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Abstract 

The relapse of cancer after first line therapy with anticancer agents is a common occurrence. This 

recurrence is generally accepted to be due to the presence of a small subpopulation of cells called 

cancer stem cells. Thus, it is essential to use a combination therapy consisting of at least one 

antitumor agent to which the cancer stem cells are susceptible. The objective of the present study 

was to develop and characterize nanoparticles containing two anticancer agents having different 

mechanisms of action that would target both differentiated as well as cancer stem cells. 

The two hydrophobic antitumor agents (cyclopamine and paclitaxel) were entrapped in glyceryl 

monooleate (GMO)-chitosan solid lipid nanoparticles using Poloxamer 407 as a stabilizer. The 

nanoemulsion was prepared by double emulsion method using ultrasonication. This emulsion 

was freeze dried. A sensitive UPLC method for simultaneous detection and quantification of 

both the drugs was successfully developed and validated. The particle size (PS) and zeta 

potential (ZP) was determined using the Zetameter. The surface morphology was analyzed using 

the Atomic Force Microscopy (AFM). The drug loaded nanoparticles were monitored for their 

physical and chemical stability over a period of 60 days. Differential scanning calorimetry (DSC) 

was used to help analyze the physical state of drugs in the nanoparticles. Percentage of weight 

loss on heating and moisture content of the nanoparticles was assessed using thermogravimetric 

analysis (TGA) and Karl Fisher titrimetry respectively. The in vitro release of cyclopamine and 

paclitaxel was evaluated in phosphate buffer containing 0.5% w/v Tween 80 at 37ºCover 7 days. 

The in vitro cytotoxicity was tested on prostate cancer cells (DU145 and DU145 TXR) and 

normal cells (Wi26 A4) whereas the cellular uptake of the nanoparticles was studied using the 

cancer cells. The nanoparticles were also tested for their hemolytic potential on red blood cells. 

The cytotoxicity studied showed that the blank GMO-Chitosan nanoparticles were as cytotoxic 
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as the drug loaded ones. This led to the development of an alternative nanoparticle system for 

drug delivery. The new system chosen for the study was the Poly (D, L)- Lactic-co-Glycolic 

Acid (PLGA) system. Blank and drug loaded PLGA nanoparticles were prepared by single 

emulsion followed by solvent evaporation technique. The PLGA nanoparticles were 

characterized using the same tests that were used to characterize GMO-Chitosan nanoparticles.  

The UPLC method developed for the detection of drugs was validated for specificity, linearity, 

precision and accuracy. This method was able to detect the drug concentrations to as low as 3.1 

µg/mL. The GMO-Chitosan nanoparticles obtained after freeze drying showed high entrapment 

efficiencies for both the drugs. The particle size of drug loaded GMO-Chitosan and PLGA 

nanoparticles was found to be 278.4±16.4 nm and 234.5±6.8 nm respectively. The GMO-

Chitosan nanoparticles showed a positive zeta potential whereas the PLGA ones showed a 

negative zeta potential. The GMO-Chitosan nanoparticles were found to be physically stable; 

however, they showed a decrease in the cyclopamine content (approximately 59% w/w) over a 

period of 2 months. The AFM images showed that both GMO-Chitosan as well as PLGA 

nanoparticles were spherical in shape. Both drugs were found to be in non-crystalline state in 

both nanoparticles. A sustained release for both the drugs was observed in GMO-Chitosan and 

PLGA nanoparticles. Cytotoxicity studies revealed that blank GMO-Chitosan nanoparticles were 

as cytotoxic as the drug loaded ones whereas PLGA blank particles showed no cytotoxicity in all 

the cell lines tested. Similar results were replicated in the cellular uptake studies. Confocal 

microscopic studies revealed that PLGA nanoparticles were completely internalized into the cells 

tested after 5 minutes of treatment in the cancer cells. GMO-Chitosan and PLGA nanoparticles 

showed no hemolysis which confirmed their suitability to be used as parenteral formulations.     
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1.1. Prostate cancer chemotherapy 

The National Cancer Institute defines prostate cancer as the cancer that forms in the tissues of 

prostate glands. Older men are at higher risk for acquiring prostate cancer. In 2013, there were 

238,590 new cases of prostate cancer and there were an estimated 29,720 deaths amongst men as 

a result of prostate cancer in the United States [1]. In men, it is the second most frequently 

diagnosed cancer [2]. The American Cancer Society explains some of the possible pre-cancerous 

conditions of the prostate, which are prostatic intraepithelial neoplasia and proliferative 

inflammatory atrophy. Prostatic intraepithelial neoplasia describes how the prostate cancer cells 

look under the microscope. This condition is classified into two subtypes depending upon how 

abnormal the cell patterns appear under the microscope, namely low-grade and high grade. In 

proliferative inflammatory atrophy, the prostate cells look smaller than normal. The area is also 

characterized by inflammation [3]. It is advisable to take prompt measures if the above 

mentioned precancerous conditions are observed in the patient. 

It has been suggested that tumors possess two types of cells, differentiated cancer cells and a 

small subpopulation of cells known as the cancer stem cells (CSCs). These cells are responsible 

for tumor initiation, growth and recurrence. They have the ability of self-renewal as well as self-

differentiation [4]. This ability of the CSCs is monitored by various signaling pathways, Sonic 

Hedgehog pathway being the prominent one.     

1.2. Combination therapy 

Combination therapy in cancer treatment involves co-administration of one or more 

chemotherapeutic agents. It aims at combining drugs in order to maximize the efficacy and 

minimize the systemic toxicity. This therapy works by combining drugs of different mechanisms 
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of action in order to avoid broad spectrum drug resistance. It enables the use of drugs at lower 

doses thereby reducing toxicity issues. Combination therapy can substantially reduce the number 

of dose administrations thereby improving the patient compliance [5]. In some cases, 

combination therapy has shown ability to overcome multidrug resistance [5], [6].  

For the successful treatment of cancer it is essential to eliminate the cancer stem cells which are 

responsible for the recurrence of tumors. A high degree of chemoresistance is observed in case of 

tumors involving cancer stem cells. Studies have shown that these CSCs possess drug efflux 

pumps which pump out the chemotherapeutic agents [7], [8]. Thus, for a successful combination 

therapy, it is essential to have at least one chemotherapeutic agent which can disrupt the 

signaling pathways responsible for the growth and differentiation of CSCs.  

1.3. Cyclopamine 

 

Figure 1: Chemical structure of cyclopamine [9] 

Cyclopamine is a steroidal alkaloid obtained from ground roots and rhizomes of Veratrum 

californicum belonging to the family melanthiaceae. This plant also known as California false 
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hellebore. Keeler was the first one to extract cyclopamine and veratramine by using ammonia 

and benzene. Cyclopamine was synthesized chemically by Masamune and Johnson in 1960s. The 

synthetic approach involved Wolff-Kishner reduction to obtain jervine and cyclopamine [10]. 

Cyclopamine is an inhibitor of the Sonic Hedgehog pathway responsible for the growth and 

proliferation of cancer stem cells. It has been used in the treatment of pancreatic cancer [11], 

glioblastoma multiforme [12] and prostate cancer [13]. The use of cyclopamine in combination 

with paclitaxel for cancer stem cell therapy has also been reported [13]. 

1.3.1. Physicochemical properties of cyclopamine 

Cyclopamine is also known as 11-deoxojervine. It is a white, crystalline compound having an 

empirical formula of C27H41NO2. Chemically, cyclopamine [(3ß,22S,23R)-17,23-

Epoxyveratraman-3-ol] is a steroidal alkaloid. It has the molecular weight of 411.61 Da and has 

a melting point of 236-238ºC [14], [15].  

Cyclopamine is highly lipophilic having the log P value of 5.43 [11], resulting in poor aqueous 

solubility (~5 µg/mL) [16]. Ethanol (20 mg/mL) is the best solvent for cyclopamine. Solubility 

of cyclopamine in methanol is 7 mg/mL whereas that in DMSO is 4 mg/mL [9]. Cyclopamine is 

unstable in acidic pH. It gets converted to veratramine due to the opening of spirotetrahydrofuran 

ring which is followed by rapid aromatization of D ring catalyzed by acidic pH [16].  
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Figure 2: Conversion of cyclopamine (1) into veratramine (2) under acidic conditions [16] 

1.3.2. Pharmacokinetics of cyclopamine  

Lipinski et al compared the pharmacokinetic profile of cyclopamine in three different routes of 

administration in mice [17]. It was observed that when cyclopamine was administered in the 

form of ip injection, minimum toxicity was seen at doses of 10 mg/kg. The dose of 160 mg/kg 

showed high toxicity, whereas in case of oral gavage (po) route of administration, toxicity was 

observed at a dose of 50 mg/kg. Cmax (maximum serum concentration) was achieved within 20 

min (Tmax) of dose administration for ip route. The Tmax value for po route was much higher (1.9 

hr) than the ip route at the same dose. This suggested that cyclopamine is toxic if administered 

via ip or po route. To minimize the systemic toxicity, drug infusion via osmotic pumps (OsP), an 

alternate route of administration was employed. The toxicity observed at the dose of 160 

mg/kg/day was found to be lower (n=6/24) than that for the ip injection (n=4/4) at the same dose.    

1.3.3. Pharmacodynamics of cyclopamine  

The Hedgehogs (Hh) are a family of morphogens that act on various tissues in a short or a long 

range fashion. There are three types of Hh proteins in humans, namely Sonic, Indian and Desert 

Hedgehog. The Sonic Hedgehog (SHh) signaling pathway governs the pattern of cell growth and 

Acidic pH 
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differentiation in some of the tissues during embryogenesis. This pathway has been suggested to 

be responsible for the growth and proliferation of certain cancer stem cells. The Hh ligands 

facilitate the activation of a seven transmembrane receptor known as smoothened (Smo). This 

leads to the transcription of Hh responsive genes resulting in growth and proliferation of tumor 

[18]. One of the possible mechanisms by which the SHh acts is through autocrine signaling. 

Here, the Hh ligand which is present on the tumor cell acts on the neighboring tumor cell 

resulting in its growth and proliferation. Another approach involves random and inappropriate 

activation of SHh pathways during tissue repair and regeneration leading to tumorigenesis. The 

SHh pathway is also known to show its activity through paracrine mechanism in ligand 

dependent tumors [19].  

The mechanism by which cyclopamine acts is by disrupting the Smo activity. It antagonizes the 

Smo activity by binding to its heptahelical bundle [18]. This causes the inhibition of the SHh 

pathway resulting in the downregulation of genes responsible for CSC growth, maturation and 

proliferation.  

1.4. Paclitaxel  
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Figure 3: Chemical structure of paclitaxel [20] 

Paclitaxel (Taxol) is a pseudoalkaloid obtained from the extract of the inner bark of Pacific Yew 

tree, Taxus brevifolia (Family: Taxaceae). It is one of the most widely used anticancer agents 

derived from natural sources. The antitumor activity of paclitaxel was first demonstrated by Dr. 

Monroe Wall and Dr. M.C. Wani in 1963. Paclitaxel has a wide spectrum of anticancer activity 

and is the choice of drug in the treatment of breast, non-small cell lung and ovarian cancer [21]. 

In spite of its wide range of activity, paclitaxel is difficult to formulate due to its insolubility in 

water.  Commercially, paclitaxel is available in the form of a solution (6 mg paclitaxel dissolved 

in 527 mg of purified Cremophor
®

EL). This formulation is developed and marketed under the 

trade name Taxol
®

 by Bristol-Myers Squibb. However, this excipient is associated with various 

side effects such as bronchospasms, hypotension and hypersensitivity reactions [21].This has 

necessitated the need to have alternative delivery method for paclitaxel. 

1.4.1. Physicochemical properties of paclitaxel 

Paclitaxel is a white to off white crystalline compound having melting point in the range of 216-

217ºC. The chemical name for paclitaxel is 5,20-Epoxy-1,2,4,7,13-hexahydroxytax-11-en-9 

one4,10-diacetate 2-benzoate13-ester with (2R,3S)-N-benzoyl-3-phenyllisoserine [22]. Its 

empirical formula is C47H51NO14with a molecular weight of 853.9.  

Paclitaxel is a lipophilic compound with the log P value of around 4 [21]. It is poorly soluble in 

water (~0.6 mM). It shows excellent solubility in organic solvents such as ethanol (~46 mM), 

methylene chloride or acetonitrile (~20 mM) and isopropanol (~14 mM) [22]. 
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1.4.2. Pharmacokinetics of paclitaxel 

Owing to its poor bioavailability, paclitaxel is not administered by oral route. The preferred 

routes are intravenous infusion and intraperitoneal administration. The metabolism of taxol has 

been studied in rats as well as humans. Paclitaxel metabolites are observed only in bile. 

Cytochrome P450 (CYP P450) isozymes govern the hepatic metabolism of paclitaxel. Paclitaxel 

has two metabolites generated by liver microsomes, they are M4 and M5. In M4, the para-

position on the phenyl ring at the C3’ position of the C13 side chain is hydroxylated. M5 is the 

most prominent metabolite. Its C6 position on the taxane ring is hydroxylated. Two subfamilies 

of cytochrome P450 isozymes (CYP3A and CYP2C) are responsible for the formation of the two 

metabolites of paclitaxel [23].  

1.4.3. Pharmacodynamics of paclitaxel 

Paclitaxel has been shown to work on a wide range of cancer types. It increases tubulin 

polymerization. Paclitaxel inhibits the mitotic spindle formation which causes cell cycle arrest.    

1.5. Solid lipid nanoparticles (SLNs) 

Solid lipid nanoparticles are colloidal drug carriers having the particles made from solid lipids 

and which have a mean diameter of approximately 50 to 1000 nm stabilized by various 

stabilizers [24]. SLNs have found wide applications in intravenous, oral, intramuscular, dermal, 

ocular, pulmonary and other routes of administration. SLNs not only possess the advantages of 

other innovative carrier systems such as physical stability, protection of incorporated drugs from 

degradation and controlled release, but also minimize the associated problems [25]. Some of the 

well-recognized advantages of SLNs are as follows [26]:  

 Controlled release of drug 

 Drug targeting 
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 Improved stability of drug 

 Ability to incorporate both hydrophilic and hydrophobic drugs 

 Minimum toxicity of excipients 

 Minimal use of organic solvents 

 Easy to scale up the process  

1.5.1. Components of SLNs 

The major components of SLNs include solid lipid/s, emulsifier/s and water. 

1.5.1.1. Lipids 

Generally, lipids form the core of SLNs. Most of the lipids used for the preparation of SLNs are 

physiological lipids. This reduces the chances of acute and chronic toxicity.  

Some lipids commonly used include glycerides (e.g. glyceryl monostearate, glyceryl 

monooleate), partial glycerides (e.g. Imwitor), fatty acids (e.g. stearic acid), steroids (e.g. 

cholesterol) and waxes (cetyl palmitate) [26]. 

1.5.1.1.1. Glyceryl monooleate 

 

Figure 4: Structure of glyceryl monooleate [27]. 

Glyceryl monooleate (GMO) is a mixture of glycerides of oleic acid and other fatty acids. It is 

also known as monoolein. Commercially available GMO is an oily amber colored liquid, which 

may be partially solidified at room temperature and have a characteristic odor [28]. Its melting 

point is in the range of 35º-37ºC and has the HLB value of 3-4. The empirical formula for GMO 
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is C21H40O4 with the molecular weight of 356.5 g/mol. GMO has been shown to have 

pharmaceutical applications such as colloidal carrier system, emulsifier, solubilizer, storage 

system for the protection of macromolecules susceptible to degradation, bioadhesive, penetration 

enhancer etc. 

1.5.1.2. Stabilizers 

Stabilizer is an essential component of any biphasic system. The particle size of SLNs is in the 

sub-micron range. Due to such a small particle size, these particles possess large surface area 

resulting in high surface tension. This causes a tremendous rise in the surface free energy leading 

to thermodynamic instability. It is essential to have some agent to reduce this surface free energy 

within the system. Stabilizers help in reducing this free energy by decreasing the surface tension 

and thereby prevent particle aggregation[29]. Some of the commonly used stabilizers include 

soybean lecithin, egg lecithin, polyvinyl alcohol, poloxamers, etc.  

1.5.1.2.1. Poloxamer 

 

Figure 5: Structure of poloxamer 

Poloxamer is a group of block copolymers having ethylene oxide and propylene oxide blocks 

arranged in a triblock structure. Poloxamers have a general formula of HO[CH2-

CH2O]a[CH(CH3)-CH2O]b[CH2-CH2O]aOH [30].  

Poloxamer 407 has a molecular weight of about 12,600 (9,840-14,600) with an HLB value of 22. 

It is freely soluble in water and ethanol. Poloxamer 407, marketed as Pluronic F127
®

 (BASF 
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Laboratories) has been widely used as a stabilizer for solid lipid nanoparticles formulations. The 

FDA approves Poloxamer 407 as an ‘inactive’ ingredient for various formulations [30].  

1.5.2. Methods of preparation of SLNs     

Several methods have been reported in literature for the preparation of solid lipid nanoparticles. 

Some of the commonly used ones include high shear homogenization/ultrasound, high pressure 

homogenization, SLNs prepared by solvent emulsification/evaporation, microemulsion based 

SLN preparation [24], [31].   

1.5.2.1. High shear homogenization and ultrasound 

These are dispersive techniques of preparation of SLNs. They are generally used for preparing 

solid lipid nanodispersions. Both the techniques are relatively easy to handle. Probe sonication 

has limited use since it tends to produce dispersions having high polydispersity index.   

1.5.2.2. High pressure homogenization (HPH) 

This technique has been employed since many years for the preparation of nanoemulsions. As 

compared to other techniques, it is easy to scale up the process in case of HPH. Cost effective, 

large scale production of SLNs is achievable using this technique. The homogenizers force the 

coarse liquid through a narrow gap under high pressure (100-2000 bar). The resulting high shear 

stress causes the disruption of aggregated particles down to the submicron range.  

Some of the advantages of high pressure homogenization technique include:  

 Particles of relatively small size 

 Low polydispersity 

 Ease of scale up.  

There are two approaches by which high pressure homogenization can be achieved: hot 

homogenization and cold homogenization.  
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Figure 6 describes the difference between the two approaches: 

 

Figure 6: Schematic representation of hot and cold homogenization [31] 

1.5.2.3. SLNs prepared by solvent emulsification followed by evaporation 

This technique involves preparation of nanoparticle dispersions by precipitation in o/w 

emulsions. In this technique, the lipophilic material (drug/polymer) is dissolved in an organic 

phase. This solution is further emulsified with an aqueous phase containing dissolved stabilizers. 

The technique generally used for emulsification is ultrasonication or HPH. The organic solvent is 

then evaporated out of the emulsion by subjecting it to reduced pressure. Particles of small size 
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can easily be obtained by this technique. Also, SLNs are prepared without subjecting them to 

thermal stress.  

1.5.2.4. SLN preparation from Microemulsion 

This technique involves dilution of microemulsion. Microemulsions are prepared by heating a 

blend of lipid, emulsifier, co-emulsifier and water at 65-70ºC. This hot microemulsion is then 

dispersed in cold water (2-3ºC) under continuous stirring resulting in formation of SLNs. The 

key parameters which govern the size of SLNs are the dilution ratio, composition of 

microemulsion, temperature gradient and pH. The ideal ratio of microemulsion to cold water 

should be in the range of 1:25 to 1:50. High temperature gradients enable rapid lipid 

crystallization and prevent aggregation.  

 

A solid lipid nanoparticle system was developed consisting of glyceryl monooleate as the lipid 

core and chitosan as the coating polymer. The two anticancer drugs, cyclopamine and paclitaxel 

were encapsulated within the GMO core. However, the blank system (without any drugs) 

showed cytotoxicity in most of the cell lines tested. This necessitated the need to study some 

other polymeric systems for nanoparticle drug delivery.  

An alternate system tested was the PLGA-PVA system. 

1.6. Poly (D,L)- Lactic-co-Glycolic Acid (PLGA) system 

 

Figure 7: Structure of poly lactic-co-glycolic acid (X: lactic acid units, Y: glycolic acid units). 
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PLGA is a copolymer of poly lactic acid (PLA) and poly glycolic acid (PGA). The PLA part has 

two enantiomeric forms, D-lactic acid (PDLA) and L-lactic acid (PLLA) due to the presence of 

an asymmetric α-carbon. PLLA is highly crystalline in nature whereas PDLA is amorphous [32].  

PLGA is soluble in a variety of solvents like acetone, ethyl acetate and dichloromethane. Water 

hydrolyzes the ester linkages of PLGA. The PLA part of PLGA is more hydrophobic than the 

PGA part. This is because PLA has multiple methyl side groups. Polymer properties such as the 

ratio of lactide to glycolide, glass transition temperature (Tg), moisture content, molecular 

weight influence the rate of drug release from the polymer [32].   

PLGA polymers having the ratio 50:50 (lactide:glycolide) hydrolyze faster than any other ratio. 

The glass transition temperature of PLGA is above 37ºC, which gives them the glassy nature. As 

the lactide content decreases, the Tg decreases [33].  

1.6.1. Polyvinyl alcohol (PVA) 

 

Figure 8: Structure of polyvinyl alcohol. 

Polyvinyl alcohol, also known as vinyl alcohol polymer or polyvinol is an odorless, white to 

cream colored synthetic polymer represented by the general formula (C2H4O)n. The value of n is 

in the range of 500 to 5000, corresponding to the molecular weight of 20,000 to 200,000 [28].  

PVA is soluble in water and is slightly soluble in ethanol. It is insoluble in organic solvents. 

Factors such as the concentration, degree of hydrolyzation of PVA govern the particle size, yield 

and dispersibility of freeze dried PLGA nanoparticles. Lower the hydrolyzation degree, lower is 

the particle size and greater is the yield of nanoparticles [34].   
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1.6.2. Preparation of PLGA nanoparticles 

1.6.2.1. Solvent evaporation method 

In this method, the polymer along with the drug is dissolved in an organic solvent 

(dichloromethane, acetone or ethyl acetate). This solution is then emulsified into an aqueous 

phase by using a stabilizer. This step is followed by evaporation of the organic phase. This can 

be achieved either by increasing the temperature or exposing them to atmospheric pressure with 

stirring over a pronged period [35].  

1.6.2.2. Spontaneous emulsification/solvent diffusion 

In this method, water soluble solvents (acetone, methanol) and water insoluble solvents 

(dichloromethane, chloroform) are used as the oil phase. Due to the immiscibility of the two 

phases, an interfacial turbulence is generated which results in the formation particles of small 

size. Particle size decreases with an increase in the concentration of water soluble solvents [35].  

1.6.2.3. Nanoprecipitation method 

This method was first developed by Fessi and co-workers. In this method, the drugs as well as 

polymers should be soluble in one of the phases and not in the other. Here, the drug along with 

the polymer is dissolved in a suitable organic solvent. This phase is then mixed with the 

dispersing phase. The non-solvent or the dispersing phase contains a stabilizer [36].  

1.6.2.4. High shear techniques 

1.6.2.4.1. Sonication   

Sonication is one of the easiest techniques to prepare nanoemulsions. It involves the use of a 

probe which is immersed into the coarse emulsion. Energy is provided to the emulsion via the 

probe in the form of ultrasonic waves. This causes the disruption of large droplets into smaller 

ones. However, this technique has several shortcomings. The nanoparticles produced are 
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polydisperse in nature. Also, prolonged sonication may cause the probe to shed metals filings in 

the nanoemulsion resulting into contamination.  

1.6.2.4.2. High pressure homogenization 

 

 

Figure 9: High pressure homogenization assembly 

This is a high shear technique for the production of nanoparticles. In this method, the 

homogenizers push the coarse liquid through a narrow gap under high pressure (100-2000 bar). 

The resulting high shear stress causes the disruption of aggregated particles down to the 

submicron range. Some of the important advantages of high pressure homogenization are it 

produces nanoparticles having narrow size distribution; it is easy to scale up the process.  
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1.7. Objectives, hypothesis and specific aims 

The objective of the present study was to develop and characterize a multifunctional nanoparticle 

system loaded with cyclopamine and paclitaxel intended for targeting differentiated cancer cells 

as well as cancer stem cells. 

The underlying hypothesis of this investigation was: 

Two anticancer agents having different mechanisms of action can be simultaneously 

incorporated into a nanoparticulate formulation to offer better therapeutic efficacy in prostate 

cancer. 

The specific aims for this investigation were: 

1. Development and validation of UPLC method for the analysis of cyclopamine and 

paclitaxel  

2. Preparation and characterization of cyclopamine and paclitaxel loaded GMO-Chitosan 

and PLGA nanoparticles 

3. In vitro evaluation of GMO-Chitosan and PLGA nanoparticles.  
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CHAPTER 2 

Development and validation of UPLC method for the analysis of cyclopamine and 

paclitaxel 
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2.1. Introduction 

Cyclopamine (11-deoxyjervine) is a naturally occurring steroidal alkaloid. It is derived from the 

corn lily Veratrum californicum [37]. Cyclopamine has proved to be a promising drug in the 

treatment of solid tumors. However, its efficacy has been restricted owing to its poor aqueous 

solubility. Various analytical methods have been reported for the separation and quantification of 

cyclopamine. Sensitive methods such as high performance liquid chromatography (HPLC) [38], 

liquid chromatography-mass spectroscopy (LC-MS) [39], electrospray ionization-mass 

spectroscopy (ESI-MS) [38],[40] have been developed for the detection of cyclopamine. 

Paclitaxel is a natural antitumor agent obtained from the bark of the Pacific yew tree Taxus 

brevifolia [41]. In spite of its broad spectrum anticancer activity, its efficacy has been restricted 

due to its poor aqueous solubility and oral bioavailability. Highly sensitive analytical methods 

for separation and quantification of paclitaxel have been developed. Some of the commonly used 

ones are high performance liquid chromatography (HPLC) [42], liquid chromatography-mass 

spectroscopy (LC-MS) [41], [43], [44], capillary electrophoresis [45], ultra high performance 

liquid chromatography-mass spectroscopy (UPLC-MS) [46], [47].  

Using mass spectroscopy on a regular basis is expensive. Although HPLC is the most convenient 

method, it has shortcomings such as poor resolution, low specificity, longer retention times, etc. 

Considering all the shortcomings of the HPLC, a new system with advanced technology has been 

developed which is known as the ultra-high performance liquid chromatography (UPLC). Some 

of the important advantages of UPLC over HPLC are that the column in the ULPC is tightly 

packed with particles having small particle size. This provides greater surface area for separation 

and elution. Also, UPLC systems are designed to withstand very high solvent pressures [48]. The 
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objective of this study was to develop and validate a sensitive UPLC method for the separation 

and quantification of cyclopamine and paclitaxel using a faster elution time and using low 

volume of organic solvents.  

2.2. Materials 

Commercial grade cyclopamine was purchased from LC Laboratories (Woburn, MA). Paclitaxel 

was purchased from Tecoland Corporation. Optima LC/MS grade acetonitrile, water and 

trifluoroacetic acid were purchased from Fischer Scientific (Fair Lawn, NJ). The Aquity BEH 

Phenyl 1.7µm UPLC column was purchased from Waters (Milford, MA). 

2.3. Methods 

2.3.1. Chromatography 

The UPLC analyses of the samples were performed using a reverse phase Waters Aquity system 

(Milford, MA). The Aquity BEH Phenyl column (2.1 x 100 mm, 1.7µm) was used for the 

chromatographic separation of cyclopamine and paclitaxel. The samples were eluted 

isocratically. The mobile phase consisted of acetonitrile:0.2% v/v trifluoroacetic acid in the ratio 

40:60  v/v. The system had a flow rate of 0.5mL/min. Both the drugs were eluted within 6 

minutes of run time. The effluents were monitored at the detector wavelength of 220 nm (for 

cyclopamine) and 235 nm (for paclitaxel). The injection volume was 10 µL for each sample. 

2.3.2. Preparation of solutions 

2.3.2.1. Mobile phase 

The aqueous phase, consisting of 0.2% v/v trifluoroacetic acid in water was prepared separately. 

For preparation of the aqueous phase, 2 mL trifluoroacetic acid was mixed with 1000 mL water. 
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The resulting solution was filtered through 0.22 µm Nitrocellulose membrane filters (Millipore, 

Billerica, MA). The solution was then degassed for 5 minutes in a bath sonicator. The aqueous 

and organic phases were separately pumped into the system using quaternary solvent manager 

present in the UPLC system. 

2.3.2.2. Standard solutions 

Standard solutions of cyclopamine as well as paclitaxel were prepared for the purposes of 

running standard curves prior to every experiment. A 100 µg/mL solution of each drug was 

prepared in methanol. This was achieved by dissolving 1 mg of drug in 10 mL methanol in a 

volumetric flask. From this stock solution, 6 standards were prepared using serial dilutions 

having concentrations of 3.125-100 µg/mL. 

2.4. Calculations 

The standard solutions were injected into the UPLC system. Standard curves were obtained by 

plotting the peak heights of the drug peak with the corresponding concentrations. The unknown 

concentrations of drug solutions were determined by interpolating from the equation of the 

standard curve. 

2.5. Results and discussion 

2.5.1. Specificity 

According to The United States Pharmacopeia (USP36-NF31), specificity is the ability of an 

analytical method to access the analyte in presence of other interfering components such as 

excipients, impurities and degradation products. The current UPLC method was tested for 

specificity by comparing the chromatograms obtained by four different injections. Figure 10 (A) 
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shows the representative chromatogram of the solvent without any drug (blank). Figure 10 (B) 

shows the representative chromatogram of the solvent along with cyclopamine. Figure 10 (C) 

shows the representative chromatogram of the solvent with paclitaxel. Figure 10 (D) shows the 

representative chromatogram of the solvent with a combination of cyclopamine and paclitaxel. 

This UPLC method successfully separated the two drugs. Peaks were observed for cyclopamine 

at the retention time of around 1 minute and around 4.9 minutes for paclitaxel. The solvent front 

peak of the mobile phase did not interfere with the detection of either of the drugs. Thus, the 

specificity of this analytical method was confirmed.     
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Figure 10: Representative chromatograms of blank (A), cyclopamine (B), paclitaxel (C) and 

combination of cyclopamine and paclitaxel (D). 

2.5.2. Linearity 

As per the USP linearity is the ability of an analytical procedure to elicit test results that are 

directly proportional to the concentration of the analyte within the given range. In other words, in 

the given UPLC method of detection, linearity refers to the relationship of concentration of drug 

solutions to the response (peak height or peak area). Linearity was tested by injecting standard 

solutions of both the drugs and plotting the calibration curves of peak height against the 

concentration of standards. Linearity for the given concentration range was calculated using the 

slope, y-intercept and Spearman’s rank coefficient (r
2
). The standard curves were found to be 

linear over a concentration range of 3.125-100 µg/mL. A linear equation was obtained which 

provided the relationship between the concentration of analyte (x) and the peak height (y). The 

linear regression equations for cyclopamine and paclitaxel were y = 485.6x – 302.74, r
2
=0.99 
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and y = 1284.7x – 688.6, r
2
=1 respectively. The Spearman’s rank coefficient (r

2
) for both the 

drugs is ≤1 indicating that there is a strong relation between concentration of drug solutions and 

the peak height over the given concentration range. Figure 11 shows the standard curves for 

cyclopamine (A) and paclitaxel (B). 

 

 

Figure 11: Standard curve for cyclopamine (A) and paclitaxel (B) 
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2.5.3. Precision 

According to the USP, precision of an analytical method is the degree of uniformity between 

individual test results based on the multiple samplings of a homogeneous sample. The current 

UPLC method was tested for precision for both the drugs using within day and day to day 

precision. For within day precision, a set of six standard solutions of either of the drugs were 

prepared and injected four times in one day. Day to day precision was performed by injecting a 

set of six standard solutions of either of the drugs five times over a period of two months. The 

degree of precision was determined based on calculating the relative percent standard deviation 

(% RSD) for within day as well as day to day precision.     

Concentration 

(µg/mL) 

Within day Day to day 

Mean peak height %RSD Mean peak height %RSD 

3.125 1802.7 ± 105.0 5.8 1060.2 ± 99.3 9.4 

6.25 4204.0 ± 109.7 2.6 2448.0 ± 243.5 10.0 

12.5 8754.3 ± 43.1 0.5 5131.8 ± 744.6 14.5 

25 18082.3 ± 65.2 0.4 10201.8 ± 1369.0 13.4 

50 35235.8 ± 121.5 0.3 21077.8 ± 3435.7 16.3 

100 66963.5 ± 505.2 0.8 41068.8 ± 7398.3 18.0 

 

Table 1: Within day and day to day precision for the UPLC analysis of cyclopamine 
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Concentration 

(µg/mL) 

Within day Day to day 

Mean peak height %RSD Mean peak height %RSD 

3.125 4494.8 ± 115.5 2.6 3923.4 ± 572.8 14.6 

6.25 9544.5 ± 337.3 3.5 8796.4 ± 1298.1 14.8 

12.5 19030.3 ± 668.3 3.5 17353.0 ± 2274.1 13.1 

25 37586.8 ± 853.5 2.3 34443.0 ± 3566.7 10.4 

50 74262.3 ± 1526.8 2.1 69226.0 ± 6041.3 8.7 

100 145294.5 ± 2414.9 1.7 138364.0 ± 11273.0 8.2 

 

Table 2: Within day and day to day precision for the UPLC analysis of paclitaxel 

2.5.4. Accuracy 

The USP defines accuracy of an analytical procedure as the closeness of the test results obtained 

to the true value. The accuracy for the given UPLC method was investigated for both the drugs 

by injecting three quality control samples having concentrations of 5, 30 and 80µg/mL five times 

along with the standards. Accuracy of the method was determined by the comparing the 

theoretical concentration to the measured concentration using the following formula: 
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Table 3: Accuracy results for UPLC analysis of cyclopamine and paclitaxel 

2.6. Applications of the UPLC method 

2.6.1. Drug entrapment efficiency 

Drug entrapment efficiency of nanoparticles is the ratio of the amount of drugs extracted from 

the formulation to the amount of drugs initially incorporated in the formulation. Briefly, the drug 

entrapment efficiency of GMO-Chitosan nanoparticles was calculated by dispersing the 

nanoparticles in methanol and sonicating them in the water bath for 60 minutes. PLGA 

nanoparticles were dissolved in dichloromethane and later reconstituted with methanol and 

sonicated for 60 minutes on the water bath. In case of both the formulations, the residue was 

centrifuged at 13,000 rpm for 5 minutes. The supernatant was filtered through 0.2 µm syringe 

filter and was analyzed using the UPLC. The drug entrapment efficiency (%w/w) of the 

formulations was determined by using the following formula:  

                            

 
                                             

                                                        
     

 

Theoretical 

concentration 

(µg/mL) 

Cyclopamine Paclitaxel 

Measured 

concentration 

(µg/mL) 

 

Accuracy (%) 

Measured 

concentration 

(µg/mL) 

 

Accuracy (%) 

5 4.2 ± 0.8 77.7 3.7 ± 0.1 74.8 

30 25.1 ± 0.5 88.8 32.2 ± 0.8 106.1 

80 77.5 ± 2.6 95.5 84.5 ± 0.2 105.7 
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2.6.2. In vitro release of cyclopamine and paclitaxel for the nanoparticle formulations  

The in vitro release profile of GMO-Chitosan and PLGA nanoparticles was studied over a period 

of 7 days in water-jacketed side-by-side glass diffusion chambers maintained at 37ºC. The 

chambers were separated by 0.1µm polycarbonate membrane. Phosphate buffer saline (pH=7.4) 

with Tween 80 (0.5% w/v) was used as the release medium. At the start of the experiment, 3 mL 

suspension of nanoparticles prepared in release medium was added to the donor chamber. The 

receiver chamber consisted of 3 mL release medium. At specific time intervals, samples were 

collected by removing the entire 3 mL medium from the receiver chamber and replacing it with 

fresh buffer. The samples were filtered through 0.2µm syringe filters and analyzed using the 

UPLC.  

2.6.3. Cellular uptake of cyclopamine and paclitaxel from the nanoparticle formulations  

The cellular uptake of drug solutions and GMO-Chitosan as well as PLGA nanoparticles was 

studied in DU145 and DU145 TXR cells. The confluent cells were treated with the formulations 

prepared in RPMI-1640 medium. The treatments were removed at specific time intervals (0.5, 1, 

2, 4 and 6 hours). The cells were washed with ice cold phosphate buffer saline three times to 

remove the residual drug content. The cells were then lysed mechanically. From the lysate, 25 

µL was removed and analyzed for the total protein content using BCA protein analysis. The 

lysates were transferred to centrifuge tubes and then subjected to centrifugation at 13,000 rpm 

for 5 minutes. The supernatant was filtered using 0.2µm syringe filters and was analyzed using 

the UPLC for cyclopamine and paclitaxel content. The cellular uptake was reported as mean ± 

S.D of µg of cyclopamine and paclitaxel per mg of protein content (n=3). 
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2.7. Conclusion 

A sensitive and a specific method for simultaneous detection and quantification of cyclopamine 

and paclitaxel using isocratic reverse phase UPLC was developed and validated. The method was 

validated according to the USP standards for specificity, linearity, precision and accuracy. This 

method allowed the detection and quantification of both the drugs up to a concentration of as low 

as 3.12 µg/mL. A fast elution time (6 minutes) enabled lower consumption of organic solvents 

for every run. This method was further used for studies like the determination of entrapment 

efficiencies, in vitro release studies and cellular uptake studies. 
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CHAPTER 3 

Preparation, characterization and in vitro evaluation of cyclopamine and paclitaxel 

loaded GMO-Chitosan and PLGA nanoparticles 
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3.1. Introduction 

Prostate cancer is one of the leading causes of deaths among males. In 2013, there were 238,590 

new cases of prostate cancer and 29,720 was the estimated number of deaths amongst men in the 

United States [1]. For the treatment of cancer it is essential to eliminate the cancer stem cells 

(CSCs) which are responsible for the recurrence of tumors. These CSCs are loaded with efflux 

pumps which drive out the anticancer agents. Thus, it is essential to not only have a first line 

chemotherapeutic agent that kills the cancer cells, but also an agent which can effectively destroy 

the CSCs.  For this purpose, a combinational therapy approach is advisable.  

Cyclopamine, a steroidal alkaloid obtained from ground roots and rhizomes of veratrum 

californicum, is one such agent which is known to disrupt the signaling pathways responsible for 

the growth and differentiation of CSCs. It inhibits the sonic hedgehog pathway which is 

responsible for the growth and proliferation of cancer stem cells.  

Paclitaxel, one of the most commonly used anticancer agents, is a pseudoalkaloid obtained from 

the extract of Pacific Yew tree, Taxus brevifolia. It is a drug having wide spectrum of anticancer 

activity. It is an inhibitor of mitotic spindle formation which causes cell cycle arrest.  

Both the above discussed drugs show poor aqueous solubility. Paclitaxel is marketed 

commercially in a solution form by the trade name of Taxol® by Bristol-Myers Squibb. 

However, the solvent used for this preparation (Cremophor
®

EL) is known to show side effects  

[21]. Thus, it is essential to find an alternative route of delivery for paclitaxel as well as 

cyclopamine. Nanoparticle drug delivery systems seem to be an encouraging option for the 

delivery and targeting of these drugs. It helps in increasing the solubility of poorly soluble drugs 

by decreasing the size and increasing the surface area. Also, effective targeting of the drugs to 
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the tumor cells can be achieved by the use of nanoparticles. The blood vessels supplying blood to 

the tumor tissues have certain anatomical defectiveness such as poor lymphatic drainage. This 

causes the leakage of blood plasma components into the tumor tissue. Similarly, nanoparticles, if 

present in the optimal size range, can leak into the tumor tissues. Slow venous return and poor 

lymphatic clearance of the tumor cells ensures that these particles stay in the vicinity of tumor 

cells for a prolonged time, giving them ample time to show their action. This phenomenon is 

called the enhanced permeability and retention (EPR) effect [49].  

Solid lipid nanoparticles as a carrier for the delivery of anticancer agents have been widely 

studied. This system potentially has the combined advantages of polymeric nanoparticles and fat 

emulsions. Trickler et al developed a solid lipid nanoparticle system consisting of glyceryl 

monooleate and chitosan for the delivery of hydrophobic [50] as well as hydrophilic [51] 

anticancer agents. This system was selected for the co-delivery of cyclopamine and paclitaxel 

targeted towards the treatment of stem cell prostate cancer. However, the blank system (without 

any drugs) showed cytotoxicity in most of the cell lines tested. This necessitated the need to 

develop some other nanoparticle system for drug delivery.  

The Poly (D, L) - Lactic-co-Glycolic Acid (PLGA) system has been widely reported in the 

literature for the delivery of antitumor agents to the cancer cells. Hydrophobic as well as 

hydrophilic drugs can be incorporated in the PLGA polymer matrix with high entrapment. PLGA 

is also known to have excellent biocompatibility and biodegradability properties.   

3.2. Materials: 

Commercial grade cyclopamine was purchased from LC Laboratories (Woburn, MA) and 

paclitaxel was purchased from Tecoland Corporation, US. Glyceryl monooleate and poloxamer 

407 were obtained from Spectrum Chemicals (New Brunswick, NJ). Polyvinyl alcohol (MW: 
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30000-70000) and low molecular weight chitosan (MW: 10000-12000) were purchased from 

Aldrich Chemicals Co. (Milwaukee, WI). PLGA (L:G 50:50, intrinsic viscosity: 0.89 dL/g) was 

purchased from Absorbable Polymers International (Pelham, AL). HPLC grade dichloromethane 

was obtained from Sigma Aldrich (Milwaukee, WI). Optima LC/MS grade acetonitrile, water 

and trifluoroacetic acid were purchased from Fischer Scientific (Fair Lawn, NJ).  

DU145 and DU145 TXR prostate cancer cells were received as a generous gift from Dr. E. T. 

Keller (University of Michigan). Wi26 VA4 cells were obtained from American Type Culture 

Collection (Manassas, VA). RPMI-1640 medium, Modified Eagle Medium (MEM), Dulbecco’s 

Phosphate Buffer Saline (DPBS), Fetal Bovine Serum (FBS) albumin, non-essential amino acids, 

sodium pyruvate, penicillin-streptomycin and glutamic acid were purchased from Invitrogen 

(Carlsbad, CA). 

Mouse blood for hemolysis studies was obtained from Innovative Research Inc., MI. Triton X 

and 0.9 % w/v isotonic aqueous solution were purchased from Sigma (St. Louis, MO) and Ricca 

Chemical Company (Arlington, TX) respectively. MTT reagent ((3-(4,5-Dimethyl-2-thiazolyl)-

2,5-diphenyl-2H-tetrazolium bromide), sodium dodecyl sulphate (SDS) and dimethyl formamide 

(DMF) required for cytotoxicity studies were purchased from Sigma Aldrich (Milwaukee, WI). 

The mounting solution Fluoroshield™ containing DAPI was purchased from Sigma Life 

Sciences (St. Louis, MO). 
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3.3. Methods:  

3.3.1. Formulation of cyclopamine and paclitaxel loaded GMO-Chitosan solid lipid 

nanoparticles 

A 2.4% w/v solution of chitosan was prepared by dissolving 0.3 g chitosan in 12.5 mL of 100 

mM citric acid solution. Glyceryl monooleate (GMO) (5 g) was melted by heating it at 40˚C. 

Cyclopamine (0.073 g or 2.8% w/w) and paclitaxel (0.109 g or 4% w/w) were dissolved in the 

molten GMO. A 2% w/v solution of poloxamer 407 was prepared by dissolving 0.25 g 

poloxamer in 12.5 mL of deionized water.  This surfactant solution was added to the molten 

GMO mixture. This mixture was sonicated at 18 W for 2 minutes (Misonix sonicator 3000, 

Farmingdale, NY) to form the primary emulsion. The 2.4% w/v chitosan solution was then added 

to this primary emulsion. The resultant mixture was again sonicated at 18 W for 2 minutes to 

form the final nanoemulsion. This nanoemulsion was subjected to freeze drying using Millrock 

Technology, Kingston, NY lyophilizer (n=3).     

3.3.2. Formulation of cyclopamine and paclitaxel loaded PLGA nanoparticles 

PLGA (0.22 g) along with cyclopamine (0.041 g or 3.1% w/w) and paclitaxel (0.061 g or 4.6% 

w/w) was dissolved in dichloromethane. A 1% w/v solution of PVA was prepared in water. This 

solution was mixed with the organic phase and sonicated at 30 W for 2 minutes to form a 

primary emulsion (Misonix sonicator 3000, Farmingdale, NY). This emulsion was further 

subjected to one cycle of high pressure homogenization (Microfluidics M110P, Newtown, MA) 

at a pressure of 15,000 psi. The nanoemulsion thus obtained was washed with water and then 

mechanically stirred overnight in order to evaporate out the organic phase before drying. The 
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resultant nanoemulsion, devoid of DCM, was freeze dried using Millrock Technology, Kingston, 

NY lyophilizer. 

3.3.3. Measurement of particle size and zeta potential of nanoparticles 

The particle size (PS) and the zeta potential (ZP) was determined for the nanoemulsions as well 

as nanoparticles using the Brookhaven Zetameter (ZetaPlus, Brookhaven Instruments 

Corporation, Holtsville, NY). The dilutions were optimized before the actual measurement of PS 

and ZP. Ten microliters of nanoemulsion was diluted with 10 mL of deionized water. In case of 

the nanoparticles, 2.5 mg of nanoparticles were suspended in 10 mL of deionized water. For each 

sample, ten readings were recorded and each reading was taken in triplicate (n=3). 

3.3.4. Determination of physical and chemical stability of GMO-Chitosan nanoparticles 

For the physical stability studies, the GMO-Chitosan nanoparticles were stored at room 

temperature (25˚C). The particle size and zeta potential was measured after every 7 days over a 

period of 63 days in the way described above (n=3). 

The chemical stability of GMO-Chitosan nanoparticles in terms of cyclopamine and paclitaxel 

content was studied over a period of 63 days. In this experiment, the effects of change in 

temperature and reconstitution with phosphate buffer were studied over time. A batch of GMO-

Chitosan nanoparticles was prepared and divided into two parts. One part was reconstituted with 

phosphate buffer saline (pH 7.4) and the other part was stored without reconstitution. Each 

portion was further divided into three subparts, one each for three temperature conditions. The 

temperatures selected for this study were 25º, 37º and 40ºC. Samples were prepared in separate 

vials. After every seven days, each sample was analyzed for the content of cyclopamine and 

paclitaxel using the UPLC method previously developed (n=3).    
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3.3.5. Atomic Force Microscopy (AFM) imaging 

Aqueous suspensions of blank as well as drug loaded GMO-Chitosan and PLGA nanoparticles 

were prepared having a concentration of 5 mg/mL. The samples were analyzed on the stand-

alone MultiMode AFM (Veeco Instruments) at the Nanoimaging Core Facility, University of 

Nebraska Medical Center. Height, amplitude and phase images were collected. The images were 

processed using the software called FemtoScan (Advanced Technologies Center, Moscow, 

Russia).    

3.3.6. Thermogravimetric Analysis (TGA) 

The weight loss as a function of temperature for GMO-Chitosan as well as PLGA nanoparticles 

was analyzed by using the technique of thermogravimetric analysis (Shimadzu 

Thermogravimetric Analyzer, TGA 50, Kyoto, Japan). About 3-5 mg of sample was filled into 

aluminum pans and heated from room temperature to 300ºC at a rate of 10ºC using nitrogen 

purge (flow rate of 20 mL/minute). The percent weight loss was analyzed from room 

temperature to 120ºC (n=3).    

3.3.7. Karl Fisher Titrimetry 

The moisture content of blank and drug loaded GMO-Chitosan as well as PLGA nanoparticles 

was determined using Karl Fisher titrimetry. Approximately, 25-50 mg of sample was used for 

analysis and the percent moisture content was determined (n=3). 

3.3.8. Differential Scanning Calorimetry (DSC) 

To determine the physical state of pure drugs (cyclopamine and paclitaxel) in the nanoparticle 

matrix, the technique of differential scanning calorimetry was used. Pure drugs, blank and drug 

loaded GMO-Chitosan as well as PLGA nanoparticles were analyzed using the Differential 

Scanning Calorimeter (Shimadzu, DSC 60, Kyoto, Japan). About 3 to 5mg of each sample was 
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crimped in an aluminum pan, which was treated as the sample pan and was analyzed from room 

temperature to 300ºC at a rate of 10ºC using nitrogen purge (flow rate of 20 mL/minute). A 

separate pan consisting of air crimped in an aluminum pan was treated as the reference pan 

(n=3). 

3.3.9. UPLC analysis 

An UPLC method for simultaneous detection of cyclopamine and paclitaxel was developed and 

validated. Samples were eluted isocratically using a reversed phase Waters Aquity system using 

an Aquity BEH Phenyl column (2.1x100mm, 1.7µm). The mobile phase consisted of 

acetonitrile:0.2% v/v trifluoroacetic acid in the ratio 40:60  v/v with a flow rate of 0.5 mL/min. 

Both the drugs were eluted within 6 minutes of run time. The effluents were monitored at the 

detector wavelength of 220 nm (for cyclopamine) and 235 nm (for paclitaxel).  

3.3.10. Determination of drug entrapment efficiency 

The drug entrapment efficiency of GMO-Chitosan nanoparticles was determined experimentally 

by using 5 mg of nanoparticles and dispersing them in 1 mL methanol. This suspension was 

sonicated on the water bath for 60 minutes, followed by centrifugation at 13,000 rpm for 5 

minutes (AccuSpin
TM

 Micro R). The supernatant obtained after centrifugation was diluted in the 

ratio of 1:4 using methanol, filtered using 0.2 µm syringe filter and analyzed for the drug content 

using the UPLC.  

For the determination of drug entrapment efficiency for PLGA nanoparticles, 3 mg nanoparticles 

were weighed out and dissolved in 1 mL dicholoromethane. After complete dissolution, the 

solvent was evaporated using nitrogen purge. The residue was reconstituted using 1 mL 

methanol. This suspension was sonicated on the water bath for 60 minutes followed by 
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centrifuging it at 13,000 rpm for 5 minutes (AccuSpin
TM

 Micro R). The supernatant was filtered 

using 0.2 µm syringe filter and analyzed for the drug content using the UPLC. 

The percent drug entrapment efficiency was calculated using the following formula:  

Drug entrapment efficiency (% w/w)  

= 
                                           

                                                   
      

3.3.11. In vitro release of cyclopamine and paclitaxel from the formulations  

The in vitro drug release profiles from GMO-Chitosan and PLGA nanoparticles were determined 

by measuring the percent cumulative release of the drugs in the release medium with time. The 

study was carried out in 3 mL side-by-side water jacketed glass diffusion chambers (PermeGear 

Inc., Hellertown, PA) which were maintained at 37ºC over a period of seven days. The donor and 

the receiver compartments were separated by 0.1 µm polycarbonate membrane (MWCO: 

2,000D, Spectra/Por
®

 Dialysis Membrane). The release medium used for the experiment was 

phosphate buffer saline (pH 7.4) with 0.5% w/v of Tween 80. About 80 mg of GMO-Chitosan 

nanoparticles and 110 mg of PLGA nanoparticles were dispersed in 3 mL of phosphate buffer 

saline and added to the donor compartment at time zero. The receiver compartment was filled 

with 3 mL of release medium. The samples were collected at regular time intervals by removing 

the entire volume from the receiver compartment and replacing it with equal volume of fresh 

phosphate buffer to maintain the sink conditions. The samples were analyzed for cyclopamine 

and paclitaxel content using the UPLC (n=3). 
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3.3.12. MTT toxicity assay 

The cellular toxicity of cyclopamine and paclitaxel drug solutions, GMO-Chitosan and PLGA 

nanoparticles was determined using the MTT toxicity assay. The cell lines used for this study 

included DU145, DU145 TXR and Wi26 A4. The growth medium used for DU145 cells was 

RPMI-1640. The medium for DU145 TXR was RPMI-1640 supplemented with 10 nM 

paclitaxel. Modified Eagle Medium (MEM) was used for Wi26 VA4 cells. All the three media 

were supplemented with 20% v/v fetal bovine serum (FBS), 10%  v/v L-glutamine, 10%  v/v 

non-essential amino acids, 10%  v/v penicillin streptomycin solution and 10% sodium pyruvate. 

On day one of the experiment, the cells were split and plated in 96 well plates (100 µL of cell 

suspension) having the seeding densities of 2.88X10
7
 for DU145, 8.75X10

6
 for DU145 TXR and 

2.05X10
7
 for Wi26 VA4. After plating, the cells were incubated in a humidified chamber at 37ºC 

in an atmosphere of 5% CO2. 

On day two of the experiment, i.e. after 24 hours of plating, seven different concentrations of 

treatment solutions consisting of cyclopamine-paclitaxel drug solutions, vehicle control, blank 

and drug loaded GMO-Chitosan as well as PLGA nanoparticles were prepared. The volume of 

treatment used was 100 µL. All the plates were incubated for 4 hours. After the incubation 

period, the treatment along with the media was removed from each well and was replaced with 

fresh media (200 µL). The plates were incubated overnight. After the incubation period of 24, 48 

and 72 hours, the cells were treated with 30 µL of MTT solution (5 mg/mL) prepared in PBS. 

Again the plates were incubated for 4 hours. After 4 hours, the treatment was removed and the 

cells were treated with a solution of 20 % w/v SDS solution: dimethylformamide in the ratio of 

1: 1. All the plates were kept on the incubator-shaker (MaxQ 4450, Thermo Scientific) for 45 
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minutes at 37ºC and were then analyzed on the micro plate reader (Multiskan MCC) at 540 nm.  

All the studies were performed in triplicate.    

3.3.13. Hemolysis assay 

Red blood cells (RBCs) were isolated from the whole blood of CD-1 mouse by centrifuging it at 

1000 rpm for 5 minutes (Sorvall
®

 Legend RT). The supernatant serum fraction was discarded. 

The volume was made up to the initial volume of the whole blood using 0.9 % w/v normal 

saline. The blood sample was centrifuged for 4-6 times until a clear supernatant was obtained. 

After the last cycle, the RBCs were diluted 1:10 with normal saline. This RBC solution (200 µL) 

was tested for hemolysis for drug solutions, vehicle, blank and drug loaded GMO-Chitosan as 

well as PLGA nanoparticles. The volume of treatment used was 20 µL/800 µL of normal saline. 

A 1% v/v solution of Triton-X in normal saline was used as a positive control whereas 0.9% w/v 

saline solution was used as a negative control. The treated RBCs were placed on the incubator-

shaker for 1 hour. After the incubation period, the samples were centrifuged at 13,000 rpm for 5 

minutes on the microcentrifuge (AccuSpin
TM

 Micro R). The supernatant was collected and was 

analyzed on the micro-plate reader (Multiskan MCC) at 404 nm and 540 nm using normal saline 

as blank (n=3).  

The percent hemolysis was calculated using the following formula:  

                                   

                               
      

The percent hemolysis was calculated as a mean of two wavelengths.  
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3.3.14. Determination of cellular uptake from the nanoparticle formulations 

Cellular uptake of GMO-Chitosan and PLGA nanoparticles with respect to cyclopamine and 

paclitaxel drug solutions was studies using DU145 and DU145 TXR cell lines. These cells were 

cultured in 6-well cell culture plates (Thermo Scientific Nunc
TM

) at a seeding density of 

2.88X10
7
 for DU145 and 8.75X10

6
 for DU145 TXR cells. The cells were plated and incubated at 

37ºC until they were confluent. A stock solution of cyclopamine and paclitaxel was prepared in 

RPMI-1640 medium using DMSO as the solvent. Suspensions of GMO-Chitosan and PLGA 

nanoparticles containing equivalent content of drugs were prepared in RPMI-1640 medium. The 

confluent cells were treated with 2 mL of treatments prepared in the medium. After specified 

time intervals (0.5, 1, 2, 4 and 6 hours), the treatment was removed. The cells were washed three 

times with ice cold phosphate buffer saline to remove the residual treatment. The cells were then 

lysed using mechanical scrapper. The lysates were collected in 2 mL micro-centrifuge tubes and 

were homogenized using probe sonication. The homogenized lysates (20 µL) were analyzed for 

total protein content using Pierce BCA protein assay (Pierce, Rockford, IL).  The remaining 

lysate was centrifuged at 13,000 rpm for 5 minutes (AccuSpin
TM

 Micro R). The supernatant was 

filtered through 0.2 µm syringe filter and analyzed using UPLC for cyclopamine and paclitaxel 

content. The cellular uptake was reported as mean±SD of cyclopamine and paclitaxel content per 

mg of total cellular protein (n=3).  

3.3.15. Sub-cellular localization studies  

The sub-cellular localization of PLGA nanoparticles tagged with a fluorescent marker 

(Rhodamine 6G) was studied in DU145 and DU145 TXR cells. In brief, PLGA nanoparticles 

loaded with Rhodamine 6G were prepared and evaluated for particle size. The DU145 and 
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DU145 TXR cells were plated on BD Falcon 8-chamber slides at a seeding density of 

approximately 2.88X10
7
 and 8.75X10

6
 respectively. The cells were incubated for 36 hours in a 

humidifying chamber at 37ºC. After 24 hours, the old media from the plates was replaced by 300 

µL of treatment solution. The treatment solution consisted of PLGA-Rhodamine nanoparticles 

suspended in RPMI-1640 media along with lysotracker green. The nanoparticle concentration 

was same as that used in the uptake studies. The cells were treated for 2.5 and 5 minutes. The 

treatment was removed and the cells were washed three times with ice cold DPBS and fixed with 

1% v/v paraformaldehyde. After 10 minutes of incubation, the fixing agent was removed and the 

cells were washed once with ice cold DPBS. The chamber partitions were removed and the cells 

were stained with mounting solution Fluoroshield™ (Sigma Life Sciences, St. Louis, MO) 

containing DAPI and sealed with coverslips. The slides were viewed under a Leica TCS SP8 

multi-photon confocal microscope at the Integrated Biomedical Imaging Core Facility, Creighton 

University.    

3.3.16. Statistical data analysis 

The experimental data was statistically analyzed using a two tailed, unpaired equal variance 

Student’s t-test. The differences were termed statistically significant at p<0.05. Grubbs’ test was 

used to determine and eliminate the outliers.  

3.4. Results 

3.4.1. Particle size and zeta potential of nanoemulsions 

The particle size and zeta potential measurements were performed on blank and cyclopamine and 

paclitaxel loaded nanoemulsions. The data represents the average of three samples. 
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Nanoemulsion type 

Blank Drug loaded 

PS (nm) ZP (mV) PS (nm) ZP (mV) 

GMO-Chitosan system 203.4 ± 21.7 5.9 ± 3.5 219.4 ± 27.8 3.3 ± 1.3 

PLGA-PVA system 140.8 ± 5.2 -1.3 ± 0.7 221.0 ± 7.5 0.7 ± 0.4 

 

Table 4: Particle size (PS) and zeta potential (ZP) of blank and drug loaded nanoemulsions 

(mean±S.D; n=3). 

There was no significant difference observed in the in the particle size and zeta potential of blank 

and drug loaded GMO-Chitosan nanoemulsions.  

3.4.2. Particle size and zeta potential of nanoparticles  

The particle size and zeta potential measurements were also performed on blank and 

cyclopamine and paclitaxel loaded nanoparticles. The data represents the average of three 

samples. 

Nanoparticles type 

Blank Drug loaded 

PS (nm) ZP (mV) PS (nm) ZP (mV) 

GMO-Chitosan system 233.3 ± 22.4 12.5 ± 1.2 278.4 ± 16.4 10.1 ± 1.4 

PLGA-PVA system 201.1 ± 3.9 -8.0 ± 0.7 234.5 ± 6.8 -0.9 ± 0.5 

 

Table 5: Particle size (PS) and zeta potential (ZP) of blank and drug loaded nanoparticles 

(mean±S.D; n=3) 
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Both the types of nanoparticles were observed to be in the desired particle size range. There was 

a significant difference (p<0.05) in the zeta potential of GMO-Chitosan and PLGA nanoparticles.  

3.4.3. Physical stability of GMO-Chitosan nanoparticles  

The physical stability of GMO-Chitosan nanoparticles in terms of particles size and zeta 

potential was monitored over a period of 2 months. The stability data is presented in Figure 12 

and Figure 13. GMO-Chitosan nanoparticles were found to be stable for 2 months. There was no 

significant increase observed in the particle size and zeta potential in case of blank as well as 

drug loaded nanoparticles.  

 

Figure 12: Particle size of blank and drug loaded GMO-Chitosan nanoparticles over a period of 

2 months 
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Figure 13:  Zeta potential of blank and drug loaded GMO-Chitosan nanoparticles over a period 

of 2 months 

3.4.4. Chemical stability of GMO-Chitosan nanoparticles  

The chemical stability of GMO-Chitosan nanoparticles in terms of cyclopamine and paclitaxel 

content was studied over a period of 2 months. The stability data is presented in Figure 14-17. 

Paclitaxel content was found to be stable whereas the content of cyclopamine decreased over 2 

months in all the three temperature conditions.  
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Figure 14: Cyclopamine stability from dry nanoparticles at three different temperature 

conditions  

 

Figure 15: Cyclopamine stability from nanoparticles reconstituted in phosphate buffer at three 

different temperature conditions 
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Figure 16: Paclitaxel stability from dry nanoparticles at three different temperature conditions  

 

Figure 17: Paclitaxel stability from nanoparticles reconstituted with phosphate buffer at three 

different temperature conditions  
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3.4.5. Atomic force microscopy (AFM)  

The morphology of GMO-Chitosan and PLGA blank as well as drug loaded nanoparticles was 

studied using atomic force microscopy. GMO-Chitosan drug loaded nanoparticles (Figure 18-B) 

were found to be spherical in shape and fairly monodispersed, whereas the blank nanoparticles 

(Figure 18-A) showed wide size distribution with some aggregates. PLGA blank (Figure 18-C) 

as well as drug loaded nanoparticles (Figure 18-D) were spherical in shape and showed uniform 

size distribution. However, some crystal like structures were observed in the drug loaded PLGA 

nanoparticles. 

Figure 18: Atomic force microscopy images of A) GMO-Chitosan blank nanoparticles, B) 

GMO-Chitosan drug loaded nanoparticles, C) PLGA blank nanoparticles and D) PLGA drug 

loaded nanoparticles 
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3.4.6. Thermogravimetric analysis (TGA) 

The TGA thermograms of GMO-Chitosan blank and drug loaded nanoparticles and PLGA blank 

and drug loaded nanoparticles are shown in Figure 21 and 22. The weight loss observed in 

GMO-Chitosan blank and drug loaded nanoparticles was in the range of 1-5 % w/w when heated 

from room temperature to 120ºC.  

 

Figure 19: An overlay of TGA thermograms for blank and drug loaded GMO-Chitosan 

nanoparticles 

In case of PLGA blank and drug loaded nanoparticles, the weight loss was found to be in the 

range of 5-9 % w/w. 
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Figure 20: An overlay of TGA thermograms for blank and drug loaded PLGA nanoparticles 

3.4.7. Karl Fisher titrimetry 

Table 6 represents the percentage moisture content in various formulation determined by the 

technique of Karl Fisher titrimetry. The moisture content of PLGA blank as well as drug loaded 

nanoparticles was found to be significantly (p<0.05) higher than the GMO-Chitosan blank and 

drug loaded nanoparticles. 

 

GMO-Chitosan nanoparticles PLGA nanoparticles 

Blank Drug loaded Blank Drug loaded 

%  w/w moisture content 1.71 ± 0.23 2.74 ± 0.29 8.50 ± 0.61 9.58 ± 1.64 

 

Table 6: Moisture content (%w/w) for GMO-Chitosan and PLGA blank and drug loaded 

nanoparticles calculated by Karl Fisher titrimetry (n=3). 
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3.4.8. Differential scanning calorimetry (DSC) analysis 

An overlay of DSC thermograms for cyclopamine and paclitaxel (pure drugs) and blank as well 

as drug loaded GMO-Chitosan nanoparticles is represented in Figure 19. Cyclopamine showed a 

sharp endothermic melting peak at around 240ºC whereas paclitaxel showed the melting peak at 

around 222ºC. These values corresponded to the ones reported in the literature. No drug melting 

peaks were observed in the drug loaded GMO-Chitosan nanoparticles.  

 

Figure 21: An overlay plot of DSC thermograms for cyclopamine and paclitaxel (pure drugs) 

and blank and drug loaded GMO-Chitosan nanoparticles 

In case of PLGA nanoparticles, similar results were seen (Figure 20). No endothermic melting 

peaks for pure drugs were observed in the drug loaded nanoparticles.  
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Figure 22: An overlay plot of DSC thermograms for cyclopamine and paclitaxel (pure drugs) 

and blank and drug loaded PLGA nanoparticles 

3.4.9. Drug entrapment efficiency 

The entrapment efficiencies for cyclopamine and paclitaxel in GMO-Chitosan and PLGA 

nanoparticles were determined by using the UPLC as represented in Table 7. There was a 

significant difference in the entrapment of cyclopamine in GMO-Chitosan and PLGA 

nanoparticles. No such difference was observed in case of entrapment of paclitaxel.  
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Formulation 
Entrapment efficiencies (% w/w) 

Cyclopamine Paclitaxel 

GMO-Chitosan nanoparticles 83.6 ± 3.9 88.8 ± 4.3 

PLGA nanoparticles 55.3 ± 0.5 86.4 ± 0.9 

 

Table 7: Entrapment efficiencies for cyclopamine and paclitaxel in GMO-Chitosan and PLGA 

nanoparticles (n=3). 

3.4.10. In vitro release of cyclopamine and paclitaxel  

The release of cyclopamine and paclitaxel from GMO-Chitosan and PLGA nanoparticles was 

studied over a period of seven days. Figure 23 (A), (B) represents the in vitro release profiles of 

cyclopamine and paclitaxel from both the nanoparticulate systems.  
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Figure 23: In vitro release of cyclopamine (A) and paclitaxel (B) from GMO-Chitosan and 

PLGA nanoparticles 

The in vitro release of cyclopamine from GMO-Chitosan and PLGA nanoparticles plotted as % 

cumulative release over time is shown in Figure 23 (A). Cyclopamine release from GMO-

Chitosan nanoparticles was found to be significantly higher than the release from PLGA 

nanoparticles. The release pattern was different in both the formulations. There was an initial lag 

period seen in case of PLGA nanoparticles. The in vitro release of paclitaxel in GMO-Chitosan 

and PLGA nanoparticles is shown in Figure 23 (B). An initial lag was also seen in the release of 

paclitaxel form PLGA nanoparticles. The release of cyclopamine was found to be significantly 

higher than paclitaxel in GMO-Chitosan nanoparticles.    
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3.4.11. MTT cytotoxicity assay 

The percentage survival of DU145, DU145 TXR and Wi26 VA4 cells on treatment with 

cyclopamine-paclitaxel free drug solutions, blank and drug loaded GMO-Chitosan as well as 

PLGA nanoparticles is depicted in figures 24 to 26. 

Figure 24 represents the plot of percent survival of DU145 cells against increasing paclitaxel 

concentration after 24 and 72 hours of treatment.  
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Figure 24: Cytotoxicity profile of free cyclopamine-paclitaxel solution, blank and drug loaded 

GMO-Chitosan and PLGA nanoparticles after 24 hours (A) and 72 hours (B) of treatment in 

DU145 cells 

After 24 hours of treatment, blank and drug loaded PLGA nanoparticles showed minimum cell 

death. Only 30% cell survival was observed in the cells treated with drug solution, blank and 

drug loaded GMO-Chitosan nanoparticles at the paclitaxel concentration of 100 µM. 

After 72 hours of treatment, there was not a significant difference observed in the LD50 of blank 

and drug loaded GMO-Chitosan nanoparticles. A significant (p<0.05) difference was observed in 

the LD50 of blank and drug loaded PLGA nanoparticles suggesting that blank PLGA 

nanoparticles are relatively non-toxic at the concentration of 100 µM whereas blank GMO-

Chitosan nanoparticles are not. The LD50 of drug loaded PLGA nanoparticles was found to lower 

than that of free cyclopamine-paclitaxel solution and drug loaded GMO-Chitosan nanoparticles 
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indicating that PLGA nanoparticles are more cytotoxic after 72 hours of treatment in DU145 

cells.  

Figure 25 represents the plot of percent survival of DU145 TXR cells against increasing 

paclitaxel concentration after 24 and 72 hours of treatment.  
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Figure 25: Cytotoxicity profile of free cyclopamine-paclitaxel solution, blank and drug loaded 

GMO-Chitosan and PLGA nanoparticles after 24 hours (A) and 72 hours (B) of treatment in 

DU145 TXR cells 

Similar results were observed in DU145 TXR cells. A significant (p<0.05) difference was 

observed in the cytotoxicities of GMO-Chitosan and PLGA nanoparticles after 24 hours of 

treatment at the concentration tested. 

However, there was no significant difference observed in the LD50 values of drug solution, 

GMO-Chitosan blank as well as drug loaded and PLGA drug loaded nanoparticles after 72 hours 

of treatment. Blank GMO-Chitosan nanoparticles were found to be equally cytotoxic as drug 

loaded ones. Blank PLGA nanoparticles showed minimum cytotoxicity. All the five treatments 

showed greater LD50 values for DU145 TXR cells indicating the higher tolerance of these cells 

towards all the treatments.   
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Figure 26: Cytotoxicity profile of free cyclopamine-paclitaxel solution, blank and drug loaded 

GMO-Chitosan and PLGA nanoparticles after 24 hours (A) and 72 hours (B) of treatment in 

Wi26 VA4 cells 

In the normal Wi26 VA4 cells, the LD50 for drug solution, blank and drug loaded GMO-Chitosan 

nanoparticles was found to be less than the blank and drug loaded PLGA nanoparticles  

indicating that the PLGA nanoparticles are not cytotoxic to the normal cells after 24 hours of 

treatment.  

After 72 hours of treatment, the LD50 values for drug loaded GMO-Chitosan and PLGA 

nanoparticles were found to be similar. 
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3.4.12. Hemolysis assay 

Hemolysis assay was performed on various treatments and the results are shown in Figure 27. It 

was observed that blank and drug loaded GMO-Chitosan nanoparticles showed higher percent 

hemolysis than the other treatments. 

 

Figure 27: Mean percent hemolysis of drug solutions, blank and drug loaded GMO-Chitosan 

and PLGA nanoparticles 

3.4.13. Cellular uptake of cyclopamine and paclitaxel  

The in vitro cellular uptake of cyclopamine and paclitaxel from drug solutions as well as 

nanoparticle formulations is represented in the figures 28 and 29.  
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Figure 28: Cellular uptake of cyclopamine (A) and paclitaxel (B) from drug solutions as well as 

nanoparticle formulations in DU145 cells (*: values exceeding the scale limits) 

Figures 28 (A) and (B) represent the cellular uptake of cyclopamine and paclitaxel from drug 

solutions as well as nanoparticle formulations in DU145 cells. The cellular uptake of 

cyclopamine in the solution form as well as in PLGA nanoparticles was found to be 

progressively increasing with time. PLGA nanoparticles showed peak uptake after 4 hours of 
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treatment in DU145 cells. The BCA protein analysis showed that the cells which were treated 

with GMO-Chitosan nanoparticles showed low protein content after 2 hours of treatment 

indicating cell lysis. 

Paclitaxel uptake showed no particular trend with time in DU145 cells. The uptake of paclitaxel 

in the solution form was significantly (p<0.05) higher than in the PLGA nanoparticles. 

Similar trend of uptake was observed in DU145 TXR cells (Figures 29 (A) and 29 (B)). 

Cyclopamine in solution form as well as in PLGA nanoparticles showed a progressive increase 

in uptake with time. GMO-Chitosan nanoparticles were found to lyse the cells after 2 hours of 

treatment. 

Paclitaxel showed a consistent uptake throughout the duration of the experiment in the solution 

form as well as in PLGA nanoparticles.    
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Figure 29: Cellular uptake of cyclopamine (A) and paclitaxel (B) from drug solutions as well as 

nanoparticle formulations in DU145 TXR cells (*: values exceeding the scale limits) 
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3.4.14. Sub-cellular localization studies 

 

Figure 30: Localization of PLGA nanoparticles in DU145 cells after 2.5 minutes (A) and 5 

minutes (B) and in DU145 TXR cells after 2.5 minutes (C) and 5 minutes (D) of treatment 

DU145 and DU145 TXR cells were studied for the localization of PLGA nanoparticles tagged 

with Rhodamine 6G. The cells were treated with the nanoparticles for 2.5 and 5 minutes. The 

A  B 

C  D  
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images are depicted in Figure 30. The particle size of the nanoparticles was found to be 

205.8±6.5 nm. The nuclei appeared blue in color due to DAPI. The lysosomes, which were 

located around the nuclei were stained green by Lysotracker Green. Rhodamine 6G stained the 

nanoparticles red in color. In both the cell lines, the nanoparticles appeared to start the process of 

internalization after 2.5 minutes. By the end of 5 minutes, the nanoparticles were completely 

taken up by the cells.    

3.5. Discussion 

3.5.1. Formulation of delivery system 

An oil-in-water (o/w) nanoemulsion containing two anticancer drugs (cyclopamine and 

paclitaxel) was prepared by multiple emulsion-solvent evaporation method. Glyceryl monooleate 

(GMO) was used as the lipid core and chitosan formed the coating material. The method of 

preparation was a modification of a method earlier reported by Trickler et al [50]. Both the 

hydrophobic drugs were dissolved in the molten GMO phase. A 2% w/v solution of poloxamer 

407, used as the stabilizer, was added to the lipid phase. It was then subjected to ultasonication to 

form the primary emulsion. A 2.4% w/v solution of chitosan was added to the primary emulsion 

followed by another cycle of ultrasonication to give the final nanoemulsion. The particle size and 

zeta potential of the nanoemulsion was determined before it was subjected to freeze drying to 

form nanoparticles.  

The blank GMO-Chitosan solid lipid nanoparticles showed cytotoxicity in some of the cell lines 

tested. This necessitated the need to develop an alternate nanoparticulate system for the delivery 

of cyclopamine and paclitaxel. The poly lactic-co-glycolic acid (PLGA) system has proved to be 

an important and useful delivery system in terms of reducing the toxicity, increasing the 



67 
 

therapeutic efficacy and stability of drugs and efficient targeting towards the tumor cells [52]. 

For the preparation of drug loaded PLGA nanoparticles, a single emulsion followed by solvent 

evaporation method previously described by Dong et al was used with some modifications [53]. 

Both the hydrophobic drugs along with PLGA were dissolved in dichloromethane. After 

complete dissolution, a 1% w/v solution of PVA was added to it. The PVA solution acts as the 

stabilizer. This mixture was ultrasonicated followed by high pressure homogenization. Particle 

size and zeta potential measurements were performed on the nanoemulsion before as well as 

after freeze drying.  

3.5.2. Particle size and morphology of GMO-Chitosan and PLGA nanoparticles 

There was no significant difference observed in the particle size of drug loaded GMO-Chitosan 

and PLGA nanoparticles. There was an increase in the particle size of GMO-Chitosan 

nanoparticles stabilized by poloxamer after freeze drying. Similar results have been reported in 

the literature. Nanoparticles stabilized using poloxamers are known to show an increase in 

particle size after freeze drying. The solubility of poloxamer is higher in cold water than in hot 

water. The aggregation of nanoparticles can be explained by the increase in the solubility of 

poloxamer during the lyophilization process. During freeze drying, as the temperature of the 

system decreases, there is an increase in the hydration of shell of poly (oxyethylene) and poly 

(oxypropylene) blocks. This results in breaking of the surface-attached chains and the later 

remains in the bulk solution. This causes the aggregation and thereby an increase in the particle 

size [54].  

On the other hand, there was no significant increase in the particle size after freeze drying in case 

of PLGA-PVA nanoparticles. Generally, PVA forms a polymer layer around the core which 
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tends to stabilize the nanoparticles by improving their freezing resistance. There are many 

published reports about the preparation of PLGA nanoparticles stabilized by PVA without the 

use of cryoprotectants [55], [56].  

The atomic force microscopic images revealed that both GMO-Chitosan as well as PLGA 

nanoparticles were spherical in shape. Similar findings were reported by others which confirms 

the smooth, spherical structures having varying size distribution with chitosan-modified lipid 

based systems [51], [57]. 

3.5.3. Zeta potential of nanoparticles 

The surface charges on the nanoparticles play an important role in targeting them to the desired 

site of action. Positively charged particles have been reported to show better internalization in 

cancer cells as compared to the negative ones [58]. Whereas on the other hand, negatively 

charged particles prolong the circulation time in the blood stream [59]. Chitosan is a naturally 

occurring cationic polysaccharide formed by the N-deacylation of chitin [60]. This imparts a 

slight positive charge to the GMO-Chitosan nanoparticles. PLGA polymer is known to have a 

high negative surface charge. However, presence of PVA as a stabilizer lowers the negative 

charge as it shields the surface charge of PLGA and brings it close to zero [61].  

3.5.4. Physical and chemical stability of GMO-Chitosan nanoparticles 

The GMO-Chitosan nanoparticles were studied for their stability over time. Physical stability 

studies comprised of measuring the particles size and zeta potential over a period of two months. 

Whereas, in the chemical stability studies drug content was assessed over time. Physical stability 

studies revealed that the particle size for both blank as well as drug loaded nanoparticles did not 

show a significant change over time at room temperature. The zeta potential was fairly constant 
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(+2 to +7 mV) throughout the course of the experiment suggesting that nanoparticles are 

physically stable over a period of two months. Retention of particle size is generally expected in 

case of solid lipid nanoparticles. The reason behind this is that freeze drying converts the liquid 

nanoemulsion into solid nanoparticles, thereby ensuring that there is no Ostwald ripening, which 

generally is the cause for physical instabilities in nanosystems [31].  

The chemical stability studies performed by assessing the drug content showed that paclitaxel 

remained fairly stable and showed minimum (approximately 25% w/w) degradation over the 

period of two months. However, this was not the case with cyclopamine. The nanoparticles 

showed a progressive loss in the content (approximately 59% w/w) of cyclopamine in the form 

of degradation over time. The decrease in the content of cyclopamine may be due to the 

precipitation of the drug out of the nanosystem. Similar results were reported by H. Cho et al 

[62]. In most cases, samples stored at 40ºC showed more degradation than those stored at 25º and 

37ºC as expected. Increase in temperature can increase the kinetic energy of the reactants Due to 

this high kinetic energy, the molecules tend to collide with each other more frequently leading to 

the degradation of the system [63].   

3.5.5. UPLC analysis 

The UPLC method was developed and validated for the simultaneous detection of cyclopamine 

and paclitaxel. The retention time for cyclopamine was 1 minute and paclitaxel was 4.9 minutes, 

respectively. The total run time of the method was 6 minutes. Thus an efficient method was 

developed for detection and quantification which used low volumes of organic solvents.  
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3.5.6. Thermal analysis and moisture content 

The DSC thermograms showed endothermic melting peaks of both cyclopamine and paclitaxel at 

221.71ºC and 239.63ºC, respectively. These values corresponded to the melting point values for 

these drugs published in the literature [14], [64]. Melting peaks were not observed for either of 

the drugs in GMO-Chitosan or in PLGA nanoparticles suggesting that the drugs encapsulated in 

the nanoparticles are in amorphous, disordered-crystalline or in solid-state solubilized form in 

the polymer matrix. The physical sate of drugs in the nanoparticles affects the in vitro release 

patterns. If the drugs are present in an amorphous or non-crystalline form, they can diffuse 

through the polymer matrix faster as compared to their crystalline counterpart [65]. In the DSC 

thermogram of blank as well as drug loaded GMO-Chitosan nanoparticles, an endothermic peak 

was observed at around 37ºC which may represent the melting of glyceryl monooleate [27].  

The thermogravimetric analysis (TGA) was performed to determine the weight loss in the 

formulations as a function of temperature. A 1-4 % w/w weight loss was observed in GMO-

Chitosan blank and drug loaded nanoparticles, whereas PLGA nanoparticles showed a weight 

loss of 5-9 % w/w. This was followed by determination of moisture content by Karl Fisher 

titration. GMO-Chitosan nanoparticles were found to have 1-3 % w/w of moisture. The moisture 

content of PLGA nanoparticles was in the range of 8-10 % w/w. The higher moisture content in 

PLGA nanoparticles could probably be due to the presence of poly glycolic acid (PGA) moiety 

of PLGA. PGA has oxygen and hydroxyl groups which contribute to hydrogen bonding leading 

to higher moisture content. 
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3.5.7. In vitro release studies 

In vitro release studies were performed on GMO-Chitosan as well as PLGA nanoparticles at 

37ºC over a period of seven days. These studies were carried out using phosphate buffer (pH 7.4) 

with 0.5% w/v of Tween 80 as a surfactant. Tween 80 was used in order to maintain the sink 

conditions [66]. Several factors such as physicochemical properties of entrapped drugs, nature of 

the core, strength of the interactions between the drugs and the core materials play an important 

role in governing the drug release pattern from a delivery system [11]. In spite of cyclopamine 

having higher log P value, the release of cyclopamine was found to be higher than paclitaxel in 

both types of nanoparticles. Similar results were reported by H. Cho et al [62]. These results can 

be correlated to the stability data for cyclopamine. The relative rapid release of cyclopamine as 

compared to paclitaxel could possibly be because of the greater equilibrium solubility of 

cyclopamine in the release media than paclitaxel. Another possible reason for these results could 

be the higher affinity of paclitaxel towards both the polymeric systems over cyclopamine. This 

might have led to slower release of paclitaxel as compared to cyclopamine.  

In GMO-Chitosan nanoparticles, cyclopamine showed a burst release within the first 24 hours of 

the experiment. This was followed by a sustained release for the next 6 days. Cyclopamine 

showed lower entrapment than paclitaxel in GMO-Chitosan nanoparticles. The drug which is not 

entrapped within the nanoparticles might possibly be adsorbed on the chitosan layer. Since 

chitosan is hydrophilic in nature, it might be preventing the hydrophobic cyclopamine from 

excessive surface binding leading to rapid initial burst release. Another possible explanation for 

rapid burst release could be the tendency of chitosan to swell in aqueous media leading to 

increased water penetration in the system [50].  
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In PLGA nanoparticles, cyclopamine had an initial lag phase for the first 24 hours which was 

followed by a sustained release. Paclitaxel had a higher release from PLGA nanoparticles than in 

GMO-Chitosan nanoparticles. One possible reason for this slow release from GMO-Chitosan 

nanoparticles could be the high affinity of paclitaxel for the lipophilic core consisting of GMO. 

This may retard the overall release of paclitaxel in the aqueous media. In the PLGA 

nanoparticles, an initial lag phase followed by a sustained release was observed for paclitaxel.     

3.5.8. In vitro cellular toxicity and hemolysis assay 

MTT assay was performed on prostate cancer (DU145 and DU145 TXR) and normal human 

(Wi26 VA4) cells to assess the in vitro cytotoxicity of cyclopamine-paclitaxel drug solutions, 

blank as well as drug loaded GMO-Chitosan and PLGA nanoparticles. The DU145 TXR cells 

had a sub population of cancer stem cells. 

Blank GMO-Chitosan nanoparticles were found to be as cytotoxic as the drug loaded ones in all 

the three cell lines tested. So, either the lipid core (GMO) or the coating polymer (chitosan) was 

responsible for the cell death. Generally, GMO is considered to be a safe excipient. However, 

cationic lipids have been reported to show toxicity in various cell lines [67], [68]. Cytotoxic 

effects of chitosan have been studied previously. Qi et al examined the effects of chitosan 

nanoparticles on BEL7402 tumor cells. They observed that after 72 hours of treatment with 

chitosan nanoparticles, almost no viable cells were detected. Chitosan induced some 

morphological alterations such as shrinkage and disruption of plasma membrane in the cells 

leading to the necrotic cell death. The possible mechanism/s proposed for this in vitro antitumor 

activity of chitosan could be by decreasing the negative surface charge and mitochondrial 

membrane potential of the cells, disruption of lipid composition of the cell membrane, induction 
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of lipid peroxidation and DNA fragmentation [69]. Similar reports on chitosan toxicity can be 

found in the literature [70], [71].  

No such cytotoxic effects were observed with blank PLGA nanoparticles on either of the cell 

lines. After 24 hours of treatment, drug loaded PLGA nanoparticles showed less toxicity than 

drug solutions and GMO-Chitosan nanoparticles in normal human cells (Wi26 A4) proving its 

specificity towards cancer cells.  

Hemolysis assay was performed on drug solutions, GMO-Chitosan and PLGA nanoparticles. No 

hemolysis was observed in blood samples treated with nanoparticle suspensions of both kinds. 

This study ensured that the formulations were safe for intravenous administration. 

3.5.9. Cellular uptake and sub-cellular localization 

The cellular uptake of GMO-Chitosan and PLGA nanoparticles versus drug solutions was 

studied in DU145 and DU145 TXR prostate cancer cells. When observed under the optical 

microscope, the cells (DU145 as well as DU145 TXR) which were treated with GMO-Chitosan 

nanoparticles started to show lysis in the form of disruption of cell membrane after 2 hours of 

treatment. These observations were supported by low protein content values obtained after BCA 

protein analysis.  

Cyclopamine in solution form as well as in PLGA nanoparticles showed higher uptake than 

paclitaxel. Also, the uptake of cyclopamine went on increasing with time, with peaks observed at 

6 and 4 hours respectively in both the cell lines. No such trend was observed with paclitaxel. 

These results can be correlated to the in vitro release studies. Cyclopamine showed higher 

release than paclitaxel in both the formulations over a period of seven days. This could explain 
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the progressive increase and higher uptake of cyclopamine over time in comparison to paclitaxel 

in both the cell lines tested.  

Sub-cellular localization studies on DU145 and DU145 TXR cells were performed with PLGA 

nanoparticles containing Rhodamine 6G as a marker. It was observed that at the end of 2.5 

minutes of treatment, the nanoparticles had accumulated in most of the cytoplasm of both the cell 

lines. By the end of 5 minutes, all of the nanoparticles had been internalized. There have been 

published reports about PLGA nanoparticles rapidly escaping into the cell cytoplasm. Once the 

particles enter the cytoplasm, they deliver the entrapped drug in a sustained rate [72].  

3.6. Conclusions  

GMO-Chitosan solid lipid nanoparticle system containing cyclopamine and paclitaxel was 

developed and characterized. Both the drugs showed high entrapment in the nanoparticles. The 

nanoparticles showed a uniform size distribution. The drugs were released in a sustained manner 

over a period of seven days. However, blank GMO-Chitosan nanoparticles (without the 

entrapment of drugs) showed toxicity in some of the cell lines tested. This led to the 

development of another carrier system for the two anticancer drugs.  

A polymeric system consisting of PLGA was developed and characterized. This carrier system 

proved to be much more efficient for targeting the prostate cancer cells. It showed a better 

cytotoxicity profile than the GMO-Chitosan nanoparticles. Thus, it can be concluded that the 

type of carrier systems used for the preparation of nanoparticles play a major role in the in vitro 

release, cytotoxicity and uptake of nanoparticles in the prostate cancer cells. 
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4.1. Summary 

GMO-Chitosan solid lipid nanoparticles loaded with two anticancer agents (cyclopamine and 

paclitaxel) having distinct mechanisms of action were prepared and characterized. These 

nanoparticles, prepared by double emulsion followed by solvent evaporation method, were 

formulated with the aim of targeting them to the cancer stem cells in the prostate gland. A slight 

increase in the particle size was observed after the process of freeze drying. The drug loaded 

nanoparticles were found to be in the range of 250-290 nm. The blank as well as drug loaded 

particles were found to be physically stable over a period of 2 months. The atomic force 

microscopy revealed that the particles were spherical and uniform in shape.  

A sensitive UPLC method for the simultaneous detection and quantification of cyclopamine and 

paclitaxel from the formulation was developed and validated. This method was successfully able 

to detect drug concentrations of as low as 3.125 µg/mL. The chromatographic method was 

developed on a reverse phase Waters Aquity system using Aquity BEH Phenyl column (2.1 x 

100 mm, 1.7µm) for separation. The isocratic elution involved the mobile phase of 

acetonitrile:0.2% v/v trifluoroacetic acid in the ratio 40:60  v/v with a flow rate of 0.5 mL/min. 

The effluents were monitored at the wavelength of 220 nm (for cyclopamine) and 235 nm (for 

paclitaxel). The total run time was 6 minutes. Thus, the UPLC method developed allowed 

detection of the effluents at a rapid rate thereby minimizing the use of organic solvents. This 

UPLC method was further used for detection of the drugs in entrapment studies, in vitro release 

studies and cellular uptake studies. 

The thermogravimetric analysis (TGA) and Karl Fisher titrimetry revealed that the blank as well 

as drug loaded GMO-Chitosan nanoparticles are relatively dry. Differential scanning calorimetry 
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(DSC) proved that both the drugs entrapped with the nanoparticles are found to be in a non-

crystalline state. The GMO-Chitosan nanoparticles were found to show a decrease in the content 

of cyclopamine over a period of two months. These nanoparticles showed an entrapment of 

83.6±3.9 %w/w for cyclopamine and 88.8±4.3 %w/w for paclitaxel. The in vitro release studies 

showed that cyclopamine has an initial burst release followed by sustained release whereas 

paclitaxel showed less than 2 % release over a period of 7 days. 

These nanoparticles (blank and drug loaded) were tested for their in vitro cytotoxicity on DU145 

and DU145 TXR prostate cancer cells and Wi26 VA4 normal human cells. It was observed that 

blank GMO-Chitosan nanoparticles were as cytotoxic as the drug loaded ones. This was possibly 

due to the cytotoxic nature of chitosan. This necessitated the need to formulate cyclopamine-

paclitaxel loaded nanoparticles using some other carrier system which has a better cytotoxicity 

profile. 

Poly (D, L)- Lactic-co-Glycolic Acid (PLGA) system was selected for further studies. Polymeric 

PLGA (L:G 50:50) nanoparticles loaded with cyclopamine and paclitaxel were prepared by 

single emulsion followed by solvent evaporation method. The particle size was in the range of 

200-240 nm after freeze drying.   

The PLGA nanoparticles showed higher moisture content than GMO-Chitosan nanoparticles as 

observed from TGA and Karl Fisher titrimetry analysis. The DSC data showed that both the 

drugs entrapped with the nanoparticles are found to be in a non-crystalline state. Cyclopamine 

was 55.3±0.5% w/w entrapped whereas paclitaxel showed 86.4±0.9% w/w in the PLGA 

nanoparticles. The in vitro release studies showed that there was an initial lag period for the first 

24 hours in the release of both the drugs which was followed by a sustained release over a period 

of 7 days.   
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A significant (p<0.05) difference was observed in the in vitro cytotoxicity profile of blank and 

drug loaded PLGA nanoparticles. Blank PLGA nanoparticles showed no signs of cytotoxicity in 

either of the cell lines tested. This ensured that the cytotoxicity which was observed with the 

drug loaded PLGA nanoparticles was only because of the antitumor drugs and not due to the 

carrier system, unlike with the GMO-Chitosan nanoparticles. The hemolysis assay showed that 

both the systems are equally safe to intravenous administration. Uptake results reiterated the 

same facts. GMO-Chitosan nanoparticles showed killing of the tumor cells after two hours of 

treatment. PLGA nanoparticles showed peak uptake after 4 hours of treatment. The sub-cellular 

localization studies showed that the PLGA nanoparticles were completely internalized within the 

cytoplasm of the tumor cells with 5 minutes of treatment.  

4.2. Future directions 

The present study dealt with the loading of nanoparticles with hydrophobic antitumor agents. 

Future studies may include incorporation of one hydrophilic and one hydrophobic or both 

hydrophilic antitumor agents in the nanocarriers.  

This study proved that GMO-Chitosan nanoparticles are cytotoxic to prostate cancer cells. 

Studies may be designed in future to evaluate the effects of GMO-Chitosan solid lipid 

nanoparticles loaded with cyclopamine and paclitaxel on some other types of cancer cells. This 

study will help know if the GMO-Chitosan system is cytotoxic to one particular cell type or is 

this system toxic to a wider range of cell types.    

In the present research, PLGA nanoparticles showed a good in vitro cytotoxicity profile. It would 

be interesting to study the effects of PLGA nanoparticles loaded with cyclopamine and paclitaxel 
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for the treatment of prostate cancer having cancer stem cells in animal models such as nonobese 

diabetic (NOD) severe combined immunodeficiency (SCID) mouse model [73].   
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