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ABSTRACT 

Combination therapy is routinely used in anticancer therapy for maximizing efficacy and 

minimizing systemic toxicity. The nanoparticle drug delivery of the hydrophobic paclitaxel with 

hydrophilic gemcitabine offers the advantages of a combination therapy with the inherent 

advantage of a nanoparticle system. The objective of the present study was to develop and 

characterize PLGA nanoparticles containing both hydrophilic and hydrophobic anticancer agents 

and to evaluate the effect of drying techniques that includes lyophilization and spray drying, on 

physicochemical characteristics of these nanoparticles.  

Paclitaxel and gemcitabine were successfully entrapped into PLGA matrix using spontaneous 

emulsification-solvent diffusion method using PVA (2%) as a stabilizer. The nano-sized 

emulsion was obtained by using sonication followed by high pressure homogenization which 

was further subjected to lyophilization and spray drying. The drug entrapment efficiency and 

drug loading was determined by biphasic extraction. An HPLC method was developed and 

validated for simultaneous determination of paclitaxel and gemcitabine. The stability of both the 

formulations was evaluated over a period of 60 days. The surface morphology was analyzed 

using Atomic force microscopy (AFM). The physical state of the drug in the particles was 

analyzed using differential scanning calorimeter (DSC) and X-ray diffractometer (XRD). 

Moisture content and weight loss on heating were measured using Karl Fischer titrimetry and 

thermogravimetric analysis, respectively. The in vitro release of the drugs was evaluated at 37⁰C 

in pH 7.4 phosphate buffer containing 0.5% (w/v) Tween 80 by using HPLC analysis. The 

cytotoxicity of the formulation was tested in cancer cell lines (A549, CL66, MDA-MB-231) and 

normal cell lines (WI-26 A4, MDCK). Cellular uptake of nanoparticles and subcellular 

localization studies using rhodamine 6G loaded nanoparticles were performed in MDA-MB-231 
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and MDCK cells. The safety of lyophilized nanoparticle on injection was tested using hemolysis 

assay on red blood cells. 

A sensitive HPLC method for detection of paclitaxel and gemcitabine concentrations as low as 

0.3μg/mL, was developed and validated for linearity, precision and accuracy. The spontaneous 

emulsification solvent diffusion method gave nanosized particles with higher entrapment of 

hydrophobic drug. Use of high pressure homogenization significantly reduced the particle size of 

the nanoemulsion as compared to sonication. Particle size of blank and drug loaded lyophilized 

nanoparticles was 175.8±0.63nm and 199.5±3.6nm respectively. The particle size of blank and 

drug loaded spray dried nanoparticles was 318.4±51.3nm and 657.3±11.7nm respectively.  The 

lyophilized nanoparticles were stable over a period of 60 days at room temperature. The surface 

morphology observed in AFM showed spherical particles and differences in particle size of 

lyophilized and spray dried nanoparticles. Both the drugs were found to be present in amorphous 

or dissolved state in lyophilized and spray dried nanoparticles. The nanoparticle formulations 

showed a sustained release for paclitaxel and gemcitabine. The overall uptake of paclitaxel and 

gemcitabine from the nanoparticles was higher in cancer cells than normal cells. The confocal 

microscopic images confirmed the internalization of these nanoparticles into the lysosomes of 

the cells. The paclitaxel-gemcitabine nanoparticles were cytotoxic in the cell lines tested. The 

lyophilized nanoparticles, intended for injectable use, produced no significant hemolysis of red 

blood cells. The particle size, morphology, moisture content, release characteristics and cellular 

uptake were found to change with method of drying. However, zeta potential and physical state 

of the drug were seen to be unaffected by drying technique used.  
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1.1.Cancer chemotherapy in breast cancer 

National cancer institute describes breast cancer as the cancer that forms in tissues of the 

breast, usually the milk ducts and lobules. As of 2013, there are 232,240 cases of women 

and 2,240 males newly diagnosed with breast cancer [1]. It occurs more frequently in 

women. Breast cancer is the second leading cause of cancer death in women, exceeded 

only by lung cancer. Death rates from breast cancer have been declining in women 

younger than 50 as a result of earlier diagnosis by mammographic screening and adjuvant 

therapy which includes cytotoxic chemotherapy after surgery and/or radiotherapy of 

primary tumor [2]. In these women, chemotherapy increases their 15-year survival rate by 

10%; however in older women the increase is only 3% [3].  

Types of breast cancer: 

There are several types of breast cancer. However, some are rare conditions such as 

inflammatory breast cancer, triple-negative breast cancer, paget disease and phyllodes 

tumor. In some cases a breast tumor can be a combination of these different types. The 

most common non-invasive types of breast cancer are: 

I. Ductal carcinoma in situ (DCIS) 

It is characterized by non-invasive malignant epithelial cells. Because the cancer 

cells are within the mammary ductal system it is considered as an early stage 

carcinoma. DCIS can be treated by mastectomy and adjuvant therapy.  

II. Lobular carcinoma in situ (LCIS) 

It lacks clinical and mammographic signs and is typically found in a biopsy 

performed for another reason. It is considered as a marker for identifying women 
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with an increased risk of developing invasive breast cancer but is not treated as a 

cancer. 

A breast cancer is invasive when the cancer cells spread into surrounding breast 

tissue from the ducts or lobules. The two rare types of invasive breast cancer are 

inflammatory breast cancer (IBC) and Paget’s disease of the nipple. Metastatic 

breast cancer is a condition where breast cancer cells spread to other organs of the 

body through either the blood stream or the lymphatic system.  

The treatment options for cancer are surgery, radiotherapy, chemotherapy and 

immunotherapy. Chemotherapy is a relatively recent and promising method of 

treatment. Using cytotoxic agents is more important in metastatic cancer because 

it can be introduced into the blood stream where it can act on localized and 

migrated cancer cells.  

I. Adjuvant chemotherapy 

Adjuvant chemotherapy is treatment with cytotoxic agents given after or in 

addition to the primary therapy. Primary therapy usually includes a surgery which 

can be mastectomy (removal of the breast) or a lumpectomy (breast conserving 

surgery). It has been established that adjuvant chemotherapy for early-stage breast 

cancer helps to prevent the cancer from relapsing [3]. 

II. Neoadjuvant chemotherapy 

Neoadjuvant chemotherapy is given before the primary therapy usually to shrink 

the tumor size so as to facilitate its surgical removal. 
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III. Palliative chemotherapy 

In case of advanced stage breast cancer, the cancer spreads beyond the breast and 

localized lymph nodes. This is called metastatic breast cancer. Chemotherapy is 

very important in metastatic breast cancer to alleviate the symptoms. 

1.2.Combination therapy 

Chemotherapy may involve administration of a single agent or a combination of 

two or more cytotoxic agents. Most chemotherapeutic agents on single-drug 

therapy have narrow therapeutic index, show many side-effects due to unspecific 

biodistribution and develop multidrug resistance (MDR). Combination therapy is 

useful in increasing the response and tolerability and decreasing MDR. It helps in 

maximizing efficacy while minimizing systemic toxicity by delivering lower drug 

doses. In some cases, the drugs tend to have additive or synergistic effect which 

helps reduce the number of treatments and increase patient compliance. The 

fundamentals for using a combination of two cytotoxic agents are; they should 

have non-overlapping toxicity so that they can be administered at near maximal 

dose, they should have differing mechanisms of action and minimal cross 

resistance and the combination should be used at early stages of the disease at 

specific time intervals [4]. 

In adjuvant therapy, combination chemotherapy is used routinely because of its 

survival advantage compared with single-agent therapy [5]. Combination of two 

drugs results in more aggressive treatment with rapid disease response used 

especially in patients with extensive visceral involvement (hepatic metastasis, 

pulmonary and lymphangitic spread). Combination therapy can be given in initial 
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Metastatic breast cancer (MBC) to stabilize the disease and it may be followed 

with a single-agent therapy [6].  

 

 

 

 

Figure 1.1: Chemical structure of Paclitaxel  

1.2.1. Paclitaxel  

Paclitaxel (taxol) is a biological product obtained from the bark of Pacific yew tree 

(Taxus brevifolia, family Taxaceae) found in western part of the United States. Paclitaxel 

was first isolated by Wall and Wani et al. in US National Cancer Institute in 1967. 

Paclitaxel has been approved by the US Food and Drug Administration for the treatment 

of ovarian, lung, and breast cancer. Commercially, paclitaxel injection was developed by 

Bristol-Myers Squibb (BMS) by the trademark Taxol. Because of its water insoluble 

nature, paclitaxel is dissolved in Cremophor EL and ethanol in Taxol. Cremophor EL is 

known to exert a range of harmful biological effects like severe anaphylactic reactions, 
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hyperlipidemia, abnormal lipoprotein patterns, aggregation of erythrocytes and peripheral 

neuropathy [7]. Therefore, paclitaxel formulations are administered by slow infusion over 

a period of several hours to minimize the intensity and frequency of side effects.  Because 

of the adverse effects associated with the use of Cremophor EL, there has been a need of 

alternative delivery methods for paclitaxel. 

 

 

Figure 1.2: Chemical structure of paclitaxel showing active sites [8] 

1.2.1.1.Physicochemical properties of Paclitaxel 

Paclitaxel is white to off-white crystalline powder. The chemical name for paclitaxel is 

5β,20-Epoxy-l,2α,4,7β,10β,13α-hexahydroxytax-l l-en-9-one 4,10-diacetate 2-benzoate 

13-ester with (2R,3S)-N-benzoyl-3-phenylisoserine. It has an empiric formula of 

C47H51NO14 and a molecular weight of 853.9g/mol. Its melting point is around 213-216 

°C [9].  

Paclitaxel belongs to a class of diterpene alkaloids found in genus Taxus. It has a 

characteristic oxetane ring at C-4 and C-5 as shown in Figure 1.2. The bulky, complex, 

and fused taxane ring composed of a number of hydrophobic substituents makes it a 
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highly lipophilic compound with a log P of around 4 and aqueous solubility less than 0.01 

mg/mL [10]. It is soluble in variety of organic solvents. Non-aqueous solubility of 

paclitaxel was found to be 46 mM in ethanol, 20 mM in methylene chloride or 

acetonitrile, 14 mM in isopropanol [11]. It has a ketone group at C-9 and a complex side 

chain at the C-13 position rather than at the C-5 position that is often seen in other classes 

of taxanes. Paclitaxel is prepared synthetically from one of its biosynthetic precursor 10-

deacetylbaccatin III [8]. Paclitaxel lacks potentially ionizable groups that can be used to 

increase solubility. The 2’ position on the structure of paclitaxel may be used for the 

insertion of functional groups to create prodrugs of paclitaxel, but this approach has only 

been studied academically as industrial efforts have been focused on designing water 

soluble derivatives of paclitaxel. 

Nanoparticle delivery of paclitaxel has been employed to reduce toxicity associated with 

solvents for paclitaxel and also to obtain controlled delivery. Abraxane™ was first 

marketed nanoparticle formulation introduced in 2005. The technology involved binding 

unmodified albumin to the paclitaxel molecule yielding conjugate masses of ∼130nm 

size. This facilitated higher paclitaxel delivery with shorter infusion time. Nanoparticle 

delivery using biodegradable polymers is considered promising owing to improved 

bioavailability, drug targeting potential and ability to accumulate preferentially in tumor 

area. Nanoparticles offer enhanced permeability and retention (EPR) because of their size 

by avoiding rapid clearance by the reticuloendothelial system and permeating in solid 

tumors by escaping the angiogenic vasculature [10]. The overall response rate for 

paclitaxel in phase I trials in previously treated patients with metastatic breast cancer was 

56% [11]. 
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1.2.1.2.Pharmacokinetics of paclitaxel: 

 

Paclitaxel is not given orally because of its poor bioavailability. Most common routes of 

administration for paclitaxel are intravenous infusion and intraperitoneal administration. 

On intravenous administration, the parent drug was detected in plasma, urine, and bile. 

Paclitaxel metabolites were observed only in bile. Cytochrome P450 (CYP 450) enzymes 

are responsible for the major metabolites of paclitaxel. Unlike most other substrates 

paclitaxel does not form conjugates with glucuronidates and sulfates, it undergoes 

hydroxylation mediated by two subfamilies of CYP450 (CYP3A 3 and CYP2C). The two 

important metabolites of paclitaxel are 6-α-hydroxypaclitaxel and 3’-p-

hydroxypaclitaxel. The proportion of the two hydroxylated metabolites of paclitaxel 

isolated from bile, metabolite M5 and metabolite M4 as shown in Figure 1.3, account for 

60% and 10%, respectively of the total excreted dose [12].  Since many drugs are 

substrates for CYP450, coadministration of such drugs can affect paclitaxel metabolism 

and lead to drug interactions. CYP3A substrates such as steroids, erythromycin, 

macrolide antibiotics, and anticancer agents like Vinca alkaloids and tamoxifen could 

significantly reduce the formation of metabolite M4 and benzodiazepines, barbiturates, 

and antiepileptic drugs could inhibit the formation of metabolite M5 [13-15].  

Apart from liver metabolism, protein binding, and tissue distribution were suggested to 

play an important role in paclitaxel clearance; only 5% to 10% of unchanged paclitaxel 

was found to be excreted by the kidneys [15]. 
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Figure 1.3: Chemical structures of taxol and taxol metabolites M4 and M5. (Taxol, R1 = 

R2= H; metabolite M4, R1=OH, R2 = H, metabolite M5, R1 = H, R2 = OH) [12]. 

 

Paclitaxel is susceptible to acidic and basic degradation. Under acidic conditions, 

degradation was shown to be through dehydration at the C13–OH and hydrolytic opening 

of the oxetane ring as shown in Figure 1.3 [16]. Paclitaxel was shown to undergo 

epimerization at the C7 at basic pH of 7.72 and at 70°C. The primary hydrolytic products 

were baccatin III and 7-epi-baccatin III [17]. Under basic conditions, paclitaxel showed 

faster hydrolysis due to the more labile side-chain ester bond. Thus, paclitaxel is much 

more stable under acidic pH. The maximum stability for paclitaxel is found to be at pH 

values <3 [16]. 
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Figure 1.4: Proposed degradation scheme for paclitaxel in the acidic pH range. Paclitaxel 

undergoes hydrolysis of the side chain and D-ring opening simultaneously [16].  

 

1.2.1.3.Pharmacokinetic/Pharmaodynamic relationship of paclitaxel in 

humans 

Paclitaxel metabolism have shown to follow non-linear or saturable kinetics[19-21]. The 

6-α-hydroxypaclitaxel found in plasma was found to be a detoxifying mechanism for 

disposition of paclitaxel [18]. It is important to describe the relationships between the 

pharmacokinetics of paclitaxel and the dose-limiting neutropenia associated with its 

toxicity. The formation of 6-α-hydroxypaclitaxel metabolite was dose-limited at low 

concentrations and shorter infusion times (3-hour infusion) of paclitaxel, but at higher 

concentrations over long hours of infusion (24-hour infusion) there is a deviation from 

linearity [20]. This non-linearity, however, was shown to be the effect of Cremophor EL, 
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the solvent used for the administration of paclitaxel. Cremophor EL entraps the drug in 

micelles and keeps it in solution, which affects the disposition of paclitaxel [21].  

Most common toxicity associated with paclitaxel is myelosupression, neurotoxicity and 

musculoskeletal toxicity. The most predominant and dose limiting toxicity is neutropenia. 

Patients on paclitaxel therapy must therefore be monitored for their neutrophil count [22]. 

The relationships between paclitaxel exposure and neutropenia depends on the area under 

the curve (AUC) of the unbound paclitaxel [18]. 

 

1.2.1.4.Pharmacodynamics of paclitaxel 

Paclitaxel is a very important anticancer drug which has shown broad spectrum of action 

against a range of cancers including breast cancer [23], ovarian cancer [24], and in 

combination with platinum-containing anti-cancer drugs (cisplatin, carboplatin etc.) in 

non-small cell lung cancer [25]. It has also shown activity against other malignancies that 

are refractory to conventional chemotherapy, such as previously-treated lymphoma and 

small cell lung cancers and esophageal, gastric endometrial, bladder and germ cell tumors 

[26]. Paclitaxel was also studied to induce apoptosis in AIDS-related Kaposi’s sarcoma 

cells [27].  

Paclitaxel blocks the cell mitosis in late G2 phase and inhibits cell replication. Its novel 

chemical structure imparts an unusual mechanism of action which is unlike that of the 

other chemotherapeutic agents. Paclitaxel binds to the NH2-terminal of the b-tubulin 

subunit of microtubules and stabilizes them. The maximum stoichiometry is 

approximately 1 mol of taxol/mol of tubulin [27]. Apart from stabilizing microtubules, 
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paclitaxel reduces the critical concentration of microtubule protein and assembles tubulin 

in such a condition that polymerization cannot take place.  

In human myeloid leukemia cells, and human ovarian tumor cell line, paclitaxel was 

shown to induce apoptosis [29-30]. These events were related to the repression of bcl-2 

and c-myc oncogenes, adequate intracellular ATP levels and the presence of protein 

tyrosine kinase activity. Distinctive morphological changes in apoptotic cells are 

characterized by highly condensed and fragmented state of nuclei with breakage of the 

nuclear chromatin at internucleosomal sites. These changes were observed in HeLa cells 

by Maldonado et al. in paclitaxel treated cells [30]. Maximum resistance to paclitaxel is 

seen early in the S phase of cell cycle. This resistance is mainly caused by the 

overexpression of bcl-2 oncogene that prevents apoptosis [31]. Another mode of 

paclitaxel resistance is the multi-drug resistance (MDR) which is mediated by the P-

glycoprotein (Pgp) which is the 170kDa transport protein encoded by MDR1 gene [33 -

34].  
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1.2.2. Gemcitabine 

Figure 1.5: Chemical structure of gemcitabine 

 

Gemcitabine is an antineoplastic anti-metabolite. Gemcitabine was synthesized in early 

1980s by Hertel et al. at the Eli Lilly laboratories in Indianapolis, US. It was prepared by 

replacing both hydrogen atoms in the 2’-position of the sugar rings in deoxyribosides by 

fluorine atoms. It was found to be a very potent inhibitor of human leukemia cells grown 

in culture and is since been used in the treatment of several cancer types including 

metastatic breast cancer [34], non-small cell lung cancer [35], pancreatic cancer [36], and 

ovarian cancer [37]. It is used in first-line treatment of patients with metastatic breast 

cancer. It is also administered in advanced malignant melanomas or gastric caners [38]. 

Different combinations of gemcitabine with other antineoplastic agents have been 

studied. Gemcitabine combination with paclitaxel has been established as first-line and 

second-line treatment in MBC in phase II trials. These have yielded notable response 

rates of 45-55% as second or third line therapy [39]. Table 1.1 gives the response rate for 
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gemcitabine and paclitaxel in phase II trials. The USFDA has approved the combination 

for the first-line treatment of patients with MBC in case of failure/contraindication of 

anthracycline. Since these agents have differing mechanisms of action and 

nonoverlapping toxicities, they can be used in their maximum effective concentrations 

without increasing toxicity. In a study by Kosmidis et al., it was predicted that paclitaxel 

possibly enhances the antitumor activity of gemcitabine and the combination was shown 

to have an additive effect [40].  

 

Table 1.1: Phase II clinical trials of gemcitabine in combination with paclitaxel in 

metastatic breast cancer [39].  

1.2.2.1.Physicochemical properties of Gemcitabine 

Gemcitabine hydrochloride is white crystalline powder. It has an empiric formula of 

C9H11F2N3O4·HCl. Its chemical name is 2’-Deoxy-2’,2’-difluorocytidine monohydrochloride. 

It has a molecular weight of 263.19 g/mol. Its melting point is around 250°C [41]. It is 

marketed as Gemzar® which is the hydrochloride solution of gemcitabine by Eli Lilly 

and Company. Gemcitabine HCl is soluble in water, slightly soluble in methanol, and 
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practically insoluble in ethanol and polar organic solvents. The aqueous solubility is 

2.23x10
1
g/l and its logP value is -1.1-2.0 [42].  

 

Figure 1.6: Structural comparison between gemcitabine and deoxycytidine [43]. 

Gemcitabine structure was derived from deoxycytidine by replacing hydrogen atoms in 

the second position in deoxycytidine with fluorine atoms (Figure 1.6). This puts 

gemcitabine in the effective class of nucleoside antimetabolites for the treatment of viral 

diseases and malignancies [44].  

1.2.2.2.Pharmacokinetics of Gemcitabine 

Gemcitabine is a prodrug and it has to be converted to its active form by deoxycytidine 

kinase. Gemcitabine is phosphorylated by deoxycytidine kinase to gemcitabine 

diphosphate and gemcitabine triphosphates, both of these compounds inhibit the DNA 

synthesis.  

A general scheme of the metabolic pathways of gemcitabine is presented in Figure 1.7. 
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Figure 1.7: Gemcitabine metabolism inside a cell [45] 

Gemcitabine is actively taken up by members of the Solute Carrier SLC28 and SLC29 

[45]. After its entry inside the cell, gemcitabine is a good substrate for phosphorylation 

and gets converted to the monophosphate (dFdC-MP) by deoxycytidine kinase (DCK). 

Gemcitabine and deoxycytidine (dCT) are both substrates for this enzyme and therefore it 

is a rate-limiting step in accumulation of gemcitabine triphosphate (dFdC-TP), the active 

form of gemcitabine that is responsible for blocking DNA replication. The clearance of 

gemcitabine takes place by deamination by cytidine deaminase (CDA) to 2,2-

difluorodeoxyuridine (dFdU) which is an inert metabolite. Gemcitabine triphosphate 

(dFdC-TP) at lower concentration shows monophasic linear elimination kinetics but at 

higher concentration it becomes biphasic with increased terminal half-life. This is 

because gemcitabine triphosphate (dFdC-TP) inhibits dCMP deaminase and prevents its 

clearance resulting in retention of gemcitabine by tumor cells [44]. 
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Resistance to gemcitabine was found to be related to ATP- binding cassette transporters. 

ABCC (MRP) transporters in this family mediated efflux of gemcitabine from the cells 

leading to drug resistance [45]. 

1.2.2.3.Pharmacodynamics of Gemcitabine 

The pharmacological action of gemcitabine is a result of substitution of hydrogen atoms 

in cytidine by fluorine atoms. This is the primary site of discrimination for ribonucleotide 

reductase (RR) and DNA polymerase. These enzymes are also targets for gemcitabine. 

Studies on ribonucleotide reductases (RR) have demonstrated that gemcitabine 

diphosphate (dFdC-DP) showed more inhibition of RR than gemcitabine triphosphate 

(dFdC-TP).  

Incorporation of gemcitabine diphosphate and triphosphate (dFdC-DP and dFdC-TP) into 

DNA is the primary mechanism of action of gemcitabine. However, gemcitabine 

monophosphate (dFdC-MP), incorporated into the 3’-terminal of DNA can be extended 

by DNA polymerase. The incorporation of dFdC-DP and dFdC-TP into DNA is 

competitive with deoxycytidine phosphate (dCTP), which is a normal nucleotide. Thus 

inhibition of RR by gemcitabine reduces intracellular concentration of dCTP which in 

turn increases incorporation of dFdC-DP and dFdC-TP into DNA. This is called as “self-

potentiation of gemcitabine”. After incorporation of gemcitabine nucleotide in the DNA, 

there is an insertion of one additional nucleotide. This additional nucleotide may cap or 

mask the gemcitabine analogue to the DNA and make it more resistant to removal. This 

process is called “masked termination” [45-48]. 

Gemcitabine has been demonstrated to have potent radiosensitizer action. This 

radiosensitization can be achieved even at noncytotoxic concentrations. The inhibition of 
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ribonucleotide reductase (RR) is responsible for the intracellular depletion of 

deoxynucleotide 5’-triphosphates (dNTP). The radiosensitizing action was found to be 

due to depletion of dATP pools. Owing to this radiosensitizing and cytotoxic activity, 

combining gemcitabine treatment with radiation can potentially have profound clinical 

impact in treatment of certain solid tumors [49-50]. 

 

1.3.Poly(D,L-lactide-co-glycolide) (PLGA) system 

 
 

Figure 1.8: Structure of poly lactic-co-glycolic acid (X: lactic acid units, Y: glycolic acid 

units) [50] 

PLGA is a copolymer of poly lactic acid (PLA) and poly glycolic acid (PGA). Poly lactic 

acid contains an asymmetric α-carbon atom described as D or L form for R and S isomers 

respectively. PLGA is an FDA approved biodegradable and biocompatible polymer. It 

can be used in the fabrication of sustained release drug delivery systems. Apart from the 

favorable pharmacokinetic profile, it is possible to tune the physical properties of PLGA 

by controlling relevant parameters like molecular weight of the polymer and the ratio of 

lactide to glycolide units to optimize the entrapment and release characteristics of a drug 

[50].  

PLA can be highly crystalline because of Poly(L-lactic acid) part or completely 

amorphous because of Poly(D-lactic acid) content. PGA is crystalline in nature since it 
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lacks any methyl groups, as shown in Figure 1.8. PLGA is soluble in a variety of 

solvents like chlorinated solvents (methylene chloride, chloroform etc.), ethyl acetate, 

acetone or tetrahydrofuran. In water, PLGA undergoes biodegradation by hydrolysis of 

the ester bond [50]. The methyl group in lactic acid gives it more hydrophobicity than 

glycolic acid. PGA is more hydrophilic and undergoes faster degradation than PLA. Thus 

copolymerizing PLA and PGA changes the hydrophilicity of the polymer and its 

degradation rate [51]. Lower L:G ratio increases degradation except for 50:50 L:G 

polymer which shows fastest degradation. The glass transition (Tg) of PLGA decreases 

with decrease in the molecular weight and lactide content. In any case, Tg of PLGA is 

higher than body temperature (37°C) and hence it is glassy in nature. Commercially, 

PLGA is characterized by intrinsic viscosity which is directly proportional to its 

molecular weight [51]. 

PLGA degradation involves hydrolysis of ester linkages in the presence of water. The 

time required for degradation of PLGA depends on the ratio of the monomers. Higher the 

glycolic acid content, lower is the time for degradation. The PLGA 50:50 however has 

the fastest rate of degradation. Biodegradation of PLGA takes place in a diffused manner 

since the amorphous regions are more susceptible to degradation than crystalline and 

cross-linked regions [52].  
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1.4.Poly (vinyl alcohol) (PVA) 

 

Figure 1.9: Chemical structure of poly (vinyl alcohol) [53]. 

Polyvinyl alcohol(PVA) is an odorless and tasteless, translucent, white or cream 

colored granular powder with an empirical formula (C2H4O)n  (Figure 1.9). It was 

first prepared by Hermann and Haehnel in 1924 by hydrolyzation of polyvinyl acetate 

in ethanol with potassium hydroxide. PVA is biodegradable and is It is used as a 

stabilizer in preparation of polymeric and solid lipid nanoparticles and microparticles 

in a concentration ranging from 0.5-5%. It helps in forming nanoparticles of smaller 

size and with lower polydispersity index [55-57]. PVA concentration has an effect on 

all the pharmaceutical properties of the PLGA nanoparticles as shown in Table 1.2. 

In addition to the PVA concentration, degree of hydrolyzation of PVA plays an 

important role in determining particle size, yield of nanoparticle preparation and 

dispersibility of freeze dried nanoparticles. In general, lower hydrolyzation degree 

reduces the particle size and increases the yield and dispersibility of PLGA 

nanoparticles [56]. In a study by Dinda et al., PVA was found to be a better stabilizer 

than Poloxamer and Carbomer (Carbopol 980) for PLGA nanoparticles [53].  
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Table 1.2: Effect of PVA concentration on physicochemical characteristics of PLGA 

nanoparticles [55]. 

1.5. Preparation of PLGA nanoparticles   

1.5.1. Emulsification-solvent evaporation technique 

This is the most popular method of preparing polymeric nanoparticles. This 

technique has been used successfully for encapsulation of hydrophobic drugs. The 

process involves emulsification using an organic solvent and an aqueous solution 

with surfactant followed by solvent evaporation. Nanosized particles were 

obtained by sonication or homogenization. Emulsification solvent evaporation 

technique gave successful entrapment for a hydrophobic drug, but hydrophilic 

drug entrapment was low  [52, 59].  

1.5.2. Double or multiple emulsion technique 

This technique is the modification of the emulsification solvent evaporation 

technique. It is especially useful in entrapping a hydrophilic drug and proteins. In 

this method, the hydrophilic drug is solubilized in water and in presence of a 
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surfactant. Primary emulsion is prepared by dispersing aqueous phase into organic 

solvent containing polymer. This is then reemulsified in an external aqueous 

phase with a surfactant. The solvent evaporation is similar to the emulsification 

solvent evaporation technique. The disadvantage of using this technique was the 

increased particle size and the diffusion of the drug into the outer aqueous phase 

[58].  

1.5.3. Nanoprecipitation technique 

This process involves use of a water soluble organic solvent for solubilizing 

PLGA like acetone. The drug and PLGA are dissolved in the solvent and this 

organic solution is added to the aqueous solution containing a stabilizer. The 

resulting transfer of acetone into the aqueous phase decreases the solubility of 

PLGA and the drug and they are precipitated out as nanoparticles [52, 61, 62]. 

1.5.4. Emulsification solvent diffusion/salting out technique 

This method was first described by Niwa et al. [61]. In the original method of 

spontaneous emulsification solvent diffusion, PLGA is dissolved in a mixture of 

water miscible and water immiscible organic solvents like acetone and 

dichloromethane respectively. This organic phase is emulsified with aqueous 

phase containing stabilizer. On addition of organic solvent to an aqueous phase, 

droplets of polymer are formed from which acetone diffuses out to the external 

phase reducing the size of the droplet. The solvent evaporation step evaporates the 

dichloromethane and solidifies the polymeric nanoparticles. In some cases, 

particles tend to aggregate during solvent evaporation due to the residual 
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dichloromethane in the system. Thus the technique is modified by replacing 

dichloromethane with ethanol [59] [62]. 

Figure 1.10: Preparation of nanoparticles by spontaneous emulsification solvent diffusion 

(SESD) and modified SESD methods [62]. 

Figure 1.11: General advantages and drawbacks of the preparation methods for polymeric 

nanoparticles [59]. 
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1.6. High shear techniques for preparation of nanoemulsion 

1.6.1. Sonication 

Sonication uses high energy sound waves (ultrasound) to agitate the particles in the 

system and break them down into smaller size. Laboratory technique for preparation 

of nanoparticles uses an ultrasonic probe which is immersed in the nanodispersion 

and imparts energy to the particles. The disadvantage of using probe sonicator is the 

non-uniform size distribution resulting from the local agitation by the probe. To 

ensure uniform dispersion, smaller samples are used. This technique is therefore 

difficult to scale up. Additionally, long sonication time may lead to contamination of 

the sample by the metal shedding of the probe. 

1.6.2. High pressure homogenization 

Magnetic stirring and even sonication are often not sufficient to achieve a small 

particle size and a narrow particle size distribution. High pressure homogenization 

step is therefore adapted to the preparation of nanoemulsion [63]. This is a powerful, 

high shear, fluid mechanical process for preparation of nanodispersions. The 

homogenizer operates at very high pressures up to 1,500 bar/21,750 psi under 

continuous full-scale operation. The principle used in high pressure homogenization 

is cavitation, which is passage of the fluid through a small gap in the homogenizing 

valve. This creates conditions of high turbulence and shear because of which the fluid 

is compressed and accelerated at a very high pressure and the impact reduces the 

particle size of the formulation. The important advantage of this technique over 

sonication is its scalability, homogeneous size distribution of resulting nanodispersion 
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and negligible nanoparticle contamination. Particle size of the nanoparticles was 

found to depend on homogenization parameters like homogenization pressure and 

number of cycles. One of the disadvantages of high pressure homogenization is the 

generation of heat which may lead to solvent evaporation followed by crystallization 

of the drug.  

1.7. Drying techniques for nanoparticles 

The limitation for using nanodispersions for long term therapy is the physical and 

chemical instability of the system. Physical instability leads to aggregation and the 

chemical instability causes hydrolysis of polymer materials and drug leakage from the 

nanoparticles on storage. Drying techniques are used in order to improve this physical 

and chemical stability [64].  It also gives free flowing solid powders which are easier 

in handling. The two important drying techniques used in preparation of nanoparticles 

are lyophilization and spray drying [67-69]. 

1.7.1. Lyophilization 

Lyophilization is a process of removing water from a frozen sample by 

sublimation and desorption under vacuum. Since the process involves freezing, 

this method of drying is more suitable for thermolabile substances [65]. The 

freeze dried powder retains the physicochemical characteristics on reconstitution 

[68].  

It is a preferred technique for preparing dried formulations of oral, injectable, 

inhalational, sterile biopharmaceutical that requires reconstitution [68,70,71]. The 
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formulation can be freeze dried in a single dose container and it is possible to 

maintain aseptic conditions during freeze drying.  

PVA is one of the most successfully used stabilizers for freeze dried nanoparticles 

because of its ability to form a layer of polymer around the nanoparticles. 

Takeuchi et al. reported that using PVA as a stabilizer for freeze drying improves 

the stability and freezing resistance of the formulation [56].  These nanoparticles 

with PVA obviate the need for the addition of the cryoprotectant during freeze 

drying [65]. 

Freeze drying parameters like rate of primary freezing, annealing temperature, 

primary and secondary drying, affect the morphology, porosity and stability of the 

final product. It is necessary to optimize these parameters to obtain a stable freeze 

dried formulation.  

1.7.2. Spray drying 

Spray drying is a single step technique to transform liquid feed into dry powder. It 

is a continuous particle processing operation and can be applied to a wide variety 

of materials [67]. The process involves atomization of the liquid suspension in 

fine droplets that fed into the drying chamber. Because of large surface area and 

high temperature condition, there is a fast drying and relatively fast stabilization 

of the liquid. The dried particles are separated using a cyclone separator. For 

obtaining homogeneous spray-dried nanoparticles with high apparent density it is 

always necessary to prepare and optimize the nanosuspension [72,73].  
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Spray drying uses high temperature conditions; this can be unsuitable for 

thermolabile substances. Laboratory spray drying can also have problems of low 

yields, sticking, or high moisture content in the end product [67]. Alternatively, it 

is easy to manipulate process parameters in spary drying that assists particle 

engineering. It is also more scalable operation at lower costs. Spray dried particles 

are ideal for pulmonary or nasal delivery. 

1.8. Objectives, hypothesis and specific aims 

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

PLGA nanoparticles loaded with paclitaxel and gemcitabine using lyophilization and 

spray drying. The underlying hypotheses of this investigation were: 

Hypothesis 1: A hydrophobic (paclitaxel) and hydrophilic (gemcitabine) drug 

can be simultaneously entrapped in PLGA nanoparticles with high entrapment 

and sustained release characteristics.  

Hypothesis 2: The drying technique used has significant effects on the 

physicochemical properties of the paclitaxel-gemcitabine nanoparticles. 

The specific aims for this investigation were: 

Specific aim 1: Development and validation of HPLC method for simultaneous 

analysis of paclitaxel and gemcitabine. 

Specific aim 2: Preparation and characterization of PLGA nanoemulsion and 

nanoparticulate system containing paclitaxel and gemcitabine. 
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Specific aim 3: In vitro evaluation of paclitaxel-gemcitabine nanoparticles 

prepared and dried by lyophilization and spray drying. 
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CHAPTER 2 

Analytical Method Development and Validation  
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2.1. Introduction:  

Paclitaxel is one of the most extensively used antineoplastic agents derived from the Pacific Yew 

tree, Taxus brevifolia, family: Taxaceae. It has a broard spectrum antitumor activity against 

breast cancer, ovarian cancer, non-small cell lung cancer, head and neck tumors, Kaposi's 

sarcoma, and urologic malignancies [10]. In spite of the remarkable prospect of paclitaxel in 

cancer chemotherapy, it is difficult to administer because of its low water solubility and extreme 

lipophilic nature. Paclitaxel exerts cytotoxic activity at concentrations as low as 50 nM [72]. 

HPLC (high performance liquid chromatography)–UV and HPLC–MS and immunoassays have 

been used to analyze paclitaxel with a limit of detection (LOD) of 10, 0.2 and 0.3 ng/mL, 

respectively [73]. Immunoassays, although very sensitive, they lack specificity. Sensitive 

techniques have been developed for paclitaxel analysis on LC-MS/MS systems; however using 

mass spectrometry on a regular basis is expensive. Therefore, HPLC has been the method of 

choice for determination of paclitaxel.  

Gemcitabine, on the other hand, is a highly water soluble, synthetic deoxycytidine analog. The 

maximum tolerated dose of Gemcitabine in patients with advanced non-small-cell lung cancer 

was found to be 2,400 mg/m
2
/week [74].  Because gemcitabine and paclitaxel have a narrow 

therapeutic window, it is very important to have an accurate and reliable method for its 

quantification [75]. The commonly used detection methods for the analysis of gemcitabine are 

Infrared absorption spectrophotometry and HPLC [76]. HPLC is the more popular and 

convenient method. The objective of this study was to develop and validate a sensitive HPLC 

method for the separation and quantification of paclitaxel and gemcitabine with faster elusion 

time, lower flow rate and effectively using lower quantity of organic solvents. 



31 
 

2.2. Materials:  

Commercial grade Paclitaxel was obtained from Tecoland Corporation, US and gemcitabine 

hydrochloride was obtained from APAC Pharmaceutical LLC, US. Ammonium acetate, Optima 

LC/MS grade acetonitrile, methanol and water were purchased from Fischer Scienticfic (Fair 

Lawn, NJ). Nova-Pak C8 4μm (2.1×150mm) column was purchased from Waters (Milford, 

MA). 

2.3. Methods:  

2.3.1. Chromatography 

The HPLC analysis was performed using a reversed phase LC-10ATvp HPLC, Shimadzu, Japan, 

equipped with a binary solvent pump, an autosampler and a photodiode array detector. The 

chromatographic separation was obtained on Water’s Nova-Pak C8 4μm (2.1×150mm) column 

using isocratic elusion. The mobile phase consisting of Acetonitrile: Methanol: 0.1M 

Ammonium acetate solution in water (48.5:16.5:35 v/v/v) was used at a flow rate of 0.5 mL/min. 

The injection volume was 20μL and the total run time was 6 minutes. The column effluents were 

monitored at the detector wavelength of 234nm.  

2.3.2. Preparation of solutions 

2.3.2.1. Mobile phase 

The aqueous solution of 0.1M ammonium acetate was prepared by dissolving 0.27g of 

Ammonium acetate in 35 mL water. The organic phase consisting of 48.5% acetonitrile and 

16.5% methanol was added to the aqueous phase and filtered through 0.45 μm, 47mm Nylon-66 
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filter (Chrom Tech, Inc., MN) using vacuum. The apparent pH of the mobile phase was 7.6. The 

mobile phase was degassed for 5 minutes before use.  

2.3.2.2. Standard solution 

Paclitaxel stock solution of concentration 200mcg/mL was prepared by dissolving 10mg of 

Paclitaxel in 50 mL mobile phase. The standard solutions were prepared from the stock solution 

by appropriate dilutions. Gemcitabine stock solution (200mcg/mL) and standard solutions were 

prepared similarly with mobile phase. 

2.4. Calculations 

The standard curves of Paclitaxel and Gemcitabine were obtained by plotting peak height of the 

standards against their concentration. The unknown concentrations of Paclitaxel and 

Gemcitabine were determined by interpolation on the graph using peak height and substituting in 

the regression equation obtained from the standard curve. 

2.5. Results and discussion 

2.5.1. Specificity: 

The ICH documents define specificity as the ability to assess unequivocally the analyte in the 

presence of components that may be expected to be present, such as impurities, degradation 

products, and matrix components. The specificity for this analytical method was assessed by 

comparing the chromatograms obtained by the injection of mobile phase with no drug and the 

chromatogram of mobile phase containing both the drugs. Figure 2.1 (a) gives the representative 

chromatogram of mobile phase without any drug and Figure 2.1 (b) shows the representative 

chromatogram of mobile phase with both the drugs. Two distinct and resolved peaks were 
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obtained for Gemcitabine and Paclitaxel with the retention time of 1.2 minutes and 2.3 minutes 

respectively. 

 

 

Figure 2.1: Representative chromatograms of a) mobile phase and b) sample showing major 

peaks for Gemcitabine (A) and Paclitaxel (B) 

 

 

A 
B 

a) 

b) 
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2.5.2. Linearity: 

USP defines the linearity of an analytical procedure as its ability to elicit test results that are 

directly proportional to the concentration of analyte in samples within a given range. Thus in the 

given HPLC method, linearity refers to the linearity in the relationship of concentration and peak 

height. Linearity was tested by injecting seven different standard solutions over a wide range of 

concentration and plotting calibration curves of peak height against the concentration of the 

standards. By calculating slope, y-intercept and spearman rank coefficient (r
2
) using least square 

regression, linearity was determined for the given concentration range. The standard curve was 

linear over a concentration range of 0.31-20μg/mL. The linear regression equations for paclitaxel 

and gemcitabine were Y1=5592.5X1+360.09 and Y2=6085.3X2+835.73 respectively. The 

spearman rank coefficient (R
2
) of  >0.99 was obtained for both the drugs which falls within the 

acceptable limits suggesting strong relationship between peak height and concentration over the 

given range of concentration. Figure 2.2 shows the standard curve of paclitaxel (A) and 

gemcitabine (B). 
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Figure 2.2: Standard curve for Gemcitabine (A) and Paclitaxel (B) showing linearity over a 

range of 0.31-20μg/mL.  

2.5.3. Precision 

The precision of an analytical procedure is described by the USP as the degree of agreement 

among individual test results when the procedure is applied repeatedly to multiple samplings of a 

homogeneous sample. Precision of the analytical method was investigated using within day and 

day to day precision. For determining within day precision paclitaxel and gemcitabine standard 

solutions as below were injected four times in one day. The day to day precision was assessed by 

injecting the standards on five different days over a period of 30 days. The precision of the 

analytical procedure was expressed as relative standard deviation (coefficient of variation) of the 

measurements obtained for both within day and day to day precision. The results were found to 

be within USP acceptable limits. Table 2.1 lists the results for the precision studies for paclitaxel 

and gemcitabine. 
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Table 2.1(A): Within day and day-to-day precision for HPLC analysis of paclitaxel. 

 

 

 

 

 

 

 

Table 2.1(B): Within day and day-to-day precision for HPLC analysis of gemcitabine. 

 

Concentration 

(µg/mL) 

Paclitaxel 

Within day precision Day to day precision 

Mean peak 

height 
%RSD 

Mean peak 

height 
%RSD 

0.31 1398.5±32.0 2.29 1818.4±150.5 8.28 

0.62 2659.2±19.8 0.75 3603.2±167.4 4.65 

1.25 5107±18.6 0.36 7092.8±452.4 6.38 

2.5 100074±82.1 0.81 13891±819.4 5.89 

5 19893.2±174.7 0.88 27631.6±1525.5 5.52 

10 39639±370.4 0.93 56335.4±1156.4 2.05 

20 78727.75±679.6 0.86 108171.6±4916 4.54 

Concentration 

(µg/mL) 

Gemcitabine 

Within day precision Day to day precision 

Mean peak 

height 
%RSD 

Mean peak 

height 
%RSD 

0.31 3283±147 4.48 2641.4±197.9 7.49 

0.62 5961.5±201.9 3.39 4248.6±176.6 3.88 

1.25 6831.7±68.4 1.00 8378.8±463.8 5.53 

2.5 13000±178.6 1.37 16208.6±531.6 3.28 

5 25666±278.6 1.08 31280.8±906.9 2.89 

10 48955±559.9 1.14 63719.6±1190.9 1.87 

20 97671±1627.7 1.66 119373.6±5081.4 4.26 
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2.5.4. Accuracy 

As per the United States Pharmacopeia (USP) the accuracy of an analytical procedure is the 

closeness of test results obtained by that procedure to the true value. The accuracy of an 

analytical procedure should be established across its range. The accuracy of the HPLC method 

was determined by injecting three quality control samples of concentrations 0.52, 4.16, 16.67 

µg/mL five times along with the standards for both Paclitaxel and Gemcitabine. Accuracy of the 

analytical method was calculated by percentage of concentration measured by the assay to the 

known added amount of analyte in the sample. 

 

The results of this study are presented in the Table 2.2. 

 

Table 2.2: Accuracy results for the HPLC analysis of paclitaxel and gemcitabine. 

 

 

Theoretical 

concentration 

(µg/mL) 

Paclitaxel Gemcitabine 

Measured 

concentration 

(µg/mL) 

Accuracy 

(%) 

Measured 

concentration 

(µg/mL) 

Accuracy (%) 

0.52 0.56 ±0.01 110.42 0.39±0.01 75.09 

4.16 4.74 ±0.02 112.93 4.32 ±0.03 103.77 

16.67 18.51 ±0.06 110.59 17.88±0.11 107.31 
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2.6. Applications of the HPLC method 

The HPLC method of analysis was used for the determination of paclitaxel and gemcitabine in 

the following applications. 

2.6.1. Drug loading  

The drug loading of the nanoparticles was calculated as the percent ratio of the amount of drug 

extracted from the freeze dried and lyophilized nanoparticles to the amount of drug initially 

incorporated in the nanoparticle formulation. The extraction of paclitaxel and gemcitabine from 

the nanoparticles was carried out by biphasic extraction and the amount of drug in the extract 

was determined by HPLC analysis. The drug loading was calculated as: 

 

 

2.6.2. Drug entrapment efficiency 

To determine the drug entrapped in the nanoparticles from the total amount of free and 

unentrapped drug in the solution, the nanoparticle suspension was filtered and washed to get a 

nanoparticle pellet. Paclitaxel and gemcitabine were extracted from the pellet using biphasic 

extraction and the extracts were analyzed for both the drugs by HPLC analysis. The entrapment 

efficiency was determined as: 
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2.6.3. In-vitro release of paclitaxel and gemcitabine from the nanoparticle formulation 

The in-vitro release studies of paclitaxel and gemcitabine were carried out at 37±1⁰C using 

diffusion chambers (PermeGear Inc., Hellertown, PA) containing 3 mL water-jacketed donor and 

receiver glass diffusion chambers separated by 0.1µm polycarbonate membrane 

(Spectra/Por®Dialysis Membrane 2000Da). Phosphate buffer saline (pH=7.4) with 0.5% (w/v) 

Tween 80 was used as the release medium. . The nanoparticles were added to the donor chamber 

at the start of the experiment and samples were collected at specific time intervals by removing 

entire 3mL from receiver chamber and replacing it with fresh phosphate buffer. The samples 

were analyzed for paclitaxel and gemcitabine content by HPLC analysis.  

2.6.4. Cellular uptake of paclitaxel and gemcitabine from the nanoparticle formulation 

Cellular uptake of paclitaxel-gemcitabine nanoparticles was studied with respect to drug solution 

at equivalent concentrations for both the drugs in MDCK (normal kidney) and MDA MB 

231(Mammary gland adenocarcinoma) cell lines. The confluent cells monolayer was treated with 

the drug solution of paclitaxel and gemcitabine in the medium and nanoparticlesThe treatment 

times were set at 0.5, 1, 2, 3 and 6 hours after which the treated cells were washed with ice-cold 

phosphate buffer saline three times to wash out the residual drug. The plates were then lysed 

using mechanical scraping and the cell lysates were collected in microcentrifuge tubes. From the 

homogenized lysate, 20 μL was analyzed for the total cellular protein content using the BCA 

protein assay (Pierce, Rockford, IL). The lysate was analyzed by HPLC analysis for paclitaxel 

and gemcitabine content. The cellular uptake was reported as the mean ± SD of μg of paclitaxel 

and gemcitabine content per mg of total cellular protein (n=3). 
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2.7. Conclusion: 

A sensitive, specific and reproducible HPLC analytical method was developed and validated 

successfully for simultaneous quantitative analysis of paclitaxel and gemcitabine using isocratic 

reverse phase HPLC. The given method gave faster elution and good resolution for paclitaxel 

and gemcitabine using minimum amount of organic solvent. The method accurately detected 

concentrations as low as 0.3μg/mL. The method was validated for accuracy, precision, linearity 

and specificity. Consequently, an efficient analytical method was developed for accurate 

quantification of both paclitaxel and gemcitabine. This method was further used for in vitro 

evaluation studies.  
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CHAPTER 3 

Effect of freeze drying and spray drying techniques on the physicochemical properties of 

Paclitaxel and gemcitabine loaded PLGA nanoparticles 
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3.1. Introduction 

Paclitaxel is a hydrophobic anticancer agent which has shown efficacy in a variety of different 

cancers including breast cancer, ovarian cancer, lung cancer and prostate cancer [31,79]. Its 

unique mechanism of action and favorable response rates in metastatic breast cancer has made it 

an FDA approved drug for the first line treatment. The limiting factor for use of paclitaxel is its 

poor aqueous solubility. Commercially available paclitaxel for injection utilizes Cremophor EL 

as the solvent. Biological toxicity of Cremophor EL and its contribution to the non-linear 

kinetics and toxicity profile of paclitaxel necessitates an alternative form of paclitaxel delivery 

[19,27,80]. Nanoparticles are attractive drug delivery systems for drugs like paclitaxel. It 

improves the solubility of the drug by decreasing the size and increasing surface area for 

solubilization. Nanoparticle drug delivery is more important in cancer chemotherapy because of 

a number of advantages like sustained release, enhanced permeability and retention (EPR), 

specificity, targetability and imaging ability. In addition to the inherent size advantage of the 

nanoparticles, they exploit the pathophysiological abnormalities of tumor vasculature which 

contributes to the EPR effect. The extensive angiogenesis during tumor growth gives rise to a 

defective vascular architecture with leaky capillaries. Nanoparticles are able to permeate through 

these capillary fenestrations and preferentially accumulate at the tumor site. The impaired 

lymphatic drainage allows the retention of the nanoparticles inside the cells for an extended 

period of time. These two factors along with the enhanced production of permeability mediators 

contribute to the EPR effect [81,82]. Another advantage of nanoparticle delivery is that the drug 

which is encapsulated is unexposed to cell membrane associated efflux transporters. In this way, 

the cellular uptake of drugs from nanoparticles may be more than from drugs in solution [81]. 
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A number of clinical studies have shown paclitaxel and gemcitabine to be an additive 

combination in patients with MBC [40,41,84]. The different mechanisms of action and non-

overlapping toxicity of the two drugs makes them suitable for a combination therapy. 

Encapsulating these two drugs in a nanoparticle matrix gives the advantage of a combination 

therapy in addition to the inherent benefits of a nanoparticle drug delivery.  

The literature is replete with single agent entrapment in PLGA nanoparticles, but dual agents 

loaded nanoparticles are less studied [83]. The major challenge of this study is the entrapment of 

hydrophilic drug into a polymer matrix. Hydrophilic drug encapsulation in nanoparticles may 

provide a controlled and targeted release for the drug. PLGA was the polymer of choice for the 

dual drug loaded nanoparticles. The ability to modify hydrophobicity of the PLGA molecule 

based on lactic acid and glycolic acid content makes it useful in simultaneous entrapment of 

drugs with different properties. Additionally, PLGA has shown to have excellent 

biocompatibility and biodegradability. The emulsification method for preparation of PLGA 

nanoparticles was chosen to enhance hydrophilic drug entrapment [84]. In this study spontaneous 

emulsification solvent diffusion method (SESD) was used for obtaining paclitaxel-gemcitabine 

nanoparticles. This method uses a water soluble organic solvent along with a water insoluble 

solvent for dissolving PLGA and the drugs. In two different studies by Song et al. SESD has 

shown higher entrapment for hydrophilic drug [85,87].  

The importance of particle size has been studied extensively for the polymeric nanoparticles. 

According to these studies the optimum size for the long circulation of nanoparticles is 100-

200nm. Nanoparticles with size more than 200nm could be mechanically filtered through spleen 

and less than 100nm could escape through capillary fenestrations in the endothelial lining [88, 

89]. To obtain optimum size for the PLGA nanoparticles, high pressure homogenization (HPH) 
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process was utilized. The number of HPH cycles and process conditions were optimized for 

obtaining the desired particle size and drug entrapment. The objective of the first study was to 

prepare nanoparticles simultaneously loaded with paclitaxel and gemcitabine with optimum size 

and entrapment efficiency. 

Spray drying and freeze drying are most commonly utilized techniques for preparation of micro 

and nanoparticles from a suspension. A number of studies have been reported on the 

characteristics of lyophilized nanoparticles [67,71] and spray dried microparticles [69,90]. 

However, comparison of these two techniques and their effect on physicochemical properties and 

biological properties has not been described. Thus the objective of the second study was to 

investigate the influence of drying techniques on particle properties of PLGA nanoparticles 

containing paclitaxel and gemcitabine as model hydrophobic and hydrophilic drugs, respectively.  

The cytotoxicity and cellular uptake of paclitaxel-gemcitabine nanoparticles was evaluated in 

various normal and cancer cell lines as listed in Table 3.1. The cellular cytotoxicity of the 

nanoparticles in these cells was compared with drug solutions using MTT assay. The uptake of 

these nanoparticles inside the cells was assessed in comparison with the drug solutions using 

HPLC analysis. The cellular localization of the fluorescent nanoparticles was observed with the 

help of confocal microscopy. The US FDA recommends that for any excipients intended for 

injectable use, an in vitro hemolysis study should be performed at the intended concentration to 

test for hemolytic potential [89]. Paclitaxel-gemcitabine blank and drug loaded nanoparticles 

were tested for their hemolytic potential by in vitro Hemolysis Assay which evaluates 

hemoglobin release in the plasma (as an indicator of red blood cell lysis) following test agent 

exposure.  
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Cell line Source Reference 

The Madin-Darby canine 

kidney (MDCK) 

Normal cell line obtained from the kidney cortex of 

a normal female cocker spaniel 

[90] 

Clone 66 (CL66) 
Clonal cell line obtained from the mouse mammary 

adenocarcinoma cells 

[93,94] 

MDA-MB-231 
Human mammary gland/breast epithelial cells 

derived from metastatic site: pleural effusion 

[93] 

WI-26 
Normal diploid human fibroblast cell strain isolated 

from the lungs of a human embryo 

[94] 

A549 
Adenocarcinoma cells from the alveolar basal 

epithelium of the human lungs 

[95] 

 

Table 3.1: List of cell lines used for cytotoxicity and uptake study of paclitaxel-gemcitabine 

nanoparticles. 

3.2. Materials: 

Purasorb® PLGA (L:G 75:25, intrinsic viscosity: 0.2dl/g) was a gift from Purac biomaterials, 

The Netherlands. Commercial grade Paclitaxel was obtained from Tecoland Corporation, US and 

gemcitabine hydrochloride was obtained from APAC Pharmaceutical LLC, US. Poly(vinyl 

alcohol), MW: 85000-124000, 87-89% hydrolyzed, was purchased from Aldrich Chemical Co., 

Milwaukee, WI. Propylene glycol was purchased from professional compounding centers of 

America, Inc, Houston, Texas. HPLC grade Acetone and dichloromethane was purchased from 

Sigma Aldrich Milwaukee, WI. Ammonium acetate, Optima LC/MS grade acetonitrile, methanol 

and water were purchased from Fischer Scienticfic Fair Lawn, NJ.  
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MDCK, WI-26 A4, A549, CL66 and MDA-MB-231 cells were obtained from American Type 

Culture Collection, Manassas, VA. Dulbecco’s Modified Eagle Medium (DMEM), Modified 

Eagle Medium (MEM), Ham’s F-12 medium, RPMI-1640 medium, Dulbeco’s Phosphate Buffer 

Saline (DPBS), Fetal Bovine Serum (FBS) albumin, glutamate, non-essential amino acid, 

penicillin streptomycin and sodium pyruvate were purchased from Invitrogen, Carlsbad, CA. 

MTT reagent (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide), SDS, and 

Dimethylformamide (DMF) were purchased commercially from Sigma Aldrich, Milwaukee. 

CD-1 mouse whole blood was purchased from Innovative Research Inc., MI. Triton X-100 used 

as positive control was obtained from Sigma, St Louis, MO.  

3.3. Methods: 

3.3.1. Formulation of paclitaxel and gemcitabine loaded PLGA nanoparticles 

PLGA (300mg) and paclitaxel were dissolved in acetone: dichloromethane (1:2) solution. 

Gemcitabine was dissolved separately in 1 mL propylene glycol. Gemcitabine solution in 

propylene glycol was added drop wise to the organic solution of PLGA. The organic phase was 

added to 2% PVA solution in an aqueous to organic phase ratio of 1:3 and sonicated at 30W for 

3 minutes (Microson XL2000 Misonix sonicator, Newtown, CT).  This primary emulsion was 

then subjected to 3 cycles of HPH (Microfluidics M110P, Newtown, MA) at 15000 psi to give 

the nanoemulsion.  The nanoemulsion was spray dried (Buchi Mini Spray Dryer B-290, 

Switzerland) (n=3).  

For lyophilization, the organic solvents were evaporated in an ice-bath under nitrogen flush. The 

resultant colloidal dispersion was lyophilized using Millrock Technology, Kingston, NY 

lyophilizer (n=3).  
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The resultant colloidal dispersion was dried using either lyophilization or spray drying 

techniques using following parameters: For lyophilization, many distinct steps are generally 

followed that include freezing, where the sample was cooled from room temperature to -50°C 

at atmospheric pressure, followed by primary drying. In this step, the nanoemulsions were 

heated from -20°C to 20°C and the pressure was dropped to 50 μBar and the third step was 

secondary drying where the sample was held at 20°C for 240 minutes to ensure complete 

drying. Buchi B-290 spray dyer was used for Spray drying with an inlet temperature of 150-

155˚C and outlet temperature of 45-50˚C. Feed rate of nanosuspension was approx. 

2.5mL/min. Aspirator rate was set at approx. 37m
3
/hour. 

3.3.2. Determination of particle size, surface charge and physical stability of the 

nanoparticles 

Particle size and zeta potential was determined for nanoemulsions after sonication at 30Watts 

for 3 minutes and after 3 cycles of high pressure homogenization on ZetaPlus, Brookhaven 

Instruments Corporation, Holtsville, NY. Ten μL of nanoemulsion was used for determining 

particle size and surface charge. 

The particle size and zeta potential of the lyophilized and spray dried, blank and drug loaded 

nanoparticles were determined by preparing 0.5mg/mL nanosuspension of these 

nanoparticles in filtered deionized water. Ten readings were recorded for each measurement 

and these readings were taken in triplicate. The values were reported as mean±SD. The 

stability of lyophilized and spray dried nanoparticles was inspected at room temperature 

(25⁰C) over a period of 60 days by recording particle size and zeta potential at specific time 

points. The readings were taken in triplicates. 
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3.3.3. Atomic Force Microscopy (AFM) 

Based on the zeta potential recorded for these particles, specially modified mica surface 

(APS mica) was used. The APS mica was obtained by incubation of freshly cleaved mica in 

167 μM of 1-(3-aminopropyl) silatrane [96]. Nanosuspension (5mg/mL) was deposited on 

APS mica attached to glass slide through the double stick tape. After 2 minutes of incubation 

on the surface the excess of the sample was blotted and dry with the flow of Argon gas. The 

glass slide was placed on the AFM stage of Asylum Research Instrument (Santa Barbara, 

CA). The AFM imaging was operated in AC mode in air. The height, amplitude and phase 

images were collected. Regular tapping Mode Silicon Probes (Olympus from Asylum 

Research, CA, US) with a spring constant of about 42 N/m and a resonant frequency between 

300-320 kHz were used. Diameter and the height of the particles were obtained using image 

processing with Femtoscan (Advanced Technologies Center, Moscow, Russia). 

3.3.4. Determination of the physical state of the drugs in the nanoparticles 

To determine the physical state (amorphous or crystalline) of paclitaxel and gemcitabine in 

the nanoparticle matrix, Differential Scanning Calorimetry (DSC) and X-ray diffraction 

(XRD) analysis was performed. 

3.3.4.1. Differential Scanning Calorimetry (DSC) 

Paclitaxel and gemcitabine (pure drugs), PLGA, lyophilized nanoparticles (blank and 

paclitaxel-gemcitabine loaded) and spray dried nanoparticles (blank and paclitaxel-

gemcitabine loaded) were analyzed using Differential Scanning Calorimeter (Shimadzu 

DSC-60, Kyoto, Japan). Approximately 3 to 5mg of the sample was non-hermetically 
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crimped in an aluminum pan and heated from room temperature to 300⁰C at a rate of 10⁰/ 

minute in an atmosphere of nitrogen (flow rate=20mL/min).  

3.3.4.2. X-ray diffraction (XRD) analysis 

The X-ray diffraction analysis of the paclitaxel and gemcitabine (pure drug), lyophilized 

nanoparticles (blank and paclitaxel-gemcitabine loaded) and spray dried nanoparticles (blank 

and paclitaxel-gemcitabine loaded) was performed at room temperature. The sample was 

filled in a copper holder and exposed to CuKα radiation (40 kV x 40 mA) in a wide angle X-

ray diffractometer (D8 Advance, Bruker AXS, Madison, WI). Diffracted beam intensity was 

detected by a scintillation counter detector. A 2  angular range of 5– 40° with a step size of 

0.05° and a dwell time of 1 sec was used.    

3.3.5. Thermogravimetric Analysis (TGA) 

The weight loss on heating was calculated by thermogravimetric analysis using 

thermogravimetric analyzer (Shimadzu DSC-60, Kyoto, Japan). Approximately, 3-5mg 

sample was heated from room temperature to 300⁰C at a rate of 10⁰/ minute in an atmosphere 

of nitrogen.  The weight loss was analyzed from room temperature to 120⁰C (n=3). 

3.3.6. Karl Fisher titrimetry 

The moisture content in the spray dried and lyophilized, blank and drug loaded nanoparticles 

was determined by Karl Fisher titration (Mettler DL18 Karl Fischer titrator, NJ, USA). 

Approximately, 10-20mg of sample was used and moisture content was determined by 

biamperometric titration. Percent moisture content was determined for the known weight of 

the sample (n=3). 
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3.3.7. HPLC analysis 

The HPLC method was developed for determining paclitaxel and gemcitabine content in the 

nanoparticles. The chromatographic separation of both paclitaxel and gemcitabine was 

achieved by isocratic elution on Water’s Nova-Pak C8 4μm (2.1×150mm) column. The 

mobile phase composition was Acetonitrile: Methanol: 0.1M Ammonium acetate solution in 

water (48.5:16.5:35 v/v/v). The flow rate of was 0.5 mL/min was maintained for a total run 

time of 6 minutes and the column effluents were monitored at the detector wavelength of 

234nm. 

3.3.8. Determination of Drug loading  

Drug loading was calculated by the determination of the amount of drugs in the lyophilized 

and spray dried formulations to the weight of the nanoparticles. A 5mg sample of spray dried 

and lyophilized nanoparticles was weighed and extracted by biphasic extraction using 

dichloromethane and water as the solvents for extraction of paclitaxel and gemcitabine 

respectively. The amount of paclitaxel and gemcitabine was determined by HPLC analysis 

and drug loading was calculated as: 

 

3.3.9. Determination of Drug entrapment efficiency  

To find out the actual entrapment of hydrophilic and the hydrophobic drug from the free and 

unentrapped drug, drug entrapment efficiency study was carried out. The nanoparticle 

suspension was centrifuged using Amicon Ultra-0.5mL Centrifugal filters, 10K device for 20 

minutes at 4⁰C at 17,000xg (AccuSpin™ micro R). These centrifugal filters have a 
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membrane of 10KDa pore size and they work on the principle of size exclusion. It is possible 

to wash out the drug while retaining the nanoparticles. The residue obtained after 

centrifugation was washed with filtered DI water three times and the pellet was collected. 

Paclitaxel and gemcitabine were extracted from the washed nanoparticle pellet using biphasic 

extraction. The extracts were analyzed for both the drugs by HPLC analysis. 

 

3.3.10. In vitro release studies 

The time dependent release profile of paclitaxel and gemcitabine from the lyophilized and 

spray dried nanoparticles was obtained by determining percentage cumulative release over a 

period of 7 days. In vitro release studies were carried out in side-by-side 3 mL glass diffusion 

chambers (PermeGear Inc., Hellertown, PA) with donor and receiver chambers. The 

temperature was maintained at about 37°C by water-jacket around the chambers. The donor 

and receiver chambers were separated by 0.1µm polycarbonate membrane 

(Spectra/Por®Dialysis Membrane 2000Da). Phosphate buffer saline (pH=7.4) with 0.5% 

(w/v) Tween 80 was used as the release medium. Three mL of the release medium was added 

to both the chambers stirred using magnetic stirrers. At time 0, about 26mg of lyophilized 

drug loaded particles and 29mg of spray dried particles were dispersed in the donor 

compartments. The study was carried out in triplicates for lyophilized and spray dried 

nanoparticles. Samples were collected at specific time intervals by removing entire 3mL 

from receiver chamber and replacing it with fresh phosphate buffer. The samples were 
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analyzed for paclitaxel and gemcitabine content by HPLC analysis. Cumulative percent rof 

drug release was plotted with time. 

3.3.11. Determination of cellular uptake  

Cellular uptake of paclitaxel-gemcitabine lyophilized and spray dried nanoparticles was 

studied with respect to drug solution at equivalent concentrations for both the drugs in 

MDCK and MDA-MB-231 cell lines. These cells were cultured in standard Thermo 

Scientific Nunc™ 6-well tissue culture plates at a seeding density of approximately 413333 

and 980000 cells per well of MDA-MB-231 and MDCK cells. The cells were plated and 

incubated at 37⁰C in a humidified chamber until they were confluent. A stock solution of 

18.7 mg paclitaxel and 7.6 mg gemcitabine was prepared in DMSO. From the stock solution 

100μL was added to 30mL of the Dulbecco's Modified Eagle Medium (DMEM) for MDCK 

cells and RPMI-1640 media for MDA MB 231 cells. The confluent cells monolayer was 

treated with 2 mL of the prepared drug solution of paclitaxel and gemcitabine in the medium. 

Lyophilized and spray dried nanoparticles were used with equivalent drug content for the 

treatment. The treatment times were set at 0.5, 1, 2, 3 and 6 hours after which the treated 

cells were washed with ice-cold phosphate buffer saline three times to wash out the residual 

drug. The plates were then lysed using mechanical scraping and the cell lysates were 

collected in microcentrifuge tubes. Homogenized lysate (20μL) was analyzed for the total 

cellular protein content using the BCA protein assay (Pierce, Rockford, IL). The lysate was 

then centrifuged 17,000xg for 10 minutes at 20°C (accuSpin Micro R, Fisher Scientific, 

Fairlawn, NJ). The supernatant was analyzed by HPLC analysis for paclitaxel and 

gemcitabine content. The cellular uptake was reported as the mean ± SD of μg of paclitaxel 

and gemcitabine content per mg of total cellular protein (n=3). 
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3.3.12. Sub-cellular localization studies 

The subcellular localization of the nanoparticles loaded with a fluorescent marker 

Rhodamine 6G was evaluated in MDA-MB-231 and MDCK cells. In brief, MDA-MB-231 

and MDCK cells were cultured on BD Falcon 8-chamber slides at a seeding density of 

103333 and 245000 cells per chamber and incubated overnight in a humidified chamber at 

37°C. These cells were treated with same nanoparticle concentration as used in uptake study 

dispersed in DPBS, spiked with lysotracker green (50 nM) for 2 and 5 minutes. The 

treatment was washed three times with ice cold DPBS and fixed with 1% (v/v) 

paraformaldehyde. The wells were removed and the cells were stained with mounting media 

consisting of DAPI and sealed with coverslips. The slides were viewed on a multiphoton 

confocal microscope (Carl Ziess, Germany) at the Nebraska Center for Cell Biology, 

Creighton University. 

3.3.13. MTT toxicity assay 

The cytotoxicity of paclitaxel-gemcitabine combination was compared with that of the spray 

died and lyophilized nanoparticle using MTT assay. The cell lines used for the assay were 

MDA-MB-231, CL-66, MDCK, A549 and WI-26 A4. The medium for CL-66 and MDCK 

was Dulbecco’s Modified Eagle Medium (DMEM). Modified Eagle Medium (MEM) was 

used for growing WI-26 A4 cells. Ham’s F-12 medium was used for growing A549 cells. 

RPMI-1640 medium was used for growing MDA-MB-231 cells. The media were 

supplemented with 20% FBS, 10% L-glutamine, 10% sodium pyruvate, 10% nonessential 

amino acids and 10% penicillin streptomycin. Twenty-four hours prior to treatment cells 

were split in 100μL media/well into 96 well culture plates at the following seed densities: 
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MDA-MB-231 cell were plated at approximately 20666 cells, CL-66 were plated at 43666, 

MDCK were plated at 49000, A549 were plated at 29666 and WI-26 A4 cells were plated at 

50833 cells. After plating, the cells were incubated overnight in a humidified chamber at 

37⁰C with 5% regulated CO2. 

 Twenty-four hours after the original plating of cells, treatments consisting of paclitaxel-

gemcitabine, vehicle control and nanoparticles with equivalent amount of drugs were applied 

on top of existing media in equal volume to the media in the wells (100 μL:100 μL) and 

allowed to incubate for 4 hours.  After 4 hours the media and treatment were removed, 100 

μL fresh media was added to each well, and plates were returned to incubation. After 

incubation period of 24, 48 and 72 hours, cells were treated with 20 μL of a solution of MTT 

reagent (5mg/mL) in DPBS and incubated for additional 4 hours. The cells were removed 

from the incubator after 4 hours; treatment was removed and replaced with 100 μL of a 

solution of 20% (w/v) SDS solution: Dimethylformamide in 1:1 ratio. The plates were placed 

in the incubator-shaker for 30 minutes and the absorbance was analyzed on a microplate 

reader at 540 nm. 

3.3.14. Hemolysis assay  

Red blood cells were prepared from the whole blood for hemolysis assay. CD-1 mouse whole 

blood was centrifuged for 5 minutes at 1000 rpm. Serum fraction was discarded and volume 

was made up to the initial total volume of blood with normal saline (0.9% NaCl solution) and 

centrifuged. The centrifugation was repeated 4-6 times. The final RBCs were diluted 1:10 

with normal saline. Two hundred μL of RBC solution was tested for hemolysis with drug and 

nanoparticle suspension (2 μL nanoparticle suspension/800 μL normal saline). 1% triton X 
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was used as a positive control and normal saline was used as a negative control. The treated 

RBC solution was incubated for 1 hour at 37⁰C. The tubes were collected and centrifuged for 

5 minutes at 4⁰C and 13000 rpm (AccuSpin™ micro R). The supernatant was collected and 

the absorbance was measured at 540nm and 404nm using normal saline as blank. Percent 

hemolysis was calculated as 

 

The mean % hemolysis between the two wavelengths was calculated. 

3.3.15. Statistical data analysis 

The experimental data was statistically analyzed for the purpose of comparison using a single 

factor ANOVA. The differences were termed statistically significant at P<0.05. 

3.4. Results  

3.4.1. Particle size and surface charge of the nanoemulsions 

Particle size and zeta potential measurements were performed on blank and drug loaded 

nanoemulsions formed using first ultrasonication followed by high pressure homogenization. 

The readings were as presented in Table 3.2. The data represents the average of triplicate 

samples. 
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Table 3.2: Particle size and zeta potential of nanoemulsion after sonication and after high 

pressure homogenization (mean±SD; n=3). 

The particle size data for the blank as well as drug loaded nanoemulsions indicate that there is a 

significant (p<0.05) reduction in the particle size after high pressure homogenization than 

sonication alone. The particle size was reduced approximately 2.5 folds using high pressure 

homogenization. However, no significant changes were seen in zeta potential measurements after 

high pressure homogenization. There was no significant difference in the particle size and zeta 

potential of the blank and drug loaded nanoemulsions after sonication as well as high pressure 

homogenization.  

3.4.2. Particle size, surface charge and physical stability of the nanoparticles 

Table 3.3 gives the particle size and zeta potential after lyophilization and spray drying. It can be 

seen that lyophilization gives particles with smaller size than spray drying in case of both blank 

and drug loaded nanoparticles. There was a significant difference between the particle size of 

nanoparticles prepared by lyophilization and by spray drying. However, there was no significant 

difference between the zeta potential of the lyophilized and spray dried nanoparticles. In case of 

Nanoemulsion type After 

sonication 

After HPH After 

sonication 

After 

HPH 

 Particle size (nm) Zeta potential (mV) 

Blank nanoemulsion 491.90±21.11 191.5±1.8 -1.08±0.39 -2.88±2 

Paclitaxel-gemcitabine loaded 

nanoemulsion 

420.73±17.7 183.6±10.8 0.26±0.2 -1.98±1 
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lyophilized nanoparticles, there was no significant difference in particle size of blank and 

paclitaxel-gemcitabine loaded nanoparticles. Conversely, there was a significant difference in the 

particle size and zeta potential of blank and paclitaxel-gemcitabine loaded spray dried 

nanoparticles. Surface charge, in all the cases was slightly negative. 

 

Table 3.3: Particle size and zeta potential of blank and drug loaded nanoparticles after 

lyophilization and spray drying (n=3). 

The stability study data for particle size and zeta potential is presented in Figure 3.4 (A) and (B) 

respectively. Lyophilized nanoparticles were found to be stable over the period of 60 days. There 

was, however a significant increase in the particle size of blank spray dried nanoparticles over 

the period of 60 days. 

 

Formulation Particle size (nm) Zeta potential (mV) 

Paclitaxel-gemcitabine lyophilized nanoparticles 199.52±3.60 -2.80±2.7 

Blank lyophilized nanoparticles 175.84±0.63 -3.16±0.6 

Paclitaxel-gemcitabine spray dried nanoparticles 657.31±11.68 -1.98±0.6 

Blank spray dried nanoparticles 318.43±51.34 -4.64±0.6 
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Table 3.4 (A): Particle size of lyophilized and spray dried blank and drug loaded nanoparticles 

over a period of 60 days. 

 

Table 3.4 (B): Zeta potential of lyophilized and spray dried blank and drug loaded nanoparticles 

over a period of 60 days. 
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3.4.3. Atomic force microscopy analysis 

The morphology of lyophilized and spray dried nanoparticles was studied using atomic force 

microscopy. Figure 3.1 (A) and (B) represent the lyophilized blank and paclitaxel-gemcitabine 

nanoparticles while Figure 3.1 (C) and (D) represent the spray dried blank and paclitaxel-

gemcitabine nanoparticles. The atomic force micrographs show the size difference in lyophilized 

and spray dried nanoparticles. In both cases, spherical particles with smooth surface were seen. 

Spray dried nanoparticles showed wide size distribution and aggregation in some case. 

 

Figure 3.1: AFM images of A: Blank lyophilized, B: Drug loaded lyophilized, C: Blank spray 

dried, D: Drug loaded spray dried nanoparticles (3000nm). 

D 

B A 

C 
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3.4.4. Differential Scanning Calorimetry (DSC) 

An overlay of paclitaxel, gemcitabine and PLGA with lyophilized blank and drug loaded 

nanoparticles is shown in Figure 3.2 (A). Paclitaxel shows a sharp endothermic melting peak 

at 222.95°C corresponding to its reported melting point. Gemcitabine shows a melting peak 

at 270.77°C. The thermogram of PLGA reveals a glass transition (Tg) temperature around 

35–40°C. There was no endothermic peak at or around melting point of paclitaxel or 

gemcitabine. 

 

Figure 3.2 (A): An overlay of DSC thermograms of paclitaxel and gemcitabine (pure drugs) and 

PLGA with lyophilized blank and paclitaxel-gemcitabine loaded nanoparticles. 

 

A: Lyophilized drug loaded nanoparticles 
B: Lyophilized blank nanoparticles 

C: Paclitaxel 

D: Gemcitabine HCL 
E: PLGA 
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Figure 3.2(B): An overlay of DSC thermograms of paclitaxel and gemcitabine (pure drug) 

and PLGA with spray dried blank and paclitaxel-gemcitabine loaded nanoparticles. 

Similar trend was observed in case of spray dried nanoparticles. The overlay of DSC 

thermograms of blank and drug loaded spray dried nanoparticles with PLGA, paclitaxel and 

gemcitabine are presented in Figure 3.2(B). There was no peak in the spray dried drug 

loaded nanoparticles corresponding to the endothermic peak for paclitaxel or gemcitabine. 

Powder X-ray diffraction analysis was performed to further confirm the results of DSC 

analysis.  

 

 

A: Spray dried drug loaded nanoparticles 

B: Spray dried blank nanoparticles 
C: Paclitaxel 

D: Gemcitabine HCL 

E: PLGA 
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3.4.5. X-ray diffraction analysis 

 

 

Figure 3.3: An overlay plot of XRD patterns of lyophilized (blank and drug loaded) (A) and 

spray dried (blank and drug loaded) nanoparticles (B) with paclitaxel*and gemcitabine (*[97]) 

An overlay of powder XRD patterns of gemcitabine hydrochloride and paclitaxel (pure drug), 

lyophilized blank and drug loaded nanoparticles and spray dried blank and drug loaded 

nanoparticles is shown in Figure 3.3. The XRD of the two drugs gave a unique fingerprint 

pattern. However, both lyophilized and spray dried blank and drug loaded nanoparticles did not 

show the characteristic fingerprints for either drugs in their XRD pattern.   

Gemcitabine HCL 

Blank nanoparticles 

Drug loaded nanoparticles 

Paclitaxel 

 A B 
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3.4.6. Thermogravimetric analysis 

The TGA thermograms of lyophilized and spray dried nanoparticles are shown in Figure 3.4 

(A) and (B) respectively. In case of lyophilized blank and drug loaded nanoparticles, 12-14% 

weight loss was seen on heating up to 120°C. The weight loss in lyophilized nanoparticles 

was significantly higher than spray dried nanoparticles. There was no significant difference 

between weight loss of blank and paclitaxel-gemcitabine loaded nanoparticles in both the 

cases. 

 

Figure 3.4(A): TGA thermograms of the lyophilized blank and paclitaxel-gemcitabine 

nanoparticles showing weight loss over a range of 120⁰C. 
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Figure 3.4(B): TGA thermograms of the spray dried blank and paclitaxel-gemcitabine 

nanoparticles showing weight loss over a range of 120⁰C. 

3.4.7. Karl Fischer titrimetry 

The moisture content of lyophilized and spray dried blank and paclitaxel-gemcitabine loaded 

nanoparticles was determined by Karl Fisher titrimetric method as given in Table 3.5. 

Moisture content was significantly higher in lyophilized nanoparticles than spray dried 

nanoparticles. There was a significant difference in moisture content of lyophilized blank and 

drug loaded nanoparticles. However, there is no significant difference in moistrure content of 

blank and drug loaded spray dried nanoparticles. 
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Formulation % Moisture content 

Blank lyophilized nanoparticles 
7.48±0.66 

Paclitaxel-Gemcitabine loaded lyophilized nanoparticles 
7.10±0.21 

Blank spray dried nanoparticles 
4.88±0.10 

Paclitaxel-Gemcitabine loaded spray dried nanoparticles 
4.98±0.89 

 

Table 3.5: Percent moisture content by Karl Fisher titrimetry for lyophilized and spray dired 

formulations (n=3). 

3.4.8. Drug entrapment efficiency and drug loading 

The paclitaxel and gemcitabine entrapment in nanoemulsion after washing was 72.01±1.35% 

for paclitaxel and 6.95±3.97% for gemcitabine. The drug loading for the lyophilized 

nanoparticles without washing was 40.00±4.67μg/mg for paclitaxel and 12.07±2.83μg/mg for 

gemcitabine. In case of spray dried nanoparticles it was 39.97±4.05 μg/mg for paclitaxel and 

16.89±1.03 μg/mg for gemcitabine. There was no significant difference in the drug content of 

paclitaxel and gemcitabine in lyophilized and spray dried nanoparticles. 
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3.4.9. In vitro release of paclitaxel and gemcitabine 

 

Figure 3.5 (A): In vitro release profile of Gemcitabine from lyophilized and spray dried 

nanoparticles. 

The in vitro release profile for gemcitabine from lyophilized and spray dried nanoparticles is 

plotted as % cumulative release with time as shown in Figure 3.5(A). There was a significant 

difference in the release of gemcitabine from lyophilized and spray dried nanoparticles. The 

gemcitabine showed sustained release over a period of 24 hours.  

The in vitro release of paclitaxel from lyophilized and spray dried nanoparticles is shown in 

Figure 3.5(B). The paclitaxel release pattern from lyophilized nanoparticles was significantly 

different than spray dried nanoparticles. There was an initial lag period in the case of 

lyophilized nanoparticles. The release profile fits a linear pattern as depicted in Figure 

3.5(C). The percent release rate for paclitaxel was found to be 0.034%/hour for lyophilized 

nanoparticles and 0.038%/hour for spray dried nanoparticles. The rate of release was similar 

in both the nanoformulations. 

Cumulative release 

(%) 
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 Figure 3.5 (B):  In vitro release profile for paclitaxel in lyophilized and spray dried 

nanoparticles. 

 

Figure 3.5 (C): Linear plot of paclitaxel release from spray dried and lyophilized nanoparticles. 

y = 0.0384x + 0.5267 
R² = 0.9808 

y = 0.034x - 0.8 
R² = 0.9242 

-2 

-1 

0 

1 

2 

3 

4 

5 

6 

7 

8 

0 50 100 150 200 

C
u

m
u

la
ti

ve
 r

e
le

as
e

 (
%

) 

Time (hours) 

Spray dried 

Lyophilised 

Cumulative release 

(%) 



68 
 

3.4.10. Cellular uptake of paclitaxel and gemcitabine  

 

Figure 3.6: Cellular uptake of paclitaxel (A) and gemcitabine (B) from drug solutions and 

nanoparticulate systems in MDA-MD-231 cells. 

A 

B 
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The uptake of paclitaxel and gemcitabine per mg protein at different time points in MDA-

MB-231 cells following treatment with drug solutions and lyophilized and spray dried 

nanoparticles  is presented in Figure 3.6 (A) and (B) respectively. The cellular uptake of 

paclitaxel from lyophilized nanoparticles was significantly higher than drug solutions at all 

time points. The paclitaxel uptake was significantly higher from spray dried nanoparticles 

than from solution up to 3 hours of treatment. There was a significant difference in the 

uptake of paclitaxel from lyophilized and spray dried nanoparticles beyond 2 hours of 

treatment. The uptake of paclitaxel was found to be increasing with time in the case of both 

drug solution and nanoparticles. 

Gemcitabine uptake from solution was not significantly different than from lyophilized 

nanoparticles after 1 hour of treatment. Gemcitabine uptake from spray dried nanoparticles 

was significantly lower than from drug solutions at all time points, but it was significantly 

lower than lyophilized nanoparticles only after 1 hour of treatment.  

The cellular uptake of paclitaxel and gemcitabine per mg protein for MDCK cells is depicted 

in Figure 3.6. The uptake of paclitaxel was significantly higher from nanoparticles than drug 

solutions, while uptake of gemcitabine from drug solutions was significantly higher than the 

nanoparticles at all time points tested in MDCK cells. There was no significant difference in 

lyophilized and spray dried nanoparticles with respect to uptake of paclitaxel and 

gemcitabine. The paclitaxel uptake from lyophilized nanoparticles was found to be increasing 

with time in MDCK cells. 
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Figure 3.7: Cellular uptake of paclitaxel (A) and gemcitabine (B) from drug solutions and 

nanoparticulate systems in MDCK cells. 

3.4.11. Subcellular localization studies 

The subcellular localization of lyophilized rhodamine 6G nanoparticles in MDA-MB-231 

cells and MDCK cells at the end of 2 minutes and 5 minutes is depicted in Figure 3.8. The 

particle size of the rhodamine 6G nanoparticles was found to be 188.0±5.2 nm and the 

surface charge was -2.2±1.1 mV. These nanoparticles appeared red due to fluorescence of 

rhodamine 6G. The nuclei were stained blue by DAPI and the lysosomes were stained green 

A 

B 
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by lysotracker green. The nanoparticles were seen to internalize in the cells by the end of 2 

minutes and 5 minutes because of co-localization of red fluorescence with green fluorescence 

in both the cells lines. 

 

Figure 3.8: Subcellular localization in MDA-MB-231cells after 2 minutes (A) and 5 minutes (B) 

and MDCK cells after 2 minutes (C) and 5 minutes (D) post treatment. 

B 

D 

A 

C 
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3.4.12. MTT cytotoxicity assay 

Figures 3.9-3.13 represent the plot of percent cell survival with increasing concentration of 

paclitaxel-gemcitabine solution, blank and drug loaded nanoparticles prepared by 

lyophilization and spray drying in CL66, MDCK, MDA-MD-231, WI-26A4 and A549 cells. 

  

Figure 3.9: Cytotoxicity profile of paclitaxel-gemcitabine solutions, blank and drug loaded 

lyophilized and spray dried nanoparticles after 24 hours (A) and 72 hours (B) of incubation 

in CL66 cells. 

A 

B 
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The plot of the percent cell survival of CL66 cells with increasing paclitaxel concentration at 

the end of 24 and 72 hours is presented in Figure 3.9(A) and (B) respectively. It can be 

infered that there is no significant difference in the LD50 of drug solutions and drug loaded 

nanoparticles. The blank nanoparticles showed cytotoxicity at concentrations about 1000 

times more than drug loaded nanoparticles. There was a higher cell death at the end of 72 

hours than at 24 hours.   

 

Figure 3.10: Cytotoxicity profile of paclitaxel-gemcitabine solutions, blank and drug loaded 

lyophilized and spray dried nanoparticles after 24 hours (A) and 72 hours (B) of incubation in 

MDCK cells. 

A 

B 
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Figure 3.10 (A) and (B) show the cytotoxicity profile of free drug and the nanoparticles in 

MDCK cells after 24 and 72 hours of incubation. At the end of 24 hours the cytotoxicity of 

drug and lyophilized nanoparticles was similar, but at the end of 72 hours LD50 of 

lyophilized nanoparticle was significantly less than the drug solutions and spray dried 

nanoparticles. The spray dried nanoparticles were least cytotoxic.  There was a significant 

difference in the LD50 of nanoparticles in CL66 (cancer) and MDCK (normal) cells. 

 

Figure 3.11: Cytotoxicity profile of paclitaxel-gemcitabine solutions, blank and drug loaded 

lyophilized and spray dried nanoparticles after 24 hours (A) and 72 hours (B) of incubation 

in MDA-MB-231 cells. 

A 

B 
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The MDA cells showed no cytotoxicity at the end of 24 hours with drug as well as 

nanoparticle treatment. At the end of 72 hours, the minimum percent cell survival was 60%. 

 

Figure 3.12: Cytotoxicity profile of paclitaxel-gemcitabine solutions, drug loaded 

lyophilized and spray dried nanoparticles (A) and blank nanoparticles (B) after 72 hours of 

incubation in WI-26 cells.  

The drug solutions and drug loaded nanoparticles showed cytotoxicity in WI-26 cells as 

shown in Figure 3.12(A). The LD50 of drug solutions and lyophilized drug loaded 

nanoparticles was not significantly different, but spray dried nanoparticles had highest LD50 

A 

B 
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and hence were least cytotoxic. In the blank nanoparticles, spray dried nanoparticles were 20 

times more cytotoxic than lyophilized nanoparticles as depicted in Figure 3.12(B).  

 

Figure 3.13: Cytotoxicity profile of paclitaxel-gemcitabine solutions, drug loaded 

lyophilized and spray dried nanoparticles (A) and blank nanoparticles (B) after 72 hours of 

incubation in A549 cells.  

The A549 cells did not show any cytotoxicity towards drug solutions and blank nanoparticles 

as shown in Figure 3.13 (A) and (B). However, lyophilized and spray dried drug loaded 

nanoparticles showed significantly more cytotoxicity. There was no significant difference in 

the cytotoxicity of spray dried and lyophilized drug loaded nanoparticles. 

B 

A 
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3.4.13. Hemolysis assay 

Treatment 
Mean % 

hemolysis 

Vehicle 
1.00±0.51 

Paclitaxel-gemcitabine solution 
0.49±0.02 

Blank nanoparticles 
0.62±0.05 

Paclitaxel-gemcitabine loaded 

nanoparticles 
0.62±0.02 

Triton X 100 

 

Table 3.6: Mean percent hemolysis of drug solutions and nanoparticles with Triton X as a 

positive control. 

The mean percent hemolysis of the two wavelengths of detection (404 and 541nm) with 

different treatments is presented in Table 3.6. Hemolysis by Triton X was used a positive 

control and normal saline was read as negative control. The hemolysis caused by the drug 

solutions and nanoparticles was lower than the vehicle control. There was no difference in 

the hemolysis caused by blank and drug loaded nanoparticles.  

3.5. Discussion  

3.5.1. Formulation of nanoemulsion 

Polymeric nanoparticles, especially PLGA systems, give higher stability, more tunable 

physicochemical properties, sustained and more controllable drug-release profiles, and higher 

loading capacity for hydrophobic drugs [98]. This system was chosen to facilitate entrapment 

of a hydrophilic drug along with a hydrophobic drug in a single matrix. Spontaneous 
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emulsification solvent diffusion (SESD) method, first described by Niwa et al. [61], was used 

with modifications for preparation of primary emulsion. This method was used to facilitate 

the entrapment of hydrophilic drug by using water soluble organic solvent for emulsification. 

Song et al. studied the factors such as effects of concentration and type of PLGA and 

stabilizer on size of nanoparticles in SESD. This study proved that increased hydrophilic and 

hydrophobic drug entrapment and decreased particle size can be obtained with 75:25::L:G 

PLGA and 2% PVA [85]. 

The hydrophilic gemcitabine was dissolved in acetone with a cosolvent propylene glycol. 

Methylene chloride was used as an organic, water immiscible solvent for paclitaxel and 

PLGA and for the formation of an emulsion. The nanoemulsion was stabilized by a 2% PVA 

solution. The aqueous to organic phase ratio was maintained at 3:1 for formation of 

nanoemulsion with optimum size and entrapment efficiency [83]. High pressure 

homogenization has been reported to be a more efficient method of preparation of submicron 

size monodispersed particles as compared with ultrasonication [99]. In this study, probe 

sonication was used to form a primary emulsion. However, further reduction in particle size 

and particle size distribution was obtained by using three cycles of high pressure 

homogenization. 

 The entrapment of paclitaxel and gemcitabine was calculated from the nanosuspension after 

filtration and washing.  The most challenging part was to ensure optimum entrapment of 

gemcitabine. Being highly hydrophilic, gemcitabine escapes into the external aqueous phase 

leaving only smaller quantity to be entrapped. The maximum entrapment for gemcitabine 

was around 10%.  
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3.5.2. Particle size, zeta potential and morphology of lyophilized and spray dried 

nanoparticles 

The process parameters in lyophilization affect the particle size. The three primary steps in 

lyophilization are freezing, primary drying and secondary drying. The chamber pressure and 

rate of initial freezing are important factors that determine particle characteristics. Ideally, 

freeze drying should yield a highly porous structure with sponge like product [100]. One of 

the important problems with lyophilization is the aggregation of nanoparticles. This 

aggregation is primarily due to various stresses that the product encounters while freeze 

drying.  This stress also leads to an increase in the particle size [101]. The size of lyophilized 

nanoparticles obtained in this study was retained after drying from the nanosuspension, hence 

showing no aggregation on lyophilization. The final product was sponge-like and easily 

dispersible in water. Vandervoort et al. showed that PVA helps maintain the particle size of 

the nanoparticles after lyophilization. PVA improves the stability and freezing resistance of 

the nanoparticles and preclude the use of any cryoprotectant during lyophilization [104,105].  

The stability studies were carried out by recording the particle size and zeta potential of 

lyophilized and spray dried nanoparticles over a period of time. Lyophilized nanoparticles 

were found to be stable over a period of sixty days. The particle stability depends on its zeta 

potential. The slight negative charge of the particles are imparted by PVA used for 

preparation [52]. The particles having similar charge prevent the aggregation and the increase 

in particle size on storage. Positively charged nanoparticles are found to have advantage over 

negatively charged particles in uptake rate and enhanced internalization. On the other hand, 

negatively charged nanoparticles were found to have longer circulation times than positively 

charged nanoparticles [104]. It has been reported that PLGA nanoparticles prepared without 
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using a stabilizer have highly negatively charged surface because of the uncapped end 

carboxylic acid groups on the particle surface [105]. Sahoo et al. studied the effects of 

residual PVA on PLGA nanoparticles and it was reported that PVA increases the zeta 

potential of PLGA nanoparticles by shielding the negative charge of PLGA [55]. 

The spray dried nanoparticles had a higher particle size than lyophilized nanoparticles. 

Ambrus et al. studied the freeze drying and spray drying of a nanosuspension of poorly water 

soluble drug meloxicam and its effects on particle size [106]. The particle size obtained by 

spray drying was larger than that obtained by freeze drying of the nanosuspension. The 

particle size of a spray dried formulation depends on the droplet size distribution from the 

atomizer [107]. This droplet size, in turn, is the characteristics of the spray dryer, which in 

this case was Buchi-B290. The nanoparticles are dispersed in the droplets formed by the 

atomizer in the spray dryer which are then dried in the drying chamber. Depending on the 

droplet size the nanoparticles in a droplet aggregate and form a particle after drying. This 

aggregation results in an increase in the particle size after spray drying. The particle size 

distribution was also found to be higher in the spray dried nanoparticles because of the 

polydispersity of the droplet size. The surface charge in spray dried nanoparticles was similar 

to the lyophilized nanoparticles. The stability data shows that the particle size of blank spray 

dried particles increased with time. The lyophilized formulation was sponge-like and the 

spray dried formulation gave free flowing powder. This increase in particle contact in case of 

spray dried nanoparticles or the moisture adsorption may result in an increase in particle size 

on storage. 

 



81 
 

3.5.3. HPLC analysis 

The analysis of paclitaxel and gemcitabine was carried out simultaneously using HPLC 

method for quantification. The retention time for gemcitabine was 1.2 minutes and paclitaxel 

was 2.3 minutes. Thus an efficient method of analysis was developed using less volume of 

organic solvents. 

3.5.4. Thermal analysis and moisture content  

The DSC thermogram of paclitaxel and gemcitabine showed an endothermic peak at 

222.95°C and 270.77°C, respectively representing melting of the two drugs followed by 

degradation. The endothermic melting peaks for paclitaxel and gemcitabine were absent in 

lyophilized and spray dried drug loaded nanoparticles indicating non-crystalline nature of the 

drug in the nanoparticles. The X-ray diffraction analysis confirmed the non-crystalline nature 

of the drugs in the PLGA nanoparticles. 

Thermogravimetric analysis was performed to determine weight loss on heating up to 120°C. 

This analysis was followed by Karl fisher titrimetry, to determine moisture content in the 

nanoparticles. The TGA gave a 12-14% weight loss for lyophilized nanoparticles out of 

which 7-10% was water. There was a significant difference in the weight loss obtained by 

TGA and the moisture content by Karl Fisher analysis. This difference may be attributed to 

the desolvation process.  

3.5.5. In vitro release studies  

There was no significant difference between the drug loading of lyophilized and spray dried 

nanoparticles. These nanoparticles were prepared without washing, so the theoretical drug 
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loading efficiency was close to 100%. This takes into account any unentrapped or free drug 

in the system. The release studies were carried out in phosphate buffer with 0.5% Tween 80 

for increasing paclitaxel solubility to create sink conditions [108].  The In vitro release 

profiles were plotted as % cumulative release over a period of time. The release curve of 

gemcitabine and paclitaxel were very different because of their different physicochemical 

properties and the difference in the drug loading. Because of the hydrophobic nature of 

paclitaxel a high entrapment of the drug was noticed in the hydrophobic core of PLGA. 

However, gemcitabine showed only about 6.95% entrapment. Therefore, most of the 

gemcitabine is possibly adsorbed on the nanoparticle surface or present as free drug.  

There was a significant difference in the release characteristics of gemcitabine from 

lyophilized and spray dried nanoparticles. Lyophilized nanoparticles gave a more overall 

cumulative release than spray dried nanoparticles. In spite of the low entrapment of 

gemcitabine, sustained release was observed for this hydrophilic drug over a period of 24 

hours. A possible explanation for this could be due to adsorption of gemcitabine on PLGA 

surface. Gemcitabine showed a biphasic release profile [109]. The release for both the 

formulations constitutes of a burst release (i.e. release of an initial large bolus of drug) over 

the first 10 hours followed by a sustained release which was approximately 0.44%/hour for 

lyophilized and 0.29%/hour for spray dried nanoparticles.  

The release rate of an adsorbed drug is a function of its affinity to the polymer surface [110]. 

Fresta et al. have shown that a higher burst release up to 60-70% is associated with 

nanoparticles loaded with drug by adsorption [111]. The total release was higher in 

lyophilized nanoparticles than spray dried nanoparticles which may be attributed to more 

weekly adsorbed gemcitabine than in case of spray dried nanoparticles.  
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The release curves for lyophilized and spray dried nanoparticles were significantly different 

for paclitaxel. In both cases, the release was close to zero-order. The paclitaxel release from 

lyophilized nanoparticles showed an initial lag time of around 24 hours followed by a 

sustained linear release. The spray dried nanoparticles also released drug in a sustained and 

linear manner but with no initial lag time. The rapid initial release from the nanoparticles is 

associated with the drug which is adsorbed or weakly bound to the surface followed by a 

delayed release caused due to the slow diffusion of the entrapped drug through the polymer 

matrix [110]. The initial lag phase in lyophilized nanoparticles may be due presence of 

paclitaxel in the core of the nanoparticles that contribute to the slow diffusion of the drug 

from the core across the polymeric matrix. The low solubility of paclitaxel in aqueous 

medium also retards drug diffusion. Liu et al. have reported delivery of a combination 

doxorubicin and paclitaxel in mesoporus silica nanoparticles [112]. In this study, the release 

amount of paclitaxel was found to be minimum and undetectable over first 24 hours. 

Cumulative release of doxorubicin was sustained and similar to the gemcitabine release 

observed in this study. In case of both lyophilized and spray dried nanoparticles, the rate of 

release was constant at a rate of around 0.035%/hour. Therefore, there was no significant 

difference in the release rate from both the formulations. The mechanism of drug release in 

case of paclitaxel and gemcitabine was found to be different owing to their different 

solubilities [50].  
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3.5.6. Cellular uptake and sub-cellular localization 

The cellular uptake of paclitaxel and gemcitabine from solutions versus nanoparticles was 

investigated at 0.5, 1, 2, 3 and 6 hours in MDA-MB-231 (cancer) and MDCK (normal) cells. 

In MDA-MB-231 the paclitaxel uptake from the solutions and lyophilized nanoparticles 

increased over a period of time with the maximum uptake at 6 hours. This constant increase 

in cellular uptake of paclitaxel in a time dependent manner was also seen in these cells by 

Trickler et al. [113]. This increase in paclitaxel uptake over time was faster from 

nanoparticles than paclitaxel solution. The total amount of paclitaxel per mg of protein 

content taken up by both the cell lines was higher in case of lyophilized nanoparticles than 

spray dried nanoparticles. This may be attributed to the smaller size of lyophilized 

nanoparticles. The overall uptake of paclitaxel and gemcitabine from nanoparticle was more 

in MDA MB 231 cells than MDCK cells. This may be due to enhanced uptake of 

nanoparticles by cancer cells than normal cells.  

Confocal microscopy of MDA-MB-231 and MDCK cells further confirmed the uptake of 

these nanoparticles into the cells. The present study demonstrated that Rhodamine 6G 

nanoparticles had accumulated in the cytoplasm within 2 minutes of treatment in the majority 

of tumor cells as verified by colocalization of lysotracker green and rhodamine. Panyam et 

al. have shown that the PLGA nanoparticles are internalized by an energy-dependent 

endocytotic process. After being endocytosed, these nanoparticles were shown to escape into 

cytoplasm because of their selective surface charge reversal from anionic to cationic PLGA 

nanoparticles in the acidic environment [114].  Size-dependent mechanism of internalization 

of nanoparticles was reported by Rejman et al. Clarithin-mediated internalization was 

reported for particle size of around 200nm [115]. 



85 
 

3.5.7. MTT cytotoxicity and hemolysis assay 

The cytotoxicity assay of nanoparticles indicates difference in cytotoxicity in different cell 

lines. The murine breast cancer cells (CL66) showed similar cytotoxicity for drug solutions 

and nanoparticle formulations. The cytotoxicity of nanoparticles in normal kidney cells 

(MDCK) was significantly less than in CL66 cells, indicating specificity of the formulation. 

The nanoparticles showed cytotoxicity in lung cancer (A549) cells which were resistant to 

drug treatment. Blank nanoparticles showed cytotoxicity in CL66, MDCK and WI-26 cells 

only after 72 hours of treatment. This suggests that the PLGA system may contribute to the 

cytotoxicity of the drug loaded nanoparticles. In all the cases, blank nanoparticle cytotoxicity 

was observed at a concentration 1000 times more than drug loaded nanoparticles.  

Hemolysis assay performed on the nanoparticles and drug solutions indicate that the 

nanoparticles cause no hemolysis in the red blood cells. The percent hemolysis by the 

nanoparticles was lesser than the vehicle indicating no hemolysis from nanoparticles. This 

study confirms safety of this nanodelivery system after intravenous administration.  

3.6. Conclusions 

The polymeric nanoparticles containing hydrophobic (paclitaxel) and hydrophilic 

(gemcitabine) drugs entrapped in a single PLGA matrix were developed and characterized. 

Lyophilization and spray drying were evaluated as methods of drying a nanosuspension with 

respect to physicochemical and cellular properties. The method of emulsification solvent 

diffusion combined with high pressure homogenization gave nano-sized emulsion with high 

entrapment for hydrophobic drug. High pressure homogenization reduced the particle size of 

sonicated nanoparticles by around 40%. There was no significant increase in the particle size 
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after lyophilization but there was around 4 times increase in particle size after spray drying 

which was confirmed by atomic force microscopy. The lyophilized and spray dried 

nanoparticles gave sustained release for paclitaxel. It can be concluded that using different 

drying techniques can yield paclitaxel-gemcitabine nanoparticles with different 

physicochemical properties that include particle size, drug release, cytotoxicity and cellular 

uptake.  
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4.1. Summary 

The dual agent loaded nanoparticles were prepared using PLGA as a biodegradable polymer. 

Paclitaxel (hydrophobic) and gemcitabine (hydrophilic) were successfully entrapped into 

PLGA matrix using spontaneous emulsification-solvent diffusion method. The nanoemulsion 

with a particle size within 200nm was obtained by using sonication followed by high 

pressure homogenization. Irrespective of drug addition, there was no significant difference in 

the particle size of blank and drug loaded nanoemulsion.  

An efficient HPLC method of analysis of paclitaxel and gemcitabine was developed and 

validated for accuracy, precision and linearity. This method allowed simultaneous 

quantification of paclitaxel and gemcitabine content in the formulation on an isocratic reverse 

phase HPLC. The chromatographic separation was obtained on Water’s Nova-Pak C8 4μm 

(2.1×150mm) column using isocratic mobile phase consisting of Acetonitrile: Methanol: 

0.1M Ammonium acetate solution in water (48.5:16.5:35 v/v/v). The flow rate of 0.5 mL/min 

was used for a total run time of 6 minutes. This HPLC method allowed faster quantification 

of paclitaxel and gemcitabine using very less volume of the mobile phase.  It was possible to 

accurately quantify paclitaxel and gemcitabine concentrations as low as 0.3μg/mL. The 

entrapment of drug into the nanoparticles after washing was 72.01±1.35% for paclitaxel and 

only 6.95±3.97% for gemcitabine.  

These nanoparticles were dried using two different techniques: lyophilization and spray 

drying. The process parameters were optimized to obtain smaller particle size. The particle 

size was retained on lyophilization while spray drying increased the particle size by about 

40%. This can be attributed to higher droplet size and size distribution of the atomized 
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nanosuspension in the Buchi B-290 spray dryer. This droplet size variation results in particle 

aggregation in the final dried product. The particle size of blank spray dried nanoparticles 

increased by 50% on addition of drugs into nanoparticles. The drug loading of both 

unwashed lyophilized and spray dried nanoparticles was around 100%. The lyophilized 

nanoparticles were stable over the period of 60 days while the particle size of spray dried 

nanoparticles increased over a period of time.  The atomic force microscopy images indicated 

that the nanoparticles were spherical and discrete. The size and polydispersity of spray dried 

nanoparticles was more than lyophilized nanoparticles. In some cases, spray dried 

nanoparticles showed aggregation, possibly due to secondary particle formation. Both the 

DSC and powder XRD analysis confirmed the non-crystalline nature of the drugs in the 

nanoparticles. 

The release profiles of paclitaxel and gemcitabine from PLGA nanoparticles were different. 

This may be attributed to the hydrophobic/hydrophilic nature of the drug and the position of 

entrapped drug in the PLGA matrix. Gemcitabine entrapment studies showed that majority of 

the drug is unentrapped in the PLGA nanoparticles. Despite the weak interaction of 

gemcitabine with PLGA, a sustained release was observed for the drug over a period of time. 

The gemcitabine release profile was biphasic with initial burst followed by a sustained 

release. The inherent differences in the adsorbed drug on the nanoparticles gave significantly 

more release of gemcitabine from lyophilized nanoparticles than spray dried nanparticles. 

Paclitaxel, on the other hand followed a zero-order release in both lyophilized and spray 

dried nanoparticles with a release rate of 0.034-0.038%/hour. The initial lag period in 

paclitaxel release in case of lyophilized nanoparticles may be attributed to the low solubility 

of paclitaxel and high entrapment of paclitaxel in the core of the PLGA matrix.  
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The overall uptake of paclitaxel from the nanoparticles was higher in cancer cells than 

normal cells. Uptake of gemcitabine from nanoparticles was similar to drug solution in 

cancer cells and lower in normal cells. The confocal microscopic images confirm the 

internalization of these nanoparticles into the cells. The paclitaxel-gemcitabine nanoparticles 

were able to produce cytotoxicity in different cell lines. The hemolysis assay indicated that 

the formulation does not produce significant hemolysis of red blood cells which confirms the 

safety on intravenous administration of the nanoparticles.  

4.2. Future directions 

The present study evaluated the entrapment of hydrophilic and a hydrophobic drug into 

PLGA nanoparticles. A part of future study should include effects of changing the polymeric 

system or using a solid lipid nanoparticle system on hydrophilic drug entrapment. 

Alternatively, this system can be used for the entrapment of different combinations of 

hydrophilic and hydrophobic drugs. Since this study involves use of higher concentration of 

PVA, an alternative to this stabilizer (e.g.: poloxamer) or a combination of stabilizers can be 

tested.  

Because of their size advantage, spray dried nanoparticles can be tested for inhalation therapy 

in lung cancer. Since the cytotoxicity of these nanoparticles has been proven in lung cancer 

cells, these nanoparticles can be potentially used for the treatment of lung cancer.  Finally, 

these nanoparticles should be tested in vivo in breast cancer mouse models (e.g. BALB/C 

mouse) or xenograft models for bioavailability, efficacy and toxicity. 
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