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(10)ABSTRACT


The present research work is based on the formulation, optimization and
characterization of nanoparticulate drug delivery system. The main rationale of the
work is to formulate a targeted drug delivery system with enhanced drug entrapment
efficiency. Here the drug of interest is Irinotecan hydrochloride trihydrate, an
antineoplastic agent while the polymer used is poly lactide -o - glcolic acid (PLGA),
a biodegradable polymer. The analytical method development is carried out using
acetonitrile and phosphate buffer saline. The formulation optimization is also carried
out optimizing its various process and formulation parameters. Different organic
solvents were tried and various surfactants were used to optimize the nanoparticulate
formulation. The size range and zeta potential was measured using Malvern zeta
sizer. The lyofilization was carried out using two different cryoprotectants .



(11)CHAPTER 1
 INTRODUCTION


1.1      TARGETED DELIVERY OF ANTICANCER AGENTS


Much effort has been expended to improve the selectivity of cancer
 chemotherapeutic agents, and significant improvement in patient survival has been
 achieved in recent years. Nevertheless, the developments of novel selective agents
 and new ways of delivering both old and new agents are possibly the most important
 goals of modern anticancer research82.


Targeted cancer chemotherapy aims to direct adequate concentration of the
 chosen agent to tumor cells while affecting as few healthy cells as possible. In
 principle, this can be achieved by passive or active targeting. Passive targeting
 exploits the enhanced permeability and retention (EPR) characteristics of tumor
 vessels.  Rapidly  growing  tumors  develop  extensive  vasculatures  to  meet  their
 requirement for nutrient supply and waste disposal, but the blood vessels are
 abnormally hyper-permeable, with defective architecture and impaired lymphatic
 drainage. Circulating macromolecular drugs or particulate delivery systems that
 have difficulty permeating normal blood vessels can extravasate through such tumor
 blood vessels, and they become entrapped due to the impaired lymphatic drainage in
 tumor tissues61.


       Consequently,  the  EPR  effect  can  be  applied  to  facilitate  the  selective
accumulation of an appropriately designed drug delivery system at a tumor site. To
achieve efficient accumulation, the delivery system must also avoid systemic
clearance by the reticuloendothelial system (RES), usually achieved by controlling
the size and surface properties of the delivery systems. To avoid RES uptake, a
hydrophilic surface and small particle size under 100 nm are the most often
mentioned requirements). Active targeting, on the other hand, is often achieved by



(12)exploiting the differences in membrane biochemistry between cancer and normal
 cells. Active targeting of a drug to cancer cells may involve the conjugation of
 tissue- or cell-selective ligands that bind specifically with receptors on the surface of
 tumor cells, examples of which include lectin-carbohydrate and antibody-antigen
 interactions. Selectivity is ensured by choosing ligands that bind to antigens or
 receptors that are either uniquely expressed or over-expressed on the target cells
 compared to normal tissues. To increase the payload to be delivered to the tumor
 site, the drug may be concentrated in a carrier, e.g. nanoparticles, which is then
 conjugated with the targeting ligand61.


The concept of drug targeting, suggested byPaul Ehrlich almost a century
 ago, considered a hypothetical ‘magic bullet’ as an entity consisting of two
 components — the first one should recognize and bind the target, while the second
 one should provide a therapeutic action in this target. Currently, the concept of
 magic bullet includes a coordinated behavior of three components: (a) drug; (b)
 targeting moiety; and (c) pharmaceutical carrier used to multiply the number of drug
 molecules per single targeting moiety. Pharmaceutical carriers include soluble
 polymers, microcapsules, microparticles, cells, cell ghosts, lipoproteins, liposomes,
 and micelles. All of them can be made targeted in one-way or another30,82 .


       The recognition  of the target can occur  on the  level  of  a  whole  organ,  on
the level of certain cells specific for a given organ, or even on the level of individual
components characteristic of these cells, such as cell surface antigens. The most
universal form of target recognition is the recognition on the molecular level, based
on the fact that every organ or tissue certain compounds (antigens) can be found that
are  specific  only  for  the  organ  of  interest.  For  successful  targeting,  another
compound can be used as a transporting unit, which is capable of the specific
interaction with the specific target component (for example, a monoclonal antibody
against the target antigen). Basing on this principle, numerous systems for drug
targeting have been constructed capable of the delivery of pharmaceuticals to the
variety of tissues and organs30.



(13)1.2 NANOPARTICULATE SYSTEMS FOR DRUG DELIVERY


Nanoparticles are engineered submicron-sized systems that range in size
 from a few nanometers to several hundred nanometers depending on their intended
 use. A variety of organic and inorganic materials, including polymers, lipids,
 ceramic and metals, have been used to construct nanoparticles. Most inorganic
 nanoparticles have a central core (usually metallic) and a protective organic surface
 coating. Organic nanoparticles include liposomes and other lipid-based carriers,
 polymeric nanoparticles, micelles and various ligand-targeted products. Structurally,
 nanoparticles have also been classified as dendrimers, micelles, nanospheres,
 nanocapsules, liposomes, fullerenes and nanotubes. Based on their manufacturing
 methods and materials used, the size and shape of nanoparticles vary.


Therapeutic drugs may be incorporated into nanoparticles by surface
 attachment or encapsulation. Nanoparticulate drug delivery systems are highly
 versatile. Drug payloads range from small molecular weight drugs to
 macromolecules, from highly water-soluble agents to strongly hydrophobic drugs.


The method of delivery may vary from the simple, localized delivery using a
catheter-based approach to sophisticated targeted delivery whereby the conjugation
of biospecific ligand onto the nanoparticle surface could direct drug delivery to the
tissue of interest. In addition, the small particle size of nanoparticles yields a high
surface area per unit weight ratio that can greatly facilitate drug dissolution and
absorption in the gastrointestinal fluids. Nanoparticulate systems have been
demonstrated to improve drug bioavailability, facilitate drug solubilization, sustain
drug effect in target tissues and improve the stability of therapeutic agents. Since the
latter half of the 1980s, nanoparticles have been studied as carriers for drug delivery
to challenge many diseases, including cancer, HIV, and diabetes. Much of the
research has concentrated on improving the bioavailability of drugs with poor
absorption characteristics and providing controlled release of drugs46. Therapeutic
agents of interest are incorporated into polymer nanoparticles either by physical
entrapment within the polymeric matrix or by surface adsorption or conjugation. The
size and surface properties of the nanoparticles determine their fate in the human
body. Unless there is intended drug delivery to the RES, the size and surface of the



(14)nanoparticles must be designed to avoid RES clearance. Nanoparticles smaller than
 100 nm in diameter have been found advantageous in this respect. So is the coating
 of nanoparticles with the hydrophilic polymer, polyethylene glycol (PEG) Targeted
 drug delivery is realized by surface conjugation with a biospecific ligand, which
 may also favorably modify the intracellular disposition of the nanoparticles.


Biocompatible, hydrophilic or hydrophobic polymer nanoparticles with surface-
 pendant amine, carboxyl or aldehyde groups have been fabricated for further bio-
 conjugation. A wide variety of ligands, such as folic acid, antibody, and aptamers
 have been used for surface modification of polymeric nanoparticles to impart cancer
 cell targeting capability.


Polymers employed for nanoparticle fabrication have included synthetic
polymers, such as Poly (D, L-lactic-co-glycolic acid) (PLGA), polyacrylates and
polycaprolactones, and natural polymers. In particular, the application of polymer
nanoparticles in oncology has grown greatly with the advent of biodegradable
polymers. Biodegradable polymers are macromolecular materials capable of being
degraded into simpler products through chemical or enzyme-catalyzed hydrolysis in
the body. Biodegradable and biocompatible polymers as drug carriers are desirable
to minimize toxicity and avoid the requirement to surgically remove the spent
carriers. For these reasons, nanoparticles made of biodegradable materials are often
fabricated to provide sustained drug release within the target site. A good example
of a biodegradable and biocompatible polymer is PLGA, an FDA-approved
biodegradable and biocompatible polymer for biomedical applications46.



(15)CHAPTER 2


LITERATURE REVIEW


2.1     CANCER


Alaa Eldeen B.et al., defined that cancer is the uncontrolled growth of
 abnormal cells in the body. Cancerous cells are also called malignant cells. Cancer
 grows out of normal cells in the body. Normal cells multiply when the body needs
 them, and die when the body doesn't need them. Cancer appears to occur when the
 growth of cells in the body is out of control and cells divide too quickly. It can also
 occur  when  cells  forget  how  to  die.  A  protein  called  DNA  very  carefully  controls
 this growth, which is contained in genes. It is this information that allows for healing
 of a wound4.


Surendrian A. et al.,  suggested  that  if  cells  in  a  body  divide  only  when
 necessary and stop when the job is done the total number of cells in the adult body
 will remain constant. However when a cell starts dividing and when the daughter
 cells in turn keep dividing without any purpose, then the number of cells in that
 particular area begins to increase and a lump appears - a cancer1.


A complex event usually involves many causal factors, which in turn are
causally linked to other factors. In talking about cause and effect, we customarily
designate as its cause one or a few salient factors most directly connected to its
salient effects, noting a few other factors as indirect causes, relegating many factors
as background conditions, and ignoring factors too vague to determine. For example,
when arson investigators decide that a fire was caused by sparks from an exposed
electric wire, they treat as background conditions the presence of oxygen and
flammable materials nearby. What made the wire exposed they regard as indirect
causes, which may interest criminal investigators. Saliency and relevancy are
context dependent



(16)Fig 2.1 Common sites and symptoms of cancer metastasis


Douglas and David showed that in cancer research, two scientific
 approaches operate in two general kinds of context. Epidemiological focuses on
 causal  factors  on  the  levels  of  people  and  population,  with  results  that  are  more
 useful for disease prevention. Molecular cell biology focuses on causal mechanisms
 on  the  levels of  genes and  cells, with results  that  are  more  useful to treatment  and
 cure. To biologists, factors identified by epidemiology are indirect causes in the
 mechanism of cancer development. For most people, however, these factors are the
 only cancer causes that they care about; they can do something about them18,20.


No treatment, conventional or otherwise, can completely eliminate all
 cancer cells according to the naturally oriented physician. The reason is simple.


Cancer is a systemic disease, and there are simply too many cancerous or pro-



(17)cancerous cells within the ecosystem of the body. Cancer is not a localized problem
 but  a  whole-body  phenomenon  of  metastatic  growth.  Its  growth  process  is  affected
 by biological conditions. Non-genetically based cancer forms in the body because of
 toxins, the lack of oxygen poor nutrition, and other factors such as hormonal
 imbalance. Whether the cancer in our body continues to multiply depends to a large
 degree  on  our  body’s  biological  terrain.  It  is  this  terrain  that  determines  how  the
 cancer is expressed20.


2.1.1 How cancer spreads:


Fig  2.2 Stages of tumor development



(18)At the center of cellular proliferation is the cell division cycle, the process
 by which a cell grows, replicates its DNA and then divides to give two daughter
 cells. This process is divided into four sequential phases (Figure 1.). It is often
 considered that the two most important of these are S phase, when DNA replication
 occurs  and  mitosis  (also  known  as  M  phase),  when  the  cell  undergoes  division  to
 give two daughter cells. In fact a key concept of the cell cycle is that S phase must
 always follow M phase and that M phase must not start until S phase has been
 completed50. In other words, DNA replication must not commence until mitosis is
 complete  and  mitosis  must  not  begin  until  the  previous  round  of  DNA  replication
 has ended, thus, the integrity of the genome is maintained. In-between S and M
 phase are two gaps G1 and G2. G1 follows on from mitosis and is a time during the
 cell cycle when the cell is responsive to both positive and negative growth signals.


G2  is  the  gap  after  S  phase,  when  the  cell  prepares  for  entry  into  mitosis.  Finally,
 there  is  a  fifth  state,  G0  (also  known  as  quiescence)  into  which  the  cell  may
 reversibly exit from G1, if it is deprived of the appropriate growth-promoting
 signals50,51.


Figure2.3:  Cancer cell cycle



(19)All cancers begin in cells, the body's basic unit of life. To understand
 cancer, it's helpful to know what happens when normal cells become cancer cells.


       The body is made up of many types of cells. These cells grow and divide in
 a controlled way to produce more cells, as they are needed to keep the body healthy.


When cells become old or damaged, they die and are replaced with new cells.


       However  according  to national cancer institute U.S., sometimes this
 orderly  process  goes  wrong.  The  genetic  material  (DNA)  of  a  cell  can  become
 damaged or changed, producing mutations that affect normal cell growth and
 division. When this happens, cells do not die when they should and new cells form
 when the body does not need them. The extra cells may form a mass of tissue called
 a tumor80.


       If the cells that formed the cancerous lump remained only at that site then
 most cancers could be treated effectively. But cancers cells have another dangerous
 feature  -  they  can  spread.  As  the  cancer  grows  clumps  of  cells  will  invade  tissues
 around them and later invade arteries and veins and can be carried along by them.


They could settle in another site far away from the original site. Cancers can also
 travel along channels called lymphatic and spread to lymph nodes10,21.


2.1.2 Primary and secondary cancer


The site where the cancer started is called the primary cancer. The site the
 cancer spreads to be called the secondary cancer.


For example a cancer may start in the breast. This is called a primary breast
 cancer. It may spread to the liver and lungs. These are not new cancers in the liver
 and lungs but secondaries from the primary breast cancer27.


2.1.3  Oncogenes


No one knows what it is that transforms a normal cell into a cancerous cell.


We know however that there are certain genes-oncogenes that can either promote or



(20)suppress cell division. P53 is a suppressor oncogene. In certain breast cancer tissues
 excessive amounts of a defective P53 gene are present.


These cancers are generally believed to be aggressive. It may be possible in
 the future to regulate growth of cancer cells by modifying these genes27.


2.1.4     The causes


Likely cause of cancer Estimated proportion of
 cancer deaths (%)
 Environmental


Cigarette smoking 35


Diet 2


Occupation 2


Background radiation 5


Non-environmental


Generic 5


Total 74


Unaccounted 26


Table 2.1   Causes of cancer


From the table 1.1 above we see that almost 70% of cancers are believed to
 be caused by environmental factors - which mean these cancers should be
 preventable. However it is not always possible to link a particular cancer causing
 substance (carcinogen) and a cancer, as there is usually a long interval – latent
 period - between the exposure and the cancer.


Surendrian A. et al.,  explained  many  different  kinds  of  cancers.  Cancer
can develop in almost any organ or tissue, such as the lung, colon, breast, skin,
bones, or nerve tissue1.



(21)There are also other causes of cancers, including:


Benzene and other chemicals
 Drinking excess alcohol


Environmental toxins, such as certain poisonous mushrooms and a
 type of poison that can grow on peanut plants (aflatoxins)


Excessive sunlight exposure
 Genetic problems


Obesity
 Radiation
 Viruses


However, the cause of many cancers remains unknown.


2.1.5  Types of Cancer Classified by Body System


Cancer has the potential to affect every organ in the body. The cells within
 malignant tumors have the ability to invade neighboring tissues and organs, thus
 spreading the disease. It is also possible for cancerous cells to break free from the
 tumor and enter the bloodstream, in turn spreading the disease to other organs. This
 process of spreading is called metastasis. When cancer has metastasized and has
 affected other areas of the body, the disease is still referred to the organ of
 origination. For instance, if cervical cancer spreads to the lungs, it is still called
 cervical cancer, not lung cancer65.


The most common types of cancer in the United States based on frequency
 of diagnosis are:


Bladder cancer
Breast cancer
Colon cancer



(22)Endometrial cancer
 Kidney cancer (renal cell)
 Leukemia


Lung cancer
 Melanoma


Non-Hodgkin lymphoma
 Pancreatic cancer


Prostate cancer
 2.1.5.1 Blood Cancer


The cells in the bone marrow that give rise to red blood cells, white blood
 cells, and platelets can sometimes become cancerous. These cancers are leukemia or
 lymphoma65.


Leukemia
 Lymphoma


Multiple Myeloma


Waldenstrom's Macroglobulinemia
 2.1.5.2 Bone Cancer


Bone  cancer  is  a  relatively  rare  type  of  cancer  that  can  affect  both
 children and adults, but primarily affects children and teens. There are several types
 of bone cancer, but the most common types are:


Ewing's Sarcoma
Osteosarcoma



(23)2.1.5.3 Brain Cancer


Brain tumors can be malignant (cancerous) or benign (non-cancerous).


They affect both children and adults. Malignant brain tumors don't often spread
 beyond  the  brain.  However,  other  types  of  cancer  have  the  ability  to  spread  to  the
 brain69. Types of brain cancer include:


Adult Brain Tumor


Brain Stem Glioma, Childhood
 Cerebellar Astrocytoma, Childhood


Cerebral Astrocytoma/Malignant Glioma, Childhood
 Ependymoma, Childhood


Medulloblastoma, Childhood


Supratentorial Primitive Neuroectodermal Tumors and Pineoblastoma,
 Childhood


Visual Pathway and Hypothalamic Glioma, Childhood.


2.1.5.4 Breast Cancer


Breast cancer is a common type of cancer that affects women and much
 less commonly, men. More than 200,000 women are diagnosed with breast cancer in
 the United States each year65. Types of breast cancer include, but are not limited to:


Ductal carcinoma in situ
Lobular carcinoma in situ
Inflammatory breast cancer
Paget's disease of the nipple
Invasive types of breast cancer



(24)2.1.5.5 Digestive/Gastrointestinal Cancers


This is a broad category of cancer that affects everything from the
 esophagus to the anus. Each type is specific and has its own symptoms, causes, and
 treatments69.


Anal Cancer


Bile Duct Cancer, Extrahepatic
 Carcinoid Tumor, Gastrointestinal
 Colon Cancer


Esophageal Cancer
 Gallbladder Cancer


Liver Cancer, Adult Primary
 Liver Cancer, Childhood
 Pancreatic Cancer
 Rectal Cancer


Small Intestine Cancer
 Stomach (Gastric) Cancer
 2.1.5.6 Endocrine Cancers


The endocrine system is an instrumental part of the body that is responsible
 for glandular and hormonal activity. Thyroid cancer is the most common of the
 endocrine cancer types and generally, the least fatal65.


Adrenocortical Carcinoma


Carcinoid Tumor, Gastrointestinal


Islet Cell Carcinoma (Endocrine Pancreas)
 Parathyroid Cancer


Pheochromocytoma



(25)Pituitary Tumor
 Thyroid Cancer
 2.1.5.7 Eye Cancer


Like other organs in the human body, the eyes are vulnerable to    cancer as
 well. Eye cancer can affect both children and adults.


Melanoma, Intraocular
 Retinoblastoma


2.1.5.8 Genitourinary Cancers


These types of cancer affect the male genitalia and urinary tract65.
 Bladder Cancer


Kidney (Renal Cell) Cancer
 Penile Cancer


Prostate Cancer


Renal Pelvis and Ureter Cancer, Transitional Cell
 Testicular Cancer


Urethral Cancer


Wilms' Tumor and Other Childhood Kidney Tumors
 2.1.5.9 Gynecologic Cancers


This group of cancer types affects the organs of the   female reproductive
 system. Specialized oncologists called gynecologic oncologists are recommended
 for treating gynecologic cancer.


Cervical Cancer
 Endometrial Cancer


Gestational Trophoblastic Tumor



(26)Ovarian Cancer
 Uterine Sarcoma
 Vaginal Cancer
 2.1.5.10 Head and Neck Cancer


Most head and neck cancers affect moist mucosal  surfaces of the head and
 neck, like the mouth, throat, and nose. Causes of head and neck cancer vary, but
 cigarette smoking plays a role. Current research suggests a strong HPV link in the
 development of some head and neck cancer69.


Hypopharyngeal Cancer
 Laryngeal Cancer
 Lip and Oral Cancer


Metastatic Squamous Neck Cancer
 Nasopharyngeal Cancer


Oropharyngeal Cancer


Paranasal Sinus and Nasal Cavity Cancer
 Parathyroid Cancer


Salivary Gland Cancer
 2.1.5.11 Respiratory Cancers


Cigarette smoking is the primary cause for cancer affecting the respiratory
 system. Exposure to asbestos is also a factor65.


Lung Cancer, Non-Small Cell
 Lung Cancer, Small Cell
 Malignant Mesothelioma


Thymoma and Thymic Carcinoma



(27)2.1.6    Diagnosis


To confirm a diagnosis of cancer it is almost always necessary to remove a
 small piece of the tumor for examination; this is called a biopsy. The presence in the
 blood of certain proteins called tumor markers (e.g. C.E.A., CA-125, P.S.A. etc.)
 may point to a diagnosis of cancer but are never enough in themselves to establish
 the diagnosis. Once the diagnosis is made, it may be necessary to carry out further
 tests such as CT Scans, Bone marrow studies etc. to see if there is evidence of
 spread of cancer. This is called staging13.


2.1.7    Treatment


Treatment of cancer is by surgery, radiotherapy and chemotherapy.


2.1.7.1   Surgery


In cancer surgery is used
 1)   To make the diagnosis


2)   To remove all the tumor or most of the tumor


3)   To control symptoms even when a cancer is too advanced to be cured
 e.g. removing a tumor that is causing severe bowel obstruction and
 lastly


4)   To prevent cancers by removing an organ when the risk of malignant
 transformation is very high.


2.1.7.2  Radiotherapy


This is the use of x-rays to treat cancers. Some cancers are curable by
radiotherapy e.g. cancers of the cervix. It is also used to mop up the tumor area after
surgery. In incurable cancers radiotherapy can provide relief from pain caused by
spread to the bones13.



(28)2.1.7.3 Chemotherapy


This involves the use of drugs to destroy cancer cells.       Some
 cancers are curable by chemotherapy e.g. certain lymphomas. In certain cancers
 especially breast and colon cancers chemotherapy is used in addition to surgery and
 radiotherapy to prevent spread of the cancers13.


2.2 ROLE OF NANOTECHNOLOGY IN CANCER THERAPY


Ferrai  M. explained that the nanomedicine involves utilization of
 nanotechnology for the benefit of human health and well being. The use of
 nanotechnology in various sectors of therapeutics has revolutionized the field of
 medicine where nanoparticles of dimensions ranging between 1 - 100 nm are
 designed and used for diagnostics, therapeutics and as biomedical tools for research.


It is now possible to provide therapy at a molecular level with the help of these tools,
 thus treating the disease and assisting in study of the pathogenesis of disease22.
 Conventional drugs suffer from major limitations of adverse effects occurring as a
 result of non-specificity of drug action and lack of efficacy due to improper or
 ineffective dosage formulation (e.g., cancer chemotherapy and antidiabetic agents).


Designing of drugs with greater degree of cell specificity improves efficacy and
 minimizes adverse effects. Diagnostic methods with greater degree of sensitivity aid
 in early detection of the disease and provide better prognosis. Nanotechnology is
 being applied extensively to provide targeted drug therapy, diagnostics, tissue
 regeneration, cell culture, biosensors and other tools in the field of molecular
 biology. Various nanotechnology platforms like fullerenes, nanotubes, quantum
 dots, nanopores, dendrimers, liposomes, magnetic nanoprobes and radio controlled
 nanoparticles are being developed10.


2.2.1 Current status of therapeutics


The major factors influencing the treatment outcome in a patient are the
 efficacy and safety profile of the drug more so when used for cancer chemotherapy.


These drugs have poor cell specificity and high toxicity like bone marrow
suppression, gastric erosion, hair loss, renal toxicity, cardiomyopathy, and several



(29)effects on other systems. Similarly treatment for diabetes faces challenges with the
 route of delivery and inadequate glycaemic control. Availability of non-parenteral
 dosage forms of insulin would be a breakthrough and development of a suitable drug
 delivery device can aid in this approach. In many cases, the sensitivity and
 specificity of various diagnostic methods as in radio imaging and various assays for
 detection of malignancy are not sufficient enough for early detection and treatment1.
 2.2.2 Liposomes


Liposomes discovered in mid 1960s were the original models of
 nanoscaled drug delivery devices. They are spherical nanoparticles made of lipid
 bilayer membranes with an aqueous interior but can be unilamellar with a single
 lamella of membrane or multilamellar with multiple membranes. They can be used
 as effective drug delivery systems. Cancer chemotherapeutic drugs and other toxic
 drugs like amphotericin and hamycin, when used as liposomal drugs produce much
 better efficacy and safety as compared to conventional preparations. These
 liposomes can be loaded with drugs either in the aqueous compartment or in the
 lipid membrane. Usually water-soluble drugs are loaded in aqueous compartment
 and lipid soluble drugs are incorporated in the liposomal membrane73,74. The major
 limitation of liposome is its rapid degradation and clearance by the liver
 macrophages, thus reducing the duration of action of the drug it carries. This can be
 reduced to a certain extent with the advent of stealth liposomes where the liposomes
 are coated with materials like polyoxyethylene that prevents opsonisation of the
 liposome and their uptake by macrophages. Other ways of prolonging the circulation
 time of liposomes are incorporation of substances like cholesterol,
 polyvinylpyrollidone polyacrylamide lipids and high transition temperature
 phospholipids distearoyl phosphatidylcholine74.


Targeting of liposomal drugs:


Liposomes can be targeted to specific organ or tissue by passive as well as
active methods. As the liposomal drug acts minimally on other tissues, the safety
profile is better than non-liposomal drug. The vascularity in tumour tissue is poorly



(30)organized and significant leak occurs from blood vessel in the tumour tissue. The
 liposomal drugs get accumulated in the tumour tissue passively and produce
 enhanced effects. Active targeting of the drug can be achieved by using
 immunoliposomes and ligand directed liposomes.


Sapra P. et al suggested that immunoliposomes are liposomes conjugated
 with  an  antibody  directed  towards  the  tumour  antigen.  The  antibody  can  be
 conjugated to the surface of a stealth liposome, the polyoxyethylene coating of a
 stealth liposome or on the surface of a non-stealth liposome. These
 immunoliposomes when injected into the body, reaches the target tissue and gets
 accumulated in its site of action. This reduces unwanted effects and also increases
 the drug delivery to the target tissue, thus enhancing its safety and efficacy73.


Antibody directed enzyme prodrug therapy (ADEPT) consists of liposomes
 conjugated with an enzyme to activate a prodrug and an antibody directed to a
 tumour antigen (enzyme linked immunoliposomes). These are administered prior to
 administration of a prodrug. The antibody directs the enzyme to the target tissue
 where it activates the prodrug selectively and converts it to its active form. This
 way, action of the drug is avoided in other normal tissues, thus minimizing the
 toxicity of drug.


Such studies are being tried with epirubicin and doxorubicin. Ligand
bearing liposomes are conjugated with specific ligands, which are directed towards
target structures. In ovarian cancer, over expression of folate receptors by the
tumour tissue occurs. The liposomal drug can be conjugated with folate so as to
direct the molecule to the tumour. This method is also being tried in the treatment of
leishmaniasis where liposomal hamycin conjugated with mannosyl human serum
albumin are targeted towards human macrophages. Asialofeutin conjugation is being
tried to target liver cells for gene therapy. The targeted liposomal preparations are
found to have a better efficacy than non-targeted liposomes73,74.



(31)2.2.3 Polymeric Nanoparticles


To reach the targeted tumor tissue, nanoparticles must be able to stay in the
 bloodstream for considerable lengths of time without being eliminated.


Nanoparticles with no surface modification are usually caught by the MPS,
 primarily the liver and spleen, during circulation, depending on their size and
 surface characteristics. To overcome this problem, nanoparticles can be coated with
 hydrophilic polymers. Coating can efficiently protect nanoparticles from capture by
 macrophages. The increased hydration also helps nanoparticles to be more water
 soluble and less sensitive to enzymatic degradation, therefore enhancing
 biocompatibility.


During the past decade, the application of polymer-based drug delivery
 systems in oncology has grown exponentially with the advent of biodegradable
 polymers. In these polymers, drugs are either physically dissolved, entrapped,
 encapsulated, or covalently attached to the polymer matrix. The resulting
 compounds may have different structures, including micelles and dendrimers. Both
 natural (albumin, chitosan, heparin, etc.) and synthetic (poly-L-lactide, poly-
 [Lglutamate], poly-[D,L-lactide-co-glycolide], PEG, etc.) biodegradable polymers
 are being exploited as drug delivery system92.


Recently, a nanoparticle formulation of paclitaxel bound to albumin
 (Abraxane or ABI-007) was approved for the treatment of metastatic breast cancer.


In a Phase III clinical trial, ABI-007 showed greater therapeutic efficacy and
 increased response compared with free paclitaxel. Currently, more than 10
 formulations of anticancer polymeric nanoparticles have entered clinical
 development, including paclitaxel poliglumex (Xyotax), N- (2-hydroxypropyl)
 methacrylamide (HPMA) copolymer-camptothecin (MAG-CPT), and HPMA-DOX
 (PK1).  In  Phase I/II clinical trials, HPMA-DOX  showed  a  4  to  5-fold  reduction  in
 anthracycline-related toxicity. At DOX equivalent doses of 80 to 320 mg/m2, the
 drug still displayed significant antitumor activity in chemotherapy-refractory
 patients  (including  those  with  breast  cancer).  A  recent  Phase  III  trial  showed  that
 paclitaxel poliglumex (Xyotax) was less toxic than free paclitaxel and could prolong
 the survival of non-small-cell lung cancer patients with poor performance status.


Also, paclitaxel poliglumex can be used as a novel radiation sensitizer89.



(32)2.2.4       Targeting mechanism


In principal, nanoparticle delivery of anticancer drugs to tumor tissues can
 be achieved by either passive or active targeting.


2.2.4.1  Passive Targeting


Passive targeting takes advantage of the inherent size of nanoparticles and
 the unique properties of tumor vasculature, such as the enhanced permeability and
 retention (EPR) effect and the tumor microenvironment. This approach can
 effectively enhance drug bioavailability and efficacy.


EPR Effect: Angiogenesis is crucial to tumor progression. Angiogenic blood
 vessels in tumor tissues, unlike those in normal tissues, have gaps as large as 600 to
 800 nm between adjacent endothelial cells. This defective vascular architecture
 coupled with poor lymphatic drainage induces the EPR effect, which allows
 nanoparticles to extravasate through these gaps into extravascular spaces and
 accumulate inside tumor tissues. Dramatic increases in tumor drug accumulation,
 usually of 10-fold or greater, can be achieved when a drug is delivered by a
 nanoparticle rather than as a free drug.


However, the localization of nanoparticles within the tumor is not
 homogeneous. The factors that result in high concentrations of nanoparticles in one
 part of the tumor tissue but not in other parts are not well understood yet. In general,
 the accumulation of nanoparticles in tumors depends on factors including the size,
 surface characteristics, and circulation half-life of the nanoparticle and the degree of
 angiogenesis of the tumor. Usually, less nanoparticle accumulation is seen in
 preangiogenic or necrotic tumors71.


Although PLGA represents the ‘gold standard’ (exemplified by more than
500 patents) of biodegradable polymers, increased local acidity because of
degradation can lead to irritation at the site of polymer application. Further, the
increased local acidity may also be detrimental to the stability of protein drugs62.



(33)Tumor Microenvironment


Hyperproliferative cancer cells have profound effects on their surrounding
 microenvironment. Tumors must adapt to use glycolysis (hypoxic metabolism) to
 obtain extra energy, resulting in an acidic microenvironment. In addition, cancer
 cells overexpress and release some enzymes that are crucial to tumor migration,
 invasion, and metastasis, including matrix metalloproteinases (MMPs).


Tumoractivated prodrug therapy is an example of passive targeting that takes
 advantage of this characteristic of the tumor-associated microenvironment. A
 nanoparticle conjugating an albumin-bound form of DOX with an MMP-2–specific
 peptide sequence (Gly-Pro-Leu-Gly-Ile-Ala-Gly-Gln) was efficiently and
 specifically cleaved by MMP- 2. When certain pH-sensitive molecules are
 incorporated into liposomes, drugs can be specifically released from the complexes
 by a change in pH.9. The pH-sensitive liposomes are stable at physiologic
 conditions (pH 7.2), but degraded in tumor-associated acidic areas.


Fig 2.4:  Passive Tumor Targeting with Nanoparticle Drugs. Long-circulating
therapeutic nanoparticles accumulate passively in solid tumor tissue
by the enhanced permeability and retention effect. The hyperpermeable
angiogenic tumor vasculature allows preferential extravasation of
circulating nanoparticles.



(34)Likewise, thermolabile liposomes were expected to be activated by the
 local hyperthermic microenvironment71.


Fig 2.5  Internalization of Nanoparticles via Receptor-mediated Endocytosis.


Nanoparticle-conjugated tumor-specific ligands/antibodies bind to
 surface receptors, triggering nanoparticle internalization through an
 endosome-dependent mechanism. As the interior of the endosome
 becomes more acidic, drugs are released from the nanoparticle into the
 cytoplasm.


2.2.4.2   Active Targeting


The polymeric nanoparticles that have been tested clinically so far have
 mostly lacked a targeting moiety and instead rely mainly on the EPR effect of
 tumors, the tumor microenvironment, and tumor angiogenesis to promote some
 tumorselective delivery of nanoparticles to tumor tissues.


However, these drug delivery systems using a binary structure conjugate
inevitably have intrinsic limitations to the degree of targeting specificity they can
achieve.  In  the  case  of  the  EPR  effect,  while  poor  lymphatic  drainage  on  the  one



(35)hand helps the extravasated drugs to be enriched in the tumor interstitium, on the
 other hand, it induces drug outflow from the cells as a result of higher osmotic
 pressure in the interstitium, which eventually leads to drug redistribution in some
 portions of the cancer tissue73.


Garrett explained an alternative strategy to overcome these limitations is to
 conjugate a targeting ligand or an antibody to nanoparticles. By incorporating a
 targeting molecule that specifically binds an antigen or receptor that is either
 uniquely expressed or overexpressed on the tumor cell surface, the ligand-targeted
 approach is expected to selectively deliver drugs to tumor tissues with greater
 efficiency (Figure 2). Such targeted nanoparticles may constitute the next generation
 of polymeric nanoparticle drug delivery systems. Indeed, several targeted polymeric
 nanoparticles are currently undergoing preclinical studies16.


2.2.4.2.1 Choice of Target Receptor


Selection of the appropriate receptor or antigen on cancer cells is crucial
for the optimal design of targeted nanoparticles. The ideal targets are those that are
abundantly and uniquely expressed on tumor cells, but have negligible or low
expression on normal cells. The targeted antigen or receptor should also have a high
density on the surface of the target tumor cells. Whether the targeted nanoconjugate
can be internalized after binding to the target cell is another important criterion in
the selection of proper targeting ligands. In the case of an antibody or other ligand
that cannot trigger the internalization process, the drug can enter cells through
simple diffusion or other transport system after being released from the targeted
conjugate at or near the cell surface63. However, drug released outside the cell may
disperse or redistribute to the surrounding normal tissues rather than exclusively to
the cancer cells.In vitro andin vivo comparisons using internalizing or noninternalizing
ligands have shown that the intracellular concentration of drug is much higher when
the drug is released from nanoparticles in the cytoplasm after internalization74.



(36)2.2.4.2.2 Choice of Targeting Ligand


One of the greatest challenges to the design of nanoparticles that can
 selectively and successfully transport drug to cancerous tissues is the choice of
 targeting  agent(s).  This  strategy  also  relies  on  the  ability  of  the  targeting  agent  or
 ligand to bind the tumor cell surface in an appropriate manner to trigger receptor-
 mediated endocytosis. The therapeutic agent will thereby be delivered to the interior
 of the cancer cell. A variety of tumor targeting ligands, such as antibodies, growth
 factors, or cytokines, have been used to facilitate the uptake of carriers into target51.


Ligands targeting cell-surface receptors can be natural materials like folate
 and growth factors, which have the advantages of lower molecular weight and lower
 immunogenicity  than  antibodies.  However,  some  ligands,  such  as  folate  that  is
 supplied by food, show naturally high concentrations in the human body and may
 compete with the nanoparticle-conjugated ligand for binding to the receptor,
 effectively reducing the intracellular concentration of delivered drug.


Recent advances in molecular biology and genetic engineering allow
 modified antibodies to be used as targeting moieties in an active-targeting approach.


MAbs or antibody fragments (such as antigen-binding fragments or single-chain
 variable fragments) are the most frequently used ligands for targeted therapies.


Whole mAbs have 2 binding domains showing high binding avidity. The Fc domain
 of the mAb can induce complement-mediated cytotoxicity and antibody- dependent,
 cell-mediated cytotoxicity, leading to additional cell-killing effect. On the other
 hand, the Fc domain also initiates an immune response and can be rapidly eliminated
 in the circulation, resulting in decreased accumulation of targeted nanoparticles into
 cancer cells51.


Compared with whole mAbs, the use of antibody fragments as a targeting
moiety can reduce immunogenicity and improve the pharmacokinetic profiles of
nanoparticles. For example, liposomes coupled with mAb fragments instead of
whole antibodies showed decreased clearance rates and increased circulation half-
lives, allowing the liposomes sufficient time to be distributed and bind to the



(37)targeted cells. This strategy improved the therapeutic efficacy of immunoliposomal
 DOX targeted against CD19 on human B lymphoma cells in animal models.


2.2.4.2.3 Tumor extra cellular pH targeting:


Tumor-targeting approaches have been developed for improved efficacy
 and reduced toxicity by altering biodistribution of cancer drugs and by using specific
 cell surface interactions. Solid tumors are often characterized by over expression of
 specific antigens or receptors on cell surfaces and Antigens and receptors help in
 transmitting signals from the surrounding environment that are essential for the
 growth of tumor cells. Targeting antigens or receptors has been extensively
 investigated as an important delivery mode by using macromolecular or nano-sized
 carriers to tumor cells. Nanodrug carriers attached with surface ligands or antibodies
 exploit these receptor-mediated uptake pathways that are recognized and
 internalized by the tumor cells85.


However, these approaches have achieved limited success in clinic, most
 likely because of significant heterogeneity in both solid tumor cell types and cell
 surface markers [8] N. Scholler, N. Fu, Y. Yang, Z. Ye, G.E. Goodman, K.E.


Hellstrom and I. Hellstom, Soluble member(s) of the mesothelin/megakaryocyte
 potentiating factor family are detectable in sera from patients with ovarian
 carcinoma , Proc. Natl. Acad. Sci. U. S. A. 96 (1999), pp. 11531–11536. Full Text
 via CrossRef  | View Record in Scopus | Cited By in Scopus (140). Additionally,
 both  the  presence  of  antigens  and  the  expression  of  receptors  on  surface  of  these
 tumor cells are transient and dynamic. The heterogeneity of cancer cells may explain
 the reasons for the unexpected results of targeting strategy6.81.


The extracellular pH (pHe) of normal tissues and blood pH are kept
constant at pH 7.4 and their intracellular pH (pHi) at 7.2. However, in most tumors
the pH gradient is reversed (pHi > pHe). Particularly, tumor pHe is lower than normal
tissues. Although there is a distribution in in vivo, pHe measurements made by using
needle type microelectrodes on human patients having various solid tumors



(38)(adenocarcinoma, squamous cell carcinoma, soft tissue sarcoma, and malignant
 melanoma) and in readily accessible areas (limbs, neck, or chest wall), shows the
 mean pH value to be 7.0 with a range between 5.7 and 7.8.


This variation is dependent upon tumor histology, tumor volume, and
 location inside a tumor81.  Recent  measurements  of  pHe by noninvasive technology
 such as 19F, 31P, or 1H probes by magnetic resonance spectroscopy in human tumor
 xenografts and in animals further proved consistently low pHe. Reported pHe data on
 human and animal solid tumors either by invasive or noninvasive methods showed
 that more than 80% of all measured values are below pH 7.2. The primary reason for
 this imbalance in cancer pH is the high rate of glycolysis in cancer cells, both in
 aerobic and anaerobic conditions. It is also proposed that the acidic milieu benefits
 the cancer cells by generating an invasive environment that tears down the
 extracellular matrix and destroys the surrounding normal tissue cells54.


There are a variety of mechanisms associated with MDR cells that need to
 be circumvented for a successful tumor treatment. At unicellular level, ATP
 dependent drug-efflux pumps of P-glycoprotein (Pgp), multidrug resistance protein
 (MRP), lung resistance protein (LRP), antiapototic (or survival) bcl-2 gene, and
 altered expression of Topoisomerase II interfere with a sufficient intracellular drug
 dose and decrease the effectiveness of drug in killing tumor cell. In clinical setting,
 additional tumor microenvironmental factors such as epidermal growth factor,
 fibroblast growth factor, insulin-like growth factor, and extracellular matrix
 components are strongly associated with survival mechanisms of cancer cells under
 cytotoxic drug treatment51.


To tackle themultifacetedMDRmechanisms, it is hypothesized that a focal
high  dose  strategy  works  at cellular  level  rather  than  at  systemic  level. In  addition,
local high dose may overwhelm most resistant mechanisms, which might have their
intrinsic limitation in defense capability because even extremely resistant
experimentalMDR cells are killed at high drug concentrations. Intracellular
organelles in parental drug-sensitive cells are characterized to have somewhat acidic,



(39)diffuse pH profiles inside cells54. MDR cancer cells develop more acidic organelles
 (recycling endosome and lysosome) than those in sensitive cells, which are more
 acidic than cytosolic pH and nucleoplasmic pH. This results in acid-induced
 sequestration of anticancer drugs. Acidic organelles in MDR cells contribute to
 developing resistance to chemotherapeutic drugs.


Since most anticancer drugs are in an ionizable form, the pH of
extracellular matrix and intracellular compartments are critical factors in
determining drug partitioning and distribution. The low pH in tumor extracellular
space or in various subcellular organelles is a significant signal for targeting89.



(40)CHAPTER 3


AIM AND OBJECTIVE


Nanomedicine involves utilization of nanotechnology for the benefit of
 human health and well being. The use of nanotechnology in various sectors of
 therapeutics has revolutionized the field of medicine where nanoparticles of
 dimensions ranging between 1 - 100 nm are designed and used for diagnostics,
 therapeutics and as biomedical tools for research1. It is now possible to provide
 therapy at a molecular level with the help of these tools, thus treating the disease and
 assisting in study of the pathogenesis of disease44.


The  present  work  was  carried  out  to  develop  a  PLGA  based
 nanoparticulate drug delivery system for an anticancer drug irinotecan hydrochloride
 trihydrate (IRN) for effecient tumor targeting.


The main objectives of this work are as follows:


a) Analytical method development


b)  Formulation and optimization of IRN loaded PLGA nanoparticles.


c) Charaterization of IRN loaded PLGA nanoparticles.


d) In vitro drug release study.



(41)CHAPTER 4


DRUG AND POLYMER PROFILE


4.1 DRUG PROFILE
 4.1.1    Chemical name


Irinotecan hydrochloride trihydrate
 4.1.2 Molecular structure


Figure 4.1: Molecular structure of IRN
 4.1.3     Molecular formula


C33H38N4O6.


HCl.3 (H2O)
 4.1.4 IUPAC Name


(19S)-10,19-diethyl-19-hydroxy-14,18-dioxo-17-oxa-3,13-diazapentacyclo
[11.8.0.0^{2,11}.0^{4,9}.0^{15,20}]henicosa-1(21),2,4(9),5,7,10,15(20)-heptaen-7-
yl4-(piperidin-1-yl)piperidine-1-carboxylate39,36.



(42)4.1.5     Melting Point
 222-223oC


4.1.6     Molecular weight
 586.6780


4.1.7  Solubility


Water soluble (1.07 g/ml)
 4.1.8 Categories


Antineoplastic Agents


Radiation-Sensitizing Agents
 Parasympathomimetics
 Enzyme Inhibitors
 Prodrugs


Antineoplastic Agents, Phytogenic
 4.1.9   Mechanism of action


Irinotecan inhibits the action of topoisomerase I. Irinotecan prevents
 religation of the DNA strand by binding to topoisomerase I-DNA complex. The
 formation of this ternary complex interferes with the moving replication fork, which
 induces replication arrest and lethal double-stranded breaks in DNA. As a result, DNA
 damage is not efficiently repaired and apoptosis (programmed cell death) occurs39.
 4.1.10  Pharmacology


Irinotecan is an antineoplastic enzyme inhibitor primarily used in the
treatment of colorectal cancer. Irinotecan is a semisynthetic derivative of
camptothecin. Camptothecins interact specifically with topoisomerase I, an enzyme
in the cell nucleus that regulates DNA topology and facilitates nuclear processes



(43)such  as  DNA  replication,  recombination,  and  repair.  During  these  processes,
 topoisomerase I relieves torsional strain in DNA by inducing reversible single-strand
 breaks, allowing single DNA strands to pass through the break. The 3'-DNA
 terminus of the broken DNA strands bind covalently with the topoisomerase enzyme
 to form a catalytic intermediate called a cleavable complex.


After the DNA is sufficiently relaxed and the strand passage reaction is
 complete, DNA topoisomerase reattaches the broken DNA strands to form the
 chemically unaltered topoisomers that allow transcription to proceed. Irinotecan and
 its active metabolite SN-38 bind to the topoisomerase I-DNA complex and prevent
 religation of these single-strand breaks. Current research suggests that the
 cytotoxicity of irinotecan is due to double-strand DNA damage produced during
 DNA synthesis when replication enzymes interact with the ternary complex formed
 by topoisomerase I, DNA, and either Irinotecan or SN-38. Mammalian cells cannot
 efficiently repair these double-strand breaks. The precise contribution of SN-38 to
 the activity of irinotecan in humans is not known. Irinotecan is cell cycle phase-
 specific (S-phase)37.


4.1.11  Indication


For the treatment of metastatic colorectal cancer (first-line therapy when
 administered with 5-fluorouracil and leucovorin). Also used in combination with
 cisplatin for the treatment of extensive small cell lung cancer. Irinotecan is currently
 under investigation for the treatment of metastatic or recurrent cervical cancer.


4.1.12  Protein binding
 30%-68%


4.1.13   Route of elimination


The cumulative biliary and urinary excretion of irinotecan and its
metabolites (SN-38 and SN-38 glucuronide) over a period of 48 hours following
administration of irinotecan in two patients ranged from approximately 25% (100
mg/m2) to 50% (300 mg/m2)39.



(44)4.1.14 Half-life
 6-12 hours
 4.1.15  Toxicity


Gastrointestinal complications, such as nausea, vomiting, abdominal
 cramping, diarrhea, and infection.


4.2         POLYMER PROFILE


PLGA is a synthetic copolymer of lactic acid and glycolic acid and is one
 of the most widely used FDA-approved biodegradable polymers for controlled
 release drug delivery systems. PLGA or poly(lactic-co-glycolic acid)  is  a
 copolymer which is used in a host of Food and Drug Administration (FDA)
 approved therapeutic devices, owing to its biodegradability and biocompatibility.


PLGA is synthesized by means of random ring-opening co-polymerization of two
 different monomers, the cyclic dimers (1,4-dioxane-2,5-diones) of glycolic acid and
 lactic acid. Common catalysts used in the preparation of this polymer include tin(II)
 2-ethylhexanoate, tin(II) alkoxides, or aluminum isopropoxide. During
 polymerization, successive monomeric units (of glycolic or lactic acid) are linked
 together in PLGA by ester linkages, thus yielding a linear, aliphatic polyester as a
 product7,86.


       Depending on the ratio of lactide to glycolide used for the polymerization,
 different forms of PLGA can be obtained: these are usually identified in regard to
 the monomers' ratio used (e.g. PLGA 75:25 identifies a copolymer whose
 composition is 75% lactic acid and 25% glycolic acid). All PLGAs are amorphous
 rather than crystalline and show a glass transition temperature in the range of 40-60


°C. Unlike the homopolymers of lactic acid (polylactide) and glycolic acid
(polyglycolide) which show poor solubilities, PLGA can be dissolved by a wide
range of common solvents, including chlorinated solvents, tetrahydrofuran, acetone
or ethyl acetate7.



(45)PLGA degrades by hydrolysis of its ester linkages in the presence of water.


It has been shown that the time required for degradation of PLGA is related to the
 monomers'  ratio  used  in  production:  the  higher  the  content  of  glycolide  units,  the
 lower the time required for degradation. An exception to this rule is the copolymer
 with 50:50 monomers' ratio which exhibits the faster degradation (about two
 months). In addition, polymers that are end-capped with esters (as opposed to the
 free carboxylic acid) demonstrate longer degradation half-lives.


PLGA has been successful as a biodegradable polymer because it
 undergoes hydrolysis in the body to produce the original monomers, lactic acid and
 glycolic acid. These two monomers under normal physiological conditions, are by-
 products of various metabolic pathways in the body. Since the body effectively deals
 with the two monomers, there is very minimal systemic toxicity associated with
 using PLGA for drug delivery or biomaterial applications. Also, the possibility to
 tailor the polymer degradation time by altering the ratio of the monomers used
 during synthesis has made PLGA a common choice in the production of a variety of
 biomedical devices such as: grafts, sutures, implants, prosthetic devices, micro and
 nanoparticles. It has also been used successfully in delivery Amoxicillin in treating
 listeriosis (treatment of Listeria monocytogenes infection)[2] As an example, a
 commercially available drug delivery device using PLGA is Lupron Depot  for the
 treatment of advanced prostate cancer66.


The biodegradation of PLGA occurs through a hydrolytic chain cleavage
mechanism. In vivo, PLGA undergoes chemical hydrolysis as well as enzymatic
cleavage of its backbone ester linkages to form the biologically compatible moieties,
lactic acid and glycolic acid. The degradation products are subsequently eliminated
from the body as carbon dioxide and water by the tricarboxylic acid cycle. The
chemical structure of PLGA is illustrated in Figure , where “m” and “n” refer to the
relative amounts of lactide and glycolide units, respectively, in a specific PLGA
copolymer. The composition of PLGA can be varied by modifying the chain length
(molecular weight), as well as the ratio of lactic to glycolic acid monomers in the
polymer chain. This flexibility of composition is advantageous as it can be



(46)manipulated to yield appropriate physical properties for a particular application. For
 example, the in vivo degradation rate of PLGA can be tailored by controlling the
 ratio of “m” and “n”, with slower degradation rates observed for polymers with
 higher m/n ratios56.


Although a number of different polymers have been investigated for
formulating biodegradable nanoparticles, poly (l-lactic-acid) (PLA) and its
copolymers with glycolic acid (PLGA) have been extensively used for controlled
drug delivery systems63,57. The lactide/glycolide polymers chains are cleaved by
hydrolysis into natural metabolites (lactic and glycolic acids), which are eliminated
from the body by the citric acid cycle. PLGA provides a wide range of degradation
rates, from months to years, depending on its composition and molecular weight43,57.
PLGA has a long history of safe use as surgical sutures and implants, and it
is applied in at least 12 different marketed products from 10 different companies
worldwide. PLGA is used not only as a resorbable suture material and a scaffold for
tissue engineering, but also in drug delivery. PLGA delivery platforms have been
developed for the sustained and targeted delivery of plasmid DNA; recombinant
HIV envelope (env) protein (Moore et al., 1995); hormones (Sun et al., 2008) and
anticancer agents. PLGA nanoparticles have been formulated as colloidal carrier
systems to improve drug efficacy21,22.  Drug  release  from  PLGA  nanoparticles  is
controllable through the rate of drug diffusion in the polymer matrix and/or
degradation of the polymer matrix.



(47)Figure 4.2: PLGA molecular structure
 4.2.1   Method of Preparation


Preparation of nanoparticles is frequently based on the use of dispersed
 systems in which solid or liquid phases are dispersed in fluid media to constitute
 embryos of the final particles. Single and multiple emulsion systems have been used
 to encapsulate drugs into polymeric particles. Normally, an organic solvent is
 required to dissolve the polymers in the emulsion step. To decrease droplet size and
 avoid droplet coalescence, surfactants are usually required56.


Techniques for preparing PLGA nanoparticles may be divided into bottom-
up and top-down approaches. The bottom-up techniques, which include emulsion or
microemulsion polymerization, interfacial polymerization and precipitation
polymerization, employ the monomers as a starting point, and nanoparticle
fabrication occurs simultaneously with monomer polymerization into PLGA. Top-
down techniques include the emulsion evaporation, emulsion diffusion, solvent



(48)displacement and salting out methods in which nanoparticles are prepared from
 preformed PLGA.


Of  the  techniques  reported,  emulsion  evaporation  and  emulsion  diffusion
 are the two most frequently employed. In the emulsion diffusion method, the PLGA
 polymer is dissolved in an organic phase which is partially miscible in water, and the
 organic phase is emulsified with an aqueous surfactant solution under stirring or
 sonication67.


Diffusion of the organic solvent and the counter diffusion of water into the
 emulsion droplets induce polymer nanoparticle formation. The emulsion evaporation
 method is similarly based on emulsification principles, except that the organic
 solvent for dissolving the polymer/drug is highly volatile, and is evaporated off
 following emulsification. Examples of appropriate solvents include ethyl acetate,
 chloroform and methylene chloride. Like the emulsion diffusion method, the
 aqueous phase also contains a dissolved surfactant to impart stability, and
 emulsification is carried out under high-shear stress to reduce the size of the
 emulsion droplet. Important parameters in emulsion evaporation method that may
 affect nanoparticle size are: PLGA co-polymer ratio, polymer concentration, solvent
 characteristics, surfactant/polymer molecular mass, viscosity, phase volume ratios,
 stirring rate, and temperature87,7.


4.2.2  Applications


Biodegradable nanoparticles formulated from PLGA have been widely
 investigated for sustained and targeted delivery of therapeutic agents, including
 plasmid DNA, proteins, and low molecular weight compounds. Encapsulation in
 PLGA nanoparticles could protect susceptible protein therapeutic agents from
 physical denaturation and chemical degradation, thereby lengthening their half-life.


The administration route for the proteins can also be changed from injection, which
is invasive and associated with poor patient compliance, to a more acceptable non-
invasive route. PLGA nanoparticles are also extensively applied for the delivery of
anticancer agents due to their capacity to enhance drug efficacy by regulating the



(49)drug release rate, improving drug stability and prolonging drug circulation time in
 vivo. Incorporation of anticancer agents in nanoparticles has been shown to result in
 a more favorable circulation half-life, area under the concentration-time curve
 (AUC) and peak plasma concentration86,14,45.


An example is the paclitaxel-loaded PLGA nanoparticles, which not only
 reduced the dose and frequency of administration of paclitaxel, but also provided
 improved targeting of the drug to cancer cells. Other anticancer agents investigated
 with PLGA nanoparticles included doxorubicin, camptothecin and 5-fluorouracil.


Nevertheless, PLGA nanoparticles are not without shortcomings, one of which is
 their non-site specific targeting capability. Another is the rapid removal of the naked
 PLGA nanoparticles from the bloodstream by the RES system. Complete clearance
 takes only a matter of minutes, with most of the nanoparticle dose concentrating in
 the  liver  and  spleen.  Several  approaches  to  improve  the  selectivity  of  the  delivery
 system have been investigated, the most common of which is the application of
 nanoparticles conjugated with targeting ligands. Ligand conjugation allows the
 specific delivery of the drug load to cancer cells, which not only increases
 therapeutic efficacy, but also reduces side effects associated with non-discriminatory
 drug deposition.


In one study, monoclonal antibody (mAb)-modified PLGA nanoparticles
were shown more likely to be bound to the targeted invasive epithelial breast tumor
cells than non-coated nanoparticles92. PLGA nanoparticles functionalized with the
A10 RNA aptamer also resulted in enhanced nanoparticle delivery to the prostate
tumor in the xenograft mouse model compared to equivalent non-conjugated
nanoparticles. In yet another study, PLGA nanoparticles conjugated with poly (L-
lysine)-poly (ethylene glycol)-folate were observed to improve cellular uptake of the
nanoparticles into the folate receptor over-expressing KB cells by folate receptor-
mediated endocytosis. A few PLGA-based drug delivery formulations have been in
use in the clinic. Lupron Depot, an injectable suspension formulation of leuprolide
acetate-loaded PLGA microspheres, is the first peptide formulation for the treatment
of  advanced  prostate  cancer.  Peptide  release  occurs  over  a  period  of  1,  3  or  4
months, and is governed mainly by the PLGA degradation rate. Nutropin DepotTM



(50)is another PLGA microsphere formulation, and the FDA has approved it in late 1999
for the treatment of pediatric growth hormone deficiency. Consisting of micronized
particles of recombinant human growth hormone (rhGH) embedded in a PLGA
matrix, this formulation requires only one or two doses a month compared to the
conventional therapy that requires multiple doses per week. There are as yet no
PLGA nanoparticle-based drug delivery formulations in the market89.
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