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Abstract
The principle objective of the present research work was to design and develop
nanoparticulate drug delivery system using biodegradable and biocompatible polymers to
improve therapeutic efficacy of Imatinib mesylate by controlling its release characteristics
and biodistribution to brain. To achieve this broad objective, following specific studies
were carried out in the present work.
Suitable analytical and bioanalytical methods based on spectrophotometric and liquid
chromatography were developed and validated for the determination of drug in
formulation and biological matrices. Prior to the formulation development,
preformulation studies were performed to establish necessary physicochemical data of
the drug. Studies were performed to address the product specific questions related to drug
solubility, stability, drug-excipient compatibility, etc.
Formulation development was carried out by identifying and optimizing the critical
formulation and process parameters. The prepared nanoparticles were characterized for
surface morphology and shape, particle size and size distribution, drug content (loading
and entrapment efficiency) and in vitro drug release. The optimized formulations were
also studied for the drug product stability and reproducibility.
In situ rat intestinal absorption studies were carried out to identify the importance of the
efflux transport processes and effect of efflux protein inhibitors on the absorption
behavior of the pure drug. The model was also employed to study the relative absorption
behavior of the pure drug and drug loaded nanoparticles. Pharmacokinetic studies and
biodistribution studies were performed to investigate the overall systemic and tissue
(brain and lungs) specific bioavailability of the pure drug and optimized nanoparticulate
formulations.
Results indicated that the developed spectroscopic and liquid chromatographic methods
were selective and sensitive in the determination of drug. These validated analytical and
bioanalytical methods were successfully used for various preformulation, formulation
development, pharmacokinetic and biodistribution studies. Preformulation studies
indicated that the drug demonstrates a charge dependent solubility profile with increasing
solubility towards acidic pH. The pH partition studies showed that ionization of the drug
molecules controls the fraction distributed to oil phase. Although the drug was found to
be stable under various storage conditions, it was susceptible for oxidative stress
condition. Results of the drug-excipient compatibility studies demonstrated no significant

interaction with various excipients used in the formulations.

X1iv



Emulsion solvent evaporation and interfacial polymerization techniques were found to be
suitable for the preparation of polymeric nanoparticles using the preformed polymers -
Poly (lactic-co-glycolic acid) [PLGA] and Poly (e-caprolactone) [PCL] and monomers -
ethyl cyanoacrylate [ECA] respectively. Nanoparticle characteristics such as average
particle size and size distribution, particle morphology, drug entrapment and loading
efficiency were found to be influenced by various formulation parameters such as
proportion of polymer, drug and stabilizer. The various processing parameters such as
phase volume ratio, phase pH, energy of emulsification were also found to have impact
on the characteristics of the prepared formulations. PLGA and PCL formulations prepared
using Poloxamer 188 and Polyvinyl alcohol were found to have small particle size with
narrow size distribution. Similarly, interfacial in situ polymerization method has shown to
provide small PECA nanoparticles with uniform size distribution.

The particle size analysis and microscopic imaging confirmed that the optimized
nanoparticulate formulations were of the small and uniform particle size with good
spherical shape. In vitro drug release from the prepared nanoparticles was controlled over
48-72 h, which could be explained by the first order release kinetics. The optimized
formulations have shown high drug entrapment within the polymeric matrix with
excellent particle morphology. All optimized formulations of PLGA, PCL and PECA
nanoparticles demonstrated good stability and re-dispersibility in freeze-dried state. Thus,
the developed experimental conditions provided good quality nanoparticles with

reproducible characteristics.

In situ absorption studies confirmed that the drug is a good substrate for efflux transport
proteins. The stabilizers such as poloxamer 188 and polysorbate 80 used in the
preparation of nanoparticles were found to increase intestinal permeability. The
biodistribution profile of the drug was found to be altered, when delivered in
nanoparticles. A multi fold increase was observed in the area under the drug
concentration curve in serum with the drug loaded PLGA and PECA nanoparticles.
Similarly, an increase in the elimination half life indicated increase in the drug residence
time in systemic circulation. Brain biodistribution studies revealed increased drug
availability and residence time in the rat brain. Thus, in vivo pharmacokinetic and
biodistribution studies in rat indicated that the PLGA and PECA nanoparticles are
effectively enhanced permeability to brain with sustained drug exposure.

Collectively, these results indicate that the prepared nanoparticles have great potential as
a targeted delivery system for cancer treatment. The drug delivery using nanoparticles

would be advantageous over the currently available commercial formulations.
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1. Introduction



1.1 Cancer and cancer therapeutics

The most significant characteristic of the living matter is its high degree of structural and
functional orderliness along with the ability to maintain its organization for survival and
growth. This structured organization within a cell is attained through well controlled
propagation, survival and death events (1). As the normal cells grow, differentiation is
coordinated and regulated through the complex cellular mechanisms and contribute to the
genetic stability. Similarly, several other cellular mechanisms maintain the sensitivity of
cells towards the programmed cell death for the genetic stability of organism (2, 3).

Carcinogenesis or neoplasia represents the singular phenomenon of uncontrolled
differentiation and disorganization leading to increased number of cells. It is distinct from
other tumor progression events with its ability to invade surrounding tissues through
metastasis and is known as malignant tumor (1). The cancer phenotypes are characterized
by a loss of control in normal cellular propagation, maturation and/or apoptosis
mechanisms through altered cell proliferation, tissue specific characteristics, programmed

cell death and/or cellular invasion (4, 5).

Although the cancer cells are originally derived from normal cells, they irreversibly
escape from controlled mechanisms that regulate normal cell growth and death. Cells
divide and multiply at uncontrolled rate and/or escape the programmed cell death events
leading to increased number of cells to the extent that it results in complete loss of critical
cellular functions. This uncontrolled cell population continues to rise at the expense of
host, until the organism succumbs. Unlike hostile parasites, tumor originates directly from
normal host cells and it exhibits almost similar structural and functional biology. The
similar structure and function impose challenge on cancer therapeutics for the selective
removal of few cancerous cells from wide population of normal host cells.

Most of the cancers are caused by defective genes and are diverse in nature with the
involvement of either loss- or gain-of-function mutation. With current understanding of
the mechanisms of cancer development and its genetic basis, cancers demonstrate greatest
variety of disease state with its multifunctional complications at various intra-cellular
events with almost every type of growing cell in the body. Cancer research has been at

the center of attention for the scientific community of drug discovery and delivery.

Although conventional anticancer drugs act by different modes of action, the therapeutic
effect is principally attributed to cytotoxic intervention, which is not selective for
malignant cells but also affects all rapidly dividing normal host cells. As a consequence

of this action, conventional anticancer drugs invariably affect the tumor as well as normal



host cells. Conventional chemotherapy is based on the premise that cancer cells divide
more quickly than normal cells and repeated doses may present selective disadvantage for
the cancer cells. However, several cancers arise due to cellular insensitivity towards the
programmed cell death of tumor cells. Thus, the less significant role of cell proliferation
rate leads to therapeutic failure of several conventional drugs in many cancers. Moreover,
these drugs cause multiple side-effects because of their non-specific action on rapidly
dividing normal host cells such as the bone marrow and the epithelial lining of the gut.
Usually, these side effects limit the administration of a sufficient quantity of a drug to
eradicate the tumor completely. In the last decade, cancer treatment has shifted from
nonspecific high dose chemotherapy to highly specific and targeted therapy, posing
challenges to formulations scientist for making better and selective drug delivery systems

for anticancer drugs.
1.1.1 Incidence of cancer

Cancer is a major human health problem worldwide and is the second leading cause of
death. It was reported by the World Health Organization that malignant tumors were
responsible for 12% of total annual deaths worldwide from all causes, in the year 2000
(6). The world cancer report suggests that since 1990, there has been significant increase
in cancer incidences (= 19%) and deaths (= 18%). Currently, more than a quarter of
deaths are attributable to cancer in many developed and developing countries. Further, the
world health organization has indicated the possibility of increase in cancer incidences by
50% to 15 million deaths per annum by the year 2020. The world cancer report published
in 2003 has revealed that the cancer has emerged as a major public health problem in
developing countries, matching its effect in industrialized nations (6). Thus, with more
than 10 million new cases every year cancer remains the most devastating disease

worldwide.
1.2 Modern cancer chemotherapy

Over the past few years, rapid advances in structural and molecular pharmacology,
genomics, proteomics and biotechnology have enabled to explore the underlying critical
biological processes of several diseases and helped to define the molecular mechanisms.
Similarly, significant progress has been achieved in understanding the cellular and
molecular biology of cancer that has aided in identifying several new potential targets for
selective therapeutic interventions at various levels. With the emergence of rationally
designed molecular targeted therapy, the traditional cytotoxic chemotherapy will have

limited role in the advanced treatment. However, there remains a major possibility of



combination therapy of newer safe agents with older broad cytotoxic agents in the
treatment of common solid tumors (7-9).

1.2.1 Molecular biology - exploring novel targets

Intercellular communication is of paramount importance in multi-cellular organisms and
it contributes to critical links by regulating cell growth, differentiation, migration,
survival and apoptosis (10). The molecules involved in cell-cell and cell-matrix
interactions as well as extracellular signaling molecules are the mediators of cellular
communication and transmit the information from the exterior of the cell to its cytoplasm
or nucleus (4). The mediators activate a cascade of molecular events that are initiated by
the specific binding of extracellular molecules to either cell adhesion molecules or
transmembrane receptors on the cell surface leading to transfer of a signal (11). The
regulated chain of events of transferring signal between the cells by stimulating specific
cellular components is recognized as a signal transduction pathway. Thus, signal
transduction pathways elicit a cellular response that may be involved in various critical
processes such as gene expression, cell proliferation, cell survival, cell differentiation,
protein trafficking, migration, cytoskeletal architecture, cellular adhesion, cellular
metabolism and programmed cell death - apoptosis (12). Usually, the phosphorylation
cascade of signal transduction is tightly controlled and well organized by enzymes such
as kinases and phosphatases (11). However, frequent deregulation of any event leads to
the constitutive activation of normal controlled pathways leading to the activation of other
signaling proteins and secondary messengers subsequently disturb the regulatory
functions of cellular responses leading to abnormality or dysfunction. Deregulation of the
intracellular signal transduction pathways have been implicated as central pathogenic
event in a number of diseases including human malignancies (12).

1.2.2 Protein kinases - as cancer targets

Conservative estimates based on the human genome project suggest that as much as 20%
of human genes encode proteins involved in signal transduction. These include
transmembrane receptors, G protein subunits and signal generating enzymes. The last
group includes more than 700 protein kinases and 180 protein phosphatases. Protein
kinases and phosphatases exist as transmembrane as well as intracellular signaling
molecules.

A super-family of transmembrane cell surface receptors capable of intrinsic protein
kinase activity is of particular importance for the regulation of intracellular signaling

pathways. Protein kinases are the family of enzymes that catalyzes the transfer of



phosphate groups from adenosine triphosphate (ATP) to specific amino acids on substrate
proteins (Fig. 1.1) (13). They are broadly classified into two sub-families, the protein

serine threonine kinases (PSTK) and the protein tyrosine kinases (PTK).
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Fig. 1.1: Schematic representation of protein kinase activity; PK- protein kinase, PP -

protein phosphatases, ADP - adinosine diphosphate, ATP - adinosine triphosphate

a) Protein tyrosine kinases

The PTKSs are a family of enzymes that selectively phosphorylates tyrosine residue in a
target (substrate) protein and are important mediators of various critical signal
transduction events, which contribute in cellular communication and maintenance of
homeostasis. Typically, PTKs are in non-phosphorylated condition at resting state and
phosphorylation of the kinase domain leads to activation. Like other signaling mediators,
these activated proteins initiate the cascading event of signal-transduction pathways and
participate in the regulation of many critical biologic processes such as cell proliferation,
differentiation, adhesion, migration and apoptosis (14).

Although rare in cells (< 0.05%), tyrosine phosphorylation play a critical role in normal
cell growth regulation. Apart from their normal function in cell, they also participate in
preventing deregulated cellular proliferation or contribute in sensitizing apoptotic
stimulus. This is evident from the fact that many of the PTKs are encoded by cellular
proto-oncogenes (15). Proto-oncogenes are the normal cellular counterparts of oncogenes,

the cancer-causing genes originally identified in RNA viruses.

While numerous retroviruses carrying oncogenes cause cancer and other malignancies in
avian and rodent cells, so far only the human T-cell lymphotropic virus (HTLV-1) has
been identified in human oncogenesis as T-cell lymphomas. On the other hand, several
human proto-oncogenes are known to be altered or activated by stimulus such as

irradiation (e.g., UV exposure), chemical carcinogens (e.g. cigarette smoke), unrepaired



replication errors or aging, resulting in the development of human malignancies. In
literature, more than 150 proto-oncogenes are reported and most of them encode
components of the signal transduction cascade such as GF Homologues, GFR of the
RPTK type, cytoplasmic protein kinases (PTKs and PSTKs), small GTP binding proteins
of the RAS super-family, nuclear proteins - transcription factors and cell cycle regulators.
In addition, tumor suppressor proteins caused by loss-of-function mutations can lead to
malignant transformation. Although these proteins are usually not oncogenic, their normal
function is vital in preventing oncogenesis by counteracting some of the oncogenic
stimulus. PTKs comprise a major group of oncoproteins such as vVERBP (EGF receptor),
vFEMS (CSF-1 receptor) and vKIT (KIT/SCF receptor). According to one interesting
observation, most of the PTKs have been identified as retroviral oncogene intermediates.
The mechanisms for oncogenic activation of signaling molecules may be diverse in nature
but they all have constitutive or deregulated protein activity in common. Thus, the normal

intracellular regulation is perturbed resulting in activation of malignant transformations.

Extensive research in molecular biology of cancer during last two decades has revealed
that the signaling pathways are often genetically or epigenetically altered in cancer cells.
Although earlier it was believed that cancer arises via a long multi-step process with
coordination between oncogenes and tumor suppressors proteins, this concept has been
challenged by recent findings that constitutive activation of a single proto-oncogene is
sufficient for malignant transformations without other detectable genomic alterations.

The activation or deregulation of proto-oncogenes in humans can occur via three well-
known mechanisms viz. mutations in extracellular domain, chromosomal rearrangements
caused by altered expression or activity of an oncogene and amplification; which results
in proto-oncogene over-expression. There are several well established examples of proto-
oncogenic conversion of signaling molecules which offer targeting advantage for
selective inhibition or modulation of underpinning events of cancer progression.

The human genome encodes only 90 PTKs and several PTKs among them are oncogenes
which are deregulated or over-expressed in human cancers. Protein tyrosine kinase is the
largest protein kinase family reported to be implicated in many cellular events of
neoplastic development and progression. The selective inhibition of oncogenic PTKs such
as Ber-Abl, PKC and the epidermal growth factor receptor is an attractive target for the
treatment of several human malignancies (16). The Ber-Abl tyrosine kinase of chronic
myeloid leukemia represents one of the most extensively studied PTKs, which is now

considered as a model of human malignancy.



Receptor protein tyrosine kinases

The PTKs family can be further categorized into receptor tyrosine kinases (RPTK) and
non-receptor tyrosine kinases (nRPTK). The RPTKs are activated by the extracellular
signaling factors (ligands) such as EGF, PDGF etc, which can specifically bind to their
extracellular domain. Subsequently, they induce receptor dimerization and
auto-phosphorylation of specific tyrosine residues creating a binding site for cytoplasmic
substrates. The receptor dimerization is stabilized by various mechanisms and is usually
ligand specific. Phosphotyrosine residues bind with high affinity to Src homology 2
(SH2) and phosphor-tyrosine binding (PTB) domains, thereby creating docking sites for
various ligands. The intermediate signaling complexes thus formed are considered as a
platform for recognition and recruitment of signaling proteins (17). The specificity for
RPTK initiated signaling is found in several events such as the upstream activating event
(binding of ligand to cognate RPTK), the catalytic specificity of the activated RPTK
(kinases and phosphatases), the compartmentalization of signaling molecules (accurate
subcellular localization) and the cell type specificity in signaling (specific molecules
ascribed different roles).

Moreover, the duration, amplitude and kinetics of signals are critical for the cellular
response. Protein phosphorylation is a key regulator as it can sustain or attenuate signals
via amplification, feedback and cross talk. The ultimate outcome of a signaling cascade is
alteration in gene expression through activation of transcription factors. In order to
modulate RPTK activity, there are few possibilities of signal down-regulation such as
receptor antagonists, soluble receptors, receptor endocytosis, ubiquitination and
degradation, phosphatases and negative feedback loops.

The RPTK sub-family can be further divided into subgroups that have similar structural
organization and sequence similarity within the kinase domain. The members of the type
I group of RPTKs include a and B the platelet-derived growth factor receptors
(PDGFRa and PDGFR), colony-stimulating factor receptor (CSF-1R, c-Fms), FIt-3 and
stem cell or steel factor (SCF, cKIT) receptor. These receptor tyrosine kinases are
characterized by five Ig-like domains in the extracellular domain and a cytoplasmic

region containing a hydrophilic kinase insert domain (18).

b) Kinase inhibitors - the novel anti-cancer drugs

During last five years, several new anti-cancer drugs have been investigated for specific

cancer targets such as unique protein targets expressed in any particular cancer cell (19).



These targets often include specific growth factor receptors that are over-expressed in
particular types of cancer. These new drugs are inhibitors of the enzymatic
intra-cytoplasmic domains and include small molecules and protein drugs such as

Cetuximab, Trastuzumab, Bevacizumab, Imatinib, Gefitinib and monoclonal antibodies.

The kinase inhibitors represent a group of drugs that regulate kinase enzyme and its
cellular activity by selective intervention of their phosphorylation. As discussed earlier,
the intracellular signaling pathways that stimulate cell proliferation are frequently
controlled by kinases. In chronic myeloid leukemia, a specific chromosome (Philadelphia
chromosome) produces a damaged kinase fusion receptor protein BCR-ABL, which
signals uncontrolled proliferation (20-22). Imatinib is a tyrosine kinase inhibitor that
binds to the BCR-ABL receptor, preventing ATP binding and the resultant kinase activity
(23-25). 1t is approved by the FDA for the treatment of chronic myeloid leukemia and
also for gastrointestinal tumors. Similarly, the EGF receptors are over-expressed on the
surface of some lung and colon cancer cells. Activation of these receptors by EGF and
TGF-a (transforming growth factor a) is crucial for tumor cell proliferation. Gefitinib is a
tyrosine kinase inhibitor that binds to the EGF receptor and inhibits the phosphorylation
of the tyrosine residue by the tyrosine kinase enzyme. It is used clinically in the treatment
of refractive non-small cell lung cancer.

1.3 Challenges in cancer chemotherapy

Most of the current anticancer drugs do not greatly differentiate between cancerous and
normal cells, leading to systemic toxicity and adverse effects. Consequently, systemic
applications of these drugs often cause severe side effects in other tissues (such as bone
marrow suppression, cardio-myopathy and neurotoxicity), which greatly limits the
maximal allowable dose of the drug. In addition, rapid elimination and widespread
distribution into non-target organs and tissues require the administration of high dose,
which is not economical and often complicated owing to nonspecific toxicity. Thus,
another challenge is delivering sufficient amount of drug to target organs, which is
otherwise poorly accessible to drugs e.g. poor brain penetration.

The physiological functions of human body present a variety of cellular and
morphological barriers for transport of drug to its site of action. In oral administration,
several natural barriers present in gastrointestinal tract such as enzymes, bacterial flora,
mucus layers pose significant challenges to a drug to reach the systemic circulation apart

from other cellular and epithelial transport barriers.



1.3.1 Chemotherapy and resistance

Chemotherapy is a major form of cancer treatment but majority of cancers become
resistant or acquire resistance during treatment. The acquired resistance of several
anticancer drugs is a major impediment to success of the treatment. A wide variety of
structurally unrelated compounds such as Doxorubicin, Daunorubicin, Vincristine,
Vinblasine, Etoposide, Teniposide, Paclitaxel, Docetaxel, Actinomycin-D, Mitomycin-C,
Mitoxantone, Mithramycin, Topotecan, Irinotecan, Colchicine, Emetine, Puromycin,
Tamoxifen etc. have shown acquired resistance during therapy. Multi-drug resistance
(MDR) is identified as a cellular resistance to diverse array of structurally and
functionally unrelated drugs with multiple mechanisms of action. In an estimate, it is
reported that up to 5,00,000 new cases of cancer each year will eventually exhibit multi-
drug resistance phenotype suggesting the magnitude of problem of resistance in cancer
(26).

In chemotherapy, this non-specific cellular resistance utilizes several energy dependent
transport mechanisms in order to overcome the cytotoxic affront. Cancer cells develop
drug resistance through various mechanisms such as over-expression of efflux transport
proteins, altered expression of apoptosis associated protein and tumor suppressor protein,
changes in topoisomerase activity and modifications in glutathione S-transferase (27-32).
However, in most of the cases, the main cause of resistance is over-expression of the
membrane bound transport proteins that actively efflux drugs out of the cells leading to
sub-therapeutic concentration and failure of the therapy. Often, two or more cellular
mechanisms are involved concurrently, which offer cross-resistance in MDR to broader
class of drugs (33-35). Amongst all the reported transport proteins, P-glycoproteins
(P-gp) and multi-drug resistance-associated proteins (MRP) have been reported to
mediate the cellular resistance in variety of cancers. As these proteins are expressed
ubiquitously in the body tissues such as the brain, liver, lungs, kidney, intestine etc., they
play an important role in the pharmacokinetics of a drug by actively changing its
absorption, distribution, metabolism and elimination (36, 37). In addition, they may even
change the pharmacodynamics of a drug by interfering in various cellular responses such
as stimulation of DNA-damage repair, suppression of drug-induced apoptosis etc. For
example, a decreased treatment response was observed with the over-expression of P-gp

transport proteins in clinical settings (38, 39).

A wide range of chemicals such as HIV-protease inhibitors, antibiotics,

immunosuppressants, antihypertensives, surfactants, polymers and copolymers etc are



reported to interact with efflux mechanism. These chemicals are of diverse structural and
functional nature and most of them mediate through passive diffusion process. These
compounds are broadly classified either as efflux substrates or efflux inhibitors, wherein,
the former represent a class of drugs which undergo efflux mechanism, while the latter
interact with transport proteins to inactivate efflux mechanism and are termed as MDR
reversing, inhibiting or modulating agents (MDRM). It has been reported that the
transport proteins demonstrate active elimination of several hydrophobic substrates with
at least one anionic group at physiological pH. In addition, several drugs are also reported
to be efflux substrates, which are co-transported by glutathione or sulfate conjugation
(40-42).

1.4 Development of better cancer drug delivery - a rationale

Although chemotherapy has become an integral component of cancer treatment,
chemotherapeutic drugs still exhibit poor specificity in reaching tumor tissue and are
often restricted by dose-limiting toxicity.

The combination of developing controlled release technology and targeted drug delivery
may provide a more efficient and less harmful solution to overcome the limitations found
in conventional chemotherapy. Recent interest has been focused on developing
nanoparticulate based drug delivery systems capable of delivering selectively to target
organ and controlling the release of the drug. A drug may be encapsulated or attached to
the nanoparticulate carriers in order to facilitate the distribution and control the release.
Moreover, nanoparticles may offer a solution to the main barrier for successful
chemotherapy such as the resistance of cancer cells to effective anticancer drugs and the
destructive effect of these drugs on normal cells, tissues and organs. In order to deliver
therapeutic agents to tumor cells in vivo, the drug resistance problem may be solved at the

vascular, interstitial and cellular levels (43).
1.5 Nanotechnology - the power of small

The first original nanotechnology vision appeared during the mid of twentieth century as
Sir Richard Feynman suggested the possibility of creating miniature machines build with
a molecular accuracy for ultimate precision (44). Although today nanotechnology is used
in a broader sense, earlier it was recognized as a production process termed as molecular
manufacturing to get extra-high accuracy and ultra-fine dimensions with the preciseness
and fineness at the order of billionth of a meter. Nanotechnology is now recognized as the
design, characterization, production and application of structures, devices and systems by

controlling shape and size at nanometer scale (45).



Extensive research in nanotechnology during last few decades has generated a substantial
amount of technical literature (46, 47). The earlier articles proposed protein engineering
as a path to nano-machine development and is cited as seminal in the field of
computational protein engineering (48-51). The Feynman vision has also motivated the
US National Nanotechnology Initiative (NNI). The most recent definition of
nanotechnology was identified as the ability to manipulate material at the molecular level,
with atom by atom precision, to create large structures with fundamentally new molecular
organization (52). This vision generalizes the nano-machinery of living systems by
promising a technology of unprecedented power that comes with plenty of opportunities
and some dangers (53-57).

1.5.1 Nanotechnology - a revolution in drug delivery systems

In the past few years, the exponential growth of nanoscience and nanotechnology has
surged into the foremost innovations in pharmaceutical sciences with tremendous impact
on therapeutics and diagnostics (58-62). The advent of nanotechnology in pharmaceutical
sciences has brought new dimensions to a century old concept of targeted DDS (63-66).
The magic bullet as proposed by Sir Paul Ehrlich, which would offer benefits to patients
in clinic, is now feasible to design in laboratory (67). The nanotechnology based DDSs
are in the limelight of interest due to their outstanding potential to target physiological
sites, organs, tissues or cells, where pharmacological activity of drug is desired (68-73).
At the nanoscale level, often the materials demonstrate significantly different quantum
mechanical properties leading to a fundamental change in their physical, chemical and
biological properties as compared to their bulk forms. Several scientists have indicated
the possibility of manipulating the primary characteristics of a material such as melting
point, magnetic properties, etc without altering its chemical composition. This ability to
characterize, manipulate and/or organize matter systematically at the nanometer scale is
spurring a revolution in science, engineering, technology and inevitably drug delivery and
therapeutics (74).

In therapeutics, nanoparticles may show significant change in both pharmacokinetic and
pharmacodynamic levels. Advances in nanotechnology during last two decades have
suggested that nanoparticles are effective in altering the pharmacokinetics of drugs such
as rapid and increased absorption, selective biodistribution, reduced degradation and
elimination (75-80). Similarly, few groups have suggested the possibility of change in

pharmacodynamics of drugs (81).
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By virtue of their small size which is smaller than human cells (10-20 pm), nanoparticles
can easily permeate through the biological and cellular barriers and enter most of the
cells. As a result, these carriers can readily interact with biomolecules on both the cell
surface and within the cell, often in ways that do not alter the behavior and biochemical
properties of those molecules. Thus, nanoparticles show significant change in cellular
interactions leading to noninvasive access to the interior of a living cell and present the
opportunity for unprecedented gains on clinical and basic research frontiers. Moreover,
the ability to simultaneously interact with critical drug targets such as proteins and
nucleic acids at the molecular scale may provide better understanding of the complex
regulatory and signaling networks that govern the behavior of cells in their normal state
and as they undergo malignant transformation. Consequently, nanotechnology offers self-
perpetuating opportunities to achieve the long cherished goal of precise delivery of drugs
to a specific compartment in the target cell with a temporal pattern consistent with the

underlying pathology (82).

Nanoparticles in therapeutics are identified as colloidal molecular assemblies designed in
the size range of 10 nm to 1000 nm for entrapment, encapsulation and/or adsorption of
the active therapeutic or diagnostic agent using either inorganic metals or organic
macromolecular materials for the purpose of mitigation, prevention, cure or diagnosis of a
disease. They are broadly classified as nanospheres or nanocapsules based on their
physical nature such as solid core (monolithic) or vesicle (membranous) structure,
respectively. It has been reported by several research groups that size and size distribution
of nanoparticles play a crucial role in cell adhesion, trafficking and interaction e.g.

penetration through a pore of a cellular membrane.
1.5.2 Nanotechnology - regulatory aspects

The National Science and Technology Council (NSTC) of the United States has taken a
revolutionary and transformative step through the National Nanotechnology Initiative
(NNI), which was a federal research and development program established to coordinate
the multidisciplinary efforts in nanoscale science, engineering and technology (83-86).
Similar efforts has been concerted by the National Cancer Institute (NCI) to harness the
power of nanotechnology with a goal of eliminating the suffering and death due to cancer
by 2015, through radical improvement in the way cancer is treated or diagnosed (87). In
addition, considering the promising outcomes of extensive research and development
over last two decades, the United States FDA has taken a leading breakthrough for

promotion of nanotechnology in health sciences (88-90).
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Many other drug controlling agencies over the entire world are now convinced with the
potential of nanotechnology and are promoting research for the application of
nanotechnology in health sciences. The United States FDA has approved the first
nanoparticulate DDS, Abraxane®, for breast cancer treatment in January 2005. This
nanotechnology based product contains the Albumin-bound nanoparticle of Paclitaxel,
which showed better and faster cure rate, almost double when compared with solvent-
based Taxol, in a clinical trial conducted in 460 patients with the metastic breast cancer
(91-94).

1.6 Nanotechnology in chemotherapy - opportunities and challenges

There has been intensive research in the past few decades in the development of
nanoparticles of biodegradable polymers as an effective DDS for medical practice,
especially for chemotherapy and gene delivery (95, 96). The progress in nanoparticle
technology, material science, in particular, biodegradable polymers along with cellular
and molecular physiology have contributed to the advancements in chemotherapy and

gene therapy of cancer and other diseases (97-103).

Based on the progress made during last few decades, nanotechnology seems to be one of
the most promising disciplines for chemotherapy (103, 104). One of the main challenges
in chemotherapy is the dosage form that is free from toxic adjuvants. Nanoparticles of
biodegradable polymers, which have a size small enough to allow intra-capillary or
trans-capillary passage and appropriate surface coating to escape from macrophage
uptake and provide an ideal solution (105-108). Nanoparticles can also provide controlled
and targeted delivery of the encapsulated anticancer drug resulting in increased efficacy

and reduced side effects (109-115).
1.6.1 Nanoparticles and cellular barriers

Frequently, water-soluble small chemical molecules can passively diffuse through the
intestinal barriers via water filled aqueous channels by the process termed as paracellular
diffusion. In humans, these aqueous channels are reported to be as small as 4 to 8 A and
act as a barrier for water insoluble chemicals, macromolecules and particulate matters.
However, recent findings have indicated the possibility of selective opening of these
barriers reversibly by chemical treatment with penetration or permeation enhancers (116).
The uptake of particulate matter is inversely proportional to the structural integrity of the
tight junction barriers. Although the paracellular transport of macromolecules or
nanoparticles is negligible because of their size, reversible opening of these tight

junctions is possible with the use of permeation enhancers and mucoadhesive polymers.
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The paracellular uptake via aqueous channels is one of the possible mechanisms for the

transport of nanoparticles across the gastrointestinal wall.

Few authors have reported the translocation of nanoparticles across cellular barrier
termed as a transcellular mode of absorption through M cells (117, 118). Transcellular
transport of drug can be sub-divided into four distinct processes that are principally
influenced by the particle size, surface charge, hydrophobicity and surface characteristics
(119, 120).

Particle uptake via the Gut Associated Lymphoid Tissues (GALT) after oral delivery
increases exponentially as particle size decreases from 5 pum to the submicron range
(121). Similarly, in cases where it is desired that subcutaneously or intramuscularly
injected particles circulate in tissues, particle size must be less than 5 pm. Therefore,
creating submicron particles offer advantages of being taken up efficiently by the GALT
and retaining within tissues providing the therapeutic drug concentrations for extended
time period (122). However, the efficiency with which drug molecules can be
encapsulated, particularly large, water-soluble molecules, decreases dramatically as

particle diameter decreases below 1 um (123).

Microfold cells (M cells) found in the follicle-associated epithelium of the Peyer's patch
and have the unique ability to deliver foreign materials by trans-epithelial transport from
the lumen to organized lymphoid tissues within the mucosa (118, 124-128). M cells are
typical epithelial cells in that they are polarized and form tight junctions that define two
major plasma membrane domains, apical and basolateral (129). The hallmark of M cells
is the presence of an unusual sub-domain of the basolateral membrane that amplifies the
cell surface and forms an intraepithelial pocket (124, 130). The apical membranes of
M cells are designed to facilitate adherence, uptake of antigens and microorganisms,
efficient delivery to the intraepithelial pocket and underlying lymphoid tissues. The apical
surfaces of M cells generally lack a typical brush border and instead have variable
microvilli or microfolds interspersed with large plasma membrane subdomains that are
exposed to the lumen. Clathrin coated micro-domains are common within these areas and
have been shown to mediate endocytosis of ligand-coated particles, adherent
macromolecules and viruses (131-133). M cells also conduct fluid-phase pinocytosis,
actin-dependent phagocytosis and macro-pinocytotic engulfment involving disruption of

the apical cytoskeletal organization (124, 131, 132, 134, 135).
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1.6.2 Enhanced permeation and retention effect

As tumor cells divide and multiply, angiogenesis is accelerated to cater to the needs of
increasing oxygen and nutritional demands of growing tumor. Extensive studies have
revealed that the neovasculature significantly differs from normal tissues in terms of
microscopic anatomical architecture (136). Moreover, the structure and organization of
endothelial cells, perivascular cells and vascular basement membrane of tumor vessels are
all abnormal.

The blood vessels in tumor are irregular, dilated and defective with a leaky vasculature
due to altered architecture. Endothelial cells are irregular in shape, loosely interconnected,
disorganized with large fenestrations, wherein, size often ranges from 200-300 nm.
Perivascular cells have less frequent and intimate association with endothelial cells,
vascular basement membrane and smooth muscle layers are frequently defective and
sometimes even absent. Thus, rapid tumor growth leads to formation of a physiologically
and structurally defective vasculature.

One consistent functional change reported in the tumor blood vessels is that they have a
wide lumen whereas tumor tissues have poor lymphatic drainage that contributes to gross
anatomical defectiveness with significant functional abnormalities leading to enhanced
permeability of plasma components inside the tumor tissues. Similarly, the

macromolecules loaded with drug can easily infiltrate into tumor tissues.

On the other hand, poor lymphatic clearance coupled with slow venous return contributes
in extensive retention of these macromolecules inside tumor tissues, while extravasation
into tumor interstitium continues. The extravasations of macromolecules are reported to
occur via intracellular gaps or the vesicular-vacuolar organelles (137, 138).

This architectural anarchy, combined with an overproduction of permeability enhancers
and impairment of lymphatic drainage, results in the preferential extravasations and
retention of high molecular weight macromolecules and colloids in developing tumors, a
feature which has been termed Enhanced Permeation and Retention (EPR) effect (139,
140). This EPR effect of macromolecules contributes up to 10-50 fold increase in
concentration in tumor tissues when compared with the normal tissues (141). With
extensive research, EPR effect has become primary tumor targeting strategy in anticancer
drug delivery with clinical products based on it (142). Like macromolecules, the
nanoparticles prepared in a range of 200-300 nm can be preferentially taken into tumors
as they are small enough to permeate through tumor vessels at the same time large

enough for pores of normal blood vessels to affect normal cells (143) (Fig 1.2).
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Fig. 1.2: Schematic representation of the EPR effect; a) normal tissue prevents
extravasations of macromolecules, whereas low molecular weight agents are drained by the
lymphatics; b) dysfunctional lymphatics and highly permeable vascular endothelium allow

the preferential accumulation and retention of macromolecule in solid tumor.

Although low molecular weight drugs permeate into tumor interstitium, they are rapidly
cleared by diffusion out into the bloodstream. Accumulation of nanoparticles inside tumor
was found to be size dependent in animal models and cut-off size depends on various
factors such as tumor type, anatomical location, progression stage, etc. (144). However,
similar qualitative correlation may be assumed for human cancers. Type of tumor,
progression stage and its unique micro-physiology may be exploited for targeting
nanoparticles (145).

1.6.3 Surface treatments and modifications

Although nanoparticulate DDS inherently exhibit targetability towards RES organs,
escaping RES remains the major challenge for site-specific drug delivery to one or more
non-RES organs. During the past few years, several attempts were made to increase
circulation half life by avoiding RES recognition (146-150). Most of these approaches
demonstrate surface modification by treatment of suitable chemical agents, which would
reduce or minimize the interaction with opsonins. As the protein adsorption on to the
nanoparticles is the critical step in opsonization, approaches to reduce affinity of these
proteins towards the nanoparticles are extensively investigated (151). It has been shown
that many bacteria have a highly hydrophilic hydrated surface layer of protein,
polysaccharide and glycoprotein that reduces interactions with blood components and

inhibits phagocytosis (152, 153). Finding also indicate that poly (ethylene glycol) coating
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of proteins may increase the systemic half life (154). Detailed investigation carried out by
several authors suggests that the surface hydrophobicity of particles is crucial in
opsonization (155). In order to reduce the affinity of the opsonin proteins towards the
nanoparticles, most of the current approaches are based on chemical treatments that
decrease surface hydrophobicity. Amongst all reported methods, the coating of
biodegradable nanoparticles with poly (ethylene glycol), also known as pegylation, is the
most efficient technique (156-158).

Few authors have shown that PLGAq nanoparticles coated biodegradable PLA-PEG
copolymer are less susceptible to hepatic uptake than uncoated PLGAg nanoparticles
(148). PEG-PLGAq nanoparticles, methoxy-PEG-PLA nanoparticles and PLA-PEG
nanoparticles have shown enhanced circulation half life (159-162). These characteristics
of diblock copolymer nanoparticles are due to the reduction of protein adsorption owing
to the formation of a hydrophilic layer and a low surface charge originating in PEG (148).
Similar findings were also reported for the tri-block copolymers such as PLA-PEG-PLA,
as it evaded the RES and remained in the circulation for a long time (163). The
circulation half-life of the drug loaded PLA-PEG-PLA nanoparticles was found to
increase by two folds, when compared with PLA nanoparticles (164, 165). Moreover,
significant decrease in drug distribution to liver and spleen was reported in the same
study. Thus, avoiding RES for increased circulation half-life is a good strategy for
enhancing the therapeutic efficacy of anticancer drugs (159, 166-170).

1.6.4 Nanoparticles and blood brain barrier

The blood-brain barrier (BBB) represents an insurmountable obstacle for a large number
of drugs including antibiotics, anticancer and a variety of central nervous system (CNS) -
active drugs, especially hydrophilic drugs. One of the promising alley of nanotechnology
is organ or cell-specific drug delivery mediated by nanoparticles (171-175). It is expected
that transport of nanoparticles across the blood-brain barrier (BBB) is possible by either
passive diffusion, carrier-mediated endocytosis or altering physical integrity of barriers
(176). Coating of particles with polysorbates (e.g. polysorbate-80) results in anchoring of
apolipoprotein E or other blood components (177-181).

Surface modified particles seem to mimic low density lipoproteins (LDL) and it can
interact with the LDL receptor leading to uptake by endothelial cells. Subsequently, the
drug (which was loaded in the particle) may be released in these cells and diffuse into the
brain interior or the particles may be trans-cytosed. Also, other processes such as tight

junction modulation or P-glycoprotein (P-gp) inhibition may also occur (182). In
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addition, few authors have reported the translocation of inhaled nanoparticles via the
olfactory nerves (183).

Thus, there is adequate evidence cited in literature that suggests that the colloidal
nanoparticles can efficiently cross various cellular barriers in organs such as lungs,
intestine, brain, skin etc. and almost freely penetrate in most of the organs (184, 185). The
primary entry of nanoparticles into the human body depends on their ability to cross
cellular barriers, which is principally governed by the size, size distribution and surface
charge (186, 187). The biodistribution of nanoparticles is a strong function of surface
properties. Although there is no enough clinical evidence that suggests the optimum
particle size for effective drug delivery, few research groups have reported the primary
requirement of particle size for selected organs in preclinical models. In addition, the
pharmacokinetic behavior of different types of nanoparticles depends on several factors
such as physicochemical properties of material, size and surface properties of carrier
along with the properties of entrapped agent (188). Further, surface engineering can
modulate the drug distribution as per requirement of individual disease conditions. Thus,
there is certain evidence that nanoparticles affect the pharmacokinetics of many drugs and
there exists a critical size limit beyond which the movement of the nanoparticles in
various organs is restricted.

1.6.5 Nanoparticles and drug resistance

Nanoparticles can enhance the therapeutic efficacy of several drugs by overcoming drug
resistance through various mechanisms (189-193). As the most common mechanism,
Labhasetwar et al were first to report that the polymeric nanoparticles can be taken up by
cells via endocytosis, resulting in higher cellular uptake of the entrapped therapeutic
agent (194).

Subsequently, the migration of protons from the bulk liquid to the nanoparticle surface
leads to surface charge reversal from anionic to cationic in the acidic pH of secondary
endosomes / lysosomes. Further, the mechanistic studies confirmed that nanoparticles can
escape the endo-lysosomal pathways, following cellular uptake and it can easily enter into
the cytoplasm through a process of the surface charge reversal (Fig. 1.3). The change in
surface charge results in the interaction with the anionic lysosomal membrane, causing
the escape of nanoparticles into the cytoplasm (195). Once inside cytoplasm,
nanoparticles act as intracellular drug depots leading to slow release of the encapsulated

therapeutic agent in the cellular cytoplasm for a sustained period of time (196, 197)
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1.6.6 In vivo fate of nanoparticles

The in vivo fate of a drug after extravascular administration is determined by a
combination of several processes such as absorption, distribution, metabolism and
elimination (198). Regardless of the mechanisms involved, these pharmacokinetic
processes are mainly attributed to the physicochemical properties of the drug and
therefore on its chemical structure. During the last two decades, extensive research work
has been carried out for the development of delivery systems which can modulate the in
vivo fate of drugs for enhanced therapeutic actions (199-201). Although nanoparticles are
reported to act principally on the drug distribution process in the body, they can also alter
absorption, metabolism and elimination of a drug significantly (202, 203).

a) Intra-venous administration

Following intra-venous administration, the nanoparticles come in contact with the various
blood components such as plasma proteins, blood cells, etc. Like all other xenobiotics

entering into vascular compartment, most of the nanoparticulate DDS evoke similar
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immune responses which in turn activate several mechanisms to eliminate nanoparticles
out of the body. Several investigators have reported that nanoparticles are cleared
immediately after systemic administration and this short half life is consistently observed
with several different polymer types such as poly styrene, poly (lactic acid), albumin,
poly (lactic acid-co-glycolic acid), poly (alkyl cyanoacrylate), poly (acryl starch) etc.
irrespective  of their chemical composistion (113, 204-207). Recognition of
nanoparticulate DDS by the phagocytes is the principle mechanism for detection and

elimination of these foreign products from systemic circulation.

A significant challenge in drug targeting is presented by the rapid uptake of
nanoparticulate DDS by the cells of the reticulo-endothelial system (RES). Essentially,
macrophages located in the RES, mainly comprises the cells of the mono-nuclear
phagocyte system and the polymorpho-nuclear leukocytes, which play a crucial role in
phagocytosis. Saba et al have reported that the Kiipffer cells of the liver comprise 85-95%
of the total elimination capacity (208-210). This scavenging mechanism also exists in the
spleen and bone marrow and is found to play an important role in the elimination of
nanoparticles (211, 212). Few authors have reported that the particle size plays critical
role in systemic elimination of nanoparticulate DDS and nanoparticles larger than 200 nm
are selectively screened by monocytes and macrophages of the liver, spleen etc. (212).
Several authors have reported that the rapid particle phagocytosis is principally governed
by the process of opsonization. Mechanism is based on release of certain soluble proteins,
also called opsonins, which tag all the foreign particles present inside the body by surface
deposition (213). Immediately after tagging of nanoparticles, these proteins activate the
cascade of events towards phagocytosis and elimination (214). The complement system
plays a major in opsonization, while immunoglobulins and other proteins such as
fibronectin, C-reactive protein, tuftsin etc. are also known to facilitate the elimination
process. Few authors have identified that the serum complement protein C3, one of the
most important components of the opsonin system of the body, strongly activates
phagocytosis by macrophages (213). While, the other complement proteins such as C4
and C5 were also found to play a significant role in the phagocytic process (215).

b) Oral administration

The potential advantages of nanoparticles are enhancement of oral bioavailability,
controlled release of a drug, site specific drug delivery, reduced gastric complications by
overcoming one or more critical problems such as low solubility, poor permeability, gut

wall metabolism, physical and chemical instability, first pass effect, absorption window,
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etc (216, 217). The application of oral nanoparticulate DDSs is principally attributed to
the fact that specific particulate uptake mechanisms exist in the gastrointestinal tract such
as M cells of Peyer’s patches, GALT and other mechanisms, as discussed previously
(122, 218-221). From the surface of M cells, nanoparticles are taken up and transported to
lymphocytes in the form of vesicles. The lymphatic absorption of a drug through GALT
bypasses the portal blood circulation to the liver and the entrapped drug is protected from
pre-systemic liver metabolism. This mechanism provides passive targeting of anticancer
drug to lymphatics, which are primary targets of metastasis in any tumor. Moreover, after
oral administration nanoparticles provide extended physical protection to the entrapped
drug from hostile gastrointestinal tract environment and other bioenvironment along the
way to the target site (222-224). Once inside the systemic circulation nanoparticles
behave as administered via intra-venous route.

1.7 Preparation of nanoparticles

Although several methods are reported in literature for preparation of nanoparticles for
various applications, principally these methods are classified in two broad categories as
top-down and bottom-up techniques. The former technique represents class of methods
based on breaking down materials or attrition to nanoscale, while the latter represent class
of methods based on building up or assembling the supramolecular structures from the
individual molecule.

1.7.1 Top-down techniques

Most of the top down techniques use conventional size reduction of material such as
comminuting, milling or grinding methods for producing large quantity of nano-materials.
However, application of this technique in nanoparticulate DDS is limited as the energy
requirement is significantly high. Moreover, this technique is not suitable for heat and
pressure sensitive materials such as proteins, peptides and several other small molecule
drugs. In addition, agglomeration of nano-materials due to increased surface and stability
of drug during process are of significant concern.

1.7.2 Bottom-up techniques

In bottom up technique, the drug is dissolved in a suitable solvent system to get molecular
solution and the stable supramolecular structures containing drug molecules are formed
by aid of self-assembling chemical agents. Although this technique require small amount
of energy, gaining control over the procedure of assembling is much more critical for
successful formation of stable nanoparticles. In the recent past, several bottom-up

approaches have been extensively investigated and have become an integral part in
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manufacturing nanoparticulate DDS. Further, this technique offers the advantage of
selecting suitable chemical agents and solvents for sensitive drugs such as protein,
peptide, vaccines, genes, etc. (225) However, in both, bottom-up and top-down
techniques, the stabilization of prepared nanoparticles remains most challenging.

a) Polymeric nanoparticles

In general, most of the bottom-up approaches in the preparation of nanoparticle are based
on polymers and are frequently termed as polymeric nanoparticles. Essentially, based on
the mechanism of nanoparticle formation these methods can be further categorized as

polymerization of dispersed monomers and emulsification of preformed polymers.

The critical quality properties of the nanoparticulate DDS such as average particle size,
size distribution, morphology, loading and entrapment efficiency need process control in
order to achieve high therapeutic success. However, manufacturing of nanoparticles
involves several design variables such as drug(s), polymer(s), emulsifier(s) or
surfactant(s), stabilizer(s), along with the processing variables such as sonication,
evaporation, centrifugation, drying etc. which govern the final product quality and
performance.

For a particular application, studies must be carried out to investigate the effect of
individual system components, their strengths or magnitudes along with the impact of
various processing parameters on the overall quality of the product. Design of
experimentation technique may reduce the number of experiments required to be carried
out in order to investigate relationship between individual variable and its effect on the
final quality of the product. Moreover, studies can suggest magnitude of the individual
effect and explain the first and second order interactions among two or more product and
process variables. Application of these techniques may provide detailed insight into the
formulation aspect of a new DDS and help to reduce experimental time and associated

research costs.

Selection of a suitable method for the preparation of nanoparticles depends on the
therapeutic application of the drug, site of administration, duration of therapy,
physicochemical properties of the drug, polymer and individual excipients. The
preparation techniques along with the selected polymer(s) largely determine the in vitro
drug release characteristics and in vivo pharmacokinetic performance. Although several
types of nano-structures are apparently possible with different types of preparation
methods and polymers, all nanoparticles are largely classified as nanospheres or

nanocapsules (Fig. 1.4). The former represents the nanoparticles with monolithic matrix
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system wherein the drug can be adsorbed on to surface and dissolved or dispersed
uniformly in the matrix, while the latter represents the reservoir type of system comprised
of the drug containing non-polymeric core surrounded by uniform polymeric shell (102,

113, 194, 226).

Increasing molecular dispersion of drug in matrix =

(a) (b) (©) (d) (e)

Fig. 1.4: Diagrammatic representation of the possible structures in nanoparticles; a)
nanoparticle with solid shell and core; b) nanoparticle with solid shell and non-solid
core; c¢) nanoparticle with solid sub-domains; d) nanoparticles with non-solid

sub-domains; e) nanoparticles with polymeric matrix and molecular drug dispersion.

Method of preparation of nanoparticles can be classified as those based on
macromolecule cross linking, polymerization and polymer precipitation. First category
methods use amphiphilic macromolecules such as proteins, polysaccharides, etc. and
techniques are based on aggregation of macromolecules followed by stabilization by heat
treatment or chemical cross-linking (227). These processes may occur in biphasic 0/w or
w/o type of dispersed systems, which subdivides the amphiphilic macromolecules prior to
aggregation stabilization. Aggregation and stabilization can be achieved by various
techniques such as cross-linking in W/0 emulsion, chemical dehydration in emulsion,
phase separation (desolvation) in aqueous medium, pH induced aggregation, counter ion
induced aggregation, etc. (228-232).

Second category of methods use in situ polymerization technique with polymers such as
poly (methyl methacrylate), N-N’ methylene-bis-acrylamide, poly (butyl cyanoacrylate),
poly (acrylamide), etc. Four different types of techniques widely reported for the
preparation are based in situ polymerization, dispersion polymerization, interfacial
polymerization and interfacial complexation (233). The first technique uses monomer in
non-solvent phase which is emulsified to entrap drug in internal phase. Second technique
uses monomer dissolved in a solvent which acts as a non-solvent for formed polymer.

Emulsion polymerization offers several advantages over the other techniques and follows

22



two mechanisms of nucleation during polymerization - micellar and homogenous
nucleation. Earlier, emulsion polymerization method was extensively used for preparation
of nanoparticles of water insoluble drugs by w/o emulsification technique. Briefly, water
insoluble monomer is added an external phase with stabilizer. The monomer is
polymerized by anionic polymerization method to get stable polymeric particles
containing the drug. Recently, several modifications such as multiple emulsion (w/o/w),
inverse emulsification polymerization based methods have been reported in literature to
incorporate wide variety of drugs such as hydrophilic and lipophilic small molecules,
macromolecules, biologicals etc. (234-236).

In dispersion polymerization technique, the monomer is introduced into a dispersion
medium of emulsion or inversed emulsion into non-solvent based polymeric solution
where nucleation is induced in aqueous monomer solution (237, 238). Interfacial
polymerization technique uses two monomers each dissolved into two separate phases of
the emulsion. The monomers present in internal phase react with the monomer present in
external phase forming polymer at interface. The nanoparticles are formed as the
interfacial polymerization process leads to encapsulation of the drug in internal phase.
Similarly, interfacial complexation is initiated by competing poly-electrolyte solution
which allows insoluble poly electrolyte complex to coacervate at the interface.

Third category represents the most widely accepted methods and involves precipitation of
the preformed polymers. This technique is one of the most extensively studied techniques
in nanoparticulate preparations. Briefly, hydrophobic polymer is dissolved in organic
solvent, which is dispersed in external aqueous phase containing stabilizer leading to
precipitation of polymer forming nanoparticles. Depending upon solvent miscibility,
techniques are further classified as solvent extraction and solvent evaporation. Typical
solvent extraction method involves the formation of conventional o/w micro-emulsion
between partially water miscible solvent containing the polymer with drug and aqueous
phase containing stabilizer. The subsequent addition of water, extracts the organic solvent
leading to precipitation (239). Several modifications of the method have led to improved
product performance such as use of high pressure homogenizer in the preparation of
emulsion, various solvents for spontaneous diffusion etc (240-242).

Solvent displacement (nano-precipitation) technique involves the use of a polymer and
drug dissolved in an organic phase, which is completely soluble in external aqueous
phase. Upon addition to aqueous phase, the organic solvent diffuses instantaneously to the

external aqueous phase with immediate polymer precipitation leading to formation of
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nanoparticles (243, 244). Various modified methods are published by several authors in
order to increase the loading of drug on to nanoparticles (245). Salting out is the most
commonly adopted method for the preparation of nanoparticles and differs slightly from
nano-precipitation technique as it involves saturation of aqueous phase to prevent
miscibility of organic solvent into it. Precipitation of the polymer is initiated as the
external aqueous phase is diluted to diffuse organic phase. This technique is also most

suitable for hydrophilic drugs.

Double emulsion solvent evaporation method is a recent modification of solvent
evaporation technique in order to increase loading efficiency of water soluble drugs and

sensitive biologicals.
1.8 Characterization of nanoparticulate drug delivery system

A unique therapeutic advantage of nanoparticulate drug delivery principally originates
from their changed physicochemical properties. The evaluation of the properties aids in
enhancing the theoretic performance of nanoparticulate DDS. Like all other
pharmaceutical formulations, in vivo performance of nanoparticulate formulations can be
correlated with the critical product attributes such as particle size, size distribution,
surface morphology and properties, drug loading efficiency, in vitro drug release behavior
etc. Moreover, the in vitro evaluation of product properties provide better understanding
of their in vivo performance and provides critical input to formulation design,

development and optimization.

Although FDA has not released specific guidelines for characterization of nanoparticulate
DDS, most of the methods currently employed are of similar nature as that of their
sub-micronic colloidal associates such as micelles, liposomes, emulsion etc. Several
unique properties of nanoparticulate DDS offers distinct advantages as compared to
conventional DDS, which are extensively investigated during their characterization.

1.8.1 Sizing and morphological properties

Most of the advantages offered by nanoparticulate DDS are based on the assumption that
they exist in a sub-micronic range. As discussed earlier, the particle size offers a unique
advantage to these DDS and it is the most important parameter for the characterization of
nanoparticulate DDS (246, 247). However, there is significant analytical challenge in
accurately estimating particle size at a sub-micronic level as it is affected by process
variability and critical surface properties. Moreover, size of nanoparticles may exist in a
homogeneous (mono-dispersed) or heterogeneous (poly dispersed) form imposing

additional challenges.
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Two main methods being used currently for the determination of particle size and size
distribution are based on light scattering (static or dynamic) and imaging (electron
microscopy) techniques (248). The former class represents the advanced spectroscopic
techniques such as photon correlation spectroscopy (PCS), quasi-elastic light scattering
(QELS) etc.; while, the latter methods represent advanced imaging techniques such as
scanning electron microscopy (SEM), transmission electron microscopy (TEM), scanning
tunneling electron microscopy (STEM), atomic force microscopy (AFM) etc.

a) Dynamic light scattering

Dynamic light scattering (DLS) based instruments records the variation in the intensity of
scattered light, resulting from interference of light scattered by individual particles due to
Brownian motion, on time scale (us). Using a standard assumption of spherical size, low
concentration and known viscosity of the suspending medium, the particle size is
calculated from the diffusion coefficient calculated from a decay constant, which is
obtained from the autocorrelation function. The photon correlation spectroscopy (PCS)
represent the most frequently used technique for accurate estimation of the particle size
and size distribution based on DLS (249).

b) Electron microscopy

Scanning electron microscopy (SEM) offers advantage of morphological examination
with direct visualization of particulate surface (250-253). Transmission electron
microscopy (TEM) operates at relatively smaller size range and it provides structural
information using electron diffraction. TEM permits differentiation among nanocapsules,
nanospheres, liposomes, emulsions etc. The techniques based on electron microscopy
offer several advantages in morphological and sizing analysis; however, they provide
limited information about the size distribution and true population average. Moreover,
these techniques are time consuming, costly and frequently need complementary

information about sizing distribution.
¢) Atomic force microscopy

Atomic force microscopy (AFM) offer ultra-high resolution in particle size measurement
and is based on a physical scanning of samples at sub-micron level using a probe tip of
atomic scale (254-256). Instrument provides a topographical map of sample based on
forces between the tip and the sample surface. Samples are usually scanned in contact or
non-contact mode depending on their properties. In contact mode, the topographical map
is generated by tapping the probe on to the surface across the sample and probe hovers

over the conducting surface in non-contact mode. AFM provides the most accurate
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description of size and size distribution and requires no mathematical treatment.
Moreover, particle size obtained by AFM technique provides real picture which helps
understand the effect of various biological conditions (249).

1.8.2 Surface properties

Surface properties of nanoparticulate DDSs are critical in determining their drug delivery
potential, as these properties govern the overall in vivo performance of the DDS. These
properties also modulate the in vitro performance such as stability, drug entrapment
efficiency, drug release kinetics, etc. The specific surface area, surface charge and surface
hydrophobicity are important properties of nanoparticle as these govern the
physicochemical and electrostatic interactions with biological components and overall

biodistribution of drug loaded nanoparticles.
a) Surface charge

Surface charge of the colloidal drug carriers can be determined by the electrophoretic
mobility of nanoparticles. The surface charge is represented as the zeta potential, which
can be obtained from the electrophoretic mobility by using Helmholtz-Smoluchowski
equation. Electrophoretic mobility is medium specific and generally measured in
phosphate buffer saline at pH 7.4.

Frequently, laser scattering technique such as Laser Doppler Anemometry (Velocimetry)
is used to determine the particle velocity in electric field (257). The Zeta potential
measurements can be a useful tool for characterizing colloidal DDS, especially when it is
used in conjunction with other techniques like size determination by quasi-elastic light
scattering. Together, these techniques provide information about the overall surface
charge of the particles and the way it is affected by changes in the environment (e.g. pH,
presence of counter-ions, adsorption of proteins). Moreover, these measurements provide
information about the organization of molecular assembly such as polymer, surfactant,
drug, other excipients etc. and the mode of association with drug (entrapment, adsorption
and both). In addition, this information may be useful in predicting the effectiveness of
the barrier function against opsonization under in vivo conditions after surface
modification or treatment. Although the role of zeta potential measurement is critical in
characterizing nanoparticulate DDSs, there are only a few investigations carried out for

specifying the surface charges.
b) Surface hydrophobicity

Surface hydrophobicity can be determined by several techniques such as hydrophobic-

interaction chromatography, biphasic partitioning, adsorption of probes, contact angle
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measurements etc. Frequently, nanoparticles are surface engineered to decrease surface
hydrophobicity as it leads to opsonization, as described earlier. Recently, several
sophisticated analytical techniques are reported in literature for surface analysis of
nanoparticles. X-ray photon correlation spectroscopy permits the identification of specific
chemical groups on the surface of nanoparticles (258).

¢) Specific surface area and other properties

The specific surface area of dried nanoparticles can be determined by the sorptometric
techniques using the following equation. Frequently, surface modifications or treatments
need this information in order to optimize various processing parameter in the preparation
of nanoparticles. Together with density measurements, these data provide critical
information about the porosity, density distribution within the particle, structural
properties (smoothness, imperfections) etc. The later studies can be carried out by gas
Pycnometer as described by Kreuter (203). In order to confirm the effect of surface
engineering, surface characterization demands additional investigations such as molecular
weight analysis. Molecular weight of the polymer used affects surface properties and it
can be conveniently determined by gel permeation chromatography (GPC) with refractive

index (RI) detector.
1.8.3 Bulk properties

Most of the bulk properties indicate the ability of nanoparticulate DDSs to efficiently
deliver the drug to the site of action. However, the ultimate in vivo performance of the
nanoparticulate systems is a complex function of all critical properties. The bulk
properties of nanoparticulate systems govern the gross product performance including
drug loading and entrapment efficiency, drug release kinetics, drug stability and
compatibility etc. In vitro evaluations for these properties provide a better understanding
of various pharmaceutical considerations, which may aid in development and

optimization of the product.
a) Drug loading and entrapment efficiency

Therapeutic success of nanoparticulate DDS is attributed to its ability to release the drug
within the vicinity of site of action at required rate over the extended duration. The drug
associated with nanoparticles offer unique advantages, which are not available with free
drug. Thus, the extent of incorporation of the drug in nanoparticles is the most critical
factor in determining in vivo efficacy and is represented as the drug loading efficiency

(drug content). Frequently, it is determined as the amount of drug present per unit weight
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of the final product by analyzing the recovered drug from the nanoparticles using suitable
extraction method.

The ability of the manufacturing process and components to incorporate or associate the
drug efficiently in nanoparticles is represented as drug entrapment efficiency, which can
be conveniently expressed by analyzing the free drug and entrapped drug or total drug. As
discussed earlier, the drug can be either entrapped within the reservoir (nanocapsules) or
uniformly dispersed within the matrix (nanospheres) and/or it may be associated with the
surface of nanoparticles. Loosely associated and adsorbed drugs can be separated by mild
washing treatment with suitable solvent media. The overall efficiency of the
manufacturing process is represented as a recovery of the obtained product.

b) In vitro drug release kinetics

In a conventional DDS, the drug is released from the formulation at the site of
administration or absorption and the released free drug migrate across the various
biological barriers reaching the desired site of action. Mathematical model for the release
studies are based on the premise that the rate and extent of drug available at the site of
action is a function of the free drug release at the site of absorption or administration.
Unlike conventional DDS, the nanoparticulate systems have ability to cross various
biological barriers as they permeate inside systemic circulation and other tissues with
differential affinity. So, the mathematical model used in modeling of the release data
from conventional DDS may not be suitable for nanoparticulate DDS. Moreover, selected
models should explain the drug release during the transit of the particle from the site of

administration to the site of action.

Although several researchers around the world have investigated the effect of various
formulation parameters on the release behavior of drug for conventional DDS, only a few
studies have been carried out to investigate the release behavior of the drug from
nanoparticulate DDS with suitable mathematical models. Crank et al and Polakovic et al
have made significant contributions in explaining the release behavior of drugs from the
DDS (259, 260). Many previous attempts to model diffusion-controlled drug delivery
from nanoparticulate DDS are largely based on empirically determined diffusion
coefficients. For the first time, Polakovic et al have suggested two main possible models
to investigate the release rate of the drug from the polymeric nanoparticulate DDS and are
based on the diffusion and the dissolution phenomenon. Usually, the drug is
homogeneously mixed within the polymeric matrix in monolithic devices and can be

either in a dissolved or dispersed state.
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Frequently, the release kinetics of the drug can be explained by Fickian kinetics, if the
drug is in dissolved state or by the Higuchi’s square-root kinetics, if the drug is uniformly
dispersed in the polymer matrix. Recently, Jo et al have reported a revised mathematical
expression for diffusion models based on Fick’s second law for diffusion phenomenon
(261). Further, the coefficient reported by Jo et al are significantly different than those
previously reported by Crank etal and Polakovi¢ etal and gives more accurate
mathematical expression. Unlike conventional models, these mathematical models are
applicable to nanoparticulate DDS and can explain the controlled-release behavior during
circulation in the blood stream and localization on the target site.

Jalil et al have suggested that the various formulation factors such as diffusion through
particle pores, intact polymers, water swollen polymers and surface desorption along with
surface or bulk erosion of the polymeric matrix influence the release mechanism of the
drug from spherical DDS (262-270). Often, one or more such mechanisms contribute in
the process of drug release. To some extent, the polymer matrix erosion contributes in
drug release, while the other factors indirectly influence the rate of release through
diffusion mechanisms as they affect the particle morphology. In addition, the swelling of
polymer network and solid drug dissolution are also reported to play significant role in
modulation of drug release from nanoparticulate DDS. Similar factors are extendable to
nanoparticulate DDS based on their spherical and polymeric nature. Moreover,
significance of individual mechanism of drug release varies with the factors such as
molecular weight of the polymer, composition, crystallinity, the loading amounts of the
drug, interaction between polymer and drug etc. These factors can be adjusted in a
formulation design to achieve the desired release profile of the drug. The accurate
mathematical modeling of the drug release rate is a key input in design and development
of nanoparticulate DDS.

1.8.4 Drug stability and other properties

Nanoparticulate DDS provides extended protection to the entrapped drug by reducing
interaction with external factors such as enzymatic, proteolytic, hydrolytic, oxidative
stress etc. This protective function of nanoparticulate DDS is assessed by the in vitro
characterization for stability of free drug and encapsulated drug. Like conventional DDS,
the preparation of nanoparticles involve several processing steps, wherein, the drug is
exposed to various stress conditions such as solvents, homogenization, high speed shear,
heat treatment, freeze-drying etc. Stability of drug during and after preparation is

analyzed in a similar way to that of a conventional DDS.
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a) Thermal properties and crystallinity

Nanoparticulate materials provide significantly different properties as compared to free
drugs. Thermal properties provide good understanding about the nanomaterials such as
the physicochemical properties of polymer, drug, stabilizer and other excipients and their
compatibility with each other. Moreover, the measurement of thermal properties such as
glass transition temperature, melting temperature and their associated enthalpies offers
unique advantage, which can be used to determine the nature and speciation of
crystallinity within the nanoparticles. These techniques always provide complement
information to X-ray diffraction analysis and it can be used to determine the relative
extent of multiple phases in the nanomaterial and their possible interaction. Differential
scanning calorimetry (DSC) represents the most frequently used analytical tool for
thermal analysis of samples (271).

In summary, nanotechnology is playing critical role in DDS for enhancing the therapeutic
efficacy of several drugs. The increased availability of novel polymers in DDS and
advanced techniques in nanotechnology may lead to development and extension of the
applications of nanoparticulate DDS in therapeutics which will continue to grow in the
future. However, better characterization tools are essential in vitro evaluation of
nanoparticulate products, which subsequently aid in predicting the in vivo response and

efficacy.
1.8.5 In vivo characterization in animal models

From a regulatory point of view, an important consideration for the development of any
DDS is the quantity of evidence needed in particular circumstances to substantiate the
proof of therapeutic effectiveness. Although the possible alternative approaches are
described in the Modernization Act (FDA MA), all are based on extrapolation of data
obtained from the conventional drug delivery systems (CDDS) to novel drug delivery
systems (NDDS). Ordinarily, this takes into account the other supporting data such as in
vitro characterization and drug release kinetics which provide the evidence of
effectiveness for a new drug product application.

Considering the fact that the formulations based on nanoparticulate DDS have capability
to modulate the in vivo absorption, distribution, metabolism and elimination behavior of
the drug, the pharmacokinetic profile of nanoparticulate DDS and CDDS may not be
identical. In most of the cases, effectiveness of a developed nanoparticulate DDS as a new
drug product cannot be demonstrated without additional pharmacokinetic studies.

Moreover, the release kinetics of the drug from these formulations may significantly
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differ from that of the CDDS. It is important to have complete understanding of the
relationship of plasma concentration to response and the time course of this relationship,

in the preclinical animal models before exploring its final clinical effects.

Although currently no specific guidelines are available for nanotechnology based
formulations are available, the pharmacokinetic requirements for NDDS covered under
21-CFR-320.25(f) are applicable to these formulations. Further, these regulations indicate
that pharmacokinetic data obtained from the plasma concentration time profile of a drug
under investigation is sufficient for its regulatory approval as NDDS. As there exist ample
evidence to define the predictive relationship between the plasma concentrations of a drug
and its therapeutic response, both regarding the safety and efficacy. Thus, the products
based on nanotechnology may be claimed therapeutically effective on the basis of its in

vitro characterization and in vivo pharmacokinetic data.
1.9 Summary

Despite the enormous development in molecular biology of cancer, even the rationally
designed molecular approaches suffer from major problems such as - poor
physicochemical properties leading to instability and/or poor bioavailability, nonspecific
biodistribution leading to poor site-specific bioavailability, permeation across various
biological barriers, intra- and inter-subject pharmacokinetic variations, emergence of
inherent and acquired resistance, sub-optimal drug levels from activated efflux systems
and recurrence of disease. Most of these reasons are interlinked but need to be addressed
individually. Aspects of this disease will remain as a formidable challenge in drug
delivery, in order to translate new techniques into clinical practice, for ultimate success of
the therapy.

On the other hand, nanotechnology and nanoscience are becoming increasingly important
for various drug delivery applications in several therapeutic and diagnostic segments.
Considering the fact that the diameter of the smallest blood capillary is 4 um, the US
FDA has approved use of nanoparticles of less than 1 um diameter for intra-venous
applications (102, 113, 272). Similar size requirements are also applicable for intra-
muscular and subcutaneous administration of nanoparticulate DDS in order to reduce
possible irritation reaction (273).

However, the properties of the nanoparticles should be optimized in order to meet the
specific requirements of the drug and disease condition. Nanoparticles provide substantial
advantages such as modulation of physicochemical properties (stability, solubility, release

etc.), pharmacokinetics (drug absorption, distribution, metabolism and elimination) and
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pharmacodynamics (drug action) of the drug. Moreover, several novel materials and
advanced engineering approaches are available for preparation and characterization of
nanoparticles. Moreover, the preparation of tailor-made nanoparticles may offers
significant advantage in cancer drug delivery.

1.10 Problem definition and research objectives

Imatinib represents the prototype of protein tyrosine kinase inhibitors that have replaced
the earlier class of drugs with low efficacy and high toxicity. Although Imatinib offers
enhanced pharmacodynamic benefits, currently marketed formulations of Imatinib
present several clinical limitations. It has been reported that activation of P-gp efflux
reduces bioavailability of Imatinib with subsequent dosing leading to poor prognosis of
the disease with frequent resistance and relapse. Unlike classical chemotherapy, Imatinib
requires continuous treatment regimen extending over a period of time demanding
frequent administration. It also undergoes efflux mechanisms leading to reduced
cytotoxic effect with subsequent exposure. Moreover, intra- and inter-subject
pharmacokinetic variability affects its in vivo biodistribution. A non-specific
biodistribution presents significant therapeutic challenge for successful therapy e.g. the
poor biodistribution to the organs and deep tissues like brain results in subtherapeutic

levels of the drug leading to resistance in metastic tumors.

During the past few years, the interest in NDDS has been increased due to their potential
in drug delivery application such as controlled and targeted drug delivery, enhanced
stability etc. Nanoparticulate DDS have already been validated for better therapeutic
efficacy by the enhanced permeation and retention effect, which allows selective targeting
to the cancer cells. Thus, the principle objective of the present research work was to
design and develop nanoparticulate DDS using biodegradable and biocompatible
polymers for improved therapeutic efficacy of Imatinib mesylate by controlling its release
characteristics and modifying biodistribution behavior with enhanced and selective
distribution to brain. To achieve this broad objective, following specific studies were
carried out in the present work.

Design and development of nanoparticulate DDS for Imatinib mesylate. Quality
parameters of the prepared drug product and substance were evaluated by well established
methods and protocols. Suitable analytical and bioanalytical methods were developed
based on spectrophotometric and liquid chromatography for determination of the drug in

formulation and biological matrix.
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For efficient product development, the preformulation studies were performed to establish
necessary physicochemical data of Imatinib mesylate prior to formulation development.
Studies were performed to address the product specific questions related to drug
solubility, stability, drug-excipient compatibility, etc.

Formulation development was carried out by identifying and optimizing the critical
factors in the design and the process using optimization techniques. The prepared
nanoparticles were extensively characterized for surface morphology and shape, particle
size and size distribution, drug content (loading and entrapment efficiency) and in vitro
drug release. Further, the optimized formulations were studied for the drug product
stability and reproducibility.

Pharmacokinetic studies were performed to investigate in vivo performance of the
prepared nanoparticles in healthy rat model. In situ rat intestinal absorption studies were
performed to investigate the significance of the efflux transport processes and effect of
efflux modulators on the absorption profile of pure drug. The model was also employed

to study the relative absorption behavior of the pure drug and drug loaded nanoparticles.

Biodistribution studies were carried out to investigate the overall systemic and tissue
(brain and lungs) specific bioavailability of the pure drug and optimized nanoparticulate
formulations. The in vivo biodistribution behavior of Imatinib mesylate loaded
nanoparticles after oral and intra-venous administration was studied in comparison with
the pure drug. Obtained pharmacokinetic data was modeled using non compartmental
analysis to predict the preclinical and clinical efficacy of formulations in the diseased
subjects.
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2. Drug Profile



2.1 Introduction

Imatinib mesylate (IM) is a potent inhibitor of several protein-tyrosine kinases such as
Abelson proto-oncogene, platelet derived growth factor and cKIT receptor (1-7). The
deregulated tyrosine kinase activity has been implicated as a central pathogenic event in a
number of human malignancies as it plays a critical role in tumor cell proliferation (8-10).
Selective inhibition of the kinase enzymes offers therapeutic benefit with fewer side
effects in comparison with the conventional anticancer chemotherapy (11, 12).

IM is first molecularly targeted drug that is rationally designed for the treatment of
chronic myeloid leukemia (CML) and gastrointestinal stromal tumors (GIST), both
cancers are considered as models for oncology (13-18). The US FDA has given
accelerated approval for IM in the first-line treatment of CML and GIST (19-25). IM is
also a selective inhibitor of several important cancer targets including Abelson
proto-oncogene, Abelson related gene, platelet derived growth factor receptor, stem cell
factor receptor etc. Recently, IM has shown promising activity in the treatment of brain
tumors such as mixed recurrent gliomas, oligodendroglioma, oligoastrogliomas, etc.
(26-30).

2.2 Drug information

Parameters Description
Drug name: Imatinib
Category: Anti-neoplastic

Therapeutic class:

Chemical class:
Approval status:

Chemical name:

Chemical formula:

Generic name:

Salts:

Proprietary names:

1. Protein tyrosine kinase (PTK) inhibitor

2. Signal transduction inhibitor (STI)
2-phenylaminopyrimidine derivative
US, UK, EU, JP, IN and other countries

4-(4-methyl-piperazin-1-yl-methyl)-N-[4-methyl-3- (4 -
pyridin-3-yl-pyrimidin-2-yl-amino)-phenyl]-benzamide
methane sulfonate salt IUPAC)

CyoH31N70
Imatinib (INN, USAN, BAN)
Mesylate (\CH4SOs3)

Glivec® (us), Gleevec” (UK, EU and Other)
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Chemical structure:

Proprietors:
Pre-approval names:
CAS registry number:
Melting point:

Molecular weight:

Water solubility profile:

Physical state:

pH of 1% w/v solution:
Hydrophobicity:
Ionization constant:
Optical activity
Hygroscopicity
Physical stability:

Photo stability:

)

CH,
H
\xr” N
N
HN

N 0 -CH,S0OH
Novartis Pharmaceuticals, Switzerland
CGP57148B and STI 571  [ATC Code: L01XX28]
Imatinib : 152459-95-5 ; mesylate salt : 220127-57-1
226°C*
base : 493.603 g mol™ salt : 571.48 g mol™
Water soluble” (below pH 5.5)
Solid (white or cream color, odorless powder)
5.5 (aqueous)
clog P 2.48 £0.73
1.71 £0.02,3.10 £ 0.01, 3.88 £ 0.03 and 7.7 £ 0.1
Nil (no chiral center)
Not significant (for B-polymorph)
Fairly stable in solid and liquid states”

Fairly photo stable”

INN: International Non-proprietary Names; ATC Code: Anatomical Therapeutic
Chemical Classification System; USAN: United States Adopted Names; BAN:

British Approved Names; IUPAC: International Union of Pure and Applied
Chemistry; US, UK, EU, JP, IN - United States, United kingdom, European Union,

Japan, India respectively. * Conclusions based on preformulation studies
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2.3 Pharmacodynamics and therapeutic applications

2.3.1 Chronic myeloid leukemia

IM targets tyrosine kinase protein produced by DNA translocation (the ‘“Philadelphia
chromosome”™) that appears central to CML disease (31). Imatinib is specific for the
tyrosine kinase domain in Abl (the Abelson proto-oncogene), c-KIT and PDGFR (platelet
derived growth factor receptors) (32, 33). The Philadelphia chromosome leads to a fusion
protein of Abl (Abelson) with Ber (breakpoint cluster region), termed Ber-Abl. As it is a
continuously active tyrosine kinase, Imatinib decreases Ber-Abl activity (34, 35). The
Ber-Abl tyrosine kinase is a constitutively active kinase that functions by binding ATP
and transferring phosphate from ATP to tyrosine residues on various substrates (Fig. 2.1)
(36, 37). This activity causes the excessive proliferation of myeloid cells, a characteristic
of CML (38-40). IM acts by blocking the binding of ATP to the Bcr-Abl tyrosine kinase
thereby inhibiting kinase activity, substrates required for Ber-Abl function cannot be
phosphorylated (41-43). Imatinib has also been found to be effective in patients with blast

crises including chronic phase CML.

Pharmacodynamics and mechanism of action

/’ @ ﬁ_._)</

F’U
Bcr-Abl 4 Ber-Abl
[ tyrosine Tyr [ tyrosine Tyr?
|' kinase i \ | kinase >5 : \|
Lbstrate 1 | ubstrate |
I'\-__ _— = —— .-"'/‘ 1\-_— — - —— _.---‘/.J
CML CML
(a) (b

Fig. 2.1: Bcr-Abl tyrosine kinase activity in chronic myeloid leukemia a) a
constitutively active kinase functions by binding of ATP to Bcr-Abl tyrosine kinase
producing a defective CML protein; b) Imatinib mesylate inhibits binding of ATP to the
Bcer-Abl tyrosine kinase blocking the production of defective CML protein.

In a recent Indian report, patients in chronic phase received IM in the dose of 400 mg
daily, while those in accelerated phase and blast crisis received 600 to 800 mg daily (44).
Of the 97 patients with chronic phase, 49 patients (50.5%) achieved a complete
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cytogenetic response. Of the 47 patients in accelerated phase, 10 patients (21.3%)
achieved a major cytogenetic response and in 30 patients with blast crisis, 7 (23.3%)
achieved a major cytogenetic response.
2.3.2 Gastrointestinal stromal tumors

Gastrointestinal stromal tumors (GIST) is a neoplasm of the gastrointestinal tract,
mesentery, or omentum that expresses the protein-tyrosine kinase KIT (45). Most
advanced GISTs are resistant to chemotherapy with poor success rate (< 5%). Imatinib,
also acts as a c-KIT tyrosine kinase inhibitor and it is reported to be useful in treating
GISTs, leading to a 40-70% response rate in metastatic or inoperable cases (46-48). It has
increased survival rates up to 1 year in high risk GISTS to more than 90% and also
improved survival rates up to 5 years after surgical resection.

2.3.3 Acute lymphoid leukemia

Philadelphia chromosome positive acute lymphoid leukemia (Ph" ALL) is a form of adult
acute leukemia that has a poor prognosis (49). Moreover, ALL has low response to
intensive chemotherapy and high degree of early refractory relapse. Imatinib has been
found to be a promising drug in all type of ALL. In a recent study, after a median
follow-up period of 25 months in sequential chemotherapy with Imatinib administration
prior to bone marrow transplantation, the estimated probability of disease free survival
and overall survival was 78% and relapse rate was low at 4% (50, 51).

2.3.4 Clonal eosinophilic disorders and other cancers

Mutations involving the platelet-derived growth factor receptor genes (PDGFR-A and
PDGFR-B) have been pathogenetically linked to clonal eosinophilia and their presence
predicts complete as well as durable treatment responses to IM (52, 53). These disorders
include systemic mastocytosis, chronic eosinophilic leukemia, chronic myelomonocytic
leukemia and atypical chronic myelo-proliferative disorder (54, 55). Presence of either
PDGFR-A or PDGFR-B mutations necessitates the use of Imatinib in clonal eosinophilia.
In hypereosinophilic syndrome, Prednisone, Hydroxyurea and Interferon-o. constitute
first-line therapy, whereas Imatinib, Cladribine, and Monoclonal antibodies to either
interleukin-5 (Mepolizumab) or CD52 (Alemtuzumab) are under clinical investigation.
2.3.5 Therapeutic extensions

Therapeutic applications of IM beyond CML and GIST are being investigated for various
other malignancies. Recently, FDA has given simultaneous approval for IM monotherapy

in five life-threatening disorders including systemic mastocytosis, myelodysplastic
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diseases, hypereosinophilic syndrome and refractory acute lymphoblastic leukemia. It is
also approved in solid tumors like unresectable dermatofibrosarcoma protuberans (56,
57).

In a case of chronic neutrophilic leukemia, after failure of alpha interferon and
Hydroxyurea therapy, a durable and complete clinical and cytogenetic remission was
induced by IM at dose of 400 mg daily. Imatinib in combination with Hydroxyurea
proved to be a promising therapy for grade IV progressive glioblastoma multiforme (29).
Patients experiencing response or stable disease yielded a combined clinical benefit rate
of 57% (26, 28).

Amyloid-p peptides, metabolites of the amyloid precursor protein, are reported to be the
central pathological determinants of Alzheimer’s disease (58). Newer therapies are
targeted to achieve reduction in amyloid-f peptides and/or their accumulation or
accumulation in the brain (59, 60). Few authors have provided in vitro and in vivo
evidence that IM is effective in reducing the amyloid-§ peptide without affecting Notch-1
cleavage (61). Thus, IM may prove clinically useful as a basis for developing novel
therapies for Alzheimer’s disease (62).

IM treatment was found to be effective in lung cancer as it could suppress the cell growth
by inhibiting PDGFRa phosphorylation in a dose dependent manner with the inhibitory
concentration of 2-3 pM (ICsg) for A549 cell growth (63, 64). Further, the authors also
suggested that the drug could potentiate the effect of Cisplatin with synergistic effect
indicating a potential role of IM as adjuvant therapeutic agent for the treatment of
non-small cell lung cancer. Although role of IM in late phase of lung cancer is unclear,
there remains a possibility of successful targeting the early events (65, 66).

Considering the fact that PDGFR and c-KIT play a critical role in the development of
Kaposi's sarcoma, Imatinib therapy was proposed as an effective strategy for treating the
disease (67). Few authors have reported that IM (10 uM over 48 h) attenuated the activity
of T-cell factor/lymphoid enhancer factor, reduced cyclin D1 levels and suppressed
thyrocyte proliferation (68). The authors have proposed the Wnt/B-Catenin signaling
mediated molecular mechanism as stabilization of adherens junctions by increasing
-catenin/E-cadherin binding and thereby reduction of the invasive potential of anaplastic
thyroid cancer.

The preclinical investigations have indicated the importance of inhibition of Abl and

PDGFR phosphorylation in the treatment of patients with endometrial carcinoma (69).
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Similarly, few authors have supported the rational for clinical trial of IM against uveal
melanoma by recording the decrease in proliferation and invasion rates in human uveal

melanoma cell lines (70).

The dual inhibition of the transforming growth factor B (TGFg) and PDGF pathways have
reported to results in potent antifibrotic effects (71). The authors have proposed that IM is
a promising candidate for the treatment of fibrotic diseases such as systemic sclerosis. In
a case report, a need for the clinical trials against rheumatoid arthritis is strongly indicated
by few authors (72). Similarly, the promising results obtained in preliminary
investigations against chordoma were sufficient to initiate Phase II trials (73).

Several groups have suggested that IM also has activity in mast-cell disease, even in the
absence of associated eosinophilia (74-76). The potential of targeting c-KIT and PDGFRg
kinases as a primary treatment target in uterine sarcomas is reported in literature (77). IM
also found to inhibit spontaneous rhythmic contractions of human uterus and intestine
(78). A dose-dependent suppression of neointimal hyperplasia is observed with IM
treatment. Moreover, the synergistic effect of co-administration with Rapamycin is also
documented by the authors (79). A randomized double-blind placebo-controlled trial is
being conducted for effectiveness of IM in restenosis prevention (80). IM also modulates
the tumor necrotic factor a (TNFa) in monocytes and macrophages and there by acts as a
potent anti-inflammatory agent (81).

2.4 Pharmacokinetics

2.4.1 Absorption

Pharmacokinetic studies in humans demonstrated that Imatinib was absorbed rapidly after
oral administration, with a peak concentration (Cy.x) reaching within 2 to 4 h and the
detectable amount in plasma was observed within 30 min of dosing (82-84). Mean Cyax
ranged from 72 ng mL™" (25 mg dose) to 3,016 ng mL™ (750 mg dose) after once-daily
administration and from 2,315 ng mL™" (800 mg dose) to 3,380 ng mL™" (1,000 mg dose)
after twice-daily administration.

Following oral administration of '*C-labeled Imatinib, the radioactivity observed in
plasma was more than 80% of the dose (85). After oral administration, the absolute
bioavailability of Imatinib was reported in the range of 80-113% (86). Although there was
no significant change in pharmacokinetic parameters of IM when administered with a
high-fat diet, it delayed the time to reach peak plasma concentration (Tma.x) by

approximately one hour and reduced the peak plasma concentration (Cyax).
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2.4.2 Distribution

Imatinib is reported to be extensively bound to plasma proteins with 89% to 96% bound
fraction. Plasma protein binding studies performed using in vitro models revealed that
Imatinib preferentially binds to albumin and a-1-acid glycoproteins (87, 88). Although,
there is no in vivo study reported in humans to investigate the extent and variability of
plasma protein binding, several investigators have indicated the possibility of variable

plasma protein binding as a reason for pharmacokinetic variability.

The steady-state mean plasma-trough concentration at 24 h post dosing was reported to be
0.72 pg mL™" (1.46 uM) with 400 mg oral administration, which is significantly greater
than that required to inhibit proliferation of Ber-Abl positive leukemic cells obtained from
patients with CML. The concentration of Imatinib required to inhibit 50% of cellular
phosphorylation by Ber-Abl (ICsp) is reported to be 0.25 pM.

2.4.3 Metabolism

Imatinib is metabolized primarily in liver as it is a good substrate of the cytochrome P450
isoenzymes. Among all cytochrome P450 isoenzymes, CYP3A4 isoenzyme plays a major
role in metabolism, while the other isoenzymes such as CYP1A2, CYP2D6, CYP2C9 and
CYP2C19 contribute to a little extent. However, Imatinib is a potent competitive inhibitor
of CYP2D6 and there are potential chances of drug-drug interactions with
co-administered drugs, which are substrates of CYP2D6 (89).

The drug is principally metabolized by CYP3A4 isoenzyme into its N-demethylated
piperazine derivative, which was earlier recognized as CGP74588. This main circulating
metabolite is also called as N-desmethyl-imatinib (C,9H33N7S0O4). In literature, there was
no information available either on the in vivo efficacy or pharmacokinetic profiles of
N-desmethyl-imatinib. However, Novartis internal reports suggested that the principle
metabolite has shown comparable biologic activity in the in vitro models for Ber-Abl,

c-Abl, PDGFR and c-KIT tyrosine kinases (90).

Few authors have reported a correlation between the dose administered and the dynamics
of hematologic response in chronic-phase CML patients, however, these results were
associated with considerable inter-subject variability in drug exposure (% RSD, 40-60),
which was attributed to a major metabolizing enzyme i.e. CYP3A4 and variable plasma
protein binding (91). Similar findings were also reported by few other authors at
steady-state conditions, wherein, the mean ratio of the plasma concentration of Imatinib

to its metabolite was found to be 5.18 (92).
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The principle metabolite of Imatinib i.e. N-desmethyl-imatinib has shown mean half-life
of 40h and 743 h in two separate studies. Only 5 to 10% of Imatinib and
N-desmethyl-imatinib has been reported to be excreted via renal elimination with plasma
AUC of about 15% of the AUC of Imatinib (83). Further, the authors have reported that
the N-desmethyl-imatinib to Imatinib ratio was 17% with a distinct inter-subject
variability of 74%, probably reflecting different metabolic behavior among individual
patients (83). Thus, marked inter-subject variability in plasma area under the curve
compared with administered dose of IM has been documented by several authors,
independently. Although there were no detailed investigations carried out for explaining
the intra- and inter-subject variability, it has been attributed to the variability of
metabolizing enzymes, efflux systems, protein binding etc.

2.4.4 Elimination

Elimination of Imatinib was reported to be primarily as a metabolite via fecal route with
65-70% of the dose recovered in the feces and 10-15% in the urine, within seven days of
administration. Wherein, unchanged Imatinib accounted for 25% of the recovered dose
(= 5% urine, 20% feces). Accumulation is approximately 1.5 to 3 fold at steady-state with
once daily administration. In a study of the 24 h urine elimination, few authors have
reported a total elimination of Imatinib as 5.6% and N-desmethyl-imatinib as 2.2% of the
administered dose (83). The mean plasma half-life of Imatinib was found to be 12-18
hours and CI/F was about 12.5 L h" with 400 mg oral administration (83, 93). The
elimination half-life of its major active metabolite, the N-desmethyl derivative, is
approximately 40-75 h, which accounted for approximately 18% of the Imatinib dose (93,
94). Pharmacokinetic study of IM in humans suggested that the 5-10% of the
administered dose under goes renal elimination with a clearance rate of about
10 mL min™' (83). Further, the authors indicated that the high volume of distribution and
plasma binding may not significantly affect the pharmacokinetics in patients with renal
failure. In summary, based on overall findings it may be suggested that the main
elimination route for Imatinib and its main metabolite is via the intestine.

2.4.5 Single-dose and multi-dose pharmacokinetics

General pharmacokinetic characteristics of Imatinib were reported on day one in the
plasma of CML patients after once-daily (400 and 750 mg per day) and twice-daily (400
and 500 mg twice a day) oral administration. The mean Ty« ranged from 3.1 to 3.9 h with
a proportional increase in Cpex from 508 to 803 ngmL” for once-daily oral

administration (400 and 750 mg per day) (93). Similarly, with twice-daily oral
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administration, the mean Ty« ranged from 5.5 to 9 h with C,x from 664 to 882 ng mL™.
The steady state pharmacokinetic parameters during one month Imatinib therapy

investigated in phase I clinical trials have been reported.

In the dose proportionality study, relationship between dose and plasma exposure on day
one was compared with one month steady-state levels. It was observed that the increase in
mean plasma AUC was proportional to the drug exposure up to 1000 mg per day,
however, it was associated with a very large intra- and inter-subject variability. The
intra-subject (inter-occasions) variability in CI/F was approximately 37% and the
inter-subject variability was about 49% (93). The authors observed high degree of
correlations between CI/F and V4/F for both day one and day 28 with the correlation
coefficient of 0.71 and 0.80, respectively and the underlying reason for this correlation
was attributed to the variability in protein binding. Surprisingly, the authors have
observed a very high mean plasma Ty, at a steady-state, the reason for which was not
reported. Comparison of the steady-state AUC(.4n With day one AUCy.4n confirmed a
1.5 to 3 fold drug accumulation for once-daily dosing. After administration of 350 mg of
Imatinib at steady-state, the mean plasma trough concentration was found to be
approximately 570 ngmL™ or higher (=1 pM) (93). Previously, in vitro studies
confirmed that the IM concentration of 1 uM was sufficiently higher than that required to
demonstrate cytotoxic effect in the Ber-Abl positive cell lines. In summary, although
Imatinib showed good and proportional oral absorption, the observations were associated

with high degree of inter-occasions and inter-subject variability.
2.4.6 Dose escalation

Few authors have investigated the effect of increasing the dose of IM in acute and chronic
phase CML patients who have previously been treated with IM. The outcome revealed
that the increasing IM dose did not result in a proportional increase in response. The
investigators rather observed either the clinically suboptimal response or disease
progression despite continuous therapy (95).

2.4.7 Pharmacokinetics and pharmacodynamics correlation

Results of Phase I clinical trials in CML patients used to explore the relationship between
the various pharmacokinetic parameters and the pharmacodynamic effects of the drug
during one month continuous therapy (93). A simple inhibition E.x model was used to
describe the correlation between the WBC count reduction as a pharmacodynamic effect
with various pharmacokinetic parameters such as daily dose, trough-plasma

concentrations, AUC, Cy.x and duration above MEC (1 uM) (96, 97). The analysis of the
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pharmacokinetics and pharmacodynamics correlation (PK/PD) of Imatinib indicated that
various drug exposure parameters (PK parameters) such as AUC, Cp.y, trough-plasma
concentrations and duration above MEC were well correlated with the hematological
response (PD effects) and established relationship was adequately described by
considering the total daily dose administered.

The average WBC count in CML patients at baseline was found to be 49.7 x 10° L™,
which were compared with the estimated WBC Epay values (26 to 58 x 10° L) for dose
and other PK parameters. These estimated values represent a significant reduction in the
WBC count after one month treatment. E.,,x model (E.x and EDsy parameters) was used
to simulate the WBC count in 1,000 future patients. These simulations predicted that one
month treatment of 400 mg per day would lead to normalization of WBC count in
approximately 76% of the CML patients. The analysis of the PK/PD correlation between
the haematological response and various pharmacokinetic parameters at steady-state
indicated that a dose of 400 mg per day or greater is required for maximal PD effect (93).
2.4.8 Population pharmacokinetics

The International Randomized Interferon versus STI-571 (IRIS) study results have
reported the findings of Phase III clinical trials in CML patients, wherein, authors have
discussed the population pharmacokinetic parameters of IM (84). On the first day of
Imatinib treatment, the mean population estimates for apparent clearance (Cl) was
14 L h™! and apparent volume of distribution (V4) was 252 L. The estimate of absorption
parameter (Ko;) observed with a one-compartment model with first-order absorption was
approximately 1.1 h™",

Population modelling revealed that Imatinib clearance decreased by 25% from first day of
treatment to 4 L h"' within a month with significant inter-subject variability of 32%,
whereas the apparent volume of distribution remained almost unchanged with high
inter-subject variability of 31%. In a separate study with GIST patients over 12 months,
the European Organization for Research and Treatment of Cancer - soft tissue bone
sarcoma group have reported similar findings that there was a significant increase in
clearance with chronic exposure to Imatinib, which was attributed to the intra-subject
variability by the authors (98).

2.4.9 Imatinib therapy and resistance

Although the chimeric oncoprotein remains good therapeutic target, Imatinib develops
intrinsic and acquired resistance over a period of treatment leading to subtherapeutic drug

concentrations after oral administration (99). Important underlying causes are the
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compromised and variable bioavailability of Imatinib, which can be principally attributed

to drug efflux mechanisms (100).

Few authors have recently reported high degree of inter-subject pharmacokinetic
variability, in particular, 73% variation in the apparent oral clearance of Imatinib in GIST
patients (93, 98). Several research groups have reported that Imatinib is a substrate for
various efflux pumps including the breast cancer resistant protein (ABCG2), which is a
highly polymorphic transporter protein that influences the absorption and disposition of
various drugs (101-104). Few authors have demonstrated the role of P-gp over BCRP, in
limiting brain penetration of Imatinib using BCRP1 knockout mice and MDRIla and
MDR1b double knockout mice (101, 105). Similar findings have also been reported for
other PKI drugs such as Gefitinib, wherein, the use of BCRP inhibitors was proposed for
brain metastasis originating from non-small cell lung cancer (106, 107). Thus, clinical use
of the efflux inhibitors for enhancing therapeutic efficacy of an anticancer drug may be a

promising strategy for the management of chemotherapy.

In vitro studies carried out by few investigators have revealed that Imatinib is principally
transported by P-gp (ABCB1) and extensively metabolized by cytochrome P450
isoenzymes such as CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP3AS5 (108, 94).
ABCBI1 (P-gp) and ABCG2 act as an efflux transporter possibly by decreasing the
amount of substrate drug absorbed after oral administration, which resulted in its
localization on the apical surface of intestinal epithelial cells. Furthermore, ABCG2 may
increase systemic drug elimination as it is expressed in proximal renal tubular cells and
the biliary surface of hepatocytes (109).

Few authors have reported that there was clinically no significant influence of ABCG2,
when studied in a functional single-nucleotide polymorphism on exon 5 of the ABCG2
gene, a common genetic variant (110). However, there was no comprehensive review
available on homozygous variants of ABCG2 and CYP2D6 genotypes in patients treated
with Imatinib. Thus, the extensive inter-subject variability in the pharmacokinetics of
Imatinib may be associated with the polymorphism in transporter proteins of patients with
GIST and CML.

Although, few authors have reported a significant inverse correlation between the
absolute oral bioavailability and the inter-subject variation of a drug but these findings
may not be extendable to drugs like Imatinib, as there is significant inter-subject variation

reported despite good oral bioavailability (111).
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Further, the good oral bioavailability with significant inter-subject variation may show
severe toxicity, as the window of fluctuation is relatively broad. In addition, the most
cytotoxic drugs have a narrow therapeutic window and are often prescribed at the highest
tolerated dose. In such cases, due to the high inter-subject variation cells may be exposed
to a broad range of drug concentrations, which would initiate acquired and intrinsic
resistance or activate various efflux mechanisms leading to failure of the therapy.

2.4.10 Drug-drug and drug-food interactions

Previously, in vitro studies had shown that Imatinib is mainly transformed by CYP3A4
and, in addition, it competitively inhibits CYP2C9, CYP2D6 and CYP3A4/5. In a
drug-drug interaction study with a CYP3A4 inhibitor (Ketoconazole), the average Cpax,
AUCp.4n and AUC,, increased significantly by 26%, 40% and 40%, respectively.
Statistically significant decrease is reported in CI/F with an average reduction of 28.6%.
Similarly, the corresponding decrease in the metabolite concentration was recorded with
22.6 and 13% decrease in the average Cmax and AUCy.24 1 of the N-desmethyl-imatinib. In
a drug-drug interaction study with a CYP3A4 substrate (Simvastatin), Imatinib showed
the average two fold increase in Cp,x value of simvastatin with more than three fold
increase in AUC,. Moreover, the mean plasma half life of Simvastatin was prolonged
from 1.4 hto3.2 h. Considering these facts following drugs might demand dosage
adjustment or special monitoring during treatment with Imatinib - antifungals like
Itraconazole or Ketoconazole; antibiotics like Clarithromycin, Erythromycin or
Troleandomycin;  Rifampicin, Rifabutin;  Prednisolone and Dexamethasone;
anticonvulsants like Phenytoin, Carbamazepine, Clonazepam, or Phenobarbital;
antihypertensives like Nifedipine, Amlodipine, Felodipine, Isradipine, Nimodipine;
anti-anxiety agents like Alprazolam, Diazepam, or Triazolam; cholesterol lowering drugs
like Lovastatin, Atorvastatin, Simvastatin, Cyclosporin, Pimozide, Warfarin etc. IM also
demonstrates P-gp level drug-drug interactions with several drugs including Methotrexate
and Benzimidazoles (112) .

The effect of food on bioavailability was investigated at steady state (400 mg day™) under
fed state with a standardized high fat meal and fasted condition. The mean
pharmacokinetic parameters indicated that the AUC and Cp.x were affected with the

insignificant prolongation of Tpax.
2.4.11 Cost of therapy

In a cost effectiveness analysis, Imatinib was more economic and efficacious than

currently available alternative therapy in most of the cases (113). Several drugs have been
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used to treat CML including cytotoxic drugs such as Busulfan, Hydroxyurea, and
Cytosine Arabinoside (Ara-C). However, the treatment of CML remained challenging
until arrival of IM, especially in the accelerated and blast crises phase. Previously
established high toxicity and poor prognostic effect is less applicable to Imatinib therapy.
At current prices, one year treatment with Imatinib 400 mg per day costs £18,948 per
patient in UK (114). Its medical and economic value supported a high US retail price of
INR 1,000,000 (=USD 30,000 annually) as the only treatment alternatives are
interferon-alpha INR of 1,400,000 (= USD 40,000 annually) and bone-marrow transplants
which could cost up to INR of 7,000,000 (= USD 200,000). Gleevec patent for its initial
CML indication is valid until 2017 (87).

2.4.12 Pharmaceutical formulations
Brand Names: Glivec® and Gleevec® [Novartis Pharmaceuticals]
Dosage form: Film-coated tablets, hard gelatin capsule
Type: single-ingredient preparations
Dose: 100 mg and 400 mg per Unit
2.5 Summary

The concept behind cancer treatment has evolved over the past decade from systemic,
nonspecific, high-dose chemotherapy to targeted therapy (115). However, the progress in
fundamental cancer biology has not yet been met by a comparable advancement in its
clinical treatment. The inability to selectively reach and eliminate tumor tissue with
marginal damage in healthy organs, rather than the availability of potent
chemotherapeutics, is a fundamental reason (116). Although modern chemotherapy is
highly selective and effective, the drugs are characterized by variable and low tissue
specific bioavailability. Moreover, these drugs have limited cellular permeability and
demonstrate high drug efflux. The identification and elimination of these contributing
factors to variability and resistance would facilitate the individualization of doses.
Moreover, it would enhance the tissue specific bioavailability for the successful treatment
of cancers.
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3. Analytical and Bioanalytical Methods



3.1 Introduction

The primary goal of any pharmaceutical product development is to provide design and
process that would consistently deliver a product of predetermined quality. In order to
evaluate a product or assess the quality, suitable analytical methods are essential.
Analytical methods significantly influence the product design and development process
and it is essential to ensure that the employed analytical method(s) provide accurate and
reliable information. Thus, it is important to develop a simple, sensitive and accurate
analytical method for assessing critical quality and performance attributes (1-3).

The science of analyzing chemical characteristics such as identity and purity is well
established and still advancing with the use of hyphenated analytical techniques coupled
with mathematical principles such as multivariate design, design of experimentation etc
(4, 5). Although estimation of pure drug(s) in pharmaceutical products is complex with
one or more product components such as excipients and degradation substances, the
liquid chromatography with ultraviolet detection remains the most common technique for
potency and impurity analysis. Most of the regulatory agencies across the globe
emphasize the use of stability indicating methods to monitor the stability profiles of drug
substances and drug products (6). Requirements also demand the strict monitoring of
impurities and degradation products. Such analytical methods are also useful in
preformulation and product stability studies (7). Similarly, the presence of complex
biological environment demands specific considerations for estimation of pure drug in
biological samples for accurate determination of in vivo pharmacokinetic parameters (8,
9).

With the FDA’s process analytical technology initiative, the current view of ‘quality by
design’ is further strengthened by stating that the quality should be built in product and
should not be inspected within. Drug control and regulatory agencies of several countries
have recognized the importance of analytical sciences in product design and development
and have released extensive guidelines on validation requirements in recent years (10-13).
Although analytical validation requirements depend upon the type of analyte and
analytical instrument, it broadly includes specificity and selectivity, linearity and range,
accuracy and precision, sensitivity, reproducibility, stability etc (14).

Few analytical methods are reported in literature for the determination of IM in bulk and
formulations. Amongst the reported liquid chromatographic methods, a very few include
use of UV detector for quantitation (15-17). However, none of these methods demonstrate

adequate sensitivity and peak symmetry. Moreover, these chromatographic methods used
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either a complex gradient system or ion-pair agents leading to higher variations and cost
of analysis. Moreover, extensive literature survey did not reveal any simple
UV-spectrophotometric method for analysis of IM. A sensitive, rapid and cost effective
analytical method is required for routine analysis of IM in bulk and pharmaceutical
formulations.

Although few analytical methods are reported for determination of IM in biological
matrix, the extensive literature survey did not reveal any bioanalytical method suitable for
determination of IM in rat serum (18-20). For Amongst the reported bioanalytical
methods, only a few include use of UV detector for quantification (18, 20, 21); while
other methods use sophisticated analytical instruments such as mass spectrophotometer,
thus making them unsuitable for routine analysis (22-28).

Moreover, most of the methods use either complex gradient system or ion-pairing agents
leading to higher analytical variations and increased cost of analysis. In addition,
HPLC-UV methods demonstrate inadequate sensitivity, poor peak symmetry and use
complex extraction protocols. Most of the reported methods used sophisticated analytical
instruments and there was no simple, rapid, cost effective analytical method based on

spectrophotometry in literature, which could be used for routine analysis of IM.

The objective of the present study was to develop a simple, accurate and robust
spectrophotometric analytical method for routine drug analysis. In addition, a sensitive
and stability indicating liquid chromatographic method was required for determination of
IM in the presence of its degradation products for stability studies. Moreover, for in vivo
evaluation of prepared nanoparticles in animal model, a selective and sensitive
bioanalytical method for determination of IM in rat biomatrices was essential. In the
present work, in-house developed methods used most of the common mathematical and
statistical treatments for analytical method wvalidation with modern techniques of
experimental design and orthogonality (29). Moreover, in-house developed methods were
validated as per the current regulatory guidelines for analytical and bioanalytical methods
using suitable statistical tests (10, 12, 13, 30). Further, the methods were successfully
assessed for the determination of IM in respective matrices.

3.2 Materials

Imatinib mesylate (Assay 99.95%) was obtained as a gift sample from Cipla, India. Extra
pure analytical grade acetonitrile, methanol, trifluroacetic acid, triethylamine, n-hexane,
methylene chloride were purchased from Spectrochem, India. All buffer salts were of

analytical grade and purchased from S.D. Fine Chemicals Ltd., India. Ultra pure water
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was prepared fresh using a Milli-Q® water purification system (Millipore Co., USA) and
filtered (0.22 um) before use. All excipients used for the preparation of placebo
formulations such as diluent (Avicel PHI01 NF), glidant (Aerosil NF), lubricant
(magnesium  stearate ~ NF),  disintegrant  (Polyplasdone XL-10 NF),  binder
(Hypromellose USP), etc. were gift from Medreich Pharmaceuticals, India. All chemicals
and reagents were of either spectroscopic or analytical grade.

One commercially available tablet preparation - Imalek 100 (Sun Pharmaceutical Ltd.,
India), labeled to contain 100 mg equivalent Imatinib, was selected from local Indian
market. IM loaded PLGA nanoparticles were prepared in-house. Similarly, blank PLGA

nanoparticles prepared without drug was used as placebo standards.

For bioanalytical method, drug free serum pool was obtained from healthy male Wistar
rats and it was stored at —80°C in sealed cryovials.

3.3 Method I: Spectroscopic method

3.3.1 Experimental

a) Spectrophotometer and spectrophotometric conditions

The analysis was carried out using a V-570 double beam UV-VIS spectrophotometer
(Jasco, Japan) in 10 mm matched quartz cells. Data acquisition and analysis were
performed using Spectra Manager® workstation (Jasco, Japan). Absorption spectra were
recorded from 190 to 800 nm at a speed of 400 nm min" with 0.2 nm data interval, using
medium response and 1 nm bandwidth. The quantitative analysis was carried out in the
photometric mode at a fixed wavelength.

b) Preparation of stock and standards

A primary stock solution of 100 pg mL™"' was prepared by dissolving 10 mg of IM in
100 mL of solvent media consisting of methanol and phosphate buffer (pH 7.4, 100 mM)
(50:50 v/v). Seven calibration standards containing 2.5, 5, 7.5, 10, 15, 20 and 25 pg mL™!
of IM were prepared by transferring aliquots of stock solution into series of 10 mL
standard flasks and volume was made up with solvent media. On each day of validation,
five separate series of seven calibration standards were prepared fresh and absorbance
values were recorded in photometric mode at 285 nm against blank solvent system.
Formulation standards were prepared by adding known amount of drug to both the
placebo blend of tablets and blank nanoparticles at five levels - 50, 75, 100, 125 and
150% of the labeled claim. Similarly, placebo standards were prepared in both the
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matrices without adding drug. Prepared standards were processed as described in the
sample preparation section and analyzed.

c) Sample preparation

A quantity of the product, powdered tablets or nanoparticles, equivalent to 10 mg of IM
was weighed and transferred to 100 mL calibrated flask. Only in case of nanoparticles,
preparations were digested with 10 mL acetonitrile by ultra-sonication (15 min, 25°C);
while, tablet samples were processed without additional treatment. The volume was made
up to 100 mL with solvent media and samples were centrifuged (10,000 rpm, 15 min,
20°C) after mixing for 5 min. Finally, 1 mL of clear supernatant was transferred to 10 mL
calibrated flask and diluted to volume with solvent media.

d) Spectroscopic method development

Initially, different solvent systems were studied to develop a selective and sensitive
UV-spectrophotometric method for the analysis of IM in formulations. The criteria
employed for solvent selection were the ease in sample preparation, analyte stability,
preparation time, cost of sample processing and comprehensive applicability. The
wavelength was selected by assessing critical performance parameters such as sensitivity,
reproducibility, selectivity and robustness. Absorbance of IM standard solutions was
determined in selected media at optimized wavelength and molar absorptivity, specific
absorptivity and Sandell’s coefficient were calculated according to standard formulae.
Robustness of the method was analyzed by studying the effect of change in pH, buffer
strength and composition of the solvent media. Analysis was performed at ambient
temperature (25°C) after instrument stabilization for at least 15 min.

e) Spectroscopic method validation

The developed spectrophotometric method was validated for selectivity, linearity, range,
precision, accuracy and sensitivity. The method was also applied for the drug content
analysis from commercial tablets and in-house prepared nanoparticles.

1) Selectivity

Placebo and formulation (spiked-placebo) standards of tablets and nanoparticles were
used to study selectivity of the method. On three consecutive days, two sets of placebo
and formulation standards were prepared in triplicate (n = 3, at each level). On each day
of validation, one set of standards was used to study the absorption spectrum from 190 to
800 nm. While, the other sets of standards (n = 3, at each level) were used for absorbance

measurement at 285 nm for quantitative estimation of IM. The obtained spectra were
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compared for change in absorption profile with the spectra of fresh calibration standards.
The mean absorbance at each concentration level was compared using paired t-test at
95% level of significance.

if) Linearity and range

Calibration standards prepared at seven concentration levels ranging from
2.5t0 25 ng mL™' were analyzed for establishing linearity of the method. The least square
linear regression analysis was performed on calculated average absorbance values at each
concentration level. Obtained linear regression equation was used to calculate the
corresponding predicted concentrations. One-way analysis of variance (ANOVA) was
performed on each replicate measurement obtained at seven concentration levels. The
analysis of residuals was performed to establish the analytical range of the method and
test of the intercept was carried out using t-statistic.

iii) Accuracy and precision

Placebo spiking and standard addition techniques were used to assess accuracy of the
method. Two different techniques of recovery study were carried out for both the
formulations viz. tablets and nanoparticles, separately. In placebo spiking technique, a
known amount of pure drug standard, at five concentration levels viz. 50, 75, 100, 125
and 150% of the labeled claim of the individual products, was added to placebo blank.
Similarly, a known amount of the pure drug standard was added to the sample solution at
two concentration levels viz. 50 and 100% of the labeled claim of the individual products
in standard addition technique. On three consecutive days, each concentration level was
processed in six replicates and the results were expressed as mean absolute recovery,
% RSD and % Bias.

Quality control (QC) standards prepared at lower (LQC=2.5pugmL™"), medium
(MQC = 10 pg mL™") and higher (HQC =25 ug mL™") concentration levels were used to
evaluate the repeatability (intra-batch) and intermediate (inter-batch) precision of the
method. Six series of three QC standards were prepared fresh and analyzed for assessing
repeatability (intra-batch). Similarly, standards were prepared and analyzed on three
consecutive days for evaluation of intermediate precision (inter-batch). The intra-batch
and inter-batch % RSD obtained at three QC levels were calculated to establish
repeatability and intermediate precision of the method respectively.

iv) Sensitivity

Calibration standards were prepared at seven concentration levels and used to assess the

sensitivity of the method. Sensitivity was expressed as a limit of detection (LOD) and
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limit of quantitation (LOQ), which were determined using standard deviation of intercept
(o) and slope (s) of the calibration curve. The LOD and LOQ of the method were
calculated using a standard formulae 3.3 o/s and 10 o/s, respectively.

V) Robustness

Robustness of the method was evaluated by making small variations to the internal
method parameters. The effect of critical operating parameters such as pH (£ 1 units),
buffer strength (= 100 mM) and changing organic solvent composition such as methanol
(20% v/v) and addition of acetonitrile (+20% Vv/v) were investigated. At each media
condition (pH, buffer strength and organic solvent), one set of QC standards (LQC, MQC
and HQC) was prepared in triplicate and the results were expressed as mean absolute
recovery, % RSD and % Bias. In addition, one-way ANOVA was performed to
investigate the effect of individual factor.

vi) System precision and drug stability

Fresh calibration standards in ten replicates were analyzed for the purpose of system
precision. Calibration standards in triplicates were analyzed over duration of 48 h to
establish stability of IM in the solvent media.

vii) Analysis of formulations

For tablet samples, the average weight of twenty tablets was recorded and tablets were
powdered and blended. A quantity of powder blend equivalent to 10 mg of IM was
weighed accurately and processed as described in sample processing section. For
nanoparticle samples, a quantity of freeze dried nanoparticles equivalent to 10 mg of IM
was weighed accurately and processed as described in the sample processing section.
3.3.2 Results and Discussion

a) Spectroscopic method development

In preliminary investigations, UV absorbance profile of IM has shown insignificant
change at 285 nm in different solvent systems such as pure water, methanol, acetonitrile,
0.1 N HCI, 0.1 N NaOH, phosphate buffer of different pH and various organic with
aqueous solvent combinations. Although a pH dependent UV absorption profile was
observed with a significant change in the absorbance values, magnitude of change in UV
absorbance was lowest at 285 nm (Fig. 3.1). Therefore, the wavelength of 285 nm
providing high repeatability and sensitivity was selected for further method development.
Moreover, it has also shown selectivity in the presence of different components of

formulation matrix offering accurate estimation even with the change in pH of the solvent
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system. Finally, the selected solvent system consisting of 50:50 v/v methanol: PBS
(pH 7.4, 100 mM) demonstrated advantages in terms of ease in sample preparation,

analyte stability, time and cost of sample processing and wide applicability.
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Fig. 3.1: UV-Visible absorption spectrum of Imatinib mesylate in a) 50:50 v/v methanol:
PBS (1-25 pg mL™") and b) different buffer phases (pH 1-13)

The molar and specific absorptivity of IM was found to be 2.75 x 10° L M cm™ and
4.66 x 10> mL gm™ cm™ in the optimized solvent system while the Sandell’s coefficient
was found to be 2.15 x 10 pg cm™. Thus, the optimized wavelength has not only
demonstrated merits in terms of better sensitivity and repeatability but also selectivity in
the presence of formulation matrix with significant pH tolerance. The UV-Visible

spectrum of IM in buffer system at various pH is shown in Fig. 3.1(b).
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b) Spectroscopic method validation

i) Selectivity

The UV absorption spectrum of placebo samples of both the formulations did not show
significant interference in determination of IM. Moreover, formulation standards and test
samples showed no significant change in absorption spectrum when compared with the
calibration standards. The method has demonstrated high and consistent recoveries at all
concentration levels. Moreover, the calculated t-values were found to be much lower than
that of the critical t-value confirming statistically insignificant difference between the

mean absorbance of formulation and calibration standards (Table 3.1).

Table 3.1: Statistical data summary for spectroscopic method

Parameter Spectrophotometric Method
Calibration range 2.5-25 pg mL™!
Linearity (Regression coefficient) R*=0.9995
Regression equation Absorbance (AU) = 0.047 x Conc. (ug mL™") + 0.008
Confidence interval of slope * 0.0456 to 0.0485 (Std. error = 0.001)
Confidence interval of intercept® —0.0299 to 0.0146 (Std. error = 0.008)
Standard deviation of intercept (S.) 5.76 x 107
t-value for intercept® b (tab =2.57) 0.955 (P-value 0.39)
F-value (tab) ° 2.88 x 10 (1.80) ¢
Standard error of estimate 8.10 x 107 (0.300 ug mL™)
Limit of detection 0.568 ug mL™!
Limit of quantification 1.705 ug mL™!
Absolute recovery 99.18-102.04%
Precision (% RSD) Repeatability - 2.21% (intra-batch)

Intermediate Precision - 0.80% (inter-batch)
System suitability System Precision - 0.85% (n = 10)
Molar Absorptivity - 2.75 x 10° L M cm™
Specific Absorptivity - 4.66 x 10° mL gm™ cm’
Sandell’s Coefficient - 2.15 x 107 pg cm™

1

Selectivity (resolution) selective at 285 nm
Robustness Organic component + 20%
Buffer strength + 100 mM
pH = 1%

* calculated at 0.05 level of significance; ® calculated using the test of the intercept (tgs =

| C—a|/S); ¢ calculated using Fisher test with one-way ANOVA (P-value < 0.05).

90



These observations suggested that the proposed method demonstrates adequate selectivity
for IM in presence of formulation excipients and other impurities.

if) Linearity and range

The least square regression analysis indicated excellent linearity over the range of
2.5-25 ugmL" with regression coefficient of 0.9995. The best-fit linear equation
obtained was absorbance (AU)=0.047 x concentration (ug mL™") + 0.008. Across the
analytical range, a low standard deviation and % RSD (< 5) was observed in absorbance
values (Table 3.2). Selected linear model with univariant regression showed minimum
% Bias, indicating goodness of fit which was further supported by low standard error of

estimate (1.94 x 10™") and mean sum of the squared residuals (3.76 x 10'2).

Table 3.2: Calibration curve of Imatinib mesylate by the spectrophotometric method

Concentrations Average absorbance * .

(ug mL™) + Stangdard deviation % RSD % Bias
2.5 0.1137 £ 0.004 3.87 2.01
5 0.2276 +£0.001 0.19 -0.48
7.5 0.3522 +£0.006 1.64 1.74
10 0.4565 £ 0.003 0.55 -1.48
15 0.6889 + 0.003 0.43 -1.32
20 0.9447 + 0.003 0.28 1.26
25 1.1646 £ 0.002 0.21 -0.26

*Each value represents the average of six independent determinations.

The effect of formulation matrix was statically insignificant as the intercept was not
different from zero, which was confirmed by the test of the intercept using t-statistic
(tgr=0.955 << typ =2.57). Finally, one-way ANOVA was performed on individual
absorbance recorded at all concentration levels and calculated F-value was found to be
much below the critical F-value at 5% level of significance (Table 3.1).

iii) Accuracy and precision

In recovery studies, the method showed consistent and high absolute recoveries at all five
concentration levels and mean absolute recovery ranged from 99.18 to 102.04%
(Table 3.3). Placebo spiking technique indicated that the obtained absolute recoveries
were normally distributed around the mean (= 100%) with uniform and low % RSD (< 3)
across five concentration levels, which suggested the suitability of univariant regression
model. Thus, it can be summarized that there was no significant interference of excipients

and the method was found to be accurate with low % Bias (< 2). Moreover, the results of
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standard addition technique were in agreement with placebo spiking technique as it also
resulted in consistent and high absolute recoveries. Recovery study indicated that the

method was suitable for determination of IM from tablets and nanoparticles (Table 3.3).

Table 3.3: Recovery studies by placebo spiking and standard addition technique

“ Amount of
g drug added Mean
5 Technique absolute % RSD % Bias
< (% of label . %)
& claim) ecovery (%
50 100.78 + 1.58 1.57 0.78
Placeh 75 99.67 + 1.63 1.64 -0.33
” acee 100 99.18 + 1.42 1.43 ~0.82
15 spiking
= 125 100.71 +2.01 2.00 0.71
= 150 99.75 + 1.02 1.02 —0.25
Standard 50 99.40 + 0.58 0.58 —0.60
addition ¢ 100 100.05 + 0.42 0.42 0.05
50 101.47 +2.56 2.52 1.47
. Dlace 75 101.91 £ 3.10 3.04 1.91
S acene 100 101.94 + 1.01 0.99 1.94
£ spiking
5 125 100.99 + 1.77 1.75 0.99
g 150 101.08 + 1.64 1.62 1.08
“ Standard 50 102.04 +3.16 3.10 2.04
addition ® 100 101.68 £ 3.15 3.10 1.68

? Each level was processed independently and analyzed in six replicates; ® Placebo tablet
matrix equivalent to unit dose weight; © Placebo nanoparticulate preparation equivalent
to unit dose; ¢ Commercial tablet preparation containing 100 mg of equivalent Imatinib;
“In-house prepared nanoparticulate preparation containing 10 mg of equivalent

Imatinib.

Precision was determined as repeatability and intermediate precision. Freshly prepared
three QC standards (n = 6; at each level) showed no significant variation in measured
response demonstrating repeatability of the method with low % RSD (< 2.21). Similarly,
inter-batch % RSD was significantly low (< 0.80) indicating intermediate precision of the
method. Low % RSD demonstrated the repeatability and intermediate precision of the

method (Table 3.4).
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Table 3.4: Results of repeatability and intermediate precision study

Repeatability Intermediate
(Intra-batch) precision
QC Batch (1) Batch (II) Batch (I1I) (Inter-batch)
Levels
a % a % a % %
Mean RS Mean RSD Mean RS Mean RSD
LQC 2.53 1.76 2.53 2.21 2.50 1.22 2.52 0.80
MQC 10.04 1.29 9.94 1.31 10.05 1.05 10.01 0.61
HQC 2528 1.30 25.23 1.11 25.31 1.09 25.28 0.16

“Each value represents the average of six independent determinations.

iv) Sensitivity

The LOD and LOQ of the method were found to be 0.57 and 1.71 pg mL™', respectively.

The method has shown high magnitude of slope with low standard error (Table 3.2).

Upon repeated analysis at quantitation limit, the mean absolute recovery was consistently

high with low % Bias and % RSD. Thus, the method was found to be highly sensitive as

small change in the drug concentration can be accurately determined by the proposed

method.

V) Robustness

The statistical analysis indicated that the obtained response remains unaffected by small

variations in critical method parameters such as pH, buffer strength and composition of

solvent media.

Table 3.5: Robustness studies - mean absolute recovery from quality control standards

Treatments LQC MQC HQC
q (pH 6.5) 100.4 +1.47 101.0+0.81 101.3 +£0.69
P (pH 8.4) 100.9 £ 0.91 100.9 +1.82 100.5 + 1.00
(0 mM) 97.9+2.02 98.3+1.06 99.7 £0.73
Buffer Strength
(200 mM) 102.3 £1.41 101.6 +1.14 101.5 +0.81
. A 102.7 + 1.62 102.6 £2.09 101.7 £ 0.63
Composition
B 103.6 +1.73 103.4+1.25 102.1 +£0.68

Each value represents the average of three independent determinations. Composition A
is methanol and phosphate buffer (pH 7.4, 100 mM) (30:80 v/v) and B is acetonitrile,
methanol and phosphate buffer (pH 7.4, 100 mM) (20:50:30 v/v)
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In addition, there was no significant change in absorption spectrum of IM in the near
vicinity of detection wavelength (275-295 nm) (Fig. 3.1). The results obtained from the
statistical analysis of individual treatment showed that the obtained F-values were much
lower than tabulated. This indicated that there was no significant difference between the
treated and untreated groups as far as accuracy and precision of the method are
concerned. The method was found to be robust with consistent mean absolute recovery
values and low % RSD for individual treatments (Table 3.5).

vi) System precision and drug stability

The method was found to be suitable in terms of system repeatability as the results were
consistent with low variability in absorbance (% RSD <1). Further, the absorption
spectrum of drug exhibited no significant change for 48 h at room temperature when
compared with freshly prepared standards. The results indicated that the drug was stable
in the solvent media at ambient temperature with less than 2.5% change in concentrations
of stability samples.

vii) Analysis of formulations

The mean recoveries were found to be in good agreement with the labeled claim of
individual products. The method was found to be accurate and precise with consistently
high analytical recoveries of 99.52+0.66% and 100.22+3.37% for tablets and
nanoparticles, respectively. Moreover, both the formulations showed low % Bias
indicating insignificant interference from the formulation excipients. Thus, the method
was found to be suitable for determination of IM from both formulations.

3.4 Method I1: Chromatographic analytical method

3.4.1 Experimental

a) Chromatographic system and conditions

An HPLC system (Shimadzu, Japan) consisted of pump system (LC-10ATVP), integrated
system controller with auto-sampler (SIL-HTA) and UV detector (SPD-10AVP) was
used. Data acquisition and analysis was done using 21 CFR part 11 compliant work
station LCsolutions® (Shimadzu, Japan).

Optimized mobile phase consisted of methanol and aqueous triethylamine (pH 10.5;
1% viv) (60:40 v/v), where aqueous pH was adjusted with hydrochloric acid. Mobile
phase was delivered in isocratic elution mode at a flow rate of 1 mL min"'. The

chromatographic separation was achieved on Zorbax Extend-C18 (250 x 4.6 mm, 5 pm,

80 A) double end-capped RP-HPLC column (Agilent, USA) fitted with guard column
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(12 x 4.6 mm) of the same material. The quantitation was carried out at 285 nm with
injection volume of 50 pL. Analysis was performed at ambient temperature (25°C) after
baseline stabilization for at least 30 min.

b) Preparation of stocks and standards

A primary stock solution of 1 mgmL™" was prepared in solvent media consisting of
methanol: TDW (60:40 v/v). Secondary stock solution of 10 pg mL™ was prepared by
diluting 1 mL of primary stock solutions to 100 mL of the solvent media. Three separate
series of seven calibration standards containing 25, 50, 100, 200, 400, 800, and
1600 ng mL™" of IM were prepared fresh by serial dilution in mobile phase on three
different days of validation.

Formulation standards were prepared by adding known amount of the drug in placebo
blend of tablets and blank nanoparticulate preparation at five levels - 50, 75, 100, 125 and
150% of the labeled claim. Similarly, placebo standards were prepared without adding
drug. Prepared standards were processed independently, as described below in their
respective sample preparation section and analyzed.

¢) Sample preparation

For tablets, a quantity of the product equivalent to 10 mg of IM was weighed and
transferred to 100 mL calibrated flask and volume was made up with solvent media.
Samples were filtered through Whatman® filter paper after vortex mixing for 5 min.
Finally, 0.5 mL of filtrate was transferred to 100 mL calibrated flask and diluted to
volume with mobile phase.

For nanoparticulate preparations, a quantity of the product equivalent to 10 mg of IM was
weighed and transferred to 100 mL calibrated flask and nanoparticles were digested with
10 mL of acetonitrile by ultrasonication (15 min & 25°C). The volume was made with
solvent media and the samples were centrifuged (10,000 rpm, 15 min & 20°C). Finally,
0.5 mL of clear supernatant was transferred to 100 mL calibrated flask and diluted to
volume with mobile phase.

d) Analytical method development

In order to develop a selective and sensitive analytical method, primary concern during
development was to achieve maximum height to area ratio and peak symmetry. Different
buffer type and pH media such as phosphate buffer (pH 3-7 & 20 mM), citrate buffer
(pH 3-5 & 20 mM), ammonium acetate buffer (pH 3-5 & 20 mM) and acetic acid buffer
(pH 3-5 & 20 mM) were studied in combination with methanol (30,50 & 70% v/v).
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Effect of various organic modifiers such as acetonitrile, methanol and their combinations,
on peak properties (peak height & symmetry) and response function were investigated.
Various ion pairing agents such as trifluoroacetic acid (1% V/v), triethylamine (1% v/v),
sodium dodecyl sulfate (10 mM) and 1-octanesulfonic acid sodium salt (10 mM) were
tested to improve peak properties such as peak height, tailing factor (Ty) etc. In addition,
chromatographic parameters such as retention factor (k), number of theoretical plates (N),
height equivalent to theoretical plates (HETP) etc. were also recorded. Further, robustness
study was conducted during final phase of method development by using design of

experimentation technique.
e) Analytical method validation

The developed chromatographic method was validated for selectivity, linearity, range,
precision, accuracy, sensitivity, robustness and system suitability. Additionally, stability
indicating capability was determined by forced degradation study. The method was also
applied for the drug content analysis from commercial tablets and in-house prepared
nanoparticle formulations.

1) Selectivity

Selectivity was assessed by placebo and spiked-placebo analysis technique. On three
consecutive days, placebo and formulation standards were prepared and analysed. Each
standard (tablets and nanoparticles) was prepared in triplicate and processed as described
in the respective sample processing section. Obtained chromatograms were compared

with the fresh calibration standards.

Further, forced degradation study was carried out by exposing the drug to acidic, alkaline
and neutral hydrolytic as well as thermal, photo and oxidative stress conditions. A novel,
fast and effective microwave based degradation technique was designed and employed
for hydrolytic forced degradation study. For each stress treatment, 10 mg of the drug was
weighed accurately and transferred to 10 mL clear calibrated flask.

For hydrolytic treatments, 2 mL of either 2M hydrochloric acid or 2M sodium hydroxide
or TDW was added in each flask containing 10 mg of drug. Prepared solutions were
vortex mixed and subjected to microwave radiation (15 sec/cycle, 2.45 GHz, 300 W &
80% intensity) for 15 min. After the treatment, samples were allowed to cool and

neutralized.

For thermal and photolytic stress treatments in liquid state, 2 mL of TDW was added in

each flask containing 10 mg of drug, while dry state samples were processed as such.
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Prepared samples were subjected to either a controlled heating at 90°C or natural sun light
for 12 h over a period of two days (= 6 h day™).

For oxidative stress treatment, 2 mL of hydrogen peroxide (6% V/Vv) solution was added in
each flask containing 10 mg of drug and vortex mixed for 5 min. Prepared drug solutions
were subjected to controlled-temperature at 25°C for 12 h, protected from light. After
each treatment, samples were suitably diluted in mobile phase and analyzed by the
proposed method.

An orthogonal method was developed to increase selectivity of the method on the same
column by replacing methanol with acetonitrile. The ratio of organic phase was optimized
(25% vIv) to obtain significant change in selectivity, while all other chromatographic
conditions were kept constant. All degradation samples were subjected to orthogonal
separation and degree of orthogonality was determined.

ii) Linearity and range

To establish linearity, calibration standards prepared at seven concentration levels ranging
from 25-1600 ng mL™" were analyzed. Average peak area at each concentration level was
subjected to linear regression analysis with the least square method. Calibration equation
obtained from regression analysis was used to calculate the corresponding predicted
concentrations. One-way analysis of variance (ANOVA) was performed on each replicate
response obtained at seven concentration levels. Analytical range of the method was
established by the analysis of residuals and test of the intercept was carried out using
t-statistic.

iif) Accuracy and precision

For determination of accuracy, recovery study was carried out by two different techniques
viz. placebo spiking and standard addition method for tablets and nanoparticles,
separately. In placebo spiking method, a known amount of standard solution was added to
placebo blank at five concentration levels 50, 75, 100, 125 and 150% of the labeled claim.
In standard addition technique, a known amount of pure drug was added in sample
solution at 50 and 100% concentration level of the labeled claim of previously analyzed
tablets and nanoparticulate preparations. Each concentration level was processed in six
replicates on three different days and the results were expressed as mean absolute

recovery, % RSD and % Bias.

Precision was determined through repeatability (intra-batch) and intermediate
(inter-batch) precision. Study was conducted using quality control (QC) standards

prepared at lower (LQC=25ngmL™"), medium (MQC=200ngmL") and higher
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(HQC = 1600 ng mL™") concentration levels. Precision of the method was expressed as
percent relative standard deviation (% RSD) of the assay results.

For repeatability (intra-batch), six series of three QC standards were prepared fresh and
analyzed. Similarly, standards were prepared and analyzed on three consecutive days for
intermediate precision (inter-batch). The intra-batch and inter-batch assay % RSD
obtained at three QC levels were used to assess repeatability and intermediate precision,

respectively.

iv) Sensitivity

Sensitivity was determined based on standard deviation of intercept (o) and slope (s) of
the calibration curve. The limit of detection (LOD) and limit of quantitation (LOQ) were
determined using formulae 3.3 o/s and 10 o/s, respectively.

V) Robustness

Robustness study was conducted by making small but deliberate changes to the optimized
method parameters. The design of experimentation technique was used to identify critical
chromatographic factors and their effect on method performance. Critical sources of
variability in operating procedure such as percent organic component, buffer strength and
pH were identified. The critical factors were investigated in a range that covers the
variation due to intra- and inter-laboratory conditions. A three-factor face-centered design
consisting of total eighteen experiments was carried out. Three selected factors were
percentage of methanol (MET: X, 55-65% V/v), percentage of triethylamine in aqueous
component (TEA: X5, 0.5-1.5% v/v) and pH of aqueous phase (pH: X3, 10-11), adjusted
with hydrochloric acid. For each experiment, analytical standard of IM (1000 ng mL™)
was analyzed in triplicate after baseline stabilization. Chromatographic parameters such
as retention time, peak area and peak height along with system suitability parameters
(k, T, N and HETP) were recorded as experimental responses. For statistical analysis,
one-way ANOVA and lack of fit analysis were carried out for data fitting and model
validation.

vi) System suitability and drug stability

As an integral part of the analytical procedure, various chromatographic performance
parameters (k, Ty, N and HETP) were recorded in system suitability study. System
precision was evaluated by performing injection repeatability of the calibration standards
with ten replicates. Further, stability of the drug in mobile phase was tested by injecting

calibration standards and formulation standards at 0, 6, 12, 24 and 48 h, in triplicates.
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vii) Analysis of formulations

As a part of validation procedure, the method was tested for drug content analysis of test
samples such as marketed tablets and in-house prepared nanoparticulate preparations. For
commercial tablets of IM, the average weight of twenty tablets was recorded and tablets
were powdered and mixed. A quantity of powder equivalent to 10 mg of IM was weighed

accurately and processed as described in the sample processing section.

Finally, 50 pL of resulting solution was injected in triplicate and analyzed by the method.
For in-house prepared nanoparticulate preparations, a quantity of freeze dried
nanoparticulate preparation equivalent to 10 mg of IM was weighed accurately and
processed as described in sample processing section. Finally, 50 pL of the resulting

solution was injected in triplicate and analyzed.
3.4.2 Results and Discussion
a) Analytical method development

In the preliminary study, peak properties and response function were optimized by
changing type of organic modifier, organic to aqueous ratio, buffer type, buffer strength
and pH. Use of ion-pairing agents showed varying degree of improvement in peak
symmetry (T¢= 1.35 to 1.65) over simple buffer systems (Tr> 1.85). Amongst the various
ion pairing agents studied, trifluroacetic acid (pH2;1% v/v) and triethylamine
(pH 10; 0.5% v/v) with methanol (50:50 v/v) provided acceptable peak symmetry
(T¢=1.35) but triethylamine offered advantage of better sensitivity and reproducibility.
Considering chromatographic parameters, triethylamine was found to be the most suitable
ion pairing agent. Use of triethylamine (pH 10.5; 1% Vv/v) in combination with methanol
(40:60 v/v) produced a symmetric peak (T¢= 1.15) with sensitive and reproducible results.
Reduction in pH led to peak asymmetry (Tf~= 1.65), where pH below 4 showed poor peak
properties and loss in selectivity with incomplete resolution from degradation products.
Double end-capped C;s column was used for better peak symmetry and enhanced stability
at higher pH. Moreover, wavelength was optimized at 285 nm for better sensitivity and
selectivity from degradation products. Thus, the mobile phase was optimized to methanol
and aqueous triethylamine (pH 10.5; 1% Vv/v) (60:40 v/v) and it was found to provide good
retention (R; = 8 = 0.25 min) with better peak properties, selectivity and reproducibility.
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b) Analytical method validation
i) Selectivity
Placebo samples showed no interference within the vicinity of IM peak, which indicated

selectivity of the method for IM in presence of formulation excipients (Fig. 3.2a).
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Fig. 3.2: Representative chromatograms of standards demonstrating selectivity (a)
placebo and formulation standards - nanoparticles, (b) standard at quantitation limit and

(c) test sample - commercial tablets

100



At LOQ level, drug spiked placebo samples in comparison with calibration standards

showed no significant change in response and peak properties (Fig. 3.2b).
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Fig. 3.3: Representative chromatograms of samples analyzed by the proposed and
orthogonal method (a) calibration standards (b) forced degradation samples - oxidative

stress and (c) forced degradation samples - acid stress conditions

101



Stress testing study under various conditions demonstrated that degradation products of
IM could be well separated without significant interference in IM estimation. Further,
orthogonal separation technique demonstrated that there were no co-eluting components
at the retention time of IM (Fig. 3.3ato 3.3c). Insignificant degradation of IM was
observed with the heat treatment in dry state. In the aqueous solution at 90°C showed one
prominent degradation product eluting before IM at 4.3 min, which indicates that the
degradation product may be hydrophilic in nature. The same degradation product was
also found in the dry state degradation along with one additional impurity eluting at
22.9 min. IM has shown good stability in dry and liquid state photo-stability without
detectable degradation products. There were two degradation products observed at
retention time of 4.3 and 22.5 min, which indicates that obtained degradation products
may be of similar nature as found under heat treatment study.

Although liquid state stability of IM under neutral pH condition showed low extent of
degradation, obtained degradation products were of similar nature as those observed
under heat and photo treatment with retention time of 4.3 and 22.7 min. IM has shown
significant degradation under acidic and alkaline conditions with overall eight
degradation products. Under alkaline conditions, three degradation products were found
to be hydrophilic in nature as they eluted before IM with retention time of 4.1,
4.6 and 6.6 min, while the other two hydrophobic products were eluted at 12.3 and
16.1 min. Under acidic conditions, two hydrophilic degradation products were observed
at retention time of 4.1 and 6.6 min and one additional degradation product eluted at
2.5 min merged into the solvent front (2.2 min). Further, two hydrophobic degradation
products were observed at retention time of 9.4 and 14.6 min, which may be of different
nature as compared to the degradation products obtained under alkali treatment. IM has
shown significant sensitivity towards the treatment of hydrogen peroxide leading to three
prominent degradation products eluting at 3.6, 4.2 min and one degradation product
merging into solvent front at 2.4 min. The degradation products may be relatively
hydrophilic in nature as retention time for all the three products was less than retention

time of IM.

The orthogonal separation technique was employed as an additional selectivity tool to
ensure the purity of analyte peak in presence of its degradation products (29). In this
technique, the same forced-degraded sample was separated by two separate systems of
markedly different selectivity (> 1.5). In order to ensure selectivity of the proposed

method the degree of orthogonality was calculated by plotting log k “orthogonal method”
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versus log k “proposed method” of each degradation product and IM. Linearity equation
obtained was log k (orthogonal method) = 1.534 x log k (proposed method) — 0.104 with
regression coefficient of 0.9277 and standard error of 0.125 (SE). The value for
| 6 log o |avg (1.4 X SE =0.175) was significantly more than 0.1 which suggests that the
orthogonal separation was adequate to separate any overlapping peaks. Thus, the
developed orthogonal method was sufficient to disengage two overlapping peaks, if

unresolved by the proposed method.

Table 3.6: Statistical data summary for chromatographic method

Parameter Chromatographic Method
Calibration range 25-1600 ng mL™!
Linearity (Regression coefficient) R* =0.9998
Regression equation Peak area (uV s) =285.7 x Conc. (ng mL™") + 176.3
Confidence interval of slope * 283.23 to 288.22 (Std. error = 0.972)
Confidence interval of intercept® —1567.85 to 1920.51 (Std. error = 678.52)
Standard deviation of intercept (S.) 2.87 x 10*
t-value for intercept ™ b (tab =2.57) 0.607 (P-value 0.29)
F-value ¢ 4.76 x 10"
Standard error of estimate 4.39 x 10* (0.92 ng mL™)
Limit of detection 3.35ng mL™
Limit of quantification 10.16 ng mL™
Absolute recovery 99.35-100.69%
Precision (% RSD) Repeatability - 2.39 % (intra-batch)
Intermediate Precision - 2.08 % (inter-batch)
System suitability System Precision - 0.77% (n = 10)
Capacity Factor - 2.65 (+ 0.002)
Tailing Factor - 1.14 (£ 0.005)
Number of Plates - 3975 (£ 52.31)

Selectivity (resolution) > 2 (nearest impurity)
Robustness %MET £ 2.5

%TEA +£0.25

pH £ 0.25

* calculated at 0.05 level of significance; ° calculated using the test of the intercept

(tsr=| C — |/ So); ¢ calculated using Fisher test with one-way ANOVA (P-value <0.05)

Forced-degraded samples were also analyzed by the orthogonal method which showed
retention time of 16.1 min for pure IM. There was no statistically significant change in

the average peak area observed between the proposed method and orthogonal method,
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which suggests that there was no possibility of any overlapping peaks in the proposed
method. In addition, the number of degradation products eluting before and after the drug
retention time were constant in both the methods which indicate the suitability of the
proposed method for effective separation of the degradation products. Thus, it can be
concluded that the proposed method demonstrates adequate selectivity of IM from
formulation excipients, impurities and degradation products.

i) Linearity and range

Calibration curve obtained by the least square regression analysis between average peak
area and the concentration showed linear relationship with regression coefficient of
0.9998. The best-fit linear equation obtained was average peak area (uV s)
= 285.7 x concentration (ng mL™") + 176.3. At all concentration levels, standard deviation
and % RSD of peak area was significantly low. Analysis of residuals indicated that the
residuals were normally distributed around the mean with uniform variance across all
concentrations, suggesting the homoscedastic nature of data. Selected linear model with
univariant regression showed minimum % Bias indicating the goodness of fit and it was
further supported by low standard error of estimate and mean sum of the squared
residuals (Table 3.6). The statistical analysis indicated excellent linearity over the range
25-1600 ng mL™". Test of the intercept revealed that intercept was not significantly
different from zero at 95% confidence interval using t-statistic (tgr=0.607). Finally,
one-way ANOVA was performed for peak area obtained at individual concentration
levels and calculated F-value was found to be less than the critical F-value at 5% level of

significance.

Table 3.7: Calibration curve of Imatinib mesylate by the chromatographic method

i Average peak area® .

Conce?:lrﬁl_tll;’ns e + Stan%iarIZl deviation 7 RSD 7 Bias
25 7408 £ 153.5 2.07 1.25

50 14396 +272.3 1.89 —0.46

100 28797 £ 554.1 1.92 0.17

200 57697 £+ 859.0 1.49 0.65

400 113962 + 1540.3 1.35 —0.44

800 227736 +£2562.8 1.13 —0.45

1600 456262 £+ 4600.7 1.01 -0.24

*Each value represents the average of six independent determinations.
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iif) Accuracy and precision

The method showed consistent and high absolute recoveries at all five concentration
levels with mean absolute recovery ranging from 99.35 to 100.69% (Table 3.8). Placebo
spiking method indicated that the obtained absolute recoveries were normally distributed
around the mean with uniform % RSD across five concentration levels suggesting
homoscedastic nature of the data. Thus, it can be summarized that there was no
significant interference of excipients and the method was found to be accurate with low
% Bias (< 1). Further, consistent and high absolute recoveries obtained from the standard
addition method were in agreement with placebo spiking technique. Recovery study
indicated that the method was suitable for determination of IM from tablets and

nanoparticulate preparations.

Table 3.8: Recovery studies by placebo spiking and standard addition technique

2 Amount of drug Mean
-:é Technique added absolute recovery % RSD % Bias
& (% of label claim) (%)
50 100.24 + 1.52 1.52 0.24
- 75 100.48 + 1.31 1.30 0.48
,  Tlacebo 100 100.22 + 1.34 1.34 0.22
> spiking
5 125 100.34 + 1.09 1.09 0.34
= 150 100.40 + 0.74 0.74 0.40
Standard 50 100.21 £ 0.97 0.97 0.21
addition ¢ 100 100.39 + 0.89 0.89 0.39
50 100.28 + 1.84 1.83 0.28
8 Places 75 100.56 + 1.63 1.62 0.56
Q
S acene 100 100.69 = 1.06 1.05 0.69
£ spiking
3 125 100.62 + 1.02 1.01 0.62
2 150 100.40 + 0.75 0.75 0.40
“ " Standard 50 99.39 +0.86 0.87 ~0.61
addition® 100 99.35+1.22 1.23 —0.65

* Each level was processed independently and analyzed in six replicates; ® Placebo tablet
matrix equivalent to unit dose weight; ° Placebo nanoparticulate preparation equivalent
to unit dose; ¢ Commercial tablet preparation containing 100 mg of equivalent Imatinib;
®In-house prepared nanoparticulate preparation containing 10 mg of equivalent

Imatinib.
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Freshly prepared six standards at three QC levels showed insignificant variation in
measured response (% RSD < 2.39) demonstrating the method repeatability. Similarly,
inter-batch % RSD was significantly low (< 2.08) for intermediate precision. Low % RSD
indicated the repeatability and intermediate precision of the method (Table 3.9).

Table 3.9: Results of repeatability and intermediate precision study

Repeatability Intermediate
QC (Intra-batch) precision
Levels Batch (I) Batch (II) Batch (III) (Inter-batch)

Mean® %RSD Mean?® %RSD Mean?® %RSD Mean  %RSD

LQC 2544  2.16 25.55 2.10 25.17 2.39 25.33 2.08
MQC  202.58 0091 201.71 1.05 198.01 0.91 201.29 1.45
HQC 1600.6 1.02 1595.7 0.89 1585.5 0.90 1597.0 1.04

*Each value represents the average of six independent determinations.

iv) Sensitivity

The LOD and LOQ of the method were found to be 3.35 and 10.16 ng mL™", respectively.
The method has shown high magnitude of slope and low standard error (Table 3.6). Upon
repeated injection at quantitation limit, the peak properties (retention time, peak area and
tailing factor) were not affected and mean absolute recovery was consistently high and
acceptable with low % Bias and % RSD. Thus, the method was found to be highly
sensitive as compared to other reported methods.

v) Robustness

Analysis of response surface plots revealed that the obtained response remains unaffected
by the small changes in critical method parameters such as percent organic component,
buffer strength and pH. The statistical analysis showed that there was good agreement
between experimental and predicted values. The developed quadratic model showed good
correlation between obtained responses and studied factors. The model coefficients
obtained by least square regression analysis were successfully used to determine
qualitative and quantitative relationship between the critical method parameters and

chromatographic response function using the following equation.
Y =Bo+ BiXi + BaXo + BsXs + BroXiXo + BisXiXs + BosXoXs + BuiXi® + PXo” + PisXs
Where, Y: predicted response; X: coded variables: p: model coefficients

Fig. 3.4a to 3.4f show the 3-D surface plots of predicted responses (on Z-axis) for IM as a

function of two significant factors (on X- and Y-axis) while the third factor, i.e. the least
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significant factor was held constant at optimum level. Fig. 3.4a and 3.4b show peak area
of IM against %MET versus %TEA and %TEA versus pH, where there was no
significant change in the mean peak area over studied range of all three factors indicating
robustness of response for studied factors. However, %MET showed significant effect on
retention time of IM as shown in Fig. 3.4c and 3.4d indicating sensitivity of retention time

for %MET amongst studied factors.
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Y o 000 _
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Fig. 3.4: Three-dimensional surface plots of predicted responses. Z, peak area (mV s) (a)
as a function of X, % methanol (v/v) and Y, % triethylamine (v/v); (b) as a function of X,
% triethylamine (v/v) and Y, pH; Z, retention time (min) (c) as a function of X, %
methanol (v/v) and Y, pH; (d) as a function of X, % triethylamine (v/v) and Y, pH; Z,
peak height (mV) (e) as a function of X, % methanol (v/v) and Y, % tricthylamine (V/v);
(f) as a function of X, % triethylamine (v/v) and Y, pH

The peak height has showed sensitivity towards %MET with significant drop in retention
time and retention factor as shown in Fig. 3.4e and 3.4f. Selected factors did not show
significant effect on peak symmetry (Ty) within the range of optimized parameters.
Further, none of the factors studied showed significant effect on system efficiency.

Although few factors have shown effect on retention time and peak symmetry (Ty), the
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principle chromatographic response function - peak area was almost unaffected by any of
the studied factors suggesting that the proposed method was robust.

vi) System suitability and drug stability

The method was found to be suitable in terms of system performance as obtained values
for primary system suitability parameters such as retention factor (k> 2.5), resolution
(Rs>2), number of theoretical plates (N >3900) were above acceptable limit and height
equivalent to theoretical plates (HETP < 60 um) was well below limit. The method has
shown better peak symmetry (T¢= 1.135) and injection repeatability was found to be
consistent with low variability in peak area and retention time. System suitability study

confirmed that the method was specific, precise and stable for determination of IM.

Further, the drug peak exhibited no chromatographic or response change for 48 h at room
temperature when compared against freshly prepared standards. The results indicated that
the drug was stable in mobile phase at ambient temperature with less than 0.74% RSD.
vii) Analysis of formulations

A typical chromatogram of IM extracted from commercial tablet and in-house prepared
nanoparticulate preparation is shown in Fig. 3.2c. The mean recoveries for each
formulation were found to be in good agreement with the labeled claim of individual
products. The method was found to be accurate with mean absolute recovery of
100.53 and 99.36% for tablet and nanoparticulate preparations, respectively and precise
with % RSD not exceeding 0.60 and 1.77 for tablet and nanoparticulate preparations,
respectively. Moreover, formulation excipients did not show interference in determination
of IM as % Bias was below 0.53 and 0.64 for tablet and nanoparticulate preparations,
respectively. Thus, the method was found to be suitable for determination of IM from

both the formulations.

3.5 Method I11: Chromatographic bioanalytical method
3.5.1 Experimental

a) Chromatographic system and conditions

The same HPLC system as mentioned under method II was used with the same optimized
chromatographic conditions including mobile phase and stationary phase compositions.
Quantification was carried out at 285 nm with 50 uL injection volume and analysis was

performed at ambient temperature (25°C) after baseline stabilization for at least 60 min.
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b) Preparations of stocks and standards

A primary stock solution of 1 mg mL" was prepared in reconstitution solution consisting
of methanol: water (60:40 v/v). A series of seven working stocks containing 1, 2, 4, 8, 16,
32 and 64 pgmL"' of IM was prepared by serial dilution of primary stock in
reconstitution solution. Seven analytical standards containing 25, 50, 100, 200, 400, 800
and 1600 ng mL"™" of IM were prepared fresh by diluting 250 pL of each working stock to
10 mL with reconstitution solution, in triplicate on three different days of validation.
Seven serum standards containing 25, 50, 100, 200, 400, 800 and 1600 ng mL" of IM
were prepared fresh by spiking 25 pL. of each working stock in 975 pL of blank rat
serum. The standards were vortex mixed for 1 min and allowed to equilibrate with the
drug. Similarly, four quality control (QC) standards were prepared at lower limit of
quantification (LLOQ=25ngmL™"), low (LQC=100ngmL"), medium (MQC
=400 ng mL™") and high (HQC = 1600 ng mL™") concentration levels of calibration curve.
Similarly, brain and lungs standards were prepared at 25 to 800 and 50 to 1600 mL™
concentration level of IM with three QC standards each at low (LQC =50 ng mL™),
medium (MQC =400 ng mL™") and high (HQC = 1600 ng mL™") concentration levels of
calibration curve. Each standard (serum, brain and lungs) was prepared fresh in five
replicates on three different days of validation. The QC standards were prepared fresh in
five replicates on each day of validation. Serum and QC standards were processed as
described in the sample preparation section and analyzed by the proposed method.

¢) Sample preparation

Aliquot of serum sample (100 pL) or tissue homogenate (200 uL) was transferred to a
clean glass tube and 1.5 mL of methylene chloride was added to it. Samples were vortex
mixed for 1min and methylene chloride was separated by centrifugation
(10,000 rpm, 5 min, 20°C). The upper aqueous layer was removed by aspiration and
organic layer was transferred to a fresh tube. Separated organic layer was dried using a
vacuum concentrator and dry residue was reconstituted in 100 puL of the reconstitution
solution by vortex mixing for 1min. Resultant solution was centrifuged
(10,000 rpm, 2 min, 4°C) and the clear supernatant was transferred to auto-sampler
micro-vials.

d) Bioanalytical method development

Successful analysis of an analyte in biological fluids relies on the optimization of sample
preparation, chromatographic separation and interference free detection. Each step was

optimized for developing sensitive, selective and reproducible method. For selectivity
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purpose, the principle metabolite of the drug was synthesized by N-demethylation of
Imatinib as reported elsewhere (31). Briefly, Imatinib was dissolved in dry
1, 2-dichloroethane and the drug solution was refluxed with four equivalents of
a-chloroethyl chloroformate for 24 h wunder nitrogen. The obtained carbamate
intermediate was hydrolyzed by treating with methanol at 50°C for 2 h. The separation
and purification was carried out using thin layer chromatography over a distance of 10 cm
with mobile phase consisting of toluene, acetone, ethanol and ammonia (45:45:06:04 v/v).
After separation and drying, the N-desmethyl derivative was extracted with solvent phase
consisting of methylene chloride, propranol and ammonia (95:4:1 v/v).

For sample clean up, various techniques such as simple one-step precipitation with
methanol or acetonitrile, single and multi stage liquid-liquid extraction with organic
solvents were investigated. In addition to this, acidification and basification of biomatrix
for enhancement of recovery were also studied. Considering the physicochemical
properties of drug such as ionization coefficient, partition coefficient and solubility in
aqueous and organic solvents, various extraction solvents such as n-hexane, diethyl ether,
chloroform, methylene chloride and ethyl acetate were studied individually and in
combinations. Finally, injection volume and wavelength of detection were optimized for
better sensitivity and selectivity.

e) Bioanalytical method validation

The developed liquid chromatographic method was validated with respect to various
validation parameters viz. selectivity, linearity, range, recovery, accuracy, precision,
sensitivity and drug stability in serum. Partial validation was carried out in brain and
lungs for analysis of IM. As a part of validation, intra- and inter-batch variability were
studied by repeating the analysis on three different occasions. Method was also applied
for the determination of IM in real world serum (test) samples, in order to study in vivo
pharmacokinetics in rats.

i) Selectivity

Selectivity of the method was studied by investigating the interference from various
endogenous proteins and other impurities present in bio-matrix. Blank rat serum, brain
and lungs samples collected from six different rats were processed independently and
analyzed by the proposed method. Obtained chromatograms of blank serum samples were
compared against analytical and calibration standards for investigating interference in

determination.
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if) Linearity and range

Linearity and range of the method was assessed by three separate series of seven serum
standards (25-1600 ng mL™") prepared and analyzed on three consecutive days. Similarly,
three separate series of six standards each of brain (25-800 ngmL™) and lungs
(50-1600 ng mL™") were used for linearity and range. Average peak area at each level was
plotted against concentration and the curves were subjected to linear regression analysis
by least square method. Calibration equation was used to calculate the corresponding
predicted concentrations. One-way analysis of variance (ANOVA) was performed on
each replicate response obtained at seven concentration levels.

iii) Recovery studies

Recovery studies in serum were conducted at four QC levels using LLOQ, LQC, MQC
and HQC standards, prepared in five replicates on three consecutive days. Similarly, three
QC levels were selected for each of brain and lungs sample for recovery study. All QC
standards were processed as described in sample preparation section. Absolute recovery
at each QC level was calculated by comparing the peak area obtained from QC and
analytical standards.

iv) Accuracy and precision

Accuracy and precision of the method in individual matrix was determined by analyzing
QC standards prepared at LLOQ, LQC, MQC and HQC levels. Each QC standard was
processed and analyzed in five replicates and analysis was repeated on three different
occasions to study intra- and inter-batch accuracy and precision. Concentration of IM in
QC standards was calculated from the calibration equation. Accuracy was expressed as
% Bias and precision was determined as intra and inter-batch variations as percent
relative standard deviation (% RSD).

V) Sensitivity

Sensitivity of the method was obtained by determining the lowest concentration of IM
that can be estimated with acceptable accuracy and precision (% RSD < 20) and it was
expressed as a lower limit of quantitation (LLOQ), in the individual matrix. The QC
standards were prepared at LLOQ concentration (25 ng mL™") in pentaplates and analyzed
by the proposed method, on three different occasions. Concentrations of IM in QC
standards were calculated from calibration equation and parameters such as mean

calculated concentration, % Bias and % RSD were determined.
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vi) Stability studies

In order to investigate the integrity of drug under storage and different operational
conditions of the proposed method - short term, long term, dry residue and freeze thaw
stability studies were carried out at four QC levels of serum standard, in triplicate. Since
the developed method was extended to different tissue sample of same animal species, as
per standard partial validation protocol stability studies in these matrix were excluded.
For short term stability studies, prepared QC standards were kept at room temperature and
each set of QC standards was analyzed at 1, 3, 6, 12 and 24 h of post-spiking. Long term
stability of IM in rat serum was investigated over a period of 90 days. Prepared QC
standards were stored at —20°C and they were processed and analyzed on 7, 15, 30, 60
and 90 days. Post extraction stability of IM in dry residue was investigated for 15 days.
For this purpose, all QC standards were prepared, extracted and stored at —20 °C. One set
of QC standards (n=3) was analyzed on day 1, 3, 5, 10 and 15, immediately after
reconstitution with dilution phase.

Freeze thaw stability studies were conducted to investigate the integrity of drug after
exposing it to alternate freezing (at least 24 h) and thawing cycles (at least 2 h). For this
purpose, prepared QC standards were stored in sealed glass tubes at —20°C. Upon
completion of required freeze thaw cycles, respective set of QC standards were processed
and analyzed as described earlier. The stability results were expressed as accuracy in
terms of % Bias against fresh serum standards.

vii) Over-curve dilution integrity

To study the over-curve dilution integrity, three dilution integrity (DI) standards were
prepared in serum at higher (over-curve) concentrations. Before extraction, these
standards were diluted in rat serum to bring the concentrations within the calibration
range. Five series of DI standards were prepared in rat serum at 5, 10 and 15 pg mL™'
concentrations and they were diluted 5, 10 and 15 times, respectively. The DI standards
were vortex mixed for 5 min and processed as mentioned previously.

vii) Analysis of in vivo samples

Various pharmacokinetic studies including serum pharmacokinetics and biodistribution in
brain and lungs were performed using the validated method and the detailed procedures

are mentioned in Chapter 6.
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3.5.2 Results and Discussion

a) Bioanalytical method development

A doubled end-capped reversed phase column with bidentate silane (Zorbax Extend-C18,
Agilent, USA) was selected for enhanced stability, which is reported to protect silica from
dissolution at extreme alkaline conditions (32). Previously, few authors have reported that
the nor-metabolites synthesized obtained from this selective procedure can directly be
used as qualitative standards for analytical purpose without extensive purification (33).
The purified product was used to prepare standards of the N-desmethyl Imatinib, which
showed retention time of 5.67 = 0.29 min indicating clear peak resolution from IM in the

optimized mobile phase.

A simple one-step precipitation with methanol or acetonitrile led to a higher protein load
and inefficient sample clean up. It was found that even a double extraction with n-hexane,
diethyl ether, ethyl acetate and their combination showed poor recovery of the drug.
Further, basification of serum showed only a marginal improvement in the drug recovery,
there was significant interference from matrix components. Chloroform and methylene
chloride showed high extraction efficiency with reproducible and consistent recovery
(> 90%). However, extraction with chloroform showed a little interference due to
endogenous component of serum in the near vicinity of drug retention time. Single
extraction with 1.5 mL methylene chloride resulted in the high extraction efficiency.
Optimized injection volume (50 uL) led to sensitive method with interference-free
determination at 285 nm. Thus, optimized extraction protocol showed consistent and high
recovery at all concentration levels without any interference from endogenous
components and impurities. Moreover, brain and lungs samples showed consistent and
acceptable recoveries.

b) Bioanalytical method validation

i) Selectivity

Chromatograms of six blank samples revealed that there was no peak present in elution
windows of IM. A lack of response in blank biological matrix confirmed the selectivity of
the method from endogenous components. Further, test samples obtained from oral
pharmacokinetic studies proved that there was no interference from metabolites or
degradation products in the near vicinity of drug peak. Comparison of chromatograms of
blank, spiked and test serum samples indicate selectivity of the method (Fig. 3.5). Thus,
the proposed method was found to be selective in the determination of IM from spiked as

well as test samples.
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Fig. 3.5: Representative chromatograms of Imatinib mesylate in rat serum (a) blank

serum, (b) spiked serum (1600 ng mL™") and (c) test samples in overlay mode.

ii) Linearity and range

The linear regression analysis indicated linear relationship between the average peak area
and concentration in serum over the range 25-1600 ngmL"' with high regression
coefficient (R*>0.9995). The best-fit linear equation was average peak area (uV s) =
263.98 x concentration (ng mL'l) +44.51 with low standard error of estimate (6.88 x 10%)

and mean sum of the squared residuals (4.74 x 10°).

Table 3.10: Calibration data for serum standards of Imatinib mesylate

Co(lrllzerrgiaﬁ;on Mean(;:ia/ﬂ;)area 9% RSD % Bias
25 6506.14 + 681.03 10.45 -2.09
50 12670.52 + 885.36 7.01 —4.34
100 26518.98 + 933.17 3.52 0.29
200 53788.21 £ 2498.48 4.65 1.79
400 109138.74 £ 3919.95 3.59 3.31
800 205575.40 £ 6995.69 3.40 —2.68
1600 424281.28 + 19418.47 4.58 0.44

* Each value represents the average of nine independent determinations (n = 3 on three

occasions).
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Mean response obtained for individual concentrations are indicated in Table 3.10.
Further, 95% confidence interval and standard error (SE) of the slope was found to be
258.26 t0 269.72 (SE + 2.23). The standard deviation of peak area was significantly low
across the analytical range and % RSD was less than 10.5.

Good linear relationship existed between the average peak area and concentration in brain
over the range 25-800ngmL™’ with high regression coefficient (R*>0.9997)
(Table 3.11). The best-fit linear equation was average peak area (UV s) =
250.9 x concentration (ng mL™") +263.8.

Table 3.11: Calibration data for brain standards of Imatinib mesylate

Cczrrllcge;:clr?‘fl)on Mean(ie\;lal;)area o RSD % Bias
25 5918.27 +£584.13 9.87 —4.45
50 12125.61 + 883.27 7.28 -5.33
100 24367.05 +1186.67 4.87 -3.89
200 50610.96 = 1862.48 3.68 0.33
400 104581.81 £4162.35 3.98 3.93
800 199152.31 £ 5715.67 2.87 -0.91

* Each value represents the average of nine independent determinations (n = 3 on three

occasions).

The best-fit linear equation for lungs calibration standards was average peak area (LV s)
=219.7 x concentration (ng mL™") + 856.4 with high regression coefficient (R*>0.9997)
(Table 3.12).

Table 3.12: Calibration data for lungs standards of Imatinib mesylate

C(zrrl;err;tia}‘%on Mean(ie\r;ll;)area 9% RSD 9% Bias
50 10706.59 £ 1131.69 10.57 —4.58
100 22403.03 £ 1675.75 7.48 -1.85
200 45533.91 £ 2581.77 5.67 1.65
400 92274.19 + 4558.34 4.94 3.99
800 173006.11 £ 5380.49 3.11 -2.04
1600 353261.11 £ 13318.23 3.77 0.25

* Each value represents the average of nine independent determinations (n = 3 on three

occasions).
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In homoscedasticity test, analysis of residuals indicated that the residuals are normally
distributed around the mean observed response with uniform variance across all
concentrations suggesting homoscedastic nature of data. In addition, selected linear model
with univariant regression showed acceptable % Bias indicating the goodness of fit which
was further supported by low values of standard error of estimate and mean sum of
squared residuals. Test of the intercept revealed that intercept of serum calibration was
not significantly different from zero as t4r value was 0.0286 (tabulated 2.57) at 5% level
of significance. Finally, one-way ANOVA was performed for peak area obtained at
individual concentration levels and F-value (7.21 x 10™) was found to be much lower
than the theoretical F-value (2.12) at 5% level of significance.

iii) Recovery studies

The proposed method showed high and consistent recovery of IM from rat serum at all
concentrations studied and use of internal standard was not necessary. Mean absolute

recovery values in serum were ranged from 90.32 to 95.86% over the calibration range

(Table 3.13).

Table 3.13: Mean absolute recovery of Imatinib mesylate from serum QC standards

Quality control standard Mean absolute recovery ab (%) % RSD
LLOQ 90.32 £ 6.97 7.71
Serum LQC 92.20 +3.43 372
Star?(irds MQC 95.86 £3.34 3.48
HQC 93.75+£3.36 3.58

*Each value represents the average of fifteen independent determinations (n = 5 on three
occasions); b Recovery = [(Peak area of serum standard/peak area of analytical

standard) x 100]

In addition, the method was found to be precise with low % RSD at all QC levels
(Table 3.13). Simple liquid-liquid extraction procedure with methylene chloride was
found to be efficient and reproducible. The high and consistent recovery results indicated

that the method was sensitive and precise for quantitative analysis of IM in the rat serum.

The proposed method also showed consistent and acceptable drug recovery from brain
and lungs tissues of rat at all concentrations studied. Mean absolute recovery values in
brain and lungs were ranged from 85.48 to 88.79% and 73.81 to 79.52% over the
calibration range (Table 3.14).
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Table 3.14: Mean absolute recovery of Imatinib mesylate from brain and lung tissues

Quality control standard Mean absolute recovery “° (%) % RSD
Brain LQC 85.48 £5.62 6.57
QC MQC 88.79 £ 3.24 3.65
Standards HQC 87.35+2.63 3.01
Lungs LQC 73.81 £5.92 8.02
QC MQC 79.52 +3.01 3.79
Standards HQC 77.43 +2.76 3.56

“Each value represents the average of fifteen independent determinations (n =5 on three
occasions); b Recovery = [(Peak area of serum standard /peak area of analytical

standard) x 100]

iv) Accuracy and precision

The obtained results confirmed the accuracy of the proposed method, as the percent
deviation was significantly less. At all QC levels, intra-batch % Bias ranged from
—2.34 t0 3.42 and inter-batch % Bias ranged from —2.17 to 3.45. Results obtained for
% Bias and % RSD at each QC level is presented in Table 3.15. The method was found to
be precise with % RSD not exceeding 8.53 and 8.01 at LLOQ for intra- and inter-batch,
respectively.

In addition, test of the intercept along with homoscedasticity test suggested that there was

no significant interference from matrix components in analysis of IM.

Table 3.15: Intra- and inter-batch accuracy and precision of the proposed method

Accuracy Precision
Quality control standards (% Bias) (% RSD)
Intra-batch ® Inter-batch®  Intra-batch®  Inter-batch °
LLOQ -2.34 -2.17 8.53 8.01
LQC 0.42 -0.19 3.55 3.76
MQC 3.42 3.45 4.19 3.49
HQC 0.87 1.43 3.29 3.59

* Each value represents the average of five independent determinations; ® Each value

represents the average of fifteen independent determinations (n = 5 on three occasions)

Consistent and high recovery observed at four QC levels was in agreement with the above
findings. Results of accuracy and precision study were in acceptable limits and indicated

that the method was accurate and precise (Table 3.15).
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V) Sensitivity

Serum standards prepared at LLOQ showed quantifiable amount of IM, when analyzed in
pentaplates on three different days (Fig. 3.6). Further, it confirmed that the method was
precise and accurate at LLOQ with % RSD less than 8.53 and % Bias not exceeding
—2.34. The method was found to be sensitive with a high signal-to-noise ratio at 285 nm
detection wavelength. It can be suggested that the present method is suitable for various

pharmacokinetic investigations in the rat, which demand high sensitivity.
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Fig. 3.6: Representative chromatograms of Imatinib mesylate in rat serum (a) blank and

(b) spiked serum standards at LLOQ

vi) Stability studies

Results obtained for short term stability studies at all QC levels demonstrate that IM was
stable in rat serum under bench top conditions. IM does not show significant change
(% RSD < 5) in response up to 24 h at room temperature, when compared with the
response obtained from fresh standards (Fig. 3.7a). Similarly, in long term stability study,
IM was found to be stable in rat serum at —20°C for all QC levels, as there was no
significant difference between the response of standards at zero time and during 90 days.
The maximum deviation observed was within acceptable limits at all QC levels
(Fig. 3.7b). In dry residue stability study, obtained results have indicated that IM was
stable under post-extraction storage conditions up to 15 days at —20 °C (Fig. 3.7c¢).

There was no significant degradation detected in QC standards prepared at all four QC

levels up to five freeze-thaw cycles. Results are expressed as accuracy in terms of % Bias,
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which was below 10% at LLOQ and below 8% at other concentration levels and the
deviation observed during five freeze thaw cycles was within acceptable limits
(Fig. 3.7d). Thus, the drug was found to be stable for five freeze thaw cycles making it
suitable for subzero storage conditions. Percent deviation calculated for all stability
samples were well within the acceptance range of +20% at LLOQ and + 15% at other
concentration levels demonstrating the stability of IM under various processing and

storage conditions stated in the method.
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Fig. 3.7: Stability study of Imatinib mesylate in rat serum (a) short term stability, (b)
long term stability, (c) dry residue stability and (d) freeze thaw stability

vii) Over-curve dilution integrity

The dilution integrity of the method was found to be acceptable with accuracy (% Bias)
of —2.34, 3.18 and 0.61 for respective 5, 10 and 15 pgmL™ concentration levels.
Precision for 5, 10 and 15 times dilution was within acceptable limits with % RSD 4.55,
4.62 and 3.61, respectively. Thus, the results demonstrated that the method was suitable
for over-curve dilution up to 15 times in the rat serum.

viii) Analysis of in vivo samples

The validated method was successfully applied to study pharmacokinetic disposition of

IM in rats (Chapter 6).
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3.6 Conclusions

A new, sensitive and selective UV-spectrophotometric method was successfully
developed for the determination of IM from pharmaceutical formulations. Moreover, the
simple composition of solvent medium and easy extraction procedure offered rapid and
cost effective analysis of IM. The method demonstrated adequate accuracy and precision
with high and consistent recoveries across the calibration range. Robustness studies
confirmed that the method can be extended to various other applications as method
performance remained unaffected by a significant change in the composition of solvent
media. Further, it may be used for routine analysis of IM from bulk drug, pharmaceutical

preparations and other quality control samples of the product development.

A new, sensitive and stability indicating chromatographic method was successfully
developed for determination of IM. For the first time, orthogonal separation technique
was successfully used to demonstrate selectivity in forced degradation study. A novel
microwave assisted degradation technique was found to be fast, effective and accurate as
compared to conventional refluxing method of forced degradation. A three-factor
face-centered design demonstrated that the developed method has significant tolerance for
any change in critical chromatographic factors. In addition, simple isocratic elution and
easy extraction procedure offered rapid and cost effective analysis of IM. The method
was found to be accurate and precise with high and consistent recoveries at all levels
studied. Further, it has demonstrated high resolution from degradation products,
impurities and formulation excipients. The validated method may be used for routine
analysis of IM from bulk drug, pharmaceutical preparations and other quality control
samples of the product development.

A new, simple and sensitive reversed-phase high performance liquid chromatographic
method has been successfully developed and validated for determination of IM in rat
serum, brain and lung tissue samples. Simple liquid-liquid extraction technique provided
consistent and high recovery with selective determination of IM. The method was found
to be accurate, precise and reproducible with good stability of IM under various
processing and storage conditions. In addition, the method was successfully employed for
in vivo pharmacokinetic investigations of pure drug. All the developed methods were

used for different analytical and pharmacokinetic studies of the present research work.
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4. Preformulation Studies



4.1 Introduction

A successful formulation design takes into account the prior information of physical,
chemical and biological properties of the drug to produce an effective, stable, safe and
marketable product (1). Frequently, this prior information minimizes the efforts in the later
stages of product design and development by reducing cost and time to market.
Preformulation study is designed to investigate specific drug characteristics, which
addresses the identity, purity and strength of the drug substances and quality of the drug
products. Moreover, this exploratory activity, at the early stage of product development
cycle, aid in establishing a correlation between the physicochemical properties of a drug
substance and the biopharmaceutical parameters, such as the prediction of the in vivo

product performance.

Although the Food and Drug Administration has not released any specific guidelines for
nanotechnology based products, these pharmaceutical and analytical investigations were
carried out as per standard product development guidelines. Typically, a standard
pharmaceutical product development study includes comprehensive drug characterization
such as determination of dissociation constant, partition coefficient, solubility,
polymorphism and hydrates, powder properties, thermal behavior, molecular spectroscopic
profile, drug-excipient compatibility, stability etc (2-5). However, considering the scope of
nanoparticulate formulations, methods were selected to investigate product specific
questions, which offer a rational basis for nanotechnology based product design and the
developmental strategies (6).

Although IM is widely used in several research investigations and clinical applications, the
information about its physicochemical properties is scarce in literature. An extensive
literature search did not reveal important properties of the drug. Thus, broad goal of the
study was to evaluate physicochemical properties, determine the drug-excipient
compatibility, investigate the drug stability and characterize drug substance in a manner

that would regulate the subsequent developmental events.
4.2 Experimental
4.2.1 Materials

Poly (lactic-co-glycolic acid) (PLGA 50/50, MW 10,000), Poloxamer 188 (Pluronic® F-68,
MW 8400), Poly vinyl alcohol (PVA, MW 13,000-23,000, 98% hydrolyzed) and
Poly (e-caprolactone) (PCL, MW 40,000) were purchased from Sigma Aldrich Chemicals.

Sodium chloride, anhydrous sodium phosphate dibasic and anhydrous potassium
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dihydrogen phosphate, glycine, polyethylene glycol (PEG, MW 300 & 400) and all other

chemicals and reagents used were of analytical grade.
4.2.2 Instruments and equipments

A digital pH meter (pH Tutor, Eutech Instruments, Singapore) equipped with glass
electrode and automatic thermal compensation probe; digital analytical balance (AG135,
Mettler Toledo, Switzerland) with sensitivity £ 0.01 mg; water bath shaker (MSW-275,
Macro Scientific Works, India) with a temperature control + 0.05°C; humidity and
temperature control cabinet (MSW-125, Macro Scientific Works, India); refrigerator
(Frost-free 200L, Godrej, India); rotary flask shaker (REMI Instruments, India);
ultrasonicator (1201, Systronics Instruments, India); vortex mixer (Spinix, India) were used
for analysis. While, all other analytical instruments were of standard grade and used after

calibration.

4.2.3 Methods

Frequently, wide ranges of analytical methods are required to perform the preformulation
studies. For present study, analysis of drug was carried out using either the reversed phase

liquid chromatographic method or the UV-spectroscopic method as described in Chapter 3.

A Fourier transform infrared spectrophotometer model IRPrestige-21 (Shimadzu, Japan)
equipped with a diffuse reflectance attachment was used to record infrared absorption
spectrum of all samples. The individual samples were suitably mixed with moisture-free
spectral grade potassium bromide. The infrared absorption spectra were recorded in a range
of 400 to 4000 cm™ with a resolution of 4 cm™ using a high-energy ceramic source, CsI
beam splitter and DLATGS detector. The diffuse reflectance FTIR spectra were acquired
using a Labsolutions® workstation (CreonLab Control, Japan) and the data was transformed
using Kubelka-Munk conversion before interpretations.

Thermal analysis was carried out using a previously calibrated differential scanning
calorimeter - DSC-60 (Shimadzu, Japan) with TA-60WS thermal analyzer. For each
measurement, 5 + 2 mg of individual sample was loaded into aluminium pan and covered
by crimping the lid. Considering the melting point of individual component, each sample
was suitably scanned between 25 to 300°C at 5°C min' heating rate. Inert environment was
ensured by purging nitrogen gas at 30 mL min™ flow rate. The thermograms were acquired
using a TA-60WS workstation (Shimadzu, Japan) and the melting temperatures (T,) were

recorded.
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For statistical analysis, the concentrations of IM in the stability samples were plotted as a
function of time. The order and reaction rate constants were determined after modeling the
obtained data using a linear and non-linear regression analysis using the statistical package
S-Plus” (Insightful Corporations, USA).

4.2.4 Bulk characterization

Imatinib is not listed in pharmacopoeia or official compendia of any country. Few in-house
tests were performed to establish identification and characterization of Imatinib mesylate.
a) Assay and purity

For assay and percent purity purpose, in-house UV-spectroscopic and stability indicating
liquid chromatographic methods were developed and validated as described earlier.

b) pH

Aqueous solution of IM (1% Vv/v) was prepared fresh and pH was recorded at 25°C.

c¢) Spectral analysis

i) Ultra-violet visible absorption spectrum

Aqueous solution of IM (10 ng mL™") was prepared fresh and UV-Visible spectrum was

recorded as described earlier.
il) Fourier-transform infrared absorption spectrum

Pure drug FTIR absorption spectrum was recorded using diffuse reflectance spectroscopy

as described previously.
d) Thermal analysis

Thermal analysis of pure drug was studied using a previously calibrated differential

scanning calorimeter as described earlier.
4.2.5 Physical form

In the present study, physical form of the drug was determined using thermal behavior and
spectral absorption study. The thermal properties of the drug were studied using differential
scanning calorimetry and the integrity of the functional groups was confirmed using the
infrared absorption spectroscopy. Pure drug was subjected to recrystallization from
selected solvents and obtained crystalline forms were analysed for physical and chemical
integrity. In addition, samples were also given heat treatment to investigate possible
alterations in the crystalline form of drug. In a separate study, the samples were also
subjected to multiple heating cycles (25°C = first heating cycle = 300°C = cooling cycle
- 25°C - second heating cycle = 300°C) and changes in thermal properties of samples

were recorded.
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4.2.6 Solubility analysis

In the present work, the solubility study of IM was carried out in selected aqueous and
non-aqueous solvents using the shake-flask method. Selection of various non-aqueous
solvents was according to product development needs, while the pH range selected for
aqueous solubility analysis was in accordance with the in vivo physiological conditions.
Initially, saturation solubility of IM was determined in buffered and unbuffered media at
selected pH conditions. In addition, solubility analysis was also carried out in some
selected aqueous and non aqueous media such as n-hexane, ethyl acetate, acetone, diethyl
ether, dimethyl formamide, acetonitrile, dimethyl sulfoxide, n-octanol, methylene chloride,
chloroform, isopropyl alcohol, poly ethylene glycol (300 & 400), methanol, simulated
intestinal fluid and simulated gastric fluid.

For pH-solubility profile, unbuffered solutions were prepared by adjusting pH of pure
water using hydrochloric acid or sodium hydroxide solutions and the ionic strength was
adjusted using sodium chloride solution (0.5% wi/v). While, buffered solutions of same
ionic strength with pH range between 1 and 12 were prepared by mixing two solutions and
the extreme pH conditions were adjusted by using hydrochloric acid or sodium hydroxide
solutions (7).

In the shake-flask method, an excess of the drug was added to 5 mL of each solvent
measured into glass flasks and the mixture was vortex-mixed for 5 min. Samples were
agitated in a water bath shaker maintained at 37 +2°C for 24 h. Previously, a pilot study
with small scale (1 mL) was carried out to study the equilibration time at low, medium and
high pH conditions. At each time point, samples were withdrawn, filtered
(Whatman® No. 40) and diluted at isothermal conditions to ensure they were free from
particulate matter before analysis. Processed samples were suitably diluted with mobile
phase and analysed by liquid chromatographic method. All solubility experiments were
performed in triplicate and the average solubility of IM in various solvents is presented.
4.2.7 Dissociation constants

For determination of the acid dissociation constant, a primary stock solution of
1000 pg mL™ was prepared by dissolving 100 mg of IM in 100 mL of pure water. Different
pH media were prepared fresh and ionic strength was adjusted to 0.3 M using
sodium chloride. Immediately after pH adjustment, 100 pL of stock solution was
transferred to 10 mL standard volumetric flask to prepare 10 ugmL™ of the drug in
different pH media. Each sample was prepared in triplicate and the spectrum was recorded

independently at 25 £ 0.5°C. The absorbance values obtained at each wavelength were

128



plotted as a function of pH and the data was processed to identify a suitable wavelength,
which demonstrates differential UV-Vis absorbance with significant effect of ionization.
First derivative of absorbance respective to pH (AAbsorbance/ApH) was plotted against
media pH and the pKa was determined (8).

4.2.8 Partition coefficient

For lipophilicity analysis, the partition coefficient of IM was determined by shake flask
method using the n-octanol-water and chloroform-water systems with a modification of the
reported procedure (40-CFR-799, 2005) (9). All the phases were pre-saturated with the
other solvent for at least 24 h, prior to start of the experiment and saturated phases were
separated by centrifugation (1000 rpm, 2 min & 25°C). In separate glass vials, 10 mL of
water-saturated organic phase was transferred and mixed with equal proportion of pure
water, pre-saturated with respective organic solvent. After the drug addition, prepared
solvent mixtures were placed on rotary flask shaker and maintained at controlled
temperature (25 £ 0.5°C) for 12 h. In a separate study, it was established that the 12 h time
period was sufficient for attaining complete equilibrium in all cases. On completion of
12 h, samples were centrifuged (1000 rpm, 10 min & 25°C) to separate aqueous layer and
IM concentration was determined by HPLC method. The partition coefficient of IM was

calculated using following formula.

Porw = Crn-octanol] / Cwater]

Where, Cpn-octanol] and Ciwater] are the concentration of the IM in n-octanol and pure water,
respectively.

Similarly, the pH partition coefficient (Do) was determined in the n-octanol-water (pH;.12)
systems. Before starting the experiment, all the pH solutions were pre-saturated with
n-octanol for at least 24 h and saturated phases were separated by centrifugation
(1000 rpm, 2 min & 25°C). In separate glass vials, 10 mL of each pre-saturated pH solution
was transferred and mixed with equal proportion of n-octanol, pre-saturated with respective
pH solution. The prepared solvent mixture was placed on rotary flask shaker and
maintained at controlled temperature (25 + 0.5°C) for 12 h. On completion of 12 h, samples
were processed as mentioned above. All the experiments were carried out in triplicate and
results are expressed as log Po. and log Doy, pu by taking logarithm of the partition

coefficient and distribution coefficient at individual pH, respectively.
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4.2.9 Stability analysis

In order to investigate the integrity of drug molecule under various pH conditions during
the product manufacturing and in vivo biological environment, the stability studies were
performed in liquid and solid state.

a) Liquid state stability

Liquid state stability of IM was studied in a various un-buffered and buffered pH solutions.
For this purpose, a stock solution of IM prepared in pure water was spiked in various
buffered and un-buffered solutions at pH 0.5, 1, 1.2, 3, 5, 6.2, 6.8, 7, 7.4, 9, 11 and 13 to
get a final concentration of 10 pg mL™" in the respective media. In addition, two sets of
liquid state samples prepared in pure water were subjected to thermal stress (90 £ 5°C) and

oxidative stress (H>O, solution) conditions.

The prepared solutions were stored at 25 +2°C in 20 mL glass vials on a temperature
controlled water bath shaker with sufficient flux. At predetermined time intervals (0, 2, 4,
6,12 & 24 h and 2, 4, 8, 15, 30, 45 & 60 days), the samples were withdrawn and analysed
for the drug content using HPLC method. The amount of the drug remaining in solution
was plotted as a function of time. The order of degradation kinetics and the rate constants
were determined for respective buffered and un-buffered solutions.

b) Solid state stability

For solid state thermal- and photo-stability studies, IM was subjected to various thermal
conditions with humidity and photo-stress conditions, separately. The pure drug was stored
in a clear glass vial and maintained at ambient (RT: 25+ 2°C, 60 % 5% RH) and
accelerated (AT: 40 +2°C, 75+ 5% RH) conditions, while the control was kept at a
refrigerated (FT: 5 + 3°C) condition. At predetermined time intervals (0, 0.5, 1, 1.5, 2, 3,
4.5 & 6 months for AT; two additional 9 & 12 months for RT; and two additional at 18 &
24 months for FT) samples were withdrawn and analysed. In a separate study, one set of
vials was kept at dry thermal conditions (90 £2°C, dry conditions) and samples were
withdrawn at 0, 0.5, 1, 2, 3, 6, 9, 12, 18 and 24 h and analyzed for the drug content. The
amount of the drug remaining was plotted as a function of time. The order of degradation
kinetics and the rate constants were determined. In addition, all the stability samples were
also analysed for physical (DSC) and chemical (HPLC & FTIR) integrity on completion of
stability period (6-12 months).
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4.2.10 Drug-excipients compatibility study

Solid state interactions between drug and various excipients were studied by subjecting
physical admixtures of drug and individual excipient to different stress conditions. The
prepared mixtures were studied for physical observation (color, odor & physical state),
drug content (assay, degradation products), thermal analysis (DSC) and spectroscopic
analysis (FTIR) etc.

The drug and excipient were weighed accurately and mixed pharmaceutically (1:10
proportion) by sieving (mesh #80) and blending process. The prepared admixtures were
transferred to a set of glass vials and each vial was kept at a refrigerated (FT: 5 £ 3°C),
ambient (RT: 25+2°C, 60+5% RH) or accelerated (AT:40+2°C, 75%5% RH)
conditions. The pure drug stability data obtained at each condition was used as a control.
At predetermined time interval, samples were withdrawn in triplicate and physical
observations, drug content and impurity analysis were performed. The drug content results
were plotted as a function of time and the data was fitted to determine the order of reaction.
The degradation kinetics of IM was studied and degradation rate constants were expressed
as Togy, which signifies the time duration required to retain 90% of the drug potency, in
presence of individual excipient at respective stress condition. At the end of stability period
(12 months), thermal and spectroscopic analysis was performed to investigate possible
physical and chemical interactions.

4.3 Results and Discussion

4.3.1 Bulk characterization

a) Assay and purity

The studied sample showed that IM was 99.95% pure.

b) pH

Aqueous solution of IM (1% w/v) showed pH of 5.5 at 25°C.

c) Spectral analysis

i) Ultra-violet visible absorption spectrum

IM showed maximum absorption at 256 nm for a concentration of 10 pg mL™ in triple
distilled water.

il) Fourier-transform infrared absorption spectrum

The infrared absorption spectrum of the pure drug showed characterisitic IR bands, which
were in aggreement with the reported data (10). In brief, a broad shaped singlet at
3258, cm™ was attributed to N-H stretching vibrations. A sharp peak at 1656, cm™ was
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identified as C=0 stretching vibrations of amide linkage. A strong signal at 1557 cm™ was
assigned for N-H deformations of a secondary acyclic amide. A prominent peak at
1417 cm’' was attributed to C=N stretching vibrations of aromatic rings (pyridine and
pyrimidine).

d) Thermal analysis

The DSC thermograms of the pure drug demonstrated a single sharp endothermic peak
onset (Ts) at 212°C for B-polymorphic form and the average melting temperature (T,,) was
found to be 217°C (Fig. 4.1).

DSC
mW/mg
0.0 ——
-0.51 Peak  216.98 C
Onset 212.38C
Endset 221.12C
_1.0; Heat -630.33 mJ
I -127.38 J/g
-1.5¢
100 150 200 250
Temp [C]

Fig. 4.1: Thermograms of pure Imatinib mesylate (B-polymorph)

Interpretation of thermograms provided melting enthalpy (AH) of —127 J g”' and the drug
was found to decompose at its melting point. The repeated measurement of same sample
did not record any endothermic event between 210-225°C indicating complete
decomposition of the drug.

4.3.2 Physical form

The infrared absorption spectrum of the drug was in agreement with the reported spectrum
of B-polymorphic form (10). Moreover, these studies support the observations of thermal
analysis and confirm the crystalline structure as a -polymorphic form (Fig 4.1).
Previously, it has been reported that IM exists in two different anhydrous polymorphic
forms, which are represented as o- and -polymorphic form (10, 11). Both the

polymorphic forms belong to the triclinic crystal system with P-1 space group but have
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markedly different cell parameters. The a-polymorphic form has a lower melting enthalpy,
which indicates an enantiotropic relationship between these polymorphic forms (12). Both
the a- and B-polymorphic forms have been reported to be stable at room temperature with
less than 2% change in the crystalline structure. Moreover, these polymorphic forms
maintain the structural integrity even after subjecting to heat treatment (60-70°C, = 12 h).
However, prolonged heating (> 24 h) of either polymorphic form above 70°C may result in
the partial conversions. One reported method suggests the inversion of polymorphic form
(P to &) upon extreme heat treatment (175°C) for prolonged duration (> 12 h). However,
several authors have reported that B-polymorphic form is extremely stable and may not be
converted back into o-polymorphic form easily (13). It has also been reported that the
a-polymorphic form is more hygroscopic in comparison with the -polymorphic form with
rapid adsorption of water at 25°C. Although both the polymorphic forms liquefy at 97%
relative humidity, the a-polymorphic form showed high water adsorption rate with 0.18%
water adsorption at 33% RH against 0.10% for B-polymorphic form (14). Lower
hygroscopicity of the B-polymorphic form provides advantage of processability and
stability in storage.

Thus, B-polymorphic form has been reported to demonstrate better pharmaceutical
properties such as high flow properties, low hygroscopicity, relatively high solubility,
stability etc. apart from its stability aspects over other polymorphs (15). Considering these
facts, the B-polymorphic form was selected for design and development of nanoparticulate
drug delivery systems. Moreover, 3-polymorphic form has same biological activity as other
polymorphs and is available commercial preparations in several countries.

4.3.3 Solubility analysis

The pH-solubility observations indicated that the aqueous solubility of IM is highly charge
dependent (Fig. 4.2-4.4). In both un-buffered and buffered systems, a trend of decreasing
solubility with increasing pH was observed. IM has shown higher solubility
(756 £76.15mg mL™") in acidic media (pH 1) and lower (0.04+0.004 mgmL™") at
alkaline media (pH 12), in buffered state (Fig. 4.2-4.3).

A decreasing relationship was observed between pH and solubility with relatively constant
behavior at acidic side (pH 1-5) and alkaline side (pH 10-12). The aqueous solubility of
Imatinib freebase prepared in-house was found to be very low (= 50 ng mL", unbuffered,

25 +2°C).
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Fig. 4.2: pH solubility profile of Imatinib mesylate in unbuffered media

Similar finding were also observed in solvent solubility studies as the drug showed poor

solubility in non-polar solvents such as n-hexane (0.02 uM), diethyl ether (0.55 M),

chloroform (1.15 uM), ethyl acetate (0.05 uM) and methylene chloride (1.15 uM).

However, a typical trend of increasing solubility with increasing polarity was observed

among the selected non-polar solvents (Fig.4.4). IM showed highest solubility in

methylene chloride (¢ = 9.1) and lowest in n-hexane (g = 2).
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Fig. 4.3: pH solubility profile of Imatinib mesylate in buffered media
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Frequently, a protic polar solvent such as methanol demonstrates specific interactions with
the drug by acting mainly as a hydrogen donor in establishing hydrogen bonds, while, a
nonpolar solvent such as n-hexane acts as an inert solvent and interacts with the drug
molecules exclusively by nonspecific interactions such as dispersion forces. Thus, the
comparative solubility profile in nonpolar, aprotic- and protic-polar solvents provided
evaluation of solute-solvent interactions. Among the selected polar solvents, polar aprotic
solvents showed poor drug solubility in comparison with the polar protic solvents (Fig 4.4).
A similar trend of increasing solubility with increasing polarity was also observed in
aprotic polar solvents such as acetone (0.17 uM), acetonitrile (0.66 uM), dimethyl
formamide (0.59 uM), dimethyl sulfoxide (0.90 uM).
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Fig. 4.4: Solubility profile of Imatinib mesylate in different solvents : TWD - triple

distilled water, nHEX - n-Hexane, ETAC - Ethyl acetate, ETHR - Ether, DMF - Dimethyl

formamide, ACNL - Acetonitrile, DMSO - Dimethyl sulfoxide, nOCT - n-Octanol, METH

- Methylene chloride, CHCL - Chloroform, IPA - Isopropyl alcohol, PEG4 & PEG3 —

Poly (ethylene glycol) 400 and 300, METH - Methanol and SGF and SIF - Simulated

gastric and intestinal fluids.

Interestingly, one significant observation was the polar aprotic solvents like acetone have
shown poor aqueous solubility despite high polarity (¢ = 21) over the non-polar solvents
e.g. diethyl ether with low polarity (¢ = 4.3). Independent on polarity of organic solvents,

IM showed a high solubility in all protic solvents over aprotic solvents indicating
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significance of charge in the drug solubilization. Within the class of protic solvents, a linear
increase in solubility was observed with increasing polarity e.g. isopropyl alcohol

(24.54 uM), methanol (42.95 uM) and water (961.48 uM) was observed.

Considering these facts, it can be inferred that the pH, protic nature and polarity plays
critical role in the solubilization process of the drug, Szakécs et al have extensively studied
the ionization behavior of IM and its selected fragments using the nuclear magnetic
resonance technique (16). The authors have reported the log K protonation constants of
Imatinib and proposed that the fraction of the mono-, di-, tri- and tetra-protonated forms of
Imatinib increases with decreasing pH. Thus, it may be concluded that the increasing
formation of different protonated species with decreasing pH conditions may have resulted
in pH dependent solubility profile of IM. Moreover, the poor aqueous solubility of the
freebase at room temperature confirmed that the uncharged molecules might be practically
insoluble in water.

4.3.4 Dissociation constants

At a fixed concentration, the UV spectra acquired at different pH were analysed for
maximal pH dependent change in the absorbance values. The mean absorbance value of
three independent determinations at a selected wavelengths and its first derivative
(AAbsorbance/ApH) were plotted as a function of pH of the medium. Peaks and/or valley
in the first derivative method were considered as pKa. The results indicated four pKa vales
each at pKa; (1.47 £ 0.23), pKa, (3.92 = 0.37), pKaz (7.61 £ 0.28) and pKa4 (9.25 £0.34).
The UV-spectrophotometric method was found to be reliable and reproducible with low
% RSD.

Previously, few authors have reported site-specific basicity profile of Imatinib quantified in
terms of its protonation macroconstants, microconstants and group constants by NMR-pH
and pH-potentiometric titrations (16). The authors have reported macroscopic protonation
constants as 1.71 £ 0.02 (log K;), 3.10 £ 0.01 (log K3), 3.88 £ 0.03 (log K3) and 7.7 £ 0.1
(log K4) in pure water at 25°C [I=0.15 M NaCl]. Although the obtained values of pKa
were in agreement with the reported data, the slight discrepancy may have resulted from
the limitation of UV-spectroscopic method in differentiating close values at pKa2 and
pKa3 of 3.88 £ 0.03 and 3.1 £0.01, respectively. In addition, fourth pKa observed at
9.45 £+ 0.34 in the present study was unexplored in the reported study.

K1 K> Ks K4 e+
L > HL® <t Hll™ «—=F Hl™™ — i
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Considering these protonation constants, the predicted population of ionized species at
various biological pH can be as follows - 33% mono-cationic (HL") species in blood
(pH 7.4) with single proton on piperazine site, 80% in mono-cationic (HL") species in
duodenum (pH 6.8) with fraction of di-cationic (H,L™") species and 63% tri-cationic
(HsL™™) species in stomach (pH 2) with abundance (= 33%) of fully protonated (H4L"™ ™)
species.

4.3.5 Partition coefficient

The partition or distribution coefficient was expressed as a ratio of the molar
concentrations of a drug between the organic phase (e.g. n-octanol, chloroform etc.) and
aqueous phase (pure water, buffered phase etc.), in dilute solution (<0.01M) at a given

temperature. These dimensionless constants are presented as the decadic logarithm — log P

(logio Poiw) and log D pu (10g10 Do, pH)-
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Fig. 4.5: n-octanol - buffered phase - distribution of Imatinib mesylate

In shake flask method, both the oil-water systems (chloroform-water and n-octanol-water)
showed rapid partitioning of IM with equilibrium reaching within 6 h. Study was
conducted at increasing concentrations of IM with 12 h equilibration time. The partition
coefficients for chloroform-water system was found to be 2.02+0.56 and for

n-octanol-water system was 0.20 £ 0.16.

In order to ensure complete partitioning of unionized state of IM, an additional study was

conducted after adjusting pH of aqueous phase to 12, which showed n-octanol-water
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partition coefficient of 1.90 £ 0.34. The theoretical partition coefficient of IM calculated
using ACD Labs was 2.48 £ 0.73 (ACD/Labs, USA). Relatively high solubility of IM in
chloroform (0.66 mg mL™") as compared to n-octanol (0.62 mg mL™") would have resulted
in increased partitioning of the drug. A sigmoidal relationship was observed between
fraction distributed to oil phase and buffered phase over a pH range (Fig. 4.5). The charge
dependent behavior of IM was observed in oil-water distribution studies. Moreover, these
findings correlate well with the obtained solubility data. The fraction partitioned into oil

phase decreased with increasing ionization at acidic pH.

4.3.6 Stability analysis

a) Liquid state stability

IM was found to be sensitive towards various pH conditions with similar degradation
kinetics (Fig. 4.6). The decadic logarithm of the percent unchanged drug was plotted as a
function of time and slope was used to determine the first order degradation rate constants
(Kq) at the respective pH condition (Fig. 4.7). The obtained degradation data could be well
described by the first order degradation kinetics with high correlation coefficient, low mean
sum of squared residuals and low information criterion (AIC and BIC) values (Table 4.1).
The shelf life was expressed as Togy, which indicates the period of storage of the drug
without significant loss of the potency.

The first order degradation over the pH range indicated that IM is most sensitive to acidic
environment with the first order degradation rate constant of 13.40 day'1 and Tyge, of
0.79 days. Similarly, extreme basic conditions were found to be detrimental on the stability
of the drug with the first order degradation rate constant of 1.74 day'1 and Togo, of
6.07 days. However, the degradation rate was found minimal at neutral conditions with the

first order degradation rate constant of 0.40 day™ and Togy, of 26.57 days.

The drug demonstrated good thermal stability at liquid state with the first order degradation
rate constant of 10.01 day™ and Togy, of 1.05 days, even at 90°C. Chromatographic results
indicated no signs of oxidative degradation of IM in aqueous solution at various pH and
temperature conditions as oxidative degradation products were not observed in respective
chromatograms. However, IM showed highest sensitivity towards oxidative stress under
forced degradation conditions with the first order degradation rate constant of 387.03 day™'

and Tygy, of 0.03 days.
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media

The rapid degradation at acidic pH may be due to hydrogen ion catalysis of the fully
charged (H4L™™") Imatinib species. Similarly, at alkaline conditions rate of degradation
may have been accelerated by hydroxide ion catalysis of neutral (L) species of Imatinib

(17). Although, during its transit through the gastrointestinal tract, IM would be exposed to
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extreme acidic environment for 2 to 4 h, the fraction degrading during this exposure would

be less significant (< 2%)).

Table 4.1: pH, thermal and oxidation stability data of Imatinib mesylate in liquid state

Kg % 10° Toov 2
Treatment 4 R MSSR AIC
(day™) (days)

pH-0.5 13.40 £ 1.21 0.79+£0.07  0.9943 18.55 75.31
pH-1.0 343£0.18 3.07+£0.16  0.9952 8.61 65.34
pH-1.2 1.99+0.11 5294030 09912 9.00 65.90
pH-3.0 1.43 £ 0.08 7.39+042  0.9891 7.42 63.40
pH-5.0 0.96 £ 0.02 10.95+0.56  0.9895 4.07 55.60
pH-6.2 0.78 £ 0.04 13.44 £ 0.81 0.9845 4.36 56.50
pH-6.8 0.57+£0.04 18.65+1.34  0.9767 3.92 55.10
pH-7.0 0.40 £ 0.03 26.57+£2.53 0.9579 3.92 55.10
pH-74 0.29 £ 0.02 36.23+£2.75 09719 1.50 42.62
pH-9.0 0.71 £ 0.05 14.81 £ 1.13 0.9747 6.11 60.88
pH-11 1.58 £0.05 6.68 £0.20 0.9972 2.25 47.89
pH - 13 1.74 £ 0.07 6.07+£0.26  0.9944 4.86 57.89
Heat 10.0 £ 1.61 1.05+£0.17  0.9634 0.22 4.40
H>O, 387.0£19.5 0.03 £ 0.001 0.9982 3.85 18.78

Ky - first order degradation rate constant; MSSR - mean sum of squared residuals; Heat -

temperature (90 £ 5°C) treatment; H,O; - hydrogen peroxide treatment .

Moreover, it can be suggested that IM need to be processed at neutral pH conditions in
liquid state and prolonged exposure to extreme acidic and alkaline conditions (pH <5 &
pH < 9) may lead to significant degradation of the drug. Moreover, the drug was found to

be sensitive for oxidizing agent with more than 90% degradation within 24 h.
b) Solid-state stability

Solid-state stability samples analysed by the liquid chromatographic method suggested that
the drug is stable at freeze temperature and controlled room temperature with first order
degradation rate constants of 0.79 x 10® month™ (HL 877.6 months) and 1.79 x 10~
(HL 386 months) (Table 4.2). Moreover, FTIR studies revealed that there is no change in
main infrared absorptions peaks even at the end of 12 months. In addition, the thermal
analysis using DSC suggested that there is no evidence of change in polymorphs as there
was no significant change in melting temperature (onset, peak & endset) and enthalpy

(Table 4.3). Similarly, photo-stability samples did not show significant degradation
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(<2%, 1 month) suggesting that the drug is the photo-stable. Thus, solid-state stability
studies for drug content (HPLC), chemical (FTIR) and physical (DSC) analysis confirmed
that B-polymorphic form of IM is stable at thermal and photo-stress conditions.

Table 4.2: Thermal and photo stability data of Imatinib mesylate in solid state

Treatments (< 1 0'3If120nth'1) (mjg)gr(l);/}()ls) R MSSR AIC
5+3°C 0.79 £0.07 13346 +11.65 0.9641 0.025 -10.47
25+2°C 1.79 £ 0.02 58.74 £6.14 0.9592 0.039 =5.47
40 £ 2°C 2.84+£0.04 37.07 £4.68 0.9554 0.028 =7.75
90 £ 5°C 176.56 £ 57.6 0.59+£0.19 0.9307 0.032 —7.43
Photo 1.85+£0.04 57.11£2.96 0.9432 0.035 =7.99

Drug-excipients compatibility study

The drug was found to follow first order degradation kinetics in the binary mixture, which
was supported by high correlation coefficient and low information criterion (AIC & BIC)
values (Table 4.3). IM showed good stability at controlled room temperature and
accelerated temperature conditions with the highest first order degradation rate constant of
2.46 x 10” month™ and 5.02 x 10” month™, respectively.

In thermal analysis, the sharp melting endothermic peak of the drug was found to be
preserved in all binary mixtures, which suggested the physical compatibility of the drug
with all studied excipients. All physical mixtures in stability showed same onset and endset
temperature as that of pure drug with the melting peak at 217 £ 0.9°C, without any
additional thermal events. In few cases, a broad endothermic peak approximately at 100°C
was observed and it was attributed to residual moisture in sample. The melting enthalpy
values were proportional to the amount of pure drug in the binary mixtures. Thus, the
stability samples demonstrated that the binary mixtures have similar thermal properties as

that of the initial samples (Table 4.3).

Further, these findings were supported by the infrared absorption spectrum as it confirmed
the absence of possible chemical interactions between the drug and selected excipients.
Thus, the drug-excipients compatibility study did not reveal any unfavorable chemical
interactions between drug and various selected excipients. The drug was found to be stable
in all physical mixtures at ambient and accelerated stress conditions. Thus, all binary
mixtures analysed for drug content, chemical and physical integrity confirmed the stability

of IM in presence of individual excipients at various stress conditions studied.
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Table 4.3: Compatibility analysis of Imatinib mesylate with selected excipients

Drug-excipient compatibility studies

Parameters
(IM) (IM:PLGA)  (IM:PCL)  (IM:PECA) (IM:PVA)  (IM:PF-68)
Kq x 10*(Month™)  1.79 £0.19 2.3240.03 1.55+0.14 1.785+0.03  2.32+0.24 2.46 +0.22
3 s 2 Toov, (Months) 58.74+6.15 45444059  67.99+598  59.045+1.09 4542+4.72  42.81+3.79
£ %” + R 0.9591 0.9934 0.9776 0.9987 0.9596 0.9702
£ » o MSSR 0.039 0.009 0.033 0.012 0.064 0.051
g AIC —5.47 —42.22 —23.31 —40.27 —0.54 —2.56
5 . Kqx 10°(Month™)  2.84 +0.36 4.33+0.30 1.68 +0.05 2.49 +0.24 4.19+0.32 5.02 +0.41
% 82 : Toov (Months) 37.07+4.68 2437+1.67 62.76+2.01  4228+4.04  2518+1.92  21.01+1.70
Al g R 0.9554 0.9863 0.9962 0.9737 0.9831 0.9811
& T MSSR 0.028 0.015 0.032 0.010 0.018 0.028
AIC -7.75 - —30.47 ~14.41 —9.82 —6.08
= Onset (°C) 2124 - 60.5 183.3 208.0 48.8
PR % Peak (°C) 217.0 Tg, 43.1 64.6 196.9 221.9 53.6
% ~ g Endset (°C) 221.1 - 67.1 204.2 225.8 56.1
= “  Enthalpy J g -127.4 - - —219.1 - -
g _ . Onset - 2122 211.7 213.4 211.4 212.8
é 3 § Peak - 216.6 218.2 2163 217.7 218.6
é’ = Endset - 222.4 220.8 222.1 221.4 221.7
Enthalpy (J g’ - ~132.9 ~125.9 ~128.7 ~129.6 ~128.8

Each value represents average of three independent measurements: Togy, = 0.10538 / K4 ; R - Correlation coefficient; IM - Imatinib mesylate;
PLGA - Poly (lactic-co-glycolic acid); PCL - Poly (e-caprolactone); PECA - Poly (ethyl cyanoacrylate); PVA - Polyvinyl alcohol; PF-68 -

Poloxamer 188.

142



4.4 Conclusions

IM showed a pH dependent solubility profile with high solubility in acidic environment
and low solubility in alkaline environment. Similarly, the drug showed high solubility in
protic organic solvents in comparison with aprotic organic solvents. However, the drug

was found to be poorly soluble in non-polar organic solvents.

The lipophilicity analysis indicated that unionized drug is well partitioned in oil phase,
however, ionization of drug molecules significantly affects the fraction distributed to oil
phase. This is evident with the sigmoidal nature of pH-partition curve with poor
partitioning towards the acidic side. Considering the protonation constants of IM it can be
stated that the drug would show high permeability at intestinal pH with significant
unionized species. However, fully protonated species at gastric pH may limit the

absorption of IM in stomach.

Liquid state stability studies revealed that the drug follows first order degradation
kinetics. Stability studies indicated that IM is sensitive for acidic and alkaline
environment as the degradation constants were found to be high at extreme pH
conditions. However, drug was found to be most stable at 7.4 pH in buffered phase.
Solid-state stability studies confirmed that the drug is stable at refrigerated and ambient
temperature. Moreover, the photo-stability studies indicated that the drug could be

processed without strict photo-protection.

The drug-excipient compatibility studies indicated that IM is stable in presence of various
excipients at ambient and accelerated storage conditions. In addition, there were no
polymorphic transformations observed during the study. Thus, drug-excipient
compatibility studies would support the rationale for selection of various excipients and
justify the product life span.

Although poor aqueous solubility of drug has been known to cause bioavailability related
problems, frequently these challenges may simply be overcome by conventional
formulation development approaches such as preparations with co-solvents, polymers and
cyclodextrins, solid dispersions etc. (18, 19). Conversely, non-solubility related
pharmacokinetic challenges need to be addressed specifically after detailed in vivo
investigations. Considering the solubility data of IM, it can be predicted that the drug
solubilization processes would not be a rate limiting state in the intestinal absorption of
IM, upon oral dosing. Thus, the possibility of poor absorption and subsequent therapeutic
failure due to poor solubility may be excluded and the drug related problems may be

attributed to pharmacokinetics of the drug. These pharmacokinetic challenges may be
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overcome by delivering the drug in nanoparticulate drug delivery systems. Thus,

preformulation data provided the strategic input to formulation design and optimization.
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5. Formulation Design and Development



5.1 Introduction

The diverse properties of nanoparticulate drug delivery systems such as selective
biodistribution, in vitro and in vivo drug stability, intracellular trafficking, controlled drug
release, etc. aid in meeting the challenges associated with the drug delivery applications.
However, the preparation of nanoparticulate drug delivery system is challenging with
influence of several formulation parameters such as nature and proportion of drug,
polymers, stabilizers etc. and processing variables such as phase volume ratio, phase pH,
mixing time and intensity, evaporation rate etc. on the performance of the drug delivery
system (1-7). The formulation parameters and process variables affect the various
characteristics and properties of the nanoparticulate formulations and ultimately govern

the therapeutic performance of the product.

Different nanoparticulate delivery systems for IM have been proposed using
biodegradable and biocompatible polymers such as poly (lactide-co-glycolic acid)
[PLGA] and poly (g-caprolactone) [PCL] and poly (ethyl cyanoacrylate) [PECA] (8). The
study was carried out for the selection and optimization of suitable method by identifying
critical variables. The desired product characteristics such as - low average particle size,
narrow particle size distribution, high drug loading and entrapment efficiency, controlled
release characteristics with selective biodistribution were aimed.

5.2 Experimental

5.2.1 Materials

Imatinib mesylate was received as a gift sample from Cipla (Mumbai, India).
Poly (lactic-co-glycolic acid) [PLGA] copolymer with a molecular weight of 10,000 and
a d,l-lactide to glycolide ratio of 52:48; Poly (e-aprolactone) [PCL] with a molecular
weight of 40,000; Ethyl-2-cyanoacryalte [ECA] monomers were used of Sigma Aldrich
Chemicals, USA. Stabilizers such as polyvinyl alcohol [PVA] with a molecular weight of
13,000-23,000  [98% hydrolyzed];  Poloxamer 188  (Pluronic® F-68)  [PF-68];
Polysorbate 80 (Tween® 80) [PT-80]; Lecithin (egg phosphatidyl choline) [LCT] were
procured from Sigma Aldrich Chemicals, USA. All other chemicals and solvents
procured were of the highest purity available and used as received without any additional
treatments. Purified water was prepared by filtering the freshly collected Milli-Q® water

(Millipore®, France) through 0.22 um membrane filter (Millipore®, France).
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5.2.2 Apparatus / Equipment / Instruments

Magnetic stirrer with temperature control (Stirrer, Remi, India); temperature controlled
centrifuge - (Compufuge, Remi, India); and ultracentrifuge (L5-65, Beckman Instruments
Inc., USA) were used for nanoparticles separation. A microtip probe sonicator (Microson,
Misonix, USA) was used for the preparation of emulsion and vacuum evaporator
(Rotavapor, Biichi, Switzerland) was used for evaporation of organic solvents. A
lyophilizer (Heto-Dry-Lyo, Heto-Holten, Denmark) was used for freeze-drying after
freezing sample at —20°C in a refrigerator (Frost-free, Vest-Frost, India).

A photon correlation spectroscope [PCS] (Zetasizer 3000 HSA, Malvern Instruments,
UK) available at Panacea Biotech, Lalru was used for particle size analysis. A
transmission electron microscope [TEM] (Morgagni, Philips, USA) equipped with a CCD
camera (Megaview-III, Soft Imaging Systems) available at the All India Institute of
Medical Sciences, New Delhi was employed for acquisition of the images. An atomic
force microscope [AFM] (Nanoscope-III, Digital Instruments, USA) at Central Electrical
and Electronics Research Institute, Pilani was used for morphological (size and shape)
analysis.

5.2.3 Preparation of nanoparticles

The choice of a particular method for the preparation nanoparticles is principally
determined by the physicochemical properties of the drug. In the present study,
nanoparticles were prepared using co-precipitation of preformed polymers (PLGA &
PCL) and in situ polymerization of monomers (ECA).

For the preparation of PLGA and PCL nanoparticles, a double emulsion solvent
evaporation process was used as it provides better loading of hydrophilic drugs in to
nanoparticulate matrix along with physical protection for enhanced stability (9). The drug
entrapment process by the double emulsion solvent evaporation technique involves two
major steps, the formation of stable primary emulsion and the subsequent removal of
solvent from the double emulsion.

In the preparation of PECA nanoparticles, the mechanism of particle formation was based
on an anionic radical polymerization initiated by covalent bases present in the medium
(10-14). In case of alkyl cyanoacrylates, even weak bases are capable of ionizing the
monomers, which subsequently form carbanions. These anions in turn react with other
monomers forming continuous polymeric chains. The polymerization can be easily
terminated by neutralizing the medium with addition of suitable cations (NaOH, KOH

etc.) (7, 8, 15).
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nanoparticles were subjected to alternate centrifugation and redispersion cycles to remove
excess surfactant. Finally, the PECA nanoparticles were coated with either with
polysorbate 80 (Tween® 80) by dispersing in 1% of respective surfactant solution for 3 h.
Similarly, placebo nanoparticulate formulations were prepared by same method but
without addition of the drug in the internal aqueous phase. Specific formulation
parameters and process variables for individual formulations of PECA nanoparticles are
presented in Table 5.3a and 5.3b.

c¢) Freeze-drying and storage

The prepared nanoparticles separated by ultracentrifugation technique were immediately
freeze-dried using mannitol as a cryoprotective agent. For this purpose, individual
formulations were conveniently transferred in glass containers and were frozen to —20°C
for at least 24 h. Freeze drying was carried out with vacuum (1 mbar, —110°C), until free
flowing powder was obtained. Processed samples were stored at refrigerated conditions in

sealed glass containers.
5.2.4 Effect of formulation parameters and processing variables

The effect of various formulation parameters on the various characteristics of IM loaded
PLGA, PCL and PECA nanoparticles were investigated by preparing batches with
varying different parameters. The effect of individual parameters studied were organic
phase, polymer proportion, drug proportion, surfactant - type and concentrations, phase
ratio, aqueous phase pH, emulsification energy (intensity & duration of ultrasonication),
evaporation rate (vacuum conditions) by varying one selected variable at a time, keeping
all other parameters constant. Specific formulation parameters and process variables for
individual nanoparticulate formulations are presented in Table 5.1-5.3.

5.2.5 Characterization of nanoparticles

Considering the fact that the enhanced therapeutic efficacy is principally attributed to
their nano-dimensions, the prepared formulations were extensively characterized as per
following procedures.

a) Drug analysis

The drug analysis was performed to determine the drug entrapment and loading efficiency
of the individual nanoparticulate formulations. Accurately weighed freeze-dried
nanoparticles were transferred to a fresh calibrated flask. In order to release entrapped
drug, the nanoparticles were digested by dissolving the polymeric matrix in a suitable

organic solvent system with an ultra-sonication treatment (10 min, 25°C). The amount of

150



drug was determined using analytical method reported in Chapter 3. Each determination
was performed in triplicate and values are represented as average with standard
deviations.

The drug entrapment efficiency (EE) was expressed as the percentage of the amount of
drug entrapped in the nanoparticulate formulation relative to the initial amount of the
drug added to the formulation. The EE was calculated from the total amount of the drug

entrapped by using the following formula (20).

Amount of drug in the product (mg)

EE (% wiw) = x100

Amount of drug added (mg)

The drug loading efficiency (LE) was expressed as the percentage of the amount of drug
present in the unit weight of the final nanoparticulate formulations. The LE was
calculated from the amount of the drug present per unit weight of the final product using

following formula (20).

Amount of drug in the product (mg)

LE (% wiw) = x 100

Amount of the product (mg)

b) Particle size and size distribution

The average particle size and size distribution of individual formulation were analysed
using a photon correlation spectroscopy. Freeze-dried nanoparticulate formulations were
suitably dispersed in Milli-Q® water, which was previously ultra-sonicated for 30 min and
filtered through 0.22 pm membrane using Millipore® filtration system. Prepared samples
were subjected to particle size analyzer fitted with a He-Ne laser beam (4 mW) at a
wavelength of 632.8 nm and fixed scattering angle of 90°. For each measurement,
sufficiently diluted nanoparticle dispersions (1 mgmL™') were assessed for average
particle size and polydispersity index (PI). PI values range between 0 to 1 indicating
narrow size distribution (mono-dispersed phase) at lower side. While, the PI values
greater than 0.5 indicates broader size distribution (poly-dispersed phase). The PI values
lesser than 0.25 were considered as ideal and safe ideal for injectable preparations (21).

c) Particle shape and morphology

The morphological characterization and direct visualization of the prepared
nanoparticulate formulations were performed using a transmission electron microscopy
(TEM) and atomic force microscopy (AFM). The prepared nanoparticulate formulations
were dispersed in pure water, previously ultrasonicated for 30 min and filtered using

Millipore® ultrafiltration system.
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For TEM, a drop of nanoparticulate formulation containing 0.02% w/v of phosphotungstic
acid was placed on a carbon coated copper grid of TEM and allowed to equilibrate for 2
min. Excess liquid was removed and the grid was dried at room temperature. The
prepared samples were micro-graphed at 80 to 100 kV on a digital TEM station. For
AFM, a drop of nanoparticulate formulation was loaded onto an AFM silicone stub by
spin coat technique and immediately dried under vacuum. Processed samples were
scanned at 20 Hz in non-contact mode using a digital multimode scanning probe

microscope station.
d) In vitro drug release studies

The drug release from the prepared nanoparticulate formulations were performed in
modified dissolution apparatus with dialyzing membrane (MWC 14,000 Da, Sigma,
USA) as previously reported by several authors (22-24). The release studies were carried
out in phosphate buffer (100 mM) at physiological pH (7.4) as IM is freely soluble in
water. Preformulation studies indicated that IM is stable in the phosphate buffer solution
(pH 7.4) at 37°C over a period of seven days and the selected medium was sufficient to
maintain the sink conditions through out the study. In addition, flux conditions were

ensured by continuous stirring of the medium at 100 rpm.

The appropriate amount of IM loaded freeze dried nanoparticulate formulations were
accurately weighed and dispersed in a phosphate buffer solution (100 mM, pH 7.4). The
nanoparticulate dispersion was introduced into a dialysis membrane bag and the sealed
bag was immediately placed in the release media. Studies were carried out in 25 mL of
the phosphate buffer solution (100 mM, pH 7.4) maintained at 37 + 2°C and the medium
was covered to prevent evaporation losses. At predetermined time intervals, 1 mL
aliquots of the sample was withdrawn from the release medium and it was replaced with
equal volume of fresh medium. All samples were suitably diluted in mobile phase and IM
concentration was determined. The percent cumulative drug release was calculated and
plotted as a function of time and release kinetics were analysed using various
mathematical models (zero order, first order, Higuchi, Hixson-Crowell, Weibull
function). The mean dissolution time (MDT) was calculated from the first moment curve
and it was used as a model independent parameter. The mechanism of drug release from
the prepared nanoparticles was determined using the semi-empirical and power equation
described by Korsmeyer and Peppas by fitting data up to 60% of drug release. In order to
account for burst effect modified Korsmeyer and Peppas model was used, where burst

effect was calculated as amount released in first hour, presented as M. The regression
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analysis (R?), residual analysis (SSR & MSSR) and Akaike information criterion (AIC)
were employed for data modeling. The model providing relatively lower SSR and AIC
values along with high regression coefficient (nearing 1) were considered suitable. The
time required to release 50% of the drug calculated using the best fit model was expressed
as Tsoo, (h).

5.2.6 Stability studies

The physical state of entrapped drug in the optimized nanoparticulate formulations were
assessed by performing thermal studies using a differential scanning calorimeter. All
measurements were carried out on a previously calibrated differential scanning
calorimeter, as described earlier. The glass transition temperature (T,) was recorded as the
midpoint of the curve between pre- and post-transition baselines. The peak melting
temperature (T},) and heat of fusion were determined using the software and were used to
determine the percentage crystallinity. Reported data of the heat of fusion for complete
crystalline state of the polymers was compared with standard values reported in literature
(25, 26). The thermograms of the optimized nanoparticulate formulations loaded with and

without IM were compared against the pure drug, pure polymers and a physical mixture.

Stability of optimized nanoparticulate formulations in dispersed and freeze-dried state
was investigated over a period of time by exposing individual formulation to ambient
(25 £2°C), refrigerated (5+3°C) and freeze (—20+5°C) temperature conditions.
Stability of the formulations were studied after 15 day, 1, 3 and 6 months and analyzed
for product characteristics such as drug analysis (EE & LE), in vitro drug release studies

etc. along with particle size and size distribution analysis at the end of the study.

Effect of freeze-drying on the average particle size and particle size distribution was
studied by assessing redispersability for optimized formulations. For this purpose, the
freeze-dried formulations were reconstituted by dispersing it into ultrapure water and
comparison was done against the respective fresh formulation and analyzed without
freeze-drying treatment.

5.3 Results and Discussions

Both emulsion solvent evaporation and interfacial polymerization techniques were found
to be suitable for the preparation of IM loaded polymeric nanoparticles of good quality.
Nanoparticle characteristics such as average particle size, size distribution, particle
morphology, drug entrapment and loading efficiency were found to depend on various
formulation and process parameters. All optimized methods produced stable, small and

uniform particles with good entrapment efficiency and were found to be reproducible. In

153



addition, these parameters also showed influence on the in vitro drug release profile of IM
from PLGA, PCL and PECA nanoparticles.

5.3.1 Effect of formulation parameters and processing variables

a) Effect of nature of organic phase

For PLGA nanoparticles, use of ethyl acetate as an organic solvent produced least average
particle size with maximum entrapment and loading efficiency. Increase in the polarity of
organic solvents used (chloroform < methylene chloride < ethyl acetate) resulted in a
significant decrease in average particle size and increase in the drug entrapment and

loading efficiency.
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Fig. 5.2: Effect of the various organic phases on the characteristics of PLGA

nanoparticles

Considering the fact that ethyl acetate has relatively higher aqueous solubility (= 8% Vv/v),
quick solvent diffusion into external aqueous phase might have resulted in faster polymer
precipitation forming smaller particles. Thus, the use of ethyl acetate provided
nanoparticles with smaller average particle size, narrow size distribution and high drug
entrapment efficiency as compared to other organic solvents studied. Moreover, particles
were found to be of good spherical shape.

Similarly, PCL based nanoparticles prepared using chloroform found to have relatively
higher average particle size and wider size distribution over the other solvents

(Table 5.2). The drug entrapment and loading efficiency were found to be higher with use
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of ethyl acetate (Fig.5.3). However, the TEM studies revealed a few morphological
deformations in nanoparticles prepared with ethyl acetate, however, formulations
prepared with chloroform and methylene chloride showed good spherical shape with
uniform size distribution (Table 5.2; Fig. 5.4). In literature, dissolution of PCL in organic
solvent and subsequent phase separation of polymer molecules has been reported to
govern the surface properties of the polymeric structures (27). PCL is more hydrophobic
in comparison with other polyesters such as PLA, PLGA etc. and more soluble in
chloroform and methylene chloride in comparison with ethyl acetate. Thus, the
morphological inconsistency may be attributed to a relatively poor solubility of PCL in
these solvents affecting the process of phase separation, as the polarity of the solvent is

reported to control the polymer precipitation behavior principally (27).
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Fig. 5.3: Effect of the various organic phases on the characteristics of PCL nanoparticles

Similar polymeric structures of PCL exhibiting a filamentous morphology have also been
reported in literature (28). Where, faster nucleation is reported to offer molecular
restrictions on intra- and inter-molecular interactions resulting into formation of the
filamentous structures. Considering the fact that PCL is more soluble in chloroform,
higher solubility might have offered relatively high degree of freedom for proper
intra-molecular assemblies of PCL molecules resulting in smooth surface structures.
Frequently, the porous polymeric structures are formed by gradual precipitation process

from polymeric solutions, in organic phase, induced by solvent extraction across a
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semi-permeable polymeric membrane, which is formed in situ at the interface of the
organic phase and the aqueous phase (28). Thus, the observed change in the
characteristics of prepared nanoparticles for these formulations may be attributed to the

differential solubility of polymer in the selected organic solvents.

(@)

(b)

Fig. 5.4: TEM images of PCL nanoparticles prepared using different solvents
(a) ethyl acetate and (b) chloroform

b) Effect of polymer proportion

The results indicated that the polymer proportion affects various properties and characters
of prepared nanoparticles (Table 5.1-5.3; Fig. 5.5-5.7). In case of PLGA nanoparticles,
the formulations prepared with 50 and 100 mg of PLGA provided relatively smaller
particle size with absence of agglomerates. However, formulations prepared with 200 and
400 mg of PLGA have shown increased aggregation with high polydispersity index
(Table 5.1a). Similar trend was also observed with PCL nanoparticles, as the average
particle size of PCL nanoparticles was found to increase from 276 to 302 nm with
increase in the polymer amount from 50to 200 mg, maintaining its narrow size
distribution. However, further increase to 400 mg led to increase in the average particle

size to 369 nm with significant increase in the polydispersity index (Table 5.1a).
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Moreover, a trend of increase in average particle size with increase in polymer proportion
was observed for both, PLGA and PCL, polymers was in agreement with the previous
reported work (4, 29-32). The increased polymer proportion leads to increased viscosity
of polymeric phase offering high resistance against the shear forces during the
ultrasonication treatment. This phenomenon subsequently leads to the formation of bigger
droplets during emulsification due to poor dispersability of internal aqueous phase in the
primary emulsion (W/0) and the primary emulsion (W/0) into the secondary aqueous phase
leading to increased particle size (33, 34). Moreover, an increased probability of
coalescence due to desolvated macromolecules in the concentrated polymeric solution

contributes as an independent mechanism (35).
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Fig. 5.5: Effect of the polymer amount on the characteristics of PLGA nanoparticles

PLGA nanoparticles have shown a significant gain in drug entrapment efficiency from
76.02 to 94.49% with increase in PLGA amount from 50 to 100 mg. However, no further
increase in drug entrapment efficiency was observed with increase in PLGA amount up to
400 mg. In case of PCL nanoparticles, a trend of increase in drug entrapment efficiency
was consistent with an increase in PCL amount (52.57 to 73.28%). Although less
prominent, a similar trend was also observed in the drug entrapment efficiency with
increase in polymer proportion. Increased viscosity of the polymeric phase with increase
in polymer proportion may have contributed to stabilization of the primary emulsion

subsequently preventing the drug diffusion into external aqueous phase (29, 30).
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In case of PECA nanoparticles, an increase in the concentration of ethyl cyanoacrylate

monomers has shown an increase in average particle size and size distribution. Similar

increase was also observed in drug entrapment and loading efficiency (Fig. 5.7).
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These findings are in agreement with the earlier reported work, wherein, the authors have
observed increase in drug entrapment and loading efficiency with an increase in the
concentration of alkyl cyanoacrylates monomers from 1 to 4% w/v (36-38).

c) Effect of stabilizer

In case of PLGA nanoparticles, the results indicated importance of concentration of
surfactant in formation of the primary emulsion, as it was found to affect properties of the
prepared nanoparticles (Fig. 5.8). Considerable reduction in the average particle size and
size distribution was observed with the use of lecithin in the primary emulsion (w/0). An
increasing sigmoidal trend indicated that the optimum concentration of lecithin is
essential for the formation of the primary emulsion. However, lecithin above 0.3% did not
result in appreciable reduction in average particle size, polydispersity index and increase

in drug entrapment and loading efficiency (Table 5.1a).
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Fig. 5.8: Effect of stabilizer (LCT) amount on the characteristics of PLGA nanoparticles

Average particle size of the PLGA nanoparticles was found to decrease form 254 to
212 nm with an increase in PVA concentrations in the external aqueous phase from 0.5 to
2% wi/v. Similarly, an increase in PF-68 concentration from 0.5 to 2% w/v led to a
decrease in average particle size from 238 to 208 nm. Thus, both the stabilizers studied
demonstrated a decrease in the average particle size with an increase in concentration of

stabilizers.

164



100_GLE|:|EE- PS -500
S | = ] i
g 80 L400 >
R - =
Q ] - =
=R [
= 60 300 o
g5 S
o 1 - —
5 ] 3
£ 40 . E— | EE— B [ E— >
& N
2 20 S R E— N E— g
o}
<
Q

O T T T T

0.5 1.0 1.5 2.0

Amount of the stabilizer - PVA (% w/v)
Fig. 5.9: Effect of stabilizer (PVA) amount on the characteristics of PLGA nanoparticles

Moreover, it was also observed that the particle size distribution becomes narrower with

increasing stabilizer, which was in agreement with the previously reported results (39,
40).
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A similar trend was also observed in case of PCL nanoparticles as the average particle

size and the polydispersity index were found to decrease with increasing concentrations

of both the stabilizers - PVA and PF-68 (Fig. 5.11 & 5.12).
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Fig. 5.12: Effect of stabilizer (PF-68) amount on the characteristics of PCL nanoparticles

At a high concentration of stabilizer, there is an increase in the number of surfactant

molecules that orient at oil-water interface to reduce the interfacial tension. Subsequently,
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it results in increased net shear stress leading to the formation of smaller droplets, at a
constant emulsification energy (41-45). In case of PVA, the reduction in the surface
tension would have overcome the effect of increasing viscosity (34, 40). Moreover, the
physical adsorption of PVA molecules on to the newly formed nanoparticulate surface
prevent agglomeration of particles, as the hydrated layer (OH groups) provide a steric
hindrance (46, 45).

In case of PF-68, the stabilizer molecules orients to anchor the hydrophobic segments
(PPO) on polymeric surface, while the hydrophilic segments (PEO) align towards
aqueous phase reducing surface tension (Fig. 5.13) (47-50). Thus, it can be inferred that
the high concentrations of stabilizers contribute to increased steric hindrance and reduced
surface tension, preventing increase in the mean droplet size through coalescence. At all
concentrations studied, use of PF-68 over PVA resulted in smaller particles with narrower
size distribution. A relatively high viscosity of PVA solution over PF-68 solution may be
an underlying cause, which contribute to increased particle size and wider size
distribution.

A steady increase in drug entrapment efficiency of PLGA and PCL nanoparticles was
observed with an increase in the PVA concentration. The present observation may be
supported by the fact that a high concentration of PVA and PF-68 efficiently stabilizes the
emulsion, subsequently prevents diffusional loss of drug. The stabilization mechanism is
evident from the observation that a low concentration of PVA and PF-68 tends to form
larger particles with a wider distribution. In addition, increased viscosity of the external
aqueous phase at a high concentration of PVA may provide additional stability to the

emulsion.

Fig. 5.13: Diagrammatic representation of association of PF-68 molecules onto

nanoparticle surface with increasing concentration

In case of PLGA nanoparticles, there was a slight decrease in drug loading efficiency

with increase in PVA concentrations. This observation may be attributed to increased
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association of PVA molecules with polymeric matrix reducing relative amount of the
drug. Interestingly, an opposite trend was observed with the use PF-68, which was found
to be saturable above the 1% PVA concentration. However, PF-68 has shown a better
drug entrapment and loading efficiency in comparison with PVA, at all respective
concentration levels. In the literature, increased protein entrapment efficiency has been
reported with the use of PVA over PF-68 (51). The authors suggested that the use of PVA
in equal proportion with PLGA leads to small and uniform nanoparticles with good
recovery.

In case of PECA nanoparticles, increased stabilizer concentration led to decreased
average particle size and polydispersity index (Table 5.3a; Fig. 5.14). The role of a
stabilizer was found to be crucial in the formation of PECA nanoparticles as in most of
the cases poly-hydroxyl functional group favors the presence of OH ions in the medium.

These OH  ions act as initiators along with the stabilizing mechanism (36, 37, 52).
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Fig. 5.14: Effect of stabilizer (LCT) amount on the characteristics of PECA nanoparticles

The particle size analysis results indicated that an increase in stabilizer concentration
show saturable trend as beyond the optimum concentrations of stabilizer, there was no
significant increase in the average particle size. In literature, few authors have reported
smaller particle size with narrow size distribution with the use of PF-68 over dextran (53).

Similarly, the some studies have also proved that polymerization of alkyl cyanoacrylates
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in the presence of PF-68 did not show association with the growing polymer chains rather

it was adsorbed on the surface of polymeric nanoparticles (14).

In the present study, the drug entrapment and loading efficiency results indicated a
increasing saturable (exponential) trend with an increase in stabilizer concentration as
beyond the optimum concentrations of stabilizer, there was no significant gain in drug
entrapment and loading efficiency. Moreover, presence of the stabilizer was found to be
essential for the formation of stable nanoparticles as nanoparticles prepared without
stabilizer led to rapid aggregation with poor redispersability. Conversely, a very high
concentration of stabilizer (> 2% w/v) was not found to improve the product quality.
These results appear to be in contrast to some of the earlier reported work, wherein, the
authors have observed no change in the drug loading or entrapment efficiency with
increase in the concentration of dextran-70 as a stabilizer (37, 38, 52, 54).

d) Effect of drug proportion

Both the PLGA and PCL nanoparticles have shown no significant difference in the
average particle size and size distribution between drug loaded and blank nanoparticles,
suggesting that there was no influence of drug on the precipitation behavior of polymer

(Fig. 5.15 & 5.16).
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Fig. 5.15: Effect of the drug (IM) amount on the characteristics of PLGA nanoparticles

However, the results of PLGA nanoparticles indicated that optimum drug loading

efficiency ( = 20%) can be obtained between 50 to 75 mg of IM, the both extreme drug
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proportions found to provide decreased drug loading efficiency 10.28% (25 mg) to
12.83% (100 mg). The drug entrapment efficiency results indicated a decreasing trend
from 95.48 to 66.52% with increase in the drug amount from 25 to 100 mg, respectively.

The results of PCL nanoparticles have shown that the increasing drug proportion does not
impact the average particle size and size distribution. Although an increase in drug
amount led to well-defined increasing trend in drug loading efficiency, the drug
entrapment efficiency was found to be relatively constant. In both the preformed
polymers, increase in the free drug amount due to increase in drug proportion would have

resulted in decreased drug entrapment and loading efficiency.
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Fig. 5.16: Effect of the drug (IM) amount on the characteristics of PCL nanoparticles

In case of PECA nanoparticles, increase in the drug concentration has shown an
increasing exponential trend in drug loading efficiency and decreasing trend in drug
entrapment efficiency (Fig.5.17). In literature, drug loading efficiency of
poly (alkyl cyanoacrylate) particulate drug delivery systems have been shown to increase
or decrease with increasing drug concentrations (55, 56, 13, 37, 38, 52, 54). However,
there was no reason reported for these trends in the loading and entrapment efficiency of

the PACA nanoparticles.
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Fig. 5.17: Effect of the drug (IM) amount on the characteristics of PECA nanoparticles

e) Effect of phase volume ratio

A decrease in the internal phase volume of primary emulsion led to a decrease in the
average particle size of PLGA nanoparticles from 244 to 218 nm with an increase in drug
loading efficiency from 14.99 to 20.07%. An increase in the average particle size was
attributed to reduction in the net shear exerted on the internal phase during the
emulsification process. Similarly, a relative decrease in the internal phase volume resulted
in decreased droplet size with subsequent formation of smaller size nanoparticles
(Table 5.1b).

The observation may be explained by the fact that the relative increase in the external
aqueous phase volume reduces the net shear stress at a constant energy level, leading to
increase in the average particle size (57-59). However, it was observed that the drug
entrapment efficiency remains unaffected at 15 and 20% phase volume ratio. Similarly,
there was no substantial change in the drug loading efficiency for these formulations
(Table 5.1b).

An increase in the external aqueous phase volume from 75 to 85% v/v led to a decrease in
average particle size from 272 to 236 nm with increase in drug loading efficiency from
13.16 to 22.75% wiw. A slight decrease (= 7%) in drug entrapment efficiency was also

observed with increase in the external phase volume. Moreover, there was no substantial
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change in the drug entrapment and loading efficiency for the formulations prepared with

80 and 75% phase volume ratio.

In case of PECA nanoparticles, relative volume of oil to aqueous phase have shown an
impact on product characteristics such as the formulations prepared with the increasing
oil phase have shown an increase in average particle size (Table 5.3b). In addition, a
decrease in drug entrapment and loading efficiency was observed with increased

proportion of oil phase.
f) Effect of aqueous phase pH

Both the internal and external aqueous phase pH were found to affect characteristics of
nanoparticles (Table 5.1 & 5.3). The internal aqueous phase pH of 7.4 coupled with the
external aqueous phase pH 7.4 led to formation of nanoparticles with narrow size
distribution. A decrease in internal aqueous phase pH resulted in increased average
particle size and drug loading efficiency. Similarly, a decrease in external aqueous phase
pH resulted in increased average particle size and decreased drug loading efficiency
(Table 5.1b).

The observation was explained by the fact that the pH change affects the polymer
precipitation behavior and controls the drug diffusion from internal to external aqueous
phase. Increased solubility of IM at acidic pH of internal phase would have decreased
diffusional losses into external aqueous phase resulting in increased drug entrapment and
loading efficiency (Fig. 5.18). Similarly, decreased solubility of IM at basic pH of
external phase would have decreased diffusional losses into external phase resulting in

increased drug entrapment and loading efficiency.

{(4) Decreased Esternal Phase pH (B) Increased External Phase pH

{C) Increased Internal Phase pH (D) Decreased Internal Phase pH

External Phase

Fig. 5.18: Diagrammatic representation of pH dependent drug diffusion
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Moreover, increased solubility of the polymer at basic pH of media would have resulted
in slow precipitation at the interface forming bigger particles with wider size distribution.

In case of PECA nanoparticles, among all studied variables, the effect of medium pH on
the various characteristics of PECA nanoparticles was most influential. There was a
prominent trend of increased drug entrapment efficiency with increased pH (decreasing

acidity) of the medium, within the studied levels (Table 5.3b; Fig. 5.19).
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Fig. 5.19: Effect of the aqueous phase pH on the characters of PECA nanoparticles

These results are in agreement with the few reported studies and it was attributed to the
accelerated polymerization process. The polymerization kinetics of an alkyl cyanoacrylate
is controlled by the basicity of the medium (relative amounts of the OH ions from water
dissociation) as it is initiated by covalent bases (15, 55, 22). The rate of polymerization
indirectly affects the drug loading (entrapment, adsorption) process as accelerated
conditions increase the loading efficiency by enhancing mechanically entrapment of drug
(55, 60, 61, 8). Similar high loading efficacy was also reported for several other drugs
such as Ciprofloxacin, 5-Flurouracil etc. (36, 55, 37, 38).

As IM fairly remains ionized at acidic pH, the drug loading mechanism is essentially
governed by a mechanical entrapment of drug molecules in a polymeric network during
formation of a nanoparticle (37, 38). Moreover, the pH partitioning studies have revealed
that IM has more affinity towards the aqueous phase than the oil phase (Chapter 4). In an

ionized state, it may be assumed that the drug fraction partitioned into oil phase will be
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negligible. Thus, presence of electrostatic charge on IM molecules governs the drug

entrapment process.

In case of non-ionic drugs, the low drug entrapment and loading efficiency was attributed
principally to the diffusion of the drug from internal phase to external phase, which can
be avoided simply by increasing polymerization rate. Thus, rapid polymerization leads to
entrapment of drug inside polymeric network and reduces the time dependent loss of a
drug in an external phase (38).

In addition, another independent mechanism of drug loading is adsorption of the drug on
the surface of the polymeric nanoparticles. The extent of drug adsorption depends on the
surface properties of nanoparticles and the physicochemical properties of drug (pKa,
log P etc). Moreover, a decrease in the degree of ionization of the polymer with increased
medium pH has reported to reduce electrostatic repulsion in polymeric chains
(inter- and intra-chain) forming smaller particle size (62). In the present study, exactly
opposite trend was observed as the average particle size was found to decrease with
increased pH and it was attributed to increased rate of polymerization at alkaline
conditions (36-38)

g) Effect of energy

A prominent trend was observed for average particle size and drug loading efficiency
with change in the intensity and duration of ultrasonication treatment (Table 5.2). An
increase in ultrasonication energy from 10 to 20 W resulted in a considerable decrease in
average particle size of PLGA nanoparticles from 275 to 222 nm and drug loading
efficiency from 19.39 to 16.77%. A similar trend was also observed with an increase in
the duration of ultrasonication treatment from 5 to 15 min for average particle size (305 to

212 nm) and the drug loading efficiency (19.39 to 15.19%).

Thus, it can be inferred that the increased emulsification energy associated with either
increased duration or intensity of the ultrasonication treatment aid in rapid dispersion of
organic phase forming uniform nano-droplets, which subsequently provide smaller

nanoparticles with narrow size distribution.

Although ultrasonication was performed in temperature controlled conditions, high
energy associated with ultrasonication treatment may rise temperature in
microenvironment of the probe facilitating drug diffusion process. Moreover, increased
solubility of the drug at elevated temperature may be a contributing factor to a decrease in

drug loading efficiency at high-energy conditions (intensity & duration).
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In case of PCL nanoparticles, the formulations prepared with increasing duration of
ultrasonication treatment has shown a decreasing trend in the average particle size
(Table 5.2). A similar decreasing trend was also observed with increasing duration of
ultrasonication treatment. However, there was a decrease in drug entrapment and loading
efficiency beyond optimum duration of 5 min. Size distribution (polydispersity index)
was also found to increase with increasing duration of ultrasonication treatment.

In case of PECA nanoparticles, a decrease in average particle size was observed with
increase in the duration in a saturable manner. However, there was significant impact on
the drug entrapment and loading efficiency (Table 5.3b).

h) Effect of evaporation

Selected three conditions of solvent evaporation were found to influence the various
characteristics of prepared nanoparticles as the formulations prepared with reduced
pressure showed smaller average particle size with monomodal size distribution
(Table 5.1b). Similarly, formulations evaporated at the atmospheric pressure using a
magnetic stirrer provided relatively higher average particle size and polydispersity index
(Table 5.1b).

A decrease in average particle size at reduced pressure can be attributed to higher solvent
removal rates (63, 57). In literature, studies have also indicated increased extent of droplet
dispersion due to higher kinetic energy at the interface resulting from rapid evaporation of
organic solvent (64). In addition, during the formation of the nanoparticle, there is a
gradual decrease in the volume of dispersed phase resulting from solvent removal
(evaporation and diffusion). This phenomenon leads to an increase in viscosity of the
dispersed droplets affecting the droplet size equilibrium, which subsequently results in
droplet coalescence and agglomeration during early stage of the solvent removal process
(63). Thus, the results indicated that reduced pressure (= 200 mmHg) is essential for the
formation of uniformly distributed low size nanoparticles. However, there were no
additional benefits observed at the high vacuum (< 50 mmHg).

i) Effect of polymerization duration

In case of PECA nanoparticles, the effect of the polymerization duration on the product
characteristics was less significant after 4 h as the product characteristics were fairly
unaffected by extended duration of polymerization after 4 h. Thus, it can be inferred that
the 4h duration of polymerization is sufficient for complete polymerization of

ethyl cyanoacrylate monomers (Table 5.3a).

175



J) Effect of freeze drying

In present study, formulation prepared using different concentrations of stabilizers - PVA
and PF-68 indicated linear increase in the redispersability with increasing stabilizer
concentration. Moreover, the study proved that PVA concentration below 1% w/v may
not demonstrate adequate redispersability, even after ultrasonic treatment. Conversely, the
lowest studied poloxamer concentration (0.5% w/v) showed adequate redispersability
with uniform size distribution. The complete characterization of freeze-dried
nanoparticles revealed that there was no significant impact of freeze drying process on the
various characteristics of prepared nanoparticles. TEM studies were in agreement with
these findings as the optimized formulations showed smaller spherical particles with

narrow size distribution and complete absence of free drug crystals.

In literature, few authours have indicated variable concentration of PVA for adequate
redispersability of the prepared PLGA nanoparticles (65-67). Feczko et al have described
the significance of relative mass ratio (PLGA:PVA) for explaining the differences in
reported data (51). However, removal of the surface associated stabilizer may presents
significant challenge during preparation of polymeric nanoparticles as excess of stabilizer
may add up toxic effects. Considering this fact, lowest concentration of stabilizers

providing optimum properties were selected.

The morphology of the optimized formulations of PLGA, PCL and PECA were studied
using transmission electron microscopy (TEM) and atomic force microscopy (AFM) are
shown in Fig. 5.20-5.31. TEM images of the drug loaded PLGA nanoparticles showed
spherical shape of the particles (Fig. 5.20). Images revealed that the particles are

uniformly distributed and particle surface is smooth in nature.

Fig. 5.20 : TEM image of PLGA nanoparticles (freeze dried with cryoprotectant)
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Moreover, the average particle size and size distribution data was in agreement with the
PCS analysis results. There was no significant impact of freeze drying process on the
average particle size, size distribution and morphology of PLGA nanoparticle (Fig. 5.21).

However, freeze drying without a cryoprotectant led to little aggregation, which is visible

in following micrograph (Fig. 5.22).

Fig. 5.22 : TEM image of PLGA nanoparticles (freeze dried without cryoprotectant)

TEM images of the drug loaded PCL nanoparticles also showed uniform spherical shape
(Fig. 5.23). Moreover, analysis revealed uniform distribution and smooth surface
morphology of the prepared nanoparticles. TEM results were also in agreement with the
PCS analysis data. There was no significant impact of freeze drying process on the
average particle size, size distribution and morphology of PCL nanoparticle (Fig. 5.24).
Even at a high resolution, a single PCL nanoparticle showed uniform spherical shape

(Fig. 5.25-5.26).
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Fig. 5.23 : TEM image of PCL nanoparticles (freeze dried with cryoprotectant)

Fig. 5.24 : TEM image of PCL nanoparticles (without freeze drying)

Fig. 5.25 : TEM image of PCL nanoparticles (freeze dried without cryoprotectant)
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Fig. 5.26 : TEM image of PCL nanoparticles (Spherical particles)

PECA nanoparticles were also found to be in uniform spherical shape and smooth particle

morphology (Fig. 5.27).

Fig. 5.27 : TEM image of PECA nanoparticles (without freeze drying)

IM loaded PECA nanoparticles were uniformly distributed and particle surface was
smooth in nature. The various characteristics such as the average particle size, size
distribution and morphology of PECA nanoparticle was found to be unaffected by freeze
drying treatment, in presence of cryoprotectant (Fig. 5.28). Moreover, the average particle
size and size distribution data was in agreement with the PCS analysis results. At high

resolution, a single PECA nanoparticle showed uniform spherical shape (Fig. 5.29).
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Fig. 5.28 : TEM image of PECA nanoparticles (freeze dried with cryoprotectant)

Fig. 5.29 : TEM image of PECA nanoparticles (single spherical particle)

Further, AFM analysis also confirmed the spherical shape of prepared nanoparticles
(Fig. 5.30-5.31). Within the studied resolution of AFM, the surface morphology was
found to be smooth without any noticeable deformations. AFM results were in perfect
agreement of PCS and TEM analysis. Thus, the results of both TEM and AFM analysis
confirmed that the prepared nanoparticles were in good spherical shape with smooth

surface.
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Fig. 5.31 : AFM image of PECA nanoparticles (spherical particles)

Thus, the various formulation and process parameters were found to have influence the

characteristics of prepared PLGA, PCL and PECA nanoparticles.
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5.3.2 In vitro drug release studies

The various formulations prepared to investigate the effect of formulation parameters
have demonstrated considerable impact on the in vitro drug release profile
(Fig. 5.34-5.46). Data fitting into various models indicated that the drug release data can
be well described by first order kinetics. In addition, the modified Korsmeyer-Peppas
model was found to be suitable for explaining drug release mechanism in all the

formulations.

Almost all PLGA formulations demonstrated a bi-phasic controlled drug release with
MDT ranging from 9.3 to 25.9 h (Fig. 5.34). While, the PCL formulations have shown
characteristic tri-phasic release profiles with MDT ranging from 6.87 to 21.43h
(Fig. 5.35). The drug release profile of PECA nanoparticles was also found to be
bi-phasic in nature (Fig. 5.36). A distinct first phase comprising rapid drug release was
evident in most of the formulations (PLGA-NP, PCL-NP & PECA-NP).

This initial rapid release was principally attributed to direct dissolution of poorly
entrapped and weakly bound drug to the large surface of the prepared nanoparticles (68).
As described earlier, the surface properties of materials dominate over its bulk properties
at the nano scale. A decrease in particle size results in increased surface to volume ratio
subsequently providing a large surface area for interaction between release media,

polymer and drug.

PCL nanoparticles have shown prominently high burst effect in comparison with PLGA
nanoparticles, which was explained by the fact the PCL polymeric structures exists in
amorphous form with high porosity. The high porosity offers high drug diffusion
resulting in rapid mass transfer of the drug into the release medium.

Moreover, it also provides increased effective surface area for adsorption of the drug. In
addition, high aqueous solubility of IM might have further contributed to high porosity
and low crystallinity, releasing significant amount of IM during first few hours (3 h). The
biphasic release profile of PECA nanoparticles indicated that the significant fraction of
IM was adsorbed on the surface of the prepared nanoparticles as compared to the fraction

of the drug entrapped into polymeric network.

In later phase, the entrapped drug into PLGA and PECA polymeric matrix was released
slowly, which is controlled by the drug diffusion and polymer degradation processes.
Similar findings are reported for different categories of drugs with varied
physicochemical properties and suggest that it is a property of polymer rather than the
loaded drugs (69-72). Previously, few authors reported that PLGA and PCL polymers
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undergoes slow degradation process with selective bulk degradation over surface
degradation (Fig. 5.32) (73). Moreover, studies have proved a little degradation of
polymeric matrix during first several hours with negligible differences in the

morphological characteristics of polymeric structures.
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Fig. 5.32: Schematic representation polymer degradation mechanism in nanoparticles

In case of PCL nanoparticles, tri-phasic drug release profile was explained with the fact
that the PCL polymer exists in amorphous and polymorphic forms and the variable ratio

of amorphous to crystalline state of polymer may have controlled the release profile.

It is reported that the amorphous fraction of the polymeric matrix undergoes rapid

degradation over crystalline fraction with release of the entrapped drug (Fig. 5.33) (74,
75).

Aqueous Channels

Aqueous Channels

(Amorphous - Stage I) (Crystalline - Stage II)

Water  Drug Water Drug

Fig. 5.33: Schematic model of two stages of polymeric matrix degradation and drug

diffusion process
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Therefore, the drug release in second phase may be due to diffusion of the drug
incorporated in the polymeric matrix. Thus, the diffusion of drug and degradation of the
polymer matrix may be a reason for the third phase providing the sustained release of the
entrapped drug.

The PLGA formulations prepared with increasing relative drug proportions demonstrated
an increasing burst effect (M) from 10.3 to 28.6% with significant decrease in MDT
from 21.2 to 9.3 h. The results from Peppas modified power law indicated the
involvement of polymer relaxation (non-Fickian, anomalous drug transport) with
exponent values being constant for increasing drug proportion (n=0.72 % 0.034)

(Table 5.4)
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Fig. 5.34: In vitro drug release profile of PLGA nanoparticles prepared using different
amount of the drug. (Each data represents the average of three independent

determinations)

In case of PCL nanoparticles, an increase in the amount of the drug led to increase in the
burst release (M) from 13.4 to 45.7% and significant decrease in Tsgo, values from 13.4
to 8.3 h. The modified power law indicated that the both Fickian and non-Fickian
transport processes were involved as the exponent value was constant with increase in the
drug proportion (n=0.65+ 0.02). The modified power law indicated anomalous drug
diffusion mechanism with prevalence of the Fickian diffusion process, which was

unaffected by increase in the drug proportion. However, it may suggested that one or
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more secondary mechanisms including polymer erosion, polymer relaxation and even

release of entrapped stabilizer might have contributed to a little extent (Table 5.5).

Table 5.4: Summary of in vitro drug release kinetics of PLGA nanoparticles

MDT First Order Modified Korsmeyer-Peppas
Batch No. T50% (h)
(h) K (R) o + Kmp X T" (R)
PLGA-NP-02 19.6  0.044 (0.988)  15.2+0.055 x T*%* (0.965) 15.8
PLGA-NP-04 125 0.066 (0.985)  25.4+0.058 x T*%* (0.949) 10.5
PLGA-NP-05 212 0.040(0.988)  10.0+0.052 x T*7° (0.958) 17.3
PLGA-NP-06 223 0.040 (0.989) 5.2 +0.062 x T*®7 (0.953) 17.3
PLGA-NP-10 12.8 0.053 (0.980  27.3+0.077 x T**" (0.929) 13.1
PLGA-NP-11 259  0.033(0.982) 9.1 +0.042 x T*™ (0.979) 21.0
PLGA-NP-12 22.6  0.040 (0.983) 8.1 +0.032 x T*% (0.979) 17.3
PLGA-NP-13 10.0  0.079 (0.991)  22.3+0.043 x T**7 (0.950) 8.8
PLGA-NP-14 160  0.055(0.993)  13.0+0.037 x T**¢ (0.974) 12.6
PLGA-NP-15 21.1  0.048 (0.982) 4.0 +0.034 x T** (0.959) 14.4
PLGA-NP-16 22.6  0.043 (0.979) 6.1+ 0.024 x T*%* (0.975) 16.1
PLGA-NP-17 212 0.041(0.990)  10.3+0.051 x T*"° (0.960) 16.9
PLGA-NP-18 13.1  0.058(0.982)  22.9+0.054 x T%7* (0.969) 12.0
PLGA-NP-19 93  0.075(0.973)  28.6+0.054 x T*7° (0.967) 9.2
PLGA-NP-21 1522 0.055(0.981)  20.8 +0.058 x T*%* (0.965) 12.6
PLGA-NP-22 20.63  0.041(0.990)  12.1+0.058 x T*7 (0.968) 16.9
PLGA-NP-23 20.93  0.043 (0.987) 9.0+ 0.065 x T*% (0.969) 16.1
PLGA-NP-24 19.50  0.043 (0.986)  14.8+0.055 x T*%7 (0.966) 16.1
PLGA-NP-25 21.60  0.042 (0.989) 5.6 +0.062 x T*%7 (0.965) 16.5
PLGA-NP-26 2037 0.043(0.988)  10.4+0.057 x T*%* (0.964) 16.1
PLGA-NP-27 2443 0.039 (0.988) 5.0 +0.044 x T*" (0.967) 17.8
PLGA-NP-28 17.84  0.044 (0.984)  23.0+0.050 x T*%7 (0.965) 15.8

MDT is mean dissolution time; K¢ and Kpky are the kinetic release rate constants

respectively for first order kinetics and modified Korsmeyer-Peppas (mKP) model; a is

burst release calculated as (100 x Mb/M,) by mKP model; T is time; n is diffusional

exponent value for mKP model and R is correlation coefficient. Each data represents the

average of three determinations.
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Table 5.5: Summary of in vitro drug release kinetics of PCL nanoparticles

First Order Modified Korsmeyer-Peppas
Batch No. MDT Tso0 (h)
(h) K (R) o + Kmp * T™ (R)
PCL-NP-02 13.68  0.053(0.979)  20.4+0.065 x T ***(0.932) 13.1
PCL-NP-04 8.80  0.085(0.986)  36.0+0.047 x T *7*(0.952) 8.2
PCL-NP-05 12,73 0.065(0.994)  13.5+0.062 x T "%’ (0.882) 10.7
PCL-NP-06 12.04  0.066(0.988)  12.2+0.060 x T """ (0.850) 10.5
PCL-NP-07 1132 0.055(0.963)  30.5+0.071 x T **°(0.918) 12.6
PCL-NP-08 1231 0.071 (0.996)  17.1 +0.052 x T 7 (0.951) 9.8
PCL-NP-09 18.07  0.044 (0.985)  12.6+0.055 x T """ (0.928) 15.8
PCL-NP-10 1472 0.040 (0.944)  30.4+0.063 x T %7 (0.985) 17.3
PCL-NP-11 2143 0.037(0.992)  14.4+0.038 x T " (0.966) 18.7
PCL-NP-12 12.50  0.064 (0.992)  14.3 +0.050 x T **2(0.983) 10.8
PCL-NP-13 1627  0.052(0.994)  11.1+0.040 x T **(0.951) 13.4
PCL-NP-14 1455 0.052(0.977)  13.4+0.074 x T “®(0.919) 13.4
PCL-NP-15 11.79  0.056 (0.975)  30.2+0.059 x T "% (0.928) 12.4
PCL-NP-16 6.87  0.084(0.968)  45.7+0.050 x T “®*(0.923) 8.3

MDT is mean dissolution time; K¢ and Ky are the kinetic release rate constants

respectively for first order kinetics and modified Korsmeyer-Peppas (mKP) model; a is

burst release calculated as (100 x Mb/M,) by mKP model; T is time; n is diffusional

exponent value for mKP model and R is correlation coefficient. Each data represents the

average of three determinations.
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Table 5.6: Summary of in vitro drug release kinetics of PECA nanoparticles

First Order Modified Korsmeyer-Peppas
Batch No. MDT Ts09 (h)
(h) K (R) o+ Kmip X T™ (R)
PECA-NP-01 1.00  0.994(0.999)  58.7+0.114 x T"" (1.000) 0.7
PECA-NP-02 736 0.107(0.991)  23.8+0.110 x T**° (0.898) 6.5
PECA-NP-03 232 0.353(0.978)  45.0+0.108 x T* (0.976) 2.0
PECA-NP-04 9.09  0.087(0.982)  14.5+0.115 x T*** (0.889) 8.0
PECA-NP-05 8.95  0.094(0.992)  12.2+0.096 x T (0.885) 7.4
PECA-NP-06 329  0.230(0.980)  40.3+0.130 x T**7 (0.954) 3.0
PECA-NP-07 7.66  0.100(0.972)  18.5+0.138 x T*** (0.926) 6.9
PECA-NP-08  11.43  0.066 (0.975)  22.0+0.075 x T*% (0.928) 10.5
PECA-NP-09  13.15  0.059(0.979)  14.1+0.087 x T*% (0.943) 11.7
PECA-NP-10 634  0.114(0.974)  28.4+0.111 x T*° (0.884) 6.1
PECA-NP-11 3.54  0.221(0.983)  36.5+0.128 x T*°(0.933) 3.1
PECA-NP-12 193 0.459(0.983)  47.9+0.148 x T (0.958) 1.5
PECA-NP-14 7.92  0.100 (0.987)  23.3+0.079 x T*"' (0.915) 6.9
PECA-NP-15 8.86  0.093(0.994)  21.7+0.061 x T*™ (0.937) 7.5
PECA-NP-16 423 0.168(0.971)  33.7+0.143 x T** (0.920) 4.1
PECA-NP-17 3.02  0.251(0.979)  39.3+0.164 x T*°(0.924) 2.8
PECA-NP-18 540  0.133(0.972)  29.9+0.132 x T (0.882) 52
PECA-NP-19 443 0.157(0.969)  32.4+0.139 x T** (0.908) 4.4
PECA-NP-20 6.05  0.130(0.988)  25.0+0.087 x T* (0.934) 5.3
PECA-NP-21 510  0.135(0.960)  32.4+0.148 x T*** (0.905) 5.1
PECA-NP-22 424 0.188(0.984)  31.6+0.117 x T** (0.957) 3.7
PECA-NP-23 296  0.280(0.989)  37.2+0.116 x T (0.959) 25
PECA-NP-24 2.17  0.114(0.974)  46.2+0.121 x T*7° (0.964) 6.1

MDT is mean dissolution time; K¢ and Kpyy are the kinetic release rate constants

respectively for first order kinetics and modified Korsmeyer-Peppas (mKP) model; a is

burst release calculated as (100 x Mb/M,) by mKP model; T is time; n is diffusional

exponent value for mKP model and R is correlation coefficient. Each data represents the

average of three determinations.
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Fig. 5.35: In vitro drug release profile of PCL nanoparticles prepared using different
amount of the drug. (Each data represents the average of three independent

determinations)

In case of PECA nanoparticles, it was observed that the MDT was extended from 1.93 to

7.36 h with an increase in the amount of drug from 100 to 200 mg.
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Fig. 5.36: In vitro drug release profile of PECA nanoparticles prepared using different

amount of the drug. (Each data represents average of three independent determinations)
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The exponent values calculated from the modified Peppas model were ranging between
0.56 and 0.60 implying the mechanism of drug release was anomalous (non-Fickian)
type. Thus, it can be inferred that the increase in initial drug amount leads to increase in
the fraction of surface bound drug in comparison with the fraction entrapped in the
polymeric matrix. Further, it was supported by the fact that the formulations showed a
trend of increasing burst release with increase in initial drug amount (Table 5.6).

PLGA formulations demonstrated significant decrease in the burst effect (M) from 25.4
to 5.2% with an increase in the polymer proportion (Table 5.4). Similarly, MDT was
found to increase from 12.5 to 22.3 h (Fig. 5.37). Interestingly, the mechanism of drug
release was found to be unaffected as modified power law equation clearly indicated no

change in exponent values (n = 0.68 = 0.01).
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Fig. 5.37: In vitro drug release profile of PLGA nanoparticles prepared using different
amount of the polymer. (Each data represents the average of three independent

determinations)

A similar prominent decrease in burst effect (M) from 36.0 to 12.2% was also observed
with increase in the polymer proportion in PCL nanoparticles (Table 5.5; Fig. 5.38).
Although the polymer amount from 50 to 100 mg has shown significant increase in MDT
(= 55%), it was found to be unaffected (12.9 + 0.8) by further increase in the amount of
polymer up to 400 mg. Moreover, the MDT values were in agreement with recorded Tsgo,

values of prepared formulations (Table 5.5).
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Peppas modified power law model indicated that the release mechanism can be
conveniently described by the anomalous diffusion process with the predominance of
Fickian transport processes (n =0.70 £ 0.04) for high polymer proportion. However, at
low polymer proportion (50 mg), the drug transport was purely Fickian diffusion type.
Smaller particle size obtained with low polymer amount of 50 mg may be a reason for

lower diffusional path length providing rapid drug release.
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Fig. 5.38: In vitro drug release profile of PCL nanoparticles prepared using different
amount of the polymer. (Each data represents the average of three independent

determinations)

Moreover, the high drug release rate would have depleted significant fraction of the
entrapped drug leaving only a small fraction of it in the polymeric matrix, which was
latter released by non-Fickian transport mechanism.

On the other hand, formulations prepared with increasing amount of the polymer from
100 to 400 mg demonstrated increasing exponent value (n=0.64to 0.71) indicating
significance of non-Fickian transport mechanism due to association of drug in the
polymeric network. Further, increase in the average particle size with increasing polymer
proportion led to increased diffusional path length that might have contributed to the
decrease in release rate.

In case of PECA formulations, increase in amount of the monomer from 50 to 150 mg

was found to extend the drug release with increase in MDT from 1to9h

190



(Table 5.6; Fig. 5.39) The exponent values calculated from modified Peppas model were
ranging between 0.64 and 1.11 implying the mechanism of drug release to be non-Fickian

anomalous type.
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Fig. 5.39: In vitro drug release profile of PECA nanoparticles prepared using different
amount of ECA monomer. (Each data represents the average of three independent

determinations)

A higher drug release rate observed in the formulations with low monomer amount
(50 mg) was due to relatively higher proportion of drug within the polymeric matrix.
Thus, explaining the release mechanism as super case II.

The drug release from PLGA nanoparticles showed a decrease in the burst release with
increase in the stabilizer concentration (Fig. 5.40 & 5.41). However, the extent of
decrease in burst effect was significantly different for PVA and PF-68. Thus, it may be
inferred that both the stabilizers aid in entrapment of the drug within polymeric matrix
thereby reducing the surface adsorption of IM leading to decreased burst effect.
Moreover, the entrapped drug might have been distributed evenly within the polymeric
matrix as it resulted in nearly zero order drug release at higher concentrations of
stabilizer.

In case of PCL nanoparticles prepared with PVA and PF-68 stabilizer resulted in a
decreased burst effect with increasing stabilizer concentration. Moreover, both the
stabilizers showed increase in MDT. However, the trend and magnitude of change was

different (Table 5.5; Fig. 5.42 & 5.43). PVA showed a linear decrease in burst effect with
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increasing stabilizer amount up to 2% wi/v; while PF-68 demonstrated sudden decrease in
burst effect with increase from 0.5 to 1% w/v, which was constant up to 2% w/v.

Similarly, this trend was complemented by the observed values of MDT and Tsge, for both

the stabilizers.
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Fig. 5.40: In vitro drug release profile of PLGA nanoparticles prepared using different

amount of PVA. (Each data represents the average of three independent determinations)
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Fig. 5.41: In vitro drug release profile of PLGA nanoparticles prepared using different

amount of PF-68. (Each data represents the average of three independent determinations)
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The mechanism of the drug release from formulations prepared with PVA was found to
be a combination of Fickian and non-Fickian transport processes. Considering a
prominently increase in the obtained exponent value (n) from 0.59 to 0.78 with increasing
stabilizer concentrations from 0.5 to 1.5% wl/v, it can be suggested that the stabilizer
contributed in the uniform dispersion of drug within the polymeric matrix. Moreover,
non-Fickian drug transport processes play a significant role in latter cases where the drug
is properly entrapped or associated within the polymeric network. Similar observations

were also recorded with increasing concentrations of PF-68 (Table 5.5).
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Fig. 5.42: In vitro drug release profile of PCL nanoparticles prepared using different

amount of PVA. (Each data represents the average of three independent determinations)

However, a low release rate was observed with the use of PVA as a stabilizer in
comparison with PF-68 (Fig. 5.42 & 5.43). This can be justified on the basis of previously
reported findings that indicate the concurrent release of PVA with drug in micro-aqueous
channel contributes to increased viscosity within these micro-channels that decreases drug
diffusion (76). However, this phenomenon is absent in case of PF-68 as it led to relatively
faster drug release from nanoparticles.

As described previously, a low particle size and increased porosity of polymeric system
usually results in increased burst effect due to increased surface area and low diffusional
path length. Conversely, in the present study, decrease in the average particle size with
increasing stabilizer concentration did not result significant increase in burst release. The

observation may be supported with the fact that the polymer degradation may initiate the
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release of co-entrapped PF-68 molecules subsequently blocking the interconnected
release pathways by converting into liquid crystalline state (47, 48). Similar findings are
also reported in literature indicates altered drug release kinetics with the use of PF-68 in
polymeric drug delivery systems (47, 48, 77-80). In the case of PVA, the release of PVA
molecules may result in increased viscosity within the channels. Thus, the diffusional
barrier within the polymeric matrices due to blockade of formed channels control the drug

release with almost complete elimination of burst effect (76).

In general, poloxamers may increase or decrease the drug release by affecting the
properties of drug delivery system such as miscibility, morphology, erosion, hydration
etc. Few studies have also indicated that the co-encapsulation of various poloxamers into
polymeric matrix systems result in the morphological transformations (47, 48, 77, 78).
Poloxamer copolymers are reported to induce morphological transitions in the polymeric
systems as increasing proportion of poloxamers in PLGA systems produce highly porous

and capsular structures (78).
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Fig. 5.43: In vitro drug release profile of PCL nanoparticles prepared using different

amount of PF-68. (Each data represents the average of three independent determinations)

In case of PECA nanoparticles, an increase in amount of stabilizer resulted in
proportionate increase in MDT from 3.3 to 13.2h and the exponent values ranged
between 0.57 and 0.66 (Table 5.6). The drug release mechanism was relatively unaffected

by addition of stabilizer (Fig. 5.44).
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Fig. 5.44: In vitro drug release profile of PECA nanoparticles prepared using different
amount of the stabilizer. (Each data represents the average of three independent

determinations)

In case of PLGA nanoparticles, the aqueous phase pH has shown a considerable impact in
the burst effect of PLGA nanoparticles as internal phase pH of 2.5 demonstrated less
burst effect, which was found to increase with the increasing pH (Table 5.4). Similarly,
the external phase pH of 6.5 showed negligible burst effect (M, < 5%), which was
increased up to 23% with change in pH to 8.5 (Fig. 5.45). However, the exponent values
of modified power law were found to be constant (n=0.69 £0.03) suggesting the
combination of Fickian and non-Fickian drug transports as a release mechanism
(Table 5.4). The effect of oil-water ratio of the primary and secondary emulsification was
also found to be insignificant as the drug release profile remained unaffected by slight
change in the aqueous phase ratio (Fig. 5.46). The exponent value from modified power
law indicated that the drug release mechanism remains relatively unchanged
(n=0.67+0.01).

In case of PECA nanoparticles, the drug release profile was almost unaffected with
change in pH of aqueous phase and duration of polymerization indicating complete

polymerization in 4 h (Table 5.6; Fig. 5.47 & 5.48).
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Fig. 5.45: In vitro drug release profile of PLGA nanoparticles prepared by changing the

pH of aqueous phase. (Each data represents the average of three independent

determinations)
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Fig. 5.46: In vitro drug release profile of PLGA nanoparticles prepared by changing the
phase volume ratio. (Each data represents the average of three independent
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Fig. 5.47: In vitro drug release profile of PECA nanoparticles prepared by changing the
pH of aqueous phase. (Each data represents the average of three independent

determinations)
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Fig. 5.48: In vitro drug release profile of PECA nanoparticles prepared by changing
polymerization duration. (Each data represents the average of three independent

determinations)
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Thus, the emulsion solvent evaporation and interfacial polymerization techniques were
found suitable for the preparation of IM loaded nanoparticles. The studied formulation
and process parameters were found to influence the in vitro drug release characteristics of
IM loaded PLGA, PCL and PECA nanoparticles.

5.3.3 Thermal analysis

DSC thermograms of PLGA nanoparticles have shown a glass transition temperature at
44.5°C with complete absence of melting endotherm up to 300°C. The thermograms of
PCL and PECA nanoparticles showed a melting endotherm at 59.8 and 197°C,
corresponding to the pure polymer. As described earlier, the DSC thermogram of the pure
drug demonstrated a sharp endothermic peak ranged from 211.5°C to 220.8°C with
average melting temperature (Tp,) of 217°C (AH = —127.4J g"). DSC thermograms of
drug loaded formulations of PLGA, PCL and PECA have shown to preserve the pure
drug endotherm peak between 211.5 and 220.8°C with slight decrease in enthalpy.
Previously, several authours have observed similar findings, which were attributed to loss
of crystallinity resulting from molecular level dispersion of the drug within the polymeric
matrix. The DSC thermograms of physical mixtures further supported this fact as the
melting endotherm and enthalpy values were found to be unaffected. Similar observations
were also made in case of PECA nanoparticles, as the thermal analysis of physical
mixture of polymer and IM was in good agreement with the drug loaded PECA
nanoparticles suggesting molecular level dispersion of drug within the polymeric matrix.
The thermograms indicated the association of stabilizer molecules PVA and PF-68 in the
polymer matrix with the corresponding sharp melting peaks.

Further, the drug present in the physical mixture has shown sharp melting endotherm
which was diminished in the formulations suggesting loss in crystallinity. Thermal
analysis results indicated that the physical state of drug remains unchanged with the
treatments given during manufacturing process and there is less possibility of physical

interactions between the drug and polymers or other excipients.
5.3.4 Stability studies

PLGA formulations showed good dispersion state stability up to ten days at room
temperature. Conversely, most of the PCL formulations have shown detectable
aggregation within a week at room temperature. PECA nanoparticles have shown highest
dispersion state stability at room temperature for 15 days. The observed aggregation in
case of PLGA and PECA nanoparticles could be easily re-dispersed with mild

ultrasonication treatment (1 min, at 15 W). PLGA nanoparticles showed good drug
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stability for 15 days with better drug loading and entrapment efficiency. However, within
15 days PECA nanoparticles have shown highest drug loss with poor drug loading and
entrapment efficiency (Table 5.7 & 5.8).

PLGA and PECA formulations stored at refrigerated temperature (5 + 3°C) for three
months in dispersed state have shown negligible aggregation with slight increase in
average particle size and size distribution. PCL nanoparticles were found to be aggregated
at the end of two months with significant increase in average particle size and size
distribution. Moreover, the drug entrapment and loading efficiency were also found to
affected. PLGA, PCL and PECA formulations stored at freeze temperature (—20 + 3°C)
did not show considerable change in initial properties up to three months.

Freeze dried formulations stored at refrigerated and freeze temperature were found to be
stable for 6 months with acceptable change in various product characteristics such as size
and size distribution, drug entrapment and loading efficiency. At room temperature, PCL
nanoparticles showed poor redispersability even with ultrasonication treatment after three
months. However, there was no significant change in the drug entrapment and loading
efficiency. All freeze dried formulations showed better redispersability even after 1 year

of storage at —20°C.
5.3.5 Redispersibility studies

For successful administration of prepared nanoparticles should be readily re-dispersed in
media to provide uniform dispersion without aggregation. Redispersibility was studied
after freeze drying of the formulations and the particle size and size distribution was
compared with fresh dispersions. All freeze-dried samples PLGA and PECA
nanoparticulate formulations showed acceptable re-dispersability in TDW with and
without stabilizers. PCL nanoparticles showed slight increase in average particle size and
polydispersity index. Excellent re-dispersability was recorded with PLGA formulations.
The effect on particle size and size distribution of freeze dying was studied using particle

size analysis and TEM is shown below.
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Table 5.7: Stability of nanoparticles stored at various temperature conditions (1 month).

Batch N Initial AT (25 +1°C) RT (5 3°C) FT (-20 + 3°C)
aten o. PS Assay (LEY) PS Assay (LEY) PS Assay (LE?) PS Assay (LEY)
PLGA-NP-02 2294207 19.63+1.18 254+3.15 1477+0.84 242+266 17.43+1.13 236+3.56 19.24+1.49
£ | PLGA-NP-14 212+2.61 22.54+0.55 240+1.89 16.74+1.23 234+472 1994+1.04 220+421 22.23+0.74
‘% | PCL-NP-02 284+320 7.54+0.93 354+234 5844105 342+298  6.01+093 328+4.87 7.12+0.87
2. | PCL-NP-11 261+3.63 13.61+1.18 312+598 10.69+1.12 298+3.77 12.13+1.34 292+295 13.14+1.34
A | PECA-NP-02 226+1.91 25.58+0.89 220+2.09 16.81+0.98 228+4.52 23.18+1.36 234+3.44 25.09+1.22
PECA-NP-25 232+1.69 2458+0.74 226+3.11 1497+1.31 232+3.92 22.09+1.51 238+4.07 24.49+1.07

PS - average particle size (nm); LE - drug loading efficiency (% W/w) presented as assay. *Each data represents the average and standard

deviation of three independent determinations.

Table 5.8: Stability of nanoparticles stored at various temperature conditions (6 months).

Batch N Initial AT (25+1°C) RT (5 +3°C) FT (-20 + 3°C)
aren o. PS Assay (LE¥) PS Assay (LEY PS Assay (LE") PS Assay (LE"
PLGA-NP-02 233+£1.93 19.63+1.18 2424203 1877+0.66 239+3.13 19.12+132  233+3.99 19.14+0.99
2 | PLGA-NP-14 2224178 22544055 231+255 21.74+0.72 228+434 21.94+135 222+501 2224+0.34
§ PCL-NP-02 3244155 7544093 336+3.94  684+039 3324273  694+0.78 324+522  7.04+0.42
5 | PCL-NP-11 2884232 13.61+1.18 311+505 12.69+098 298+398 13.13+1.01 288+331 1323+0.78
&= | PECA-NP-02 208+1.76 2558+0.89 248+4.43 2481+1.12 238+398 2429+0.76 230+4.87 25.11+0.93
PECA-NP-25 235+1.13 2458+0.74 251+435 2397+033 243+3.88 23.74+0.93  235+4.09 24.57+0.33

PS - average particle size (nm); LE - drug loading efficiency (% w/w) presented as assay. *Each data represents the average and standard

deviation of three independent determinations.
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5.4 Conclusions

PLGA and PCL nanoparticles were prepared successfully using double emulsion - solvent
evaporation technique, whereas the interfacial in situ polymerization technique was used
successfully for the preparation of PECA nanoparticles. The various formulation
parameters such as polymer, surfactant and drug proportion along with other processing
conditions were found to affect critical properties of nanoparticles including particle size,
size distribution, entrapment and loading efficiency, in vitro drug release profile. Further,
the studied correlations helped in designing formulations of intended characteristics such
as high drug entrapment efficiency, smaller particle size and size distribution by
optimization of critical parameters.

The developed formulations have shown high drug entrapment within the polymeric
matrix with excellent particle morphology. PLGA and PCL formulations prepared using
PF-68 and PVA found to have small particle size with narrow size distribution. Similarly,
interfacial in situ polymerization method has shown to provide small PECA nanoparticles
with uniform size distribution. The drug release characteristics were achieved found to be
influenced by the proportion of polymer, drug and stabilizer. The in vitro drug release
studies revealed that the developed formulations extended the drug release over 48-72 h,
which could be useful for controlled drug delivery properties.

Thus, the nanoparticles prepared using biodegradable polymers were found to be suitable
for the drug delivery application of hydrophilic drug with high drug entrapment and better
loading efficiency. Moreover, the thermal studies have confirmed uniform distribution of
the drug, at molecular level, within the polymeric matrix without showing any chemical
and physical interactions between the drug and polymer or excipients. The optimized
freeze-dried formulations have shown better stability at freeze temperature as the
formulations have shown acceptable redispersability with no significant change in
average particle size, size distribution and entrapment efficiency. Consequently, the
developed methods were found to be simple and suitable for the preparation of stable
polymeric nanoparticles with acceptable reproducibility. However, increasing drug
loading efficiency remains a significant challenge for hydrophilic drugs. The obtained
results also justify the rationale for conducting preclinical investigations including in vivo
pharmacokinetic and biodistribution studies to assess the suitability of the controlled
and/or targeted drug delivery application of IM.

Considering the advantages such as smaller particle size, narrow size distribution

(monodispersed), biodegradability and biocompatibility properties, the prepared
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nanoparticles would suitable for oral and intra-venous administration. In addition, the

extended drug release characteristics would be advantageous for the long term

intracellular drug delivery. Thus, it may aid in enhancing the therapeutic efficacy of drug

along with improved safety and increased patient compliance. The proposed method of

preparation of polymeric nanoparticles can extended to other hydrophilic drugs including

protein and peptide drugs to improve stability and/or enhance tissue specific

bioavailability.
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6. Pharmacokinetic Studies



6.1 Introduction

The fundamental objective of any drug delivery system is to provide effective therapeutic
concentration at the site of action for intended duration to produce the desirable
pharmacological effects with minimal or no undesirable or toxicological effects.
Although the therapeutic advantage of the drug regimen is principally attributed to its
intrinsic activity, the concentration levels and duration for which it is maintained at the
site of action are critical for successful therapy. After administration of the dosage form,
the conventional delivery systems (CDDS) undergoes processes such as release of the
free drug from dosage form, absorption of the free drug into systemic circulation through
various biological membranes, distribution to several body tissues including the site of
action, subsequently providing the therapeutic effect. Further, the free drug also
undergoes metabolism and excretion from the body. Thus, the main drawback of
conventional delivery system is a non-selective distribution of drug in the body leading to
wastage of drug resulting from the distribution to undesired sites. Moreover, it leads to
the untoward and toxic effects to normal host cells.

On the contrary, the nanoparticulate drug delivery system (Nano-DDS) is capable of
selectively crossing some of the biological barriers to reach targeted organs of the body
depending upon their characteristics. In addition, it also offers extended protection to drug
from enzymatic and chemical degradation on its transit towards the site of action from the
site of administration. The spatial distribution of a drug inside the body is also altered by
the physicochemical properties of the polymeric material. Thus, the Nano-DDS may
exhibit significantly different biodistribution compared to CDDS in the sequence of
events that transfer a drug to the site of action and maintain its concentration throughout
the treatment (1, 2). Thus, the increased rate and extent of drug delivery to the site of
action along with the controlled distribution of drug inside the body would eventually
improve the efficiency of drug delivery system leading to quicker onset of action, better

therapeutic efficacy with minimal untoward effects and better patient compliance (3, 4).

From a regulatory point of view, an important consideration for the development of any
drug delivery system (DDS) is the quantity of evidence needed under particular
circumstances to substantiate the proof of therapeutic effectiveness. The concept of
improved therapeutic efficacy by using Nano-DDS is based on the assumption that
nanoparticles, with the specific properties, are capable of selectively crossing cellular
barriers and delivering drug to the site of action at a controlled rate (5-7). Considering the

fact that the in vivo fate of drug in a Nano-DDS is significantly different compared to
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CDDS, detailed in vivo investigations to determine the biological fate of prepared
Nano-DDS is essential (8). Moreover, as the formulations based on Nano-DDS have
capability to modulate in vivo absorption, distribution, metabolism and elimination
behavior of drug, the pharmacokinetic profile of Nano-DDS and CDDS may not be
identical (9). Further, the drug release from Nano-DDS can be extended because of
polymer presence. Thus, it is important to have complete understanding of the
relationship between drug concentration and therapeutic effect or response, in the
preclinical animal models before exploring its final clinical benefits. Thus, the
effectiveness of a developed Nano-DDS as a new drug product can not be demonstrated
without complete pharmacokinetic studies (10, 11).

Although FDA has not released specialized guidelines for nanotechnology based
formulations, the pharmacokinetic requirements for NDDS covered under federal register
are extended to these formulations (21 CFR Part 314, 1998) (12). As of now, these
regulations indicate that pharmacokinetic data obtained from the plasma concentration
time profile of a drug under investigation is sufficient for its regulatory approval as
Nano-DDS. Although the purpose of a pharmacokinetic study is to verify the safety and
efficacy of the candidate drug, the application of pharmacokinetic principles in the design
and development of the Nano-DDS provide the rational for designing effective and better
drug delivery system (13-15). Moreover, the study aid in understanding the complex
relationship of these unit biological processes to modulate the intensity and time duration
of therapeutic and adverse effects of drug.

6.2 Experimental

6.2.1 Materials and Instruments

Drug and all chemicals were obtained from sources as mentioned in Chapter 5. A
peristaltic pump (Heidolph, Germany) fitted with silastic cannula (1/16” i.d. x 3/16” 0.d.)
was used for pulse free movement of perfusion and drug solution. Urethane procured
from Sigma Aldrich Chemicals, USA was used as an anesthetic agent. A tissue tearer -
Sorvall® (DuPont Instruments, USA) and ultrasonic cell disruptor - Microson™ (Misonix,
USA) were used for tissue homogenization. All surgical instruments such as scissors,
forceps, glass syringes, silk suture etc. were used after sterilization.

a) Animals

Healthy male Wistar rats were selected for pharmacokinetics and biodistribution studies
of pure drug IM and two IM loaded nanoparticulate formulations in serum, brain and

lungs. Rats with average weight of 225 £25 g (12-15 weeks old) were procured from
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Central Animal Facility (CAF), BITS, Pilani. Selected animals were housed in a group of
three in standard plastic cages. Animals were maintained at controlled environmental
conditions (temperature 20 + 2°C & relative humidity 50 + 10%) and artificial light-dark
cycle (12 h). Rats were acclimatized to the study environment for at least five days prior
to commencement of work. Animals were fed with standard laboratory pellet food
(Hindustan Unilever Ltd., India) with water ad libitum. All experimental protocols were
approved by the Institutional Animal Ethics Committee (IAEC) prior to the
commencement of work and all experimental procedures including euthanasia and
disposal of carcass were in accordance with the guidelines set by the Institute, [AEC and
the Committee for the Purpose of Control and Supervision of Experiments on Animals
(CPCSEA), India. All animals were kept under observation during the entire study for

any unusual signs, general conditions, potential clinical signs, toxicity or mortality.
b) Blank biological matrix

Few untreated healthy rats (225+25g) were selected for generation of drug-free
bio-matrix pool of serum, brain and lungs.

6.2.2 In situ rat intestinal absorption studies

In order to study the role of efflux proteins on the absorption kinetics of IM, the in situ rat
intestinal absorption studies were carried out with the pure drug IM (IM-PD) and the
effect of 1% w/v Polysorbate-80 (IM + PT-80) and 1% w/v Poloxamer 188 (IM + PF-68)
on the absorption kinetics of IM was compared with the known efflux transport inhibitor -
2% wiv Cyclosporine A (IM + CS-A). Moreover, selected nanoparticulate formulations
(PLGA-NP, PCL-NP & PECA-NP) were also investigated. The principle objective was to
investigate the permeability and absorption kinetics of IM, the role of efflux proteins on
the permeability and absorption kinetics of the drug and the effect of efflux mechanism
on the selected IM loaded nanoparticulate formulations. Although nanoparticulate
inherently bypass efflux transporters, the free drug released from nanoparticles inside the
cell remains a good substrate for efflux proteins (Fig. 1.3). Incorporation of efflux protein
inhibitors in nanoparticles may provide additional mechanism that inhibits the efflux
transport and thereby increase the intracellular residence time of the free drug. Previously,
several authors have used rat as an experimental model for investigating the intestinal
transport kinetics of various drugs (16-22). Moreover, it has also been extensively used to
explore the role of particular efflux protein by selectively inhibiting one or more efflux

proteins (19, 23-26).
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a) Preparation of solutions and buffers

Sorensen’s buffer was prepared fresh by mixing 19.2 mL of 0.067 M KH,PO, and
80.8 mL of 0.067 M Na,HPO, solutions and pH was adjusted to 7.4 using
orthophosphoric acid. Similarly, perfusion solution was prepared fresh by dissolving
8.48 g of NaCl, 0.34 g of KCI, 0.14 g of CaCl, and 0.78 g of NaH,POy in a liter of pure
water.

Urethane solution was prepared fresh by dissolving 10 g of urethane in 10 mL of pure
water and it was administered at a dose of 1 g per Kg of the body weight.

b) Formulation and sample preparation

Aqueous solutions of IM prepared by dissolving the pure drug in Sorensen’s buffer
(pH 7.4) at 37 + 2°C at three concentration levels (10, 100 & 1000 pg mL™") were used
for pure drug in situ absorption studies. Aqueous dispersions of nanoparticulate
formulations prepared by dispersing the amount equivalent to 1 mg of IM in 10 mL of
Sorensen’s buffer (pH 7.4) were used for in situ absorption studies of nanoparticulate
formulations. Aliquot of the freshly reconstituted formulations and drug solutions were
analyzed for the drug content by using chromatographic method as described in
Chapter 3. All the solutions were prepared fresh and used immediately without any
additional treatments.

¢) Preliminary studies

Before initiating the rat intestinal absorption studies, solubility of IM in Sorensen’s buffer
(pH 7.4) at 37 £2°C was determined as per the procedure described in Chapter 4.
Stability of the drug in Sorensen’s buffer was also carried out at 37 + 2°C for six hours at
three concentration levels (10, 100 & 1000 pg mL™). The peristaltic pump was calibrated
for accurate and stable delivery of drug solution at a flow rate of 0.9 mL min™".

Finally, the adsorption of the drug on silastic cannula was studied at three concentration
levels to confirm the suitability of the recirculation model. For this purpose, 10 mL of the
drug solution in Sorensen’s buffer was placed in reservoir and re-circulated through the
silastic cannula for 120 min. Samples were withdrawn at predetermined intervals from the
drug solution reservoir and the percentage of the drug adsorbed onto silastic cannula was
calculated.

d) Surgical procedure, sample collection and processing

Selected rats were fasted overnight (15-18 h) before initiating the study with water

ad libitum. Lapractomy was performed on individual animal after intra-peritoneal
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administration of 1% W/V urethane solution (1 g Kg"). The abdomen region of rat was
depilated and approximately 1 cm mid-ventral abdominal incision was made under
anesthesia. Small intestine was exposed gently and ligament of trietz was identified.
A small incision was made on the intestine at 5 cm distal to the ligament of trietz
(pyloric end).

One end of silastic cannula was secured tight in jejunum (pyloric end) and other end was
dipped inside perfusion reservoir passing though the cassette of peristaltic pump. Another
small incision was made at 15 cm distal to the first incision and intestine was flushed by
passing perfusion solution (37 =+ 2°C). One end of second cannula was secured tight at the
lower end, which was marked at 15 cm distal to first incision and the free end was placed
inside perfusion reservoir forming a closed-loop recirculation model. Surgical procedure
was performed carefully such that none of the major blood vessels were blocked and the
exposed part of the intestine was gently placed inside the abdominal cavity (Fig. 6.1).
Initially, perfusion solution was removed by passing air and pre-weighed reservoir
containing drug solution in Sorenson buffer was attached to the peristaltic pump.
Immediately, the drug solution was passed through intestine at a flow rate of

0.9 mL min™ and the experimental setup was maintained at 37 + 2°C.

Silastic cannula

(Peristaltic pump)

(Drug solution reservoir)

(Rat intestinal segment)

BEZCERN

Fig. 6.1: Schematic representation of the closed-loop recirculation model of in situ

intestinal absorption studies.

At predetermined time intervals, aliquot of 100 pL samples were collected from the
reservoir during the experiment. After 2 h, the drug solution was collected in the reservoir
by passing the air and the final volume was recorded. All studies were performed in

triplicate and samples were suitably diluted, centrifuged (10,000 rpm, 5 min & 15°C) and
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analyzed by the chromatographic method. Correction factor was employed to account the
losses due to water absorption during the experimental duration.

In addition, the luminal excretion studies were also carried out in a similar manner as that
of the in situ rat intestinal absorption studies. For this purpose, drug was administered at a
dose of 25 mg per Kg of the body weight though intra-venous route and blank Sorensen’s
buffer was circulated in the lumen. At predetermined time intervals, aliquot of 100 puL
samples were collected from the reservoir and excretion of the drug in lumen was

monitored by the chromatographic method.
e) Data analysis

The log percentage of the drug remaining to be absorbed was plotted as function of time
and the least square linear regression analysis was performed. The slope of curve (m) was
used to calculate the apparent absorption rate constant and the absorption half-life using

following formulae.
The apparent absorption rate constant (K,) = slope of the curve (m) x -2 .303
The apparent absorption half-life (HL,) = 0.693 / K,

Statistical significance of the individual treatment on the apparent absorption rate
constant and the absorption half-life of IM was determined using Student’s t-test at 5%
level of significance.

6.2.3 In vivo pharmacokinetic and biodistribution studies

Single dose intravenous and oral pharmacokinetic studies were carried out for pure drug
IM (IM-PD) and selected nanoparticulate formulations (PECA-NP & PLGA-NP). The
drug concentration levels in serum, brain and lungs were determined in healthy rat model
for determining biodistribution profile, pharmacokinetic parameters and expected
therapeutic efficacy. The principle objective was to investigate the overall systemic and
tissue specific bioavailability and understand the difference between the in vivo
biodistribution behavior of pure drug and drug loaded nanoparticles after oral and
intra-venous administration.

a) Formulation and sample preparation

The pure drug was administered in the form of aqueous solution, which was prepared
fresh by diluting IM with phosphate buffer saline (pH 7.4). Similarly, the nanoparticulate
formulations were administered in a form of aqueous dispersions, which were prepared
fresh in phosphate buffer saline (pH 7.4) by vortex mixing. Aliquot of the freshly

reconstituted formulations and drug solutions were analyzed for the drug content by the
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validated chromatographic method as described in Chapter 3. The prepared solutions
were used immediately for pharmacokinetic and biodistribution studies of IM without any
additional treatments.

b) Administration of free drug and nanoparticles

For each study, the selected animals (36 rats) were divided randomly in a group of three
and all studies were carried out in triplicate. Rats were fasted overnight (15-18 h) before
starting the study, however, adequate water was provided. Before drug treatment, all rats
were marked according to the standard labeling scheme and animal weights were
recorded. The in vivo pharmacokinetic and biodistribution studies were performed for
oral and intra-venous administration of pure drug and drug loaded formulations as per

standard protocol.

For intra venous administration, the dose equivalent to 25 mg of IM per kg of the body
weight was administrated through the caudal vein wusing a 1 mL syringe
(25 G x 2" needle) under light ether anesthesia, after dilating the vein with xylene. For
oral administration, the dose equivalent to 50 mg of IM per Kg of the body weight of
individual animal was delivered by intra-gastric administration using an oral feeding

catheter.
¢) Serum and tissue sample collection and processing

From each animal, one blood sample was collected per animal from heart using a cardiac
puncture technique at predetermined time intervals (at 0.5, 1, 1.5, 3, 6, 9, 12, 18, 24, 36,
48 & 72 h of the post-dosing). At each time point, approximately 0.6 mL of blood sample
was withdrawn using a 2 mL syringe (21 G x 1" needle) under ether anesthesia. Collected
samples were transferred immediately to a labeled glass tubes and it was allowed to clot
naturally for 60 min at room temperature. Serum samples were harvested by
centrifugation (3000 rpm, 15 min & 4°C). Separated serum samples were labeled and
stored at — 80°C in a sealed cryovials, until analysis.

Immediately after blood sampling, the whole blood was drained from the inferior vena
cava using a 10 mL syringe (21 G x 1" needle) and lungs and brain were collected by
surgical process. For this purpose, under ether anesthesia the abdominal incision was
made with a clean scissor to expose all organs and whole blood was drained. Lungs were
perfused with phosphate buffer saline to remove residual blood inside organs and they
were carefully excised. Separated lungs sample was transferred to an ice-cold Petri dish
containing phosphate buffer saline and temperature was maintained. All tissues were

cleaned with 2 to 5 mL of phosphate buffer saline and blotted dried with Whatman filter
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paper. Further, rat was laid on its ventral aspect in the dissection tray and the skin over
the head was removed in order to completely expose the skull surface. A midline incision

was made over the skull with a surgical knife and the entire brain was dissected out.

Each tissue sample was weighed accurately and chopped using a tissue tearer.
Immediately, it was transferred to a clean and dried tissue homogenizer and equal volume
of phosphate buffer saline was added. Before drug extraction, individual tissues were
homogenized (2.5 min, 30 s/cycle & 10 W) to get fine suspension using a tissue
homogenizer - ultrasonic cell disruptor in an ice-cold bath. Fine tissue homogenates were
properly labeled and stored in a clean sealed glass vial at —80°C, until analysis. All
samples were processed and analyzed by the validated chromatographic method, within
15 days time period from the sample collection.

d) Analysis of biological samples

The serum and tissue samples obtained from each animal at respective time point were
processed independently. Concentration of the drug in biological matrices was

determined by the bioanalytical method described in Chapter 3.
e) Pharmacometric data analysis

The drug concentration in various tissues such as serum, brain and lungs at different time
intervals were analyzed by the non-compartmental analysis method using WinNonlin®
ver. 2.1 (Pharsight Corporation, USA) software. The maximum drug concentration (Cyax)
and time to reach maximum concentration (Tp.x) were determined by model independent
method. While, various pharmacokinetic parameters such as the area under the curve
(AUC), the area under the moment curve (AUMC), the mean residence time (MRT) etc.
were obtained from WinNonlin®. In addition, the mean absorption time (MAT) was
calculated from the obtained MRT values of respective formulations after the oral and
intra-venous administration. Finally, the results of the in vivo pharmacokinetic and
biodistribution studies were assessed using suitable statistical tests with P < 0.05 level of

significance.

6.3 Results and Discussion

6.3.1 In situ rat intestinal absorption studies
a) Preliminary studies

The drug was found to be freely soluble in Sorensen’s buffer (pH 7.4) with approximate
solubility of 1.15+0.09 mg mL™ at 37 + 2°C. IM showed no significant degradation in

the buffer at 37 +2°C for six hours at three selected concentration levels (10, 100 &
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1000 ug mL™). At 20 rpm, the peristaltic pump accurately delivered 0.9 mL min™ of drug
solution for 2 h. Adsorption studies confirmed that IM does not adsorb on silastic cannula
significantly and the maximum percentage loss in drug concentration recorded over 2 h
was less than 0.2 + 0.081% at 100 pg mL™". Thus, the preliminary studies confirmed that
the experimental setup is suitable for in situ rat intestinal absorption studies as the drug
was stable in Sorensen’s buffer. Moreover, there was no significant loss observed due to
adsorption of IM on the walls of silastic cannula under the experimental conditions.

b) Intestinal absorption and efflux studies

In situ rat intestinal absorption studies of pure drug indicated excellent intestinal
permeability of free IM with a rapid decrease in concentration of IM from the system.
Statistical analysis indicated the absorption kinetics can be well described by the first
order process. Although insignificant, a slight increase in the apparent absorption rate
constant was recorded with increase in the drug concentration levels from 10 to
100 pg mL™" (Table 6.1). But there was no further increase observed with increase in the
drug concentration level to 1000 pg mL™. This phenomenon indicated the saturating

behavior of luminal efflux transporters with increasing drug concentration.

Table 6.1: Summary of the in situ absorption parameters

Apparent

Apparent

Treatments Absorption Rate ~ Absorption Fh]lx 2
Constant (h™) Half-life (h) (kg h™ cm)
IM (10 pg mL™) 0.35+0.09 2.09+0.58 0.29 +0.07
IM (100 pg mL™) 0.58 £0.06 1.20+0.12 0.58 £0.06
IM (1000 pg mL™) 0.61 £0.55 1.13+0.11 0.56+0.07
CS-A (2% wiv) + IM (100 pg mL™) 0.81+0.04 0.86 +0.04 0.69 + 0.06
PT-80 (1% w/v) + IM (100 pg mL™) 0.73 £0.04 0.95+0.05 0.68 +£0.04
PF-68 (1% w/v) + IM (100 pg mL™) 0.74 +£0.06 0.94+0.08 0.63+0.08
PLGA-NP (100 pg mL™) 0.51+0.09 1.38 +£0.25 0.42 +0.06
PCL-NP (100 pg mL™) 0.29 £ 0.06 248 +£0.53 0.26 +0.07
PECA-NP (100 pg mL™) 0.54 £ 0.05 1.29+0.11 0.43 £0.05

The high apparent absorption rate constant of 0.58 +0.06 h™' was recorded for free drug
(100 pg mL'l) and the apparent absorption half-life was approximately 1 20 £0.12 h. The
luminal excretion studies indicated that almost 2.56 + 0.45% of the dose is eliminated in
the small intestine with the 2 h of study duration, which may have been principally

eliminated by drug efflux transporters.
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When co-administered with P-gp inhibitor — CS-A, the drug showed enhanced permeation
with increased flux and decreased absorption half-life. Thus, it may be confirmed that IM
is a good substrate for efflux proteins like P-gp. Intestinal drug efflux mechanism has
been reported as the major rate limiting step in the absorption of several anticancer drugs
and it is a single largest factor known to contribute towards the acquired pharmacokinetic
resistance. It can be concluded that like all other anti-cancer drugs, IM has potential to
develop acquired pharmacokinetic resistance which may be overcome by
co-administering a P-gp inhibitor.

Moreover, studies revealed that PF-68 and PT-80 used in the preparation of nanoparticles
have potential in inhibiting the efflux mechanisms effectively. Nanoparticles prepared
using these stabilizers would release it constantly along with the drug preventing efflux
transport of the free drug. Thus, the application of nanoparticles would eliminate the

chances of acquired resistance.

In situ rat intestinal absorption studies of prepared nanoparticles revealed that the PLGA
and PECA nanoparticles are absorbed rapidly with the apparent absorption rate constant
of 0.51 and 0.54 h™', respectively. Both, the PLGA and PECA nanoparticles showed
similar absorption behavior with the apparent half-life of 1.38 and 1.29 h, respectively.
PCL nanoparticles showed slow absorption behavior among all studied nanoparticles with
the apparent absorption rate constant of 0.29 h™ and the apparent half-life of 2.48 h.

6.3.2 In vivo pharmacokinetic and biodistribution studies

a) Serum pharmacokinetic studies

i) Intra-venous administration

The drug concentration in serum versus time curve following single intra-venous dose of
the pure drug, PECA nanoparticles and PLGA nanoparticles are shown in Fig. 6.2. The
various pharmacokinetic parameters calculated using a data modeling software are listed
in Table 6.2. Pharmacokinetic profile of intra-venous administration of IM showed
a rapid distribution of IM into tissues with fall in the concentration of drug in the systemic
circulation followed by a slow elimination of the drug suggesting two-compartment
distribution profile. Even at 72 h of the post dosing, the detectable amount of the drug
(0.056 mg L") was found in serum.

The non-compartmental data analysis indicated AUC,, of 102.72 mg h L™ and AUMC,, of
1010.31 mg h* L". MRT was found to be 9.83 h and apparent volume of distribution at
steady-state (V) was recorded as 2.40 Lkg'. The total systemic clearance (Cl) was
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found to be 0.24 Lkg' h"' and the elimination half-life in serum was approximately

6.81 h.
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Fig. 6.2: IM concentration in serum versus time profile following intra-venous
administration of the pure drug, PECA nanoparticles and PLGA nanoparticles in rats
(Each value represents the mean + standard deviation of three independent

determinations)

Intra-venous administration of PECA nanoparticles indicated significant increase in
AUC,, to 262.29 mg h L. MRT was found to increase to 31.15 h with reduced systemic
clearance (Cl) to 0.10 L kg'1 h'. The apparent volume of distribution at steady-state (V)
was found to be 3.91 L kg'1 with increase in elimination half-life in the serum (21.59 h).
Intra-venous administration of PLGA nanoparticles also resulted in increased retention of
the drug in the body with increased AUC., to 166.85 mgh L. The MRT was found to
increase to 17.98 h with reduced total systemic clearance (Cl) to 0.15 L kg h™'. The
apparent volume of distribution at steady-state (V) was found to be 3.07 L kg with
increased elimination half-life in serum (12.46 h).

Thus, both the PLGA and PECA nanoparticles were effectively increased serum drug
concentration for longer duration of time with approximate two and three fold increase in
drug residence time in the body, respectively. The increased AUC and serum

concentration levels may be attributed to change in overall distribution profile. In
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addition, increased retention of drug in the serum with reduced elimination would have

contributed further.

Table 6.2: Summary of the pharmacokinetic parameters in serum after intra-venous

administration of IM and IM loaded nanoparticles.

Parameters Pure Drug PECA. PLGA
Imatinib Mesylate Nanoparticles Nanoparticles
AUC,, (mghL™) 102.72 262.28 166.85
Ve (Lkg™h 2.40 3.91 3.07
Cl(Lh' kg™ 0.24 0.10 0.15
Half-life (h) 6.81 21.59 12.47
MRT (h) 9.83 31.15 17.99

if) Oral administration

The drug concentration in serum versus time curve following single oral dose of the pure
drug, PECA nanoparticles and PLGA nanoparticles are shown in Fig. 6.3. The various
pharmacokinetic parameters calculated are listed in Table 6.3. The oral pharmacokinetic
studies of the pure drug indicated a rapid absorption of IM into systemic circulation with
the maximum drug concentration (Cp,x) of 15.45 mg L in serum at 3 h (Tmay) of the post
dosing. Results were in agreement with the in situ rat intestinal absorption studies,
wherein, the rate of pure drug disappearance was significantly high and the apparent
absorption half-life. Immediately after oral administration of the pure drug, a quantifiable
amount of the drug (6.89 mg L") was found in serum at 0.5 h.

In non-compartmental data analysis, the zero and first moment of serum concentration
versus time curve foe pure drug resulted in the AUC,, of 178.79 mgh L' and AUMC.,, of
2011.20 mg h’L"'. The mean residence time (MRT) was found to be 11.25h and
apparent volume of distribution (V4/F) was recorded as 3.14 Lkg'. The apparent
clearance (CI/F) was found to be 0.28 L kg'1 h'' and the elimination half-life in serum
calculated based on MRT was about 7.80 h.

Oral pharmacokinetic studies of PECA formulations revealed that the nanoparticles has
relatively slower rate of absorption but increased extent of absorption in comparison with
the pure drug. The maximum drug concentration (Cpay) of 14.08 mg L™ was found in
serum at 9 h (T.x) of the post dosing. These findings were in agreement with the in situ

rat intestinal absorption studies, wherein, the rate of the drug disappearance from rat
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intestinal compartment was relatively slow in comparison with the pure drug. After drug

administration, a quantifiable amount of drug was found in serum (1.58 mg L'l) at 0.5 h.
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Fig. 6.3: IM concentration in serum versus time profile following oral administration of
the pure drug, PECA nanoparticles and PLGA nanoparticles in rats (Each value represents

the mean + standard deviation of three independent determinations)

Interestingly, the non-compartmental data analysis indicated significant increase in the
AUC,, of 465.58 mgh L™, more than two fold. The drug has shown increase in the
amount in serum and increase in residence in the body with approximate two fold
increase in the elimination half-life in serum (25.62 h) and significant decrease in the
apparent clearance (CI/F) to 0.10 Lkg' h"'. Moreover, MRT of IM loaded PECA
nanoparticles was significantly increased in comparison to pure drug (11.81 to 36.97 h).
The changed apparent volume of distribution (V¢/F) of 4.15 L kg™ and increased serum
concentration levels indicated altered distribution profile of IM.

Similar to PECA nanoparticles, the PLGA nanoparticles also showed relatively slower
absorption rate but increased extent of absorption in comparison with the pure drug. The
maximum drug concentration (Cpa,) of 11.80 mg L™ in serum was observed at 12 h
(Tmax) of the post dosing.

After oral administration of PLGA nanoparticles, a quantifiable amount of drug
(4.15mgL") was found in serum at 0.5h. The non-compartmental data analysis

indicated considerable increase in the AUC,to 253.36 mgh L™.
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Table 6.3: Summary of the pharmacokinetic parameters in serum after oral

administration of IM and IM loaded nanoparticles.

Parameters Pure Drug PECA. PLGA
Imatinib Mesylate Nanoparticles Nanoparticles
Tmax (h) 3.00 9.00 12.00
Cinax (mg L) 15.45 14.08 11.80
AUC,, (mghL™) 178.79 465.58 253.36
Vy/F (L kg™ 3.14 4.15 4.09
CIF (Lh' kg™ 0.28 0.11 0.20
Half-life (h) 7.80 25.62 16.30
MRT (h) 11.25 36.97 23.52
MAT' (h) 1.42 5.82 5.53
F' 0.87 0.88 0.76

Tcomparative in vivo data between the oral and intra-venous administrations

PLGA nanoparticles have shown significant increase in drug serum concentrations and
serum residence time with approximate two fold increase in MRT (23.52 h). Moreover,
the changed apparent volume of distribution (V¢/F) of 4.09 Lkg" indicated altered
distribution of IM.

For individual formulation, the bioavailability (F) was calculated against the respective
intravenous pharmacokinetic data. As there was no significant change observed in
F values suggesting the increase in AUC is probably only due to change in distribution
profile of the drug.

b) Brain biodistribution studies

i) Intra-venous administration

The drug concentration in the rat brain following single intra-venous dose of the pure
drug, PECA nanoparticles or PLGA nanoparticles was determined and plotted as a
function of time (Fig. 6.4). The various pharmacokinetic parameters calculated are listed
in Table 6.4. Brain biodistribution studies after intra-venous administration of the pure
drug indicated a slow and poor permeation of free drug to the brain. The maximum drug
concentration (Cpax) observed in brain was 0.6 ug g™ at 3 h (Timax) of the post dosing.
Intra-venous administration of PECA nanoparticles also indicated increase in the
maximum drug concentration (Cpax) to 1 pg g™ in brain at 3 h (Tmax) of the post dosing.
Against the pure drug, a significant increase in the permeation and retention of the drug

was observed with increase in the AUC,, t0 26.24 ugh g
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Fig. 6.4: IM concentration in brain versus time profile following intra-venous
administration of the pure drug, PECA nanoparticles and PLGA nanoparticles in rats
(Each value represents the mean +standard deviation of three independent

determinations)

Table 6.4: Summary of the pharmacokinetic parameters in brain after intra-venous

administration of IM and IM loaded nanoparticles.

Parameters Pure Drug PECA PLGA.
Imatinib Mesylate Nanoparticles Nanoparticles
Tinax (h) 3.00 6.00 3.00
Crnax (ng ™) 0.60 1.00 0.96
AUC., (ughg™) 7.43 26.24 23.54
Cl(gh' kg™ 3.36 0.95 1.06
Half-life (h) 11.41 20.14 22.11
MRT (h) 16.47 29.06 31.91

Moreover, approximately two fold increase in MRT was observed for PECA
nanoparticles against the pure drug (16.47to 29.06 h). Similarly, intra-venous
administration of PLGA nanoparticles also indicated increased retention of the drug with
increased AUC,, to 23.54 pug g”'. MRT was found to increase to 31.91 h with increased
elimination half-life in brain to 22.11 h. Increased AUC and MRT indicated more

permeation of the drug to brain in Nano-DDS with extended release.
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if) Oral administration

For the brain biodistribution studies, the drug concentration in rat brain following single
oral dose of the pure drug, PECA nanoparticles and PLGA nanoparticles were determined
and plotted as a function of time (Fig. 6.5). The various pharmacokinetic parameters
calculated using a data modeling software are listed in Table 6.5.

Brain biodistribution studies of the pure drug after oral administration confirmed a slow
and poor distribution of free drug to brain with the maximum drug concentration (Cpax) of
0.82 pg g at 3 h (Tma) the post dosing. Although the drug concentration levels in brain
tissues were extremely poor with AUC,, of 11.93 ugh g, a quantifiable amount of IM
observed at 0.5h was 0.054 ngg'. Biodistribution profile obtained after oral
administration and intra-venous administration of the pure drug were in agreement and

indicated a slow onset and poor permeability.
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Fig. 6.5: IM concentration in brain versus time profile following oral administration of the
pure drug, PECA nanoparticles and PLGA nanoparticles in rats (Each value represents the

mean * standard deviation of three independent determinations)

Moreover, a secondary peak observed after intra-venous administration of the pure drug
was found to be preserved at 12 h of oral dosing. Both, oral and intra-venous, routes of
administration resulted in poor drug concentration levels in brain tissue in comparison

with serum drug concentration levels.
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Oral administration of PECA nanoparticulate formulations revealed that the nanoparticles
show relatively slower absorption rate but increased extent of absorption with the
maximum drug concentration (Cmax) of 0.89 pg g in brain at 12h (Tima) of the post
dosing. Immediately after oral administration of PECA nanoparticles, a quantifiable
amount of the drug (0.057 ug g’') was found in brain at 0.5 h. The non-compartmental
data analysis indicated significant increase in the AUC,, to 31.78 ughg"' suggesting
enhanced distribution to the brain. PECA nanoparticles have shown increased residence
time of the drug in the brain with significant increase in the elimination half-life in the
brain (25.06 h). Moreover, MRT of IM from the drug loaded PECA nanoparticles

increased considerably in comparison with the pure drug (20.7 to 36.16 h).

Table 6.5: Summary of the pharmacokinetic parameters in brain after oral administration

of IM and IM loaded nanoparticles.

Parameters Pure Drug PECA. PLGA
Imatinib Mesylate Nanoparticles Nanoparticles
Tonax (h) 3.00 12.00 6.00
Crmax (ng g™) 0.82 0.89 1.06
AUC., (ughg") 11.93 31.78 32.44
CUF (gh™ kg™ 4.19 1.57 1.54
Half-life (h) 14.35 25.06 26.61
MRT (h) 20.70 36.16 38.40

Studies with PLGA formulations also indicated increased drug absorption with the
maximum drug concentration (Cy.x) of 1.06 pg g'1 in the brain at 6 h (Ty.x) of the post
dosing with significant increased AUC., to 32.44 pgh g"'. A quantifiable amount of drug
(0.065 ug g") was found in the brain at 0.5h after oral administration. The non-
compartmental data analysis indicated significant increase in the AUC,, to 32.44 ugh g
due to enhanced permeation to the brain. PLGA nanoparticles have shown increase in the
elimination half-life in the brain (26.61 h) indicating increased residence time of IM.
MRT of IM loaded PLGA nanoparticles was increased in comparison to the pure drug
(20.70 to 38.40 h).

Thus, it can be concluded that both the IM loaded nanoparticulate formulations increased
the extent of drug permeation to the brain with nearly 100% increase in MRT and three-

fold increase in AUC, against the pure drug.
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¢) Lungs biodistribution studies

i) Intra-venous administration

The drug concentration in rat lungs following single intra-venous dose of the pure drug,
PECA nanoparticles or PLGA nanoparticles was determined and plotted as a function of

time (Fig. 6.6). The various pharmacokinetic parameters are listed in Table 6.6.
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Fig. 6.6: IM concentration in lungs versus time profile following intra-venous
administration of the pure drug, PECA nanoparticles and PLGA nanoparticles in rats
(Each value represents the mean + standard deviation of three independent

determinations)

Intra-venous administration of the pure drug resulted in the maximum drug concentration
(Cimax) 0f 28.99 pg g in lungs at 6 h (Tmax) of the post dosing. Administration of the pure
drug resulted in AUC., of 316.9 pgh g”'. MRT of the pure drug was found to be 14.6 h
and elimination half-life in lungs was 10.11 h. Moreover, the drug biodistribution profile
to lungs has also shown a biphasic nature with initial rapid distribution to lungs followed
by a fast elimination up to 12 h and then a very slow elimination with a secondary
shoulder peak at 12 h of the post dosing.

Biodistribution studies of intra-venous administration of PECA nanoparticles revealed
that the maximum drug concentration (Cpax) Was 31.94 pg g in lungs at 3 h (Tpay) of the

post dosing. Moreover, in the case of PECA nanoparticles AUC, was increased to
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608.01 ug h g against the AUC,, 316.9 ugh g™ for the pure drug. MRT was also found
to increase to 24.73 h with increased elimination half-life in the lungs (17.14 h).

Similarly, intra-venous administration of PLGA nanoparticles also indicated increased
distribution of the drug with increased AUC., to 61136 pghg’ in the lungs.
Administration of PLGA nanoparticles resulted in the maximum drug concentration
(Cmax) 0f 30.99 pg g™ in the lungs at (Tpay) 1.5 h of the post dosing. The MRT was found

to increase to 27.1 h with increased elimination half-life in the lungs (18.78 h).

Table 6.6: Summary of the pharmacokinetic parameters in lungs after intra-venous

administration of IM and IM loaded nanoparticles.

Parameters Pure Drug PECA PLGA.
Imatinib Mesylate Nanoparticles Nanoparticles
Tonax (h) 6.00 3.00 1.50
Crnax (ng g") 28.99 31.94 30.99
AUC, (ngh g™ 316.90 608.01 611.36
Cl(gh' kg™ 0.08 0.04 0.04
Half-life (h) 11.12 17.14 18.78
MRT (h) 14.60 24.73 27.10

ii) Oral administration

For the biodistribution studies in lungs for oral administration, the drug concentration in
rat lungs following single oral dose of the pure drug, PECA nanoparticles or PLGA
nanoparticles was determined and plotted as a function of time (Fig. 6.7). The various
pharmacokinetic parameters calculated are listed in Table 6.7.

Oral administration of the pure drug also indicated a rapid distribution of IM into lungs
with the maximum drug concentration (Cyax) of 51.44 pg g'1 at 6 h (Tpax) of the post
dosing. The drug concentration levels in lung tissue were significantly higher than the
drug concentration in serum suggesting the rapid onset and good lung permeability of the
pure drug. The biphasic nature of biodistribution profile in the lungs was in agreement
with intra-venous administration with the secondary shoulder peak of the concentration
10.44 +2.29 ug g was found to be preserved at 12 h of the post dosing. Thus, both the
routes of administration revealed initial rapid distribution of IM to lungs followed by a
fast elimination up to 12 h and subsequent very slow elimination. Thus, the results

obtained from both, intra-venous and oral, routes of administration were in agreement.
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Moreover, a comparison between serum pharmacokinetic and lungs biodistribution

profile indicated high drug concentration of IM in the lungs tissue over serum.
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Fig. 6.7: IM concentration in lungs versus time profile following oral administration of the
pure drug, PECA nanoparticles and PLGA nanoparticles in rats (Each value represents the

mean = standard deviation of three independent determinations)

In the case of PECA formulations, the nanoparticles showed relatively faster permeation
with the maximum drug concentration (Cmax) of 41.96 pg g in lungs at 3 h (Tmax) of the
post dosing. Immediately after oral administration, a quantifiable amount of the drug
(3.19 pg g') was found in the lungs at 0.5h. The non-compartmental data analysis
indicated considerable increase in the AUC, to 1048.97 ugh g'l. MRT of IM loaded
PECA nanoparticles was also significantly increased in comparison with the pure drug
(16.76 to 27.33 h).

Biodistribution studies with PLGA formulations also revealed that the PLGA
nanoparticles show relatively faster distribution in comparison with the pure drug.
Although the maximum drug concentration (Cpay) of 41.96 pg g observed in lungs was
almost similar to that of the pure drug in the lungs, the non-compartmental data analysis
indicated considerable increase in the AUC,, to 945.49 ug h g”'. Immediately after 0.5 of
oral administration, a quantifiable amount of the drug (3.25 pg g') was found in lungs.

MRT of IM loaded PLGA nanoparticles was also significantly increased in comparison

with the pure drug (16.76 to 29.13 h).
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Table 6.7: Summary of the pharmacokinetic parameters in lungs after oral

administration of IM and IM loaded nanoparticles.

Parameters Pure Drug PECA. PLGA
Imatinib Mesylate Nanoparticles Nanoparticles
Tinax (h) 6.00 3.00 3.00
Crax (ng g™ 51.44 41.96 41.96
AUC,, (ughg?) 559.47 1048.97 945.49
CIF (gh™ kg™ 0.09 0.05 0.05
Half-life (h) 11.55 18.94 20.19
MRT (h) 16.76 27.33 29.13

Although the drug biodistribution profile is governed by several physicochemical
properties and physiological factors, the most significant determinants of free drug
biodistribution are reported to be plasma protein binding, drug solubility and partition
coefficient, perfusion and extraction efficiency of each tissue and inherent tissue affinity
for the drug. As described previously, the significant fraction of Imatinib is present in the
bound state with approximate total free fraction of 10% (27). This suggests that
insufficient free drug levels are available for biodistribution though lipid membranes in
various lipophilic tissues such as brain. One additional reason for these observations can

be high water solubility and poor lipid solubility of IM.
6.4 Conclusions

In the in situ absorption studies, IM found to undergo the first order absorption in the
intestine. The drug was also found to be a good substrate of efflux transport proteins. The
known efflux transport inhibitor - CS-A and surfactants - PT-80 and PF-68 found to
increase intestinal permeability. PLGA and PECA nanoparticles showed a rapid and good
absorption similar to the pure drug. However, PCL nanoparticles demonstrated slower
absorption.

The oral pharmacokinetic studies revealed that IM is rapidly absorbed in serum after oral
administration with the drug concentration levels sufficient for therapeutic activity.
Studies also indicated an initial rapid biodistribution followed by a slower elimination
suggesting two compartment distribution. Results were in agreement with the serum

pharmacokinetic studies carried out with intra-venous administration.

The biodistribution studies confirmed that IM is rapidly distributed in higher extent into

the Iungs. However, the brain concentration levels were very poor in comparison with
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serum concentration levels during the entire course of study. Oral administration of both,
PLGA and PECA, nanoparticles showed a slower absorption rate. However, the extent of
availability was increased significantly with increased residence time of the drug in
systemic circulation and elimination half life. Moreover, the area under the drug
concentration time curve and mean residence time in serum was found to be increased
with both, oral and intra-venous, routes of administration. Interestingly, the distribution of
IM to the brain was significantly enhanced with PECA and PLGA nanoparticulate
formulations as found with increased AUC and MRT. Oral and intra-venous
administration of IM loaded nanoparticles have also shown better distribution to brain.

Enhanced serum concentration levels indicated change in distribution profile of IM.

Thus, pharmacokinetic and biodistribution studies confirmed that the biodistribution of
the drug can be modulated with the aid of nanoparticulate drug delivery systems
efficiently. The drug specific problems such as P-gp efflux and tissue specific
bioavailability could be addressed. The optimized drug delivery system may show
enhanced therapeutic efficacy due to these advantages. Moreover, the enhanced
permeation and retention (EPR) effect would further demonstrate added benefits in cancer
subjects resulting in targeting the considerable amount of the drug to solid tumors.
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7 Conclusions

Over the last few years, nanotechnology has emerged as a novel drug delivery system for
enhancing the therapeutic efficacy and patient compliance. In the current research, studies
were carried out to design and characterize nanoparticulate delivery systems to enhance
the therapeutic efficacy of IM by effective delivery into the brain, a primary metastatic
site.

As analysis is an integral part of pharmaceutical product development, new analytical
methods were developed and validated for various studies. The developed spectroscopic
and liquid chromatographic methods were found to be selective in the determination of
IM in bulk and formulations. These validated analytical methods were successfully used
for various preformulation and formulation development studies. The developed
bioanalytical methods were also found to be selective and sensitive for the determination
of IM in biological samples such as rat serum, brain and lungs. These validated
bioanalytical methods were successfully employed for in vivo pharmacokinetic and
biodistribution studies of the pure drug and nanoparticulate formulations in rats. The
developed methods were found to have various advantages over the reported methods.
Preformulation studies indicated that the drug demonstrates a charge dependent solubility
profile with increasing solubility towards acidic pH. IM was found to have four ionization
constants (pKa - 1.47, 3.92, 7.61 & 9.25). The pH partition studies showed that ionization
of the drug molecules controls the fraction distributed to oil phase. In liquid state, IM was
found to be most stable at pH 7.4 and it was sensitive towards extreme acidic and alkaline
conditions. The drug was most susceptible for oxidative stress condition and it was stable
under photolytic stress conditions. Results of the drug-excipient compatibility studies

demonstrated no significant interaction with various excipients used in the formulations.

Emulsion solvent evaporation and interfacial polymerization techniques were found to be
suitable for the preparation of IM loaded nanoparticles using the preformed polymers
(PLGA and PCL) and monomers (ECA), respectively. Nanoparticle characteristics such
as average particle size and size distribution, particle morphology, drug entrapment and
loading efficiency were found to be dependent on various formulation and process
parameters. In addition, these parameters were found to influence the in vitro drug release

characteristics of IM loaded PLGA, PCL and PECA nanoparticles.

The optimized experimental conditions provided good quality nanoparticles with
reproducible characteristics. The particle size analysis and microscopic imaging revealed

that the optimized nanoparticulate formulations were of the small and uniform particle
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size with spherical shape. In vitro drug release from the prepared nanoparticles was
controlled over 48 h and it could be well explained by the first order release kinetics. The
various parameters such as polymer amount, the drug amount, stabilizer concentration
found to have impact on the characteristics and properties of the prepared formulations.
Increasing polymer proportion and stabilizer concentrations were found to sustain the
drug release.

All optimized formulations of PLGA and PECA nanoparticles demonstrated adequate
redispersability after freeze-drying. The prepared formulations showed good stability in
dispersed state as the critical properties of nanoparticles including average particle size,
size distribution, drug entrapment and loading efficiency were unaffected during 3
months storage period at —20°C. Freeze-dried formulations of the prepared nanoparticles
demonstrated better stability for more than 6 months with no considerable change in the
initial properties. Moreover, the drug release profile and redispersability of nanoparticles
were relatively unaffected during the storage.

In situ absorption studies confirmed that IM is a good substrate for efflux transport
proteins. The stabilizers such as poloxamer and polysorbate 80 used in the preparation of
nanoparticles were found to increase intestinal permeability by inhibiting intestinal efflux
transporters. Increased permeability and inhibition of efflux transport proteins would
together enhance intracellular concentration of the drug. Moreover, it may even reduce
the chances of inter-subject variability resulting from the differential expression of efflux
transport proteins.

In vivo pharmacokinetic and biodistribution studies in rat indicated that PLGA and PECA
nanoparticles are potential carriers for effective delivery of IM with promising enhanced
brain uptake and sustaining the drug release under in vivo conditions. The biodistribution
profile of the drug was found to be altered when delivered in nanoparticles. A multi fold
increase was observed in the area under the drug concentration curve in serum with IM
loaded PLGA and PECA nanoparticles. Similarly, an increase in elimination half life
indicated increase in drug residence time in the systemic circulation. Brain biodistribution
studies revealed increased drug availability and residence time in the brain tissues. The
increase in distribution of IM to the brain may provide sufficient concentration levels to
eliminate metastasized tumor cells reducing chances of resistance and relapse. Studies
also indicated good compatibility of developed formulations in rats without any

immediate undesirable effects.
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Thus, delivery of IM using nanoparticles would be advantageous over the available
conventional formulations with specific delivery to the site of action over extended
duration. In cancer subjects, nanoparticulate drug delivery system would be preferentially
localized in tumors cells through the extended retention and permeation (EPR) effects
providing multifold increase in drug concentration at the site of action. Moreover, it may
offer benefit of reduced dose or dosing frequency leading to decreased untoward effects,
improved patient compliance and increased therapeutic efficacy. Collectively, these
results indicate that IM loaded PECA and PLGA nanoparticles have great potential as
targeted delivery systems for cancer treatment such as CML and GIST.

In order to establish the benefit to risk ratio, further studies need to be carried out for the
developed formulations in the diseased subjects. Current therapy of IM demands chronic
administration of the drug which would up-regulate the certain efflux transport proteins.
Multiple and chronic dosing pharmacokinetic studies would address the effectiveness of
nanoparticulate drug delivery systems in such cases. Additionally, in vitro cell uptake

studies may be carried out to investigate the intracellular concentration levels of the drug.
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