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Chapter 1 Introduction

1. Introduction

1.1. Background

Blood-brain barrier (BBB), a complex tight endothelial vascular 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 (NPs), nanoliposomes (NLs), micelles, dendrimers, quantum dots, and
nanoemulsions 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 carrier to deliver drug into
brain. It is always an enormous challenge for formulation scientists to deliver highly water

soluble drug into brain across BBB and the same is true for many other large molecules.

1.2. BBB - a dynamic interface

Structural, biochemical and highly selective barrier which is known as BBB serves as a
safeguard against environmental impacts and detrimental exterior agents and keeps
maintaining the nutrients supply through intracerebral milieu into the brain (Tajes et al.,
2014). BBB shields brain from the molecules which are present in systemic circulation and it
is the foremost obstacle during the treatment to get proper therapeutic efficacy in various
diseases such as neurodegenerative diseases, brain cancer, psychiatric disorders, and
microbial pathogenesis such as acquired immunodeficiency syndrome (AIDS), etc. (Tajes et

al., 2014; Alyautdin et al., 2014).
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In 1885, Paul Ehrlich revealed the presence of hematoencephalic barrier at first. He applied a
dye named trypan blue through intravenous (i.v.) route in animals and explained that
peripheral tissues were stained due to the dye after extruding from blood capillaries as well as
the brain was not stained. A property of lower affinity of dye to brain was established by
Ehrlich. Further, Edwin Goldmann confirmed the existence of a barrier between the blood
and cerebrospinal fluid (CSF) after the investigation where only brain was stained due to
inject of dye in CSF where as other tissues were not stained. Lewandowsky created or applied
the word “BBB” (“Blut-Hirn-Schranke”) in 1900. In 1929, LS Stern first announced the word
“histohematic barrier”. After 1960, scientists recognized extensively the presence of BBB
(Ribatti et al., 2006; Alyautdin et al., 2014). In early 1970s, Oldendorf coined the term “brain
uptake index (BUI)” using to quantify BBB permeability (Oldendorf, 1971). Various
characteristics such as molecular weight, lipid solubility, physico-chemical characteristics,
etc. of compounds may predict the entrance rate of such compounds through BBB applying
this method (Banks et al., 1999). Initiation and improvement of in vitro, in situ, in vivo
experiments in this era were extensively performed in 1970s and 1980s (Patlak et al, 1983;
Blasberg et al, 1983; Takasato et al,1984; Zlokovic et al, 1986; Raeissi and Audus, 1989;

Barrera et al, 1991).

Human brain capillaries are approximately 650 km in length along with about 20 m? of total

surface area (Pardridge, 2002; Cecchelli et al., 2007). BBB generates ionic homeostasis for
the functions of neuron (Abbott, 2002) and utilizing intricate transport systems BBB supplies
nutrients in Central nervous system (CNS) as well as shields it from any kind of toxic agents
(Abbott et al., 2006). Hydrophilic drugs and molecules having mass greater than 400 Da are
unable to cross BBB due to lower degree of paracellular flux along with transendothelial

vesicular trafficking. On the other hand, lipophilic drugs and xenobiotics are restricted to
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enter in brain by the efficacious efflux transporters present in luminal membrane of

endothelial cells of brain (Deli, 2011).

1.3. Structure of BBB
BBB comprises of blood vessels that construct by expert endothelial cells, basal lamina,
astrocytes, pericytes and neurons (Risau and Wolburg, 1990; Abbott and Romero, 1996;

Abbott et al., 2006; Weiss et al., 2009).

tight junction
\ endothelium b Q’

basal
lamina

pericyte neuron

-

end foot

astrocyte
N microglia

Figure 1.1: The neurovascular unit of brain consisting of endothelium, basal lamina,
astrocyte, pericyte and neuron (Abbott, 2013).

1.3.1. Endothelial cells

Brain endothelial cells are different than the peripheral endothelial cells. Lack of endocytic
vesicles restricts the transcellular flux. Absence of fenestrations is also special characteristics
of endothelial cells. Tight junctions of endothelial cells are responsible for high electrical

resistance which limits the paracellular flux. Higher amount of cytosolic mitochondria
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increases cellular metabolism. Superior transport mechanism is also special attractiveness of
brain endothelial cells (Brightman and Kadota, 1992; Rubin and Staddon, 1999; Abbott,
2005; Ballabh et al.,, 2004; Chaudhuri, 2000). Alkaline phosphatase, y-glutamyl-
transpeptidase (GGTP), glucose transporter-1 (GLUT-1) and von Willebrand factor (vWf) are
the special characteristic markers of brain endothelial cells. P-glycoprotein (Pgp) and
multidrug resistance-associated protein (MRP) are remarkable two N-glycosylated

phosphoproteins of brain endothelial cells (Balkovetz et al., 1989; Bernacki et al., 2008).

1.3.2. Basal lamina

Three layers are gathered together side by side to form basal lamina. One layer is generated
by brain endothelial cells and contains laminin-4 and laminin-5. Another one, containing
laminin-1 and laminin-2, is a resultant of astrocyte. Both the cells help to form middle layer
containing collagen V. Various glycoproteins, collagens, proteoglycans are present in these
three layers. Basal lamina has a great contribution to maintain the integrity of BBB (Wolburg

and Lippoldt, 2002; PerImutter and Chui, 1990; Abrahamson, 1986; Berzin et al., 2000).

1.3.3. Astrocytes

Ectoderm of neural tube produces astrocytes and about 11 phenotypes attributed for
astrocytes. Functional polarity generates due to cross cellular interactions of astrocytes. In
brain mainly two types of cells of astrocytes are observed. They are protoplasmic cells and
fibrillary cells. Protoplasmic cells which are present in grey matter contain several dense
cytoplasmic appendices whereas in white matter fibrillary cells are localized. The term “end
feet” means cap like structure formed by endings of appendices. These end feets attach
strongly with blood vessels and also with neurons and produce a definite transmit place
between blood and neurons (Abbott et al., 2006; Abbott, 2007; Reichenbach and Wolburg,

2004). Astrocytes have significant contribution in metabolism of neurons, excretion of
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utilized substrate and nutrition and also perform an important role in transcytosis as well as
active ion transport (Bernacki et al., 2008). To maintain the integrity of BBB, astrocytes play

a vital part which was already published earlier (Janzer and Raff, 1987).

1.3.4. Pericytes

A specific type of mesenchymal cell is known as pericytes which is present in large amount
in brain microvessels. The space in the middle of the astrocytes end feet and capillary wall is
engaged by pericytes. Pericytes play very important activities such as integrity maintaining of
vessels, sustaining vasculature stability, angiogenesis, and stability and also performing BBB
permeability restriction and brain homeostasis (Lindahl et al. 1997; Peppiatt et al., 2006;

Kutcher and Herman, 2009).

1.3.5. Neurons
Various projections of neurons are closely associated with endothelial cells, astrocytes and
also with pericytes to form BBB and it has impacts on vessel dynamics and cerebral blood

flow (Hellstrom et al., 2001; Kacem et al., 1998; Weiss et al., 2009)

1.4. BBB endothelial junctions

Tissue integrity as well as vascular permeability maintenance is a fundamental work of
intercellular junctions. There are two junctions such as “tight junctions (TJs) and adherens
junctions (AJs) which are associated with BBB (Zlokovic, 2008; Tietz and Engelhardt, 2015;

Wallez and Huber, 2008).

14.1.TJs
TJs exist in the most outside part of two endothelial cells junctions and act as a margin
among basolateral and apical plasma membrane areas (Bednarczyk and Lukasiuk, 2011). TJs

restrict protein diffusion within compartments of membrane and manage cell trafficking
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between blood and CNS by sealing the paracellular space among the endothelial cells of brain
capillary (Zlokovic, 2008; Tietz and Engelhardt, 2015) with sealing proteins such as
transmembrane molecules (claudin, occludin) and junctional adhesion molecules (JAMS).
Integrity of TJs is influenced by the concentration of extracellular Ca?* ion and depending on
high electrical resistance (1500-2000 Qcm?) TJs are categorized. Stability of TJs is disturbed
by a drop of electrical resistance. Fusion points are formed by increasing amount of
intracellular cATP resulting tightness of TJs. Opposite incidents appear due to phorbol esters
(Ballabh et al., 2004). Additionally cytoplasmic proteins such as various zonula occludens
(ZO) like Z0O-1, ZO-2, Z0O-3 and cingulin (Ballabh et al., 2004) that create link between actin

and transmembrane proteins have been distinguished.

1.4.1.1. Claudins

Claudins, 22 kDa phosphoproteins, contain four transmembrane domains and act as a
backbone of TJs. The primary closure of TJs takes place by the connection between claudin
of a brain-endothelial cell with an analogous claudin of another adjacent brain endothelial
cell (Bernacki et al., 2008). Claudins 1, 3, 5 and 12 have been found to express in cerebral

microvascular endothelium (Liebner et al., 2000; Nitta et al., 2003; Wolburg et al., 2003).

1.4.1.2. Occludin

Occludin, phosphoprotein, containing four transmembrane domains is greater as compared to
claudin (60 kDa). Paracellular part of TJ is made by two extracellular loops elongated from
claudin and occludin. On the other hand, cytoplasmic domain is compactly associated with
ZO proteins (Balda et al., 2000; Furuse et al., 1993; Schneeberger and Lynch, 2004).
Occludin plays normally regulatory activities along with maintaining paracellular transport
(Hirase et al., 1997). Hydrophilic molecules and various ions are selectively transported by

heteropolymers as well as transcellular tracts associated with various channels formed by
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occludins and claudins (Balda et al., 2003). Occludins also try to maintain electrical

resistance of blood barrier and to form aqueous pore (Tsukita et al., 2001).
1.4.1.3. JAMs

JAMs are especially immunoglobulins which help to construct TJs dynamically. They are
third group of membrane proteins having about 40 kDa molecular mass. Single
transmembrane domain of them is attached along with extracellular portion which contains
twice immunoglobulin-like loops (Petty and Lo, 2002). There are three modifications which
identified till now. They are JAM-1, JAM-2 and JAM-3. In brain vessels, JAM-1 and JAM-3
are observed strictly whereas JAM-1 is confined as a single or clustered form in
interendothelial junctions randomly. JAMs actively work in monocyte extravasation and cell

adhesion activities (Palmeri et al., 2000) and also maintain transendothelial migration process

of leukocytes (Hawkins and Davis, 2005).

1.4.2. AJs

AlJs are formed by large family of cadherin which is a type of transmembrane glycoprotein.
AJs play a vital role in tightening of junctional complex of brain endothelial cells and also in
maintenance of TJs. The main cadherin in this cadherin superfamily is vascular endothelium
cadherin which produces homotypic adhesive complexes in presence of calcium ion by
interacting with adjacent cells (Takeichi, 1995; Petty and Lo, 2002). The anchor proteins
belonging to Armadillo superfamily such as a-catenin, y-catenin, pB-catenin, etc. produce
linkage through a cytoplasmic plaque between glycoproteins and cytoskeleton (Nagafuchi
and Takeichi, 1989; McCrea and Gumbiner, 1991). The a-catenin, f-catenin and y-catenin
form a complex together that links with actin cytoskeleton by a-catenin (Lampugnani et al.,

1995). The newly discovered pl20-catenin has highly binding affinity with vascular
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endothelium cadherin to maintain permeability activity as well as function of BBB (Hatzfeld,

2005; Bazzoni, 2006).
1.5. Transport across the BBB
1.5.1 Passive transcellular transport for lipophilic molecules

Small molecules with molecular weight 400 to 500 and having lipophilic nature take entry
into brain through lipid-mediated free diffusion process. Alcohol, nicotine, heroin, caffeine,
etc. which belong under drugs of abuse category and neurotherapeutics containing small
molecules easily cross BBB by this process. If molecules are highly lipophilic, problem is
also arised due to increasing uptake of them through peripheral tissues and also seclusion of
the molecules in microvasculature of brain resulting insufficient delivery of that molecule
into brain (Pardridge, 2002; Banks, 2009). High polar surface area of compounds is also a
cause of restriction of entry in CNS. More than six hydrogen bond forming inclination is a
vital factor in this area (Clark, 2003; Gleeson, 2008). Penetration in CNS is pointedly reduced
by high plasma protein binding affinity with a low off-rate. But there are also some examples

of exception (Bodor and Buchwald, 2003).

1.5.2. Passive paracellular transport for hydrophilic molecules

Tight endothelial junctions of BBB inhibit hydrophilic substances to enter freely in brain by
restricting the paracellular pathway. They also restrict the entry of peptides, polysaccharides,
proteins, etc. into brain through crossing BBB freely. As many of drugs related to CNS
disease are hydrophilic, low penetration of those drugs into brain via BBB occurs (Pardridge,

2002).
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Figure 1.2: Different transport process across BBB. (A) Passive transcellular transport for
lipophilic molecules, (B) Passive paracellular transport for hydrophilic molecules, (C) Carrier
mediated transport, (D) Efflux transport, (E) Receptor mediated transcytosis, (F) Adsorptive
mediated transcytosis (Deli, 2011).

1.5.3. Carrier mediated transport

The carrier-mediated transport is an energy dependent or independent saturable process. This
transport procedure facilitates the substance-exchange phenomenon among brain parenchyma
and systemic circulation (Brasnjevic et al., 2009).Various nutrients, minerals and vitamins are
transported through this process into brain across the BBB (Abbott et al., 2010). Using
consecutive gene expression analysis, solute carrier (SLC) family (approximately 40
members) was recognised in microvessels of brain for transportation (Enerson and Drewes,
2006). Various carrier systems express actively as a vehicle of many molecules in brain
endothelial cells (Tamai and Tsuji, 2000). Proteins for glucose transportation such as GLUT-
1 (SLC2A1), GLUT-3 (SLC2A3) are known as glucose transporters and SGLT2 (SLC5A2) is
identified as sodium glucose co-transporter. Monocarboxylic acids transporters such as
MCT-1, -2, and -6 (SLC16A1, 2, 6) are expressed in absence of glucose in endothelial cells
of brain. N- or L- system helps for transportation of neutral, aromatic and large amino acids
where as neutral small amino acid is transported in brain by A-system (Cancilla and DeBault,

1983).
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1.5.4. Efflux transport

It is already established that a rising quantity of efflux transporters are present in the region of
BBB (Enerson and Drewes, 2006; Fricker and Miller, 2004; Terasaki and Ohtsuki, 2005).
The efflux transporters regulate active transport process by removing of substrates from CNS
as well as transferring them into systemic circulation to avoid accumulation of compounds
for crossing BBB (Loscher and Potschka, 2005; Newton, 2006). Due to efflux pumps the
drugs which are able to cross BBB are unable to reach in therapeutically effective
concentrations as the drugs are carried from parenchyma to luminal membrane and sent to
systemic circulation. This makes those drugs inefficacious in various disease conditions. So,
drug penetration in brain is restricted by the efflux transporters and thus, it is a crucial
problem to treat various diseases such as brain tumours, neurodegenerative disorders, AIDS,
stroke, etc. The ATP binding cassette which is known as ABC transporters. P-glycoprotein
(ABCBL1), brain multidrug resistance proteins such as BCRP / ABCG2 / BMDP, and
multidrug resistance proteins such as MRP-1, MRP-4, MRP-5 and MRP-6 (ABCC1-6)
belong to the ABC transporters and express in brain capillaries. High concentration of P-
glycoprotein restricts the toxins or drugs accumulation in brain and protects the neuron
viability (Schinkel et al., 1994; Schinkel et al., 1996). Dauchy and his groups revealed the
expression of MRP-12 in BBB (Dauchy et al., 2005). Various efflux transporters regulate
excitatory neurotransmitter glutamate level in brain. Excitatory amino acid transporters such
as EAAT-1, EAAT-2, EAAT-3 and EAAT-4 existing in endothelial cells of brain maintain
the magnitude variation up to 2-3 orders among blood and CNS in respect of glutamate

concentration (O’Kane et al., 1999; Hosoya et al., 1999).
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1.5.5. Receptor mediated transcytosis

For selective uptake of macromolecules receptor-mediated transcytosis is the excellent choice
of BBB. Various receptors to take up different types of ligands, enzymes, plasma proteins,
growth factors are present in brain endothelial cells (Chen and Leu et al., 2012). Transcytosis
has three phases. At the first phase, receptor-mediated endocytosis takes place at the luminal
membrane of endothelial cells of brain. Then transcytosis takes place by cytoplasm of cells.
At last, at the abluminal side of endothelium, exocytosis occurs to complete this total process
(Pardridge, 2002). Caveolae helps to regulate endocytosis and transcytosis (Zlokovic, 2008).
Receptor-mediated transport is influenced by temperature (Tajes et al., 2014). Penetration of
protein and peptides and also their clearance are ensured by receptor-mediated transcytosis in
brain. Insulin, transferrin, leptin, melanotransferrin, low density lipoproteins, ghrelin, etc. are
reached in brain through this mechanism (Pardridge, 2002; Banks, 1999; Zlokovic, 2008).
For transferrin it follows bidirectional path i.e. blood to brain as well as brain to blood. But in
case of immunoglobulin G, unidirectional transport is caused by Fc receptor of BBB from
brain to blood only (Pardridge, 2002). This receptor-mediated transcytosis does not depend

on lipophilicity as well as size of molecules (Tajes et al., 2014).

1.5.6. Adsorptive mediated transcytosis

The unregulated outflow of serum proteins into brain due to deficiency of endothelial
fenestrations and decreasing pinocytosis rate are inhibited by restricted paracellular pathway
in physiological conditions and it, thereby, protects neurons from toxicity. In peripheral
endothelial cells, albumin is transferred by adsorptive-mediated transcytosis which is
suppressed in brain. This transport process again continues in various diseased conditions

such as oedema in brain, seizures and due to presence of pathological mediators (Deli, 2011).
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1.6. Functions of BBB
BBB performs several functions which are mentioned below (Abbott, 2013; Shatzmiller et

al., 2016).

i. BBB is able to protect the brain by restricting the entry of foreign substances which is
already in systemic circulation at various disease states.
ii. BBB protects the brain from neurotransmitters as well as hormones from rest of the
body.
iii.  BBB regulates properly molecular traffic and shields the brain from toxins.
iv. BBB is able to minimize the death of neuronal cells and maintains neural
connectivity.
v.  BBB has a contribution in maintaining ion homeostasis for optimum neural signalling.
vi.  Central and peripheral neurotransmitter pools are separated by BBB. It decreases
cross-talk and permits non-synaptic signalling in CNS.
vii.  Low protein atmosphere in CNS is sustained by BBB.
viii.  BBB tolerates immune investigation and gives response in cell damage condition as

well as minimum inflammation.

1.7. Nanocarriers for drug transport across BBB into brain

Using different methods the therapeutic or preventive or diagnostic molecules can be
dissolved, adsorbed, encapsulated or entrapped, attached covalently with nanomaterials to
provide nanosize drug carrier systems in various forms such as NPs, micelles, nanogels,
guantum dots, nanoemulsions, dendrimers, liposomes, etc. Nanosize (1-1000 nm) makes
these formulations unique on the basis of activities and properties. Due to very small size (6-9
pum) of blood capillaries in respect to diameter and small size (10-20 um) of cells in human
body, nanocariers are easily able to enter in different organs through blood and are adsorded

or taken up by the cells for delivering drugs at proper site of action. Specially, nanocarriers
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are also able to cross BBB to deliver drugs into brain after applying some modifications (Li et

al., 2017).

1.7.1. NPs

NPs, spherical submicron size structures, are capable to deliver drug in targeted and / or
controlled manner resulting enhanced therapeutic efficacy and minimize side-effects. Natural
polymers such as chitosan, heparin, dextran, alginates, collagen and gelatin, and synthetic
polymers, such as polycaprolactone (PCL), polylactic acid (PLA), polyethylene glycols
(PEGs), N-(2-hydroxypropyl)-methacrylamide copolymer, polystyrene-maleic anhydride
copolymer, poly-L-glutamic acid (PGA) are utilized to formulate the polymeric NPs. NPs can
be conjugated with antibody such as monoclonal antibodies (mAbs) for selective binding
with specific antigens to enhance intracellular stability and cellular uptake. The United
States Food and Drug Administration (USFDA) approved the polymer poly(lactic-co-glycolic
acid) (PLGA) for systemic application (Mukherjee et al., 2016; Mukherjee et al., 2015).
Autoxidation-mediated toxicity in brain is decreased and neurobehavioral and neurochemical
deficits are reversed by application of dopamine containing PLGA NPs in parkinsonian rats
(Pahuja et al., 2015). Protein based formulations are also recognised because of their
potentiality, biocompatibility, biodegradability, lower toxicity. Ferritin / apoferritin protein
cage, the small heat-shock protein cage, plant-derived viral capsids, collagen, albumin,
gelatin etc. are under investigation for delivering drug at desired site of action (Mukherjee et
al., 2016). The permeability of polymeric NPs across BBB are increased by application of
surfactants such as polysorbate 80 coated poly(butylcyanoacrylate) (PBCA) NPs to
successfully deliver drugs such as rivastigmine, leu-enkephalin dalargin, tacrine, met-
enkephalin kyotorphin across BBB (Alyautdin et al., 1997; Schroder and Sabel, 1996;

Schroeder et al., 1998; Wilson et al., 2008; Wilson et al., 2008) .
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Solid lipid NPs (SLNs), nanosize dispersion, are prepared from biocompaticle lipids such as
fatty acids or waxes, triglycerides and stabilized using surfactants which have hydrophile-
lipophile balance (HLB) values below 12. Atazanavir reaches in human brain endothelial
cells in vitro after applying it through SLNs which is prepared using stearic acid (SA) and
stabilized by pluronic®F68. Using ligands with SLNs, the NPs can be used to deliver drug
into brain across BBB (Mehnert and Mader, 2001; Blasi et al., 2007; Chattopadhyay et al.,

2008).

1.7.2. Polymeric micelles

Polymeric micelles are nanodimentional (normally 5-100 nm) colloidal structures which are
formulated using an amphiphilic polymer consisting hydrophobic as well as hydrophilic
units. The amphiphiles are normally belongs as monomers in an aqueous media at low
concentration. But they are aggregated and self-assembled at a range of certain concentration
to produce special structure called micelles. Micelles are applied for delivery of hydrophobic
drugs as two distinctive regions such as hydrophilic head-group and hydrophobic core are
present (Mukherjee et al., 2015). Drug loading in polymeric micelles is easily done by
physical encapsulation and or by chemical covalent attachment. Various external stimuli such
as temperature, ultrasound, enzymes, pH may be capable to regulate the release of drug from
micelles (Mukherjee et al., 2016). The transcriptional activator peptide TAT conjugated
polymeric micelles fabricated from cholesterol (CHO)-conjugated PEG are established to
deliver antibiotics in brain across BBB (Liu et al., 2008). The polymeric mixed micelles were
formulated by using pluronic F127 and D-a-tocopheryl polyethylene glycol succinate (TPGS)
and they are shown to efficiently deliver dyes and proteins in brain through BBB (Meng et

al., 2017).
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1.7.3. Nanogels

Nanosize particles, physical or chemical crosslinked networks formed by polymer, are able to
swell in a proper solvent known as nanogels. The crosslinked bifunctional networks between
a non-ionic and polyionic polymer was first familiarized as “nanogel” for delivering
polynucleotides (cross-linked polyethyleneimine (PEI) and PEG or PEG-cI-PEI) (Sultana et
al., 2013). Nanogels deliver drugs by sustained, controlled as well as targetable manner. It is
already well-known that lipophilic molecules easily cross the BBB as compared to
hydrophilic molecules. To enhance the transportation of encapsulated drug across BBB,
surface modification of nanogels has been established (Li et al., 2017). Methotrexate
encapsulated chitosan nanogels were shown to remarkably deliver the drug in brain (Azadi et
al., 2013). Vinogradov and his co-workers proved that nanogels worked as a favourable

system to deliver oligonucleotide into brain (Vinogradov et al., 2004).

1.7.4. Quantum dots

Quantum dots which are inorganic tiny semiconductor crystals having diameter ranging from
2 to 10 nm and they consist of 10-50 atoms of elements belonging to the group Il to IV or 11
to V of the periodic table. They have mainly two units such as crystalline metalloid core and
shell for protecting core. Various modifications of quantum dots are possible through
conjugation by specific ligands or bioactive moieties such as antibodies, receptors, and
ligands. The light emission and absorption properties of quantum dots are regulated by their
shape and size which can be adjusted as per requirement. Quantum dots are preferably
utilized due to some of their special characteristics such as long standing stability, and higher
sensitivity. But toxicity level of them should be under limitation as well as investigation
which occurs due to the presence of hazardous heavy metals (Walling et al., 2009; Kim,
2007; Mukherjee et al., 2016). The theranostic quantum dots offer an approach for

expressively improving dosage efficacy level of drugs to traverse through BBB (Xu et al.,
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2013). The asparagines-glycine-arginine peptide modified PEGylated quantum dots under
non-toxic concentration are able to cross BBB and target the CD13-overexpressing glioma as

well as tumor vasculature (Huang et al., 2017).

1.7.5. Nanoemulsions

The stabilized biphasic dispersion formed by two types of immiscible liquids such as oil-in-
water (O/W) and water-in-oil (W/O) is known as nanoemulsion. The stabilization of this
dispersion is done using amphiphilic surfactant. The ultrafine emulsions possess some
favourable significant properties such as visual properties, viscoelasticity, differential drug
loading capacity, etc. which is helpful for drug delivery (Singh et al., 2017). Droplets sizes
are regulated by the structure of surfactant phase at inversion point initiated by composition
or temperature. Nanoemulsion is protected from creaming or sedimentation due to their small
droplet size (droplet diameter 10-500 nm). Nanoemulsions may create a new era for novel
drug delivery due to their controlled and sustained drug release properly (Sharma et al.,
2013). Indinavir loaded tween 80 containing lipid nanoemulsion showed that it is capable to

deliver indinavir into brain across BBB (Prabhakar et al., 2013).

1.7.6. Dendrimers

Dendrimer having tree-like closely packed dense structure is synthetic polymer-based
macromolecular nanocarrier. They have extraordinary molecular uniformity, nanosize (about
1-10 nm), lower polydispersity index and they possess three units such as principal central
core, peripheral terminal groups and repeating units. The drug delivery through dendrimers is
performed by physical entrapment of drug inside the dendrimeric cavity or by conjugation at
the peripheral terminal groups. This is applicable for delivering hydrophilic as well as

hydrophobic drugs. Nonpolar cavities of dendrimers are utilized for incorporation of
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hydrophobic drugs. On the other hand, hydrophilic drug delivery is possible by the
appropriate modifications of the internal dendrimeric cavities. This type of nanocarrier offers
some advantages such as better pharmacokinetic and pharmacodynamics profile, controlled
drug release profile etc. (Mukherjee et al., 2015; Mukherjee et al., 2016; Srinageshwar et al.,
2017). It has been already established that poly-amidoamine (PAMAM) dendrimers crossed
BBB after administering through carotid artery in mice (Srinageshwar et al., 2017).
Transferrin bearing polypropylenimine dendrimer is a successful carrier system for targeted

gene delivery into brain (Somani et al., 2014).

1.7.7. Liposomes

Very well-known nanocarriers, liposomes, are inspected in details for targeting various drugs.
They are able to stabilize therapeutic agents, avoid the difficulties of cellular and tissue
uptake and progress the biodistribution process of therapeutic agents in a site specific way
(Sercombe et al., 2015). At Babraham Institute in Cambridge, Dr. Alec D Bangham, British
haematologist, first described regarding liposomes. During the testing of electron microscope
by adding of negative stain to phospholipids, Dr. Bangham and R. W. Home discovered
liposomes (Pawar et al., 2013). At the beginning, liposomes were utilized for observing of
physical characteristics of biological membranes such as orientation of lipids in bilayer,
transportation of ions through bio-membranes, etc. but at present it is extensively tried to use

for drug delivery purpose (Pandey et al., 2016).

The nanosize version of liposome is a spherical, nanosize, closed colloidal structure having
lipid bilayer with a unilamellar or multilamellar vesicle having aqueous core. It has
surrounded by bilayered lipid. Different phospholipids such as phosphatidylcholine,
phosphatidylglycerol, phosphatidylethanolamine, phosphatidylserine, etc. and other

component such as CHO are normally used for preparation of liposomes. Inside the lipid
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bilayer, hydrophobic tail of lipid is remained inwards whereas hydrophilic head is positioned
towards the surface. By altering various factors such as composition of lipids, size, surface
charge, liposomes can be used in drug delivery purposes efficiently as they are able to
incorporate hydrophobic as well as hydrophilic drugs (Mukherjee et al., 2016). Hydrophilic
molecules are entrapped in aqueous core whereas hydrophobic molecules can be placed into
lipid bilayer (Koning and Storm, 2003; Ding et al., 2006; Hua and Wu, 2013). Various
macromolecules such as proteins, DNA, imaging agents, etc. can be delivered due to huge

aqueous core and biocompatible external lipid parts (Ulrich, 2002; Monteiro et al., 2014).

(A) Conventional liposome (D) Theranostic liposome

1

1

Hydrophobic

drug I
1

- | ,@‘—‘ Targeting ligand
Positively "

charged lipid % N\ Il ;/!//// / o

Negatively \ / /// J/\
charged lipid \\ é/
Hydrophilic ~ \\ . — \Functlonalczed
drug K* __/-_ Imaging agent
___________ —_ i O —
- _ . =~
Polyethylene < §ff/f A \%
Glycol (PEG) < ¢ PR N %\ PEG
W\

R g
...‘ Small molecule

d
\ /)K% pep::;bohy rate

1

1

I .

| Protein Antibody
|

|

|

(B) PEGylated liposome (C) Ligand-targeted liposome

Figure 1.3: Schematic diagram of liposomal drug delivery system. (A) Conventional
liposome, (B) PEGylated liposome, (C) Ligand-targeted liposome, (D) Theranostic liposome
(Sercombe et al., 2015).
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Liposomes have several advantages such as flexibility, devoid of toxicity, biocompatibility,
complete biodegradability, non-immunogenicity during non-systemic as well as systemic
administrations. It is capable to increase the efficiency and therapeutic index of encapsulated
drug, reduce toxicity of entrapped therapeutic agent and improve pharmacokinetic effects by
decreasing elimination and enhancing blood circulation time (Akbarzadeh et al., 2013; Dua et

al., 2012).

1.7.7.1. Types of liposomes

There are three types of parameters based on which are normally classified. They include size

and number of lipid bilayer, composition and method of preparation.

(a) Based on size and number of bilayers:

Liposomes possess single or more bilayer membranes. Half-life of liposomes in blood
circulation depends on the size of vesicular liposomes. On the other hand, drug entrapment
capability of liposomes depends on the number of bilayers as well as size of vesicles. Based
on the size and number of bilayers or lamellarity liposomes are of three types, namely
multilamellar vesicles (MLVs), large unilamellar vesicles (LUVS), small unilamellar vesicles

(SUVs) (Figure 1.4).

(i) MLVs

This kind of liposomes has an onion like structure. MLVs are formed by the numerous
unilamellar vesicles which are accumulated to develop on the inside of the other having small
structure in size. In MLVs, several concentric lipid bilayers are separated to each other by
aqueous layers (Shaheen et al., 2006; Lasic, 2001). They are comparatively larger in size up
to 5 um (Pandey et al., 2016). The lipid hydration using excess organic solvent or thin film

hydration technique is normally utilized to formulate this type of liposomes. Due to
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comparatively larger size, they are quickly cleared by reticulo-endothelial system that may be
applied in targeted drug delivery directed to the organs of reticulo-endothelial system. The
drug entrapment efficiency of these MLVs can be improved by slowing the hydration
procedure as well as gentle mixing process. They are normally mechanically stable during
extended storage and have adequate trapped volume (Sharma and Sharma 1997; Olson et al.,

1979).

100-250 nm 20-100 nm

Figure 1.4: Types of liposomes classified on the basis of size and number of bilayers. MLV:
Multilamellar vesicle, LUV: Large unilamellar vesicle, SUV: Small unilamellar vesicle
(Pandey et al., 2016).

(i) LUVs

LUVs consist of a single lipid bilayer surrounding aqueous phase. Normally the size range of
these liposomes is 100-250 nm (Pandey et al., 2016). As LUVs are capable to grip a higher
volume of solution in the cavity in them, they have greater efficiency of drug encapsulation
(Vemuri and Rhodes, 1995). They are utilized for encapsulation of hydrophilic therapeutic
agents and possess high trapped volume. The benefit of this type of liposomes is that they use
smaller amount of lipid for encapsulation of drug. Due to their bigger size, they are cleared

easily through reticulo-endothelial system. Detergent dialysis, ether injection and reverse
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phase evaporation are applied for the preparation of LUVs formulation (Sharma and Sharma,

1997; Tirrell et al., 1976).

(iii) SUVs

They consist of aqueous chamber encircled by a single lipid bilayer. They are smaller in size
than that of LUVs. The size of them is within the range of 20-100 nm (Pandey et al., 2016).
They contain lower entrapped volume along with long circulation half-life. Solvent injection
technique using ethanol or ether is applied for SUVs preparation (Deamer and Bangham,
1976). Using sonication or extrusion technique along with maintaining atmosphere fully
inert, the size of LUVs can be decreased to convert them as SUVs. SUVs may be obtained
through transferring MLVs within a narrow orifice applying higher pressure (Hamilton et al.,

1980).

(b) Based on composition

We can divide liposomes into four types such as conventional liposomes, sterically-stabilized

liposomes, ligand-targeted liposomes and combination of all (Figure 1.3).

(i) Conventional liposomes

They are known as first generation liposomes. Usually they contain lipid bilayer which is
formed by CHO and anionic, cationic and or neutral lipids surrounding the aqueous phase.
From 1980s, research on this conventional type of liposomes has been started and it is
fruitfully established for the drugs such as amphotericin and doxorubicin regarding
improvement of therapeutic index (Koning and Storm, 2003; Ding et al., 2006; Hua and Wu,
2013). They are able to increase pharmacokinetic and biodistribution efficacy and to reduce
toxicity as compared to free drug. But quick elimination of them from blood circulation

restricts the therapeutic effect due to formulation (Gabizon et al., 1991; Gabizon et al., 1994).

21



Chapter 1 Introduction

Uptake by macrophages and opsonisation of plasma components are mainly responsible for

such kind of rapid clearance (Hua and Wu, 2013).

(ii) Sterically-stabilized liposomes

The sterically-stabilized liposomes have the capacity to improve stability and prolong
circulation time in blood stream. To get sterically-stabilized liposomes, hydrophilic polymer
PEG is applied as a constituent. Uptake of such liposomes by macrophages and opsonisation
of plasma components are minimized due to steric barrier (Torchilin et al., 1992; Northfelt et
al., 1996). By varying in particle size or using coating polymer, liposomes may vary half-life
from 2 to 24 hour (h) in rodents and as high as 45 h in case of humans (Allen, 1994; Moghimi

and Szebeni, 2003).

(iii) Ligand-targeted liposomes

For site-specific drug delivery in targeted cells or organs ligand-targeted liposomes may be
used. Different types of ligands such as peptides or proteins, antibodies, carbohydrates, etc.
can be utilized depending on the target. Monoclonal antibodies, multipurpose ligands, are
attached to the surface of liposomes to form immunoliposomes (Hua, 2013; Bendas, 2001;
Puri et al., 2009). The benefits of monoclonal antibodies include their satisfactory stability
and two binding sites (Willis and Forssen, 1998). But immunogenicity and pharmacokinetic

efficacy are the major hindrances of using such kind of liposomes (Puri et al., 2009).

(iv) Combination of all

To avoid above-said problems, a combination of all the above-said designs may be utilized
for further improvement such as immunoliposomes having integrating target-specific binding
along with PEG for steric stabilization. It may increase circulation time of immunoliposome

in blood stream and improve pharmacokinetic efficacy of them (Maruyama, 2002).
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(c) Based on method of preparation
Depending on the methods of preparation of liposomes, they are mainly three types such as
reverse phase evaporation vesicles (REVs), ether injection vesicles (EIVSs), French press

vesicles (FPVs) (Kalepu et al., 2013).

1.7.7.2. Methods of preparation

Liposomes can be formulated by various methods. The types of methods of preparations have
an influence on the some properties of liposomes such as size, shape, stability as well as drug
loading efficiency (Pandey et al., 2016).

Different methods utilized for preparation of liposomes are mentioned below as a schematic

diagram.
Methods of liposomes preparations
Passive loading techniques Active loading techniques
Mechanical dispersion Solvent removal methods Detergent removal
methods methods
» Lipid film hydration by hand » Ethanol injection » Detergent (Cholate,
shaking, non-hand shaking or > Ether injection alkylglycoside,
freeze drying » Reverse phase triton x -100)
» Sonication evaporation removal of mixed
» French pressure cell micelles by
» Membrane extrusion e Dialysis process
» Freeze-thawed liposomes e Column
chromatography

e Dilution process
Figure 1.5: Different methods of liposomes preparation (Dua et al., 2012).
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Drug encapsulation technique during the liposome preparation is mainly two types such as
active loading and passive loading. The encapsulation of drug during the process of vesicle
formation is known as passive loading. On the other hand, when drug is encapsulated after

vesicle formation is called active loading (Pandey, 2016).

(a) Passive loading

The hydrophilic drugs are mixed with hydrating buffer which is essential for hydration of thin
film during liposomal formation and are loaded in liposomal internal core. At the time of thin
film formation of lipids, lipophilic drugs are mixed with the lipidic components of liposomes
for loading into lipid layers. Using gel-filtration chromatography or dialysis techniques free
drug molecules can be removed from liposomal suspension (Tyagi et al., 2011; Tyagi et al.,
2013). Various factors that affect the encapsulation capacity of liposomes are size of
liposome, other physico-chemical characteristics and concentration of lipids, etc. For
hydrophilic drugs, passive loading technique gives comparatively lower encapsulation
efficiency. Larger vesicles normally have greater entrapment capacity than the smaller one
(Tyagi et al., 2013; Akbarzadeh et al., 2013). Lipophilic drugs have the ability to have
physical interaction / chemical interaction with lipid layers which provide high encapsulation

efficiency.

(i) Mechanical dispersion methods

Lipid film hydration method: This conventional method has been used for formulating
liposomes since the beginning of its development (Laouini et al.,, 2012). Required
components (such as CHO, lipids, etc.) are added in required organic solvent. The organic
solvent is evaporated by using rotary evaporator under reduced pressure to form a thin film.

This dry film is hydrated using aqueous medium by agitation. MLVs (200 to 1000 nm in size)
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are formed after hydration. These liposomes are reduced in terms of size as per requirement
by using sonication for SUVs or extrusion for LUVs (Olson et al., 1979; Mui et al., 2003;

Akbarzadeh et al. 2013).

Sonication: Sonication is most useful method for preparation of SUVs from MLVs (Riaz,
1996; Jesorka and Orwar, 2008). There are two types of sonicators such as probe sonicator
and bath sonicator (Akbarzadeh et al., 2013). The tip of sonicator is placed in the flask
containing MLVs for sonication under probe sonication (Prabhu et al., 2010). But in case of
bath sonication, liposomal dispersion containing cylinder is kept into bath sonicator. This is

comparatively an easier method than probe sonication (Kataria et al., 2011).

French pressure cell method: French pressure cell method is a process of extrusion which
helps the MLVs to convert to LUVs or SUVs (Berger et al., 2001). Extrusion process is
carried out at 20000 psi at 4°C (Dua et al., 2012). In this method, proteins are not affected
significantly due to sonication (Mayer et al., 1986). Unstable materials are gently handled by
this technique (Hamilton and Guo, 1984). Small working volume and achieving high

temperature are the drawbacks of this process (Riaz, 1996; Anwekar et al., 2011).

Membrane extrusion: Using uniform pore size containing polycarbonate membranes
liposomal vesicles are extruded under pressure. Liposomes with different size can be made by
using this technique as membranes with different pore size are applied here. Liposomes
having very narrow size range are made by repeating extrusion of same material applying
membrane with selective porosity. In large scale processing it creates problems (Swami,

2015).

Freeze-thawed liposomes: In this process, SUVs are frozen quickly and defrosted gradually.

The aggregated things are dispersed in LUVs due to sonication of short duration. During the
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continuous freezing and thawing process the fusion of SUVs forms unilamellar vesicles
(Pick, 1981; Ohsawa et al., 1985; Liu and Yonetaini, 1994). The enhanced concentration of
phospholipid and ionic strength of medium obstruct intensely the preparation by this process

(Pick, 1981).

(i) Solvent removal methods

Ethanol injection: The lipid solution containing ethanol is injected at a fast speed into an
excess quantity of buffer. As a result of this, formation of MLVs takes place quickly. The
heterogeneous productions (30-110 nm) as well as less in quantity of liposomes are the main
drawbacks of this process. The elimination of total ethanol is very tough as it turns into
azeotrope in presence of water. The inactivation of different biologically active

macromolecules is probably higher due to presence of ethanol (Batzri and Korn, 1973).

Ether injection: Ether and methanol mixture or diethyl ether is used to dissolve lipids to
prepare solution. This solution is injected slowly into the aqueous solution containing the
materials which is needed to encapsulate. This total process is performed under reduced
pressure within a temperature range from 55°C to 65°C. Liposomes are produced due to the
removal of ether using vacuum. There are few disadvantages such as obtained product has
wide range of size distribution (70 to 200 nm) and at high temperature the material to be
encapsulated is exposed within organic solvents before encapsulation in liposomes which
could degrade the material (Deamer and Bangham, 1976; Schieren et al., 1978).

Reverse phase evaporation method: This technique gives a new era in the field of liposome
formulation which is capable to encapsulate large amount of existing aqueous substances.
Inverted micelles are the starting form of this procedure. Such inverted micelles are formed
by the sonication process of a mixture containing an organic part which solubilizes

amphiphilic molecules and an aqueous phase as in form of buffer in which water soluble
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molecules are solubilized for encapsulation into liposomal formulation. These inverted
micelles are converted into viscous phase and gel form due to gentle removal of organic
solvent. Some of these micelles are in distress due to collapsing of gel state at a critical point
during this procedure. The complete bilayer around the rest of the micelles is formed by the
extra quantity of lipids present in the entire process and liposomes are produced as a result of
this technique (Anwekar et al., 2011; Kataria et al., 2011).

At first, biphasic system consisting of aqueous buffer and diethyl ether or isopropyl ether or a
mixture of chloroform and isopropyl ether is sonicated to form water-in-oil emulsion.
Viscous gel is produced due to elimination of remaining solvent by reducing pressure.
Reverse phase evaporation method is useful for encapsulation of small and large molecules.
The material to be encapsulated is exposed to organic solvent(s) before encapsulation and it is

a major disadvantage of this process (Szoka and Papahadjopoulos, 1978; Dua et al., 2012).

(ii) Detergent removal methods

Dialysis process: Detergent is used for solubilizing lipids at their critical micelle
concentration (CMC). The comfortability of micelles with lipids is enhanced after removal of
detergents though dialysis and the result is formation of LUVs (Daemen et al., 1995; Alpes et
al., 1986; Kirby et al., 1984). A dialysis system or device called LipoPrep (Diachema AG,
Switzerland) can be used for eliminating of detergents or dialysis is also carried out using

dialysis bags in buffers which is absolutely free from detergents (Shaheen et al., 2006).

Column chromatography: In this procedure, removal of detergents is performed by a special
type of column chromatography called gel permeation chromatography which is able to
separate materials as per the size. In this column, liposomes are not able to enter into the
packed beads. The inter bead spaces are filled by liposomes. From detergent monomers

attached to the beads, liposomes are separated maintaining a gentle flow rate of aqueous
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solvent for getting good results. The pre-treatment is essential as significant quantity of
amphiphilic lipids are adsorbed by swollen beads of polysaccharide. This pre-treatment can
be performed by applying liposomal suspension to pre-saturate the gel filtration column by

lipids (Akbarzadeh et al., 2013).

Dilution process: The polydispersity as well as micellar size profoundly enhances due to the
effect of dilution of aqueous mixed solution of micelles containing detergent and lipids along
with buffer. Liposomal vesicles are formed from polydispersed micelles through impulsive
alteration due to dilution beyond the mixed micellar phase periphery (Akbarzadeh et al.,

2013).

(b) Active loading

The active loading process for liposomal formulation is utilized for some weakly alkaline or
acidic drug molecules. The electrochemical potential which is the resultant of pH or ion
gradients of lipid bilayer of liposome is the main motorist of this process (Akbarzadeh et al.
2013; Bozzuto and Molinari, 2015). The buffer of specific pH used for liposome preparation
creates such pH or ion gradients. Variable pH or ion concentration is applied for exchanging
the external pH of liposomes with the help of dialysis and size exclusion chromatography. At
a specific temperature which is above the phase transition temperature of the utilized lipids,
drug is loaded through mixing along with liposomes. This helps for fluidity and effective
transportation of drug molecules across lipid bilayer. Drug molecules are getting charged
through the interaction with ions and as a result, drug molecules are entrapped within the core
of liposome as well as unable to come out. Active loading techniques applied for a

commercially available liposomal formulation, Doxil™ (Lasic et al. 1992; Haran et al. 1993).

28



Chapter 1 Introduction

1.8. AIDS and zidovudine

AIDS, one of the vital health complications of human throughout the world, occurs due to
human immunodeficiency virus (HIV) which is able to destroy lymphocyte (Rao et al., 2009).
HIV is able to enter into the brain utilizing the “Trojan horse” strategy (lvey et al., 2009). In
HIV infected patients, at very early stage such as 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). Zidovudine (AZT), nucleoside reverse transcriptase inhibitor,
was the first approved drug by the USFDA for the treatment of AIDS (Mu et al., 2016). AZT
is also a part of combination therapy popularly known as “highly active antiretroviral
treatment (HAART)” for anti-HIV treatment (Mu et al., 2016; Bergshoeff et al., 2004). AZT
for its strong hydrophilicity is unable to cross BBB sufficiently to reach brain to provide an
adequate concentration of AZT for therapeutic efficacy (Rautio et al., 2008; Weiss et al.,

2009).

In the present study, we have selected a highly water soluble drug zidovudine (AZT) as a
model water-soluble drug to deliver across BBB into brain. AZT is a highly water soluble
drug (25 mg/ml at 25°C). 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
characteristics 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.
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Figure 1.6: The blood-brain barrier (BBB) with human immunodeficiency virus (HIV)
infected condition (Atluri et al., 2015).
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2. Objectives of the research work

The prime objective of this investigation was to evaluate the capability of a newly developed

fatty acid combination (ML) as base component for the development of nanocarrier to deliver

highly water soluble drug into brain across BBB. Further, its efficiency was evaluated by

comparing with soya lecithin (SL)-based drug nanocarrier. In details, the objectives of this

present work are mentioned below.

Development of ML lipid by mixing selective fatty acids

Development of ML-based nanosize vesicular delivery system [nanoliposome (NL)]

by using lipid layer hydration technique

Characterization of ML-based nanosize formulations on the basis of physicochemical
parameters such as drug loading, yield, size distribution and zeta potential and surface

morphology

Development of SL-based NLs by using same procedure

Physicochemical characterization of SL-based nanosize vesicles in terms of drug

loading, yield, size distribution and zeta potential and surface morphology

Comparative in vitro drug release pattern study of ML-based formulation and SL-

based formulation in freshly prepared PBS (pH 7.4) and in 50 % human serum

Performing in vitro drug release kinetic study of ML-based nanosize vesicles and SL-

based nanosize formulation

Investigation of in vitro cellular uptake of both the type of nanosize formulations by

U-87 MG human glioblastoma cells applying confocal microscopy
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e Determination of stability of ML-based formulation and SL-based formulation

e Determination of ability of both the types of NLs as compared to free drug to reach

brain across BBB using gamma scintigraphy

e Investigation of biodistribution of radiolabeled ML-based formulation, SL-based

formulation and free drug (AZT) in Sprague-Dawley rats

e Determination of in vivo plasma pharmacokinetic parameters in rats after i.v.

administration of both the types of nanosize vesicles and free drug (AZT) suspension

e Investigation of AZT level from ML-based nanosize vesicles as well as SL-based NLs

in brain and determination of in vivo brain pharmacokinetic profile in rats
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3. Literature review

Brain is possibly considered as a very tough organ to access for delivering active
pharmacological agents due to BBB (Pavan et al., 2008). BBB, diffusion barrier, performs its
crucial role through protection and maintain the homeostasis of brain (Ballabh et al., 2004;
Marianecci et al., 2017). Drug delivery into brain is obstructed due to BBB for treatment of
several diseases such as brain tumors, acute ischemic stroke, viral infection like AIDS,
psychiatric disorders, etc. Inadequate concentrations of drugs in brain fail to give proper
therapeutic efficacy. The efficient drug delivery into brain to get fruitful therapeutic outcome
is a vital challenge for formulation scientists (Shah et al., 2017; Kuo and Chung, 2012; Tajes

etal., 2014).

AIDS is spreading as a life-threatening disease worldwide and particularly morbidity and
mortality rates of this disease causing by HIV is very high (Rao et al., 2009; Alyautdin,
2014). Devastation of lymphocytes spoils immune defence of body and at the advanced stage
of AIDS immune suppression takes place (Lange et al., 2003). After first 10 days of HIV
infection neuro-invasion can ensue in patients and HIV infected circulated monocytes enter in
a very easy way into brain as HIV infected monocytes have the capacity to enter into brain
across BBB more efficiently than the normal or non-infected monocytes (Davis et al., 1992;

Lackner et al., 1994; Persidsky et al., 1999).

AZT, first licensed drug for treatment of AIDS and a constituent of HAART, acts as a
nucleoside reverse transcriptase inhibitor (Bergshoeff et al., 2004; Kuo and Chung, 2012).
Quiality of life of HIV infected patients are improved and elongated due to suppression of
various difficulties causing by AIDS through the usage of AZT. CD4 counts are enhanced by
AZT and AZT decreases the quantity of HIV RNA at an undetectable stage which is the

cause improved immune system by decreasing the chance of opportunistic infections
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(Christoper et al., 2014). AZT can be also useful for post exposure prophylaxis and it is
recommended to inhibit the transmission of HIV from mother to child (Mugavero and Hicks,
2004). High dose of AZT used in chronic therapy produces severe toxic effects such as
neutropenia, anaemia, cardiomyopathy, hepatotoxicity, etc. (Fischl et al., 1987). The highly
hydrophilic drug AZT is unable to reach efficiently in HIV infected brain cells which act as a
pool of HIV to produce continuous infection (Weiss et al., 2009; Singh et al. 2010; Nath et

al., 2011).

Structure of BBB impedes during drug delivery as treatment of various diseases related to
brain (Huang et al., 2013). The endothelial cells present in BBB have lack of fenestrations as
well as presence of extra extensive TJs which makes the BBB endothelial cells different as
compared to the endothelial cells present in rest of the body. These endothelial TJs restrict the
entry of hydrophilic molecules in brain across BBB (Ballabh et al., 2004; Kusuhara et al.,
1997). Compounds having higher lipophilicity and small size or low molecular weight can
diffuse superiorly through BBB and reach in brain easily. On the other hand, membrane
permeability can be increased by the reduction in hydrogen bond in a substance (Lawther,
2011). Physico-chemical characteristics such as ionisation, lipophilicity and polarity of
compounds have an effect on regulation of intracellular passage of those compounds by TJs.
Some higher lipophilic drugs or other substances with lower molecular size can able to enter
in brain across BBB through passive diffusion (Jouyban and Soltani, 2012). Jouyban and
Soltani also discussed the characters of substances such as small molecular weight, higher
lipophilicity and lower hydrogen binding for easily crossing BBB to reach brain in a faster

way (Jouyban and Soltani, 2012).

Nanotechnology is an emergent arena to solve the problem regarding drug delivery across

BBB. Various investigations have been carried out applying nanocarriers as brain drug
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delivery system for a long time. By applying some modifications in surface through ligands
such as monoclonal antibodies, peptides, modified proteins, peptidomimetic antibodies, etc.
or changing physico-chemical properties of such carriers, brain uptake activities of these
nanocarriers are executed (Comoglu et al., 2017; Marianecci et al., 2017). NLs which are
considered as eye catching transportation system for brain drug delivery across BBB among
different types of nanocarriers can be utilized to transport hydrophilic as well as lipophilic
drugs (Alyautdin et al., 2014; Upadhyay, 2014). Upadhyay already mentioned regarding the
usage of liposomal drug delivery for controlling retention of loaded drugs in biological fluids.
As a result of this, regulated residence of vesicles within systemic circulation and increased
targeted cellular uptake are noticed. Hence, it is anticipated that they are able to transport the
drug avoiding rapid degradation along with least side effects in patients (Upadhyay, 2014).
Longer circulation time of NLs can be obtained through using particle size reduction

approach (< 100 nm) (Lu et al., 2014).

Various methods were available for preparation of NLs. Among them lipid layer hydration
technique is most common as a conventional method from the earlier days. Rudra and his co-
workers utilized the lipid layer hydration method for preparation of hydrophilic drug
doxorubicin loaded NLs as well as doxorubicin entrapped phosphatidylethanolamine
conjugated NLs. They were successful to get nanosize vesicles (32-37 nm). Field emission
scanning electron microscopy (FESEM) was applied to examine surface morphology of

nanovesicles (Rudra et al., 2010).

Shaw et al. worked on hydrophobic drug docetaxel against brain tumor. They also applied
lipid layer hydration method for preparation of NLs (< 50 nm in size). NLs were prepared
using SL and CHO. Cryo-transmission electron microscopy (Cryo-TEM) study was

performed to observe lamellarity of nanosize vesicles. These docetaxel loaded NLs without
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any ligands were capable to cross BBB fruitfully. Sustained drug release profile was observed
from the NLs. NLs were proved as an efficient vehicle to reach anticancer drug docetaxel in
brain as a therapy of brain tumor and it was established that these docetaxel loaded NLs had
better in vivo pharmacokinetic profile as compared to the free drug as well as marketed

formulation (Shaw et al., 2017).

Christoper and his group prepared AZT loaded PLGA NPs by using nanoprecipitation
method and these particles were coated with tween 80 to obtain effective brain targeting. NPs
were less than 100 nm in size. In vitro drug release was measured up to 12 h and cumulative
70.67 % to 85.67 % AZT released from different formulations. Mice was utilized for in vivo
evaluation and it was observed that tween 80 coated NPs attained higher concentration in
brain as compared to free drug in solution as well as uncoated formulation but data was taken

only for 1 h (Christoper, 2014).

Kuo and Chung investigated the ability of cross-reacting material 197 grafted
polybutylcyanoacrylate NPs for delivering AZT through BBB. Human brain-microvascular
endothelial cells were utilized for in vitro study. Decreasing diameter of such NPs improved
the permeability coefficient of AZT across BBB. The uptake of these NPs was also enhanced
by human brain-microvascular endothelial cells (Kuo and Chung, 2012). So, size of

nanocarrier is a vital factor for brain targeting across BBB.

Permeability through BBB is very poor for hydrophilic drugs and peptides. Different drug
delivery systems along with diverse surfacial individualities are already reported for
transferring drug in brain through BBB. Applying ultra-emulsification method and chemical
cross linking process using glutaraldehyde Mishra and his co-workers were prepared water

soluble AZT loaded PEGylated albumin NPs having long systemic circulating capability. The
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modification of these PEGylated albumin NPs was done by attaching transferrin as a ligand
for brain targeted drug delivery. The physico-chemical characterization of these particles
were performed by various investigations such as average diameter of particle,
polydispersity, zeta potential, entrapment efficiency, in vitro drug release study, etc. Albino
rats were utilized for in vivo evaluation. From fluorescence studies it was established that
brain uptake predominantly increased in case of transferrin-anchored NPs as compared to
unmodified NPs. Tissue distribution was carried out after i.v. administration of plain AZT
solution, unmodified and modified NPs. The localization of AZT in brain was enhanced
significantly for transferrin anchored PEGylated albumin NPs. Through this study they
proved the efficacy of transferrin ligand for drug delivery in brain across BBB (Mishra et al.,

2006).

Kuo and Chen prepared nanosize AZT loaded and lamivudine (3TC) loaded NPs individually
by utilization of polybutylcyanoacrylate (PBCA) and again applying methylmethacrylate-
sulfopropylmethacrylate (MMA-SPM). The effect of size of respective types of NPs such as
AZT loaded PBCA NPs, 3TC entrapped PBCA NPs, AZT loaded MMA-SPM NPs and 3TC
entrapped MMA-SPM NPs on the relative drug loading efficiency, absolute drug loading
efficiency and permeability of drug across BBB were investigated. Impact of alcohol on
permeation of AZT and 3TC through BBB was also investigated in case of two different
polymeric NPs. The relative drug loading efficiency, absolute drug loading efficiency and
permeability of AZT and 3TC across BBB were reduced with the enhancing diameter or size
of both the types of NPs. For AZT loaded PBCA NPs permeability of AZT across BBB
increased 8 to 20 folds. About 10 to 18 folds enhanced permeation capability of 3TC through
BBB was observed in case of 3TC loaded PBCA NPs. The permeability through BBB

increased twice for AZT loaded MMA-SPM NPs as well as 3TC entrapped MMA-SPM NPs.
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The permeation capabilities of AZT and 3TC were greater for PBCA-based NPs as compared
to MMA-SPM-based NPs due to electrical repulsion between bovine brain-microvascular
endothelial cells and negative charged MMA-SPM NPs. BBB permeabilities were also
enhanced 4 % to 12 % for the drugs AZT as well as 3TC entrapped in two different
nanoparticulate carriers by influence of alcohol. Hence, alcohol addition in pharmaceutical
formulations may be useful as a permeability enhancer for drug delivery in brain across BBB.
This utilized BBB model further could be investigated for the relation study among drug and
carrier by infrared spectroscopy and also for interaction study between cell and carrier using
confocal microscopy. These NPs could be inspected in terms of biodegradation in

physiochemical and physiological conditions (Kuo and Chen, 2006).

Joshy et al. indicated that therapeutic usage of AZT faces drawbacks due to aqueous
solubility, short half-life, and vital side effect for repeated administration. This is a tough job
for making formulations with AZT avoiding such problems. AZT entrapped SLNs modified
by gelation were prepared as unique formulation using two different lipids such as SA and
compritol. The modified double emulsion solvent evaporation method was utilized to prepare
NPs. These polymer-lipid hybrid NPs (PLNs) had efficient drug loading as well as sustained
drug release profile. The haemolysis and aggregation investigations were carried out to check
the interactions of NPs with the content of blood and the results showed that PLNs were
haemocompatible. From in vitro cytotoxicity studies it was confirmed that PLNs were non-
toxic in MCF-7 cells as well as neuro 2a brain cells. In both the cell lines the excellent
cellular internalization of drug loaded PLNs were observed by utilization of fluorescence
microscopy. AZT loaded PLNs can be used as a nanocarrier for anti-HIV drug delivery as

safe and efficient therapy (Joshy et al., 2017).
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Purvin et al. worked on AZT loaded SLNs (AZT-SLNs). The pharmacokinetic and tissue
distribution investigations of these AZT-SLNs were performed. Actually a comparison study
between AZT-SLNs and AZT solution was carried out in Charles Foster strain albino rats
(200230 gm) after oral administration of AZT-SLNs and AZT solution individually.
Reverse phase high performance liquid chromatography was utilized for quantification of
AZT in plasma and tissues. About 31.25 % greater area under curve of concentration versus
time (AUC) was obtained for AZT-SLNs than that of AZT solution. Pharmacokinetics
parameters gave comparatively better results in AZT-SLNs than AZT solution. Tissue
distribution study also provided the same supporting data. The AUC values of AZT in liver
and brain were about 1.77 and 2.73 times higher respectively in case of AZT-SLNs as
compared to AZT solution. This proved that AZT-SLNs can enter into brain through BBB.
The researchers of this research work stated that AZT-SLNs can able to improve in vivo
pharmacokinetic parameters as well as biodistribution of AZT after oral administration

(Purvin et al., 2014).

Kumar and its group of co-workers formulated AZT entrapped lactoferrin NPs to improve
oral delivery of AZT. They were successful to make the NPs within 50 nm to 60 nm in size
along with 67 % encapsulation efficiency of drug. These particles are stable in simulated
gastric as well as intestinal fluids. In acute infectious condition, the anti-HIV property of
AZT still remained unchanged in the form of nanoformulation. Higher bioavailability was
noticed in blood and the high amount of AZT was obtained in liver and kidney as tissue
distribution. The pharmacokinetic profile of AZT loaded lactoferrin NPs was established as
better than that of soluble AZT. In case of these NPs the maximum serum concentration was
enhanced about 30 % and time to reach maximum concentration (Tmax) Was increased about 2

fold. Approximate 2 fold reduced toxicity was recognized by bone marrow micronucleus
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assay as compared to soluble AZT. A lesser amount or no significant toxicity in organ was
further established through the results of histopathological as well as biochemical
investigation. Hence, nanoformulations can be used as safe and targeted drug delivery

(Kumar, 2015).

To overcome the first-pass metabolism of AZT, drug administration through nasal route is a
promising path along with enhancing therapeutic efficacy of AZT. Using sodium
tripolyphosphate Barbi et al. prepared AZT loaded chitosan NPs through modified ionotropic
gelation technique. Small NPs (260 nm in size) (NP1 10:01 (w/w)) were formed by
enhancing proportion of chitosan but particle size (330 nm) was increased with the increasing
proportion of tripolyphosphate anions (NP2 5:1 w/w). The size of NP1 and NP2 were
increased by the incorporation of AZT. In AZT loaded NP1 the electrophoretic mobility was
not changed due to incorporation of AZT but a significant increase in electrophoretic
mobility was followed for AZT loaded NP2. For obtaining mucoadhesive properties positive
surface of NPs is very crucial through interaction with sialic groups of mucin. Chitosan with
higher concentration in NPs favouring ionic interaction of limited phosphate units
(pyrophosphate) was determined by nuclear resonance magnetic data. The spherical
structures along with porous surface properties of NPs were shown through scanning electron
microscopy (SEM). The entrapment efficiency of AZT was higher in NP1 as compared to
NP2. The results were 2.12 and 4.62 for NP1 and NP2 respectively during the mucoadhesion
force measurement with the help of nasal tissue and mucin discs. NPs encouraged
enhancement in the flux of drug by nasal mucosa which was revealed by in vitro permeation
study. The chitosan NPs can be an efficient approach for entrapment of hydrophilic drugs

along with expressive potentiality of nasal administration (Barbi et al., 2014).
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Dalpiaz et al. obtained prodrug of AZT through conjugation between AZT and
ursodeoxycholic acid (UDCA). As they already proved that the prodrug (UDCA-AZT) can be
used as a useful carrier of AZT to reach into CNS (Dalpiaz et al., 2012). Again solid lipid
microparticles (SLMs) of this prodrug (UDCA-AZT) were prepared by them for increasing
the amount of AZT in brain as brain targeting drug delivery through nasal administration.
Tristearins and SA were utilized individually as lipid carrier to prepare SLMs by using hot
emulsion procedure. SA-based SLMs were comparatively small in size than that of tristearin-
based formulations. In case of SA-based SLMs, the prodrug loading efficiency as well as
negative zeta potential value was higher as compared to tristearin-based SLMs. But release of
prodrug was controlled by tristearin SLMs and was increased significantly for SA SLMs.
Hydrolysis of free prodrug was occurred in liver of rat homogenates more quickly in case of
SA SLMs than that of tristearin SLMs. In this respect, SA SLMs had lesser stabilization
effect on prodrug. After the i.v. administration of prodrug no trace of AZT and UDCA-AZT
was found in CSF of rat. When SA-based SLMs was administered through nasal route,
permeation of prodrug was detected in CSF by quantification of UDCA-AZT. In this case
permeation of prodrug occurred via nose to CNS pathway. Further, the uptake of UDCA-
AZT from SA-based SLMs in CSF increased six times through nasal administration in
presence of chitosan. For selective brain uptake of AZT SA-based SLMs can be an

encouraging nasal formulation (Dalpiaz et al., 2014).

Nasal formulation of AZT is a new approach to transfer AZT in brain. It was prepared by
Ved and Kim to inspect olfactory transfer of AZT after administration via intranasal route as
well as to evaluate the absorption and brain uptake activity due to the usage of
thermoreversible gelling system. Using thermoreversible gelling agent such as about 20 %

poly (ethylene oxide / propylene oxide) (Poloxamer 407) and permeation enhancer n-tridecyl-
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B-D-maltoside (TDM) (1 %), AZT containing nasal formulation was prepared. At 27°C to
30°C temperature the formulation was very stable along with optimum gelation profile. About
53 % enhancing permeability of AZT was noticed by using the formulation in in vitro
permeation studies. In case of in vivo experiments male New Zealand white rabbits were
utilized. The concentration of AZT was determined in plasma, six different areas of brain
tissue (such as cerebellum, anterior, posterior and middle segments of cerebrum, olfactory
tract and olfactory bulb) and CSF. About 29.4 % systemic bioavailability was obtained for
this Poloxamer 407 containing nasal formulation. On the other hand, absorption process was
4 times slower in this case as compared to control. The concentrations of AZT in brain and
CSF were greater in case of intranasal administration of this formulation as compared AZT
I.v. injection. Polar drug AZT could transfer into brain and CSF through probably olfactory
pathway from nasal cavity after the administration of formulation intranasal way (Ved and

Kim, 2011).

Frequent administration of conventional formulation of AZT is necessary due to poor
bioavailability and short elimination half-life of this drug which results dose dependent
haematological toxicity. To solve the crucial problem Jain et al. prepared AZT loaded poly
(propyl ether imine) (PETIM) dendrimer having sustained drug release property. In vitro drug
release study was performed using dialysis bag. For evaluation of sustained drug release
pattern and biosafety, pharmacokinetic and biodistribution as well as haemolytic toxicity
study were performed. The cumulative drug release from AZT loaded dendrimer was 6.5 +
0.3% at 1 h and it was 94.3 + 3.8 % within 14 h that indicated sustained drug release ability
of formulation. On the other hand, cumulative amount of AZT 95.8 + 4.1 % released in 1 h
from drug solution used as control. Haemolytic toxicity due to AZT was reduced due to

stable AZT loaded dendrimer as compared to drug solution of pure AZT. Sustained drug
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release profile was also observed from in vivo pharmacokinetic profile of AZT-dendrimer
complex. They estimated the quantity of AZT in various organs (liver, spleen, kidney and

heart) of rats but they did not evaluate the amount of AZT in brain of rats (Jain et al., 2013).

Uronnachi et al. prepared AZT loaded solidified reverse micellar microparticulate (SLM) and
investigated release profile, pharmacokinetic, biodistribution as well as stability of this
formulation. Phospholipon® 90H and fat of goat at various ratios were utilized for
preparation of AZT loaded SLM. In vitro drug release study was carried out in simulated
intestinal fluid (pH 7.2) and simulated gastric fluid (pH 1.2). Wister albino rats were used as
experimental animal for in vivo study. Lipid ratio 1:1 was proved as best for preparation of
most stable AZT loaded SLM. The concentration dependent growth was followed from
various formulations for concentration maximum (Cnax). Biodistribution studies gave good
results as compared to pure AZT but maximum concentration of AZT was found in liver and
least in brain. Fluctuation of AZT level in blood which is normally observed for
administration of conventional tablets can be resolved by using such formulations (Uronnachi

etal., 2013).

Brewster and his co-workers stated that treatment of HIV induced infection is challenging
due to the limitation of penetration of vital antiretroviral drugs in brain across BBB. Using
redox trapping, chemical delivery system (CDS) was prepared for AZT by them. Healthy
mongrel dogs (20 kg to 35 kg) were utilized for this research work. Fast systemic elimination
and poor uptake of AZT in brain was observed after parenteral administration of AZT. But
quick uptake by tissue and conversation of CDS to its quaternary salt along with successive
production of AZT were noticed by the administration of AZT-CDS. The results showed 1.75
to 3.3 fold higher AZT level in brain in case of AZT-CDS as compared to conventional AZT

(Brewster et al., 1997).
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Jin et al. indicated that liposomes can be a fruitful vehicle for improvement of therapeutic
index of AZT. Due to lower entrapment efficiency of AZT in liposomes they synthesized
AZT myristate (AZT-M) which is a prodrug of AZT and prepared AZT-M loaded NLs. The
average size of these NLs 90 nm and they have higher drug encapsulation efficiency about 98
%. The AZT-M loaded NLs and AZT solution were administered in Wistar rats via i.v. route
and pharmacokinetic parameters and biodistribution of AZT were performed. For NLs
formulation it was shown that AZT level in plasma was expressively higher than that of AZT
solution. Biodistribution data which was carried out for only 4 h also gave the considerably
higher amount of AZT in various organs like kidney, heart, spleen, liver and lung but the
amount of AZT in brain up to 4 h was slightly higher for liposomal formulation than that of

AZT solution (Jin et al., 2005).

Antiretroviral therapy is unable to cross BBB that results inadequate concentration of drug in
brain to produce proper therapeutic outcome. Antiretroviral drugs can deliver in brain
through active targeting of drugs to enhance therapeutic efficacy. Magnetic nanoliposomal
formulation of AZT 5’-triphosphate (AZTTP) was prepared and by applying an external
magnetic field the capacity of formulation to move across in vitro BBB model was
investigated. It is assumed that magnetic nanocarriers can reach brain via crossing BBB
though monocyte mediated transport or direct transport. These magnetic NLs of AZTTP were
150 nm in size along with extreme magnetite and drug loading capacity of 45.3 % and 54.5 %
respectively. Through the applied externally magnetic field, magnetic NLs were evaluated for
transmigration across BBB model in vitro by utilizing of monocyte mediated transport or
direct transport. It was noticed that about 3 fold higher apparent permeability occurred for
magnetic AZTTP NLs as compared to free AZTTP. The magnetic AZTTP NLs were

competently picked up by monocytes. But in magnetic field, magnetic monocytes displayed
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increased transendothelial migration than nonmagnetic or normal monocytes. From there,
Saiyed et al. anticipated that applying external magnetic force magnetic nanoformulation can
be useful for active targeting of nucleotide analog reverse transcriptase inhibitors into brain

across BBB to eliminate HIV reservoir from brain (Saiyed et al., 2010).

Doijad et al. tried to formulate stable liposomal drug delivery system of AZT along with its
improved therapeutic index. Here, AZT used as a model drug. AZT loaded NLs were
prepared using thin film hydration procedure for drug targeting. Various concentrations of
excipients such as dipalmitoyl phosphatidylcholine (DPPC) and egg phosphatidylcholine
(EPC) were utilized to formulate four different nanoliposomal formulations. Several
investigations such as particle size distribution, drug loading, SEM analysis, zeta potential, in
vitro drug release study, etc. were performed for evaluation of physico-chemical
characterization of these formulations to optimize. In vivo biodistribution study was
performed with the best formulation. The quantity of AZT was determined in liver, speen,
kidney and lung. No brain uptake was measured in biodistribution process. Accumulation of

AZT was higher in liver among the all experimental tissues (Doijad et al., 2009).

Kaur et al. worked on AZT entrapped NLs modified by surface engineering. Charges
incorporation such as positive charge or negative charge and attaching the ligand such as
mannose for site specificity were performed for achieving surface engineered (SE) NLs to
increase accumulation in lymphatics (spleen and lymph nodes). Stearylamine or dicetyl
phosphate individually was utilized to prepare positively charged or negatively charged SE
NLs respectively. But mannose-terminated stearylamine (mannose conjugate) was applied to
formulate ligand coated SE NLs. The liposomal formulations were examined in terms of size,
shape, surface morphology, drug entrapment efficiency and in vitro drug release profile.

Biphasic release of AZT was observed for all SE NLs but AZT release significantly
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decreased for mannose coated NLs as compared to conventional NLs. From biodistribution
study of SE NLs it was revealed that significantly enhanced amount of AZT was present in
lymph nodes and spleen where as predominantly reduced quantity of AZT was observed in
serum. Applying fluorescent microscopy, the increased uptake and localization of SE NLs
was noticed in spleen and lymph nodes. The mannose coated NLs showed high performance
in this purpose. The SE NLs proved itself as an efficient drug delivery system for increasing

targeting of AZT in lymphatics to treat AIDS (Kaur et al., 2008).

Gurturk and his co-workers stated that presence of BBB creates problem in crossing of the
CNS acting drugs administered through i.v. route which results incapability of drugs for
expressing their proper therapeutic effect. Levodopa, a hydrophilic drug, is applied for
treatment in Parkinson's disease. For enhancing the transport of drug across BBB as well as
for targeted drug delivery, levodopa loaded unique nanoliposomal formulations were
prepared along with modification through maltodextrin. In NLs the ability of glutathione was
evaluated in respect of delivery and stability as it was co-loaded in NLs as antioxidant and
supportive agent. In SH-SY5Y and 3T3 cells, co-loaded glutathione showed positive effect
on cell viabilities. The parallel artificial membrane permeability assay revealed that there was
high in vitro levodopa passage and having higher binding ability with MDCK cells in case of
maltodextrin modified targeted NLs. Hence, maltodextrin modified NLs can be utilized for
improving the drug delivery in brain as it is able to target BBB efficiently (Gurturk et al.,

2017).

Satapathy and his co-workers investigated the efficiency of 1,2-distearoyl-sn-glycero-3-
phosphotidylethanolamine (DSPE) incorporated NLs (DNL-PE) of hydrophobic drug
docetaxel for brain delivery across BBB. DNL-PE formulation was of nano size having

average diameter 82.1 £ 2.2 nm with drug loading 7.8 + 0.4 %. It had negative zeta potential,

46



Chapter 3 Literature Review

smooth surface and sustained drug release profile. To visualize the brain uptake across BBB
gamma scintigraphy study was performed by using radiolabeled NLs as well as free drug
with technetium-99m (**™Tc). The results revealed that drug loaded DNL-PE reached in brain
in a time dependent manner. Brain pharmacokinetic profile data again established the

presence of docetaxel quantitatively from DNL-PE in brain (Satapathy et al., 2016).

Soni et al. worked on transferrin coupled liposomes for enhancing the delivery of doxorubicin
into brain. The cast film method was utilized for preparation of liposomal formulations. The
physico-chemical characteristics of liposomes were determined through some experiments in
terms of size, surface morphology, drug encapsulation efficiency and in vitro drug release
study. *™Tc-DTPA (diethylenetriamine pentacetic acid) was used for radiolabeling of
doxorubicin through redox reaction and it was optimized for obtaining maximum efficiency
of radiolabeling. The suitability of radiolabeled system for applying in vivo experiments was
determined by in vitro stability study through checking of their efficiency. Biodistribution
studies were executed by i.v. administration of *"Tc-DTPA labeled doxorubicin loaded
transferrin coupled and non-coupled liposomes in albino rats. In various organs such as liver,
kidney, spleen, lung and brain, doxorubicin distribution through transferrin coupled and non-
coupled liposomal formulations was established by radioactivity measured with the help of
gamma scintillation unit. Brain uptake of doxorubicin enhanced about 10 fold and 7 fold for
transferrin coupled and non-coupled liposomes respectively. Therefore, transferrin coupled
liposomal formulation can be useful for drug delivery into brain to get the therapeutic

efficacy in brain related diseases (Soni et al., 2007).
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4. Materials and equipment

4.1. Materials

Drug and various chemicals which were utilized in this research work are enlisted below with

their corresponding source (Table 4.1).

Table 4.1: List of materials and their sources

Material

Source

Zidovudine

Cipla Ltd., Goa, India

Lecithin Soya, 30 %

HiMedia Laboratories Pvt. Ltd., Mumbai, India

Cholesterol HiMedia Laboratories Pvt. Ltd., Mumbai, India
Stearic acid Sigma-Aldrich, Bangalore, India
Oleic acid Sigma-Aldrich, Bangalore, India
Palmitic acid Sigma-Aldrich, Bangalore, India

Butylated hydroxytoluene (BHT)

Qualigens Fine Chemicals, Mumbai, India

Fluorescein isothiocyanate (Isomer I)

(FITC)

HiMedia Laboratories Pvt. Ltd., Mumbai, India

Fetal bovine serum (FBS)

HiMedia Laboratories Pvt. Ltd., Mumbai, India

Minimum Essential Medium Eagle

(MEM)

HiMedia Laboratories Pvt. Ltd., Mumbai, India

U-87 MG cells (Human glioblastoma

cells)

National Centre for Cell Science, Pune, India

Human serum

KPC Medical College and Hospital, Kolkata,

India

Sodium chloride

Merck Life Science Pvt. Ltd., Mumbai, India

Disodium hydrogen phosphate

Merck Life Science Pvt. Ltd., Mumbai, India
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anhydrous

Potassium dihydrogen phosphate Merck Specialities Pvt. Ltd., Mumbai, India
Chloroform Merck Life Science Pvt. Ltd., Mumbai, India
Ethanol Merck KGaA, Darmstadt, Germany

Dialysis membrane - 110 HiMedia Laboratories Pvt. Ltd., Mumbai, India
Paraformaldehyde Merck Specialities Pvt. Ltd., Mumbai, India
Acetonitrile (for chromatography Merck Life Science Pvt. Ltd., Mumbai, India
HPLC)

Water (for chromatography HPLC) Merck Life Science Pvt. Ltd., Mumbai, India

4.2. Drug profile

4.2.1. Zidovudine

Chemical Name: 1-[(2R,4S,5S)-4-azido-5-(hydroxymethyl)oxolan-2-yl]-5-methylpyrimidine
-2,4-dione

Synonym: Azidothymidine

Molecular formula: C1oH13N504

Chemical structure:
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Molecular weight: 267.24 g/mol

Description: White or slightly off white in colour, odourless, solid powdery in nature
Melting point: 122°C to 126°C

Solubility: Soluble in water (25 mg/ml at 25°C), ethanol and dimethyl sulfoxide

Mechanism of action: It acts as nucleoside reverse transcriptase inhibitor. The cellular
enzymes activate AZT by formation of its mono, di and triphosphates in HIV infected as well
as uninfected cells. AZT triphosphate, active metabolite, inhibits HIV-1 reverse transcriptase
which results the inhibition of production of viral double stranded DNA from single stranded
RNA (Sperling, 1998; Mainardes et al., 2010).

Pharmacokinetics: In oral administration of this drug, rapid absorption is followed from
gastrointestinal tract and bioavailability is 60 % to 65 %. Excretion route of unchanged drug
and metabolite is through urine. The ty2is 1 h and plasma protein binding is about 30 %.
Uses: AZT, antiretroviral medication, is used for treatment of patients suffering from AIDS.
Adverse effect: High dose of AZT produces severe toxic effects such as neutropenia,
cardiomyopathy, anaemia, hepatotoxicity, thrombocytopenia, etc. (Fischl et al., 1987;

Mainardes et al., 2010).

4.3. Profile of excipients

4.3.1. Lecithin Soya, 30 %

Synonym: L-a-Lecithin, from Soyabean; L-a-Phosphatidylcholine, 30 %;
Soya lecithin, 30 %

Source: Soyabean

Description: Yellow to brown coloured powder

Solubility: Soluble in chloroform (100 mg/ml), benzene, and hexane
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Uses: It is utilized as emulsifying agent, food additive, and dietary supplement and also as an

excipient for preparation of liposomal nanocarrier for encapsulating of various drugs.

4.3.2. Cholesterol

Chemical Name: 5-Cholesten-33-ol
Synonym: Cholesterin, Cholesteryl alcohol
Molecular formula: Cy;H460

Chemical structure:

HO

Molecular weight: 386.65 g/mol

Description: White coloured pearly solid powder in nature, almost odourless

Melting point: 142°C to 150°C

Solubility: Soluble in chloroform (100 mg/ml), benzene and moderately soluble in hot
alcohol

Uses: As therapeutic aid (emulsifying agent), for preparation of liposomes in which it acts as

stabilizer.

4.3.3. Stearic acid

Chemical Name: Octadecanoic acid
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Molecular formula: C1gH350-
Molecular weight: 284.48 g/mol
Chemical structure:

O

HC/\/\/\/\/\/\/\/\/U\OH

3

Description: White solid crystals along with characteristic or mild odour

Melting point: 67°C to 72°C

Solubility: Soluble in chloroform, acetone and carbon disulphide and slightly soluble in
benzene and ethanol

Uses: It is used as lubricant, surfactant, corrosion inhibitor, anti-scaling agent, and filler etc.

4.3.4. Oleic acid
Chemical Name: cis-9-Octadecenoic acid
Molecular formula: C1gH340,

Chemical structure:

OH
Hsc/\/\/\k/\/\/\/\”/

o)
Molecular weight: 282.47 g/mol
Description: Pale yellow coloured liquid with peculiar lard-like odour
Melting point: 13°C to 14°C
Solubility: Insoluble in water and soluble in ether, chloroform and benzene

Uses: It is utilized as surfactant, flavouring agent, plant growth regulator, and lubricant etc.
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4.3.5. Palmitic acid
Chemical Name: Hexadecanoic acid
Molecular formula: C1gH3,0-

Chemical structure:

3

Molecular weight: 256.43 g/mol

Description: White solid crystalline scales

Melting point: 61°C to 62.5°C

Materials and Equipment

O

H CWOH

Solubility: Very soluble in chloroform and soluble in benzene, ethanol and acetone

Uses: It is used as lubricant, surfactant, and flavouring agent etc.

4.4. Equipment or instruments

The list of equipment or instruments with their sources is mentioned below (Table 4.2).

Table 4.2: List of equipment and source

Name of equipment or instrument

Name of company

Digital balance

Sartorius, Goettingen, Germany

pH meter

Eutech Instruments Pte. Ltd., Singapore

UV/VIS spectrophotometer
(Model: Intech-295)

Intech, Gentaur GmbH, Aachen, Germany

FTIR instrument (FTIR 4200)

JASCO International Co. Ltd., Tokyo, Japan

Rotary vacuum evaporator
(Rotavap, model PBU-6)

Superfit Continental Pvt. Ltd., Mumbai, India

Aspirator A3S

Eyela, Rikakikaic Co. Ltd., Taguig City,
Philippines

Cold circulating water bath

Spac N service, Kolkata, India

Vacuum desiccator

Tarson, Kolkata, India
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Bath type sonicator

Trans-0-Sonic, Mumbai, India

Cold centrifuge

3K30 Sigma Lab Centrifuge, Merrington Hall
Farm, Shrewsbury, UK

Freeze dryer

Instrumentation (India) Ltd., Kolkata, India

Zetasizer Nano ZS90

Malvern Instrument, Malvern, UK

Cyclo Mixer

Remi Equipments, Mumbai, India

Field emission scanning electron
microscope (Model-JSM-6700F)

JSM-6700F; JEOL, Tokyo, Japan

Cryo-transmission electron microscope
(Version: 4.6 FEI Tecnai G2)

Tecnai Polara G2, FEI Company, Eindhoven,
Netherlands

Atomic force microscope

Dimension Icon, Bruker, Karlsruhe, Germany

Magnetic stirrer

Remi Equipments, Mumbai, India

Confocal laser scanning microscope
(Model: 1X81)

Olympus Singapore Pte Ltd., Singapore

Gamma counter (Model: LVV4755)

Electronic Corporation of India, Hyderabad,
India

LC-MS/MS system (LC: Shimadzu,
Model 20AC; MS: AB-SCIEX, Model:
AP14000; Software: Analyst 1.6)

Shimadzu, North America; AB Sciex Pte.
Ltd., Singapore

4.5. Animals

Sprague-Dawley rats (male: female ratio 2:1) having body weight 200-250 g were utilized for
biodistribution investigation, plasma and brain pharmacokinetic study and only male
Sprague-Dawley rats of body weight 200-250 g were used for gamma scintigraphy study.
Animal experiments were carried 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 of the room of animal house with 12 h dark / light

circle. The animals had free access of standard diet (Dey et al., 2016) and drinking water.
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5. Methodology

5.1. Development of calibration curve of AZT in phosphate buffered saline (PBS) (pH

7.4) and in the mixture of PBS (pH 7.4) and ethanol (5:1)

5.1.1. Preparation of PBS (pH 7.4)

For preparation of PBS (pH 7.4) as per Indian Pharmacopoeia (2007), 2.38 g of disodium
hydrogen phosphate, 0.19 g of potassium dihydrogen phosphate and 8.0 g of sodium chloride
were weighed accurately and were dissolved in sufficient double distilled water to produce
1000 ml. By using a pre-calibrated pH meter, the pH of this prepared solution was adjusted to

7.4.

5.1.2. Scanning for determination of absorption maxima (Amax) of AZT in PBS (pH 7.4)

and in the mixture of PBS (pH 7.4) and ethanol (5:1)

Two different solutions of AZT (10 pg/ml) in PBS (pH 7.4) as well as in the mixture of PBS
(pH 7.4) and ethanol (5:1) were prepared individually to determine the Amax Of AZT in these
two different respective solutions. The two different solutions of AZT were scanned from
wave length 200 nm to 400 nm by UV/VIS spectrophotometer using PBS (pH 7.4) and
mixture of PBS (pH 7.4) and ethanol respectively as blank, as per requirement. For in vitro
drug release study, PBS (pH 7.4) was used individually as drug release media and the mixture
of PBS (pH 7.4) and ethanol at a ratio 5:1 was utilized as a medium for evaluation of drug

loading of NLs.

5.1.3. Preparation of calibration curve of AZT in PBS (pH 7.4)
About 5 mg of AZT was weighed accurately by using a digital balance. A stock solution (100
ug/ml) of AZT in PBS (pH 7.4) was prepared by dissolving this 5 mg of AZT in 50 ml of

PBS (pH 7.4) using sonication for about 10 min. From this stock solution nine different
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dilutions were made by using PBS (pH 7.4) to prepare nine different solutions having
different concentrations of AZT such as 1ug/ml, 2 pg/ml, 4 pg/ml, 6 pg/ml, 8 pg/ml, 10
pg/ml, 15 pg/ml, 20 pg/ml and 25 pg/ml. Absorbance of these solutions were determined by
UVI/VIS spectrophotometer at 265 nm using PBS (pH 7.4) as blank. This experiment was
performed thrice and the average values of absorbance were taken for each of nine different
solutions containing different concentrations of AZT. From these data, calibration curve was

prepared by plotting the drug concentration in X - axis against drug absorbance in Y - axis.

5.1.4. Preparation of calibration curve of AZT in the mixture of PBS (pH 7.4) and
ethanol (5:1)

At first a mixture of PBS (pH 7.4) and ethanol at a ratio 5:1 was prepared. Accurately
weighed 5 mg of AZT was dissolved in 50 ml of this mixture homogeneously by utilization
of sonication for about 10 min to prepare a stock solution (100 pg/ml). Nine different
dilutions such as 1 pg/ml, 2 pg/ml, 4 pg/ml, 6 pg/ml, 8 pg/ml, 10 pg/ml, 15 pg/ml, 20 pg/ml
and 25 pg/ml were prepared. By using UV/VIS spectrophotometer absorbance of each diluted
solutions was measured against the mixture of PBS (pH 7.4) and ethanol (5:1) as blank at 265
nm. This total procedure was repeated thrice and the average absorbance for each was

considered to plot data. From these data, calibration curve was prepared as mentioned above.

5.2. Development of calibration curve of AZT in 50 % human serum

5.2.1. Preparation of 50 % human serum
Human serum and PBS (pH 7.4) were mixed homogeneously in aseptic condition at a ratio

1:1 to prepare 50 % serum.

5.2.2. Scanning for determination of Amax 0f AZT in 50 % human serum

AZT containing 50 % human serum solution was prepared. Protein was precipitated of drug
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containing solution as well as 50 % human serum without drug solution by protein
precipitation method as mentioned under LC-MS/MS study. The supernatant of each sample
was collected. With the help of UV/VIS spectrophotometer, the supernatant of drug solution
was scanned from wave length 200 nm to 400 nm using supernatant of only 50 % human
serum as blank to determine Amax. ASeptic condition in all respect was maintained throughout

the study.

5.2.3. Preparation of calibration curve of AZT in 50 % human serum

A stock solution (100 ug/ml) was prepared by dissolving accurately weighed 5 mg of AZT in
50 ml of 50 % human serum. From this stock solution, ten dilutions were made to prepare ten
different concentrations of AZT containing solutions such as 10 pg/ml, 20 pg/ml, 30 pg/ml,
40 pg/ml, 50 pg/ml, 60 pg/mi, 70 pg/mi, 80 pg/ml, 90 pg/ml and 100 pg/ml. Before
measuring of the absorbance, protein was precipitated of each solution including blank (50 %
human serum) as mentioned under LC-MS/MS study. The supernatant for each sample was
collected. Then absorbance of these individual supernatant was determined by UV/VIS
spectrophotometer using supernatant of protein precipitated 50 % human serum as blank.
This experiment was conducted thrice maintaining aseptic condition in all respect under
laminar air flow hood and average absorbance was considered for each dilution. The

calibration curve was prepared from the resulting data.

5.3. Preparation of ML

Here, by trial and error method we developed several lipids using various mixtures of three
fatty acids present in many edible lipids (Kittiphoom, 2012). Out of them we have selected
the best combination [SA:oleic acid (OA):palmitic acid (PA) = 8.08:4.13:1] (ML) on the

basis of its consistency to develop the nanocarrier. Fatty acids at the selected ratio were
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dissolved in small quantity of chloroform and chloroform was evaporated under vacuum to

get the lipid formed from the fatty acids.

5.4. Fourier-transform infrared spectroscopy (FTIR)

FTIR was conducted to determine possible interaction (if any) between the drug and the
excipients. For ML based formulation, 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 formulation, 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 cm™
to 400 cm™ using FTIR instrument using their pellets formed by mixing with potassium

bromide (KBr) at 1:100 ratio and compressing with a hydraulic press (Sahana et al., 2010).

5.5. Preparation of NLs

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 ML-based
formulations / SL for SL-based formulations, respectively) (Table 5.1) and BHT (1 % w/v as
antioxidant) were taken in 250 ml round bottom flask and adequate quantity of chloroform
was added within the flask with vigorous shaking to dissolve the excipients. The flask was set
up in a rotary vacuum evaporator fitted with an A3S aspirator and a circulating water-bath 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 PBS (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 145
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rpm 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 £ 3 KHz in a bath type sonicator for 1 h with cold
water. To form vesicles, the round bottom flask was kept at room temperature for 1.5 h and
stored overnight at 4°C. The preparation was centrifuged at 5000 rpm for 15 min at 4°C to
separate the larger vesicles and the obtained supernatant was again centrifuged (at 16000 rpm
for 45 min in a cold centrifuge at 4°C) to precipitate NLs. The obtained precipitate was re-
suspended in fresh PBS (pH 7.4) and precipitated again number of times to wash the NLs.
NLs were collected in a petridish and lyophilized for 12 h to get dry product. Blank NLs

(MGB, SYB) were prepared by the same procedure without using AZT.

Table 5.1: Composition of experimental formulations®

Formulation Composition Ratio
code (wiw)
MGF; CHO, ML, AZT 5:5:3
MGF CHO, ML, AZT 5:15:3
MGF, CHO, ML, AZT 5:25:3
SYF, CHO, SL, AZT 5:5:3
SYF CHO, SL, AZT 5:15:3
SYF; CHO, SL, AZT 5:25:3

# Data were expressed as mean + SD (n = 3). SD: Standard deviation.

 MGF,, MGF, MGF,: Lipid (ML)-based formulation, SYF1, SYF, SYF,: Soya lecithin (SL)-
based formulation.

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 % wi/v) was prepared in a

mixture of chloroform and ethanol at volume 3:1 ratio and a volume of 100 pl was mixed into

the organic phase (chloroform) during the initial mixing of preparation (Shaw et al., 2017).

5.6. Characterization of NLs

5.6.1. Evaluation of drug loading

NLs (5 mg) were taken in a mixture of PBS (pH 7.4) and ethanol at a ratio of 5:1 and
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sonicated and vortex-mixed. After centrifugation (at 16000 rpm for 15 min at 4°C), the
supernatant was collected and measured at 265 nm using UV/VIS spectrophotometer. The
same procedure was performed for all the experimental formulations. 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)

5.6.2. 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 earlier (Sahana et al., 2010).

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

x 100 (2)

5.6.3. Evaluation of size distribution and zeta potential

By utilizing the dynamic light scattering (DLS) technology in a Zetasizer Nano ZS90,
average size of NLs, size distribution pattern, PDI and zeta potential of the experimental

formulations were determined.

5.6.4. 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. After that the
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samples were observed at various magnifications with the help of field emission scanning

electron microscope (Dey et al., 2016).

5.6.5. Cryo-TEM study

Cryo-TEM study was performed to observe morphology and lamellarity of NLs. About 1.5
mg 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 sonication 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
which was operated at 300 kV equipped with an FEI Eagle 4K x 4K charge-coupled device

(CCD) camera for capturing the images (Fox et al., 2014).

5.6.6. Atomic force microscopy (AFM) study

AFM study was performed to understand the three-dimensional measurement and surface
morphology of NLs. MGF / SYF was dispersed in Milli-Q water by vortexor and followed by
brief sonication. One drop of dispersed NLs solution was placed on the surface of a well
cleaned glass slide and dried by using vacuum drying. In ambient conditions through mode
PeakForce QNM (Quantitative Nanomechanical mapping) applying silicon nitride probe
along with a force constant 0.4 N/m and a resonance frequency 150-350 kHz the morphology

of the NLs was observed using atomic force microscope.

5.7. In vitro investigations

5.7.1. In vitro drug release study
In vitro drug release study was conducted in freshly prepared PBS (pH 7.4) and in 50 %

human serum individually as drug release media at room temperature [for PBS (pH 7.4) as
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media] and at 37°C (for 50 % human serum as media) (in physiological mimicking
condition), respectively for 24 h. Drug release media (50 ml) was taken in a glass beaker (100
ml). Lyophilized formulation (5 mg) was weighed accurately and reconstituted in 1 ml of the
respective drug release media and was placed into a dialysis bag (dialysis membrane — 110)
(Dey et al., 2016). The dialysis bag was tightly knotted at the two ends with cotton thread and
hanged centrally into the beaker 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 beaker 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 analysed using UV/VIS spectrophotometer at 265 nm with PBS or
50 % human serum as blank according to requirement. In case of human 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 % human
serum as drug release media, total experiment was conducted maintaining aseptic condition

in all respect under laminar air flow hood.

5.7.2. 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 model (cube root of percentage
cumulative amount of drug remained to release versus time), Korsmeyer-Peppas model (log

of percentage cumulative drug release versus log of time) to predict the drug release pattern
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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).

5.7.3. Invitro 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
coverslips (3 x 10 and cultivated using MEM containing 10 % FBS for 24 h. These cells
were treated with FITC-MGF / FITC-SYF suspension at a concentration of 100 pg/ml. At
different time points (i.e., 0.25 h, 1 h, 3 h) of incubation, the cells were washed thrice and
fixed applying paraformaldehyde aqueous solution (4 %). They were cleaned by using freshly
prepared PBS (pH 7.4) after 5 min of fixation. Then, coverslips were collected cautiously and
mounted on the glass slide. After complete air drying, the slides were placed individually

under a confocal laser scanning microscope and the images were snapped (Maji et al., 2014).

5.8. Stability study
Stability testing of the lyophilized formulations was performed as per ICH guidelines as done

earlier (Sahana et al., 2010).
5.9. In vivo investigations

5.9.1. Radiolabeling of AZT and AZT loaded NLs

According to the tin (I1) chloride reduction method as described earlier (Satapathy et al.,
2016; Das et al., 2015) radiolabeling of AZT and AZT loaded MGF / SYF was performed
with *™Tc. At first 5 mg of AZT was dissolved in 0.5 ml ethanol and AZT loaded NLs
(equivalent to 5 mg of AZT) were suspended in 0.5 ml of nitrogen purged water. The aqueous
¥mTepertechnetate (**"TcO4) (40-100 MBq) was incorporated to them followed by

addition of 25 pl of aqueous stannous chloride dihydrate (SnCl,.2H,0) (2 mg/ml) solution.
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At room temperature, they were incubated for 15 min. The radiolabeled efficiencies were
then assessed with the help of ascending thin layer chromatography by applying silica gel
coated aluminium strips as stationary phase and methyl ethyl ketone as mobile phase. The
sheets were dried after developing the spots and they were cut into 5 strips (1 cm each).
These were analysed quantitatively through counting using a well type gamma counter at 140

keV.

5.9.2. 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 200-250 g) were utilized in this study. After dividing the total rats
into three groups, **™Tc labeled AZT / **™Tc labeled MGF / **™Tc labeled SYF was injected
(100 ul) through femoral vein of rats of the respective 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 predetermined time interval (1 h and 5 h 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, USA).

5.9.3. Biodistribution study

Sprague-Dawley rats (body weight 200-250 g) were utilized for performing the
biodistribution of radiolabeled AZT and NLs (MGF, SYF). By applying ketamine (30-50
mg/kg) intramuscularly, 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 (2 ml) normal saline (0.9 % NaCl (w/v) in water) through
intraperitoneal route for 1 h. *™Tc labeled AZT / ®™Tc labeled MGF / **™Tc labeled SYF

was injected at 0.03 ml volume (10-15 MBqg/kg) via i.v. route through the cannula. The
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animals were sacrificed at 1 h and 5 h 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 immediately
using blotting paper (if applicable) and taken into the preweighed counting vials. Blood was
collected using heart puncture process. With the help of a well-type gamma scintillation
counter along with an injection standard, the corresponding 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.

5.9.4. In vivo plasma and brain pharmacokinetic study

In vivo plasma and brain pharmacokinetic study was performed 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 anaesthesia, at a predetermined time interval such as 0.25
h,0.5h,1h,2h,4h,6h 8h, 10 h, 12 h, 24 h and 48 h of post i.v. injection and kept the
sample immediately into a microcentrifuge tube having EDTA solution. For plasma
collection, the blood samples were centrifuged at 5000 rpm for 6 min using cold centrifuge

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, 1 h,2h,4h,6h,8h, 10 h, 12
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h and 24 h of post i.v. injection), rats were dissected and brains were separated followed 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.

5.9.5. 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 10 min and centrifuged
(at 4000 rpm for 15 min at 4°C) for efficient extraction of AZT by protein precipitation
method (Gautam et al., 2013). The supernatant for each sample was collected. The
supernatant (100 ul) of each sample was mixed with 100 pl water and loaded into LC-
MS/MS. Elution was done with the help of YMC Triat C18 column (2.1 x 30 mm, 5 p).
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 conducted with

injection volume: 20 pl, flow rate 0.8 ml/min and total run time was 3.0 min in each case.

5.9.6. Calculation of PK parameter

AZT concentrations in plasma and brain were plotted against time. By utilizing of NCA
toolbox of Phoenix-Winnonlin software (Certara, UK), various PK parameters such as area
under the concentration-time curve from time of injection to a determined time point
(AUC,.), area under the first moment curve (AUMC,.), clearance (Cl), time taken for
maximum blood concentration to drop in half-life (t,), steady state volume of distribution

(Vss), mean residence time (MRT) etc. were determined.
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5.9.7. Statistical analysis

Statistical calculations of various data were conducted by applying one-way analysis of
variance (ANOVA) through Tukey-Kramer multiple comparisons test with the help of
GraphPad InStat (version 3.06) software (California, USA). The probability value (P)<0.05 at

95 % confidence interval was recognised as statistically significant.
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6. Results

6.1. Determination of Amax Of AZT in PBS (pH 7.4) and in the mixture of PBS (pH 7.4)
and ethanol (5:1)

The Amax Of AZT in different working solutions such as PBS (pH 7.4) and the mixture of PBS
(pH 7.4) and ethanol (5:1) was determined by using UV/VIS spectrophotometer. The Amax Of
AZT was found to be at 265 nm in PBS (pH 7.4) (Figure 6.1A) as well as in the mixture of
PBS (pH 7.4) and ethanol (5:1) (Figure 6.1B) and this value was selected for further analysis

as per requirement. The first peaks in the figures were responsible for solvent(s).

A 1.0

0.94
~ 0.8+
0.7
0.6
0.54
0.4+
0.3
0.24
0.1

0-0 L] ) | L) I L) L) | I 1
200 220 240 260 280 300 320 340 360 380 40

Wavelength (nm)

Absorbancy data(Abs
265.0 nm

B 1.0+

0.9+
0.8+

z

z 0.74
«; 0.6
=
Z 0.57
g
= 0.44
1

265.0 nm

2

= 0.3
0.2
0.1

0.0 L} T 1 ) T L} T ] ] 1
200 220 240 260 280 300 320 340 360 380 400

Wavelength (nm)

Figure 6.1: (A) Absorption maxima (Amax) of AZT in PBS (pH 7.4) showed at 265 nm.
(B) Absorption maxima (Amax) of AZT in the mixture of PBS (pH 7.4) and ethanol (5:1)
showed at 265 nm.
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6.2. Preparation of calibration curve of AZT in PBS (pH 7.4)

The following absorbance values against different concentrations of AZT (as mentioned in

Table 6.1) were determined in PBS (pH 7.4) at Amax 265 nm. The calibration curve was drawn

using these data by plotting absorbance values against respective concentrations (Figure 6.2).

Table 6.1: Absorbance data for calibration curve of AZT in PBS (pH 7.4) at 265 nm

Concentration (ug/ml) Absorbance”
1 0.04167 + 0.000577
2 0.08533 + 0.000577
4 0.15267 + 0.004163
6 0.22267 + 0.000577
8 0.29367 £ 0.001155
10 0.36467 + 0.008083
15 0.56500 + 0.001732
20 0.73900 + 0.002000
25 0.89733 + 0.002082

" Data were expressed as mean + SD (n = 3). SD: Standard deviation.

orbance

Z 04

y = 0.036x + 0.0092
R? = 0.9992

10 15 20 25 30
Concentration (ug/ml)

Figure 6.2: Calibration curve of AZT in PBS (pH 7.4). Data show mean (n = 3).
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6.3. Preparation of calibration curve of AZT in the mixture of PBS (pH 7.4) and ethanol
(5:1)

Absorbance of various concentrations of AZT in the mixture of PBS (pH 7.4) and ethanol
(5:1) was measured at Amax 265 nm and given in Table 6.2. The calibration curve was
prepared by plotting AZT concentrations in X - axis against absorbance in Y- axis (Figure

6.3).

Table 6.2: Absorbance data for calibration curve of AZT in the mixture of PBS (pH 7.4) and
ethanol (5:1)

Concentration (ug/ml) Absorbance”
1 0.03600 + 0.001000
2 0.07300 + 0.001732
4 0.14367 + 0.003786
6 0.21233 + 0.003055
8 0.28400 + 0.001000
10 0.36267 + 0.001528
15 0.55433 + 0.003786
20 0.72267 + 0.002309
25 0.89200 + 0.001732

" Data were expressed as mean + SD (n = 3). SD: Standard deviation.
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Figure 6.3: Calibration curve of AZT in the mixture of PBS (pH 7.4) and ethanol (5:1). Data

show mean (n = 3).

6.4. Determination of Apax 0f AZT in 50 % human serum

The Amax 0f AZT was observed at 265 nm in 50 % human serum with the help of UV/VIS

spectrophotometer (Figure 6.4). As per requirement this value was utilized for further

analysis.
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Figure 6.4: Absorption maxima (Amax) of AZT in 50 % human serum showed at 265 nm.
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6.5. Preparation of calibration curve of AZT in 50 % human serum

Absorbance values of different concentrations of AZT in 50 % human serum were
determined at Amax 265 nm against 50 % human serum as blank and given in Table 6.3. The
calibration curve of AZT in 50 % human serum was prepared using these data as mentioned

above (Figure 6.5).

Table 6.3: Absorbance data for calibration curve of AZT in 50 % human serum

Concentration (ug/ml) Absorbance”
10 0.08633 + 0.007638
20 0.16533 + 0.012423
30 0.25467 + 0.017898
40 0.34000 + 0.029816
50 0.42533 + 0.029023
60 0.51267 + 0.033546
70 0.60100 + 0.047286
80 0.68200 + 0.048539
90 0.76533 £ 0.061256
100 0.84567 + 0.059543

" Data were expressed as mean * SD (n = 3). SD: Standard deviation.
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Figure 6.5: Calibration curve of AZT in 50 % human serum. Data show mean = SD (n = 3).
SD: Standard deviation.
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6.6. FTIR analysis

Drug-excipient interaction was investigated through FTIR spectroscopy to determine any
interaction between the functional groups of drug (AZT) and the excipients of a formulation
(Basu et al., 2012). When the FTIR spectra of the physical mixture of the drug and the
excipients (ML, CHO) were compared 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 characteristic peaks of the drug (at 2083 cm™), ML (at 2922 cm™, at 2852

cm™ and at 721 cm™) and CHO (at 1373 cm™) was observed (Figure 6.6).

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 2083 cm™ in the physical mixture. The
characteristic peaks of SL (at 2928 cm™ and at 1462 cm™) and CHO (at 1373 cm™) were also

observed in the physical mixture of the drug and the excipients (Figure 6.6).

The findings suggest the absence of any chemical interaction between the drug and the
excipients for both the formulations (ML based, MGF and SL based, SYF). However, minor
shifting of some of the peaks of the excipients in formulations (from 2922 cm™ to 2920 cm™,
2852 cm™ to 2851 cm™ and from 721 cm™ to 719 cm™ in ML-based formulation and CHO
from 3415 cm™ to 3436 cm™ in case of SL-based formulation) was observed. The
observations suggest 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 formulation, the peak
of the drug was not observed. The finding suggests that the drug was encapsulated entirely in

the formulation and there was the absence of drug molecules on the surface of the

73



Chapter 6 Results

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
molecules 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 2084 cm™ 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 3415 cm™ to 3436 cm™ is the strong intensity stretching vibration zone
of OH group. The wave number ranging from 2084 cm™ to 2096 cm™ is the stretching
vibration zone of C-C=C of the drug. Further, the wave number regions, 2922 cm™ to 2920
cm™ and 2852 cm™ to 2851 cm™, are the strong intensity stretching vibration regions of CH,,
CH and CHs and the region 721 cm™ to 719 cm™ is the variable to weak intensity bending
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.

74



Chapter 6 Results

BHT

W CHO

ML

SL

AZT

Transmittance [%]

MGB

MGF

SYB

SYF

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 6.6: Fourier transform infrared spectroscopy (FTIR)-spectra of BHT (butylated
hydroxytoluene), CHO (cholesterol), ML (lipid), SL (soya lecithin), AZT (zidovuine), PM
(physical mixture 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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6.7. 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 process and to select the

formulations. The best two formulations (MGF, SYF) were selected based on drug loading,

particle size, PDI and zeta potential data (Table 6.4) and investigated for further study.

Table 6.4: % drug loading, % vyield, particle size, PDI, zeta potential of experimental

formulations”

Formulation Practical % yield? Particle size®* PDI? Zeta
code % drug (d. nm) potential®
loading® (mV)
MGF, 0.2+0.21 50.65+5.11 81.23x3.1 0.27x0.05 -53.0x4.1
MGF 5.7+0.37 60.87 £5.92 243722 0.26+£0.02 -71.5%+6.5
MGF, 1.8+£0.23 59.79+4.82 65.21+4.0 029+0.04 -63.0x7.3
SYF; 1.3+0.47 58.18 £5.01 9558%5.1 0.37+£0.02 -57.4x35
SYF 7.0+0.23 5434+4.79 33.75x3.7 0252006 -70.8x7.0
SYF, 251051 4557+£5.62 60.21+31 0.25+x0.02 -72.0x6.2

% Data were expressed as mean + SD (n = 3). SD: Standard deviation.
® MGF1, MGF, MGF,: Lipid (ML)-based formulation, SYF;, SYF, SYF,: Soya lecithin (SL)-
based formulation.

6.7.1. Percentage of drug loading and yield

The percentage of drug loading of MGF was 5.7 + 0.37 % with 60.87 + 5.92 % yield capacity

but SYF had 7.00 + 0.23 % drug loading with yield capacity of 54.34 + 4.79 % (Table 6.4).

Every experiment was repeated thrice to establish the reproducibility.

6.7.2. Size, size distribution and zeta potential

Liposomal size, surface morphology and the lamellarity of liposome have been assessed by

particle size analyser, FESEM and Cryo-TEM, respectively. FESEM figures showed that the
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average size of the lyophilized liposome varied for MGF and SYF. When the liposomes were
assessed by particle size analyser it showed the average size 24.37 + 2.2 nm for MGF (Figure

6.7A) and 33.75 = 3.7 nm for SYF (Figure 6.7B), respectively with their PDI 0.26 £+ 0.02 and

0.25 £ 0.06 respectively (Table 6.4).
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Figure 6.7: Particle size distribution of (A) MGF, (B) SYF. Zeta potential of (C) MGF, (D)
SYF.

When the lamellarity was checked by Cryo-TEM, average size of the vesicles was found to
be 30.75+ 1.8 nm for MGF and 40.43+ 2.4 nm for SYF with the intact lamellarity. The size
was little bit higher as compared to the lyophilized liposome and the liposome analysed by
particle size analyser. Since for Cryo-TEM analysis, the lyophilized liposomes were
suspended for longer time as compared to particle size analysis by particle size analyser, the
average size was enhanced marginally due to the entrapment of water in the core area of the

liposomal vesicles. However, all the methods of analysis showed that the size were below 50
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nm. Zeta potential of both the formulations were observed as negative, -71.5 + 6.5 mV
(Figure 6.7C) and -70.8 = 7.0 mV (Figure 6.7D) 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>0.05) 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.

6.7.3. FESEM study

Three images of FESEM at different magnifications namely 60000x, 120000x, 300000x were
captured for MGF to establish the shape, size and distribution pattern of the formulation. The
MGF had nanosize structure with smooth surface and was homogenously distributed at
60000x and 120000x magnification (Figure 6.8A, Figure 6.8B). At 300000x magnification,
MGF was found to be spherical structure having nanosize with smooth surface and a
homogeneous distribution pattern (Figure 6.8C). The FESEM image at 100000x
magnification of SYF revealed that the liposomes were also in nanosize (about 30 nm),

spherical shape with smooth surface and homogenous distribution (Figure 6.8D).

6.7.4. Cryo-TEM study
Cryo-TEM study was performed to visualize the internal structure of NLs. Nanosize
unilamellar vesicles were found in the Cryo-TEM images for both the types of NLs (Figure

6.8E, Figure 6.8F). MGF had smaller size lyophilized vesicles than the size of SYF vesicles.
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Figure 6.8: Morphological characterization of MGF and SYF. Field emission scanning
electron microscopy (FESEM) images of (A) MGF at magnification of 60000x, (B) MGF at
magnification of 120000x, (C) MGF at magnification of 300000x, (D) SYF at magnification
of 100000x. Cryo-transmission electron microscopy (Cryo-TEM) images of (E) MGF, (F)
SYF. Scale bar for Cryo-TEM image: 100 nm.

6.7.5. AFM study
From the AFM study it was observed that MGF / SYF was homogeneously distributed
throughout the field. MGF / SYF was in nanosize along with a maximum height varied

between 9.6 nm for MGF (Figure 6.9A) and 14.4 nm for SYF (Figure 6.9B).
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(A) (B)

Figure 6.9: Atomic force microscopy (AFM) images of (A): MGF and (B): SYF.

6.8. In vitro investigations

6.8.1. In vitro drug release study

In vitro drug release study was conducted for both the formulations (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 6.10, Figure 6.11). From the results it appeared that cumulative 73.43 % and
cumulative 82.21 % of AZT released from MGF in PBS media and in 50 % human serum
respectively, whereas cumulative 82.48 % (PBS as media) and cumulative 84.51 % (50 %
human 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 sustained drug release

pattern was observed for both the formulations.
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Figure 6.10: In vitro drug release profiles of MGF and SYF in PBS (pH 7.4). Data show
mean £ SD (n = 3). SD: Standard deviation.
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Figure 6.11: In vitro drug release profiles of MGF and SYF in 50 % human serum. Data
show mean = SD (n = 3). SD: Standard deviation.

6.8.2. Drug release kinetics analysis
To understand the drug release kinetic patterns, data were plotted using various Kinetic

equations and the corresponding correlation coefficients (represented here as R? values) were
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determined (Table 6.5, Figure 6.12 to Figure 6.15). Data gave good linearity in Korsmeyer-
Peppas kinetic model for both the formulations [R? = 0.9742 (PBS as drug release media) and
R? = 0.9780 (50 % human serum as drug release media) for MGF and R? = 0.9752 (PBS as
drug release media) and R? = 0.9751 (50 % human 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 PBS drug release media where as in 50 % human serum “n”
values 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.
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Figure 6.12: Graphical representation of various kinetic models of drug release from MGF in
PBS (pH 7.4) as drug release media. (A) Zero order kinetics, (B) First order Kinetics, (C)
Higuchi kinetics, (D) Hixson-Crowell kinetics, (E) Korsmeyer-Peppas kinetics.

83



Chapter 6 Results

120
o0 (A)
2 100 /
< —e
% o 80
E S5 60
E e y=3.8137x+ 15.178
g 40 RZ=0.8018
\63 20
0
0 5 10 15 20 25 30
Time (h)
25
)
= y =-0.0361x+ 1.969 (B)
L2 2 R? = 0.8968
2 g
.L; 2 g 1.5
=EYS
o =9 1
- =
[T
]
& e 05
3
= 0
= 0 5 10 15 20 25 30
Time (h)

120
: (C)
g 100
=
|
oo 80
=
|
3 60
,E y=22.617x-13.209
;; 40 R =0.9318
E 20
@]
£ 0

0 1 2 3 4 5 6
Square root of time (h)

84



Chapter 6 Results

1]

(D)

P
n

y=-0.0972x+4.464
R*=0.8697

Cube root of % cumulative
amount of drug remained to
release

bt = N w
ok, N bwinas

Time (h)

(E)

y=0.8561x+0.9188
R*=0.9752

log of % cumulative
drug release

®©

-0.5 0 0.5 1 1.5
log of time (h)

Figure 6.13: Graphical representation of various kinetic models of drug release from SYF in
PBS (pH 7.4) as drug release media. (A) Zero order kinetics, (B) First order kinetics, (C)
Higuchi kinetics, (D) Hixson-Crowell kinetics, (E) Korsmeyer-Peppas kinetics.
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Figure 6.14: Graphical representation of various kinetic models of drug release from MGF in
50 % human serum as drug release media. (A) Zero order Kinetics, (B) First order Kinetics,
(C) Higuchi kinetics, (D) Hixson-Crowell kinetics, (E) Korsmeyer-Peppas Kinetics.
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Figure 6.15: Graphical representation of various kinetic models of drug release from SYF in
50 % human serum as drug release media. (A) Zero order Kkinetics, (B) First order Kkinetics,
(C) Higuchi kinetics, (D) Hixson-Crowell kinetics, (E) Korsmeyer-Peppas kinetics.
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Table 6.5: In vitro drug release kinetics of MGF and SYF with R? and “n” values

PBS (pH 7.4) using as drug release media

Kinetic model MGF SYF
Kinetic equation Kinetic equation
Zero order kinetics y =3.3472x + 13.839 y =3.8137x + 15.178
R2 =0.8080 R2=0.8018
First order kinetics y =-0.0272x + 1.9585 y =-0.0361x + 1.969
R2=0.8871 R? =0.8968
Higuchi kinetics y =19.829x - 11.022 y =22.617x - 13.209
R?=0.9371 R2=0.9318
Hixson-Crowell kinetics y =-0.0777x + 4.4597 y =-0.0972x + 4.464
R2=0.8634 R2 =0.8697
Korsmeyer-Peppas kinetics y =0.8387x + 0.8849 y =0.8561x + 0.9188
R2=0.9742 R2=0.9752
n=10.8387 n=10.8561
50 % human serum using as drug release media
Kinetic model MGF SYF
Kinetic equation Kinetic equation
Zero order Kinetics y =3.7114x + 17.159 y = 3.9148x + 16.204
R2=0.7958 R2=0.7911
First order kinetics y =-0.0356x + 1.9562 y =-0.039x + 1.9681
R?=0.8874 R2=0.8875
Higuchi kinetics y = 22.056x - 10.579 y = 23.248x - 13.014
R2=0.9287 R2=0.9219
Hixson-Crowell kinetics y = -0.0955x + 4.4248 y =-0.103x + 4.4521
R2=0.8611 R2 =0.8594
Korsmeyer-Peppas kinetics y =0.7539x + 1.0228 y =0.8179x + 0.9696
R2=0.9780 R2=0.9751
n=0.7539 n=10.8179

R?: Correlation coefficient; n: Release exponent; PBS: Phosphate buffered saline.

6.8.3. 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 confocal

microscopy. From the results it revealed that both the types of fluorescent NLs (FITC-MGF,
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FITC-SYF) were internalized by the cells (Figure 6.16A, Figure 6.16B) and were localized in
cytoplasm as well as nucleus. Cellular uptake of FITC-MGF increased with time till 3 h of
the study (Figure 6.16A). However, for FITC-SYF, the cellular uptake was more in 1 h than

0.25 h and then decreased at 3 h (total duration of the study) (Figure 6.16B).

A)

DIC FITC Merged

0.25 h

Figure 6.16: 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 (0.25 h, 1 h, 3 h).
(B) In vitro cellular uptake study of fluorescein isothiocyanate labeled SYF (FITC-SYF) in
U-87 MG human glioblastoma cells at various time points (0.25 h, 1 h, 3 h). DIC: Differential
interference contrast images of U-87 MG human glioblastoma cells.
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By both confocal and conventional fluorescence microscopies, FITC treated cells were shown
to internalize FITC in a time dependant manner (Cole et al., 1990). Thus, addition of FITC in
media alone as a control sample to treat cells would provide results which can mislead the

actual findings of the FITC-labeled formulations. Hence, no FITC control was run.

6.9. Stability study

FTIR spectra of the stored NLs (MGF, SYF) (Figure 6.17) were compared with those of the
freshly prepared formulations. No distinguish changes in spectrum were observed for the
formulations stored at 4°C as compared to the freshly prepared formulation. From the
FESEM image of the formulations (MGF, SYF) stored at 4°C it was determined that they had
spherical structure with smooth surface (Figure 6.18). Structures of the freshly prepared
formulations have been given in Figure 6.8. However, NLs stored at 25°C showed some
deformations of structure (data not shown). Further, upon drug assay, similar drug contents

were found for NLs stored at 4°C and 25°C.

N rf""—“_‘ ""h, A
— | | J"r Y g
< w A o
: | |

/- T ) =

é \"\I ‘f L,\,” L\‘ . B
g \ AN
g N
= | W

3800 3400 3000 2600 2200 1800 1400 1000 600
Wavenumber (cm™)

Figure 6.17: Fourier transform infrared spectroscopy (FTIR)-spectra of (A) MGF stored at
4°C for 90 days, (B) SYF stored at 4°C for 90 days.
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Figure 6.18: Field emission scanning electron microscopy (FESEM) images of (A) MGF
stored at 4°C for 90 days, (B) SYF stored at 4°C for 90 days.

6.10. In vivo analysis

6.10.1. Gamma Scintigraphy

The gamma scintigraphy was performed to investigate the ability of the NLs to cross BBB
after the administration of ®"™Tc 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 6.19) and assessed in brain as well as in different organs (Table 6.6) 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 signals in brain tissue was higher at 1 h as compared to 5 h (Figure 6.19[I]).
The signals were stronger in brain at 1 h than 5 h in the animals received radiolabeled SYF
(Figure 6.19[11]). At 5 h the signals were stronger in the brain tissue of animals treated with
radiolabeled MGF compared to radiolabeled SYF. In ®™Tc labeled free drug (AZT)-treated
animals, very weak signal was noticed at 1 h and 5 h in brain tissue (Figure 6.19[111]) which

indicated poor permeation of free AZT through BBB.
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(D ) (K

Figure 6.19: Gamma scintigraphy images of rats after receiving radiolabeled MGF /
radiolabeled SYF / radiolabeled AZT. (1) rats received *™Tc labeled MGF at 1 h (A, B) and
at 5 h (C, D) post i.v. injection; (11) rats received *™Tc labeled SYF at 1 h (E, F) and at 5 h
(G, H) post i.v. injection; (111) rats received *™Tc labeled free drug at 1 h (I, J) and at 5 h (K,
L) post i.v. injection. A, C, E, G, I, K are whole animal image; B, D, F, H, J, L are magnified
brain part.

6.10.2. Biodistribution study

Biodistribution studies were conducted by administering *™Tc labeled MGF, *™Tc labeled

SYF and ®™Tc labeled free drug (AZT) in Sprague-Dawley rats through i.v. route at 1 h and

5 h after injection. In different organs including brain, accumulation of radiolabeled NLs as
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well as free drug were measured and data were reported as percentage of injected dose per
gram (% ID per g) of tissue or organ (Table 6.6). The values of residence time of radiolabeled
formulation MGF / SYF in blood were 2.90 fold, 3.09 fold higher at 1 h and 4.08 fold, 3.94
fold greater than that of radiolabeled AZT at 5 h respectively. On the other hand, kidney
accumulation was distinctively more in free drug than NLs at 1 h as well as 5 h. Further, at 1
h, kidney accumulation of radiolabeled SYF was 2.75 time less than MGF but at 5 h this was
31.91 % higher as compared to MGF. Enhancement of brain uptake values (by 18 folds and
19 folds, respectively, at 1 h and 36 times and 23 times, respectively, at 5 h, 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 *™Tc labeled MGF was slightly less in
values than those of SYF at 1 h but it was 56.52 % higher compared to SYF at 5 h (Table
6.6). For this reason, brain / blood ratio was 0.48 for MGF at 5 h which was greater than the
value at 1 h whereas it was 0.32 for SYF at 5 h. Brain / blood ratio was predominantly higher

for NLs compared to free AZT (Table 6.6).

Table 6.6: Biodistribution studies of *™Tc labeled MGF / SYF and ®™Tc labeled free drug
(AZT) inrats at 1 hand 5 h post i.v. injection time period

Organ MGF SYF AZT

1h 5h 1h 5h 1h 5h
Heart 0.06+0.02 0.18+0.04 005+001 014+0.03 0.31+£0.01 0.15+0.03
Blood 197+0.18 151+015 210+021 146+0.11 0.68+0.19 0.37+0.13
Liver 27.61+2.78 36.25+2.43 2522+2.34 38.21+231 3228+3.21 38.23+3.11
Lung 293+133 163+143 351+126 263+155 166+136 215+1.35
Spleen 265+0.26 151+019 399+0.19 191+021 153+0.24 2.23+0.27
Muscle 0.06+0.01 0.09+0.01 0.03+0.00 0.06+0.01 0.15+0.02 0.19+0.05
Intestine 1.64+£029 207+026 156+031 296+0.23 1.11+028 223+0.29
Stomach 0.68+0.17 0.75+0.13 0.38+0.09 056+0.07 045+0.09 057+0.11
Kidney 0.33+0.11 047+0.12 0.12+0.05 0.62+0.08 456+0.19 6.45+0.21
Brain 090+£0.16 0.72+0.09 095+0.21 046+0.11 0.05+0.01 0.02+0.00
Brain / Blood 0.46 0.48 0.45 0.32 0.07 0.05

Results are expressed in % mean of injected dose per gram of organ / tissue + SD (n = 5).
SD: Standard deviation.
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6.10.3. In vivo plasma pharmacokinetic study

The plasma pharmacokinetic study was performed to observe the changes of pharmacokinetic
parameters in Sprague-Dawley rats after i.v. administration of MGF / SYF / free AZT
suspension. The mean plasma concentration of drug from MGF / SYF was higher than that of
AZT in animals which had received AZT suspension, at the different experimental time
points. The plasma concentration of AZT from MGF was comparatively higher than that of
SYF after 4 h (Figure 6.20A). AUCy value for MGF was reasonably greater than those of
SYF as well as free drug suspension, respectively (Table 6.7). AUMC,.; 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 Vs values was also noticed
for MGF (about 2 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 suspension. Data revealed
that MGF provided most favourable pharmacokinetic profile of AZT as compared to SYF

and free AZT suspension.

95



Chapter 6 Results

e@ee A7T suspension
--a-- MGF

150 —&x— SYF

100

=
g
2
g
=
&
£ 200
@
2
S
5
&
g
= 50
~

........

(B) Time (h)

300 A

250 - [ AZT suspension

[ SYF

200 BMGF

150 -

oncentration of AZT in brain
(ng/g brain tissue)

B
»

(

05 1 2 4 6 8 10 12 24
Time (h)

Figure 6.20: In vivo pharmacokinetic determination in plasma and brain. (A) Plasma
concentration of AZT-time profiles after i.v. administration of MGF / SYF / free drug (AZT)
suspension in rats. (B) Concentration of AZT in brain after i.v. administration 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.

96



Chapter 6 Results

Table 6.7: Plasma and brain pharmacokinetic parameters of AZT after i.v. administration of
MGF / SYF / free drug (AZT) suspension in rats

Plasma pharmacokinetic profile

Pharmacokinetic AZT suspension MGF SYF

parameters

ti2 (h) 1.15+0.04 9.71 £0.21%° 7.64 +0.08°

AUCq(hng ml™) 2003.27 + 24.63 5405.57 + 151.03 5107.23 + 153.91°

AUMCy(h*ngml™)  2529.70 + 188.70 34806.50 + 2475.71*°  20881.90 + 1198.92°

Cl (L h*Kgh 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°

Vss (L Kg™h) 3.83+0.19 7.88 £0.19%" 5.03 +0.38°
Brain pharmacokinetic profile

Pharmacokinetic AZT suspension MGF SYF

parameters

AUCq (h ng mI™) 141.17 +12.08 888.23 + 28.67° 875.73 + 53.86°

AUMCy(W*ngml?)  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°

Cl(Lh*Kgh 37.33+ 4.66 5.9+0.17° 6.73+0.35°

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

Data were significantly different (P<0.05) where MGF and SYF were compared with AZT
suspension. It was assessed by one-way analysis of variance (ANOVA) through Tukey-
Kramer multiple comparisons test.

®Data were significantly different (P<0.05) where MGF was compared with SYF. It was
assessed by one-way analysis of variance (ANOVA) through Tukey-Kramer multiple
comparisons test.

t12, time taken for maximum blood concentration to drop in 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; Vss, steady
state volume of distribution.

6.10.4. In vivo brain pharmacokinetic study

Till 24 h (the total duration of the study), AZT level was detectable in brain from MGF / SYF
(Figure 6.20B). However, AZT could not be detected in the brain of rats treated with AZT
suspension after 10 h of the study. AZT level in brain was found to be maximum from SYF

followed by MGF in 0.5 h. The values were five and four fold higher respectively as

compared to the values detected in animals treated with AZT suspension at 0.5 h. AZT level
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was 25 % higher in the brain of rats treated with SYF as compared to MGF at 0.5 h. 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 concentration 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 24 h) in rats
treated with MGF as compared to those treated with SYF. Treatment of AZT through MGF
enhanced AUMCo-t 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 6.7).

98



Chapter 7

Discussion




Chapter 7 Discussion

The present investigation was intended to understand the capability of ML to act as base
material of lipid nanocarrier to deliver water soluble drug through BBB to brain. Continuous
TJs of endothelial cells of brain capillaries and several transmembrane proteins seal the
paracellular pathways and effectively block the free diffusion of polar solutes (such as AZT)
from blood along these potential paracellular pathways, causing denial of access to brain
interstitial fluid (Ballabh et al., 2004; Abbott, 2005). Blood-brain barrier predominantly
impedes entry from blood to brain of virtually all molecules, other than those that are small
and lipophilic (example, NL) or those (such as essential nutrients, precursors and cofactors)
that enter the brain through active transport mechanism (Alavijeh et al., 2005; Agrawal et al.,
2017). Thus, lipophilicity and size of NL 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 efficiently (Rautio et al., 2008; Weiss et
al., 2009) and the nanosize lipid vesicles have been shown to permeate through BBB
effectively (Li et al., 2017; Vieira et al., 2016; Masserini, 2013), we developed two types of
optimized NLs (MGF and SYF) applying lipid layer hydration technique by using ML / SL.
A comparative physico-chemical 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

reason of entire encapsulation of AZT in the formulation. Presence of peak of AZT in SYF
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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
constituents were optimized to develop formulations with maximum 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 (Nath et al., 2011; Singh et al., 2010). SYF had hydrophobic phospholipid and
cholesterol. Presence of phosphate group in SL makes it comparatively more hydrophilic than
ML (Jones, 2008). Presence of SA, OA, PA possibly caused comparatively less partitioning
of drug into the lipid layer causing less drug loading in MGF. Yield of SYF was near 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, resulting in
comparatively larger size. PDI values of both the formulations 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 particles with low stability

(Masarudin et al., 2015). The PDI value 0.1 to 0.25 is desirable for uniform distribution but
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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
potential is also considered as a parameter for confirmation of physical stability (Dey et al.,
2016; Shaw et al., 2017). If electric 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
+30 mV 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 -70 mV) were achieved for
MGF and SYF. This denotes that both the formulations had prolonged and better physical
stability in colloidal 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 distributed with non-appearance 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 hydrophilic drug in a suspended condition in the aqueous core as well as in

the outer lipid layer.

Morphology of MGF / SYF was obtained from AFM data. The findings showed that there
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was discrete particulate distribution for both the cases. Moreover, MGF / SYF was of

nanosize with smooth surface.

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 (Nath et

al., 2011; Singh et al., 2010), it seems to permeate more through phospholipid than the ML.

The drug release pattern from both the NLs in PBS (pH 7.4) media as well as 50 % human
serum was best fitted (based on R? value) with Korsmeyer-Peppas kinetic model. Release
component (n) value suggests for an anomalous non-Fickian diffusion pattern of drug
molecules (Pattnaik et al., 2012). Further, Korsmeyer-Peppas 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-87 MG human glioblastoma cells showed that NLs were
localized in the cytoplasm and in the nucleus after internalization by the cells. But FITC-
MGF was intense in cells in a time dependent manner whereas FITC-SYF concentration in
cells initially increased (at 1 h 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 (Klein, 2002; Carnielli et al., 1998).

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 in the storage condition.

Further, drug remained stable in stored formulation during storage condition at 4°C. At 25°C,
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although FTIR spectra did not significantly vary for the experimental formulations, the

deformity of some structures of NLs forced us to reject the consideration to store 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 picture of localization of radiolabeled NLs / radiolableled AZT in whole body of the
experimental rats. From the gamma scintigraphic 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 1 h as compared to 5 h for both MGF and SYF (as observed from signal
intensity bar given with the photograph). At 5 h, the signal intensity of MGF in brain was
more pronounced than that of SYF, suggesting longer retention of radiolabeled MGF than
radiolabeled SYF in brain after crossing BBB. Very weak signal at 1 h and 5 h 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 compared to radiolabeled SYF, suggesting MGF was able to provide
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 experiment 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
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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 et al., 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 (Blum et al., 1988; Mandal and Tenjarla, 1996;

Oh et al., 1998; Thomas and Panchagnula, 2003) more effectively than SYF.

After i.v. administration, at 4 h, SYF showed more drug level in blood as compared to MGF.
It dropped sharply with the increasing duration till 8 h which indicates rapid distribution of
SYF compared to MGF. However, MGF showed slow distribution and significantly (P<0.05)
longer blood residence time as compared to SYF which also increased ty, value of AZT.
AUC.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 eventually 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 4 h 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 important features of brain is that it is completely separated from blood by blood
brain barrier. 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 blood brain
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barrier to reach brain endothelial cells (Alavijeh et al., 2005; Ballabh et al., 2004; Abbott,
2005). Thus, in situ perfusion provides a measure of brain uptake and the brain / plasma ratio
of the drug (as done in the present study) provides a partial measure (Alavijeh et al., 2005;
Abbott, 2005; Takasato et al., 1984). 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
blood brain barrier. Sustained drug release, less clearance and enhanced MRT of MGF in
brain could be responsible for such enhancement. These further reflected in the enhanced
availability of drug in brain from MGF compared to SYF. Lipid composition of MGF might

be responsible for such variation.
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8. Summary and conclusion

Delivering highly water soluble drugs across BBB is a crucial and tough challenge for the
formulation scientists. A successful therapeutic intervention by developing a suitable drug
delivery system may revolutionize treatment across BBB. In AIDS, brain cells are also
infected by HIV and it becomes a pool of HIV. Efforts were given here to unravel the
capability of a newly developed ML as fundamental component of nanocarrier to deliver
highly water soluble AZT as a model drug into brain across BBB. A comparison was made
with an experimentally developed standard phospholipid based nanocarrier containing AZT.
Due to lipophilic nature and nanosize, NLs were selected as a nanocarrier in the delivery of

AZT to obtain the desired outcome.

To investigate the interaction between AZT and the excipients, FTIR study was performed
and no chemical interaction between the drug and excipients was observed. NLs were
prepared by applying the lipid layer hydration procedure through changing different process
parameters. Depending on several physicochemical characteristics of the different
experimental nanoliposomal formulations, MGF and SYF were selected for further

investigation.

MGF and SYF were both in nanosize with nearly similar PDI and zeta potential values. From
FESEM study, it revealed that they were spherical with smooth surface and were distributed
homogenously without any agglomeration. Unilamellar nanovesicular structure was observed
clearly in Cryo-TEM images for both the formulations. Discrete particulate distributions were
observed for MGF / SYF in AFM study. In drug release study in vitro, comparatively slower
and more sustained drug release pattern was noticed from MGF than that of SYF in PBS (pH
7.4) and also in 50 % human serum. In both the drug release media, AZT release pattern from

MGF as well as SYF followed Korsmeyer-Peppas kinetic model that denoted the diffusion
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and erosion release mechanism of AZT from the MGF / SYF. The cellular uptake study in U-
87 MG human glioblastoma cells showed that FITC-MGF was internalised by cells in a time
dependent manner where as concentration of FITC-SYF in glioma cells enhanced initially
and then reduced with time (at 3 h, total duration of the investigation). Further, as stability

aspects, 4°C is perfect for storage of MGF and SYF.

Gamma scintigraphic images showed both the radiolabeled formulations successfully crossed
BBB, but longer retention in brain was observed for ML-based formulation as compared to
SL-based drug carrier. As a part of in vivo studies, gamma scintigraphy study, biodistribution
study and plasma and brain pharmacokinetic studies were performed. Gamma scintigraphic
images showed both the radiolabeled formulations successfully crossed BBB, but longer
retention in brain was observed for ML-based formulation as compared to SL-based drug
carrier. From the brain / blood ratio data of biodistribution study, it revealed that radiolabeled
MGF was capable to retain its level persistently than that of SYF. This signifies that the
capability of MGF for providing sustained drug level in brain and blood is better as compared
to 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.

In conclusion of this research work, nanosize drug delivery systems were developed
successfully utilizing ML / SL to deliver AZT in brain across BBB. 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 pharmacokinetic profile than that of SYF with respect to
sustained drug release, prolonged blood residence time as well as brain residence time and

increased ti,. Thus, ML may be utilized to successfully develop drug nanocarrier to deliver
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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. ML could be
an emerging carrier system for developing various therapeutic strategies to deliver drugs to

brain and other organs. However, further studies are warranted in the area.
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National Seminar- 2016 : : College of Pharmaceutical Sciences, Puri
\; .
PT-001

NANOLIPOSOMES CONTAINING ANTI-HIV DRUG CROSS BLOOD
BRAIN BARRIER: AN IN VITRO STUDY

Lopamudra Dutta and Biswajit Mukherjee )
Department of Pharmaceutical Technology, Jadavpur University, Kolkata-700032, India
Presenting author email: lopamudra2008@yahoo.com '

Effective treatment of acquired immunodeficiency syndrome (AIDS) remains as a tough challenge for
the scientists all over the world. The causative organism of this dreadful disease is human immunodeficiency
virus (HIV) which is responsible for high mortality in humans. In this disease, HIV easily crosses the blood
brain barrier (BBB) to reach into the brain and creates this disease more painful, vulnerable and critical. BBB
is the main barrier of fruitful drug delivery of anti-HIV agent into the brain. Two types of nanoliposomes
containing anti-HIV drug were prepared by using lipid layer hydration method. Soya-L-?-lecithin was used in
one type of formulation, whereas in other case mango lipid was utilized. These two types of formulations were
characterized by field emission scanning electron microscopy (F. ESEM), particle size, zeta potential, in vitro
drug loading, transmission electron microscopy (TEM), in vitro drug release study etc. Both types of
nanoliposomes had higher negative zeta potentials suggesting their stability in solution form and had distinct
smooth surface also. Cryo-TEM images showed the presence of intact bilayer in these nanoformulations, The
developed formulations had 35-40% drug loading efficiency with sustained drug release profile. Further in
vitro studies will be carried out in future. The in vivo studies will be performed in suitable animal model depending
upon the results of in vitro study. At last, the correlation between the results of in vitro and in vivo study will be

scrutinized to prove the efficiency of the formulated nanoliposomes for treating AIDS in human.
PT-002

LIGAND CONJUGATED ANTICANCER DRUG LOADED POLYMERIC

NANOPARTICLES FOR TARGETED CAN CER THERAPY

Vimal Prakash Mishra, Biswajit Mukherjee*, Samrat Chakraborty, B.S. Satapathy,
Laboni Mondal
Department of Pharmaceutical Technology, Jadavpur
E-mail: vimalju6@gmail.com

Targeted drug delivery is a kind of advanced drug delivery system in which the drugisdeliveredto a
particular body part (organs / tissues / cells), in a sequential and controlled manner. Drug loaded polymeric
nanoparticles (NPs)-aptamer conjugates represent a promising technology in the field of targeted chemotherapy.
It facilitates controlled release of chemotherapeutics to the desired sites, avoiding concomitant toxicity to the
neighboring tissues. By properly integrating the benefits of NPs with the unique cell-targeting capabilities of
aptamers, aptamer-functionalized NPs may provide a better option of designing solutions for critical diseases
like cancer. The objective of this research work was the development and in vitro investi gation of aptamer
modified anticancer drug loaded PLGA nanoparticles for breast cancer therapy. Multiple emulsion-solvent
evaporation method was used to prepare the NPs using PLGA 50:50 with carboxylic acid termination. To
assure the mutual compatibility between the drug and excipients, FTIR study was performed as a preformulation
study. The prepared formulations were characterized by scanning electron microscopy (SEM), particle size
analysis, zeta potential, in vitro drugloading, in vitro drug release study etc. The optimized formulations were |
within nano size range, spherical shape, and smooth surface with a narrow size distribution pattern. The drug
loading was found to be around 8% with a sustained drug release profile over an extended period of time. The

ligand conjugated formulation showed hi gher cytotoxicity in tested breast cancer cells than unconjugated
formulation and free drug. '

—

P —————

10



eyey[0)] eley[0y] ‘K1s1aAtup ndaepe( - ::.@V @
¢ > ‘s1SI0[ouyd3 ], pUe SISUIS ‘A8o10uya], [eoNINAIBULIEY JO Juduwreda( ‘SaduaIIS s@\
W\ [e21IN3JBULIEYd JO UOIIBIIOSSY URIpU] [e21INADBULIBY UI YOIBISIY IUBAPY 10J 31U YL &
»J\. 44 .lﬂ
:Aq paziued.iQ Apuiof “
291IWWOY) dYRUaS ‘uostadarey)  9apIuwo) uc_u:m_um. ‘uostadarey) 99)31WWI0)) dYnUaS ‘uosiadarey)
BIZBH LISeURq "JOId 3luema(q yeyres Qg nsjony on}asnoldy g
oz )99 102 f94 21 )
(S\QY.\% -k i
LSdVI A1e32109S "UOH A1eyaanag SuiziuediQ
1ed dnuy ap Jalrapnp ylemsryg Joid

9/a% *10°9
-~ \- _ 9102 \Q\i

)/ wosadroatossy/ a10baa@ sv uorpdinuvd sof

(s ngsdp) adgy v Bupissagy

ry ~orpruredo] foid /4@ /6 \VE 07 papuvmp S1 AVNYi1a) WL,

NI
_ 9107 ‘Arenue( 9T

$10}20(] pue mam.umEumam Jo 310y :saseasi( pue Sniq
& Uo Jeurwag [euoneN LSdvi nf &

f ‘“

&Ng _ Sew s@;%

FRw..




JU IAPST National Seminar - 2016
"Drug and Diseases: Role of Pharmacisty and Doctors®
IAPST/ABS/P-77
Nanoliposome containing zidovudine crosses BBB for HIV treatment
Lopamudra Dutta, Biswajit Mukherjee*
Department of Pharmaceutical Technology, Jadavpur University, Kolkata-700032, India
*E-mail: biswajits $@yahoo.com

The human immunodeficiency virus (HIV) is the causative organism of the dreadful discase called

acquired immunodeficiency syndrome (AIDS) in human, In this discase suffering condition, HIV

easily reaches into the brain to create infection and makes this disease more critical, vulnerable and

painful. Though pervasiveness of AIDS is raised in worldwide but fruitful drug delivery of anti-HIV

agent into the brain is difficult to treat this disease due to blood brain barrier (BBB). This BBB

allows selective entry of molecules and maintains homeostasis of brain. By using lipid layer

hydration method anti-HIV drug loaded two types of nanoliposomes were formulated. In one case,

soya-Le-a-lecithin was used, whereas mango lipid was utilized in other case, Both formulations were

characterized by particle size, field emission scanning electron microscopy (FESEM), zeta potential,

in vitro drug loading, transmission electron microscopy (TEM), in vitro drug release study ete, Both

types of nano size formulations had distinct smooth surface with stable negative zeta potential. Cryo

TEM study proved the good formulation of nanoliposomes with intact bilayer, In future, further in

vitro studies will be carried out and depending upon the in vitro study results, relevant in vivo study

will be conducted in suitable animal model. Finally, the co-relation between the results of in vitro

and in vivo study will be investigated to establish the efficacy of the developed nanoliposomes for
HIV infection,

IAPST/ABS/P-78

Development of PLGA Based Nanoparticles Loaded with a Chemoprotective Plant
Flavonoid Apigenin and their Various Characterization Studies Intended to Treat
Hepatocellular Carcinoma in Future

» Biswajit Mukherjee*
Department of Pharmaceutical Technology, Jadavpur University, Kolkata-700032
*E-mail: biswajit55@yahoo.com

Polymeric nanoparticle based drug delivery technology has been extensively studied to combat
various kinds of diseases especially which are to be addressed in molecular level. Targeted drug
delivery can be achieved casily using this technology. In our study, we are preparing biodegradable
poly (lactic-co-glycolic acid) (PLGA) nanoparticles of apigenin and they will be studied against
hepatocellular carcinoma, Nanoparticles were prepared using multiple emulsion and solvent
evaporation method, Characterization studies such as drug excipients interactions, particle surface
morphology, particle size, zeta potential and polydispersity index, drug loading, drug release study
of selected nanoparticles efe, have been done. The SEM/FESEM data revealed that particles were in
nano-range, round in shape with smooth surface. There were no chemical interactions between the
drug and the excipients as confirmed by FTIR data, Drug release study shows that a controlled
release pattern was maintained over a period of time and further in-vitro and in-vivo experiments
will be performed to achieve the goal of this study,
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Lipid-based nanocarrier efficiently delivers highly water soluble drug across the
blood-brain barrier into brain

Lopamudra Dutta®, Biswajit Mukherjee® (®, Tapash Chakraborty®, Malay Kumar Das®, Laboni Mondal®,
Sanchari Bhattacharya®, Raghuvir H. Gaonkar® and Mita Chatterjee Debnath®
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University, Dibrugarh, India; “Infectious Diseases and Immunology Division, CSIR-Indian Institute of Chemical Biology, Kolkata, India

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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KEYWORDS

Nanosize lipid carrier;
blood-brain barrier; gamma
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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).

CONTACT Biswajit Mukherjee @ biswajit. mukherjee@jadavpuruniversity.in, biswajit55@yahoo.com @ Department of Pharmaceutical Technology, Jadavpur

University, Kolkata 700032, West Bengal, India
@ Supplemental data for this article can be accessed here.
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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

DRUG DELIVERY 509

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.
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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

(A) 350

§ 300

£ 250

2 sw#ees AZT suspension
-3 .

E 200 ! --#- MGF
§ .

S 150 i +—SYF
-

5

=3

E 50

£

B

Time (b)

C
w
8

250 4 [ AZT suspension
B SYF

BMGF

b [
] 8
L L

oncentration of AZT in brain
(ng/g brain tissue)
8

C

Time (h)

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

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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1 INTRODUCTION

Ever since BC 2000, the inhalation route was exploited for the treatment of diseases. Especially Chinese and Indian
people used to inhale the smoke from burned herbal preparations, such as Ephedra sinica or Datura stramonium, to treat
asthma. Pedanius Dioscorides, the eminent Greek pharmacologist, botanist, and surgeon, came up with De Materia (first
pharmacopoeia) (Andrade et al., 2013). He and Aelius Galenus (127-199/217 AD) treated their patients with sulfur vapor
by inhalation route. The word inhaler was first coined by English physician John Mudge, in 1778 (Anderson, 2005) while
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describing his invention. However, Hippocrates is recognized as the pioneer for designing the first therapeutic inhalation
device. Since then, a plethora of compounds and mixtures, such as solution of picric acids, tar, iodine, have been utilized
for the treatment of an array of diseases, for example, tuberculosis and other infectious diseases, by using a wide variety
of methods, such as ceramic inhalers, combustible papers, burning papers, liquid atomizers, etc. During 19th and 20th
centuries, asthma cigarettes became one of the popular ways to deliver drugs, but these were withdrawn in 1992 (Dessang-
es, 2001). According to the reports published in the literatures (Anderson, 2005; Andrade et al., 2013; Dessanges, 2001),
it has been the well-known fact that antibiotic, such as penicillin, was administered by nebulization for the treatment of
pulmonary infections. At the present time, inhalation devices are categorized into three different types, such as nebulizers,
pressurized metered dose inhalers (pMDI), and dry powder inhalers (DPI). The inhalation route has started its journey for
the treatment of diseases primarily confined into the respiratory tract. However, significant scientific and technological
advances have led to a change in the paradigm and, in modern times, this route has found its potential for the treatment
of a battery of local and systemic diseases, such as asthma, tuberculosis, and other bacterial infections, fungal infections,
cystic fibrosis, chronic obstructive pulmonary disease, diabetes, or cancer, as well as being investigated for noninvasive
vaccination (Andrade et al., 2013).

The lungs and airways, acting as principal sites of gas exchange, are exposed to a wide variety of organic, inorganic,
and biological components, causing as a location for wide varieties of diseases. Therefore, the lung is very prone to an ar-
ray of bacterial, fungal, and viral infections, and often it promotes systemic infections as a result. As per the mortality rate,
the infections of lower respiratory tract stand on the third position globally, but they stand at the first position in developing
countries, being responsible for approximately 3.5 million deaths annually (Mansour et al., 2009). This has instigated a lot
of interests among the researchers around the globe to exploit the lungs for the pulmonary administration of active phar-
maceutical ingredients in the form of various delivery systems. Moreover, this route offers a significant promise due to its
potential advantages over peroral administrations, such as avoidance of first-pass metabolism, allowing targeted delivery to
the site of action, resulting in a decrease in the side effects of the drug, high surface area responsible of local drug action,
as well as systemic absorption of drugs, etc. (Yang et al., 2008a).

Among many of the existing delivery systems to become ideal carriers for pulmonary delivery, colloidal carriers (nano-
carriers) have instigated a lot of interest among the researchers around the globe, due to their enormous potential as drug
delivery vehicles (Andrade et al., 2013; Mansour et al., 2009; Marianecci et al., 2011; Patton and Byron, 2007; Yang et al.,
2008a). A few of them are:

1. They are very much capable of maintaining relatively uniform distribution of drugs among the alveoli.

2. They have the potential to enhance the solubility of drugs, as compared to the inherent aqueous solubility of chemical entities.

3. They provide sustained release of drugs that improves the pharmacokinetic profile of drugs, reduces dosing frequency
and side effects, resulting in better therapeutic outcome and patient compliance.

4. They are biocompatible, biodegradable, as well as being able to deliver macromolecules.

Particle size solely determines the deposition of particles in different regions of lungs and, based on it, the three differ-
ent mechanisms of drug deposition, namely, impaction, sedimentation, and diffusion have been proposed. In the impaction
process, particles collide with the walls of the respiratory walls under the influence of the centrifugal force, and are depos-
ited in the oropharynx region. Generally the DPI and MDI with a particle size larger than 5 um follow this mechanism. For
DPI, deposition of particles primarily depends on the inspiratory capability of patients and, if it is insufficient, dry powders
deposit in the upper airways due to the mass of the particles and the inertial forces. Similarly, larger particles of MDI tend
to deposit mostly in the upper respiratory tract, even under the influence of high speeds of the generated aerosols. In the case
of sedimentation, the gravitational force is solely responsible, and particles with a size in the range of 1-5 um follow this
mechanism and deposit slowly in the smaller airways and bronchioles (Paranjpe and Goymann, 2014). Therefore, breathing
pattern has a strong impact on the sedimentation, as it is evident that slow breathing provides sufficient duration span for
sedimentation (Andrade et al., 2013; Mansour et al., 2009; Paranjpe and Goymann, 2014).

In diffusion process, Brownian motion is considered to be the major player and, due to this motion, particles move
randomly, resulting in the dissolution of API in alveolar fluid upon contact with lungs surfactant, and finally deposit into
deeper alveolar tissue (Yang et al., 2008a).

Nanoparticulate drug delivery systems (DDSs) deliver their therapeutic payloads through the process of sedimentation.
Upon being released from the aerosol, they form aggregates that are found to have sufficient mass to sediment and deposit
in the bronchiolar region.

Results obtained from many studies involving the development of nanoconstructs for pulmonary delivery, encapsulating
a plethora of therapeutic payloads, are of great promise, requiring the establishment of clinical relevance in clinical trials.
Apart from that, numerous other parameters, such as large-scale production, batch-to-batch reproducibility, variable lung
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FIGURE 14.1 Diagrammatic representation of lung morphology and anatomy, showing structure of bronchioles.

deposition pattern, and cost effectiveness should be addressed properly, to ease the translation for pulmonary delivery of
drug nanocarrier from laboratories to clinic.

Therefore, the focus of the present chapter is to establish the rationale and potentials of the pulmonary route for the
treatment of fungal infections in lungs, for a better therapeutic management, and improved patient compliance. The chapter
describes the advantages of various pulmonary delivery systems, with a special emphasis on nanocarriers.

2 LUNG MORPHOLOGY

The lungs, the gaseous exchange center of the human body, are surrounded by the chest wall, and separated by the mediasti-
num from the heart and other organs (positioned in the thoracic cavity) (Fig. 14.1). The left lung is constituted with two lobes,
namely superior and inferior, separated by an oblique fissure, while the right lung has three lobes, that is, superior, middle,
and inferior lobes, divided by oblique and horizontal fissures (Sahasrabudhe et al., 2013). The tube-like air pipe trachea acts as
the passage for the air to the chest and neck; it is divided in two main branches, bronchi, each of which enters into each lung.
Outside the lungs, the pleura (a balloon-like structure), the covering membrane, protects the lungs (Lai-Fook, 2004), and at the
same time it produces a lubricating fluid that causes the smooth movement of lungs in the chest cavity. The main bronchi are
branched into smaller bronchi that again are divided into smaller branchings known as bronchioles. The bronchi contain small
glands and cartilage, while bronchioles do not contain the same. Outside the bronchi, there is a lining of cells having tiny hairs
called cilia (American Lung Association, 2015). This part executes the first line of defense of lungs in fighting against bacterial
or viral infection. Bronchi gradually form a tree-like branching, and become smaller. At the end part of this there is formed a
grape-like structure, known as alveoli. These are small, thin air sacs that are normally surrounded by a “hair net” of capillaries.
The alveolar walls are mostly constituted with type I alveolar squamous cell through which exchange of gas occurs.

3 LUNG FUNGAL INFECTION

Lungs are susceptible to fungal infections, as it is a primary passage of fungi causing deep mycosis (Panda, 2004). Several
types of lung fungal infections are described further.
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3.1 Aspergillosis

In recent years, aspergillus infection in lungs is very predominant. The reason may be primarily due to various factors,
such as random use of corticosteroids and various immunomodulating drugs, increasing human immunodeficiency virus
infection, large number of immunosuppressed patients caused by solid organs and bone marrow transplantation, etc. Asper-
gillus species are the main causative agent of aspergillosis (Thompson and Patterson, 2008). Its pathological reactions can
be manifested in humans in different ways, such as allergic bronchopulmonary aspergillosis (ABPA), allergic alveolitis,
aspergilloma, invasive aspergillosis, etc. (Davies and Saros, 1994; Fraser et al., 1994; Panda, 2004).

3.1.1 Allergic Bronchopulmonary Aspergillosis

ABPA, a hypersensitive reaction as aspergillus forms colonies in the bronchi, is the most common manifestation of as-
pergillus pulmonary disease (Greenberger, 2002). The main cause of its occurrence is due to abrupt inhalation of a large
amount of aspergillus spores. Prolonged contact to aspergillus spores may exaggerate immune-mediated bronchial pathol-
ogy, and often this may lead to asthma. This is generally known as ABPA. It is found that more than 20% of asthma cases
exhibit ABPA (Panda, 2004).

3.1.2  Allergic Alveolitis

As described earlier, this is also caused by rapid inhalation of a huge quantity of aspergillus spores, and it is mostly mani-
fested among the people working in moldy hay or managing compost dumps. The symptoms of allergic alveolitis, likely
in form of influenza and dry cough, may appear 4-9 days later (Davies and Saros, 1994; Fraser et al., 1994; Panda, 2004).

3.1.3 Aspergillomas

Aspergillomas, also known as fungal balls, are normally found in injured or scarred lung tissue, such as bronchiectatic areas
or preexisting cavities. These cavities are the very productive zone for mycelia growth, and eventually they produce a ball-
like structure that maneuvers independently without entering into the blood vessel or viable tissue. Some predictive factors
of this disease are growing size or number of aspergillomata, higher Aspergillus-specific IgG titers, immunosuppression,
human immunodeficiency virus infection, lung transplantation, etc. (Addrizzo-Harris et al., 1997; Panda, 2004; Zmeili and
Soubani, 2007). Aspergillomas may be the reason of hemoptysis, and this may be lethal in rare cases (Denning et al., 2003).

3.1.4 Invasive Aspergillosis

Invasive aspergillosis, the main reason of immunosuppressed patients’ morbidity and death, is caused by the invasion of
aspergillus fungus into viable tissue, causing tissue necrosis (Panda, 2004; Patterson et al., 2000). Mostly four types
of Aspergillus species are liable for invasive aspergillosis, such as: A. fumigatus, A. terreus, A. flavus, and A. niger. Among
all, A. fumigatus is the causative organism of more than 90% of such disease (Patterson et al., 2000). Examples of some
invasive aspergillosis types are mentioned further.

3.1.4.1 Invasive Pulmonary Aspergillosis

One of the most prevalent forms of the invasive disease is invasive pulmonary aspergillosis (IPA). Usually after 10-14 days
of hematopoietic stem cell transplantation, IPA is manifested and is normally coupled with intense granulocytopenia. Fever,
pleuritic chest pain, dry cough, dyspnea, and hemoptysis are the common symptoms of IPA (Smith and Kauffman, 2012;
Thompson and Patterson, 2008).

3.1.4.2 Tracheobronchial Aspergillosis

Typically tracheobronchial aspergillosis is noticeable among the patients of AIDS, or who have undergone lung trans-
plants. Cough, fever, chest pain, and hemoptysis are few nonspecific symptoms of such aspergillosis (Thompson and
Patterson, 2008).

3.1.4.3 Chronic Forms of Pulmonary Aspergillosis

Semiinvasive pulmonary aspergillosis and/or chronic necrotizing pulmonary aspergillosis are found at the lower respi-
ratory tract, as aspergillosis spectrum. Chronic necrotizing pulmonary aspergillosis refers to chronic respiratory symp-
toms, cavitary lung disease, and serum precipitating antibodies to Aspergillus species (Hope et al., 2005; Thompson and
Patterson, 2008).
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3.2 Fusariosis

Out of nearly hundred species of Fusarium, only few of them, such as F. solani, F. moniliforme, and F. oxysporum are the
sources of about 90% of human fungal fusariosis infection. The symptoms of fusariosis are quite similar with Aspergillus,
such as fever, chest pain, cough, dyspnea, and pleurisy (Nucci and Anaissie, 2002; Torres and Kontoyiannis, 2011).

3.3 Mucormycosis

Mucormycosis is a fungal infection caused by Mucorales. Among three genera, such as Rhizopus, Rhizomucor, and Mucor,
they cause 75% of mucormycosis (Kontoyiannis et al., 2010). The infection occurs in upper airways in the form of granulo-
matous invasion, and may gradually move forward into sinuses and/or brain tissue. A mortality rate of approximately 80%
has been reported due to this infection (Panda, 2004). Mucorales species are very much susceptible to angioinvasion that
may turn into tissue necrosis, and impaired immunity. Patients suffering from hematological malignancy with neutropenia,
hematopoietic cell transplant recipients, diabetics, and immunocompromised hosts are vulnerable to pulmonary mucormy-
cosis infection. The most common symptoms of mucormycosis are cough, chest pain, dyspnea, and hemoptysis (Roden
et al., 2005; Smith and Kauffman, 2012).

3.4 Scedosporiosis

Scedosporium boydii complex consisting in S. boydii, S. apiospermum, and S. aurantiacum, and S. prolificans are very
common fungi among Scedosporium species (Gilgado et al., 2009). Hematopoietic cell transplant recipients, solid organ
transplant recipients, and patients suffering from hematological malignancies are prone to scedosporiosis. S. prolificans is
able to sporulate in vivo, possibly causing greater risk of antifungal drug resistance. This phenomenon makes S. prolificans
very unique from most other fungi (Husain et al., 2003; Rodriguez-Tudela et al., 2009).

3.5 Blastomycosis

Blastomyces dermatitidis, a dimorphic fungus, causes blastomycosis (Saccente and Woods, 2010). In case of acute pulmo-
nary infection due to B. dermatitidis, patients may remain asymptomatic or may suffer from fever, dyspnea, dry cough, and
mild chest pain (Smith and Kauffman, 2010). Chronic pulmonary blastomycosis may result in upper lobe cavitary lesions
that may look similar to tuberculosis or histoplasmosis, or mass-like lesions. The lesions may often look like a cancerous
lesion. In the infection, symptoms, such as fever, fatigue, night sweats, cough with purulent sputum and hemoptysis, weight
loss, and dyspnea, may persist for weeks. The most familiar appearance of disseminated extrapulmonary blastomycosis
is observed as cutaneous lesions (Smith and Kauffman, 2012). Less severe pulmonary infection by this fungus comprises
mass lesions, single or multiple nodules, lobar pneumonia, and chronic fibrocavitary or fibronodular infiltrates (Limper
etal., 2011).

3.6 Cryptococcosis

Cryptococcus neoformans causes cryptococcosis. However, Cryptococcus gattii is also responsible for cryptococcosis.
Cryptococcus (that remains in nature in an encapsulated form) randomly produces a polysaccharide capsule while entering
in the pulmonary region (Byrnes et al., 2009; Limper et al., 2011). Cryptococcosis is restricted to the lungs in immunocom-
petent host, and it commonly exists in patients with chronic ailments of lungs. Immunocompetent host with cryptococcosis
infection may not always show symptoms. However, it may exhibit as dry cough, fever, and dyspnea that may lead to acute
respiratory distress syndrome in case of immunocompromised patients (Baddley et al., 2008; Chang et al., 2006; Pappas
et al., 2001).

3.7 Coccidioidomycosis

Normally two species of Coccidioidomyces, such as C. immitis and C. posadasii, are most commonly found. In the environ-
ment, coccidioides that are present as mold form are simply inhaled into the alveoli. These molds convert into spherules
consisting of endospores in the lungs and, after maturation, these spherules split and discharge the endospores that cause
coccidioidomycosis infection (Ampel, 2011; Smith and Kauffman, 2012). Coccidioides infections usually are asymptom-
atic. However, fever, dry cough, fatigue, dyspnea, and anterior chest pain may be manifested for coccidioidomycosis. For
about 5%—10% of the patients, acute pneumonia complication occurs (Ampel, 2011; Anstead and Graybill, 2006). Acute
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pulmonary coccidioidomycosis can be different from community-acquired pneumonia due to limited response to anti-
bacterial treatment, as well as peripheral blood eosinophilia, hilar adenopathy, and existence of erythema nodosum, and
erythema multiforme (Valdivia et al., 2006).

3.8 Histoplasmosis

Histoplasma capsulatum, the cause of histoplasmosis, is found as a mold in nature, and as yeast inside tissues. Inhalation
of H. capsulatum into the alveoli causes infection into humans. Pulmonary histoplasmosis may lead to acute self-limited
pneumonia that may appear in the form of dry cough, mild chest discomfort, fever, and fatigue. Often in the case of im-
munosuppressed patients, severe pneumonia may appear and, in some cases, it may lead to acute respiratory distress
syndrome. One of the exceptional difficulties of pulmonary histoplasmosis is mediastinal fibrosis. Symptoms of this pul-
monary histoplasmosis are cough, wheezing, dyspnea, and hemoptysis. But symptoms that persist for a month may vary in
case of chronic cavitary pulmonary histoplasmosis. Examples of such symptoms are fever, anorexia, fatigue, weight loss,
hemoptysis, and cough with purulent sputum, etc. (Kauffman, 2007; Wheat et al., 2004).

4 TREATMENT OF LUNG FUNGAL INFECTION

Voriconazole is used as first-line treatment for pulmonary aspergillosis (Herbrecht et al., 2002; Limper et al., 201 1; Walsh
et al., 2008). Posaconazole is also considered as an effective treatment of aspergillosis, however not approved as primary
agent (Walsh et al., 2007). Echinocandins are used as second-line therapy, and/or echinocandins with voriconazole combi-
nation are applied to increase antifungal action for this purpose (Limper et al., 2011; Walsh et al., 2008).

Posaconazole and voriconazole are considered as the primary drugs for the treatment of fusariosis (Lortholary
etal., 2010; Raad et al., 2006). Besides, some physicians also use lipid formulations of amphotericin B (AmB) or combina-
tion of AmB lipid formulation with voriconazole (Ho et al., 2007).

AmB is considered as the preferred drug for mucormycosis. Lipid-based formulations of AmB show better drug ef-
ficacy, as compared to the original deoxycholate formulation. Besides azole groups, posaconazole is used for step-down
therapy (Lewis et al., 2010).

Voriconazole is used as a primary drug for the treatment of S. apiospermum and S. prolificans (Troke et al., 2008), and
posaconazole is also considered to be effective (Torres et al., 2005).

AmB is applied to treat patients with severe blastomycosis, and it is also used for immunosuppressed patients. Once
they are stable, azole is used for a few weeks. Itraconazole (ITZ) may be considered as primary agent. On the other hand,
voriconazole or fluconazole can be used as second-line treatment (Chapman et al., 2008; Smith and Kauffman, 2010).

In case of cryptococcosis, AmB with flucytosine is used for a few weeks, and fluconazole is used as step-down treat-
ment. Fluconazole is also used for a few months to treat mild to moderate cryptococcosis (Perfect et al., 2010).

AmB can be used to treat severe coccidioidomycosis, and azoles can be used to treat less severe cases (Galgiani
et al., 2005). ITZ or fluconazole is used as step-down therapy for long-term treatment of coccidioidomycosis. If azoles fail
as the first-line drug, posaconazole and/or voriconazole can be used in that case (Smith and Kauffman, 2012).

AmB is utilized as the preferred therapy for histoplasmosis. For mild to moderate infection, azoles are used as first-line
drug and, if AmB produces a positive result as first-line therapy, azoles can be used as step-down therapy in that case. ITZ,
voriconazole, and posaconazole are also preferred drugs to treat histoplasmosis (Freifeld et al., 2009; Wheat et al., 2007).

5 CLINICAL STATUS TO TREAT FUNGAL INFECTION BY PULMONARY ROUTE

Local delivery of medications to the lungs is highly desirable, especially in patients with specific pulmonary diseases, such
as invasive fungal infection in the lung, cystic fibrosis, asthma, chronic pulmonary infections, or lung cancer. There are
many dosage regimens available that are given orally or intravenously to treat these diseases (Table 14.1). But unfortunately
till now there is no therapy available through pulmonary route, in spite of having added advantages of directly delivering
the drug to the infected lungs.

6 IMPORTANCE OF PULMONARY ROUTE FOR DRUG ADMINISTRATION

The desired efficacy of a therapy mostly depends on the delivery strategy by which a drug is delivered with an optimum
concentration. Above or below the maximum and minimum concentrations of a drug at its therapeutic window, it can pro-
duce moderate to severe side effects, or provide a subtherapeutic or no effect. Different DDSs already available or currently
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TABLE 14.1 Drugs and Dosage Forms Used by the Routes Other Than the Pulmonary Route of Administration to Treat

Lung Fungal Infection

Trade Name of the

Drug Formulation Dosage Form and Route Manufacturer
AmB Amphotec Complex; i.v. Kadmon Pharmaceuticals, LLC
Anolip Lipid Complex; i.v. Actiza Pharmaceutical
Ampholip Lipid Complex; i.v. Farma glow
Amphocil Colloidal dispersion; i.v. infusion Wintac Ltd.
Abelcet Lipid Complex; i.v. Sigma-Tau Pharmaceuticals, Inc.
AmBisome Liposome; i.v. infusion Mercury Medicare
Natamycin Natacyn Suspension; ophthalmic Alcon Laboratories, Inc.
Nystatin Nyotran Lyophilized liposomal formulation; i.v. ~ Aronex Pharmaceuticals
Terconazole Terazol 7 0.4% Cream; vaginal application Janssen Pharmaceuticals, Inc.
Voriconazole Vfend Tablets; oral Pfizer
Suspension; oral
Infusion; i.v.
ITZ Sporanox Solution; oral Janssen Pharmaceuticals, Inc.
Capsules; oral
Tioconazole Vagistat-1 Ointment; vaginal application Novartis Consumer Health
Butoconazole nitrate Gynazole 1 Cream; vaginal application Ther-Rx and Perrigo Company
Oxiconazole nitrate Oxistat Cream; topical application GlaxoWellcome
Econazole nitrate Spectazole Cream; topical application Janssen Biotech, Inc.
Ketoconazole Nizoral 2% Shampoo; application in scalp Janssen-Cilag
Xolegel Gel; topical application Aqua Pharmaceuticals
Fluconazole Diflucan Tablets; oral Pfizer
Suspension; oral
Infusion; i.v.
Posaconazole Noxafil Suspension; oral Merck
Delayed-release tablets; oral
Anidulafungin Eraxis Lyophilized product; i.v. infusion Pfizer
Caspofungin acetate Cancidas Lyophilized product; i.v. infusion Merck & Co., Inc.
Micafungin sodium Mycamine Lyophilized product; i.v. Astellas Pharma Ltd.
Flucytosine Ancobon Capsules; oral Valeant Pharmaceuticals, Inc.
Butenafine HCI Mentax Cream; topical application Mylan Bertek Pharmaceuticals, Inc.
Naftifine hydrochloride Naftin Gel; topical application Merz Pharmaceuticals, LLC
Cream; topical application
Terbinafine hydrochloride  Lamisil Tablets; oral Novartis

Granules; oral

Gel; topical application

AmB, Amphotericin B; ITZ, itraconazole; i.v., intravenous.

under development can be efficiently used to minimize drug degradation, prevent toxic adverse effects, and increase the
bioavailability of the drugs. The developmental strategy of new formulation involves interdisciplinary approaches coordi-
nating various branches of science and technology, for example, polymer science, pharmaceutical sciences, clinical medi-
cine, molecular biology, etc.

Pulmonary infections caused by Aspergillus species are associated with significant morbidity and mortality in im-
munocompromised patients (Walsh et al., 2008). Although systemic drug delivery is used popularly in the treatment
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of pulmonary infections, aerosolized delivery is an attractive option in the prevention of pulmonary fungal infections
because the drug can act locally in a site-specific manner, with a higher local concentration, and a minimal systemic
exposure.

Growing interest has given to the potential of pulmonary route as a noninvasive administration for both the systemic and
local drug delivery of therapeutic agents, because of the high permeability and large area for absorption in lungs (approxi-
mately 70~140 m? in adult humans, having enormously thin mucosal membrane for absorption), and good blood supply
(Groneberg et al., 2001, 2002, 2003). The alveolar epithelium of the distal lung has been shown to be a major absorption site
for many of the therapeutics and various macromolecules (Sangwan et al., 2001; Scheuch and Siekmeier, 2007; Tuncer and
Nevin, 2007). Further, advantages of pulmonary route of administration over peroral application are the comparatively low
enzymatic activity and rapid drug absorption, with a capacity for overcoming hepatic “fast-pass metabolism.” Although for
a prolonged period drugs have been administered through pulmonary route, current pulmonary drug delivery has become an
attractive choice with a remarkable scientific and biomedical interest in the area of healthcare research. It has been already
reported that the local respiratory disorders, such as asthma, pulmonary infection, pulmonary hypertension, and some
systemic disorders (e.g., diabetes) can be well treated by pulmonary route (Gangurde et al., 2012).

7 PRINCIPAL MECHANISMS OF RESPIRATORY DEPOSITION

The respiratory deposition of inhaled drug particles in the lung is very complex, and deposition is based on many factors.
Some of the influencing factors include:

Breathing rate

Lung volume

Respiration volume

Health of the subject

Airway bifurcations leading to constant changing of hydrodynamic flow of fluid

Depending on the particle size, respiratory airflow, and structural position in the respiratory system, lung deposition
occurs via one of the following principal mechanisms.

7.1 Impaction

The airways bifurcate each time, and suspended particles travel along their original path due to inertia, and impact on the
airway walls.

7.2 Sedimentation

Sedimentation is the settling down of particles in the smaller airways. The rate of sedimentation is based on the low airflow
rate, mainly in the small airways. Low airflow rate tends to change terminal velocity, and ultimately sedimentation occurs.

7.3 Interception

Interception occurs when a drug particle contacts on airway surface, depending on its physical size and shape.

7.4 Diffusion

Diffusion is a primary mechanism of deposition where the particles go from a region of higher concentration to a lower
concentrated region, due to Brownian motion. Diffusional depositions occur mostly in the nasopharynx, and most likely in
the smaller airways.

7.5 Absorption

The lung is more permeable to macromolecules, including many more therapeutic peptides and proteins than any other por-
tal of entry into the body. Particularly, peptides that have been chemically altered to inhibit peptidase enzyme exhibit very
high bioavailability by the pulmonary route. Small molecules that are highly soluble and cationic can exhibit prolonged
absorption.
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FIGURE 14.2 Evolution of pulmonary delivery devices. CFC, Chlorofluorocarbons; DPI, dry powder inhalers; MDI, metered dose inhalers.

8 PULMONARY DRUG DELIVERY DEVICES

The development of modern inhalation devices can be broadly divided into two categories with various varieties (Fig. 14.2):

1. Nebulizer
2. Compact portable inhaler

8.1 Nebulizer

Nebulizers have been used to treat respiratory diseases for many years. The working principle of jet nebulizer is based on
Bernoulli principle by which compressed gas (air or oxygen) is passed through a narrow orifice, creating a low-pressure
area at the adjacent liquid feed tube (Fig. 14.3). This evacuates the solution, with the drug being drawn up from the fluid
reservoir and shattered in the gas stream through fine droplets. In an ultrasonic nebulizer, a piezoelectric crystal is used with
a high vibrating frequency (usually 1-3 MHz) to generate a fountain of liquid in the mobilizing chamber.

The physical properties of pulmonary drug formulations may have an outcome based on particle size and nebuliza-
tion rates. The viscosity, osmolarity, ionic strength, pH, and surface tension may also affect the nebulization of some
formulations.

Constant output jet nebulizer can aerosolize most of the drug solution, and provides a large dose with very little patient
coordination skill. Treatment by using a nebulizer can be time consuming, and also less effective, where there is 50% loss

—
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FIGURE 14.3 Nebulizer and its components.
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with a continuously operated nebulizer. On average, only 10% of the total dose loaded in a nebulizer is in reality deposited
in the lungs (Giraud and Roche, 2002).

Recently, technically advanced novel nebulizers have been developed to reduce drug wastage and improve delivery
efficacy. In a nebulizer, the aerosol output is increased by directing auxiliary air entrained at the time of inspiration by en-
hanced delivery designs. Adaptive aerosol delivery monitors a patient’s breathing pattern in the first three breaths, and then
targets the aerosol delivery into the first 50% of inhalation of each time. This commits that the aerosol is delivered to the
patient during inspiration only, thereby eliminating loss during expiration that occurs with a continuous output nebulizer
(Ashurst et al., 2000; Borgstrom et al., 1996).

8.2 Compact Portable Inhaler
8.2.1 Metered Dose Inhaler

It is the revolutionary invention of MDI that overcomes the problem of the hand-bulb nebulizer, and serves portability to
outpatients for the first time. This inhalation device is currently the most widely used aerosol delivery device (Fig. 14.4).
MDI provides a drug aerosol driven by propellants, such as chlorofluorocarbons (CFC) and hydrofluoroalkanes. MDI emits
only a small portion of the drug dose to the lung. On average, only 10%—-20% of the delivered dose is deposited in the lung.
The high velocity and large particle size of the spray cause around 50%—-80% of deposition of drug in the oropharyngeal
region. Hand and mouth discoordination is another barrier in the optimal use of an MDI system.

The efficacy of an MDI device depends on a patient’s breathing pattern, inspiratory flow rate (IFR), and hand and
mouth coordination. Increased IFR results in a decrease in total pulmonary dose deposition and diffusion into the peripheral
airway. Fast inhalations (>60 L/min) result in a less peripheral deposition, since deposition of the aerosol takes place by
inertial impaction in the oropharyngeal region and the conducting airways. When aerosol is inhaled slowly, drug deposi-
tion by gravitational sedimentation in the peripheral region of the lung is improved. Peripheral drug deposition has also
been shown to improve with an increase in tidal volume, and a decrease in respiratory frequency. As the inhaled volume is
enhanced, aerosols are able to diffuse more into the lung peripheral region. An increased breath-holding period on comple-
tion of inhalation enables particles that penetrate the periphery to deposit in that region, instead of being exhaled during the
expiratory phase. Thus, the best conditions for inhaling MDI aerosols include a starting volume equivalent to the functional
residual capacity, actuation of the device at the start of inhalation, IFR of <60 L/min followed by a 10-s breathhold at the
end of inspiration (Norwood et al., 1995).

8.2.2 Pressurized Metered Dose Inhalers

The pMDI is not available for all drugs or dosages, making it difficult for clinicians to prescribe the same type of device for
diverse inhaled medications. This is exacerbated by the trend of many pharmaceutical companies not to release newer in-
haled drugs as pMDIs. The design of the CFC-propellant pMDI requires initial and frequent priming of the device. Failure
to prime the device results in the administration of a substantially lower dose than that prescribed. Unfortunately, frequent
priming tends to waste drug in the atmosphere (Dalby and Suman, 2003).

8.2.3 Dry Powder Inhalers

Interest in DPIs as an effective, efficient, and environmentally friendly way of delivering drugs to the lung has accelerated
in recent years. A fundamental difficulty with developing solid state aerosols or DPIs is managing both the ubiquitous and
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FIGURE 14.4 MDI and its components.
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FIGURE 14.5 Schematic diagram of some currently available DPIs and their components.

the transient forces contained in powder beds. Indeed, managing such particulate forces, for example, via particle engineer-
ing techniques, is now considered central to successful DPI formulation and production (Fig. 14.5).

In consequence, much attention is currently focused on producing smart formulations, where it may be possible to
achieve excellent powder flow and low cohesive forces.

Pharmaceutical scientists too frequently meet major obstacles when they engage in the world of DPI product design,
because of the complications of this area resulting from the plethora of DPI device designs. There is tremendous variation in
the methods used to store and meter powders, and to generate the aerosol cloud. In the case of DPI aerosol generation, there
is a great deal of variation between different types of device, as well as in the fluid dynamic and electrostatic environment
that the powder formulation experiences (Ashurst et al., 2000).

The drug aerosol is created in a DPI by directing air through loose powder. Most drug particles from DPIs are too
large to penetrate into the lungs because of either large powder agglomerates, or the presence of large carrier particles
(e.g., lactose). Thus, dispersion of the powder into fine respirable particles depends on the creation of turbulent air flow
that causes the aggregates to break up into particles small enough to be carried into the lower airways, and also to separate
carrier from the drug in the device chamber. Each DPI has a different airflow resistance that regulates the required inspi-
ratory effort. The higher the resistance of the device, the more difficult it is to generate an inspiratory flow great enough
to attain the maximum dose from the inhaler device. However, deposition in the lung tends to be augmented when using
high-resistance inhalers (Yu and Chien, 1997). However, an efficient and robust formulation technology can provide more
acceptable use of DPI products (Begat et al., 2004).

9 PULMONARY FORMULATIONS TO TREAT LUNG FUNGAL INFECTION

Targeted drug delivery to the lungs has evolved to be one of the most widely investigated systemic or local drug delivery
approaches (Le and Schiller, 2010). The evolution of novel DDSs for the treatment of pulmonary fungal infections is in-
creasing day by day because of the recurrence of fungal infection, even after the conventional therapy occurred, due to the
live spores in the lungs remaining there due to the absence of long-term drug availability at the site of infection. Pulmonary
route in particular also makes it possible to deposit drugs in a more site-specific manner at high concentrations within the
infected lung, thereby reducing the overall amount of drug given to patients (10%—20% of the peroral quantity), as well as
increasing local drug activity while reducing systemic side effects, and avoiding first-pass metabolism.

To further exploit the other advantages presented by the lungs, as well as to overcome some challenges encountered,
scientists developed interests in DDS for pulmonary administration. These systems can be broadly classified into immedi-
ate release (e.g., lactose—drug mixtures for DPI application) and controlled release systems (such as liposomes, micelles,
nano- and microparticles based on polymers).
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Nanodrug carriers, such as liposomes, nanoparticles (NPs), micelles, etc., have been used to improve the therapeutic
index of new or established drugs by modifying drug absorption, reducing metabolism, prolonging biological half-life, or
reducing cytotoxicity. Drug distribution is then controlled primarily by properties of the drug nanocarriers, and no longer
by physicochemical characteristics of the drug substance only. A careful design of DDS for pulmonary route requires thor-
ough knowledge of players, such as lung architecture, appropriate selection of the carrier materials, production process, and
device for successful delivery of drug to lungs (Maji et al., 2014).

Most of the drugs are administered intravenously for the treatment of fungal infection in lung to avoid degradation in
the gastrointestinal tract. Patients, however, avoid injections and i.v. treatments, because they are painful, inconvenient,
and expensive. Pulmonary drug delivery offers a noninvasive alternative to injections, and can also be more efficient and
effective to deliver the drug, and achieves patient compliance (Raja Kumar et al., 2014) (Table 14.2).

9.1 Liposomes

Polyene antibiotic AmB is regarded as a gold standard for the treatment of deep-seated systemic fungal infections in
lung (Gulati et al., 1998; Stamm and Dismukes, 1983). Liposomal formulation of AmB was introduced in the mar-
ket in the year 1990 (Katz et al., 1990) under the brand name of AmBisome (NeXstar Pharmaceuticals, San Dimas,
United States), given intravenously to treat Candida spp., Aspergillus spp., Fusarium spp., and other fungi infections
in neutropenic, visceral leishmaniasis, and methylmalonic acidemia patients (Kelsey et al., 1999; Stockler et al., 1993;
Walsh et al., 2001).

To get a substantial lung tissue concentration and low systemic exposure of AmB, Fungizone (AmB desoxycholate) or
AmBisome (liposomal AmB) was delivered by nebulization (Ruijgrok et al., 2000). AmBisome was found to show greater
pharmacokinetics than free drug, including prolonged systemic circulation half-life, reduced plasma clearance rate, de-
creased renal toxicity, and most importantly, enhanced therapeutic efficacy (Walsh et al., 1998).

Aerosolized liposomal AmB was found to be more effective for the prevention of IPA in a placebo-controlled trial in
patients with prolonged neutropenia (Rijnders et al., 2008).

Becker et al. (2002) concluded that efficacy of AmBisone therapy can be enhanced by the addition of Fungizone at the
start of the treatment, due to the availability of the drug in the lung at start of treatment.

In another study, the surface was modified by coating with alveolar macrophage-specific ligands (O-palmitoyl mannan
or OPM), and also with monoclonal antibody EBA-2 in AmB-loaded aerosolized liposomes and emulsomes (core com-
posed of solid lipid surrounded by phospholipid bilayers), respectively for their selective presentation to lungs (alveolar
macrophages) in aspergillosis infection. Further, ®™Tc-labeled liposomes could be used for in vivo imaging of the infection
site, as depicted by scintigraphy imaging (Vyas et al., 2009).

Systemic delivery of voriconazole for two months, followed by I'TZ for one month, was ineffective; liposomal AmB was
transbronchially administered directly into the pulmonary aspergilloma using a transbronchial aspiration cytology needle,
resulting in the aspergilloma disappearing by seven and a half months after the first treatment (Takeda et al., 2014).

9.2 Lipid Complex

Mucormycosis have documented successful outcomes with either liposomal AmB or AmB lipid complex. Nevertheless,
based on the combination of these retrospective clinical data, the historically poor success rates with AmB deoxycholate,
and the animal data, show superiority of aerosolized liposomal AmB over AmB deoxycholate (Lowry et al., 2007; Spellberg
et al., 2005).

9.3 Nanoparticles

ITZ has been strategically encapsulated into chitosan-based NPs using a modified ionic gelation method; drugs were fab-
ricated as inhalable microparticles using spray-drying technique. Different ratios of chitosan:tripolyphosphate were used,
and its 55% encapsulation was found at a 1:3 ratio of chitosan:tripolyphosphate. In vitro inhalation parameters, including
fine particle fraction and emitted dose percentage, were measured by a twin stage impinge. The data of in vitro deposi-
tion specify that processing of NPs with mannitol and leucine could improve the aerosolization properties significantly
(Jafarinejad et al., 2012).

Although AmB was investigated as desoxycholate salt, liposomal, or lipid complex form, PLGA—dimercaptosuccinic
acid polymeric NPs loaded with desoxycholate AmB for sustained delivery of the drug was found to reduce the number
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of AmB administrations, with fewer undesirable effects and a favorable extended dosing interval required to treat mycosis
intraperitoneally (Amaral et al., 2009).

Later on, AmB NPs were prepared through liquid antisolvent precipitation for oral administration. The AmB NPs ex-
hibited 2.1 times faster dissolution rates, and 13 times equilibrium solubility, compared with the raw drug; this could be of
beneficial for aerosol delivery (Zu et al., 2014).

Patients receiving oral prophylaxis of voriconazole has shown to provide a better intrapulmonary penetration into the
pulmonary epithelial lining fluid in lung transplant patients (Capitano et al., 2006). Nevertheless, the suitability of an aque-
ous solution of voriconazole solubilized with sulfobutyl ether-B-cyclodextrin for targeted drug delivery to the lungs via
nebulization has been established (Tolman et al., 2009). Another interesting study depicts that polylactide-co-glycolide NPs
containing voriconazole made porous using an effervescent mixture for improved pulmonary delivery for sustained drug re-
lease for over 15 days. Pulmonary deposition of the particles was studied using a customized inhalation chamber (Sinha and
Mukherjee, 2012) for experimental mice. Porous particles had a lower mass median aerodynamic diameter (MMAD), and
the highest initial drug deposition than nonporous particles. VNPs with improved drug loading were successfully delivered to
murine lungs (Sinha et al., 2013). The most recent studies involve the development of PLGA NPs containing voriconazole,
radiolabeling with technetium-99m to investigate the effect on their blood clearance, biodistribution, and in vivo gamma im-
aging. In vivo deposition of the drug in the lobes of the mice lung, and accumulation in various major organs, has also been
observed. Drug accumulation was more pronounced in the lung, in the case of administration of the NPs than that of the free
drug. The free drug was found to be excreted faster than the NPs containing drug, following the inhalation route, as assessed
by gamma scintigraphy study (Das et al., 2015).

Other antifungals, such as pneumocandin, have been shown to be more effective for prophylaxis against IPA in rats,
when given through aerosolization, compared to parenteral treatment of the same (Kurtz et al., 1995).

The in vitro suitability of caspofungin for aerosol administration by characterizing factors that influence efficacy and
airway tolerance of aerosol delivery, such as physicochemical properties, the aerodynamics of drug particles, and efficiency
of nebulizing systems, etc. (Wong-Beringer et al., 2005). Aerosolization of caspofungin has been evaluated by using three
different jet nebulizer and compressor systems. The ability of the drug to achieve favorable physiochemical properties for
nebulization requires dilution in normal saline, and a more concentrated (30 mg/mL) solution.

ITZ DPI composed of NPs using high-pressure homogenization with tocopherol polyethylene 1000 succinate as a sta-
bilizer has been prepared, and was embedded in carrier microparticles of mannitol and/or sodium taurocholate, by spray-
drying. There followed impaction studies using a multistage liquid impactor to determine the aerodynamic performance
and fine-particle fraction that is theoretically able to reach the lung (Duret et al., 2012).

A recent study shows germination of inhaled fungal spores initiates infection, causing severe pneumonia and even
mortality. It has been observed that nebulized AmB—polymethacrylic acid NP prophylaxis prevents invasive aspergillosis.
It was not toxic to lung epithelial cells or monocyte-derived macrophages in vitro, or in an in vivo transplant immunosup-
pression mouse model of life-threatening invasive aspergillosis. Three days of nebulizer based prophylaxis delivered the NP
effectively to lung, and prevented both fungal growth and lung inflammation (Shirkhani et al., 2015).

Self-assembled AmB-loaded polyglutamic acid NPs were prepared and characterized, and in vitro potential against
Candida albicans was determined. The biodegradable polyglutamic acid-based formulation of AmB showed potent an-
timicrobial activity similar to that of Fungizone against C. albicans. Interestingly, AmB-bearing PGA NPs were found to
inhibit biofilm formation to a considerable extent. In summary, AmB—PGA NPs showed highly attenuated toxicity when
compared with Fungizone, while retaining equivalent active antifungal properties (Zia et al., 2015)

9.4 Nanosuspension

It has been found that when nanostructured crystalline I'TZ formulations were aerosolized, high lung tissue concentrations
were achieved, while the systemic exposure was reduced (Hoeben et al., 2006).

Another study shows high and sustained lung tissue concentrations were achieved after inhalation of ITZ in mice,
following oral and pulmonary dosing of amorphous nanoparticulate ITZ compositions, as well as the ITZ oral solution
(Sporanox/Janssen) (Vaughn et al., 2006).

Administration of nanoparticulate ITZ containing polysorbate 20 as a nebulized suspension of evaporative precipitation
into aqueous solution (EPAS) ITZ provided for targeted high lung concentrations in a murine model (McConville et al., 2006).

Administered as a nebulized suspension of URF, ITZ nanostructured powder agglomerates with enhanced dissolution
properties, as well as high bioavailability. These engineered powders have been nebulized as dispersions to rodents to
evaluate the pharmacokinetic parameters following inhalation (Yang et al., 2008b).
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Nanoparticulate nystatin was found to show better in vitro and in vivo antifungal activities against C. albicans. A
nystatin nanosuspension was prepared by wet-media milling. Immunosuppressed DBA/2 mice were orally infected with
C. albicans, and treated with conventional nystatin suspension, nystatin nanosuspension, or saline control for 14 days.
Beginning on day 3 of treatment, lower oral burdens of C. albicans were found in the nanosuspension group, compared
with the suspension and control groups. Mouse survival was also superior in the nanosuspension group (Melkoumov
et al., 2013).

9.5 Micelles

There are only few reports investigating the application of inhalable polymeric micelles for delivery of antifungals for
inhalation route. Water-soluble chitosan was grafted to stearic acid (SA) chains via 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide mediated coupling reaction that was determined by '"H NMR. Chitosan—SA conjugate nanomicelles of AmB
of 101-248 nm was evaluated for the antifungal activity, aggregation state of the drug, nebulization efficiency, and retention
of AmB in the micelles after nebulization (Gilani et al., 2011).

Another study reveals that ITZ was entrapped into the hydrophobically modified chitosan micelles (120-200 nm). The
in vitro pulmonary profile of polymeric micelles was studied by an air-jet nebulizer connected to a twin stage impinger.
The nebulization efficiency was up to 89%, and the fine particle fraction varied from 38% to 47%. The micelles had enough
stability to remain in the encapsulation of the drug during the nebulization process (Moazeni et al., 2012).

10 WHY PULMONARY ROUTE?

In recent years, pulmonary drug delivery is an attractive route of administration of drugs due to various beneficial effects.
In fact, the lungs are a competent entry point for drugs to the bloodstream due to the huge surface area for absorption (about
100 m?), the very thin absorption membrane (0.1-0.2 um), and outstanding blood flow (5 L/min) capability that rapidly al-
locates molecules all over the body. Moreover, the lungs reveal fairly low local metabolic activity and, in contrast to the oral
route of drug administration, pulmonary inhalation is not subjected to first-pass metabolism (Goel et al., 2013). The various
advantages of pulmonary DDSs are listed here (Banker and Rhodes, 2002; Cole and Mackay, 1990; Hillery et al., 2001;
Sciarra and Cutie, 1991):

Straight delivery of the medicament to the affected area is possible.

Reduced dose is required for the desired pharmacological action that results in reduced systemic side effects.

Quick onset of drug action.

Intestinal and hepatic first-pass metabolism can be avoided.

Much reduced hostile environment is present in the lungs than in the oral route to most drugs, including proteins and
peptides.

While administering a dose, sterility of the product can be maintained.

. There is better protection against drug degradation by oxygen and moisture, thus the stability is augmented for labile
substances.

SR wN S
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11 LIMITATIONS OF PULMONARY ROUTE (IF ANY)

There are not only advantages, but also some limitations of the pulmonary rote of delivery. The limitations of the delivery
of drugs to lungs (Sciarra and Cutie, 1991) are very important in the design of effective pulmonary DDSs. Some of them
are mentioned here;

1. The oropharyngeal settlement may give local adverse effects.

2. Patients may have trouble using the delivery devices correctly.

3. Various aspects affect the reproducibility of drug delivery to the lungs, including physiological (respiratory scheme) and
pharmaceutical (tool, formulation) variables. For the systemic delivery of drugs with a small therapeutic index, such
deviations may be undesirable.

4. Drug absorption may be limited due to the barrier action of the mucus and the drug—mucus interactions.

5. Mucociliary clearance diminishes the retention time of drugs within the lungs that may affect the pharmacological ef-
ficacy of the slowly absorbed drugs.

6. The lungs are not an easily reachable surface for drug delivery, and complex delivery devices are required for targeted
drug delivery.
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12 CONCLUSIONS

Due to rapid blood turnover and fast blood flow, it is hard to maintain persistent therapeutic drug levels in lung. This causes
an inability of drug molecules to kill the live fungi in totality, and the fungal spores survive. To maintain the drug concen-
tration in lung, high dose of drug is to be given, often causing high level of toxicity in patients, and inability of the patients
to continue the treatment. Fungal infection in lungs is, therefore, difficult to treat by conventional DDSs. Pulmonary drug
delivery has a great potential for successful delivery of drug to the lung for effective treatment locally, and even for systemic
fungal infections, resulting in a better therapeutic outcome. There are numbers of pulmonary drug delivery devices and
DDSs available. Extensive research in the area is in progress. However, existing pulmonary DDSs are not effective enough,
and designing the appropriate delivery strategy may explore a new avenue for pulmonary drug delivery to improve the
pharmacokinetic profile of the therapeutic payloads.
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INTRODUCTION

Cancer has instigated lots of interest among researchers around the globe due to its
high mortality, unique nature, and inadequate treatment strategies. As per the published
report of American Cancer Society, it is expected that by 2030 about 21.4 million new
cancer cases will impose a serious global concern and cancer related death toll may
reach up to 13.2 million due to the growth and aging of population. Despite the
remarkable breakthroughs that have been achieved in understanding the disease, espe-
cially mapping and profiling of specific tumor biomarkers, characterization of cancer
cells and the understanding of signal cascades involved in pathogenesis of cancer, the
development of an appropriate treatment strategy is still in its infancy. This may be
due to our inability to deliver the cargo of drug(s) specifically to the target site without
imparting any adverse effect on healthy tissues and organs. Therefore, it would be very
much essential to develop a smarter and more efficient carrier system that can over-
come the biological barriers, distinguish between normal and cancerous cells, capable
enough to exploit the heterogeneous and complex microenvironment to deliver cargo
within an optimal dosage range (Mukherjee et al., 2014; Karra and Benita, 2012).
Traditional treatment options for cancer include surgical intervention, radia-
tion, and chemotherapeutic drugs, which produce adverse effects on healthy cells,
thus imparting toxicity to the patients. Moreover, most of the potent anticancer
agents possess limited solubility in the biological environment, which has greatly
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reduced their pharmacokinetic properties. Therefore, attention has been paid not
only to develop the new drugs but also on the development of novel therapeutic
strategies, such as photodynamic therapy and gene therapy. The most important
fact is that the success of these techniques depends on delivery of therapeutic
agents (drugs, photosensitizers, and genes) into the target tumor sites for better
therapeutic outcome. In this context, nanoscaled drug delivery systems offer sig-
nificant promise owing to their size, surface charge, flexibility for decoration with
ligands of diverse nature for specific targeting to tumors, better protection of
drugs from harsh environment (highly acidic environment in the stomach, lyso-
somes of cells and high level of protease or other enzymes in the bloodstream)
before they can reach the target site, resulting in improvements in biodistribution
and pharmacokinetics of drugs in the systemic circulation, controlled release of
the drugs over a longer period of time at desired doses, co-delivery of multiple
types of drugs, and/or diagnostic agents to combat multiple drug resistance
(MDR) (Ang et al., 2014).

Basically, nanocarriers are submicron colloidal systems (1—1000nm) of
diverse chemical compositions, shape, and physiochemical properties which decide
their in vivo fate along with their smooth translation from laboratories to clinics.
Nanocarriers that are most commonly used for cancer treatment include liposomes,
nanoparticles (NPs), nanoemulsion, polymeric micelles, dendrimers, etc.

The advantages of using NPs as a drug delivery system include the following:

1. NPs allow easy manipulation and alteration of their particle size and surface
characteristics for achieving both passive and active drug targeting after
parenteral administration.

2. NPs can control and sustain release of drug, both during the transportation of
the particle and at the site of localization. This alters the organ distribution of
the drug and, subsequently, the clearance of the drug so that increased drug
therapeutic efficacy and reduced side effects can be achieved.

3. By altering the constituents of the NP matrix, controlled release and
degradation characteristics of the particles can be modulated. NPs allow
relatively higher drug loading and also allow incorporation of drug into the
delivery system without any chemical reaction; which is an important factor
for preserving drug activity.

4. NP surfaces can be modified by attaching targeting ligands or be guided
magnetically to achieve site-specific targeting.

5. NPs are versatile enough to be used via various routes of administration
including oral, nasal, parenteral, intraocular, and others (Ang et al., 2014,
Sun et al., 2014).

Many strides have been made to develop nanocarriers specifically targeted to
tumors (Sun et al., 2014). The advancements in molecular biology and improved
understandings of signaling pathways have led to the development of nanocar-
riers to potentially enhance the treatment efficiency as well as to overcome
the hurdles associated with conventional therapies. More importantly, targeted
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delivery should be designed in such a way that it substantially increases the
fraction of systemic administered dose that reaches the target sites by tuning
the biodistribution of drug and thus producing high local drug concentration
at the tumor site while minimizing collateral damage to healthy cells. Ideally,
effective targeted delivery systems must have four important characteristics:
retain, evade, target, and release. In the case of intravenously (IV) administered
nanoformulations this means efficient loading of drug into specific delivery vehi-
cles, optimum residence in the circulation to reach the specific site of the body
where it will act and finally release drug at the site within a time period that
allows the drug to exert its function (Karra and Benita, 2012). There are two
main types of targeting strategies which are largely exploited for the delivery of
nanocarriers, known as active and passive targeting. As discussed earlier, tumors
are characterized by defective vasculature and poor lymphatic drainage, which
facilitate the accumulation of nanocarriers within the target tissues. The phenom-
enon is known as the enhanced permeability and retention (EPR) effect. The
success of EPR-based tumor targeting is heavily dependent on the size of
the NPs. Depending on the type and stage of the tumor, cut-off size typically
varies between 100 and 800 nm. Nanocarriers smaller than the cut-off size can
gain entry into the tumor interstitium from the blood vessels (Mukherjee et al.,
2014; Sun et al., 2014).

In the case of liposome, the cut-off size was found to be 400 nm, whereas
for particles smaller than 200 nm for effective targeting. The penetration of
nanocarriers within the tumor tissues was found to be diffusion-mediated and
inversely proportional to their size. In most of the literature, it has been men-
tioned that carriers within the size range of 30—200 nm are believed to be opti-
mal for exploiting EPR due to certain features, such as overcoming obstacles
provided by the tumors and ability to rapidly establish the equilibrium toward
extravasation (Aruna et al., 2013; Yuan et al., 1995). Apart from that, tumor
interstitium also plays a determining role in delivering drug through passive
targeting. The transport of nanocarriers into the interstitium is a result of net
force between extravasation and interstitial pressure along with the concentra-
tion gradient (Haley and Frenkel, 2008; Heldin et al., 2004). Moreover, the
shape of the NPs is also found to be crucial in determining the efficiency of
passive targeting. The results of many experiments have shown that spherical
particles were found to be better candidate compared to rod- and bar-shaped
nanocarriers (Yoo et al., 2012). This is because spherical particles tend to fol-
low the laminar flow pattern and those particles that move near the surface of
the vascular wall generally extravasate into the tumors, whereas rod- and bar-
shaped particles are hydrodynamically unstable and fail to follow the flow
pattern as they travel in the bloodstream. Lastly, the surface properties of nano-
carriers also play a crucial role in EPR-mediated targeting. Nanocarriers with
prolonged circulation half-life and stealth capability adsorb less protein, lead-
ing to a significant reduction in clearance by the mononuclear phagocytic
system (MPS).
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Despite the fact that intensive research is on-going into the targeting of nano-
carriers to tumors, the efficiency of translation from laboratories to clinics is very
low. Therefore, researches should be engineered and tuned in such a way that
they may overcome the shortcomings to potentiate the translation of formulations.
Therefore in this chapter our focus is on the key issues which should be overcome
by the nanocarriers for better therapeutic outcome.

CANCER AND ITS MICROENVIRONMENT

Cancer is a group of diseases which cause abnormal and uncontrolled cell divi-
sion coupled with malignant behaviors such as tissue invasion, angiogenesis, and
metastasis. A malignant tumor is a neoplasm occurring from a failure in the regu-
lation of tissue growth. This abnormal proliferation of tissues is caused by muta-
tions of genes like the oncogenes (that promote cell growth and reproduction) and
tumor suppressor genes (that inhibit cell division and survival) (Blanco et al.,
2012). Researchers have identified the potential role of various components of
tumor microenvironments that strongly influence the cellular phenotypes along
with the susceptibilities of tumor toward chemical entities by a range of mechan-
isms. The tumor microenvironment is composed of numerous components, such
as cells (cancer-associated fibroblasts or macrophages), extracellular matrix
(ECM), signaling molecules, and mechanical signals that act in a paracrine man-
ner to influence various functions such as tumor initiation, supportive role for
tumor growth and proliferation, protection of tumor from host immunity, induc-
tion and potentiation of drug resistance, and providing a suitable environment for
dormant metastases to thrive. During the early stages of development, cancer cells
are heavily dependent on a tumor-supportive microenvironment, whereas at
the later stages (i.e., metastatic stage) they become biologically self-sufficient.
This acquired self-sufficiency reduces the dependency of cancer cells toward the
microenvironment and this is probably one of the prime factors that explains
the insensitivity to chemotherapy as they act by blocking the paracrine acting
stimuli (Mukherjee et al., 2014; Sun et al., 2014).

CHARACTERISTIC FEATURES OF TUMOR
ANGIOGENESIS

The ability of cancer cells to spread into the adjacent or distant organs makes
them more deadly. The process known as metastasis is the ability of cancer cells
to penetrate into blood and lymphatic vessels, circulate through the intravascular
stream and finally proliferate at other site(s). Therefore, metastatic spread of can-
cer tissue is very much dependent on the vascular network and is triggered by
chemical signals from tumor cells in a state of rapid growth. The process of
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formation of new blood and lymphatic vessels is known as angiogenesis and lym-
phangiogenesis, respectively. A group of researchers conducted a study which
was found to be very useful in providing strong evidence regarding the depen-
dency of cancer cells on the vascular network. In this study, they compared the
behavior of cancer cells infused into iris rich in blood vessels and into the anterior
chamber devoid of circulation. The larger growth of cancer cells (beyond 2 mm®)
in the area where angiogenesis is possible clearly indicates that angiogenesis
plays a crucial role in the progression of cancer. Angiogenesis basically consists
of four steps (Nishida et al., 2006) and the process is initiated through local injury
in the basement membrane of the tissues leading to immediate destruction and
hypoxia (Dameron et al., 1994). After that, activation and migration of endothelial
cells occur under the influence of angiogenic factors. In the next step, proliferated
endothelial cells will be stabilized and finally the influences of angiogenic factors
still continue to control the process of angiogenesis. The requirements for nutri-
ents and oxygen are the key to initiate the process of angiogenesis and occurs due
to the imbalance of interplay between diffusible pro- and antiangiogenic mole-
cules that are released by cancer cells and other cells, such as endothelial cells,
stromal cells, and the cellular components of ECM. In other words, the “switch
on” angiogenesis means simultaneous upregulation of activity of angiogenic fac-
tors as well as downregulation of inhibitors. Researchers have identified more
than a dozen varieties of proteins as angiogenic activators which include vascular
endothelial growth factors (VEGFs), basic fibroblast growth factors (bFGF),
angiogenin, transforming growth factor (TGF)-a, TGF-3, tumor necrosis factor
(TNF)-«, platelet-derived endothelial growth factor, granulocyte colony-
stimulating factor, placental growth factor, interleukin-8, cell/tissue-specific
growth factor (e.g., hepatocyte growth factor), and epidermal growth factor
(Dameron et al., 1994). Among them VEGF is found to have a profound influence
on the process of angiogenesis in normal and neoplastic tissues. It is also known
as fibroblast growth factor (FGF-2) and expressed in five spliced isoforms
(Narang and Varia, 2011). It acts by interactions with tyrosine kinase receptors
such as Flt-1 and Flk-1; and appears in the cancerous tissue and tumor stroma
under the influence of cytokines and other growth factors. Endothelial cells acti-
vated by VEGF produce matrix metalloproteinases (MMPs) (Nelson et al., 2000).
The ECM is made up of proteins and polysaccharides which are broken down by
MMPs, accelerating the migration of endothelial cells. The migration of endothe-
lial cells into the surrounding tissues takes place through multiplication and
finally they organize into hollow tubes enriched with a mature network of blood
vessels with the help of adhesion factors such as integrin-a or -3 (Dameron et al.,
1994; Narang and Varia, 2011). The newly formed blood vessels are stabilized by
angiotensin 1, 2 and their receptor Tie-2 (Tournaire et al., 2004). As mentioned
above, activators alone are not potent enough to initiate angiogenesis, it is equally
important that inhibitors such as angiostatin, endostatin, interferon, platelet factor 4,
thorombospondin, prolactin, and tissue inhibitors of metalloproteinase-1, -2, and
-3 for the vessel growth need to be downregulated. In addition to angiogenesis,
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vascular growth of tumor is also dependent on de novo generation of vascular endo-
thelial cells. This process of neovascularization is also known as postnatal vasculo-
genesis that involves mesenchymal/mesodermal progenitor cells. There may be
three types of progenitor stem cells, such as endothelial progenitor cells (EPCs),
hematopoietic progenitor cells (HPCs), as well as local EPCs residing within the
vascular wall. The literature suggests that the vascular wall harboring the EPCs and
HPCs in the perivascular space provides a microenvironment where cells can exist
as well as mobilize on the basis of the needs of the tissue (Erguen et al., 2008;
Zengin et al., 2006). Thus EPCs and HPCs can aid the processes of angiogenesis
and vasculogenesis.

ABNORMAL TUMOR VASCULATURE

Tumor vasculature differs drastically from normal tissue vasculature. Tumor vas-
culature has certain unique features such as lack of smooth muscle cells and peri-
cytes in the vessel wall, lack of lymphatic drainage, distorted basement
membrane, discontinuous endothelial lining, and lack of sinusoidal vessel plex-
uses. Despite the fact that factors regulating the growth of the vasculature of
tumor and normal tissues are the same, the growth of the tumor vasculature is ill-
regulated. The presence of angiogenic factors in tumor is plentiful but the gradi-
ent in growth factors is either random or scarce, leading to vigorous disorderly
growth in all possible directions at all junctures (Sun et al., 2014; Danquah et al.,
2011). This type of growth is known as invasive percolation, where invading
blood vessels percolate the tissue in all possible directions resulting in inefficient
penetration of the blood supply into solid tumor, thus causing intratumoral differ-
ences in vascularization of tumor. Therefore, solid tumors possess avascular cen-
tral regions whereas the periphery is rich in leaky vasculature (Mukherjee et al.,
2014; Maeda et al., 2009). The permeability of lymphatic vessels for solutes and
liquids is more than in blood capillaries. They help in the movement of the
macromolecules such as protein from interstitial space back into the circulation.
Lymphatic vessels also potentiate the metastases by carrying the detached tumor
cells from a primary tumor site to lymph nodes. An impaired lymphatic system is
a hallmark of a tumor. It leads to retention of macromolecules for longer periods
of time and contributes to EPR effect along with chaotic and defective vascula-
ture observed in tumors. The lack of lymphatic system also contributes to
increased tumor interstitial fluid pressure (IFP). The interstitium, rich in collagen,
acts as a biological scaffold for tissues. It occupies the space between cells and
tissues; and is lined by cell membranes and blood vessel walls. Within the matrix,
a hydrophilic gel composed of interstitial fluid and macromolecular constituents,
such as proteoglycan and hyaluronate, is present. Tumor interstitium differs
significantly from normal tissues which include three to five times larger interst-
itial space, high interstitial hydraulic conductivity and diffusivity, a comparatively
larger amount of mobile fluid and finally, faster spread of hydrophilic
agents resulting from significant extravascular convection (Sun et al., 2014).



7.3 Characteristic Features of Tumor

The interstitial pressure and capillary pressure in normal tissues are 0 mmHg and
1-3 mmHg, respectively, and the pressure gradient enhances the convective
transport of macromolecules from vascular compartments to the interstitium. The
pressure gradient in tumor is opposite that of normal tissues. The combined effect
of three factors, presence of osmotic force drawing solutes into the tumor, func-
tionally deficient blood and lymphatics, and finally, contractile ability of tumor
stroma, are of prime importance for the existence of high IFP. Recent data from
several literatures report that IFP can reach upto 100 mmHg in the tumor core,
whereas the periphery exhibits pressure almost equal to atomospheric pressure or
slightly negative (Danquah et al., 2011). Multiple effects, such as reduced convec-
tion across the walls of tumor vessels and movement of the interstitial fluid into
surrounding tissues resulting in flushing out of therapeutic agents from the tumor,
have been observed due to the existence of high IFP. These factors impose
obstacles that hamper the potency of systemic therapy to tumor, especially the
transport of macromolecules as they rely on convective transvascular transport
for their migration through the interstitium after crossing the endothelial barrier
(Sun et al., 2014).

TUMOR pH

In the last few decades, the perception was that tumors possess acidic pH due to
the conversion of glucose to lactic acid. The recent data from the literature sug-
gest that intracellular pH in tumor is neutral or alkaline, whereas the extracellular
compartment exhibits slightly acidic pH. The ion-pumps responsible for transport
of ions into the extracellular compartment are of vital importance for maintaining
the established pH gradients. Moreover, other pathogenic mechanisms, such as
ATP hydrolysis, glutaminolysis, ketogenesis, and CO,/carbonic acid production
are found to play crucial roles in maintaining the pH gradients besides aerobic
and anaerobic glycolysis. The established pH gradients favor the accumulation of
weakly acidic drugs such as mitoycin C (Sun et al., 2014).

HYPOXIA

Hypoxia refers to a condition where tissues receive a suboptimal amount of oxy-
gen or the partial pressure of oxygen has decreased below the critical level that
leads to defective clinical and biological functioning of cells or organs. Tumors
are characterized by high-rate proliferation leading to high cell density that cre-
ates a huge local demand for oxygen. Moreover, distorted tumor vasculature
limits the delivery of oxygen throughout the tumor, resulting in regions of hyp-
oxia. It is of different types with unique characteristic features, such as inadequate
perfusion (ischemic or acute hypoxia), increased diffusion distances (chronic hyp-
oxia), anemia (anemic hypoxia), and hypoxemia (hypoxemic hypoxia). Hypoxic
regions are heterogeneously distributed in 50—60% of solid tumors. Hypoxia in
tumors induces hypoxia inducible factor-1 (HIF-1) which has profound influence
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in regulating the gene transcription of ATP-binding cassette (ABC) transporters in
cancer cells, thus playing a crucial role in tumor progression. The most important
consequence of tumor hypoxia is that tumor becomes insensitive to chemotherapy
due to the overexpression of ABC transporters which are involved in effluxing of
anticancer drug from the tissue (Danquah et al., 2011; Iyer et al., 2013).

DIFFERENT TYPES OF NANOCARRIERS
POLYMERIC ‘NPs’

In general, the term ‘NPs’ denotes a wide range of submicron colloidal systems
that include organic polymeric nanostructures of synthetic polymers, natural poly-
mers, metals, nonmetals, etc. A few examples include polymeric NPs, protein
base NPs, solid lipid nanoparticles (SLNs) comprising of physiological lipid, inor-
ganic NPs, such as semiconductor NPs, iron oxide NPs, quantum dots (QDs),
gold NPs, and nonmetal NPs such as carbon nanorods (Figure 7.1).

Among them, polymeric NPs have gained significant interest due to the huge
advancement in polymer science in the last few decades. Polymeric NPs usually
have a core-shell structure and based on their method of preparation, they usually
possess two types of morphology that include nanocapsules (NCs) and nano-
spheres. NCs are delivery systems where a polymeric membrane encapsulates the
drug in a central cavity, while nanospheres are matrix-like systems with the drug
being physically dispersed throughout the matrix. The important factors in design-
ing NPs as an efficient delivery system are controlling the size of the NP, surface
properties, and release characteristics of the therapeutically active agents from
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Different nanocarriers for chemotherapy and their advantages (shaded arrow indicates
advantages of NPs and clear arrow indicates disadvantages of NPs).
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them. Although liposomal delivery systems are also versatile systems, they have
certain drawbacks regarding low encapsulation efficiency, rapid leakage of water-
soluble drug in the presence of blood components, and poor storage stability.
Polymeric NPs offer some specific advantages over liposomes on such issues by
increasing the stability of encapsulated endrug/proteins and possess useful
controlled-release properties (Sun et al., 2014).

Polymeric NPs are known to be the most effective nanocarriers for cancer che-
motherapy (Alexis et al., 2008). Polymeric NPs are nanosized (size less than
1 pm in diameter) colloidal structures, and they are prepared from both natural
polymers, such as dextran, heparin, chitosan, alginates, gelatin, and collagen, and
synthetic polymers, such as polyethylene glycols (PEGs), polycaprolactone
(PCL), polylactic acid (PLA), N-(2-hydroxypropyl)-methacrylamide copolymer,
poly-L-glutamic acid (PGA), and polystyrene-maleic anhydride copolymer.
Among them, poly(lactic-co-glycolic acid) (PLGA) has been exploited most
because it is the only polymer approved by US FDA for systemic application.
Apart from the polymeric systems, protein-based platforms have also established
their potential as drug delivery carriers due to their biodegradability, biocompati-
bility, and low toxicity. These platforms comprise of naturally self-assembled pro-
tein subunits of the same protein or a combination of proteins making up a
complete system. The proteins which are usually investigated for the development
of drug delivery systems include ferritin/apoferritin protein cage, plant-derived
viral capsids, the small heat-shock protein cage, albumin, collagen, gelatin, etc.

The polymer constitutes the hydrophobic core which acts as a container for the
anticancer drug, where the drug is either entrapped, dissolved, encapsulated, or
attached to the NP matrix (Reddy et al., 2011; Bajpai et al., 2008). These polymers
are biodegradable and so generally fragmented into monomers which are metabo-
lized and removed from the body through metabolic pathways. By modifying poly-
mer side chain to develop novel polymers or by synthesizing copolymers, the rate
of polymer degradation and subsequent drug release may be controlled. The most
common biocompatible polymers which are used in many pharmaceutical applica-
tions are PGA and PLA (Alexis et al., 2008a). Based upon the method of prepara-
tion, NPs can have different characteristics and different release properties (Bajpai
et al., 2008; Rawat et al., 2006). The drug is entrapped in NPs due to the hydropho-
bic interaction between the drug molecule and polymeric NP core. The stability of
linker between the drug—polymer conjugate influences the release of drug from a
NP. Hence, drug release is delayed if the linker is too stable and if the linker is too
unstable drug may be released before the NP reaches the tumor (Reddy et al.,
2011). Due to small size, NPs are able to penetrate capillaries and are taken up by
the cells. As a result, the accumulation of drug at the site of action increases
(Ochekpe et al., 2009). This makes them significant for drug delivery as they
increase the specificity of action of drug by altering their pharmacokinetic profile
and tissue distribution. NPs can be used for targeting antitumor drugs to the malig-
nant tumor cells, in order to increase therapeutic efficacy and decrease systemic
toxicity. Depending on the pathophysiological condition of tumor, such as
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overexpressed receptors and angiogenesis, the strategy of NP targeting may be
decided (Haley and Frenkel, 2008; Fonseca et al., 2002; Hans and Lowman, 2002;
Sanvicens and Marco, 2008; Tanaka et al., 2004; Sandhiya et al., 2009).

NANOLIPOSOMES

Liposomes were discovered by Alec Bangham and colleagues in 1961 as a swol-
len spherical phospholipid system. Later, their potential as carriers for drugs,
nutrients, and other bioactive agents was established. They have potential to
deliver drug cargo to tumors because of their ability to protect the drug from deg-
radation as well as improving the pharmacokinetics of encapsulated drug while
reducing the adverse effects associated with bolus administration. Moreover, they
are flexible enough for ligand modification, and modification of their size. They
have the ability to encapsulate a plethora of drug molecules to make them very
attractive delivery systems for cancer therapy.

Nanoliposomes are nanosized versions of liposomes. They are self-assembling
closed colloidal structures of spherical shape and composed of unilamellar or
multilamellar lipid bilayer vesicles with a central aqueous core (Haley and
Frenkel, 2008; Cho et al., 2008). Liposomes are composed of phospholipids, such
as phosphatidylglycerol, phosphatidylcholine, phosphatidylserine, and phosphati-
dylethanolamine and other molecules such as cholesterol. The hydrophilic head of
lipid remains on the surface, while the hydrophobic tail is positioned inwards,
inside the bilayer. Liposomes are very versatile with respect to lipid composition,
surface charge, and size, and are capable of incorporating both hydrophilic and
hydrophobic drugs. For this reason they are used widely in drug delivery as effi-
cient nanocarriers (Ochekpe et al., 2009; Solaro et al., 2010; Abreu et al., 2011;
Khosravi-Darani and Mozafari, 2010). There are, however, certain limitations.
For example, liposomes administered through intravenous route are quickly
removed by reticuloendothelial system (RES) due to opsonization. Besides, lipo-
somes are disintegrated by hydrophobic, electrostatic, and van der Waals forces
in the system. Therefore, to avoid such a scenario steric stabilization is
required and this may be obtained through surface modification (e.g., by
attaching PEG, dextran, or poly-N-vinylpyrrolidones to the lipid bilayer),
which reduces immediate RES clearance (Fattal et al., 2004). Additionally,
their tissue specificity can be increased through conjugation with targeting
ligands, such as monoclonal antibody or aptamer (Haley and Frenkel, 2008;
Cuong and Hsieh, 2009; Mishra et al., 2010).

Due to encapsulation of drugs in liposomes, liposomal chemotherapeutic for-
mulations have reduced side effects compared to conventional medication such as
cardiotoxicity produced by doxorubicin or peripheral neurotoxicity produced by
cisplatin and vincristine. Nanoliposomes are used in cancer because, due to their
nanosize, they are capable of extravasating from blood circulation through the
leaky vasculature of tumor and increasing the therapeutic efficacy of chemothera-
peutics at the site of action of tumor (Khan, 2010).
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POLYMERIC MICELLES

Micelles are nanosized colloidal dispersions prepared from amphiphilic molecules,
with a hydrophobic tail and a hydrophilic head. The hydrophobic core acts as a res-
ervoir for hydrophobic drugs and the hydrophilic shell stabilizes the hydrophobic
core. Polymeric micelles are prepared by increasing the concentration of the mole-
cules above the corresponding critical micelle concentration. Micelles are preferred
due to easy surface manipulation and easy encapsulation of drug. Due to these
properties they are considered as a suitable nanocarrier for poorly water-soluble
anticancer drugs such as paclitaxel and docetaxel. By physical encapsulation and/or
chemical covalent attachment drug can be loaded into polymeric micelles and the
drug release from micelles may be controlled by an external stimulus such as pH,
temperature, enzymes, and ultrasound. Polymeric micelles are preferentially stored
in tumor tissue due to the EPR effect. Cancerous tissues are more permeable and
leaky than healthy tissues and lack proper lymphatic drainage. Accumulation of
micelles is greater in such tissues and the free micelles which are present in blood
circulation are cleared by the kidneys (Wiradharma et al., 2009; Huh et al., 2008;
Liu et al., 2008; Rapoport, 2007; Kagaya et al., 2012; Drbohlavova et al., 2013).
Particle size, drug loading capability, stability, and drug release kinetics of poly-
meric micelles may be altered by altering the physicochemical properties and struc-
tures of polymers (Chen, 2010).

NIOSOMES

Niosomes are comparatively more stable than liposomes due to the presence of
nonionic surfactant on their surface. They can also be developed in the nano
range. They are composed of hydrated nonionic surfactant with or without incor-
poration of cholesterol and other fats. Both hydrophilic and lipophilic drugs are
encapsulated by niosomes, in which the former remains in the vesicular aqueous
core and the latter is in the lipophilic shell. They are significant due to their low
toxicity, reduced side effects, increased therapeutic effectiveness, and enhanced
stability. The nonionic surfactants are chemically stable against oxidation and
temperature but are physically unstable during dispersion due to aggregation,
fusion, leakage, or hydrolysis of drugs (Zarei et al., 2013; Pardakhty and
Moazeni, 2013; Mehta et al., 2013). Niosome’s properties depend on vesicle com-
position, lamellarity, size, surface charge, tapped volume, concentration of drug,
etc. (Kazi et al., 2010). Zarei et al. (2013) established the efficacy of paclitaxel-
loaded niosomes as chemotherapeutic.

SOLID LIPID NANOPARTICLES

SLNs have a spherical shape with an average diameter of 10—1000 nm. They are
used as a colloidal NP drug delivery system in which lipid drug carrier solidifies
at room temperature as well as at body temperature. SLN consists of solid lipid,
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such as triglycerides, fatty acids, waxes, partial glycerides, and polyethylene gly-
cosylated lipid; emulsifiers, such as polysorbates, poloxamer and lecithin; and
water. They have outstanding physical stability and are able to deliver lipophilic
drugs with high loading capacity. SLNs are applied for some of their significant
features such as enhancement of drug solubility, increased bioavailability, con-
trolled drug release, better targeting of drug, and ease of administering through
various routes such as parenteral, peroral, pulmonary, and topical (Mathur et al.,
2010; Lim et al., 2013; Anajwala et al., 2010; Yassin et al., 2013). Kang et al.
(2010) developed doxorubicin-loaded SLNs and established their in vivo effect on
P-glycoprotein (P-gp) overexpressing MCF-7/ADR cells, a representative of a
breast cancer cell line that has adrinamycin resistance. The SLNs acted by over-
coming the chemoresistance of adrinamycin-resistant breast cancer. Yuan and his
coworkers prepared docetaxel-loaded SLNs that reduced systemic toxicity but
maintained proper anticancer activity (Yuan et al., 2014).

VIRAL NANOPARTICLES

Viral nanoparticles (VNPs) are a developing field with a prospective impact in
pharmaceutical technology. VNPs, which carry both genomic and nongenomic
cargo, enter a new host cell by binding to deliver that cargo. They are mainly
based on bacteriophages and plant viruses such as cowpea mosaic virus, cowpea
chlorotic virus, red clove necrotic mottle virus, chlorotic ringspot virus, because
they are considered to be safer in human compared to mammalian viruses. VNPs
are immunogenic and genetically encoded. They exist in various shapes and sizes
and are changeable with atomic precision. To develop the procedure and method
of high precision, VNP tailoring and self-gathering of mutant and chimeric parti-
cles for numeral viral systems are created after knowing the structures of viruses
at atomic resolution (Wen et al., 2013; Cheng et al., 2013). VNPs are utilized in
drug and gene delivery, diagnostics, and cellular imaging (Liu et al., 2014). VNPs
are also applied to target tumors in vivo, such as the transferrin conjugated to
cowpea mosaic virus to regulate the uptake of iron by tumor cells. The develop-
ment of vascularization in the tumor can be visualized by applying fluorescent
cowpea mosaic virus injection into major vessels of chorioallantoic membrane
(Manchester and Singh, 2006). Steinmetz and coworkers worked on cowpea
mosaic virus-based NPs which interact with surface vimentin on tumor cells and
detected the tumor cells in vitro and in vivo (Steinmetz et al., 2011).

QUANTUM DOTS

QDs are inorganic colloidal fluorescent semiconductor NPs composed of 10—50
atoms of elements from groups II-IV or III-V of the periodic table, with a
diameter ranging from 2 to 10 nm. QD can be used for various biosensing pur-
poses. They consist of two main parts—the metalloid crystalline core and the
shell which protects the core. QD can be conjugated with bioactive moieties or
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specific ligands, such as receptors, antibodies, and ligands. The shape and size
of QD, which decide their absorption and light emission, can be controlled and
QD-producing electromagnetic waves in the fluorescence spectrum can be used
for biomedical imaging. A probe consisting of a combination of different-sized
QDs within a single bead emits a prominent spectrum of a variety of colors and
light intensity can be used as a spectral bar code. Due to their long-term stabil-
ity, high sensitivity, long-term and multicontrast imaging agents QDs are prefer-
able for in vivo cancer detection and diagnosis. However, toxicity of QDs is
considerable due to hazardous heavy metals. Therefore, systemic toxicity should
be investigated before in vivo application in humans (Reddy et al., 2011; Cai
and Chen, 2007; Kim, 2007; Walling et al., 2009; Diaz and Vivas-Mejia, 2013).

DENDRIMERS

Dendrimers (Greek word dendron, meaning a tree), discovered in 1980 by
Donald Tomalia and his colleagues, have a characteristic hyperbranched struc-
ture with monodispersed macromolecules (Dilnawaz et al., 2011). They acquire
nearly perfect 3-D, geometrical architecture and growth of the chain length
results in more branched and longer core producing ultimately in the globular
structure of the dendrimers. They adopt a closely packed dense structure which
extends to the periphery, having diameter ranges between 1.4 nm and 1.9 nm.
Drug can be loaded into dendrimers by adopting various approaches, such as
through electrostatic interaction and covalent conjugations to the surface of the
dendrimer. The surface of the dendrimers is generally rich in functional moie-
ties, such as amine or carboxyl groups, that are used as binding sites for drug
molecules equipped with relevant functional groups through electrostatic or
covalent interaction.

Dendrimers are prepared by using different types of polymers, such as polya-
midoamine (PAMAM), PGA, PEG, polypropyleneimine, and polyethyleneimine.
Dendrimers which can be synthesized by divergent synthesis or convergent syn-
thesis, consist of three different parts, namely the focal core, monotonous units of
numerous interior layers, and multiple peripheral functional groups. The nanocav-
ity environment and drug solubility properties are determined by the focal core
and internal parts, while the functional groups maintain the solubility and chemi-
cal properties of polymers. The molecular properties such as shape, dimension,
size, and polarity may be controlled as they are synthesized in a stepwise way
(Rawat et al., 2006; Drbohlavova et al., 2013; Diaz and Vivas-Mejia, 2013). They
are capable of solubilizing hydrophobic drugs and may be conjugated or modified
with targeting moieties, such as antibody and biotin (Hussain et al., 2004).
Dendrimers are mainly used as a coating agent for protection of drug molecules
and site-specific delivery of drugs to minimize drug toxicity. Choi and his group
prepared DNA-assembled PAMAM dendrimer clusters for specific targeting
of cancer cells (Choi et al., 2005). On the other hand, PAMAM dendrimers
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also showed successful gene transfection and transepithelial transport efficacy
(Choi et al., 2005; Rawat et al., 2006).

FULLERENE

Fullerene, a nanoscale structure, is composed of carbon atoms in various shapes,
such as hollow spheres, ellipsoids, or tubes. Among them, fullerenes having
soccer-ball-like architecture are known as buckyballs. They are not broken up in
the body and are excreted intact after they are administered inside the human
body. A highly symmetrical C¢y molecule contains 20 hexagons and 12 pentagons
of carbon atoms may be entrapped within fullerene and surface modification may
be done by conjugating ligands or antibody for targeting. Chemically and physi-
cally they act as electron-lacking alkenes in spite of their extreme conjugation
(Reddy et al., 2011; Bakry et al., 2007). Functionalized fullerene can be used for
cancer diagnosis and therapy. Gd** can maintain its property, prevent leakage
and its dissociation in vivo after encapsulation in fullerene and is used as a mag-
netic resonance contrast agent for detecting abnormal tissues like tumor. After
conjugation with PEG Cg, shows a strong tumor-suppressive property when
administered IV in tumor-bearing mice coupled with light irradiation (Chen et al.,
2012).

CARBON NANOTUBES

Carbon nanotubes are cylinders of nanosize diameter consisting of one or several
coaxial graphite layers. Depending on their structure, they are mainly categorized
into two types, single-walled nanotubes comprising of a single cylindrical carbon
wall, and multiwalled carbon nanotubes in which multiple cylindrical carbon
walls are nested within other cylinders (Shvedova et al., 2009; Lacerda et al.,
2006). They are used as sensors for protein and DNA detection, carriers for pro-
teinaceous drug delivery, and diagnostic devices for serum sample analysis.
Though they are absolutely insoluble in every solvent, the chemical modification
of their surfaces makes them water-soluble and a functionalized linker with a
wide variety of active molecules such as nucleic acid, proteins, peptides, and ther-
apeutic agents can be used for targeting. In cancer treatment carbon nanotubes
can play a vital role as they can carry several molecules at once due to their mul-
tiple covalent functionalizations with tumor-specific ligands and antibody
attached to the surface of the sidewalls or tips of the tubes (Cho et al., 2008). Due
to their optical properties and thermal conductivity, carbon nanotubes kill cancer
cells by way of local hyperthermia. However, toxicity, therapeutic efficacy, phar-
macokinetic profile, and biodistribution parameters should be thoroughly exam-
ined before in vivo application of carbon nanotubes (Sharma and Chen, 2009;
Kam et al., 2005; Zhang et al., 2009).
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NANOFIBERS

Polymeric nanofibers, which can be prepared by three different techniques,
namely electrospinning, phase separation, and self-assembly, have nanosize
diameter. Among these three techniques, electrospinning is a largely accepted
technique to manufacture nanofibers because this technique is simple, cost-
effective, flexible, and possible to scale up. Further, various natural polymers,
such as collagen, chitosan, gelatin, silk fibroin, and synthetic polymers, such as
PLA, PLGA, polyethylene oxide, PCL can be used in this technique. Nanofibers
are used in tissue regeneration and drug delivery applications due to their signifi-
cant characteristics, such as high interconnected porosity with adjustable pore
size, high surface area to volume ratio, capability of surface functionalization,
structural similarity with ECM, modifiable surface morphology. The properties of
nanofibers can be changed simply by various manufacturing parameters such as
flow rate of polymer, distance between capillaries and collectors, voltage, visco-
elasticity of solution, and surface tension (Diaz and Vivas-Mejia, 2013; Zamani
et al., 2013; Wang et al., 2005; Xu et al., 2008). Ringel et al. (2014) established
that carbon nanofibers have the ability to enhance cellular accumulation of carbo-
platin by about 28% compared to single treatment of carboplatin used as che-
motherapeutics and Liu and coworkers showed that self-assembled peptide
nanofibers are efficient for targeted delivery of hydrophobic drug in cancer
(Liu et al., 2014).

TUMOR TARGETING THROUGH NANOCARRIERS

The conventional chemotherapeutic agents have nonspecific biodistribution and
poor pharmacokinetic profiles leading to systemic toxicity associated with
severe side effects (Park et al., 2008). Therefore, the development of tumor-
targeted drug delivery systems has been a real challenge for the formulation
scientists all over the world. The concept of tumor targeting is mostly based on
two factors, one is the tumor microenvironment and the other is tumor angio-
genesis. By understanding these two factors only, it is possible to design drug
delivery systems to target tumors. In the present scenario, nanomedicines have
been found to exploit the above two factors successfully to gain access to the
tumor site. They can enter tumor passively through the defective vasculature
surrounding the tumors using their nanosize and also remain there for a pro-
longed period of time. Alternatively, specific ligands grafted at the surface of
nanocarriers allow them to bind to the receptors exclusively expressed or over-
expressed by cancer cells or angiogenic endothelial cells for active targeting
(Danhier et al., 2010). Thus, tumor-targeting strategies can be broadly explained
by these two processes.
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7.5.1 EPR-MEDIATED PASSIVE TARGETING

Passive targeting involves the transport of drug-loaded nanocarriers through the
hyperpermeable tumor capillaries by simple passive diffusion. It fully relies on the
defective tumor biology and size of the carrier system for the delivery of chemothera-
peutics, which can be overall explained by the term EPR effect (Maeda et al., 2009).
For passive targeting, the EPR effect is the sole guiding principle for all nanocarriers.
Rapid growth of tumor cells coupled with rapid vascularization led to increased pro-
duction of many mediators and enzymes, which make the tumor blood vessels more
hyperpermeable than normal (Dong and Mumper, 2010) (Figure 7.2). Along with
this, the lack of a proper lymphatic drainage system leads to passive accumulation
and retention of drug-loaded nanocarriers in the tumor resulting in the EPR effect.

For passive targeting mechanism, size and surface properties of drug delivery
nanocarrier systems are important factors. The size must be controlled to avoid
early recognition and uptake by the RES. It has been found that nanocarriers of
greater size than 200 nm are frequently attacked by macrophages, whereas drug
delivery systems of size less than 10 nm also suffer from untimed clearance by kid-
neys (Bae and Park, 2011). Thus the optimal size to maximize blood circulation
time and targetability of the nanocarrier system is usually considered 10—100 nm,
with a hydrophilic surface to circumvent RES uptake and clearance (Alexis et al.,
2008a).

> Nanocarmiers O =3 Normal cell
less than 200 nm

@ =—> Largersize nanocarriers O_, Cancerous cell

FIGURE 7.2
Passive tumor targeting of nanocarriers by the EPR effect (Mukherjee et al., 2013).
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In order to reach the target solid tumor site in the desired concentration, the cir-
culation time of nanocarriers in the blood should be increased to a reasonable
extent. This is achieved by hydrophilic surface modification with different macro-
molecules, such as PEG and polyethyleneimine. Due to the steric effect of such
hydrophilic polymers, the binding of nanocarriers to opsonins, which actually pro-
motes RES clearance, is significantly reduced, resulting in enhanced blood circula-
tion time (Federico and Vladimir, 2013). This in turn increases the accumulation
and retention of drug-loaded nanocarriers at the tumor sites via EPR.

However, passive targeting does not offer specific biodistribution of che-
motherapeutics to tumors only. Rather, it is a type of nanospecfic tumor-targeting
strategy. In this case, the majority of administered nanocarriers are known to
accumulate in other organs, particularly in the liver, spleen, and lungs. Hence, the
pharmacological actions of the drugs are not limited to selective tumor sites
within the body (Saini et al., 2012). The healthy cells also have the greatest
chance of cytotoxic drug exposure. Again, passive targeting facilitates the effi-
cient localization of nanocarriers in the tumor interstitium but cannot promote
their uptake by cancer cells. Also, the EPR effect is not a homogeneous phenome-
non in all tumors or even different regions of the same tumor due to the highly
complex nature of tumors, particularly in the case of humans (Lammers et al.,
2012). Thus, to achieve effective drug delivery to tumors, ligand-mediated active
targeting strategies are now heavily investigated in nanotechnology-based cancer
research.

SPECIFIC LIGAND-MEDIATED ACTIVE TARGETING

Active targeting relies on the fact that tumors are an assembly of wide varieties
of cells which carry unique molecular markers. The majority are either not
expressed in normal cells or expressed at much lower levels than in tumor cells
(Danhier et al., 2010). Therefore, a successful drug-targeting approach requires
the identification of a unique molecular target from antigenic landscapes.
Generally, biomarkers are known as a repository of a plethora of molecules such
as mutant genes, RNAs, proteins, lipid, and even small metabolite molecules.
Advancements in molecular biology have led to the utilization of modern techni-
ques. cDNA microarrays, tissue microarray, and immunohistochemical techniques
play vital roles in molecular profiling of tumor and identification of biomarkers,
which further provide useful information on the behavior of tumor along with its
stage, grade, clinical course, and treatment efficiency. Principles of active target-
ing are dependent on a multitude of factors, as discussed here. The number of cell
surface receptors and their availability on their surface are important as they gov-
ern the number of targeting moieties that will eventually bind specifically to the
tumor. Apart from that, binding affinity of the targeting ligand is also very impor-
tant because low binding affinity may limit the efficiency of the targeting
approach (Kakde et al., 2011). However, multivalent binding characters of tar-
geted NPs somehow compensate for this pitfall. It should also be kept in mind in
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Ligand-mediated active tumor targeting of engineered nanocarriers (Mukherjee et al.,
2013).

designing the multivalent NPs, as it may also increase the probability of recogni-
tion by MPS. Finally, the chosen targeting ligands must have an innate ability to
induce receptor-mediated endocytosis as this is essential for internalization of
drug carriers into the desired cells, which in turn decides the efficiency of uptake
of nanocarriers within the tumors. The ligands used for tumor targeting mostly
involve antibody, antibody fragments, aptamers, polysaccharide, peptide, small
biomolecules like folic acid, etc. (Yinan et al., 2014; Figure 7.3).

7.6 TYPES OF TARGETING LIGANDS
7.6.1 MONOCLONAL ANTIBODIES AND ANTIBODY FRAGMENTS

The overexpression of receptors or antigens in many cancers lends to efficient
drug uptake via receptor-mediated endocytosis. Antibodies and antibody frag-
ments, an important class of targeting ligands with a high degree of specificity for
cellular receptors and a wide range of binding affinities, are being keenly
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investigated in targeted drug delivery (Karra and Benita, 2012). Over the last
decade, the feasibility of antibody-mediated tumor targeting has been clinically
demonstrated following the commercial approval of several mAb (monoclonal
antibody)-mediated nanocarriers by the FDA. The recent advances in hybridoma
technology have led to the development of chimeric, and fully humanized, mAbs
to reduce their immunogenicity significantly (Byrne et al., 2008). The ability of
engineered mAbs to target disease processes has been demonstrated by the suc-
cess of several monoclonal antibody therapeutics, including cetuximab, rituximab,
trastuzumab, and bevacizumab (Karra and Benita, 2012).

The success of mAb-functionalized nanocarriers as compared to conventional
chemotherapeutics has been well evidenced by numerous recent research studies
(Mukherjee et al., 2014; Karra and Benita, 2012). A recent study by Acharya
et al. (2009) showed that epidermal growth factor receptor (EGFR) mAb-
conjugated rapamycin-loaded PLGA/Poly vinyl alcohol (PVA) NPs resulted in 17
times higher internalization by MCF-7 cells than the corresponding nontargeting
NPs. The IC50 value for mAb-conjugated nanocarriers (26.11 ng/ml) was signifi-
cantly lower than those for free rapamycin (268.9 ng/ml) and nontargeting drug-
loaded nanocarriers (1.734 pg/ml). Another study reported the targeted delivery of
doxorubicin, utilizing chitosan nanocarriers surface-modified with anti-HER2
trastuzumab. The study demonstrated an enhanced and selective uptake of
trastuzumab-decorated nanocarriers by HER2-positive cancer cells compared with
nontargeted nanocarriers and free drug (Yousefpour et al., 2011).

Though mAbs have been largely used to direct the nanocarriers in a tumor-specific
manner as compared to mAbs, antibody fragments have now demonstrated higher
potential for the engineering of targeted NPs as they are smaller in size and lack the
complement activation region of mAbs, while retaining the antigen-binding specificity.
In many research investigations, antibody fragment-conjugated nanocarriers have been
shown to improve the therapeutic efficacy of encapsulated drug significantly through
targeted delivery (Karra and Benita, 2012). For example, MCC-465, a F(ab’),
fragment-decorated doxorubicin-encapsulated liposome is currently in a phase I
clinical trial. It has demonstrated much superior cytotoxic activity against several
human stomach cancer cells than conventional therapeutics and free drug (Matsumura
et al., 2004). In another work, EGFR targeted scFv (single-chain variable fragment)
conjugated  heparin-cis-diamminedichloroplatinum  (DDP) (EHDDP)  NPs
encapsulating cisplatin significantly enhanced antitumor activity of DDP without
weight loss or damage to the kidneys and spleen in nude mice bearing H292 cell
tumors (Peng et al., 2011).

PEPTIDES

Peptide ligands have shown attractive targeting potential due to their small size,
higher stability, relative ease of large-scale synthesis, etc. The development of
phage display techniques and other screening methods has enabled the discovery
of new peptide-targeting domains and the isolation of new cell-specific peptide
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ligands. The SP5-52 peptide-linked liposome has been shown to greatly enhance
the therapeutic effect of doxorubicin, decrease the growth of tumor blood vessels,
and enable high survival rates among human lung and oral cancer-bearing xeno-
graft mice (Lee et al., 2007). In another study, a novel targeting peptide coupled
to liposomes carrying doxorubicin showed an increased therapeutic index of the
chemotherapeutics with significant enhancement in survival rates of mice with
human lung cancer xenografts as compared to conventional formulations. The
peptide conjugated formulation demonstrated enhanced drug accumulation in
tumor tissues by 5.7-fold compared with free drug (Chang et al., 2009). Cys-Arg-
Glu-Lys-Ala (CREKA), Asn-Gly-Arg (NGR), and Ile-Thr-Asp-Gly-Glu-Ala-Thr-
Asp-Ser-Gly (LABL) are a few examples of peptides used to develop targeted
NPs (Kamaly et al., 2012). Here we will only discuss the common peptides used
for tumor endothelium and tumor lymph node targeting.

7.6.2.1 Cyclic arginyl-glycyl-aspartic acid

Cyclic arginyl-glycyl-aspartic acid (cCRGD) peptides have now been explored as a
specific targeting moiety owing to their high affinity for .33 integrin receptors.
These receptors are highly expressed on cancer endothelial cell surface, playing a
crucial role in tumor angiogenesis and cancer cell metastasis (Prokopiou et al.,
2013). Thus, conjugation of nanocarriers with cRGD sequence leads to the tar-
geted delivery of chemotherapeutics at tumor endothelial cells, blocking the cru-
cial angiogenesis process.

In a recent study, novel «,(33 integrin-targeted superparamagnetic iron
oxide (SPIO) NPs were developed and evaluated for their specific uptake by
endothelial cells in vitro and in vivo. The nanocarriers were coated with
3-aminopropyltrimethoxysilane and conjugated with Arg-Gly-Asp (RGD) pep-
tides. Uptake of RGD nanoparicles by human umbilical vein endothelial cells
(HUVEC) was significantly higher when compared with unlabeled NPs and could
be competitively inhibited by addition of unbound RGD (Karra and Benita,
2012). In another study, RGD peptide-conjugated chitosan-based polymeric
micelles encapsulating doxorubicin could significantly increase the doxorubicin
concentration in integrin-overexpressing human hepatocellular carcinoma cell line
(BEL-7402), but not in human epithelial carcinoma cell line (HeLa). The compet-
itive cellular-uptake test showed that the cellular uptake of RGD-modified
micelles in BEL-7402 cells was significantly inhibited in the presence of excess
free RGD peptides. In vitro cytotoxicity tests demonstrated doxorubicin-loaded
RGD-modified micelles could specifically enhance the cytotoxicity against
BEL-7402 compared with nontargeted micelles and free drug (Cai et al., 2011).

7.6.2.2 LyP-1 peptide

Recently LyP-1, a nine-amino-acid cyclic peptide, has been recognized as target-
ing ligands for specifically targeting tumors and tumor lymphatics that are non-
specific to other peptides such as F3, CREKA peptide, and RGD peptides (Cevik
and Giirsoy, 2011). This peptide can accumulate in high concentration at the
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tumor and can also induce apoptosis in the cell after internalization. In a study by
Yan et al. (2012), LyP peptide was conjugated to the doxorubicin-loaded
PEGylated liposomes to target the lymphatic metastatic tumors. The peptide-
conjugated nanoliposomes were shown to be taken up by the tumor cells and met-
astatic lymph nodes without disturbing the normal lymph nodes which ultimately
enhanced the in vitro inhibition and controlled the progress of in vivo lymphatic
metastatic tumors. Additionally, liposomal doxorubicin showed reduction in tissue
damage to the injection site that was much less than the damage observed after
IV doxorubicin solution. In a study, Luo et al. (2010) have demonstrated target-
specific NPs for drug delivery to lymphatic metastases. They conjugated LyP-1
peptide to the PEG-PLGA NPs for specifically targeting to the lymph nodes. The
study concluded eight times higher uptake of peptide conjugated NPs in metasta-
sis lymph nodes, establishing the ability of LyP-1-modified nanocarriers as a
promising targeting vehicle to metastatic tumors.

TRANSFERRIN

Transferrin is a serum glycoprotein which transports iron through the blood and
into cells by binding to the transferring receptor and subsequently being taken up
through receptor-mediated endocytosis. Thus, the transferrin receptor is a vital
protein involved in regulation of iron uptake and cell growth. This receptor is
highly expressed on cancer cells (maybe up to 100-fold higher) than its normal
expression on healthy cells, which can be thus taken as an important cancer cell
marker to design targeted delivery systems (Cho et al., 2008). Its extracellular
accessibility, higher ability to internalize, and its central role in the cellular
pathology of human cancer make this receptor one of the attractive targets for
active tumor targeting. Many nanocarrier-based drug delivery systems conjugated
with transferrin have already been reported by several researchers (Mukherjee
et al., 2014). In one study, Maruyama (2011) showed that PEGylated oxaliplatin-
loaded nanoliposomes conjugated with transferrin exhibited much higher tumor
accumulation over untargeted nanoliposomes. A remarkable tumor growth inhibi-
tion was observed for transferrin-conjugated targeted nanoliposomes against C26
colon carcinoma-bearing mice than free drug and unconjugated nanocarriers. In
another study, conjugation of transferrin to doxorubicin-loaded liposomes resulted
in enhanced delivery of doxorubicin to tumors and tumor growth inhibition over
conventional doxorubicin-loaded liposomes (Li et al., 2009). Recently, another
novel liposome formulation, MBP-426, conjugated to the human transferrin (Ty)
ligand, has been reported to improve the safety and efficacy of oxaliplatin by spe-
cifically targeting transferrin receptors on tumor cells (Sankhala et al., 2009).

APTAMERS

Over the past few years, aptamers have become a popular class of targeting ligand
for anticancer drug delivery. Though monoclonal antibodies were previously the
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primary targeting tools, but with the developing knowledge on biotechnological
research, novel targeting agents, such as aptamers, are now gaining importance as
a new generation of targeting molecules.

Aptamers are small, single-stranded DNA/RNA oligonucleotides of 5—40 kDa
with well-defined three-dimensional structures (Cao et al., 2009). Sizes of the
aptamers are somewhat intermediate between larger antibodies (150 kDa) and
smaller peptides (1—5 kDa), which makes them the ideal candidate for tumor cell
targeting. They bind to their target molecules with high affinity and specificity
like mAbs, and simultaneously possess many superior desirable properties to
mAbs, such as ease of selection, low cost of production, and low immunogenicity.
Aptamers of wild-type RNA and DNA molecules have a short in vivo lifespan
since they are mostly degraded by several nucleases. Thus different strategies,
such as the use of chemically modified oligonucleotides (Rusconi et al., 2002),
unnatural internucleotide linkages (King et al., 2007), and hydrophilic polymer
modification, are now being adopted to synthesize aptamers, with improved
stability.

Aptamers enjoy many superior qualities than monoclonal antibodies or other
similar targeting ligands. They exhibit much better thermal stability than mAbs.
They can be denatured and renatured several times without significant loss of
activity (Zhang et al., 2011). The synthesis of aptamers does not rely on biologi-
cal systems unlike mAbs. Again, as compared to mAbs, the production cost is
much less and also they are easier to scale up. Furthermore, the smaller size of
aptamers compared with intact antibodies (~150 kDa) is assumed to have better
tissue penetration in solid tumors. The lack of immunogenicity is another added
advantage in favor of aptamers for targeted tumor therapy over antibodies.

However, aptamers also have some limitations, such as pharmacokinetic insta-
bility and quick systemic clearance. The small size and polyanionic nature of
aptamers are mostly responsible for their rapid blood clearance. To improve this,
aptamers are conjugated with hydrophilic polymers, such as PEG, which can alter
their pharmacokinetics (Watson et al., 2000).

SMALL BIOMOLECULES

Small molecules have also attracted considerable attention as potential targeting
ligands due to their low molecular weights (MWs), low production costs, and
easy conjugation with NPs. The small size of this kind of targeting ligand allows
the functionalization of multiple ligand molecules on single NPs. Among the
small biomolecules, folic acid has been investigated extensively in designing tar-
geted nanocarriers.

Folic acid has emerged as an alternative targeting ligand for the tumor-
specific drug delivery system due to its high binding affinity for folate receptors
(FRs). FRs serve as an excellent cellular surface marker for many types of solid
tumors, such as breast, colon, kidney, lung, and ovary, pharmacokinetics (Mahato
et al., 2011).
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Targeting to FRs is based on the fact that the expression of FRs in normal tis-
sue usually remains low, but is highly upregulated in many human cancers.
Furthermore, many investigations suggest that the density of FRs increases as the
stage of cancer advances (Mahato et al., 2011). Thus folic acid conjugated nano-
carriers have the ability to deliver the loaded cargo specifically to pathologic cells
without causing much harm to normal tissues. Being a vitamin B2 family, folic
acid can be taken up by the epithelial cells through receptor-mediated endocyto-
sis. Folic acid or its conjugates reversibly bind with the FRs heavily present on
the surface of cancer cells and are internalized to intracellular compartments to
form endosomes (Song et al., 2013). Subsequently, this conjugation between FR
and folic acid-conjugated nanocarriers separates in acidic environment at a pH
nearly 5.0—5.5. After dissociation, FRs return back to the cell surface for fresh
uptake and the drug-loaded carrier releases the contents in the cytosol.

Many drugs have been used to prepare folate drug conjugate including pacli-
taxel, docetaxel, platinum complexes, alkylating agents, 5-fluorouracil, mitomycin
C, etc. Many nanocarrier-based drug delivery systems such as liposomes, NPs,
and polymeric micelles have already been investigated in recent years using folic
acid as targeting moiety and showed superior efficacy both in vitro and in vivo as
compared to unconjugated nanoformulations.

A recent work by Song et al., 2013 showed a much higher cellular uptaking
ability of folic-acid-conjugated doxorubicin-loaded chitosan NPs in FR-positive
SMMC-7221 cells than unmodified NP formulations, which is due to the folate-
receptor-mediated endocytosis.

CHALLENGES ASSOCIATED WITH TARGETING

A passive targeting strategy has certain shortfalls as the vessels formed through
angiogenesis are not evenly distributed in solid tumor and all the regions of tumor
do not have homogeneous permeability. In other words, the EPR effect is highly
heterogeneous and exhibits wide variance not only in different tumors but also
among the patients with the same type of tumor. Furthermore, small tumors or
metastatic lesions do not exhibit strong angiogenesis and thus efficiency of pas-
sive targeting in these situations is a highly debatable issue which has to be
addressed properly to take maximum benefit of passive targeting.

Extravasation of nanocarriers within the tumor is absolutely dependent on
EPR, active targeting approaches can only potentiate the uptake and retention of
nanocarriers by augmenting the receptor-mediated endocytosis. Therefore the pro-
blems associated with a passive targeting strategy are partially overcome by
increasing the probability of intracellular drug accumulation. Active targeting
involves efficient ligand—receptor interaction, which is dependent on a variety of
factors including the extent of target-cell-specific expression of the receptor related
to normal cells, availability of the receptors on the tumor cell surface, the rate of
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internalization of nanocarriers following saturation of receptors, etc. Furthermore,
the expression of a specific tumor targeting receptor may not be homogeneously
distributed within a tumor or may change in its surface expression over time (Jain
and Stylianopoulos, 2010). Tumor cells exhibit high heterogeneity and high proba-
bility of mutation frequency even among the same cancer patient. Furthermore,
most of the solid tumors are not the result of a single gene but are the product of
multiple gene defects (Shervington and Lu, 2008). Therefore, designing of mAb-
mediated nanocarriers against tumor-specific antigen is not an easy task. Owing to
the highly complex nature of tumors, particularly in spontaneous human tumors,
promising outcomes from initial in vitro studies may be quite different from out-
comes from cancer patients (Kwon et al., 2012). Such complexities are related to
identifying an effective ligand—receptor interaction. It should be noted that tumor
target ability is intimately dependent on type and position of ligands. Some
ligands, like antibodies, are highly specific. But other ligands, such as cRGD and
FAs, are not specific to cancer cells only, since their corresponding receptors are
not solely expressed on the tumor cell surface, but are also present on normal
healthy cells all over, which again puts a question mark on the success of targeted
chemotherapy. In a recent review by Mukherjee et al. (2013), most of the chal-
lenges in the development of targeted nanomedicines have been addressed along
with the obstacles in successful translation of the targeted nanocarrier-based deliv-
ery systems from laboratories to clinics.

DRUG RESISTANCE AND HOW TO COMBAT IT WITH
DIFFERENT NANOCARRIERS

Treatment of cancer patients varies depending upon a range of individual factors
including the specific pathological and molecular characteristics of the cancer, its
position, degree of severity, and the health condition of the patient (Chorawala
et al., 2012). The ultimate intention is to obliterate all the cancer cells with mini-
mal harm to the normal tissue. The drug resistance in cancer patients is one of the
foremost challenges for anticancer drug treatment (Gottesman, 2002), as cancer
cells develop resistance against the anticancer drugs. Many cases at the beginning
of the treatment with chemotherapeutics promise a favorable response. However,
with time, recurrence of the disease occurs in patients. Incompetent drug delivery
causes a low concentration of drug at the site of neoplasia leading to drug resis-
tance to the cancer cells. The presence of anticancer drug at the surrounding tis-
sue further causes deadly toxicity to healthy cells. It is, therefore, important to
design a proper and effective drug carrier system which specifically delivers the
drug to the site of neoplasia avoiding their lethal side effects to the surrounding
normal cells. Inadequate circulation time, improper biodistribution, nonspecific
cellular uptake, etc., can limit the access of the drug to tumor (Jain, 1994), result-
ing in repetitive courses of chemotherapy. Such repetitive treatments lead to
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genetic mutation to stop the cancer cells from responding to the drug which might
have acted potentially at the initial phases of treatment. Once the cancer cells
become resistant to a drug they can be less or nonresponsive to the structurally
and functionally similar chemical agents. Phenomena such as increasing self-
repairing capacity, expression of misleading altered drug targets, enhancing drug
metabolism, or overexpressing drug efflux pumps are some of the mechanisms of
cancer cells to provide chemoresistance (Gottesman, 2002). Multidrug therapy
rather than single-drug treatment has proven more effective as the combination of
drugs may provide more hindrance for the cancer cells to develop drug resistance
(Bonadonna et al., 1975; Scheithauer et al., 1993). However, multidrug treatment
in many cases does not prevent the cancer cells from gaining resistance against
those or similar drugs. Such an incident is known as MDR.

NP drug delivery improves therapeutic effectiveness and diminishes the side
effects of the drugs by improving their pharmacokinetics. The advancements in
nanotechnology and biotechnology have contributed immensely to the develop-
ment of biocompatible nanocarriers adapted to specific needs and they have the
ability to deliver therapeutic payloads specifically to the target tissue(s)
(Couvreur and Vauthier, 2006; Davis et al.,, 2008; Zhang et al.,, 2008).
Nanocarriers also possess the potential to deliver multiple drugs directed against
different molecular targets, which may result in suppression of MDR phenotypes
as well as a decrease in MDR-based drug efflux.

Hypoxia has been considered one of the major contributors in developing
MDR in tumor. It is recognized as a state of unresponsiveness of tumor tissue
toward functionally and structurally unrelated chemotherapeutic agents. In addi-
tion to hypoxia, selection pressure such as mutations in oncogenes and tumor sup-
pressor genes are found to play a crucial role in the development of MDR by
disrupting the cell cycle check points which help the tumor cells to escape apo-
ptosis. It has been reported that inactivating mutations in pRb (retinoblastoma)
and p53 tumor suppressor protein cascade are enough to induce MDR in pretu-
morigenic cells that express telomerase (Bonanno et al., 2014). The downstream
effects of p53 inactivation are associated with tumor progression by inhibiting the
proapoptotic factors, such as Bax and Bak, along with activation of antiapoptotic
Bcl-2 proteins. Many researchers reported that cancer cell plasticity has a strong
influence in the persistence of disease in the presence of therapeutic interventions
(Olaussen et al., 2006). It is the ability of one cell type to attain the properties of
another cell type that can potentially be coupled to regenerate specific cell types
affected by disease condition. For example, a subpopulation of tumor cells has
cancer stem cells (CSCs) that are actively involved in tumor development by pro-
ducing the bulk population of nontumorigenic cancer cell progeny through differ-
entiation. Drug resistance imposes a huge obstacle toward the potency of the
chemotherapeutic regimen. Ideally MDR has been implicated in elevated expres-
sion of drug efflux transporter, changes in the kinetics of drugs or amplification
of drug targets. According to the CSC hypothesis, tumors are composed of a
small population of cells which are known as tumor-initiating cells bearing
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tumorigenic potential (Vinogradov and Wei, 2012). The ability of these cells to
undergo self-renewal by cell division to form diverse types of cells is responsible
for malignancy. CSCs are found to possess certain features, such as self-renewal
and differentiation as normal tissue stem cells. The CSC hypothesis suggests
functional heterogeneity in solid tumors is found to be hierarchically arranged,
with CSCs present at the apex of the hierarchy. The CSC model has also paved
the way to exploit the cellular mechanisms responsible for therapeutic refractori-
ness and dormant behavior displayed by many solid tumors (Bonanno et al.,
2014; Olaussen et al., 2006).

MBDR is the one of the biggest hurdles faced by scientists from different arenas
dealing with development of an effective delivery system in cancer for better
therapeutic outcomes. Mechanisms responsible for inducing MDR can be catego-
rized under five classes, such as induction of drug transporters, DNA repair,
changes in drug metabolism, gene amplification, or mutation of the target protein
and changes in the apoptotic/signaling pathway. The mechanisms are distinctly
different from each other, even though the MDR is the synergistic effect of com-
bined MDR mechanisms, such as blocked apoptosis (decreased ceramide) and
increased efflux (upregulated P-gp). Apart from the transporters, the other
nonpump-mediated factors are responsible for inducing MDR as mentioned. One
of them is the overexpression of drug-metabolizing enzymes, such as cytochrome
P450 and gluconaryl transferase, resulting in a sharp decrement in the effective
concentration of drugs by potentiation of their metabolism. The balance between
the proapoptotic and antiapoptotic pathways is extremely vital since defects in
apoptotic machinery results in overproduction of antiapoptotic proteins leading to
a hindrance in programmed cell death without interference with cellular mechan-
isms. Finally, ceramide (CER) which has been recognized as a second messenger
signaling molecule has potential in differentiation, proliferation, immune
response, and apoptosis, and thus it becomes one of the potent inducers of MDR.
They are very effective in activating apoptotic inducers such as ceramide-
activated protein kinase, which acts as a negative modulator of RAS (KSR), cRaf,
protein kinase C, cathepsin D, and ceramide-activated protein phosphatases.

MAJOR MECHANISMS OF DRUG RESISTANCE
DRUG INACTIVATION

To obtain clinical efficacy most of the chemotherapeutic agents require metabolic
activation. Drug activation is a complex mechanism inside the body where sub-
stances interact with different proteins (Housman et al., 2014). As a result of these
interactions drugs become partially degraded or a complex formation occurs lead-
ing to their inactivation. Cancer cells also develop resistance toward treatment
due to decreased drug activation. For example, the physiological response to the
presence of drug is the overexpression of drug-metabolizing enzymes or carrier
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molecules (e.g., the increased production of glutathione (Gamcsik et al., 2002) or
ubiquitin which leads to inactivation of the drug by forming conjugate that is
excreted. On the other hand, underexpression of drug-metabolizing enzymes can
decrease drug effectiveness in situations where an administered dormant prodrug
has to undergo catalytic adaptation to an active form. For example, rabinoside is
required to be transformed by the action of deoxycytidine kinase; loss or mutation
of this enzyme will leave this drug less effective (Chorawala et al., 2012).
Cytochrome p450 monooxygenases (cyp450) are a group of enzymes that
modify the chemical structure of drugs, for removal from the body. These
enzymes are present in the cells of the intestinal wall, endothelium, liver, and
other tissues. Genetic variations leading to cyp450 structure and its expression
result in functional diversities in drug and nutrient absorption and clearance
(Lamba et al., 2002).

ALTERATION OF DRUG TARGETS

Due to mutations leading to variation in expression levels of target proteins/other
molecules, molecular targets of drugs may change and thereby hamper the effi-
cacy of therapeutic agents. These alterations ultimately result in drug resistance in
chemotherapy. A very common instance of this happened with antiestrogen (e.g.,
tamoxifen) therapy of breast cancer due to transition to an endocrine-resistant in
which there is an apparent loss of function of estrogen receptors in the resistant
tumor cells (Housman et al., 2014). Most probably, the existing cancer cells are
no longer dependent on estrogen for growth. Cytotoxic drugs are designed to hin-
der a constituent which is absolutely necessary for cell survival. The surviving
cells may mutate in such a manner that it produces a protein that preserves its
activity but no longer fastens to the drug, for stereochemical reasons, and is there-
fore not inhibited by it (Chorawala et al., 2012). For example, imatinib (Gleevac;
STIS71) is a tyrosine kinase inhibitor that stimulates apoptosis by preventing cell
growth in cancerous cells by disabling the damaged bcr-abl receptors, preventing
ATP binding (Gorre et al., 2001). Reachability of drug to the intended site of
action is also a problem that develops a form of resistance. The inner portions of
large tumors are likely to have a poor blood supply and drugs generally have
inadequate access to this area. Treatment of brain tumors has such problems
caused by the blood—brain barrier (BBB) (Ramakrishnan, 2003).

DRUG EFFLUX

Probably one of the most important forms of resistance against the antineoplastic
agents is by the action of a group of membrane proteins which extrude cytotoxic
molecules causing drug efflux and reducing the intracellular drug concentration
below the effective threshold. The transporter systems which are responsible for
MDR belong to the family of ABC and consist of about 13 members. P-gp is an
example of such a transporter which has been extensively exploited by scientists.
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This 170 kDa protein consists of 12 transmembrane spanning domains and 2 cyto-
plasmic binding domains. It is capable of effluxing a plethora of substances of
diverse chemical nature and effluxing requires hydrolysis of two ATP molecules.
Apart from its potential role in MDR, it is a vital component of the BBB, provid-
ing neuroprotection and is also found in liver, kidneys, placenta, and intestines
(Fukuda and Schuetz, 2012). Other than P-gp, the other members of ABC family
transporters include multidrug-resistance protein 1 (Mrp-1, Abcc-1), breast cancer
resistance protein (BCRP, ABCGI), mitoxantrone resistance protein (MXRI1/
BCRP, ABCG2), and ABCB4. MRP-1 is widely distributed in normal tissues,
including the BBB, and is closely associated with poor prognosis and broad-
spectrum efflux. BCRP provides resistance to classical chemotherapeutic agents,
such as mitoxantrone, and may also have a potential role in effluxing tyrosine
kinase inhibitors. In addition to exploring the 13 members of ABC transporters
actively involved in MDR, researchers are now trying to exploit the newer mem-
ber(s) of ABC transporters. A few years ago, researchers explored the cellular
localization, structure, and function of two different forms of ABCB6 in human
cell lines (Selvakumaran et al., 2003; Sui et al., 2013). They distinctly differ with
respect to MW and distribution. Both of them (high MW, 104 kDa and low MW,
79 kDa) have localized into the mitochondrial outer membrane while nucleotide
binding domains of transporters are oriented toward the cytoplasm. The interest-
ing fact is that high MW is only present in the plasma membrane. Although they
are very much effective in effluxing the cisplatin and paclitaxel, they prefer
effluxing of porphyrins. The noteworthy aspect is that the potential role of trans-
porters in MDR is well characterized, however not enough data are available to
establish the benefits of these effluxing pumps to achieve better therapeutic out-
come and therefore they require much more attention from researchers.

DNA DAMAGE REPAIR

Another important factor of drug resistance in chemotherapy is the repair of dam-
aged DNA. In this mechanism, DNA damage response mechanisms can undo the
drug-induced damage. For example, cisplatin resistance occurs by developing an
enhanced ability to eliminate cisplatin—DNA adducts and restoring cisplatin-
induced lesions, through the action of DNA repair proteins (Bonanno et al., 2014;
Olaussen et al., 2006; Selvakumaran et al., 2003). Inhibition of repair pathways
used in combination with DNA-damaging chemotherapy could stimulate cancer
cells and could therefore augment the effectiveness of the therapy.

CELL DEATH INHIBITION

Stimulation of cell death and inhibition of cell endurance are the core principles
of cancer therapy. Cell death occurs by two antagonistic regulatory events, apo-
ptosis and autophagy. Genes such as H-ras and Bcl-2/Bax are involved in the



7.10 Advantages of NP-Based Drug Delivery

apoptotic pathway. This type of resistance will influence a variety of ranges (pos-
sibly all) of anticancer drugs. It also potentially increases the fraction of surviving
mutant cells, which leads to larger tumor heterogeneity (Chorawala et al., 2012).
Bcl-2 family protein inhibitors are successful in inducing apoptosis in cancer
cells, but its extended use can produce resistance. Autophagy, a vital homeostatic
cellular recycling mechanism, is a key player in response to metabolic and thera-
peutic stresses, makes efforts to retain metabolic homeostasis through the cata-
bolic lysis of excessive proteins and injured or aged organelles (Sui et al., 2013).
Autophagy is based on phagolysosomal death in an acidic lysosomal pH. Drugs
such as chloroquine and its derivatives check this process by raising the pH to
inactivate digestive enzymes in lysosomes. Fluorouracil along with chloroquine is
more efficient at treating cancer cells (Sasaki et al., 2010).

EPITHELIAL—MESENCHYMAL TRANSITION AND METASTASIS

By the process of epithelial —-mesenchymal transition (EMT) solid tumors become
metastatic. It also comprises angiogenesis, that is, the formation of new blood
vessels around metastatic tumors (Shang et al., 2013; Singh and Settleman, 2010).
Various factors play significant roles in the development of drug resistance in
EMT, but these depend on the metastatic grade of the tumor, which is the level of
differentiation and degree of EMT. For example, in ERBB2 (HER2)-positive
breast cancer, tumors that express high levels of 3; integrins are more resistant to
antibody inhibitors such as trastuzumab (Lenisak et al., 2009). Resistance in can-
cer cells may also develop in the signaling processes of differentiation, which are
vital for EMT. For example, (33 integrin and src regulate TGF3-mediated EMT in
mammary cancer (Galliher and Schiemann, 2006).

ADVANTAGES OF NP-BASED DRUG DELIVERY
FOR EFFECTIVE CANCER THERAPY

Nanocarriers have established advantages as they may provide a prolonged cir-
culation time and controlled drug release. They also show drug-targeting ability
and specificity in the cellular uptake. They can be used for encapsulating a
number of drugs for multidrug treatment (Markman et al., 2013). NPs (size
50—100 nm) have proven to be a promising drug carrier for cancer therapy
(Che-Ming and Liangfang, 2009). Some of the NP-based drug carriers are avail-
able in the market or are in clinical trials. Commercially available NPs and the
NPs in clinical trials have been well reviewed by Peer et al. (2007). Schematic
representations of different nanoparticulate drug carriers and their advantages
are given in Figure 7.1.
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PROLONGED SYSTEMIC CIRCULATION

Patel and Rothenberg hypothesized that a permissible high dose of the anticancer
drugs could fight against MDR mechanisms of the cancer cells (Patel and
Rothenberg, 1994). Highly porous tumor vessels play a fundamental role in EPR
effect (Shang et al., 2013; Matsumura et al., 2004). Anticancer drugs of small
molecular size and nanosize drug carriers are selectively retained in the ECM
within the tumor after they escape from the blood capillaries at the tumor site.
However, many anticancer drugs are rapidly eliminated from the body by renal and
hepatic clearance, biochemical degradation in plasma, immune opsonization, and
by nonselective cellular uptake (Park et al., 2001) and the EPR effect shows no
advantage in those cases. Nanosize drug carriers generally provide significantly lon-
ger plasma retention time. For this, drug nanocarriers may be an attractive option
for cancer therapy. For instance, liposomes were found to be partially successful
(Torchilin, 2005). Monocytes and macrophages of the RES generally remove them,
but drug remains protected, escaping plasma degradation and glomerular filtration.
Stealth liposomes or pegylated (PEG) liposomes showed a predominant increase in
circulation half-life (Couvreur and Vauthier, 2006). Pegylated liposome containing
doxorubicin (Doxil) showed a favorable and improved pharmacokinetic profile
compared with free doxorubicin (Dox) (Gabizon et al., 2003).

TARGETED DRUG DELIVERY

Nonuniform drug distribution and incomplete cancer treatment occur due to poor
vascularization and vessel permeability in solid tumors (Matsumura and Maeda,
1986). NPs with targeting ligands, such as antibodies and peptides, are being used
to encounter these problems through ligand—receptor interactions (Lammers
et al., 2012). Many tumor cells overexpress some antigens and antibodies (against
those specific antigens)—conjugated NPs accumulate predominantly at those
tumor sites. For instance, anti-HER2 antibody conjugated liposomes showed
about 700-fold higher drug accumulation compared to the nonantibody-
conjugated liposomes in HER2-overexpressing breast cancer cells (Park et al.,
2001). However, the large size of the antibodies often limits their use. Fab frag-
ments have been used as successful targeting ligands (Maruyama et al., 1999).
Fab-liposome ameliorated circulation half-life by six fold compared to the
antibody-conjugated liposome which showed a twofold increase compared with
the nonantibody/Fab-conjugated liposome (Maruyama et al., 1999).

STIMULI-RESPONSIVE DRUG RELEASE

NPs may be suitable to fight MDR in cancer cells. Quick drug release from a formu-
lation may cause rapid drug loss from the circulation. On the other hand, slow drug
release may cause drug resistance due to less drug efflux in the tumor. Thus, optimal
and balanced drug release may achieve maximum therapeutic efficacy for treating
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tumor. Longer circulation time and rapid drug release in tumor may be optimally
efficacious in tumor therapy. Stimulus-mediated destabilization of the formulation
may provide such characteristics for the formulations. The pH-sensitive activation is
an example of such a phenomenon. The tumor environment is generally characteris-
tically acidic (pH 6—6.8) (Kraus and Wolf, 1996). Liposomes are stable at neutral
or low alkaline pH (7.0—7.4) of blood. However, liposomal membrane destabiliza-
tion occurs at acidic pH and the structure becomes permeable in the acidic surround-
ings of tumors (Kraus and Wolf, 1996). The pH-sensitive micelles are also used due
to collapse the micellar structure in acidic conditions (Lee et al., 2008).

DRUG EFFLUX AND DRUG ENDOCYTOSIS

In MDR, before functioning, drug molecules are forced to come out from the
tumor site to the surrounding tissue area by a drug efflux mechanism, but drug
nanocarriers can partially escape the efflux pumps and are internalized through an
endocytotic mechanism (Koval et al., 1998; Rejman et al., 2004).

CO-DELIVERY OF DRUG AND CHEMO-SENSITIZING AGENTS

Anticancer drug along with a chemo-sensitizing agent effectively controls the
MDR effect. Chemo-sensitizing agents are P-gp modulators, such as cyclosporine
and verapamil, and they typically reduce P-gp activity or expression. The P-gp
modulators also regulate transmembrane pumps (of the healthy tissues) which
serve as a defensive barrier against foreign molecules (Thiebaut et al., 1987) thus
limiting their clinical use. Coencapsulation of P-gp modulators and drug to nano-
carriers reversed the MDR effect by reducing the activity of the drug efflux
pumps (Soma et al., 2000). Administration of polyalkylcyanoacrylate NPs loaded
with Dox and cycloporine A (CyA) restricted MDR as CyA directly binds to P-gp
and inhibits its activity (Soma et al., 2000). Ceramide, a secondary messenger in
the apoptotic signaling process, when encapsulated in drug-loaded NPs and
administered, has successfully overcome MDR (van Vlerken et al., 2007).
Liposome has a unique structure for combination therapy. Hydrophilic drug parti-
tions to the aqueous core, whereas the hydrophobic drug separates into the lipid
bilayered membrane (Zhang et al., 2009).

Development of drug resistance in cancer cells hinders successful cancer ther-
apy. Inadequate access of drug to the tumor is a predominant cause of drug resis-
tance. Drug nanocarriers such as NPs and nanoliposomes may be one of the
possible alternatives as they are mostly capable of providing prolonged circulation
time with a specificity to deliver the drug to the target site of action. Besides,
they undertake endocytotic internalization and may undergo stimulus-mediated
drug release. Furthermore, a number of therapeutic agents can be loaded into the
nanocarriers which makes them suitable for combination therapy. These attractive
properties of the carrier vehicles may allow them to combat the challenges of
drug resistance in the neoplastic cells more effectively.

L
233



234 CHAPTER 7 Multifunctional drug nanocarriers facilitate more specific

RECENT TRENDS IN NANOCARRIERS FOR TARGETED
CANCER THERAPY

Target specificity of nanoformulations for cancer therapy is more important than
any other therapies that currently employ nanotechnology since the anticancer
drugs involve more deleterious side effects than any other drugs used in any ther-
apy. More than 30 years ago a phenomenon was observed involving preferential
accumulation of certain macromolecules in the tumorous environment (Bertrand
et al., 2014; Matsumura and Maeda, 1986). This was later named EPR. This led
to the emergence of the possibility of NPs being passively targeted toward cancer-
ous tissues, bypassing the other inert cells depending upon the combination of
many complex biological processes such as angiogenesis, enhanced vascular per-
meation, change in hemodynamic regulation, heterogeneities in tumor genetic
profile, irregularities in the tumor microenvironment, and lymphangiogenesis
involved with the EPR (Bertrand et al., 2014), since these factors are largely vari-
able and highly irregular when idiosyncracies of different types of cancer, tumor,
and patients are taken into account. Also, the tendencies of distribution and
accumulation of nanomaterials in tumorous sites are variably influenced by the
biological and physicochemical properties of each material (Bertrand et al.,
2014). For these reasons the exploitation of EPR as an effective and productive
approach for passive targeting may be obsolete, even though the body of works
depicting this phenomenon is still being comprehensibly documented (Rabanel
et al., 2012). In the last few years, EPR and passive targeting have been molded
into work that incorporates the strategies of steric stabilization of nanocarriers
beginning with monosialogangliosides (GM1) in the 1990s (Mori et al., 1991) and
presently with PEG (Zamboni et al., 2011; Noguchi et al., 1992). The latter
works, done by Zamboni et al. (2011), involved liposomes of CKD-602 with sur-
face pegylation of nanocarriers and showed that the nanocarriers were stable and
safe from the attack of blood components and internalized by the MPS, increasing
their circulation time and subsequently increasing the chances of these carriers
encountering and entering the tumor site. The nanocarriers have higher propensity
of being accumulated in the tumor interstitium when there is a higher number of
phagocytotic and dendritic cells in the tumor microenviroment due to some intrin-
sic interactions of these cells with the encapsulated materials (Zamboni et al.,
2011). PEGylation has been profusely adopted as a suitable strategy for passive
targeting as it prevents the recognition of nanocarriers by blood opsonins and
enhances the circulation time, which often enforces the EPR effect. This fact has
been evidenced previously from the studies of Han et al. (2006) and Harrington
et al. (2001b). The animal model they used for studying tumor accumulation of
liposomes containing doxorubicin and radiolabels respectively, produced a very
high tumor to blood ratio of the aforementioned components. Recently, Esfahani
et al. (2014) prepared paclitaxel-loaded nanoliposomes that were pegylated and
used against breast cancer cells. While the mean diameter, encapsulation effi-
ciency and in vitro drug release profile for both the pegylated and nonpegylated
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formulations did not differ very much, the cytotoxicity of pegylated nanoliposo-
mal paclitaxel was higher than nonpegylated species with statistical significance
enough to conclude that the pegylated nanoliposomes might be the superior candi-
date (Esfahani et al., 2014). But perhaps the most important work on pegylation
was done during the trials of pegylated doxorubicin liposomes which demon-
strated the efficacy of first-generation anticancer nanomedicines in decreasing the
mortality rate in humans (Liu et al., 2012; Gabizon et al., 1994; Northfelt et al.,
1996; Symon et al., 1999; Harrington et al., 2001a; Koukourakis et al., 2000).

The doxorubicin levels in the tumor sites were usually 4- to 16-fold higher
with the liposomes than free doxorubicin, 3—7 days after administration (Gabizon
et al., 1994; Northfelt et al., 1996). Other surface modifiers, such as detergents
and fusogenic lipids, that either disrupt or fuse with the cell membrane lining also
enhance the passive targeting of nanocarriers which may sometimes be translated
into superior efficacy of the formulations in cancer therapy. Sharma et al. (2013)
investigated surface-modified NPs that had greater interactions with the cancer
cell lipids to improve tumor targeting and delivery of recombinant pCEP4 vector
containing cytomegalovirus-driven wild-type human p53 cDNA. The surface
modifiers used were the surfactants and didodecyldimethyl ammonium bromide
(DMAB) and cetyltrimethyl ammonium bromide (CTAB), which led to increased
biophysical interaction with the membrane lipids of cancer cells. They found that
NPs surface-modified with DMAB and CTAB-modified species produced
increased uptake with human prostate cancer cell culture (PC-3) (6.7-fold)
and HUVEC (5.5-fold) than with unmodified NPs due to greater interaction of
the modified NPs. The DMAB-modified NPs specifically showed higher affinity
(> twofold) toward the cancerous PC-3 cells than the endothelial cells,
which was evident on increasing the incubation time. This certainly establishes
the chance of using such surfactants for passive targeting purposes since the
surfactants were more successful in targeting cancerous cell lipids than common
epithelial cells due to the intrinsic biophysical characteristics which are unique to
tumor microenvironments.

The use of magnetic NPs and ultrasound-guided nanocarriers are gaining
importance as compatible methods for enhancing passive targeting in cancer ther-
apies. Momtazi et al. (2014) designed and synthesized a magnetic nanocarrier
consisting of a SPIO core and biocompatible and biodegradable poly(sebacic
anhydride)-block-methyl ether poly(ethylene glycol) (PSA-mPEG) polymer
matrix for targeting cancer cells. In vitro cell viability and cellular uptake of
SPIO-polymeric NPs with MDA-MB-231 breast cancer cells were investigated
and the MDA-MBA-231 cells showed internalization of SPIO-polymeric NPs
within a size range of 150—200 nm after 24 h. This has led to the suggestion that
SPIO-polymeric NPs may have the required properties for passive targeting and
could be useful for future studies of targeted cancer therapy. Using ultrasound
may not alter the formulation step but may act as an adjuvant to the passive tar-
geting capabilities of nanocarriers. Oh et al. (2014) developed docetaxel-loaded
pluronic NPs and investigated their viability using high-intensity focused
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ultrasound (HIFU) as an external stimulus-induced clinical system for enhance-
ment of tumor targeting. Maximum accumulation of NPs was observed at an
HIFU exposure of 20 W/cm? and above this value tumor tissue and blood vessels
were destroyed. Thus, tumor targeting and effective extravasation of pluronic NPs
into the interior cells of tumor tissue were confirmed with HIFU exposure which
might increase the pore size of tumor tissue and enhanced permeability of pluro-
nic NPs through a nonthermal mechanism and thereby increase the effectiveness
of the therapy. Another recent study threw up an interesting approach of exploit-
ing the microenviroment of the epithelial cells in the tumor site. Voigt et al.
(2014) experimented with polyelectrolyte-modified NPs that were preferentially
taken up by endothelial or epithelial cells. This was achieved through the interac-
tion of the polyelectrolytes with the clathrin- and caveolin-mediated endocytosis.
Anionic polyelectrolytes of varying lipophilicity were found to influence endothe-
lial and epithelial cell uptake of NPs including a synthetic polyelectrolyte called
polyvinyl sulfonic acid, composed of an aromatic sulfonic acid backbone, which
exhibited specific affinity for the caveolae of endothelial cells. By exploiting the
fact that higher expression of caveolae occurs in endothelial cells (e.g., HUVEC)
than the epithelial cells (e.g., HeLa culture), a purely physiochemical approach
for passive targeting of NPs to endothelial cells may be suggested. Thus, by alter-
ing the charge and lipophilic characteristics of the NP surface, one can evolve a
strategy of achieving targeted delivery without the need for receptor—ligand-type
targeting strategies.

Active targeting or ligand-mediated targeting (Bertrand et al., 2014) of nano-
carriers to cancerous cells or tumorous endothelial cells (Ku et al., 2014) has
gained more popularity over passive targeting recently because it provides a win-
dow of increasing specificity of the therapy as these strategies strive to enhance
the cellular uptake of nanocarriers, rather than accumulation in the tumor site (Ku
et al., 2014). As of the time of writing, only a few targeted liposomes and poly-
meric NPs have seen the light of clinical studies (Sanna et al., 2014). Among
liposomes, one of the prototypes that was studied extensively was MCC-465, a
novel pegylated liposomal doxorubicin formulation conjugated with antigen-
binding fragments F(ab’)2 from the Goat Antihuman IgG (GAH) antibody
(Matsumura et al., 2004). The formulation utilized pegylation to confer immune
shielding and the antigen-binding fragments for targeting, respectively, against
the endothelial cells of human stomach cancer (Matsumura et al., 2004). Another
liposomal nanocarrier under clinical trial is MBP-426, a transferrin-conjugated
liposome that contains the platinum-based cytotoxic drug oxaliplatin. The formu-
lation has been targeted against human gastroesophageal adenocarcinoma and has
progressed into phase II trials (Sanna et al., 2014). Another such liposomal formu-
lation was SGT53-01, which was surface-functionalized with antitransferrin
receptor single-chain antibody fragment (TfRscFv) as the targeting ligand. The
liposome contained the p53 tumor suppressor gene to cancer cells, and is cur-
rently undergoing phase I clinical trials in combination with doxorubicin as a
multifunctional nanoformulation for the treatment of solid tumors (Sanna et al.,
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2014). More recently, a new nanoimmunoliposomal formulation containing doxo-
rubicin, called C225-ILS-DOX, gained entry into phase I investigation against
solid tumor type cancers expressing anti-EGFRs (Sanna et al., 2014; Mamot
et al., 2012). The ligands used for this purpose were antigen-binding fragments of
the chimeric monoclonal antibody cetuximab (C225, Erbitux), which were cova-
lently conjugated to the liposome (Mamot et al., 2011, 2012). Antibody fragment
of anti-Her2 antibody (AbscFv) has also been used as a targeting ligand for a
liposomal formulation MM-302 for delivering doxorubicin in Her2-expressing
breast cancer cell lines and is also undergoing clinical evaluation in phase I
(Wickham and Futch, 2012).

Among targeted polymeric nanocarriers, CALAA-01 was the first to reach clin-
ical development. The formulation was designed as cyclodextrin-based pegylated
NPs tailored to deliver anti-RRM2, an siRNA which is capable of reducing expres-
sion of the M2 subunit of ribonucleotide reductase (Sanna et al., 2014) using trans-
ferrin as the targeting ligand. The safety of the formulation CALAA-01 was
evaluated in a phase I clinical trial by conducting IV administration to adults
with solid tumors (Davis, 2009). Another such formulation under phase I trials is
Atu027 tailored for siRNA delivery into solid tumor cells with the ligand protein
kinase N3 conjugated on its surface (Sanna et al., 2014). Also in phase I trials
is the formulation C-VISA-BikDD that uses proapoptotic genes as targeting
ligands for delivering BikDD plasmid DNA into cells of pancreatic cancer
(Sanna et al., 2014). A new docetaxel-loaded targeted nanomedicine, BIND-014
(Hrkach et al., 2012) has been developed by a team led by Langer and
Farokhzad at the Massachusetts Institute of Technology, Harvard Medical
School, and BIND Therapeutics and recently entered phase II clinical trial for
the treatment of solid tumors such as prostate cancer. The formulation consisted
of a biodegradable copolymeric core (PLA or PLGA and PEG) and a pseudomi-
metic dipeptide as a prostate-specific membrane antigen (PSMA)-targeting
ligand (Hrkach et al., 2012).

Besides them, a large body of on-going work contributes regularly to the
development of nanocarriers using varying ligands like antibody, aptamers, pro-
teins, peptides, and other small molecules targeted toward cancer cells. Jang et al.
(2014) synthesized silica (SiO,)-core-shell iron oxide (Fe;04) magnetic NPs con-
jugated with human monoclonal antibody trastuzumab and encapsulated in lipo-
somes to target the Her2/neu antigen-expressing breast cancer cells. The resultant
particles had good biological stability and trastuzumab-conjugation increased spe-
cific targeting on Her2/neu-positive human SKBR-3 breast cancer cells against
unmodified liposome-encapsulated magnetic NPs. Another work on targeting of
nanocarriers with antibody conjugation was done by Maya et al. (2013). They
developed cetuximab conjugated O-carboxymethyl chitosan NPs containing pacli-
taxel (PTXL) for targeting EGFR overexpressing cancer cells. In vitro study
showed that the modified formulation induced significant cytotoxicity against
cancer cell lines like A549, A431, and SKBR3, which expressed EGFR, com-
pared to MIAPaCa-2 cells that did not express the receptor, thus underlining the
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target specificity of the formulation, which delivered paclitaxel and induced cyto-
toxicity only to the desired target cells. Choi et al. (2015) synthesized inhalable
self-assembled human serum albumin (HSA) NPs containing doxorubicin with
TNF-related apoptosis-inducing ligand (TRAIL) protein as a targeting ligand that
specifically binds to death receptors 4 and 5 (DR 4/5) expressed by various cancer
cells. The TRAIL-HAS-doxorubicin formulation exhibited an antitumor effect
through a synergistic cytotoxicity/apoptotic activity in H226 lung cancer cells
(since H226 cells are resistant to TRAIL-induced apoptosis) significantly reduced
the tumor size of H226-implanted BALB mice. Works involving aptamer-
mediated targeting are also becoming prominent since the pioneering works of
Farokhzad et al. (2006) and Dhar et al. (2008), which used RNA aptamers A10 to
target and bind with the PSMA for prostate cancer tumors. Xu et al. (2013) pre-
pared unimolecular micelles consisting of a hydrophobic core of Boltron H40
with PLA branches and a hydrophilic shell of PEG containing doxorubicin. The
micelle was surface-modified using A10 aptamer that exhibited preferential cyto-
toxicity in PSMA expressing CWR22Rnl Prostate carcinoma cells and equally
significant tumor reduction in CWR22Rnl Prostate carcinoma induced mice
when compared against nontargeted formulations. Another study employed chito-
san NPs conjugated with aptamers targeting MUCI1 glycoproteins expressed by
human colon cancer cells. The formulation delivered anticancer molecule SN38,
an active metabolite of natural product irinotecan, to HT-29 cell lines and the effi-
cacy of the targeting ligands in enhancing cellular uptake was evaluated through
cytotoxicity assay, which proved the aptamer-conjugated formulation to be more
toxic than the nontargeted ones (Sayari et al., 2014). Peptide sequences can also
act as targeting ligands as is evident from extensive use of RGD (argini-
ne—glycine—aspartic acid) peptide which can strongly and specifically bind to
o33 integrin receptors (Kamaly et al., 2012; Shi et al., 2011). But the applicabil-
ity of RGD in targeting cancer cells may be limited as «,33 integrin is also
widely expressed on normal or inflamed tissues (Bertrand et al., 2014).
Structure—activity relationship studies revealed that a change of molecular geom-
etry of linear RGD peptides to its cyclic form increased antitumor efficiency
10-fold compared with that of its linear counterpart (Colombo et al., 2002).
Xiao et al. (2012) prepared multifunctional unimolecular micelle made of a
hyperbranched amphiphilic block copolymer H40-poly(L-glutamate-hydrazone-
doxorubicin)-b-poly(ethylene glycol) for delivering doxorubicin with cyclic RGD
as a targeting ligand for cancer therapy. The prepared cRGD-conjugated unimole-
cular micelles exhibited more prominent cellular uptake and cytotoxicity in
U87MG human glioblastoma cells than nontargeted unimolecular micelles and
also reduced tumor size in U§7MG tumor-bearing mice, measured by noninvasive
PET imaging. The role of cyclic RGD in targeting was further established by
them through an initial blocking dose of cyclic RGD which reduced the cytotoxic
and antitumor effect of subsequent RGD-conjugated formulations due to satura-
tion of the receptor sites. Valetti et al. (2014) worked with another peptide
sequence as their targeting ligand—CKAAKN—conjugated on squalene
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monodisperse NPs for delivering the anticancer drug gemcitabine (in its squale-
noyl prodrug form). The CKAAKN interacts specifically with the Wnt-2 mimetic
pathway involving the Frizzled receptor 5 (FZD-5), that promotes vascular anom-
alies and angiogenesis in tumor vessels found in the RIP-Tag2 transgenic mice, a
prototypical mouse model used for studying multistage pancreatic islet cell carci-
noma. The formulation was also found to promote pericyte coverage, which
resulted in normalization of the vasculature and improvement of the tumor acces-
sibility for further therapy, as measured through quantification assay of a-smooth
muscle actin (a-SMA) and of antibody rabbit anti-NG2 (chondroitin sulfate pro-
teoglycan polyclonal) co-localized with tumor endothelial cells. Folic acid has
been another popular candidate for targeting ligand which binds with the FR over-
expressed on the surface of a variety of human tumors, including ovarian, brain,
breast, colon, renal, and lung cancers (Hilgenbrink and Low, 2005; Markert et al.,
2008). Yu et al. (2014) synthesized NPs from cholesterol-modified glycol chito-
san with dual functionalization, one through conjugation of folic acid and another
through the conjugation of a peptide sequence CGYGPKKKRKVGG (an SV40
large-T antigen with the primary sequence KKKRK), which acts as a nuclear
localization signal so that the particle is recognized by the nuclear transport pro-
teins, that is, importin « and importin 3. The targeted formulation containing
doxorubicin as cytotoxic agent and coumarin-6 as imaging agent, showed efficient
intracellular trafficking and nucleus transportation in FR-expressing human
nasopharyngeal epidermoid carcinoma (KB) cells and also exhibited lower ICsq
than other nontargeted formulations. The doxorubicin formulations also showed
the strongest antitumor efficacy against KB tumor xenograft models in female
BALB/c nude mice. The specificity of the formulations toward the FRs were
established by the reduced intracellular uptake of the targeted formulations by
the human lung carcinoma cells (A549) which do not express FRs. Another recent
study was done by Li et al. (2014) who prepared folic-acid-conjugated poly(ethyl-
ene glycol)—chitosan oligosaccharide lactate NPs for delivering siRNAs targeting
against human HIF-1«, which has been reported to inhibit angiogenesis and tumor
cellular energy production resulting in growth suppression in ovarian cancer. An
in vitro study was done using human ovarian endometrioid carcinoma OVKI18#2
cells, which expressed FRs and an in vivo study was done using OVK18#2 xeno-
graft in nude BALB mice. The targeted NPs showed higher preferences toward
the folate-receptor-expressing carcinoma cell line than the ones devoid of such
receptors like mouse macrophage RAW 264.7 cells. This result was also seen in
the tumor reduction efficiency in xenografted mice acted upon by targeted formu-
lations. A unique strategy in active targeting that came forward recently was pro-
mulgated by You et al. (2014) in their experiment of targeting cancer cells with a
molecularly assembled logic robot, called the Nano-Claw built by using aptamers
as building blocks, which can recognize the expression levels of multiple cell
membrane markers expressed as surface antigens by cancer cells and induce ther-
apeutic operations as an automation. The logic robot comprised an oligonucleo-
tide backbone as the scaffold, several structure-switchable aptamers as capture
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toes, which targeted each cell-surface marker and then generated the respective
barcode oligonucleotide for activation of the last component of the robot (the
effector toe), which is a logic-gated DNA duplex that analyzes these barcode oli-
gonucleotides and autonomously makes decisions in generating a diagnostic sig-
nal (such as fluorescence) or a therapeutic effect. This particular study involved
three aptamers for three cell lines Sgc8c, Sgc4f, and TCOl that overexpressed
markers commonly found on cancer cells, such as human acute lymphoblastic leu-
kemia cells (CCRF-CEM). The programmable nature of nucleic acids makes this
particular strategy susceptible to further scale-up and amplification through cova-
lently linking these probes with other visual reporting systems, drugs, or NPs with
anticancer effect.

CONCLUSIONS

The platform provided by multifunctional drug nanocarriers has shown their
potential in drug targeting, as well as in cancer diagnosis and therapy.
Nanocarriers also hold a major role in delivering multiple drugs directed against
different molecular targets, probably resulting in suppression of multiple-drug-
resistant phenotypes as well as decreasing MDR-based drug efflux. The cancer
targeting concept through active targeting considering the complex nature of
tumor and the tumor-surrounding microenvironment has described the optimal
conditions for future therapeutic tools in cancer therapy. The payload of the tar-
geted nanocarriers may be drug, a gene silencing sequence, a radioisotope, or a
combination type, and thus provides unlimited possibilities in cancer therapeutics.
Based on the pharmaceutical and physiological factors, the appropriate approach
may be chosen for designing and scaling-up nanocarriers to clinics. Several such
engineered therapies are already in clinical practice. Thus, nanocarrier systems
which specifically target different portions of tumors by using different targeting
moieties may eliminate the problems of multidrug-resistant tumors.
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Variation of Pharmacokinetic Profiles of Some Antidiabetic Drugs from Nanostruc-
tured Formulations Administered Through Pulmonary Route
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Abstract: Diabetes is a chronic disease that occurs when the pancreas does not produce enough insulin, or when
the body cannot effectively use the insulin it produces. WHO projects that diabetes death will be doubled between
2005 and 2030, where 347 million people worldwide had diabetes as per the report of 2013. The increase in the
prevalence of diabetes is due to three influences - lifestyle, ethnicity, and age. Current challenges in diabetes man-
agement 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, im-
proved drug pharmacokinetics, and reduced side effects of therapeutically active substances that may be insulin
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and non-insulin. Moreover, the pulmonary route is the most promising alternative route of drug delivery since it is non-invasive and lungs
have a large surface area for absorption of drugs, richly supplied by the capillary network. The present review summarizes the pharma-
cokinetic parameters and challenges in the field of nanoparticles and nanoliposomes of insulin and other antidiabetic drugs given through

pulmonary route to treat diabetes effectively.

Keywords: Diabetes, nanoparticles, nanoliposomes, pulmonary, insulin, antidiabetics.

INTRODUCTION

Diabetes mellitus is caused by the insufficient production of
insulin in pancreatic islet cells, leading to an increase in blood
glucose level or hyperglycemia. Diabetes mellitus has been
classified as insulin-dependent diabetes (type 1) and non-insulin-
dependent diabetes (type 2) [1].

As on today, the subcutaneous route has widely been the
primary mode for insulin delivery. Nevertheless, clinical studies
showed that a significant percentage of patients had failed to attain
this long- term glycemic control with this treatment [2,3]. Few
well-recognized reasons for this failure are the poor patient
compliance due to the fear of injection and the other physiological
reasons such as pain, discomfort etc. [4]. Several novel approaches
like supersonic injectors, infusion pumps, sharp needles, pens etc.
have been developed to increase the compatibility of diabetic
patients. Oral delivery is the most convenient and acceptable route
but the antidiabetic drugs specially insulin is degraded by intestinal
enzymes and is not absorbed intact across the gastrointestinal
mucosa [5].

The pulmonary delivery route for antidiabetic medication has
shown a huge hope and expectation and is receiving a lot of
scholastic interests. Few main reasons behind it are the non-
invasive nature of the method, providing a large area for absorption
(75-150 m?) [6, 7, 8, 9], avoidance of hepatic first-pass metabolism,
enhanced solubility of the drug in alveolar fluid and rapid onset of
action due to the presence of a very thin (0.1-0.2 um) monolayer
epithelial diffusion path [1,10] from the airspaces into the blood in
the alveoli [10,11,12]. Additionally, the alveolar environment has
limited degradative activity by enzymes in both the extra and
intracellular compartments as compared to gastrointestinal tract
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(GIT) [1,9,10,13], thus making it an attractive path for delivering
peptides and protein-based therapeutics including insulin [14].

Despite many advantages of the pulmonary route, a frequent
and long-term inhalation is necessary to achieve satisfactory
efficacy because the therapeutic effects of most of the protein drugs
are short [15].

The objective of pharmaceutical formulations is the transforma-
tion of drug compounds into active products with the desired
therapeutic effect. Accordingly, a delivery system that allows the
long-term release of drugs after a single inhalation is required. In this
context, nanoformulations developed for pulmonary delivery of drugs
have numerous benefits. The alveolar delivery ensures efficient and
uniform distribution of drug. The lung environment and alveolar
surface enhance the solubility of the drug, more so than its intrinsic
aqueous solubility. Moreover, alveolar retention mimics sustained
release pattern and hence decreases dosing frequency. These features
decrease the dose related side-effects, enhance cellular internalization
of drugs and improve patient compliance [10,16]. Thus, the
pulmonary route of delivery of insulin or other peptides and protein
brings special attention to the drug delivery researchers.

There are numerous applications for nanotechnology but the
branch involving treatment, diagnosis, monitoring and control of
physiological systems is broadly termed as “nanomedicine” by the
National Institutes of Health (Bethesda, MD, USA) [17]. The two
main types of nanomedicine products currently in clinical trials are:
diagnostic agents and drug delivery devices [18]. Over the past few
decades, research efforts have been focused on developing
nanoformulations such as nanoparticles, liposomes, nanoemulsions,
dendrimers etc. to ensure efficient delivery of drugs to the target
tissues. Insulin nanoliposomes are one of the recent approaches in
the controlled release aerosol preparation. Intratracheal delivery of
insulin liposomes has shown to produce the desired insulin effect
[19].

In this review article, we will mainly focus on the various
approaches taken to deliver conventional antidiabetic drugs in the

© 2016 Bentham Science Publishers
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nanoformulations via the pulmonary route and their advantages or
limitations over the concurrent traditional therapies from the
pharmacokinetic viewpoint.

Respiratory system: The respiratory area and the conducting
airways are two important regions of the human respiratory system.
The first region includes respiratory bronchioles, alveolar ducts,
and alveolar sacs; and the later comprises of nasal cavity, associated
sinuses, nasopharynx, oropharynx, larynx, trachea, bronchi, and
bronchioles. A major portion (90%) of drug particles are removed
in the upper airways as it has a higher filtering capacity. In the wall
of the conducting airways, mucus containing the glycosylated
protein called mucin forms a gel-like covering and has a ciliary
action which washes drug molecules away. The main components
of lungs are bronchi, alveoli, small air passage, lymph tissues and
blood vessels of which bronchi are further divided into bronchioles
and alveoli (approx 300 million). The maximum transepithelial
(i.e., through the blood-gas barrier) drug transport uses the smaller
airways and alveolar spaces which comprise more than 95% of
lung’s surface area and are directly connected with systemic
circulation through dense capillary network [20,21], making them
ideal for non-invasive drug administration. The various advantages
and disadvantages are listed in Table 1.

Significance of Delivery of Drug Nanocarriers by Pulmonary
Route

Pulmonary route of drug delivery via nanocarriers offers well
maintained systemic as well as local delivery of drugs in various
ways such as using dry powder inhaler (DPI), nebulizers etc. It is
also a convenient method for delivery of protein/peptide drug mole-
cules encapsulated in those nanocarriers for treating respiratory as
well as non-respiratory diseases [23]. Nanomedicine imparts more
specificity to the treatments compared to the other modes of drug
delivery, resulting in higher bioavailability and minimum dose re-
lated toxicity. The common nanocarriers used for this purpose are
described below [22,23]:

e Liposome: It is a phospholipid vesicle composed of one or
more concentric phospholipid bilayer(s) encapsulating an
aqueous core and is often helpful for achieving sustained sys-
temic release of drugs and efficient encapsulation of both hy-
drophilic and hydrophobic drugs [22].

e Nanoparticles: Nanoparticles are colloidal particles where the
drug molecules are either encapsulated or dissolved or en-
trapped or attached chemically to the main matrix. Nanoparti-
cles provide some advantages which include sustained release
of drugs, minimal risk of adverse effects, increased patient
compliance etc. [22].

Table 1.

Advantages and limitations of pulmonary drug delivery
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e  Polymeric Micelles: Micelles in nanoscale range (10-400 nm)
are promising carriers for various drug molecules for pulmo-
nary administration. Drugs are incorporated in the core of
these structures. Such formulations often result in a better sta-
bility, prolonged in vivo retention time and enhanced capabil-
ity of drug action on the target organs [23].

Pulmonary Deposition of Inhaled Nanocarriers

The mass median aerodynamic diameter (MMAD) of nanopar-
ticles, along with the breathing pattern determine the deposition of
the particles in the lungs [9, 10, 12]. The aerodynamic diameter of a
particle is the combined function of its shape, size and density of
the particle given by the formula [24]:

Where, d,, is the aerodynamic diameter, d is the geometric

diameter, y is the shape factor and £ is the specific gravity of the

particle.

The particles deposit along the pulmonary pathway by inertial
impact, interception, sedimentation, and diffusion [24,25]. The
alveolar deposition is a bimodal phenomenon in which two types of
particles (in terms of their size ranges) are involved. One kind in-
volves particles between 1000 nm and 5000 nm and another one
involves particles below 100 nm [9]. Only the two aforementioned
size ranges penetrate deeper into the central and distal tracts of the
lungs [12,26] through sedimentation and diffusion. The highest
alveolar diffusion occurs for particles below 100 nm [7] as shown
in Fig. (1). Though the size ranges are not always consensual and
pulmonary delivery of nanoparticles for therapeutic purposes may
supersede such limits. Depending on their size and shape, the parti-
cles usually deposit by following the fundamental mechanisms as
mentioned below.

Impaction: Impaction is the physical phenomenon by which
the particles of an aerosol tend to follow a trajectory move-
ment due to inertia while travelling through the airways of the
respiratory tract. This mainly happens in the first 10 bronchial
generations, where the velocity of the air is high and the flow
pattern is turbulent. The particles >5000 nm impact inertially
in the nasopharyngeal region and are swallowed [10]. Particles
above 100 nm and below 1000 nm are either deposited in the
inert tracheobronchial region or are exhaled out [7, 16], espe-
cially if the drug is given through dry powder inhalers (DPI) or
metered-dose inhalers (MDI).

Advantages

Limitations Reference

U Non-invasive in nature
. Less toxic/ negligible side effects
e Requires less and infrequent dosage

° Quick onset of action

bioavailability, protein binding, enzymatic degradation, etc.
e Avoids first pass metabolism
. High bioavailability

. Minimum exposure to other vital organs.

e  Suitable for long-term treatments in asthma, diabetes etc,

e Avoids gastro intestinal tract related problems like gastric irritation, low

Less stable in vivo [1,9,12,22]

Difficulty in transportation through the alveo-
lar cells for certain types of molecules.

Pulmonary irritation and toxicity.

Poor drug retention.
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Particles between 100
nm and 1 pm are
distributed mainly in
the tracheobronchial
region and upper lobes

Particles below 100 nm
and between 1-5 um
reach deeper alveolar
region

~— — " Alveolar sac
Single alveolus showing diffusion of

particles into blood vessel
. Larger ®
Nanoparticles

Fig. (1). Distribution and absorption of formulations in the respira-
tory system on the basis of the sizes of the inhaled particles.

Smaller
Nanoparticles

Interception: Interception occurs mainly in the case of fibers.
Due to their elongated shape, they are deposited on the wall of
the airways as soon as they come in contact with it.

Sedimentation: Sedimentation is the physical phenomenon by
which particles having sufficient mass are deposited due to
gravity when they remain in the airways for a sufficient period
of time. This occurs predominantly in the last 5 bronchial gen-
erations, where the air velocity is slow with a long residence
time.

Diffusion: This occurs mainly for the particles below 100 nm
where the clouds of nanoparticles remain suspended in the al-
veolar spaces in a fluidic motion. This phenomenon is guided
by the concentration and/or pressure gradient, which facilitates
the flow of the particles into the alveolar sacs for further ab-
sorption into the capillary network.

Besides, size and other factors such as composition, surface
charges etc. are also crucial. Polymeric nanoparticles of 400 nm
diameter [27] and lipid nanoparticles of 300 nm diameter [28] pro-
duced alveolar deposition in the magnitude of 75% and 45% re-
spectively of the initial dose delivered. Nanoparticle aggregates
with an aerodynamic diameter between 1 and 5 um may enhance
alveolar deposition provided they segregate on contact with the
alveolar fluid [29].

Pharmacokinetics of Inhaled Nanocarriers Containing Antidia-
betic Drugs

Hypoglycemic agents, be it insulin or other oral anti-diabetic
agents, act primarily when they reach the systemic circulation. They
mainly sensitize various receptors on the cell membrane either by
acting as secretagogues for insulin or by improving insulin resis-
tance [30,31]. Hence rapid absorption of an antidiabetic drug
through alveolar surface and subsequent rapid onset of action with a
longer residence time in the systemic circulation ensure efficient
hypoglycemic action of that agent from a nanoformulation deliv-
ered through pulmonary route. However, residence time of a formu-
lation in blood depends on the combined effect of bypassing the
hepatic portal system and sustained drug-releasing capability of a
nanocarrier [32]. Drug permeability through alveolar epithelium is

Current Drug Metabolism, 2016, Vol. 17, No.2 3

found to be predominantly more than that of other noninvasive
routes. As an example, the bioavailability of insulin administered
via pulmonary route has been reported to be 20-100 times greater
than that of other noninvasive routes. The reason may be the higher
permeability of the drug through the alveolar epithelium and less
volume of local fluid, resulting in high concentrations of drug near
the bloodstream [23,33]. Out of the three main types of alveolar
cells, other than the Type | and Type Il pneumocytes, macrophages
are mainly responsible for the immunogenic phagocytotic response
to foreign substances such as drug nanocarriers [34]. Particles be-
tween 300-500 nm are more susceptible to phagocytosis [35], but
small particles (<260 nm) [7] are capable of escaping phagocytosis
[10,36]. Particles with size around 100 nm are widely considered as
desirable for the purpose of delivering drugs [11,37]. Though any-
thing below 1000 nm is considered as the nanoparticle, but all sub-
micron sizes are not considered for pulmonary delivery due to
safety concerns [11]. Inconsistent or uncontrolled dosing of in-
halable nanoparticles induces inflammatory responses, epithelial
damage in lungs, and extrapulmonary effects, such as oxidative
stress or increased blood clotting, as well [9,36,38,39]. But these
studies mostly relied on inorganic nanoparticles of very high doses.
Generally, these threats do not correspond entirely to the homoge-
nized and metered dosage of polymeric or lipid nanoparticles used
in the therapeutic purpose, with a care taken during their admini-
stration [40].

Alveolar Absorption

Drug absorption through alveolar epithelium is very high due to
its large surface area and all lipophilic and non-ionised molecules
are readily permeated through it into the circulation [12]. The al-
veolar epithelium is composed of specialized cells with apparent
structural polarity and the cells are permeable to water, gases and
lipophilic molecules [9]. Hydrophilic molecules have a mean half-
life value of about an hour whereas the similar size lipophilic mole-
cules have half-lives less than a minute [41] in the alveoli. Many
molecules undergo parallel transportation via the transcellular and
paracellular pathways [42], with tight junctions between Type |
pneumonocytes allowing diffusion of molecules only below 0.6 nm
diameter. Besides, macromolecules above 40 kDa are absorbed
very slowly over several hours but smaller peptides such as insulin
(5.8 kDa) reach the circulation within minutes [43]. This inverse
relation is more strongly demonstrated for proteins and peptides as
they are primarily absorbed through the paracellular pathways
where size/molecular weight acts as a major barrier [9]. Still there
are many instances where proteins and peptides of higher molecular
weight crossed transcellular barrier through receptor-mediated tran-
scytosis and non-specific pinocytosis [12]. Peptides and similar
molecules can be absorbed by active transport using a high-affinity
peptide transporter (PEPT-2) present in alveolar Type Il cells and in
capillary endothelium [8,44]. This possibility is further enforced by
the presence of the protein Caveolin in alveolar Type | cells and
endothelial cells of the lung. Clathrin (another adjuvant protein) in
alveolar Type | and Il pneumonocytes also attribute to active trans-
portation and absorption of protein through the alveolar pinocytosis
[45]. Transcellular passive diffusion occurs only for the lipophilic
molecules [4]. Since most of the antidiabetic drugs have low lipo-
philicity, they are absorbed mainly through the paracellular path-
way into the system [4]. However, drug encapsulation within a
hydrophobic scaffold and a large area for absorption in the alveoli
compensate for this problem [7,16,46].

Clearance from the Lungs

The mucociliary escalator mechanism causes a major obstacle
for nanoparticles deposited in the airways against penetration into
alveolar region [47] by decreasing pulmonary retention and enhanc-
ing elimination of nanoparticles [12]. The cells secreting mucous
exist in the region from the trachea to the terminal bronchiole. This
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mucous creates a blockade for many particles to reach the alveolar
site of action [48]. Drug particles held in this mucus layer are re-
moved by the mucociliary clearance mechanism where the con-
stantly beating cilia push the entrapped drug back towards the phar-
ynx [49]. The alveolar Type II cells synthesize lung surfactants that
are primarily made of phospholipids (mainly dipalmitoylphosphati-
dylcholine), cholesterol and surfactant-associated proteins [50].
Insoluble or poorly soluble particles in the mucus and the surfactant
are not readily absorbed [9]. Since the nanocarrier scaffolds are
mostly hydrophobic, they undergo dissolution in both intracellular
and extracellular fluids including mucus.

Hydrophobic nanocarriers allow hydrophilic hypoglycemic
molecules to be absorbed by passive diffusion across the alveolar
epithelium [7]. However, the level and duration of retention and
elimination of such nanoparticles vary with the nature of the
nanoparticles [9] and physiological condition of lungs [12]. For
instance, the thickness of the mucus layer increases from 2 to 30
um in healthy lungs whereas even more than 250 um in cases of
cystic fibrosis and other obstructive airway diseases [51]. The nui-
sance of mucociliary and alveolar clearance can be controlled by
keeping the particle diameter around 100 nm as seen by an experi-
ment by Méller et al. (2008) [38] using **Tc labeled carbon
nanoparticles. In this experiment the mucociliary clearance resulted
in elimination of just 25% of the deposited nanoparticles after 1
day, while clearance from the periphery of lungs is only about 3%
of the deposited nanoparticles as explored by a radioactive probe.
Pharmacokinetic (PK) data gathered after administering Cy-
closporine-A loaded liposome in mice showed that the liposome
was retained 16.9 times longer than the free Cyclosporine-A in
healthy lungs and 7.5 times longer than the lungs with inflamed
epithelial lining and increased mucociliary build-up, upon the ad-
ministration of the same formulation [52].

Although phagocytosis is the predominant mechanism in the
clearance of solid particles from pulmonary passages, the percent-
age of nanoparticles present in macrophages after inhalation has
been found to decrease [9]. This may be due to a certain ineffi-
ciency of macrophages in recognition and elimination of particles
below a certain size [33,53]. As mentioned earlier, particles below
260 nm undergo less phagocytosis [7,54,55] and below 70 nm are
not recognized by macrophages [7]. This may be attributed to the
absence or reduced promotion of the chemotactic signal from the
smaller nanoparticles [36]. This further ensures the important role
played by endocytosis in epithelial translocation of nanoparticles at
the cellular level. There are several existing transcellular endocy-
totic pathways such as pinocytosis, adsorptive endocytosis (nonspe-
cific binding to receptors) and receptor-mediated endocytosis ex-
hibited by both the types of alveolar pneumocytes [45, 56]. The
abundance of Caveolin 1 protein in alveolar type 1 pneumocytes
and in the pulmonary capillary endothelium may establish the pos-
sibility of Caveolin-mediated endocytosis as an important pathway
in epithelial translocation of nanoparticles [51, 57]. The hypothesis
has been further supported by an experiment by Brandenberger et
al. (2010) where inhibition of Caveolin and Clathrin-mediated en-
docytosis by methyl-B-cyclodextrin resulted in a significant reduc-
tion in uptake of gold nanoparticles by human alveolar epithelial
cells and inhibition was more extenuated when the nanoparticles
were coated with polyethylene glycol (PEG) [58]. These factors are
often helpful in delivering peptides and peptidomimetic molecules
such as insulin [59], exendin-4 [15] etc. in the form of nanoparticles
for inducing hypoglycemia through pulmonary routes.

In vivo Fate of Insulin and non-Insulin Nanoformulations: A
Pharmacokinetic View

Once the nanoparticles cross the physiological barrier and enter
the systemic circulation, nature of the drug molecules governs their
ultimate fate. Antidiabetic formulations can be divided broadly into
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two classes- insulin and non-insulin agents (oral hypoglycemic
agents) [60].

Insulin

Insulin is probably the most studied antidiabetic drug for devel-
oping nanoformulations to deliver through pulmonary routes [9].
Insulin is generally used for patients suffering from diabetes melli-
tus type 1, the subtype of the disease which is caused by the lack of
insulin secretions by f cells of islets of Langerhans in the pancreas.
Insulin is a dipeptide molecule where the two polypeptidic chains
of 21 and 30 amino acids long respectively are joined by two disul-
fide linkages [1]. Insulin has gathered so much interest solely for
being a peptide but unfit for oral administration due to its degrada-
tion by the proteolytic/peptidolytic enzymes (pepsin in stomach;
trypsin, chymotrypsin, and carboxypeptidases in the duodenum) of
the gastro-intestinal tract [61, 62]. Parenteral administration, in
particular subcutaneous route, is accepted widely and unanimously
for insulin delivery [1]. But there are problems such as patient non-
compliance due to painful injections and episodes of acute hypo-
glycemia due to inconsistent and careless dosing since the delivery
route is irreversible [63,64]. Transdermal route acts as a popular
alternative as a non-invasive parenteral delivery route but the pep-
tidic (ionized) nature, molecular weight and size of insulin make it
a poor candidate for transdermal absorption and hence, even though
it reduces the pain problem, it produces incomplete and inconven-
ient results [1]. This led to further investigation with other routes
among which pulmonary route has become a very prominent choice
[14] and has been in use since 1925 [9,14,65]. This even culminated
in a pulmonary antidiabetic product called Exubera® which came
to the market in 2006 after the approval of the United States Food
and Drug Administration and European Medical Agency, but was
withdrawn in 2007. The product was developed by Nektar/Pfizer as
a dry powder formulation [1,9,14]. Another aerosol-based product
for the delivery of insulin was developed jointly by Aradigm and
Novo Nordisk but was discontinued from 2008 while it was in
Phase III trials [9].

Many experimental formulations have been developed for pul-
monary delivery of insulin through nanocarriers. The main goal for
such delivery is to allow the nano-encapsulated insulin molecules to
enter the systemic circulation through a non-invasive route and
release insulin through a gradual biodegradation of the polymeric
scaffold [10]. Insulin molecules in the blood bind with the insulin
receptors present on the cell membrane and initiate a phosphoryla-
tion reaction on the Insulin Receptor Substrate 1 (IRS1) [66]. Phos-
phorylated IRS1 then initiates the activation of phosphoinositol-3-
kinase (PI3K) which in turn converts phosphatidylinositol 4,5-
bisphosphate (PIP2) into phosphatidylinositol 3,4,5-triphosphate
(PIP3). This reaction activates the protein kinase B which functions
bimodally [67] by upregulating glycogen synthesis through inacti-
vation of glycogen synthase kinase, and results in migration of glu-
cose transporter-4 (GLUT4) towards the plasma membrane [68].
This migration of GLUT4 causes increased uptake of free glucose
from the blood into the cells. Glucose then either undergoes glyco-
lysis or gets stored as glycogen in the cells [68]. But these physio-
logical reactions require a steady blood insulin content of 8-11
plU/mL (57-79 pmol/L) [69]. The product Exubera® had to be
withdrawn [9] because the Pfizer found it to be commercially non-
feasible even though it produced patient comfort and convenience
and showed similar postprandial glycemic control and similar val-
ues of glycated haemoglobin (HbAlc) to that of subcutaneous insu-
lin injections [70]. The main reason is that it was a short-term insu-
lin formulation and failed to maintain the required physiological
insulin level for a longer duration, which again necessitates further
injection of long-term insulin [71]. Strategies were taken to prolong
the duration of action by modification of the structure of the insulin
molecules by attaching biodegradable molecules such as PEG to it
(PEGylation). PEGylated insulin were delivered via pulmonary
routes in rats and dogs and it was seen that PEGylated insulin were
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systemically absorbed from the lungs [12, 72]. The extent of ab-
sorption was decreased following PEGylation on multi-protein sites
as well as the use of large PEGs (5-12 kDa). In the circulation,
PEGylated proteins maintain a sustained plasma level of insulin as
they would do when injected subcutaneously at regular intervals.
PEGylation also protects peptides from local proteolysis in the
lungs and thereby increases the systemic absorption of the intact
molecule from the alveoli [48,73,74].

As mentioned before, nanocarriers address the problem of deg-
radation of proteins or peptides by nano-encapsulation which en-
ables the drug to remain in the circulation for a longer time and
drug release remains sustained for such longer duration. They also
protect the encapsulated material from phagocytosis and enzymatic
degradation. Bi et al. (2008) encapsulated insulin into liposomal
carriers to increase drug retention time and control the drug release
in the lungs [75]. Nanoliposomes with an average diameter of 295
nm and an encapsulation efficiency of 43% were administered
through intratracheal instillation in diabetic rats, causing a decrease
in systemic levels of glucose for 12 h after its administration [75]. It
resulted in successful hypoglycemic effect with low blood glucose
level for a prolonged period and a relative pharmacological
bioavailability as high as 38.38% in the group of 8 IU/kg dosage.
These data were compared against the results shown by the tradi-
tional subcutaneous insulin injection and naked insulin solution
given through pulmonary route. Another study by Chono et al.
(2009) showed that liposome of dipalmitoylphosphatidylcholine
containing insulin reduced serum glucose to a greater extent than
insulin solution when both were administered via intratracheal
routes to the experimental rats [76]. This study also showed the
relationship between the size of liposomes and their macrophagic
uptake. Liposomes of mean diameter 100 nm showed elevated se-
rum insulin level and those of 1000 nm size were preferentially
retained by alveolar macrophages. A parallel in vitro study in the
same experiment using Calu-3 cell cultures showed that liposomal
encapsulation enhanced absorption of insulin through the opening
of the tight junctions of alveolar cells. Insulin encapsulated lecithin
nanoparticles of an average diameter 300 nm not only produced a
deposition of 45% of the delivered dose in the alveolar level but
also retained the primary, secondary and tertiary polypeptide struc-
tures of the insulin molecule [28]. Liu et al. (1993) studied the ef-
fects of oligomerization and liposomal entrapment on pulmonary
insulin. Pulmonary absorption was investigated in rats using an
intratracheal instillation method. Their study confirmed that the
intratracheal administration of insulin liposomes led to the facili-
tated pulmonary uptake of insulin and enhanced the hypoglycemic
effect [77]. Liu et al (2008) also produced solid lipid nanoparticles
of phosphatidylcholine having an average diameter of 115 nm,
which showed a prolonged hypoglycemic effect in diabetic mice by
lowering the plasma glucose level to 39% within 8 h and elevating
insulin level to 170 plU/ml within 4 h of pulmonary administration
of the nanoparticles containing weight equivalent in insulin of about
20 IU/kg of formulation [78]. The nanoparticles continued the hy-
poglycemic effect up to 12 h and the basal glucose level returned
only after 24 h. The formulation achieved a mean residence time
(MRT) approximately 7.7 h.

Polylactide-co-glycolic acid (PLGA) nanosphere of 400 nm
loaded with insulin was administered to guinea pig through nebuli-
zation for 20 minutes and recorded a significant alveolar deposition
(75%) and a considerable reduction in blood glucose level with a
prolonged effect over 48 h as compared to aqueous native insulin
solution [27]. In a follow-up study, the same research group later
modified the PLGA nanoparticles with chitosan but this time with a
different peptide ecaltonin (a calcitonin analogue) so as to utilize
the properties of the coating to adhere the particles for a longer
period in the mucociliary environment of the lungs in guinea pigs
[79]. This strategy was used by Lee et al. (2013) for antidiabetic
action in delivering a palmitic acid derivative of exendin-4 (ex-
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enatide), a glucagon-like peptide (GLP) receptor agonist which
decreased the release of plasma glucagon [15]. The retention of the
particles in lungs over 72 h with a sustained release prolonged the
hypoglycemic action for over 4 days in mice. Huang et al. (2009)
developed nanoparticles of insulin using low molecular weight
chitosan, of an average diameter of approximately 400 nm and an
encapsulation efficiency of 95.5% which gave a characteristic re-
lease profile of insulin beginning with a burst effect followed by
prolonged release for 24 h. The nanoparticles demonstrated a hypo-
glycemic effect similar to subcutaneous insulin injection but pro-
longed in time in diabetic mice [80]. The biphasic release of insulin,
also seen by Kawashima et al. (1999), can mimic the actions of
available insulin mixtures of short and long duration of action [27].
Yamamoto et al. (2007) produced PLGA nanoparticles which
showed an in vitro and in vivo alveolar deposition of approximately
45% (w/w) of emitted dose and a more prolonged pharmacological
effect (over 12 h) compared to the solutions of insulin administered
via pulmonary and i.v. routes [81]. In another study, chitosan
nanoparticles (average diameter 380-450 nm) were produced with
[46] and without lipid coating [82] obtained by ionic gelation with
tripolyphosphate ion. The resultant nanoparticles had encapsulation
efficiency between 65 and 81%. A rapid release of insulin from
nanoparticles without lipid coating was observed while the formula-
tions with the lipid coating showed a prolonged release of insulin
[46, 82]. Poly(n-butyl cyanoacrylate) (PBCA)/dextran nanoparticles
with an average diameter of 255 nm showed that insulin release (in
vitro) had a biphasic characteristic of an initial burst effect followed
by prolonged release of insulin, while in vivo studies showed a
more prolonged therapeutic effect when compared with insulin
solution administered via lungs [83]. Further, there was insulin
bioavailability of 57% from the nanoparticles as compared to the
subcutaneous injection of insulin solution [83]. The minimum blood
glucose concentration reached 46.9%, 30.4% and 13.6% respec-
tively of the initial level after pulmonary delivery of 5, 10 and 20
IU Kglinsulin-loaded nanoparticles to normal rats. The time to
reach the minimum blood glucose level (T,) was 4, 4 and 8 h for
three doses, respectively.

Non-Insulin

The non-insulin antidiabetics include the classical oral antidia-
betics and the peptide analogues which act primarily in diabetes
mellitus type 2 where the insulin secretion is normal, but the cells
become desensitized to insulin. The predominant classes of oral
antidiabetics include biguanides, sulfonylureas, thiazolidinediones
and o-glucosidase inhibitors [84]. The peptide analogues include
incretin mimetic insulin secretagogues such as glucagon-like pep-
tide-1 (GLP-1) and gastric inhibitory peptide analogues [85]. These
molecules have warranted far fewer attentions than insulin in terms
of pulmonary delivery, but there have been some noteworthy works
involving such drugs. These drugs act mainly via subsidiary path-
ways that help insulin secretion or that manipulate glucose metabo-
lism in the body through enzymatic inhibition/upregulation. Since
all these drugs have poor lipophilicity, encapsulation in a nanolip-
oidal or polymeric scaffold enhances their absorption through the
highly lipophilic cellular membranes [4]. Pulmonary route can be a
highly preferable route as it provides a very large surface for the
absorption of drug, something that may compensate for the poor
penetration factor as it is seen in the highly folded epithelium of the
intestine where larger surface area of the cell overcomes the differ-
ence in partitioning between the cell membrane and the extracellu-
lar fluid [4].

Sulfonylureas act as insulin secretagogues by inhibiting the K*
ATP channel in the B cells of the pancreas, thereby stopping the K*
efflux and leading to subsequent depolarization of the cells which
initiate a Ca®" influx and a protein activation cascade. This ends in
exocytosis of insulin-loaded vesicles and hence increases plasma
insulin level [86]. Non-sulfonyl urea insulin secretagogues include
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meglitinide and repaglinide, which follow the same mechanism but
differ in their binding site with the sulfonylureas [87]. They are fast,
but short-acting insulinotropic drugs which have been employed in
chitosan-alginate nanocomplexes for inhalation purpose [88]. In
this study they used repaglinide as the hypoglycemic agent and
prepared nanocomplexes of sizes in the 300-400 nm range and util-
ized the mucoadhesive properties of chitosan-alginate gel to
achieve a gradual sustained hypoglycemic effect which lowered the
blood glucose level to 47% within 8 h and up to 38% in 24 h post-
treatment [88].

Biguanides, such as metformin and phenformin, and thia-
zolidinediones, such as pioglitazone and rosiglitazone [86], act by
reducing insulin resistance in diabetes mellitus type 2 (DMT2). The
biguanides are usually the first-line drugs given in DMT2 though
their mechanisms are not fully understood. Metformin decreases
hyperglycemia primarily by suppressing hepatic gluconeogenesis
and may decrease insulin resistance by activation of AMP-activated
protein kinase (AMPK) [89]. The thiazolidinediones are dependent
on the presence of insulin for activity, but they themselves do not
affect insulin secretion. The thiazolidinediones are highly selective
and potent agonist for the peroxisome proliferator activated recep-
tor-gamma (PPAR-y). Activation of PPAR-y regulates the tran-
scription of insulin-responsive genes involved in the control pro-
duction, transport, and utilization of glucose through increased
production of GLUT 1 and GLUT 4 receptors [84].

Peptide analogues include GLP-1 and GLP-1 agonist such as
exenatide (Ex4), which bind with the GLP receptors to inhibit the
release of glucagon and increase the release of insulin, thus lower-
ing blood glucose level. They have been extensively investigated
through strategies such as PEGylation and nano-encapsulation for
administration via pulmonary route. Both the strategies resulted in
nanoscale formulations capable of protecting them from the prote-
olytic enzymes of the alveolar epithelium and mucociliary passage
[12,48]. PEGylated versions of GLP-1 were studied for pulmonary
delivery in diabetic rats where GLP-1 was conjugated with PEG
(molecular weight 1, 2, or 5 kDa) [90]. The PEG-2000 conjugate
had the greatest hypoglycemic response as the PEGylation of GLP-
1 prolonged the half-life of GLP-1 and decreased renal clearance
rate [90]. Although the study showed that the half-life directly de-
pended on the length of the PEG chain, but the length was inversely
related to the rate of absorption and biological activity of the pep-
tide [90]. This may be due to larger PEG chains which might effec-
tively prevent proteolysis of the peptide molecules and hence in-
creased their bioavailability. Another study investigated Ex4 in type
2 diabetic mice [91] where Ex4 was conjugated with PEG (molecu-
lar weight 1, 2, or 5 kDa) showing prolonged half-life and hypogly-
cemia. Ex4 was also studied in nanoparticle formulation in its
palmitic acid derivative form. The mucoadhesive nature of chito-
san-coated PLGA nanoparticles ensured that the drug was released
over three days in vitro and produced hypoglycemia over four days
in mice. The above-mentioned findings may encourage formulation
scientists to explore new strategies to receive more success in the
field in near future.

CONCLUSION

The review highlights that the pulmonary drug delivery is a
highly prospective field of drug administration in the near future.
Pulmonary drug delivery also offers a huge opportunity for sys-
temic administration of antidiabetic drug molecules such as insulin
or non-insulin agents. The large surface area, good vascularization,
solute exchange capacity and ultra-thin membranes of alveolar
epithelia are unique features that facilitate pulmonary drug delivery.
Further large lung surface area and thin alveolar epithelium permit
rapid drug absorption and the first-pass metabolism can be avoided,
too.

Pulmonary drug delivery depends upon several factors includ-
ing particle size, shape, density, charge and pH of delivery entity,
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velocity of entry, quality of aerosol deposition, character of alveoli,
binding characteristics of aerosol on the alveolar surface, quality of
alveolar capillary bed and its subsequent vascular tree. Those pa-
rameters ultimately reflect the pharmacokinetic modulation of the
administered therapeutic agent using the pulmonary route. How-
ever, the defense mechanism of lungs against foreign particle
should not be ignored. The defense can be by either mucosal clear-
ance or degradation by macrophages and enzymes. The lung can
also develop immunological reactions against unwanted entities
such as viruses. As per the safety concern, depending on the size of
the nanocarriers it is possible to escape the phagocytosis by deliver-
ing the nanoparticles generally of small sizes (i.e. <260 nm) to the
lungs. However, particles > 5000 nm to 3 um are generally phago-
cytosed by macrophages. The large particles (i.e. >5000 nm) are not
suitable for the pulmonary delivery as they tend to deposit in the
nasopharyngeal region and are swallowed. The particles above 100
nm and below 1000 nm also have a tendency to get deposited in the
tracheobronchial region or exhaled. Again, particles having a size
below 100 nm reach the lungs efficiently and show the highest al-
veolar diffusion. From the different experimental studies it was
observed that antidiabetic drug such as insulin can be easily encap-
sulated to the nanostructured systems for pulmonary delivery which
gave results similar or sometimes better than the conventional de-
livery routes such as subcutaneous injection. Evidence shows that
this strategy improves the therapeutic efficacy and reduces the sys-
temic toxicity of the drug by improving its pharmacokinetic profile.

It is expected that the continued research interest in the pulmo-
nary route of administration will lead to more breakthroughs in
several areas of formulation and device designs for pulmonary drug
delivery, resulting in an improved patients’ acceptance and compli-
ance.
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Abstract: Nanomedicine is an emerging and rapidly growing field, possibly exploring for high expectation to
healthcare. Nanoformulations have been designed to overcome challenges due to the development and fabrication
of nanostructures. Unique size-dependent properties of nanoformulations make them superior and indispensable in
many areas of human activity. Nano drug delivery systems are formulated and engineered to carry and deliver a
number of substances in a targeted and controlled way. The vision of nanocarriers can be designed that will serve a
dual purpose, allowing both treatment and diagnosis to be contained in an ‘all-in-one’ package. Nanoscale drug-
delivery systems efficiently regulate the release, pharmacokinetics, pharmacodynamics, solubility, immuno-
compatibility, cellular uptake and biodistribution of chemical entities (drug). Their cellular uptake takes place by
various mechanisms such as micropinocytosis, phagocytosis and receptor mediated endocytosis. These phenomena
cause longer retention in blood circulation resulting in the release of the encapsulated materials in a sustained
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manner thus minimize the plasma fluctuations and toxic side effects. In this manner, the therapeutic index of conventional pharmaceuti-
cals is efficiently increased. They can be used to deliver both micro and macro biomolecules such as peptides, proteins, plasmid DNA
and synthetic oligodeoxynucleotides. In this present review, several recent developing and modifying nano-products for the detection,
analysis, and treatment of diseases with their US and world patents along with various diagnostic kits have been discussed.

Keywords: Nanotechnology, nanoformulations, patents, diagnostic kits, diseases, nanoparticles.

INTRODUCTION

In pharmaceutical industries, a new molecular entity (NME)
with potent biological activity but poor water solubility generally
faces significant challenges to be formulated. Nanotechnology is an
emerging discipline which may address some of the drawbacks
associated with potential NMEs [1]. It involves the science and
engineering of producing objects smaller than one hundred
nanometers [2]. It also covers an extended area of drug delivery and
targeting. Though it seems to be a mysterious concept to many
people, nanotechnology is influencing our present lives and in
combination with biotechnology and information technology, it is
going to determine the way we live in future. In the present world,
research of every field is involved in getting utmost benefits from
the latest technology at lower cost which creates a necessity to
bring nanotechnology based therapeutic approaches and products
from the very core laboratory to clinic [3].

Nanomedicine provides various opportunities in health care
system. In biomedical fields, nanotechnology is the study of
nanoparticles, nano liposome, nanocapsules, nanospheres, nanosus-
pensions, nanoemulsions, nanorobots, etc.

Early detection and/or treatment of cancers, increased biocom-
patibility, active and passive disease targeting and multi-
functionality about therapeutic capability are the potential benefits
to medical applications offered by nanotechnology to allow simul-
taneous disease monitoring and treatment [4]. It also greatly influ-
ences the treatment of a huge number of diseases, including diabe-
tes, Alzheimer’s disease, several inflammatory conditions, such as
arthritis, rheumatism and asthma etc.

In more defined terms, nanomedicine in the area of healthcare
involves the development of specific new drugs and delivery sys-
tems with encapsulation and liberation of drugs, diagnostic Kits,
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biosensors, testing devices with images, materials for implants,
artificial bone and skin, bone substitutes, regeneration of neurons,
dental products, orthopedic, cardiac and retina implants [5], ezc.

In this review, the main focus is on different aspects of
nanotechnology, its application in drug delivery and several fields
of prospect, where current and emerging nanotechnologies could
facilitate novel classes of therapeutics. However, this article can
only provide a glimpse into this rapidly evolving field at present
and in the future.

NANOTECHNOLOGY

Nanotechnology involves with the development of materials at
atomic, molecular and macromolecular level (like human bone,
tennis and badminton racquets, racing bicycle, hockey stick, golf
ball, etc.) being recognised as a game-changer in future. The Greek
word “nano” means dwarf. Adopting this technology, scientists are
able to comprehend and maneuver materials by the scale of atoms
and molecules, having properties such as at least 1 to 100 nm di-
mension, can be designed using methodologies, which control the
physical and chemical attributes of molecular-scale structures, and
able to combine to make large structures [6,7]. The properties of
material change while converting it to its nanoscale size [8,9]. Pre-
dominant changes in properties, such as increase in surface area,
dominance of quantum effects associated with minute sizes, higher
surface area to volume ratio efc. and variation in materials mag-
netic, thermal and electrical properties are observed due to the con-
version from macro to nano size. For example, at macro scale cop-
per is opaque; however at the nanoscale, it is transparent [8,9].
Similarly, inert platinum becomes a catalyst at nanoscale. Various
examples of nanodimensions such as water molecules, DNA, red
blood corpuscles (RBC), virus efc. are present in nature. The incep-
tion of nanotechnology is believed to have been founded in 1959 by
Nobel Laureate physicist Richard Feynman in a post-dinner speech
titled “There is plenty of room at the bottom”. He gave an idea
about the capabilities of an atom by atom assembly and considered
nano-engineering could lead to new materials and pathways. In
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ancient time Indian craftsmen and artisan used nanotechnology to
design weapons. At first in 1902, Richard Zsigmondy observed and
measured the size of nanoparticle using the ultra microscope. The
term nanotechnology was first coined by Norio Taniguchi, a re-
searcher at the University of Tokyo in 1974. In 1980s, the inven-
tions which facilitated the imaging of individual atoms or mole-
cules, as well as their manipulation, contributed to major progress
in the field of nanotechnology. A significant progress of nanotech-
nology was observed due to the discovery of fullerene Cq by
Kroto’s and Smalley’s research team. In 1991, the discovery of
carbon nanotubes by Saumiolijima and later the National
Nanotechnology Initiative (NNI) and the United State Government
led the further development in the field of nanotechnology [8, 9].

ADVANTAGES OF NANOTECHNOLOGY
Some advantages of nanotechnology are mentioned below:

a. Using this technology, stronger, tougher and lighter materials
are being produced for construction and engineering purposes.
Some such applications include low maintenance coating, re-
ducing the thermal transfer rate of fire retardant and insulation,
improvement of cementitious materials’ property, significant
changes in the sound absorption of acoustic absorber, glass re-
flectivity improvement, efc. [10].

b. Significant changes are being made in healthcare and drug
delivery systems. Drug delivery, tissue engineering, diagnos-
tics, nanosurgery, nano nephrology, efc. are some areas of use
of nanomaterials in nanomedicine [11].

c. Improvement is made in transport system such as adding nano
size silicon carbide into tyre manufacturing elastomers to in-
crease the wet skid resistance and decrease abrasion of the tyre
about 50 % [12].

d. Significant products (such as nanonutrients and neutraceuti-
cals) have been achieved in nutrition using nanotechnology
[13].

e. Nanotechnology also plays a huge role in maintaining a sus-
tainable environment. In this regard, few applications are in air
monitoring by solid state gas sensors, automated water ana-
lyzer computer supported system for water monitoring,
nanoscale zero-valent iron (NZVI) for water remediation and

Viral nanoparticles

Fig. (1). Different types of nanoformulations.
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nano filters using carbon nanotubes or nanocapillary arrays to
remove impurities and reactives [14].

f.  Quantum dots, a newer nanotechnological invention, is playing
a crucial role in biological field such as cell labeling, in vivo
imaging, biosensing, diagnostics (as diagnostic fluorophores in
nucleic acid detection and immunolabeling) and bimodal mag-
netic-luminescent imaging [15].

SIGNIFICANCE OF NANOTECHNOLOGY IN PHARMA-
CEUTICAL FIELD

Nanotechnology has flourished pharmaceutical research by
developing the potential site-specific delivery system with mini-
mum drug toxicity and better efficacy. The applications of pharma-
ceutical nanotechnology are largely shown in nanomedicine and
they include development of drug delivery system, diagnostic kits,
material for implantation, neuron regeneration, cardiac and retina
implantation, biosensors, artificial bone and skin, bone substitute
material, dental product, testing device with images efc. for moni-
toring, diagnosis, treatment and controlling biological systems [7,
16]. The drug delivery system has been revolutionized due to phar-
maceutical nanotechnology research in the form of nanoparticles,
nanoliposomes, nanopores, quantum dots, nanospheres, nanocap-
sules, nanoshells, nanotubes, dendrimers, nanocrystals, nanovac-
cines, efc. Nanorobotics, nanosize empty viral capsids, nanomateri-
als on chips, magnetic nanoparticles and magnetic immunoassay
have also a significant role in nanomedicine [9] (Fig. 1).

NANOMATERIALS IN NANOMEDICINE

Nanoparticles

Nanoparticles are the submicron size spherical particles com-
posed of natural or synthetic biodegradable polymers which can
provide controlled and targeted delivery of the drug with better
efficacy and fewer side-effects. Antibody conjugation with
nanoparticles can be used to bind selectively with specific antigens
and enhanced cellular uptake as well as intracellular stability. The
monoclonal antibodies (mAbs), however, require achieving maxi-
mum response for long half-life, the power to penetrate to the target
tissue, not to induce an immune response, and to provide a maxi-
mum cytotoxic effectiveness in target cells [17]. Antibodies conju-

Polymcrlc mlcelles
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gated magnetic nanoparticles show magnetic signal on introduction
to a magnetic field [18]. Use of magnetic nanoparticles conjugated
with specific antibodies along with super conducting quantum inter-
ference device sensors for breast cancer has shown uniqueness in
terms of ultra-sensitive detection for diagnostic as well as drug
delivery [19]. Nanoparticles can be coated with various functional
groups like aldehyde, amino, sulfate, hydroxyl, and carboxyl groups
on their surfaces. Depending on these properties humanized anti
her2/neu monoclonal antibody (Herceptin) was conjugated with
superparamagnetic iron oxide (nanomag-D-SPIO 20nm) with
COOH group on the surface of nanoparticles for cancer targeting
[19]. Synthetic molecules of DNA/ RNA/ aptamers are also used to
recognize specific proteins. The main advantage of using aptamers
compared to antibodies is avoidance of immunogenic reactions. On
the other hand, aptamers possess the disadvantages due to their high
cost for manufacturing in bulk quantities and vulnerability to enzy-
matic degradation compared to antibodies [20]. The antibody-
conjugated nanoparticles can be used for two biomedical applica-
tions: such as therapy and diagnosis [21]. In therapy, the applica-
tions can be divided into in vivo use and in vitro experimentation
that comprises contrast agents for cell sorting, magnetic resonance
imaging, sensing, enzyme immobilization, bioseparation, purifica-
tion transfection, immunoassays, etc. Nanoparticles have been util-
ized as carriers for siRNA, oligonucleotides, plasmid DNA, to
transfect cells for using the cellular machinery to generate therapeu-
tic proteins, to distinguish the cells into specific ones or to trigger a
cellular response [22]. The nanoparticle can act as a defensive coat-
ing to the moiety. Hence, synthetic siRNAs are used for therapeutic
intervention as a valuable tool. However, it is essential to develop
their cellular target specificity, their efficient cellular delivery (par-
ticular into primary cells) along with their stability [23]. Aptamers
are short, synthetic, single-stranded oligonucleotides which selec-
tively bind with various molecular targets (such as nucleic acids,
proteins), cells and tissues with high likeliness and specificity. Ap-
tamers demonstrate advantages for low immunogenicity, low toxic-
ity, a small size to enable solid tumor penetration and high affinity
to bind with the target and these characters make aptamers one of
the ideal candidates for targeted cancer therapy compared with
traditional ligands, including antibodies, peptides and small mole-
cules [20]. Smart multifunctional nano-structure (SMN) was devel-
oped with porous hollow magnetite nanoparticles containing the
anticancer drug doxorubicin, a hetero- bifunctional PEG ligand and
sgc8 aptamer for targeted chemotherapy and magnetic resonance
imaging in cancer cells. Conjugation of aptamers on the outer sur-
face of SMN resulted in enhanced specific binding and intake of
SMN:ss to targeted cancer cells. Immobilization of aptamers on silica
nanoparticles has been reported for drug delivery, targeted recogni-
tion and stimuli-sensitive release. For targeted drug delivery sgc8
aptamer-modified mesoporous silica nanoparticles were developed
by Zhu et al. [22]. Polyelectrolyte multilayers coating was done on
mesoporous silica nanoparticles to prevent untimely leakage of the
drug during the delivery process but to provide controllable drug
release under reducing conditions [22]. The few above mentioned
distinguishable studies thus focus on the future role of nanoparticles
in nanomedicine.

Viral Nanoparticles

Development of virus-derived materials in the medical sector is
becoming a growing area of pharmaceutical as well as medicinal
fields [24]. Virus capsid is tried for use in drug delivery as nanocar-
riers. Viruses used in viral nanoparticle (VNP) development are
well known because of their genomic sequence, organization, virion
structure and expression strategies [25]. Main advantages of VNPs
include biodegradability, biocompatibility, and mono-dispersibility.
Virus-like particles (VLPs) and VNPs have combined chemists,
biologists, medical researchers and engineers in single platform
[26]. VLPs can be regarded as a subclass of VNPs which are the
genome-free counterparts of VNPs. Being derived from natural
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sources VNPs are valuable because of their biocompatibility and
biodegradability, as well as nonhazardous and non-infectious in
humans and other mammals [27]. Various designs of VNPs are
available where the internal cavity can be composed of imaging
reagents, drug molecules, quantum dots and other nanoparticles. On
the other hand, the external surface of VNPs can be modified with
targeting ligands to allow cell-specific delivery [28]. The admini-
stration of engineered VNPs to animal model systems has discov-
ered that altering the surface charge of particles influences their
plasma clearance and tissue distribution [29]. Surface charge plays
an important role in interaction and uptake processes of target cells
which has also been demonstrated. The primary function of virions
is to transport, encapsidate, release nucleic acids, and in some cases
proteins, among different environments [30]. Assembly in the pres-
ence of high concentrations of foreign molecules and the applica-
tion of pH shock are the two techniques available for loading VNPs
with low molecular weight substances, nucleic acids and proteins.
DNA entrapment by in vitro association has been accomplished
using various VNPs [31]. Functional groups present in the side
chain of genetically introduced amino acids of structural proteins of
the VNPs can be utilized for chemical conjugation. Carboxylic
acids, thiol groups, amines and side chains of tyrosines can interact
with activated conjugates. Using this approach, different molecules
can be covalently combined at specific positions of a variety of
structurally diverse VNPs [32].

Liposomes

Liposomes are spherical concentric nanostructured vesicles
containing lipid bilayers and aqueous core that can encapsulate
hydrophilic therapeutic molecules in their internal core or hydro-
phobic agents into their lipid bilayers. Liposomes are capable of
enhancing the blood circulation time of the drug by avoiding renal
clearance and reticuloendothelial system, and increase the drug
deposition in the tumor via the EPR effect [33].

Development of liposomes with targeting vectors attached to
the bilayer surface is a great deal of effort in the modern medicinal
field. These vectors have included ligands such as oligosaccharides,
peptides, proteins, and vitamins [34]. Conjugation of highly specific
monoclonal antibodies (MAbs) is well established. Challenges have
been taken up as well by many researchers for antibody-conjugated
nanoliposomal carriers. Numerous procedures such as amine modi-
fication, carbohydrate modification, disulfide modification, and
noncovalent conjugation for the conjugation of antibodies to
nanoliposomes have been developed [35]. The size differences may
be significant when conjugating the antibody to liposomes, particu-
larly when molecules, such as polyethylene glycol (PEG)-lipids, are
incorporated on or into the liposome membrane. Size may affect
conjugation efficiency and liposome aggregation. Different antibod-
ies may be more sensitive to some procedures than others and,
therefore, it may be necessary to attempt a number of protocols.
Commonly procedures involve either the thiolation of antibodies
with 3-(2-pyridyldithio) propionic acid-N-hydroxysuccinimide ester
(SPDP), followed by deprotection with dithiothreitol (DTT) or anti-
body conjugation to maleimide-derivatized 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine(DSPE)  or  1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE) efc. on liposomal mem-
brane [36].

Two vital approaches may enhance the in vivo stability and
efficacy of the drug carriers. One such approach is to diminish
membrane fluidity by incorporation of cholesterol to hinder lipid
extraction by high-density lipoproteins in the blood which causes
liposome breakdown. Some approved formulations of this kind are
DaunoXome, Myocet, Depocyt, Mariqibo, Doxil, efc. [35]. The
second approach is the inclusion of flexible hydrophilic molecules.
An example is PEG, permitted by the United States Food and Drug
Administration, is widely used in several approved formulations,
such as Doxil, SPI-077, S-CDK602, efc. Nevertheless, polyvinyl
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pyrrolidones or Poly [N-(2-hydroxypropyl)methacrylamide] are
also potentially significant. Inclusion of flexible hydrophobic inert
and biocompatible PEG with lipid anchor in liposomes forms the
hydrated steric barrier by reducing liposome interaction with blood-
borne component, decreasing their spleen and liver binding and
enhancing their blood circulation time. Superior interaction of ‘cell
penetrating peptide’- attached PEGylated liposomes with the cells
was confirmed after coupling of the peptide in vitro with PEG1000
as compared to their coupling with PEG750 or PEG 3400 and was
interrelated with the construction of ligand arrangement [34]. The
lengthy placement of PEGylated liposomes in blood has been asso-
ciated with their lower elimination by the mononuclear phagocyte
system (MPS) and correlated with their increased tumor accumula-
tion and efficacy [37]. Albumin conjugation to drug-loaded PEGy-
lated liposomes has been reported to enhance their circulation time
and resulting therapeutic activity [38]. Radiolabeled liposomes
were shown to mount up in cancerous cells as well as in normal
organs in patients; revealing the need of tumor targeting. Internali-
zation of antibodies on the surface of doxorubicin loaded PEGy-
lated liposomes noticeably enhanced their therapeutic effectiveness
for cancer chemotherapy [39]. Similarly, Bartlett ef al. showed that
although untargeted and transferrin-targeted siRNA nanoparticles
were identical to tumor distribution, the latter achieved superior in
vivo silencing [40]. Liposomes are the most widely used nanocarri-
ers for drug delivery. Kang et al. established the high specificity
and efficacy of aptamer-guided liposome as a delivery approach by
modification of the liposome with sgc8 aptamer to deliver drug to
the target cells [41]. The sgc8 aptamer-liposome conjugate could
target leukemia CCRF-CEM cells specifically as revealed from the
flow cytometry results after 30 min of incubation time [20]. Thio-
lated oligonucleotide aptamer (thioaptamer) against E-selectin
(EST-Apt) after intravenous administration resulted in their gather-
ing at the tumor site of breast cancer xenografts with similar circu-
lation half-time [34, 36].

Thiophosphate-backbone modified oligonucleotide aptamer
also called “thio”aptamer was reported to bind E-selectin expressed
on endothelial cells with high affinity and specificity [42]. The
above findings show the potential of nanosize liposome in drug
delivery and drug targeting and claim for their enormous utility in
the field in near future.

Quantum Dots

Quantum dots are 1-10 nm in size tiny semiconductor crystals
made up of compounds of the elements belonging to the group III
to V and II to VI of the periodic table. Examples of the elements are
Hg, Cd, Ag, P, Pb, Ln, Zn, Se, Te efc. Quantum dots can be conju-
gated with tumor-specific targeting agent that can bind to the active
binding sites to attach the quantum dots to cancerous cells for active
targeting purpose [43]. Consecutively, immunofluorescent probes
are developed with antibodies to recognize these tumors. The quan-
tum dot probes are lacking the tumor-specific active binding agents
for passive targeting [44]. DNA-interacting drug like doxorubicin
for cancer chemotherapy was immobilized onto quantum dots [45].
Many studies have revealed that quantum dot-conjugated oligonu-
cleotide sequences (attached via surface carboxylic acid groups)
may be targeted to bind with DNA or mRNA [46]. Binding of
quantum dots with molecular structures is exclusive to the cell as
well as virus coat. Early detection of respiratory syncytial virus
(RSV) is vital for controlling the disease and drug development.
Quantum dots conjugated with antibody identify RSV quickly and
delicately [47]. These nanostructures may pave to a new avenue in
drug delivery and drug targeting along with a fast diagnosis.

Gene Delivery

Gene delivery is an area of considerable current interest. Ge-
netic materials (DNA, RNA, and oligonucleotides) have been used
as molecular medicines and are delivered to specific cell types to
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either inhibit some undesirable gene expression or express thera-
peutic proteins. Different types of targeting molecules such as pep-
tides, antibodies, saccharine efc. have been verified for modulation
of nanocarriers to achieve active targeting [48]. Recently, ultrafine
silica nanoparticles, with surfaces functionalized by cationic-amino
groups that assist to bind nanoparticles on the cell surface, have
been shown to not only protect plasmid DNA from enzymatic di-
gestion but also transfect into the cultured cells that express en-
coded proteins [49]. During the past decades, the studies of nano-
carriers for target-specific gene delivery have gained immense at-
tention. In current field of research, the bioadhesive PLGA
nanoparticles established a promising area of therapy for a number
of critical diseases. Kong et al. investigated the efficacy of Mannan
modified DNA loaded bioadhesive PLGA nanoparticles for target-
ing the Kupffer cells by gene therapy. They also studied Mannan-
based PE-grafted ligands for the alteration of nanocarrier’s surface.
[48]. A technology for brain disorders, such as Alzheimer’s disease
and Parkinson’s disease, constitutes an unmet medical help. Short
interference RNA (siRNA) mediated gene therapy is an attractive
approach for meeting these. This can be fulfilled efficiently by the
delivery of plasmid DNA and siRNA through nanocarriers targeting
brain parenchymal cells. One of the rational approaches in treating
Alzheimer’s disease, Parkinson’s disease efc. involves topical ad-
ministration. At present, the adeno-associated virus encoding L-
amino acid decarboxylase, which is under phase I clinical trial, is
being focused on the treatment of Parkinson’s disease as gene ther-
apy [50] though as a safe gene carrier for brain disorders, an effi-
cient nonviral carrier would still be desirable for use.

From the previous discussion, it is found that multifunctional
envelope-type nanoliposome may be used to deliver plasmid DNA
and siRNA to various organs like lungs, liver and adipose tissue
[49]. Magnetic nanoparticles, composed of an iron oxide core and
polymeric shell, present a particularly promising carrier for en-
hanced tumor delivery of therapeutic to many brain disorders, in-
cluding Alzheimer’s disease and Parkinson’s disease. The delivery
of the nanoparticles to tumor vasculature is an important prerequi-
site for their magnetic entrapment within the glioma lesion [50].
Nanoparticles as gene carriers become popular in the mammalian
cultured cells, whereas its application in plant cells is still limited.
Although several nanoparticles including mesoporous silica, starch
(such as hydroxyethyl starch, propyl starch, potato starch ezc.),
poly(amidoamine) dendrimer polyethyleneimine and chitosan were
used as gene carriers to deliver gene into plant materials, no stable
genetically modified plant-mediated by nanoparticles have been
obtained so far. ZnS nanoparticles have the advantages such as
small size, good biocompatibility and controllable preparation cou-
pled with rationally designed functionalizations. ZnS nanoparticles
may be a desirable gene carrier to deliver DNA into intact plant
cells with the aid of an ultrasound-mediated method as reported
[51].

Polymeric Micelles

Polymeric micelles are colloidal particles of nano dimensions
(usually 5-100 nm) that are composed of an amphiphilic polymer
having both hydrophilic and hydrophobic units. At low concentra-
tion in an aqueous medium, the amphiphiles usually exist as
monomers. However, at a certain concentration range, these am-
phiphiles tend to aggregate and self-assembled to form unique
structures, called micelles [52]. The narrow concentration range at
which micelle formation takes place commonly referred as critical
micelle concentration (CMC). Due to the presence of two distinct
regions i.e. a hydrophilic head-group with a hydrophobic core, mi-
celles are used as a drug delivery system for delivery of hydropho-
bic anticancer drugs [53]. Since the majority of anticancer drugs are
hydrophobic with a low aqueous solubility and bioavailability,
solubilization of these hydrophobic drugs in the core of micelles
can overcome the problem of the aqueous solubility and can im-
prove drug bioavailability. Currently, many polymeric micelles for
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anticancer therapy are under clinical trials. SP1049C, Genexol-PM,
NKO012, NK105 etc. are few examples of them [53].

Conjugations of an aptamer with micelles are recently a new
concept for drugs delivery. For example, micelles synthesized from
diacyl lipid can be conjugated with DNA aptamer to get a DNA-
micelle aggregate which is much biocompatible and stable [54]. In
another case, to attain a targeted drug delivery by Tan group, ap-
tamer-micelle which is self- assembled quite easily is also possible
when a lipid end is attached to a TDO5 aptamer [34, 36]. Thus, the
nanosize polymeric micelles are being explored as new drug deliv-
ery vehicles capable of drug targeting also.

Fullerenes

Fullerenes, the third carbon allotrope, are defined as a family of
carbon molecules with cage like structure with hollow spheres [55].
In September 1985, Robert F. Curl, Jr., Richard E. Smalley, and
Harold W. Kroto discovered fullerene Cg¢ during laser spectroscopy
experiments at Rice University [56]. Fullerenes were named after
Richard Buckminster Fuller. After their discovery, these nanomate-
rials have been investigated for drug delivery purposes. But the
main obstacle of using fullerenes for drug delivery application is
their poor solubility. Therefore, they reported to be modified
chemically or by some supramolecular approaches and these func-
tionalized fullerenes have been used as a promising carrier for drug
delivery [57].

It is reported that a metal moiety can be easily entangled into
the inner hollow sphere of the fullerenes molecule, which have been
investigated to be utilized for MRI technology [55]. A dramatic
increase of production and use related to such diagnostic materials
is expected over the next many decades. Due to their unique physi-
cal and chemical properties fullerene-based nanomaterials are con-
sidered to be promising for novel nanotechnology applications [58].
While the toxicity of Cgy nanoparticles (nCg) and carbon nanotubes
(CNTs) in aqueous suspensions has been studied in detail, our cur-
rent understanding of their fate and transport in subsurface envi-
ronments is quite limited [59]. The distinctive chemical structure of
Cgo nanoparticles, rendered them to acquire the unique photo-
physical properties to use them in photodynamic therapy (PDT) for
biological applications. The production of reactive oxygen species
(ROS), when they are irradiated with light in visible wavelength
region is the key mechanism in this case [56, 60, 61].

Photosensitizing nanomaterials are offering a substitute plat-
form to effective PDT in place of traditional organic photosensi-
tizer. Liu et al. developed aptamer-fullerene photosensitizer to ob-
tain a photodynamic effect [20]. For example, R13 aptamer conju-
gated fullerene can be used for PDT of A549 lung cancer in the
presence of serum with a very good and effective result. Thus, the
aptamer-fullerene conjugate moiety may be a good alternative
treatment strategy for tumor targeted PDT applications and the
photodynamic efficacy and biocompatibility of this conjugate are
reported to be improved in the absence of light [34, 36].

Carbon Nanotubes

Carbon nanotubes (CNTs) are allotropes of carbon, discovered
by Japanese scientist Sumio Iijiama of Nippon Electric Company
Limited’ in 1991 and are made of graphite with a cylindrical struc-
ture, just like a honeycomb structure [62]. The CNTs due to their
unique mechanical, electrical and surface properties can be a very
good choice for a variety of applications in the field of biotechnol-
ogy, biomedical engineering and drug delivery purposes [63, 64].
The pure CNTs are insoluble in most of the solvent system when
considering for drug delivery application and also seem to be cyto-
toxic [65-67]. But for biological application, it should be soluble in
some solvent system and should also be biocompatible and it is
done by functionalization of CNTs. Furthermore, during function-
alization bioactive molecules can be conjugated to the surface of
CNTs and this conjugated complex can be a good carrier for deliv-
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ery of drugs, antigens and gene delivery [68]. Thus, functionalized
CNTs recently attracting much more interest for delivering varieties
of biomolecules such as genes, proteins, DNA, antibodies, vaccines,
biosensors, cells efc. and have also been assessed for gene therapy,
immunotherapy, tissue regeneration and diagnosis of different dis-
eases [69].

The unique structures of CNTs render them to functionalize so
that they can adsorb or covalently bind to a different type of mole-
cules of therapeutic interest and also help to target to particular
sites. The use of functionalized CNTs is a promising vehicle for
cancer therapy as reported by most of the researchers because the
CNTs have shown much unexpected advantage over other means of
drug delivery such as targeted drug delivery system based on func-
tionalized CNTs with some bioactive moieties are very less toxic
and also very much effective for easy permeation through cell
membrane and as carbon is a constituent of human body so they are
seemed to be very much biocompatible material also. Thus func-
tionalized CNTs can be a promising carrier for delivering therapeu-
tic drugs, vaccines, and nucleic acids and other moieties where
cellular penetration is required to be better for effective treatment.
They also help to increase the solubility of the drugs in some cases
during attachment of the drug to functionalized CNTs and thus
provide better efficacy and safety of the drug [70-73].

The lymph node cancer may be targeted with the help of CNTs
by entrapping magnetic nanoparticles loaded with cisplatin folic-
acid-functionalized multiwalled carbon nanotubes (MWNTs) [74-
77]. In another study, gemcitabine, can be loaded into magnetic
MWNTs can be targeted to lymph node metastasis [78]. Camp-
tothecin loaded MWNTs functionalized by polyvinyl alcohol were
found to be very much effective for the treatment of breast cancer
and carcinoma of skin cancers [79].

CNTs have also been shown to be a powerful tool for enanti-
omer separation of chiral drugs and chemicals in pharmaceutical
industry as well as in laboratory and for extraction of drugs and
pollutants in different media by solid phase extraction before analy-
sis [70].

The resultant moiety during hybridization of gold nanomaterials
and CNTs is reported to exhibit better and strong optical absorption
in the near infrared region. This unique property of hybrid nanoma-
terial facilitates production of a higher amount of temperature and
thus helps a photo-thermal process during treatment to be more
effective and speedy. For example, gold nano popcorn and single
walled carbon nanotubes hybrid moiety when conjugated with S6
aptamer can be used for targeting breast cancer. Here the recogni-
tion of SK-BR-3 breast cancer cells of this moiety is reported
through interaction with the aptamer only. Now irradiation with
near infrared light helps to increase the temperature of the hybrid
molecule, leads to selective death of the cancer cell [80]. Another
photothermal hybrid nanomaterial is reported to be possible with
A9 aptamer-conjugated gold nanocage with single-walled carbon
nanotubes by Khan et al. for getting a targeted imaging of cancer
site and also photothermal damage of prostate cancer cells [81].
These hybrid nanomaterials thus can be used for imaging therapy
and are very effective to separate target and non-target cancer cells.
So it may be concluded that these hybrid nanomaterials are far bet-
ter than a single nanomaterial due to their better photothermal de-
struction power of the cancer cell and better target-ability and may
be very proficient treatment strategy for getting an effective in vivo
photothermal cancer treatment [34,36].

Dendrimers

Dendrimers are the another new class of branched, synthetic
polymeric macromolecular nanocarriers with layered tree-like ar-
chitectures, reported to be an effective carrier system in the field of
pharmaceutical nanotechnology and nanomedicines due to their
distinct structural properties with a high degree of molecular uni-
formity, low polydispersity and having size in the range of 1-10 nm
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[82, 83]. A classical dendrimer generally has three components: a
central initiator core, the repeating units, and terminal groups at the
periphery. They are synthesized from repeating unit of monomers
and unlike conventional polymerization reaction, they are made by
a step by step repetition of the monomer units, leading to a highly
defined 3-D structure [84]. Thus the production of dendrimers con-
sists of a sequence of repetitive steps starting with a central initiator
core and each growth step called as "generation", and represented
by “G”; and each step makes the polymer twice in a number of
reactive surface sites, and also approximately double the molecular
weight of the preceding generation, leading to a polymer of larger
molecular diameter [85]. There are two types of synthesis methods
of dendrimers such as divergent and convergent method of synthe-
sis. In divergent method, the development starts from the central
core and it is directed towards the edge radially and in convergent
method of synthesis, the growth begins at the edge directing the
production of synthesis towards the centre. The generation type,
chemical composition of the core and the surface functionalities of
the dendritic structure, determine the size, shape and reactivity of
these macromolecules and a proper control of these parameters
makes them a very interesting and innovative nanocarrier in drug
delivery application.

The delivery of a drug with the help of dendrimers can be done
either by physically entrapping the drug inside dendrimeric cavities
or by conjugating the drug covalently at the peripheral terminal
group(s). So dendrimers for the drug delivery purpose can serve as
an excellent vehicle for delivering a number of hydrophilic and also
hydrophobic drugs. The hydrophobic drugs are generally incorpo-
rated into the nonpolar cavities of the dendrimers. However, suit-
able modifications of the internal dendrimeric cavities are also able
to deliver a hydrophilic drug. Dendrimers are also able to deliver
different positively/negatively charged drugs by proper selection of
an opposite charged functional group at the terminal structure dur-
ing synthesis and these non-covalent inclusions or complexes offer
advantages such as enhancement of aqueous solubility of drug, its
stability, improvement of drug pharmacokinetic and pharmacody-
namic behaviors, time-dependent controlled release of the drug.

The delivery of different antibodies and other bioactive moie-
ties is achieved by conjugating them with suitably modified termi-
nal groups of dendrimers and this also helps to improve solubility,
reactivity and miscibility of these molecules also in the cellular
system. The dendrimers are also having the ability to bypass differ-
ent efflux transporters in the cellular system and thus this carrier
system may be used to deliver drug(s) across the cellular barriers
[83, 86].

Dendrimers based on poly amidoamines, polyamines, polyam-
ides (polypeptides), poly(aryl ethers), polyesters, carbohydrate,
DNA etc. are currently widely used for different biological applica-
tions and among them, the dendrimers based on poly amidoamine
(PAMAM dendrimers) are available commercially with a wide
range of generations and peripheral functionalities (SigmaAldrich
and Dendritic Nanotechnologies) [82].

The peptide and saccharide-conjugated dendrimers are reported
to deliver the drug in a targeted manner [87]. The conjugation of
these biologically active peptide and saccharides via reactive
chemical group(s) at the dendrimer periphery usually turned into
nanoparticles and these nanoparticles selectively can be targeted to
particular cell of interest [87]. In a study, the peptide dendrimer was
conjugated with doxorubicin (DOX), the drug of choice for treating
breast cancer, to obtain an enzyme responsive drug delivery carrier
[88]. Here, DOX has been reported to conjugate at the periphery of
the mPEGylated peptide dendrimers via an enzyme responsive
tetrapeptide linker Gly-Phe-Leu-Gly (GFLG) and the conjugated
structure of the drug and dendrimers were self-assembled into
nanoparticles. This nanoparticle was found to increase the antitu-
mor activity at the breast tumor site in a 4T1 breast tumor model
with minimizing the dose-related cytotoxicities and other side ef-
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fects to the normal tissues [88]. This dendrimers-GFLG-DOX con-
jugate based nanoparticle was found to be very effective in patients
suffering from ovarian cancer. Zhang et al. demonstrated higher
accumulation and retention within SKOV-3 ovarian tumor tissue
[89]. PAMAM dendrimers having generations 4 and 5 (G4, G5) and
plasmid DNA have been reported to prepare dendrimeric nanoparti-
cles for gene delivery to liver and colon cancer [89].

Dendrimers may be used for gene therapy after the conjugation
of targeting peptide. For example PAMAMs dendrimers with gen-
eration 5 and 6 can be modified with RGD (a cyclic arginine-
glycine-aspartic Acid) ligands with different densities (i.e. by vary-
ing the number of RGDs per dendrimers). Now conjugating of this
resultant molecule with plasmid DNA can be used for specific tar-
geting of gene to mesenchymal stem cells which are derived from
bone marrow. The cellular uptake of the nucleic acid may be im-
proved by this way and the expression of target genes can be un-
regulated [90].

Nanofibers

Nanofibers are important materials because of their large sur-
face area. In the field of nanotechnology, fibers having size in be-
tween 100 to 200 nm and generally obtained from both natural and
synthetic biocompatible polymers are known as nanofibers and
have proven to be promising materials for application in the medi-
cal and pharmaceutical fields [91]. There are several methods for
the production of nanofibers such as drawing, template synthesis,
phase separation, self-assembly, electrospinning, melt-blown, ezc.
[92]. Drug delivery system (DDS) that includes the method of drug
loading and different release mechanism further deals with the dif-
ferent applications of nanofibers as a drug delivery vehicle. A wide
range of polymers such as polyvinyl alcohol, gelatin, collagen,
chitosan, and carboxymethylcellulose can be subjected to electro-
spinning technique to produce nanofibers.

Nanofibers, for their application in drug delivery and others
medical purposes must be made from biocompatible polymers of
natural or synthetic origin. Poly(ethylene oxide), poly(vinyl alco-
hol) and poly(caprolactone) are the few names of such synthetic
polymers, while poly(L-lactic acid), chitin, chitosan, cellulose and
other compounds derived from cellulose are the few amongst natu-
rally originated polymers which may often be tried for this purpose
[92].

NANOTECHNOLOGY IN DIAGNOSIS OF DISEASES

The conjugation of nanotechnology with biology has driven the
development of newer diagnostic approaches, devices for various
analysis, contrast agents and different vehicles for drug delivery.
Nanoparticle-based technologies represent an unparallel latest pro-
gress that may cause the revolution in the field of medicine and
biology. Nanotechnology has high potential in the diagnosis of
diseases as well as to novel therapeutic applications. During last
few years, nanomaterials have shown their efficacy in the field of in
vitro and in vivo research and application, due to their nano-size
that resembles the various biomolecules and structures [93].

The surface of the nanoparticles is compatible with the modifi-
cation with different modes such as polymers, different functional
groups, serum proteins, antibodies aptamers or peptides so that the
nanodevice can target and attach to particular organ, cell, protein, or
a particular gene in vivo.

Nanoparticles are useful devices as they hold some characteris-
tic properties such as some optical or magnetic parameters that are
manipulatable for the purpose of getting a detectable signal output.
The assay based on a nanoparticulate diagnostic system depends
generally on the binding of the nanoscale probe to the target bioma-
terials and generation of a detectable signal that signifies the target
molecules. Nanotechnology in the pharmaceutical field has pro-
vided various newer approaches and invention of ideas in designing
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and developing quick, accurate, cost effective and sensitive diag-
nostic techniques.

Polynucleotide target (such as sequence-specific DNA) can be
easily detected by using nanoparticulate system especially with
gold nanoparticles fabricated with 3'- and 5'-(alkanethiol) oligonu-
cleotides, as reported by Storhoff et al. (1998) [94]. In this col-
orimetric detection technique oligonucleotide capped-Au nanoparti-
cles are subjected to form complex with a target of 24-base polynu-
cleotide and cause the change in colour of the solution (from red to
purple) which shows the enhanced color differentiation in the re-
verse phase thin layer chromatography. This simple extraordinary
probe system utilizes the distance-dependent optical properties of
Au nanoparticle aggregate and provides easy one pot colorimetric
detection of a target sequence in the presence of other oligonucleo-
tides even differing in one nucleotide in their sequence.

Driskell ef al. (2011) reported the easy and simple detection of
influenza “A” virus by using antibody conjugated gold nanoparti-
cles and dynamic light scattering method of detection [95]. The
probe of gold nanoparticles form aggregates with the influenza
virus and this extent of aggregation is measured in term of the mean
hydrodynamic diameter correlated with virus concentration. After
optimization, this assay method provided the better virus detection
(in the limit of less than 100 tissue culture infectious dose/mL than
the commercial diagnostic kits. Additionally this assay not only
improves the assay time, but is also equally applicable to the influ-
enza virus from different biological matrices [95].

Liu et al. (2007) developed a disposable diagnosis device con-
sisting of conventional immunochromatographic strip tests with
nanoparticle probe such as quantum dots [96]. The electrochemical
immunoassay was conducted for the purpose of detection of differ-
ent protein biomarkers. This device can be effective in detecting
and identifying different infectious diseases, cardiovascular prob-
lems, in cancer detection, and last but not the least biological war-
fare agents. When optimized, this sensitive and low-cost tool is able
to detect a minimum 30 pg /mL IgG model analyte within 7 min
which demonstrates the detection speed of the device [96].

An immunochromatographic assay kit was developed by Tori-
yama et al, 2015, consisting of fluorescent silica nanoparticles fab-
ricated with anti-Acanthamoeba antibodies [97] and evaluated its
efficacy for the detection of Acanthamoeba and diagnosis of
Acanthamoeba keratitis (AK). After the evaluation the kit provided
better sensitivity and response than the conventional one in diag-
nosing the disease condition [97].

Magnetic nanoparticles (MNPs) possess several physical and
chemical properties that make them a promising synthetic platform
for the creation of novel chemical, biological and analytical detec-
tion systems [98]. Jangpatarapongsa et al. (2011) described the
utilization of magnetic nanoparticles as a novel device to detect
BCR/ABL fusion gene in chronic myelogenous leukemia (CML)
[99]. The surface of carboxyl-functionalized nanoparticulate probes
was conjugated covalently with amine-functionalized primers
which were capable to separate PCR products. This technique
showed high sensitivity and specificity in separation and presented
an alternative way out for both CML patients treatment monitoring
and also for the purpose of prevention [99].

A study by Ye et al. (2009) described the use of single base
(guanosine, cytidine, thymidine and adenosine) coded CdS
nanoparticles as diagnostic probe for the detection of DNA point
mutation [100]. They have used piezoelectric quartz crystal microb-
alance (QCM) monitoring system for the evaluation of hybridiza-
tion between target DNA and nanoparticles (Fe;04/Au magnetic
nanoparticles). Another study of similar type was performed by
Pang et al. 2007 that demonstrated the detection method for DNA
point mutation using QCM based on Fe;04/Au core/shell nanopar-
ticle and DNA ligase reaction [100]. This approach efficiently rep-
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resented the recognition and type of a single-base mutation in -28
sites of artificial B-thalassemia gene successfully [100].

To overcome the difficulties of treating the patients with infec-
tious disease, it is obvious to have an effectivetool for the identifi-
cation of pathogens for the purpose of prevention of this mortal
disease. During the last fifty years, there is little improvement in the
field of diagnosis of infectious disease.

Pham et al. (2012), developed a rapid diagnostic kit to detect
the H5SN1 influenza virus by utilizing gold nanoparticles specific to
the virus [101]. The colloidal gold nanoparticles were conjugated
with single chain antibodies (scFv7 and scFv24) specific to the
H5N1 virus. The reactivity and capability of these nanodevices
were tested qualitatively which ensured the effectiveness and reli-
ability of these nanoprobes as a potential component of developing
the kit of H5N1 virus diagnosis [101].

RECENT PATENTS IN NANOFORMULATIONS

The application of nanotechnology in the field of medicine has
led to the emergence of newest member of molecular nanotechnol-
ogy known as nanomedicine. Despite the fact, that the application
of nanomedicine in the healthcare is still in infancy, this branch
already has established its versatile potential for monitoring, repair-
ing, building and control of biological systems on the molecular
level. The advancement of nanotechnology has resulted in the de-
velopment of a smarter biodegradable delivery system capable of
delivering the cargo of drugs to the target site as well as is flexible
enough for tagging with ligands of varied nature. Moreover, it pro-
vides better pharmacokinetic profiling of drugs leading to a better
therapeutic outcome. Although theoretically, it sounds good but the
development of such delivery systems and the translation of them
from laboratories to clinics come across numbers of obstacles
which have not yet been overcome. Till date, there are near about
30 drug delivery products in the market, which constitute total an-
nual income of US$ 33 billion with an annual growth rate of 15%.
Most of them are designed to deliver the drugs to several types of
cancer [102]. Few examples of such products are Doxil® (Caleyx®
in Europe), DaunoXome®, Abraxane®, Depocyt®, Genexol-PM®,
Oncospar” efc. In recent years, number of patents filed on nano-
formulations has increased dramatically. Nanoparticle-based tar-
geted delivery systems in cancer have experienced 185% of growth
rate in a span of last 4-5 years whereas only 110 patents were regis-
tered between 1987 and 2008. In this section, we will discuss some
of the recent patents filed on nanocarrier systems [102]. However,
many discrepancies exist as some of them are not filed in English,
lack of detailed information is missing except title and summary
while filing the patents in offices etc. It is a serious drawback which
should be rectified as it affects inventors as well as the scientific
community by limiting the diffusion of potentially interesting and
valid approaches. Moreover, much more uniformity, flexibility is
required to form regulatory authorities in framing the rules that
bridge the gap between the scientific and industrial forum for grant-
ing and applications of patents especially at the level of the Interna-
tional, European and US patent offices. Another interesting fact is
that patent filed by inventors with the claim of new method of
preparation lacks either detailed information or does not shed light
on all of the technological aspects that would be required to estab-
lish the originality of the developed method. Here we will focus on
some recent patents on different types of nanocarriers [103] (Table
1).

PATENTS ON POLYMER BASED NANOPARTICLES

Polymeric nanoparticles offer significant assurance for deliver-
ing a drug to a target site and are found to be advantageous due to
their biocompatibility, biodegradability, ease of formulation and
tunable sustained release characteristics. Significant numbers of
patents have been filed on polymeric nanoparticles. Albumin-bound
nanoparticulate delivery system of paclitaxel is approved by the
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Available marketed products, clinical trials and patented products.
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Available Marketed Products

Types of Nanoformulation Product Use References
Nanoparticles Oncospar (Sigma Tau Pharmaceuticals Ltd., Germany) Acute lymphoblastic leukemia [104]
Mircera (Hoffmann-La-Roche, Switzerland) Symptomatic anemia associated with [104]
chronic kidney disease
Adagenise (Sigma Tau Pharmaceuticals Ltd., Germany) Severe combined immunodeficiency [104]
disease
Pegasys (Hoffmann-La-Roche, Switzerland) Hepatitis C [104]
Abraxane (American Biosciences, USA) Breast Cancer [104]
Peglntron (Schering Corporation, USA) Hepatitis C [104]
Nanoliposomes Abelcet™ (Liposome Company NJ, USA) Fungal infection [105]
Doxil™ (Sequus Pharmaceuticals,Inc., C.A .) Kaposi’s sarcoma , Refractory ovarian [106-108]
cancer
Epaxel™ (Swiss Serum Institute, Switzerland) Hepatitis A [109-111]
Fullerene Radical Sponge® (Vitamin C60 BioResearch Corporation, Cosmetics [112]
Japan)
EGF Complex Cocktail, BellaPelle™, USA Cosmetics [112]
Zelens® Fullerene C-60 Day Cream, Zelens®, UK Cosmetics [112]
Gene delivery Glybera® (alipogene tiparvovec), Lipoprotein lipase deficiency [113]
UniQure B.V, Netherlands
(It has been approved by the European Commission for
commercialization in the European Union.)
Rexin-G, Epeins Biotechnologies Corp., US Breast cancer, Hormone refractory [114]
U.S. FDA approved Phase 3 product Prostate cancer, Ovarian cancer,
Squamous cell carcinoma
Dendrimer Superfect®, Plasmid transfection, protein overex- [115]
Qiagen, Natherlands pression
PAMAM (polyamidoamine) dendrimer, Dendritech, Inc. Diagnostics and drug delivery [116]
Midland, Mich.
Products in Clinical Trials
Types of Nanoformulation Product Use Phase of References
Clinical Trials
Nanoparticles BIND-014 (PEG-PLA Docetaxel) Solid tumors I [104]
CRLX101 (Cyclodextrin-PEG Camptothecin) Several types of cancers 11 [104]
CALAA-01 Solid tumors I [104]
(Cyclodextrin-PEG-Transferrin)
ProLindac™ (HPMA-DACH containing Solid tumors 1I [104]
Oxaliplatin)
Opaxio™ (Poliglutamic acid Paclitaxel) Lung and ovarian cancer 1 [104]
MTX- HAS (Methotrexate) Kidney cancer I [104]
Nanoliposomes ThermoDox” (Doxorubicine) Liver and breast cancer 1 [117,118]
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(Table 1) Contd....

Products in Clinical Trials

Types of Nanoformulation Product Use Phase of Clini- References
cal Trials
Gene delivery LEP-ETU (Paclitaxel) Advanced cancer 1 [119,120]
Arikace (Amikacin) Pulmonary infection I [121,122]
ProSavin® Parkinson’s disease /11 [123]
RetinoStat”™ (Sanofi) Age-related macular degen- I [123]
eration
StarGen™ (Sanofi) Stargardt disease /11 [123]
GeneTherapy product CYL-02 Pancreatic adenocarcinoma 1 [123]
Autologous PBL and/or autologous HSC trans- Severe combined immunode- LI [124]
duced with the normal human ADA gene ficiency syndrome
AdSyCD/mutTKSR39rep-ADP Cancer 1I [124]
AAV1-gamma-sarcoglycan vector injection Limb girdle muscular dystro- I [124]
phy Type 2C; Gamma-
sarcoglycanopathy
VEGF-D gene transfer Angina pectoris, Myocardial I [124]
infarction
HSV-TK adenovirus gene therapy Brain and central nervous I [124]
system tumors
Adeno-associated Virus Serotype 8 Factor Hemophilia B LI [124]
IX Gene Therapy
Gene Therapy for Gyrate Atrophy Gyrate atrophy I [124]
Autologous CD34 positive cells transduced with Wiskott-aldrich syndrome 11 [124]
WAS encoding lentiviral vector
Dendrimers Dendrimer-Docetaxel Cancer I [124]
(Taxotere™)
Polymeric micelles Genexol-PM (Paclitaxel), Samyang, Korea Cancer 1L, IV [125]
NK105 (Paclitaxel) Cancer IL 11T [125]
Nanocarrier/Nippon
Kayaku, Japan
SP1049C (Doxorubicin), Suprateck, Canada Cancer 1 [125]
DTXL-TNP (Docetaxel), Cancer I [125]
BIND Biosciences
NC6004 (Cisplatin), Nanocarrier, Japan Cancer LI [125]
NKO012 (SN-38), Nippon Kayaku, Japan Cancer 1I [125]
NKO911 (Doxorubicin), Nippon Kayaku, Japan Cancer 1I [125]
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Patented Nanoformulations
Types of product Product Patent Publication Number Approved References
Year and Place
Nanoparticles Nanoparticles with covalently bound surfactant for US 8414926 B1 2013 (Virginia) [126]
drug delivery
Process for preparing therapeutic compositions US 5510118 A 1996 (Ireland, [127]
containing nanoparticles Massachusetts)
Nanoliposomes Preparation of nanoliposome-encapsulating proteins US 7951396 B2 2011 (Korea, [128]
and protein-encapsulated nanoliposome Republic of)
Nanoliposome using esterified lecithin and method US 8685440 B2 2014 (Korea, [129]
for preparing the same, and composition for prevent- Republic Of)
ing or treating skin diseases comprising the same
Gene delivery Polymeric gene delivery system US 6262034 B1 2001(US) [130]
Cationized polysaccharide nanoparticle gene deliv- CN 102154352 B 2012 (China) [131]
ery systems and manufacturing method thereof
Nanoparticle gene delivery system of cationized CN 102154350 B 2012 (China) [132]
lycium barbarum polysaccharides and preparation
method thereof
Cationic angelica polysaccharide nanoparticle CN 102154351 B 2012 (China) [133]
gene delivery system and preparation method the-
reof
Use of targeted cross-linked nanoparticles for in US 7514098 B2, 2009 (US) [134]
vivo gene delivery
Crosslinked PEI nanoparticle transfection agents US 8513206 B2, 2013 (India) [135]
for delivery of biomolecules with increased effi-
ciency
Double-stranded RNA-based nanoparticles for in- US 8841272 B2 2014 (Kansas) [136]
sect gene silencing
Dendrimer Use of dendrimer nanotechnology US 8686222 B2 2014 (India) [137]
for delivery of biomolecules into plant cells
Dendrimer conjugates US 8252834 B2 2012 (US) [138]
Targeted polylysine dendrimer US 8420067 B2 2013 (Australia) [139]
therapeutic agent
Polymeric micelles Polymeric micelles for drug delivery US 7638558 B2 2009 (Florida) [140]
Stable polymeric micelle-type drug composition and US 7217770 B2 2007(Korea, [141]
method for the preparation thereof Republic Of)
Preparation of sterile stabilized nanodispersions US 6780324 B2 2004 (Canada) [142]

United States Food and Drug Administration (US-FDA) and the
European Medical Agency for the treatment of breast cancer unre-
sponsive to conventional chemotherapy or has relapsed. This is also
known as nab-paclitaxel and sold under the trade name “Abraxane”.
This nanoparticulate system has also exhibited positive results in
phase III clinical trial as a first line drug in non-small-cell-lung-
cancer (NSCLC) as compared to solvent-based paclitaxel [102]. In
September 2013, Abraxane was approved by FDA for use in treat-
ing advanced pancreatic cancer as a less toxic (although less effec-
tive) alternative to Folfirinox (chemotherapy regimen consisting of

folinic acid, 5-flurouracil, irinotecan and oxaliplatin). Abraxane®
was developed by Abraxis Biosciences and was acquired by Cel-
gene. Besides, many researchers around the globe have paid con-
siderable attention to the development of targeted polymeric nano-
carriers and filed patents on the basis of their invention. Some of
them are mentioned below [102].

Sanofi-Aventis has filed a French patent (W02013127949 Al)
on the work that has dealt with the design of nanoparticles com-
posed of functional polylactic acid - polyethyleneglycol (PLA-
PEG) copolymers for targeted delivery and imaging. According to
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the invention, a clickable copolymer platform of PLA-PEG- azide
compound may be used to couple a number of functional alkyne-
ligands including cell penetration enhancing agent, homing device,
detoxifying agent, imaging agent, drug, stimuli-responsive agent,
docking agent etc. [143].

Jiansong et al. developed epirubicin hydrochloride and
gadopentetate dimeglumine loaded polylactic-co-glycolic acid
(PLGA) nanoparticles and filed a patent (CN102525936A) for their
design. The invention was designed to overcome the problem asso-
ciated with short in vivo retention time of the drugs. They claimed
that the developed nanocarrier would remain at the tumor site for a
long period of time and release the drug in a controlled manner
resulting in better therapeutic outcome [144].

Yiyi et al. have filed a Chinese patent (CN102697795A) on the
design and development of PLGA nanoparticles containing a com-
bination of epirubicin and quercitin. The invention discloses simul-
taneous encapsulation of a hydrophilic drug (epirubicin) and hydro-
phobic drug (quercitin). Nanoparticle was prepared by multiple
emulsion-solvent evaporation technique. Inventors claimed that the
combination was found to be effective against multiple drug resis-
tant cancer cells and produce less toxicity to normal cells [145].

Jessie et al. have filed a Chinese patent (CN102697737 A) on
an invention that uses paclitaxel loaded nano and micro particles
comprising of gelatin and PLGA. The idea behind the invention is
to target the tumor with a fast-release formulation of a tumor apop-
tosis-inducing agent, a slow-release formulation of a tumor thera-
peutic agent, and a pharmaceutically acceptable carrier. The inven-
tors claimed that the drug would release from microparticle rapidly
to induce apoptosis whereas nano-sized particle would provide
sustained delivery of drugs for prolonged periods of time [146].

PATENTS ON LIPID NANOCARRIERS

Among the different nanoscale size drug delivery systems, lipid
nanocarriers such as emulsions, micelles, liposomes and lipid
nanoparticles have gained attention of researchers due to their bio-
compatibility, biodegradability, easy industrial scale-up and ad-
ministration through multiple routes. The number of patents filed
on solid lipid nanoparticles has emphasized the preparation and
characterization of solid lipid nanoparticles.

Lipotec SA has filed a patent (WO201116963 and
US20130017239) that deals with the production of polymer-coated
nanostructured lipid carriers (NLC) and solid lipid nanoparticles
(SLN) intended for pharmaceutical, food, and cosmetic use. The
carrier exists in the form of an aqueous dispersion. The active in-
gredients can be lipophilic, hydrophilic or amphiphilic and incorpo-
rated into the carrier by various methods such as dissolution, dis-
persion, and adsorption. The addition of surfactants or cyclodex-
trins can increase the dissolution of active ingredients in the lipid
[147, 148].

A patent (CN101972229 B) has been filed on the basis of a
Chinese invention to encapsulate the enzyme catalase in SLN. The
inventors have proposed two-steps water/oil/water (w/o/w) emul-
sion methods in which an aqueous solution of the enzyme is emulsi-
fied in an organic solution of solid lipid by ultrasound treatment.
This initial w/o emulsion is dispersed in an outer aqueous phase by
means of hydrophilic surfactant [149].

A recent patent (US20090214663 Al) describes the develop-
ment of simple and cost-effective preparation method for the pro-
duction of stabilized nanoparticles to encapsulate proteins. The
freeze-dried nanoparticles may be formed by sonicating soybeans
lecithin in an aqueous solution of poloxamer containing a trehalose
as cryoprotectant. The developed nanocarrier can encapsulate pro-
teins having different charges depending on their isoelectric points
in physiological conditions. The positively charged protein can be
absorbed on the surface of the lipid core through ionic interaction

Current Pharmaceutical Design, 2015, Vol. 21, No. 00 11

whereas negatively charged protein can be absorbed into the lipid
core through chitosan of low molecular weight [150].

Further, nanoscaled liposomal formulations have established
their potential to deliver a cargo of drugs specifically to target site.
Doxil” is the first FDA approved PEGylated liposomal formulation
encapsulating doxorubicin for the treatment of cancer. The success-
ful translation of Doxil from laboratory to clinic instigated a great
deal of interest on liposome among the researchers and subse-
quently DaunoXome® and Myocet” have followed the path of
Doxil® and have been clinically approved for the treatment of me-
tastatic breast cancer and AIDS-related Kaposi’s sarcoma. Apart
from that Depocyt™ (liposomal Cytarabine) has also got approval
from FDA for cancer of white blood cells such as acute myeloid
leukemia and non-Hodgkin lymphoma. Significant numbers of
patents have been proposed in liposomal formulations [102].

A patent (US20130115269 A1) describes the use of anti-tumor
necrosis factor o (TNF-a) as a targeting ligand intended for arthritis
and other inflammatory diseases. A variety of steroidal, non-
steroidal drugs, disease modifying drugs, as well as other anti-
inflammatory compounds, may be incorporated into the anti-TNF-
a coated liposomes. The anti-TNF-o coated drug liposomes can
accumulate at the inflamed site for maximum therapeutic effect
[151].

A patent was filed (WO2013105101 A1) on the invention to
specifically deliver the drugs into monocyte. The developed
liposome comprising of lipid, among which, one is cationic. The
liposome exhibits net positive charge that would help them to ad-
here to the monocyte in a freshly drawn blood and the developed
liposome has the potential for the treatment of monocyte associated
prophylaxis, treatment and amelioration [152].

Rochlitz et al. have filed a patent (W02010103118 A1) on the
developed immuno-liposome comprising of antibody or antibody
fragment, which recognizes vascular endothelial growth factor re-
ceptor (VEGFR) on the surface of tumor cells or tumor-associated
endothelial cells to deliver specifically to the tumor cells. The ap-
proach applied in present invention is that the EGFR-targeting can-
not only be used against antigen-presenting tumor cells but alterna-
tively, can also be used against the tumor stroma, including the
tumor-associated vasculature, which offers some potential advan-
tages [153].

INORGANIC NANOPARTICLES

Magnetic nanoparticles found for their potential biomedical
applications have an inorganic nanoparticle core and are coated
with by suitable coating materials. Magnetic nanoparticles can be
dispersed in aqueous and lipid phases. Such newly developed pat-
ented nanoparticles (US0264199) possess a core surrounded by
oleic acid and stabilized by block copolymer based on ethylene
oxide and propylene oxide. The developed lipophilic magnetic
nanoparticles have the potential to target the drug (doxorubicin)
deeply into the brain tissue [154]. Recently a patent (US0206146)
has been filed on the design of an internal magnet capable of drug
attachment. The internal layer is coated with a polymeric layer of
dextran or silicon which in turn is coated with an extra layer of
polysorbate 80. It helps the nano-magnet to penetrate through the
blood-brain barrier [155].

A patent (US7530940) was filed on the methods of utilizing the
metal nanoparticles to potentiate the dose and effectiveness of x-
rays in a therapeutic regimen to destroy the target tumor tissue. The
metal nanoparticles can be tagged with chemical and/or biological
moiety that would enhance the chances of binding with the target
tissue. These types of nanoparticles are made up of metal core sur-
rounded by the surface layer. The metal core is formed by heavy
metals such as gold, iron, copper, tin, tantalum, tungsten, osmium,
bismuth, efc. [156].
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CONCLUSION

The expanding progress of nanotechnology in the area of bio-
medicine can be endorsed to the technological advantages, includ-
ing improved biodistribution profiles of drug and targeting drug
delivery to the specific organs, which reduce the number of doses,
dosing frequency and consequently, the toxicity and adverse ef-
fects.

In addition, controlled release of therapeutic agents makes ther-
apy far more efficient and convenient for users, with better patient
compliance, particularly those with chronic diseases that require
continued administration and repeated doses of medicines.

This review has highlighted recent drug carriers with a promis-
ing set of technologies, which have great potential for diseases such
as cancer, diabetes and many other chronic diseases and they likely
have a strong impact in this field in the future.

Nanomedicine has a significant impact in the future advance-
ment in therapeutic approach that may overcome the limitations of
conventional therapies for better therapeutic outcome on both
global and individual levels.
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