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ABSTRACT 

Amifostine is a cytoprotectant drug used as an adjunct in cancer chemotherapy and 

radiation therapy. A simple and sensitive HPLC method was developed and validated for 

the assay of Amifostine. The method consisted of 95:5 (v/v) water and acetonitrile 

containing 0.05M heptane sulphonic acid (pH 3.5). The separation was achieved on a 

Luna 5µ C8 column (250 X 4.6 mm) and the effluents were monitored at 210 nm. The 

assay validation parameters evaluated include linearity, precision, accuracy and 

sensitivity. Amifostine loaded PLGA particles were prepared by multiple emulsion 

solvent evaporation method. Chitosan nanoparticles were prepared by tripolyphosphate 

precipitation method. The particle size and the surface charge were determined with a 

zetameter. The surface morphology was evaluated by scanning electron microscopy 

(SEM). The drug loading, entrapment efficiency and in vitro release from the particles in 

phosphate buffer was determined. The samples were analyzed by HPLC method 

previously described. The physical state of the drug in the formulation was analyzed by 

Differential Scanning Calorimetry (DSC). The cellular uptake and cytotoxicity of the 

nanoparticles was determined in MDCK and CACO-2 cell lines. The retention time of 

Amifostine was found to be 11 min. The standard curve was linear in the concentration 

range of 15.25-1000 µg/ml with an R2 value greater than 0.999. The RSD values for the 

within-day and day-to-day precision ranged from 1.89–5.77 % and 2.17–11.65 %, 

respectively. The accuracy of the method was found to be in the range of 95.4 to 104.9%. 

The size of the nanoparticles ranged from 287 to 925 nm. The PLGA nanoparticles had a 

negative surface charge (-13 to -25 mV) and the chitosan nanoparticles had a positive 

surface charge (1.16 to 26 mV). SEM pictures revealed spherical particles with a smooth 
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surface. The drug loads were found to be 1.5% and 4.45% for PLGA particles and 1.61% 

and 6% for chitosan particles. For a theoretical drug load of 2% (w/w) PLGA 

nanoparticles the encapsulation efficiency was found to be 75%. However for a 10% drug 

loaded PLGA nanoparticles encapsulation efficiency was 44.5%. For 2% and 10% (w/w) 

drug loading chitosan particles the encapsulation efficiency was 80.5% and 60%, 

respectively. The cumulative percentage release of 2% Amifostine PLGA and Chitosan 

nanoparticles was 50% and 40% whereas the percentage release of 10% Amifostine 

PLGA and Chitosan was 85% and 55%, respectively at the end of 8 hrs. Amifostine was 

present in the formulation in a molecularly dispersed state. Cellular uptakes were 

dependent on the cell types with CACO-2 cells displaying a higher uptake than MDCK 

cell line. Chitosan nanoparticles showed a higher uptake than both the solution and 

PLGA nanoparticles in both the cell lines. The cytotoxicity profiles indicate that 10% 

loaded chitosan formulation and chitosan blank formulation show toxicity to both MDCK 

and CACO-2 cell lines 72 and 96 hours post treatment. A simple and sensitive HPLC 

assay was developed and validated for the analysis of Amifostine. A nanoparticulate 

delivery system was developed and characterized using biodegradable polymers like 

chitosan and PLGA for the radioprotectant drug amifostine. 
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1.1 Cancer Seriousness and Other Means of Radiation Exposure 

Cancer is the second most leading cause of death in the United States. According 

to American cancer society cancers of lungs, bronchus, prostrate and breasts are the 

leading causes of deaths due to cancer in US (www.cancer.org). Amongst these, lung 

cancer accounts for almost 25% of the mortalities. Radiation therapy is one of the options 

available to treat cancer and can be used to treat almost all types of solid tumors. There 

are several other means by which a person can also be exposed to radiation. Artificial 

sources of radiation include nuclear power plants and radiodiagnosis or radiation therapy. 

Radiation is also used as a tool in diagnosis. As an example, I-131 is used for diagnosis 

of thyroid related deficiencies and radioactive phosphorous is used in the detection of 

bone cancer. People working in nuclear power plants and scientists working with nuclear 

materials also face the danger of being exposed to radiation. A person who does not get 

exposure from any of the above sources can also be exposed to radiation via natural 

sources like cosmic rays and terrestrial sources. Nuclear weapons, nuclear bombs and 

nuclear accidents possess yet another means of radiation exposure. In clinical settings, the 

dose of radiation that a person receives is closely monitored and hence the chances of 

adverse effects are drastically reduced but in case of accidents, naturally occurring 

radiation, and occupational hazards due to radiation, the dose of radiation cannot be 

monitored. This brings us to the concept of radiation protection. Radioprotective agents 

are chemical agents which cause a net decrease in the sensitivity of the tissues to 

damaging effects of ionizing radiations.  

 

 

2 
 



1.2 Cancer and Radiation Protection 

Cancer is a group of diseases characterized by uncontrolled and abnormal division 

of cells which can metastasize and develop tumors in other body parts. Chemotherapy, 

radiation therapy, hormone therapy and surgery are the main modalities of treatment of 

cancer out of which radiation therapy can either be used in combination with 

chemotherapy or can be used alone. Radiation therapy is administered to the tumor to 

destroy the tumor or after surgically removing the tumor, to the surrounding area to 

reduce the chances of recurrence. It can also be used to treat solid tumors like brain, 

cervical, pancreatic, lung and kidney cancers and in certain types of leukemia. 

(http://www.cancer.gov/cancertopics/types/leukemia). Radiation therapy can be 

administered in three ways, internal radiation therapy, external radiation therapy and 

systemic radiation therapy. In the external radiation therapy radiation source is placed 

outside the body and is normally X- rays, gamma rays, proton or particle beam. In the 

internal radiation therapy the radiation source is placed close to the tumor or in the tumor 

via an implant. Radioactive iodine, palladium, phosphorus, strontium etc are used as a 

source for internal radiation therapy 

(http://www.cancer.gov/cancertopics/factsheet/Therapy/radiation). The other type of 

radiation treatment available is systemic radiation therapy in which the radioactive iodine 

or strontium is administered either orally or intravenously. It is generally used to treat 

thyroid cancers.  

Radiation therapy uses ionizing radiation to damage the tumor cells and in the 

process has some potential to damage healthy cells as well. There are four main types of 

ionizing radiation namely alpha rays, beta rays, gamma radiation or X-rays. Alpha 
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particles are made up of two protons and two neutrons, have the lowest penetrating 

power. Beta particle is basically an electron and can penetrate the skin. The most 

damaging of all the ionizing radiations are the gamma rays because of their highest 

penetrating power and hence can cause damage to the internal organs. The ionizing 

radiations either cause direct ionization of biomolecules like carbohydrates, lipids, 

proteins or DNA or bring about their harmful effects by ionization of water into free 

radicals via their indirect effect. The free radicals formed from the ionization of water 

causes ionization of biomolecules, lead to damage of DNA, bring about the mutations in 

the cells and finally cell death (Mettler et al., 1985). As some healthy cells can also be 

damaged in the process, some of the parameters are varied so that minimum number of 

normal cells gets affected. 

Time, distance and shielding are the three factors that determine the damage due 

to the radiation. Increasing distance and shielding reduces the ill effects of radiation while 

increasing the time of exposure increases the damage. These factors certainly help when 

taken into account but some times are not very practical. For example a person 

monitoring a patient who has been recently administered radiation or a radiation worker 

cannot reduce the time or distance parameters associated with it. It is in these situations 

that the role of a radiation protection drug becomes necessary. Radiation protection 

agents basically act as scavengers thus neutralizing the free radicals formed in the body 

(Umadevi et al., 2000). Radiation protection agents can be used to selectively protect 

normal tissues from deleterious effects of radiation which can be used to minimize the 

occupational hazards associated with radiation and also to provide radiation protection in 

case of a nuclear war or from nuclear weapons.  
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1.3 Amifostine  

Amifostine is the only FDA approved radioprotection agent available today. It is 

commonly known as Ethyol and is used as an antineoplastic adjunct and a cytoprotective 

agent (Amifostine package insert). Amifostine has a molecular weight of 214.22. Its 

molecular formula is C5H15N2O3PS. It is extremely hydrophilic with a solubility of 

1000mg/ml. It has a pKa of 9.2 (Merck index). Amifostine is co-administered with 

cisplatin in patients with ovarian cancer and non-small cell lung carcinoma to decrease 

the nephrotoxicity and neurotoxicity associated with Cisplatin. It is also used to decrease 

xerostomia associated with radiation for the treatment of head and neck cancer. 

Amifostine is also administered prophylactically to reduce the hematologic and bone 

marrow toxicity associated with the administration of cyclophosphamide (Aviles et al., 

1997), cisplatin and carboplatin. Amifostine is a prodrug and is phosphorylated in the 

body by alkaline phosphatases to free active thiol metabolite. This thiol metabolite acts as 

a scavenger and binds to the reactive metabolites of the drug thus detoxifying them and 

decreasing their damage to DNA and RNA (Buntzel et al., 1997).  Amifostine has a 

selective effect on normal tissues because of the higher phosphatase activity, preferential 

higher uptake due to transporters and higher pH in normal tissues (Buntzel et al., 1997). 

Amifostine also possibly inhibits apoptosis, modifies enzyme activity and alters gene 

expression. Amifostine is not orally active and thus needs to be administered systemically 

(Bonner and Shaw et al., 2002). The thiol metabolite is detectable in the bone marrow 

cells 5-8 minutes after intravenous administration (Larsen et al., 1999). Less than 10% 

amifostine remains in the plasma six minutes after drug administration.  
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Amifostine causes hypotension hence it should not be administered in patients with 

history of cardiac ailments such as arrhythmias, ischemic heart diseases or congestive 

heart failure (Glover et al., 1988a; Turrisi et al., 1986; Glover et al., 1989; Glover et al., 

1988a; Hensley et al., 1999a). Blood pressure should be continuously monitored during 

IV infusion of amifostine. Amifostine lowers blood calcium levels hence calcium levels 

should be monitored during amifostine administration (Amifostine package insert, 

Spencer et al., 1995). Amifostine causes nausea and vomiting hence an antiemetic should 

be coadministered to decrease the side effects of this drug (Schuchter et al., 1996; 

Spencer & Goa et al., 1995; Buzaid et al., 1991; Tech Info Ethiofos (WR- 2721), 1990; 

Glover et al., 1988a; Turrisi et al., 1986; Glover et al., 1986a; Glover et al., 1986a). 

Amifostine should not be administered in patients allergic to aminothiol compounds.  

Amifostine has a great potential as a radioprotectant drug but its use is limited by 

various toxicities, the most serious one being hypotension. This limits the usage of drug 

in the patients with heart ailments and the patient needs to be monitored continuously for 

their blood pressure during the course of administration. The patient may have to 

discontinue the use of anti-hypertensive agents prior to administration of amifostine 

which may not be a feasible approach. The main disadvantage is that amifostine has to be 

administered by intravenous route, which is not a preferred route of administration. 

Amifostine has a very short half-life and hence it has to be administered just before 

administering chemotherapeutic agents (Product Information: ETHYOL(R) injection, 

amifostine injection. MedImmune Oncology,Inc., Gaithersburg, MD, 2005a.). This 

makes use of amifostine possible only when preplanned and hence it cannot be given 

prophylactically. Indeed there is a need for alternative route for the administration of this 
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drug that can minimize the toxicity and increase patient compliance. Subcutaneous 

administration of amifostine has been shown to reduces the toxicity and provides a 

reasonable area under the curve. Various formulation of amifostine have been developed 

and tested. Transdermal patches (Lamperti et al., 1990), subcutaneous implants 

(Srinivasan et al., 2002), pulmonary inhalers, oral sustained release PLGA particles  

( Pamajula et al., 2004) have been developed in an attempt to come up with alternate 

dosage forms. Lamperti et al., 2002 showed that absorption of amifostine increased when 

co administered with DMSO ( Dimethyl sulphoxide) in the transdermal patch. Fatome et 

al., 1992 showed that ethyl cellulose microspheres containing amifostine exhibited lower 

toxicity and provided radiation protection in mice when administered orally. Several 

dosage forms have been developed for amifostine but unfortunately none of them have 

made it to the clinical settings. There is a need for oral sustained release dosage form for 

amifostine which can prolong the activity thus decreasing the toxicity related to 

intravenous administration and facilitating its use prophylactically.  

1.4 Drug Delivery Considerations 

The rationale for the controlled delivery of drugs is to increase therapeutic 

efficacy while decreasing the toxicity. Sustained delivery devices aim to maintain the 

therapeutic concentrations in the plasma over a long period of time thus making repeated 

administration of drugs unnecessary increasing the patient compliance and also 

decreasing the side effects. Sustained delivery systems employ polymers for the 

encapsulation of the drugs which provide a barrier for its release. The mechanism of the 

release of the drug through these systems is by diffusion through the polymer matrix, 

degradation of the polymer matrix or both. Since diffusion of drug is based on 
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concentration gradient and degradation of the polymer matrix, it is a time dependant 

process. In addition to the sustained delivery the polymers protect the drug molecules 

from the acids and enzymes in the stomach, thus making the administration of peptides 

and proteins possible through oral route. Various types of polymers like natural polymers, 

aqueous block copolymers and poloxamers have been used recently in the formulation of 

sustianed delivery systems.  

Poloxamers are nonionic, block copolymers that are made up of central 

hydrophobic core of polypropylene oxide flanked by two chains of polyethylene oxide. 

These polymers exist as viscous liquids at lower temperature and form a gel at higher 

temperatures. Although poloxamers possess properties like being a surfactant and 

producing in situ gels, they are not biodegradable hence that limits their use in dosage 

forms (Palmer et al., 1998).  

Natural polymers like cellulose, gelatin, starch, alginate and Chitosan (a 

derivative of chitin) have been used in many sustained delivery devices (Senel et al., 

2000). These delivery systems have an advantage of being biocompatible and 

biodegradable and hence have gained acceptance. Gelatin has been used in the delivery 

systems for many polypeptides, DNA and oligonucleotides whereas starch and cellulose 

have been used in the formulation of many tablets and gels. Chitosan has been used in the 

formulation of dosage forms like films, gels microspheres and nanoparticles. It is 

mucoadhesive in nature and hence has been used in many targeted delivery systems as 

well (Takeuchi et al., 1994). Chitosan is commercially available in various molecular 

weights and degree of deacetylation and both of these parameters can be modified to 

meet specific requirements of the dosage forms.  

8 
 



Polymers like polycaprolactone, PLGA, PLA and hydrogels have been used for 

sustained release systems (Jeong et al., 1997; Cascone et al., 1995). These polymers also 

have the advantage of being nontoxic, biodegradable and biocompatible.  

Hydrogels are the network of water insoluble polymer chains that display 

considerable amount of swelling in contact with water (Ratner at al., 1981). Hydrogels 

release their contents based on the changes in temperature, pH or concentration of 

enzymes and thus have been used in pH sensitive delivery devices and in the delivery of 

insulin (Kost et al., 1985). They have also been used in several controlled delivery 

systems because the rate of drug release can be monitored based on the physical and 

chemical properties of the polymer network.  

Chitosan 

Chitosan is a naturally occurring polymer obtained by partial deacetylation of 

chitin, the main component of crab shells and cell wall of bacteria (Pelletier et al., 1990; 

Singla and Chawla et al., 2001). Deacetylation of chitin is achieved by treating chitin 

with a concentrated solution of sodium hydroxide.  

Chitosan is insoluble in neutral or alkaline pH, but is soluble in acidic pH due to 

the protonation of amino group. The protonation of the amino group renders a positive 

charge on the entire molecule leading to a strong electrostatic interaction between 

positively charged molecule and negatively charged cell membrane. Chitosan is used in 

many drug delivery systems like gels, films, beads, microspheres etc because of its  
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Figure1.1: Chemical structure of Chitosan 

 

 

 

 

Figure 1.2: Chemical structure of Chitin. 
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mucoadhesivity (Takeuchi et al., 1994), biodegradable, biocompatible (Machida et al., 

1986) and non toxic in nature.  

These properties of Chitosan help it in fulfilling its roles in controlled release systems 

like: 

Prolonging contact with the mucosa, thus increasing the absorption of the drug. 

Increasing the residence time of the drug at the site of action. 

Releasing the drug over the period of time so that the therapeutic concentrations are 

always maintained.  

Act as an inert, nontoxic, biocompatible and biodegradable matrix for the delivery of 

drug.  

The applications of Chitosan in various delivery systems are summarized in Table 1.1 
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Table 1.1 Applications for Chitosan in Nanoparticle and Other Dosage Forms 

 

Drug/Delivery 
 

 

Study results 

 

References 

Ocular Higher entrapment efficiency of 
cyclosporine A, sustained release through 
24 hours. 

DeCampos et al., 2001 

Insulin  Insulin was released in pH dependant 
manner, association efficiency was about 
70% 

Sarmento et al., 2007 

Gene  Entrapment efficiency over 90% and high 
transfection rates. 

Su et al., 2007 

Protein Release profiles of model proteins used 
could be modified using different coating 
materials. 

Chen et al., 2007 

Theophylline  Anti inflammatory effects of theophyllin 
were augmented when administered as 
nanoparticles. 

Lee et al., 2007 

Vaccine  Nanoparticles loaded with antigen 
showed higher immunogenecity than 
antigen solution. 

Amidi et al., 2007 

Films Showed anti microbial activity Rhim et al., 2006 

Micelles  Higher gene transfection efficiency Hu et al., 2006 

Beads Prolonged release of Lidocaine HCl  Kofugi et al., 1999 

Gels Prolonged Chlorhexidine gluconate drug  Senel et al, 2000 
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Chitosan nanoparticles have been shown to provide sustained release of both 

hydrophilic and hydrophobic drugs (Kofugi et al., 1999; Senel et. al., 2000) and are 

prepared by three distinct methods including ionic gelation, precipitation using 

tripolyphosphate and crosslinking methods using gluteraldehyde. The method used for 

preparation determines the entrapment efficiency, loading efficiency, and particle size. 

Particle size of the chitosan nanoparticles generally depends on molecular weight of 

chitosan used, concentration of chitosan solution and amount of cross linker. Increasing 

the concentration of chitosan increases the viscosity of Chitosan solution thus making 

smaller sized particle formation difficult (Oliveira et al., 2005). This study also showed 

that the use of crosslinker increases the degree of binding between the polymers and 

hence decreases the particle size. Zheng and coworkers, 2005 have demonstrated that the 

increase in the molecular weight of chitosan increases the particle size and the 

polydispersity of the chitosan nanoparticles. Lower viscosity of chitosan solution and 

lower concentration promoted the encapsulation of the drug (Wu et al., 2005). Increasing 

the concentration of crosslinker increased the loading efficiency of the drug in the 

nanoparticles. Changing the pH of the Chitosan solution altered its ability to form 

electrostatic interaction and hydrogen bonding, thus altering its drug loading efficiency 

(Oliveira et al., 2005). All these above parameters when considered and optimized would 

lead to particles with a lower particle size, lower size distribution and higher loading 

efficiency.  

Poly (lactic-co-glycolic acid) 

PLGA is a biocompatible, biodegradable and non toxic copolymer which is used 

in the fabrication of many drug delivery systems (Miller et al., 1977; Heya et al., 1991). 
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PLGA is metabolized in the body to lactic acid and glycolic acid, which are the bi-

products of metabolism and hence are excreted from the body. PLGA is used in the 

preparation of nanoparticles for both hydrophilic and hydrophobic drugs (Tewes et al., 

2007; Le Corre et al., 1997) 

PLGA nanoparticles are prepared by multiple emulsion solvent evaporation 

method. The method of preparation can be optimized according to the nature of drug that 

needs to be incorporated, particle size and surface charge desired (Pamujula et al., 2004). 

Various applications of PLGA nanoparticles are listed in the Table 1.2.  
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Table 1.2 Applications for PLGA in Nanoparticle Dosage Forms 

 
Drug/Delivery 

 
Study Result 

 
Reference 

Vaccine delivery IgG response increased Garinot et al; 2007 

Paclitaxel delivery Sustained release of paclitaxel Donq et al; 2007 

Chitosan modified 
nanoparticles Efficient cell transfection  Guan et al; 2007 

Cyclosporin 
delivery 

Controlled release, less toxicity than 
marketed product.  

Italia et al; 2007 

Estradiol 
administration 

Improved bioavailability and sustained 
release 

Mittal et al; 2007 

Insulin loaded 
PLGA-Hp55 

Improved bioavailability compared to 
Subcutaneous administration. 

Cui et al; 2007 

PLGA aminocyclo 
dextrins and BSA 

conjugates 

Sustained release of protein for 14 days 
and high entrapment efficiency. 

Gao et al; 2007 

Hypericin loaded 
nanoparticles 

NP associated drug showed higher 
activity 

Ziesser-Labouebe et 
al;  2006 
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1.5 Statement of Problem 

Chitosan and PLGA have found application in many controlled drug delivery 

systems. However, for hydrophilic drugs like Amifostine encapsulation efficiency and 

sustaining the release rate have always posed considerable problems. The objective of 

this study is to prepare and characterize nanoparticulate, sustained drug delivery systems 

for radioprotectant drug Amifostine for sustained oral delivery.  

The underlying hypothesis of these studies is nanoparticulate drug delivery 

systems would have better encapsulation efficiency, provide a sustained release, and 

will have higher degree of uptake associated with cells. This will make the 

administration of radioprotectant drugs in clinical settings much more efficient and 

will also make their administration for prophylaxis in case of accidental radiation 

exposure possible.  

   

Specific aims of this study are: 

Specific Aim 1: 

To develop and validate an HPLC method for the analysis of Amifostine. 

The optimal UV absorbance of amifostine was found to be 210 nm and was determined 

by a UV scan. The mobile phase was fully acidified to ensure complete ionization of the 

analyte and a series of mobile phase were tested starting with most hydrophilic (Water) 

and then gradually changing the hydrophillicity by addition of an organic solvent. Finally 

an ion pairing agent was added to the mobile phase to increase the retention time of the 

analyte on the column. All the parameters like pH, composition of the mobile phase, flow 
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rate and types of columns used were optimized to obtain a good peak shape and an 

appropriate retention time.  

Specific Aim 2: 

To fabricate nanoparticulate, sustained release delivery system for radioprotectant 

drug Amifostine.  

Chitosan nanoparticles were prepared by tri poly phosphate precipitation method 

and the PLGA nanoparticles were prepared by multiple emulsion solvent evaporation 

method. The method parameters including sonication time, intensity and concentration of 

the emulsifier were optimized to obtain particles in a suitable size range. The delivery 

system was then tested for particle size, zeta potential and in vitro release characteristics. 

Specific Aim 3: 

To study the intracellular uptake and cytotoxicity of nanoparticles using MDCK 

and CACO-2 cell lines.  

The uptakes and the toxicities of the nanoparticle formulation were compared to 

that of the solutions. The cellular uptakes were compared over a time for 1 hr whereas the 

toxicities were compared over a time of 96 hours. 

1.6 Research Design 

The first aim of these studies was to develop a simple and sensitive HPLC method 

for detection and quantitation of Amifostine. We aimed at developing a method that 

would utilize a mobile phase easy to prepare, keeping the retention time below 15 min 

and employing a UV detector for monitoring the eluents. The method was then validated 

using parameters like accuracy, precision, limit of determination, limit of quantitation, 

specificity and sensitivity. The next aim was to develop a nanoparticulate drug delivery 
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system in the size range of 200 to 500 nm, consisting of biodegradable polymers 

Chitosan and PLGA. The nanoparticles were characterized using particle size, zeta 

potential, scanning electron microscopy, differential scanning calorimetry and in vitro 

release in phosphate buffer, cellular uptake in CACO-2 and MDCK cells. The final aim 

includes the evaluation of the cellular uptake and toxicity evaluation of these drug 

delivery systems in CACO-2 and MDCK cells.   
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Specific Aim 3Specific Aim 1 Specific Aim 2

In Vitro 
Evaluation 

Cellular 
uptakes 

MTT 
Cyto-
toxicity 
assay

Treatments: 
Amifostine solution 
2% PLGA or 
Chitosan Amifostine 
10% PLGA or 
Chitosan Amifostine 
and Assay Buffer. 

Treatments: 
Amifostine solution, 
2% PLGA or 
Chitosan 
Amifostine, 10% 
PLGA or Chitosan 
Amifostine, PLGA 
and Chitosan blanks 

HPLC METHOD Nanoparticle 
Formulations 

Chitosan PLGA
      UV Scan  

Particle size 
determination   

Increase 
sonication 
time 

Increase the 
concentration 
of the 
emulsifier

Decrease the in 
vitro rate of 
release 

Increase the 
concentration 
of crosslinker 

Optimal particle 
size (200-800 nm) 

Increase 
sonication 
intensity 

Stationary 
phase 

Optimal 
Retention 

time 

Mobile  
Phase 

Assay 
Validation 

  

Figure 1.3: Schematic representation of specific Aims and Methodology 
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CHAPTER 2 

Method Development and Validation for Amifostine 
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2.1 Introduction 

HPLC was used to quantitate the amount of Amifostine. Ion pair chromatography 

was used as a method of separation for detection of amifostine. The mobile phase for ion 

pair chromatography contains an ion pairing agent which is a large charged molecule 

with a hydrophobic region to interact with the stationery phase. Ion pairing agents carry a 

charge opposite to analyte of interest. The mobile phase is either water or water with 

various concentrations of organic modifiers, depending on the hydrophobicity of the ion 

pair. Increasing the organic phase reduces the retention time of the ion paired analyte of 

interest. The stationery phase is generally a bonded silica column or a neutral 

hydrophobic resin. The ion pairing agent electrostatically bound with analyte of interest 

increases the hydrophobicity allowing higher retention time in the stationary phase. The 

most common ion pair reagents used for anionic drugs are: tetra methyl, tetra ethyl, tetra 

propyl and tetra butyl ammonium salts. However the most common ionpairing agent used 

for cationic molecules is perchloric acid, sulphonic acid derivatives of hexane, heptane or 

octane.  

Amifostine is an extremely hydrophilic, weakly basic drug with a pka of 9.2. The 

separation and quantitation of amifostine utilized an ion pairing agent 1-Heptane 

sulphonic acid. Due to the weakly basic nature of amifostine, the mobile phase was 

acidified to ensure complete ionization of the drug and an anionic ion pairing agent was 

used to ion pair with ionized Amifostine. The formation of ion pair of amifostine with 
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heptane sulphonic acid increased both the molecular size and hydrophobicity thereby 

increasing the retention time of the drug on a C8 column. The column was chosen 

depending upon peak shape and retention time. 

Once an appropriate method is developed, establishing the validity of the method 

remains the main task. Validation of a method is the process by which a method is tested 

for reliability, accuracy and preciseness of its intended purpose. There are nine criteria’s 

for the method validation to be followed (United states pharmacopeia).  

Accuracy - Accuracy of a method is defined as the closeness of the experimental value to 

the true value. Accuracy of the method is generally determined by adding a known 

amount of analyte to the blank solution such that the concentration would fall within the 

standard curve and then comparing the obtained value to the true value. Sometimes the 

accuracy is determined by comparing the values obtained from the method being 

developed to the values obtained from an established method which is known to be 

accurate.  

Limit of detection – Limit of detection is the lowest concentration of the analyte that can 

be detected but not necessarily quantitated under the experimental conditions. Limit of 

detection is calculated by determining the amount of analyte that will produce a signal 

that is three times more than the signal or the noise produced by the blank.  

Limit of quantitation – Limit of quantitation is the lowest concentration of analyte in the 

sample that can be determined with acceptable accuracy and precision under the 

experimental conditions. These parameters are determined by reducing the concentration 

of the analyte until the concentration can no longer be detected by an acceptable precision 

(Within day and day-to-day RSD < 10%).  
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Linearity – Linearity of the assay is defined as its ability to return values that are directly 

proportional to the concentration of the analyte in the sample. A regression analysis of a 

set of standards of known concentration from the peak area response versus concentration 

determines the linearity.  

Precision – Precision is the measure of how close the values are to each other for the 

repeated measurement of same sample under the experimental conditions. Precision is 

determined by repeated injection of a set of standards on  the same day under the given 

experimental conditions and then determining the relative standard deviation associated 

with each set of values. The relative standard deviation should be less than 10% for the 

method to be acceptable and is calculated as follows: 

  100x
Mean

SD  

 
The day to day precision is determined by injecting one set of standards on  

different days and comparing their relative standard deviations. The RSD in this  

case should also be less than 10%. 

Specificity – Specificity is the ability of the method to accurately measure and resolve 

the analyte in presence of extraneous components. The chromatogram of the analyte with 

the extraneous components is compared with chromatogram of a solution containing only 

analyte. The analyte peak should be clearly distinguishable from other peaks in the 

chromatograms.  

Range – Range of the analytical method is defined as the concentrations over which the 

accuracy, precision and linearity are acceptable. Range is determined by evaluating the 

data for linearity of the standard curve, the within-day and day- to-day precisions and 

also the accuracy of the method over the given concentration range. 
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Recovery – Recovery is defined as the percentage of the analye that is analysed as 

compared to that which is theoretically present in the sample.  

Robustness – Robustness is defined as the ability of the method to remain unaffected by 

small change in the parameters like pH of the mobile phase, concentration of salts, 

organic phase content and the temperature. Robustness is determined by altering one 

parameter at a time e.g. changing the concentration of organic phase by 1 %, changing 

the temperature by 5°C or changing the pH by 0.2 units.  

2.2 Materials and Methods 

Amifostine was obtained from sigma chemicals (Saint Louis, MO, USA).    

Acetonitrile and HPLC grade water were purchased from Fisher Scientific ( Fairlawn, 

NJ). Heptane sulphonic acid and glacial acetic acid was obtained from Sigma chemicals.  

2.2.1 Chromatographic Conditions for Detection of Amifostine  

The mobile phase consisted of 95:5 (v/v) of 0.05M heptane sulphonic acid and 

acetonitrile. The pH of the mobile phase was adjusted to 3.5 with glacial acetic acid. 

Mobile phase was filtered through a glass vacuum filtration apparatus using a 0.45µ 

nylon filter (Osmonic Inc., Minnetonka, MN, USA). The mobile phase was sonicated in a 

Sonic Cleaner 2QF50/60 Hz (Fisher Scientific, Fairlawn, NJ, USA) for 45 minutes prior 

to use. Separation was achieved on a Luna 5µ C8 column (250 X 4.6 mm) at a flow rate 

of 1.2 ml/min and the effluents were monitored at 210nm.  

2.2.2 Preparation of Standard and Sample Solutions for HPLC Analysis 

The stock solution was prepared by dissolving 100 mg of Amifostine in 1 ml of 

distilled water. Various standard solutions were prepared in the range of 31.25- 1000 
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µg/ml) by diluting the stock solution with appropriate volume of distilled water in a 

volumetric flask.  

 

2.2.3 Determination of Accuracy 

Three quality control samples of Amifostine (31.25µg/ml, 125µg/ml and 

500µg/ml) were refrigerated and analyzed five times over a period of 15 days. The 

accuracy was determined by comparing measured concentration to the true value.  

2.2.4 Determination of Precision  

Within-day precision was determined by injecting a set of seven standards four 

times on the same day. Day-to-Day precision was determined by injecting a set of seven 

standards on five different days over a period of three weeks. The standards were 

refrigerated for day-to-day precision measurement.  

2.2.5 Determination of Sensitivity 

Sensitivity of the method was measured by determining the lowest concentration 

of the analyte that can be detected by acceptable precision. The lower concentrations of 

amifostine were analyzed five times and the lowest concentration that showed within day 

RSD of less than 10% was taken as the sensitivity of the method. 

2.2.6 Determination of Linearity 

Linearity measurements were done by injecting a set of seven standards along 

with a blank. The peak area or the response obtained was then plotted against the 

concentration and r2 value of the line was determined.  

2.2.7 Determination of Specificity 
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Specificity of the method was determined by comparing the chromatogram of 

solution containing only analyte with chromatogram of blank solution. In this case water 

was used as a blank.  

 

2.3 Results  

2.3.1 Accuracy  

The Accuracy was determined by using three quality control samples (31.25, 125, 

500 µg/ml). The accuracy was expressed as the percentage of ratio of experimentally 

determined value to the true value. The accuracy of the above method was in the range of 

95.39 % to 104.86%. The results for accuracy measurements are depicted in Table 2.1.  

2.3.2 Linearity  

Linear square regression analysis showed that concentration and the peak area 

was linear in the concentration range of 31.25 µg/ml to1000 µg/ml (r2 = 1). Each point on 

the calibration curve was plotted of six independent measurements. The graph of peak 

area versus concentration is shown in Figure 2.2. 

2.3.3 Sensitivity 

The sensitivity of the method was evaluated by determining the lowest 

concentration of the drug that could be determined by acceptable accuracy and precision. 

The sensitivity of this method was found to be 12.0µg/ml. 

2.3.4 Precision 

The RSD values for within-day and day-to-day precision is shown in Table 2.2. 

The within-day or intra-day precision was determined by injecting a set of six standards 

five times on the same day. The RSD values were found to be in the range of 1.02 to 5.77 

23 
 



%. Day-to-Day or interday precision was determined by injecting a set of six standards 

on five different days over a period of three weeks. The RSD values for interday 

precision were found to be 2.17 to 11.65 %.  

 

2.4 Discussion 

Amifostine is an extremely hydrophilic compound with a pKa of 9.2 and a low 

molecular weight of 214. Amifostine was detected by ion-pair chromatography, the 

mobile phase consisted of 95:5 (v/v) of 0.05M heptane sulphonic acid and acetonitrile, 

adjusted to an apparent pH of 3.5 with glacial acetic acid. 

 

  

Figure 2.1: Structure of Amifostine 

 

The mobile phase was acidified to ensure complete ionization of this weakly basic drug 

by protonating the terminal amino group of this molecule. Pamujula et al., 2004; Bonner 

et al., 2000 have used monochloroacetic acid for acidification of the mobile phase. In 

separate studies Bonner and coworkers have used perchloric acid for protonation of 

amifostine. In this method glacial acetic acid was used to acidify the mobile phase. The 

protonation of amino group leads to binding of positively charged molecule to negatively 

charged heptane sulphonic acid, which is an ion-pairing agent used to form an ion-pair. 

The net charge of the ion-pair is neutral and it thus stays on the column longer than the 
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free drug. Heptane sulphonic acid was chosen to render some degree of hydrophobicity to 

the ion pair of a hydrophillic drug. Ion-pairing of amifostine with heptane sulphonic acid 

also increased the molecular weight of an otherwise low molecular weight compound. 

Hexane sulphonic acid has also been used as an ion pairing agent in the determination of 

amifostine (Pamujula et al., 2004). In this method acetonitrile was added to the mobile 

phase to make it slightly hydrophobic and facilitate the elution of ion pairing agent thus 

decreasing the retention time. The neutral or hydrophobic ion pairing agent is eluted 

faster in the presence of an organic solvent than in water. Methanol has been used to 

serve as a hydrophobic phase for the seperation of amifostine (Anderson et al., 1984). 

The effluents were monitored at 207 nm with a UV detector. Several HPLC methods 

have listed the use of electrochemical detector for detection of amifostine (Bai et al., 

2002; Korst et al., 1997, Swynnerton et al., 1986).  

2.5 Conclusion 

A simple, accurate and a reliable HPLC method has been developed for the 

determination of radioprotectant drug Amifostine. The lowest concentration of 

Amifostine that can be detected is 12µg/ml. The method was found to be accurate and the 

standard curve is linear over the concentration range of 31.25µg/ml to 1000µg/ml. 
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Figure 2.2: Determination of linearity in a set of standard solutions from15.25 µg/ml to 

1000 µg/ml.  
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Table 2.1: Accuracy in the analysis of Amifostine in quality control samples 
 
 

 

 
Actual Concentrations  
 (µg/ml) 

 
 Measured Concentrations* 
 (µg/ml)  

 
Accuracy** (%) 

 

 

31.25 

 

26.5.1±0.33 

 

95.39± 7.34 

 

125 

 

126.5± 2.22 

 

103.64± 3.94 

 

500 

 

513.4± 3.37 

 

104.86± 2.63 

 

* Mean±SD, n=4 

** Accuracy = (Measured Concentration/Actual Concentration)*100 
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Table 2.2: Within-Day and Day-to-Day analytical precision for amifostine 

 

 
Concentration 
(µg/ml) 

Within-Day  
RSD (%) 

Day-to-Day  
RSD (%) Mean Peak 

Area ± S.D  
Mean Peak 
Area ± S.D 

 
31.25 

 
24659.25 ± 636.7 

 
2.58 

 
24318.2±2211 
 

 
9.0948 
 

 
62.5 

 
49728 ± 2354.01 

 
4.73 

 
45863±3573 
 

 
7.7921 
 

 
125 

 
102642.5 ± 5926 

 
5.77 

 
99566±9676 
 

 
9.7187 
 

 
250 

 
212514.3 ± 2172 

 
1.022 

 
172478± 18710 
 

 
10.848 
 

 
500 

 
414835 ± 7863 

 
1.89 

 
172478± 18710 
 

 
10.848 
 

 

.  
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Chapter 3 

Formulation of Chitosan and PLGA nanoparticles for 

radioprotectant drug Amifostine 
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3.1 Introduction 

Various alternatives have been developed for oral administration of amifostine. 

This drug is not orally active (Bonner and Shaw et al., 2002) and hence has to be 

administered parentrally mainly via IV infusion. This drug has several adverse effects 

like dizziness, drowsiness, vomiting, irregular heart beats, seizures, muscle twitching and 

hypotension upon IV administration. Hypotension is the most severe side effect hence the 

patients need to be monitored for blood pressure during IV infusion. Amifostine has an 

extremely short half life of 0.9 min and less than 10% of Amifostine remains in the 

plasma six minutes after drug administration (Korst et al., 1996). After IV administration 

only 6% of the dose administered is excreted as Amifostine and its metabolites indicating 

that a large percentage of the dose is taken up by the cells (Van Der Vijgh et al., 1996). 

Thus there is a need for a sustained release formulation of Amifostine that can minimize 

the toxicity and prolong the duration of action of the drug. Various formulations of 

Amifostine have been developed and tested, such as transdermal patches (Lamperti et al., 

1990), subcutaneous implants (Srinivasan et al., 2002), pulmonary inhalers, oral 

sustained release PLGA particles ( Pamajula et al., 2004); have been developed in an 

attempt to come up with alternate dosage forms. Subcutaneous administration of 

Amifostine reduces the toxicity and yields effective amounts of Amifostine in the plasma. 

Lamperti et al., 2000 showed that absorption of amifostine increased when co 

administered with DMSO ( Dimethyl sulphoxide) in the transdermal patch. Fatome et al., 
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1992 showed that ethyl cellulose microspheres containing Amifostine exhibited lower 

toxicity and provided radiation protection in mice. Despite of all these efforts, an 

alternative dosage form for Amifostine has not made it to the clinical settings yet. 

Developing an oral sustained release dosage form would reduce the toxicity and also 

increase patient compliance.   

In the present study nanoparticulate sustained release dosage forms for 

Amifostine was developed using either PLGA (poly-lactic-glycolic acid) or Chitosan. 

PLGA is a nontoxic, biocompatible and biodegradable polymer which is metabolized in 

the body to lactic acid and glycolic acid. PLGA particles are generally prepared by 

emulsion and solvent evaporation technique (Radwan et al., 2004; Panyam et al., 2003). 

This technique can be modified according to the type of drug molecule that has to be 

incorporated. For hydrophilic drugs, the drug is added to PVA solution, which is an 

emulsifier and this solution is sonicated with methylene chloride containing PLGA to 

form an emulsion.  This primary emulsion is then sonicated with PVA solution to form a 

secondary emulsion. This technique is called w/o/w dispersion or modified w/o/w double 

emulsion method and has been proven to show higher encapsulation efficiency for 

hydrophilic drugs (Oster et al., 2005). PLGA nanoparticles have been shown to provide a 

sustained release rate for hydrophilic as well as hydrophobic drugs like gentamicin and 

insulin (Lecaroz et al., 2006; Liu et al., 2007). Parameters like sonication time, intensity 

and the concentration of emulsifier can be optimized to obtain a particle size in a certain 

range. e.g. Increasing the concentration of PVA from 0.5% to 5% w/v lead to 25% 

decrease in the particle size (Sahoo et al., 2002). Increasing the sonication time or the 

intensity of sonication also leads to a decrease in the particle size. (Bilati et al., 2003). 
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PLGA particles of smaller size range can be also be prepared by increasing the 

concentration of PVA in the external phase. (Sahoo et al., 2002). The particle size of the 

PLGA nanoparticles is significant because uptake of the PLGA particles has shown to be 

size dependant by Desai et al.,1997. This study demonstrates that the uptake of particles 

decreases as particle size increases. Shakweh et al., 2006 have shown that PLGA particles 

around 300 microns in size showed a higher uptake in peyer’s patches when compared 

with particles size 3 microns. Desai et al., 1997 showed that the uptake of PLGA particles 

100nm in size is about 15-250 folds higher than larger size PLGA particles in payer’s 

patch tissue. In addition, the smaller particles diffuse through out the submucosa 

compared to larger particles which are localized in the epithelial lining. Damge et al., 

2006 showed that PLGA microspheres less than a micron in size are absorbed through the 

intestinal mucosa therefore suggesting that the particle size plays a major role in the 

cellular tissue uptake of PLGA particles, and also that nanosized particles show increased 

cellular uptake. PLGA is non toxic, biocompatible, provides a sustained release and 

shows higher encapsulation efficiency for hydrophilic drugs Xu et al., 2008 and hence it 

can be used in the formulation of a hydrophilic drug.  

Chitosan is a naturally occurring polymer obtained by deacetylation of chitin 

which is present in crab shell and cell walls of bacteria. It is non-toxic, biodegradable and 

biocompatible. The solubility of chitosan depends on the pH of the solvent because of the 

ionization status of the free amino group. Chitosan is insoluble at neutral and alkaline pH 

but is soluble in acidic pH because of the protonation of amine group. The protonated 

amine group being positively charged interacts readily with the negatively charged 

membrane and hence chitosan is extremely mucoadhesive. (Davis et al., 1998; Takeuchi 
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et al., 1994). Chitosan nanoparticles are prepared by ionotrophic gelation by using tri 

poly phosphate or by crosslinking methods using gluteraldehyde and glyceraldehydes. In 

this method, the solution of chitosan in citric acid is sonicated with the solution of 

crosslinker until a nanosuspension is formed. The nanosuspension is then concentrated 

via centrifugation at 10000 rpm for 5-10 min. Like PLGA nanoparticles, particle size of 

chitosan nanoparticles can also be controlled by optimizing certain parameters. Particle 

size is influenced by the concentration of Chitosan in the solution, concentration of cross 

linker and the molecular weight of chitosan. Increasing the concentration of Chitosan 

increases the viscosity of the solution, leading to decrease in the sonication efficiency and 

forming larger sized particles (Oliveira et al., 2005). Increasing the concentration of cross 

linkers, in this case gluteraldehyde decreased the particle size of the nanoparticles 

(Oliveira et al., 2005). Increasing the molecular weight of chitosan demonstrated an 

increase in the particle size as well as polydispersity (Zheng et al., 2005). Therefore, 

utilizing low concentrations of low molecular weight Chitosan and high concentration of 

crosslinkers produced nanosized particles with low polydispersities.  

The cellular uptake of chitosan nanoparticles is also dependant on particle size as 

demonstrated by Sarmento et al., 2007. In these studies, chitosan nanoparticles 750 nm in 

size adhered to, and was internalized by intestinal epithelium of the rat as was 

demonstrated by confocal microscopy. Behrens et al., 2002 have shown that intra-

duodenal administration of chitosan nanoparticles in rats leads to their accumulation in 

epithelial cells and peyer’s patch. These results indicate that controlling the particle size 

is the key for increasing the intracellular uptake of both PLGA and chitosan 

nanoparticles.  
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In this study we have prepared nanoparticles of radioprotectant drug, amifostine 

using PLGA and Chitosan by multiple emulsion solvent evaporation method and ionic 

gelation methods respectively. The nanoparticle characterization includes determination 

of particle size, zeta potential, intracellular uptake, loading efficiency and in vitro release 

profile.  

 3.2 Materials and Methods 

Amifostine was obtained from Sigma Chemical Company (St. Louis, MO,USA). 

Low molecular weight Chitosan (FW ~ 150000) was obtained from Aldrich Chemical 

Company. Citric acid anhydrous powder was obtained from Acros Organics (Fairlawn, 

NJ, USA). Poly vinyl alcohol (PVA mol wt 30000-70000gm) was purchased from 

Janssen Chemica. PLGA (50:50) was obtained from Absorbable polymers international. 

Acetonitrile (HPLC grade), methanol (HPLC grade), ammonium acetate (HPLC grade), 

sodium phosphate mono basic, sodium phosphate dibasic, reagent grade sodium 

hydroxide, Dichloromethane, Tripoly phosphate and Hydrochloric Acid were purchased 

from Fischer Scientific (Fairlawn, NJ, USA). Trifluoroacetic acid (TFA), 98% 

Spectrochemical Grade and glacial acetic acid was obtained from Sigma Chemicals 

(Saint Louis, MO, USA). Chitosan was obtained from sigma Aldrich (Saint Louis, MO, 

USA).  

 3.2.1 Quantitation of Amifostine 

The mobile phase consisted of 95:5 (v/v) 0.05M heptane sulphonic acid in water  

and acetonitrile. The pH of the mobile phase was adjusted to 3.5 with glacial acetic acid. 

The separation was achieved on a C8 Luna 5 um column (250 × 4.6 mm). The flow rate 

was maintained at 1.2 ml/min and the effluents were maintained at 210nm.  
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3.2.2 Preparation of PLGA and Chitosan Nanoparticles 

Preparation of PLGA particles - The nanoparticles were prepared by multiple 

emulsion solvent evaporation method. A known amount of Amifostine (2% and 10%) 

was dissolved in 5ml of 2% PVA solution in water. This solution was added to solution 

of PLGA in  5ml of dichloromethane and sonicated for 4 min at 21 watts. This primary 

emulsion was further emulsified with 10 ml of 0.5% (w/v) PVA solution with sonication 

at 21watts for 5 min. The nanosuspension was stirred with a magnetic stirrer for 2 hrs to 

evaporate methylene chloride. The nanosuspension was concentrated by 

ultracentrifugation for 20 min at 10,000 RPM at 4°C. The supernatants were collected to 

analyze any free drug content. The concentrated nanosuspension was frozen at -80°C 

prior to freeze drying (-52°C and < 10 µm mercury pressure) (FreeZone, Labconco, MO). 

Preparation of Chitosan particles -  Amifostine (2% and 10%) was added to 

chitosan solution in citric acid (2.5 mg/ml).  Two ml of TPP solution (1% w/v) was added 

to chitosan solution drop by drop over a period of 5 min and ultrasonicated for 5 min at 

21 watts. The nanosuspension was frozen at -80°C prior to freeze drying (-52°C and < 

10um mercury pressure). 

3.2.3 Nanoparticle Characterization  

Particle size and the zeta potential of the nanoparticles were determined by photon 

correlation spectroscopy.  For the measurement of both zeta potential and particle size, 2 

mg of the nanoparticles were weighed and added to 5 ml of water. The samples were then 
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sonicated to aid the uniform dispersion of particles and added to a cuvette to perform the 

measurements in triplicate with a Zetameter (Zetaplus, brookhaven instruments 

Corporation, NY, USA).  

3.2.4 Determination of Drug Loads and Entrapment Efficiency 

Ten mg of accurately weighed lyophilized particles were added to 15 ml of the 

solvent system consisting of 60:40 (v/v) acetonitrile and water. The particle suspension 

was sonicated ( Fisher Scientific FS 20, NJ) for 4 hours and 200 ul of the aliquots were 

withdrawn from this solution via a Nylon syringe filter (0.45 µm). The aliquots were then 

analyzed for amifostine with the HPLC method previously described. The drug load was 

expressed as the ratio of the amount of the drug in the particles to the weight of the 

particles. Encapsulation efficiency was calculated as ratio of amount of drug in the 

polymer to the total amount of drug used. All the measurements were done in triplicate. 

3.2.5 In Vitro Drug Release 

The cumulative release of the drug from the formulation in percentage was 

calculated as cumulative amount of the drug released over predetermined time period. 

Accurately weighed sample (10 mg) was added to 40 ml of release medium (PBS pH 7.4) 

in an Erlenmeyer flask. The flasks were agitated in a bath incubator at 37°C at 80 rpm. At 

predetermined time intervals (30, 60, 120, 180, 240, 360, 480 min), 200 µl of sample was 

withdrawn with a 0.45 µm Nylon filter tip needle and replaced with an equal amount of 

PBS. Equal amount of formulation was placed in 15 ml of Acetonitrile:Water (60:40 

%v/v) and sonicated for 4 hours to measure the practical drug loads. The aliquots 

withdrawn from the release medium and the drug load samples were analyzed for 

Amifostine with the HPLC method previously described.  
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3.2.6 Differential Scanning Calorimetry 

The physical state of the drug in the formulation was determined by Differential 

Scanning Calorimeter (DSC). DSC thermograms were obtained for PLGA blank 

formulation, Chitosan blank formulation, 2% and 10% (w/w) Amifostine loaded particles 

and pure drugs. Accurately weighed samples were crimped into aluminum crimp pans 

and heated at the rate of 10°C/min from 23 to 300°C in a Differential Scanning 

Calorimeter (Shimadzu DCS-60, Japan). A blank aluminum cell was used as a reference. 

The thermograms obtained from the blank formulations, pure drugs and drug loaded 

formulations were compared with each other to determine the physical state of the drug in 

the formulation.  

3.2.7 Scanning Electron Microscopic studies  

The surface morphology of the particles was determined using Scanning Electron 

Microscopy (SEM). Approximately 2mg of formulation was dispersed in the appropriate 

amount of water and the nanosuspension was mounted on a metal stub. The suspension 

was left to air dry so that a thin uniform layer of particles is formed on the metal stub. 

The metal stub was then sputter coated with gold-palladium alloy (140 nm thickness) 

using a Hummer VI sputter coater (Anatech, NJ, USA). The samples were then examined 

under a scanning electron microscope (Jeol T-220A, Tokyo, Japan) operated at 10 kV. 

The photomicrographs were obtained using an Orion v.6.1 digital image system.  

3.3 Results  

3.3.1 Nanoparticle Characterization 

The particle size and zeta potential of the nanoparticles are reported in Table 3.1. 

Particle size analysis data demonstrate that chitosan nanoparticles have a higher particle 
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size than PLGA nanoparticles for the same drug load and the particle size is affected by 

the drug load. The formulation containing 10% drug load had a higher particle size than 

the formulations containing 2% drug load for both PLGA and Chitosan. The particle size 

for PLGA and chitosan formulation containing 2% Amifostine varied from 463-765nm 

and the particle size for 10% Amifostine formulation varied from 456-925nm for PLGA 

and Chitosan nanoparticles respectively (Table 3.1). The PLGA nanoparticles were found 

to carry negative surface charge whereas; the chitosan nanoparticles have a positive 

surface charge. Drug loading did not seem to have any effect on the zeta potential for all 

the formulation investigated. 

3.3.2 Determination of Drug Loads and Entrapment Efficiency 

The efficiency of encapsulation was determined by measuring the total amount of 

amifostine present in a known amount of the nanoparticulate sample, and comparing the 

measured value to the expected amount of amifostine in the sample. The drug load was 

expressed as percentage of the drug in the polymer. The drug loads were 1.5% and 4.45% 

for PLGA particles and 1.61% and 6% for chitosan particles. The encapsulation 

efficiencies for the formulations were 75% for 2% PLGA, 44.5% for 10% PLGA, 80.5% 

for 2% Chitosan and 60% for 10% Chitosan. 

3.3.3 In Vitro Drug Release 

The percentage cumulative release of Amifostine from PLGA and chitosan 

nanoparticles is shown in Figures 3.8 and 3.9. The release of amifostine appeared to be 

dependant on the drug load for both PLGA and chitosan particles. The percentage release 

of drug increased as the drug load increased in the nanoparticles for both the 

formulations. Chitosan nanoparticles showed a more sustained release profile than the 
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PLGA nanoparticle. When the drug load was kept constant the percentage release was 

higher for PLGA particles then for chitosan nanoparticles. The percentage release of 2% 

Amifostine PLGA and Chitosan nanoparticles is 50% and 40%, respectively, whereas the 

percentage release of 10% Amifostine in PLGA and Chitosan nanoparticles is 85% and 

55% over a period of 8 hours.  

3.3.4 Scanning electron microscopic studies  

The surface morphology of nanoparticles is shown in Figure 3.1 and 3.2. The 

PLGA nanoparticles had a spherical shape with a smooth surface whereas the chitosan 

nanoparticles were spherical with slightly irregular surface morphology. The surface 

morphology of both the nanoparticles was the same irrespective of the drug loading. 

3.4 Discussion 

The particle size of the nanoparticles has been shown to be dependent on the drug 

load. As the drug load increases the particle size increases (Ankola et al., 2007). The 

particle size has also been shown to be dependant on various parameters like 

concentration of emulsifier or crosslinker used, intensity and duration of sonication, 

concentration of polymer used, and the molecular weight of the polymer (Oliveira et al., 

2005; Zheng et al., 2005; Sahoo et al., 2002; Bilati et al., 2003). Similarly decreasing the 

concentration of chitosan solution and using lower molecular weight produced 

nanoparticles with smaller size (Oliveira et al., 2005; Zheng et al., 2005). Zeta Potential 

of the nanoparticles depends on amount of drug, polymer type, surfactant and coating 

agent used. For example chitosan nanoparticles (Takeuchi et al., 1994), and Gelatin 

nanoparticles (El-Shabouri et al., 2002) are positively charged, whereas poly capro-

lactone nanoparticles (Calvo et al., 1996), PLGA nanoparticles (Ferdous et al., 1998) 
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have a negative surface charge. The positive zeta potential of chitosan nanoparticles is 

due to the protonation of the amino group whereas, the PLGA nanoparticles are 

negatively charged due to the presence of the ionizable carboxylic acid group on their 

surface. Studies done by Sahoo et al., 2002 have demonstrated that increasing the 

concentration of PVA (emulsifier) in the external phase decreases the zeta potential of 

PLGA particles due to the shielding effect provided by PVA. The entrapment efficiencies 

were dependent on the type of the polymer. PLGA had lower entrapment efficiency for 

amifostine than chitosan. 

In general the entrapment efficiencies were low as the drugs used were 

hydrophilic. Tewes et al., 2007 and co workers reported that hydrophilic drugs have a 

lower affinity for hydrophobic polymers such as PLGA. In this study they used a 

hydrochloride salt of doxorubicin and increased its hydrophobicity by adjusting the pH to 

increase the entrapment efficiency. Le Corre et al., 1997 has demonstrated that 

entrapment of drugs in PLGA is dependant on the lipophilicity of the drug, the most 

lipophillic ones demonstrating highest entrapment efficiency. Due to highly hydrophilic 

nature of Amifostine its entrapment efficiency was low. The method of preparation can 

however be modified to increase the entrapment efficiency. Pamujula et al., 2004 have 

demonstrated that nanoparticles prepared by spray drying technique had better 

entrapment efficiency than the nanoparticles prepared with solvent evaporation 

technique. Multiple emulsion solvent evaporation method has also been reported to 

increase the entrapment efficiency of hydrophilic drugs in hydrophobic matrix. In this 

process a primary emulsion is formed by adding the aqueous phase containing an 

emulsifier to the organic phase, this primary emulsion is then sonicated with the 
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emulsifier solution to form a multiple (w/o/w) emulsion. The solvent is then evaporated 

to form the nanoparticles and the nanosuspension is concentrated by freeze drying. 

Chitosan nanoparticles showed higher entrapment efficiency compared to PLGA particles 

for amifostine as chitosan has higher affinity for hydrophilic drugs. Studies done by Yuan 

and coworkers demonstrated that the entrapment efficiency of thymopentin, a hydrophilic 

drug in N-trimethyl chitosan matrix was 78%. Sarmento et al., 2007 have demonstrated 

that chitosan/alginate particles have an entrapment efficiency of 81% for insulin. These 

studies clearly show that chitosan has higher affinity and hence higher entrapment 

efficiency for hydrophilic drugs.   

The release data indicates that for a particular drug load chitosan shows a more 

sustained release profile than the PLGA particles. PLGA provides a controlled release 

only for drugs with low aqueous solubility (Kastikogianni et al., 2006). This fact has been 

well documented in the form of hydrophilic drugs like insulin and octreotide acetate, a 

peptide showing a faster release from PLGA particles (Yamaguchi et al., 2002). As 

Amifostine is highly water soluble, PLGA a hydrophobic polymer is not ideal enough to 

sustain the release of amifostine. Chitosan on the other hand is hydrophilic in nature and 

hence is able to provide a sustained release for Amifostine. The release characteristics 

also depend on the drug load. It is a well documented fact that the release rate increases 

with an increase in drug load (Tallury et al., 2007). 

3.5 Conclusion  

Particle size of the nanoparticles increased with an increase in the drug load in the 

matrix. Chitosan nanoparticles showed a positive surface charge whereas the PLGA 

nanoparticles showed a negative surface charge. Encapsulation efficiency of the 
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nanoparticles decreased with an increase in the drug load. Chitosan showed higher 

entrapment efficiency for Amifostine than PLGA particles. Chitosan nanoparticles 

exhibit more sustained release properties than PLGA nanoparticles. The drug was found 

to be molecularly dispersed in both these nanoparticles. 
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Table 3.1: Particle Size and Surface Charge of 2% and 10% Amifostine particles.  

 

Nanoparticles *  Particle Size (nm) 

(Mean ± SEM) 

Zeta Potential (mV) 

 (Mean ± SEM) 

 2% (w/w) Amifostine in PLGA 287 ± 3.2  -17.33 ± 1.7 

10% (w/w) Amifostine in PLGA 456 ± 5.7 -13.66 ± 1.2 

2% (w/w) Amifostine in Chitosan 765 ± 36.5  1.16 ± 1.3 

10% (w/w) Amifostine in Chitosan 925 ± 25.2  6.28 ± 2.6 

 

* Percentage drug load represents the theoretical drug load in the nanoparticles. 
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Figure 3.1: Morphology and microstructure of PLGA nanoparticles. SEM 

photomicrographs of PLGA nanoparticles loaded with 2% (w/w) Amifostine at 

magnification 1000 X.  
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Figure 3.2: Morphology and microstructure of PLGA nanoparticles. SEM 

photomicrographs of PLGA nanoparticles loaded with 10% (w/w) Amifostine at 

magnification 1000 X.  
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Figure 3.3: Morphology and microstructure of Chitosan nanoparticles. SEM 

photomicrographs of Chitosan nanoparticles loaded with 2% (w/w) Amifostine at 

magnification 2000 X.  
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Figure 3.4: Morphology and microstructure of Chitosan nanoparticles. SEM 

photomicrographs of Chitosan nanoparticles loaded with 10% (w/w) Amifostine at 

magnification 4000 X.  
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Figure 3.5: DSC thermogram of free drug Amifostine 
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Figure 3.6: DSC thermograms of PLGA nanoparticles containing 10% Amifostine 
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Figure 3.7: DSC thermograms of Chitosan nanoparticles containing 10% Amifostine 
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Figure 3.8: DSC thermograms of chitosan nanoparticles without drug (Blank Chitosan) 
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Figure 3.9: DSC thermogram of PLGA nanoparticles without drugs (Blank PLGA) 
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Figure 3.10: The In Vitro release profiles of Chitosan nanoparticles loaded with 2% or 

10% Amifostine, carried out in phosphate buffer at pH 7.4 maintained at 37°C (Mean ± 

SEM, n=3). 
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Figure 3.11: The In Vitro release profiles of PLGA nanoparticles loaded with 2% or 10% 

Amifostine, carried out in phosphate buffer at pH 7.4 maintained at 37°C (Mean ± SEM, 

n=3). 
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Chapter 4 

Cellular Uptakes and Cytotoxicity Studies of PLGA and 

Chitosan Nanoparticles for Radioprotectant drug Amifostine 
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4.1 Introduction 

PLGA and Chitosan nanoparticles have been used extensively as carriers for gene 

delivery, drug delivery, sustained release system development and protein delivery. Their 

applications in these fields not only depend on how well they are able to deliver the 

therapeutic agents intracellularly but also on if they can deliver the therapeutic agent to a 

specific cellular component. It is thus necessary to study the cellular uptakes and 

intracellular distribution of nanoparticles to optimize the efficacy of these delivery 

systems and reduce the toxicities. A carrier can enter the cell through several pathways 

like passive diffusion, endocytosis, active transport and facilitated diffusion. Passive 

diffusion involves transport of low molecular weight lipophillic compounds across the 

cell membrane, does not require any energy expenditure and is dependant on 

concentration gradient. Active transport on the other hand involves specific carriers and 

is an energy dependant process. These specific carriers are responsible for the transport of 

proteins and endogenous peptides into the cells. Although some therapeutic agents such 

as peptides may utilize membrane transport for delivery into the cells a vast majority of 

drugs are transported through endocytosis. 

Endocytosis encompasses different mechanisms of uptake but all these 

mechanisms are energy dependant which is the reason why these processes can be 

inhibited at a low temperature or by using metabolic inhibitors like sodium azide. 

Endocytosis comprises of: 

a) Fluid phase pinocytosis: Pinocytosis or cell drinking is defined as a process by which 

cells absorb fluids and solutes that are dissolved in them. Pinocytosis is a linear process 
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because the uptake by the cell increases linearly with increase in the concentration of 

solute in the surrounding medium. 

b) Phagocytosis: Phagocytosis or cell eating is a process by which a cell engulfs solid 

particles in the surrounding medium to form a phagosome or a food vacuole which 

eventually fuses with a lysosome, an organelle that breaks down cellular components. 

Phagocytosis is the main mechanism employed by the components of immune systems 

like macrophages, neutrophils and monocytes to remove pathogens and cell debris. 

Phagocytosis is a particle size dependant process as only the particles that fall in the 

range of 0.5-5 µm are engulfed by phagocytosis (Mukherjee et al., 1997, Rupper et al., 

2001). 

c) Caveoli: Caveolae are vesicular organelles that mediate uptake and contain numerous 

precursors for cell signaling pathways. Caveolae are about 70 nm in diameter and in 

addition to cell signaling molecules contain specific markers for that organ which can be 

beneficial for targeted delivery to that organ (Panyam et al., 2004). 

d) Clathrin-Coated Pits: Clathrin coat subunits surround the cell membrane and form a 

clathrin coated pit or an invagination in the cell membrane. The part that has formed a pit 

eventually separates out from the membrane and forms a vesicle. The vesicle loses its 

coating via an energy dependant process and fuses with surrounding vesicles forming 

endosomes.   

Cellular uptake and tissue distribution of nanoparticles can be studied by confocal 

microscopy using fluorescent probes, radiolabelled polymers and by the conventional 

method which involves the lysis of cell and determining the amount that is internalized 

by the cells. Le Ray et al., 1994 have demonstrated the use of radiolabelled polymer for 
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determining the cell uptake. However with this method the distribution of the particles 

into the cellular compartments could not be determined. Cellular uptake can also be 

determined using cell lysis method. For Cellular uptake generally cells are seeded in a 24 

well plate at a density of 50,000 cell per well for 24 hours. The media in each well is 

removed and the cells are treated with nanoparticle suspension in phosphate buffer. At 

the end of incubation time nanosuspension is removed and cells are washed with ice cold 

PBS to remove all the particles that have not been internalized. The cells are lysed with 

lysis reagent or solution of triton-X. The cell lysates are collected and analyzed for 

protein content by protein assay and the remaining portion is lyophilized. The lyophilized 

powder is added to appropriate solvent to extract drug. The samples are centrifuged and 

the supernatant is analyzed for the drug with appropriate analytical technique. The data is 

expressed as µg of nanoparticles per milligram cell protein (Panyam et al., 2004, 

Chavanpatil et al., 2007). The determination of the cellular uptake by this method also 

suffers from the same drawback as with the radiolabelled polymers. Confocal microscopy 

enables the determination of internalization of the nanoparticles in the individual cellular 

component.  

 4.2 Materials and Methods  

4.2.1 Materials  

Amifostine was obtained from Sigma Chemical Company (St. Louis, MO). 

MDCK and CACO-2 cell lines were purchased from American Type Culture Collection 

(ATCC) (Manassas, VA). The Gibco brand cell culture media and constituents, RPMI 

1640, fetal bovine serum (FBS), penicillin/streptomycin, trypsin-EDTA and L-glutamine, 

were purchased from Invitrogen (Carlsbad, CA). Low molecular weight Chitosan 

58 
 



(FW~150000 gm) was obtained from Aldrich Chemical Company. Citric acid anhydrous 

powder was obtained from Acros Organics (Fairlawn, NJ). Poly vinyl alcohol (PVA mol 

wt 30000-70000gm) was purchased from Janssen Chemica. PLGA (50:50) was obtained 

from Absorbable polymers international. Acetonitrile (HPLC), Methanol (HPLC), 

Ammonium Acetate (HPLC), sodium phosphate mono basic, sodium phosphate dibasic, 

reagent grade Sodium Hydroxide, Dichloro methane, Tripoly phosphate and 

Hydrochloric Acid were purchased from Fischer Scientific (Fairlawn, NJ, USA). 

Trifluoro acetic acid (TFA), 98%, Spectrochemical Grade and Glacial acetic acid was 

obtained from Sigma Chemicals (Saint Louis, MO, USA). 

4.2.2 Analysis of Amifostine 

Amifostine analysis was carried out by a HPLC method as previously described. 

4.2.3 Cellular uptake  

The cellular uptake of Amifostine nanoparticles were performed in both MDCK 

and CACO-2 cell lines. The cells were seeded at a density of 50,000 cells per well 24-48 

hours prior to the experiment. Cell monolayers were treated with amifostine solutions 

eqvivalent to 2% and 10% drug loads, 2% and 10% PLGA amifostine nanoparticles, and 

2% and 10% Chitosan amifostine for a period of 15 to 60 min. All the treatments were 

prepared in assay II buffer consisting of sodium chloride (122mM), potassium chloride 

(3mM), calcium chloride (1.4mM), magnesium sulphate, sodium bicarbonate (25mM), 

sodium phosphate dibasic (0.4mM), glucose (10mM) and HEPES (10mM) adjusted to pH 

7.4. The cells were washed thrice with ice cold PBS and lysed with 1% (v/v) triton-X-

100. The cell lysates were collected in microcentrifuge tubes and frozen at -80°C prior to 

freeze drying (-52°C and < 0.056 mBar pressure) after a 25 µl sample was removed for 
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total cellular protein content analysis by BCA protein assay (Pierce, Rockford, IL). 

Amifostine was extracted from the freeze dried cell monolayer by adding Acetonitrile: 

Water (50:50), and agitated on an orbital shaker (Labline Barnstead oribital shaker) for a 

period of 24 hours. The samples were then centrifuged at 14,000 rpm for 15 minutes at 

4°C (accuSpin Micro R, Fisher Scientific, Fairlawn, NJ ). The amount of amifostine was 

determined in supernatant by HPLC method previously described. The cellular uptake 

was calculated and presented as the mean percent dose per mg total cellular protein 

(n=3). 

4.2.4 MTT Assay 

The cytotoxicity of the nanoparticles was determined in both MDCK and CACO-

2 cell lines using MTT assay. The cells were seeded in a 96 well plate at a density of 

5000 cells/well in 100µl of DMEM growth medium supplemented with 10% FBS, 1% L-

glutamine, 1% sodium pyruvate, 1% non-essential amino acids and 1% 

penicillin/streptomycin, and incubated overnight in a humidified chamber at 37°C. The 

cells were treated with various concentrations of amifostine (0.0046 to 4600 µM), PLGA 

and chitosan nanoparticulate delivery systems loaded with or without amifostine (0.0046 

to 4600 µM) for a period of 4 hours. Following the 4-hour exposure period, the 

treatments were removed, the cells were supplied with fresh DMEM growth media and 

incubated in a humidified chamber at 37°C for 72 to 96 hours. After the incubation 

period, the cells were treated with fresh MTT reagent (250 µL, 5 mg/ml) and further 

incubated for 2-hours, then treated with a fresh solvent consisting of 20% (w/v) SDS 

dissolved in water at 37oC mixed with an equal volume of DMF (dimethyl formamide).  

The pH of the solvent was adjusted to 7.4 using 2.5% of 80% acetic acid and 1% of 1N 
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HCl prior to use. The absorbance was read on a microplate reader at 550 nm. The 

absorbance data was analyzed and presented as percent cell viability of control 

monolayers receiving media alone.  

4.3 Results  

4.3.1 Cellular uptake 

The in vitro cellular uptakes were evaluated in MDCK and CACO-2 cell lines 

(Figures 4.1-4.4). The cellular uptakes of nanoparticles were higher than solutions at all 

time points in both cell lines. Among the particles chitosan nanoparticles had a higher 

uptake than the PLGA nanoparticles. The uptakes were also dependent on the cell types 

as well as the drug loads. CACO-2 cell lines showed a higher uptake than the MDCK cell 

lines. Cellular uptake increased as the drug load increased in both MDCK and CACO-2 

cell lines. The cellular uptake of nanoparticles was about two times higher than the 

solution in MDCK cell lines and about 3 times higher than CACO-2 cell line.  

4.3.2 MTT Assay 

The viability of MDCK and CACO-2 cell lines was determined using MTT 

cytotoxicity analysis (Figures 4.4-4.8). The cytotoxicity studies indicate that 10% 

Amifostine chitosan particles display toxicities to both MDCK and CACO-2 cells 72 and 

96 hours post treatment. In MDCK cells chitosan blank displayed toxicity to the cells 96 

hours post treatment but not 72 hours post treatment. In case of CACO-2 cell lines the 

chitosan blank nanoparticles did not display any cytotoxicity. All other treatments did not 

display any cytotoxicity to the cells for both MDCK and CACO-2 cell lines 72 and 96 

hours post treatment. Studies carried out by Cegnar, et. al., 2006 have demonstrated that 

Chitosan and PLGA nanoparticles had an IC50 value of 5mg/ml and 400µg/ml 
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respectively. The blank formulations of PLGA and chitosan or the placebos did not show 

any cell toxicity. The cytotoxicity studies revealed that the MDCK and CACO-2 cells 

exposed to the same dose (solution versus nanoparticulate formulation) of Amifostine for 

4 hours did not demonstrated increase in cell death associated with the formulation when 

compared to Amifostine solution alone.  

4.4 Discussion 

The cellular uptake seemed to be dependant on drug load for both chitosan and 

PLGA nanoparticles in case of both MDCK and CACO-2 cell lines. Cellular uptake 

increased as the drug load increased in both MDCK and CACO-2 cell lines. This is in 

agreement with the results obtained by Ravivarapu et al., 2000 that also show that cellular 

uptake increases as the drug load increases. Various studies have demonstrated that 

cellular uptake increases as the particle size decreases (Gonzales et al., 1996; Peng et al., 

2007). Chitosan nanoparticles show an increased uptake despite of higher particle size 

due to their mucoadhesive properties (Snyman et al., 2003; Venter et al., 2006). Brooking 

et al., 2001 showed that the particles coated with chitosan showed an increase in both the 

extent and rate of uptake. Coating antisense oligonucleotide loaded PLGA nanoparticles 

with chitosan also increased the intracellular uptake (Nafee et al., 2007). It has been 

reported in several studies that the cellular uptake is dependent on particle size. Shakweh 

et al., 2006 have shown that PLGA particles around 300 microns in size showed a higher 

uptake in payers patches when compared with particles size 3 microns. Desai et al., 1997 

showed that the uptake of PLGA particles 100nm in size is about 15-250 folds higher 

than larger size PLGA particles in payer’s patch tissue. This holds true for chitosan as 

well. The uptake of chitosan nanoparticles was found to be dependent on particle size as 
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demonstrated by Sarmento et al., 2007. In these studies, chitosan nanoparticles 750 nm in 

size adhered to, and were internalized by intestinal epithelium of the rat as was 

demonstrated by confocal microscopy. The mucoadhesive property makes up for the 

decrease in the uptake of chitosan nanoparticles due to larger particle size. As for the 

mechanism of uptake of PLGA nanoparticles, they go through charge transformation 

from negative charge to positively charge after they enter the endolysosomal 

compartment (Panyam et al., 2004). The positively charged particles fuse with the 

lysosomal membrane and is released into the cell. The uptakes were also dependent on 

the cell types. CACO-2 cell lines showed a higher uptake than the MDCK cell lines. The 

difference in the uptakes is due to the difference in the amount of mucus secreted by both 

the cell lines.  

4.5 Conclusion 

The uptake of nanoparticles was dependant on drug load and also on the polymer 

type. Chitosan nanoparticles showed a higher uptake than both the solution and the 

PLGA particles. Higher drug loads showed a higher uptake in for both particles and the 

solution. All the treatments except for 10% Amifostine Chitosan and chitosan blank did 

not exhibit any toxicity to the cells.  
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Figure 4.1: Cellular uptakes of PLGA and Chitosan nanoparticles loaded with 2% 

Amifostine. Confluent MDCK monolayers were exposed to Amifostine solution (1µM, 

open bars) or PLGA and chitosan nanoparticles containing Amifostine (1µM free 

fraction) at various time intervals. The data is expressed as mean ± SEM of three 

measurements.  
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Figure 4.2: Cellular uptakes of PLGA and Chitosan nanoparticles loaded with 10% 

Amifostine. Confluent MDCK monolayers were exposed to Amifostine solution (1µM, 

open bars) or PLGA and chitosan nanoparticles containing Amifostine (1µM free 

fraction) at various time intervals. The data is expressed as mean ± SEM of three 

measurements.  
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Figure 4.3: Cellular uptakes of PLGA and Chitosan nanoparticles loaded with 2% 

Amifostine. Confluent CACO-2 monolayers were exposed to Amifostine solution (1µM, 

open bars) or PLGA and chitosan nanoparticles containing Amifostine (1µM free 

fraction,) at various time intervals. The data is expressed as mean ± SEM of three 

measurements.  
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Figure 4.4:  Cellular uptakes of PLGA and Chitosan nanoparticles loaded with 10% 

Amifostine. Confluent CACO-2 monolayers were exposed to Amifostine solution (1µM, 

open bars) or PLGA and chitosan nanoparticles containing Amifostine (1µM free 

fraction) at various time intervals. The data is expressed as mean ± SEM of three 

measurements.  
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Figure 4.5:  The in vitro cytotoxicity effects of PLGA and chitosan nanoparticles at 72 

hours post treatment. Confluent CACO-2 monolayers were exposed to various 

concentrations of Amifostine solution, Chitosan or PLGA nanoparticles containing 

Amifostine and placebo (Blank Chitosan or PLGA nanoparticles). The data is expressed 

as mean ± SEM of three measurements.  
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Figure 4.6: The in vitro cytotoxicity effects of PLGA and chitosan nanoparticles at 96 

hours post treatment. Confluent CACO-2 monolayers were exposed to various 

concentrations of Amifostine solution, Chitosan or PLGA nanoparticles containing 

Amifostine and placebo (Blank Chitosan or PLGA nanoparticles). The data is expressed 

as mean ± SEM of three measurements.  
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Figure 4.7:  The in vitro cytotoxicity effects of PLGA and chitosan nanoparticles at 72 

hours post treatment. Confluent MDCK monolayers were exposed to various 

concentrations of Amifostine solution, Chitosan or PLGA nanoparticles containing 

Amifostine and placebo (Blank Chitosan or PLGA nanoparticles). The data is expressed 

as mean ± SEM of three measurements.  
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Figure 4.8:  The in vitro cytotoxicity effects of PLGA and chitosan nanoparticles at 96 

hours post treatment. Confluent MDCK monolayers were exposed to various 

concentrations of Amifostine solution, Chitosan or PLGA nanoparticles containing 

Amifostine and placebo (Blank Chitosan or PLGA nanoparticles). The data is expressed 

as mean ± SEM of three measurements.  
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Chapter 5 

Summary and Future Directions 
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5.1 Summary 

Sustained release drug delivery systems have become increasing popular in the 

past few years. Two biodegradable polymers, chitosan and PLGA were used in the 

sustained delivery of radioprotectant drug Amifostine.  

The results of the study are summarized as follows 

A simple, accurate and reliable method was developed and validated for the 

determination of Amifostine. The separation was achieved on a Luna C8 column with  

mobile phase consisting of 95:5 % v/v 0.05M heptane sulphonic acid and acetonitrile. 

The apparent pH of the mobile phase was adjusted to 3.5 with glacial acetic acid and the 

eluents were monitored at 210 nm. The sensitivity of the method was found to be 

15.25µg/ml, and the accuracy was in the range of 95.39 to 104.86%. Standard curve of 

Amifostine was linear over the concentration range of 15.25µg/ml to 1000µg/ml with a 

R2 greater than 0.999. The within-day precision RSD value was found to be between 1.02 

to 5.77 % and day-to-day precision was found to be between 2.17 to 11.65 %.  A 

nanoparticulate delivery system comprising of PLGA or chitosan was developed. The 

particle size of chitosan and PLGA particles was found to be 765-856 nm and 287- 563 

nm respectively. The zeta potential for chitosan and PLGA particles was found to be 

3.16-26mV and -13.66-25 mV respectively.  The drug load for Chitosan Amifostine 

particles was determined to be 1.61%, 6% and the drug loads for PLGA amifostine 

particles was found to be 1.5% and 4.45%. Amifostine was found to be in a molecularly 

dispersed form in the drug delivery system. The SEM pictures revealed spherical 

particles with smooth surfaces for both chitosan and PLGA particles. The in vitro release 

of 2% and 10% Amifostine PLGA, 2% and 10% Amifostine Chitosan was found to be 
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50% and 80%, 47% and 57%, respectively in a span of 8 hrs. Chitosan nanoparticles 

showed a higher cellular uptake than both PLGA nanoparticles and the solution in 

MDCK and CACO-2 cell line. Chitosan nanoparticles loaded with 10% drug load and the 

chitosan blank formulation displayed higher toxicity in both the cell lines than solution 

and PLGA nanoparticles in MDCK and CACO-2 cell lines. 

 5.2 Future Directions 

As the radioprotectant drugs finds usage in preventing the adverse affects of 

accidental exposure to radiation, the future studies could be aimed at formulating a 

dosage form which eliminates the need for repeated administration of the drug by 

prolonging the release. Increasing the concentration of the crosslinker has been suggested 

as one of the methods to decrease the release rate. Another avenue that can be explored is 

coating the particles with a hydrophobic polymer thus providing one more layer as a 

barrier for the diffusion of drug.   

The current methodologies documented for the preparation of PLGA 

nanoparticles have demonstrated relatively low entrapment efficiencies. Hence the 

procedures could be modified to increase the entrapment efficiency and the effects of 

modified parameters can be studied on the particle size, release rate and zeta potential.  

Developing a targeted delivery system for the site specific administration of 

Amifostine can also be considered as it has adverse systemic side effects like 

hypotension. Targeting the drug to the site of action will also reduce the cost of treatment 

as fewer doses will need to be administered. 
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