed the accuracy of the calibration curves.
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Figure 5.2 Aand B Calibration curve of apigenin in DDW and PBS (pH 7.4)
Page | 46



Chapter 5 Results

5.2 Preparations of polymeric nanoparticles of apigenin
» Drug loading and Drug loading efficiency

Apigenin loaded PLGA nanoparticles (ApNp) were prepared in multiple emulsion solvent-
evaporation technique in various amounts of drug: polymer ratio. Each formulation was
prepared in triplicate and best formulation was chosen for further studies depending on
their surface morphology, drug loading and other necessary characteristics. Composition of
different nanoparticles and their drug loading is listed below in Table 5.1. In this study,
percentage of drug loading increased with an increasing amount of apigenin incorporated in
nanoparticles. It varied from ApNpl (drug loading, 2.098%) to ApNp3 (drug loading,
19.14%) as shown. Further, ApNp4 showed a nearly similar drug loading (19.09%) to
ApNp3 despite an increase in amount of drug incorporated in the formulation. Drug
loading efficiency was also more for ApNp3 than ApNp4. Hence we have chosen ApNp3

for further investigation.

Table 5.1 Composition of different nanoparticles and their drug loading

Sl Formul Ratio of Concent Theoretical Actualdrug Drug
No ation Drug and rationof drugloading loading Loading
Code Polymertby FITCY (%) (%)* Efficiency
weight (mg/ml) (%)
1 ApNpl 1:10 -- 5.09 2.098=0.13 23.08
2 ApNp2 135 -- 16.66 13.97=0.12 83.85
3 ApNp3 133 -- 23.07 19.14=0.16 82.96
4 ApNp4 1:25 -- 28.57 19.02=0.3 66.57
5 ApNp5S 1:33 0.4 23.07 18.98=0.14 8227

*Data show mean +SD, (n=3). TAmount of polymer for each formulation was fixed (50

mg). IFITC, Fluorescein isothiocyanate

5.3 Fourier Transform Infrared Spectroscopy (FTIR)
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The FTIR spectra of apigenin, apigenin loaded nanoparticles and the excipients are
depicted in Figure 5.3.
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Figure 5.3 FTIR Spectra of (A) apigenin, (B) PLGA, (C) PVA, (D) physical
mixture of excipients, (E) physical mixture of drug and excipients, (F) blank
nanoparticles, (G) apigenin loaded nanoparticles (ApNp3)

When the spectra of the drug was compared with the various excipients, with their

respective individual spectra, and the spectra of physical mixture of drug and the excipients
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and the lyophilized formulations with or without drug, we have observed no chemical
interaction existed between the drugs and the excipients. The individual characteristic peak
of apigenin [at wave number 1243 cm™, responsible for C-C (O) — C stretching] was
present in the physical mixture. However, the absence of the peak in the formulation with
or without drug indicates that the drug was entirely encapsulated in the formulation.
Further, the characteristic peak of PLGA (at wave number 2948 cm™, responsible for —OH
stretching) and the characteristic peak of PVA (at wave number 3426 cm™, responsible for
—OH stretching) were present. Thus these data suggests no chemical interaction takes place
between the drug and excipients.

5.4  Determination of surface morphology

FESEM

Field emission scanning electron microscopy is a high resolution technique used for
determination of the surface morphology of polymeric nanoparticles. Here, four different
FESEM photographs (in different resolution) of ApNp3 (Figure 5.4) showed that prepared
particles were in nanosize range, homogeneously and thickley distributed and had smooth

outer surface.

TEM

TEM images of apigenin loaded nanoparticles (ApNp3) showed that the drug was
incorporated in PLGA core. The drug particles were distributed more predominantly along
the surface and peripheral region of the particles (Figure 5.5). Spotted particles support the
presence of a drug in particulate form rather than its distribution in molecular form [Maji et
al, 2014].
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Figure 5.4  Surface morphology of apigenin loaded nanoparticles by FESEM
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AFM

The flattened topography and three dimensional surface morphology of apigenin loaded
nanoparticle (ApNp3) were further investigated by 3D AFM images (Figure 5.6) where it
showed that height of the particles varied between 10-14 nm.
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Figure 5.6  Three dimensional surface morphology of ApNp3 by AFM

5.5  Particle size and Poly dispersity Index (PDI)
The average particle sizes of ApNp3 and ApNp5 were 270 nm (Figure 5.7A) and 325 nm
(Figure 5.7B) respectively and PDI values for those formulations were 0.260 and 0.409

respectively. Poly dispersity index indicates the distribution uniformity of the nanoparticles
[Danaei et al, 2018].
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Figure 5.7  Particle size distributions of ApNp3 (A) and ApNp5 (B) respectively

5.6  Surface charge determination by zeta potential

Surface charge plays a crucial role in drug absorption, which in turn affects
pharmacokinetics and biodistribution of nanoparticles. Positively charged nanoparticles are
rapidly cleared from circulation, to a greater extent, than negatively charged nanoparticles.
In contrast, neutral nanoparticles, as well as those with a slight negative charge, show
significantly prolonged circulating half-lives [Arvizo et al, 2011; Yao C, 2014]. Zeta
potential, the electric potential at the plane of shear, is a crucial parameter for
determination of the surface charge of polymeric nanoparticle formulations. The zeta
potential values were -4.84 mV (Figure 5.8 A) and -4.1mV (Figure 5.8 B) for ApNp3 and
ApNp5 respectively.
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Figure 5.8  Zeta potential values of ApNp3 (A) and ApNp5 (B) respectively
5.7  Stability Study

» Hydrolytic stability study

The stabilities of nanoparticles were investigated in three different buffers with altered pH

values. Weight loss of particles at different time points was calculated and found to

increase with the decrease pH of medium (Figure 5.9). After 4 weeks study, the mass loss
of ApNp3 at pH 7.4, pH 5 and pH 3 were 33.87£0.93%, 37.45+1.13 and 52.01+1.97

respectively. Nanoparticles showed a higher hydrolytic stability at higher pH values as

indicated by this study.
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Figure 5.9  Hydrolytic stability study of ApNp3 in different pH buffers. Data show
mean + standard deviation (n=3).

» Accelerated stability study

Accelerated stability of ApNp3 stored at 4-8°C (in refrigerator), and at 30°C, 75% RH and
40°C, 75% RH in stability chamber for 30, 60 and 90 days were evaluated following ICH
guidelines (2003). Samples were kept in appropriate stability chambers and tested for their
thermal and moisture stability. At the predetermined time intervals, samples were collected
and surface morphology of those particles were investigated. It was seen that over the time,
the structure of nanoparticles got soften at the elevated temperature conditions (30°C and
40°C), but those samples which were kept at 4°C were shown to maintain their structures
throughout the stability study period. FESEM images of samples kept at each time point

with the temperature condition are depicted in Figure 5.10.
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Figure 5.10 Accelerated stability study of ApNp3 at different temperature conditions

5.8 In-vitro drug release and kinetics study
» In-vitro drug release in different mediums

In vitro-drug release studies are routinely performed to examine the ability of new
nanocarrier formulations to modulate drug release in different pH mediums. A variable in-
vitro drug release pattern in different buffers was observed in our study (Figure 5.11).
After 60 days (duration of the study), in PBS (pH 7.4) average percentage cumulative drug
release was noted as 52.43% from ApNp3. Drug release was more in lower pH media. The
cumulative drug release was reported as 79.06 % and 88.54% at pH 5 and pH 3
respectively, which indicates a faster drug release in acidic pH than in PBS pH 7.4, where

the prepared nanoformulations followed a sustained drug release pattern.
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Figure 5.11: Invitro drug release profile of ApNp3 in different pH buffers. Data
show mean + standard deviation (n=3).

» Drug release kinetics evaluation

To evaluate the drug-release kinetic pattern in different pH conditions, drug release data
were assessed using zero order (blood levels of drugs would remain constant throughout
the delivery period), first order (drug release depends on concentration gradient), Hixson-
Crowell (release form a system where there is a change in surface area and diameter of
particles), Korsmeyer—Peppas (drug release from a polymeric system provides diffusion
and erosion), and Higuchi (release of a drug from an insoluble matrix) kinetic models
[Singhvi and Sing, 2011]. Various regression co-efficient (R?) values for the kinetics were
tabulated (Table 5.2). The corresponding plot (log cumulative percent drug release versus
log time) of ApNp3 in PBS pH 7.4 followed Korsmeyer-Peppas equation with a good
linearity (R?, 0.9634). The release exponent (n) value for our formulation was 0.17 which

suggests apigenin release followed anomalous diffusion pattern in PBS.
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Table 5.2 Different release kinetics models of apigenin release from ApNp3
In-vitro kinetic Corresponding Kinetic equation with R? value in different buffers
models on which Citrate Buffer Acetate Buffer Phosphate buffer
drug release data (pH 3) (pH 5) saline (pH 7.4)
were assessed
Zero Order v=0.0449x +35.749 v=0.0378x +34.67 v=0.0267x+28.64,
R*=0.7994 R*=0.8589 R*=0.6361
First Order y=-0.0006x+1.8141 y=-0.0004x+1.8189 y=0.0002x+1.85,
R*=0.9503 R*=0.9473 R*=0.6915
Higuchi y=18333x+25.36 y=1.5094x+26.467 y=1.0288x+22.79,
*=0.9499 *=0.9765 R*=0.8452
Hixson— y=-0.0014x+4.0088 y=-0.001x+4.0324 y=0.0006x +4.140,
Crowell R*=0.908 R*=0.9219 R*=0.6733
Korsmeyer— v=0.2152x+1.269 v=0.1736x+1.3322 vyv=0.1732x+1.217,
Peppas *=0.9967 *=0.9853 *=0.9648
5.9 In-Vitro cytotoxicity and cellular uptake study

5.9.1 Cytotoxicity measurement by MTT assay:

In-vitro cytotoxicity and ICso of apigenin suspension (API) and ApNp3 in hepatocellular
carcinoma cells were determined by MTT assay. Earlier reports suggested that apigenin
successfully reduced cell viability and proliferation of HepG2 and Huh-7 cells [Kim et al,
2011; Kim et al, 2013]. In this study, we found ApNp3 had an ICso value much lower than
that of API in both the cell types at two different time points. After 24 h, in HepG2 cells,
ICso value of ApNp3 was 9ug/ml, whereas, the ICsy value of APl was calculated as
15ug/ml. However, after 48 h, the I1Cso of APl and ApNp3 were 11ug/ml and 5.5ug/ml
respectively. In huh-7 cells, the results were quite similar. Apigenin as a suspension had
higher 1Csq values at both time points than the apigenin loaded nanoparticles. At 24 h study,
ICso values of APl and ApNp3 were 17ug/ml and 10.5ug/ml respectively whereas, after 48
h, these values were 12ug/ml and 8.5ug/ml respectively. The MTT assay results are
depicted in Figure 5.12.
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Figure 5.12 In-vitro cytotoxicity of ApNp3 and API was determined in HepG2 and
Huh-7 cells in different time points. 1Csq of free drug and nanoparticles in HepG2
cells at 24 h and 48 h are depicted (A and B respectively). 1Cs, of free drug and
nanoparticles in Huh-7 cells at 24 h and 48 h are depicted (C and D respectively).
Data show mean + standard deviation (n=3).
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5.9.2 Cellular uptake by confocal microscopy:

Confocal microscopy was done to determine the presence and uptake of apigenin loaded
nanoparticles inside the human hepatocellular carcinoma cells. A successful cellular uptake
of FITC labeled nanoparticles (ApNp5) suggests for a targeted drug delivery and correct
optimization of the size of the nanoparticles. Here after incubating the cells with the
formulation at different time points, it is clearly observed that a higher cellular uptake took
place in both types of cells in a time dependent manner. Images are taken in four different
filters such as, brightfield (for cell structures), FITC, DAPI and merged for better
visualization of cytoplasm and nucleus. Images are depicted in Figure 5.13. Here intensity
of FITC is directly proportional to the extent of internalization of nanoparticles in cellular
matrix. Blue filter (DAPI) showed the nucleus of the cells, whereas, green field (FITC)
showed cytoplasm.
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A HepG2 (1h)
Bright field FITC

DAPI Merged

Figure 5.13 A At the first hour of study, the color intensity in FITC filter area was
less in HepG2 cells. Nanoparticles also penetrated to nucleus shown in DAPI filter
area.
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B HepG2 (4h)
Bright field FITC

DAPI Merged

Figure 5.13B A time dependent cellular uptake of nanoparticles was observed at 4
h of study in HepG2 cells showed by a much higher intensity in both DAPI and FITC
filter areas.
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C Huh-7 (1h)
Brigh tfield FITC

DAPI Merged

Figure 5.13 C At the first hour of study, the color intensity in FITC filter area was
less in Huh-7 cells. However, nucleus was seen clearly.
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D Huh-7 (4h)
Bright field ' FITC

DAPI Merged

Figure 513D  Time dependent uptake of nanoparticles inside cytoplasm as well as
nucleus was clearly seen at 4h study in Huh-7 cells. In DAPI filter, it was also
observed that nanoparticles were destroying the nucleic acid structures by DNA
damage.
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5.9.3 Quantification of cellular uptake by FACS

A quantitative measurement by FACS analysis showed that FITC signals were
proportionally increased with the amount of drug incorporated in HepG2 and Huh-7 cells
incubated with ApNp5 at different time points (0.5h, 1h, 2h and 4h), as compared to
untreated (control) cells (Figure 5.14). The FACS analysis data for HepG2 and Huh-7 cells
are depicted in panel A and B respectively. The quantifications are indicated by the
shifting/counting of cells inside the FITC filter area.
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Figure 5.14 Time dependent cellular uptake and quantification of the
nanoparticles were observed into HepG2 (Panel-A) and Huh-7 (Panel-B) cells. A
predominant uptake was measured over time in both the types of cells.

5.10 In-Vivo studies

5.10.1 Radiolabeling and Gamma Scintigraphy

M Tc-API/**™Tc-ApNp3 was visualized by gamma scintigraphy in different animals
(mice/rats) (Figure 5.15) and the investigation showed that labeled ApNp3 accumulated
predominantly in liver than ®™Tc-API. In both the animals, distribution of **™Tc-API from
the tail vein appeared to be very slow and it was detected in the tail vein at 4h after its

administration. Further, predominant time-dependent accumulations were detected in

Page | 67




Chapter 5 Results

intestine, thymus gland, stomach and urinary bladder (Figure 5.15, A and B) of mice.
However, in case of *™Tc-ApNp3 administration, prominent time-dependent
accumulations in mice liver, urinary bladder as well as in intestinal region were noticed
(Figure 5.15, F and G). When radiolabeled **™Tc-API /**"Tc-ApNp3 was administered in
normal rats through tail vein, a quick and time-dependent distribution of labeled ApNp3
was observed in liver and the clearance of labeled nanoparticles through urinary bladder
was very less (Figure 5.15, H and 1) as compared to that of **™Tc-API in mice.
Administration of **™Tc-API in rats showed distribution in kidneys, and elimination
through urinary track via urinary bladder (Figure 5.15, C and D). When rats with HCC
were treated with *™Tc-ApNp3/ *™Tc-API, predominant localization of ™ Tc-ApNp3 was
seen inside the enlarged (most likely due to inflammation) liver and its surrounding organs

(at 4h) and its clearance through urinary bladder was remarkably low (Figure 5.15, E and

J).

*®MTc-API
1h Normal Mice 4h 4h

1h Normal Rat 4h Rat with HCC
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M Tc-ApNp3
1h Normal Mice 4h 4h

1h Normal Rat 4h Rat with HCC

Figure 5.15 Gamma scintigraphic images of radiolabeled ApNp3/API1 and apigenin
biodistribution in vivo. Time dependent biodistribution and accumulation of **™Tc-
APl in mice at 1 h (A) and at 4 h (B); in rats at 1 h (C) and at 4 h (D); in rats with
HCC at 4 h (E) along with the accumulation of **™Tc- ApNp3 in mice at 1 h (F) and
at4h (G);inratsat 1 h (H) and at 4 h (I); rats with HCC at 4 h (J) are shown.

» Biodistribution of API/ApNp3

Biodistribution of **™Tc-API and **™Tc- ApNp3 was examined in various organs of balb/c
mice. Substantial uptake of **™Tc- ApNp3 was observed in hepatic region compared to
9mTc-API. At both the time points (2 h and 6 h), radiolabeled nanoparticles had much
higher residence time in blood and lower distribution in kidney than **™Tc-API (Table 5.
3).
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Table 5.3: Organ/tissue wise biodistribution of apigenin in mice received i.v" injection
(1mg drug/ml) of equivalent *™Tc-ApNp3/ " Tc-API '

Organ/ $9mTc-ApNp3 $9mTc-API
Tissue

2h 6h 2h 6h
Heart 0.597+0.058* 0421 £0.049 0.315 £0.051 0.284 £0.056
Blood 2230 £0.095 1.806 =0.087 0.829 £0.099 0.631 £0.087
Liver 4215 £1.213 54.151 +£1.191 22456 £1.311 20561 £1.197
Lung 0.747 £0213 1.285 £0.222 1.215 £0.192 0997 £0.213
Spleen 0.378 £0.054 0.721 £0.034 1.531 £0.049 1.745 £0.057
Kidney 2912 £0211 2451 £0.189 3990 £0.212 4785 £0.191
Intestine 6.160 =1.431 8.751 £1.212 21.556 £1.198 25612 £1.199
Muscle 0.125 £0.003 0.156 £0.002 0.287 £0.007 0.215 £0.002

*j.v, intra-venous, ™ Tc-ApNp3, radiolabeled apigenin loaded nanoparticle; *™Tc-
API, radiolabeled apigenin; *Data show mean + SD (n = 4). Results were expressed as
% injected dose/g of tissue/organ.

5.10.2 LC-MS/MS study:

Graphical representations of the plasma profile and the hepatic accumulation of apigenin
upon ApNp3/API administrations were given in Figure 5.16A and Figure 5.16B,
respectively. In case of plasma, ApNp3 was found to maintain a steady blood level of
predominantly more amount of drug even up to 72 h (period of the study). In case of
hepatic concentration of apigenin, apigenin (from suspension) was detected up to 12h, but
the concentration could not be detected in liver at 24 h. In case of ApNp3, the hepatic
concentration of drug was detectable up to 72 h (time period of the investigation) which
showed maintenance of a steady level of hepatic concentration of apigenin by ApNp3.
Hepatic tmax (time to reach maximum concentration) values were very close for ApNp3 and
API (about 1-2 h) suggesting rapid uptake of APl and the nanoparticles by liver. The
plasma and liver pharmacokinetic data of apigenin from ApNp3 and from API (Table 4)
showed that administration of ApNp3 by i.v route enhanced plasma half-life of drug by
75% and hepatic half-life of it by 6.6 times in the experimental animals. Values of

maximum concentration of drug (Cmax) in plasma and in liver were more or less similar for
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API and ApNp3. Plasma as well as hepatic AUC values markedly increased upon ApNp3
administration from 1.5 to 3 times respectively as compared to those for API. Further, the
values of the mean residence time of apigenin (from ApNp3) in plasma and in liver were
found to increase by 1.68 and 3.03 times respectively, compared to API.

(ng/ml)

© = N w d O OO N o

NP

Plasma concentration of apigenin
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Time (h)
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£ o o
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(=™
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Figure 5.16 Plasma (A) and hepatic (B) concentration of apigenin upon i.v bolus
injection (at a dose of 1mg/kg body weight) of free drug API (FD) and ApNp3 (NP)
(equivalent dose) were shown. Data show mean +SD (n = 4).
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Table 5.4: Elasma and hepatic pharmacokinetic parameters of apigenin from API
and ApNp3 after intravenous bolus administration of APl and ApNp3 with an
equivalent amount of drug in balb/c mice.

Parameters Plasmavalues  Plasma values of Hepatic values of Hepatic values
of drug upon drug upon ApNp3 drug upon API of drug upon
API administration administration ApNp3
administration- administration

Halflife; t12 (h) 39.8=2.1 70.7+4.3 3.8£0.9 25:dE1

Cmax (ng/ml) 731£13 6.29+2.5 8.48+£2.78 8.66x1.99

SAUC., 164.6x122 338.6+£31.67 47.87£49 12413224

AUCq.inf 289.9+23.5 701.7£55.31 559447 168.2+14

CL (L/l/kg) 3.45+0.75 1.43+0.43 17.9+1.54 5.9+0.88

MRTj, (h) 20+3.7 33.7£2.24 4.8+1.02 18+£2.01

Vss (L/kg) 196.5£17.6 151.5+11 113.9£13.6 209.9+17.8

"ApNp3, apigenin loaded nanoparticles; API, suspension of apigenin. } Data show
mean +SD (n = 4). *Units of AUC in plasma is h-ng/ml, and in hepatic tissue h-ng/g
respectively.

5.10.3 Experiments on animals with chemically induced hepatocellular
carcinoma

» Effect of ApNp3 and API on normal and HCC rat livers:

Animals were divided in six groups each containing of six animals. Each group of animals
received different treatments (discussed in material and methods chapter). Animals were
sacrificed and livers from different groups were collected. After macroscopic and
microscopic observation of the hepatic tissues, the effect of ApNp3 and free apigenin on
HAF lesions and total area of the lesions were visualized. In group B, C and D animals, in
livers, hepatic altered foci were counted/unit area (cm?). Maximum HAF were observed in
group B (carcinogen control rats) followed by group D (carcinogenic animals treated with
API). However, group C animals (carcinogenic rats treated with ApNp3) showed
significantly reduced number and incidences of HAF and total area of lesions. No HAF or
lesions were recorded in group A, E and F animals which had normal (untreated/treated)
rats. The data are tabulated in Table 5.
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Table 5.5 A quantitative data on the effect of API/ApNp3 treatment of hepatic
tumor incidences, number and total area of hepatic altered foci (HAF)

Groups Number of rats developed Tumor Number of Total area of
HCC per total number of incidences (%) HAF'/cm? of lesion (%)
experimental rats per hepatictissue+
group
A 0/6 - - -
B 6/6 100 79.57+6.087 57.76%1 .45
C 2/6 66 21.98+3 34% 12.38+0.98*
D = S 2
E - = - i
F 5/6 83 56.43+5.8F 36.73+4.65°F

"HAF: hepatic altered foci; "Values represent mean +SD (n=6 for each group). *
p<0.05when compared against Group B rats.

» Marker enzyme Assays

Cytochrome P-450 (cyt p-450) content, glutathione-S-transferase (GST) activity in
cytosolic fraction, UDP-glucoronyl transferase (UDPGT) and SOD activity in microsomal
hepatic fraction of the experimental animals were shown in Figure 5.17. In our study, cyt
P-450 content was found to reduce in group B (HCC control) animals both in tumor tissues
as well as in tumor surrounding tissue in comparison with the normal rats (group A).
ApNp3 treated HCC animals (group C) markedly increased cyt P-450 content in the tumor
area when compared with group B (HCC) animals. On the other hand, GST and UDPGT
activities were found to increase predominantly in tumor areas of group B rats in
comparison with the normal rats. Activities of the two enzymes significantly decreased in
tumor area after ApNp-treatment in group C rats indicating the effect of apigenin
nanoparticles in repairing or delaying the progress of HCC in rats. SOD activity has a
direct relation with ROS generation in hepatocytes. Here, we found that carcinogenic
control animals showed a reduced SOD activity when compared to normal control rats.
After the treatment with ApNp3, carcinogenic animals showed an elevated SOD activity.
API treated carcinogenic rats (group D) also showed an increase in SOD activity but not to
the extent of group C animals. Normal animals treated with ApNp3/API moderately altered
levels/activities of the marker enzymes/isoenzyme when compared to normal control group

of animals.
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Figure 5.17 Different marker enzyme and iso-enzyme activities are shown. Data
show mean £SD (n = 3).
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» Macroscopic Study:

After sacrificing the animals from various groups, livers were dissected out and some of
the samples were kept frozen in a deep freezer (-80 ° C) in 10% formaldehyde and
processed for histopathological investigations. Macroscopic images of livers were taken
with a help of a camera. A significant alteration of gross hepatic structure was observed
among group A, B and C animal livers.

Livers from normal control group (group A) showed no architectural disturbance in hepatic
tissues (Figure 5.19A), whereas hyperplasic nodules (HN) and preneoplastic and neoplastic
hepatic altered foci (HAF) were clearly visible in HCC control rats (group B) along with a
major disturbance in gross liver architechture. However, treatment with apigenin
nanoparticles (20 mg apigenin/kg single i.v dose/week) [Hu et al, 2015] for 12 weeks
(group C) successfully controlled the tumor development in carcinogen treated rats (Figure
5.18C) and upon intravenous treatment with ApNp3, the sizes of the nodules and numbers
of lesions were markedly reduced. Macroscopic images are depicted in Figure 5.18.

Figure 5.18 Macroscopic images of livers of normal rats (A), carcinogen control rats
(B) and carcinogenic rats treated with ApNp3 (C).
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» Hematoxylin and eosin staining and histopathology study

Hematoxylin and eosin staining is a very common staining procedure used in biological
science to stain cytoplasm (basic in nature) by eosin stain (light violet or pinkish color) and
nucleus (acidic nature) by hematoxylin which are shown by dark violet/blue colors [Fischer
et al, 2008]. Here, two different magnifications (lower, 10X and higher, 40X) were used to
visualize the tissue sections from each group under microscope. The overall architecture
was seen in lower magnification and a closer view of the hepatic tissue was observed in

higher magnification.

A closer view of histopathological observation indicated that in the carcinogen control
animals (Figure 15.19 B), focal lesions, tumor formation and scattered lesions with cells of
ground glass appearance were visible in the liver and normal hepatic architecture was
altered. Cellular death and cells with picnotic nucleus (shown by black arrow) were also
observed as compared to the normal liver architecture (Figure 15.19 A).

Treatment of apigenin nanoparticles (ApNp3) in carcinogenic animals (Figure 15.19 C)
was found to hold the hepatocellular architecture predominantly towards normal as
compared to the carcinogenic animals treated with free drug (Figure 15.19 D). Scattered
ground glass appearances (white hollow portion in cells, are shown by black arrow) were
present in hepatic sections of free drug treated HCC animals whereas the presence of

ground glass appearance was much less in ApNp3 treated HCC animals.

There was no distinguishable change in hepatocellular architecture in normal animals
treated with blank nanoparticle (data not shown), ApNp3 (Figure 15.19 E) and free drug
(Figure 15.19 F). Hexagonal hepatic cells can be seen in both of these groups which
indicate that there was no toxic effect of PLGA nanoparticles as well as apigenin upon

normal hepatic environment.
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Figure 5.19 Microscopic images of liver section of normal rats (A), carcinogen
treated rats (B), carcinogen treated animals treated with ApNp3 (C), carcinogen

treated animals treated with APIs (D), normal animals treated with ApNp3 (E), and
normal animals treated with API (F).
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6. Discussion

In recent times apigenin has gained much popularity as a naturally occurring flavonoid
which has much lower intrinsic toxicity on normal cells compared to cancer cells while
used as a tumor-suppressive agent [Sak, 2014]. There are few reports published till date,
which showed tumor suppressive effect of apigenin against HCC in-vitro [Li et al, 2017,
Wu et al, 2017]. All these studies indicated a much higher dosing of apigenin required to
acquire the therapeutic activity. To the best of our knowledge, this is the first report
showing that apigenin nanoparticles successfully delayed the progress of HCC both in-vitro
and in-vivo. Another uniqueness of our study was that the investigation showed in-vivo
localization of apigenin-loaded nanoparticle as well as their tissue distribution by gamma
scintigraphy. The investigations further support the hypothesis that site (liver) specific
delivery of ApNp may ensure a successful treatment to control the progress of HCC.

At first, we checked the absorbance maxima of apigenin by spectrophotometric method. An
object absorbs energy from the light when the light passes through that object. This
absorption of energy triggers excitement of electrons in that object. This energy absorption
by the object reaches at maximum point when a specific wavelength of light passes through
it. This wavelength is recorded as maximum wavelength or Amax, Our study recorded two
prominent Amax OFf API at 268 nm and 340 nm. We performed rest of our experiments using
340 nm as Amax as it was the most intense peak of API. Performing this study also ensured
us about the purity of the substance as the wavelength was similar to the reported ones [Li
et al, 1997].

Calibration curves of apigenin in PBS (pH 7.4) and DDS were prepared and the equations
of these graphs were used further while determining the amount of drug loading and drug
release in our study. In both the cases graphs were observed with regression coefficients
over 0.995 indicating straight and liner data [Schneider et al, 2010], and good accuracy of

the experiment.

Drug loading and drug loading efficiency increased proportionally with the increasing
amount of drug incorporated inside PLGA core up to a drug polymer ratio of 1:2.5

(ApNp4) with a highest drug loading of formulation ApNp3. But when drug polymer ratio
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reached 1:1, it was observed (by FESEM) that the prepared nanoparticles formed colloidal
structure, and the cross linking of polymers did not take place properly (data not shown)
hence those nanoparticle formation was not proper.

FTIR spectrum of the drug (apigenin) was compared with the various excipients with their
respective individual spectrum, and the spectra of physical mixture of drug and the
excipients and the lyophilized formulations with or without drug. We have observed no
major shifting of peaks indicating no chemical interaction existed between the drugs and
the excipients (electrovalent or covalent type reactions) and rather suggested for physical
interactions that might be involved in the formation of structure of the nanoparticles [Dutta
et al, 2018]. Interestingly, the individual characteristic peak of apigenin [at wave number
1243 cm™] was present in the physical mixture but was absent in the apigenin loaded
formulation (ApNp3) which indicates that the drug was entirely encapsulated in the

formulation.

Observing the surface morphologies of nanoparticles it can be said that prepared
nanoparticles were of spherical shape, had smooth outer surface indicated a particle size
range of 150-300 nm (with a PDI range of 0.260-0.409) and the drug was homogeneously
distributed inside particles which fulfills the primary requirements (as size increases
beyond 150 nm, more and more nanoparticles are entrapped within the liver and spleen) for
efficient drug delivery to the target site [Longmire et al, 2008]. Considering the type and
site of drug delivery, nanoparticles can be engineered according to their size, poly
dispersity index (PDI) and surface charge [Bahari et al 2016]. In-vivo applications of the
nanoparticles depend on the cellular uptake or internalization of those particles [Hoshyar et
al, 2016]. Endocytosis (phagocytosis and pinocytosis) is the main process for transporting
and engulfing different size particles actively inside the cellular matrix [Sadat et al, 2016].
Particle size and polydispersity index (PDI) are the main physicochemical factors which
influence the endocytosis process as tumor vasculature is very different than the normal
vasculature and is leakier in nature [Mozafari et al, 2009; Aw-Yong et al, 2018; Danaei et
al, 2018 ]. This leaky environment of tumor site allows high molecular weight and larger
particles to accumulate in tumor site. This phenomenon is known as enhanced permeability

and retention (EPR) effect [Maeda et al, 2015]. We have prepared particles with a size
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range of 150-300 nm, keeping the fact in mind that more and more nanoparticles in the
range of 150-200 nm have been shown to enter through vascular architecture of tumors
(the EPR effect), entrapped within tumor part and escape filtration by liver [Blanco et al,
2015]. PDI is the term used to define size distribution of nanoparticles. The degree of
uniformity/non-uniformity is measured by PDI of that formulation and the ranges can be
from 0.0 (perfectly uniform) to 1.0 (highly polydispersed) [Masarudin et al, 2015]. PDI
values more than 0.7 indicates that formulation has a broad particle size range. The
optimum PDI values from 0.05 to 0.7 are generally used for site specific drug delivery
whereas PDI values less than 0.3 are considered acceptable indicator for nanocarriers
[Clarke, 2013; Badran, 2014; Chen et al, 2011; Danaei et al, 2018].

Surface charge (measured by zeta potential) of nanoparticles represents another feature that
can be tailored to prolong circulation lifetimes and selectively enhance accumulation at
specific sites of interest. Nanoparticles with neutral and negative surface charges have been
shown to have a much longer circulation half-life. Thus, for effective nanoparticle delivery
to tumors, one would desire a neutral or slightly negative nanoparticle surface charge upon
intravenous administration [Blanco et al, 2015; Yuan et al, 2012; Alexis et al, 2008]. On
the other hand, nanoparticles with zeta potential ranging from -30 mV to +30 mV, have a
tendency to settle down quickly as compared to those having zeta potential range > +30
mV or <-30 mV which generally form colloidal dispersion [Mei3ner et al, 2009; Basu et al,
2012]. But the particles with zeta potential values ranging from -30 mV to +30 mV never
settle down so quickly that they would not be administered intravenously. They should be
stored in a powder from (at 4-8°C) and suspended in saline solution or water for injection
and shaken well before administration. Here the optimized apigenin loaded nanoparticles
had zeta potential values ranging from -4 mV to -5 mV which indicated a stable

formulation having a preferable surface charge for delivery in hepatic tumor sites.

Polymer composition has a critical role in stability of biodegradable PLGA nanoparticles in
different pH media. PLGA degrades via ester bond breakage in the polymeric matrix by
hydrolytic attack of water molecules [Keles et al, 2015; Houchin and Topp, 2008; Kenley
et al, 1987]. A variable hydrolytic degradation of nanoparticles was observed in different

pH buffers. Nanoparticles were found to be more stable in PBS (pH 7.4) in comparison

Page | 83



Chapter 6 Discussion

with acetate (pH 5) and citrate (pH 3) buffers. It indicates that the formulation is not
suitable for oral delivery as gastric juice have highly acidic environment. It was reported
earlier that PLGA undergoes biodegradation/hydrolysis more in acidic medium as
compared to slightly alkaline or neutral environment [Makadia et al, 2011; Zolnik et al,
2007]. Thermal degradation of apigenin loaded PLGA nanoparticles was also checked by
accelerated stability study in different temperature and humidity conditions [Silva et al,
2015]. Nanoparticle structures were maintained in first month of this study but significantly
softened over time in second and third months of the study. The polymeric matrix melted
and the particle structures were deformed.

After administration of the drug loaded nanoparticles, depending on the different drug
types and polymeric ratios, PLGA undergoes biodegradation through cleavage of ester
links and monomers are formed. Since biodegradation pattern of PLGA depends on factors
such as surface diffusion, bulk diffusion, surface erosion and bulk erosion, the release of
the drug from the matrix also becomes unpredictable [Makadia et al, 2011]. Here prepared
nanoparticles (ApNp3) showed a biphasic release pattern. ApNp3 had an initial burst
release of apigenin (24% in 6 h) in PBS (pH. 7.4) followed by a sustained drug release
pattern (52% in 60 days). Burst release might have occurred due to a comparatively faster
release of drug molecules present close to the surface of the nanoparticles and a subsequent
sustained release of drug occurred due to the release of drug molecules from the deeper
region of the matrix as water content of the particles hydrolyses the polymers and allows
the drug to diffuse slowly until complete solubilization of polymers occur [Ramchandani et
al, 1998; Amann et al, 2010; Faisant et al, 2002]. A good linearity (as assessed by R? value)
has favored that drug diffusion followed Koresmeyer-Peppas kinetics with an anomalous
diffusion pattern. Drug release was affected and altered by different pH values of the
media. Apigenin released faster in acidic pH (both in pH 3 and 5) due to the faster
hydrolysis of PLGA in acidic medium.

Earlier reports showed that apigenin has cytotoxic and anti-proliferative activity against
human hepatocellular carcinoma (HCC) cells but the accurate mode of action remained
unclear till date. However, studies also indicated that apigenin exerts its anti-canter activity

by inducing apoptosis, DNA damage, gene alteration and cell cycle arrest in a p°*
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modulating pathway [Chiang et al, 2006; Maduni¢ et al, 2018; Zheng et al, 2008, Liu et al,
2017; Cai et al, 2011]. To determine the cytotoxic effect of ApNp3, we have performed
MTT assay to find 1Cso of apigenin as well as apigenin nanoparticles. The cytotoxic effects
of apigenin/ApNp3 were noted in two different types of HCC cells such as HepG2 and
Huh-7 at two different time points (24 h and 48 h). ICso value of ApNp3 was recorded less
than free apigenin in each case and the possible reason behind it was that due to smaller
size range, nanoparticles had higher and rapid cellular uptake than free apigenin [Ahn et al,
1997]. After determining 1Cso values of the drug loaded nanoparticles, we did confocal
microscopy to visualize the successful internalization of the particles inside the cell as well
as quantified the cellular uptake by FACS. Uptake of FITC tagged apigenin nanoparticles
(ApNp5) followed a time dependent pattern and in both the cell types, at 4h, the nucleus
structures were seen to destroy (DAPI filter, Figure 5.13). This indicates the initial
apoptotic phenomenon. FACS assay directly gives information of amount of cells entered
in FITC filter area. As there was no other source of FITC in the total experimental
procedure, the amount of FITC was directly proportional to the amount of ApNp5 entered
inside the cells. More ApNp5 was detected and quantified over time by the FACS analysis.

Radiolabeling of drug loaded nanoparticles with **™Tc plays a very important role in the
nanomedicine field due to its ability to convey direct information about biodistribution and
in-vivo visualization of those nanoparticles [Psimadas et al, 2013; Stockhofe et al, 2014].
Radiolabeled technetium chloride was attached to the surface of nanoparticles (ApNp3)
with the help of stannous chloride. All the radiolabeling parameters such as amounts of
nanoparticle suspension and time of incubation were standardized to achieve labeling
purity that ranged between 90-92% and was verified by TLC [Gaonkar et al, 2017]. After
in-vivo administration of the compound to the experimental animals, the bioimaging was
done in a predetermined time interval. In our study, *™Tc-ApNp3 was found to accumulate
predominantly in liver (the targeted organ in this study) of normal experimental animals.
There was a preferential hepatic distribution of ApNp3 than free apigenin (API). Further,
apigenin loaded radiolabeled nanoparticles were also found to reach the livers of animals
with HCC due to their nano-size and predominantly accumulated in hepatic tissue.
Although the average particle sizes were 200 nm (ApNp3) and 300 nm (FITC-ApNp5)

respectively, for two different formulations, they had size distribution ranges varied from
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30-500 nm. Hence some of the smaller particles might have eliminated faster which were
visualized in the kidney. Numbers of published reports also showed that various
nanocarriers size ranging from 150-250 nm and labeled with **™Tc, were detected in

kidney and urinary bladder as well as in urine [Yu and Zheng, 2015; Polyak et al, 2011].

The biodistribution data obtained from radiolabeled ApNp3/apigenin was further supported
by the data obtained by LC-MS/MS study. A selective, rapid and sensitive technique of
LC-MS/MS was developed to determine the concentration of apigenin from free drug
suspension as well as apigenin loaded nanoparticles. This method was established in such a
way that very less quantity of apigenin was also be detected in mice plasma and hepatic
tissue samples taken at different time points to determine the biodistribution and
pharmacokinetic parameters of apigenin. Various pharmacokinetic parameters in mice
plasma and liver (up to 72 h) showed much higher AUC and lower clearance rate of
ApNp3 in comparison with API in both plasma and liver. This could be possibly
responsible for more bioavailability of apigenin from ApNp3 than API. Difference in half-
lives also suggests that apigenin from nanoparticles (half-life of apigenin from ApNp3 in
plasma and hepatic circulation were 70.7+4.3 and 25.1+1.1 h respectively) followed a
sustained release pattern. Plasma and hepatic clearance values reveal that ApNp3 caused
reduction of apigenin clearance predominantly and assisted its longer presence in the body.
Plasma protein binding of apigenin was predominantly long and release of drug from the
plasma protein was comparatively much slower, hence ti;, of the drug in the blood was
comparatively more than its value in liver. Moreover, our negatively charged nanoparticles
might have a much longer circulation half-life in plasma as surface charge plays a vital role
on in-vivo behavior of nanoparticles. Initially nanoparticles taken up by the liver
maintained the hepatic level of the drug. However, faster hepatic metabolism and
elimination of larger nanoparticles and very slow distribution of plasma protein bound drug
to liver at the extended period could be responsible for shorter hepatic half life of the drug
in animals [Cao et al, 2011; Gradolatto et al, 2004; Blanco et al, 2015].

The treatment of hepatocellular carcinoma remains a great challenge due to
unpredictability of this disease. Thus, drug metabolizing enzymes play a key role to detect

the stage of HCC. Here we have chosen four tumor marker enzymes and measured their
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activity in various treatment groups to get an idea about the effect of apigenin on HCC.
Cytochrome P-450 (CYP) is an iso-enzyme which is extensively required in phase-I
metabolism and has very important role in biotransformation of different exogenous and
endogenous compounds in liver. CYP is selected as tumor marker enzyme as it is proved as
marker for HCC and expression CYP decreases in rat liver carcinogenesis. Glutathione-S-
transferase (GST) and uridyl phosphate glucoronyl transferase (UDPGT) are two enzymes
of phase-Il metabolism which are mainly used to detoxify xenobiotics and external toxic
materials. In general, GST and UDPGT contents get increased in the HCC tumor tissue
significantly than the normal hepatic condition. Therefore these two enzymes are used as
marker protein for detection of chemical toxicity and carcinogenesis in liver. Antioxidant
enzymes such as superoxide dismutase (SOD) are mainly required for counterbalancing the
oxidative stress inside the hepatocytes and protect the cellular environment against DNA
damages due to chemical carcinogen treatment. Studies reported that a decreased
expression of SOD was noted in carcinogenic hepatic tissues than the normal ones. The
low activity of this enzyme may be due to the depletion of antioxidant defense mechanism
against overwhelming free radical generation in HCC [Aliya et al, 2003; Liaw et al, 1998;
Yan et al, 2015; Lu et al 2015]. Hence we have selected these markers to identify any
biochemical changes occurred in tumors and the non-tumor hepatic tissue upon the
treatment of ApNp3 and we found that the apigenin content varied in tumor and non-tumor
tissues upon ApNp3 application. Interestingly, we found that modulation of these enzyme
activities and iso-enzyme (cyt P-450) content predominantly varied in the tumor area upon
nanoparticle treatment as compared to free apigenin treatment. This may be due to the EPR

effect of ApNp3 in the solid tumors.

Extensive morphological examinations of hepatocellular carcinoma were done with the
help of various diagnostic imaging techniques over the past two decades. These studies
revealed that there are biological markers such as ground glass hepatocytes, hyperplasic
nodules, nodular lesions or altered hepatic foci that can distinguish a HCC liver from the
normal ones. Occurrences of multiple nodules are the fundamental characteristics of
advanced stage of HCC that can be detected by macroscopic investigations. The number,
site of occurrence and size of the nodules also give an idea about the stage and progression
of the disease [Kojiro M, 2009; Schlageter et al, 2014; Mathai et al, 2013].
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Histomorphologic investigations depict a stepwise development of HCC. Advanced stage
of HCC showed complete neovascularisations with destroyed cellular architecture, picnotic
nucleus and ground glass appearances, absence of hepatic portal veins etc. Hematoxylin-
eosin (HE) staining was used here to visualize the hepatic tissue structures of HCC control
groups and compared it to other treatment groups as well as with normal control livers.
Significant anti-cancer potential of the optimized nanoparticles containing apigenin
(ApNp3) in rats bearing HCC was observed. The efficiency of this formulation was
achieved in controlling the tumor incidence and HAF. Predominant lower incidence of
HCC development and a gross reduction of HAF upon ApNp3 treatment showed potential
antitumor effect of apigenin loaded in nanoparticles on HCC development in-vivo. Free
apigenin also improved the tissue structure, but not to the extent of ApNp3 mediated
improvement. ApNp3 could have acted either on delaying the progress of development of
HCC or on regenerating the damage of hepatic tissue towards normal, clearly seen in
histopathology study. Presence of apigenin in the tumor area thus could be beneficial for
controlling the proliferation of preneoplastic and neoplastic cells, hindering tumor
formation. Apigenin has a significant role in tumor suppression by maintaining level of
p53-WAF1/p21 pathway in hepatocellular carcinoma [McVean et al, 2000; Chiang et al,
2006]. Apigenin loaded nanoparticles and free apigenin had no noticeable effect on normal
liver. Blank nanoparticles also had no effect on normal liver, suggesting that PLGA has no
considerable toxic effect in liver at all. Longer availability of apigenin as it released slowly
from the nanoparticles and had a much lower clearance rate than free apigenin may be a

responsible factor for such potential role of apigenin from ApNp3 than the free drug.

Thus, apigenin nanoparticles may serve as a successful line of treatment against HCC or as
an adjuvant therapy to improve this disease state and can provide us a new therapeutic
option to treat hepatocellular carcinoma patients. Further investigation in the area is

warranted.

Page | 88



Chapter 7

Summary



Chapter 7 Summary

7. Summary

Hepatocellular carcinoma (HCC) is one of the most common malignancies, resulting from
various types of lifestyle diseases as well as from hepatitis B and C virus infection. In this
disease, the normal hepatic environment gets destroyed, leading to liver cirrhosis and
ultimately resulting in early and advanced stage of HCC. Currently, liver transplantation,
liver resection and chemotherapy with sorafenib are the major therapeutic lines of
treatment available for HCC. Although, depending on severity and stage of the disease, the
quality of life gets affected significantly. From the past two decades scientists are studying
more and more new chemotherapeutic agents to combat this deadly disease but successful
treatment cannot be guaranteed till now. Natural products, on the other hand, have shown
to posses many interesting effects on various kinds of diseases and are being studied and
screened extensively for their activities. Bioflavonoids are such naturally occurring
bioactive compounds which possess certain biological activities and are abundantly found
in many natural sources including common vegetables and fruits which we consume daily.
Apigenin is such a biologically active flavonoid found in many common dietary products
and has been proved to have many types of biological actions including anti-hypertensive,
anti-diabetes, anti-oxidant and anti-cancer activities. Apigenin induces apoptotic cell death
and cell cycle arrest and exerts its anti-proliferative, tumor-suppressive activities against
various types of cancer growth. However, apigenin, as a chemotherapeutic agent, has poor
bioavailability and gets cleaved in gastrointestinal track when absorbed orally. Further, it is
a hydrophobic chemical, and difficult to administer via intra-venous route due to its poor

solubility issues.

Keeping all these things in mind we have prepared and optimized a novel drug delivery
system (nanoparticles) which would deliver sufficient amount of apigenin in hepatocellular

carcinogenic environment to delay the progress of HCC in-vitro and in-vivo.

Polymeric nanoparticles have got attentions in last few years as a unique drug delivery
strategy that can deliver various therapeutics agents, proteins, enzymes etc. to target site of
many diseases. Due to its nanosized range and ability to incorporate both hydrophilic and
hydrophobic substances, nanoparticles have gained much popularity in field of targeted

drug delivery. Poly-lactic-co-glycolic acid (PLGA) is a USA-FDA approved biodegradable
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polymer which is extensively used as the carrier for nanoparticles and apigenin was
incorporated inside PLGA core to develop a sustained release dosage form. Here, PLGA
nanoparticles, loaded with apigenin as a therapeutic agent, were modified and characterized
according to the need of the study. We have monitored the particle size, surface charge and
polydispersity index which favored for a successful drug delivery to the hepatic cells. The
surface morphology of the nanoparticles was checked by field emission scanning electron
microscopy, atomic force microscopy and transmission electron microscopy and the
particles were found to be spherical in shape and homogeneously distributed with a size
range 150-300 nm. Fourier transform infrared spectroscopy showed no chemical
interactions between drugs and the excipients took place. The stability of the nanoparticles
was checked by accelerated stability study and hydrolytic stability study. Hydrolytic
degradation of nanoparticles was found maximum in acidic pH medium and on the other
hand, thermal softening of nanoparticles was seen in higher temperature conditions. Drug
release was performed in three different pH mediums including PBS (pH 7.4) which
mimics the blood pH, citric acid buffer (pH 3) which resembles the gastric environment
and acetic acid buffer (pH 5) which mimics pH of tumor microenvironment. The prepared
nanoparticles showed a sustained drug release pattern in PBS and a comparatively faster

drug release in acidic mediums.

The effects of the apigenin loaded nanoparticles (ApNp) were tested in human
hepatocellular carcinoma cells (in-vitro) as well as experimental animals bearing HCC (in-
vivo). In-vitro cytotoxicity by ApNp as well as apigenin suspension (free drug) was
measured in two different types of cells HepG2 and Huh-7. ApNps showed a much higher
cytotoxicity than free drug in both the types of cells. Cellular uptake of nanoparticles was
visualized and quantified by confocal microscopy and fluorescence activated cell sorting
(FACS) respectively. In both of these studies, a higher cellular uptake was notified in a
time dependent manner. Pharmacokinetic parameters of apigenin (released from the
formulation and free apigenin) were determined by quantifying the amounts of apigenin in
plasma and liver tissue samples of balb/c mice. For this study we have developed a novel
mobile phase system for eluting apigenin by LC-MS/MS. A much higher bioavailability of
apigenin from ApNp was noted in comparison with the free drug. An experimental animal

model of HCC (in Sprague-Dawley rats) was prepared by the standard chemical
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carcinogenesis technique and animals from different groups were treated with ApNp as
well as free drug. Biodistribution of ApNp/free drug was visualized and quantified in
experimental mice and rats (normal mice, normal rats and HCC bearing rats) by
radiolabeling and gamma scintigraphy study. The highest concentration and accumulation
of radiolabeled ApNp were found in hepatic area of those animals compared to free drug
which followed a non organ-specific distribution pattern. Further, the experimental rats
from the different groups of HCC model were subjected to different treatment with ApNp
and free drug to find out the tumor-suppressive effect of apigenin against HCC in-vivo. The
rats were sacrificed; livers were dissected out and studied by macroscopic investigation as
well as microscopic imaging. Four different tumor marker enzyme activities were also
assessed using those experimental liver samples. From these studies, it was clearly
observed that apigenin from ApNp was able to control the severity and delay the
progression of HCC in a significant way when compared to untreated group and free drug
group. Thus, apigenin may have a successful tumor-suppressive and tumor cell anti
proliferative effect to control hepatocellular carcinoma and can be used as a therapeutic

agent with or without other available treatments for this disease.
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Conclusion

Apigenin loaded nanoparticles (ApNp) suitable for hepatic delivery, were prepared and
optimized. In this experimental study, lower dosing frequency and more site specific
accumulation were ensured using ApNp than apigenin suspension. Predominant uptake of
ApNp by human hepatocellular carcinoma cells reveals that the nanoparticles could be
internalized successfully by the target cells. Biodistribution of nanoparticles showed that
maximum amount of ApNp localized in hepatic region and the clearance rate was
predominantly low. Further, ApNp remarkably delayed the progress of HCC by effectively
reducing tumor incidence and development of altered hepatic foci in rats. Thus, apigenin
nanoparticles may serve as a successful line of treatment against HCC or as an adjuvant
therapy to improve this disease state and can provide us a new therapeutic option to treat

hepatocellular carcinoma patients. Further study is warranted.
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Abstract

Hepatocellular carcinoma (HCC) is one of the major causes of cancer related death globally. Apigenin, a dietary flavonoid, possesses anti-
tumor activity against HCC cells in-vitro. Development, physicochemical characterization of apigenin loaded nanoparticles (ApNp),
biodistribution pattern and pharmacokinetic parameters of apigenin upon intravenous administration of ApNp, and effect of ApNp treatment
in rats with HCC were investigated. Apigenin loaded nanoparticles had a sustained drug release pattern and successfully reached the hepatic
cancer cells in-vitro as well as in liver of carcinogenic animals. ApNp predominantly delayed the progress of HCC in chemical induced
hepatocarcinogenesis in rats. Quantification of apigenin by liquid chromatography—mass spectroscopy (LC-MS/MS) showed that apigenin
availability significantly increased in blood and liver upon ApNp treatment. Apigenin loaded nanoparticle delivery substantially controlled

the severity of hepatocellular carcinoma and could be a future hope for lingering the survival in hepatic cancer patients.

© 2018 Elsevier Inc. All rights reserved.
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Hepatocellular carcinoma (HCC) is one of the most common
malignant solid tumors with a very poor prognosis' and survival
rate” in humans and HCC-related death has been reported as the
second highest among the all cancer related deaths worldwide.*
Treatment of this life-threatening disease includes surgical (liver
resection and transplantation) and non-surgical (chemotherapy)
techniques.” Liver cirrhosis is the most common underlying
cause leading to HCC related deaths in patients.” Dietary
supplements along with the medicines are always under research
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to combat this serious health condition and improve patient-
compliance.® Drug resistance and drug-induced toxicity in
patients and often failure of early detection of HCC make it
very tough to get cure.’ Dietary supplements have been reported
to improve the condition of HCC in patients as they possess anti-
proliferative and anti-tumor effect on malignancies including
HCC.® Apigenin is a dietary flavonoid found in various
vegetable sources such as parsley leaves, chamomile tea, celery,
kumquats, dried Mexican oregano, peppermint, vinespinach
etc.’ Tt has effective chemo-preservative and/or tumor-
suppressive activity'® against many kinds of carcinomas such
as prostate, oral, skin'!, colon, breast, lung, pancreatic, colo-
rectal” and hepatic cancer in-vitro.'> Many reports suggest that
apigenin induces apoptosis in liver cancer cells and may play a
vital role in the treatment of HCC. '*~'> Apigenin, after the oral
administration, is cleaved, absorbed and gets distributed inside
the gastrointestinal lumen, and thus, bioavailability of apigenin is
much less when administered orally.'® Further, free apigenin has
a very high level of protein binding (10,000 times more than the
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other flavonoids) and its release from the protein bound stage is
extremely slow'”'® Thus, parenteral administration of free
apigenin is also difficult. Nanoparticles are excellent drug
delivery systems (DDS) for delivering hydrophobic/hydrophilic
drug moieties, flavonoids, vaccines, genes, protein etc. to the
target site of delivery. Poly lactic co-glycolic acid (PLGA) based
polymeric nanoparticles gained most popularity in this field due
to their non-toxic and biodegradable nature'® and PLGA has
been approved by the United States Food and Drug
Administration®® (US FDA) for use in intravenous drug delivery
in human. Hence we prepared apigenin loaded PLGA-
nanoparticle to deliver significant amount of apigenin in liver
to inhibit liver cancer growth and the efficacy of apigenin was
investigated both in vitro and in vivo.

Methods

Materials

Apigenin (4’, 5, 7-trihydroxyflavone, M.W 270.24) and
PLGA {MW 50,000-75,000; poly (lactide-co-glycolide) ratio
85:15} were procured from Sigma-Aldrich Co, St Louis, MO,
USA. Polyvinyl alcohol was purchased from S D Fine-
Chemicals limited, Mumbai, India. Fluorescein isothiocyanate
98% (FITC) was purchased from HiMedia Laboratories,
Mumbai, India. Dimethylsulfoxide (DMSO) and dicholoro-
methane (DCM) were procured from Merck Life Science Pvt.
Ltd, Bengaluru, India. All other chemicals used in this study
were of analytical grade.

Cell culture and animals

Two different human hepatocellular carcinoma cell lines
(HepG2 and Huh-7) were purchased from National Centre for
Cell Science (NCCS), Pune, India. Cell lines were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS, Sigma-Aldrich Co), 100 U/
ml penicillin, 100 U/ml streptomycin and kept in 5% CO,
incubator (MCO-15AC; Sanyo, Tokyo, Japan) at 37 °C.

Balb/c mice and Sprague—Dawley rats of either sex were
procured from National Institute of Nutrition, Hyderabad, India
and all the animal studies were conducted as per the guidelines of
the Animal Ethics Committee (AEC), Jadavpur University,
Kolkata.

Outline methodologies are given below. Each study protocol
in details is given in the supplementary file.

Preparation of nanoparticles

Apigenin loaded nanoparticles (ApNp) were prepared by
multiple emulsion solvent evaporation technique as described by
Maji et al.?' For FITC labeled ApNp, FITC was dissolved in the
drug solution at a concentration of 5 mg/ml.>' Blank particles
were prepared using the same process without the incorporation
of apigenin in the organic phase.

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy was used to
investigate interactions between apigenin and the excipients

selected for the formulation, by the method as described by
Maji et al.?!

Surface characteristics of nanoparticles

Surface morphology of the nanoparticles was investigated by
field emission scanning electron microscope (FESEM), trans-
mission electron microscope (TEM) and atomic force microsco-
py (AFM).

Particle size assessment

A small amount of lyophilized ApNp was taken in 2 ml of
Milli-Q water and sonicated for 15 min followed by vortexing for
few min. Size distribution, average particle size, polydispersity
index (PDI) and zeta potential of the different formulations were
determined by Zetasizer nano ZS 90 and analyzed by the
instrument Data Transfer Assistance (DTA) software (Malvern
Zetasizer Limited, Malvern, UK) by a dynamic light scattering
method at 25 °C.

Physicochemical characterization of nanoparticles

Drug loading and loading efficiency were determined in
weight % by the procedure described by Maji et al*' using the
following formulas:

Actual drug loading (weight %) = (Amount of drug present in
nanoparticles/Total amount of nanoparticles sample analyzed) x
100 (%)

Drug loading efficiency (%)
= (Actual drug loading/Theoretical drug loading)
x 100 (%)

Stability study

A stability study was performed to understand the effect of
temperature and relative humidity (RH) on apigenin loaded
nanoparticles. Fixed amounts of ApNp3 were weighed and kept
in zone Il at 4-8 °C (in refrigerator), 30 °C, 75% RH and 40 °C,
75% RH for 30, 60 and 90 days as per the International
Conference on Harmonization (ICH) guidelines (ICH, 2003).
Samples were withdrawn and FTIR-spectra, FESEM photograph
and drug loading were checked for those samples at 30, 60 and
90 days.

In-vitro drug release study

In-vitro drug release study was performed in phosphate buffer
saline (PBS, pH 7.4), citrate buffer (pH 3) and acetate buffer (pH
5) for 60 days using a cumulative drug release method as
reported by Abouelmagd et al.*

Hydrolytic stability study

Hydrolytic stability of ApNp3 was determined as described
by Mandal et al* at different pH buffers (citrate buffer pH 3,
acetate buffer pH 5, phosphate buffer pH 7.4, bicarbonate buffer
pH 10) for 30 days.
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Weight variations were measured for each sample over time
according to the formula,

Weight change (%) = (Wo—W,)/ Wy x 100

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

In-vitro stability of ApNp3 in mouse serum (blood was
collected by heart puncture technique and serum was prepared)
was investigated in the above mentioned procedure for 24 h. The
actual weight of the nanoparticles in mouse serum was calculated
by subtracting control sample (serum without ApNp3) weight
from test sample (serum with ApNp3) weight.

Cytotoxicity study by MTT assay

The time-dependent cytotoxic effect of ApNp3 on HepG2 and
Huh-7 cells was determined using 3-(4, 5-dimers dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide (MTT dye), (Sigma-Aldrich
Co, St. Louis, MO) as per reported method.**

% cell viability
= (Absorbance of test sample/absorbance of positive control sample)
x 100

Cellular uptake studies on HepG2 cells in-vitro

Cellular uptake of FITC labeled ApNp3 (ApNp5) was
investigated in two types of human hepatocellular carcinoma
cells, namely, HepG2 and Huh-7. Internalization of ApNp5 was
visualized by confocal microscopy and quantification of the
amount of ApNpS5 inside the cells was determined by
fluorescence activated cell sorter (FACS).

Radiolabeling of apigenin and apigenin loaded nanoparticles
and biodistribution and gamma scintigraphy study

Radiolabeling of apigenin and ApNp3 with technetium
(°*™Tc) chloride was performed according to the procedure
described by Gaonkar et al*> and Satapathy et al.?® Biodistribu-
tion and gamma scintigraphy study of the radiolabeled ApNp3
and radiolabeled apigenin were performed to have direct
information about localization of apigenin/ApNp3 in experi-
mental animals.

Pharmacokinetic study and hepatic accumulation of apigenin by
LC-MS/MS method

The pharmacokinetic study and hepatic accumulation of
apigenin were performed in plasma and liver samples collected
from balb/c mice (body weight 25-30 g). Naringenin®’ was used
as the internal standard for this study.

Histopathological investigation of carcinogenic rat livers

Male Sprague—Dawley rats (140-150 g bodyweight) were
divided into six groups each containing six rats and chemically
induced hepatocellular carcinoma in rats was developed as per
the protocol published by Ghosh et al.?® Schematic diagram of

hepatocarcinogenesis model along with treatment schedule with
free apigenin/ApNp3 (single i.v. dose of 20 mg/kg bodyweight
per week) *° in rats is given in Supplementary Figure 1.

Enzyme assays

Hepatic cytosolic and microsomal fractions were prepared (from
both normal/tumor surrounding tissues/ tumor tissues) as reported by
Das et al*® and Ghosh et al*® and cytochrome P-450 (cyt p-450)
content®', UDP-glucurony] transferase (UDPGT) and glutathione-
S-transferase (GST) activites®> were determined.

Statistical analysis

The data were statistically analyzed by one-way ANOVA
followed by Tukey’s multiple comparison test, and statistical
significance was considered at P < 0.05.

Results
Fourier-transform infrared spectroscopy (FTIR) study

Presence of the characteristic peaks of apigenin [at wave
number 1243 cm ™', responsible for C-C (O) —C stretching],
PLGA (at wave number 2948 cm ', responsible for —OH
stretching) and PVA (at wave number 3426 cm ', responsible
for —OH stretching) in their physical mixture suggests that no
chemical interaction took place between the drug and the
excipients. However, absence of the characteristic peak of
apigenin (at wave number 1243 cm ') in apigenin loaded
nanoparticles (Supplementary Figure 2) indicates that apigenin
distribution occurs inside the polymeric nanoparticle scaffolds
and no free apigenin was available on the surface of the
nanoparticles.

Determination of surface characteristics

FESEM photographs (Figure 1, 4 and B) of ApNp3 showed that
prepared particles were in nanosize range, homogeneously and
thickly distributed and had smooth outer surface. The surface
morphology was further confirmed by 3D AFM picture (Figure 1,
C) where it showed that height of the particles varied between 10
and 14 nm. TEM images of ApNp3 (Figure 1, D) showed that drug
particles were scatteredly distributed throughout the polymeric
nanoparticle body. Average particle sizes of ApNp3 and ApNp5
were 270 nm (Figure 1, E) and 325 nm (Figure 1, F) respectively and
PDI values for those formulations were 0.260 and 0.409
respectively. The zeta potential values were —4.84 mV (Figure 1,
G) and —4.1mV (Figure 1, H) for ApNp3 and ApNp5 respectively.
FESEM images of ApNp3 kept at 30 °C, 75% relative humidity and
40 °C, 75% relative humidity clearly showed the effect of
temperature on surface morphology of the particles as the polymeric
surface structure softened over time for the samples stored at 30 °C
and 40 °C as compared to the freshly prepared samples (Figure 1, /).
Sample stored at 4-8 °C was found to maintain the structure of the
particles.

Drug loading and drug loading efficiency

In this study, percentage of drug loading increased with an
increasing amount of apigenin incorporated in nanoparticles. It
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Figure 1. Morphology, size distribution and zeta potential of some selected experimental formulations. Morphology of ApNp3 (stored at 4-8 °C) was showed by
FESEM (A and B), AFM (C) and TEM (D). Particle size distribution of ApNp3 (E), particle size distribution of ApNp5 (F) and zeta potential of ApNp3 (G),
zeta potential of ApNp5 (H), FESEM images of ApNp3 stored at 30 °C, 75% relative humidity and 40 °C, 75% relative humidity are indicated respectively.

varied from ApNpl (drug loading, 2.098%) to ApNp3 (drug
loading, 19.14%) as shown in Supplementary Table 1. Further,
ApNp4 showed a nearly similar drug loading (19.09%) to
ApNp3 despite an increase in amount of drug incorporated in the
formulation. Drug loading efficiency was found to increase with
the increase of amount of drug for ApNp3. Hence we have
chosen ApNp3 for further investigation.

Stability of ApNp3 stored at 4-8 °C, 30 °C, 75% RH and
40 °C, 75% RH for 30, 60 and 90 days was evaluated. When the
stored samples were compared with the fresh formulation, by
FTIR spectroscopy (data not shown) and FESEM, the formula-

tion stored at 4-8 °C was found to have similar FTIR spectra and
the formulation structure was found to be maintained. The other
formulations were also found to have similar FTIR spectra but
deformed structurally due to softening of polymer with higher
temperature.

In-vitro drug release and kinetic study

A variable in-vitro drug release pattern in different pH buffers
was observed (Figure 2, 4). After 60 days of the study, in PBS
(pH 7.4) average percentage cumulative drug release was noted
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Figure 2. (A) In vitro drug release profile of ApNp3 in different pH (pH 3, 5 and 7.4) media. (B) Weight variation of nanoparticles in buffers of different pH. In
vitro cytotoxicity of ApNp3 and API was determined in (C) HepG2 and (D) Huh-7 cells.

as 52.43% from ApNp3. Drug release was more in lower pH
mediums. The cumulative drug release was reported as 79.06%
and 88.54% in pH 5 and pH 3 respectively. To evaluate the drug-
release kinetic pattern in PBS, release data were assessed using
zero order, first order, Hixon—Crowell, Korsmeyer—Peppas, and
Higuchi kinetic models. Various regression co-efficient (R?)
values for the kinetics were tabulated (Table 1). The corre-
sponding plot (log cumulative percent drug release versus log
time) of ApNp3 followed the Korsmeyer—Peppas equation with
a good linearity (R?=0.9634). The release exponent (#) value for
our formulation was 0.17 which suggests apigenin release
followed anomalous diffusion pattern.*?

Hydrolytic stability study

The stability of nanoparticles altered in different pH. Weight loss
was found to increase with the decrease pH of medium (Figure 2, B).
After 4 weeks of study, the mass loss of ApNp3 in pH 10, pH 7.4, pH
5 and pH 3 was 30.35%=0.48%, 33.87%+0.93%, 37.45%+1.13%
and 52.01%%1.97% respectively. The weight loss of ApNp3 was
2.8%+0.13% after 24 h in mouse serum (graph not shown).

In-vitro cytotoxicity

In-vitro cytotoxicity of apigenin suspension (APL, free drug)
and ApNp3 in hepatocellular carcinoma cells was determined by
MTT assay. Earlier reports suggest that apigenin successfully
reduced cell viability and proliferation of HepG2** and Huh-7
cells.* In this study, we found that ApNp3 had an ICs, value

much lower than that of API. In HepG2 cells, ICso value of
ApNp3 was 5.5ug/ml and that of API was 11 pg/ml (Figure 2,
(). Again, in case of Huh-7 cells, ICs, value of ApNp3 was
8.5 pg/ml and that of API was 12 pg/ml (Figure 2, D).

Cellular uptake determination and quantification

The confocal images showed time dependent uptake of FITC
labeled apigenin loaded formulation (ApNp5) by the HepG2 and
Huh-7 cells in-vitro (Figure 3).

A quantitative measurement by FACS analysis showed that
FITC signals were directly proportional to the amount of ApNps
incorporated in HepG2 and Huh-7 cells incubated with ApNpS5 at
0.5 h, 2 h and 6 h, along with an enhancement of uptake of FITC-
nanoparticles in cells with time, as compared to untreated
(control) cells (Figure 4). Cellular uptake of drug through ApNp3
in both the cell types was found to be predominantly more as
compared to those cells treated with API when analyzed by LC-
MS/MS (data not shown).

Gamma scintigraphy and biodistribution

99mTc-API/*™Tc-ApNp3 was visualized by gamma scintig-
raphy in different animals (mice/rats) and the investigation
showed that labeled ApNp3 accumulated predominantly in liver
than °°™Tc-API (Figure 5, A). Further, predominant time-
dependent accumulations were detected in intestine, thymus
gland, stomach and urinary bladder (Figure 5, 4, a and b) of
mice. However, in case of °°™Tc-ApNp3 administration,
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In-vitro kinetic model on which
drug release data were assessed

Corresponding kinetic
equation with R? value

Table 1
Average particle size, PDI and zeta potentials of ApNp3 and drug release data tested on various release kinetics models.
Formulation code Z-average (d-nm)? PDI** Zeta potential
(mV)
ApNp3 270 0.409+0.05 —4.21+1

Zero Order
First Order
Higuchi
Hixson—Crowell

Korsmeyer—Peppas

1=0.0267x+28.64,
R? =0.6361
»=0.0002x+1.85,
R*=10.6915
y=1.0288x+22.79,
R>=0.8452
y=0.0006x+4.140,

R =0.6733
y=0.1732x+1.217,
R>=0.9648 (n=0.17)°

? Data show mean £SD (n = 3).
® PDI, polydispersity index.
¢ n=release exponent.

Bright field DAPI

Huh-7
4h

FITC

Merged

Hep G2
1h
Hep G2
4h
Huh-7
1h

Figure 3. Cellular uptake of FITC labeled ApNp3 (ApNp5) in HepG2 and Huh-7cells observed by confocal microscopy at 1 h and 4 h respectively.
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Figure 4. Time-dependent and quantitative measurement of cellular uptake of ApNp5 (FITC-ApNp3) in HepG2 and Huh-7 cells by FACS at 0.5 h,2 hand 6 h

against untreated cells (Un).

prominent time-dependent accumulations in liver, urinary
bladder as well as in intestinal region were noticed (Figure 5,
A, fand g). When radiolabeled **™Tc-API /**™Tc-ApNp3 was
administered in normal rats by tail vein, a quick and time-
dependent distribution of labeled ApNp3 was observed in liver
and the clearance of labeled nanoparticles through urinary
bladder was very less (Figure 5, 4, & and i) as compared to that
of *’™Tc-API in mice. Administration of *™Tc-API in rats
showed distribution in kidneys, and elimination through urinary
track via urinary bladder (Figure 5, 4, ¢ and d). When rats with
HCC were treated with **™Tc-ApNp3/ **™Tc-API, predominant
localization of *™Tc-ApNp3 was seen inside the enlarged (most
likely due to inflammation) liver and its surrounding organs (at 4
h) and its clearance through urinary bladder was remarkably low

(Figure 5, 4, e and ). Biodistribution of **™Tc-API and **™Tc-
ApNp3 was examined in various organs of balb/c mice.
Substantial uptake of *’™Tc- ApNp3 was observed in hepatic
region compared to *™Tc-API. At both the time points (2 h and 6 h),
radiolabeled nanoparticles had much higher residence time in blood
and lower distribution in kidney than **™Tc-API (Table 2).

LC-MS/MS study

Graphical representations of the plasma profile and the hepatic
accumulation of apigenin upon ApNp3/API administrations were
given in Figure 5, B, a and B, b, respectively. In case of plasma,
ApNp3 was found to maintain a steady blood level of predominantly
more amount of drug even up to 72 h (period of the study).
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Table 2

Biodistribution of apigenin in mice that received i.v.* injection of **™Tc-ApNp3/°*™Tc-API."

Organ/ 99mTe-ApNp3 99mTe-API

Tissue 2h 6h 2h 6h

Heart 0.597 + 0.058° 0.421 + 0.049 0.315 = 0.051 0.284 + 0.056
Blood 2.230 + 0.095 1.806 + 0.087 0.829 + 0.099 0.631 + 0.087
Liver 42.15+1.213 54.151 + 1.191 22456 + 1.311 20.561 + 1.197
Lung 0.747 + 0.213 1.285 +0.222 1.215+0.192 0.997 + 0.213
Spleen 0.378 + 0.054 0.721 £ 0.034 1.531 +0.049 1.745 + 0.057
Kidney 2.912+0.211 2.451 +0.189 3.990 + 0.212 4785+ 0.191
Intestine 6.160 + 1.431 8.751 + 1.212 21.556 + 1.198 25.612 + 1.199
Muscle 0.125 + 0.003 0.156 + 0.002 0.287 + 0.007 0.215 + 0.002

i.v., intra-venous.

b 99mpe_ApNp3, radiolabeled apigenin loaded nanoparticle; *°™Tc-API, radiolabeled apigenin.
¢ Data show mean £SD (n = 4).

In case of hepatic concentration of apigenin, apigenin from
suspension was detected up to 12 h, but the concentration could
not be detected in liver at 24 h. In case of ApNp3, the hepatic
concentration of drug was detectable up to 72 h (time period of

the investigation) which showed maintenance of a steady level of
hepatic concentration of apigenin by ApNp3. Hepatic £, (time
to reach maximum concentration) values were very close for
ApNp3 and API (about 1-2 h) suggesting rapid uptake of API
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Table 3

Plasma and hepatic pharmacokinetic parameters of apigenin from ApNp3® and API® after intravenous bolus administration of API and ApNp3 with an

equivalent amount of drug in balb/c mice.

Parameters Plasma values of drug upon

API administration®

Plasma values of drug upon
ApNp3 administration

Hepatic values of drug upon
API administration

Hepatic values of drug upon
ApNp3 administration

Elimination /> (h) 39.8 +2.1 70.7 + 4.3
Cinax (ng/ml) 731413 6.29+2.5
4AUC,., 164.6 +12.2 338.6 + 31.67
AUCqint 289.9 + 23.5 701.7 + 55.31
CL (L/h/kg) 3.45+0.75 1.43+0.43
MRT,, (h) 20 £3.7 33.7+2.24
Vss (L/kg) 196.5 + 17.6 1515+ 11

3.8+09 25.1+ 1.
8.48 +2.78 8.66 £ 1.99
47.87 £ 4.9 124.13 £2.24

55.9+4.7 168.2 + 14
17.9 £ 1.54 5.9+0.88
4.8 +1.02 18 £2.01
113.9+13.6 209.9 £ 17.8

# ApNp3, apigenin loaded nanoparticles.
> AP, suspension of apigenin.
¢ Data show mean £SD (n = 4).

4 Units of AUC in plasma is h ng/ml, and in hepatic tissue h ng/g respectively.

Figure 6. Macroscopic and microscopic images (in 10x magnifications) of liver of the experimental animals. Macroscopic images of livers of normal rats (A), carcinogen
control rats (B) and carcinogen treated rats treated with ApNp3 (C). Microscopic images of liver section of normal rats (D), carcinogen treated rats (E), carcinogen treated
animals treated with ApNp3 (F), carcinogen treated animals treated with API (G), normal animals treated with ApNp3 (H), and normal animals treated with API (I).

and the nanoparticles by liver. The plasma and liver pharmaco-
kinetic data of apigenin from ApNp3 and from API (Table 3)
showed that administration of ApNp3 by i.v. route enhanced
plasma half-life of drug by 75% and hepatic half-life of it by 6.6
times in the experimental animals. Values of maximum
concentration of drug (Cp,ax) in plasma and in liver were more

or less similar for API and ApNp3. Plasma as well as hepatic
AUC values markedly increased upon ApNp3 administration
from 1.5 to 3 times respectively as compared to those for APL
Further, the values of the mean residence time of apigenin (from
ApNp3) in plasma and in liver were found to increase by 1.68
and 3.03 times respectively, compared to APL.
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Table 4

A quantitative data on the effect of API/ApNp3 treatment of hepatic tumor incidences, number and total area of hepatic altered foci (HAF).

Groups Number of rats developed HCC per total Tumor incidences (%) Number of HAF¥/cm? of hepatic tissue® Total area of lesion (%)
number of experimental rats per group

A 0/6 - - -

B 6/6 100 79.57 + 6.08° 57.76 + 1.45

C 2/6 66 21.98 + 3.34¢ 12.38 + 0.98°¢

D - - - -

E - - - -

F 5/6 83 56.43 +5.8° 36.73 + 4.65°

? HAF: hepatic altered foci.
® Values represent mean +SD (1#=6 for each group).
¢ P<0.05 when compared against Group B.

In-vivo HCC model

Macroscopic and histopathology study. Macroscopic images
of liver tissues from group A, B and C animals revealed that
treatment with apigenin nanoparticles (20 mg/kg single i.v. dose/
week) for 12 weeks successfully controlled the tumor develop-
ment in carcinogen treated rats (Figure 6, C). The hyperplasic
nodules (HN) and preneoplastic and neoplastic hepatic altered
foci lesions (HAF)*° were clearly visible in HCC rats without
any treatment (Figure 6, B) and upon intravenous treatment with
ApNp3, the sizes of the nodules and number of lesions were
markedly reduced (Figure 6, C). In the carcinogen control
animals (Figure 6, E), tumor formation and scattered lesions with
cells of ground glass appearance>® were visible in the liver and
normal hepatic architecture was lost. There were focal lesions
and tumor formation visible in HCC. Cellular death and cells
with pyknotic nucleus were also observed as compared to the
normal liver architecture (Figure 6, D). Treatment of apigenin
nanoparticles (ApNp3) in carcinogenic animals (Figure 6, F)
was found to hold the hepatocellular architecture predominantly
towards normal as compared to the carcinogenic animals treated
with free drug (Figure 6, G). There was no distinguishable
change in hepatocellular architecture in normal animals treated
with blank nanoparticle (data not shown), ApNp3 (Figure 6, H)
and free drug (Figure 6, /). A quantitative measurement of the
effect of ApNp3 and free apigenin on HAF lesions and total area
of the lesions (Table 4) showed that ApNp3 predominantly
reduced number and total area of lesions and cancer incidence
compared to API treatment.

Marker enzyme assay.  Cytochrome P-450 (cyt p-450) content,
glutathione-S-transferase (GST) activity in cytosolic fraction
and, UDP-glucoronyl transferase (UDPGT) activity in micro-
somal hepatic fraction of the experimental animals were
tabulated in Supplementary Table 2. In our study, cyt P-450
content was found to reduce in group B (HCC control) animals
both in tumor tissues as well as in tumor surrounding tissue in
comparison with the normal rats (Group A). ApNp3 treated HCC
animals (Group C) markedly increased cyt P-450 content in the
tumor area when compared with group B (HCC) animals. On the
other hand, GST and UDPGT activities were found to increase
predominantly in tumor areas of group B rats in comparison with
the normal rats. Activities of the two enzymes significantly

decreased in tumor area after the ApNp3 treatment in group C
rats indicating the effect of apigenin nanoparticles in repairing or
delaying the progress of HCC in rats.

Discussion

In recent times apigenin has gained much popularity as a
naturally occurring flavonoid which has much lower intrinsic
toxicity on normal cells compared to cancer cells while used as a
tumor-suppressive agent.”’ There are very few reports published
to date, which showed tumor suppressive effect of apigenin
against HCC in-vivo.'* *¥ 74 All these studies indicated a much
higher dosing of apigenin required to acquire the therapeutic
activity. To the best of our knowledge, this is the first report
showing that apigenin nanoparticles successfully delayed the
progress of HCC. Another uniqueness of our study was that the
investigation showed in-vivo localization of apigenin-loaded
nanoparticle as well as their tissue distribution by gamma
scintigraphy. The investigations further support the hypothesis
that site specific (liver) delivery of ApNp may ensure a
successful treatment to control the progress of HCC.

FTIR data indicated the absence of chemical reaction
(electrovalent or covalent type reactions) and rather suggested
for physical interactions that might be involved in the formation
of structure of the nanoparticles.

Developed nanoparticles were of spherical shape, smooth surface
and within a size range of 250-400 nm which fulfills the primary
requirements for efficient drug delivery to the target site as large
particles (more than 150 nm) are mainly accumulated in liver.*' A
lower PDI value suggests a narrow range of size distribution of
particles.*? Nanoparticles with zeta potential ranging from —30 mV
to +30 mV, have a tendency to settle down quickly as compared to
those having zeta potential range >+30 mV or <—30 mV which
generally form colloidal dispersion. 4344 But the particles with zeta
potential values ranging from —30 mV to +30 mV never settle down
so quickly that they would not be administered intravenously. They
should be stored in a powder from (at 4-8 °C) and suspended in
saline solution or water for injection and shaken well before
administration. ApNp3 had 19.14% drug loading and was found to
be stable at least for 90 days (period of study) at 4-8 °C.

A variable hydrolytic degradation of nanoparticles was
observed in different pH buffers. Nanoparticles were found to
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be more stable in bicarbonate buffer (pH 10) and PBS (pH 7.4) in
comparison with acetate (pH 5) and citrate (pH 3) buffers.
ApNp3 was stable in mouse serum at least for 24 h.

ApNp3 had an initial burst release of apigenin (24% in 6 h) in
PBS (pH. 7.4) followed by a sustained drug release pattern (52%
in 60 days). Burst release might have occurred due to a
comparatively faster release of drug molecules present close to
the surface of the nanoparticles and a subsequent sustained
release of drug occurred due to the release of drug molecules
from the deeper region of the matrix as the drug molecules had to
traverse more distance through the tortuous complex network
pathways through the polymeric matrix.'® A good linearity (as
assessed by R? value) has favored that drug diffusion followed
Korsmeyer—Peppas kinetics with an anomalous diffusion
pattern.” Drug release was affected and altered by different pH
values of the medium. Apigenin released fast in acidic pH (both
in pH 3 and 5) due to the degradation of PLGA in acidic media.

FITC labeled ApNp3 showed much higher cytotoxicity in
Hep-G2 and Huh-7 cells in comparison to free apigenin due to
higher cellular uptake and a sustained release of drug over time
as supported by confocal microscopic data, flow cytometric
images and quantification by LC-MS/MS. Concisely, the
nanoparticles were internalized more by the hepatocellular
carcinoma cells in a time-dependent manner.

99mTc-ApNp3 was found to accumulate predominantly in
liver (the targeted organ in this study). The findings support the
fact that there was a preferential hepatic distribution of ApNp3
than free apigenin (API). Further, apigenin loaded radiolabeled
nanoparticles were also found to reach the livers of animals with
HCC due to their nano-size and predominantly accumulated in
hepatic tissue. Although the average particle sizes were 200 nm
(ApNp3) and 400 nm (FITC-ApNp5) respectively, for two
different formulations, they had size distribution ranges that varied
from 30 to 500 nm. Hence some of the smaller particles might have
eliminated faster which were visualized in the figure. However,
numbers of published reports also showed that various nanocarriers
size ranging from 150 to 250 nm and labeled with **™Tc, were
detected in kidney and urinary bladder as well as in urine.*> *°

The biodistribution data obtained from radiolabeled ApNp3/
apigenin were further supported by the data obtained by LC-MS/
MS determination. Various pharmacokinetic parameters in mice
plasma and liver (up to 72 h) showed much higher AUC and
lower clearance rate of ApNp3 in comparison with API in both
plasma and liver. This could be possibly responsible for more
bioavailability of apigenin from ApNp3 than API. Difference in
half-lives also suggests that apigenin from nanoparticles (half-
life of apigenin from ApNp3 in plasma and hepatic circulation
were 70.7+4.3 and 25.1+1.1 h respectively), followed a sustained
release pattern. Plasma and hepatic clearance values reveal that
ApNp3 caused reduction of apigenin clearance predominantly
and assisted its longer presence in the body. Plasma protein
binding of apigenin is predominantly long and release of drug
from the plasma protein is comparatively much slower.'” '®
Hence ¢/, of the drug in the blood was comparatively more than
its value in liver. Initially nanoparticles taken up by the liver
maintained the hepatic level of the drug. However, faster hepatic
metabolism and elimination of larger nanoparticles and very
slow distribution of plasma protein bound drug to liver at the

extended period could be responsible for shorter hepatic half-life
of the drug in animals.

Significant anti-cancer potential of the optimized nanoparti-
cles containing apigenin (ApNp3) in rats bearing HCC was
observed. The efficiency of this formulation was achieved in
controlling the tumor incidence and HAF. Predominant lower
incidence of HCC development and a gross reduction of HAF upon
ApNp3 treatment showed potential antitumor effect of apigenin
loaded in nanoparticles on HCC development in-vivo.*” ** Free
apigenin also improved the tissue structure, but not to the extent of
ApNp3 mediated improvement. ApNp3 could have acted either on
delaying the progress of development of HCC or on regenerating the
damage of hepatic tissue towards normal, clearly seen in
histopathology study. Presence of apigenin in the tumor area thus
could be beneficial for controlling the proliferation of preneoplastic
and neoplastic cells, hindering tumor formation.*” ** Apigenin has a
significant role in tumor suppression by maintaining level of tumor
suppressor gene p>> in humans.'® Apigenin loaded nanoparticles
and free-apigenin had no noticeable effect on normal liver. Blank
nanoparticles also had no effect on normal liver, suggesting that
PLGA has no toxic effect in liver at all. Longer availability of
apigenin as it released slowly from the nanoparticles and had a much
lower clearance rate than free apigenin may be a responsible factor
for such potential role of apigenin from ApNp3 than the free drug.

Cyt P-450, GST and UDPGT are well known tumor markers
and have been extensively used to evaluate the progress of
hepatic tumor development. ** % * 4 Hence we have selected
these markers to identify any biochemical changes occurred in
tumors and the surrounding non-tumor hepatic tissue upon the
treatment of ApNp3, as we found that the apigenin content varied
in tumor and non-tumor surrounding tissues upon ApNp3
application. Interestingly, we found that modulation of these
enzyme activities and iso-enzyme (cyt P-450) content predom-
inantly varied in the tumor area upon nanoparticle treatment as
compared to free apigenin treatment. This may be due to the
enhanced permeability and retention (EPR) effect of ApNp3 in
the solid tumors.*° Thus, apigenin nanoparticles may serve as a
successful line of treatment against HCC or as an adjuvant
strategy to improve this disease state and can provide us a new
therapeutic option to treat hepatocellular carcinoma patients.
Further investigation in the area is warranted.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nan0.2018.05.011.
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ABSTRACT

Delivering highly water soluble drugs across blood-brain barrier (BBB) is a crucial challenge for the for-
mulation scientists. A successful therapeutic intervention by developing a suitable drug delivery system
may revolutionize treatment across BBB. Efforts were given here to unravel the capability of a newly
developed fatty acid combination (stearic acid:oleic acid:palmitic acid =8.08:4.13:1) (ML) as fundamen-
tal component of nanocarrier to deliver highly water soluble zidovudine (AZT) as a model drug into
brain across BBB. A comparison was made with an experimentally developed standard phospholipid-
based nanocarrier containing AZT. Both the formulations had nanosize spherical unilamellar vesicular
structure with highly negative zeta potential along with sustained drug release profiles. Gamma scinti-
graphic images showed both the radiolabeled formulations successfully crossed BBB, but longer reten-
tion in brain was observed for ML-based formulation (MGF) as compared to soya lecithin (SL)-based
drug carrier (SYF). Plasma and brain pharmacokinetic data showed less clearance, prolonged residence
time, more bioavailability and sustained release of AZT from MGF in rats compared to those data of
the rats treated with SYF/AZT suspension. Thus, ML may be utilized to successfully develop drug nano-
carrier to deliver drug into brain across BBB, in a sustained manner for a prolong period of time and
may provide an effective therapeutic strategy for many diseases of brain. Further, many anti-HIV drugs
cannot cross BBB sufficiently. Hence, the developed formulation may be a suitable option to carry
those drugs into brain for better therapeutic management of HIV.
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Introduction enhancement of therapeutic index and efficacy of drug,
enhancement of stability of drug through encapsulation, and
non-immunogenicity, the liposomal drug delivery is a choice
as a drug carrier (Akbarzadeh et al., 2013).

It is always an enormous challenge for formulation scien-
tists to deliver highly water soluble drug into brain across
BBB and the same is true for many other large molecules. In
the present study, we have selected a highly water soluble
drug zidovudine (AZT), 1-[(2R,4S,5S)-4-azido-5-(hydroxymethy-
l)oxolan-2-yl]-5-methylpyrimidine-2,4-dione (Figure 1(A)), as a
model water-soluble drug to deliver across BBB into brain.
AZT is a highly water soluble drug (25mg/ml at 25°C).

Blood-brain barrier (BBB), a complex tight endothelial vascu-
lar lining, is the main hindrance of most chemicals for free
diffusion and penetration into the brain from blood stream
of body for maintaining homeostasis in brain (Seju et al,
2011; Martins et al.,, 2012). BBB acts as a safeguard of brain
from exogenous toxic agents as well as rejecter of essential
therapeutic agents (Hu et al, 2009). Nearly 100% of large
molecular drugs and about 98% of drugs consisting of small
molecules are unable to cross BBB to provide therapeutic
outcome (Wilson et al., 2008; Hu et al.,, 2017). Various novel

drug delivery systems such as nanoparticles, nanoliposomes
(NLs), micelles, dendrimers, quantum dots, and nanoemul-
sions are applied to overcome the limitations (Li et al., 2017).
Nowadays, nanosize drug delivery into brain across BBB is an
emerging field of pharmaceutical research. In the current
study, we have selected lipid-based nanoliposomal drug car-
rier to deliver drug into brain. NLs can deliver hydrophobic
as well as hydrophilic drug efficiently due to their special
structure. Due to some important properties such as bio-
degradability, biocompatibility, low toxicity, ability of

Therefore, it has been used as a representative water soluble
active pharmaceutical ingredient or drug in a number of
reports (Jain et al., 2008; Nayak et al., 2009; Singh et al., 2010;
Christoper et al., 2014). It is expected that the physical charac-
teristics provided by AZT would be similar for many other
hydrophilic drugs. Hence, we have considered AZT as a water
soluble model drug in the present study. AZT, nucleoside
reverse transcriptase inhibitor, is also a part of combination
therapy ‘highly active antiretroviral treatment (HAART)" for
anti-HIV treatment (Bergshoeff et al, 2004; Mu et al,, 2016).
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AZT due to its strong hydrophilicity is unable to cross BBB
sufficiently to reach brain, resulting in inadequate concentra-
tion of AZT for therapeutic efficacy (Rautio et al., 2008; Weiss
et al, 2009). Thus, delivering AZT in brain could be utilized
for better management of HIV as in HIV infected patients, at
very early stage (up to 10 days of post HIV infection), neuro-
invasion can arise and HIV infected circulated monocytes in
blood stream can easily enter into brain (lvey et al., 2009).

Here, by trial and error method we developed several lip-
ids using various mixtures of three fatty acids present in
many edible lipids (Kittiphoom, 2012). Out of them we have
selected the best combination [stearic acid (SA):oleic acid
(OA):palmitic acid (PA)=28.08:4.13:1] (ML) on the basis of its
consistency to develop the nanocarrier. We also compared
the efficacy of this formulation with soya lecithin (SL)-based
formulation developed by us.

The prime objective of this investigation was to evaluate
the capability of ML as base component for the development
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Figure 1. (A) Chemical structure of zidovudine (AZT). (B) Fourier transform
infrared spectroscopy (FTIR)-spectra of BHT (butylated hydroxytoluene), CHO
(cholesterol), ML (lipid), SL (soya lecithin), AZT (zidovudine), PM (physical mix-
ture of BHT, CHO, ML), PMD (physical mixture of BHT, CHO, ML, and drug), PM-1
(physical mixture of BHT, CHO, SL), PMD-1 (physical mixture of BHT, CHO, SL,
and drug), MGB (ML-based lyophilized formulation without drug), MGF (ML-
based lyophilized formulation with drug), SYB (SL-based lyophilized formulation
without drug), and SYF (SL-based lyophilized formulation with drug).
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of nanocarrier to deliver highly water soluble drug into brain
across BBB. Further, its efficiency was evaluated by compar-
ing with SL-based drug nanocarrier.

Materials and methods

AZT was obtained as a gift sample from Cipla Ltd. (Goa,
India). Cholesterol (CHO), fluorescein isothiocyanate (Isomer 1)
(FITC), SL, fetal bovine serum (FBS) and minimum essential
medium Eagle (MEM) were procured from HiMedia
Laboratories Pvt. Ltd. (Mumbai, India). SA, OA, and PA were
purchased from Sigma-Aldrich (Bangalore, India) and buty-
lated hydroxytoluene (BHT) was obtained from Qualigens
Fine Chemicals (Mumbai, India). U-87 MG cells were procured
from National Center for Cell Science (Pune, India). All other
chemicals used were of analytical grade.

Animals

Sprague-Dawley rats (male:female ratio 2:1) having body
weight 200-250g were utilized for biodistribution investiga-
tion, plasma and brain pharmacokinetic study and only male
Sprague-Dawley rats of body weight 200-250g were used
for gamma scintigraphy study. Animal experiments were car-
ried out upon receiving approval of the Animal Ethics
Committee, Jadavpur University, Kolkata. Animals were
accommodated in the university animal house after keeping
them in polypropylene cages. The temperature (22+1°C)
and humidity (55+5%) were maintained in the animal house
with 12h light/dark circle. The animals had free access of
standard diet (Dey et al,, 2016) and drinking water.

Fourier-transform infrared spectroscopy (FTIR)

FTIR was conducted to determine possible interaction (if any)
between the drug and the excipients. For ML-based formula-
tion, pure drug (AZT), CHO, ML, BHT, physical mixture (PM) of
CHO, ML, BHT, physical mixture (PMD) of CHO, ML, BHT and
drug AZT, lyophilized formulation without drug (MGB) and
lyophilized formulation with drug (MGF) and for SL-based for-
mulation, AZT, CHO, SL, BHT, physical mixture (PM-1) of CHO,
SL, BHT, physical mixture (PMD-1) of CHO, SL, BHT and AZT,
lyophilized formulation without drug (SYB) and lyophilized
formulation with drug (SYF) were scanned at 4000-400 cm ™'
using FTIR instrument (JASCO International Co. Ltd. FTIR
4200, Tokyo, Japan) using their pellets formed by mixing
with potassium bromide (KBr) at 1:100 ratio and compressing
with a hydraulic press (Sahana et al., 2010).

Preparation of NLs

Fatty acids at the selected ratio were dissolved in small quan-
tity of chloroform and chloroform was evaporated under vac-
uum to get the lipid formed from the fatty acids.

NLs were prepared by lipid layer hydration technique by
varying different process parameters (Rudra et al, 2010).
Specific weighed amounts of excipients CHO, lipids (ML for
MGF/SL for SYF, respectively) (Supplementary Table 1) and
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BHT (1% w/v as antioxidant) were taken in 250 ml round bot-
tom flask and adequate quantity of chloroform was added
within the flask with vigorous shaking to dissolve the exci-
pients. The flask was set up in a rotary vacuum evaporator
(Rotavap, model PBU-6, Superfit Continental Pvt. Ltd,
Mumbai, India) fitted with an A3S aspirator (Eyela, Rikakikaic,
Ltd., Taguig City, Philippines) and a circulating water bath
(Spac N service, Kolkata, India) at 5°C and was rotated at
145 rpm rotation speed at 40°C in water bath to evaporate
the organic solvent and to form thin film of lipid layer on the
inside-wall of the flask. For complete elimination of the
residual chloroform, the flask was kept overnight in a vacuum
desiccator. The weighed amount of AZT was dissolved in
phosphate buffer (pH 7.4), and the mixture was taken in the
flask. The flask was then fitted in a rotary vacuum evaporator
with rotation speed at 145rpm and at 40°C in a water-bath
for complete dispersion of thin lipid film in the aqueous
phase. The dispersion was sonicated at 30+3kHz in a bath
type sonicator (Trans-o-Sonic, Mumbai, India) for 1 h with cold
water. To form vesicles, the round bottom flask was kept at
room temperature for 1.5h and stored overnight at 4°C. The
preparation was centrifuged at 5000 rpm for 15min at 4°C to
separate the larger vesicles and the obtained supernatant was
again centrifuged (at 16,000 rpm for 45min in a cold centri-
fuge at 4°C) (3K30 Sigma Lab Centrifuge, Merrington Hall
Farm, Shrewsbury, UK) to precipitate NLs. The obtained pre-
cipitate was re-suspended in fresh phosphate buffer (pH 7.4)
and precipitated again number of times to wash the NLs. NLs
were collected in a petridish and lyophilized for 12h
(Laboratory Freeze Dryer, Instrumentation India Ltd., Kolkata,
India) to get dry product. Blank NLs (MGB, SYB) were pre-
pared by the same procedure without using AZT. Fluorescent
NLs were prepared using the same process as described
above except the step where fluorescent marker FITC was
used. FITC stock solution (0.4% w/v) was prepared in a mix-
ture of chloroform and ethanol at volume 3:1 ratio and a vol-
ume of 100 pl was mixed into the organic phase (chloroform)
during the initial mixing of preparation (Shaw et al., 2017).

Characterization of NL

Evaluation of drug loading

MGF/SYF (5mg) was taken in a mixture of phosphate buffer
(pH 7.4) and ethanol at a ratio of 5:1 and sonicated and vor-
tex-mixed. After centrifugation (at 16,000 rpm for 15min at
4°C), the supernatant was collected and measured at 265 nm
using UV/VIS spectrophotometer (Model Intech-295, Gentaur
GmbH, Aachen, Germany). The same procedure was per-
formed for MGB/SYB. Absorbance for drug was obtained by
deducting the absorbance obtained from NLs without drug
and from that of NLs with drug (Satapathy et al., 2016). Each
study was conducted thrice. The percentage of drug loading
was calculated using the following formula:

Percentage of drug loading =
(Amount of AZT in NLs/Amount of NLs taken) x 100
(1

Percentage of yield determination

To determine the yield of NLs from the utilized total amount
of raw materials of NLs preparation, lyophilized dried NLs of
each batch were weighed and the percentage of yield was
calculated by using the following equation as mentioned ear-
lier (Sahana et al., 2010).

Percentage of yield =
(Amount of NLs obtained/ (2)
Total amount of drug and excipients used) x 100

Evaluation of size distribution and zeta potential

By utilizing the dynamic light scattering (DLS) technology in
a Zetasizer Nano ZS90 (Malvern Instrument, Malvern, UK),
average size of NLs, size distribution pattern, polydispersity
index (PDI) and zeta potential of the experimental formula-
tions were determined.

Field emission scanning electron microscopy (FESEM) for
surface morphology analysis

FESEM was used to investigate the surface morphology of
NLs. The lyophilized NLs were placed on an adhesive tape of
carbon over a stub by spreading smoothly and then dried
through vacuum and coated with platinum using a platinum
coater instrument (JEOL, Tokyo, Japan). After that the sam-
ples were observed at various magnifications with the help
of FESEM (Model-JSM-6700F; JEOL, Tokyo, Japan) (Dey et al.,
2016).

Cryo-transmission electron microscopy (Cryo-TEM) study
Cryo-TEM study was performed to observe morphology and
lamellarity of NLs. About 1.5mg lyophilized formulation was
taken in a microcentrifuge tube and 1 ml of Milli-Q water was
added into it. The suspension was vortexed followed by son-
ication for a few minutes to prevent agglomeration. The NLs
suspension (4 pl) was put on a clean grid, blotted away the
excess (if any) with the help of filter paper and vitrified
instantly by dipping into liquid ethane. The grid was stored
in liquid nitrogen till shifting under the electron microscope
(Tecnai Polora, version 4.6 FEI Tecnai G2, Eindhoven,
Netherlands) which was operated at 300kV equipped with
an FEl Eagle 4 K x4 K charge-coupled device (CCD) camera
for capturing the images (Fox et al., 2014).

In vitro investigations

In vitro drug release study

In vitro drug release study was conducted in freshly prepared
phosphate buffer (pH 7.4) and in 50% serum [serum:phos-
phate buffer (pH 7.4) = 1:1] individually as drug release media
at room temperature (for phosphate buffer as media) and at
37°C (for 50% serum as media) (in physiological mimicking
condition), for 24 h. Drug release media (50 ml) were taken in
a glass beaker (100ml). Lyophilized formulation (5mg)
was weighed accurately and reconstituted in 1ml of the



respective drug release media and was placed into a dialysis
bag (Himedia Dialysis Membrane — 110, Mumbai, India) (Dey
et al, 2016). The dialysis bag was tightly knotted at the two
ends with cotton thread and hanged centrally into the bea-
ker containing drug release medium (in such a way so that
the formulation portion inside the bag immersed within the
media) using a laboratory ring stand with clamp kit. The bea-
ker was put on a magnetic stirrer maintaining stirring at
300 rpm using a magnetic bead. From the beaker, 1 ml media
was withdrawn at various predetermined time intervals and
same volume of fresh media was replaced immediately into
the beaker. All the collected samples were analyzed using
UV-VIS spectrophotometer at 265 nm with phosphate buffer
or 50% serum as blank according to requirement. In case of
serum sample, protein was precipitated as mentioned under
LC-MS/MS study. The drug concentration at any individual
time point was calculated with the help of calibration curve.
For 50% serum as drug release media, total experiment was
conducted maintaining aseptic condition in all respect under
laminar air flow hood.

In vitro drug release kinetic study

In vitro drug release data were applied in various kinetic
models such as zero order (percentage cumulative drug
release versus time), first order (log of percentage cumulative
amount of drug remained to release versus time), Higuchi
model (percentage cumulative drug release versus square
root of time), Hixson—Crowell’s model (cube root of percent-
age cumulative amount of drug remained to release versus
time), Korsmeyer-Peppas’s model (log of percentage cumula-
tive drug release versus log of time) to predict the drug
release pattern of the optimized formulations. The highest
correlation coefficient value (R%) from all the tested models
was utilized to select the suitable kinetic pattern (Das et al.,
2015).

In vitro cellular uptake study

To investigate the cellular uptake ability of NLs by U-87 MG
cells, confocal laser scanning microscopy study was executed.
In six well culture plates, U-87 MG cells were seeded on cov-
erslips (3 x 10%) and cultivated using MEM containing 10%
FBS for 24h. These cells were treated with FITC-MGF/FITC-
SYF suspension at a concentration of 100 ug/ml. At different
time points (i.e. 0.25h, 1h, 3h) of incubation, the cells were
washed thrice and fixed applying paraformaldehyde aqueous
solution (4%). They were cleaned by using freshly prepared
phosphate buffer (pH 7.4) after 5 min of fixation. Then, cover-
slips were collected cautiously and mounted on the glass
slide. After complete air drying, the slides were placed indi-
vidually under a confocal laser scanning microscope (Model:
IX81, Olympus Singapore Pte Ltd., Singapore) and the images
were snapped (Maji et al., 2014).

Stability study

Stability testing of the lyophilized formulations was per-
formed as per ICH guidelines (Sahana et al., 2010).
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In vivo investigations

Radiolabeling of AZT and AZT loaded NLs

According to the tin () chloride reduction method as
described earlier (Das et al., 2015; Satapathy et al, 2016),
radiolabeling of AZT and AZT loaded MGF/SYF was per-
formed with technetium-99m (*°*™Tc). At first, 5mg of AZT
was dissolved in 0.5ml ethanol and AZT loaded NLs (equiva-
lent to 5mg of AZT) were suspended in 0.5ml of nitrogen
purged water. The aqueous ?°™Tc-pertechnetate (**™Tc04")
(40-100 MBq) was incorporated to them followed by addition
of 25 ul of aqueous stannous chloride dihydrate (SnCl,-2H,0)
(2mg/ml) solution. At room temperature, they were incu-
bated for 15min. The radiolabeled efficiencies were then
assessed with the help of ascending thin layer chromatog-
raphy by applying silica gel coated aluminum strips (Merck,
Darmstadt, Germany) as stationary phase and methyl ethyl
ketone as mobile phase. The sheets were dried after develop-
ing the spots and they were cut into five strips (1 cm each).
These were analyzed quantitatively through counting using a
well type gamma counter at 140keV (Electronic Corporation
of India, model LV4755, Hyderabad, India).

Gamma scintigraphy

For providing direct evidence of location of radiolabeled NLs
as well as free drug within the body of experimental rats,
gamma scintigraphy imaging was performed. Only male
Sprague-Dawley rats (body weight 200-250g) were utilized
in this study. After dividing the total rats into three groups,
9MTc labeled AZT/*°™Tc labeled MGF/?°™Tc labeled SYF was
injected (100 ul) through femoral vein of rats of the respect-
ive group. Using the intramuscular injection of ketamine
hydrochloride (1 ml), rats were anesthetized and fixed on a
board in the posterior position for imaging. At predeter-
mined time interval (1h and 5h of post injection), static
images were snapped with the help of planar gamma camera
(GE Infinia Gamma Camera equipped with Xeleris
Workstation, GE, Cleveland, OH).

Biodistribution study

Sprague-Dawley rats (body weight 200-250g) were utilized
for performing the biodistribution of radiolabeled AZT and
NLs (MGF, SYF). By applying ketamine (30-50 mg/kg) intra-
muscularly, rats were anesthetized and cannulation was done
in the femoral vein of animals using polyethylene (PE-50)
catheter tubes. All the experimental animals were well-
hydrated by administering (2ml) normal saline (0.9% NaCl
(w/v) in water) through intraperitoneal route for 1h. *™Tc
labeled AZT/*°™Tc labeled MGF/**™Tc labeled SYF was
injected at 0.03ml volume (10-15 MBg/kg) via intravenous
(i.v.) route through the cannula. The animals were sacrificed
at 1h and 5h post injection. The organs and tissues such as
heart, liver, lung, spleen, muscle, intestine, stomach, kidney,
and brain were removed followed by washing using normal
saline. The collected organs and tissues were dried up imme-
diately using blotting paper (if applicable) and taken into the
preweighed counting vials. Blood was collected using heart
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puncture process. With the help of a well-type gamma scintil-
lation counter along with an injection standard, the corre-
sponding radioactivity of the samples was measured and
percentage of injected dose per gram (% ID per g) of tissue
or organ was utilized for expressing the results.

In vivo plasma and brain pharmacokinetic study

In vivo plasma and brain pharmacokinetic study was per-
formed to compare the distribution of AZT from free drug
suspension and NLs (MGF, SYF) and observe the ability of
NLs to cross BBB in Sprague-Dawley rats. The animals were
distributed into four groups. AZT suspension was injected in
animals of one group through i.v. route as per dose. Another
group of animals was injected MGF and the third group was
treated with SYF intravenously with an equivalent amount of
AZT with respect to free drug in suspension. Tail vein was
selected to administer the injection for all animals of each
batch. The fourth group remained as control (untreated). For
plasma pharmacokinetic study, blood samples were collected
by terminal cardiac puncture of each animal following anes-
thesia, at a predetermined time interval such as 0.25h, 0.5h,
1h, 2h, 4h, 6h, 8h, 10h, 12h, 24h, and 48h of post i.v.
injection and kept the sample immediately into a microcen-
trifuge tube having EDTA solution. For plasma collection, the
blood samples were centrifuged at 5000 rpm for 6 min using
cold centrifuge (HERMLE Labortechnik GmbH, Wehingen,
Germany) and the plasma was preserved at —80°C till further
analysis (Dey et al., 2016).

For brain kinetic study, at a predetermined time interval
(0.5h, 1h, 2h, 4h, 6h, 8h, 10h, 12h, and 24h of post i.v.
injection), rats were dissected and brains were separated fol-
lowed by washing with Milli-Q water. In situ blood perfusion
(Takasato et al., 1984) was done before collection of brain in
the experiment. Then, the collected brains were kept into
cryogenic tubes and stored at -80 °C till LC-MS/MS study.

LC-MS/MS study

Evaluation of AZT concentration in plasma and brain was
performed by using LC-MS/MS technique (Shaw et al.,, 2017).
Briefly, plasma sample/homogenized brain tissue was first
mixed with ice cold acetonitrile (plasma/tissue homogenate:-
cold acetonitrile was 1:3 by volume) containing internal
standard followed by vortex-mixed for 10min and centri-
fuged (at 4000 rpm for 15min at 4°C) for efficient extraction
of AZT by protein precipitation method (Gautam et al., 2013).
The supernatant for each sample was collected. The super-
natant (100 pl) of each sample was mixed with 100 pl water
and loaded into LC-MS/MS (LC: Shimadzu Model 20AC, MS:
AB-SCIEX, Model: API4000, Software: Analyst 1.6). Elution was
done with the help of YMC Triat C18 column (2.1 x 30 mm,
5u). Gradient elution technique of two mobile phases
(mobile phase A: 0.1% formic acid in water and mobile phase
B: 0.1% formic acid in 80:20 acetonitrile/water) was con-
ducted with injection volume: 20 pl, flow rate 0.8 ml/min and
total run time was 3.0 min in each case.

Calculation of PK parameter

AZT concentrations in plasma and brain were plotted against
time. By utilizing NCA toolbox of Phoenix-Winnonlin software
(Certara, Daresbury, UK), various PK parameters such as area
under the concentration—time curve from time of injection to
a determined time point (AUCoy_,), area under the first
moment curve (AUMCgy_p), clearance (Cl), time taken for max-
imum blood concentration to drop in half-life (t;,,), steady
state volume of distribution (V;), mean residence time (MRT),
etc. were determined.

Statistical analysis

Statistical calculations of various data were conducted by
applying one-way analysis of variance (ANOVA) through
Tukey—Kramer’'s multiple comparisons test with the help of
GraphPad InStat (version 3.06) software (La Jolla, CA). The
probability value (p) <.05 at 95% confidence interval was rec-
ognized as statistically significant.

Results
FTIR analysis

Drug-excipient interaction was investigated through FTIR
spectroscopy to determine any interaction between the func-
tional groups of drug (AZT) and the excipients of a formula-
tion (Basu et al., 2012). When the FTIR spectra of the physical
mixture of the drug and the excipients (ML, CHO) were com-
pared with those of the physical mixture of the excipients
without drug, the lyophilized formulation with or without
drug and each of the excipients, the presence of the charac-
teristic peaks of the drug (at 2083cm™"), ML (at 2922cm™,
at 2852cm ', and at 721cm™") and CHO (at 1373cm ') was
observed (Figure 1(B)).

Likewise, during the comparison of the FTIR spectra of the
drug, SL and CHO, the presence of the characteristic peak of
the drug was observed at 2083cm™" in the physical mixture.
The characteristic peaks of SL (at 2928cm™' and at
1462 cm™") and CHO (at 1373cm™") were also observed in
the physical mixture of the drug and the excipients (Figure
1(B)).

The findings suggest the absence of any chemical inter-
action between the drug and the excipients for both the for-
mulations (ML based, MGF and SL based, SYF). However,
minor shifting of some of the peaks of the excipients in for-
mulations (from 2922cm™' to 2920cm™', 2852cm™ ' to
2851cm ™, and from 721cm ™' to 719cm ™' in ML-based for-
mulation and CHO from 3415cm ™' to 3436cm ™' in case of
SL-based formulation) was observed. The observations sug-
gest that physical interactions existed between the molecules
of the excipients. The interaction might be responsible to
provide the structure of the formulation and for sustained
drug release from the formulations. In case of the ML formu-
lation, the peak of the drug was not observed. The finding
suggests that the drug was encapsulated entirely in the for-
mulation and there was the absence of drug molecules on
the surface of the formulation. For SL formulation, presence
of the peak of the drug was found to shift from 2084 cm™"



to 2096 cm™'. The finding indicates that the shifting of the
peak of the drug might be due to physical interaction
between the drug and the excipients. Further, the drug mol-
ecules were also present in the lipid bilayers and might
retain in the formulation due to the physical interaction
between the drug and the excipients.

In case of SL formulation, a shifting of wave number from
2084cm™' to 2096 cm™' might be due to the formation of
weak bond (such as hydrogen bond, van der Waals force of
attraction or dipole moment) between methyl group of the
drug and OH group of CHO. The wave number ranging from
3415cm™" to 3436cm ™' is the strong intensity stretching
vibration zone of OH group. The wave number ranging from
2084cm™' to 2096cm™" is the stretching vibration zone of
C-C=C of the drug. Further, the wave number regions,
2922-2920cm ™" and 2852-2851cm™’, are the strong inten-
sity stretching vibration regions of CH,, CH, and CHs and the
region 721-719cm™" is the variable to weak intensity bend-
ing vibration region of out of plane OH bending. Hence,
there might be physical interaction by formation of weak
bonds (hydrogen bond, van der Waals force of attraction or
dipole moment) responsible for minor shifting of peaks.

Physico-chemical characterization of NLs

We initially varied the different process parameters such as
temperature and speed of hydration, duration of sonication,
time and speed of centrifugation, duration of freeze drying
and ratio of the constituents to optimize the preparation pro-
cess and to select the formulations. The best two formula-
tions (MGF, SYF) were selected based on drug loading,
particle size, zeta potential, FESEM, and Cryo-TEM data and
investigated for further study.

Percentage of drug loading and yield

The percentage of drug loading of MGF was 5.7 £ 0.37% with
60.87 +£5.92% vyield capacity but SYF had 7.00+0.23% drug
loading with yield capacity of 54.34+£4.79% (Supplementary
Table 1). Every experiment was repeated thrice to establish
the reproducibility.

Size, size distribution, and zeta potential

Liposomal size, surface morphology, and the lamellarity of
liposome have been assessed by particle size analyzer,
FESEM, and Cryo-TEM, respectively. FESEM figures showed
that the average size of the lyophilized liposome varied for
MGF and SYF. When the liposomes were assessed by particle
size analyzer, it showed the average size 24.37+2.2nm for
MGF (Figure 2(A)) and 33.75+3.7nm for SYF (Figure 2(B)),
with their PDI 0.26 £0.02 and 0.25+0.06, respectively. When
the lamellarity was checked by Cryo-TEM, average size of the
vesicles was found to be 30.75+1.8nm for MGF and
40.43+2.4nm for SYF with the intact lamellarity. The size
was little bit higher as compared to the lyophilized liposome
and the liposome analyzed by particle size analyzer. Since for
Cryo-TEM analysis, the lyophilized liposomes were suspended
for longer time as compared to particle size analysis by
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particle size analyzer, the average size was enhanced margin-
ally due to the entrapment of water in the core area of the
liposomal vesicles. However, all the methods of analysis
showed that the size was below 50nm. Zeta potential of
both the formulations was observed as negative,
-71.5+6.5mV (Figure 2(C)) and -70.8+7.0mV (Figure 2(D))
for MGF and SYF, respectively. The statistical analysis of data
of average size for both the formulations and the variation in
PDI showed that there was an insignificant variation (p > .05)
in size distribution, but a significant variation of particle size
between MGF and SYF. MGF showed smaller size particles
compared to SYF. Zeta potential showed nearly same value
for both the formulations.

FESEM study

Three images of FESEM at different magnifications namely
60,000%, 120,000%, and 300,000x were captured for MGF to
establish the shape, size, and distribution pattern of the for-
mulation. The MGF had nanosize structure with smooth sur-
face and was homogenously distributed at 60,000x and
120,000x magnification (Figure 2(E,F)). At 300,000x magnifi-
cation, MGF was found to be spherical structure having
nanosize with smooth surface and a homogeneous distribu-
tion pattern (Figure 2(G)). The FESEM image at 100,000x
magnification of SYF revealed that the liposomes were also
in nanosize (about 30 nm), spherical shape with smooth sur-
face and homogenous distribution (Figure 2(H)).

Cryo-TEM study

Cryo-TEM study was performed to visualize the internal struc-
ture of NLs. Nanosize unilamellar vesicles were found in the
Cryo-TEM images for both the types of NLs (Figure 2(lJ)).
MGF had smaller size lyophilized vesicles than the size of SYF
vesicles.

In vitro investigations

In vitro drug release study

In vitro drug release study was conducted for both the for-
mulations (MGF and SYF) to compare in vitro drug release
patterns of both the formulations in two different release
media. The data were plotted as percentage of cumulative
drug release against time measured in hour (h) (Figure
2(K,L)). From the results, it appeared that cumulative 73.43%
and cumulative 82.21% of AZT released from MGF in phos-
phate buffer media and in 50% serum, respectively, whereas
cumulative 82.48% (phosphate buffer as media) and cumu-
lative 84.51% (50% serum as media) of AZT released from
SYF over a period of 24 h. Drug release was to an extent
slower from MGF than SYF. However, a steady and sus-
tained drug release pattern was observed for both the
formulations.

Drug release kinetics analysis
To understand the drug release kinetic patterns, data
were plotted using various kinetic equations and the
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corresponding correlation coefficients (represented here as
R? values) were determined (Supplementary Table 2). Data
gave good linearity in Korsmeyer-Peppas’s kinetic model
for both the formulations [R?=0.9742 (phosphate buffer as
drug release media) and R*=0.9780 (50% serum as drug
release media) for MGF and R?>=0.9752 (phosphate buffer
as drug release media) and R?>=0.9751 (50% serum as
drug release media) for SYF] as compared to the other
kinetic models tested. The release exponent values (n)
were 0.8387 and 0.8561 for MGF and SYF in phosphate
buffer drug release media where as in 50% serum ‘n’ val-
ues were 0.7539 for MGF and 0.8179 for SYF, respectively.
The ‘n’ values indicated non-Fickian diffusion pattern of
release of drug from NLs in both types of drug release
media.

In vitro cellular uptake study

In vitro cellular uptake study of NLs was conducted in
U-87 MG human glioblastoma cells by using fluorescent NLs
to inspect the uptake ability of NLs in brain cells using con-
focal microscopy. From the results, it revealed that both the
types of fluorescent NLs (FITC-MGF, FITC-SYF) were internal-
ized by the cells (Figure 3(A,B)) and were localized in cyto-
plasm as well as nucleus. Cellular uptake of FITC-MGF
increased with time till 3h of the study (Figure 3(A)).
However, for FITC-SYF, the cellular uptake was more in 1h
than 0.25h and then decreased at 3h (total duration of the
study) (Figure 3(B)). By both confocal and conventional
fluorescence microscopies, FITC treated cells were shown to
internalize FITC in a time-dependent manner (Cole et al,
1990). Thus, addition of FITC in media alone as a control
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Figure 2. Particle size distribution of (A) MGF and (B) SYF. Zeta potential of (C) MGF and (D) SYF. Field emission scanning electron microscopy (FESEM) images of
(E) MGF at magnification of 60,000%, (F) MGF at magnification of 120,000%, (G) MGF at magnification of 300,000, (H) SYF at magnification of 100,000%. Cryo-
transmission electron microscopy (Cryo-TEM) images of (I) MGF and (J) SYF. Scale bar for Cryo-TEM image: 100 nm. (K) /n vitro drug release profiles of MGF and SYF
in phosphate buffer (pH 7.4). (L) In vitro drug release profiles of MGF and SYF in 50% serum. Data show mean + SD (n = 3). SD: standard deviation.
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sample to treat cells would provide results which can mis-
lead the actual findings of the FITC-labeled formulations.
Hence, no FITC control was run.

Stability study

FTIR spectra of the stored NLs (MGF, SYF) were compared
with those of the freshly prepared formulations. No distin-
guish changes in spectrum were observed for the formula-
tions stored at 4°C. However, NLs stored at 25°C showed
the deformation of structure (data not shown), although
drug assay results did not significantly vary the quantity of
drug loaded in the formulation. Further, FTIR, DSC
(Supplementary Figure 1), UV-visible spectroscopy, LC-MS/
MS analysis of free drug, encapsulated drug and drug
released showed that drug remained in the active form after
encapsulation and released, and in the same active form.

(A) DIC FITC

Merged

0.25h

lh

3h
(B) DIC FITC Merged
025 h ;. : - -
. -

Figure 3. Investigation of in vitro cellular uptake of MGF and SYF by confocal
microscopy. (A) In vitro cellular uptake study of fluorescein isothiocyanate
labeled MGF (FITC-MGF) in U-87 MG human glioblastoma cells at various time
points (0.25h, 1h, 3h). (B) In vitro cellular uptake study of fluorescein isothio-
cyanate labeled SYF (FITC-SYF) in U-87 MG human glioblastoma cells at various
time points (0.25h, 1h, 3 h). DIC: differential interference contrast images of U-
87 MG human glioblastoma cells.
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In vivo analysis

Gamma scintigraphy

The gamma scintigraphy was performed to investigate the
ability of the NLs to cross BBB after the administration of
99MTc labeled MGF, *°™Tc labeled SYF and °°™Tc labeled
free drug (AZT) in different groups of Sprague-Dawley rats,
respectively. The radioactivity signals were observed
(Figure 4) and assessed in brain as well as in different
organs (Supplementary Table 3) of the experimental animals
which received radiolabeled NLs/AZT. The study showed
that NLs were able to cross BBB and reached in brain. In
animals treated with radiolabeled MGF, the intensity of sig-
nals in brain tissue was higher at 1h as compared to 5h
(Figure 4(1)). The signals were stronger in brain at 1h than
5h in the animals received radiolabeled SYF (Figure 4(ll)).
At 5h, the signals were stronger in the brain tissue of ani-
mals treated with radiolabeled MGF compared to radiola-
beled SYF. In °™Tc labeled free drug (AZT)-treated animals,
very weak signal was noticed at 1Th and 5h in brain tissue
(Figure 4(lll)) which indicated poor permeation of free AZT
through BBB.

Biodistribution study

Biodistribution studies were conducted by administering
99MTc labeled MGF, °™Tc labeled SYF, and °°™Tc labeled
free drug (AZT) in Sprague-Dawley rats through i.v. route at
1h and 5h after injection. In different organs including
brain, accumulation of radiolabeled NLs as well as free
drug was measured and data were reported as percentage
of injected dose per gram (% ID per g) of tissue or organ
(Supplementary Table 3). The values of residence time of
radiolabeled formulation MGF/SYF in blood were 2.90-fold,
3.09-fold higher at 1h and 4.08-fold, 3.94-fold greater than
that of radiolabeled AZT at 5h, respectively. On the other
hand, kidney accumulation was distinctively more in free
drug than NLs at 1h as well as 5h. Further, at 1h, kidney
accumulation of radiolabeled SYF was 2.75 time less than
MGF but at 5h this was 31.91% higher as compared to
MGF. Enhancement of brain uptake values (by 18 folds and
19 folds, respectively, at Th and 36 times and 23 times,
respectively, at 5h, for MGF and SYF) was observed as
compared to the brain uptake values of labeled AZT at
those respective time points. Although brain uptake of
2MTc labeled MGF was slightly less in values than those of
SYF at 1h but it was 56.52% higher compared to SYF at
5h (Supplementary Table 3). For this reason, brain/blood
ratio was 0.48 for MGF at 5h which was greater than the
value at 1h whereas it was 0.32 for SYF at 5h. Brain/blood
ratio was predominantly higher for NLs compared to free
AZT (Supplementary Table 3).

In vivo plasma pharmacokinetic study

The plasma pharmacokinetic study was performed to
observe the changes of pharmacokinetic parameters in
Sprague-Dawley rats after iv. administration of MGF/SYF/
free AZT suspension. The mean plasma concentration of
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drug from MGF/SYF was higher than that of AZT in animals
which had received AZT suspension, at the different experi-
mental time points. The plasma concentration of AZT from
MGF was comparatively higher than that of SYF after 4h
(Figure 5(A)). AUCy_; value for MGF was reasonably greater
than those of SYF as well as free drug suspension
(Table 1). AUMCq_; values of drug in rats received MGF/SYF
were 13.76-fold/8.25-fold respectively greater than AUMC,_;
value as detected in animals received free drug suspension.
Half-life (t,,,) value of AZT from MGF was 8.44-fold higher
than that of free AZT suspension and 1.27-fold higher than
that of SYF, suggesting a predominantly sustained drug
release from MGF. MRT values were 5.10-fold and 3.25-fold
higher for MGF and SYF respectively than the MRT value
found in rats treated with AZT suspension. This suggests
maximally prolonged blood residence time of MGF among
the experimental formulations. A predominant variation in
V., values was also noticed for MGF (about two times
greater than the value obtained from rat treated with AZT
suspension and 1.5 times greater than the value obtained
from rat treated with SYF). There was 63.21% decreased
clearance of AZT from MGF as compared to free AZT sus-
pension. Data revealed that MGF provided most favorable
pharmacokinetic profile of AZT as compared to SYF and
free AZT suspension.

(A)

(B)

II

1

In vivo brain pharmacokinetic study

Till 24 h (the total duration of the study), AZT level was detect-
able in brain from MGF/SYF (Figure 5(B)). However, AZT could
not be detected in the brain of rats treated with AZT suspen-
sion after 10h of the study. AZT level in brain was found to
be maximum from SYF followed by MGF in 0.5h. The values
were five- and four-fold higher respectively as compared to
the values detected in animals treated with AZT suspension at
0.5h. AZT level was 25% higher in the brain of rats treated
with SYF as compared to MGF at 0.5h. With the increasing
duration of time, AZT levels were decreasing in all the cases.
Interestingly, at 4 h of the investigation the values of AZT con-
centration in brain were almost same in rats treated with SYF/
MGF. However, from then on, till 24 h of the study, AZT levels
in brain were found to be more (46.76% more in value at 6 h,
263.75% more in value at 24h) in rats treated with MGF as
compared to those treated with SYF. Treatment of AZT
through MGF enhanced AUMC,_; value by 50.99% and MRT
value by 49.14% as compared to the rats treated with SYF.
The data were also substantiated by clearance values (Table 1).

Discussion

The present investigation was intended to understand the
capability of ML to act as base material of lipid nanocarrier

(©) (D)

Figure 4. Gamma scintigraphy images of rats after receiving radiolabeled MGF/radiolabeled SYF/radiolabeled AZT. (1) rats received 9MTc labeled MGF at 1h (A, B)
and at 5h (C, D) post i.v. injection; (Il) rats received 9MTc labeled SYF at 1h (E, F) and at 5h (G, H) post i.v. injection; (lll) rats received 99MTc labeled free drug at
1h(l,J) and at 5h (K, L) post i.v. injection. A, C, E, G, |, and K are whole animal image; B, D, F, H, J, and L are magnified brain part.



to deliver water soluble drug through BBB to brain.
Continuous tight junctions of endothelial cells of brain capil-
laries and several transmembrane proteins seal the paracellu-
lar pathways and effectively block the free diffusion of polar
solutes (such as AZT) from blood along these potential para-
cellular pathways, causing denial of access to brain interstitial
fluid (Ballabh et al., 2004; Abbott, 2005). Blood-brain barrier
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Figure 5. In vivo pharmacokinetic parameters in plasma and brain. (A) Plasma
concentration of AZT-time profiles after iv. administration of MGF/SYF/free
drug (AZT) suspension in rats. (B) Concentration of AZT in brain after i.v. admin-
istration of MGF/SYF/AZT suspension in rats represented by bar diagram. Data
showed mean £SD (n=3). SD of each point was represented by error bar. SD:
standard deviation represented by deviation bar.
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predominantly impedes entry from blood to brain of virtually
all molecules, other than those that are small and lipophilic
(e.g. nanoliposome) or those (such as essential nutrients, pre-
cursors and cofactors) that enter the brain through active
transport mechanism (Alavijeh et al, 2005; Agrawal et al.,
2017). Thus, lipophilicity and size of nanoliposome tend to
lead higher permeation across BBB as compared to the polar
drug or comparatively polar phospholipid vesicles. Since AZT
is a highly water soluble drug that does not cross BBB effi-
ciently (Rautio et al., 2008; Weiss et al., 2009) and the nano-
size lipid vesicles have been shown to permeate through BBB
effectively (Masserini, 2013; Vieira & Gamarra, 2016; Li et al.,
2017), we developed two types of NLs (MGF and SYF) apply-
ing lipid layer hydration technique by using ML/SL. A com-
parative physicochemical and biopharmaceutical analysis on
those two types of formulations were also performed.

FTIR data analysis revealed that there was no chemical
interaction between the drug and the excipients. However,
there were some physical interactions between the drug and
excipients and between the molecules of excipients. Such
physical interactions might have a role to form the spherical
nanostructure of the drug carrier (Rudra et al., 2010) and to
retain the drug in the lipid layer, causing slower diffusion of
drug through the membrane (Rudra et al, 2010). Again,
absence of peak of AZT in the lyophilized ML-based NLs was
due to the entire encapsulation of AZT in the formulation.
Presence of peak of AZT in SYF suggests the availability of
free drug on the surface of the formulation.

Various process parameters such as temperature and
speed of hydration, duration of sonication, time and speed of
centrifugation, duration of freeze drying and ratio of the con-
stituents were optimized to develop formulations with max-
imum drug loading, homogeneous and uniform particle size,
desirable zeta potential value and smooth surface structure,
among the experimental formulations. Out of the various
experimental formulations, the best optimized formulation of
each category (MGF/SYF) was selected and reported here.

Lower drug loading was observed in MGF as compared to
SYF. AZT is a highly water soluble drug (Singh et al.,, 2010;
Nath et al, 2011). SYF had hydrophobic phospholipid

Table 1. Plasma and brain pharmacokinetic parameters of AZT after i.v. administration of MGF/SYF/free drug (AZT) suspension in

rats.
Pharmacokinetic parameters AZT suspension MGF SYF
Plasma pharmacokinetic profile
t1/2 (h) 1.15+0.04 9.71+0.21%° 7.64+0.08°
AUCo_; (h ng ml™") 2003.27 £24.63 5405.57 +151.03° 5107.23 +£153.91°
AUMCo_¢ (n? ng ml™") 2529.70+188.70 34806.50 + 2475.71%P 20881.90 +1198.92°
a@Lhkg™ 2.99+0.04 1.10+0.03 1.17 £0.03°
MRT (h) 1.26+0.08 6.43+0.28°° 4,09 +0.24°
Vs (L kg™ 3.83+0.19 7.88+0.19%° 5.03 +0.38
Brain pharmacokinetic profile
AUGC,_; (h ng ml™") 141.17 £12.08 888.23 +28.67° 875.73 +53.86°
AUMCy_ (h? ng ml™) 386.53 +£35.11 5396.33 + 236.87*° 3574.03 +290.51°
MRT (h) 2.73+0.06 6.07 +0.15° 4,07 £0.06°
CLhkg™ 37.33£4.66 59+0.17° 6.73+0.35°

t,/2: half-life; AUC,_: area under the concentration-time curve from time of injection (t=0) to a determined time point; AUMC,_.:
area under the first moment curve; Cl: clearance; MRT: mean residence time; Vi : steady state volume of distribution.

Note: Data were expressed as mean + SD of three separate observations.

“Data were significantly different (p <.05) where MGF and SYF were compared with AZT suspension. It was assessed by one-way
analysis of variance (ANOVA) through Tukey-Kramer's multiple comparisons test.

PData were significantly different (p <.05) where MGF was compared with SYF. It was assessed by one-way analysis of variance

(ANOVA) through Tukey-Kramer's multiple comparisons test.
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and CHO. Presence of phosphate group in SL makes it com-
paratively more hydrophilic than ML (Jones, 2008). Presence of
SA, OA, and PA possibly caused comparatively less partitioning
of drug into the lipid layer causing less drug loading in MGF.
Yield of SYF was nearly about 6% less as compared to MGF
and the possible reason may be the recovery problem due to
slightly stickiness of SYF for presence of SL (Das et al., 2015).

Nanosize SYF had larger size (38.49% larger) than MGF.
This could be because of the presence of phospholipid in
SYF. Phospho moiety owing to the hydrophilic nature of the
phosphate group (Jones, 2008) might have been pulled with
more tension by water molecules toward the bulk of the
liquid during the formation of the liposomal structure, result-
ing in comparatively larger size. PDI values of both the for-
mulations were nearly similar. PDI value is a very crucial
indicator for size distribution, stability, and uniformity of NLs
(Masarudin et al, 2015). Lower PDI value signifies more
monodisperse pattern with better stability of NLs. On the
other hand, higher PDI value indicates aggregation of par-
ticles with low stability (Masarudin et al., 2015). The PDI value
0.1-0.25 is desirable for uniform distribution but the value
more than 0.5 is an indication of poor homogeneity (Gharib
et al, 2014). In our study, both the formulations were mostly
uniform in size and homogeneously distributed. Zeta poten-
tial is also considered as a parameter for confirmation of
physical stability (Dey et al., 2016; Shaw et al., 2017). If elec-
tric charge of NLs surface is high, then zeta potential of NLs
will also show high value. This means strong repellent forces
among the vesicles of NLs are able to inhibit agglomeration
of NLs in suspension. Normally, zeta potential value (more
than +30mV or less than —30 mV) indicates good stability of
NLs in colloidal dispersion (Dey et al., 2016). In our study,
nearly similar zeta potential values (about -70mV) were
achieved for MGF and SYF. This denotes that both the formu-
lations had prolonged and better physical stability in col-
loidal suspension. The negatively charged NLs are removed
slowly than the positive one, which suggests longer blood
residence time of negatively charged drug carriers (Satapathy
et al, 2016). Thus, both the experimental formulations are
expected to possess extended blood residence time.

FESEM provides information related to 3D structure as
well as surface property (Tripathi et al., 2017). FESEM study
reveals that both the formulations had spherical structure
with smooth surface and they were homogeneously distrib-
uted with nonappearance of any agglomerate.

The Cryo-TEM images show that MGF/SYF had unilamellar
spherical nanosize structure with an intact lamellarity. Lipid
layer was present at the external side and aqueous part was
enclosed by the lipid layer. Dark spot in the inner aqueous
core and dark outer layer revealed the presence of hydro-
philic drug in a suspended condition in the aqueous core as
well as in the outer lipid layer.

Drug was found to release in a slower and more sustained
manner from MGF compared to SYF in both types of drug
release media. This could be due to the lipid composition of
the NLs. SYF fundamentally consisted of phospholipid which
contains polar phosphoryl and basic groups and they make
the phospholipid more hydrophilic (Jones, 2008) than the ML
which does not contain any phospholipid. Since AZT is a

highly water soluble drug (Singh et al., 2010; Nath et al,
2011), it seems to permeate more through phospholipid than
the ML.

The drug release pattern from both the NLs in phosphate
buffer media as well as 50% serum was best fitted (based on
R? value) with Korsmeyer-Peppas's kinetic model. Release
component (n) value suggests for an anomalous non-Fickian
diffusion pattern of drug molecules (Pattnaik et al., 2012).
Further, Korsmeyer-Peppas'’s kinetic model suggests that AZT
release from the experimental NLs followed diffusion and
erosion process (Pattnaik et al., 2012).

Cellular uptake of both the NLs in U-87MG human glio-
blastoma cells showed that NLs were localized in the cyto-
plasm and in the nucleus after internalization by the cells.
But FITC-MGF was intense in cells in a time dependent man-
ner whereas FITC-SYF concentration in cells initially increased
(at 1h as investigated) and then decreased with the time (at
3 h, total duration of the investigation). Possibly phospholipid
vesicles were metabolized faster than MGF by glioma cells
(Carnielli et al., 1998; Klein, 2002).

At 4°C, absence of changes in spectra for formulations
indicates that there was no physico-chemical reaction
occurred between the drug and the excipients during stor-
age condition. So, drug remains as a stable form in stored
formulation during storage condition at 4°C. At 25°C,
although FTIR spectra did not significantly vary for the
experimental formulations, the deformity of structures of NLs
forced us to reject the consideration of 25°C to store the for-
mulation. However, drug assay showed that the drug was
stable in the formulation at 25°C.

We performed gamma scintigraphic investigation and brain
pharmacokinetic study to compare the capability of MGF and
SYF to cross BBB. Gamma scintigraphic images gave clear pic-
ture of localization of radiolabeled NLs/radiolableled AZT in
whole body of the experimental rats. From the gamma scinti-
graphic images, it revealed that both the radiolableled NLs
were capable to cross BBB and reached in brain. The intensity
of signal in brain was stronger at 1h as compared to 5h for
both MGF and SYF (as observed from signal intensity bar
given with the photograph). At 5h, the signal intensity of
MGF in brain was more pronounced than that of SYF, sug-
gesting longer retention of radiolabeled MGF than radiola-
beled SYF in brain after crossing BBB. Very weak signal at 1h
and 5h for ®™Tc labeled free drug (AZT) signifies poor ability
of AZT to cross BBB. Both the NLs successfully crossed BBB
possibly due to their nano-vesicular structure (Li et al., 2017)
and longer retention of MGF in brain compared to SYF might
be due to the variable lipid characteristics of MGF than SYF
which had phospholipid in its structure.

In biodistribution study, radiolabeled MGF obtained from
brain/blood ratio maintained its level persistently as com-
pared to radiolabeled SYF, suggesting MGF was able to pro-
vide sustaining drug level in brain and blood better than
SYF. Application of MGF showed presence of more amount
of drug in brain with the increasing duration of the experi-
ment as compared to that of SYF owing to an increased
presence of MGF in brain. The presence of more MGF in
brain/blood ratio as compared to SYF might be due to the
sustained drug release and less clearance of drug through



liver and kidney as compared to those of SYF. Predominant
hepatic clearance of free AZT is also noteworthy to mention.
The investigation reported that it is possible for a compound
to possess a long half-life in blood, but a short half-life in
brain or even not to permeate BBB at all (Dawson et al,
2001). Hence, if a drug or formulation remains longer time in
blood, it does not necessarily provide enhanced brain level
of the drug (Dawson et al., 2001; Vieira & Gamarra, 2016). On
the other hand, almost all things injected in blood must go
into liver and liver does not have any barrier like BBB. Hence,
the access of drug/formulation takes place much faster with
a greater amount in liver than brain. Thus, MGF can tackle
the short elimination half-life, low bioavailability, frequent
dosing and dose-dependent toxicity of AZT (Mandal &
Tenjarla, 1996; Blum et al., 1988; Oh et al, 1998; Thomas &
Panchagnula, 2003) more effectively than SYF.

After iv. administration, at 4h, SYF showed more drug
level in blood as compared to MGF. It dropped sharply with
the increasing duration till 8 h which indicates rapid distribu-
tion of SYF compared to MGF. However, MGF showed slow
distribution and significantly (p <.05) longer blood residence
time as compared to SYF which also increased t;,, value of
AZT. AUCq_45 and AUMC,_4g Were significantly more for MGF.
It could be due to the longer MRT and less renal clearance of
MGF compared to SYF. Reports suggest that longer MRT and
less renal clearance increase AUMC and AUC (Dey et al.,
2016; Satapathy et al., 2016).

Drug concentration in brain was initially 25% more for
SYF than MGF. The drug level in brain from MGF/SYF eventu-
ally reduced with the duration. At 4 h, the drug level in brain
from MGF/SYF was more or less same. Interestingly, brain
drug concentration from SYF dropped sharply after 4h
whereas it dropped in a much slower manner for MGF till
24 h of the study where brain drug level was about 260%
more than that obtained from SYF. One of the most import-
ant features of brain is that it is completely separated from
blood by BBB. In our study, blood perfusion was done before
collection of brain from the animals to estimate drug in
brain. Blood perfusion precludes the presence of drug
in brain vasculatures and rather suggests its accumulation in
brain, as drug has to cross BBB to reach brain endothelial
cells (Ballabh et al., 2004; Abbott, 2005; Alavijeh et al., 2005).
Thus, in situ perfusion provides a measure of brain uptake
and the brain/plasma ratio of the drug (as done in the pre-
sent study) provides a partial measure (Takasato et al., 1984;
Abbott, 2005; Alavijeh et al., 2005). Since both the studies
have been done, it supports that drug reached in brain. It is
also an indicative of cross of the drug-loaded formulations
through BBB. Sustained drug release, less clearance, and
enhanced MRT of MGF in brain could be responsible for such
enhancement. These further reflected in the enhanced avail-
ability of drug in brain from MGF compared to SYF. Lipid
composition of MGF might be responsible for such variation.

Conclusions

In the study, nanosize drug delivery systems were developed
successfully utilizing ML/SL to deliver AZT in brain across BBB.
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Both the formulations had sustained drug release profiles.
In vivo gamma scintigraphy study and brain pharmacokinetic
investigation revealed that both the formulations sufficiently
reached brain through BBB, but MGF had better pharmacoki-
netic profile than that of SYF with respect to sustained drug
release, prolonged blood residence time as well as brain resi-
dence time and increased t;,,. Thus, ML may be utilized as a
new and effective carrier material to deliver AZT effectively in
brain. ML could be an emerging pharmaceutical for develop-
ing various therapeutic strategies to deliver drugs to brain
and other organs. However, further studies are warranted in
the area.
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Abstract

The aim of this study was to investigate the improvement of solubility of a poorly water soluble drug tamoxifen citrate (TC) by various
methods such as cosolvency, micellisation, and complexation. Cosolvents (ethanol, polyethylene glycol-400), surfactants [polyoxyethylene sorbitan
monooleate (Tween-80), poloxamer-407 and poloxamer-188], and cyclodextrins [B-cyclodextrin (BCD) and hydroxypropyl-f-cyclodextrin
(HPBCD)] were used as solubilizing agents in this study. Solubility improvement approaches showed variable degrees of solubility improvement
of TC. Among the solubilizing agents used, the modified B-cyclodextrin was found to be the most effective. The solubility of TC was enhanced
to 6.31 mmolL* in water (about 7.1 fold solubility improvement) using 0.05% m/v hydroxy propyl-p-cyclodextrin. Different thermodynamic
parameters, enthalpy and entropy, were analyzed for solubility enhancement of TC with different cyclodextrins which showed enthalpy not the
entropy was the driving force for TC solubilisation. The less positive enthalpy of BCD complexation than HPBCD complexation signifies the higher
solubilising efficacy of HPBCD. Pharmacokinetic study was performed using HPBCD as solubility enhancer at its optimized concentration which
also resulted in improved bioavailability when compared to the bioavailability obtained with free tamoxifen.

Keywords: Tamoxifen citrate; Solubility; Cosolvent; Surfactant; Cyclodextrin; Pharmacokinetic

Introduction

Tamoxifen citrate (TC) is an antiestrogenic drug and
is first choice treatment of breast cancer in both pre- and
post-menopausal women. The antiestrogenic effects may be
related to its ability to compete with estrogen for binding
sites in target tissues such as breast [1]. Chemically, TC is
the isomer of a triphenylethylene derivative. The chemical
(Z) 2-[4-(1,2-diphenyl-1-butenyl) phenoxy]-N,N-
dimethylethanamine-2-hydorxy-1,2,3-propane tricarboxylate.
Following a single oral dose of 20 mg tamoxifen, an average
peak plasma concentration of 40 pg L*(range 35 to 45 ng ml
1) occurred in 4-7 h after dosing [2,3] and this indicates poor
bioavailability of the drug. Poorly water-soluble drugs often
provide limited bioavailability if dissolution is the rate-limiting
step in overall oral absorption process [4]. Since TC is poorly
soluble in water (equilibrium solubility inwater at 37 °C is 0.5
mg ml?) [5], it is ,therefore, important to improve its solubility
to ameliorate its bioavailability [6].

name is

Although there has been enormous amount of research
works performed using different techniques of solubilisation,

yet a comparative profile is very scarce. In this study, the
effect of different solubilisation approaches such as micellar
solubilisation, complexation by cyclodextrins and cosolvency on
the aqueous solubility of TC has been presented in a comparative
approach. An attempt has been made to provide an insight
into the mechanism of solubilisation of TC particularly by
complexation based on analysing thermodynamic parameters,
since complexation was found to be the most successful approach
among the methods tried.

Experimental
Materials

Poly (ethylene glycol) 400 (SRL Pvt. Ltd.,, Mumbai, India),
B-cyclodextrin (Hi Media Laboratories Pvt. Ltd., Mumbai,
India), tween-80 (S.d. Fine Chemical Limited, Mumbai, India),
absolute ethanol (Merck Ltd., Mumbai, India) were obtained
commercially. Hydroxypropyl-B-cyclodextrin, poloxamer-407,
poloxamer-188 were purchased from Sigma-Aldrich, Bengaluru,
India. TC (Khandelwal Laboratories Pvt. Ltd., Mumbai, India)
was a gift sample.

Nov Appro Drug Des Dev 3(5): NAPDD.MS.ID.555624 (2018)
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Phase Solubility Study

In each of the different approaches (cosolvency, micellisation,
and complexation) of solubilisation, solubility of TC was
determined by placing an excess amount of TC (10 mg) in water (5
ml), in different test tubes containing increasing concentrations
(Tablel) of various cosolvents, surfactants and the complexation
agents so that the total volume in each case remained to 5 ml.
Three sets of sample vials were prepared for each particular
solubilising agent. The test tubes were shaken mechanically in
a shaker water bath at 37°C for 48 h. At equilibrium (after 2
days, as preliminary studies showed that this period of time was
sufficient to ensure saturation at 37°C), aliquots were removed,
centrifuged for 10 min at 10000 rpm. After proper dilution
with water the samples were analyzed spectrophotometrically
at 275 nm using Shimadzu UV/Vis spectrophotometer (Japan)
[7] taking appropriate blank solution. The cosolvents used were
ethanol, poly (ethylene glycol) 400 and glycerine. The surfactants
were polyoxyethylene sorbitan monooleate (Tween 80),
poloxamer-407 and poloxamer-188. The complexation ligands
were B-cyclodextrin (BCD) and hydroxypropyl-B-cyclodextrin
(HPBCD).

Thermodynamic Parameters for Different Cyclodex-
trin Concentrations

Thermodynamic analysis was performed by measuring the
solubility measurement with BCD and HPBCD concentration
(0.05% m/v to 0.5% m/v) at different temperatures (300, 310
and 320 K) (Tables 2&3). Rest of the procedure was same as the
phase solubility study. Gibbs and van’t Hoff equations were used
to estimate the thermodynamic parameters, enthalpy (AH°),
entropy (AS°) and Gibbs free energy (AG®).

The general form of van’t Hoff equation for calculation of
thermodynamic parameters:

In K = AS°/R -AH°/RT

or

log K=-(AH°/ 2.303R) 1/T + AS°/ 2.303R

The Gibbs equation gives the values of (AH°) and (AS°) and
therefore, the values of (AG°) were calculated in each case from
the equation.

AG°= AH° - T AS°®
For a plot of In K versus 1/T, slope = -AHo/R and intercept =
ASo/R were calculated.

Where, K (equilibrium constant) represents either S (drug
inherent solubility) or K, (equilibrium constant considering
1:1 complex formation). The values of S were initially estimated
from the phase solubility diagrams) [8].

Pharmacokinetic Study by LC-MS/MS

Swiss albino mice (either sex, 25-30 g) were purchased from
registered breeders, and were given normal standard diet with
tap water ad libitum. Animals were kept under a 12 hrs light

DOI: 10.19080/NAPDD.2018.03.555624.

dark cycle. The animals were maintained in this condition for
at least one week prior to the experiment. All experiments were
conducted as per the guidelines of the animal ethics committee
(AEC), Jadavpur University, Kolkata.

Animals were divided into two groups (10 animals in
each group) and fasting condition for at least 24 h prior to the
experiment. Animals from the free drug group (FD) were given
tamoxifen citrate at 10 mg/kg oral dose and animals of the test
group (CD) were given HPBCD (as a solubility enhancer at the
concentration of 0.5% w/v) along with TC in an equivalent oral
dose of 10 mg/kg. mixing in water. After oral dosing mice were
anaesthetized with diethyl ether. Blood samples were collected
by heart puncture technique at various time points from 0.25 h,
0.5 h, 1h, 2 h, 4 h, 8h and 24 h. Blood samples were centrifuged
at 6000 rpm for 5 min and plasma were collected and stored at
-80°C until further study by LC-MS/ MS.

LC-MS/MS Assay

Working stocks of TC were prepared by serial dilution in
HPLC grade methanol. Working stocks and blank plasma were
spiked to prepare calibration control (CC) and quality control
(QC) samples. Liquid liquid extraction (LLE) technique was used
for the extraction of CC, QC and test samples.

The plasma concentrations of TC in both the groups were
determined by LC-MS/MS assay usinga method described by Choi
and Kang [9]. At first, 0.05 ml butyl paraben (IS) of concentration
8ug/ml in methanol was added to 0.2 ml acetonitrile and 0.2 ml
of plasma sample. This mixture was vortexed and centrifuged
at 13,000 rpm for 10 min and 0.05 ml of the supernatant was
loaded to LC-MS/MS (LC: Shimadzu Model 20AC, MS: AB-SCIEX,
Model: API1 4000, Software: Analyst 1.6) for analysis. Plasma data
were plotted against time and PK parameters were determined
by WinNonlin software (Certara,UK).

Results and Discussion

Cosolvency

Figure 1 shows straight lines in semi-logarithmic plot of TC
solubility vs. volume fractions of the experimental cosolvents.
Solubility study of TC with different concentrations of the
cosolvents, ethanol and PEG-400 at 37°C showed that efficiency
of ethanol (15% V/V) as cosolvent was higher (6.10-fold) than
that of 15% PEG-400 (5.62-fold) compared to the inherent
solubility of TC in water.

Cosolvents are widely used in pharmaceutical industry for
solubilisation purpose. They work by reducing hydrogen bond
density of aqueous system and create a less polar environment
in bulk [10]. This results in more solubilisation of sparingly
soluble or less soluble drug molecules. Cosolvents generally
possess non-polar regions which do not interact strongly with
water and they decrease the capability of water molecules to
squeeze out non-polar solutes from the aqueous system [11].
A relationship between the total drug solubility (D ) and
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cosolvent concentration (C) in a drug-cosolvent-solvent mixture
has been described by using the equation, log D = log D +
oC [12,13] where, D, and o are drugs solubility in water and
cosolvent solubilisation power, respectively. The value of o is

inversely correlated with the polarities of both the solute and
the cosolvent. The more non-polar the solvent and the solute, the
larger is the o value [14].

4 N\
0.8 -
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%0'6 .
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Figure 1: Effect of cosolvency (by ethanol and PEG- 400) on tamoxifen solubility at 37°C
- J

Figurel shows straight lines in semi-logarithmic plot of TC
solubility vs volume fractions of the experimental cosolvents.
The findings suggest exponential increase in TC solubility with
the increasing concentration of the cosolvent, ethanol and PEG-
400. Both ethanol and PEG-400 obey 1%t order solubilisation ki-
netic. For a single non-polar solute, cosolvent solubilisation pow-
er ‘0’ depends only on cosolvent polarity [14]. Table 1 indicates

Table 1: Solubilisation parameters for tamoxifen citrate.

that solubility enhancement of TC follows the cosolvent order
as: EtOH (o: 0.036) > PEG-400 (o: 0.025). The less polar is the
cosolvent, the more effective it is at disrupting hydrogen bond-
ing interactions in water molecules [15]. In the present study,
more efficient improvement of solubility of TC by ethanol may
be because ethanol is the less polar solvent than PEG-400 [14].

Solubilizing agent Concentration Dependence of D, on Du
Ethanol (% v/v) 1,5,10, 15 0:0.036
PEG-400 (% v/v) 1,5,10,15 0:0.025
Tween- 80 (mmol L) 0.8246, 2.0615, 4.123, 8.24 k: 0.97
Poloxamer- 407 (mmol L) 0.082, 0.205, 0.409, 0.818 K: 2.28
Poloxamer- 188 (mmol L) 0.12,0.29,0.58,1.16 k: 0.25
BCD (mmol L) 0.4404, 0.8809, 2.202, 4.404 K, ,=0.48
HPBCD (mmol L) 0.357,0.71428, 1.785, 3.5714 K, ,=0.68

D, total drug solubility in a mixed solvent and cosolvent concentration (C). D - drug solubility in water. BCD: B-cyclodextrin; HPBCD: hydroxyl
propyl-B-cyclodextrin.

indicates that TC solubility was enhanced in the surfactant
order as: poloxamer-407 (5.36-fold) > Tween80 (5.30-fold) >
poloxamer-188 (3.20-fold).

Micellization

Figure 2 shows the effects of poloxamer-407, poloxamer-188
and Tween 80 on solubility profiles of TC, respectively which
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Figure 2: Effect of surfactants (Tween-80, POL-407, POL-188) on tamoxifen solubility at 37°C
\ J

Micelle formation is one of the important mechanisms to
solubilise solutes. Incorporation of solute molecules to the
micelles depends on the degree of non-polarity of solutes and
their micellar partitioning performances [11].The more non-
polar the solute, the more likely it is to be incorporated near
the nonpolar core or center of micelles [11]. Researchers have
described a relationship of micellar surfactant concentration
and solubility of solute (drug) [15,16]. Total drug solubility
(D,,) depends on inherent solubility (D ) and concentration of
micellar surfactant (S) (i.e., the total surfactant concentration
minus the critical micellar concentration) and is presented by
D, = D, + x D S[10], where x is micellar partition coefficient.
Product of k and D, reflects number of surfactant molecules
required to solubilise one solute molecule [14].

Table 1 indicates that TC solubility was enhanced in the
following sequences: poloxamer-407 (k: 2.28) > Tween-80 (k:
0.97) > poloxamer-188 (k: 0.25). Poloxamer-407 was found to
improve the solubility of TC maximally among the surfactants
tested. Due to higher micellar partitioning, more non-polar TC
molecules were incorporated in the poloxamer-407 micelles.

Complexation

Figure 3 shows a linear relationship between TC solubility
with different concentration of BCD and HPBCD used to solubilize
TC. HPBCD showed higher solubilisation of TC than natural BCD.
The solubility improvement of TC was about 5.8-fold with 0.5%
m/v BCD and 7.1-fold with 0.5% m/v HPBCD compared to the
original solubility of TC in water.
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Figure 3: Effect of complexation (by BCD and HPBCD) on tamoxifen citrate solubility at 37°C
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The solubility of TC with different cyclodextrins has been
described using the followingequation,D_ =D +KD L[14],where
L is the total ligand concentration, and K is the complexation
constant/ solubilisation capacity of the drug-ligand complex.
D, and D have been described earlier. Table 1 shows that the
solubilisation capacity K, , of HPBCD (0.68) is slightly greater
than that of natural BCD (0.48). The modified 3-cyclodextrins
have been widely used and reportedly have higher solubilisation
capacity than natural BCD for most drugs [17,18]. Complexation
constant or solubilising capacity, K, depends on the geometry
and polarity of the solute molecules and compatibility between
the solute and the cyclodextrin cavity [15].

Except for differences in size, the overall geometries of the
cyclodextrins are similar. Each having a torus equals to the
length of the appropriate number of glycosides. The derivatized
cyclodextrins are characterized by the nature, position and
degree of the substituents and there they differ in the available
sites. Size and structure of the molecules are important for
formation of inclusion compounds. Structurally smaller drug
insertion (as compared to CD cavity) is not energetically
favored and for appropriately larger solutes, they can fill most
of the CD cavity and form the more stable complexes. Thus, TC
solubilisation capacity of HPBCD is higher by forming HPBCD-
TC inclusion complex than that of BCD. Again, equilibrium
analysis of drug cyclodextrin complex within the experimental

concentration range (data not shown) was found to be of 1:1
stoichiometry which has been reported to happen with a low
ligand concentration, as at higher ligand concentration higher
order complexes are formed [14]. In conclusion, HPBCD is a
better complexation ligand for TC than natural BCD.

Thermodynamic Parameters

Thermodynamic parameters calculated are shown in Table 1.
It shows the effect of increasing experimental temperatures and
concentrations of both the cyclodextrins on TC solubilisation.
The solubility of TC was increased with both the conditions.
TC solubility was characterized by a negative AG®, indicative
of spontaneous dissolution and positive AH° indicative of
endothermic dissolution [19]. Van der Waal interactions,
hydrogen bonding, hydrophobic interactions, release of high-
energywatermoleculesfromthe cavity of cyclodextrinandrelease
of strain energy in the ring of cyclodextrin structure etc. are the
known driving forces for the formation of cyclodextrin inclusion
complexes with foreign molecules [20]. These interactions cause
conformational changes in cyclodextrin structure, dissolvation
to complex stability and drug solubility. Breakdown of water
structure around a solute creates a higher positive AS°® and a
positive AH® known to be governed by hydrophobic interaction
[21]. In the present study dissolution thermodynamics of TC
in aqueous BCD and HPBCD were characterized by a positive
AH°(Figures 4&5), indicative of endothermic dissolution [19].
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Reports suggests that complex formation with BCD and
HPBCD yields negative or positive AH°and negative or positive
AS° [22]. In our study both BCD and HPBCD complex formations
resulted in positive AH® as well as positive AS°. Breakdown of
water structure around TC creates a large positive AS° and a
positive AH® (Tables 2&3), apparently governed by hydrophobic

Table 2: Enthalpy-Entropy data of tamoxifen citrate-BCD complexation.

interactions [23]. Positive AS° for TC may be attributed to
transfer of TC from polar aqueous medium to nonpolar cavities
of CDs [18]. Positive AH° indicates endothermic dissolution
thermodynamics of TC in aqueous BCD and HPBCD. In this
experiment, the enthalpy difference (AH°) decreased with the
increasing concentrations of BCD and HPBCD.

(():?cl;r?la:;l;(ttl:ill: Slope Enthalp}ll((lA;l-l:;flopexR) Intercept (AS°=]izrl:]t:f(gf)‘t(xR)k]
(% m/v) mol'K*!
0.5 -712.3 5.922276 3.9436 0.032788
0.25 -1251.3 10.40368 5.4098 0.044979
0.1 -1516.8 12.61113 5.8394 0.048551
0.05 -2003.2 16.65521 7.0771 0.058841
Table 3: Enthalpy-Entropy data of Tamoxifen citrate-HPBCD complexation.

Concentration of o 4 O_].ZNTROPY
cyclodextrin (% m/v) Slope Entalpy(AH°=slopexR)k]mol Intercept (as _l::(?;f?(PItXR)k]
0.5 -562.25 4.67 3.66 0.03
0.25 -1148.3 9.54 5.25 0.043
0.1 -1741.1 14.47 6.94 0.058
0.05 -2226.7 18.51 8.29 0.069

Thisis favourable for athermodynamic process to happenand
in this case, enthalpy was the driving force for complexation of
TC with BCD and HPBCD. The entropy difference (AS°) decreased
with (Tables 2&3) increasing BCD and HPBCD concentrations.
The entropy was not the driving force for complexation of TC
with CDs. With respect to the HPBCD, the complexation of
natural BCD with TC is characterized by less positive enthalpy,
the contribution from which the solubility improvement profile
of TC with BCD is lesser than HPBCD.

Pharmacokinetic Assay

The study result of pharmacokinetic assay by LC-MS/MS was
represented by the plasma concentration-time profile (Figure
6).The pharmacokinetic parameters of tamoxifen as a free drug
(FD) and along with a solubility enhancer HPBCD (HCD) (Table
4) revealed that Area under the curve (AUC) and maximum
concentration reached (C ) for tamoxifen was much higher in
case of CD than FD which indicated that cyclodextrin had a clear
effect on improving the bioavailability of tamoxifen

jLzi]

Plasma concentration of tamoxifen (ngfml)

Time (k)

Figure 6: Plasma concentration time curves of tamoxifen as a free drug (FD) and along with a solubility enhancer HPBCD (HCD)
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Table 4: Pharmacokinetic parameters of tamoxifen after oral administration of tamoxifen (10mg/kg) with HCD in mice

Plasma values of Tamoxifen upon oral administration
Parameters . —
Half-life (h) 3.28 2.75
C,., (ng/ml) 143 79.9
T, .. () 0.5 0.5
AUC,, 275.6 171.6
AUC, . 313.4 203.4
CL (L/h/kg) 108.9 166.6
MRT, (h) 2.97 291

MeanSD (n=6), AUC; area under the plasma concentration time curve from 0 h to infinity, C__ ; peak concentration, T__; time to reach the peak
concentration, MRT; mean residence time; CL; total body clearance. HCD; hydroxy propyl 8 cyclodextrin added to tamoxifen, FD; tamoxifen as

a free drug.

On other hand, clearance rate was higher for FD in
comparison with HCD which may be due to the faster elimination
of tamoxifen when administered alone (FD) than with a solubility
enhancer (HCD). After in vivo administration, free tamoxifen due
to its poor solubility was absorbed less but eliminated quickly
after absorption. On the other hand, tamoxifen-HPBCD complex
was absorbed faster and distributed in the system with a slower
elimination.

Conclusion

The water solubility of TC was increased 7.1-fold in the
presence of 0.5% m/v HPBCD, compared to 0.5% m/v natural
BCD (increase 5.8-fold). Thermodynamic parameters derived
from TC solubility in the presence of various concentrations of
BCD and HPBCD at several temperatures reveal that the solubility
of TC increased with an increase in temperature. Besides, TC-
BCD complex formation was a characteristic of a very strong
hydrophobic interaction. Furthermore, pharmacokinetic study
was also representing the similar observation with higher
Area under the plasma concentration-time curve and peak
plasma concentrations of TC, when administered along with
HPBCD. However, clinical trial will be needed to conclude the
simultaneous oral administration of cyclodextrin along with
tamoxifen to enhance the bioavailability in human.
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report of 2013. The increase in the prevalence of diabetes is due to three influences - lifestyle, ethnicity,
and age.

Methods: The present review summarizes the pharmacokinetic parameters and challenges in the field of
nanoparticles and nanoliposomes of insulin and other antidiabetic drugs given through pulmonary route
to treat diabetes effectively.

Results: Current challenges in diabetes management include optimizing the use of the already available
therapies to ensure adequate glycemic condition, blood pressure, lipid control and to reduce
complications. At present, several pieces of research have been focusing on new management options
for diabetes. Among these options, the use of nanomedicine is becoming an eye catching and most
promising one. Currently, nanoparticles and nanoliposomes are thrust areas of research to treat any
deadly disease like diabetes. These drug delivery systems ultimately result in longer circulation half-lives,
improved drug pharmacokinetics, and reduced side effects of therapeutically active substances that may
be insulin and non-insulin.

Conclusions: Thus, the pulmonary route is the most promising alternative route of drug delivery since it is
non-invasive and lungs have a large surface area, richly supplied by the capillary network, for absorption
of drugs.

Keywords: Antidiabetics, diabetes, insulin, nanoliposomes, nanoparticles, pulmonary.
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Hepatic cancer stands as one of the frontier causes of cancer related mortality worldwide. Among the
several risk factors already established, type 2 diabetes is now considered as one of the important risks
in progression of liver cancer. Studies have shown that likelihood of occurrence of liver cancer is many
folds higher in patients diagnosed with type Il diabetes compared to patients without diabetes. Liver plays
an important role in metabolism of glucose in our body, so may be type Il diabetes as it is an important
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molecular level in diabetic patients may lead to liver function damage and hence accelerate hepatic
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would effectively lower the chances of developing liver cancer or eliminating diabetes from the population
would effectively reduce the liver cancer incidence. In this review, we will primarily focus on the molecular
link between type2 diabetes and hepatic cancer and investigate underlying mechanism to establish type |l
diabetes as predisposed cause of hepatic cancer.
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Size Dependent Variations of Phospholipid Based Vesicular Drug Carriers

in Systemic Drug Activity

Biswajit Mukherjee , Laboni Mondal, Samrat Chakraborty, Paramita Paul, Ankan Choudhury,

Sanchari Bhattacharya and Chowdhury M. Hossain

Department of Pharmaceutical Technology, Jadavpur University, Kolkata-700032, India

Abstract: Lipid based vesicular drug delivery system, one of the emerging technologies designed for ad-
dressing the delivery challenges of conventional drug delivery methods, has widespread applications in
chemotherapeutics, immunotherapeutics, recombinant DNA technology, membrane biology and also as a
diagnostic tool in different biological field. The enclosed phospholipid bilayer spherical structure, typically
known as liposome, is a versatile vesicular delivery system to carry hydrophilic/hydrophobic drug generally
efficiently to the site of action leading to reduced non-specific toxicity and improved bioavailability of the Y
therapeutic moiety. Efficacy of drug encapsulated in liposome depends mainly on the circulation amount of liposome and

its residence time, in vivo drug release, drug accumulation in the target site and uptake of the formulation in the reticu-
loendothelial system. Liposomal formulation factors that dictate those actions are liposomal size (hydrodynamic diame-
ter), surface charge, lipid composition and steric stabilization. Variation in liposomal size shows around 100 fold altera-
tions in pharmacokinetic parameters and systemic activity while the other factors such as surface charge, lipid composi-
tion and steric stabilization bring only about 10 fold changes in those properties. The findings indicate the critical role of
vesicular size in liposomal efficacy. In the present review the effect of size-variation of liposome on systemic activity of
drug as well as its pharmacokinetic profile will be discussed to understand the rational designing of liposomal preparation
to maximize therapeutic activity of a drug at desired magnitude and to provide a wide range of product applications such
as immunological vaccines, chemotherapy, antimicrobial therapy etc.

Keywords: Drug delivery, liposomes, phospholipid, pharmacokinetics, size, vesicles.

INTRODUCTION

Lipid based vesicular drug delivery systems have gained
attention of researchers around the globe due to their enor-
mous potential as carriers for drugs, nutrients and other bio-
active agents. Among the lipid-based vesicular drug delivery
systems, liposome has been exploited heavily as drug deliv-
ery system. It was the pioneering work by Alec Bangham
and their colleagues which first described these swollen,
spherical phospholipid systems as a model membrane system
[1]. Since then myriads of enclosed phospholipid bilayer
structures, initially called ‘banghosome’ and then ‘liposome’,
were reported [2]. Later, the work of another pioneer, Greg-
ory Gregoriadis, established the concept that eventually de-
scribed the potential of liposome as drug delivery system [2].
Almost over the last five decades, liposomal technology has
experienced great advancement in drug loading of various
potent drugs, homogenization of size of the carrier, prolon-
gation of drug circulation time, innovation of triggered drug
release, optimization for nucleic acid containment in
liposomes, development of ligand targeted drug delivery and
incorporation of multiple drugs in such formulation. These
resulted in numerous clinical trials for the development of a

*Address correspondence to this author at the Department of Pharmaceuti-
cal Technology, Jadavpur University, Kolkata-700032, India; Tel:/Fax: +91-
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plethora of liposomal formulations to deliver drugs of di-
verse nature such as anticancer, antifungal, antibiotics, anti-
inflammatory, genetic medicines for gene therapy etc [3].

Liposomes consist of small artificial spherical vesicles
made up of cholesterol (Chol) and natural non-toxic phos-
pholipids. Phosphoglycerides and sphingolipids together
with their hydrolytic products are being utilized for the
preparation of liposomal formulations. Depending on the
composition and nature of intracellular delivery, liposomes
can be classified into five different categories such as (a) con-
ventional liposome, (b) pH-sensitive liposome, (c) cationic
liposome (d) immunoliposome and (e) long-circulating
liposome [4, 5].

Vesicle sizes and number of bilayers control a number of
important parameters, such as drug circulation half-life and
the extent of drug encapsulation of liposomal formulations.
Therefore, on the basis of these parameters, liposomes are
also classified as (a) small (20-100 nm) unilamellar vesicle
(SUV), (b) large (100-1000 nm) unilamellar vesicle (LUV),
(c) giant (> 1000 nm) unilamellar vesicle (GUV), (d) oligo-
lamellar vesicle (OLV) of size 100-500 nm and (e) multi-
lamellar vesicle (MLV) of size > 500 nm.

Liposomes serve to play as one of the essential vehicles
in drug delivery and offer numerous advantages as men-
tioned below.

© 2015 Bentham Science Publishers
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(1) They exhibit biocompatibility, biodegradability and
also induce less toxicity and immunogenicity in both
systemic and non-systemic administration [1, 2, 4].

(i) They potentiate efficacy, therapeutic index as well as
systemic stability of drug via encapsulation, thus im-
proving the pharmacokinetic profile of drug molecules
[1,2,4].

(iii) They are flexible enough to couple with site-specific
ligands and thus reduce the systemic toxicity [2].

(iv) Liposomes protect encapsulated DNA from enzymatic
and other metabolic processes and hence are capable of
delivering even large DNA sequences [2].

(v) They are capable of delivering both hydrophilic and
hydrophobic drugs [6].

The proper control over the rate of drug release is ex-
tremely vital for liposomal formulation to become effective
as a drug carrier. A drug is effective only when it is released
and the therapeutic outcome of the drug depends on its
bioavailability. Therefore, designing of liposome and opti-
mization of drug release from it are vital issues for delivering
drug at the diseased site and making them bioavailable
within its therapeutic window for a sufficient time period at a
desired rate to achieve optimum therapeutic activity.

Rapid clearance of conventional liposomes by mononu-
clear phagocyte system (MPS) is an important concern.
Liposomal uptake by the MPS organs such as spleen and
liver reduce the availability of the drug to the other tissues of
the body and is also responsible for imposing toxicity to
those MPS organs. Initially several techniques were adopted
for prolonging the systemic circulation time of conventional
liposome through the inhibition of MPS uptake by using
large empty (without drug) liposomes [4]. Extensive research
on liposomal carriers has proved that surface properties, size
and lipid composition should be engineered properly in order
to avoid the MPS uptake. The decrease in the degree of op-
sonization by serum proteins results in potentiation of circu-
lating drug half-life in serum. Thus, modification of surface
of liposomal carriers has been attempted to optimize the
pharmacokinetic profile for better therapeutic outcome. Size
of the liposome is another important determinant for blood
circulation of drug. Several investigations have proved that
the decrease in the size of liposomes results in decreased
recognition of the carrier by complement system (series of
blood glycoproteins that promote phagocytosis) of the blood
causing decrease in MPS uptake. Therefore, the focus of
present day research in the field of liposome is on the devel-
opment of nanoscale lipid vesicles (nanoliposome) [2].

The delivery of drug cargo across the cell membrane to
the intracellular site is another huge concern associated with
liposomal carriers. Hydrophobic weak bases such as doxoru-
bicin or viscristine have gained their entry through passive
diffusion due to their concentration gradient whereas small
hydrophilic molecules take the aid of the cell membrane
transporters for their transport. Some liposomal carriers also
require some modifications to deliver their payloads to the
intracellular sites [2]. There are several ways through which
liposomal carriers have gained their access to the intracellu-
lar sites as mentioned below.
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(1) Liposomes are taken up by macrophages through endo-
cytosis.

(i) Liposomal carriers enriched with fusogenic lipid and
membrane active peptides attached to the liposomal sur-
face either fuse with or disintegrate the cell membrane
more effectively, resulting in efficient intracellular drug
delivery.

(iii) Liposomes conjugated with different target specific
ligands are endocytosed by those target receptor sites
and release the entrapped drug in the endosomal com-
partment [6].

Size of liposomes is found to have very significant im-
pact to improve therapeutic index of entrapped drug by re-
ducing the Reticulo Endothilial System (RES) uptake while
prolonging the circulation time in blood [6]. Liposomal car-
rier of 100-200 nm would be ideal for delivering drug to
tumor as reported in literatures [4].

Size of liposome also plays a very crucial role for the
development of efficient liposomal vaccine delivery system.
It determines the degree and type of immune response gener-
ated upon administration of liposomal vaccine. Large size
liposome is more superior to the smaller ones for the devel-
opment of successful liposomal vaccine to achieve better
therapeutic activity. This is due to the fact that the large size
liposomal carriers are more readily phagocytosed and the
processed peptides are presented to major histocompatibility
complex IT (MHCII) for generation of immune response [7].

Liposomal size is a crucial determinant factor because it
has profound effect on the systemic activity. Therefore,
proper designing of method for development of liposomal
formulation of desired size is essential for different therapeu-
tic applications. While formulating the liposome for drug
delivery, our main goal should be to avoid/ or reduce its up-
take by MPS, to achieve better blood circulation half-life and
the pharmacokinetic profile of entrapped drug [1]. In case of
liposome containing anti-cancer drug, vesicular size should
be such that it helps liposome not only to escape the RES but
also enables them to pass through pores of the leaky vascula-
ture to exploit the benefit of active or passive targeting
strategies. Another interesting fact is that large size liposo-
mal carriers are preferable for the delivery of protein/peptide
antigens (vaccine) as the goal is to achieve rapid phagocyto-
sis of liposomal carriers to develop strong immune response
as soon as possible. Therefore, in case of vaccine delivery,
liposomes not only act as a carrier but also serve as an adju-
vant. Moreover, care should be taken while developing
liposomes of smaller size to increase the benefit of targeting
to specific cell/tissue. Size should be above the cut off size
(5.5 nm) for renal excretion in order to prevent rapid excre-
tion through urine. Presently, researchers are more concen-
trating on the development of better targeting strategies to
increase the therapeutic index as well as to decrease the tox-
icity of entrapped drugs [8]. However, it should be kept in
mind that development of more efficient targeting strategies
does not end the task. The development of optimal sized
liposomes is also equally important to utilize the advantages
of targeting strategies as much as possible. Therefore, the
present review is intended to describe the size dependent
physiological behavior and therapeutic applications, of
liposome as a drug carrier system.
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FACTORS AFFECTING THE PHARMACOKINETIC
PARAMETERS OF LIPID VESICLES

Size and Its Relation with the Other Factors

Efficient biodistribution and target specific delivery of
drug are the two key problems in drug therapy that can be
tactfully managed by the use of liposomal drug delivery sys-
tem [9]. Liposome, like other drug delivery systems, has a
varying systemic activity influenced by its uptake, circula-
tion time, permeability and clearance from the system [9,
10].

One of the first aspects of liposome that affects its sys-
temic disposition is its size. Based on the several research
investigations related to the role of liposomal size to the total
body clearance (CL,y) of liposome, Harashima described a
scattered plot created from moment analysis of blood disap-
pearance data of liposome to depict a variation in CLy, of
different liposomes against their sizes [11]. The regression
analysis has determined that log CL, varies fairly linearly to
the log size with * (regression coefficient, r) value of 0.478
and a probability value (P) < 0.001. A group of researchers
has also compared CL;y of liposomes against the other for-
mulation parameters like surface charge, composition and
steric stabilization, but the variations explained by those fac-
tors were marginal compared to that attributed to size [10].
In fact, the variation CLy, due to these factors ranged within
only 10-folds, while that due to size was more than 100-
folds. This clearly indicates the importance of liposomal size
in determining its clearance and thus the systemic activity of
the drug entrapped in it. The disappearance of drug from
blood or its total clearance is, as we know, directly propor-
tional to the uptake of liposomes from the blood circulation.
It has been seen that an increase in size causes quicker up-
take by the RES for liposomes having similar lipid composi-
tion [11-13]. Distearoylglycerophosphocholine (DSPC)/
Chol (3:2) vesicles (400 nm) show faster clearance (around
7.5 times) than those with a size of 200 nm which also have
a clearance (around 5 times) faster rate than the SUVs of half
of their size [13]. Another such study of the relation between
size and liposome composition was done with egg phos-
phatidylcholine (EPC) and hydrogenated EPC (HEPC)
SUVs, each of them stabilized with dicetyl phosphate (DCP)
and Chol at 5:1:4 molar ratios. EPC liposomal species have
more propensity to depend on their size than its hydrogen-
ated species. The EPC liposomal species in 24 h accumu-
lated more in tumor and RES uptake data varied more
sharply as compared to the HEPC SUVs due to the variation
of the mean liposome size from 100 to 200 nm [14]. The
inclusion of PEG-DSPE (Polyethyleneglycolated distearoyl-
glycero phosphoethanolamine) in the liposome composition
however resulted in clearance rates that were relatively inde-
pendent of the change in size in the range of 80 to 250 nm
for most of the liposomal compositions [15, 16].

Relationship of charge and size is more intricate. Aggre-
gation of non-stabilized neutral liposomes increases the ef-
fective size and thus a rapid body clearance occurs via a size-
dependent mechanism, through the RES or Kupffer cells [15,
16, 17]. Existence of charge causes interparticulate repulsion
that overrides the problem of aggregation without the need of
sterical stabilization. But again the inclusion of charges has
its own set of complications. Generally the negatively
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charged vesicles show a faster clearance rate. Neutral non-
sterically stabilized liposomes have a considerably narrow
clearance window for providing optimal drug level in the
circulation. Thus along with the charge factor, liposomes
should be small enough (preferably 100 nm) to negate the
liposomal aggregation [18]. Phagocytosis and pinocytosis are
the main mechanisms that are responsible for the uptake of
large and small liposomes respectively [10, 19-21]. The sys-
temic aggregation of liposomes can highly alter the uptake
mechanisms and hence fate of the liposomes is dependent on
the variation of the original size because of their aggregation.
Conjugation of chemicals like PEG to the surface of
liposomes causes strong interbilayer repulsion that can over-
come the existing force of attraction (such as van der Waals
force) and subsequently avoids aggregation and stabilizes the
formulation [22]. Surface modification has been reported to
only cause a very slight increase of an overall diameter of the
liposome, depending on the grafting density of the mole-
cules. Only Snm extension from the lipid surface was ob-
served by X-ray analysis of PEG 1900 conjugated lipid bi-
layers [22]. This avoids a serious handicap for size-
dependent uptake and clearance mechanisms. Monosialotet-
rahexosylganglioside (GM1), another candidate for steric
stabilization, has less effect on the interbilayer separation
compared with PEG. The phenomenon of enhanced steric
barrier decreased with decreasing PEG chain length (My 120
and 750) than at higher PEG lengths (Mw 1900 and 5000).
However, the steric barrier produced by low molecular
weight PEGs was still significantly greater than that pro-
duced by GM1 [23].

Pharmacokinetic distribution curve associated with
liposomal distribution are often bi-phasic in nature and can
be represented by the following formula:

C=Ae™ + Be™

In the formula, C represents the concentration of
liposomes in the blood, 4 and B represent the initial concen-
trations for each of the compartments (mentioned below) and
a and 3 represent the disappearance rate constants associated
with the compartments A and B respectively. The peripheral
tissue compartment (B) slowly equilibrates to the blood
compartment (A). This phenomenon may be due to the pres-
ence of a size-dependent transcapillary transport through the
intercellular pores and/or the endocytosis or exocytosis by
the endothelial or parenchymal cells [24]. This may explain
the correlation of size to that of systemic distribution and
hence activity. The size-dependence of the systemic activity
of liposomes, specially antitumor activity, can thus be seen
as a delicate balance between the tendency of vesicles to be
transported in interstitial spaces and tendency of being
cleared from circulation by various uptake mechanisms,
which represent the hypothetical secondary compartment.
Phagocytotic uptake through complement receptors, C3 and
C5, activates macrophagic cascade more in vesicles larger
than 400 nm [11]. The enhanced uptake was inhibited by
anti-C3 serum and K76-COOH (C5a inhibitor) respectively,
establishing size being the predominant factor in hepatocytic
uptake of liposomes [11]. In liver, the liposome reaches from
the periportal region to the central vein through the sinu-
soids. During this journey, the liposome is phagocytosed or
taken up by the hepatocytes in a size dependent manner. The
density of fenestrae on the surface of the hepatic sinusoid
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increases whereas the mean diameter of those fenestrae de-
creases along the direction of the flow of blood thus making
the hepatic sinusoids more porous near the hepatic venule
[25]. This gradient is also present in the distribution of
Kupffer cells along the hepatic sinusoids as more of these
cells are found in the periportal region, having larger size
and higher phagocytotic activity, than in the centrilobular
region [45]. Therefore, liposomes of diameter larger than
100 nm are preferentially taken up via phagocytosis and
hence do not reach the hepatocytes. Whereas, smaller
liposomes are taken up by both hepatocytes and Kupffer
cells as well, which indicates the importance of size in sort-
ing of liposomes in hepatic circulation [24].

The presence of a discontinuous endothelium and a lack
of efficient lymphatic drainage in the tumor vasculature dur-
ing angiogenesis facilitates extravasation and accumulation
of liposomal formulations into the interstitium, mimicking a
sustained drug-release system. This preferential accumula-
tion of liposomes in the tumor area is known as the En-
hanced Permeation and Retention (EPR) [26]. In normal
conditions, the tight junctions between capillary endotheilial
cells do not permit the liposomes to extravasate from the
blood-stream. This may be the reason behind the imporved
therapeutic effects of anti-cancer drugs when encapsulated in
liposomes [17]. This EPR effect is optimal when the diame-
ter of the liposome is in the range of 90-200 nm. [17]. This
indicates the possibility of this optimum size being used as a
tool for “passive targeting” of liposomes for tumor targets
along with steric stabilization. Liposomes of reduced size
can avoid recognition by blood phagocytotic complement
receptors [4]. Again EPR is not seen in vesicles below a cer-
tain size range, attributed mainly to the hepatic parenchymal
uptake as the sinusoidal fenestrations have a mean diameter
of around 100 nm. In a study, 40 nm HEPC liposomes
showed much longer circulation time but poor accumulation
in tumor sites than the liposomes of 100 nm in size [27]. It is
a conventional knowledge that prolonging the circulation
time in the blood of small liposomes increases their chance
of encountering leaky vessels and permeating into the tumor
interstitial spaces [17, 27]. But this study showed that the
systemic circulation time may not correspond directly to the
accumulation of liposomes in tumor. The enhanced circula-
tion time for the liposomes (40 nm size) may be due to the
tendency of RES to forgo uptaking of smaller liposomes as
the small size prevents the liposomes to interact with the
blood components and hence are not recognized by either the
hepatic parenchymal or Kupffer cells [28-30]. But the
liposomal accumulation in tumor may be due to a balance in
the influx and efflux of liposomes between the vascular
space and tumor. Liposomes of 100 nm are more preferen-
tially accumulated in tumor sites as the discontinuity of the
adjoining capillary walls is not large enough to allow them to
be effluxed into the vasculature [27]. Liposomal interaction
with the structures present in the interstitial spaces which
comprise of mainly collagen and elastic fiber network [31]
and the presence of leaky capillaries, enable easy transmis-
sion of all liposomes into the interstitial space which en-
hances their accumulation. While, the liposomes of 40 nm
size are small enough to be effluxed from the interstitial area
back to the vascular spaces more readily than the liposomes
of 100 nm, resulting in evidently high AUC and blood resi-
dence time of the 40 nm vesicles [27]. The following figure
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(Fig. 1) summarizes the phenomenons that were described
above regarding the systemic distribution of liposomes of
different sizes.

Some studies involving DSPC/Chol liposomes with
DSPE-PEG grafting showed similar results. Liposome in the
size range of 100 to 200 nm (median being 120 nm) was
found to accumulate efficiently in all the examined tumor
cells such as C1300, Ehrlich, Colon 26 and S180 [17]. This
seconds the idea that liposomes with an optimal size range
extravasate more frequently into the interstitium by exploit-
ing the gaps between adjacent endothelial cells and other
discontinuities in the vasculature during angiogenisis. Thus
liposome with that size range can be employed for efficient
tumor targeting through EPR effect [17, 32-35].

The correlation of size and activity is however inverse of
the conventional wisdom when it comes to immu-
noliposomes. For developing liposomal vaccines, size and
sometimes lamellarity are critical to their adjuvant activities
[8, 19]. On studying the effect of monopalmitoylglycerol
(MPG)-DCP-Chol liposomes of varying sizes (namely 100,
155, 225 and 560 nm) Brewer ef al. [36] established that
though all tested formulations induced similar anti-OVA
IgG1 levels whereas significantly higher IgG2a and IFN-y
productions were associated with only the larger vesicles.
Further, no differential macrophagic uptake was seen for
liposomes having diameter between 155 nm to 225 nm [36].
The results were mirrored in another study in which influ-
enza A hemagglutinin was given through liposomes of either
250 nm or 980 nm in diameter [37]. The immune response to
dimethyldioctadecylammonium(DDA)-tetrahalose-6,6’-
dibehenate(TDB) vesicles of <200 nm, 700 nm, and 1500
nm size containing antigen derived from M. tuberculosis,
also showed that vesicles of larger size had the tendency to
accumulate more in the draining lymph node and the vesicles
of 700 nm average diameter showed the greatest IFN-y se-
cretion by restimulated splenocytes [38]. In another study,
rgp63, a major surface glycoprotein of Leishmania, was en-
capsulated in Dipalmitoylphosphatidylcholine (DPPC)
liposomes of 100, 400, 1000 nm sizes and injected subcuta-
neously into BALB/c mice and the rate of protection and
immune response against leishmaniasis were recorded and
evaluated [8]. On the basis of footpad lesion size and splenic
parasite burden, it was seen that the liposomes with over 400
nm size were more capable of combating the infection on
immunization and they also exhibited highest production of
IFN-y and the highest IgG2a and IgG1 ratio. Another inter-
esting fact was that immunization through 100 nm liposome
induced largely Thl type response whereas that through
liposome greater than 400 nm size produced mostly Th2 type
response [8].

DEPENDENCY OF DRUG SYSTEMIC ACTIVITY ON
LIPOSOMAL SIZE

Liposomal drug delivery systems have the potential to
selectively target diseased site and to control the drug release
rate from them. Understanding of the kinetics of encapsu-
lated drug is essential for any efficient formulation including
liposome. It demands a discussion on the role of the size of the
phospholipid vesicular drug carrier (typically liposome) on
different parameters determining the drug systemic activity.
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Fig. (1). Distributory behavior of liposomes of different sizes depicting the activities of the liposomes in a healthy vascular tissue with a con-
tinuos epithelial lining (right) against that in a tumorous tissue having poor lymphatic supply and blood vessels with discontinuous epithelium

(left) [9, 11, 25-30].

Size Dependent Extravasations of Liposome Across Cap-
illary Endothelium

Liposome size is an important factor determining the
distribution of liposomes across the capillary walls. The cap-
illary wall is the main hindrance to the permeation of
nanoliposomes, and thus also to the efficacy of these thera-
peutic vesicles. Physiological evidences suggest that the wa-
ter filled small pores (4 nm) present in the capillary walls are
the passage route for the small hydroplillic molecules [39].
Besides that, extremely less number of nonselective path-
ways only permit the macromolecules in the range of 25-30
nm, which indicates the restricted passage for larger liposo-
mal vesicles having diameter > 25 nm. Probably this may be
the cause of the limitation of distribution of commonly used
liposomes. Exception is shown in leaky blood vessels, which
are prevalent in tumorous tissues, inflamed tissues and sinu-
soidal tissues [11].

Poste et al. [40] have examined the ability of liposomes
of variable sizes to cross anatomically different classes of
capillaries. They have demonstrated the limited transport of
liposome across the open sinusoidal capillaries (as in liver)
following i.v. injection but not in the case of organs with
continuous capillaries (as in lungs). In this particular study,
the liposomes were injected through intravenous route in
C57NL/6N mice for evaluating the ability of those liposomes
to penetrate into the capillaries. Ultrastructural and cell frac-
tionation studies revealed more efficient penetration of
smaller unilamellar vesicles (30-80 nm) across liver sinu-

soids than the larger multilamellar vesicles (500-10000 nm)
[40].

When compared between classical liposomes (CL) and
stealth liposomes (SL), injected through both subcutaneous
(s.c.) and intraperitoneal (i.p.) routes, SL having diameter
below 120 nm showed size dependent absorption profile
after s.c. application, where CL (either large or small size)
were unable to enter the circulation after both s.c. or i.p.
route. However, above 120 nm size, SL retained in the site of
administration but did not enter the systemic circulation [41].

Collagen fibers of the capillary wall may offer a bio-
physical marker for the extravagation of liposomes, as this
component of capillary wall affects leakiness in healthy or
tumor vasculature. Yokoi et al. [42] studied the effect of
collagen structure on diffusion flux of free doxorubicin
(DOX) in comparison to 80 nm doxorubicin-loaded pegy-
lated liposome (DOX-PLD) on tumor vasculature. The re-
sults of this study suggests that while the delivery of DOX
and DOX-PLD to the same tumor phenotype is determined
by their pharmacokinetics, the extravasation of DOX-PLD to
different tumor phenotypes is determined by the collagen
content. [42]. The accumulation and elimination of drugs in
tumor are governed by the permeability of microvasculature.
Similarly, the liposome accumulation in tumor is also con-
trolled by the tumor perfusion, extravasation into the tissue
and transport within the interstitium. The EPR effect causes
the extravasation (through leaky endothelium of the tumor
microvasculature, liposomal transcytosis through vascular
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endothelial cells) and accumulation of drug, resulting in
deposition of most of the liposomes [43]. Most of the
liposomal formulations can accumulate ‘passively’ at the
more permeable sites, when their size are in the ultrafilter-
able range (<200 nm in diameter) [7].

Liposome Size and MPS Uptake

Liposomes are cleared from the circulation due to the
Monuclear Phagocytosis System (MPS) in liver and spleen.
The clearance of foreign drug and microorganisms from
blood is done chiefly by the MPS. Malfunction of the MPS
may cause infections and thus increase mortality [44].

Majority of Kupffer cells, the cells responsible for greater
hepatic phagocytic activity are present in the hepatic sinu-
soids though their activity is uneven. As discussed before,
the Kupffer cells are larger in the periportal region and show
higher phagocytotic tendencies while the cells located in the
centrilobular region have limited activities [45]. These cells
can remove foreign and endogenous substances from the
systemic circulation through pinocytosis and receptor-
mediated endocytosis.

Removal of foreign and endogenous substances from the
systemic circulation by the non parenchymal cells of liver is
performed through Receptor mediated endocytosis (RME or
pinocytosis) [46]. The study of Roger et al. [47] re-
established that internalization of small compounds (in the
mean diameter range of approximately 100-200 nm) are me-
diated through RME where as larger vesicles are engulfed by
phagocytosis. Based on these physiological evidences, it can
be assumed that larger liposomes are unable to reach hepato-
cytes as they are taken up via phagocytosis but smaller one
are taken up by both the hepatocytes and Kupffer cells, as
already stated. Immunoglobulins and the complements,
blood proteins associated with the MPS uptake, are known as
major opsonins for the uptake of large vesicles [48]. These
proteins are present on the phagocytic cell surface to enhance
phagocytosis. The complement system, an immediate host
defense against invading pathogens, represents a possible
candidate for the major dominant factor in the clearance of
liposomes. Nanocarriers undergo rapid clearance by MPS
cells after i.v. injection, as they are rapidly opsonised by
complement proteins [49].

Liposome size is an important factor in relation with the
MPS uptake. Rapid uptake of MLV with a diameter of 200-
1000 nm by MPS has been shown to be dependent on their
size rather than lipid composition and surface charge [11].
The opsonization of the liposomes by blood components are
more pronounced for vesicles with diameter larger than 400
nm and hence the tendency of being taken up by MPS is
higher for them. In the case of CL, size and their distribution
in MPS cells show an inverse relationship. However, the
clearance of SL (by addition of PEG-DSPE into the
liposome composition) shows no dependency on size within
80-250 nm [16, 50]. Above this size range, the SLs are in-
creasingly taken up by spleen though in contrast, higher he-
patic uptake was seen in case of large CL since uptake into
the spleen occurs only after the liver gets saturated with the
liposomes. For example, ganglioside coated liposomes were
observed to depend on size (liver accumulation for the parti-
cle size <70 nm, and accumulation in spleen for particle size

Current Pharmaceutical Biotechnology, 2015, Vol. 16, No. 4 385

> 200 nm), while size independent accumulation in liver was
seen for identical liposomes made of only phosphatidylserine
[7,51].

Effect of Size on Release of Liposomal Drug

In vivo drug release from liposomal formulations deter-
mines the extent of drug accumulation, activity as well as
their toxicity. To be therapeutically active, the drugs should
retain in the liposomes for a definite time period.

Yamauchi et al. [52] correlated the variation of drug re-
lease from liposomes with particle size. They reported that
release of doxorubicin, a well retained drug in liposomal
carriers, was slow and was unaffected by liposomal size
while in case of vincristine, a readily releasable drug,
showed size dependent release from the liposomal carriers.
In the larger liposomes (>120 nm) vincristine retained well
in the liposome, but smaller liposomes (approximately 50
nm) released drug more rapidly. They explained that in case
of small liposomes, the greater curvature of the vesicle and
loose packing of drug between the membrane lipids are re-
sponsible for releasing the drug readily than the larger
liposomes. They also suggested that below 120 nm the
liposomes were unilamellar whereas above 120 nm thay are
composed of multilamellar vesicles where the drug retention
is more favorable. They concluded that larger liposomal
formulation of the rapidly releasing drug such as vincristine
could improve the efficacy of drug clinically [52].

Nagayasu et al. [53] studied the size-dependent in vivo
release of daunorubicin from different liposomal formula-
tions into the blood circulation, after administration in the
rats. The mean vesicle sizes of these liposomes, prepared
with HEPC or EPC with cholesterol were adjusted to about
50 and 100 nm. When they compared the two different for-
mulations (HEPC-liposomes and EPC-liposomes) of same
size (either 50 nm each or 100 nm each), HEPC-liposomes
(50 nm) released the drug gradually (cumulative percent re-
lease of the drug reached 40% after 240 min) after intrave-
nous administration, whereas EPC-liposomes released a de-
tectable amount of drug within 5 min and more than 90% of
the drug was released within 60 min. After administration,
no drug was released for 240 min from HEPC-liposomes
having 100 nm diameters. The findings suggest the important
role played by both vesicle size and lipid composition on in
vivo release of drug from liposome.

Clearance and Liposome Size

Vesicle size is intrinsically related to the rate of its clear-
ance from the blood circulation, and it is a conventional
knowledge that smaller liposomes (<300 nm) are retained for
a longer period than the larger ones [54]. MPS uptake and
the nature of drug release from liposomes are predominant
factors for the determination of rate of clearance of liposo-
mal drugs from blood circulation. Variation in liposomal
clearance due to the variation of mean diameter of the vesi-
cles is more than 100 folds while the variation produced by
other variables (such as surface charge, lipid composition,
dose etc.) is around 10 folds [24]. Generally elimination of
larger liposomes from blood circulation is faster than the
smaller ones [55]. A tentative cut-off size for such effect can
be considered at 200 nm, below which vesicles have less
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propensity of being removed by the RES. In a similar study
involving nobiliside-A (Nob) loaded liposomes that were
prepared by extrusion through a pore filter (220 nm) and
injected in rats, the greatest presence of Nob-liposomes was
found to occur in liver, followed by spleen [56]. This
strongly indicates that the size range is perfect to facilitate
uptake of liposomes by both the organs, which are the part of
the RES.

Renal clearance plays a relatively small role as only vesi-
cles smaller than 5.5 nm are susceptible to it and this may
serve as the lower limit for liposomal preparation [57]. A
trend of liposomal clearance depending on size was also seen
by Mirahmadi et al. [58] They showed a direct relation be-
tween size and clearance rate by intraperitoneal injection of
9"Te-HMPAO (Hexamethyl- propylene-amine-oxime) radio
labeled liposomes in mice. For all the formulations used in
the experiment, the respective maximum blood concentration
levels of *"Tc-HMPAO was achieved 2 h after injection
with a maximum concentration of ~50% of Initial Dose/g of
body weight of the mouse (ID/g) for 100 nm vesicles against
12% ID/g for 400 nm liposomes, and less than 5% ID/g for
the 1000 and 3000 nm vesicles. As evident, the highest blood
concentration level was produced by the liposomes of 100
nm size and that level was detected even after 24 h of ad-
ministration, creating an overall AUC which was 8.06 times
higher than the AUC generated by free **"Tc-HMPAO [58].

When liposomes are injected intravenously, they come in
contact with serum proteins (opsonins) which generally bind
to foreign vesicles thus permitting the quick recognition by
phagocytes. This type of liposome-serum protein interaction
has a crucial role in the liposome clearance [60]. Influence of
liposomal size on their uptake in the Gastrointestinal Tract
(GIT) using DPPC liposomes was observed in an in vitro
experiment involving Caco-2 cell line [59]. Liposomes of
varying size from ~40 nm to over 250 nm were used. The
disposition of larger vesicles was recognized and rapidly
uptaken by the colonic macrophages and hence cleared at a
faster rate.

Harashima et al. [11] demonstrated the extent of size
dependency of liposomal opsonisation. No size dependent
difference has been observed in the extraction of unop-
sonised liposomes. Thus, the opsonisation of liposomes is
dependent on size; and hepatic uptake of liposomes is de-
pendent on opsonisation. The small liposomes generally do
not bind the opsonin, as reported by Liu et al. [34] when
pretreatment of empty liposomes was done in the serum.
Physicochemical properties of liposomes are also altered by
plasma proteins, which result in altered stability and clear-
ance properties in the biological milieu [61].

Protein binding values indicate the probability of recog-
nition of liposomes by MPS and clearance from the circula-
tion. The systemic circulation half-lives of smaller unilamel-
lar liposomes showed an inverse relationship with the total
blood protein (PB) content [62]. When the clearance kinetics
between the CL and SL (containing PEG or GM1) were
compared in the size range of around 100 nm with the for-
mulation given in low doses, SL showed first order elimina-
tion whereas the elimination curve of CL resembled the
Michaelis-Menten type kinetics [12, 63]. Longest half lives
in circulation was produced with both GMI conjugated
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liposomes [34] and PEG containing liposomes [64] in the
size range of 100-200 nm. Reduction of GM1 liposome up-
take by MPS was due to decreased blood protein absorption
on the liposomal surface [62]. However, the decrease in the
extent of liposome below the diameter of 100 nm size range
in the blood circulation may be attributed to the elevated
hepatic parenchymal uptake because the smaller liposomes
are capable of passing through the pores of liver sinusoidal
capillaries (which has an average diameter of 100 nm) and
have more chances of interaction with the hepatic paren-
chyma [34, 41]. Another study done with **"Tc-HMPAO
involved vesicles of various phospholipids of two different
size ranges- about 100 nm and about 1000 nm, with the
smaller liposomes showed much higher concentrations (from
4 to 12 times varying with compositiong in blood compared
to their large counterparts and the free ~*"Tc-HMPAO label
which were not detectable after 7 h of i.p. injection into
mice. On pegylation, the 1000 nm vesicles showed higher
plasma AUCs than the nonpegylated forms. However, pegy-
lation often seems to destabilize them due to micellisation or
lipid packing defects and bilayer instability at submicellar
concentarions [65]. Some predominant trends derived from
different studies related to size dependent changes in sys-
temic activity of liposomal drug delivery systems are given
in Table 1.

IMPACT OF LIPOSOME SIZE ON DIFFERENT
THERAPEUTIC APPLICATIONS

Tumor Therapy

Liposomal size is an important factor that has effect on
therapeutic activity of liposomal antitumor drugs and their
targeting efficiency to tumors. As already told, higher endo-
thelial cell gap (approximately 100-600 nm) in tumor vascu-
latures than that of the normal tissue (< 6 nm) casuses easier
extravasation of small size liposomes (less than 200 nm) to
tumor cells by EPR effect. Liposomes (>200 nm) remain in
the tumor tissue for longer time and more promptly facilitate
ligand-receptor interaction by adhering to the target cells
[72]. Uchiyama et al. [27] studied the interaction of different
sized liposomes (40-400 nm) composed of EPC or HEPC,
dicetyl phosphate and cholesterol with the tumor cells to
investigate the effect of size on such interactions. They con-
cluded that the highest tumor uptake clearance (CLtu) values,
the greatest tumor accumulation and AUC were exhibited by
liposomes of approximately 100 nm size. They demonstrated
that uptake of smaller liposomes (50 nm) by tumor cells was
more (4-fold) than that of 100 nm liposomes. This may be
due to increased endocytosis in tumor. But the enhanced
localisation of 100 nm liposomes may be due to the in-
creased tendency of the smaller liposomes (50 nm) to be
effluxed readily from the sites and hence suggesting a size-
dependent pattern for accumulation of liposome in the tumor
[27]. Kibria et al. [72] reported an exceptional influence of
vesicle size in targeted delivery of DOX through liposomes.
They compared the therapeutic effect of DOX-loaded, RGD
(Arginylglycylaspartic acid, a tripeptide) modified PEGy-
lated liposomes of both small (~100 nm in diameter) and
large size (~300 nm) against Doxil (a clinically used DOX-
loaded PEG-liposomes, ~100 nm) in DOX resistant OSRC-2
renal cell carcinoma tumor xenografts. Despite the capability to
target and extravasate tumor, Doxil and small size liposomes
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Table 1.
delivery systems.
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Different practical examples of studies which show size dependent variation on the systemic activity of liposomal drug

Size of liposome pre-
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4:1:5:0.1 particular size. point that the entry of vesicles into lymphatic capil-
T laries became restricted.
PEG-liposomes (100-200 nm) showed the maximum
prolonged circulation time and the greatest tumor
A lipid mixture composed of Circulation time and accumulation in all the solid tumors. Although large
DSPC:Chol:DSPE-PEG (10:10:1). extravasation into solid | PEG-liposomes (400 nm) showed a short circulation
The lipid film was hydrated with sa- 120, 400 nm tumor tissue were both | time in normal mice, the results in splenectomized [67]
line containing 'I-TI as a liposomal increased with lower- | mice indicated that they had an intrinsic prolonged
marker for the distribution study. ing of sizes. circulation character in vivo. However, large PEG-
liposomes could not extravasate into solid tumor
tissue.
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1posome . GMI liposome Blood circulation time
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. . . (30-555 nm), and drug accumulation
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(100:100:60:16 mol) 4000 nm tion were inversely be effective against solid tumors except in the ab-
proportional with size. | dominal cavity, and against peritoneal dissemination
in the abdominal cavity, respectively.
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meglumine antimoniate.
. . Highest retention rate was obtained with 1000 nm
. 100, 400, 1000 and Peritoneal retention . . i
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Liposomes containing insulin and bile
salts of Sodium Glycocholate (SGC),
Sodium Taurocholate (STC) and
Sodium Deoxycholate (SDC)

80, 150, 400, and
2000 nm

Hypoglycemic activity
and oral bioavailability
was directly propor-
tional with the size of
liposomes.

Liposomes with 80 nm vesicle size showed less oral
bioavailability, which was especially significant in
diabetic rats, than liposomes with bigger sizes of
150 nm and 400 nm.

[71]

failed to show antitumor activity through their EPR effect.
However large size RGD-PEG- liposomes, with minimized
EPR effect, reduced the tumor growth mainly due to its high

anti-angiogenic activity on the tumor vasculature and

showed higher multivalent target receptor binding due to
presence of higher number of RGD moleculces on their sur-
face than the smaller liposome, against the general trend.
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Influence on extravasation and interstitial localization by
vesicle size were studied using PEG-liposomes in various
size ranges by Ishida et al. [67]. They reported that the
liposomes with average size of 100-200 nm showed the
highest circulation time and the greatest tumor accumulation.

Ocular Drug Delivery

Size is an important phenomenon determining the effi-
cacy of ocular drug delivery system. As compared to drug
solutions, liposomes reduce solution drainage. Increase in
liposomal size has been reported to restrict solution drainage
to prolong contact time of drug [73]. However, increase in
size should be within the limit of tolerable irritancy. Oph-
thalmic delivery of coumarin-6 improved greatly by reducing
liposomal size to less than 100 nm and the correlation per-
sisted on further reduction [74]. Tsukamoto et al. [75]
showed that vesicles of 100 nm prepared for ophthalmic ad-
ministration almost achieved 100 % drug loading efficiency
when bromofenac was loaded using pH gradient method.
Earlier studies by the same group [76] demonstrated the suc-
cessful efficacy of 100 nm DSPC liposomes in delivering
drugs to the posterior region of the eye. Therefore, it can be
assumed that limiting liposome vesicle size to 100 nm is
preferable for better ophthalmic drug therapy.

Antibiotic Therapy

The distribution of antibiotic drugs is considerably influ-
enced by the vesicle size of liposomes. MLV formulations
(>1000 nm) are not often used in antibiotic carriers while
SUVs (~100 nm) are highly efficacious for controlling bacte-
rial infections [77]. Allahajan et al. [78] prepared clarithro-
mycin loaded liposomes with different surface charges and
investigated the efficacy and safety of these formulations
against Pseudomonas aeruginosa, which was clinically iso-
lated from the lungs of patients with cystic fibrosis. They
reported that in case of liposomes, its size is a determining
factor based on its anatomical target. Negatively charged
liposomes containing clarithromycin possessed larger diame-
ter than positively charged vesicles and this difference in size
may be due to the inclusion of charge that increased the
space between the adjacent bilayers. Bakker- Woudenberg et
al. [79] determined the increased survival rate of rats after
administering liposomal gentamicin than the free drug in the
model of pneumonia. The formulated liposomes decreased
the number of bacteria in infected lungs. In this study, local-
ization of small-sized liposomes (100 nm) was more in the
infected tissue than the larger liposomes (280 nm and 360
nm) as the larger ones were preferentially taken up by MPS
organs.

Vaccine Delivery

Cationic liposomes are widely applied as well-known
vaccine carriers. Liposomal size is an important factor for
their efficiency as carrier as there is an effect on the immu-
nogenicity of liposome associated antigens. Carstens et al.
[80] described the size-dependent immunogenicity of liposomal
DNA vaccines given through subcutaneous route. The
liposomes were composed of EPC, dioleoyl-phosphoethanol-
amine and 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) containing OVA-encoding pDNA. Liposomes of
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two size range, 500 nm and 140 nm, were used to study the
tissue distribution. Higher in vitro transfection efficiency and
stronger activation of the important pathogen recognition
receptor TLR9 were observed with the smaller liposomes,
measured against naked pDNA. In a study Milicic ef al. [81]
showed by using cationic liposomes of DDA and TDB that
the liposomes had different tendencies to induce humoral
and cellular immunity depending on their size and lamellar-
ity. In this study, small unilamellar liposomal formulation
when conjugated with protein antigen showed significant
cellular response as well as humoral adaptation in the size of
about 600 nm than the larger multilamellar vesicles.

Transdermal Delivery

A major obstacle in tropical/transdermal delivery is low
percutaneous penetration of drug, owing to the hydrophobic
environment of the skin. According to Khosravi-Darani et al.
[2], nanotechnology among the other approaches, provides a
significant result in overcoming transdermal barrier and thus
enhances drug delivery across the skin. The nanosized elastic
vesicles and ethosomes ensured the protection of stratum
corneum (SC) against different nonionic surfactants through
the visual detection of nontreated and treated SC (incubated
with nanoliposomes and octyl glucoside). The size of the
liposomes has great influence on the intact passage through
the lipid rich outer layer of the skin (SC) to the deeper area.
du Plessis et al. reported that the vesicles with the size of
about 300 nm rather than smaller vesicles of about 60 nm
had highest reservoir capacity in deeper skin strata [82].
Verma et al. [83] investigated the liposomal size dependent
transport of flurescent compound (both hydrophilic and lipo-
philic) into human skin. They used different liposomes with
variation in different well-defined compositions and sizes.
The confocal laser scanning microscopy study revealed that,
smaller vesicles (<300 nm) delivered the drug to the deeper
layer into the skin to some extent more in comparision with
larger liposomes (> 600 nm). Liposomes with the vesicle
size (< 70 nm) were able to deliver the contents maximum to
the epidermis as well as in the dermis [83].

Respiratory Drug Delivery

Extensive research has been done on liposomes for their
pulmonary drug delivery as they are proved to be bio-
compatible, bio-degradable as well as non-toxic in nature.
Chougule et al. [84] in their study have developed spray
dried liposomal dry powder inhaler of dapsone. They showed
that the liposome enhanced deep lung deposition, with
maximum fine particle fraction (>75%) with the particle size
7.9 pm. The formulations had a prolonged in vifro drug re-
lease (duration up to 16 h). Another significant effort to use
of liposomes in pulmonary administration is to deliver insu-
lin [85]. In the study, liposomes loaded with Insulin was
aerosolized and delivered using ultrasonic nebulizer. The
resultant vesicles were of 1 um in size approximately and
suitably delivered insulin into the alveoli.

CONCLUSION

Reports related to effect of liposome size on drug deliv-
ery are very limited. After reviewing the available informa-
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tion, it may be concluded that liposomal size has a signifi-
cant impact in the treatment of different diseases. Larger size
liposomes increase their chances of being recognized by the
RES system and fast systemic clearance through phagocy-
totic uptake. Smaller size of liposomes is selected for their
cohesiveness, adhesiveness and EPR effect in various drug
delivery applications, facilitating passive targeting. Very
small liposomes (<50 nm) have a great tendency of being
readily effluxed from their accumulation site due to their
resemblence to endosomes in size, an effect which is highly
subsidized if the size of the liposome is kept in a range of
100-120 nm. Thus, the potential benefit of liposomal drug
delivery system can be achieved through the development of
liposomal carrier of the desired optimal size. Therefore,
more research in the area should be focused in future to gain
optimum efficacy of drug delivery strategies by adjusting the
size of liposomal carrier according to the need.
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Abstract

Oral delivery is the most accepted route for administration of drugs due to higher patient
compliance. However, delivery of molecules, such as proteins, peptides, and antibodies, is
extremely challenging through this route. Poor stability, enzymatic degradation in gastrointestinal
tract (GIT), low bioavailability along with rapid mucosal clearance are the major limitations in oral
delivery. To overcome these problems, nanocarrier-based drug delivery technology has emerged
as an attractive alternative in recent times. The main advantages of the drug nanocarriers involve
protection of the loaded cargo in external Gl environment, overcome the mucosal barrier due to
nanosize, increased solubility, and bioavailability due to higher surface area, as well as controlled
release. These systems are now being investigated to improve the efficacy, safety,
pharmacokinetic, and pharmacodynamic parameters of orally delivered therapeutic agents.
Selective targeting can also be achieved through active functionalized groups attached on the
surface of nanocarriers. The modified nanocarriers are thus intended to provide enhanced
pharmacological effects with less side effects leading to better therapeutic index and clinical
outcomes. The pharmacokinetic and pharmacodynamic properties of orally delivered nanocarriers
depend on several factors, including size, surface modification, surface charge, mucoadhesive
propety. The chapter focuses on the advancement in the oral delivery of drug nanocarriers,
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highlighting on the pharmacokinetic and pharmacodynamics modulations, their advantages along
with the fundamental limitations and the future perspective based on the recent findings in the field.
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1. Introduction

Cancer is uncontrolled proliferation of cells, which results from the loss of proper balance
between cell death and cell growth. The transformed phenotypes of cancer cells are caused by
the accumulation of mutations in a variety of genes, products of which normally play a role
in the biochemical pathways that regulate cell death and cell proliferation. Cancer is a broad
term used to define a group of more than 250 different diseases (Roncalli et al. 2010). It is a
slow multi-stage, multi-step process (Camma et al. 2008; Calvisi et al. 2009; Sherman 2011). In
the first instance, these cells, derived initially from a normal cell, form a primary tumor which
comprises a growth-transformed population of cells. The cells acquire a set of mutations to a
set of genes which allow them to divide repeatedly in a way that normal cells cannot
(Besaratinia et al. 2009; Calvisi et al. 2009). Histologically, cancer is characterized by several
morphological alterations, including changes in tissue architecture, cytological abnormalities
of both the nucleus and cytoplasm and the presence of abnormal mitoses. A stepwise several
biochemical, genetic and biological alterations eventually result in a cancer.

Primary liver cancer or hepatocellular carcinoma (HCC) is a very common malignant hepa-
tobiliary disease and it represents the fifth most frequent neoplastic disease which causes
approximately 1 million deaths per year (Yang and Roberts, 2010, Cha et al. 2010). HCC is the
third leading cause of cancer related death worldwide (Raphael 2012). Viruses and chemicals
have been identified as the most important etiological factor associated with the development
of human liver cancer (Carr et al. 2010). The most common cause of HCC is hepatitis B and C
(Woo et al. 2008; Masuzaki et al. 2008, Gouas et al. 2010; Iavarone and Colombo 2011) and a
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number of risk factors that have been identified (Shariff et al. 2009; Sherman 2010; Gomaa et
al. 2008 and 2009). Most of HCC cases develop from a cirrhotic liver (Bartolomeo et al. 2011;
Chagas et al. 2009; Orlando et al.2009; Camma et al. 2008) with an annual incidence of 2-6%
for hepatitis B virus carriers (Kew 2010; Lim et al. 2009; Hadziyannis 2011) and 3-5% for
hepatitis C virus-infected patients (Masuzaki et al. 2008; Rosen 2011). Males are more suscep-
tible to HCC.

Despite the advances in cancer treatments there is no effective chemotherapeutic protocol to
treat HCC (Andreana et al. 2009; Arii et al. 2010). Advanced HCC has a poor prognosis ( Simile
et al. 2011; Sonja et al. 2010). Historically, no effective systemic chemotherapy treatment
options have been available for patients with advanced HCC (Bruix and Sherman 2011). Thus,
proper understanding of the molecular basis of pathogenesis of HCC can lead us to plan for
proper therapeutic strategies to combat the notorious disease.

Accumulating epidemiological evidence suggests that a pronounced predisposition to
develop cancer as a consequence of a mutation in a single gene is rare (approximately 1-5%)
(Frau et al. 2010). One possible explanation for this finding is that carcinogenesis is a multi-
stage process involving a number of different genes and environmental factors (Chung et al.
2008; Forner et al. 2010; Frau et al. 2010). In connection with many distinct subtypes of cancer,
some functional alterations are required for malignant transformation. They are, namely,
sufficiency with respect to growth signals, insensitivity to growth-inhibitory signals, evasion
of programmed cell death (apoptosis), the potential for unlimited replication, sustained
angiogenesis, tissue invasion and metastasis (Bergers and Hanahan 2008; Bartolomeo et al.
2011; Cao et al. 2010; Frau et al. 2010; Gouas et al. 2010). The exact number of distinct stages
involved may vary from tumor to tumor, since some of these acquired characteristics probably
interact with other processes (Roncalli 2010). Indeed, the heterogeneity of tumors, both with
regards to morphology and pattern of gene expression, may even indicate the participation of
many more sequential steps.

A highly regulatory network controls cellular proliferation in multicellular organisms.
Normally cells in many tissues and organs remain in a non-proliferative state. In response to
external stimuli such as growth factors, hormones or antigens, cells are stimulated to begin
DNA synthesis and cellular proliferation according to the need of the living system. As soon
as the need is fulfilled, the cell division stops. However, cancerous cells are characterized by
the unrestrained cellular proliferation due to the alteration of normal cellular signalling
process and they acquire complete or partial independence of mitogenic signals through
production of growth factors (Garrett et al. 2008; Hironaka et al. 2009) and /or alteration in
number or structure of cellular receptors (Lachenmayer et al. 2010) and/ or modulation in the
activity of post receptor signalling pathway (Cavard et al. 2008; Chen et al. 2009). The com-
munication of extracellular signals to the cells, then to the nucleus to modulate gene expression
is governed by phosphorylation regulated signal transduction cascades which act to amplify
the events generated at the cellular membrane by ligand-receptor interaction or cell stress.
Therefore, identification of the extracellular factors that modulate cell proliferation and
elucidation of the cellular molecular mechanism during the development of cancer can answer
many fundamental questions in cancer cell biology. It is important to understand in details the
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receptors and the signal transduction pathways involved in the pathogenesis of cancer to
provide potential target for therapeutic intervention. Many studies have focused to identify
molecular pathways to elicit cancer cell proliferation, including HCC. Here many of them have
been highlighted to identify fundamental targets of hepatocellular oncogenesis. Thus, the
present chapter has been projected to the molecular targets and approaches to intervene the
targets for the management of HCC in humans in coming years.

2. Therapeutic targets for HCC

Three generally considered fundamental but interrelated targets of controlling oncogenesis
are regulation of deregulated energy metabolism and ion homeostasis; signal transduction,
oncogenes and growth factors; and immunomodulation. One of the most characteristic
phenotypes of rapidly growing cancer cells is their propensity to catabolise glucose at high
rates. Rapidly growing activity to cancer cells has a reduced number of mitochondria and
increased glycolytic activity with a shift from respiratory to fermentative ATP supply to cover
most of their energy requirement. The stimulation of the K*, H* and Na* fluxes is a general
early response in most of the quiescent cells stimulated to proliferate by multiple combinations
of growth promoting factors. Growth factors, cytokines exert their action on cell proliferation
by modulation of cell signalling process. There is a strong relationship between the immune
system and cell proliferation. Immune suppressive agents have a powerful effect on hepatocyte
growth regulation in HCC.

Reviewing current literature, a selection of therapeutic targets of HCC has been described
below.

Like most other cancers, growth factors, their receptors, and downstream signalling proteins
play a pivotal role in the development and maintenance of HCC and are of significant
interest for future therapeutic approaches. In foetal liver, a large number of growth factors
such as epidermal growth factor (EGF), fibroblast growth factor (FGF), hepatocyte growth
factor (HGF), insulin-like growth factors (IGFs), platelet-derived growth factor (PDGF),
transforming growth factors-a and —3 (TGF-a, TGF-f3), and vascular endothelial growth
factor (VEGF) (Hopfner et al. 2008; Hoshida et al. 2008 and 2009) are produced. Their
secretion either declines or shuts down in adult liver. However, during hepatic regenera-
tion due to the cause of hepatic injury or damage many such growth factors (Bohm et al.
2010), namely, EGF, TGF-a, IGFs, and VEGF are upregulated in normal hepatocytes. The
transient upregulation of those factors is dysregulated in the chronic injured liver leading
to sustained mitogenic/ oncogenic signalling, during the development of HCC. FGF and
PDGCF released from non-hepatocyte sources such as activated hepatic stellate cells,
myofibroblasts, endothelial cells, Kupffer cells, and bile duct epithelia have been shown to
play important roles in promoting hepatic fibrosis and HCC growth (Friedman 2008). The
ubiquitin-proteasome pathway has emerged as a key player in the regulation of several
diverse cellular processes. Inhibition of poly-ubiquitination using proteasome inhibitors has
shown some light in HCC treatment. Besides, immunomodulation has been found to be
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effective in stabilizing HCC growth in patients. Number of immunomodulators has been
investigated and few of them have been found to be effective. They have been discussed
below under immunomodulation agents. Signal transduction, and growth factors; inhibi-
tors of proteasome pathway, immunomodulation and antisense oligomer-mediated
inhibition of targeted oncogenes have been projected as future targets and approaches of
HCC (Table 1).

Molecular targets in HCC Inhibitors / Modulators / Antisense oligonucleotides
Growth factors, e.g., EGFR, EGF, TGF-a, TGF-B, VEGF Cetuximab, Gefitinib, Erlotinib, Vandetanib.
mTOR Rapamycin, Temsirolimus, Salirasib, RAD0O1
Multikinase Sorafenib, Everolimus, AP23573, RADOO1.
Proteasome Bortezomeb

) Thymostimulin, Retinoids, Everolimus, Azathioprine, 6-
Immunomodulators used in HCC )
mercaptopurine.

Antisense oligonucleotides used in HCC ISIS5132. 15152513

Table 1. Growth factors, proteasome-inhibitors, immunomodulators and antisense oligomers in HCC

3. Approaches

A selection of agents currently in the development and/or testing stages for the clinical
application in targeted HCC treatment is summarized in the following section.

3.1. Therapies against EGFR

There are two classes of anti-EGFR agents found to have antitumor activity against HCC. One
of them belongs to monoclonal antibodies (as an example cetuximab) which competitively
inhibit extracellular endogenous ligand binding. The other class belongs to chemicals such as
gefitinib, erlotinib which inhibit the intracellular tyrosine kinase domain. EGF, TGF-a, heparin
binding-EGF and EGFR have been shown to involve in the pathogenesis of HCC. Thus, EGFR
signalling pathways have become a potential investigating area of research to identify the
target (s) to inhibit proliferation of HCC and metastasis. Gefitinib, erlotinib, cetuximab were
tested in patients with advanced HCC (Thomas et al. 2007; Philip et al. 2005; Asnacios et al.
2008; Wu et al. 2011, Levéque 2011) and were reported to possess signals of activity in
controlling the progress of HCC in a variable extent.

3.2. Targeting approaches towards VEGF and VEGFR

HCCsrely on the formation of new blood vessels for growth, and VEGF is critical in this process
(Zhu et al. 2011). HCCs are with high vascular architecture and VEGF is a key factor in tumor
angiogenesis (Bergers and Hanahan, 2008; Garrett et al. 2008; Hironaka et al. 2009). Therefore,
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the inhibition of angiogenesis is a potential and promising therapeutic approach in HCC. Anti-
VEGF therapy with sorafenib was the first systemic therapy against VEGF to demonstrate
improved survival in patients with advanced-stage HCC (Cheng et al. 2009; Zhu et al. 2011,
Miller et al. 2009; Zhu 2008, Llovet et al. 2008a). Sorafenib was also tested in advanced stage
liver cirrhosis patients with unresectable HCC (Pinter et al. 2009). Bevacizumab alone or in
combination with other agents showed promise in patients with advanced HCC (Siegel et al.
2008; Thomas et al. 2009; Thomas et al. 2008; Kaseb et al. 2012). However, the common
bevacizumab-related side effects were hypertension, bleeding, and proteinuria (Thomas et al.
2009; Siegel et al. 2008a; Kopetz et al. 2009). Besides, inhibition of the tyrosine kinase activity
of VEGEFR has been tried as an effective measure to inhibit angeogenesis in HCC (Bhide et al.
2010). PTK787/ ZK222584 (vatalanib) is an oral angiogenesis inhibitor that targets tyrosine
kinase activity of VEGFR (Gauler et al. 2012). Pan-VEGFR tyrosine kinase activity inhibitor
with activity against PDGFRs also carries a new hope.

3.3. Multi-kinase inhibitor

Like all other cancers diverse signaling pathways in HCC are very complex. One of the key
pathways regulating cellular proliferation is the mitogen activated protein Kinase (MAPK)
pathway. Other pathways involved in the development of HCC include the PI3K/Akt/mTOR,
hepatocyte growth factor (HGF)/c-MET, insulin-like growth factor (IGF) and its receptor
(IGFR) pathways, and the Wnt-f3 catenin pathway (Cavard et al. 2008;Chen et al. 2009; Desbois-
Mouthon et al. 2009; Takigawa and Nouso 2008; Zhang et al. 2008). The Raf family of kinases
are central to this pathway where the transduction of extracellular growth signals from the cell
surface to the nucleus occurs via the ras-raf-MEK-ERK signaling cascade. The several experi-
ments have shown that Raf, MEK, MAP Kinase are downstream effector molecules of Ras and
their sequential order in the pathway. The Raf serine/threonine kinases are the principal
effectors of Ras in this mitogen activated protein Kinase (MAPK) signaling pathway. As serine/
threonine kinases, Raf proteins phosphorylate and activate serine and threonine residues on
subsequent downstream effector proteins of Ras. Therefore, molecularly targeted agents that
interact with multiple signaling pathways/effectors appear to be very promising in the
treatment of patients with HCC (Cervello et al. 2012; Cheng et al. 2009). The novel bi-aryl urea
sorafenib, an orally available multi-kinase inhibitor, targets kinases of wild-type B-Raf, mutant
V559EB-Raf and cRaf, thereby blocking tumor growth (Spangenberg et al. 2008). There are
three ras protooncogenes that encode 21 Kd proteins — H-Ras (Harvey murine sarcoma virus),
N-Ras (neuroblastoma cell line) and two alternatively spliced K-Ras, K-Ras 4A, and K-Ras 4B;
These isoforms are capable of differentially activating various critical effectors, thereby
exerting distinct biologic effects. Sorafenib, an inhibitor of receptor tyrosine kinases was found
to stabilize the advanced unresectable HCC patients by regulating angiogenesis, and was
approved by regulatory agencies in 2007. It has a role on human VEGF receptors-2 and -3
(VEGFR-2/-3) and PDGF-BR. However, sorafenib has been also suggested to provide antitu-
mor action in HCC by inhibition of the Raf/MEK/ERK pathway (Llovet and Bruix, 2008 and
2009). Multikinase inhibitor sunitinib is a small molecule that inhibits members of the split-
kinase domain family of receptor tyrosine kinase including VEGFR types 1 and 2 (Llovet et al.
2008a). Antiangiogenic effects of sunitinib have been suggested through VEGFR and PDGFR.
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However, a randomized phase 3 study in HCC failed to show a significant survival benefit as
compared to sorafenib and study stopped in 2011.

3.4. mTOR inhibitors

mTOR inhibitors are potential anti-HCC agents for future (Zhou et al. 2009). Promising mTOR
inhibitors are rapamycin and its analogues such as sirolimus, temsirolimus (CCI-779),
everolimus (RAD001) and AP23573 (Nocera et al 2008; Rizell et al. 2008). Rapamycin and its
analogues such as temsirolimus ( the cell cycle inhibitor) and everolimus and AP23573 (an
orally bioavailable derivative of rapamycin) modulate angiogennesis to improve survival of
patients in advanced HCC (Heuer 2009, Huynh et al. 2008 ). RAD001, an orally-administered,
novel mTOR inhibitor was evaluated in a phase I study (Huynh et al. 2008 and 2008a; Chen et
al 2009). Treatment of patients with the combination of rapamycin/ rapamycin-analogue(s)
with conventional anticancer drug(s) such as doxorubicin, vinblastine has been found to
improve survival in advanced HCC patients (Spangenberg et al. 2008).

3.5. Proteasome inhibition

HCC is highly ubiquitinated. The ubiquitination is important to the development and
progression of HCC. Proteasome inhibitor such as bortezomib blocks multi-ubiquitinated
protein degradation by reversible and competitive inhibition of the active site threonine
residue of the 26S proteasome (Cao and Mao, 2011; Boozari et al. 2009). Antineoplastic activity
of bortezomib approved for the treatment of mantle cell lymphoma has already been shown
to stabilize advanced HCC in patients (Hopfner et al 2008).

3.6. Inmunomodulatory agents

An immunomodulator is a substance which has an effect on the immune system. An immu-
nomodulator may be at the same time an immunosuppressant or an immunostimulant and
can act on different targets within the immune system. Cell signalling process regulates
immune system consisting of immunomodulatory endogenic chemicals and cells. Immuno-
modulators interfere with the signalling process by shifting the homeostasis of the immune
system to reduce or eliminate disease symptoms. Thus these compounds are the obvious choice
for therapeutic intervention of HCC. Thymostimulin (a standardized low molecular protein
fraction containing thymosin alpha 1 and thymic humoral factor) has been shown to produce
cytotoxic immune reaction against HCC. Phase II trials using thymostimulin in patients with
advanced and metastasised HCC have shown to control metastatic HCC without predominant
side-effects (Dollinger et al. 2010). However, thymostimulin administration in some patients
was found to accumulate ascites and cause renal failure (Dollinger et al. 2010).

3.7. Antisense therapy

Antisense oligonucleotides offer one approach to target genes involved in cancer progression.
They are typically less than 50 nucleotides long and are specifically designed to hybridize to
corresponding gene/ mRNA by Watson-Crick binding. They inhibit mRNA function in several
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ways, including modulation of splicing and inhibition of protein translation by disruption of
ribosome assembly. Single stranded synthetic nucleic acid (oligonucleotide) when hybridize
with DNA or RNA alters transcription or prevents translation thus, preventing or modifying
protein production. Because of the volume of information nowadays available on gene
sequencing, there has been burst of exploration of capacity for oligomers to inhibit gene/
protein expression. Thus, antisense therapies focus on controlling the production of the
proteins on a genetic level. A strand of mRNA is transcribed from DNA, and is a copy of the
“coding” or “sense” strand of the gene. The main form of therapy uses the complementary or
antisense strand to hybridize the sense strand or mRNA and thus it prevents production of
the protein by blocking or altering transcription or translation (Figure 1). With the backbone
chemical modifications (in phosphate linkage), antisense oligonucleotides increase resistance
to nuclease digestion, prolong their biological half-lives and significantly suppress target-gene
expression. Antisense oligonucleotides have been studied for several years as treatments for
many diseases and genetic disorders. The therapy is based on the principles of genetic
expression. The most widely used modified oligomers in antisense therapies is phosphoro-
thioate oligonucleotides, which have much greater resistance to digestion by nucleases.
Phosphorothioate oligonucleotides are rapidly and extensively absorbed and distributed from
blood.

Figure 1. Antisense oligomer-mRNA duplex inhibiting to synthesize peptide chain

The first antisense treatment to get FDA approval to date has been Formivirsen (Vitravene),
which is a treatment for cytomegalovirus (CMV) retinitis in people with acquired immuno-
deficiency disease (AIDS) (Rahman et al. 2008). Several antisense oligonucleotides were shown
to target various oncogenes, to overcome tumour escape and to improve therapeutic activity.
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Several studies have shown the anticancer potential of antisense oligonucleotides (Das et al.
2010; Rayburn and Zhang, 2008) and many of them are in clinical trial. They have less cytotoxic
side-effects than conventional chemotherapy agents. Systemic treatment with fomivirsen is a
milestone in the field of antisense treatment with antisense oligonucleotides. This has led the
way for development of antisense oligonucleotides for various new potential targets for the
treatment of cancer, including HCC.

4. Conclusion

Several experimental evidences have established that targeted inhibition of genes/ proteins
involved in controlling HCC growth combined with cytostatic anticancer treatments is a
promising approach for HCC therapy. Blocking of single gene/ protein has been found to control
neoplastic cellular proliferation in vitro effectively. However, considering the multitude of
molecular entities and signalling pathways that regulate the proliferation and the life/death
decision in cancer cells, inhibition of a single target gene may notbe sufficient to suppress tumor
growth. The preclinical/ clinical trials of several potential compounds targeting liver cancer-
relevant genes/ proteins may address more specific and adequate future therapies for HCC.
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Preface

In recent years, the search for biological targets and the consequent development of
targeted delivery systems have been an intensive area of pharmaceutical research.
Drugs cannot exert their therapeutic effects if they do not reach their target sites in
the body at the appropriate concentration and persist for a sufficient length of time.
To maximize drug utilization, it is necessary to deliver drugs at the target tissue.
Therefore, the design of controlled release or bioresponsive formulation, which can
liberate the active constituents over a long period of time, has been proven benefi-
cial in terms of better pharmacological performance at low doses with reduced side
effects. New modes of drug administration are also under investigation to overcome
the obstacles associated with biodegradation and pharmacokinetics. Most general
pharmacy textbooks focus on conventional pharmaceutical formulations such as
tablets, capsules, ointments, suppositories, etc.

Although the targeting of therapeutics is an expanding field of research, there is
currently a scarcity of books that covers all aspects of novel drug targeting strategies.
There are excellent reviews and book chapters that deal with one or more topics, but
a book containing comprehensive coverage and up-to-date progress in the area of
drug targeting is not available. Our attempt is to bridge this gap by providing a chap-
terwise discussion on various aspects of drug delivery and targeting in a single com-
prehensive text. This book emphasizes ongoing worldwide research on biological
target identification for a particular disease or disorder and the delivery of bioactive
molecules at the molecular, cellular, and higher levels. This book captures current
topics of interest and the latest research updates in this field.

The book is divided into 20 chapters to provide a clear overview of each topic.
The book starts with a basic understanding of drug targeting (Chapter 1) followed by
bio-target identification (Chapter 2). This is subsequently illustrated with an exam-
ple of therapeutic targets for diabetes in Chapter 3. The prodrug strategy that may
augment target specificity and drug development is discussed in Chapter 4. Later
on, cell/organ-based approaches such as those for targeting central nervous systems
(CNS), colon, lymphatic systems, ocular regions, bone, solid tumors, and mitochon-
dria are covered in Chapters 5 through 11. In addition, different drug targeting devices
are included in Chapters 12 through 18 emphasizing antisense oligonucleotide-based
targeting strategies, biodegradable polymeric carriers, organic—inorganic compos-
ites, carbon nanotubes, functionalized cyclodextrin, nanopolymer scaffolds, and
nano-therapeutic systems of polyionic glucan derivatives. Herbal medicines are cur-
rently receiving increasing attention due to their near-zero side effects. Therefore,
Chapter 19 is devoted to a discussion of different novel carriers for herbal medi-
cines of clinical significance. The toxicity of nanomaterials has been a great concern
before their clinical application. Keeping this in mind, Chapter 20 takes into account
the toxicity of nanomaterials that may cause harm to various organs of our body.

In this book we have tried our best to cover recent developments in targeted deliv-
ery approaches for therapeutic molecules. To make this book reader-friendly and use-
ful, we have provided in-depth literature reports and suitable illustrations. Important

ix
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references have been included in each chapter for the benefit of readers who wish
to pursue any of these topics in greater depth. We hope that this book will meet the
demand of a reference book for concerned professionals and researchers who intend
to conceptualize, develop, and optimize targeted drug delivery approaches.

This book is primarily intended for undergraduate and postgraduate students
undertaking programs in pharmaceutical sciences, medicine, biotechnology, bio-
medical engineering, and other related subjects. It will also be helpful as a reference
for research workers seeking information concerning the design and development of
drug targeting systems. We strongly believe that this book will also provide assis-
tance to research workers in developing innovations for humankind. We are most
grateful to the authors for their contribution and kind cooperation for the successful
completion of this book. Without the skillful sharing of knowledge from a diverse
class of expertise, the completion of this book would not have been possible. The
contributions of all authors are acknowledged overleaf. We are proud of our family
members for their continuous moral support and inspiration during the preparation
of this book. We are thankful to CRC Press for their keen interest in and expert assis-
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