
 1 

Design, Characterization and In-vitro, In-vivo Evaluation of 
Paclitaxel Loaded Nanoparticulate System 

 

THESIS 

Submitted in partial fulfilment 

of the requirements for the degree of 

DOCTOR OF PHILOSOPHY 

 

by 

SEKAR VASANTHAKUMAR 

 

Under the Supervision of 

Prof. Ranendra N. Saha 

 

 

 

BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE, PILANI 

 

2013 

 

 

 



 2 

 

 

BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE, PILANI 

 

 

CERTIFICATE 

 

This is to certify that the thesis entitled “Design, Characterization and In-vitro, In-vivo 

Evaluation of Paclitaxel Loaded Nanoparticulate System” and submitted by 

VasanthaKumar S ID No 2007PHXF010P for award of Ph.D. of the Institute embodies 

original work done by him under my supervision. 

 

 

 Signature of the Supervisor : 

Name in capital letters : Prof R. N. Saha  

Designation   : Shri B. K. Birla and Shrimati Sarala Birla Chair Professor 

  Deputy Director (Research & Education Development)  

  BITS, Pilani 

      Rajasthan, India 

 

 

Date:    

 
 

 

 

 

 

 

 

 

 

 



 3 

Acknowledgements 

 

It is a great pleasure and immense satisfaction in expressing my deep gratitude towards my 

research supervisor, Dr. Ranendra N. Saha, Shri B.K. Birla and Shrimati Sarala Birla Chair 

Professor and Deputy Director, BITS, Pilani, for his dexterous guidance, suggestions and support. 

Mere acknowledging with words is inadequate to express my gratefulness to him and he is always 

an inspiration to me in research and personal life. His guidance helped me in all the time of 

research and writing of this thesis. The work environment given to me under him, the experiences 

gained from him and his creative working culture are treasured and will be remembered 

throughout my life. 

 

I am thankful to Prof. B. N. Jain, Vice-Chancellor, Dr. G. Raghurama, Director and Prof M.M.S. 

Anand, Registrar, BITS, Pilani, for providing me the opportunity to pursue my doctoral research 

work in the institute. I express sincere gratitude to Prof. S.K. Verma, Dean, Academic Research 

Division, BITS, Pilani, for extending support during my research work. 

 

Besides my advisor, I take this opportunity to specifically thank members of the Departmental 

Research Committee for their continuous support throughout my Ph.D. I gratefully acknowledge 

my Doctoral Advisory Committee members Dr. Shrikant Charde and Dr. Hemanth R Jadhav for 

their motivation, constructive advice and encouragement through out my Ph.D. tenure. I thank 

Prof. R. Mahesh, Dean Faculty Affairs, BITS, Pilani, for his constant support during this research 

work. I thank all the faculty members of Department of Pharmacy and Animal House In-charge, 

Dr. Sushil for their co-operation in my academic responsibilities. My special thanks go to Dr. S. 

Murugesan, Mr. Gautham and Mr. Mahaveer for their continuous support and encouragement 

through out my stay in Pilani. I must thank all the non-teaching staff members of Department of 

Pharmacy and Biology, Mathuramji, Sitaramji, Hariramji, Vishal, Puran, Naveen, Mukesh, 

Mahenderji, Lakshman, Tarachand and Ramsutar who have always been helpful during my 

research work. I also thank staff members of Education Development Division, Academic 

Research Division and Account Department for their help when it is required. 

 

I am very grateful to Dr. Chandrasekar and Dr. G. Eranna, Scientist F, Central Electronics 

Engineering Research Institute, for providing access to Atomic Force Microscopy and Scanning 

Electron Microscopy facility at CEERI, Pilani. I acknowledge, service of Sophisticated Analytical 

and Instrument Facilities at IIT, Mumbai for the Electron Microscopic and 
1
H nuclear magnetic 



 4 

resonance analysis. I am very grateful to Dr. Kumari, Scientist G, Dr. Anil kumar, Scientist C and 

Mrs. Deepa, technical assistant, Sree Chitra Tirunal Institute for Medical Sciences and 

Technology, Thiruvananthapuram, India for extending their facilities to perform cytotoxicity and 

particle uptake study in their lab. I thank Dr. Anbu, HOD, Department of Pharmacology, Vels 

University, Chennai, and Tamilnadu for extending their animal house facility to perform, in-vivo 

anti-tumor efficacy study. 

 

I must convey special thanks to my best friend Mr. Sathiyamoorthi (Thambi) who gave mental 

support and stood with me in all my tough time to complete this huge task. He deserves special 

acknowledgement. I thank Mr. V. Siva Kumar who is my brother figure and friend for his 

continuous support and critical comment about my decision during my Ph.D. tenure. My special 

thanks go to Dr. P. Senthilkumar, Head of Department, Medicinal Chemistry, KMCH college of 

Pharmacy, Coimbatore, Tamilnadu, for his continuous support and his concern about my research 

work and my research future. I thank Maestro Ilaiyaraaja for being with me in the form of music 

through out my Ph.D.    

 

I thank my friends, Dr. V. Madappa, Mr. Harriharasudhan, Mr. E. Sathish, Mr. Shabudhian and 

Miss Sumalatha Kamath who played their friends role properly during my Ph.D. I heart full say 

thanks to my friends Dr. Pradeepkumar and Dr. Deepak for their unconditional love, affection, 

support, advice and for teaching me to live life happily in any situation. I am very much grateful to 

all my friends especially, Dr. Kalidasan, Dr. Ashwin, Dr. Anand, Dr. Soumen Saha, Dr. Sowmya 

Anand and Dr. Sunil Reddy. I thank my other friends, Mr. Subudhi, Mr. Chandrasekar, Mr. 

Boopathi and Mr. Bhupender for the valuable time they had spent with me and making my stay in 

Pilani a memorable one. I thank Dr. Girish Bende and Ganesh Moorthi for their insightful 

comments and hard questions in my initial state of research work which made me better. I 

specially thank Mr. Sathish Sangappa Reddi and Miss. Garima for their timely help during my 

thesis writing. I thank Mr. Senthilkumar Nagappan, Mr. Emil, Mrs. Vibhu, Mr. Ashok Penta, Mr. 

Gagandeep Singh, Mr. Argaya, Mr. Ankur, Mr. Vadiraj, Mr. Muthu, and all other research 

scholars of Department of Pharmacy and biology for giving friendly atmosphere during this Ph.D. 

tenure. I thank my lab seniors Dr. Punna Rao Ravi, Dr. Sajeev Chandran, Dr. Venugopal and Dr. 

Movva Snehalatha for their indirect support. I thank my B. Pharma and M.Pharma batchmates Dr. 

Jayaprakashv(JP), Dr. Muralidharan, Dr. Satheesh Kumar, Dr. Nirmal, Dr. Vijayaganapathi, Mr. 

Govindarajan, Mr. Saravanan and Mr. Illayaraja for inspiring and cheering me to do Ph.D. I thank 



 5 

my M. Pharma senior Dr. Kumaran and Dr. Prakash Muthudoss for their support and 

encouragement. I thank Mr. Lokesh my colleague in Micro Labs for his support and 

encouragement during my Ph.D. 

I thank all research scholars and M. Pharmacy students of BITS, Pilani who passed out during my 

stay in Pilani for their support and encouragement. I must thank Mr. Selladurai Srinath for his 

constrictive help in this research work and motivating me directly or indirectly. 

 

In my education carrier I always get very good gurus. I take this opportunity to thank god for being 

so kind to me to give such teachers, Mr. Kadhiroli my 10
th

 standard teacher, Dr. Nazeer Ahmad 

my well wisher who is behind my passion to do Ph.D. Dr. Vijayaragavan my M. Pharma project 

guide who taught me what is research and who is research supervisor and on top of all this my 

Ph.D. supervisor Prof. R.N. Saha. What ever I am now, I owe that to all my gurus who shaped me 

during my stay in earth. 

 

I deeply acknowledge, Council of Scientific and Industrial Research (CSIR: India) for providing 

Senior Research Fellowship (SRF), and thanks are given to the Department of Science and 

Technology (DST) for providing the full travel grant and registration under Young Scientist 

International Travel Support Scheme (ITS) to present part of my Ph.D. work in 2009 AAPS 

Annual Meeting and Exposition, LA, USA. My special thanks to Getwell Pharmaceuticals, 

Gurgaon, India for the generous gift samples of Paclitaxel. 

 

I take this opportunity to say my very special thanks to Mrs. Dipa Saha for her continuous support 

and encouragement through out my Ph.D. tenure. I thank Mr. Soumik and Mr. Shaunak for their 

support and encouragement. Finally my acknowledgement will not end without thanking the 

supreme power for blessing me with fantastic father, Mr. Lakshamana Reddy Sekar, simple 

mother, Mrs. Saroja Sekar, lovable sister Mrs. Vasumathi Manjunath, responsible brother-in law 

(mama), Mr. Manjunath Rao and my lovely machi (nephew) Mr. Shaswath Arrya Manjunath. This 

huge task was made possible by my family with their unconditional love, continuous support and 

scarification. 

 

Last but not the least my gratefulness to the Pioneers of Pharmacy, who are taking the profession 

to the peak, I hope this study would be a step of that pathway. 

 

Sekar VasanthaKumar 



 6 

Abstract 

 

Novel delivery systems with selective distribution are need of the time for enhanced therapeutic 

efficacy with no or lesser side effects and with better patient compliances. The objective of the 

present research work was formulation and characterization of Paclitaxel loaded polymeric 

nanoparticulate drug delivery system to improve the therapeutic efficacy and selective distribution 

of Paclitaxel. Paclitaxel loaded nanoparticles were prepared using biodegradable and 

biocompatible poly caprolactone, poly (lactic-co-glycolic acid) and poly lactic acid polymers. As 

simple, sensitive and accurate analytical methods are essential for design of delivery systems. UV-

spectrophotometric, liquid chromatographic analytical and bioanalytical methods for Paclitaxel 

was developed and validated in required matrix. The developed methods were simple, selective, 

sensitive, accurate and precise in the estimation of Paclitaxel. The analytical method was applied 

in the estimating of Paclitaxel in nanoparticles and in the in-vitro dissolution sample and the 

bioanalytical method was used to estimation Paclitaxel in plasma, liver, kidney and spleen samples 

in pharmacokinetic and biodistribution studies. 

Before formulation, preformulation studies were performed to establish necessary physicochemical 

properties of Paclitaxel to develop efficient formulation. The bulk characterization, partition 

coefficient, solubility, stability and compatibility of Paclitaxel with excipients were studied. 

Paclitaxel is white crystalline powder and its solubility was less than 1 µg/mL. Paclitaxel was 

stable in pH 1.2 to 7.4, but it undergoes rapid degradation in pH 11.00 with high degradation rate 

constant. Paclitaxel was compatible with all the polymers and stabilizers used in the formulation of 

nanoparticles.  

Paclitaxel loaded poly caprolactone, poly (lactic-co-glycolic acid) and poly lactic acid 

nanoparticles were prepared using nanoprecipitation and solvent evaporation method. The 

prepared nanoparticles were characterized for the size, size distribution, polydispersity index, zeta 

potential, encapsulation efficiency, drug content and in-vitro dissolution using appropriate 

methods. In addition the surface morphology of the prepared NPs was examined using microscopy 

techniques like, scanning electron microscopy, transmission electron microscopy and atomic force 

microscopy. The characterization result confirms that the prepared nanoparticles were stable, 

spherical in shape with uniform size. The drug content and encapsulation efficiency result 

illustrated that the prepared nanoparticles can entrap high amount of Paclitaxel in the polymer 

matrix. The prepared nanoparticles showed control release of drug from 42 hr to beyond 48 hr. The 
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critical formulation and process variables in the preparation of nanoparticles were optimized. This 

study result showed that, polymer amount and stabilizer concentration play important role in 

determining the size, drug content and drug release of nanoparticles. The stability study result 

showed that the prepared nanoparticles were stable.  

The cytotoxicity study in MCF-7 cells clearly demonstrated Paclitaxel loaded nanoparticles were 

more cytotoxic than the commercial formulation. During cytotoxicity study, the morphological 

examination of cells incubated with Paclitaxel loaded nanoparticles showed alterations in cells 

shape which demonstrated the cytotoxic effect of drug loaded nanoparticles. The particle cellular 

uptake study in MCF-7 cells illustrates that all the prepared fluorescence poly caprolactone, poly 

(lactic-co-glycolic acid) and poly lactic acid nanoparticles were taken up efficiently by cancer 

cells. The pharmacokinetic and biodistribution behavior of the optimized formulations were 

studied in rats. The pharmacokinetic study result illustrates that the prepared Paclitaxel loaded 

nanoparticles can produce 4.5 to 4.2 fold increase in the area under the drug concentration curve in 

plasma when compared with Paclitaxel solution. The increase in mean residence time and 

elimination half life of Paclitaxel loaded nanoparticles indicated the increase in the drug residence 

time in systemic circulation. When compared to Paclitaxel sol, the mean residence time increased 

2.8 to 3.2 fold in poly caprolactone, poly (lactic-co-glycolic acid) and poly lactic acid 

nanoparticles. 

The clearance of Paclitaxel loaded NPs were decreased 4.5 fold when compared to the Paclitaxel 

sol, which implies longer retention of NPs in blood circulation. The biodistribution of Paclitaxel 

loaded NPs illustrate that there was increase in availability of Paclitaxel in rat liver over kidney 

and spleen tissue. The selected Paclitaxel loaded NPs were studied for their therapeutic efficacy in 

hepatocellular carcinoma model in rats. The survival curve analysis result illustrates that the 

treatment with nanoparticles significantly increased the survival of the rats. This study result 

demonstrated that the prepared poly caprolactone, poly (lactic-co-glycolic acid) and poly lactic 

acid nanoparticles are effective in selective delivery of Paclitaxel to liver and can produce better 

efficacy. On the whole, the prepared poly caprolactone, poly (lactic-co-glycolic acid) and poly 

lactic acid nanoparticles for Paclitaxel have great potential as targeted delivery systems for cancer 

treatment. Distribution profile may also vary depending on nature of polymer and their amount or 

proportion. The delivery of Paclitaxel using nanoparticles would be advantageous over the 

currently available commercial formulations.  
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QC    Quality control 

R
2    

Regression coefficient 

RD    Relative dispersion of dissolution time 

RH    Relative humidity 

rpm    Revolutions per minute 

SD    Standard deviation 

SEM    Scanning electron microscopy 

SPE    Solid phase extraction 

T    Tailing factor 

t1/2    Half life 

TAX    Paclitaxel 

T25    Time taken to release 25 % of drug from NPs 

T50    Time taken to release 50 % of drug from NPs 

T90    Time taken to release 90 % of drug from NPs 

TEM    Transmission electron microscopy 

TST    Thermal stress treatment 

UP    Upslope purity 

USP    United States Pharmacopoeia 

UV    Ultraviolet 

Vd    Apparent volume of distribution 

VDT    Variance of dissolution time 

Vss    Apparent volume of distribution at steady-state 

XRD    X-ray powder diffraction patterns 

ZP   Zeta potential 

% RSD   Percent relative standard deviation / coefficient of variation 

3D    Three dimensions 

σ    Standard deviation of y-intercept of regression equation 
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Development in nanotechnology and nanoscience has opened up various opportunities and created 

potential applications in medical sciences. Interest and investment in research have been increased 

extensively from private and government sector for various applications in life sciences areas apart 

from electronics, mechanical, material sciences, physics etc. Apart from its use in other areas, 

nanoscience and nanotechnology have invaded pharmacy and opened up new opportunities in 

synthesis and drug delivery for improved therapy. Though, nanotechnology has plenty of promise, 

it also brings new challenges in safety and ethical considerations (1, 2). Formulation pharmacists 

are continuously working on novel drug delivery systems (NDDS) as conventional dosage forms 

have various shortcomings. New generation drugs, though lesser in numbers, have entered the 

market, most of them found to have drawbacks, such as poor water solubility, low gastro-intestinal 

permeability, high first pass metabolism, poor stability, non-selective distribution and many more 

(3, 4). Thus, in recent years, novel particulate drug delivery systems (PDDS), either polymer or 

lipid based, have been evaluated to overcome one or more of these drawbacks of conventional 

dosage forms. In recent times, nanoparticulate drug delivery systems (NPDDS) have been found to 

show promising results in overcoming several of these problems with the potential to improve 

therapeutic outcomes, though microparticulate systems have been studied and used extensively. 

Biological membranes are a major obstacle for conventional drug delivery systems, especially in 

cancer chemotherapy. However, NPDDS have shown better membrane permeability leading to 

improved therapy, in the treatment of several diseases including cancer therapy (5, 6, 7). 

Nanoparticulate systems of some drugs have been reported to provide improved dissolution rate, 

oral absorption, bioavailability and stability, but they can also be used to target drugs, including 

peptide based drugs, to specific sites or organs and for extended release (8, 9). The ultimate goal of 

NPDDS is to provide clinically useful formulations for better therapy and patient quality of life. 

Chemotherapy is one area where NPDDS has shown great promise, as conventional dosage forms 

produce severe toxic effects due to non-selective distribution of cytotoxic drugs. The available 

literatures show that the NPDDS are not only useful in chemotherapy, but can be employed to 

deliver other class of drugs to their site of action through different routes of administration (1). 

Nanoparticles (NPs) can also provide a better and alternative for ophthalmic administration, 

because they can be retained at the application site and prolong drug release to the eye (1, 2). The 

NPs based tuberculosis treatment reduces the dosing frequency and increases the patient 

compliance. It is also possible to deliver central nervous system active drugs selectively to brain by 

NPDDS (3, 5, 10). 
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1.2 Challenges in cancer therapy 

Cancer is a critical disease spread worldwide causing death of 12.5 % of the population annually 

and more than 11 million peoples are diagnosed with cancer every year. It has been estimated that 

by 2020, there will be 16 million new cancer cases every year all over the world (11). Although 

localized primary solid tumors can be removed successfully by surgical process, the prevention of 

spreading tumors and tumor metastases require extensive chemotherapy. Anti-cancer drugs are 

mostly associated with side effects, in particular nephrotoxicity, neurotoxicity, ototoxicity etc. due 

to non-selective distribution of drug to normal cells. Strident efforts have been made to reduce side 

effects by means of biological and pharmacological strategies.  

Cancer chemotherapy is a delicate balance between response and toxicity, while under-dosing 

undermines effective therapy and over-dosing results in excessive toxicity. As the cytotoxic action 

is not selective for malignant cells, but also affects normal cells, non- selective distribution of drug 

in the body will inevitably cause significant side/toxic effects. It is a great challenge to formulation 

pharmacists to balance the two by designing novel delivery systems for selective distribution. 

Inherently, cancer cells are more susceptible to chemotherapy treatment than the normal cells, but 

most of the anti-cancer drugs are non-selective which results in serious side effects, some of them 

are life threatening. In general, more than 90 % of the administered anti-cancer drugs distribute to 

unwanted place (i.e. normal cells), hence there is a requirement for spatial and temporal drug 

delivery. 

NPDDS promises to overcome the drawbacks of chemotherapeutic treatment by modifying the 

biodistribution and pharmacokinetics of the drug. Particulate and colloidal systems like NPs and 

liposomes have been studied as a physical approach to alter and improve the biodistribution, 

pharmacokinetic and pharmacodynamic properties of various types of drug molecules. They have 

been used to protect the drug entity in the systemic circulation, to restrict access of the drug to 

chosen sites and to provide drug release at a controlled or sustained rate to the site of action. 

NPDDS can be selective and effective in localization of pharmacologically active ingredient at 

pre-selected targets maintaining a therapeutic concentration for extended period of time, restricting 

its access to non-target areas, thus maximizing the effectiveness of the drug (12). Numerous 

investigations have shown that both the tissue and cell distribution profile of anti-cancer drugs can 

be controlled or modified by their entrapment in NPs (13).   

1.3 NPDDS in chemotherapy 
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In general, NPs are polymeric or lipidic sub micron-sized colloidal pharmaceuticals, in which, 

drugs may be embedded in a polymeric/lipidic nanomatrix, or dissolved, encapsulated, entrapped 

in the polymeric/lipidic matrix or adsorbed on their surface. Specifically for anti-cancer drugs, NPs 

modify the biodistribution and pharmacokinetic character of drugs and hence reduce the systemic 

side effects accrued due to non-specific delivery of anti-cancer drugs to normal cells. Tumor-

selective targeted drug delivery systems have become one of the most important advances of the 

21
st 

century leading to improvements in the cure rate of advanced stage cancers (1, 14). The 

NPDDS can increase the half life (t1/2) of drugs up to 10 times in tissue and blood, leading to less 

frequent administrations of dose with increased patient compliance and quality of life (15). The t1/2 

of L- asparaginase, when used for the treatment of lymphocytic leukemia, is between 8-30 hr and 

requires daily administration for 4 weeks. By contrast, treatment with Poly ethylene glycol (PEG)-

L-asparaginase conjugate (Oncaspar
®
, t1/2 approx 14 days) requires only one infusion every 2 

weeks (16, 17). Different NPs, like lipid NPs, micelles, nanospheres, nanocapsules, niosomes, 

nanoemulsion, and nanosuspension have been formulated and their applications have also been 

evaluated (13, 18, 19). 

The cancer chemotherapy began in the early 1940s and efforts are continuing to provide better 

drugs and better therapy. Several new drugs are at different phases of clinical trials. Presently, 

efforts are being made to enhance the therapeutic effectiveness by modified delivery systems or 

formulations. NPDDS has received tremendous attention from researchers for its potential to target 

cancer cells. NPDDS can overcome the drawbacks of the conventional cancer chemotherapy by 

providing a continuous controlled supply of drug selectively to the cancer cells and without the 

development of drug resistance. Treatment with NPDDS allows the oncologist to administer the 

cytotoxic drugs in lower doses because of its selective delivery, with the opportunity to further 

enhance the dose if required (20). 

NPDDS can be designed and developed selectively depending on the intended route of 

administration as nanoemulsion or nanosuspension. The oncologists may prefer the simple drug 

NPs to target organs like liver, lungs, kidney and spleen, because they have the inherent ability to 

target reticulocyte endothelial system organs (21). In some cases, ligand molecules may be coated 

on the surface of NPs for the active docking to particular macrophage receptors in cancer cells, 

triggering phagocytosis. If the target tissue is not a part of the reticulocyte endothelial system, then 

the initial opsonization process has to be inhibited. This can be done by coating the NPs with 

substances like PEG or polysorbates-80, which prevent capture by opsonin proteins. This results in 

an increase in the circulation time of the particles in the blood stream and gives time to the NPs to 
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identify the target area and increase the therapeutic efficacy and decrease systemic toxicity (21). It 

has been found that Poly (lactic-co-glycolic acid) (PLGA) NPs coated with biodegradable Poly 

lactic acid (PLA)-PEG copolymer, are less susceptible to hepatic uptake than uncoated PLGA NPs 

(22). The di-block and tri-block copolymer (e.g. PEG-PLGA, methoxy-PEG-PLA, PLA-PEG-PLA 

NPs) NPs evade the reticulocyte endothelial system and have extended circulation times. There is 

a significant decrease in drug distribution to liver and spleen for the same copolymer NPs. Thus, 

NPDDS avoiding the reticulocyte endothelial system result in increased circulation half-life and 

enhanced therapeutic efficacy of anti-cancer drugs (23, 24). Maeda et al., reported styrene-maleic 

acid copolymer-conjugated neocarzinostatin as a tumor-targeted drug delivery system, producing 

an enhanced permeability and retention (EPR) effect on solid tumors (15, 25). The EPR-effect 

appears to be a universal phenomenon in solid tumors which warrants the development of 

NPDDS/nanomedicines. The NPDDS, which target tumors, are a novel strategy for improving 

drug performance by exploiting the patho-physiological uniqueness of tumors (26, 27). 

The desired pharmacological action of anti-cancer drugs is achieved not only by targeting the cell 

surface, but further by working it to reach specific cell organelles (endosomes, lysosomes, 

mitochondria, endoplasmic reticulum and nucleus). Hence, the NPDDS provide an improved 

option for chemotherapy. The NPDDS can provide better cancer treatment through dual action of 

providing site specific drug delivery at cancer cells with control release, overcoming the major 

impediment of multidrug resistances.  

1.4 Different types of NPs in drug delivery 

NPDDS can be classified into solid lipid nanoparticles, nanospheres, nanocapsules, liposomes, 

polymersomes and micelles, based on the methods of preparation. If solid nanoparticles are 

prepared by incorporating drug in lipid, they are called solid lipid nanoparticles (SLN), whereas 

nanospheres are matrix systems in which the drug is embedded throughout the solid polymers. 

Nanocapsules are vesicular systems in which the drug alone or drug, confined to an aqueous or 

oily drops, is surrounded by a single polymeric membrane. Nanocapsules are usually used to 

encapsulate lipophilic drugs. If the polymeric membrane is of multiple layers then it is called a 

polymersome. Polymeric NPs (PNPs) are typically prepared from biodegradable polymers to avoid 

accumulation of the polymer matrix following repeat dosing (28, 29).  

1.5 Polymers used in NPs preparation 

The polymers used to prepare NPs should be biodegradable and have maximum elimination from 

body in short period of time or before the next dose, allowing for repeat administration of 
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formulation. It should be non toxic for long-term use and non immunogenic. If it is undergoing any 

degradation then the degradants should also have the above said properties (15, 16, 25-27). NPs 

can be prepared from different source of materials like proteins, polysaccharides, synthetic 

polymers which includes homopolymers [pre-polymerized and polymerized in process (monomers 

polymerization)] and copolymers (amphiphilic block copolymers). Different polymers used for 

NPs preparation are, the natural polymers like, proteins (gelatin, albumin, lectins, legumin, vicilin 

and casein) and polysaccharides (alginate, dextran, chitosan, agarose and pullulan), the synthetic 

homopolymers-polymerized in process [poly (alkyl cyanoacrylate) e.g. alkyl –methyl, ethyl, 

isobutyl, butyl, hexyl, isohexyl, poly (alkyl methacrylate) e.g. alkyl- methyl, poly (styrene) and 

poly (vinylpyridine)], the synthetic homopolymers-pre-polymerized [poly (ε-caprolactone) (PCL), 

poly (lactic acid), poly (lactic-co-glycolic acid), poly (methacrylate), poly (β-hydroxybutyrate), 

ethyl cellulose and cellulose acetate phthalate], amphiphilic block copolymers 

[methoxypolyethylene glycol-b-poly (lactic acid), methoxypolyethylene glycol-b-poly 

(caprolactone), methoxypolyethylene glycol-b-poly ((lactic-co-glycolic acid), polyethylene oxide-

poly (propylene oxide)- poly ethylene oxide (PEO), polyethylene glycol-poly (β-benzyl-L-

aspartate), poly (acrylic acid)-b-polystyrene] and stabilizers in NPs (17-22). 

1.6 Method of preparation of NPs 

PNPs are efficient alternate delivery systems to overcome the problems associated with cancer 

chemotheraphy. It has been reported by many scientist that the tumor accumulation of the drug 

encapsulated in PNPs was increased by several fold when compared to pure drug (5-9). In general, 

NPs are prepared by processes such as, solvent evaporation, solvent diffusion/displacement, 

reverse salting-out and droplet gelation, emulsification and polymerization, dispersion 

polymerization, interfacial condensation polymerization and interfacial complexation. The solid 

lipid nanoparticle is prepared by emulsification and solvent evaporation techniques. The simplest 

method of NPs preparation is nanoprecipitation.  

1.6.1 Emulsification and solvent evaporation process 

In general, PLA, PLGA and Poly caprolactone (PCL) NPs can be prepared by using this method 

with particle size larger than 250 nm. This method is used for preparing lipophilic drug loaded NPs 

extensively. Drug and polymer are dissolved or dispersed in the water-immiscible solvent like 

methylene chloride, chloroform, ethyl acetate. This solution or dispersion is added drop wise or 

injected at optimized rate to aqueous phase containing stabilizer. During the addition of organic 

phase to aqueous phase, the aqueous phase is stirred/homogenized which helps in reducing the 
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particle size, and then the solvent is evaporated by different techniques which hardens the NPs and 

which is a very critical step in NPs preparation. The formed nanoparticle suspension is lyophilized 

to harvest the particles. Snehalatha et al., prepared etoposide loaded PCL NPs by emulsification 

solvent evaporation technique using Pluronic F 68 as stabilizer, the diameter of the particles were 

257 ± 3.96 nm and the encapsulation efficiency (EE) was 80.15 ± 1.01 % (13).  

1.6.2 Emulsification solvent diffusion/displacement process  

As the name implies diffusion of organic solvent in to the aqueous phase is the key step in 

emulsion solvent displacement method. The organic solvent should be partially soluble in water. 

Formulation scientist has wide range of solvents to select for this method, like benzyl alcohol, 2-

butanone, methyl acetate, propylene carbonate, ethyl acetate, isopropyl acetate, methyl acetate, 

methyl ethyl ketone and isovaleric acid. This method is used to prepare NPs of size around 150 nm 

for poorly water soluble drug using PLA, PLGA, PCL and Eudragit
®
 as polymers. Initially 

thermodynamic equilibrium of both phases has to be carried out for the successful preparation of 

NPs by emulsion diffusion technique. The polymer solvent (organic phase) has to be saturated with 

the aqueous phase and the aqueous phase has to be saturated with the organic phase. Once the 

crude emulsion is formed, hardening of NPs has to be carried out by a method, which results in 

diffusion of additional organic solvent from the organic phase contained in the dispersed droplets 

and it lead to precipitation of polymer as NPs (30). 

1.6.3 Emulsification-reverse salting-out method 

In this method, water miscible acetone is emulsified with aqueous phase by dissolving high 

concentration of salts or sucrose. Magnesium chloride, calcium chloride and magnesium acetate are 

used because of there high salting out effect in aqueous phase. When acetone is added to aqueous 

phase, because of the presence of large quantity of electrolyte which hold water molecules for their 

own solubilization, the miscibility property of water to acetone changes which results in emulsion 

droplet formation. The precipitation of polymer from the emulsion is induced by adding large 

quantity of water, which results in sudden drop of the concentration of salt or sucrose in the 

continuous phase of the emulsion and hence inducing the organic solvent migrates out of the 

emulsion droplets, this process is called reverse salting out (30). 

1.6.4 NPs by polymerization 

NPs prepared by in situ polymerization uses monomer alkycyanoacrylate to produce poly 

(alkycyanoacrylate) NPs. This polymer can encapsulate both lipophilic and hydrophilic drugs and 

used to prepare nanospheres and nanocapsules containing aqueous or oily core. Authors prepared 
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imatinib mesylate (IM) loaded poly (ethylcynoacrylate) (PECA) NPs by in situ polymerization 

technique. (30). 

1.6.5 Nanoprecipitation  

As the name implies, it is precipitation of the polymer along with drug in NPs size. It is the simple, 

fast, reproducible, less time consuming and economical method among all the methods of 

preparation of NPs. This method is also called as solvent displacement method and it is the most 

extensively explored method for NPs preparation. The basic requirement for this method is 

polymer, stabilizer, polymer solvent (acetone, ethanol, dimethylformamide (DMF), 

Dimethylsulfoxide (DMSO)) which is miscible with aqueous phase and the aqueous phase has to 

be non solvent to polymer. Some times the aqueous phase water is replaced with ethanol, methanol 

and propanol. During the preparation, the aqueous phase has to be stirred, followed by addition of 

polymer solution acetone (drop wise/injected/poured) in to the aqueous phase. To increase the 

precipitation process some time with acetone, water or ethanol will be added. Once the organic 

solvent is added to aqueous phase, NPs form instantaneously because of the rapid diffusion of 

acetone in to the aqueous phase. Because of the instantaneous process, nanoprecipitation method 

provides very fine 200 nm particle sizes with narrow distribution through the colloidal suspension 

(31). The nanoprecipitation method was extensively used to encapsulate lipophilic drugs and the 

encapsulation of hydrophilic drug is also possible with this method but the drug content (DC) 

found to be very less (less than 10 %).  

In a recent work (32) nanoprecipitation method results were compared with emulsion-based 

technique of NPs preparation and they found that nanoprecipitation method is a good alternative to 

the classical and widely used double emulsion method for encapsulating lipophilic molecules. They 

used DMSO as organic solvent instead of the routine acetone and they used ethanol as the non 

solvent for polymer PLA and PLGA. The 9-nitrocamptothecin loaded PLGA NPs were prepared 

for targeted drug delivery by nanoprecipitation method. The results of optimized formulation 

showed a narrow size distribution with average diameter of 207 ± 26 nm and DC of more than 30 

%. The in-vitro drug release profile showed a sustained release of 9-nitrocamptothecin up to 160 

hr. All the above results showed that NPs prepared by nanoprecipitation are having the spatial 

(localizing and selectivity) and temporal (release control) controlled drug delivery (33). 

1.7 Critical steps in NPs preparation 

1.7.1 Concentrating, Hardening and Drying 
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The main task in NPs preparation is the size of particles (because of opsonization and targeting) 

and it‟s DC. If DC is low then larger quantity of carrier polymers and other excipients will also 

reach the system and can cause hypersensitivity reactions. Thus the volume of suspension that has 

to be administered in order to reach the therapeutic concentration of the drug becomes too high. 

The nanoparticle has to be concentrated to reduce the volume of formulation to be administered to 

the patients and to reduce the systemic exposure of other excipients in the formulation. The 

concentration process plays main role in particle size and its aggregation in the final formulations. 

There are several methods to concentrate the prepared NPs such as centrifugation, lyophilization, 

evaporation and dialysis (30). 

1.7.2 Evaporation 

Concentration by evaporation is usually performed by roto- evaporator. Based on the solvent and 

polymer used for the NPs preparation the temperature and vacuum are fixed in the instrument and 

operated to get the desired volume of nanosuspension. In this method large quantities of volatile 

organic solvent and a part of water are removed. During this process the polymer layer of the 

formed particles will be solidified in the aqueous system where the polymer is insoluble. 

1.7.3 Lyophilization  

This method is used to concentrate and to increase the stability of the prepared nanoparticulate 

formulations. In general, during this process the nanosuspension is transformed into a dry product, 

to avoid microbiological contamination, premature polymer degradation, physiochemical 

instability and loss of drug activity. To avoid stress during the lyophilization process special 

excipients are added to the nanosuspension before freezing. These excipients can have both action 

of cryoprotectant (freezing stress) and lyoprotectant (drying stress). Some of the very frequently 

used cryo or lyoprotectant are glucose, sucrose, lactose, mannitol, sorbitol, aerosol, poly (vinyl 

pyrrolidone), glycerol, Poly vinyl alcohol (PVA) and dextran. 

1.7.4 Centrifugation  

In this method, concentration of NPs suspension is done by normal centrifugation and 

ultracentrifugation. Normal centrifugation at low gravity force can remove aggregates and large 

particles from the polymeric nanoparticle suspension. But this method will not warranty to remove 

all particles above the nanometer size in the formulation. Ultracentrifugations (high speed 

centrifugation) can sediment particles with slight higher density than water. Ultracentrifugations 

are performed at 100,000-110,000 x g for 30 to 45 min to get NPs pellet. This pellet can be 

reconstituted to the desired volume of dispersion medium. 

1.7.5 Dialysis 
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Nanosuspension concentration by dialysis can be performed by using different cellulose membrane 

with various molecular weight cut off. In simple dialysis method, the concentration of the 

suspension is performed against a polymer solution. This causes an osmotic stress, which produces 

a displacement of water from the nanosuspension towards the counter-dialysis solution. Vauthier 

et al., compared simple dialysis method with the evaporation, lyophilization and 

ultracentrifugation for concentrating the NPs formulation. The dialysis method results showed that 

the amount of water removed can be controlled and it gives reproducible results (34, 35).   

1.8 NPs characterization and its important 

Even though the Federal Drug Administration (FDA) has not released any specific guidelines for 

NPDDS, the following characterizations are usual for nanomedicine formulations; particle size and 

its distribution, surface morphology (surface charge/zeta potential) and surface properties (poly-

dispersity index, PDI), DC/drug entrapment efficiency and in-vitro drug release evaluation. The 

size, distribution, mean size and PDI of the NPs are identified using laser light scattering or photon 

correlation spectroscopy. Particles morphology is examined by microscopy techniques, such as, 

scanning electron microscopy (SEM), transmission electron microscopy (TEM) and atomic force 

microscopy (AFM). Photon correlation spectroscopy, X-ray photon correlation spectroscopy, 

Fourier transform infrared spectroscopy, nuclear magnetic resonance spectroscopy and 

electrophoretic mobility can be used to examine surface properties of NPs, such as, zeta potential 

(ZP) and surface hydrophobicity. The drug release from NPs is mainly governed by diffusion and 

biodegradation processes. The methods normally used to study the in-vitro release of NPs include 

the use of side-by-side diffusion cells with an artificial or biological membrane, the dialysis bag 

diffusion technique, the  reverse dialysis sac technique, ultra-centrifugation, ultra-filtration and /or 

centrifugal ultra –filtration (30). 

1.8.1 Particle Size 

Particle size plays a major role in determining the in-vivo fates of NPs. Researchers have 

demonstrated that opsonization and subsequent recognition and phagocytosis by macrophages of 

mononuclear phagocytic system are strongly correlated with NPs size (21, 36). Opsonin cannot 

bind to the smaller particles which have a high radius of curvature and hence, the circulation time 

of smaller NPs is very high and its clearance rate is low. Gaur et al. observed that the hydrophilic 

poly (vinyl pyrrolidone) NPs of 35 nm diameter show less than 1 % uptake by the spleen and liver, 

and even after 8 hr of injection 5 -10 % of NPs remain circulating in the blood stream (37). So, 

particles with smaller diameters can circulate for longer and have improved ability to target their 
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site of action. If NPs are administered through the intravenous (i.v) route, smaller particles, less 

than 20-30 nm, are eliminated by renal excretion and larger particles, greater than 200 nm, will be 

removed by opsoninization leading to localization in the liver, kidney, lung, spleen and to a lesser 

extent in bone marrow. Hence the ideal size for targeted drug delivery is between 70 and 200 nm 

(38, 39). 

1.8.2 Surface properties 

Surface properties of NPDDS are critical in determining their drug delivery potential as these 

properties govern the overall in-vivo performance of the drug delivery system. These properties 

also modulate the in-vitro performance such as stability, drug entrapment efficiency and drug 

release kinetics. The specific surface area, surface charge and surface hydrophobicity are very 

important as these govern the physiochemical and electrostatic interactions with biological 

membranes and the overall biodistribution of drug loaded NPs (40, 41). 

1.8.3 Entrapment efficiency (EE) and drug content (DC) 

Ideally nanomedicines should have high EE and DC to reduce the volume of nanosuspension 

required to be administered. Numerous different terms have been used to represent the drug 

content and the efficiency of the preparation method. These include EE, NPs recovery, DC, 

process efficiency, loading capacity, association efficiency and drug incorporation efficiency. The 

entrapment of drug into the NPs can be determined directly or indirectly. In the indirect method 

the prepared NPs are recovered or separated by ultracentrifugation (100,000 g, 25 min) and the 

supernatant is analyzed for the free drug content. In the direct method the incorporated drug in NPs 

is determined by dissolving the NPs in a suitable solvent, followed by analysis of drug content 

(13). The EE can be calculated by 

 

 

 

To determine the amount of drug in the sediment, specified volume of the prepared nanoparticle 
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sediment NPs was taken and processed to determine the drug content in NPs. It can also be 
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The DC in NPs can be determined by taking required amount NPs and dissolving with suitable 

solvent, filtered and the drug content was determined by 

 

  

 

1.9 Fate of NPDDS in biosystem 

NPs identified by the immune system undergo rapid phagocytosis by the macrophages of the 

mononuclear phagocyte system (MPS). MPS is one of the most important biological barriers to 

targeted drug delivery systems, because the delivery system is removed from the body before 

reaching the target and performing their expected therapeutic action (21). It has been observed that 

smaller size NPs (‹ 200 nm) and hydrophilic surface, obtained by adsorption of surfactant/ 

hydrophilic molecules (PEG) or by using block / branched copolymer, which are amphiphilic 

block copolymers nature, can reduce the opsonization reaction and subsequent clearance by 

macrophages (21). This led to development of Stealth
 TM

 NPs, which are characterized by a 

prolonged half-life in the blood compartment (17). The amphiphilic block copolymer is of interest 

to researchers to formulate NPs because of its hydrophilic surface nature. It has also been observed 

that this nanoparticle modulates the activity of the efflux pump, P-glycoprotein (P-gp) (19). 

Polymers which are normally used to shield the NPs are polysaccharides, polyacrylamide, poly 

(vinyl alcohol) (PVA), poly (N-vinyl-2-pyrrolidone), PEG and PEG-containing copolymers such 

as poloxamers, poloxamines, and polysorbates. A review of the literature indicates that PEG and 

PEG-containing copolymers are most effective and very commonly used polymer to prepare long-

lived circulating NPs (24).  

1.10 Applications of NPDDS in drug delivery 

A significant amount of work has been done in developing polymeric tumor-targeted NPDDS for 

anti-cancer drugs and promising results were reported with improved solubility and better 

therapeutic efficacy with selective distribution (30, 31, 39).  

1.10.1 Enhanced Plasma half-life 

In our lab it was observed that after i.v and oral administration of radio-labeled etoposide loaded 

PCL and PLGA NPs, the serum residence time of etoposide was increased. Also observed was a 

low distribution of etoposide to the heart, NPs are likely to produce no or low cardiac toxicity (13). 

After i.v. and oral administration of free etoposide and drug loaded NPs, NPs produced a higher 

area under the curve (AUC0-inf), mean residence time (MRT) and t1/2 when compared with free 
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etoposide. Further, it was observed that NPs with PLGA 85/15 has enhanced AUC0-inf, MRT and 

t1/2 when compared to PCL NPs suggesting that the polymer plays an important role in distribution 

profile (13, 39). 

1.10.2 Solubility enhancement 

The solubility study result of PCL NPs show that the solubility of griseofulvin after encapsulation 

decreased (12.71 ± 0.32 mg/mL) when compared to the micronized griseofulvin (30.56 ± 0.26 

mg/mL). This is due to the fact that drug molecules adsorbed and entrapped into NPs. The 

dissolution study reveals that the dissolution rate of griseofulvin was enhanced by recourse to 

encapsulation (100 % drug released in 15 min) compared to that of micronized griseofulvin (25 % 

release in 15 min) (32). Blouza et al., prepared spironolactone-loaded PCL nanocapsules using 

nanoprecipitation method to increase the solubility and dissolution rate of spironolactone. 

Spironolactone is low soluble (28 µg/mL at 25 ° C) and slow dissolution rate potassium sparing 

diuretic used in premature infants to reduce the lung congestion. The prepared NPs have high drug-

concentration in the liquid preparation (1.5mg/mL) allowing minimizing the preparation volume 

administered for children medication. The dissolution study at sink condition showed that the 100 

% drug was released in 20 min (42). 

1.10.3 Peptide drug delivery 

The PNPs is the promising way to improve the stability, solubility and the oral bioavailability of 

peptide and proteins. A new drug nanocarrier, chitosan-PEG nanocapsules were prepared for the 

oral administration of peptides by the solvent displacement technique. The in-vivo study result 

showed that the nanocarrier enhanced and prolonged the intestinal absorption of peptide. The 

permeability study in Caco-2 cells show that the intestinal absorption of the peptide was increased 

when it was delivered in NPs. Chitosan NPs containing a peptide (Z-DEVD-FMK) caspase 

inhibitor with particle diameter ranging from 313-412 nm were prepared and this prepared 

positively charged NPs have a loading capacity of 0.46 % and the highest extent of release (65 % 

at 24h) (43). 

1.10.4 Selective delivery to brain  

Wilson et al., prepared and studied polysorbate 80-coated poly (n-butylcyanoacrylate) NPs of anti-

Alzheimer‟s drug tacrine to target brain (44). The study reported that tacrine concentration in the 

brain increased by 4.07 fold when compared to the free drug tacrine. The pharmacokinetic and 

biodistribution study of i.v. administered etoposide loaded tripalmitin positively charged NPs 

showed that NPs produced a higher brain concentration (0.07% of injected dose/organ) when 

compared to negatively charge SLN and etoposide solution. The prepared nitrendipine loaded SLN 
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for brain targeting, has found to be taken up to a greater extent by brain and hence the 

concentration of nitrendipine was higher and maintained for 6 hr as compared to suspension (3 hr) 

(30). Xiong et al., prepared a nanosuspensions, average particle size of 300 and 650 nm, containing 

nimodipine (a calcium-channel blocker for the treatment of senile dementia and subarachnoid 

haemorrhage related vasospasm) to target the brain and the results were compared with nimodipine 

ethanol formulation and Tween 80 coated NPs. The i.v. biodistribution study demonstrated that the 

300 nm nanoparticle effectively increased brain drug concentration and reduced drug 

concentration in the liver, spleen and lungs, indicating that the 300 nm particles are not taken up 

by Kupffer cells as are the 650 nm NPs (18).        

1.10.5 Selective delivery to lungs  

NPs targeted to lungs are used to treat patients with pulmonary diseases including cystic fibrosis, 

lung cancer, asthma, and chronic pulmonary infections such as tuberculosis (30). The pulmonary 

delivery of drug through nanotechnology, to get deposited in respiratory tract depends on the 

particle size, density and surface properties of the NPs. Literature reported that particles with 

diameter ranging from 100-500 nm are suitable candidate for the pulmonary delivery to treat 

respiratory diseases. Recent report showed that after 24 hr of inhalation of NPs in rat model, the 

13
C-labelled NPs with a particle size of 26 nm translocated to the liver more than 50 %. Gelatin 

and polybutylcyanoacrylate spray-dried powder NPs shows excellent delivered to the lungs via 

carrier particles that dissolve after coming in contact with the aqueous environment of the lung 

epithelium (30). After 20 IU/kg pulmonary administration of insulin SLN, the insulin level was 

increased to 170µIU/mL and glucose level was reduced to 39.41 % after 4 hr. This shows that the 

SLN was distributed in the lung alveoli and a prolonged release of insulin was observed in both 

plasma insulin and glucose profile. Now a day‟s pulmonary delivery is used to deliver drug loaded 

nanoparticulate formulation to CNS. The NPs give way for the drug to reach the systemic 

circulation and to target CNS in low dose and less frequent administration (30). The pulmonary 

drug loaded NPs translocate to the extrapulmonary sites and to other target site by crossing 

epithelia of the respiratory tract into the interstitium. 

The biodistribution study of PECA NPs by oral route also revealed similar findings as observed in 

the i.v. biodistribution study, with an increased concentration in lungs (41.96 µg/g ) and increased 

MRT (27.33 hr) and elimination half life (27.33 hr). The pharmacokinetic and biodistribution 

studies confirmed that the biodistribution of the IM can be modulated efficiently by forming 

NPDDS of IM. Though PECA and PLGA NPs showed enhanced but different level of distribution 
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in brain, whereas distribution in the lungs did not vary, indicating different profile of distribution 

in brain and in lungs presumably due to the different polymers employed (30). Snehalatha et al 

showed that etoposide loaded PCL and PLGA NPs were found to reach the lungs at relatively 

higher levels than the free drug when administered to rats, suggesting that such formulations may 

be useful in the treatment of lung cancer (39). 

1.10.6 Selective delivery to liver and bone 

The pharmacokinetic and biodistribution studies were performed with radio-labeled free drug 

etoposide, empty NPs, drug loaded PLGA NPs and drug loaded PCL NPs. All the nanoparticle 

formulations showed higher distribution to liver and bone and longer circulating time than the drug 

alone. The study showed that, after 24 hr post injection PLGA (1.005 %) and PCL (0.332 %) NPs 

amount of etoposide in bone were found to be 15.02 and 4.96 times more than free etoposide 

(0.066 %) respectively (13).  

The biodistribution studies also showed that the radioactivity levels of the nanoparticle 

formulations in tissues/organs were significantly higher than those of etoposide alone except in the 

heart. Therefore using etoposide loaded PLGA and PCL NPs can reduce the accumulation of 

etoposide in the heart, which may lead to reduced cardiac toxicity. In tumor induced mice it was 

observed that tumor uptake of nanoparticulate etoposide was much higher than free drug. The free 

etoposide disappeared faster from the liver than the formulations indicating that the 

nanoparticulate etoposide may distribute more widely and stay for a longer time than drug alone. 

Relatively high radioactivity was found in bone for NPs than free etoposide. This is one more 

useful indicator that such preparations may be of value in treating bone related malignancies (13). 

1.10.7 NPs for topical application 

The stratum corneum is the main barrier for percutaneous absorption of topically applied drugs. 

Particulate drug delivery systems can be used for dermatological application to improve the 

therapeutic action and reduce systemic side effects. The horny layer of the skin functions as barrier 

to prevent the entry of hydrophilic compounds and allows the passage of lipophilic substance 

selectively. Complete stripping of the horny layer increases the uptake of acyclovir (logP – 1.76) 

absorption 440- folds, indicating that this barrier is clearly most effective against hydrophilic 

compounds. Highly lipophilic compound can penetrate via the hair follicle and through the 

follicular pathway (30). 

Miyazaki et al., prepared indomethacin loaded poly n-butylcyanoacrylate nanocapsules to promote 

its systemic action through topical application. The in-vitro permeation study in rat skin showed 
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that the poly n-butylcyanoacrylate based nanocapsules were able to permeate rat skin. The 

fluorescence photomicrography study in rat skin showed that the NPs can penetrate through the 

stratum corneum and reach the epidermis (30). They showed that the permeation of the drug 

through rat skin was mostly due to permeation of the intact nanocapsules. The study reported 

higher plasma drug concentration (2.24 µg/mL) in 6 hr in the case of poly n-butylcyanoacrylate 

nanocapsule formulation compared with gel formulation (0.88 µg/mL) which is in agreement with 

in-vitro results (45-48).  

The reason for the penetration of NPs through the stratum corneum and epidermis into the 

systemic circulation is attributed to the small size, lipophilic nature of the polymers, hydrophilic 

and hydrophobic surface characteristics of the material. Sometimes penetration enhancers (e.g. 

benzyl benzoate/oleic acid) are used in the nano-formulation to enhance the penetration of the 

drug. Drugs, loaded in lipid carriers, appear to enhance dermal absorption. The nano size carriers 

can make very close contact and adhere with corneocyte clusters and furrows between corneocyte 

islands, which provides larger surface to the drug molecules to penetrate the barrier (49, 50). 

1.11 Toxicity of NPs 

NPs can be administered by oral, pulmonary, nasal, i.v, intraperitoneal, intramuscular, intrathecal 

routes. Dermal and ocular applications are other interesting routes of administration of NPs. Once 

the NPs are administered to patients (humans) or rodents, based on the route of administration the 

NPs absorption starts. First interaction starts with the biological components (proteins, cells i.e. 

macrophages or tissue cells) for absorption. If the drug delivery is through passive targeting then 

distribution of the particles through out the body takes place where NPs interaction with all 

biological membrane or organs, based on the organs the clearance takes places from the whole 

body. Elimination of NPs from the body decides the accumulation behavior of the NPDDS in 

organs. Many research paper shows that the chemical composition and size of the particles 

influences the excretion of NPs (51). 

It is not necessary that all NPs have to be eliminated; some will be accumulated in the body or 

organs. If the exposure and accumulation of NPs is less, then toxicity may not be high, but high or 

chronic/repeated exposure of NPs results in more amount of NPs accumulate in organs, which is 

very toxic to the body. There is no abundant data for the accumulation of NPs in-vivo and its 

toxicity behavior to biosystem. Even some time the NPs can enter into cells and nucleus and they 

stay for long time, creating the immunological toxicity. Apart from the amount of NPs in the 

biosystem, the charge, structure, solubility, chemical and physical properties decides the cellular 
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response to NPs. Hence each system can produce its own dynamic and kinetic toxicity. In case of 

gastrointestinal (GI) absorption the positively charged particles are absorbed more efficiently than 

the neutral and negative charged particles (52, 53). In contrast, the ulcerated tissue has high 

concentration of positive charged proteins hence the negative charged NPs can be adhering to the 

tissue more efficiently than the other charged particles (30, 54).  

Once the passive targeted NPs (no hydrophilic coat) reach the blood, it is freely available to 

interact with membranes of the body, the unwanted interaction and distribution provides the 

adverse effect and severe toxicity to the individuals. In case of oral NPs they reach the blood after 

absorbed throughout the GI barrier, it gets distributed to kidney, liver (some NPs accumulates in 

the liver because of its first pass metabolism), spleen, lungs and brain. It has been reported that the 

i.v injected NPs is distributed to lungs, colon, bone marrow, liver, spleen and lymphatics where as 

the inhalation NPs is distributed to lungs, spleen, liver, heart and brain.  

There is no general and universal toxicity data for all case of NPs. So each NP systems have to be 

considered as individual dosage forms and the toxicity profile should be documented. The toxicity 

study protocol of the NPs should be very stringent, efficient and reproducible, if it is used for drug 

delivery, food industry and for diagnosis (55, 56). The current toxicity studies are conducted by in-

vitro cell lines, where the cell viability, some specific markers or protein secretion are observed for 

the cytotoxic action of the NPs. The in-vitro data is not a substitute for the whole body in-vivo 

study, the in-vitro data is a preliminary data and it gives general mechanism of toxicity. In case of 

in-vivo toxicity study, the change of organ morphology, serum biochemical parameters, 

hematological changes and histopathological examinations are performed for the dosed animal 

samples. Indirect method of identifying the toxicity of NPs can be performed by biodistribution 

study.  If the toxicity of the drug is know then the selective delivery of the drug can be monitored 

by biodistribution study. Etoposide has cardiac toxicity hence the distribution of the blank NPs and 

drug loaded NPs to heart can be monitored (39). The distribution of NPs (organ or biomatrix 

samples) can be monitored by radio labeling, electron microscopy analysis and drug content in the 

targeted or non-targeted organ can be determined by different liquid chromatographic methods. 

The quantitative analysis of NPs inside the body or biological matrix has to be very efficient 

(validated) for the determination of dose-response toxicity.  

The polymeric NPs are explored in a very great way in the last two decades for its therapeutic 

benefits, which results, some formulations are in clinical trials, few are with approval for clinical 

use and some are in preclinical investigations. Even though the toxicity profile of the polymer or 

lipid used in NPs preparation is known it is necessary to have data in hand regarding the NPs 
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toxicity in-vivo and in-vitro, because the properties of the chemicals/polymers as such and the NPs 

are totally different. Many researchers showed that the NPs avoid the unwanted toxic effects 

because of its selective delivery and its selective bioaccumulation. The liposomes and polymeric 

NPs of doxorubicin or etoposide avoid the accumulation of these particles in heart and hence avoid 

the cardiac toxicity associated with the pure drug (39, 57). 

1.12 Objective of the project 

Inherently, cancer cells are more susceptible to chemotherapy than the normal cells, but most of 

the anti-cancer drugs are non-selective which results in serious side effects, some of them are life 

threatening. In general, more than 90 % of the administered anti-cancer drugs distribute to other 

places (i.e. normal cells). Thus, there is a need for spatial and temporal drug delivery in cancer 

chemotheraphy. NPDDS offers controlled and targeted release of the encapsulated drug, hence 

results in high therapeutic efficacy with low side effects (7, 8). It is expected that in the next 

decade almost 50% of drug delivery and design approaches will be shift to NPDDS (1). PNPs are 

an efficient alternate delivery system for cancer therapy to overcome the problems associated with 

cancer treatment. 

It has been reported by many scientists that the tumor accumulation of the drug encapsulated in 

NPs was increased by several fold when compared to pure drug, but the increase in accumulation 

is only 5 % of the total administered dose (1). This shows that there is wide scope to work in the 

development of drug loaded polymeric NPs to further increase the percent of drug reaching the 

tumor from the administered dose, for the various cancer treatments. This will decrease the dose 

related unwanted side effects and reduce the treatment cost. Alteration in the physiochemical 

properties of NPs play significant role in the penetration behavior of the NPs in the respective 

cancerous cells (8). 

In the present research, attempts have been made to formulate and characterize Paclitaxel loaded 

polymeric NPs with improved and selective distribution and enhanced therapeutic efficacy. 

Paclitaxel loaded NPs were prepared using biodegradable and biocompatible polymers PCL, 

PLGA and PLA. Prior to preparation and characterization, some preformulation studies of 

Paclitaxel were performed to develop an efficient formulation. Paclitaxel loaded PNPs were 

prepared using nanoprecipitation and solvent evaporation method, the ideal methods to load 

hydrophobic drug in NPs. The prepared PNPs were characterized for their size, particle size 

distribution, PDI and surface charge/ZP by photon correlation spectroscopy using Zetasizer. The 

surface morphology of the prepared PNPs were examined using microscopy techniques, SEM, 
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TEM and AFM. The EE, DC and in-vitro dissolution studies were performed for the prepared 

PNPs using standard procedures. Formulation of drug loaded NPs are mainly influenced by 

amount of polymer/stabilizer, concentration of stabilizer and amount of Paclitaxel. The influences 

of all these parameters on characterization NPs like size, PDI, EE, DC, ZP, % recovery of NPs and 

in-vitro release were studied and analyzed in order to optimize the parameters for delivering 

Paclitaxel effectively.  

The optimized Paclitaxel loaded PCL, PLGA and PLA NPs were subjected for stability study. The 

cytotoxicity and cellular uptake efficiency of the prepared Paclitaxel loaded NPs were studied in 

suitable cancer cell lines by standard in-vitro procedure. The therapeutic efficacy and selective 

biodistribution of Paclitaxel loaded NPs were studied in rats.  

The proposed research work required simple and sensitive analytical and bioanalytical methods to 

estimate Paclitaxel in different samples like, bulk powder, formulations, in-vitro dissolution 

samples, stability samples and biosamples. So, high performances liquid chromatography (HPLC) 

and UV (ultraviolet) - spectrophotometry methods were developed and validated for Paclitaxel 

estimation. 
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2.1 Introduction 

Paclitaxel is a unique natural diterpene pseudoalkaloid, isolated from the bark of pacific or western 

yew tree (Taxus brevifolia). Paclitaxel is one of the most effective antitumor agents developed in 

the past four decades and it is the first drug identified by the US National Cancer Institute in 1967. 

Paclitaxel is the first line chemotherapeutic agent for breast, lung and ovarian cancer and a second 

line drug of choice for Kaposi sarcoma in HIV patients. Paclitaxel shows cytotoxicity on various 

tumor cell lines, MCF-7, BT4C rat glioma, C6 glioma, 4T1 murine epithelial breast cancer, human 

epithelial colorectal adenocarcinoma and human hepatocellular carcinoma, HepG2 and HuH-7 (1-

5). 

Paclitaxel has poor solubility in water (less than 1 µg/mL) and also low solubility in other 

pharmaceutical solvents used for i.v administration (Table 2.1). The drug does not form any salt 

and solubility is pH independent as it has no ionizing group (Fig. 2.1). The drug has narrow 

therapeutic index and comes under BCS class IV drug and poor permeability (log P 3.5). Paclitaxel 

is substrate for several enzymes and P-glycoprotein leading to poor bioavailability (<10 %). Thus, 

Paclitaxel is an ideal representative drug for any formulation scientist to work with for better 

delivery and improved therapeutic efficacy (6-8).  

Table 2.1 Physico-chemical properties of Paclitaxel 

S.NO Parameters Description 

1 Generic name Taxol 

2 CAS registry number 33069-62-4 

3 Empirical formula C47H51NO14 

4 Molecular weight 853.92 g/mol 

5 Melting point 213-220°C 

6 Appearances White to off-white crystalline powder 

7 Log P 3.5 

8 Water solubility Paclitaxel is highly lipophilic drug which is 

practically insoluble in water. The reported 

aqueous solubility of Paclitaxel was 0.7 

µg/mL. Paclitaxel is highly soluble in triacetin 

(75 mg/mL), ethanol (~39 mg/mL) and 75 % 

PEG 400 (31 mg/mL) 
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Fig. 2.1 Chemical structure of Paclitaxel 

2.2 Mechanism of action 

Paclitaxel is the preferred drug because of its unique mechanisms of action; (a) promoting the 

formation of microtubules (Polymerization) from tubulin dimers, even in the absence of factors 

that are normally required for microtubule assemble (e.g. guanine triphosphate) and (b) stabilizing 

the microtubules by binding to the N-terminal 31 amino acid of the beta-tubulin subunit in the 

microtubules rather than to tubulin dimers, hence prevent depolymerization of microtubules.  

In normal cell cycle, microtubules play important role in the formation of the mitotic spindle 

during cell division and it is involved in many vital interphase functions including, maintenance of 

shape, motility, signal transmission and intracellular transport. The microtubules formed in the 

presence of Paclitaxel (Fig. 2.2) are extraordinarily stable and dysfunctional. These microtubules 

gets accumulated in cells and thereby causing the death of the cells by disrupting the normal 

microtubule dynamics required for cell division and vital interphase processes. In cancer growth, 

progression and metastasis are angiogenesis dependent. Anti-angiogenic property of Paclitaxel 

inhibits vasculature, making the environment unfavorable for cell growth and proliferation.  The 

above cascade action stops cell replication in the late G2 and M phase of the cell cycle (9-11). 

 

Fig. 2.2 Paclitaxel mechanism of action 
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2.3 Pharmacokinetics and metabolism 

In humans, when Paclitaxel was administered at a dose of 175 mg/m
2
 for 3 hr, mean distribution 

phase half-lives were reported to be, t1/2α = 16 min and t' 1/2β = 140 min respectively. The other 

pharmacokinetic parameters were found to be, CL = 12.69 l/hr/m
2
, Cmax = 4.27 µmol/l, AUC = 

16081 µmol/l hr, Vss = 99.25 l/m2, urinary excretion, <10 % of dose and fecal excretion 70 % of 

dose respectively. Adults who received a 24 h infusion of Paclitaxel (135 mg/m
2
) achieved Cmax 

range of 0.053– 0.077 µmol/l and when the duration of i.v infusion was decreased from 24 to 3 hr, 

the pharmacokinetic profile of Paclitaxel became nonlinear because drug elimination and tissue 

binding was saturated (2, 9).  

Paclitaxel major pathway of elimination is hepatic metabolism followed by biliary excretion and 

less than 10 % of the Paclitaxel is eliminated unchanged through the kidney. The cytochrome P450 

enzymes, CYPs 3A4, 3A5, 1A2, and CYP2C8 in the liver play important role in the metabolism of 

Paclitaxel. The metabolic disposition of Paclitaxel is through hydroxylation at the C6 and the C3′-

para position leading to the formation of 3 major metabolites, 6α-hydroxy-paclitaxel, 3′-p-

hydroxy-paclitaxel and 6α, 3′-p-hydroxy-paclitaxel, the metabolites of Paclitaxel is inactive or 

much less cytotoxic than the parent compound Paclitaxel. These major metabolites were not found 

in rat and mice, where Paclitaxel is excreted unchanged in feces. It can be expected that patients 

with impaired liver function will suffer from enhanced toxicity due to changes in metabolism and 

elimination (9, 12). 

2.4 Pharmacodynamics 

Paclitaxel has been found to be highly useful against breast, ovarian, lung and several other tumour 

types. 

2.4.1 Ovarian cancer 

Paclitaxel at a dose of 135 and 175 mg/m
2
 for 24 hr was approved by regulatory for drug refractory 

and recurrent ovarian cancer. Paclitaxel is also used as a second line drug for the palliative 

treatment of recurrent or refractory ovarian carcinoma. Cisplatin (75 mg/m
2
) was the first agent to 

be used in combination with Paclitaxel at 135 mg/m
2
/24 hr infusion for ovarian cancer. When 

compared to Cyclophosphamide (750 mg/m
2
) and Cisplatin (75 mg/m

2
) combination, Paclitaxel 

and Cisplatin combination was superior in terms of survival of patients. Carboplatin has also been 

combined with Paclitaxel in several studies for ovarian cancer, where less myelosuppression, 

especially thrombocytopenia was observed and this combination is also effective in lung cancer 

patients (13, 14). 
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2.4.2 Breast cancer 

Significant antitumor activity in women with metastatic breast cancer was observed when 

Paclitaxel was administered at 200-250 mg/m
2
 for 24 hr. Holmes and her colleagues (15) reported 

that Paclitaxel have a response rate of 56% in 25 women with metastatic disease, 14 of whom had 

received prior treatment for metastases. Since then there have been numerous clinical studies of 

Paclitaxel in the treatment of patients with breast cancer. In general, response rates have been 

higher (32 to 62%) in patients for whom Paclitaxel was first line metastatic therapy than in those 

receiving this treatment (21 to 48%) as second line or subsequent therapy (9, 10).  

2.4.3 Lung cancer 

Paclitaxel as monotherapy/combination therapy was evaluated in previously untreated patients 

with advanced non–small-cell lung cancer and small-cell lung cancer, at high starting doses, 200 to 

250 mg/m
2
 with 24 hr infusions. Response rates with this approach were 21% and 24%, but 

neutropenia was severe. Subsequently, Paclitaxel at 135 to 225 mg/m
2 

doses over 1 to 3 hr infusion 

have been studied in a similar population where response rate activity was in the range of 25% 

with less myelosuppression. In various studies, Paclitaxel has also been combined with Cisplatin, 

Carboplatin, Ifosfamide and Vinorelbine for lung cancer treatment. Paclitaxel at 250 mg/m
2
 for 24 

hr with granulocyte colony stimulating factor has demonstrated activity in patients with locally 

recurrent and metastatic squamous cell carcinoma of the head and neck who have received no prior 

chemotherapy (9). 

2.5 Dose, dosing schedule and precautions 

In general, Paclitaxel is given at a dose of 135 or 175 mg/m
2
 as infusion for every 3 weeks. The 

dose and infusion schedule varies, based on the condition and severity of the patients. Paclitaxel 

can be used at 135 to 250 mg/m
2
 dose for 3 to 96 hr for breast cancer treatment as single agent. In 

case of ovarian cancer, Paclitaxel can be used at 110 to 250 mg/m
2
 dose for 3 to 24 hr infusion. As 

a single agent trial, Paclitaxel can be administered at 175 to 250 mg/m
2 

for 3 to 24 hr infusion for 

non-small-cell and small-cell lung cancer. Paclitaxel is prescribed for squamous cell carcinoma of 

the head and neck at 175 to 250 mg/m
2
 with or without granulocyte colony stimulating factor for 3 

to 24 hr infusion. The maximum tolerated dose of Paclitaxel administered by 3 hr infusion to 

patients with solid tumors was found to be 225–240 mg/m
2
 (1, 9). 

2.6 Development of resistance to Paclitaxel 

Development of resistance of cancer cells to anti-cancer drugs is very common during 

chemotheraphy and thus requires increase of the dose to maintain efficacy. Paclitaxel develops 
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resistance by, multidrug resistance-1, drug efflux transporter, breast cancer resistance protein, over 

expression of oncogene c-erb-B-2, modification of apoptosis signaling sensitivity and b-tubulin 

expression. (16-18). 

2.7 Drug-Drug interactions 

When Paclitaxel is co-administered with drugs whose major elimination is through hepatic 

pathway or by cytochrome P450 enzyme systems, the metabolism of Paclitaxel is expected to be 

modified. Non-antineoplastic drugs which are specific substrates of these enzymes may therefore 

have an impact on the pharmacological and pharmacokinetic profiles, toxicity and antitumour 

efficacy of Paclitaxel. In addition, sequence dependent toxicity was observed when Paclitaxel is 

given over 24 hr or longer with cisplatin, cyclophosphamide and doxorubicin. In some study, 

decrease in the clearance of Paclitaxel was observed when administered after cisplatin and in 

addition myelosuppression is more severe when Paclitaxel precedes cyclophosphamide. Paclitaxel 

when administered with carboplatin, there was no change in the pharmacokinetics of both the 

drugs, but thrombocytopenia decreased. Paclitaxel shows incompatibilities with Amphotericin B, 

Chlorpromazine HCl, Hydroxyzine HCl, Methylprednisolone sodium succinate and Mitoxantrone 

HCl. When maximum tolerated dose of R-verapamil is co-administered with Paclitaxel, patients 

show hypotension and bradycardia (9, 19, 20). 

2.8 Toxicity 

2.8.1 Hematological toxicity 

Neutropenia is the principal hematological toxicity of Paclitaxel (21) and its onset is usually on 

day 8 to 10 after treatment. In such conditions, complete recovery occurs by day 15 to 21. 

Paclitaxel does not irreversibly damage immature hematopoietic cells and hence it is not a 

cumulative effect. Paclitaxel produces severe neutropenia in patients when it is administered above 

200 mg/m
2
 for 24 hr. In general, granulocyte colony stimulating factor is commonly given to 

prevent the complications of neutropenia when the dose is above 200 mg/m
2
. The maximal 

tolerated dose without granulocyte colony stimulating factor is 175 to 200 mg/m
2
 for 24 hr 

infusion (9). 

2.8.2 Neurotoxicity 

Paclitaxel induces peripheral neuropathy, after 24 to 72 hr treatment with dose greater than 250 

mg/m
2
. In case of conventional dose (135 to 250 mg/m

2
) neurotoxicity occur only after multiple 

courses. In addition, optic nerve disturbances, transient myalgia, and myopathy have been noted 

with high doses of Paclitaxel (9). 
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2.8.3 Cardiac toxicity 

Paclitaxel causes disturbances in cardiac rhythm in addition to myocardial infarction, cardiac 

ischemia, atrial arrhythmias and ventricular tachycardia. During Paclitaxel treatment, cardiac 

monitoring is not necessary routinely but it is desirable for patients who may not be able to tolerate 

the Paclitaxel related potential bradyarrhythmic effects. In addition, patients with atrioventricular 

conduction defects or ventricular dysfunction should be monitored for their cardiac functions 

during Paclitaxel therapy. As like other chemotherapeutic agents, Paclitaxel induces reversible 

alopecia of the scalp and hair loss all over the body with cumulative therapy (9). 

2.9 Delivery systems and problems 

Paclitaxel is currently marketed as Taxol
®
 (Bristol-Myers Squibb Co, NY, USA) i.v solution (5 

mL, single-dose vials) by dissolving Paclitaxel (6 mg mL
-1

) in Cremophore EL and dehydrated 

alcohol in the ratio of 1:1 v/v. Cremophore EL is a low molecular weight surfactant (BASF, NJ, 

USA) which is used in high amount in Taxol
®
 as solubility enhancing vehicle (9). In order to 

minimize the hypersensitivity reactions of Taxol
®
 vehicle, patients are administered high dose of 

dexamethasone (adrenocortical hormone), diphenylhydramine (antihistamine) and cimetidine (H2 

antagonist) in advance, which is an additional burden for the patients and increase the cost of 

treatment. Treating cancer patients is a clinical challenge, moreover these formulation related 

issues creates additional pressure to the oncologist while treating them (22).  

In drug discovery, the development cost of a new drug may be about $250-300 million and it takes 

about 12-15 years to reach the market, whereas an existing drug molecule can get a second life 

with novel drug delivery systems that can be developed in half the time and with only 20 % of cost 

of a new drug discovery. This made the formulation scientist to work for alternative novel drug 

delivery systems and hence there is plenty of literature in the last 5 years in the development of 

novel Paclitaxel formulations, liposomes, nanoparticles, micelles, microemulsion, cyclodextrin 

complex, prodrug for both oral and i.v. route (23). The outcome of the growing demand, interest 

and investment in the development of alternate formulation for Paclitaxel results in novel 

biocompatible and biodegradable Paclitaxel formulations, Abraxane
®
, (Abraxis BioScience Inc) 

solvent free, albumin bound 130 nm NPs and Xyotax
®
, a poly (L-glutamic acid)-based Paclitaxel 

conjugate in the clinical use. Abraxane has been approved by FDA in 2005 for the treatment of 

metastatic breast cancer. But still it is not the complete alternative for the current problems what 

Taxol is facing. In the phase III clinical trial, patients who are in the Abraxane receiving group 
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developed neutropenia and sensory neuropathy (24).  Hence further research is required for 

alternative formulation which should be reasonable to the patients. 

2.10 Conclusion 

Paclitaxel is one of the most effective anti-cancer drugs developed in the past four decades. 

Paclitaxel has been clinically investigated extensively and more mature clinical trial data were 

available, including several first-line combination therapy trials. Paclitaxel shows antitumor 

activity on various tumor cell lines, MCF-7, BT4C rat glioma, C6 glioma, 4T1 murine epithelial 

breast cancer, human epithelial colorectal adenocarcinoma cells and HCC cell lines, HepG2 and 

HuH-7 etc. The wide range of activity makes Paclitaxel most effective antitumor agent. In the 

commercial formulation, Cremophore EL is used in excess to dissolve Paclitaxel, which produces 

hypersensitivity reactions to patients. Thus, there is a need for making better delivery systems to 

deliver Paclitaxel safely and efficiently. 
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3.1 Introduction 

In course of research and development of any drug delivery systems, estimation of drug is a 

fundamental practice and for this, the formulation scientists need a suitable and highly sensitive 

analytical method. The analytical method significantly influences the product development 

process. A simple, rapid, accurate, precise and stability indicating method will make the product 

development process faster with greater success. Therefore development of analytical method is 

very much important before starting designing any drug delivery systems (1). 

Estimation of drug content in bulk, drug loaded NPs and there respective drug release in the 

dissolution medium is a routine work in the development of NPDDS. Further, estimation of drug 

in plasma and other biological samples is another important aspect of product development. 

Hence, there is a need for more simple and sensitive analytical method and procedure to determine 

Paclitaxel in different matrix samples. Chromatographic analysis technique is very basic and 

sensitive method, explored extensively in the research and development of any drug delivery 

systems (2-3). In the present work, apart from UV-spectrophotometric method, liquid 

chromatographic (LC) analytical and bioanalytical method was developed and validated for the 

estimation of Paclitaxel in bulk and other samples. The developed methods were successfully 

applied for the estimation of Paclitaxel in NPs, dissolution samples and in different biomatrix. 

3.2 Method I: UV-Spectrophotometric method 

3.2.1 Experimental 

a) Materials and Methods 

A generous gift sample of Paclitaxel (assay 99.95 %) was provided by Getwell Pharmaceuticals, 

Gurgaon, India. Solvents acetonitrile, ethanol and dimethylsulfoxide (DMSO) used were of HPLC 

grade from Spectrochem, Mumbai, India. All other chemicals used were of analytical grade 

procured from S.D. Fine Chemicals Ltd, Mumbai, India. PCL (molecular weight 40, 000), PLGA 

(50:50, inherent viscosity 0.15-0.25dL/g (lit), average molecular weight 5,000-15,000), PLA 

(inherent viscosity 0.55-0.75dL/g (lit), average molecular weight 75,000-120,000) and Pluronic F 

68 (PF68, average molecular weight ˜ 8,400) were purchased from Sigma-Aldrich chemicals, 

Bangalore, India. 

b) Instrument 

A double-beam Jasco (Tokyo Japan) UV-spectrophotometer model V630 and for inter-instrument 

repeatability
 

study, a double-beam Jasco (Tokyo Japan) UV–VIS–NIR (near IR) 

spectrophotometer model V570 was used. 
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3.2.2 Method development and validation 

a) Preparation of stock, calibration curve and quality control (QC) standards  

A master stock solution of Paclitaxel (1mg/mL) was prepared in ethanol. To get desired calibration 

curve standards, 6-34 µg/mL, different aliquots (30–170 µL) were taken from master stock 

solution into a series of standard 5 mL volumetric flask and volume made up through addition of 

acetonitrile and water, 85:15 % v/v. On three consecutive days of validation, three separate series 

of eight calibration curve standards were prepared fresh and their absorbance was recorded in fixed 

wavelength mode at 229 nm keeping diluent as blank. QC samples were prepared at three 

concentrations, lower (LQC 6 µg/mL) medium (MQC 18 µg/mL) and higher (HQC 30 µg/mL) 

from the master stock solution like the calibrator sample. 

b) Selectivity 

Selectivity is performed by spiking 50 and 100 % of Paclitaxel as per the label claim (6 mg/mL) 

into the PCL placebo NPs and the spectrum was compared with the freshly prepared pure drug 

calibrator sample 6 and 18 µg/mL (n=5). The overlaid spectrum and accuracy in terms of % 

recovery confirm the selectivity of the method. Paired t-test was performed at 95 % level of 

significances to the spiked sample and to the pure drug sample. 

c) Precision  

Precision of the developed method was tested with repeatability with intra-day precision and 

reproducibility by intermediate (inter-day) precision. Intra-day precision experiment was 

performed by analyzing six separate QC samples within a day on three different occasions, which 

gives the precision with in the same concentration (n=6) in a day and between the same set of 

concentrations (n = 18) in a day. Inter-day precision was performed with the QC samples between 

days for three days (n=18). In addition, UV-spectrophotometric method was validated for inter-

instrument repeatability where six set of QC samples were analyzed using a different instrument 

with same specification. The precision of the developed method was represented by actual mean 

concentration and % RSD. 

d) Accuracy 

In addition to the intra and inter day accuracy study, the accuracy of the developed method was 

supported by studying the Paclitaxel recovery by two unique techniques, the placebo spiking and 

standard addition using NPDDS. Placebo spiking was performed by adding a known amount of 

drug from standard solution at five different concentrations, 6, 9, 12, 15, 18 µg/mL to placebo 

nanoparticles prepared by nanoprecipitation using PCL as polymer and PF 68 as stabilizer. 

Standard addition was done with three concentrations (6, 12 and 18 µg /mL) of pure drug solutions 
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to pre-analyzed (10 and 12.2 µg/mL) drug loaded nanoparticles. The accuracy results were 

represented by mean absolute recovery, % RSD and % Bias. 

e) Sensitivity 

The sensitivity of the developed UV-Spectrophotometric method was represented by limit of 

detection (LOD) and limit of quantitation (LOQ). The LOD and LOQ were determined using the 

standard formula 3.3 σs
-1

 and 10.00 σs
-1

 respectively, where s- is the slope of the calibration curve 

and σ- is the SD. of y-intercept of regression equation or SD of intercept. 

f) Robustness and stability study 

Robustness of the developed UV- Spectrophotometric method was determined by making a small 

deliberate change to the optimized internal parameter. In this study the diluent composition 

acetonitrile: water was changed from 85: 15 % v/v to 80: 20 % v/v (Diluent-1) and 90:10 % v/v 

(Diluent-2) respectively. The robustness result was represented by mean % recovery and % RSD. 

The stability of Paclitaxel in the diluent medium (acetonitrile and water 85:15) at 4°C was 

monitored using the validated UV-Spectrophotometric method. The QC samples were prepared 

fresh and there respective spectrum was recorded using the developed method. Now all the QC 

samples were stored at 4°C at a predetermined time point of 8 and 72 hr, once again the spectrum 

was recorded. The overlay of the 8
th

 and 72
nd

 hr spectrum, over the fresh QC sample spectrum 

demonstrates the stability of Paclitaxel in the selected diluent. The stock solution stability of 

Paclitaxel in ethanol at 4°C was determined for one month at 18 µg/mL and it was represented by 

% recovery. 

3.3 Application of the developed method - analysis of formulation 

3.3.1 Estimation of Paclitaxel in in-house prepared drug loaded NPs 

The developed method was applied to determine the drug content of Paclitaxel in the prepared 

PLGA, PCL and PLA NPs formulations. The samples were processed in triplicate as per the 

sample processing procedure given below. 

a) Sample preparation and procedure 

An accurately weighed amount of freeze dried placebo/ Paclitaxel loaded NPs equivalent to 1 mg 

of Paclitaxel was taken in 50 mL of volumetric flask. The particles were digested with 25 mL of 

acetonitrile by ultrasonication using the ultra sonic bath (6.5 L Toshibha Laboratory testing 

instruments Delhi India) for 30 min and then the volume was made up to 50 mL with acetonitrile. 

The processed samples were centrifuged in cooling compufuge CPR 24 (REMI India) at 12000 
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rpm for 20 min at 4
°
C. The supernatant was suitably diluted and then analyzed by the developed 

method.  

3.4 Result and Discussion 

3.4.1 Linearity  

The typical best-fit linear regression equation for the method was obtained after mathematical 

treatment (least square method) of the results by plotting the absorbance vs. the concentration (Fig. 

3.1). The obtained regression equation was, absorbance = 0.0363 x concentration of Paclitaxel (µg 

/mL) + 0.0233. The goodness of fit of regression equation in the selected concentration range, 6-34 

µg/mL for Paclitaxel was linear with significant regression coefficient r
2
 = 0.9941. The absorption 

recorded for the calibration curve concentrations 6-34 µg/mL (n=9) shows very low % RSD. The 

back calculated concentration of the obtained absorbance using regression equation illustrated low 

% bias and error (Table 3.1). The statistical analysis, confidence interval, standard deviation and 

standard error further confirmed the excellent linearity of Paclitaxel in the concentration range of 

6-34 µg/mL (Table 3.2). The ANOVA results of the developed UV method showed that the 

calculated F-value, 1.95 × 10
-4

, was found to be lower than the critical F- value 2.09 at 95% level 

of significant which supports the best-fit linear equation. The test of the intercept was performed 

using the t-statistic at 95% confidence interval and the tdf value of 0.929 showed that the intercept 

was not significantly (0.05 level) different from zero, thus, once again supports the best fit linear 

equation. 

3.4.2 Selectivity 

The developed method was found to be selective and it differentiates Paclitaxel from the other 

excipients substances in the NPs formulation samples (Fig. 3.2). The method produced response 

only to Paclitaxel at 229 nm (Fig. 3.1 and 3.2A) where it is monitored and quantified in the 

formulation samples studied. The experimental result of selectivity showed that spectrum of 

Paclitaxel spiked to PCL placebo NPs at two different concentrations 6 and 18 µg/mL overlaid 

with the freshly prepared calibrator sample spectrum of the same concentrations respectively. The 

% recoveries of the analyzed samples were 99.88 ± 1.02 and 100.23 ± 0.45 respectively. These 

indicated that the excipients in the NPs formulations do not interfere in the estimation of 

Paclitaxel. The paired t-test result of the developed method showed that the calculated t-value 1.88 

was less than the critical t–value 4.30, indicate that there is no significant (P=0.05) differences 

between mean absorbance/peak area of Paclitaxel spiked PCL NPs and pure drug calibrator 

samples.  
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Table 3.1 Calibration data of the developed UV-spectrophotometric method 

 

 

 

 

 

 

 

 

 

 

a 
Average of nine separate determinations with standard deviation, 

b 
Percent relative standard 

deviation, 
c 
Predicted concentration is calculated from average absorbance 

3.4.3 Accuracy 

Results of the accuracy study showed % RSD less than 2.29 with mean % recovery range from 

99.62 to 102.60 and the % relative error range from 0.39 to 1.08 respectively. The mean absolute 

% recovery of Paclitaxel in case of placebo spiking ranged from 99.65 to 101.56 with low % RSD 

(0.21) for the highest concentration, 18 µg/mL and % RSD of 2.30 for the lowest concentration, 6 

µg/mL. The mean % recovery of standard addition method was in the range of 99.83 to 102.62 

with % RSD less than 2.23. This indicated that the Paclitaxel recovery was high at each time of 

analysis and the developed extraction procedure was efficient in extracting Paclitaxel and the 

developed method was accurate in determining Paclitaxel. This was supported by the low % bias 

range obtained for each technique of the developed method, 0.21 to -0.89 and 0.01 to -0.19 

respectively. The important inference from this accuracy study was that there was no significant 

interference of the excipients (PF 68, PCL, PLGA and PVA) at wavelength 229 nm used for 

estimation of drug. 

3.4.4 Precision 

The repeatability study results (% RSD) of the developed UV method ranged from 0.22 to 2.63 

respectively. The intra-day precision (% RSD) of the QC samples on three different occasions with 

in a day were between 0.27 to 2.53. In case of inter-day precision the % RSD were in the range of 

1.02 to 1.93. This study result showed that there was no significant variation in absorbance, which 

demonstrates that the entire calibration range, 6-34 µg/mL has very good repeatability and 

reproducibility. The repeatability of the QC samples set on each day of validation was less than  

Concentration 

(µg/mL) 

Average abs 

± SD. 

( 229 nm 
a
) 

% RSD
b
 

Actual con.
c
 

(µg/mL) 
%Bias % Error 

6 0.234 ± 0.002 0.88 5.81 -3.17 0.36 

10 0.385 ± 0.003 0.74 9.95 -0.47 0.30 

14 0.538 ± 0.003 0.56 14.18 1.25 0.26 

18 0.701 ± 0.005 0.72 18.67 3.71 0.30 

22 0.835 ± 0.003 0.36 22.35 1.58 0.15 

26 0.905 ± 0.005 0.54 24.29 -6.58 0.22 

30 1.135 ± 0.002 0.21 30.62 2.05 0.09 

34 1.265 ± 0.011 0.90 34.21 0.62 0.37 
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Table 3.2 Summary of statistical data of optical characteristics and validation parameters of 

the developed spectroscopic method  

Parameters Observations 

Calibration range  6-34  μg mL
-1

 

Linearity (Regression coefficient) r
2
 = 0.9941 

Regression equation absorbance (AU) = 0.0363×Conc.(μg/mL) + 0.0233 

Confidence interval of slope
 
 (S.E.

a
) 0.03613 to 0.03650 (8.92 × 10

-5
) 

Confidence interval of intercept (S.E.)  0.02030 to 0.02632 (1.43 × 10
-3

 ) 

Standard deviation of intercept (Śc) 2.68 × 10
-4

 

Standard deviation of slope 4.28 × 10
-3

 

t-value for intercept b 
(tab = 2.11) 0.929 (P-value 0.39) 

Calculated F-value (critical F-value)
 c
 1.95 × 10

-4
  (2.09)

 
 

Standard error of estimate  2.96 × 10
−2

  

Limit of detection   0.39 μg/ mL 

Limit of quantification  1.18 μg/ mL 

Absolute recovery  99.62 – 102.60 % 

Precision (%RSD)                         Repeatability - 2.63 % (intra-day) 

Intermediate Precision - 1.93 % (inter-day) 

System suitability  

(Optical characteristics)                 

Molar Absorptivity - 3.15 × 10
4
 L M

-1
 cm

-1
 

Specific Absorptivity - 3.70 × 10
-2

 mL µg
-1

 cm
-1

 

Sandell‟s sensitivity - 2.70 × 10
-2

 μg cm
-2

 

Specificity and Selectivity- tCal (tCrit)
d
 1.88 (4.30) 

Robustness (mean % recovery ± S.D.)             100.62 ± 1.80 at 232 nm 

101.35 ± 1.61 at 233 nm 
a
 Standard error of mean, 

b 
calculated at 0.05 level of significance, using the test of the 

intercept (tdf = | C –  | / Śc), 
c 
Calculated based on one-way ANOVA test at P = 0.05 level of 

significance, 
d 

Calculated at P = 0.05 level of significance (d.f. 2) based on paired t-test.  

 

2.63 and the LOQ was always less than 1.95 µg/mL with least % RSD of 0.98 respectively. The 

concentration range of QC samples during inter-day precision were 5.79 to 6.20 18.21 to 18.22 and 

30.34 to 30.61 µg /mL respectively with % RSD ranged from 1.02 to 1.93. The inter-instrument 

repeatability (% RSD) of the method was in the range of 0.21 to 2.30.  

3.4.5 Sensitivity 

The LOD and LOQ of the developed method were found to be 0.39 and 1.18 μg/mL respectively. 

The developed calibration curve of the method has showed high magnitude of slope (0.0363 ± 
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0.00027), less SD of intercept (0.0043) and low standard error of mean slope (0.00009) and 

intercepts (0.0014). The developed UV method was found to be very sensitive, even a small 

change in concentration can be detected. 

 
Fig. 3.1 UV-visible absorption spectra of calibration points of paclitaxel 

 

3.4.6 Robustness and stability study 

A deliberate change in composition of solvent system or diluent in estimation of Paclitaxel at 229 

nm in UV-method showed that there was no significant change in absorbance at the selected 

variation of concentrations of solvent. The mean % recovery ranged from 99.93 to 102.66 and 

99.64 to 102.84 with SD less than 1.25 and 1.75 and % RSD less than 1.26 and 1.70 respectively. 

The stability of Paclitaxel in the selected diluent was monitored at 4°C by the method. The 

superimposed spectrum of the 8
th

 and 72
nd

 hr samples over the fresh sample spectrum (Fig. 3.2 B) 

of the selected QC samples indicated that Paclitaxel is stable over the evaluated time 72
nd

 hr and 

temperature 4 °C in the selected diluent acetonitrile: water 85:15 %v/v. The stock solution stability 

result suggested that Paclitaxel was well stable with % recovery of 101.21 ± 0.45 in ethanol for 

one month at 4 °C. 
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Fig. 3.2 Overlaid selectivity indicating UV-visible absorption spectra of Paclitaxel (׀ pure drug at 

two concentrations 6 and 18 µg/mL; ■ 50 and 150 % drug spiked placebo sample; zoom view of 

the selectivity absorption spectra is showed in inset) (A), overlaid stability indicating UV-visible 

absorption spectra of quality control samples (6, 18 and 30 µg/ml) of Paclitaxel in diluent medium 

(acetonitrile and water 85:15) at 0
th

 hr 8
th

 hr and 72
nd

 hr. (׀ Paclitaxel at 0
th

 hr; — Paclitaxel at 8
th

 

hr; and ▲ Paclitaxel at 72
nd

 hr zoom view of the spectra is showed in inset spectrum) (B) 

 

3.4.7 Application of the developed method - analysis of formulation 

a) Estimation of Paclitaxel in in-house prepared drug loaded NPs 

The drug content of Paclitaxel loaded PCL and PLGA NPs determined by the method were found 

to be 100.89 ± 0.56 and 100.02 ± 0.04 with low % bias of 0.25 to 0.33 respectively. The recovery 

of Paclitaxel from the NPs by the developed method was close to 100%, which indicated the 

accuracy of the method in determining Paclitaxel in polymeric NPs. The one-way ANOVA test 

result showed that there is no significant (95 %) different in concentration determination between 

the NP formulations and pure drug, this is confirmed by less calculated F-value than the Fcrit. The 

Fcalc for UV method was 0.35 which is less than the Fcrit 3.88, showing that the developed method 

was suitable for estimation of Paclitaxel in NPs formulations with high accuracy and precision. 
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3.5 Method II: LC analytical method 

3.5.1 Experimental  

a) Materials and Methods 

Same as mentioned in UV-spectrophotometric method 

b) Instrument 

The UFLC (Ultra Fast Liquid Chromatography) system (Shimadzu prominence Japan) consisting 

of a pump (LC-20AD) with integrated system controller auto sampler (SIL-20AC) and variable 

wavelength UV detector diode array detector (SPD-M20A). The chromatographic separation of 

Paclitaxel was carried out in reverse phase Luna C8(2) end capped 250 x 4.60 mm column with 

5µm sphere shape particles, 100Å pore size, 400 m2/g surface area, 13.5 % carbon load and 

calculated bonded phase coverage of 5.50 µmole/m
2
 (Phenomenex

®
USA). 

3.5.2 Method development and validation 

a) Preparation of stock, calibration curve and QC standards for LC method 

Paclitaxel master stock solution of 1 mg/mL in DMSO was prepared and stored in glass ampoules 

at -20
◦
C. This stock solution was further serially diluted to get working standard from which nine 

calibration curve standards (10-1500 ng/mL) were prepared. On each day of validation QC 

samples were prepared at 10, 25, 500 and 1500 ng /mL from independent stock and working 

standard like the calibration samples. The injection volume of 50µL is used for all HPLC analysis. 

b) Selectivity 

The selectivity of the developed HPLC method at LLOQ (10 ng/mL) was determined by placebo 

and spiked-placebo analysis technique. In this method, on three consecutive days chromatograms 

of the placebo PCL NPs formulation were compared with the fresh chromatogram of drug spiked 

at LLOQ level in placebo PCL NPs formulation standards and QC standard LLOQ. In addition, the 

% recovery of Paclitaxel was compared between QC standard LLOQ and drug spiked in placebo 

PCL NPs. On the other hand the placebo chromatogram was compared with the diluent 

chromatogram. The PCL NPs formulation standard samples were processed for analysis by the 

procedure given in the sample preparation and all the samples were prepared in triplicate on each 

day of analysis.  

c) Forced degradation study 

i) Oxidative stress treatment (OST) 

Paclitaxel was subjected to oxidation by treating with 6 % v/v hydrogen peroxide (HPO). To the 2 

mg of drug taken in 5 mL of volumetric flask, 2 mL of HPO (6 % vv) was added and vortexed in 
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multi holder vortex mixer (SPINIX Multilab India) for 2 min. This 1 mg/mL drug solution was 

kept at 25°C for 12 hr, in a temperature controlled orbital shaking incubator chamber (MAC 

Macro scientific works (R) Delhi India). The oxidized drug solution was analyzed by the 

developed HPLC method. 

ii) Forced hydrolytic degradation study (FDS) 

Paclitaxel was subjected to hydrolysis in acidic and alkaline condition by a microwave based fast 

and effective technique (1). In a 5 mL volumetric flask, 5 mg of Paclitaxel was mixed with 5 mL 

of 0.1 N HCl or 0.1 N NaOH for acidic/alkaline hydrolysis. The mixtures were subjected to 

microwave radiation (LG microwave appliance LG Grill intellowave MG-555F frequency 2450 

MHz 2650 W 230v-50 Hz LG Electronics India Pvt.Ltd.) for 20 min by 10 cycle with 2.45 GHz 

300W and 80 % intensity. During the radiation treatment, care has been taken to avoid bubbling of 

solution. Once the treatment was over, the samples were allowed to cool and then neutralized to 

stop further reaction and then analyzed by the developed HPLC method. 

iii) Thermal stress treatment (TST) 

Paclitaxel was subjected to thermal stress treatment (4) in liquid state by exposing the drug 

solution to 90°C in a temperature controlled oven (MAC Macro scientific works (R) Delhi India). 

Drug solution of 1 mg/mL was prepared in ethanol and exposed to the above temperature for 12 hr 

and then the sample was suitably diluted and analyzed by the developed method. The selectivity 

and specificity of the developed method were tested by observing the retention time of Paclitaxel 

in the degraded sample through chromatogram and by calculating the percent Paclitaxel degraded.  

The HPLC method further confirms the selectivity and specificity by constructing counter view 

graph and ratiogram. 

d) Precision  

Precision of the developed LC method was determined by repeatability with intra-day precision 

and reproducibility by intermediate (inter-day) precision. Intra-day precision experiment was 

performed by analyzing nine separate QC samples within a day on three different occasions. Inter-

day precision was performed with the QC samples between days for three days (n=27). The 

precision of the developed method was represented by actual mean concentration and % RSD. 

e) Accuracy 

In addition to the intra-day and inter-day accuracy, developed LC method was supported by 

studying the Paclitaxel recovery by two unique techniques, placebo spiking and standard addition. 

The placebo spiking was performed by adding a known amount of drug from standard solution at 

five different concentrations 50, 75, 100, 125 and 150 % of label claim respectively to placebo 
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PCL NPs. The standard addition was done by adding known amount of drug at five different 

concentrations 50, 75, 100, 125 and 150 % of label claim from standard solution to the pre-

analyzed (150-450 ng/mL) Paclitaxel loaded NPDDS. The accuracy results were represented by 

mean absolute recovery, % RSD and % Bias. 

f) Sensitivity 

The sensitivity of the developed LC method was represented by LOD and LOQ. The LOD and 

LOQ of the developed method were obtained by slope calculation and by signal-to-noise ratio. The 

LOD and LOQ were determined using the standard formula 3.3 σs
-1

 and 10.00 σs
-1

 respectively, 

where „s‟ is the slope of the calibration curve and „σ-„ is the SD of y-intercept of regression 

equation or SD of intercept. In signal-to-noise ratio method, the LOQ determination was 

performed on five different days (n=5) by spiking an aliquot from working standard to diluent to 

get the desired concentration of the lowest calibrator. The results with precision, RSD less than 20 

%, accuracy of 80-120% and signal-to-noise ratio of 10:1 confirms the LOQ of the developed 

method. 

g) System suitability  

The repeatability or routine analysis of the developed method within the validated limits was 

checked by system suitability parameters. The parameters used in this study are Capacity factor 

(k), Tailing factor (T), No of theoretical plates, Height equivalent to theoretical plates (HETP), 

Effective plate number (Neff), Height equivalent to one effective plate (HEFF) and Reduced plate 

height (h). All the above parameters were calculated using the standard formula (1). 

3.6 Application of the developed method- analysis of formulation 

3.6.1 Estimation of Paclitaxel in in-house prepared formulations 

The developed LC method was applied to determine the drug content of Paclitaxel in the prepared 

PLGA and PCL NPs formulations. In addition it is also used to find the amount of Paclitaxel 

released from the respective NPs formulation in the dissolution medium. The dissolution study was 

performed in phosphate buffer pH 7.4 with 1 % Tween 80 at 37 ± 0.5°C. The samples were 

processed in triplicate as per the sample processing procedure given in UV method. 

3.7 Result and Discussion 

3.7.1 Chromatographic separation 

From the preliminary study, millipore water and acetonitrile mixture were chosen for the 

separation of Paclitaxel in C8 column. Even though ammonium acetate buffer has shown good 

separation, millipore water was selected as buffer creates additional pressure on the column and 
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takes more time to wash the column. The Luna C8 column provides significantly improved 

performance over the traditional C8 phases due to high surface coverage and slightly low carbon 

load than original Luna C8 (14.75%). 

Paclitaxel was estimated selectively, specifically and sensitively at 229 nm by isocratic reverse- 

phase HPLC method at 1 mL/min flow rate. To decrease the cost of analysis flow rate kept 1 

mL/min, lower than reported methods (4, 5). The optimized mobile phase of the developed HPLC 

method was made acetonitrile and millipore water (60:40 %v/v) which provided moderate and 

quick retention time (6.66 ± 0.18 min) with better peak properties (Fig. 3.3) and 

selectivity/specificity for Paclitaxel and degradation products (Fig. 3.4). 

In literature there are reports using very complicated and time consuming extraction procedure to 

estimate Paclitaxel in the NPs and in the in-vitro dissolution sample (8-10). The developed method 

does not use any complicated extraction procedure to estimate Paclitaxel in NPs and dissolution 

samples. In the present method it was well established with chromatograms, counter view plot, 

peak purity determination and ratiogram, even in the presence of Paclitaxel degradation products, 

Paclitaxel was selectively and specifically estimated and separated from the degradation peaks. In 

the present method, there were no interferences of excipients (polymers and stabilizers) in the 

estimation of Paclitaxel were clearly shown by the standard addition and placebo spiking method 

and their respective chromatograms (Fig. 3.5). 

3.7.2 Linearity 

The typical representative chromatogram of Paclitaxel calibration curve was illustrated in Fig. 3.3. 

The obtained best-fit linear regression equations for the concentration range 10-1500 ng/mL was, 

peak area (mV s) = 211.59 × concentration of Paclitaxel (ng/mL) – 792.26 with regression 

coefficient (r2) = 0.9999. The % bias ranged from 0.70 to -2.51 for the entire calibration curve 

concentrations. This low % bias supports the selected linear model with univariant regression and 

it also shows the goodness of fit (Table 3.3). The % error calculated for the entire range of 

calibration points were between 0.02 to 0.53 (Table 3.4). The goodness of fit was further supported 

with the low standard error of estimate (5.72) and low standard error of mean (126.48) 

respectively. Slope value fell within the 95 % confidence interval of slope limits (Table 3.3) hence 

the linearity of the developed LC method could be practically in the range of 0-1500 ng /mL. 

The present developed method linearity range (10-1500 ng/mL) was very sensitive than the 

reported methods (5, 11).
 
The linearity range of method reported by Anupama et al (11) for 

determination of Paclitaxel in amphiphilic polymer matrix was 2-50 µg/mL which is less sensitive 

to the present developed method. The statistical results illustrate that the calculated F-value (3.11 × 
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10
-5

) was found to be lower than the critical F- value of 2.41 at 95% level of significant which 

supports the best-fit linear equation. The test of the intercept was performed using the t-statistic at 

95% confidence interval the tdf value of 6.11x 10
-6 

indicated that the intercept was not significantly 

(0.05 level) different from zero, thus, once again supports the obtained best-fit linear regression 

equations. 

3.7.3 Selectivity 

The paired t-test result of the developed method showed that the calculated t-value, 0.83 was found 

to be less than the critical t–value 2.78, which indicate that there was no statistical significant 

(P=0.05) differences between mean peak area of Paclitaxel spiked PCL NPs and pure drug 

calibrator samples. The base shift overlay chromatogram (Fig. 3.6) clearly explains that there were 

no interferences from the excipients used in the PCL NPs over the diluent chromatogram (Fig. 

3.6D) at the RT of Paclitaxel, which confirm the selectivity of the developed method. The overlaid 

chromatogram (Fig. 3.6) of response of Paclitaxel at LLOQ in the calibrator sample and the drug 

spiked (10 ng/mL) in blank placebo NPs formulation showed that the method selectively and 

specifically determine Paclitaxel at 229 nm. Finally the % recovery of Paclitaxel at two different 

samples at the same concentration, the QC standard LLOQ (99. 96 ± 0.21) and drug spiked 

placebo NPs formulation samples (100.01 ± 0.21) confirmed that the method was selective and 

specific in determining Paclitaxel in presences of expected excipients at LLOQ levels. 

3.7.4 Forced degradation study- peak purity curve and ratiogram 

A forced degradation studies were conducted to generate degradation products of Paclitaxel to 

check for the selectivity and specificity of the developed method. All the degradation samples 

were analyzed by the developed method and chromatogram were recorded up to 60 min. Paclitaxel 

is a complex molecule which has numerous hydrolysable ester groups and with a strained oxetane 

ring which undergoes cleavage in acid catalyzed conditions (12). The presence of ester, amide, 

acetyl, acetoxy ester, free hydroxyl groups makes Paclitaxel very prone to hydrolysis and 

oxidation under different stress conditions applied. As per guidelines, the degradation study 

protocols were optimized to make sure that the 100% of Paclitaxel will not be degraded in the 

given set of stress conditions (13). The developed method not only helps in separating the 

Paclitaxel from the degradation product but also helps us to determine the drug accurately with 

high sensitivity (LLOQ, 10 ng/mL) and specificity. The novel microwave forced hydrolytic 

degradation by acidic and alkaline condition generated hydrophilic and hydrophobic degradation 

products. Hydrophilic products were eluted at 2.35, 3.55, 3.86, 4.08, 4.95, 5.68, 7.39, 9.61 and 

15.06 min and hydrophobic products were eluted at 2.34, 3.87, 6.33 and 6.73 min respectively. 
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The thermal stress of Paclitaxel generated hydrophilic and hydrophobic degradation products 

eluting hydrophilic products at 2.68 min and hydrophobic products at 7.64 and 9.11 min 

respectively. The oxidative stress treatment of Paclitaxel generated only hydrophilic degradation 

products which eluted at 4. 10 min. The developed HPLC method separates Paclitaxel from all the 

degradation products completely which was clearly shown by the counter view graph (Fig. 3.4) 

and ratiogram (Fig. 3.5). 

There was very less degradation only 19.62 % of Paclitaxel, during oxidative stress treatment 

among the forced hydrolytic degradation by acidic (91.04 %), alkaline (92.97 %) and thermal 

stress (67.51 %). The peak purity curve of all the degradation samples clearly showed that the 

similarity curve did not intersect the threshold curve, hence there are no impurities or degradants 

coeluting with Paclitaxel at the estimated wavelength. The peak purity index (PPI) and single point 

threshold (SPT) of the degradation samples, FDS-HCL (0.995600 and 0.880975), FDS-NaOH 

(0.999577 and 0.723763), TST (0.999986 and 0.946592) and OST (1.0000 and 0.992731) were 

always close to one and the PPI was always greater than the SPT which shows the absences of 

degradation product co-eluting with Paclitaxel at 229 nm in the developed method. The positive 

MPPI of all the degradation samples, FDS-HCL, FDS-NaOH TST and OST were 114035, 275813, 

53393 and 7268 respectively which shows the specific quantification of Paclitaxel in the degraded 

sample by the developed method. In addition, the contour view plot (Fig. 3.4) shows that the 

degradation peaks does not overlap with Paclitaxel peak and the optimum wavelength (229 nm) 

where Paclitaxel was well separated from the degradation peaks. The developed HPLC method 

allow analyst to record UV spectra (Fig. 3.4) corresponding to specific time period when the 

sample is analyzed chromatographically. The recorded UV spectrum of the entire degraded sample 

(Fig. 3.4 D, G and H) is similar to the pure Paclitaxel (Fig. 3.5 E) at the detection wavelength 229 

nm. The three point view results of peak purity supports the total peak mode results in determining 

Paclitaxel specifically by the developed HPLC method. In case of three point view, the upslope 

purity (UP) value of all the degradation samples, 0.635258, 0.749008, 0.992718 and 0.118460 was 

always greater than down slope purity (DSP) value 0.116591, 0.563228, 0.323086 and 0.084852 

respectively. 

This results in positive 3 point purity (PP) value 0.375925, 0.656118, 0.657902 and 0.101656 of 

all the degradation samples, FDS-HCL, FDS-NaOH TST and OST respectively. The rectangular 

ratiograms (Fig. 3.5) obtained for the entire degradation sample in selected wavelength 229 nm at 

the Paclitaxel RT shows that only Paclitaxel was determined specifically by the developed HPLC 

method. The degradation of Paclitaxel was performed only to show the selectivity and specificity 
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of the developed HPLC method and hence the degradation products were not separated in the 

present study. The structural elucidation of the degradation product is out of scope of the paper, 

but FTIR spectrum for the degraded samples was taken. The FTIR result showed that, Paclitaxel 

was degraded partially in all the stress conditions. The pure Paclitaxel was selectively and 

specifically separated and estimated by the developed HPLC method. 

3.7.5 Accuracy 

The accuracy results of the developed HPLC method showed % RSD less than 0.64 with mean % 

recovery range from 98.63 to 102.62 and the % relative error ranged from 0.07 to -1.37 

respectively (Table 3.5). The mean absolute % recovery of Paclitaxel in case of placebo spiking 

ranged from 99.81 to 100.37 with low % RSD of 0.04 for the concentration 450 ng/mL and the 

highest % RSD of 0.21 for the concentration, 150 ng/mL respectively. The mean % recovery of 

standard addition method was in the range of 99.94 to 100.13 respectively with % RSD less than 

0.199 respectively. The overlay chromatogram (Fig. 3.6) of the blank placebo NPs formulation 

standards and the blank diluent chromatogram indicated that there was no interference from the 

excipients at the retention time (6.64 ± 0.31) of Paclitaxel at 229 nm. In Fig. 3.6 the overlay 

chromatogram of 300 ng/mL and 100 % addition of label claim once again confirm that there was 

no interference from the excipients in determining Paclitaxel by the developed LC method. As per 

literature review this is the first work which describes the accuracy of the developed method in 

terms of standard addition and placebo spiking for Paclitaxel determination. 

3.7.6 Precision 

The repeatability study results (% RSD) of the developed HPLC method ranged from 0.06 to 2.35 

respectively. The intra-day precision of the QC samples on three different occasions with in a day 

was always less than 1.14 and with least % RSD of 0.03. In case of inter-day precision the % RSD 

was in the range of 0.13 to 1.74 respectively. The repeatability of the QC samples set on each day 

of validation was less than 2.35 respectively. In case of LOQ it was always less than 1.18 with 

least % RSD of 0.63. This once again showed the sensitivity of the method at the level of LOQ 

with acceptable limit of % RSD. The inter-instrument repeatability (% RSD) of the developed LC 

method was in the range of 0.21 to 2.30 respectively. The intra-day and inter-day precision results 

(% RSD) are very low as compared to Badea et al (10) 1.33 to 3.53 and Anupama et al (11) 1.06 to 

1.77 and 0.77 to 1.53 respectively. This study results clearly shows that the developed method can 

be used routinely in any analytical lab. 
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Table 3.3 Summary of statistical data of validation parameters of the developed 

LC method  

Parameter LC Method 

Calibration range  10-1500  ng mL
-1

 

Linearity (Regression coefficient) r
2
 = 0.9999 

Regression équation 
Peak area (mV s) = 211.59 ×  

conc.(ng/mL) – 792.26 

95 % Confidence interval of slope
 
 (S.E.

a
) 210.47 to 212.71 (0.437) 

95 % Confidence interval of intercept (S.E)  593.33 to 991.19 ( 77.42) 

Standard deviation of intercept (Śc) 189.64 

Standard deviation of slope 1.07 

Slope without intercept 210.78 

t-value for intercept b 
(tab = 2.57) 6.11x 10

-6
 (P-value 0.999) 

Calculated F-value (critical F-value)
 c
 3.11 × 10

-5
  (2.41)

 
 

Standard error of estimate 5.72  

Limit of detection   4 ng/ mL (2.96 ng/ mL ) A 

Limit of quantification   10 ng/ mL (8.96 ng/ mL) B 

Absolute recovery  98.63 – 102.62 % 

Precision (%RSD) Repeatability - 2.35 % 

Intermediate Precision - 1.74 

%  

Specificity and Selectivity- tCal (tCrit)
d
 0.83 (2.78) 

Robustness (mean % recovery ± S.D.)             100.25 ± 0.80 (50:50 % v/v) 

100.24 ± 1.01 (55:45 % v/v) 
a
 Standard error of mean, 

b 
Calculated at p= 0.05 level of significance, using the 

test of the intercept (tdf = | C –  | / Śc), 
c 
Calculated based on one-way ANOVA 

test at P = 0.05 level of significance, 
d 

Calculated at P = 0.05 level of 

significance (d.f. 4) based on paired t-test, A-Based on the formula 3.3 σs
-1

, B-

Based on the formula 10 σs
-1

, where σ- standard deviation of intercept and s- 

slope of the calibration curve 
 

3.7.7 Sensitivity  

The LOD, 4 ng/mL of the developed method satisfies the signal to noise ratio 2:1. The calibration 

point starts from LOQ (10 ng/mL) as it satisfies the signal to noise ratio condition, 10:1, with 

precision less than 0.12 % RSD and accuracy 98.63 ± 0.12 %. In addition, the peak properties like 

retention time 6.64 ± 0.31; peak area 1278.87 ± 3.89 and T ≤ 2 of Paclitaxel at LOQ were not 

affected during the accuracy and precision study. In Badea et al (10) method LOQ and LOD were 
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found to be 240 and 72 ng/mL which is high when compared to the present method. The sensitivity 

of the present HPLC method was high when compared to the recently published method (11, 13) 

whose LOD and LOQ was 0.17 and 0.5 µg/mL respectively. 

3.7.8 System suitability and Paclitaxel stability 

The developed LC method was found to be suitable in terms of system performances as per the 

system suitability evaluation parameter results. The k´ of Paclitaxel in the selected column and 

mobile phase was 3.36, which was greater than 2 and it showed that the Paclitaxel spends enough 

time to get optimum resolution with the selected stationary phase versus the mobile phase. The k´ 

value above 1.00 showed that the Paclitaxel was well separated from the solvent peak. Highest 

number of theoretical plates 11016.6 showed the sharpness of the peak and therefore the efficiency 

of the column. The higher the number of plate, the column efficiency is more. The column 

efficiency was supported by the smaller HETP 0.023. The T=1.25, which is less than 2 shows that 

the Paclitaxel peak was symmetrical. The other system suitability parameters like Neff (6518.7), 

HEFF (0.038) and h (2203.32) demonstrate the suitability and repeatability of the developed 

method in the respective conditions. 

 

 
Fig. 3.3 Overlaid chromatograms of calibration points (10-1500ng/mL), the figure inside is the 

base shift zoom view of 10, 15 and 25 ng/mL concentration 
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3.7.9 Application of the developed method- analysis of formulation 

a) Estimation of Paclitaxel in in-house prepared formulation 

The drug content of Paclitaxel loaded PCL and PLGA NPs formulations determined by the 

developed HPLC method were found to be 101.06 ± 0.75 and 100.03 ± 0.05, with low % bias, 

indicating the accuracy of the method. The one-way ANOVA test result showed that, Fcalc for LC 

method was 0.69 which is less than the Fcrit 3.88. The mean SS for the developed method was 5.41 

x 10
-3 

and 1.55 x 10
-2

 and 3.21 x 10
-2

 and 4.61 x 10
-2

 respectively between and within the group. In 

literature there are very complicated, time consuming and sophisticated procedures to estimate 

Paclitaxel content in the polymeric NPs. 

 
Fig. 3.4 Representative HPLC method, counter view plot and UV spectrum of degradation sample,  

counter view plot of Standard 750 ng/mL (A) counter view plot of FDS-HCL (B) counter view 

plot of OST (C) counter view plot of TST (D) UV spectrum of 750 ng/mL (E) UV spectrum of 

FDS-HCL (F) UV spectrum of OST (G) UV spectrum of TST (H) 
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Fig. 3.5 Representative overlaid chromatogram of placebo spiking and standard addition with 

zoom view (A), representative chromatogram of acid hydrolytic (100 mM HCl) degradation of 

Paclitaxel with their peak purity curve and ratiogram (B), representative chromatogram of forced 

oxidative (6 % v/v H2O2) degradation of Paclitaxel with their peak purity curve and ratiogram (C), 

representative chromatogram of thermal stress degradation of Paclitaxel with their peak purity 

curve and ratiogram (D) 

 

 

 
 

Fig. 3.6 Base shift overlay representative chromatogram demonstrating the selectivity of Paclitaxel 

determination in presences of excipients, calibration standard LLOQ 10 ng/mL (A) Paclitaxel (10 

ng/mL) spiked in blank placebo NPs formulation standards (B) blank placebo NPs formulation 

standard (C) diluent (D) 
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 Table 3.4 Calibration curve of Paclitaxel by the LC method 

 

a 
Average of six separate determinations with standard deviation, 

b 
Predicted concentration is 

calculated from average peak area, using regression equation 

Zhang et al (14) used complicated and sophisticated sample processing procedure to extract 

Paclitaxel from NPs and dissolution samples, which is time consuming. Hence, this procedures and 

method may not be suitable for routine analysis.  

Extensive literature search showed, some researchers used liquid-liquid extraction method to 

extract Paclitaxel from NPs. It has been found that liquid-liquid extraction method had poor 

efficiency of extraction and it exhibited concentration dependent recovery. Other reported methods 

(15-22) used complicated extraction procedures like, evaporating the extracted solvent system by 

using nitrogen stream, using mixture of extracting solvent with buffer and using special solvent 

system like tetrahydrofuran (29-32). In another report, 1 mL of acetonitrile was added to PLGA 

NPs and extract Paclitaxel from NPs for 16 hr, the extraction procedure is very simple but the time 

to extract Paclitaxel is high, hence this method may not be suitable for routine analysis (9). In the 

present method NPs are digested with acetonitrile with 30 min sonication and Paclitaxel was 

estimated using the developed LC method with good accuracy, suggesting suitability for routine 

analysis. 

Concentration. 

(ng/mL) 

Average absorbs. 

± SD. 

( 229 nm 
a
) 

% RSD 
Actual con.

b
 

(ng/mL) 
%Bias % Error 

10 1294.67 ±  2.58 0.20 9.86 -1.37 0.08 

15 2310.33 ± 19.96 0.86 14.66 -2.25 0.35 

25 4449.33 ± 33.66 0.76 24.77 -0.91 0.31 

50 9861.33 ± 43.74 0.44 50.35 0.70 0.18 

100 19835.17 ± 259.86 1.31 97.49 -2.51 0.53 

250 51344.33 ± 18.95 0.04 246.40 -1.44 0.02 

500 107776.67 ±199.13 0.18 513.11 2.62 0.08 

750 156603.83 ±349.69 0.22 743.87 -0.82 0.09 

1500 316469.83 ±1860.76 0.59 1499.42 -0.04 0.24 
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Table 3.5 Accuracy study of LC-method by placebo spiking and standard addition techniques 

a  
Each value is result of nine separate determinations 

b 
Each value is result of six separate determinations 

c 
In-house placebo PCL 

nanoparticle preparation 
d 

In-house drug loaded PCL nanoparticle preparation containing 1 mg of equivalent paclitaxel 
e 

% bias is 

calculated from the % recovery 

 

 

 

 

 

 

Product Technique 

Con. 

of drug in 

formulation d  

(ng/mL) 

Amount  

of drug  

added  

(% of label 

claim) 

Mean 

calculated  

Con. 

(ng/mL) 

Total  

amount 

recovered 

 ± SD 

( µg/mL ) 

Mean  

absolute 

recovery (%) 

(± SD) 

% RSD % Bias
e
 

N
an

o
p
ar

ti
cl

es
 

Placebo 

spiking a, c    

- 50 149.72 ± 0.32  299.44 ± 0.64 99.81 ± 0.21 0.21 -0.19 

- 75 225.18± 0.26 450.37 ± 0.51 100.08 ± 0.11 0.11 0.08 

- 100 301.56 ± 0.93 603.13 ± 1.87 100.37 ± 0.31 0.31 0.37 

- 125 375.15 ± 0.15 750.29 ± 0.29 100.04 ± 0.04 0.04 0.04 

- 150 450.06 ± 0.16 900.13 ± 0.33 100.01 ± 0.04 0.04 0.01 

Standard 

addition
b
 

450.11 ± 0.33  50 299.96 ± 0.19 599.91 ± 0.38 99.99 ± 0.063 0.063 -0.01 

375.25 ± 0.11 75 299.90 ± 0.07 599.81 ± 0.13 99.97 ± 0.022 0.022 -0.03 

299.92 ± 0.11 100 299.88 ± 0.13 599.76 ± 0.26 99.96 ± 0.044 0.044 -0.04 

225.09 ± 0.20 125 300.39 ± 0.60 600.77 ± 1.19 100.13 ± 0.199 0.198 0.13 

150.13 ± 0.06 150 299.82 ± 0.28 599.64 ± 0.56 99.94 ± 0.094 0.094 -0.06 
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3.8 Method III: Bioanalytical LC method 

3.8.1 Experimental  

a) Materials and Methods  

Same as mentioned in UV-Spectrophotometric method 

b) Instruments 

The instrument used is same as the LC-analytical method. LichroCART 250-4, HPLC-

Cartridge, Lichrospher 100 RP-18 e (5 µm), Lot. L57062233 double end-capped RP-HPLC 

column (MERCK, Germany) fitted with guard column of the same material was used for the 

separation. All calculations were performed using peak area ratio (RU = ru/ris), where ru is peak 

area of Paclitaxel obtained from a chromatogram and ris is peak area of IS obtained from a 

chromatogram. 

3.8.2 Method development 

a) Preparation of stock and standard solution 

A master stock solution of 2 mg/ml was prepared in DMSO and stored in glass ampoules at -

20
◦
 C. Secondary stock solution of 60 µg/mL was prepared by taking aliquot from primary 

stock and this stock solution was further serially diluted to get working standard solutions in 

the range of 30-0.1 µg/mL. All the dilutions were made by acetonitrile and water 50:50% v/v. 

The secondary stock and working solution were prepared fresh daily. The master stock solution 

of propylparaben (PP) the internal standard (IS) was prepared at a concentration of 100 µg/mL 

in acetonitrile and stored at -20
◦
 C between uses. The working standard of 0.125 µg/mL was 

prepared from master stock daily in acetonitrile. The precipitation solvent (acetonitrile) 

containing PP is made ice cold at -80
◦
 C for sample processing. The concentration of IS in all 

samples were maintained at 1 µg/mL. All the stock solutions were prepared freshly on the day 

of validation and care was taken to store Paclitaxel stock in glass ampoules.  

b) Sample collection and preparation 

Rat blood samples, approximately 1.5 mL from each animal were withdrawn from more than 

15 healthy animals by cardiac puncher under diethyl ether anaesthesia with disposable syringe 

(Dispovan, India) with 26 G needle. After blood collection, all animals were recovered from 

anaesthesia. The blood was collected into 2 mL polypropylene microtubes (Tarsone, India) 

containing EDTA-Na2 (0.1 mL of 10% solution for 5mL of plasma) for preparation of plasma 

and the care has been taken to mix the blood with EDTA-Na2. After centrifugation at 12000 

rpm for 15 min at 4
◦
 C, plasma were pooled into one tube and stored at -20

◦  
C and thawed 

every time before analysis. Liver, kidney and spleen samples were also collected from rats, 

stored at -20
◦  

C before analysis. 

c) Sample processing  



 72 

To 100 µL plasma samples (drug spiked/real time sample), 800 µL of ice cold acetonitrile 

containing IS (0.125 µg/mL) was added. This solution was vortexed for 2 min in multi holder 

vortex mixer (SPINIX Multilab, India) and centrifuged in cooling compufuge CPR 24 (REMI, 

India) at 12000 rpm for 10 min at 4
◦
 C. The total sample processing time before evaporation is 

12 mins. The plasma protein precipitated and collected as pellet at the bottom of the tube. The 

supernatant was taken, dried using a vacuum concentrator (MAXI dry lyo, Heto vacuum 

centrifuge, Germany) and dry residue was reconstituted with 100 µL of 50:50% v/v acetonitrile 

and water. The reconstituted solution is made in mobile phase, to avoid possible baseline drifts. 

The injection volume of 75µL is injected into HPLC. Similarly, liver, kidney and spleen 

samples were also processed same way for estimation of Paclitaxel in the respective organ 

samples. Partial validation was carried out in liver, kidney and spleen samples. 

d) System suitability parameters 

The column efficiency for the separation of Paclitaxel and PP was evaluated by calculating 

number of theoretical plates (N), k´ and T using the standard formula 

3.8.3 Method validation 

a) Selectivity and peak purity 

Selectivity of the method was studied by investigating the interference from various 

endogenous matrix components (mainly proteins) and exogenous substance which may come 

in contact with the sample during the process. Blood from six different rats were collected for 

this study and the blood samples were processed for plasma and stored at -20
◦
 C until analysis. 

Similarly liver, kidney and spleen samples were also processed to study the selectivity of the 

method. Six individual samples of drug and IS free plasma (blank), samples with IS (zero 

samples) and LLOQ (10 ng/mL) were processed individually and analysed by the proposed 

method.  

The obtained chromatograms of blank samples were compared against analytical, calibration 

standards and real time i.v. pharmacokinetic samples for investigating interference in 

determination.  The condition for LLOQ, the peak area of compound co-eluting with the 

Paclitaxel or IS should not exceeds 20 % of the Paclitaxel peak area at LLOQ or 5 % of the IS 

area. The selectivity is further confirmed by peak purity determination by using the ratiograms 

and purity curve. The ratiograms is constructed by plotting, ratio of absorbance/response of 

Paclitaxel at two different wavelengths (231 and 235) over retention time (8.0 ± 0.25), the 

rectangular ratiograms show that the peak is pure. 

b) Linearity and quality control samples  

Calibration standards in drug free rat plasma were prepared at concentrations 10, 25, 50, 100, 

250, 500, 750 and 1500 ng/mL of Paclitaxel from respective working stocks. Calibrator 
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samples were prepared by spiking 95µL of blank rat plasma with 5 µL of the respective 

Paclitaxel working stock solutions in 1.5 mL polypropylene micro centrifuge tubes, which 

satisfied the limit of 5% addition of organic solution to plasma. The calibration samples, 

consist of a blank sample (matrix sample processed without IS), a zero sample (matrix sample 

processed with IS) and seven non-zero samples including LLOQ. QC samples were prepared at 

concentrations 10, 25, 50, 500 and 1500 ng/mL from respective working stock as like the 

calibrator samples. On each day of validation calibration standards and QC samples were 

prepared fresh and analysed. Similarly, calibration standards were prepared for liver, kidney 

and spleen at concentrations 25-1500, 25-750 and 25-750 ng/mL, respectively. The QC sample 

for liver was 25, 750 and 1500 ng/mL and for kidney and spleen, it was 25, 250 and 750 

ng/mL. 

c) Determination of LLOQ and LOD  

The LLOQ determination was performed on five different days (n=5), by spiking an aliquot of 

blank rat plasma (95µL) with Paclitaxel (5 µL) at concentration of the lowest calibrator with 

precision less than  20 %, accuracy of 80-120% and signal-to-background noise ratio greater 

than 6:1. The LOD was defined as the lowest concentration of Paclitaxel that the method can 

detect with signal to noise ratio greater than or equal to 3. 

d) Recovery 

The determination of the processing method efficiency was done by calculating the recovery of 

Paclitaxel in spiked plasma samples. The recovery was calculated by comparing the Paclitaxel 

peak area of the spiked plasma samples (extracted sample) with their respective aqueous 

samples. By the same method recovery of the IS was calculated. The concentration used to 

study the recovery of IS was 1 µg/mL. Paclitaxel recovery study was carried out in all 

calibration points. All the prepared calibration standards were subjected to sample processing 

and analysed by the proposed method. Recovery of Paclitaxel form liver, kidney and spleen 

were also calculated.  

e) Intra-day and inter-day precision and accuracy 

The precision and accuracy were determined by taking five concentrations (QC samples) in the 

range of calibration curve, with five determinations per concentration. The intra-day precision 

and accuracy were determined by analyzing the spiked QC plasma samples prepared within a 

day on three different occasions. The inter-day precision and accuracy were determined by 

analyzing the spiked QC samples prepared on three different days. On each day of validation 

separate calibration curve were constructed to determine the calculated concentration or actual 

concentration of the prepared samples. After concentrations were calculated by using the 

regression equation, % RSD was calculated using the mean value and SD., the % Bias was 
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calculated from the calculated concentration and known concentration (concentration prepared) 

and % recovery was calculated by using the standard formula at each concentration of the QC 

samples. The limit for precision is that, % RSD value should not exceed 15% except for 

LLOQ, where it should not exceed 20 %. The low percentage relative error indicated the 

accuracy of the proposed method. 

f) Stability 

During the pharmacokinetic study, the collected blood samples were processed for separating 

plasma and then stored in -20
◦
 C.  Thus, it was necessary to find the stability of Paclitaxel and 

PP in the biosamples at the storage condition. The stability study are conducted in following 

heads, freeze and thaw stability, short-term stability, long-term stability, post-preparative 

stability and stock solution stability. On each day of stability study, separate calibration 

standards were processed and analysed with the stability samples. All stability study was 

conducted as per US-FDA guidelines in five QC standards. 

i) Freeze and thaw stability 

The five QC standards were prepared in plasma and stored at -20
◦
 C for 24 hr and thawed 

unassisted at room temperature. When completely thawed, the samples were refrozen for 18 hr 

under same conditions. The freeze-thaw cycles were repeated for four more times, after which 

the samples were analysed with the proposed method on the fifth cycle. Hence, Paclitaxel and 

IS stability in plasma were determined for five freeze and thaw cycles. The stability of 

Paclitaxel was determined by calculating % Bias and % recovery. Each concentration was 

measured in triplicate. 

ii) Short and long-term stability 

The short term stability was conduced up to 24 hr in room temperature (25° C ± 0.5), based on 

the expectation that Paclitaxel in plasma will be maintained at this temperature for a maximum 

of 24 hr. The selected QC standard were thawed at room temperature, then processed and 

analysed at 1, 6, 12 and 24 hr. 

The long term stability time points were selected by considering the time between the date of 

first sample collection and the date of last sample analysis.  The time points chosen for long 

term stability were 7, 15, and 30 days. On the respective time points the samples were thawed 

unassisted at room temperature, processed and analysed by using the proposed method. The 

concentration of all stability samples were compared to the mean of back calculated values of 

the fresh QC standards at the appropriate concentration. As like freeze – thaw stability study 

five QC standards were analysed in triplicates. 

iii) Post-preparative stability 
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The main aim of this study is to determine the stability of Paclitaxel and the PP in the 

reconstitution solution (50:50 % v/v acetonitrile and water), during their resident time in the 

autosampler (18° C ± 0.2). The time points were selected based on the anticipated run time for 

the batch size in validation samples. The- time points selected for this study were 1, 3 and 5 

days. The QC samples were prepared by spiking respective aliquots from working stock to the 

plasma, then all the samples were processed and loaded to the autosampler and analysis was 

done as per the time points. 

iv) Stock solution stability 

The stability of Paclitaxel and PP in the stock solution is evaluated at room temperature and at -

20
◦
C for one month. Paclitaxel stability in DMSO (dimethyl solfoxide) is monitored at two QC 

standard concentrations (500 and 1500 ng/mL). PP stability in acetonitrile was evaluated at 100 

µg/mL. Each determination was performed in duplicate. 

3.8.4 Application of the developed method- analysis of in-vivo samples 

The developed bioanalytical HPLC method was used to estimate Paclitaxel in plasma and 

tissue samples in pharmacokinetic and biodistribution studies (Chapter 7).  

3.9 Results and Discussion 

3.9.1 Chromatographic separation 

Many bioanalytical methods have been developed to determine Paclitaxel in biosamples 

(plasma, serum and tissue) for the past one decade, like HPLC-UV (19-24), immunoassays 

(25), capillary electrophoresis (26) and LCMS-MS (27-30). The immunoassay method lacks 

the specificity of the HPLC although it possesses higher sensitivity. Capillary electrophoresis 

needs only a small amount of samples, but it does not have the sensitivity as HPLC-UV / LC-

MS has using micro-samples. LC-MS/MS is more sensitive and selective in the determination, 

but costly and not suitable for routine and simple analysis (24). There are some HPLC- UV 

methods reported in literature for the estimation of Paclitaxel in plasma with sophisticated and 

tedious procedure. A simple, sensitive and routine bioanalytical method was developed and 

validated to estimate Paclitaxel in different biological samples. 

During the chromatographic separation, in order to get good resolved peaks for Paclitaxel and 

PP, different aqueous phases were tried while keeping organic phase (acetonitrile) constant. 

Acetonitrile (55:45 % v/v) with ammonium acetate buffer or millipore water as aqueous phase 

was selected with respect to peak symmetry (T = 1.02). Based on ease of preparation water was 

selected as aqueous phase. Paclitaxel does not have any ionising group; hence the mobile phase 

pH does not influence much on separation. The mobile phase used in this method is very 

simple in preparation when compared to those previously reported (22, 24, 31) and the 

extraction procedure is also very simple when compared to Fruscio et al (32) procedure, which 
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has multiple extraction steps. The optimized mobile phase was acetonitrile and millipore water 

(55:45 v/v), which provided moderate and quick retention time, with better peak properties, 

resolution and selectivity for Paclitaxel and PP. The retention times for Paclitaxel and IS were 

8.0 ± 0.25 and 5.3 ± 0.15 min respectively, with 7.70 ± 0.15 min resolution. 

For estimation of Paclitaxel in biosamples reported methods used several chemicals as IS like 

N-cyclohexy benzamide, cephalomannie, d5 Paclitaxel, 2‟-methyl Paclitaxel, docetaxel, butyl 

paraben, n-hexyl p-hydroxy benzoic acid, dimethyl-4-4‟-dimethoxy 5, 6, 5‟, 6‟-dimethylene 

dioxy diphenyl- 2, 2‟ dicarboxylate and glafenine free base. But most of them are expensive, 

lacks commercial availability, synthesized especially for analysis purpose, with specificity 

problem or reproducibility difficulty (19-24). PP is used as IS for the first time in the 

estimation of Paclitaxel, which is a most frequently used preservative (33) and readily available 

than those used in previously published methods. PP, chemically propyl 4-hydroxybenzoate, is 

poorly soluble in water, very commonly available in laboratories than other parabens. PP is 

freely available in high purity, has detection response at 233nm as like Paclitaxel. The 

solubility of PP in organic solvents is less (Paclitaxel is highly lipophilic drug) than the 

butylparaben and PP is most commonly available pharmaceutical excipient than the hexyl ester 

of 4-hydroxybenzoic acid (33). Hence PP was selected as IS among the parabens.  PP is 

adequately separated from the other components of plasma (Fig. 3.7).  

Paclitaxel and IS were separated by isocratic reverse phase HPLC with diode array UV 

detection at 233nm. Paclitaxel lacks strong UV absorption, detection at the more permissive 

wavelength of 227nm requires the use of large volumes (0.4-1mL) of sample. There are many 

endogenous substances from biomatrix with similar lipophilicity as that of Paclitaxel, which 

also have strong absorption at 227 nm and they get strongly retain in C18 column (24, 30). 

Because of the above two reason Paclitaxel was determined at 233nm where endogenous 

substance absorption is less (Fig. 3.8 A) and hence estimated with high accuracy and precision. 

In this method we used only 800 µL of ice cold acetonitrile as extracting solvent (average % 

recovery 100.6 ± 3.2) to estimate Paclitaxel (LLOQ 10 ng/mL) from micro volume rat plasma. 

The extraction procedure described is very economical (only 800 µL of extracting solvent) than 

the reported method using solid phase extraction (SPE) and liquid-liquid extraction (LLE). In 

the reported LLE (20, 22) and SPE (24) for the estimation of Paclitaxel in biomatrix, used more 

than 1 mL of extracting solvent but in the present method, only 800 µL of ice cold acetonitrile 

[less than this volume result in reduction in extraction efficiency (% recovery)] is used for 

extraction and estimation of Paclitaxel from plasma. The sample processing (before 

evaporation step) takes very less time (12 min,) and there is no time consuming step as like 

freeze the aqueous layer in the freezer in LLE and multiple extraction steps in SPE (23). In the 
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reported method there are many complicated and sophisticated steps before the supernatant is 

concentrated by evaporation. By using LLE, it has been reported that the liquid solvents causes 

interference of endogenous compounds with Paclitaxel and with insufficient efficiency of 

extraction to permit routine application. It is well know that the LLE has more inconsistent 

variation in extraction between samples. In our method, the simple protein precipitation 

purified the matrix and helps to estimate Paclitaxel and PP with high sensitivity (low signal-to-

noise ratio to obtain LOD of 5 ng/mL and LLOQ of 10 ng/mL) and specificity (Fig. 3.8) at 233 

nm. There was no interference from the matrix during total analysis time of 10 min and even 

there were no high interfering peaks up to 30 min. By using the simple protein precipitation 

method Paclitaxel was extracted efficiently from tissue samples, liver, kidney and spleen with 

good % recovery. 

Most of the methods developed for separation of Paclitaxel from biological samples, used 

multiple steps of liquid – liquid extraction with large volume (2-10 mL) and mixture of 

extracting solvents. Some of the method has pre/post washing with n-hexane, double 

extraction,
 
complicated reconstitution solution, and there are more assay methods used solid 

phase extraction. All the above process makes the method more complicated and difficult for 

routine analysis.  

3.9.2 Method validation  

a) Selectivity and peak purity 

Fig. 3.7 A to F illustrate representative chromatogram of a blank rat plasma, zero sample, 

control plasma spiked with 10, 500 and 1500 ng/mL of Paclitaxel and  plasma sample of i.v. 

bolus pharmacokinetic study. Chromatogram of blank sample and zero samples revealed that 

there was no interfering peak present in the eluting window of Paclitaxel and IS. Further, the 

real time i.v. pharmacokinetic chromatogram confirms that there was no interference from 

metabolites or degradation products or other exogenous xenobiotics in the near vicinity of 

Paclitaxel and IS. There was no co-eluting peak, > 20% of the Paclitaxel at LLOQ and >5 % of 

the area of IS at their respective retention time. These results confirm the selectivity of the 

developed method for extracting Paclitaxel from micro-volume rat plasma. The chromatograms 

recorded at the elution time at different wavelengths (229-235 and 256) shows the peaks 

homogeneity of Paclitaxel and PP (Fig. 3.8 B) with good overlay of peak shape and retention 

match.  

In the obtained rectangular ratiograms, the ratio of response (area/absorbance) at two selected 

wavelengths (231 and 235) are less than one (Fig. 3.8 C-E) and it‟s constant across the elution 

time. The rectangular ratiograms shows that the Paclitaxel is quantified with high selectivity at 

233 nm. The peak purity index and single point threshold (Fig. 3.8 F) value is always close to 
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one (1.0000 and 0. 0.987749). The positive minimum peak purity index value (12250) also 

shows the purity of peak (Paclitaxel) and it‟s selective. The obtained purity curve data shows 

selectivity of the method in determining the Paclitaxel. 

Likewise, there were no interferences from the tissue samples eluting at the retention time of 

Paclitaxel, which confers the selectivity of the method in estimating Paclitaxel in tissue 

samples. There is no interfering/co-eluting/ co-migrants endogenous or exogenous or 

metabolite substance at the selected wavelength. indicating the efficiency of the precipitation 

method and selectivity of determining Paclitaxel at 233nm. 

b) Linearity and quality control samples 

Calibration curves were prepared on each day of analysis by an IS addition method for known 

concentration of Paclitaxel in rat plasma samples. Calibration curve were constructed by 

plotting peak area ratio vs concentrations. The typical best-fit linear regression equation for the 

calibration curve in the range of 10 -1500 ng/mL, peak area ratio = 0.0084 x concentration of 

Paclitaxel (ng/mL) – 0.1208, r
2
 = 0.9999. Goodness of fit of regression equation for Paclitaxel 

in rat plasma was linear with high mean regression coefficient of 0.9997 ± 0.0003, the standard 

deviation of slope and intercept were found to be 0.0007 and 0.0525 respectively (Table 3.6) 

with low standard error of estimate (4. 66). ANOVA test (one-way) was performed for peak 

area ratio obtained at individual concentration levels and calculated F-value was low than 

critical F- value at 95% level of significant, which supports the best-fit linear equation. The 

best-fit linear regression equation of calibration curve of liver, kidney and spleen samples were, 

peak area = 206.31 x concentration of Paclitaxel (ng/mL) – 388.24 (r
2
 = 0.9999.), peak area = 

205.42 x concentration of Paclitaxel (ng/mL) – 292.15 (r
2
 = 0.9999.) and peak area = 205.80 x 

concentration of Paclitaxel (ng/mL) – 220.7 (r
2
 = 1) respectively.  The low % bias range from 

0.16 to -3.89, 0.45 to -3.51 and 0.23 to -3.46 for the entire calibration curve concentrations of 

the tissue sample, supportd the selected linear model with univariant regression and it also 

shows the goodness of fit. The low % error calculated for the entire range of calibration points 

of tissue samples were between 0.19 to 2.64, 0.42 to 3.49 and 0.004 to 3.37. 

c) Determination of LLOQ and LOD         

The LLOQ on the calibration curve (10 ng/mL) was accepted as the limit of quantification as 

its response was more than six times to blank response or background noise. The peak obtained 

for LLOQ was identifiable, discrete and reproducible with precision (% RSD) of 1.79 % and 

accuracy (% recovery) of 100.76, the repeatability is very high as compared to Li et al, (22). 

The method was found to be sensitive with a high signal-to-noise ratio and acceptable precision 

and accuracy. By using micro-volume (100 µL) of rat plasma the LOD was found to be 5 

ng/mL with signal to noise ratio greater than three, this is lower than the reported method by 
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Yonemoto et al (20) 7.5 ng/mL, Sparreboom et al (33) 15 ng/mL and Martin et al (33) 10 

ng/mL. The LOD of present method is equal to the Wang et al (34) who used sophisticated 

SPE. The clinical pharmacokinetic and cytotoxicity studies reviles that the bioanalytical 

method with less than 43 ng/mL as quantification limit is required for the estimation of 

Paclitaxel in the bio matrix (5-7). Our LOD and LLOQ are satisfactory with respect to the 43 

ng/mL of its cytotoxicity action. These suggest that the method is suitable for various 

pharmacokinetic investigations of Paclitaxel in rodents, which demands high sensitivity and 

repeatability. The developed method was able to detect Paclitaxel up to 24 hr (26.42 ng/mL ± 

2.55) in i.v. pharmacokinetic study with 10 mg/kg dose in rat. The LLOQ and LOD of liver, 

kidney and spleen sample were 25 and 15 ng/mL. 

d) Recovery  

In general for protein precipitation, room temperature or ice cold acetonitrile or any other 

protein precipitating agent is used to extract the drug from biomatrix. In the present method, ice 

cold acetonitrile resulted in high recovery (Table 3.7) of both Paclitaxel and PP respectively. 

The recovery of Paclitaxel after simple single protein precipitation with ice cold acetonitrile 

was studied at all calibration standards in triplicates. The efficiency of extraction was found to 

be in the range of 95.3 ± 5.0 to 100.9 ± 1.2 %, with average recovery of 100.6 ± 3.2. The 

recovery of IS at 1µg/mL was 91.7 ± 2.9 %. This indicated that the processing method is 

efficient in extracting the Paclitaxel and IS effectively in micro-volume of rat plasma than the 

solid-phase extraction (% recovery 85 and 89 for 500 and 1000 ng/mL respectively, used by 

Wang et al (24) and Caporossi et al (35) (% recovery higher than 87 %, using 0.5 mL of 

plasma). The results show that the extraction efficiency of the method is consistent, precise and 

reproducible (% RSD < 5.36). The efficiency of extracting Paclitaxel form the tissue samples 

of the studied QC samples were, 93.26 to 99.58, 96.15 to 101.49 and 96.39 to 101.16 with low 

standard deviation ranging from 0.19 to 1.60, 0.22 to 2.24 and 0.46 to 2.24. 

e) Intra-day and inter-day precision and accuracy 

The intra-day precision of Paclitaxel in micro-volume of rat plasma showed % RSD less than 

1.94. The percent relative standard deviation (% RSD) in inter-day precision of all QC sample 

were less than 2.06 for Paclitaxel. The precision results (% RSD) are very low as compared 

Coudore et al, (23) Li et al., (22) Yonemoto et al., (20), Kim et al., (21) and Wang et al., (24) 

these showed that the method is highly reproducible, hence it can be used for routine analysis 

of Paclitaxel in rat plasma. The intra-day accuracy study showed % Bias ranged from 0.03 to 

0.78. The inter-day accuracy (% Bias) at all QC levels ranged from 0.05 to 0.76. The % 

recovery for intra-day and inter-day precision were in the range of 100.03 to 100.78 and 100.05 

to 100.76. 
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f) System suitability parameters 

The number of theoretical plates (N) of the column for separation of Paclitaxel and IS were 

6400 and 4974, respectively. The capacity factor (k´) for Paclitaxel and IS was 5.5 and 3.3, 

respectively. The tailing factor for Paclitaxel (1.00 ± 0.05) and IS (0.98 ± 0.06) approaches to 

unity, which showed that the peaks are perfectly symmetrical. The system suitability 

parameters show that the method is reproducible with good resolution. 

g) Stability 

The results of freeze and thaw stability at all QC levels demonstrated that Paclitaxel and the IS 

were stable in rat plasma up to five freeze-thaw cycles (Fig. 3.9). Results are expressed in 

terms of % Bias and % recovery, which ranges from – 0.45 to 0.99 and 99.55 to 100.99 

respectively. Guo et al (36) showed that Paclitaxel is stable (% accuracy and % CV) up to three 

freeze-thaw cycles and our study result showed that Paclitaxel and IS are stable up to five 

freeze-thaw cycles. This confirms edhat the Paclitaxel and IS was found to be stable for five 

freeze and thaw cycles making it suitable for subzero storage condition.  

The short and long term stability results showed that Paclitaxel and IS was stable up to 24 hr in 

bench top conditions and for 60 days at -20
◦
C (Fig. 3.9). The % Bias and % recovery for short 

term stability ranges from – 0.21 to 5.57 and 99.55 to 105.57 respectively. At all QC standards 

in long term stability the % Bias and % recovery ranged from – 3.13 to 2.25 and 97.73 to 

102.25 respectively. The post preparative study results demonstrated that Paclitaxel and IS can 

be stored in 50:50 % v/v acetonitrile and water in auto sampler (18 
◦
C ± 0.2) for up to 5 days. 

The % recovery of post preparative study ranged from 98.15 ± 1.54 to 102.91 ± 0.56. Gardner 

et al (37) showed that the Paclitaxel and d5 Paclitaxel can be store in the auto sampler (4 ° C) 

for 24 hr. We showed that the Paclitaxel and PP can reanalyzed even after five days at 18 
◦
C ± 

0.2. This makes the analyst to reanalysis the samples if required in situations like machine 

failure, which is very common for the researchers who work with HPLC. Hence this post 

preparative stability results gives confident to reanalysis the Paclitaxel rat plasma sample up to 

five days. 

The % RSD calculated for all stability samples were well within the acceptable range of ± 20 % 

at LLOQ and ± 15 % at all concentration levels. These confirm that the Paclitaxel and IS were 

stable under various processing and storage conditions stated in the method. The stock solution 

stability data shows that Paclitaxel is stable at room temperature (mean % recovery 99.99 ± 

0.57) and at -20 
◦
C (mean % recovery 99.95 ± 0.59) in DMSO for one month. IS was found to 

be stable in acetonitrile during a period of one month with mean percent recovery of 98.97 ± 

1.32. As per our knowledge this is the first complete report with all stability study in micro 

volume rat plasma for Paclitaxel. 
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Table 3.6 Slope and intercept of calibration curve of Paclitaxel in micro-volume rat 

plasma 

 

Calibration curve
a
 Slope Intercept Regression coefficient 

1 0.0084 -0.1208 0.9999 

2 0.0083 -0.0560 0.9999 

3 0.0074 -0.1151 0.9998 

4 0.0083 -0.1215 0.9998 

5 0.0070 0.0093 0.9999 

6 0.0085 -0.0974 0.9997 

7 0.0069 -0.1002 0.9992 

8 0.0085 -0.1663 0.9993 

    

Mean 0.0079 -0.0960 0.9997 

SD. 0.0007 0.0525 0.0003 

% RSD 8.741 - 0.028 
a 
Each calibration curve is obtained using eight points   

 

3.9.3 Application of the developed method- analysis of in-vivo samples 

The validated method was successfully applied to estimate Paclitaxel in rat plasma and tissue 

samples as reported in Chapter 7. 
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Fig. 3.7 Representative chromatograms of Paclitaxel and PP, blank sample (A) zero sample (B) 

control plasma spiked with 25 ng/mL (C) Continues… 

D) 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 min 
-1.5 
-1.0 
-0.5 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 

mAU 
233nm,4nm (1.00) 

PP 

TAX 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 min 

-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 mAU 

233nm4nm (1.00) 

PP 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 min 

0 

50 

100 

150 

200 

250 

300 

350 

400 mAU 
233nm,4nm (1.00) 



 83 

 
 

C) 

 
E) 

 
 

Fig. 3.7 Representative chromatograms of Paclitaxel and PP, control plasma spiked with 500 

ng/mL (D) control plasma spiked with 1500 ng/mL (E) plasma sample of pharmacokinetic 

study of Paclitaxel (F) 
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Fig. 3.8 Representative 3D chromatogram for selectivity and sensitivity,  top 3D view 

chromatogram of 500 ng/mL (A) chromatogram of  500 ng/mL recorded at the same time at 

different wavelength (B) ratiograms of 10 ng/mL (C)  ratiograms of 500 ng/mL (D) ratiograms 

of 1500 ng/mL (E) peak purity (F) 

 

 Table 3.7 Recovery of Paclitaxel and PP from micro-volume rat plasma 

 
 

 

 

 

 

 

 

Concentration (ng/mL) Mean absolute recovery 

(%, ± SD )
a
 

% RSD 

                 Paclitaxel 

10 100.3 ± 4.7 4.73 

25 106.5 ± 7.1 7.09 

50 95.3  ± 5.0 5.24 

100 100.3 ± 0.6 0.62 

250 99.1 ± 5.3 5.36 

500 102.5 ±  3.7 3.59 

750 99.7 ± 2.1 2.06 

1500 100.9 ± 1.2 1.20 

Average recovery (± SD)                   100.6 ± 3.2                                  0.003 

                   IS 

1000 91.7 ± 2.9
b
 3.19 
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a 
Average of six determination (n=3 on two days), 

b 
Average of ten determination (n = 5 on two 

days) 
 

 
Fig. 3.9 Stability study of Paclitaxel and PP in rat plasma, Post preparative 

stability (A) short term stability (B) long term stability (C) freeze thaw stability 

(D) 

 

3.10 Conclusion 

A simple, sensitive, accurate and precise UV-spectrophometric method was developed and 

validated for the determination of Paclitaxel in bulk and NPDDS. The accuracy of the 

developed method was tested by placebo spiking and standard addition method. The selectivity 

of the developed method was well established at the limit of quantification. The LOD and 

LLOQ of the method, 0.39 µg/mL and 2.96 ng/mL respectively. A rapid, sensitive, accurate, 

precise and specific-stability indicating LC method was developed and validated for the 

estimation of Paclitaxel. The 2D view chromatogram, counter view graph, UV and IR spectrum 

of the degradation samples confirms the selectivity and specificity of the developed method. 

The LOD and LLOQ of the method, 1.18 µg/mL
 
and 8.96 ng/mL respectively. A simple, highly 

repeatable and reproducible method for estimation of Paclitaxel in rat plasma, liver, kidney and 

spleen samples was developed and validated completely. PP was used as IS for the first time in 

the estimation of Paclitaxel in micro volume rat plasma. The rectangular ratiograms and purity 

curve demonstrates the selectivity. The validated method has been shown to be suitable for i.v. 
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pharmacokinetic and biodistribution study of Paclitaxel solution and NPs (10 mg/kg) in wistar 

rats. All the stability study results illustrates that Paclitaxel and PP were stable in plasma with 

less % Bias and high % recovery.  
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4.1 Introduction 

Preformulation studies are an investigation of physical and chemical properties of the active 

pharmaceutical ingredient and are important for deciding probable dosage form(s). Non-

availability of these information can affect drug performance and can lead to stability problems 

(1-2). The formulation scientists look for the preformulation study data before design and 

development of any successful formulation. Paclitaxel is a well established anti-cancer drug 

and good amount of physico-chemical information are available in literature. In the present 

work, as aim is to formulate nanoparticulate drug delivery system for Paclitaxel using selected 

preformed polymers, some preformulation studies are required. Still now US-FDA has not 

framed any specific guideline for the preparation and characterization of NPs formulation. 

Based on the need, some important preformulation experiments were planned and performed. 

Study covered the bulk characterization, solubility, partition coefficient, the drug-excipient 

compatibility and stability of Paclitaxel as per the need (3-5). 

4.2 Experimental 

4.2.1 Materials and Methods 

Paclitaxel was received as gift sample as mentioned in Chapter 3. Other chemicals are obtained 

from market and are pharmaceutical or AR grade. 

4.3 Preformulation studies 

4.3.1 Bulk characterization 

The UV-spectrum of Paclitaxel was recorded by preparing, 26 µg/mL fresh solution in 85:15 % 

v/v acetonitrile-water system. The X-ray diffraction (XRD) and infra red spectrum analysis was 

done to characterize the powdered drug. XRD was done using RKS-400SV-R desktop X-ray 

powder diffractometer (Rigaku, Rigaku Corporation, Miniflex-II, Japan) and IR study was 

done by using fourier transform infrared spectroscopy (FTIR; IR Prestige-21, Shimadzu, 

Kyoto, Japan). 

4.3.2 Solubility study 

The saturation solubility of Paclitaxel was determined by shake flask method in buffered and 

un-buffered media at different selected pH conditions (pH 1.2, 2.0, 6.8, 7.4 and 11.0). The 

solubility of Paclitaxel in different media was determined by adding excess amount of 

Paclitaxel to 2 mL centrifuge tube containing 1mL of respective media and vortexed for 

complete dispersion of drug. All the samples were kept in shaker (MAC, Orbital Shaking 

Incubator, New Delhi) for 24 hr maintained at 37 ± 3°C. After 24 hr, 500 µL of sample was 

withdrawn and filtered using syringe filter containing 0.22 µm membrane filter. The filtered 

samples were diluted suitably and analyzed by the developed UV-Spectrophotometric method. All 
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the samples were prepared in triplicate and the average of this is represented as Paclitaxel 

solubility in the respective medium. 

4.3.3 Partition coefficient 

The partition coefficient of Paclitaxel was determined by shake flask method (5). The partition 

coefficient of Paclitaxel was performed in two systems, n-octanol-water and chloroform-water. 

Before the experiment all the phases were pre-saturated with their mutual phases for 24 hr and 

then the phases were separated from each other by centrifugation (CPR 24, Remi, India) at 

12000 rpm for 10 min at 25
°
C. In a 15 mL centrifuge tube, 5.25 mL of water saturated octanol 

or chloroform organic phase was mixed with 7 mL of water already pre saturated with 

respective organic solvent. Then, this solvent mixture was placed in shaker (MAC, Orbital 

Shaking Incubator, New Delhi) maintained at 25 ± 3°C after adding 1.75 mL of Paclitaxel 

solution in octanol to the organic phase. After equilibration, all the samples were centrifuged at 

12000 rpm for 10 min at 25°C to separate both the layers and Paclitaxel concentration were 

determined at respective layer by the developed HPLC method reported in Chapter 3. All the 

samples were prepared in triplicate and the result was expressed in log partition coefficient. 

4.3.4 Compatibility study 

a) FTIR spectroscopy 

This study was carried out to check the compatibility of Paclitaxel with the selected polymers. 

The physical mixture of drug (Paclitaxel) and excipients (PCL, PLGA, PLA, PVA and PF 68) 

were prepared in 1:1 ratio and kept at room temperature (25 ± 3 ºC). FTIR was taken after 6 

months of observation to monitor any incompatibility. 

b) Accelerated stability test 

i) Physical stability 

The accelerated physical stability test of the drug in mixture with excipients was performed at 

two different conditions, 40 ± 2°C/75 ± 5% Relative Humidity (RH) and 60 ± 2 °C/80 ± 5% 

RH. Duplicates of drug and excipients mixture were taken in the amber colored bottle and these 

mixtures were kept in the selected storage condition. The mixtures were observed for any 

physical change (color and physical state) up to four weeks (4). 

ii) Chemical stability 

The accelerated chemical stability test of the drug in mixture with excipients was performed at 

two different conditions, 40 ± 2°C/75 ± 5% RH and 60 ± 2 °C/80 ± 5% RH. Triplicate of drug 

(1 mg) and excipients mixture were taken in the amber colored bottle and these mixtures were 

kept in the selected storage condition. The mixtures were estimated for Paclitaxel using HPLC 

method reported in Chapter 3 for any chemical change (degradation) up to four weeks (4). 
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4.3.5 Stability study 

The stability of Paclitaxel was performed under two heads, solution state stability and solid 

state stability. 

a) Solution state stability 

The solution state stability of Paclitaxel was studied in different buffered pH solutions of  pH 

1.2, 3.0 4.8, 6.8, 7.4 and 11. A stock solution of 1mg/mL Paclitaxel was prepared in DMSO 

and from that 1 µg/mL of Paclitaxel solutions were prepared in different pH solutions for the 

stability analysis. The prepared samples were stored at 25 ± 3°C and at different time points (1, 

2, 3, 4, 5 and 6 days) samples were take out for drug content analysis using developed HPLC 

method. The results were analyzed to determine order of degradation and rate constants. The 

t90% , time take to degraded 90 % of the drug was calculated to find the shelf life of Paclitaxel. 

b) Solid state stability 

In this study, 10 mg of Paclitaxel was weighed and transferred to three clean glass containers. 

These containers were stored in three separated conditions, ambient temperature, 25 ± 3°C, 60 

± 5% RH, accelerated conditions, 40 ± 2°C, 75 ± 5% RH and refrigerated condition, 5 ± 3°C 

for the predetermined time intervals. All the samples were analyzed for drug content at pre 

determined time points, 1, 2, 3, 4, 5 and 6 months. The results were analyzed to determine 

order of degradation, rate constants and t90%. 

4.4 Results and Discussion 

4.4.1 Bulk characterization 

The UV-spectrum of Paclitaxel showed λ max at 228 nm. The diffractogram (DG) showed 

characteristic sharp peak at 12.26° 2θ scattering angle, clearly indicated the crystallinity of 

Paclitaxel (1). The FTIR spectra illustrated characteristic bands of Paclitaxel. All these studies 

showed that the sample obtained was crystalline white powder Paclitaxel.   

4.4.2 Solubility analysis 

The solubility of Paclitaxel in buffer and un-buffered solution in different pH were represented 

in Fig. 4.1. Paclitaxel showed nearly same solubility profile in the buffered and un-buffered 

pH, with little higher stability in buffered media. Paclitaxel is highly lipophilic drug with 

solubility less than 1 µg/mL (6-8). Results of solubility of Paclitaxel in buffered and un-

buffered pH solution were found to be in the range of 0.54 to 0.94 µg/mL and 0.30 to 0.73 

µg/mL respectively. Paclitaxel solubility was not significantly changed when the pH was 

changed in both buffered and un-buffered systems, as there is no ionizing group in the structure 

of Paclitaxel. 
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4.4.3 Partition coefficient 

The equilibrium partition coefficient (D) of Paclitaxel in, n-octanol-water and chloroform-

water was found to be 999.10 ± 56.42 and 585.69 ± 18.14 respectively. The Log D of 

Paclitaxel in n-octanol-water and chloroform-water system was found to be 3.00 and 2.77 

respectively (5, 8).  

 

Fig. 4.1 Paclitaxel solubility in buffered and un-buffered solution of different pH 1.2, 

2.0, 6.8, 7.4 and 11.0 solution (TAX-Paclitaxel) 

 

4.4.4 Compatibility study 

The FTIR study of physical mixture of drug and excipients after 6 month storage showed 

characteristic bands of Paclitaxel, Polymer PCL, PLGA, PLA and stabilizers, PF 68 and PVA 

in different proportion of mixtures. These indicate the absence of chemical interaction of 

Paclitaxel and polymers or stabilizers. The accelerated physical stability test at 40 ± 2°C/75 ± 

5% RH of all the sample showed no characteristic change in the initial white color till 4
th

 week 

(Table 4.1). However, in all samples became sticky in nature after 4
th

 week. Though Paclitaxel 

has high melting point (213°C), but due to low melting point stabilizer and PCL, Paclitaxel 

with these excipients became sticky. The drug with polymers and stabilizer stored at 60 ± 2 

°C/80 ± 5% RH became sticky on second day onwards and at the end of 1
st
 week almost all the 

tested samples were in sticky nature but no major color change was observed (Table 4.2). In 4
th 

week, all the tested samples were in melt form and it has become solid mass. However, no 

degradation of products or color change were observed in any sample. The accelerated 

chemical stability study result showed good % recovery ranging from 99.25 to 101.34. This 

suggested that there was no chemical interaction of Paclitaxel with the excipients mixture 

studied.  
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Table 4.1 Drug (Paclitaxel) and excipients compatibility study at accelerated storage condition (40 ± 2°C/75 ± 5% RH) 

 

S.NO 

 

Sample 

 

Initial Observation 

 

 

1
st
 Week 

 

4
th

 Week 

1 Paclitaxel  + PCL White color sample  No characteristic change No color change, sample was sticky 

2 Paclitaxel  + PLGA White color sample No characteristic change No color change, sample was sticky 

3 Paclitaxel  + PLA White color sample No characteristic change No color change, sample was sticky 

4 Paclitaxel  + PVA White color sample No characteristic change No color change, sample was sticky 

5 Paclitaxel  + PF 68 White color sample No characteristic change No color change, sample was sticky 

6 PCL + PVA White color sample No characteristic change No color change, sample was sticky 

7 PLGA + PVA White color sample No characteristic change No color change, sample was sticky 

8 PLA + PVA White color sample No characteristic change No color change, sample was sticky 

9 PCL + PF 68 White color sample No characteristic change No color change, sample was sticky 

10 PLGA + PF 68 White color sample No characteristic change No color change, sample was sticky 

11 PLA + PF 68 White color sample No characteristic change No color change, sample was sticky 

12 Paclitaxel  + PCL+ PF 68 

 + Lactose 

White color sample No characteristic change No color change, sample was sticky 

13 Paclitaxel  + PLGA + PF 68  

+ Lactose 

White color sample No characteristic change No color change, sample was sticky 

14 Paclitaxel  + PLA + PF 68 

+ Lactose 

White color sample No characteristic change No color change, sample was sticky 
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Table 4.2 Drug (Paclitaxel) and excipients compatibility study at accelerated storage condition (60 ± 2 °C/80 ± 5% RH) 

 

 

 

S.NO 

 

Sample 

 

Initial Observation 

 

 

1
st
 Week 

 

4
th

 Week 

1 Paclitaxel  + PCL White color sample  No color change, sample was sticky No color change, sample was in melt form  

2 Paclitaxel  + PLGA White color sample No color change, sample was sticky No color change, sample was in melt form 

3 Paclitaxel  + PLA White color sample No color change, sample was sticky No color change, sample was in melt form 

4 Paclitaxel  + PVA White color sample No color change, sample was sticky No color change, sample was in melt form 

5 Paclitaxel  + PF 68 White color sample No color change, sample was sticky No color change, sample was in melt form 

6 PCL + PVA White color sample No color change, sample was sticky No color change, sample was in melt form 

7 PLGA + PVA White color sample No color change, sample was sticky No color change, sample was in melt form 

8 PLA + PVA White color sample No color change, sample was sticky No color change, sample was in melt form 

9 PCL + PF 68 White color sample No color change, sample was sticky No color change, sample was in melt form 

10 PLGA + PF 68 White color sample No color change, sample was sticky No color change, sample was in melt form 

11 PLA + PF 68 White color sample No color change, sample was sticky No color change, sample was in melt form 

12 Paclitaxel  + PCL 

+ PF 68 + Lactose 

White color sample No color change, sample was sticky No color change, sample was in melt form 

13 Paclitaxel  + PLGA  

+ PF 68 + Lactose 

White color sample No color change, sample was sticky No color change, sample was in melt form 

14 Paclitaxel  + PLA  

+ PF 68 + Lactose 

White color sample No color change, sample was sticky No color change, sample was in melt form 
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4.4.5 Stability study 

a) Solution state stability 

The log % remaining to degrade (RTD) versus time profile of Paclitaxel in different pH 

solutions gave straight line (Fig. 4.2) indicating degradation dependent on drug concentration. 

The regression coefficient (R
2
) value was in the range of 0.9487 to 0.9899. No significant 

difference was observed in the degradation of Paclitaxel in between pH solution 1.2 to 7.4 (Fig. 

4.3). However, in case of pH 11.00 it was observed that the Paclitaxel started degrading from 

the first day and almost 75 % of Paclitaxel was degraded with in six days. The degradation rate 

constant (Kdeg) for all the pH solutions were, 14.00 x 10
-2

, 13.40 x 10
-2

, 15.61 x 10
-2

, 11 x 10
-2

, 

11 x 10
-2

 and 20.20 x 10
-2 

days
-1 

respectively. The highest Kdeg was observed in pH 11.00 and 

the lowest was observed in pH 6.8 and 7.4. The t90% (days) of Paclitaxel in different pH 

solution were, 9.1, 12.10, 10.70, 20.27, 22.87 and 5.20 days respectively. This shows that 

Paclitaxel is more stable in pH 6.8 and 7.4 and it is least stable in pH 11.00. The Kdeg and t90% 

values clearly indicated that there was no significant effect of pH up to 7.4 on the degradation 

of Paclitaxel, but at highly alkaline condition rapid degradation of Paclitaxel was observed. 

b) Solid state stability 

The log % RTD versus time profile of Paclitaxel in different temperature gave straight line 

(Fig. 4.3) demonstrating first order degradation with R
2
 value close to one, ranging from 

0.9129 to 0.9182 respectively. Paclitaxel was stable up to 6 months at all the stability 

conditions with Paclitaxel remaining to degrade was in the range of 99.15 to 100 % 

respectively. The degradation rate constant (Kdeg) values obtained were 50 x 10
-5

, 80 x 10
-5

 and 

60 x 10
-5

 months
-1 

respectively. The t90% of Paclitaxel in all the three storage conditions, were 

175.33 ± 11.54, 115.63 ± 14.83 and 148.76 ± 12.32 months respectively. 

 

Fig. 4.2 Log % RTD vs. time graph of solution state stability of Paclitaxel at different pH 
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Fig. 4.3 Log % RTD vs. time graph of solid state stability of Paclitaxel at different temperature 

 

4.6 Conclusion 

The UV, FTIR and XRD analysis clearly showed that obtained Paclitaxel are crystalline nature. 

The solubility and partition coefficient study result showed that Paclitaxel was highly 

lipophilic. The solubility of Paclitaxel in buffered and un-buffered solution was less than 

1µg/mL. The compatibility study, between Paclitaxel, polymer and stabilizer clearly shows that 

there was no chemical and physical changes (color and appearance) observed after four weeks. 

There was no change in peaks profile in the IR spectrum of physical mixture (Drug and 

Excipients) when compared to pure drug and polymer spectrum. These indicated that there was 

no chemical interaction between drug and excipients. The solution and solid state stability 

study result showed that Paclitaxel follows first order degradation kinetic and the Paclitaxel 

degradation was not influenced much by pH change except in highly alkaline pH. 
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5.1 Introduction 

Design of dosage form is very essential for delivering a drug to achieve effective therapy. Over 

the years continuous progress is happening in delivery systems. The conventional dosage forms 

have various shortcomings in therapy. Most important one of these drawbacks is nonselective 

distribution of drugs, more so serious in cancer chemotheraphy. Paclitaxel is currently 

marketed as non-aqueous single-dose i.v solution (Taxol
®
, Bristol-Myers Squibb Co, USA in 5 

mL pack) containing 6 mg/mL Paclitaxel in 1:1 v/v  ratio of Cremophore EL (polyethoxylated 

castor oil) and dehydrated alcohol. Cremophore EL may produce fatal anaphylactic 

hypersensitivity reactions, hyperlipidaemia, nephrotoxicity, neurotoxicity, cardiotoxicity and 

hypotension at the dosage used in the cancer patients (1-6).  

Progress in nanoscience and nanotechnology laid foundation for nanotherapy based approach 

for cancer drug delivery for improved therapy and quality of life. In this project attempts have 

been made to prepare and characterize Paclitaxel loaded PLGA, PCL and PLA NPs for better 

therapy. As an effort to formulate more efficient Paclitaxel NPs for systemic administration, 

this research work is an endeavour to optmize the amount of polymer/stabilizer, concentration 

of stabilizer and amount of Paclitaxel required to get the ideal NPs using three different 

biodegradable and biocompatible polymers. The ideal particle size, PCL, PLGA and PLA NPs 

were prepared and selected for the in-vitro and in-vivo study.  

5.2 Experimental 

5.2.1 Materials and Methods 

Paclitaxel was received as gift sample as mentioned in Chapter 3. Polyvinyl alcohol (PVA), (98 

% hydrolyzed, molecular weight 13000-23000) were procured from Sigma-Aldrich chemicals, 

Bangalore, India. Other chemicals are obtained from market and are pharmaceutical and AR 

grade. 

5.3 Preparation of PNPs 

Paclitaxel loaded PNPs were prepared by, interfacial deposition (nanoprecipitation) and solvent 

evaporation method (7, 8). These methods were modified according to the present requirement. 

The PCL and PLA NPs were prepared by nanoprecipitation and PLGA NPs were prepared by 

solvent evaporation method. In case of nanoprecipitation method, different ratio of Paclitaxel 

and polymer were dissolved in acetone (5 mL) with mild heating and the loss of solvent was 

adjusted finally. The aqueous phase was prepared by adding different amount (0.25, 0.5, 0.75 

and 1 % w/v) of stabilizer (PVA/PF 68) to triple distal water (20 mL). In case of solvent 

evaporation method, dichloromethane was used as organic phase to dissolve Paclitaxel and 

polymer. The organic phase was poured into aqueous phase with ultra-sonication treatment 

using a microtip probe sonicator (Microson, Misonix, USA) under controlled temperature 
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(cooling bath maintained at 5°C ± 1.00) with intensity 15 W for 15 min. Once the organic 

phase is added to aqueous phase, the milky nanodispersion was formed instantaneously. The 

formed nanodispersion was continuously stirred for 3 hr using magnetic stirrer (Tarsons, 

SPINOT digital magnetic stirrer) to evaporate the organic solvent and then the dispersion was 

subjected to rotavapor (Buchi, Switzerland) at reduced pressure at 40°C for 2 hr to reduce the 

volume, 10 mL. The nanodispersion was filtered through syringe filter holder (Axiva, India) 

with 0.44 µm filter membrane (Millipore Co., USA) to remove the free Paclitaxel and 

aggregates. The entire nanodispersion was centrifuged at 14,000 rpm at 15°C for 30 min 

(Cooling Compufuge, Remi, Mumbai, India). The NPs got settled and supernatant was 

analyzed for free drug content and the sediment NPs was freeze-dried. Before freeze-drying, 

pre-freezing of PNPs was done at –20°C for 18 hr, then the flasks were connected to freeze-

drier (Maxi Dry Lyo, Heto, Germany) under vacuum (1 mbar, –110°C). Freeze-drying was 

continued until free-flowing PNPs powder was obtained. 

5.3.1 Effect of formulation and process variables 

The influences of formulation and process variables, polymer amount, concentration of 

stabilizer and Paclitaxel amount on the size, polydispersity index (PDI), zeta potential (ZP), 

encapsulation efficiency (EE), drug content (DC), in-vitro dissolution were studied extensively. 

In addition, the effect of stabilizer (PVA/PF 68) and polymers (PCL, PLGA and PLA) on the of 

NPs were also studied comprehensively. The effect of amount of polymer in NPs formation 

and characterization was studied at 1, 3, 5, 10, 20, 40, 50, 75, 100, 125, 150, 175 and 200 mg 

for all the three polymers, PCL (PCL/F68/01 to PCL/F68/13), PLGA (PLGA/F68/01 to 

PLGA/F68/13) and PLA (PLA/F68/01 to PLA/F68/13). The PCL (PCL/F68/14 to PCL/F68/17 

and PCL/PVA/23 to PCL/PVA/26), PLGA (PLGA/F68/14 to PLGA/F68/17 and 

PLGA/PVA/23 to PLGA/PVA/26) and PLA (PLA/F68/14 to PLA/F68/17 and PLA/PVA/23 to 

PLA/PVA/26) NPs were prepared using two stabilizers PF 68 and PVA at four different 

concentrations, 0.25, 0.5, 0.75 and 1 % w/v. The effect of drug amount (1, 2, 3, 4 and 5 mg) in 

the preparation and characters of NPs using two stabilizers PF 68 and PVA, was studied in all 

the polymers, PCL (PCL/F68/18 toPCL/F68/22 and PCL/PVA/27 to PCL/PVA/31), PLGA 

(PLGA/F68/18 to PLGA/F68/31 and PLGA/PVA/27 to PLGA/PVA/31) and PLA 

(PLA/F68/18 to PLA/F68/22 and PLA/PVA/27 to PLA/PVA/31). 

5.4 Characterization of PNPs 

5.4.1 Determination of Paclitaxel in PNPs 

The EE of the prepared PNPs was determined by direct method. Sediment formed after 

centrifugation of nanodispersion was digested (30 min) with acetonitrile through sonication 

(6.5 L Toshibha Laboratory testing instruments, Delhi, India), then suitably diluted with 
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acetonitrile:water (50:50 % v/v) for analysis. The DC in PNPs was determined by taking 

required amount of freeze-dried PNPs/nanodispersion and digested (30 min) with acetonitrile 

through sonication. The obtained solution was filtered through 0.44 µm membrane filter and 

the DC was determined using developed HPLC method. The EE and DC were calculated using 

standard equation (1). 

5.4.2 Surface properties of PNPs 

The prepared PNPs were characterized for the size, distribution and PDI by photon correlation 

spectroscopy using a Zetasizer, Nanoseries (Nano-ZS, Malvern, UK). The surface charge/ZP 

was measured in water (pH 6.2-7.4) with a Zetasizer, Nanoseries at 25°C. PNPs morphology 

was examined by scanning electron microscopy (SEM, JSM-7600F), transmission electron 

microscopy (TEM, Philips, CM200, Netherlands) and atomic force microscopy (AFM, 

Nanoscope II, USA). 

5.5 In-vitro dissolution study 

To study the release behaviour of PNPs, three millilitre of nanodispersion was spiked into a 

dialysis bag (Spectrapor, molecular weight cut off: 12,500 Da, USA) which is then sealed and 

dropped into a beaker containing 200 mL of phosphate buffer (pH 7.4) with 0.5 % (w/v) Tween 

80. The whole experiment set-up was placed in a shaker maintained at temperature 37°C ± 2 

with continuous horizontal shaking at 100 rpm. Samples were withdrawn from the beaker at 

predetermined time points, with spontaneous replacement of fresh buffer media. Paclitaxel 

release from the PNPs into the medium was estimated by developed HPLC method mentioned 

in Chapter 3. The obtained dissolution data were fitted to various kinetic equations, Zero order, 

First order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell and Baker-Lonsdate model to find 

the order and mechanism of Paclitaxel release from the PNPs (9).  

Zero order kinetic equations 

tkF  0           (1)  

First order kinetic equations 

 tkeF  1100          (2)  

Higuchi square-root equation 

5.0tkF H           (3)  

Korsmeyer-Peppas equation 

n

kptkF            (4)  

Hixson-Crowell equation 

  3
11100 tkF hc         (5) 
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Baker-Lonsdate (BK) equation 

     0

2

0

3/2
/3,100/100/112/3 CrCDktkFFBL sBLBL    (6) 

Where, F is the percentage drug released in time t, k0 (µg/h) is the zero-order release constant, k 

(µg/h) is the first-order release constant, kH (µg/h
-0.5

) is the Higuchi release constant, kKP (µg/h
-

n
) is the release constant incorporating structural and geometric characteristics of the drug-

dosage form; n is the diffusional exponent indicating the drug-release mechanism, in case of 

non-Fickian release, n falls between 0.5 and 1.0 (0.5 < n < 1.0), while for Fickian diffusion n = 

0.5, for zero order release (case II transport) n = 1, and for supercase II transport, n > 1. The 

values of n as estimated by linear regression of F vs. log (t). kHC (µg/h
-3

) is the release constant 

in Hixson–Crowell model, kBL (µg/h), is the combined constant in Baker–Lonsdale model, D is 

the diffusion coefficient, Cs is the saturation solubility, r0 is the initial radius for a sphere or 

cylinder or the half-thickness for a slab, C0 is the initial drug loading in the matrix. 

The in-vitro dissolution data was used to find, area under the dissolution curve (AUDC), area 

between the drug dissolution curve and its asymptote (ABC), mean dissolution time (MDT), 

variance of dissolution time (VDT), relative dispersion of dissolution time (RD) and 

dissolution efficiency (DE). All the parameters were calculated using a model-independent 

nonparametric method based on the linear trapezoidal rule, using standard formula (9). 

5.6 Stability study  

US-FDA has not framed any specific guidelines for NPDDS, production, characterization, 

handling and use. There is no protocol and limits available from any international bodies to 

conduct stability studies of these formulations. In the present work, the stability study was 

performed by keeping the NPs samples in three different conditions, room temperature (15 ± 

5°C), refrigerator (5 ± 2°C) and at 37 ± 5 °C over a period of 4 months. The NPs were 

evaluated at 0, 2 and 4 months for there size, PDI, ZP, DC and in-vitro dissolution. In addition 

any change in physical appearances was observed and the samples were characterized for their 

shape and structure using AFM. 

5.7 Result and Discussion 

5.7.1 Preparation of NPs 

Based on the initial experiment, organic to aqueous phase ratio, 1:4 was fixed constant 

throughout the study when other formulation parameters were changed. Paclitaxel loaded PCL 

and PLA NPs were prepared successfully using simple and fast nanoprecipitation method 

which is the most reproducible and economical method among all other methods. The 

nanoprecipitation method produces stable, small and narrow size NPs without using any toxic 

chlorinated solvents. Paclitaxel loaded PLGA NPs were prepared by solvent evaporation 
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method which is an ideal method to incorporate lipophilic drugs and it was the first method 

developed to prepare NPs. 

In the nanoprecipitation method when acetone solution of polymers and drug was added to the 

aqueous phase, there was rapid gradient-driven diffusion of amphiphilic acetone across the 

interface, which creates a kind of instability at interface and there was marked decrease in the 

interfacial tension which resulted in the spontaneous emulsification of the acetone solution in 

the form of nanodroplets. The formed nanodroplets which contain the dissolved polymer and 

drug (PCL and PLA) will aggregate as NPs, because of the spontaneous diffusion of acetone 

and presences of nonsolvent medium (water) to the dissolved polymer. This initial precipitation 

of polymer forms polymeric nano matrix, further evaporation of the surface solvent by stirring 

or rotavapor resulted in solidification of the NPs formed (1). In nanoprecipitation method, 

acetone was selected because it solubilized Paclitaxel and PCL and PLA effectively and it took 

very less time to evaporate acetone during hardening of NPs, which is a very critical step in 

NPs preparation (1). In case of emulsion and solvent evaporation method dichloromethane was 

selected because it has very low water solubility of 2 % w/v when compare to other solvents 

like ethyl acetate (8.7 % w/v) which is used very often (10, 11). 

To get high value of drug encapsulation, the challenging issue in the NPs preparation protocol 

is to avoid the diffusion of drug along with the solvent to the other phase. The role of surfactant 

or stabilizer (PVA/PF 68) in nanoprecipitation process is it lowers interfacial energy and helps 

in the rapid diffusion of acetone to the aqueous phase. The above instantaneous process 

controls the size of polymer precipitation into NPs. Hence the finest amount of stabilizer in the 

formula will result in instant and reproducible NPs formation with low PDI with high drug 

loading capacity (12). Recently in our group, etoposide loaded PLGA NPs wee prepared with 

very small size, 105.1 ± 2.38 nm with high EE, 78.99 ± 1.04 % by nanoprecipitation technique 

and prepared PCL NPs were prepared by emulsification and solvent evaporation method using 

PF 68 as stabilizer with 257 ± 3.96 nm and the EE was 80.15 ± 1.01% respectively (7). 

5.7.2 Physiochemical characterization of PNPs 

a) Surface properties of PNPs 

The detail morphological properties of the prepared PNPs were investigated and presented 

using the sophisticated microscopic techniques, SEM (Fig. 5.1), TEM (Fig. 5.2) and AFM (Fig. 

5.3). The SEM image shows that all the prepared PNPs were spherical in shape with 

homogeneous solid matrix structure with no evidences of aggregation and crystals of Paclitaxel 

on the surface. From the TEM image, it was evident that the prepared NPs were in fine 

globular profile and close view of a single NP (Fig. 5.2) clearly showed the various degree of 

smooth structure without any amorphous arrangement. Because of small size of the NPs the 
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close investigation of single particle was done using AFM which gave clear 3D morphological 

images (Fig. 5.3). The 3D view of multiple particles showed smooth surface, but the single 

particles showed some roughness on their surface which is physical evidence for diffusion and 

matrix erosion drug release mechanism (7, 8). 

 

 
 

Fig. 5.1 Characterization of Paclitaxel loaded PNPs by SEM, cluster and single PCL NPs (A 

and B), cluster PLGA NPs (C and D) and cluster and single PLA NPs (E and F) 
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Fig. 5.2 Characterization of Paclitaxel loaded PNPs by TEM, PCL NPs (A), PLGA NPs (B) 

PLA NPs (C), particle size distribution of PCL NPs (D), PLGA NPs (E) and PLA NPs (F), bar 

represents 100 nm 

 

5.7.3 Influences of polymer amount on NPs characterization 

a) PCL amount vs. NPs characterization 

The effect of polymer, PCL, PLGA and PLA amount on the mean particle size, DC and EE 

were shown in Fig. 5.4. In PCL NPs, when the polymer amount is increased from 1 

(PCL/F68/01) to 3 (PCL/F68/03) mg, there was no significant increase in the size but the PDI 

was increased (0.04 to 0.12) considerably (Fig. 5.5). There was no linear (r
2
 = 0.7792) increase 

in particle size when the polymer amount was increased from 1to 200 mg for 1mg of Paclitaxel 

with 0.5 % stabilizer. When the PCL amount was increased from 5 to 40 mg (Table 5.1), there 

was significant increase in particle size 135.32 ± 4.99 nm, 157.63 ± 2.34 nm, 174.02 ± 9.34 nm 
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and 187.32 ± 1.35 nm with increase of polymer amount. There was effect on particle size when 

amount of polymer increased beyond 50 mg. In case of 50 mg of PCL, the particle size 

observed was 191.04 ± 5.63 nm, and when the polymer amount is doubled to 100 mg 

(PCL/F68/09), the particle size was only, 203.33 ± 14.01 nm (Fig. 5.5).  

 

 
 

Fig. 5.3 Characterization of Paclitaxel loaded PNPs by AFM, cluster and single PCL NPs (A 

and B), cluster PLGA NPs (C and D) and cluster and single PLA NPs (E and F) 

 

Hence for formulation PCL/F68/07 to PCL/F68/13 (50 to 200 mg) there was no significant 

increase in the particle size (Table 5.1). The SD of formulation PCL/F68/07 to PCL/F68/13 is 

very high (Fig. 5.4) indicating the particle size repeatability is very poor (7, 10). To get 

polydisperse nanosuspension the PDI should be less than one. The influences of polymer 

amount on PDI of the formulations PCL/F68/01 to PCL/F68/13 was represented in Table 5.1 

and Fig. 5.5. In the present work, the PDI was less than 0.23 which shows the narrow size 

distribution. The EE of the PCL NPs with varying amount of polymer was represented in Table 
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5.1. It can be observed that after 20 mg (PCL/F68/05) of addition of PCL to the organic phase, 

there was no significant increase in the particle size and EE, in fact it decreases the EE (Table 

5.1). Hence addition of more than 20 mg is surplus and it‟s going to be settled during the 

purification processing and hence it will decrease the EE (Fig. 5.4). If the EE is low then there 

is need for more volume of nanosuspension to be administered, which leads unnecessary 

systemic exposure of excipients. The EE of PCL NPs was high when compared to PLA NPs 

(Fig. 5.4) even though both the NPs were prepared by nanoprecipitation method. The possible 

reason for this variation could be difference in the interaction of Paclitaxel and polymer when 

they are solubilized in acetone (12). 

Zhang et al. (13) prepared Paclitaxel loaded PCL NPs by nanoprecipitation method using 1:100 

drug polymer ratio with 2 % PVA stabilizer. They reported particle size 272.67 ± 4.44 nm, PDI 

0.30, DL, 9.98 % and EE 71.49 %. In the present method, evaluation of optimized PCL NPs 

(PCL/F68/05) with 1:20 drug polymer ratio shows particle size of 174.02 ± 9.34 nm, DC of 

4.60 ± 0.02 % with high EE, 96.40 ± 0.13 % and % recovery of NPs, 99.53 ± 0.39. Hence it 

was clear that, the prepared Paclitaxel loaded PCL NPs were efficient and cost effective when 

compared to the earlier reported method, where they used five times of polymer to get low EE 

and higher particle size. During our optimization experiment, formulation PCL/F68/09 whose 

PCL amount was 100 mg with stabilizer concentration 0.5 % shows particle size, 203.33 ± 

14.01 nm with EE 84.37 ± 0.50 % and DC 1.14 ± 0.02 %, this result is also better than Zhang 

et al (13). 

b) PLGA amount vs. NPs characterization 

In case of PLGA NPs, prepared by solvent evaporation method, when the polymer amount was 

increased form 1 (PLGA/F68/01) to 3 mg (PLGA/F68/03), as like PCL NPs, there was no 

significant increase in size, 72.56 ± 1.21 nm and 76.63 ± 0.89 nm respectively (Table 5.2). In 

case of formulation PLGA/F68/03 to PLGA/F68/13, where the polymer amount was increased 

from 5 to 200 mg, there were increment in particle size and PDI with low SD (Fig. 5.4 and 5.5). 

It was observed that there was linear (r
2
 = 0.9342) increase in particle size when the polymer 

amount is increased from 1 to 200 mg. The particle size of formulations PLGA/F68/03 to 

PLGA/F68/13 was in the range of 84.12 to 188.45 nm respectively (Table 5.2, Fig. 5.4). The 

influences of polymer amount on PDI of the prepare PLGA NPs was represented in Fig. 5.5. 

The particle size analysis results indicate that, to prepare NPs of a any size, by solvent 

evaporation method, more amount of PLGA is required that PCL. In case of PCL NPs, 20 mg 

PCL was sufficient to get NPs of particle size 174.02 nm with low PDI (0.09 ± 0.02) and high 

EE (96.40 ± 0.13 %) with good % recovery of NPs (99.53 ± 0.39). For NPs of same size and 

characters PLGA required is 100 mg. On analysis of effect of polymer amount on EE, indicate 
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that EE is increased with increase in amount of PLGA up to 100 mg. Beyond which EE found 

to decrease, Fig. 5.4 and 5.5. Sinjan et al (14) prepared PLGA NPs by solvent evaporation 

method using 1.5 % PVA and found Paclitaxel crystals on the surface indicating incomplete 

entrapment and encapsulation. 

 

 

Fig. 5.4 Influences of polymer amount (A, D and G), PF 68 amount (B, E and H) and PVA 

amount (C, F and I) on nanoparticle size, EE and DC of Paclitaxel loaded PNPs 

 

However, in present work no such Paclitaxel crystals were found on surface of NPs and surface 

were smooth. Amount of surfactant (PF 68) was also required in much lesser amount (0.5 %) to 

get NPs. Similarly, in another study by Chakravarthi et al. (15) produced PLGA NPs by solvent 

evaporation method using 90 mg of PLGA and obtained larger average particle size (315 nm) 

where as present method produces NPs of smaller size nanoparticles. 

c) PLA amount vs. NPs characterization 

In PLA NPs formulations PLA/F68/01 to PLA/F68/13, increase in polymer amount (1 to 200 

mg) for 1 mg drug, was  found to have linear relationship (Fig. 5.4) with increase in particle 

size (r
2
 = 0.9636) (Table 5.3). The PDI of the formulations PLA/F68/01 to PLA/F68/13 was 

less than one, which suggests the homogeneous polydisperse NPs. As like other two polymers, 

PLA also decreased EE beyond 50 mg of polymer (Fig. 5.4). This confirmed that the polymer 
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amount is the critical parameters in the formulation of polymeric NPs. Using beyond 50 mg of 

polymer, there were decrease in EE and % recovery (Fig. 5.4 and 5.5).  

 
 

Fig. 5.5 Influences of polymer (A, B and C), PF 68 (D, E and F) and PVA amount (G, H and I) 

on PDI, ZP and % recovery of NPs of Paclitaxel loaded PNPs 

 

The particle size of PLA/F68/07 formation was 151.23 ± 0.73 nm whose PLA amount was 50 

mg, but when the polymer amount was doubled to 100 mg, the obtained particle size was 

170.42 ± 6.11 nm. The EE of the formulation PLA/F68/07 was 89.32 ± 1.03 %, but it was 

decreased to 65.38 ± 1.13 % when the polymer amount was doubled. In case of formulation 

PLA/F68/13, where the polymer amount was 200 mg, there was decrease in EE, 50.05 ± 0.08 

% and the particle size, 220.93 ± 11.05 nm. This once again showed that addition of more than 

50 mg PLA will be surplus and it will increase the cost of formulation unnecessarily. The DC 

of prepared formulations was represented in Table 5.3. Already we have showed that, increase 

in particle size when there was increase in polymer amount in the etoposide loaded polymeric 

NPs and few other authors were reported this effect in the biodegradable polymers (7, 10). In 

all the polymers, general observation is that, EE increased with the increase in polymer amount 

up to a certain limit above which EE decreased (Fig. 5.4). This may be due to insufficient 

stabilizer with respect increased polymer, which led to agglomeration of NPs and settling at the 

bottom as agglomerate (Fig. 5.5). 
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Table 5.1 Composition and characterization of Paclitaxel loaded PCL NPs with variable concentration of polymer PCL
*
  

 

 

*
Each data represents the average and standard deviation of three independent determinations, 

a
Polydispersity index, 

b
Zeta potential, 

c
Encapsulation 

Efficiency, 
d
Drug Content 

 

 

Batch Code 

 

Drug  

(mg) 

 

Polymer 

(mg) 

 

PF 68 

 (%w/v) 

 

Mean Size 

(nm ±SD) 

 

Distribution  

(d. nm) 

 
a
PDI ±SD 

 
b
ZP ±SD 

 

 
c
EE (%) 

 
d
DC (% w/w) 

PCL/F68/01 1 1 0.5 119.51 ± 8.32 35-250 0.04 ± 0.12 -19.13 ± 0.52 38.68 ± 0.74 19.14 ± 0.47 

PCL/F68/02 1 3 0.5 120.83 ± 6.73 35-220 0.12 ± 0.14  -20.14 ± 0.24 42.20 ± 0.08 10.46 ± 0.03 

PCL/F68/03 1 5 0.5 135.32 ± 4.99 68–255 0.30 ± 0.04 -16.63 ± 0.31 60.54 ± 0.91 10.03 ± 0.16 

PCL/F68/04 1 10 0.5 157.63 ± 2.34 68–342 0.07 ± 0.02 -17.12 ± 0.72 75.78 ± 0.37 6.91 ± 0.06 

PCL/F68/05 1 20 0.5 174.02 ± 1.34 79–396 0.09 ± 0.02 -22.22 ± 0.42 96.40 ± 0.13 4.60 ± 0.02 

PCL/F68/06 1 40 0.5 187.32 ± 1.35 91-459 0.09 ± 0.01 -24.62 ± 2.89 96.02 ± 0.23 2.36 ± 0.04 

PCL/F68/07 1 50 0.5 191.04 ± 5.63 91-459 0.10 ± 0.02 -28.52 ± 0.49 96.25 ± 0.20 1.89 ± 0.02 

PCL/F68/08 1 75 0.5 188.13 ± 14.29 68-825 0.16 ± 0.03 -25.54 ± 0.81 90.75 ± 0.30 1.44 ± 0.03 

PCL/F68/09 1 100 0.5 203.33 ± 14.01 68-531 0.12 ± 0.01 -25.74 ± 0.81 84.37 ± 0.50 1.14 ± 0.02 

PCL/F68/10 1 125 0.5 203.90 ± 12.44 68-615 0.12 ± 0.02 -25.63 ± 0.12 83.55 ± 0.09 1.01 ± 0.01 

PCL/F68/11 1 150 0.5 202.52 ± 10.59 68-615 0.22 ± 0.01 -28.92 ± 0.01 81.64 ± 0.18 0.83 ± 0.02 

PCL/F68/12 1 175 0.5   217.73 ± 16.43 58-955 0.22 ± 0.03 -24.24 ± 0.25 78.17 ± 0.54 0.57 ± 0.43 

PCL/F68/13 1 200 0.5 232.13 ± 22.85 59-825 0.23 ± 0.01 -28.72 ± 0.06 77.82 ± 0.08 0.69 ± 0.25 
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Table 5.2 Composition and characterization of Paclitaxel loaded PLGA NPs with variable concentration of polymer PLGA
*
   

 

*
Each data represents the average and standard deviation of three independent determinations, 

a
Polydispersity index, 

b
Zeta potential, 

c
Encapsulation 

Efficiency, 
d
Drug Content 

 

Batch Code 

 

Drug  

(mg) 

 

Polymer 

(mg) 

 

PF 68 

 (%  w/v) 

 

Mean Size 

(nm ±SD) 

 

Distribution  

(d. nm) 

 
a
PDI ±SD 

 
b
ZP ±SD 

 

 
c
EE (%) 

 
d
DC (% w/w) 

PLGA/F68/01 1 1 0.5 72.56 ± 1.21 40-250 0.21 ± 0.02 -21.21 ± 1.01 -   - 

PLGA/F68/02 1 3 0.5 76.63 ± 0.89 50-225 0.14 ± 0.05 -19.89 ± 0.41 - - 

PLGA/F68/03 1 5 0.5 84.12 ± 1.24 45-225 0.15 ± 0.02 -21.24 ±  1.20 20.67 ± 0.07 3.43 ± 0.01 

PLGA/F68/04 1 10 0.5 89.41 ± 2.26 50-250 0.14 ± 0.01 -19.78 ± 1.45 41.84 ± 0.82 3.84 ± 0.10 

PLGA/F68/05 1 20 0.5 92.96 ± 1.01 45-275 0.10 ± 0.08 -22.52 ± 0.58 59.38 ± 0.13 2.83 ± 0.02 

PLGA/F68/06 1 40 0.5 95.22 ± 0.56 50-250 0.14 ± 0.04 -23.45 ± 0.85 80.60 ± 0.89 1.98 ± 0.10 

PLGA/F68/07 1 50 0.5 100.85 ± 0.85 50-300 0.18 ± 0.06 -25.85 ± 1.20 80.76 ± 0.83 1.58 ± 0.02 

PLGA/F68/08 1 75 0.5 142.52 ± 2.56 42-275 0.18 ± 0.05 -21.45 ± 1.23 82.11 ± 0.86 1.26 ± 0.05 

PLGA/F68/09 1 100 0.5 165.52 ± 2.10 50-300 0.20 ± 0.04 -25.23 ± 1.45 84.37 ± 0.50 1.01 ± 0.01 

PLGA/F68/10 1 125 0.5 170.29 ± 0.45 58-325 0.21 ± 0.11 -24.21 ± 0.45 83.92 ± 0.44 0.90 ± 0.05 

PLGA/F68/11 1 150 0.5 176.44 ± 2.56 60-400 0.21± 0.12 -25.21 ± 0.78 76.09 ± 0.18 0.77 ± 0.01 

PLGA/F68/12 1 175 0.5 180.11 ± 1.05 42-325 0.24 ± 0.14 -24.12 ± 0.85 72.62 ± 0.54 0.69 ± 0.01 

PLGA/F68/13 1 200 0.5 188.45 ± 2.45 40-350 0.25 ± 0.14 -21.48 ± 0.65 68.56 ± 0.08 0.60 ± 0.02 
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Table 5.3 Composition and characterization of Paclitaxel loaded PLA NPs with variable concentration of polymer PLA
*
    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
*
Each data represents the average and standard deviation of three independent determinations, 

a
Polydispersity index, 

b
Zeta potential, 

c
Encapsulation 

Efficiency, 
d
Drug Content 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Batch Code 

 

Drug  

(mg) 

 

Polymer 

(mg) 

 

PF 68 

 (%  w/v) 

 

Mean Size 

(nm ±SD) 

 

Distribution 

(d. nm) 

 
a
PDI ±SD 

 
b
ZP ±SD 

 

 
c
EE (%) 

 
d
DC (% w/w) 

PLA/F68/01 1 1 0.5 98.42 ± 1.02 40-450 0.04 ± 0.22 -29.2 ± 0.42 15.37 ± 0.34 30.13 ± 1.30 

PLA/F68/02 1 3 0.5 102.82 ± 0.73 45-390 0.06 ± 0.34  -28.3 ± 0.24 18.52 ± 0.27 17.49 ± 1.37 

PLA/F68/03 1 5 0.5 110.31 ± 0.99 55–450 0.10 ± 0.14 -26.1 ± 0.21 28.19 ± 0.29 15.25 ± 0.18 

PLA/F68/04 1 10 0.5 118.63 ± 0.24 65–500 0.11 ± 0.22 -27.5 ± 0.42 42.47 ± 0.10 4.41 ± 0.02 

PLA/F68/05 1 20 0.5 128.14 ± 0.48 80–450 0.18 ± 0.02 -28.1 ± 0.22 55.70 ± 0.14 2.69 ± 0.02 

PLA/F68/06 1 40 0.5 146.33 ± 1.01 90-525 0.21 ± 0.03 -27.2 ± 0.29 67.58 ± 1.18 1.68 ± 0.02 

PLA/F68/07 1 50 0.5 151.23 ± 0.73 90-450 0.24 ± 0.07 -28.1 ± 0.89 89.32 ± 1.03 1.77 ± 0.02 

PLA/F68/08 1 75 0.5 160.23 ± 4.29 55-500 0.28 ± 0.09 -27.2 ± 0.21 82.11 ± 0.86 1.31 ± 0.04 

PLA/F68/09 1 100 0.5 170.42 ± 6.11 60-575 0.34 ± 0.16 -29.8 ± 0.61 65.38 ± 1.13 1.03 ± 0.03 

PLA/F68/10 1 125 0.5 198.23 ± 9.14 65-600 0.37 ± 0.15 -26.4 ± 0.22 51.70 ± 1.14 0.78 ± 0.04 

PLA/F68/11 1 150 0.5 201.52 ± 10.19 65-650 0.41 ± 0.28 -27.2 ± 0.41 51.05 ±0.42 0.66 ± 0.01 

PLA/F68/12 1 175 0.5 215.63 ± 12.13 50-750 0.45 ± 0.34 -26.5 ± 0.55 51.64 ± 2.07 0.55 ± 0.02 

PLA/F68/13 1 200 0.5 220.93 ± 11.05 55-700 0.58 ± 0.39 -28.3 ± 0.86 50.05 ± 0.08 0.49 ± 0.04 
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Table 5.4 Composition and characterization of Paclitaxel loaded and blank PCL NPs with variable concentration of stabilizers   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*
Each data represents the average and standard deviation of three independent determinations, 

a
Polydispersity index, 

b
Zeta potential, 

c
Encapsulation Efficiency, 

d
Drug Content

 

Batch Code 

 

Drug 

(mg) 

 

Polymer 

(mg) 

 

Stabilizer 

 (%  w/v) 

 

Mean Size 

(nm ±SD) 

 

Distribution  

(d. nm) 

 
a
PDI ±SD 

 

 
b
ZP ±SD 

 

 
c
EE (%) 

 
d
DC (% 

w/w) 

PF 68 PVA 

PCL/F68/14 1 20 0.25 - 198.32 ± 2.05 91–459 0.22 ± 0.02 -34.62 ± 0.10 96.04 ± 0.02 4.70 ± 0.12 

PCL/F68/15 1 20 0.5 - 173.81 ± 1.64 91–342 0.19 ± 0.03 -30.72 ± 0.36 97.09 ± 0.01 4.69 ± 0.13 

PCL/F68/16 1 20 0.75 - 181.72 ± 1.82 79–459 0.14 ± 0.03 -28.62 ± 0.25 97.45 ± 0.01 4.57 ± 0.12 

PCL/F68/17 1 20 1 - 178.22 ± 0.84 79–397 0.18 ± 0.03 -28.24 ± 0.85 97.64 ± 0.01 4.62 ± 0.03 

PCL/F68/18 1 20 0.5 - 184.03 ± 0.34 80–400 0.07 ± 0.02 -28.21 ± 0.42 95.38 ± 0.20 4.84 ± 0.04 

PCL/F68/19 2 20 0.5 - 182.24 ± 1.35 90-550 0.28 ± 0.03 -27.31 ± 0.34 96.07 ± 0.18 8.91 ± 0.14 

PCL/F68/20 3 20 0.5 - 185.42 ± 0.67 90-500 0.26 ± 0.01 -28.42 ± 0.27 97.05 ± 1.34 12.87 ± 0.06 

PCL/F68/21 4 20 0.5 - 184.51 ± 0.32 82-550 0.54 ± 0.41 -30.23 ± 0.87 97.26 ± 1.78 16.61 ± 0.59 

PCL/F68/22 5 20 0.5 - 186.42 ± 1.01 90-450 0.45 ± 0.61 -30.83 ± 0.69 98.2 5 ± 0.02 19.99 ± 0.24 

PCL/PVA/23 1 20 - 0.25 171.31 ± 3.60 91–342 0.19 ± 0.03 -18.64 ± 0.10 76.17 ± 0.69 3.81 ± 0.04 

PCL/PVA/24 1 20 - 0.5 161.71 ± 2.78 79–295 0.28 ± 0.02 -18.21 ± 0.80 88.19 ± 0.24 4.40 ± 0.01 

PCL/PVA/25 1 20 - 0.75 162.72 ± 1.02 79–342 0.24 ± 0.03 -17.72 ± 1.30 61.24 ± 1.40 3.08 ± 0.06 

PCL/PVA/26 1 20 - 1 181.24 ± 1.30 91–396 0.16 ± 0.03 -26.03 ± 1.17 50.64 ± 1.30 2.59 ± 0.04 

PCL/PVA/27 1   20 - 0.5 163.13 ± 1.08 91-350 0.09 ±0.51 -20.12± 1.10 86.70 ± 0.02 4.40 ± 0.03 

PCL/PVA/28 2 20 - 0.5 165.62 ± 1.09 91-350 0.13 ±0.25 -19.56± 0.95 86.71 ± 0.02 8.04 ± 0.13 

PCL/PVA/29 3 20 - 0.5 161.82 ± 2.05 91-350 0.42 ±0.65 -18.45± 1.32 89.46 ± 0.02 11.86 ± 0.11 

PCL/PVA/30 4 20 - 0.5 166.52 ± 1.06 91-350 0.06 ±0.89 -22.52± 0.56 90.06 ± 0.02 15.38 ± 0.28 

PCL/PVA/31 5 20 - 0.5 166.12 ± 2.34 80-325 0.08 ±0.54 -20.12± 0.75 96.83 ± 0.01 19.70 ± 0.23 

BPCL/F68/01 - 50 0.25 - 181.42 ± 2.21 90-500 0.11 ± 0.03 -41.02 ± 4.11 - - 

BPCL/F68/02 - 50 0.50 - 147.42 ± 3.65 70-350 0.15 ± 0.03  -29.02 ± 1.65 - - 

BPCL/F68/03 - 50 0.75 - 205.61 ± 2.32 50-450 0.21 ± 0.03 -27.13 ± 1.45 - - 

BPCL/F68/04 - 50 1 - 197.61 ± 3.08 50-400 0.14± 0.03 -28.33 ± 1.27 - - 
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5.7.4 Influences of stabilizer (PF 68/PVA) and its concentration on NPs characterization 

The amount of surfactant in the formulation of NPs play very vital role in determining the size 

and EE. Care should be taken that only the required amount of stabilizer was added in the 

formulation because at higher concentrations these surfactants produce potential toxicity. It has 

been reported that at higher concentration of surfactants are capable of disrupting the biological 

membrane and it can interact with some body proteins (10, 11). Hence addition of optimal 

concentration of surfactant is critical to get not only stable, ideal size and good EE, but also to 

get safe NPs formulation. The polydisperse NPs with small particles size enables i.v 

administration without any irritant reaction at the sit of injection and there will not be any risk 

of embolic.  

The non-ionic emulsifier PF 68 and PVA offers steric stabilization, which avoids the 

aggregation of the fine particles in the prepared colloidal system, which results in smaller 

particles and narrow size distribution (7). In the present study when the surfactants, PF 68 or 

PVA concentration was increased (Table 5.4, 5.5 and 5.6), keeping the other component 

constant, the particle size of the respective PCL, PLGA and PLA NPs decreased and after 

certain concentration of stabilizer the size was increasing (Fig. 5.4). This happens because at 

the lower concentration (<0.5 % w/v), the surfactant amount was not sufficient to stabilize the 

instantaneously formed NPs, which results the formed NPs to come closer due to their 

attractive force and to form bigger nanoparticles or aggregates. This aggregation continues still 

the total surface area of the NPs was decreased to a point (the particle size increases) where the 

amount of available surfactant was sufficient to produce a stable system which results in the 

lager particles, which may be in manometer or micrometer (1, 7, 8).
 

In case of PCL and PLA NPs when the stabilizer PF 68/PVA concentration was increased from 

0.25 to 1 %, the particle size decreased at 0.5 % when compared to 0.25 % level, but the 

particle size was increased at 0.75 % level (Table 5.4 and 5.6). The expected reason for 

increase in particle size when stabilizer concentration is increased could be that the surplus 

stabilizer within the formulation was incorporated into a multilayer arrangement surrounding 

the nanoparticles, which eventually results in increased particle size. This excess surfactant on 

the particles surface not only play role in size, it also affects the Paclitaxel release from the 

NPs, which is explained in the later section. Hence, at the optimum stabilizer concentration in 

our case it was 0.5 % for both PF 68 and PVA resulted in small size, narrow distribution 

particles with low PDI (Fig. 5.5) and high EE (Fig. 5.4). However, in case of PLGA NPs 

increase in stabilizer concentration is same range produced marginal decrease in size. 

In case of PLGA NPs when the PF 68/PVA concentration was increased from 0.25 to 1 % 

(PLGA/F68/14 to PLGA/F68/17 and PLGA/PVA/23 to PLGA/PVA/26), there was decrease in 
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EE (Table 5.5). In PLGA NPs formulation PLGA/F68/14 to PLGA/F68/17 and PLGA/PVA/23 

to PLGA/PVA/26, when the stabilizers PF 68/PVA concentration was increased, the EE 

decreases from, 87.26 to 48.92 % respectively (Table 5.4). But in case of PCL NPs when the 

stabilizer PF 68 concentration was increased (PCL/F68/14 to PCL/F68/17) there was no 

increase as observed from value of EE (%), 96.04 ± 0.02, 97.09 ± 0.01, 97.45 ± 0.01 and 97.64 

± 0.01 (Fig. 5.4). In case of PVA there was increase of EE (%) from 76.17 ± 0.69 to 88.19 ± 

0.24 for increase in stabilizer from 0.25 % to 0.5 %. However further increase in stabilizer 

decrease EE (%) as found 61.24 ± 1.40 for 0.75 % and 50.64 ± 1.30 for 1.0 %. 

The reasons for the decrease in EE, when the stabilizer concentration was increased could be 

diffusion of Paclitaxel into the medium during the particle formulation and the Paclitaxel bind 

to the surplus surfactant and get precipitated during the centrifugation step. In addition, when 

the concentration of surfactant was increased the particle size of NPs decreased due to increase 

of surface area per unit volume, probably because of Paclitaxel diffused out into the medium 

(7, 10, 11). As the Paclitaxel amount in organic phase was increased from 1 to 5 mg (Table 5.4, 

5.5 and 5.6) there was no significant change in the particle size and its distribution. This 

showed that the organic phase volume was sufficient to disperse 5 mg of Paclitaxel and for the 

mutual dispersion of the phases. There was increase in the PDI and marginal increase in EE 

and LE. Paclitaxel crystals were not observed in the NPs formulation during SEM, TEM and 

AFM characterization which confirms the encapsulation of Paclitaxel in polymer matrix. 

5.7.5 Influences of polymer amount, stabilizer and its concentration on ZP 

The properties of any colloidal system especially stability is affected by the presences of charge 

on the surface of the particles. The ZP governs the degree of repulsion between adjacent, 

similarly charged and dispersed particles. If the ZP is reduced below the stable value the 

attractive forces exceed the repulsive forces and the NPs get aggregated and it leads to unstable 

formulation. In general for a physically stable nanosuspension, the minimum ZP value should 

be within or around -30 mV to + 30 mV. However, few reported stability ever below -30 mV 

or above + 30 mV (1).
 
It was known that the ZP value can be in negative or positive, the only 

condition was it should he high enough to get stable nanosuspension. The larger value of ZP 

indicates higher repulsive forces between the inter-particles and therefore decreases the 

particles aggregation and increase the shelf life of the prepared NPs. 
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Table 5.5 Composition and characterization of Paclitaxel loaded and blank PLGA NPs with variable concentration of stabilizers 

 

*
Each data represents the average and standard deviation of three independent determinations, 

a
Polydispersity index, 

b
Zeta potential, 

c
Encapsulation 

Efficiency, 
d
Drug Content 

 

 

Batch Code 

 

 

Drug 

(mg) 

 

Polymer 

(mg) 

 

Stabilizer 

 (%  w/v) 

 

Mean Size 

(nm ±SD) 

 

Distribution  

(d. nm) 

 
a
PDI ±SD 

 

 
b
ZP ±SD 

 

 
c
EE (%) 

 
d
DC (% w/w) 

PF 68 PVA 

PLGA/F68/14 1 100 0.25 - 168.21 ± 2.10 40-350 0.35 ± 0.21 -16.25 ± 1.21 82.53 ± 0.66 0.97 ± 0.03 

PLGA/F68/15 1 100 0.5 - 166.56 ± 1.20 40-365 0.20 ± 0.02 -18.24 ± 0.52 84.60 ± 0.01 0.99 ± 0.01 

PLGA/F68/16 1 100 0.75 - 162.89 ± 0.85 50-285 0.28 ± 0.21 -20.01 ± 1.20 78.01 ± 0.70 0.91 ± 0.02 

PLGA/F68/17 1 100 1 - 160.52 ± 0.41 40-300 0.31 ± 0.14 -17.58 ± 0.85 74.50 ± 1.45 0.86 ± 0.02 

PLGA/F68/18 1 100 0.5 - 169.12 ± 1.01 55-275 0.18 ± 0.08 -20.01 ± 0.56 84.06 ± 1.72 0.99 ± 0.03 

PLGA/F68/19 2 100 0.5 - 172.54 ± 0.75 45-350 0.19 ± 0.16 -19.25 ± 1.24 88.15 ± 0.63 2.08 ± 0.02 

PLGA/F68/20 3 100 0.5 - 178.52 ± 0.71 40-350 0.21 ± 0.24 -15.24 ±1.56 88.31 ± 1.68 3.11 ± 0.06 

PLGA/F68/21 4 100 0.5 - 180.12 ± 1.02 50-325 0.23 ± 0.41 -18.45 ± 0.85 90.89 ± 1.43 4.23 ± 0.09 

PLGA/F68/22 5 100 0.5 - 184.41 ± 0.76 30-300 0.23 ± 0.04 -20.14 ± 0.96 90.65 ± 1.62 5.24 ± 0.07 

PLGA/PVA/23 1 100 - 0.25  230.41 ± 2.11 55-325 0.34 ± 0.32 -19.58 ± 1.25 67.32 ± 1.66 0.79 ± 0.04 

PLGA/PVA/24 1 100 - 0.5 227.23 ± 1.47 48-275 0.24 ± 0.04 -16.85 ±1.74 70.25 ± 0.81 0.82 ± 0.02 

PLGA/PVA/25 1 100 - 0.75 222.57 ± 0.54 45-325 0.26 ± 0.04 -19.25 ± 0.25 66.90 ± 0.70 0.78 ± 0.01 

PLGA/PVA/26 1 100 - 1 220.54 ± 0.65 40-300 0.25 ± 0.06 -17.25 ± 0.78 62.80 ± 0.76 0.73 ± 0.01 

PLGA/PVA/27 1   100 - 0.5 229.32 ± 0.85 45-325 0.14 ±- 0.05 -20.01 ± 1.45 69.19 ± 1.54 0.81 ± 0.04 

PLGA/PVA/28 2 100 - 0.5 234.85 ± 0.65 50-300 0.18 ± 0.08 -20.31 ± 1.42 71.69 ± 1.18 1.67 ± 0.01 

PLGA/PVA/29 3 100 - 0.5 238.96 ± 0.85 40-300 0.19 ± 0.14 -19.74 ± 0.54 73.91 ± 2.88 2.58 ± 0.16 

PLGA/PVA/30 4 100 - 0.5 240.74 ± 0.79 50-325 0.13 ± 0.14 -19.25 ± 0.62 73.40 ± 1.64 3.40 ± 0.05 

PLGA/PVA/31 5 100 - 0.5 245.47 ± 1.02 40-325 0.15 ± 0.05 -18.23 ± 0.95 70.24 ± 0.80 4.14 ± 0.03 

BPLGA/F68/01 - 50 0.25  109.4 ± 2.85 40-250 0.18 ± 0.23 -34.04 ± 1.21 - - 

BPLGA/F68/02 - 50 0.50  99.1 ± 1.11 70-350 0.11 ± 0.13 -24.51 ± 1.25 - - 

BPLGA/F68/03 - 50 0.75  86.3 ± 2.54 50-350 0.31 ± 0.04 -24.14 ± 1.05 - - 

BPLGA/F68/04 - 50 1  77.6 ± 3.25 50-240 0.18 ± 0.09 -22.32 ± 0.11 - - 
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Table 5.6 Composition and characterization of Paclitaxel loaded and blank PLA NPs with variable concentration of stabilizers 

 

 

*
Each data represents the average and standard deviation of three independent determinations, 

a
Polydispersity index, 

b
Zeta potential, 

c
Encapsulation 

Efficiency, 
d
Drug Content

 

Batch Code 

 

Drug 

(mg) 

 

Polymer 

(mg) 

 

Stabilizer 

 (%  w/v) 

 

Mean Size 

(nm ±SD) 

 

Distribution  

(d. nm) 

 
a
PDI ±SD 

 

 
b
ZP ±SD 

 

 
c
EE (%) 

 
d
DC (% w/w) 

PF 68 PVA 

PLA/F68/14 1 50 0.25 - 178.12 ± 9.12 90–760 0.62 ± 0.19 -34.23 ± 1.20 72.50 ± 1.11 1.44 ± 0.04 

PLA/F68/15 1 50 0.5 - 152.13± 2.14 95–455 0.14 ± 0.10 -30.24 ± 0.16 87.26 ± 0.13 1.72 ± 0.31 

PLA/F68/16 1 50 0.75 - 182.61 ± 4.72 99–559 0.54 ± 0.23 -38.42 ± 0.15 73.15 ± 0.69 1.44 ± 0.50 

PLA/F68/17 1 50 1 - 180.72 ± 5.84 80–350 0.58 ± 0.20 -41.53 ± 0.75 67.90 ± 1.42 1.33 ± 0.03 

PLA/F68/18 1 50 0.5 - 151.52 ± 1.24 80–400 0.17 ± 0.22 -28.42 ± 0.42 88.34 ± 1.77 1.76 ± 0.03 

PLA/F68/19 2 50 0.5 - 152.23 ± 0.35 90-550 0.23 ± 0.05 -29.61 ± 0.54 87.12 ± 2.27 3.40 ± 0.10 

PLA/F68/20 3 50 0.5 - 155.41 ± 2.67 90-500 0.36 ± 0.06 -29.61 ± 0.87 65.50 ± 3.39 3.72 ± 0.20 

PLA/F68/21 4 50 0.5 - 158.52 ± 1.42 82-550 0.54 ± 0.43 -30.21 ± 0.77 50.70 ± 2.41 3.76 ± 0.20 

PLA/F68/22 5 50 0.5 - 160.43 ± 1.45 90-450 0.48 ± 0.62  -30.82 ± 0.49 28.90 ± 0.32 2.63 ± 0.03 

PLA/PVA/23 1 50 - 0.25 191.33 ± 8.72 91–840 0.49 ± 0.13 -31.61 ± 0.10 51.80 ± 0.86 1.07 ± 0.01 

PLA/PVA/24 1 50 - 0.5 172.32 ± 1.38 80–595 0.13 ± 0.22 -28.22 ± 0.80 59.90 ± 1.00 1.18 ± 0.02 

PLA/PVA/25 1 50 - 0.75 201.11 ± 9.02 80–542 0.81 ± 0.23 -32.72 ± 1.30 53.02 ± 0.70 1.04 ± 0.02 

PLA/PVA/26 1 50 - 1 191.23 ± 5.30 90–596 0.92 ± 0.13 -28.11 ± 1.17 48.92 ± 0.76 1.00 ± 0.02 

PLA/PVA/27 1   50 - 0.5 173.11 ± 0.08 90-550 0.39 ± 0.51 -28.42 ± 1.08 62.50 ± 0.46 1.24 ± 0.02 

PLA/PVA/28 2 50 - 0.5 178.44 ± 0.09 90-550 0.41 ± 0.25 -29.22 ± 1.15 62.50 ± 0.58 2.42 ± 0.03 

PLA/PVA/29 3 50 - 0.5 182.62 ± 1.05 90-450 0.42 ± 0.65 -27.15 ± 0.31 53.34 ± 1.55 3.03 ± 0.10 

PLA/PVA/30 4 50 - 0.5 186.41 ± 2.06 90-450 0.56 ± 0.89 -26.52 ± 0.87 43.20 ± 0.66 3.20 ± 0.05 

PLA/PVA/31 5 50 - 0.5 189.22 ± 1.34 80-525 0.58 ± 0.54 -29.26 ± 0.34 27.20 ± 1.05 2.48 ± 0.10 

PLA/F68/01 - 50  0.25 - 176.12 ± 2.19 90-600 0.41 ± 0.13 -31.0 ± 1.01 - - 

PLA/F68/02 - 50 0.50 - 149.82 ± 1.25 70-450 0.27 ± 0.23  -29.0 ± 0.21 - - 

PLA/F68/03 - 50 0.75 - 182.62 ± 2.01 50-450 0.29 ± 0.11 -27.1 ± 0.34 - - 

PLA/F68/04 - 50 1 - 179.63 ± 1.11 50-500 0.30 ± 0.21 -28.3 ± 0.23 - - 
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The influences of polymer amount, nature of stabilizer and its concentration (Table 5.1 to 5.6) 

on ZP of the prepared NPs formulations are give in Fig. 5.5. In our study, both the stabilizers 

PF 68 and PVA imparted negative ZP value; this was due to the presences of terminal 

carboxylic groups and ionization of groups on the side chain of polymer and surfactant. PF 68 

adsorb strongly onto the surface of hydrophobic particles (e.g. PLGA) through their centre 

block hydrophobic poly (propyl oxide), which leaves the hydrophilic poly (ethyl oxide) side 

arms in movable state and which extent outwards from the particle surface (10, 13). This 

hydrophilic tails on each particle surface results in the repulsion effect and provides stability to 

the system through the steric stabilization with enthalpic and entropic contributions. In case of 

the PVA, the hydroxyl group in the side chain resulted in the negative ZP value and it was 

totally a hydrophilic polymer which formed covalent linkage with the polymer through the 

hydroxyl group and hence it remained attached to the particles surface by forming multipoint 

linkage (12). In the present NPs preparation method, when the polymer amount was increased, 

the ZP ranged from, -16.63 to -28.92 for PCL NPs, -19.78 to -25.23 for PLGA NPs and -26.1 

to -29.8 for PLA NPs (Table 5.1 to 5.3).  

In case of PCL and PLA NPs, stabilizer PF 68 produced higher ZP (ranged from 28.24 to -

34.62 and -30.24 to -41.53  ) than PVA which produced ZP ranged for -17.72 to -26.03 and -

28.11 to -32.72. In case of PLGA NPs, stabilizer PF 68 and PVA produced stable NPs with 

same ZP value (Table 5.4 to 5.6). 

5.7.6 Influences of polymer and stabilizer amount on % recovery of NPs  

The influences of polymer amount on % recovery of NPs were represented in Fig. 5.5. In PCL 

and PLGA NPs, the % recovery of NPs was almost 100 % (99.79 and 99.74) in increase in 

polymer from 5 to 50 mg (Fig. 5.5). But, when the polymer amount was increased from 75 to 

200 mg there was significant decrease in % recovery of NPs. In case of PLA NPs, the % 

recovery was very less (24.91 to 30.56) for the initial batches when the polymer amount is 

increased from 1 to 5 mg, the reason could be small particle size, which was not getting settled 

during the centrifugation process. Once the PLA amount was increased from 10 to 50 mg, the 

% recovery was almost 100 %, but after 75 mg and up to 200 mg the % recovery decreases 

significantly from 82.68 to 51.44. This showed the formation of agglomerates or larger 

particles which was getting settled during purification step. 

The reason for decrease in % recovery of NPs when the polymer amount was increased could 

be due to increase in viscosity of the dispersed phase, which defend against the shear forces 

during dispersability of the polymer into the aqueous phase to form nanodroplets. This 

resistance in dispersability leads to bigger particles and agglomerates which was getting settled 

during purification step. One more possibility, the stabilizer in the aqueous phase was 
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insufficient to coat the particles formed when the polymer amount was increased above 100 

mg, which resulted in aggregation of formed NPs to a bigger particles and which get settled 

during purification (1, 7). The ideal NPs formulation was one which uses less amount of 

excipients and hence less exposure of foreign material to the human body. 

5.8 In-vitro dissolution 

5.8.1 Influences of polymer amount on in-vitro drug release and it’s kinetic 

Apart from helping in formulation of NPs and stabilization, Polymers also help to extend drug 

release for longer duration. In view of the fact, cytotoxicity of Paclitaxel depends on high AUC 

and exposure time rather than level of concentration and as Paclitaxel acts in the M phase of 

the cell, it is necessary to have sufficient exposure to show its pharmacological action (3). In-

vitro cumulative percent release profile of PNPs prepared with different polymer and stabilizer 

amount were represented in Fig. 5.6 to 5.15. It was observed that pure Paclitaxel got dissoluted 

completely with in one hour and the PNPs showed biphasic release pattern, with control release 

varied from 42 to 48 hr for most of the formulations. However, formulations PCL/F68/09 and 

PCL/F68/13 produced release of only 60 % till 48 hr. 

The drug release from PNPs is a complex process, dependent on many factors like nature of 

drug, polymer degradation rate, water permeability and drug-polymer matrix interaction (7).  

As the amount of polymer was increased (Fig. 5.6, 5.9, 5.12 and 5.15) in formulation, the time 

to release 50 % of drug (T50%) was found to increase considerably (Table 5.7). The release 

profile and value of T50% indicate that PCL produced more extended release than PLGA and 

PLA due to more hydrophobic character of PCL. Maximum value of T50% was found to be 30 

hr in PCL NPs and 10 hr for PLA NPs. However between PLGA and PLA, drug release was 

marginally faster in PLA NPs. 

Chakravarthi et al. (15) prepared Paclitaxel loaded PLGA NPs whose in-vitro dissolution study 

results showed that the Paclitaxel was completely released within 24 hr with high burst release 

effect. In close view of Table 5.7, the PLGA NPs prepared in this work showed more extensive 

release and varying release rate depending on polymer proportion, stabilizer and its percentage 

and T50% varied from 5 hr to 15.4 hr. Better control of release may be due to better 

encapsulation of PNPs.  

For better understanding the release process, the dissolution data were fitted to different models 

(9). All NPs produced with 3 polymer and PF 68 stabilizer, followed Baker-Lonsdale model 

(Table 5.7). PCL based NPs prepared with PVA followed Higuchi model. PLGA and PLA 

polymer NPs with PVA variable formulations follows Korsmeyer-Peppas model. 

 



 105 

The dissolution data of formulations following Higuchi model suggested that the release of 

Paclitaxel is mainly controlled by diffusion. In case of Korsmeyer-Peppas model, some 

dissolution data follows Fickian diffusion (n=0.4 to 0.45) and some data followed non- Fickian 

diffusion (0.5 to 0.62) process, known as anomalous transport. The fitting of best model to the 

dissolution data was selected through three important parameters, R
2
, Akaike Information 

Criterion (AIC) and Model Selection Criterion (MSC). In general, R
2 

value close to one, model 

with low AIC value and MSC value more than 2 to 3 are considered for deciding best model 

for the analyzed in-vitro dissolution data of the prepared PNPs (9). The R
2
, AIC and MSC 

value best fit model of PNPs were represented in Table 5.7. 

5.8.2 Influences of stabilizer on in-vitro drug release and it’s kinetic 

The influences of stabilizer PF 68 and PVA in drug release was represented in Fig. 5.7, 5.10 

and 5.13 and Fig. 5.8, 5.11 and 5.14 respectively. Among the two stabilizers, presences of PVA 

extended drug release more than formulation with PF 68 (Table 5.7).  

As PVA is more hydrophobic it extended the release more than PF 68. Further also higher 

molecular size and swelling character of PVA extended the release more. PVA coated NPs, 

when came in contact with dissolution medium it formed hydrogel which could have acted as 

barrier for diffusion release of Paclitaxel from polymeric NPs (12, 18-19). As stabilizer PF 68 

is hydrophilic in nature and it could not extend the release as observed in case of PVA (Table 

5.7). Fitting of dissolution data of PF 68 and PVA to different models of all the polymers were 

represented in Table 5.7 respectively. 

 

 

Fig. 5.6 Influences of polymer amount on in-

vitro dissolution profile of Paclitaxel loaded 

PCL NPs 

 

Fig. 5.7 Influences of PF 68 amount on in-

vitro dissolution profile of Paclitaxel loaded 

PCL NPs 
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Fig. 5.12 Influences of polymer amount on 

in-vitro dissolution profile of Paclitaxel 

loaded PLA NPs 

 

Fig. 5.13 Influences of PF 68 amount on 

in-vitro dissolution profile of Paclitaxel 

loaded PLA NPs 

 

 
Fig. 5.8 Influences of PVA amount on in-

vitro  dissolution profile of Paclitaxel loaded 

PCL NPs 

 
Fig. 5.9 Influences of polymer amount 

on in-vitro  dissolution profile of 

Paclitaxel loaded PLGA NPs 

 

 
Fig.5.10 Influences of PF 68 amount on in-

vitro  dissolution profile of Paclitaxel loaded 

PLGA NPs 

 
Fig. 5.11 Influences of PVA amount on 

in-vitro dissolution profile of Paclitaxel 

loaded PLGA NPs     
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Fig. 5.14 Influences of PVA amount on in-

vitro dissolution profile of Paclitaxel 

loaded PLA NPs 

 
Fig.5.15 Influences of polymer amount 

on in-vitro dissolution profile of 

Paclitaxel loaded PNPs 

 

5.9 Stability study  

The stability study result showed that all the prepared NPs, were stable up to 4 months at 5 ± 

2°C and 15 ± 5°C. All the NPs stored at 37 ± 5 °C for 4 months showed ssome increase in size, 

due to aggregation of particles (Table 5.8). The AFM analysis showed (Fig. 5.16) no change of 

surface character of stored NPs. The in-vitro dissolution study of all stored formulations 

confirmed no change in release profile. The stability study result confirmed that the prepared 

PNPs were stable in all the three temperatures tested. 

A) 

 

B) 

 
                                         C) 

 
Fig. 5.16 Stability study results, PCL NPs AFM after 4 month storage (A) PLGA NPs AFM 

after 4 month storage(B) PLA NPs AFM after 4 month storage (C)  
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Table 5.7 Best fitting of in-vitro release data using mathematical modeling 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Polymer and PF 68 variable formulations, follows Baker-Lonsdale model.  In PCL polymer 

NPs, PVA variable formulation follows Higuchi model. In PLGA and PLA polymer NPs, PVA 

variable formulation follows Korsmeyer-Peppas model. 
z
Diffusion exponent indicating the drug 

release mechanism. 

 

S.NO Batch R
2
 AIC MSC n

z g
 T50% (hr) 

1 PCL/F68/03 0.9199 66.60 2.32 - 1.80 

2 PCL/F68/05 0.9821 101.00 3.92 - 8.11 

3 PCL/F68/07 0.9755 126.20 3.92 - 7.45  

4 PCL/F68/09 0.9903 101.64 4.54  - 16.02  

5 PCL/F68/13 0.9886 95.40 4.40 - 29.70 

6 PCL/F68/14 0.9867 50.60   4.13   - 6.94   

7 PCL/F68/15 0.9821 66.00   3.90   - 8.40   

8 PCL/F68/16 0.9730 71.70   3.50   - 8.72   

9 PCL/F68/17 0.9740 70.10   3.50   - 10.40   

10 PCL/PVA/23 0.9481 60.03 2.80 - 13.23 

11 PCL/PVA/24 0.9740  58.54 3.50  - 19.20 

12 PCL/PVA/25 0.9843  45.10  4.00 - 23.70  

13 PCL/PVA/26 0.9780 45.02 3.62 - 31.23 

14 PLGA/F68/09 0.9886  53.40 4.30  - 6.54 

15 PLGA/F68/13 0.9725 69.82 3.43 - 10.00 

16 PLGA/F68/14 0.9845 50.80 4.00 - 5.23 

17 PLGA/F68/15 0.9886 53.40 4.30 - 6.54 

18 PLGA/F68/16 0.9731 62.00 3.50 - 8.13 

19 PLGA/F68/17 0.9734 62.52 3.60 - 7.32 

20 PLGA/PVA/23 0.9861 53.30  3.90 0.417 7.84 

21 PLGA/PVA/24 0.9774 58.00 3.40 0.542 13.22 

22 PLGA/PVA/25 0.9847 54.00 3.81 0.611 15.40  

23 PLGA/PVA/26 0.9828 62.82 3.72 0.620 15.40 

24 PLA/F68/07 0.9820  66.00 4.00 - 7.80 

25 PLA/F68/08 0.9816 83.60 3.90 - 8.50 

26 PLA/F68/14 0.9789  54.60 3.70  - 5.81 

27 PLA/F68/15 0.9820 66.00 4.00 - 7.80 

28 PLA/F68/16 0.9758  68.84  3.60 - 8.30 

29 PLA/F68/17 0.9781 67.24 3.70 - 9.01 

30 PLA/PVA/23 0.9917 39.50 4.70 0.450 5.52 

31 PLA/PVA/24 0.9889 50.10 4.14 0.522 8.54 

32 PLA/PVA/25 0.9894 49.10  4.30  0.561 9.70 

33 PLA/PVA/26 0.9877 58.20  4.10  0.660 12.70 
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Table 5.8 Stability study results of optimized Paclitaxel loaded NPs formulations in three different conditions 

a 
Polydispersity index, 

b
 Zeta potential, 

c
 Drug loading 

 

 

 

 

 

 

 

 

S.NO 

 

 

 

Stability 

Conditions 

 

 

 

Evaluation  

Parameters 

 

PCL NPs 

 

PLGA NPs 

 

PLA NPs 

 

Observation (months) 

0 4  0 4 0 4 

 

 

1 

 

5 ± 2° C 

Physical appearances White No change White No change White No change 

Size (nm) 172.03 ± 0.34 175.13 ± 0.81 165.52 ± 2.10 166.23 ± 1.11 152.13 ± 2.10 154.21 ± 0.92 

PDI
a
 0.05 ± 0.53 0.06 ± 0.33 0.20 ± 0.04 0.22 ± 0.05 0.14 ± 0.10 0.24 ± 0.42 

ZP
b
 -25.52 ± 0.44 -26.12 ± 0.14 -25.23 ± 1.45 -24.56 ± 1.23 -30.24 ± 0.16 -30.11 ± 0.89 

DC
c
 4.60 ± 0.12 4.54 ± 0.52 1.65 ± 0.01 1.62 ± 0.22 1.02 ± 0.02 1.01 ± 0.12 

 

2 

 

 

15 ± 5° C 

Physical appearances White No change White No change White No change 

Size (nm) 172.03 ± 0.34 190.13 ± 1.34 165.52 ± 2.10 176.21 ± 1.11 152.13 ± 2.10 165.23 ± 1.11 

PDI 0.05 ± 0.53 0.51 ± 1.42 0.20 ± 0.04 0.52 ± 1.01 0.14 ± 0.10 0.21 ± 0.32 

ZP -25.52 ± 0.44 -22.52 ± 0.44 -25.23 ± 1.45 -21.89 ± 0.56 -30.24 ± 0.16 -29.11 ± 0.54 

DC 4.60 ± 0.12 4.20 ± 0.42 1.65 ± 0.01 1.59 ± 0.67 1.02 ± 0.02 0.87 ± 0.22 

 

3 

 

37 ± 5 °C 

Physical appearances White No change White No change White No change 

Size (nm) 172.03 ± 0.34 193.13 ± 2.34 165.52 ± 2.10 190.23 ± 1.58 152.13 ± 2.10 172.21 ± 1.11 

PDI 0.05 ± 0.53 0.81 ± 0.73 0.20 ± 0.04 0.77 ± 0.24 0.14 ± 0.10 0.67 ± 0.23 

ZP -25.52 ± 0.44 -21.01 ± 2.44 -25.23 ± 1.45 -20.89 ± 1.01 -30.24 ± 0.16 -23.23 ± 0.32 

DC 4.60 ± 0.12 4.02 ± 0.41 1.65 ± 0.01 1.42 ± 0.40 1.02 ± 0.02 0.67 ± 0.45 
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5.10 Conclusion 

Successfully small with narrow size distribution PNPs, using PCL, PLGA and PLA polymers 

were prepared by using nanoprecipitation and solvent evaporation method. Based on the results 

it was observed that quality NPs with 100 % EE, high DC and % recovery were obtained using, 

20 mg of PCL (PCL/F68/05), 100 mg of PLGA (PLGA/F68/09) and 50 mg of PLA 

(PLA/F68/07) with 0.5 % PF 68 as stabilizer. The reason for high EE in case of the prepared 

PNPs may be due to low aqueous solubility of Paclitaxel, fast rate of precipitation of polymer 

during preparation and selection of polymer solvent with high vapour pressure and the low 

viscosity of the internal phase. The prepared PNPs were characterized for their shape and 

structure using SEM, TEM and AFM. The classy microscopic examination SEM, TEM and 

AFM analysis revealed the spherical and smooth surface character of the NPs as well as their 

homogeneous solid matrix without any amorphous arrangements. Though, PVA is the most 

extensively used stabilizer in the preparation of PNPs, in the present method we studied both 

PVA and PF 68. Among the two, formulations with PF 68 as stabilizer were selected and used 

in in-vivo pharmacokinetic and in the in-vivo anti-tumor efficacy study as it provides NPs. 
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6.1 Introduction 

The therapeutic efficacy of several types of drugs, particularly anti-cancer drugs, depends on 

the cellular uptake efficiency. It is expected that in nanoparticulate systems the cellular uptake 

is enhanced and thus can provide enhanced efficacy. The cellular uptake study in suitable 

cancer cell is essential to study enhanced uptake and efficacy. Staining the cells/organelles with 

suitable dye and incubating with the particles labeled with appropriate probe molecule, which 

can be studied using confocal microscope is the traditional technique for qualitative study of 

cellular or organ uptake of particles. In case of quantification for the amount of particles taken 

up by the cancer cells, microplate reader is the universal basic techniques available. Once the 

NPs reach the cancer cells, it is expected to inhibit the cell proliferation which results in cell 

death. This cytotoxicity of the drug loaded NPs is studied extensively by in-vitro 3-(4, 5-

Dimethylthiazol-2yl)-2, 5, diphenyltetrazolium bromide (MTT) assay (1-5). In this work, the 

cytotoxicity of the prepared Paclitaxel loaded NPs were studied and the Coumarin 6 (C6) 

loaded PCL, PLGA and PLA NPs were also subjected for particle uptake study. 

6.2 Materials and Methods 

Pure drug Paclitaxel and selected nanoparticulate systems, prepared and mentioned in Chapter 

5 were used for cytotoxicity study. Breast cancer cell line MCF-7 was obtained from National 

Centre for Cell Sciences, Pune, India. Chemicals, MTT, fetal bovine serum (FBS), minimal 

essential medium (MEM), Coumarin 6 (C6), Triton X-100 and propidium iodide (PPI) were 

obtained from Sigma–Aldrich, Bangalore, India. 

6.3 Cytotoxicity study 

The cytotoxicity of the prepared Paclitaxel loaded PNPs were measured in MCF-7 cancer cell 

line using MTT assay at SCTIMST, Thiruvananthapuram, India with ethical approval. The 

MCF-7 cells were maintained in MEM, supplemented with 10% FBS and antibiotics, 1% 

penicillin/streptomycin under the conditions of 5 % CO2 and > 90% humidity at 37°± 1 C. 

Antibiotics was added to maintain sterility. 

6.3.1 Samples of cytotoxicity study 

a) Negative control (NC) sample 

NC samples are one where theoretically no cytotoxicity effect should be observed. NC sample 

was included in the study with the intension to prove that the MTT procedure is selective.  

High density polyethylene is used as negative control. It is prepared by incubating 0.2 gm of 

high density polyethylene with culture medium containing serum at 37° ± 1 C for 24 ± 2hr. 

 

b) Positive control (PC) sample  
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PC samples are one which should completely inhibit the cell viability. PC sample was included 

in the study expecting that it will inhibit the cell growth, to confirm that the MTT procedure is 

sensitive and selective to cytotoxic material.  The positive control used in this study is dilute 

phenol which is prepared by diluting phenol stock solution (13 mg/ml) to 1.3 mg/ml with 

culture medium containing serum. 

c) Paclitaxel loaded PNPs-Test samples 

The cytotoxicity of the prepared Paclitaxel loaded PCL, PLGA and PLA NPs and commercial 

formulation (CRE-MR) were measured at three different concentrations, 10, 20 and 40 μg/mL. 

6.3.2 MTT assay procedure 

To determine the cell viability, MCF-7 cells were sub cultured and transferred to 96-well plate  

to ensure 1 X 10
4
 cells per well in 100 μL MEM containing 10 % FBS. Medium was changed 

every day until 80% confluence was reached. Then the medium was replaced with 100 μL of 

test samples of 10 µg/mL concentration. The plate was incubated for 24, 48, and 72 hr, then the 

well content was removed and the wells were washed three times using PBS. MTT reagent, (50 

μL from 1mg/mL) was added to the well and incubated for 2 hr. Now, MTT was removed and 

100 μL of isopropanol was added to the wells and swayed before the plate was observed for 

optical density (OD) using spectrophotometer reader (Bio-Tek Instruments, Vermont, USA) at 

570 nm. In addition to this, the cells were observed under microscope for there morphological 

changes. MCF-7 cells without test samples treatment were used as control cells. The cell 

viability was determined by using the formula  

Cell viability (%) = (OD of test cells/OD negative control cells) X 100 

6.4 Cellular uptake studies of NPs 

6.4.1 Preparation of fluorescence PNPs 

The Coumarin 6 (C6) loaded PCL and PLA NPs were prepared by nanoprecipitation and C6 

loaded PLGA NPs were prepared by solvent evaporation method. The fluorescence PNPs were 

prepared as per the Paclitaxel loaded NPs procedure. The fluorescence PNPs prepared was 

characterized for their size, polydispersity index, zeta potential and drug content to study the 

cellular uptake efficiency of the prepared PNPs in MCF-7 cells. The shape and size of the C6 

loaded NPs were further confirmed through AFM analysis. The cellular uptake efficiency of 

these prepared C6 loaded PCL, PLGA and PLA NPs were determined by confocal microscopy 

and micro plate reader technique. 

 

 

6.4.2 Determination of cellular uptake of NPs by confocal microscopy 
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The particle cellular uptake study was performed in MCF-7 cells using standard procedure (5, 

8). MCF-7 cells were sub cultured and seeded at a density of 1x10
4
 cells/cm

2 
in well plate. 

After 80% confluence, the medium was replaced with C6 loaded PCL, PLGA and PCL NPs 

dispersion and incubated for 2 hr. After that, dispersion was removed and 1 ml of 70% ethanol 

solution was added into each well to fix cells. Now the wells with cells in ethanol solution were 

kept in 37ºC for 20 min, then ethanol solution was removed and PBS was used to wash wells 

for three times. Subsequently, 10 μL of 5 mg/ml PPI was added to stain MCF-7 cell nucleolus 

for 30 min, soon after the stain was washed three times using PBS and it is observed under 

confocal laser scanning microscop (LSM 510 Meta). The C6 loaded particles and PPI staining 

cell nucleus showed green color and red color, respectively. 

6.4.3 Determination of cellular uptake of NPs by micro plate reader 

The cells were seeded in the 96-well plate at a density of 1 X 10
4 

cells per well. Medium was 

changed until 80% confluence was reached. The medium was then replaced with 100 µL 

medium with C6 loaded PCL, PLGA and PCL NPs of three different concentrations 50, 75 and 

100 μg/ml. The plate was incubated for 2 hr and the cellular uptake efficiency of C6 loaded 

NPs was determined by micro plate reader. For each PNPs sample, one control sample without 

cells was added in the well. After predetermined time interval, NPs suspension was removed 

and the wells were washed three times using PBS. Now, 100 μl 0.5% triton X-100 in NaOH 

was added to break the cells and then the plate was measured using a micro plate reader. The 

excitation wavelength and emission wavelength was 430 and 485 nm, respectively, for C6. The 

cellular uptake efficiency of PNPs was given by the ratio between the amount of NPs taken up 

in cells and the amount of NPs in control well. 

6.5 Result and Discussion 

6.5.1 Cytotoxicity study 

As it is important to use sterilized material in cell cytotoxicity study, the prepared PNPs were 

sterilized by filtering through membrane filteration (6). The cytotoxicity effect of prepared 

three PNPs was compared to that of commercial formulation, CRE-MR. The concentrations of 

Paclitaxel 10, 20 and 40 μg/mL was preferred for cytotoxicity study since the plasma level of 

Paclitaxel is likely to be in this range (7, 8). The MTT test is an assay to identify the 

proliferation and cell viability by measuring the mitochondrial activity of cells. Metabolically 

active cells are able to convert the yellow water-soluble tetrazolium salt MTT to water 

insoluble dark blue formazan by reductive cleavage of the tetrazolium ring (9).  

The % cell viability vs. incubation time graph (Fig. 6.1, 6.2 and 6.3) clearly illustrated 

Paclitaxel loaded PNPs showed strong inhibitory effects on the proliferation of MCF-7 cells 

when compared to commercial formulation. The negative sample analysis showed almost 80-
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90 % cell viability in all the three time points studied. The positive control sample analysis 

evidently showed that the procedure adopted allows the cytotoxic compound phenol to inhibit 

MCF-7 cells proliferation completely. The increased cytotoxicity of Paclitaxel loaded PNPs 

than the CRE-MR is attributed to higher intracellular uptake and drug concentration. The 

reason for increased cytotoxicity of PNPs could be due to enhanced cell permeation of NPs. 

The mechanism of enhanced cell permeation is probably due to hydrophilic surface nature of 

NPs which reduces MDR. Further, the stabilizer used in NPs preparation, PF 68 is also a potent 

inhibitor of P-gp and CYP3A4 (1), which might have helped in enhanced permeation. The 

profiles suggest cytotoxic effect is dependent on both, Paclitaxel concentration as well as time 

of incubation.  

 

Table 6.1 IC50 (µg/mL) of MCF-7 cells after 24, 48 and 72 hr of incubation with 10 µg/mL 

concentration of Paclitaxel loaded PNPs and commercial Paclitaxel formulation 

 

 

S.NO 

 

NPs Formulation 

 

IC50 (µg/mL) at different 

incubation time (hr) 

 

 

1 
24 48 72 

CRE-MR 19.51 12.27 8.74 

2 Paclitaxel PCL NPs 14.30 10.28 7.63 

3 Paclitaxel PLGA NPs 13.32 9.88 7.21 

4 Paclitaxel PLA NPs 9.79 8.18 6.80 

 

Among the PNPs, Paclitaxel loaded PLA NPs exhibited maximum inhibitory effect. This could 

be due to increase in cellular uptake of Paclitaxel loaded PLA NPs observed in the particle 

cellular uptake study. The % cell viability profile illustrated that when the concentration of 

Paclitaxel loaded PNPs was increased from 10 to 40µg/mL, the cytotoxicity action increases. 

When the contact time of NPs and MCF-7 cells were increased the proliferation of cells 

decreased as a result of sustained drug release from PNPs, which is not observed in CRE MR. 

The cytotoxicity of Paclitaxel, depends on sustain therapeutic concentration rather than 

maximal plasma concentration, since Paclitaxel need cells to enter M phase (10, 11). 

The IC50 of the evaluated formulations in MCF-7 cells after incubation for 24, 48 and 72 hr is 

represented in Table 6.1. IC50 is defined as the drug concentration at which 50 % of the cells in 

culture have been killed in a particular time period. IC50 values for commercial formulation 

(CRE-MR) were found to be 19.51 µg/mL, 12.27 µg/mL and 8.74 µg/mL at 24, 48 and 72 hr 

incubation respectively. However these IC50 values were found to be lower for NPs formulation 

with lowest value for PLA NPs with 9.79, 8.18 and 6.80 µg/mL at 3 different incubation 
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periods (Table 6.1). PCL NPs showed maximum IC50 value among 3 NPs with 14.50 µg/mL, 

10.28 µg/mL and 7.63 µg/mL respectively. There was not much difference in IC50 value at 72 

hr incubation as in 72 hr all the Paclitaxel are released by 72 hr. During MTT assay, the 

morphological examination of the cells was observed at 24, 48 and 72 hr through phase-

contrast photomicrographs. The morphological examination of cells incubated with PNPs and 

CRE-MR showed alterations in cell shape compared to negative control and control cells. 

 

Fig. 6.1 Cell viability of MCF-7 cells treated with commercial product, Paclitaxel (TAX) 

loaded PNPs at concentration 10 µg/ml. Each data point showed average of five samples 

 

Fig. 6.2 Cell viability of MCF-7 cells treated with commercial product, Paclitaxel (TAX) 

Loaded PNPs at concentration 20 µg/ml. Each data point showed average of five samples 
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Fig. 6.3 Cell viability of MCF-7 cells treated with commercial product, Paclitaxel (TAX) 

Loaded PNPs at concentration 40 µg/ml. Each data point showed average of five samples  

 

The negative control cells did not show any change in shape when compared to control cells, 

this showed that the MTT assay is specific to proliferation inhibiting samples. In positive 

control group, the shape of the cells was altered drastically or in other hand, phenol inhibited 

the proliferation of MCF-7 cells. 

6.5.2 Cellular uptake studies of NPs 

a) Preparation of Fluorescence PNPs 

Successfully, C6 loaded PCL, PLGA and PLA NPs were prepared using the optimized 

procedure of Paclitaxel loaded PNPs as mentioned in Chapter 5. The size and PDI of the 

prepared C6 loaded PCL, PLGA and PLA NPs were, 171.8 ± 0.80 nm, 0.20 ± 0.03, 165.8 ± 

0.14 nm, 0.24 ± 0.12, 154.5 ± 2.20 nm and 0.11 ± 0.01 respectively. The ZP of the prepared C6 

loaded PNPs were -25.0 ± 0.9, -21.2 ± 1.20 and -26.0 ± 0.83 respectively. The shape and 

surface morphology of the prepared C6 loaded PNPs were observed using AFM and they are 

represented in Fig. 6.4. The C6 loaded PNPs characterization resembles the Paclitaxel loaded 

PNPs and it is used in the particle uptake study. 

b) Confocal microscopic observation of cellular uptake of NPs 

The improved drug targeting ability of NPs towards cancer cells depends on internalization and 

continued retention of particles in target cells. The particle uptake study in cancer cells will be 

a proof of concept for the better therapeutic effect of drug loaded NPs over the conventional 

chemotheraphy. The fluorescein isothiocyanate channel was used to observe the NPs and 

neutral red channel was used to examine the MCF-7 cells. The C6 loaded NPs were represented 

in green color and the PPI stained MCF-7 cell nucleus was shown in red color. The confocal 

fluorescence 2D images of MCF-7 cells with C6 labeled NPs after 2 hr incubation is 
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represented in Fig. 6.5. The 3D view of confocal image of particle uptake evidently confirmed 

that the C6 loaded PNPs (green color) is located closely around the nucleus (red color), 

indicating the internalization of NPs (Fig. 6.6).  

In addition the cellular uptake is visualized by overlaying images obtained by fluorescein 

isothiocyanate channel (green), propidium iodide channel (red) and background (black) in Fig. 

6.7. The particle uptake image was displayed in three orthogonal projections xy, xz and yz 

respectively to verify whether the C6 NPs are located outside the top surface of the cells or 

entrapped intracellularly (12). The orthogonal images (Fig. 6.8) illustrates that the NPs were 

indeed entrapped within the intracellular spaces.  

 

Fig. 6.4 Characterization of Coumarin 6 loaded PNPs by AFM, cluster, single 3D and 2D PCL 

NPs (A and D) cluster, single 3D and 2D PLGA NPs (B and E) and cluster, single 3D and 2D 

PLA NPs (C and F) 

A) B) 
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C) 

 
 

D) 

 

E) 

 
 

F) 

 

Fig 6.5 Confocal fluorescence 2D images of MCF-7 cells with Coumarin 6 labeled NPs 

after 2 hr exposure, PCL NPs (A) PLGA NPs (B) PLA NPs (C-E) blank cells (F) 

 

 

A) 

 
 

B) 
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C) 

 

D) 

 

E) 

 

F) 

 
 

Fig 6.6 Confocal fluorescence 3D images of MCF-7 cells with Coumarin 6 labeled NPs after 2 

hr exposure, PCL NPs (A and B) PLGA NPs (C and D) PLA NPs (E and F) 

 

 

 

A) 
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B) 

 
 

C) 
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D) 

 
 

 

E) 

 

F) 

 
 

 

Fig 6.7 Confocal fluorescence microscopy 2D image of MCF-7 cellular uptakes of, PCL NPs 

(A) PLGA NPs (B) PLA NPs (C and D) blank MCF-7 Cells (E) free Coumarin 6 incubated for 

2 hr (F). The cellular uptake is visualized by overlaying images obtained by fluorescein 

isothiocyanate channel (green), propidium iodide channel (red), background (black) and 

combination of all three images 
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A) 

 

B) 

 
                                        C) 

 
 

Fig 6.8 Confocal microscopy confirms internalization of NPs by MCF-7 cells. The cell uptake 

image is displayed in three orthogonal projections XY, XZ and YZ respectively. PLA NPs (A) 

PCL NPs (B) can be seen within the cytoplasm on the Z-sections (XZ & ZY projection), free 

Coumarin 6 incubated with MCF-7 cells illustrates less uptake of Coumarin 6 (C) 

 

The orthogonal image of MCF-7 cells incubated with free C6 (Fig. 6.8 C) demonstrated that 

only C6 loaded PNPs can reach cytoplasm of cancer cells more than the free C6.  In general, 

endocytosis is considered to be the main mechanism for the cells to take up NPs. Particles less 

than 150 nm reaches cells through pinocytosis and particles larger than 200 nm were taken up 

by cells through phagocytosis (5, 11). In this study, the nonspecific phagocytosis played major 

role in the engulfing of C6 PNPs by MCF-7 cells. 
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Fig 6.9 Particle uptake of NPs using MCF-7 cells 

 

c) Determination of cellular uptake of NPs by micro plate reader 

The quantitative analysis of cellular uptake of C6 loaded PNPs after 2 hr of incubation with 

MCF-7 cells were represented in Fig. 6.9. It can be observed that when the concentration was 

increased from 50 to 100 µg/mL the Paclitaxel loaded PCL, PLGA and PLA NPs uptake 

increased respectively. The increasing order of Paclitaxel loaded NPs uptake observed after 2 

hr incubation with MCF-7 cells at 100 µg/mL were, PCL NPs<PLGA NPs<PLA NPs 

respectively. Among the PNPs studied for cellular uptake, PLA NPs were efficiently taken up 

by the MCF-7 cells at all the concentrations studied. Researchers demonstrated that the degree 

of internalization of NPDDS into cancer cells is inversely proportional to the particle size (13, 

14). In the present work, PLA NPs cellular uptake is highest, due to small size, 151.13 ± 2.44 

nm particles. The particle size of PLGA and PCL NPs was 166.56 ± 1.20 nm and 174.0 ± 9.34 

nm respectively. Hence cellular uptake of PCL and PLGA NPs are lower compared to PLA 

NPs in MCF-7 cells.   

6.6 Conclusion 
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The cytotoxicity study result demonstrated that the prepared Paclitaxel loaded NPs inhibited 

proliferation of MCF-7 cells more than the commercial formulation, CRE-MR. In addition, the 

IC50 values of PNPs were low for NPs when compared to CRE-MR. This demonstrated the 

efficiency of Paclitaxel loaded NPs in uptake and cytotoxicity. In overall the cell uptake study 

established the efficient uptake/target ability of PCL, PLGA and PLA NPs in breast cancer 

cells, MCF-7. The orthogonal projection of MCF-7 cellular uptake confocal fluorescence 

image, illustrated that maximum NPs reached the cytoplasm of the cells. The 2D and 3D view 

confocal fluorescence microscopic image showed that the PNPs were positioned closely around 

the nucleus. As in this study drug Paclitaxel was not used during identification problem, study 

is to be done with drug. 
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7.1 Introduction 

Pharmacokinetic and biodistribution studies of designed formulations are essential for 

determining therapeutic effectiveness and safety. It is more important for NDDS to asses their 

benefits. During development of pharmaceutical products, apart from active substances and 

excipients, several organic solvents are used for various purposes, which is unavoidable. But, if 

these solvents are not completely removed from the final products, it may lead to serious side 

effects/adverse effect to the patients. Hence, it is important for the researcher to ensure and 

check that there is no residual solvent left in the finished products. As per USP
 
and ICH (Q3C) 

guidelines, the residual solvents in pharmaceutical products should be with in the limits. For 

any successful formulation it is necessary to find the residual solvent and asses their effect, 

because it may cause toxicity, which leads to dismissal of such formulation in spite of their 

potential benefits (1, 2).  

The residual solvents are classified as, Class 1, solvents to be avoided, known or suspected 

human carcinogens and environmental hazards, Class 2 solvents are non-genotoxic animal 

carcinogens and suspected of other significant but reversible toxicities, Class 3, solvents with 

low toxic potential and health-based exposure limit is needed (2). In the present study, we have 

used acetone (Class-3) and dichloromethane (Class-2) during the preparation of NPs. There are 

different methods to identify and quantify residual solvents in the finished products but widely 

used ones are the gas chromatography and histopathological studies. Administering the final 

products to laboratory animals and microscopic examination of tissues for histopathological 

changes is indirect way of identification of residual solvents exposure. In addition, the presence 

of residual solvent in the final material can be identified by 
1
H nuclear magnetic resonance and 

infrared spectrum, also (1, 2).  

In the present work, NMR and indirect method of animal exposure was used to determine 

presence of residual solvent(s) beyond limit. On the basis of in vitro evaluation, cellular uptake 

and other studies selective designed products were used for pharmacokinetic and 

biodistribution studies in animal model. Specifically for anticancer drugs, NPs modify the 

biodistribution and pharmacokinetic character of drugs and hence can reduce the systemic side-

effects accrued due to non-specific delivery and accumulation of drugs to normal cells.The 

acceptance of NPDDS in oncology field is due its significant favourable pharmacokinetics, 

biodistribution and toxicity profile when compared to the free drugs. Thus it is important to do 

pharmacokinetic and biodistribution studies. 

7.2 Materials and Methods 

Pure Paclitaxel and selected nanoparticulate formulations, prepared and mentioned in Chapter 5 

were used for these studies. Surgical instruments scissors, forceps, glass hypodermic syringes, 
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etc were procured from the Niraj Industries Pvt.Ltd. Mumbai, India. All the animal 

experiments were done with proper approval from Institute Animal Ethical Committee. 

7.3 Residual solvent evaluation 

a)
 1

H NMR 

The presence of residual solvent (DCM) in the blank and Paclitaxel loaded PNPs were 

analyzed by Varian NMR spectrometer, operating at 300 MHz (Varian, Mercury plus, USA). 

The NPs were dissolved in CDCl3 and the spectrum was recorded for the respective samples 

and interpreted for presences of solvent peaks. 

b) In-vivo acute toxicity  

(i) Protocol approval and animal grouping 

The in-vivo acute toxicity study for residual solvents was studied in wistar rats (160-220 g) 

using blank PNPs and Paclitaxel loaded PNPs. The study protocol was approved by the 

Institute Animal Ethical Committee, BITS, Pilani, India (protocol no: IAEC/RES/5/6/ rev 01). 

Rats were acclimatised for at least one week before the experiment was initiated. Throughout 

the experiment, animals were housed in polypropylene cages filled with sterile paddy husk and 

maintained at 22 ± 2
◦
C and 50-60% RH, under a 12:12 hr light-dark cycle. The animals were 

separated according to body weight and they were marked with picric acid in head, tail and 

body. Animals were divided into three groups, saline control, blank PNPs and Paclitaxel loaded 

PNPs each group having three animals per cage. At predetermined time points tissue samples 

were taken from respective animals.  

(ii) Dosing of animals and sample collection 

The acclimatised rats were fasted overnight before sample administration and had access to 

water ad libitum. Dosing (10mg/kg) through tail vein was started after dilating vein using 

xylene/hot water to avoid accumulation of drug in muscles, which may cause necrosis. After 24 

hr, animals were sacrificed and the respective tissue sections such as heart, lungs, liver, spleen, 

kidney and brain were isolated and fixed in 10 % formalin saline solution after washing with 

cold water. 

(iii) Histopathological evaluation 

The tissue samples were dehydrated by treating with increasing concentration of absolute 

alcohol and xylene and then embedded in paraffin block. The tissue sections were sliced using 

a microtome and processed for hydration and for microscopic study. Finally the tissue sections 

were stained using hematoxylin and eosin then mounted on the microscopic slide and fixed 

with cover slips using DPX mountant solution. The tissue section slides were observed under 

light microscope (4X/10X/40X) for any histopathological changes. 
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7.4 In-vivo pharmacokinetic and biodistribution study 

7.4.1 Protocol approval and animal grouping 

The pharmacokinetic and biodistribution behaviour of Paclitaxel and Paclitaxel loaded PNPs 

were performed in wistar rats (160-220 g). The study protocol was approved by the Institute 

Animal Ethical Committee, BITS, Pilani, India (protocol no: IAEC/RES/5/6/ rev 01). Rats 

were acclimatised for at least one week before the experiment. Throughout the experiment, 

animals were housed in polypropylene cages filled with sterile paddy husk and maintained at 

22 ± 2
◦
C and 50-60% RH, under a 12:12 hr light-dark cycle. The animals were separated 

according to body weight and they were marked with picric acid in head, tail and body. 

Animals were divided into four groups, Paclitaxel solution, Paclitaxel loaded PCL, PLGA and 

PLA NPs, each group having five cages, each cage containing three animals and for each time 

point samples were taken from three animals.  

7.4.2 Preparation of Paclitaxel solutions and Paclitaxel loaded NPs dispersion  

Paclitaxel solution for i.v. injection was prepared by dissolving 90 mg of pure Paclitaxel in 

mixture of 7.5 mL of ethanol and 7.5 mL of Tween 80 and further diluted with sterile saline 

(0.9% of sodium chloride) to a final concentration of 3 mg/mL, such that the volume of drug 

solution injected to rat was below 1 mL (3, 4). The selected PNPs were administered as 

aqueous dispersion to same strength. The Paclitaxel solution and all the PNPs dispersions were 

administered at dose equivalent to 10 mg/kg. 

7.4.3 Dosing of animals and sample collection 

The rats were fasted overnight before Paclitaxel and Paclitaxel loaded PNPs administration and 

had access to water ad libitum. The dosing (10mg/kg) through tail vein was started after 

dilating vein using xylene/hot water to avoid accumulation of drug in muscles, which may 

cause necrosis. For each time point 300 µL of blood samples were collected through cardiac 

puncher under mild diethyl ether anaesthesia. The samples were immediately transferred into 

EDTA-Na2 containing prelabeled 1.5 mL polypropylene micro tubes, immediately after 

collection and the micro tubes were gently inverted several times to ensure complete mixing 

with the anticoagulant. The sample collection time points were 0.5, 1, 1.5, 3, 6, 9, 12, 24 and 48 

hr after administration. In case of biodistribution study, liver, kidney and spleen samples were 

collected from rats at 1, 2, 3, 6 and 12 hr after sacrificing the animals. After collecting the 

tissue samples they were cleaned using phosphate buffer to remove the residual blood and 

blotted dried with Whatman filter paper. All the samples were stored at -20°C until analysis 

and thawed every time before analysis. 

7.4.4 Estimation of Paclitaxel in plasma and tissue samples 

The blood samples were centrifuged at 4000 rpm for 15 min at 4
°
C to obtain plasma samples. 
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The plasma samples were processed for extraction of Paclitaxel as mentioned in Chapter 3 for 

analysis. All the tissue samples were weighed, chopped and transferred to 50 mL tarson tube 

for homogenizing and 10 mL of acetonitrile was added. The obtained tissue suspension was 

processed for Paclitaxel estimation as mentioned in Chapter 3. Paclitaxel in the plasma and 

tissue samples was estimated by HPLC method as mentioned in Chapter 3. The plasma 

concentration of Paclitaxel vs. time and Paclitaxel amount in per g of tissue vs, time was 

plotted for pure drug and all the PNPs formulations. 

7.4.5 Pharmacokinetic data analysis 

All pharmacokinetic parameters were calculated by non-compartment model using WinNonlin 

software (Version 2.1, Pharsight Corporation and USA) and it is listed in Table 7.1, 7.2, 7.3 

and 7.4. 

7.5 Result and discussion 

7.5.1 Residual solvent evaluation 

a) 
1
H NMR 

The 
1
H NMR spectra of blank PLGA NPs and Paclitaxel loaded PLGA NPs in CDCL3 were 

obtained and there was no proton peak corresponding to residual solvent dichloromethane used 

in the preparation of NPs. All the characteristic peaks of Paclitaxel, polymer and stabilizers 

were observed. This analysis showed that the prepared PNPs were free from the residual 

solvents or below permissible limit and it can be administered safely to rat by i.v. route. 

b) In-vivo acute toxicity of PNPs 

Once the NPs are administered, phagocytosis by macrophages of mononuclear phagocytic 

system results in localization of NPs in the reticulocyte endothelial organs, liver, kidney, lung 

and spleen (5, 6). If the organic volatile impurities are not removed completely it may results in 

generation of inflammatory and tissue response at the respective organs (2). Thus the 

morphology of the respective tissue cells can give clear picture about of the inflammatory 

condition after systemic administration of PNPs. The histopathology of different tissues (Fig. 

7.1) of, blank PNPs and Paclitaxel loaded PNPs treated rats did not illustrate any significant 

differences in number, arrangement and architecture of respective cells. This confirms that the 

prepared PNPs or residual solvents (acetone/dichloromethane) did not, induce any histological 

damage, when administered i.v to rats at 10 mg/kg dose. Hence, the solvents were absent or 

well within the limits and these formulations can be safely administered by i.v route. 

7.5.2 In-vivo pharmacokinetic study 

In rat, plasma Paclitaxel concentration above 8450 ng/mL is considered to be maximum 

tolerable level (MTL) and 43 ng/mL is considered to be minimum effective level (MEL) (7).  
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Fig. 7.1 Histopathology staining section of organs, control brain (a), heart (d), lungs (g), liver 

(j), spleen (m) and kidney (p). Blank PNPs administered brain (b), heart (e), lungs (h), liver (k), 

spleen (n) and kidney (q). Paclitaxel loaded PNPs administered brain (c), heart (f), lungs (i), 

liver (l), spleen (o) and kidney (r) 
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In pharmacokinetic study of all designed PNPs, the plasma concentration at 0.5 hr were in the 

range of 4000.12 to 3322.49 ng/mL and at 28 hr the concentration was in the range of 195.07 to 

161.06 ng/mL respectively. In case of Paclitaxel solution the plasma concentration at 9 hr itself 

was observed to be 47.78 ± 12.25 ng/mL. It can be observed that in case of all the PNPs the 

Paclitaxel concentration remained higher, much above 150 ng/mL, within therapeutic window, 

even after 24 hr (Fig.7.2). These suggested that all the prepared PNPs were safe and are not 

expected to produce any side effect. Yeh et al. (8) studied the pharmacokinetics of Paclitaxel 

loaded gelatin NPs in mice at same 10 mg/kg dose, where they reported initial concentration 

above MTL, and by 6 hr concentration reduced to 14 ng/mL, much below MEL, suggesting 

possibilities of side effect and very fast elimination.  

Straub et al. (9) showed that when Taxol
® 

was administered at same 10 mg/kg dose as i.v. 

bolus, all the rats died shortly after dosing due to very high initial concentration. In 

pharmacokinetic study of commercial Taxol
®
 by Dong et al. (7), produced high initial plasma 

Paclitaxel concentration which reduced to below MEL by 19 hr, suggesting there is possibility 

of toxicity or side effect. However, designed PNPs in this work produced lower initial 

Paclitaxel concentration which continued above MEL beyond 24 hr expected to provide long 

term efficacy. 

The MRT (Table 7.1) of all the prepared PNPs were found to be much higher (more than 10 hr) 

in comparison to Paclitaxel solution which is 3.71 hr. In addition, the MRT of these prepared 

PNPs were found to be higher than the Paclitaxel loaded micelles and liposomes (in the rage of 

3.12 to 10.59 hr) prepared and reported by Dhanikula et al (10). Among the prepared Paclitaxel 

loaded PNPs, PLGA NPs produced higher MRT and t ½, 11.91 ± 0.25 hr and 8.56 ± 0.27 hr 

respectively. Shah et al. (11) studied the pharmacokinetic profile of Paclitaxel loaded PLGA 

NPs, Pluronic P85-coated Paclitaxel loaded PLGA NPs and transferring conjugated Paclitaxel 

loaded PLGA NPs in rats at a dose of 20 mg/kg. The MRT and t1/2 of these formulations were 

reported to be 5.46, 6.11 and 7.64 hr and 3.96, 4.33 and 5.43 hr respectively, which are found 

to be much less when compared to the designed PNPs (Table 7.1). It can be concluded that in 

case of PLGA NPs, liposome and micelle, Paclitaxel was cleared faster from the body (10, 11). 

The antitumor effect of Paclitaxel depends on the sustained therapeutic concentration rather 

than the maximal or high plasma concentration because Paclitaxel needs the cells to enter into 

the M phase (3). Thus designed PNPs of this work are expected to be produce enhanced and 

longer antitumor activity. The Vss (L/kg) of the prepared PCL, PLGA and PLA NPs were 4.1 ± 

0.002, 5.0 ± 0.003 and 5.6 ± 0.005 which is much less than Paclitaxel solution (6.2 ± 0.003). 

This suggested that the distribution of PNPs to unwanted places were controlled and resulted in 

long circulation of PNPs in blood. 



 148 

 

 

Fig. 7.2 Log plasma concentration-time profile of Paclitaxel and Paclitaxel loaded PNPs 

 

Particles less than 20–30 nm are eliminated by renal excretion and larger particles, greater than 

200 nm, will be removed by opsoninization. The ideal size for selective drug delivery is 

between 70 and 200 nm in diameter which has slow rate of clearance and thus has extended 

circulation times compared to those with larger diameters (5, 12). In the present work, all the 

prepared PNPs size were in the rage of 150-175 nm hence they have high AUC, long t1/2, low 

clearances rate and long circulating time (MRT). The main problem in preparing long 

circulating NPs is opsonization, but in case of smaller particles which have a high radius of 

curvature, the opsonin cannot bind and clear the particles. Hence the circulation time of the 

prepared PCL, PLGA and PLA NPs is very high and its clearance rate is low (1). One more 

reason for the long circulation, low clearances rate or high MRT and t 1/2 of the prepared PNPs 

is the adsorption of surfactant (PF 68) on the particle surface. This reduces the opsonization 

reaction and subsequent clearance by macrophages (10). 

7.5.3 In-vivo biodistribution study 

The drug amount in rat liver, kidney and spleen vs. time profile and pharmacokinetic 

parameters of Paclitaxel and Paclitaxel loaded NPs after i.v administrating are presented in Fig. 

7.3, 7.4 and 7.5 and Table 7.2, 7.3 and 7.4. The AUC0-inf for amount of Paclitaxel in liver for 

drug loaded PCL, PLGA and PLA NPs were increased significantly compared to pure drug 

(Table 7.2). Highest was found in PLGA NPs, 316 ng.h/mL. The t1/2 and MRT of Paclitaxel 

loaded NPs in liver were in the range of  4.10 to 10.10 hr and 5.10 to 14.04 hr respectively, 

which is higher than the Paclitaxel solution, 2.50 hr and 3.53 hr respectively. 
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Table 7.1 Pharmacokinetic parameters of Paclitaxel and Paclitaxel loaded NPs in plasma after i.v administration (n=3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7.2 Pharmacokinetic parameters of Paclitaxel and Paclitaxel Loaded PNPs in liver after i.v administration (n=3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

S.No Parameters Paclitaxel 

solution 

PCL NPs PLGA NPs PLA NPs 

1 AUC0-inf  (ng.hr)/mL 5787  ± 700.99 26220.11 ± 549.21 24214.39 ± 357.33 20813.96 ±  801.72 

2 AUMC0-inf  (ng.hr
2
)/mL 21484  ± 376.54 273940.08 ± 2546.74 288493.69 ± 10407.66 239565.06 ± 10010.12 

3 Cmax  (ng/mL ) 3511 ± 59.43 5777.20 ± 556.61 6281.41 ± 536.11 5940.19 ± 604.12 

4 t1/2 (hr) 3.77  ±  0.13 7.50 ± 0.07 8.56 ± 0.27 8.16 ± 0.15 

5 MRT (hr) 3.93  ± 0.32 10.45 ± 0.24 11.91 ± 0.25 11.51 ±  0.34 

6 Cl (L/hr/kg) 1.8  ± 0.002 0.4 ± 0.002 0.4 ± 0.004 0.5 ± 0.003 

7 Vss (L/kg) 6.2 ± 0.003 4.1 ± 0.002 5.0 ± 0.003 5.6 ± 0.005 

S.No Parameters Paclitaxel 

solution 

PCL NPs PLGA NPs PLA NPs 

1 AUC0-inf  (ng.hr)/mL 1285 ± 243.21 3557.20 ± 452.21 2146.90 ± 312.32 4311.05 ± 522.22 

2 Cmax  (ng/mL ) 421.93 ± 54.32  308.20 ± 34.67 316.0 ± 30.11 304.90 ± 12.87 

3 t1/2 (hr) 2.50 ± 0.43 8.12 ± 0.88 4.10 ± 0.44 10.10 ± 0.87 

4 MRT (hr) 3.53 ± 0.65 11.91 ± 0.23 6.0 ± 0.11 14.04 ± 0.34 

5 Cl (L/hr/kg) 0.008 ± 0.001 0.003 ± 0.001 0.005 ± 0.002 0.002 ± 0.001 
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When compare to Paclitaxel solution, the Paclitaxel loaded NPs clearances was less in liver 

tissue (Table 7.2). The biodistribution profile (Fig. 7.3, 7.4 and 7.5) clearly showed that 

Paclitaxel loaded NPs penetration was high in liver and spleen tissue. 

 

Fig. 7.3 Amount of Paclitaxel and Paclitaxel loaded NPs in rat liver after i.v administration 

(TAX-Paclitaxel) 

 
Fig. 7.4 Amount of Paclitaxel and Paclitaxel loaded NPs in rat kidney after i.v administration 

(TAX-Paclitaxel) 

 

The AUC0-inf of Paclitaxel loaded NPs in kidney is same as pure drug Paclitaxel and there was 

no change in Cmax, t1/2 and MRT. Paclitaxel was detected up to 12 hr in liver tissue but in case 

of spleen it was detected up to 6 hr. 

 
Fig. 7.5 Amount of Paclitaxel and Paclitaxel loaded NPs in rat spleen after i.v administration 

(TAX-Paclitaxel) 



 151 

Table 7.3 Pharmacokinetic parameters of Paclitaxel and Paclitaxel Loaded PNPs in kidney after intra-venous administration (n=3) 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7.4 Pharmacokinetic parameters of Paclitaxel and Paclitaxel Loaded PNPs in spleen after intra-venous administration (n=3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

S.No Parameters 
Paclitaxel 

solution 
PCL NPs PLGA NPs PLA NPs 

1 AUC0-inf  (ng.hr)/mL 485.20 ± 83.22 377.50 ± 86.21 414.61 ± 50.22 343.11 ± 43.22 

2 Cmax  (ng/mL ) 154.72 ± 21.32 127.40 ± 17.11 151.30 ± 29.11 102.50 ± 14.87 

3 t1/2 (hr) 1.60 ± 0.18 1.63 ± 0.67 1.54 ± 0.65 1.70 ± 0.43 

4 MRT (hr) 2.50 ± 0.25 2.50 ± 0.22 2.34 ± 0.18 2.60 ± 0.43 

5 Cl (L/hr/kg) 0.02 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.03 ± 0.01 

S.No Parameters 
Paclitaxel 

solution 
PCL NPs PLGA NPs PLA NPs 

1 AUC0-inf  (ng.hr)/mL 3347.01 ± 453.82 4358.60 ± 523.02 3658.0 ± 383.32 3998.80 ± 543.45 

2 Cmax  (ng/mL ) 225.20 ± 18.04  236.40 ± 21.11 240.0 ± 32.11 211.53 ± 26.34 

3 t1/2 (hr) 10.83 ± 1.54 16.53 ± 3.54 14.10 ± 1.22 16.50 ± 0.41 

4 MRT (hr) 15.70 ± 1.02 23.10 ± 1.42 19.50 ± 2.02 23.11 ± 1.11 

5 Cl (L/hr/kg) 0.003 ± 0.001  0.002 ± 0.001 0.003 ± 0.001 0.002 ± 0.001 
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The amount of Paclitaxel reaching spleen starts decreasing drastically after 1 hr in case of PNPs when 

compared to pure drug. The AUC0-inf of Paclitaxel loaded PLA NPs in liver is more in comparison to 

spleen and kidney tissue. The Paclitaxel amount at 3 hr for PCL, PLGA and PLA NPs was statistically 

significant in liver (P<0.001) and spleen (P<0.05) tissues in comparison with Paclitaxel solution. In 

spleen sample, Paclitaxel eliminated very fast (Fig. 7.5) and there was no drug found after 6 hr, but in 

case of liver Paclitaxel was estimated up to 12 hr, suggesting PNPs are not cleared fast from the liver 

tissue. Overall the biodistribution study result showed that Paclitaxel loaded NPs distribute selectively 

to liver than the other tissue systems studied. This study showed that the prepared NPs can be used to 

treat liver cancer, because of its selective delivery. Paclitaxel reaches peak concentration in all the 

tissue samples examined at 3 hr. 

7.4 Conclusion 

The residual solvent analysis by 
1
H NMR clearly showed that there was no solvent, DCM in the blank 

and Paclitaxel loaded PNPs. This study showed that the PNPs formulation is free from the residual 

solvents and it is safe to administer by i.v to animals. The in-vivo acute toxicity study in rats suggests 

that the prepared PNPs did not show any toxic effect on the rat tissues and hence there was no change 

in the architecture of respective organ cells. 

After i.v. administration of the PNPs, there were enhanced in plasma concentration, which is a good 

indication that the Paclitaxel loaded NPs are remaining more in plasma. But drug well distributing 

into the highly perfused organs. The quick distribution of the NPs to liver may be due to rapid 

partitioning of the released Paclitaxel in to tissue or direct NPs accumulation/adhering in the 

interstitial space or macrophage uptake of Paclitaxel loaded NPs. The i.v pharmacokinetic result 

showed that the Paclitaxel loaded PNPs achieved much larger AUC, much longer t1/2 and less 

clearance of the NPs and less volume of distribution when compared to Paclitaxel solution. The 

biodistribution study result illustrated that Paclitaxel was found maximum in liver, when Paclitaxel 

loaded NPs were administered by i.v to rats. The Paclitaxel loaded PCL, PLGA and PLA NPs can be 

used for liver cancer as targeted drug delivery system for effective therapy. 
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8.1 Introduction 

Novel drug delivery systems (NDDS) are made for enhanced therapeutic efficacy and better patient 

compliances. Thus pharmacodynamic study is essential to evaluate designed NDDS.  Hepatocellular 

carcinoma, the first primary malignant tumor of liver and one of the most common malignancies with 

high prevalence of about 620,000 cases per year worldwide. Hepatocellular carcinoma is the 5
th

 most 

common neoplasm in the world, 6
th

 most common cancer in male and the 4
th

 most common cause of 

cancer-related death. Mortality due to hepatocellular carcinoma nearly matches the incidence of this 

type of tumor (1-3).  Targeted drug delivery by systemic administration will be an ideal choice to treat 

hepatocellular carcinoma patients. Not many researchers have shown the use of NPDDS in 

hepatocellular carcinoma treatment (1, 2). 

Drug targeting to the liver is a very new strategy, which has not been explored extensively (3). 

Despite increasing interest in sustain/controlled release drug delivery systems in recent years, more 

attention has been paid to deliver drug to particular target at controlled manner (4). Thus, long term 

anti-tumor efficacy and extent of selective delivery to liver of Paclitaxel loaded PCL, PLGA and PLA 

NPs were studied using hepatocellular carcinoma model in rats and reported in this Chapter.  

8.2 Materials and Methods 

Pure Paclitaxel and selected nanoparticulate systems, prepared and mentioned in Chapter 5 wee used 

for these studies. Commercial Paclitaxel formulation (INTAXEL 30 MG INJ 5 mL, Fresenius Kabi, 

Germany) was procured from local Pharmacy shop, Chennai, India.  Drug and chemicals were 

procured as mentioned in Chapter 5. N-Nitrosodiethylamine (DEN, Isopac
®

) was procured form 

Sigma-Aldrich chemicals, Bangalore, India. Diethyl ether was obtained from S.D. Fine Chemicals 

Ltd, Mumbai, India. Surgical instruments scissors, forceps, glass hypodermic syringes, etc were 

procured from the Niraj Industries Pvt. Ltd, Mumbai, India.  

8.3 In-vivo anti-tumor efficacy study 

8.3.1 Animals and Hepatocellular carcinoma model in rats 

The in-vivo anti-tumor efficacy of Paclitaxel solution, commercial Paclitaxel formulation (CRE-MR) 

and Paclitaxel loaded PNPs were performed in wistar rats (120-220 g). PCL, PLGA and PLA NPs 

with high DC and optimal size were selected, based on in-vitro evaluation for the in-vivo anti-tumor 

efficacy study. The study protocol was approved by the Institute Animal Ethical Committee, VELS 

University, Chennai, India (protocol no: XIII/VELS/COL/23-I/CPCSEA/IAEC/23.09.11). Rats were 

acclimatised for at least one week before the experiment was initiated. Throughout the experiment, 

animals were housed in polypropylene cages filled with sterile paddy husk and maintained at 22 ± 2
◦
C 
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and 50-60% RH, under a 12:12 hr light-dark cycle. The animals were separated according to body 

weight, grouped and they were marked with picric acid in head, tail and body. Animals were divided 

into seven groups, each group with eight animals. Hepatocellular carcinoma model was chemically 

induced in wistar rats by intraperitoneal administration of N-Nitrosodiethylamine (1, 2) 180 mg/kg for 

thrice on alternate days (Fig 8.1). 

8.3.2 Animal grouping and drug administration 

Animals (n=8) were randomly divided into seven treatment groups as follows, 

(1) Group 1(HCA) is healthy control animals, treated with normal saline (5 ml/kg i.v) 

(2) Group 2 (DCA) is DEN administered control animals, treated with normal saline (5 ml/kg i.v) 

(3) Group 3 (D TAX) is DEN administered, treated with Paclitaxel solution (20 mg/kg i.v. daily)  

(4) Group 4 (D CRE-MR) is DEN administered, treated with commercial formulation (CRE-MR) 

(20 mg/kg i.v. daily) 

(5) Group 5 (D PCL NPs) is DEN administered, treated with Paclitaxel loaded PCL NPs (20 mg/kg 

i.v. in alternate days) 

(6) Group 6 (D PLGA NPs) is DEN administered, treated with Paclitaxel loaded PLGA NPs (20 

mg/kg i.v. in alternate days) 

(7) Group 7 (D PLA NPs) is DEN administered, treated with Paclitaxel loaded PLA NPs (20 mg/kg 

i.v. in alternate days) 

 

Fig. 8.1 Animal grouping and dosing schedule 
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8.3.3 Treatment efficiency 

The treatment of hepatocellular carcinoma induced rats started on the seventh day after DEN 

administration on 1
st
, 3

rd 
and 5

th 
day. The survival of the rats was observed daily and the treatment and 

study stopped once all the animals died. During the study period, the treatment to all group were 

continued and the following evaluation were made. 

a) Liver weight  

Once the animal died during the study period, liver was collected immediately (with in 2 hr) and 

cleaned using PBS to remove residual blood and blotted with filter paper, then weight was measured. 

In all the groups last three animals were used for liver weight analysis and average weight of 3 livers 

were determined. 

b) Construction of survival curve 

The survival curve was constructed at the end of the study to check the efficacy of the PNPs. The 

seven treatment groups were compared in terms of, mean survival time (MST), maximal survival time 

(MXST) and long-term survivor (LTS). The long-term survivor was represented as the number of 

animals whose survival time is two times higher than the median survival time of group DCA. MST 

was calculated by taking mean of survival in days, of all the rats. All data were expressed as mean ± 

SD. The Kaplan-Meier method, using the Log-rank test (Manel-Cox test) was used to analyze the 

treatment efficiency and survival data. For multiple comparisons, ANOVA was followed as per 

Bonferroni and Dunnett test. The tests were considered significant when the P values were less than 

0.05. All the statistical analysis was done by Graph Pad Prisim version 5, USA. 

c) Biochemical estimation 

Biochemical study was done with last 3 animals of each group. Rats were anaesthetised under mild 

diethyl ether to withdraw blood (<2 mL) by cardiac puncture (6). The blood sample collected in the 

EDTA-Na2 containing tube was centrifuged at 4000 rpm for 10 min and plasma was separated for 

biochemical estimation. To evaluate the function of liver, markers like aspartate transaminase (AST), 

alkaline transaminase (ALT) and alkaline phosphates (ALP) were analyzed (2). The amount of AST, 

ALT and ALP were expressed in U/L. 

d) Histopathological evaluation 

The rat livers were isolated, weighed and fixed in 10 % v/v forma saline after washing with cold 

water. The tissue samples were dehydrated by treating with absolute alcohol followed by xylene and 

then embedded in paraffin block. The tissue sections were sliced using a microtome and processed for 

hydration for light microscope. Finally the tissue sections were stained using hematoxylin and eosin 
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and then mounted on the microscopic slide and fixed with cover slips using DPX mountant solution. 

The tissues were observed under light microscope (4X/10X/40X) for any histopathological changes.  

8.4 Result and Discussion 

8.4.1 In-vivo anti-tumor efficacy study 

a) Liver weight  

This DEN model was used widely, since the histological feature of this model is super-imposable to 

those observed with human hepatocellular carcinoma (5-7). The average liver weight of the rats from 

seven different groups is represented in Fig. 8.2. There was marked decrease in weight of liver in 

DEN administered group (DCA), with respect to saline control, due to occurrences of hepatocellular 

carcinoma caused by DEN. The weight of liver was found to be higher than DCA group in all the 

Paclitaxel treated groups due to treatment with Paclitaxel. The average liver weight of HCA group 

was 7.79 ± 0.38 g and in case of DCA group it was decreased significantly (Fig. 8.2) to 4.67 ± 0.11 g. 

In case of Paclitaxel solution treated D TAX group, the liver weight was marginally increased to 4.75 

± 0.42 g. Liver weight in commercial formulation treated group (D CRY-MR) was recovered 

significantly to 5.40 ± 0.20 g.  

All the three PNPs treated group showed significant increase in liver weight, 6.73 ± 0.14 g, 7.37 ± 

0.44 g and 7.77 ± 0.18 g respectively in comparison to DCA and they were close to the liver weight in 

HCA group. Though, the treatment is made on alternative days, recovery found to much better than 

treatment with commercial product administered daily. This suggested that the liver damage caused 

by DEN was recovered better in PNPs treated group (s) animals.  

 

*** Extremely significant (P< 0.001), ** very significant (P between 0.001 to 0.01) and not 

significant NS (P> 0.05) 
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Fig. 8.2 Liver weight of rat from seven different groups 

b) Survival study 

The three PNPs treated animals showed the most significant (P<0.0001) increase in mean survival 

time (Fig. 8.3), MST (92.5-124.60 days) compared to the Paclitaxel solution (D TAX, 73.5 days) and 

commercial formulation (D CRY-MR, 78.5 days) treated groups. MST for DEN treated groups was 

found to be 39.38 days. 

Among the PNPs treated groups, the order of increase in MST were, D PLA NPs (128 days) > D 

PLGA NPs (100 days) > D PCL NPs (92 days). In case of HCA group all the animals were alive even 

at the end of the study at 133 days. In case of treatment with D TAX and D CRE-MR the mean 

survival time increased to 73.75 ± 5.34 days and 77.25 ± 6.57 days respectively. No significant (P < 

0.05) difference was found in MST between treatment by commercial formulation and Paclitaxel 

solution. PNPs treated rats showed most significant increases in mean survival time, 97.00 ± 6.89 

days in PLGA NPs treated groups and 92.50 ± 3.89 days in PCL NPs and 124.6 ± 8.88 days in PLA 

NPs treated groups (Table 8.1). 

 
# represents that there is no significant (P<0.05) differences in the survival of rats with respect to 

DEN control group, * represents that there is no significant differences (P<0.05) in the survival of rats 

with respect to pure Paclitaxel treated group, ^ represents that there is no significant differences 

(P<0.05) in the survival of rats with respect to PLA NPs treated group, $ represents that there is no 

significant differences (P<0.05) in the survival of rats with respect to control group 
 

Fig. 8.3 Survival curves of rats in hepatocellular carcinoma model 
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In all the groups, treatment with PNPs, showed narrow range of 95 % confidence interval indicating 

statistical significances of the study. The calculated maximum survival time (MXST) found to be 80 

days and 84 days for Paclitaxel solution and commercial formulation respectively in comparison to 40 

days in case of DEN treated group. But, there was no significant (P < 0.05) difference in the MXST 

value of D CRY-MR group with the D-TAX group. 

The MXST was higher in all the three PNPs treated groups in comparison to D TAX and D CRE-MR 

groups (Table 8.1). Among the three PNPs, the highest MXST calculated to be 131 days in D PLA 

NPs treated group followed by 102 days for D PCL NPs group, and 98 days for D PLGA NPs. No 

significant (P < 0.05) differenced was observed in calculated MXST value in PLGA NPs treated and 

PCL NPs treated groups. However in case of PLA NPs treated group calculated MXST value found to 

be higher (P < 0.05) as found in MST and MEST. 

 

Table 8.1 Statistical data of survival study of hepatocellular carcinoma rats
 a 

 

S.NO Treatment  

groups 
c
 

MST 
b 

(days) 

95 % CI for MST LTS 

(Nos) 

MXST 

(days) 

1 DCA 39.38 ± 4.14 35.92-42.83 - 40 

2 D TAX 73.75 ± 5.34 69.29-78.21 2 80 

3 D CRE-MR 77.25 ± 6.56 71.76-82.74 2 84 

4 D PCL NPs 97.00 ± 6.89 91.24-102.8 3 102 

5 D PLGA NPs 92.50 ± 3.89  89.25-95.75 2 98 

6 D PLA NPs 124.60 ± 8.88 117.2-132.0 3 131 
a 

Survival data were analyzed by the Kaplan-Meier method, using the Log-rank (Mantel-Cox) test, 

where the survival curves were considered as significant when the P value was <0.05. 
b
 Average of 

eight animal ± S.D. 
c 
All the treatment groups were significantly different with P value <0.0001 

 

Better therapeutic efficacy of the prepared PNPs suggested that the distribution of Paclitaxel to target 

organ was more in NPs and extended release from NPs produced better survival results even though 

treatment was made in alternate days (Fig. 8.1). It is well known that efficacy of anti-cancer drugs are 

more depended on duration of maintaining effective concentration rather that higher concentration 

(Cmax). In addition, slight negative charge and particle size of around 150 nm could be another reason 

for the more distribution and retention of NPs in liver for producing better therapeutic efficacy (7).  

It has been showed that the NPs with size range between 70 to 200 nm are localized particularly in the 

liver, kidney, lungs and spleen (3, 4, 8, 9). Snehalatha et al. (9) showed that when radiolabeled free 

etoposide, drug loaded PLGA and PCL NPs were administered to rat, highest radioactivity was 

observed in the liver tissue in PLGA and PCL NPs in comparison to pure drug. However, in their 

study enhanced delivery of PLGA NPs to liver was found and that may due to smaller size of PLGA 
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NPs, (105.1 ± 2.38 nm) than the PCL NPs, (257.2 ± 3.96 nm) which helped the NPs to fenestrate the 

endothelial lining of the liver and the associated parenchymal cells (1, 9, 11). It has been shown that 

when sterically stabilized particles were administered to rats by i.v it reaches the parenchymal cells of 

the liver selectively, which suggest the targeting ability of NPs for liver diseases. Gaucher et al (10) 

showed that when Paclitaxel loaded NPs was administered to animals, higher Paclitaxel concentration 

was observed in the liver (1.7 fold) and spleen (100-fold) which substantiates the distinct tendency of 

NPs to accumulate with time inside these organs of the mononuclear phagocyte system. Result in 

present work also indicated better delivery of PLA NPs to liver due to smaller size (152.17 ± 2.14 

nm). 

Soma et al (13) showed that when Paclitaxel was administered for peritoneal malignancy in mice 

model, the median survival time of Paclitaxel dissolved in cremophore EL group was not different 

from the un-treated control mice receiving saline. However in the present study, D PLGA NPs, D 

PCL NPs and D PLA NPs groups showed significant increase in the survival of rats which illustrated 

the targeting ability of the prepared PNPs (Fig. 8.3).  

c) Biochemical estimation 

The hepatic injury induced by DEN was examined by estimating AST, ALT and ALP levels in blood 

(Fig. 8.4), which are the indicators of tumor response to therapy. In case of DCA group there was 

increased levels of AST, ALT and ALP suggesting liver cells damage and which result in the leakage 

of these enzymes into blood stream (12).
 
 Rats treated with Paclitaxel solution (D TAX) and 

commercial formulation (D CRY-MR) did not show any significant (P> 0.05) lowering of ALT and 

AST levels increased due to DEN. This suggested that the recovery of rats from liver cancer was there 

but not much in Paclitaxel solution and commercial formulation treated groups. This could be due to 

non-selective and lesser distribution of Paclitaxel to liver. 

However in case of Paclitaxel loaded NPs treated groups, lowering of ALP, ALT and AST levels was 

significant (P> 0.05) in comparison to enzymes level in DCA group. These results suggested that the 

Paclitaxel loaded NPs treated groups liver cells are getting recovered from the cancer due to selective 

deliver of NPs. In D PLA NPs treated group all the three enzymes level significantly lowered (Fig. 

8.4) when compared to DCA group. This could be due to healing of hepatic parenchyma cells and the 

regeneration of hepatocytes because of selective delivery and extended release of Paclitaxel from NPs. 

d) Histopathological evaluation 

The representative liver photographs and histopathology of all the seven groups was done to identify 

any histopathological changes in the architecture of liver cells (Fig. 8.5 and 8.6). Histopathological 

study of liver from HCA group animals showed normal hepatic architecture with liver parenchyma 
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and portal tracts (Fig. 8.6 A). In DCA group, severe changes was observed due to hepatocytic 

damage, fatty changes, ballooning degeneration, fibrosis and focal lymphocytic infiltration in liver 

(Fig. 8.6 A and B). 

In animals treated with D-TAX group, there was mild lymphocyte infiltration in the hepatic lobule 

and the portal tracts triads were normal (Fig. 8.6 C). Animals in CRY-MR group (Fig. 8.6 D) showed 

almost normal hepatocytes and occasional bi-nucleate cells. Animals treated with D-PLGA NPs 

showed hepatocytes with focal mild fatty change (Fig. 8.6 E). Animals treated with D-PCL NPs 

showed liver tissue hepatocytes with regenerative activity (Fig. 8.6 F). The D-PLA NPs treated group 

animals showed less vacuole formation and absence of necrosis and overall no visible changes 

observed supplementing the protective effect (Fig. 8.6 G).  

 

Two way ANOVA was performed to the liver function test and the significances (P<0.05) of the data 

was represented, extremely significant *** (P< 0.001), very significant ** (P between 0.001 to 0.01 or 

<0.01) and not significant NS (P> 0.05). The results of the test samples were compared to healthy 

control animals 

 

Fig. 8.4 Estimation of liver markers ALP, AST and ALT in hepatocellular carcinoma study 
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A) 

 

B) 

 

C) 

 
 

D) 

 

E) 

 

F) 

 
G) 

 
 

H) 

 

Fig. 8.5 Representative liver photos of, control rats HCA (A), DEN control DCA rats (B and C), 

Paclitaxel solution treated D TAX rats (D), commercial formulation D CRY-MR treated rats (E), 

Paclitaxel loaded NPs treated rats D PCL NPs (F), D PLGA NPs (G) and D PLA NPs (H) 
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A) 

 

B) 

 
C) 

 

D) 

 

E) 

 

F) 

 
G) 

 

H) 

 

Fig. 8.6 Representative histological staining liver samples of, control rats HCA (A), DEN control 

DCA rats (B and C), Paclitaxel solution treated D TAX rats (D), commercial formulation D CRY-MR 

treated rats (E), Paclitaxel loaded NPs treated rats D PCL NPs (F), D PLGA NPs (G) and D PLA NPs 

(H) 
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8.5 Conclusion 

The therapeutic efficacy of the prepared NPs in case of hepatocellular carcinoma treatment was better 

than the Paclitaxel solution and commercial formulation. The representative histological staining of 

liver samples of the PNPs treated hepatocellular carcinoma induced rats showed protective effect and 

there was improved therapeutic efficiency. The survival curve analysis revels, the survival of the rats 

was increased significantly in PNPs treated group when compared to the Paclitaxel solution and 

commercial formulation.  

 

The explanation for the enhanced therapeutic efficiency of the prepared PNPs in hepatocellular 

carcinoma may be due to selective and effective localization of Paclitaxel at target site liver at 

therapeutic concentration, restricting its access to non-target areas and extended release from NPs. 

The therapeutic benefit of PNPs may be due to the fact that when NPs were injected by i.v route it 

will be taken up by the liver after few minutes due to opsonization process. It has been reported that in 

solid tumor there is leaky vascular blood vessels and a discontinuous endothelial cell lining which 

permits the entry of NPs that have limited access to normal tissue. In addition, the impaired lymphatic 

drainage system makes the NPs to stay in the liver and controls the release of drug from the polymer 

matrix (14, 15). It has been showed recently (2) that the accumulation of NPs in liver and tumor was 

2.7 and 2.4 times higher than the Taxotere
®
 respectively. Particles less than 7 µm are generally taken 

up by the kupffer cells in liver. Yeh et al. (16) showed that the Paclitaxel loaded gelatin NPs, size 

ranged from 300 to 900 nm showed longer retention and higher accumulation in the liver tissues. As 

the target tissue is part of the reticulocyte endothelial system, hence the initial opsonization process is 

advantage for the liver targeting. It has been found that the uncoated PNPs were more susceptible to 

hepatic uptake than the PEGylated NPs (17). 
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9.1 Conclusion 

Nanoparticulate drug delivery system an alternate drug delivery system with better efficacy for 

treating various diseases including cancer therapy. It can be beneficial to overcome the difficulties 

associated with cancer treatment with conventional dosage forms. In this research work, studies were 

carried out to design and characterize nanoparticulate delivery system to enhance the therapeutic 

efficacy of Paclitaxel with control release and selective distribution. 

As simple, sensitive and accurate analytical methods are essential for design of any delivery systems. 

UV-spectrophotometric, liquid chromatographic analytical and bioanalytical methods are developed 

and validated. The developed methods were simple, selective, sensitive, accurate and precise in the 

estimation of Paclitaxel and these methods have advantages over the reported methods. The analytical 

methods were used for estimation of Paclitaxel in various preformulation samples, bulk and 

formulation samples and in in-vitro dissolution samples with accuracy. The developed bioanalytical 

method was used to estimate Paclitaxel in biological samples, plasma, liver, kidney and spleen for 

pharmacokinetic and biodistribution studies with high level of accuracy. 

In preformulation studies, the Paclitaxel was characterized using XRD analysis. UV-absorption and 

FTIR spectrum analysis were used to identify the drug successfully. The solubility of Paclitaxel in 

buffered and un-buffered solution was less than 1µg/mL and not found to be influenced much by 

buffer system or change of pH. There was no chemical and physical interaction between drug and 

excipients and hence no incompatibility observed between Paclitaxel, polymer (PCL, PLGA and 

PLA) and stabilizer (PF 68/PVA). The stability study result showed that stability of Paclitaxel was not 

affected by pH change and excipients. There was rapid degradation of Paclitaxel in pH 11.00 with 

high degradation rate constant. The degradation character found to be of first order nature.  

Paclitaxel loaded PCL, PLGA and PLA NPs were prepared by nanoprecipitation and solvent 

evaporation methods. Both process produced NPs with good quality, with narrow size range, high 

entrapment efficiency and drug content. The microscopic examination revealed the homogeneous 

solid matrix NPs without any amorphous arrangements. Proposed methods can be used for making 

quality nanoparticulate delivery system. It was observed that pure Paclitaxel got dissoluted completely 

with in one hour where as PNPs showed extended and biphasic release pattern, with duration of 

release varied from 42 to 48 hr for most of the formulations. 

The in-vitro cytotoxicity and cellular uptake study of optimized Paclitaxel loaded PNPs was 

performed with breast cancer cells, MCF-7. Paclitaxel showed strong inhibitory effects on the 

proliferation of MCF-7, when it is loaded in NPs, than the pure drug and commercial formulation. The 

cell uptake study established efficient uptake of prepared PNPs by MCF-7 cells. This study clearly 
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illustrated that cells uptake of prepared NPs are much more than the pure drug and commercial 

formulation.  

The optimized formulations were subjected to in-vivo pharmacokinetic and biodistribution study in 

rats. Paclitaxel loaded NPs showed multi fold increase in AUC in plasma with longer duration of 

higher plasma concentration when compared to Paclitaxel solution. The biodistribution study result 

showed increase in liver uptake of Paclitaxel loaded PNPs in comparison to Paclitaxel solution. The 

t1/2 and MRT of Paclitaxel loaded NPs in liver tissue were found to be many fold higher than the pure 

drug Paclitaxel indicating selective distribution. Hence the Paclitaxel loaded NPs can be used for liver 

cancer as targeted drug delivery system for effective therapy. 

The selective delivery efficiency and site specific therapeutic efficacy of the optimized Paclitaxel 

loaded PNPs was studied in hepatocellular carcinoma in rats. The treatment efficacy was better than 

efficacy of pure Paclitaxel solution and commercial formulation. The survival revels the life f rats 

increased significantly in treatment with NPs compared to the Paclitaxel solution and commercial 

formulation. Among the prepared NPs, Paclitaxel loaded PLA NPs produced maximum survival up to 

131 days in comparison 80 days for pure Paclitaxel solution.  

The explanation for the enhanced therapeutic efficacy of the prepared PNPs in hepatocellular 

carcinoma may be due to selective and effective localization of Paclitaxel at target site liver. This 

study showed that the prepared NPs are effective in selective delivery of Paclitaxel to liver and 

produced better therapeutic efficacy. The histological staining of hepatocellular carcinoma induced rat 

liver samples of the Paclitaxel loaded NPs treated group illustrated protective effect. It can be 

concluded that Paclitaxel nanoparticles can be an alternate novel delivery system for selective and 

better therapy for anti-cancer drugs, as evidences from the results. Selective distribution to different 

organs/tissue can be achieved by using different polymers or combination of polymers. However 

study in human patient is required to be done to establish its use for cancer chemotheraphy and 

commercialization. 

9.2 Future scope of work 

Further clinical study is required to be done in cancer patients. Also long term toxicological study is 

also required to be done to determine possible side effects, if any due to presences of polymer and 

NPs, particular in lungs. Similar study can be done for selective distribution to lungs, brain and 

others/tissue using different polymers. The study need not be done only for anti-cancer drug but for 

CNS active drugs also. Study on CNS active drugs, antibacterial, antiviral drugs can also be beneficial 

if selective distribution can be achieved. 
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