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ABSTRACT

Bindhu Madhavi Rayaprolu

FORMULATION DEVELOPMENT AND EVALUATION OF D-a-TOCOPHERYL POLYETHYLENE 

GLYCOL (VITAMIN E TPGS) EMULSIFIED POLYMERIC NANOPARTICLES FOR THE 

DELIVERY OF ANTICANCER DRUGS 

Under the guidance o f Dr. James Grady Strom

Drug delivery still remains a challenge in the management of cancer. About 12.5 million new 

cases o f cancer are diagnosed worldwide each year and substantial research is in progress for 

drug discovery to treat cancer. Chemotherapy is a major therapeutic approach for the treatment 

of cancer. However several chemotherapeutic drugs lack the ability to differentiate between 

normal and tumor tissues and suffer from drawbacks such as dose limiting toxicity, low 

specificity and emergence of multidrug resistance. Major concerns associated with protein and 

peptide anticancer agents which are gaining wide importance include rapid elimination from 

kidney, non-specific biodistribution and poor stability due to enzymatic degradation. Moreover, 

the rapid clearance of the drug from the body might require administration o f larger doses which 

can cause toxic effects. One approach to reduce the systemic toxicity and enhance the efficacy of 

the drugs is to administer through selective drug delivery carriers. Incorporation into 

nanoparticulate drug delivery system also can increase the stability o f protein/peptide drugs 

against enzymatic degradation, release them in a controlled fashion and achieve site-specific 

delivery. Polymeric nanoparticles are colloidal drug delivery carriers which can offer prolonged



in vivo action, controlled drug concentration in blood and localized release o f the drug in tissues. 

These nanosized carriers have the tendency to accumulate in the tumor tissue via Enhanced 

Permeability and Retention (EPR) effect.

In our study we have successfully fabricated polymeric nanoparticles for the delivery of proteins 

using Bovine Serum Albumin and Ovalbumin as model proteins, Triptorelin (an anticancer 

peptide) and Doxorubicin (water-soluble anticancer drug). Our work focuses on the 

preformulation, formulation development, and in vitro and in vivo characterization o f the drug 

loaded nanoparticles. A double emulsion solvent evaporation technique using polycaprolactone, 

a biodegradable polymer, and D-a-tocopheryl polyethylene glycol 1000 (vitamin E TPGS) as 

emulsifier was employed. Vitamin E TPGS has been shown to be safe and effective when 

compared to other conventional emulsifiers. Nanoparticle suspension prepared by this method 

was subjected to freeze drying. Differential Scanning Calorimetry (DSC), Dynamic light 

scattering (DLS), Circular Dichroism (CD) studies have been carried out to study the effect o f 

formulation conditions on their stability. Prostate and breast cancer models were used to evaluate 

the in vitro and in vivo efficacy o f these nanoparticles. Near-infrared dye was incorporated into 

these nanoparticles to study their biodistribution. We have also developed an organic solvent- 

free polymeric micellar nanocarrier system for the combinatorial delivery o f hydrophobic 

anti cancer drugs (17-N-Allylamino-17-demethoxygeldanamycin and Paclitaxel) to treat ovarian 

cancer. This approach not only eliminated the use o f organic solvents but also increased the 

solubility of these drugs.

Results o f  our work demonstrated that that these anticancer agents could be successfully 

incorporated without affecting their stability and can be released in a controlled fashion. Our



work further emphasizes that apart from the physicochemical properties o f  the drug, the 

biological target is equally important in the design o f the nanoparticle formulations.
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CHAPTER 1 

INTRODUCTION

With advances in recombinant biotechnology, peptide/protein drugs have gained 

public interest (1). About 200 peptide and protein drugs have gained approval by the 

Food and Drug Administration (FDA). These agents possess ideal qualities o f having 

high specificity, high affinity and the ability to remain for a longer time at the target 

site(2) Several proteins andpeptides such as insulin, thyroid hormones, and coagulation 

factor VIII have shown effectiveness in treating tumors (3-5). Antibodies which are 

targeted against ligands specific to cancer also are gaining wide importance. The major 

concerns associated with the delivery of such drugs are poor bioavailability, rapid 

elimination from kidney, non-specific biodistribution and poor stability due to enzymatic 

degradation and uptake by the reticuloendothelial system (6).Encapsulation of such drugs 

in a polymeric matrix not only protects the proteins from degradation but also releases 

them in a controlled manner. This approach could reduce the frequency of dosing and 

help in minimizing toxicity issues (7-9).On the other hand, a small molecule anticancer 

drug, Doxorubicin, is an anthracycline antibiotic which is widely used as an anticancer 

drug to treat several cancers such as breast, stomach and lung cancers. However 

anticancer drugs like doxorubicin suffer from drawbacks such as dose limiting toxicity, 

low specificity and emergence o f multidrug resistance.

Polymeric nanoparticles have been shown to enhance the efficacy o f these drugs 

by reducing the side effects and improving its biodistribution. Because o f smaller size,
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these particles can accumulate in the tumor tissues by enhanced permeability and 

retention (EPR) effect and improve the pharmacokinetics o f  the drugs in vivo.

Polymeric nanoparticles are colloidal drug delivery systems which release agents 

in a controlled fashion and increase the circulation time in the blood thus increasing their 

availability.Nanoparticles provide stability to proteins/peptides, enhance their uptake and 

minimize the non-specific biodistribution (10). Poly-s-caprolactone (PCL) is a widely 

used FDA approved polymer which has been used in the preparation o f nanoparticles. 

PCL is a biocompatible and biodegradable polymer which is non-toxic and has a great 

permeability to several drugs. Degradation o f PCL does not result in an acidic 

environment which might disrupt the structure and properties of proteins, unlike the other 

commonly used biodegradable polymers such as poly (lactide) (PLA) and poly (Lactide- 

co-glycolide) (PLG) (11).

There are several techniques for the preparation o f nanoparticles o f which the double 

emulsion solvent evaporation technique is -well known for encapsulating hydrophilic 

drugs (12).However, low encapsulation efficiency is a drawback o f this technique. Also, 

polyvinyl alcohol (PVA), commonly used as an emulsifier in the double emulsion 

technique suffers from drawbacks that include low encapsulation efficiency, difficulty in 

removal during formulation and effects on the purity o f the product which might lead to 

unwanted effects. D-a-tocopheryl polyethylene glycol 1000 (vitamin E TPGS), a water 

soluble derivative of vitamin E, is formed by the esterification o f vitamin E succinate 

with polyethylene glycol 1000. TPGS is an emulsifier which is safe and can inhibit



multidrug resistance caused by p-glycoprotein thus increasing the uptake and efficacy of 

the anticancer drugs. Also it has emulsification efficiency higher than the traditionally 

used PVA (13-15).

Our goal is to incorporate proteins and small molecule anticancer drug, 

doxorubicin in nanoparticles composed of polycaprolactone/ d-alpha-tocopheryl 

polyethylene glycol 1000 succinate (PCL-TPGS) blends as a polymeric matrix.In this 

study, we aim to devise and characterize vitamin E TPGS-emulsified PCL nanoparticles 

for the delivery of proteins/peptides which can preserve their stability and release them in 

a controlled fashion. Bovine Serum Albumin (BSA) is a well characterized globular 

protein and was used as a model protein in this study. Also nanoparticles composed of 

polycaprolactone/ d-alpha-tocopheryl polyethylene glycol 1000 succinate (PCL-TPGS) blends 

were fabricated incorporating doxorubicin to offer prolonged action, controlled release of the 

drug and to achieve specific tissue targeted drug release thus minimizing the toxicity.

Thus the main aims of the research project include:

la. Formulation of protein loaded D-a-tocopheryl polyethylene glycol 1000 (vitamin E

TPGS) emulsified polycaprolactone (PCL) nanoparticles using BSA as a model protein

\b.In vitro characterization of BSA loaded TPGS emulsified PCL nanoparticles

lc. In vitro evaluation of BSA loaded PCL/TPGS nanoparticles

2a. Formulation of doxorubicin loaded PCL/TPGS blend nanoparticles

3



2b. Comparison of doxorubicin loaded TPGS emulsified PCL nanoparticles and 

PCL/TPGS blend nanoparticles

2c. In vitro characterization and evaluation of doxorubicin loaded PCL/TPGS 

nanoparticles

2d.In vivo efficacy evaluation o f doxorubicin loaded PCL/TPGS nanoparticles
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CHAPTER 2 

LITERATURE REVIEW 

Cancer is the leading cause of death in the world accounting for 7.6 million deaths 

in 2008. The majority o f the cancer deaths are related to five leading behavioral and 

dietary risks: high body mass index, low fruit and vegetable intake, lack o f physical 

activity, tobacco use, and alcohol use. Cancer is the abnormal and uncontrolled growth of 

cells which can also invade the surrounding parts o f  the body forming malignant tumors 

which are metastatic tumors. However, not all tumors are cancerous. Benign tumors do 

not have an uncontrolled growth and do not spread throughout the body (16-19).

The war on cancer is in its fourth decade, beginning with the passage of the 

National Cancer Act in 1971. There was no complete understanding of the differences 

between normal and cancer cell. However, because o f several advancements in cancer 

research, we are closer to understanding the differences between normal and cancer cells. 

Cancer treatment includes chemotherapy, radiation and surgery. Several 

chemotherapeutic agents lack the ability to differentiate between normal and tumor 

tissues. Adverse effects such as neurotoxicity, cardiomyopathy and bone marrow 

suppression are seen due to their non-specific distribution which can limit the maximum 

allowable dose. Moreover, the rapid clearance o f the drug from the body might require 

administration of larger dose which can cause toxic effects (20-22).

In order to overcome these concerns, several drug delivery carriers have been 

studied which can increase the concentration in the tumor tissue and can improve the

5



therapeutic efficacy by reducing the side effects. The intracellular concentration o f the 

drugs can be increased by both passive and active targeting. One approach to reduce 

systemic toxicities and enhance the efficacy of the drugs is to administer the agent 

through selective drug delivery carriers. Nanotechnology is defined as the creation, 

synthesis and engineering of materials whose functional organization is in nanometer 

range (l-1000nm). The prefix “nano” derives from the Greek word “dwarf.” 

Nanotechnology has tremendous potential in the field o f cancer research and is 

undergoing explosive development. The

Approval o f Abraxane by Food and Drug Administration (FDA) has opened the doors for 

the development o f novel drug delivery devices which can deliver more o f the drug into 

tumor tissues than healthy tissues (23-26).

2.1 Physiologic and biological characteristics o f nanoparticles

Chemotherapeutic drugs reach tumors with poor specificity and dose limited 

toxicity. Conventional drug delivery methods include oral and intravenous routes. Oral 

administration of drugs suffers from drawbacks such as the exposure o f the drugs to 

several metabolic pathways resulting in disorderly pharmacokinetics. This can then 

require the administration o f a higher dose o f the drug which might result in toxicity 

issues. Low specificity of drugs is seen when administered intravenously. Nanoparticle 

drug delivery is one o f the safe and effective approaches to overcome these issues (27,
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28). Following are the mechanisms by which the drugs are delivered via nanoparticles 

(Figure 1):

’ Ding Delivery

Active Targeting Passive
Targeting

Leaky 
vasculature. Tumor 

microenviromnent am.1 
local application

Carbohydrate, Receptor 
and Antibody targeting

Figure 1. Mechanism o f Drug Delivery

2.2 Passive Targeting
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The mechanism of passive targeting takes advantage o f the permeability of tumor 

tissue. Some chemotherapeutic drugs are administered as prodrugs and become active 

when exposed to the tumor environment. Tumor tissues develop leaky vasculature and 

poor lymphatic drainage. This leads to the retainment o f macromolecules in the tumor 

tissues for a longer time when compared to normal tissues. This is called the Enhance 

Permeability and Retention (EPR) effect.

Polymeric nanoparticles are colloidal delivery carriers which can offer prolonged 

in vivo action, controlled drug concentration in blood and localized release of the drug in 

tissues. These nanosized carriers have the tendency to accumulate in the tumor tissue via 

the EPR effect (Figure 2).
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Nanocamers Tumor Tissue
t

Tight endothelial junctions

Leaky endothelial junctions
Normal Tissue

Figure 2. Enhanced Permeability and Retention Effect

Also passive targeting can be possible because o f the tumor environment. The 

drug can be administered as a prodrug which becomes active when exposed to the tumor 

environment. Mansour et al. developed a maleimide derivative o f  doxorubicin which has 

a matrix metalloproteinase-2-specific peptide sequence. Matrix metalloproteinase is 

highly expressed in melanoma and the drug conjugate once administered is cleaved by 

this enzyme releasing free doxorubicin (29-31).

Another approach is to administer the drug directly to the tumor site. These 

techniques can include the intravesical and intraperitoneal injections o f drugs. 

Intratumoral administration of anticancer drugs has been an effective approach to target 

tumor tissue. It has been reported that there was an increased concentration of the
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mitomycin at the tumor site and subsequently the toxicity was reduced when 

administered directly into the tumor tissue. Tacrolimus loaded nanoparticles were found 

to penetrate into the tumor tissue when compared to healthy tissue. There was a three

fold penetration o f the nanoparticles when compared to free drug (32-34).

2.3 Active Targeting

Active targeting directs the nanoparticles to the cell surface receptors, antigens 

and receptors. This involves conjugating the drug to the active targeting moiety which 

can accumulate specifically in the tumor tissues than healthy tissues. During metastasis, 

cell surface carbohydrates affect tumor cell interactions with normal cells. Lectins, their 

binding proteins can mediate these interactions. These lectins recognize the “foreign” 

patterns of cell surface carbohydrates and can cause adaptive and innate immunity. This 

lectin-carbohydrate interaction can be taken advantage of and nanoparticles conjugated 

tocarbohydrates can be directed to the lectins. However, this approach could be harmful 

to normal tissues as well because they are targeted to the whole organ. In spite o f 

disadvantages, these carriers appear to be an attractive approach to deliver the drugs 

specifically to tumor tissues (35-37).

Antibody directed targeting and receptor targeting are other approaches to target 

the anticancer drugs to tumor tissues. Some cancer cells overexpress certain receptors and 

antigens and the nanoparticles can be designed to specifically bind to these antigens or 

receptors and thus lead to the effective uptake o f the anticancer drugs by tumor cells. The
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action may be localized either in the plasma membrane or in the intracellular 

environment. These nanoparticles contain the drug conjugated to a polymer and which 

links to a ligand or an antibody that can specifically bind to the receptors or antigens 

overexpressed in tumor tissues. This results in higher accumulation of drugs in the tumor 

tissues rather than healthy tissues (38, 39).

2.4 Biodegradable Polymeric Nanoparticles for Drug Delivery

Polymeric nanoparticles have been found to be effective as drug delivery carriers. 

Some of the essential characteristics o f polymers are that the polymers should be inert, 

biodegradable and free of leachable impurities. Several natural and synthetic polymers 

have been used for drug delivery purposes. However these polymers should be able to 

break down in the body by the normal metabolic pathways. Such nanoparticles should be 

designed based on their capability to deliver the drugs to the specific site o f action and 

minimize the toxicity effects. Liposomes have been used as potential carriers for the 

targeted delivery o f drugs. However liposomes suffer from disadvantages which include 

low encapsulation efficiency, rapid leakage o f hydrophilic drugs and poor storage 

stability. Polymeric nanoparticles possess advantages over liposomes such as 

controlled release o f the drugs and enhance the stability o f drugs. Drugs can be either 

encapsulated, entrapped or dissolved in the matrix o f nanoparticles (40-42).
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Nanoparticles are in the size range o f 1 to 1 OOOnm. A typical nanoparticle consists 

o f a drug which is entrapped, conjugated, or encapsulated in its matrix, surface modifier, 

a ligand and a diagnostic or an imaging agent (Fig 3). Several polymers such as poly 

(lactic acid) PLA, poly (D, L-glycolide) alcohol), PLG, poly (lactide-co-glycolide), 

PLGA, and polycaprolactone have been used as the polymers for drug delivery. There are 

several techniques for the preparation ofnanoparticles o f which the double emulsion 

solvent evaporation technique is well known for encapsulating hydrophilic drugs. 

However, low encapsulation efficiency is a drawback o f this

technique. Also, polyvinyl alcohol (PVA), commonly used as an emulsifier in the double 

emulsion technique suffers from drawbacks that include low encapsulation efficiency, 

difficulty in removal during formulation and effects on the purity o f the product which 

might lead to unwanted effects. D-a-tocopheryl polyethylene glycol 1000 (vitamin E 

TPGS), a water soluble derivative o f vitamin E, is formed by the esterification o f vitamin 

E succinate with polyethylene glycol 1000. TPGS is an emulsifier which is safe and can 

inhibit multidrug resistance caused by p-glycoprotein thus increasing the uptake and 

efficacy o f the anticancer drugs. Also it has emulsification efficiency higher than the 

traditionally used PVA (43-45).
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-> Surface Modifier

-> Polymer

Imaging Agent

-> Ligand

Figure 3. Structure o f a Polymeric Nanoparticle

Because of the inability to differentiate between normal and cancer cells, most 

anticancer drugs suffer from toxicity and severe side effects. Also the rapid elimination 

and distribution to non-specific tissues might lead to administration of large doses which 

can lead to non-specific toxicity. Delivery of these anticancer drugs by nanoparticles is 

one of the prominent applications o f cancer nanotechnology. A nanoparticle formulation 

of paclitaxel has been applied in the clinic for metastatic breast cancer treatment. It has
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also been evaluated for its efficacy in the treatment of other cancers such as non-small 

cell lung cancer and advanced hematologic malignancies.

Also, multidrug resistance to these agents poses a major disadvantage o f their use 

in the treatment o f cancer. Nanoparticles can overcome this multidrug resistance by the 

mechanism ofintemalization. Despite these advantages, the drug delivery carrier should 

be in circulation for a longer time and reach the target tissue. Stealth-shielding of these 

nanoparticles can also prevent the opsonins from recognizing these nanoparticles. This 

limits phagocytosis by theReticulo Endothelial System (RES). Modification of these 

nanoparticles by polyethylene glycol (PEG) (known as Polyethylene Oxide) (PEO) 

causes stealth-shielding and long circulation o f anticancer drugs (46, 47).

2.5 Fabrication o f Nanoparticles

Polymeric nanoparticles can be fabricated by solvent evaporation, extraction, and 

nanoprecipitation methods. Sonication, ultra-speed homogenization and high pressure 

homogenization have been commonly used in the manufacturing process of 

nanoparticles. Though sonication and ultra-speed homogenization have been used 

commonly in lab scale, they cannot be used in the large scale production.

High pressure homogenization (Fig 4.) is one o f the techniques which can be 

applicable for both small scale and large scale applications. It is an efficient process for 

continuous production and also produces particles with good dispersability.
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Nanoemulsions fabricated by high pressure homogenization have been widely used in 

cosmetic, food and pharmaceutical industries.

Figure 4. Nano DE BEE High Pressure Homogenizer

Several techniques have been employed to prepare nanoparticles. These include 

solvent evaporation/extraction, dialysis and nanoprecipitation methods. Amongst these 

solvent evaporation/extraction method is widely used for water-soluble drugs as it helps 

in improving the loading efficiency. Polycaprolactone (PCL) is a FDA approved polymer 

which is biodegradable and biocompatible with good mechanical properties. Because of
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its semicrystalline nature and hydrophobicity, it releases the drug in a slow and controlled 

fashion. It is highly permeable to low molecular weight drugs because of its low glass 

transition temperature which gives the polymer a rubbery behavior (48).

The emulsifier plays an important role in an emulsion by separating oil and water phases. 

Typically, an emulsifier consists o f an amphiphilic compound which possess hydrophilic 

and hydrophobic groups. Chemical emulsifiers such as polyvinyl alcohol (PVA) are 

difficult to be removed after the manufacturing process (49).

TPGS (D-a-tocopheryl polyethylene glycol succinate) is a water soluble 

derivative o f natural vitamin E. This is a safe and effective emulsifier which can improve 

the bioavailability o f the drugs. Vitamin E TPGS can inhibit the P-glycoprotein in the 

intestine and also can be easily absorbed by the gastrointestinal tract. It serves as a good 

emulsifier because of its hydrophilic and lipophilic properties. TPGS is stable up to 200° 

C and melts at 37-41 0 C. TPGS is also miscible with oils such as soybean oil, surfactants 

and polyethylene glycols. It is stable at a pH of 4.5-7.5. Tocopherol can be used as an 

emulsifier in intravenous solutions. Tocopherol has been used in amiodarone emulsion to 

replace the existing clinical formulation Cordarone that has polysorbate 80. Antitumor 

effects of an injectable aclacinomycin containing vitamin E emulsion were studied by 

Wang et al. It has been reported that aclacinomycin has been reported to have greater 

antitumor effects and lower toxicity (50-52).

Freeze drying or lyophilization is a process o f removing water by freezing and 

desorption from the formulations to improve its stability. Goals o f an effective freeze

16



drying process include the production of an elegant product with rapid reconstitution 

time, conservation of the physicochemical properties o f the nanoparticles and protection 

of the stability of the formulations. Freeze drying includes the following steps: freezing, 

primary drying which involves the sublimation o f ice and secondary drying which 

removes water by desorption. During freezing, water from the liquid suspension is cooled 

and ice crystals are formed. During primary drying, the ice sublimes and the water vapor 

is transferred from the surface of the product to the condenser. The product after primary 

drying is a porous plug indicating the spaces occupied by ice crystals. Secondary drying 

includes the removal o f absorbed water from the product. Freeze drying may expose the 

nanoparticles to several stresses like freezing and dehydration. Excipients have been 

added to these formulations to protect the products from freezing (cryoprotectant) and 

drying stresses (lyoprotectants). Sucrose, trehalose and glucose are some o f the excipients 

used to protect the nanoparticle formulations during freeze drying. Freeze drying is 

affected by several formulation and process parameters which require a thorough 

knowledge and investigation of these (53-55).

Nanotechnology is a promising tool for delivering drugs at the targeted tissue and 

improving their efficacy. Our goal is to incorporate doxorubicin in nanoparticles composed of 

polycaprolactone/ d-alpha-tocopheryl polyethylene glycol 1000 succinate (PCL-TPGS) blends as 

polymeric matrix to offer prolonged action, controlled release of the drug and to achieve specific 

tissue targeted drug release thus minimizing the toxicity.
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CHAPTER 3

DESIGN AND EVALUATION OF BIODEGRADABLE POLYMERIC 

NANOPARTICLES FOR PROTEIN/PEPTIDE DRUG DELIVERY TO TUMORS

3.1 Introduction

With advances in biotechnology, peptide/protein drugs, especially as potential 

anticancer agents, are becoming widely popular(56).These drugs possess the ideal 

qualities o f having high specificity, high affinity and the ability to remain for a long time 

at the target site(57).Several peptides such as somatostatin analogs octreotide, lanreotide, 

vapreotide and endostatin, an angiogenesis inhibitor are showing their effectiveness in 

treating tumors(58-60). Also, antibodies which are targeted against ligands specific to 

cancer are gaining wide importance. But the major concerns associated with the delivery 

of such drugs are their poor bioavailability, rapid elimination from kidney, non-specific 

biodistribution and poor stability due to enzymatic degradation and uptake by the 

reticuloendothelial system(61). One way to overcome these issues includes the 

encapsulation of such drugs in a polymeric matrix. This helps not only to increase the
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stability o f proteins but also to provide a controlled release delivery system which 

reduces the frequency of dosing and minimizes the toxicity(62).

Polymeric nanoparticles are colloidal drug delivery systems which release the 

drugs in a controlled fashion and increase the circulation time in the blood thus increasing 

their availability. Nanoparticles provide stability to proteins/peptides, enhance their 

uptake and minimize the non-specific biodistribution(63).

Rapid
eliminatioii

from
circulation

Short half lives Degradation

Non-specific
accumulation

Uptake by 
reticuloendothelial 

system

Figure 5. Challenges associated with protein and peptide drug delivery
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Polycaprolactone (PCL) is a widely used, FDA approved polymer used in the preparation 

of nanoparticles. PCL is a biocompatible and biodegradable polymer which is non-toxic 

and has great permeability to several drugs. It has a very slow rate o f degradation when 

compared to other polymers like poly (lactic-co-glycolic acid) and is used widely in 

medical applications (64, 65). There are several techniques for the preparation of 

nanoparticles of which double emulsion solvent evaporation technique is well known for 

encapsulating hydrophilic drugs. However this technique has a drawback o f low 

encapsulation efficiency. Also the conventional emulsifier polyvinyl alcohol (PVA) 

which is commonly used as a surfactant in the double emulsion technique suffers from 

drawbacks that include low encapsulation efficiency, difficulty to be removed during the 

formulation and affects the purity o f the product which might lead to unwanted effects. 

D-a-tocopheryl polyethylene glycol 1000 (vitamin E TPGS) , a water soluble derivative 

o f vitamin E is formed by the esterification of vitamin E succinate with polyethylene 

glycol 1000. TPGS is an emulsifier which is safe and can inhibit multidrug resistance 

caused due to p-glycoprotein thus increasing the uptake and efficacy o f the anticancer 

drugs. Also it has emulsification efficiency higher than the traditionally used PVA(66- 

68).

In this study, a suitable nanoparticulate drug delivery system for proteins/peptides 

was successftilly devised and characterized which can preserve stability and release the 

agents in a controlled manner. Bovine Serum Albumin (BSA) is a well characterized 

globular protein and hence is used as a model protein in this study.
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3.2 Materials

Poly-e-caprolactone (PCL, MW=65,000) and vitamin E TPGS were purchased from 

Sigma-Aldrich. Bovine Serum Albumin (lyophilized powder, fraction V) was purchased 

from Fisher Scientific. Fluorescein Isothiocyanate (FITC) was purchased from Thermo 

Scientific. All the other reagents used were o f analytical grade and were used without 

further purification.

3.3 Methods

3.3.1 Pre-formulation and Formulation of Bovine Serum Albumin (BSA) Loaded 

Polycaprolactone (PCL) nanoparticles

Effect o f  solvents and pH on the stability o f BSA was determined using 

Differential Scanning Calorimetry (DSC). BSA loaded PCL nanoparticles were 

fabricated using w/o/w double emulsion solvent evaporation method. Surfactant 

concentration was optimized prior to formulation. Briefly,200 mg of PCL was dissolved 

in 10ml o f dichloromethane under mechanical stirring.BSA solution was then emulsified
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in the organic solvent containing PCL by stirring to form the primary emulsion. The 

primary emulsion was then poured into the vitamin E TPGS solution to form a w/o/w 

emulsion and was then homogenized ( polytron homogenizer). The organic solvent was 

then evaporated completely using a RotaVapor (Buchi, R-205) to obtain an aqueous 

nanoparticle suspension. The suspension was then subjected to centrifugation at 

17,OOORPM using an ultracentrifuge (Beckman ultracentrifuge, Avanti J-E) for 30 

minutes and washed three times with distilled water to obtain PCL nanoparticles.

3.3.2 Lyophilization of Nanoparticles

After centrifugation the nanoparticles were suspended in 3ml of distilled water in 

glass vials and then subjected to lyophilization using a labconco freeze dryer. 5% 

Trehalose was used as a cryoprotectant during the freeze drying process. The lyophilized 

nanoparticles obtained were then characterized for their appearance, ease of 

reconstitution and redispersibility.

3.3.3 Size and Polydispersity Index (PDI)

A dynamic light scattering technique was used to measure the size and 

polydispersity index using a Zetasizer Nano ZS series (Malvern Instruments, UK). The 

nanoparticles were suspended in water and then introduced into the instrument. All the 

measurements were done in triplicate.
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3.3.4 Determination of Zeta Potential

The zeta potential was measured using a Zetasizer Nano ZS series by considering 

the electrophoretic mobility under an electric field. The values were obtained by the 

average of three measurements o f 30 runs each. Each sample was measured in triplicate.

3.3.5 Encapsulation Efficiency and Percentage Yield o f Nanoparticles

A known amount o f nanoparticles was shaken with a 0 .1M sodium hydroxide 

solution containing 5% sodium dodecyl sulphate (SDS) for 24 hrs. It was then subjected 

to centrifugation for 15 minutes. The amount o f protein entrapped in the nanoparticles 

was then determined by analyzing the supernatant by Bradford standard protein assay. 

The protein standards ranged from 25 to 1500pg/ml and the assay was linear over this 

concentration range (R =0.99). The absorbance values were measured at 595nm against a 

reagent blank.

The encapsulation efficiency and percent yield o f nanoparticles was calculated according 

to the following equations:

Encapsulation Efficiency (%) = Experimental Drug loading / Theoretical Drug Loading * 

100

Yield o f nanoparticles (%) = weight o f nanoparticles/weight o f  polymer and drug x 100
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3.3.6 In vitro release study

A known amount o f freeze-dried nanoparticles was incubated in phosphate 

buffered saline containing 0.1% tween-80 in order to maintain the sink condition. This 

was shaken at lOOrpm by placing in an orbital shaker and the temperature was maintained 

at 37°C. About 500 pi o f sample was withdrawn at specific intervals and centrifuged at 

1 OOOOrpm for 15 minutes. The protein in the supernatant was then analyzed by Bradford 

protein assay.

3.3.7 Storage Stability

The freeze-dried PCL nanoparticles were analyzed for their stability when stored 

in glass vials with plastic caps at 4°C and room temperature. The nanoparticles were 

analyzed for the appearance, reconstitution time, size, polydispersity index, zeta potential 

and drug content over a period of two months.

3.3.8 Differential Scanning Calorimetry (DSC) Analysis

DSC studies have been carried out in order to determine the physical state o f the 

protein inside the nanoparticles and the effect o f TPGS on the thermogram property o f 

the polymer (DSC Q100, Universal V4.7A TA Instruments). Indium has been used as a 

reference material for the calibration of the instrument. Samples were weighed and 

placed in aluminum hermetic pans. The samples were heated at a range of 0-300°C at the
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ramp rate o f 5°C/min. The samples were purged with pure dry nitrogen at a flow rate o f 

50ml/min.

3.3.9 Cellular Uptake and localization o f Nanoparticles

Uptake and localization of the FITC-loaded PCL nanoparticles by Caco-2 cells 

was studied using a flow cytometer and fluorescence microscope.Caco-2 cells were 

grown in T-75 flasks with DMEM medium containing 20% FBS and 1% penicillin-
'y

streptomycin. About 0.3 million cells were seeded in 3cm dishes and incubated 

overnight at 37°C. The cells were then incubated with free FITC and FITC- loaded 

nanoparticles for about four hours. The uptake and localization o f these nanoparticles was 

then analyzed using flow cytometer (BD FACS) and fluorescence microscope (Olympus 

BX).

3.3.10 Circular Dichroism Studies

Far UV Circular Dichrosim studies have been performed to study the 

conformational characteristics of BSA using a Jasco J-810 Spectrophotometer using a 

cell o f 1mm path length over a wavelength range o f 200-300nm.

3.3.11 Ovalbumin

Ovalbumin was loaded into nanoparticles using the above mentioned emulsion 

solvent evaporation technique. The percent recovery of albumin was determined using 

Enzyme Linked Immunosorbent Assay (ELISA).
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3.3.12 Statistical Analysis

Results were evaluated using a student t-test. A p value of less than 0.05 was 

considered to be statistically significant.

3.4 Results

3.4.1 Preparation, Lyophilization and Characterization o f Nanoparticles

Figure 6 shows the effect o f pH and buffers on the stability o f proteins. Figure 6 

shows that BSA is stable at pH 7 when compared to 4 and 9.Also at the same 

concentration and pH it is stable in acetate than citrate buffer. Figure 7 shows the 

schematic representation o f preparation of BSA loaded PCL nanoparticles. Lyophilized 

BSA loaded PCL nanoparticles were successfully prepared by double emulsion solvent 

evaporation method. Table 1 shows the optimization o f TPGS concentration in the 

preparation of nanoparticles. Following lyophilization, an intact fluffy cake was formed 

which could be easily redispersed by shaking. The size o f the nanoparticles before and 

after freeze drying was found to be similar. However, there was an increase in the size of 

the nanoparticles when the freeze drying was done without trehalose. The majority o f the 

nanoparticles were in the size range of400-500nm (Figure 4) with a narrow 

polydispersity index of 0.195. The zeta potential o f the nanoparticles was about -28.6mV.
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The yield o f the nanoparticles was about 70-75%.Higher encapsulation efficiency o f the 

nanoparticles i.e. 85% was achieved.

i
I

i

40 00 50 100 100 US -SOXO .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .. .
0 00 40 60 U 00 m  14C

Phosphate Buffer (pH-7)
Acetate Buffer (pH-4)

27



-40000 ••

f  1
g -60000 •
i*.
15
5L>
X  'jjOOOO '

.100000
Tris Buffer (pH-9)

too i;o 1-50

28



H
ea

l 
Flo

w 
(?

nW
<g

)

Citrate

Acetate buffer

6040 140 16C

Tem perature ( C )

Figure 6. Effect o f solvents and buffers on the stability o f BSA
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Figure 7. Schematic representation of BSA loaded PCL nanoparticles
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Concentration of 

surfactant

Size

fnm)

Zeta Potential Encapsulation 

Efficiency (%)

0.015% 300-350 -18.2+5 mV 60-65

0.03% 100-150 -28.6 ± 3 mV 80-85

0.06% 200-250 -24.8 ± 7 mV 80-90

Table 1. Optimization o f  d-alpha-tocopheryl polyethylene glycol 1000 succinate (TPGS)

concentration
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Surfactant Size Zeta Potential Encapsulation
Efficiency

PVA (2%) 350-400nm -22.4+5 mV 55-60%

TPGS(0.03%)
100-150nm -28.6 ± 3 mV 80-85%

Table 2. Comparison between d-alpha-tocopheryl polyethylene glycol 1000 succinate 

(TPGS) and Polyvinyl Alcohol (PVA) emulsifiers
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Steps of freeze drying Parameters

Freezing Shelf temperature : -40° C 

Length : 2h

Primary Drying Shelf Temperature : -20° C 

Pressure: lOOmTorr 

Length : 48h

Secondary Drying Temperature : 25°C 

Length : 4h

Table 3. Lyophilization/ Freeze drying Cycle Parameters
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Formulation Z-Average
(run)
(a)

PDI Z-Average
(nm)
(b)

PDI
! b a

NPs without 
Trehalose 230 0.323 332 0.566 ) 1.44

NPs with 
Trehalose

232 0.154 247 0.177 | 1.05

1

P D I: Polydispersity index

Table 4. Effect o f  trehalose on the size o f  nanoparticles during freeze drying
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Figure 9. Zeta Potential o f  Doxorubicin loaded Nanoparticles
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Figure 10. Scanning Electron Microscope (SEM) images o f nanoparticles
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3.4.2 In vitro Release Study

The release o f BS A from PCL nanoparticles is shown in figure 11. There was an 

initial burst release of 20% drug from the nanoparticles in the first two hours followed by 

a uniform slow release from the nanoparticles for a period of five days. Figure 4 shows 

the fitting of release data into higuchi plot showed linearity (R =0.99).

% 
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Release 
of BSA
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Figure 11. In vitro release profile o f BSA from Nanoparticles
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Figure 12. Mechanism o f drug release- Higuchi Plot

3.4.3 Storage stability

The size, zeta potential, protein content and polydispersity index of the freeze 

dried nanoparticles were found to be constant at 4 degrees after six months. However at 

room temperature, the nanoparticles were found to be stable for a period of two months. 

After one month, there was a slight increase in the size which might be due to particle 

aggregation at this temperature.
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3.4.4 Differential Scanning Calorimetry (DSC) Analysis

Fig. 5 illustrates the DSC thermogram o f pure PCL, pure BSA, BSA loaded PCL 

nanoparticles and Vitamin E TPGS.DSC thermogram o f pure PCL showed a peak at 

60.98°C and pure BSA showed an endothermic peak at 73.23°C. Vitamin E TPGS 

showed an endothermic peak at 36.32°C. The thermogram o f nanoparticles corresponded 

to the pure PCL which indicated that there is no effect o f the process o f preparation and 

surfactant on the thermogram property o f the polymer. Disappearance o f the protein peak 

in the endothermic peak of nanoparticles might indicate the presence of a low amount of 

protein when compared to the polymer.
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Figure 13. Differential Scanning Calorimetry (DSC) thermogram

3.4.5 Cellular uptake and localization of the nanoparticles

Caco-2 cells were derived from human colorectal carcinoma and serve as an 

alternative to animal models in order to predict the intestinal absorption of drugs. Uptake 

of these nanoparticles by Caco-2 cells was studied. Fig 6 shows the uptake o f FITC- 

loaded nanoparticles (blue) when compared to control (red) after 2hours. Fig 7 shows that 

the shift in the intensity peak of FITC-loaded nanoparticles when compared to free FITC 

(black) further confirms that intact nanoparticles were taken up by the Caco-2 cells.
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Localization of the FITC loaded nanoparticles was studied using fluorescence 

microscope. Fig 8 shows the localization o f the nanoparticles in the cytoplasm.
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Figure 14. Cellular Uptake of Nanoparticles by Flow Cytomtery
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1 Ox magnification 40x magnification

Figure 16. Fluorescence Microscopic Images o f Cellular Uptake

3.4.6 Circular Dichroism studies

Fig 9 shows the CD spectra of pure BSA and BSA loaded in the nanoparticles. It 

was found that BSA in nanoparticles was indistinguishable to the pure BSA (Red) which 

indicates that BSA was stable after encapsulation into the nanoparticles (Black). This 

suggests that the formulation conditions do not significantly affect the stability o f 

proteins.
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Figure 17. Circular Dichroism Spectra

3.4.7 Ovalbumin

Ovalbumin is used as model antigen for the characterization o f antigen uptake, 

processing and presentation. It was widely used for oral vaccination. Ovalbumin is used 

in combination with chemotherapeutic agents in chemo-immunotherapy. The results 

showed that there is 90-95% recovery o f ovalbumin which suggests that the formulation 

conditions did not affect the protein (Figure 18).
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Figure 18. Percent Recovery of Ovalbumin after Encapsulating in Nanoparticles

3.5 Discussion

Polycaprolactone is a biodegradable and biocompatible polymer which has a very 

low glass transition temperature (69). Due to its slow degradation rate, high permeability 

to most o f the compounds and non-toxic nature, polycaprolactone (PCL) is widely used 

in the preparation of controlled drug delivery systems. Hence PCL was selected for the 

study. BSA loaded PCL nanoparticles were prepared by emulsion solvent evaporation 

technique employing vitamin e TPGS as a surfactant and were freeze dried. Vitamin e
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TPGS serves as an efficient emulsifier and also is shown to enhance the cytotoxicity o f 

drugs by reducing the P-gp mediated drug resistance(70). Particle size and size 

distribution play major role in determining the drug release, distribution and the 

intracellular uptake of the nanoparticulate systems. Due to the small size o f nanoparticles 

they are easily taken up by the cells and can be easily available to biological targets (71). 

The size o f the nanoparticles obtained was about 400-500nm with a PDI o f 0.195. PDI is 

a ratio which usually represents the homogeneity o f the nanoparticulate system and 

ideally should be below 0.3. This indicates that the prepared BSA loaded PCL 

nanoparticles show a narrow and uniform size distribution(72).Trehalose was used as a 

cryoprotectant in the freeze drying process to prevent the aggregation o f the 

particles(73).It was seen that the size o f the nanoparticles was found to be same before 

and after freeze drying which indicated that the freeze drying process did not cause the 

particles to aggregate and affect the particle size. In order to determine the stability o f the 

nanoparticulate system, zeta potential measurements have been performed which 

estimates the repulsive forces. BSA loaded PCL nanoparticles showed a zeta potential of 

-28.6mv which indicates that the formulated nanoparticles were stable(74).A biphasic 

release profile was observed while investigating the release o f BSA from PCL 

nanoparticles which is characteristic of this polymer. Initially there was a burst release of 

20% within two hours and later a slow release o f BSA was observed due to the slower 

diffusion of the protein from the PCL nanoparticle (75-77).Linear fitting o f release data 

in a Higuchi plot suggested that the release from PCL nanoparticles is by diffusion. The
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nanoparticles were found to be stable for six months at four degrees and two months at 

room temperature in the freeze dried form which indicates that the freeze drying process 

might have improved the stability o f these nanoparticles(78).The DSC profde of the 

polymeric nanoparticles, when compared to the pure polymer, indicated that there was no 

significant change in the crystalline nature o f the polymer and the materials used in the 

formulation had no effect on the thermogram property o f  PCL.Cellular uptake of these 

nanoparticles was studied using flow cytometry. The results suggests that there was an 

increase in the uptake of the FITC loaded in nanoparticles when compared to free dye 

which further indicated that the intact BSA loaded nanoparticles were taken up by the 

cells. PCL nanoparticles thus might help in increasing the intestinal absorption and 

enhance the bioavailability of the protein/peptide drugs. Any change in the structure of 

proteins might lead to loss o f its biological activity. Protein/peptide stability has always 

been a concern in the preparation of nanoparticles. In order to test if  the stability of BSA 

has been preserved, circular dichroism studies have been performed in order to determine 

the secondary structure of BSA in the nanoparticles. The results suggested that there was 

no significant difference between the pure protein and protein released nanoparticles 

indicating the protein/peptide structure was preserved(79).

3.6 Conclusion

BSA loaded PCL nanoparticles were successfully prepared using emulsion solvent 

evaporation method with TPGS as emulsifier and characterized for their physicochemical
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properties. Results o f our work suggest that formulation conditions neither affected the 

stability o f BSA nor affected the crystalline nature o f polymer. The intact nanoparticles 

were taken up by Caco-2 cells suggesting an increase in the uptake of dye loaded 

nanoparticles when compared to free dye. Hence these nanoparticles potentially could 

serve as drug delivery carriers for the controlled release o f protein /peptide drugs. 

Further, in vivo studies will be carried out to evaluate the efficacy o f the nanoparticles in 

a clinical setting.
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CHAPTER 4

IN  VITRO AND IN  VIVO EVALUATION OF DOXORUBICIN LOADED 

POLYCAPROLACTONE/ D-ALPHA-TOCOPHERYL POLYETHYLENE GLYCOL 

1000 SUCCINATE (PCL/TPGS) NANOPARTICLES FABRICATED BY HIGH 

PRESSURE HOMOGENIZATION TO TREAT BREAST CANCER

4.1 Introduction

Several chemotherapeutic agents lack the ability to differentiate between normal 

and tumor tissues. Adverse effects such as neurotoxicity, cardiomyopathy and bone 

marrow suppression are seen due to their non-specific distribution which can limit the 

maximum allowable dose. Moreover, the rapid clearance o f the drug from the body might 

require administration of a larger dose which can cause toxic effects. In order to 

overcome these concerns, several drug delivery carriers have been studied which can 

increase the concentration in the tumor tissue and can improve the therapeutic efficacy by 

reducing the side effects. The intracellular concentration o f the drugs can be increased by 

both passive and active targeting (80, 81). One o f the approaches to reduce the systemic 

toxicities and enhance the efficacy o f the drugs is to administer through selective drug 

delivery carriers. Tumor tissues develop leaky vasculature and poor lymphatic drainage. 

This leads to the retainment of macromolecules in the tumor tissues for a longer time
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when compared to normal tissues. This is called Enhance Permeability and Retention 

(EPR) effect. Polymeric nanoparticles are colloidal delivery carriers which can offer 

prolonged in vivo action, controlled drug concentration in blood and localized release of 

the drug in tissues. These nanosized carriers have the tendency to accumulate in the 

tumor tissue via the EPR effect (82-84).

Doxorubicin is an anthracycline drug widely used in the treatment o f breast 

cancer. However the administration o f this drug might lead to several dose limiting 

toxicities. Incorporation of doxorubicin into nanoparticles might enhance its anticancer 

efficacy and reduce the side effects (85).

Poly-e-caprolactone is a biodegradable and biocompatible polymer which is 

approved by the FDA for drug delivery applications. When compared to polymers such 

as poly (lactic-co-glycolic acid), it has a very slow degradation rate and shows great 

permeability to several drugs.

D-a-tocopheryl polyethylene glycol 1000 (vitamin E TPGS) is a water soluble derivative 

o f vitamin E. It possesses bulkier lipophilic tail (polyethylene glycol) and hydrophilic 

head (tocopherol succinate) portions which makes it a good emulsifier. TPGS have been 

approved by FDA to be used in formulations as an adjuvant. Previous studies have shown 

that blending TPGS with hydrophobic polymers can enhance the controlled release of 

drugs. It has also been shown to enhance the emulsification efficiency, cellular uptake 

and higher in vivo efficacy. TPGS also has the property to overcome P-gp efflux (86, 87).
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In our study, we have used TPGS as a matrix material by blending it with 

polycaprolactone. Double emulsion solvent evaporation technique was used to prepare 

doxorubicin loaded nanoparticles as this technique is often shown to increase the drug 

loading, stability and good reproducibility.

4.2 Materials

PCL (MW = 65,000), trypsin-EDTA and vitamin E TPGS were purchased from Sigma- 

Aldrich (St. Louis, MO, USA). Dichloromethane were purchased from Fisher Scientific 

(Fairlawn, NJ, USA). Doxorubicin was purchased from LC laboratories (Woburn, MA). 

4T07 cells were kindly provided by Dr. Fred Miller (Karmanos cancer institute, 

Michigan, USA). Fetal Bovine Serum (FBS), Phosphate Buffered Saline (PBS) and 

Dulbecco’s modified eagle medium (DMEM) were purchased from Atlanta Biologicals 

(Atlanta, GA, USA). All the other reagents used were o f analytical grade and were used 

without further purification

4.3 Methods

4.3.1 Formulation of doxorubicin loaded PCL/TPGS nanoparticles

Doxorubicin loaded PCL nanoparticles were fabricated using the w/o/w double 

emulsion solvent evaporation method. PCL and TPGS (40% w/w) were dissolved in 

dichloromethane under mechanical stirring. Doxorubicin solution was emulsified in the 

organic solvent containing PCL/TPGS blends by stirring to form the primary emulsion. 

The primary emulsion was poured into vitamin E TPGS solution to form a w/o/w 

emulsion and was homogenized with a high pressure homogenizer at a pressure o f 10,000
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psi. The organic solvent was evaporated completely using a RotaVapor (Buchi, R-205) to 

obtain an aqueous nanoparticle suspension. The suspension was subjected to 

centrifugation at 17,000 RPM using an ultracentrifuge (Beckman ultracentrifuge, Avanti 

J-E) for 30 min and washed three times with distilled water to obtain doxorubicin loaded 

nanoparticles. After centrifugation, the nanoparticles were subjected to lyophilization 

using a Labconco freeze dryer.

4.3.2 Size, Polydispersity index and Zeta potential

Particles size and PDI o f prepared nanoparticles were measured by dynamic light 

scattering. Zeta potential was measured by considering the electrophoretic mobility under 

an electric field. All the measurements were done using Malvern zetasizer nano ZS. The 

dried nanoparticles were suspended in deionized water and then introduced into the 

instrument. The suspension was then characterized for its particle size, polydispersity 

index and zeta potential. All measurements were done in triplicate.

4.3.3 Surface morphology of nanoparticles

Surface morphology of nanoparticles was investigated by Scanning Electron 

Microscopy (Hitachi S-3700 VP SEM). The samples were dried and chemically 

stabilized before introducing into the instrument and were scanned at a voltage of 15kV.

4.3.4 Encapsulation efficiency and percentage yield o f nanoparticles

A known amount o f nanoparticles was shaken with DMSO for 2hours. It was then 

subjected to centrifugation for 15 min. The amount o f doxorubicin entrapped in the

53



nanoparticles was determined by analyzing the supernatant by fluorescence spectroscopy 

at an excitation wavelength of 480nm and emission wavelength o f 585nm. The 

encapsulation efficiency and percent yield o f nanoparticles were calculated according to 

the following equations:

(%) Encapsulation efficiency = Experimental drug loading/ Theoretical drug loading * 

100

Yield o f nanoparticles = weight of nanoparticles/ weight o f polymer and drug * 100 

The yield o f the nanoparticles was about 65-70% and an encapsulation efficiency of 90% 

was achieved.

4.3.5 In vitro release profile

Doxorubicin loaded nanoparticles were suspended in phosphate buffered saline 

(PBS) containing 0.1 % tween-80 to improve the suspendability o f the nanoparticles. This 

was then placed on an orbital shaker maintained at 37°C and shaken at 100RPM. Samples 

were taken at regular intervals and replaced with equal volume o f PBS. The samples 

which were withdrawn were subjected to centrifugation at 10,000RPM for 5minutes and 

the supernatant was analyzed using fluorescence spectroscopy (excitation: 485nm, 

emission: 585nm).

4.3.6 In vitro cytotoxicity

4T07 cells (murine breast cancer cells) were grown in DMEM medium which was 

supplemented with 10% fetal bovine serum, lOOunits/ml o f penicillin and lOOpg/ml of 

streptomycin. The cells were maintained at 37°C in an atmosphere o f 5% carbon dioxide.
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Cells were seeded in 96 well plates and were allowed to adhere and recover for 24hrs. 

After 24hrs, the cells were treated with free doxorubicin solution and doxorubicin loaded 

PCL/TPGS nanoparticles. Control cells were included which received no treatment. The 

cells were then incubated for 48hrs. After 48hrs, the cytotoxicity o f free doxorubicin and 

doxorubicin loaded nanoparticles was quantified using MTS (Cell Titer 96 AQueousOne 

Solution) assay.

4.3.7 Cellular uptake

Cellular uptake of the prepared doxorubicin loaded PCL/TPGS nanoparticles was 

studied using flow cytometry and fluorescence microscopy. About 0.3 million 4T07 cells 

were seeded in 3 cm dishes and were allowed to form a monolayer. The cells were then 

treated with free doxorubicin solution and doxorubicin loaded nanoparticles and 

incubated for 6hours. Cellular uptake and localization was studied using flow cytometry 

and fluorescence microscopy, respectively. A shift in the intensity peak o f doxorubicin 

loaded nanoparticles compared to free doxorubicin confirms that intact nanoparticles 

were taken up by the 4T07 cells. Cellular uptake o f doxorubicin loaded PCL/TPGS 

nanoparticles was compared with PCL nanoparticles.

4.3.8 Differential Scanning Calorimetry (DSC) Analysis

DSC studies were carried out in order to determine the physical state of 

doxorubicin inside the nanoparticles and the effect o f TPGS on the thermogram property 

o f the polymer (DSC Q100, Universal V4.7A TA Instruments). Indium was used as a
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reference material for the calibration o f the instrument. Samples were weighed and 

placed in aluminum hermetic pans. The samples were heated at a range o f 0-300°C at the 

ramp rate o f 5°C/min. The samples were purged with pure dry nitrogen at a flow rate o f 

50ml/min.

4.3.9 Accelerated Stability Studies

Accelerated stability studies were carried out at a temperature o f (25±2) °C and 

(60%±5%) relative humidity. The study was carried out in the stability chambers 

(Norlake, WI) calibrated and maintained at the temperature and humidity mentioned 

above. Stability testing was carried out on nanoparticle suspension and freeze dried 

nanoparticles. The parameters tested were size, zeta potential and encapsulation 

efficiency.

4.3.10 In vivo antitumor efficacy

Four to six weeks old female BALB/c (20 ± 3  g) mice were used for the study to 

understand the effects o f doxorubicin to treat breast cancer. 1 * 106 4T07 cells (murine, 

tumorigenic but non-metastatic breast cancer cells) were injected subcutaneously in one 

shaven flank of mice. All the animals used for the study were divided into four groups 

according to the treatment protocol: control (no treatment), free doxorubicin, and 

doxorubicin loaded PCL/TPGS nanoparticles, and blank PCL/TPGS nanoparticles. 

Tumors were allowed to grow and once they became palpable, a single dose of 

doxorubicin was injected via the intravenous route. Body weight and tumor volumes of 

the mice were monitored throughout the study. Tumor volumes were measured in two
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perpendicular dimensions using vernier calipers. The following equation was used to 

calculate the tumor volume (V) = 1/2 (x*y*y) where x is length o f major axis and y is the 

length of minor axis.

4.3.11 Near-infrared imaging

A near-infrared dye IR dye 800 CW was encapsulated in the nanoparticles and 

was injected into mice. The distribution of these near-infrared loaded nanoparticles was 

studied using a bioimager (Odyssey, Licor Biosciences). The distribution was studied at 

6h, 24h and 48h.

4.4 Results:

4.4.1 Preparation and characterization o f doxorubicin loaded PCL/TPGS nanoparticles: 

Lyophilized doxorubicin-loaded PCL/TPGS nanoparticles were successfully 

prepared by the double emulsion solvent evaporation method. An intact fluffy cake was 

formed after freeze drying which could be easily reconstituted. The majority o f the 

nanoparticles ranged in size from 100-150 nm (Figure 2) with a narrow PDI o f 0.299.The 

zeta potential o f the nanoparticles was found to be -27.8+^5 mV(Figure 3). The yield o f 

the nanoparticles was about 65-70% and an encapsulation efficiency of 90% was 

achieved. SEM images revealed the spherical nature o f the nanoparticles and were found 

to have smooth surfaces.
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Figure 20. Zeta potential o f doxorubicin loaded nanoparticles
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Figure 21. Scanning Electron Microscopic (SEM) images o f doxorubicin loaded

PCL/TPGS nanoparticles

4.4.2 In vitro drug release

Figure 22 shows the release profile o f doxorubicin from nanoparticles. Results 

suggested that about 12% o f drug was released within 2hr and about 100% of the drug 

was released within 144hrs. Comparison has been made between the release profiles o f 

doxorubicin from PCL/TPGS nanoparticles with that o f PCL nanoparticles alone. It has 

been shown that doxorubicin from PCL nanoparticles showed higher burst release i.e. 

40% (data not shown) when compared to that o f  PCL/TPGS nanoparticles. About 50% of 

doxorubicin from PCL/TPGS nanoparticles was released within 48hr.
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Figure 22.In vitro release o f doxorubicin from PCL/TPGS nanoparticles
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Figure 23.In vitro release o f doxorubicin from PCL/TPGS nanoparticles in the presence

of serum

4.4.3 Cellular uptake

Cellular uptake of drug loaded nanoparticles was studied using flow cytometry. Figure 24 

showed that there was no significant difference in the uptake of doxorubicin loaded PCL 

nanoparticles when compared with free doxorubicin. However, higher cellular uptake 

was seen with drug loaded PCL/TPGS nanoparticles when compared to free doxorubicin 

as seen in Figure 25. Fluorescence microscopy results also confirmed that higher cellular 

uptake was seen with doxorubicin loaded PC/TPGS nanoparticles when compared with 

free doxorubicin in Figure 26.

61



Control

* Free Dox

Dox loaded NP

4h
Control 

Free Dox 

Dox loaded NP

' II
TT \

i - f tiiHK 1 1 N vn» mm -•» .,f> *.?ri_i«

8h

Figure 24. Cellular uptake of doxorubicin loaded PCL alone nanoparticles by 4T07 cells 

when compared to control and free doxorubicin (cells with no treatment)
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4.4.4 In vitro cytotoxicity

To compare the antitumor effect o f doxorubicin loaded nanoparticles with that of 

free doxorubicin, an in vitro cytotoxicity study was conducted on 4T07 cells. MTS assay 

results showed that drug loaded nanoparticles exerted a higher cytotoxicity effect when 

compared to free doxorubicin as seen in Figure 28. Blank nanoparticles showed no 

cytotoxicity. Also the concentration o f doxorubicin required for 50% cell death (IC50) 

was lower (250nM) for drug loaded nanoparticles when compared with free drug 

(500nM).
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Figure 28.1n vitro cytotoxicity in 4T07 cells a) free doxorubicin and b) doxorubicin 

loaded PCL/TPGS nanoparticles
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4.4.5 Differential Scanning Calorimetry (DSC) Analysis

Differential Scanning Calorimetry (DSC) studies were carried out in order to 

determine the physical state of the doxorubicin inside the nanoparticles and the effect of 

TPGS on the thermogram property o f the polymer. Fig. 10 shows the DSC thermogram 

of pure doxorubicin and doxorubicin loaded nanoparticles. DSC thermogram o f pure PCL 

showed a peak at 60.98°C and pure doxorubicin showed an endothermic peak at 200°C. 

Vitamin E TPGS showed an endothermic peak at 36.32°C. Two endothermic peaks 

characteristic o f PCL and TPGS were seen with PCL/TPGS nanoparticles. No 

endothermic peak of doxorubicin was observed in nanoparticles formulations.
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Figure 29.DSC Thermogram Analysis
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4.4.6 Accelerated Stability Studies

Results o f accelerated stability studies suggest that the size o f the nanoparticles 

increased to 175+7nm when compared to freeze dried nanoparticles whose size was not 

affected (Initial size : 100-150nm). The zeta potential o f nanoparticles was decreased in 

suspension when compared to the freeze dried nanoparticles. Encapsulation efficiency 

was found to be decreased to 72% in nanoparticle suspension when compared to the 

freeze dried nanoparticles (87%).

Size(nm) Zeta potential(mV) EE(%)

Nanoparticle 175+_7 -13.9± 4 72

suspension

Freeze-dried 156+5 -20.8+3 87

nanoparticles

Table 5: Accelerated Stability Studies o f Doxorubicin loaded PCL/TPGS Nanoparticles

4.4.7 In vivo antitumor efficacy



A single dose o f doxorubicin (7mg/kg) was injected into mice which had 

developed breast cancer and the effect o f  doxorubicin in reducing the tumor size was 

determined. Tumor volumes were measured throughout the study time of four weeks in 

order to determine the antitumor efficacy o f the nanoparticles. Results o f this study 

indicated that nanoparticles showed higher antitumor efficacy when compared to free 

doxorubicin (Fig 11). Figure 12 shows that the body weight o f mice was found to 

decrease with free doxorubicin treatment when compared with doxorubicin loaded 

nanoparticles. Also blank nanoparticles showed no reduction in body weight o f mice.
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4.4.8Near Infrared Imaging

The results showed that the free dye solution was cleared from the body completely by 

48h ours whereas the nanoparticles were still localized in the tumor tissue. The dye
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solution began to be cleared from the body o f mice starting at 24 hours. This suggests 

that the nanoparticles localize in the tumor tissue for prolonged period when compared to 

solution.

Solution

Nanoparticles

Figure 32. Near Infrared In v/voImaging

4.5 Discussion
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Breast cancer is one of the major causes o f death by cancer in women. About one 

million women are diagnosed with breast cancer every year. Doxorubicin is widely used 

in the treatment o f breast cancer. However its use is limited by the side effects such as 

bone marrow depression, cardiotoxicity etc. Several efforts have been made to minimize 

these side effects and improve its anticancer efficacy. One o f the approaches is to 

incorporate doxorubicin in nanocarriers and selectively deliver to the tumor cells. 

Nanoparticles aim to release the drug in a controlled fashion to offer a prolonged in vivo 

action and help in achieving the tissue targeted drug release (88).

Polycaprolactone (PCL) is a biodegradable polymer which has a low glass 

transition temperature. PCL is suitable for drug delivery because o f its capability to 

deliver the drugs slowly over a long period of time and its nontoxic nature. Also other 

characteristics such as its hydrophobicity, stability and low cost make it ideal for drug 

delivery applications. Vitamin E TPGS, water soluble derivative o f vitamin E blended 

with polycaprolactone was used as a matrix material and doxorubicin loaded 

nanoparticles were fabricated by double emulsion technique and homogenized using a 

high pressure homogenizer. Polymeric nanoparticles formulated using high pressure 

homogenization possessed good uniformity and dispersability. Unlike sonication and 

ultra-speed homogenization, high pressure homogenization is applicable to both 

laboratory scale and large scale industrial production because o f its high throughput and 

continuous production (89).

Drug release, distribution and cellular uptake o f these nanoparticles were 

determined by the particle size and distribution. The smaller size o f the nanoparticles 

made them easily available to biological targets and were easily taken up by cells.
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Previous reports suggested that the ideal size o f the nanoparticles designed to target 

cancer should be between 70-200 nm. The size o f the doxorubicin loaded nanoparticles 

was determined by dynamic light scattering technique and was found to be 100-150 nm 

with a polydispersity index of 0.184. Nanoparticles with a PDI less than 0.3 are 

considered to be uniform. This suggests that the doxorubicin loaded PCL/TPGS 

nanoparticles show a narrow and uniform size distribution. Zeta potential indicates the 

electrostatic potential o f the electric double layer surrounding a nanoparticle in a solution. 

Zeta potential of the drug loaded nanoparticles was measured to determine the colloidal 

stability o f the nanoparticles. The zeta potential o f  the nanoparticles was found to be -

21.%±5 mV. Previous reports suggested that higher values of zeta potential are required 

to prevent the aggregation of the nanoparticles. This suggests that the formulated 

doxorubicin loaded PCL/TPGS nanoparticles were stable. SEM images revealed that the 

particles formed were smooth and spherical. When compared to traditional emulsifiers 

such as polyvinyl alcohol (PVA), TPGS has higher emulsification efficiency. Also these 

conventional emulsifiers are difficult to be removed after the emulsification process and 

can affect the purity o f the pharmaceutical products. PCL/TPGS particles showed a 

higher, i.e., 90% encapsulation efficiency o f doxorubicin. PCL nanoparticles showed a 

higher burst release of doxorubicin when compared to PCL/TPGS nanoparticles. This 

might be because of the difference in the distribution o f the drug in these nanoparticles. 

Flow cytometry data revealed that there was a higher cellular uptake o f doxorubicin 

loaded PCL/TPGS nanoparticles when compared to free doxorubicin alone. This 

indicates that intact nanoparticles were taken by the cells. Also there was a higher cellular
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uptake of PCL/TPGS nanoparticles when compared with PCL nanoparticles alone. This 

might be because of TPGS used as a matrix component in the formulation (90).

Vitamin E TPGS has the property o f enhancing the cellular uptake either by 

membrane fluidization or by P-gp inhibition. However, the mechanism o f cellular uptake 

needs to be further studied. Drug loaded nanoparticles showed higher cytotoxic effect 

when compared with free doxorubicin. This might be due to the enhanced cellular uptake 

when compared with free doxorubicin. DSC studies were performed to observe the nature 

o f the drug inside the nanoparticles. Absence o f the doxorubicin peak in the drug loaded 

nanoparticles indicated that the drug was present in amorphous form. Presence o f two 

peaks in PCL/TPGS nanoparticles indicated that there was no interaction between the two 

compounds and it was only a physical mixture. It also suggested that the crystalline 

nature o f polycaprolactone was not affected by the formulation conditions and the 

surfactant used in the fabrication process. Accelerated stability studies showed that the 

size, zeta potential and encapsulation efficiency were significantly affected in 

nanoparticle suspensions when compared to freeze dried nanoparticles. Size o f the 

nanoparticles was increased in the suspension. This might be because o f aggregation o f 

the particles over the time and could have affected the zeta potential. Encapsulation 

efficiency was found to be lowered in the suspension.

We compared the antitumor efficacy o f doxorubicin loaded nanoparticles with 

that of free doxorubicin in reducing the breast cancer growth in female BALB/c mice.

The results suggested that there was a significant reduction in growth with the 

nanoparticles when compared to free doxorubicin alone. Blank nanoparticles showed no 

tumor reduction suggesting that neither the polymer nor vitamin E TPGS were toxic.
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There was a reduction in the body weight o f mice with free doxorubicin treatment 

whereas doxorubicin loaded nanoparticles showed no effect on body weight. This 

indicates that free doxorubicin showed systemic toxicity which was not seen with 

nanoparticles.

4.6 Conclusion

Doxorubicin loaded PCL/TPGS nanoparticles were successfully prepared by a 

double emulsion solvent evaporation method using high pressure homogenization. 

PCL/TPGS nanoparticles showed a reduced burst release when compared with PCL 

nanoparticles alone. Doxorubicin loaded PCL/TPGS nanoparticles showed higher cellular 

uptake and cytotoxicity when compared to free doxorubicin and drug loaded PCL 

nanoparticles. Also, enhanced antitumor efficacy was seen with the drug loaded 

nanoparticles when compared to free drug. PCL/TPGS nanoparticles were also seen to be 

effective against breast cancer and caused no systemic toxicity. Based on the results 

obtained, doxorubicin loaded PCL/TPGS nanoparticles were found to be effective in 

treating breast cancer.
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SUMMARY

Polymeric nanoparticles have gained wide importance because of their natural 

propensity to absorb biological fluids in vivo and thus control the rate o f drug release.

One such nanoparticle system was developed in our laboratory which aimed specifically 

to deliver the drugs to tumor tissues. The nanoparticulate system developed in our 

laboratory incorporated a novel excipient vitamin E TPGS as an emulsifier and also in the 

polymeric matrix in the formulation of nanoparticles./n vitro and In v/voStudies were 

carried to determine the efficacy of these nanoparticles to deliver proteins, peptides and 

small molecule anticancer drugs. Ourresults showed that these nanoparticles could 

deliver the proteins at a controlled rate while protecting their stability. Polycaprolactone 

which is a semicrystalline polymer was used which has the ability to deliver the drugs at 

a prolonged rate which does not produce acidic environment while releasing the proteins 

unlike other commonly used polymers. Vitamin E TPGS was incorporated as an 

emulsifier in the formulation of polycaprolactone nanoparticles.Polymeric nanoparticles 

suffer from drawbacks such as lower encapsulation efficiency and their inability to 

protect the stability o f the protein.The ability of these nanoparticles to encapsulate,
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protect the protein and release them in a controlled fashion can be attributed to the nature 

o f the polymer and the ability o f the surfactant to improve the loading o f the protein.Also 

these nanoparticles were shown to not only deliver doxorubicin at a controlled rate but 

also enhance its antitumor effect to treat breast cancer. In this study, TPGS was not only 

used as an emulsifier but also in the polymeric matrix. The enhanced antitumor efficacy 

might be attributed to the ability o f TPGS to enhance the cellular uptake by fluidizing the 

cell membrane. However, the mechanism of action still needs to be explored.

To summarize, our PCL/TPGS nanoparticles showed promising results to 

encapsulate and release the anticancer drugs in a controlled fashion. This can help in 

delivering the drugs specifically to the tumor tissues without affecting the normal 

tissues.This nanoparticulate system needs to be further explored for its mechanism of 

action and to study its efficacy in delivering a wide range of anticancer drugs.
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