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Abstract 

The current investigation involves preparation and characterization of a nanoparticulate 

drug delivery system which contains a model hydrophilic drug. The drug chosen for the 

purposes of these studies is methylglyoxal, which has shown significant anticancer 

properties. A rapid, sensitive and efficient Ultra Performance Liquid Chromatography 

(UPLC) method was developed and validated for the purpose of detection and 

quantification of methylglyoxal.  The drug was first derivitized, and then analyzed by the 

UPLC. The derivitization process involved a reaction between methylglyoxal and o-

phenylenediamine to form its quinoxaine derivative. The reaction was carried out for 4 

hours at room temperature, in the dark. The derivative was  filtered through a 0.2 μm 

syringe filter and injected  on to the UPLC. The mobile phase consisted of 70% (v/v) 

water and 30% (v/v) acetonitrile at a flow rate of 0.6 ml/min. The chromatographic 

separation was achieved on Waters Acquity UPLC system using an Acquity UPLC BEH 

C18 (50 x 2.1 mm), 1.7 µm column. The column effluents were monitored at 312 nm 

using a PDA detector. The method validation parameters include within day and day to 

day precision, linearity, accuracy and sensitivity. The retention time of the quinoxaline 

derivative of methylglyoxal was found to be 0.54 minutes. No interfering peaks from the 

mobile phase and the derivatized blank samples were detected with the drug peak. The 

standard curve was linear over a concentration range of 0.15-35.1 µg/ml. The RSD values 

for the within day and day to day precision ranged from 0.01 to 1.65% and 1.17 to 4.35%, 

respectively. The accuracy of this method ranged from 94 to 97.5% with a RSD value of 

1.33 to 8.49%. GMO-Chitosan nanoparticles were prepared using multiple emulsion 

solvent evaporation technique. Two types of nanoparticles were prepared – crosslinked 
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(with sodium TPP) and non-crosllinked (without sodium TPP) and were characterized. 

The surface morphology was studied using images obtained from a scanning electron 

microscope (SEM). The particle size and the surface charge were measured using a 

zetameter. The loss of weight on heating and moisture content were acquired using the 

thermogravimetric assay (TGA) and Karl Fisher Titrimetry (KFT) respectively. 

Differential scanning calorimetry was used to study the physical state of the drug in the 

formulation. The drug loading, entrapment efficiency and in vitro release pattern of the 

drug from the formulation were also studied. The samples for these studies were analyzed 

using the previously described UPLC method. The cytotoxicity profile of the 

nanoparticulate system and the free drug solution were observed and compared in normal 

(MDCK and WI26) and cancerous (A549, Cl66, HeLa and Caco-2) cell lines using the 

MTT cytotoxcity assay. The cellular uptake of the formulations and the free drug solution 

were studied in normal (MDCK and WI26) and cancerous (A549, Cl66 and HeLa) cell 

lines by cell lysis method. The SEM images revealed that both; the crosslinked and non-

crosslinked nanoparticles were agglomerated. The surface of the crosslinked particles 

appeared to be more porous than that of the non-crosslinked one. The particle size and 

zeta potential of nanoparticles with TPP were 207.26±8.39 nm and -18.38±4.88 mV and 

that of nanoparticles without TPP were 240.2±23.14 nm and -13.37±3.31 mV, 

respectively. The drug load for nanoparticles without and with TPP was found to be 

13.5±0.15% and 8.3±0.03% with entrapment efficiencies of 62.3±0.7% and 38±0.1% 

respectively. The in vitro release studies revealed that 93.8±2.6% and 98.6±2.3% of the 

drug was released from nanoparticles with TPP and without TPP within 8 hours. WI26 

cells showed higher survival when treated with crosslinked nanoparticles compared to 
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drug solution in 24 and 72 hours. However, a reverse trend was observed with non-

crosslinked nanoparticles. On the other hand, MDCK, A549, Cl66, HeLa and Caco-2 

cells showed lower survival when treated with nanoparticles, compared to drug solution 

in 24 and 72 hours. The cellular uptake of drug solution was significantly greater than 

nanoparticles in WI26 and HeLa cells. The cellular uptake of drug solution and 

nanoparticles were approximately same in MDCK, A549 and Cl66 cells. A sensitive 

UPLC method for the determination of methylglyoxal in aqueous solutions was 

developed and validated. A hydrophilic drug (methylglyoxal) was successfully entrapped 

in GMO-Chitosan system, with and without crosslinker. The entrapment efficiency was 

found to decrease with the addition of crosslinker. The crosslinker had no significant 

effect on the particle size, zeta potential and the drug release of nanoparticles, but 

generally showeda significant effect on its cytoxocity and cellular uptake in normal cells. 

No significant difference was seen between the uptake of drug solution and nanoparticles 

by the cancer cells in general. 
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1.1 Cancer 

The word „cancer‟ was first coined by the ancient Greek physician and father of medicine 

Hippocrates, to describe the tumorous growths found in the human body. Today, the word is not 

used to describe just one disease but rather encompasses a group of over 100 different diseases 

which are mainly characterized by uncontrolled cell growth and migration of these cells from the 

site of origin to other sites in the body.  

Around 5-10% of all the cancers are caused by genetic factors, while environmental factors (i.e. 

factors that are not genetic) are responsible for the remaining 90-95% of the cases [1].  

Factors responsible for cancer include: 

 Heredity - Cancer is often caused by the inheritance of a defective gene. Less than 0.3% 

of the total human population is carrier of mutated genes, which increase the risk of 

cancer [2]. Mutation of genes such as BRCA1, BRCA2 and p53 lead to an increase of 

cancer risk [2,3].    

 Radiation – Exposure to ionizing raditions, like the ones from medical imaging and 

radon gas, and non-ionizing radiations, like ultraviolet radiations have also been seen to 

cause cancer [1]. 

 Chemicals - The most common chemicals that cause cancer (carcinogens) are tobacco 

and alcohol [4,5]. Exposure to asbestos has also been attributed as a cause of cancer [6]. 

 Infections – Viral, bacterial and parasitic infections are also shown to be responsible for 

several cancer cases in humans. Cancer causing viruses or oncoviruses include human 

papillomaviruses (cervical carcinoma); human polyomaviruses (mesotheliomas, brain 

tumors); Epstein-Barr virus (B-cell lymphoproliferative diseases and nasopharyngeal 
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carcinoma); Kaposi's Sarcoma Herpesvirus (Kaposi's Sarcoma and primary effusion 

lymphomas); hepatitis B and hepatitis C viruses (hepatocellular carcinoma) and Human 

T-cell Leukemia Virus-1 (T-cell leukemias). Bacterial infections, such as that by 

Helicobacter pylori (gastric carcinoma), also increase the risk of cancer [7].    

Cancer is one of the major causes of deaths (second only after cardiovascular diseases) in the 

United States and the world. One in every four deaths in America is caused by cancer [8]. The 

table below enlists estimated new cases of cancer and deaths caused by it in the USA in 2011 

Table 1.1: Estimated new cancer cases in men in US 2011* 

Site Estimated New Cases 

Prostate 29 

Lung and Bronchus 14 

Colon and Rectum 9 

Urinary bladder 6 

Melanoma of skin 5 

Kidney and pelvis 5 

Non-Hodgkin lymphoma 4 

Oral cavity 3 

Leukemia 3 

Pancreas 3 

All other sites 19 

Total 822,300 

*Source – American Cancer Society, 2011 
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Table 1.2: Estimated deaths by cancer in men in US 2011* 

Site Estimated Deaths 

Prostate 11 

Lung and Bronchus 28 

Colon and Rectum 8 

Pancreas 6 

Liver and Intrahepatic bile 

duct 

4 

Leukemia 4 

Esophagus 4 

Urinary bladder 4 

Non-Hodgkin lymphoma 3 

Kidney and Renal pelvis 3 

All other sites 22 

Total 300,430 

*Source – American Cancer Society, 2011 
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Table 1.3: Estimated new cancer cases in women in US 2011* 

Site Estimated New Cases 

Breast 30 

Lung and Bronchus 14 

Colon and Rectum 9 

Uterine corpus 6 

Thyroid 5 

Non-Hodgkin lymphoma 4 

Melanoma of skin 4 

Kidney and renal pelvis 3 

Ovary 3 

Pancreas 3 

All other sites 16 

Total 774,370 

*Source – American Cancer Society, 2011 
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Table 1.4: Estimated deaths by cancer in women in US 2011* 

Site Estimated Deaths 

Lung and Bronchus 26 

Breast 15 

Colon and Rectum 9 

Pancreas 7 

Ovary 6 

Non-Hodgkin lymphoma 4 

Leukemia 3 

Uterine corpus 3 

Liver and intrahepatic bile 

duct 

2 

Brain and other nervous 

system 

2 

All other sites 23 

Total 271,520 

*Source – American Cancer Society, 2011 

Chemotherapy, surgery, radiation therapy, immunotherapy and monoclonal antibody therapy are 

some of the treatments that are used for cancer management. As cancer is not a single disease but 

rather a group of diseases, these treatment options are often used in combination with each other. 

Use of antineoplastic (anticancer) drugs for the treatment of cancer is termed as chemotherapy. 

Current chemotherapeutic agents used include alkylating agents, antimetabolite agents, 

anthracyclines, plant alkaloids and topoisomerase inhibitors. 
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 Energy in most cells is produced either through oxidative phosphorylation or glycolysis. 

Oxidative phosphorylation is an oxygen dependent process that takes place in the mitochondria 

of the cell. Glycolysis, on the other hand, takes place in the cytosol and does not depend on 

oxygen. Oxidative phosphorylation gives a yield of 30 ATP per molecule of glucose, whereas, 

glycolysis yields only 2 ATP from one molecule of glucose. Thus, oxidative phosphorylation is 

more efficient than glycolysis in the production of energy and is preferred by the cells when 

adequate amounts of oxygen are present in their surroundings. It has been observed that normally 

when there is a decrease of oxygen levels, glycolysis takes over oxidative phosphorylation as the 

primary energy producing process [9].  

Otto Warburg observed that inspite of the presence of oxygen in the surrounding environment, 

cancer cells showed an increase in the rate of glycolysis resulting from irreversible damages to 

oxidative phosphorylation [10]. This phenomenon is called as „Warburg effect‟ or „aerobic 

glycolysis‟ and has been observed repeatedly in cancer cells [11-13]. Warburg effect plays an 

important role in the development of cancer in the body, as recent data shows that cancer cells 

depend on glycolysis as their source of energy and their dependence on glycolysis increases with 

further growth of the tumor [13-16]. It is also essential for tumor growth, invasion and metastasis 

[17-19]. Thus, inhibition of glycolysis is one of the strategies that can be utilized in preventing or 

stopping the development of cancer. Also, as tumor cells are more dependent on glycolysis as 

their source of ATP, inhibition of glycolysis could lead to selective inhibition of cancer cells and 

could be a useful cancer chemotherapeutic strategy [11, 13-16].  
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1.2. Methylglyoxal 

1.2.1. Drug type 

Methylglyoxal is unique in the sense that it does not fall in any of the categories on 

chemotherapeutic agents. It is a naturally occurring metabolic by-product that has anticancer 

properties that has been in use since the 1920s [20]. 

1.2.2. Nomenclature 

1.2.2.1. Chemical IUPAC name 

The IUPAC name of methylglyoxal is 2-oxopropanal. 

1.2.2.2. Synonyms 

1. 1-Ketopropionaldehyde 

2. 1, 2-Propanedione 

3. 2-Ketopropionaldehyde 

4. 2-oxopropionaldehyde 

5. Acetylformaldehyde 

6. Acetylformyl 

7. Alpha-ketopropionaldehyde 

8. Propanedione 

9. Propanolone 

10. Pyruvaldehyde 

11. Pyruvic aldehyde 
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1.2.2.3. Brand names 

1. Retine-C Complex
TM

 Concentrate 

2. The Molecular Therapy 

1.2.3. Formulae 

1.2.3.1. Empirical  

The empirical formula of methylglyoxal is C3H4O2    

1.2.3.2. Structural  

 

Figure 1.1: Structural formula of Methylglyoxal 

1.2.4. Molecular weight 

The molecular weight of methylglyoxal is 72.06 amu. 

1.2.5. CAS number 

 78-98-8 
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1.2.6. Physicochemical properties 

1.2.6.1. Physical state and appearance  

Methylglyoxal is a clear, slightly brown to yellow viscous liquid. 

1.2.6.2. Boiling point 

The reported boiling point of methylglyoxal is 72°C. 

1.2.6.3. Solubility 

Methylglyoxal is easily soluble in hot and cold water. The solubility of methylglyoxal is greater 

than or equal to 1g in 10mL at 17°C in water.  

1.2.6.4. Specific gravity 

The specific gravity of methylglyoxal is 1.108 to 1.17. 

1.2.7. Pharmacology 

1.2.7.1 Drug Category 

Physiological genotoxic agent [21]. 

Protein glycating agent [21]. 

1.2.7.2 Mechanism of action 

Methylglyoxal is a normal physiological metabolite, belonging to the reactive α-oxoaldehyde 

species, and has been observed to possess anticancer properties [21,22]. Methylglyoxal acts by 

inhibiting mitochondrial respiration in the cancerous cells, by inhibiting the flow of electron 
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through the Complex I of the mitochondria. Methylglyoxal also inhibits glycolysis in cancer 

cells. As both mitochondrial respiration and glycolysis is inhibited by methylglyoxal, it 

drastically reduces the cellular ATP levels. Methylglyoxal causes mutation in mammalian cells 

[20]. Methylglyoxal has also been reported to cause cell death by apoptosis by increasing the 

intracellular levels of oxidants in certain cell lines [23]. Reactive oxygen species are involved in 

some types of cell apoptosis [24,25].  

1.2.7.3 Adverse effects and toxicity 

Subcutaneous injections of lethal dose of methylglyoxal in rabbits resulted in pulmonal 

hyperemia and edema. It was also observed that there was a loss of appetite and depression [26]. 

A dose of 800 mg/kg of body weight was lethal within 4 hours when given intraperitoneally to 

mice [27,28]. Oral administration of the drug to mice resulted in accumulation of collagen fibers 

in the kidneys and thickening of the basement membranes of the glomerulus [29]. Also, mice 

showed slowing down of their movement and ataxy [27].    

1.2.7.4 Metabolism 

Two enzymes are mostly involved with the degradation of methylglyoxal – Glyoxalase I and 

Glyoxalase II.  Glyoxalase I acts on the adduct product formed between methylglyoxal and 

glutathione to form S-D-lactoyl-glutathione [30]. Glyoxalase II, on the other hand, breaks S-D-

lactoyl glutathione into D-lactate and glutathione [30,31]. Methyglyoxal consists of two 

functional groups which can undergo either oxidation or reduction. Thus, enzymes that are 

involved in oxidio-reduction reactions are capable of metabolizing it. Reduction of 

methylglyoxal can either result in the formation of acetol or lactaldehyde. Two families of 

enzymes are mainly involved in the breakdown of methylglyoxal – Oxidio-reductases and 
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Aldehyde dehydrogenases [32-34]. Other enzyme involved in the metablosim of methylglyoxal 

is α-oxaldehyde dehydrogenase [35]. Figure 1.2 illustrates the various metabolic pathways 

which lead to the degradation of methylglyoxal in the body. 

 

Figure 1.2: Pathways of methylglyoxal metabolism. The enzymes involved in the 

metabolism are - (1) Methylglyoxal reductase, (2) Lactaldehyde dehydrogenase, (3) α-

oxoaldehyde dehydrogenase, (4) Glyoxalase I, (5) Glyoxalase II, (6) D-lactate 

dehydrogenase and (7) L-lactate dehydrogenase. 

1.2.8 Statement of problem 

Due to the desirable anticancer properties exhibited by methylglyoxal, it would be 

beneficial if the drug could be targeted to cancerous cells. One of the approaches that 

could be used in this strategy would be formulating the drug in the form of Solid-Lipid 
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Nanoparticles (SLNs), as not many formulations are currently available for the delivery 

of methylglyoxal to humans.    

 

1.3 Solid-Lipid Nanoparticles 

Nanoparticles are particles that consist of drug or biologically active material encapsulated in 

pharmaceutically inactive polymers and have size in a range of 10 nm to 1000 nm [36, 37]. Drug 

delivery, gene delivery, magnetic resonance imaging (MRI) and in-vitro diagnostics are a few 

examples of the various applications for which nanoparticles have been used [38]. Nanoparticles 

offer a wide range of advantages in the area of pharmaceutics and formulation development such 

as –  

 They have been shown to improve the stability of drugs [39]. 

 Due to their ability to release drugs, they can be used as drug carriers [40].  

 As the nanoparticles are small in size, they are easily taken up by the cells and 

thus increase the concentration of the drug or the biologically active principle 

within the cells [41]. 

Nanoparticles are prepared using several techniques such as nanoprecipitation, emulsification-

diffusion, emulsification-coacervation, double emulsification and polymer-coating. Multiple 

emulsion solvent evaporation method has been used previously for the encapsulation of 

hydrophilic as well as hydrophobic drugs [42,43]. These systems consist of an internal lipid 

phase which is emulsified using surfactants. The obtained primary emulsion is then emulsified 

with a polymer and the solvent present in the final emulsion is lyophilized to form nanoparticles. 

Such nanoparticulate systems, which consist of a solid lipid inner phase, are known as solid lipid 
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nanoparticles (SLNs).  The lipids that are usually used to prepare SLNs are usually solids at 

room temperature or body temperature and they can be either a highly purified triglyderide, a 

mixture of glycerides or waxes [44]. Hydrophilic drugs have been successfully entrapped in 

SLNs that were prepared by double emulsion method [45]. The cellular uptake of SLNs was 

found to increase when they were coated with a hydrophilic polymer like chitosan [43].    

1.4 Chitosan 

 

Figure 1.3:  Structural formula of chitosan. 

Chitosan is a natural polymer which is widely utilized in the field of pharmaceuticals for drug 

delievery. It is a copolymer which consists of glucosamine and N-acetyl glucosamine bound to 

each other by β 1-4 glucosidic bonds that are formed by N-deacetylation of chitin. The molecular 

weight, degree of acetylation and the free hydroxyl and amine groups present on chitosan can be 

modified to obtain different derivatives of chitosan. The free amino group of the chitosan has a 

pKa value of 6.5, which renders chitosan to be insoluble in water at alkaline or neutral pH but 

soluble at acidic pH [46]. The degree of acetylation and the molecular weight of chitosan have an 

effect on the solubility, viscosity and the drug entrapment efficiency [46, 47]. Due to its ability to 

open tight junctions, chitosan acts as a penetration enhancer [48, 49]. Thus, it has been used in 
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the formulation of vaccines (diphtheria and tetanus), proteins and polypeptides (insulin) [50-54]. 

Chitosan has been greatly used in formulation developments because of its biocompatible, 

biodegradable and bioadhesive properties [55, 56].    

1.5 Crosslinking of Chitosan 

Chitosan has been chemically crosslinked with compounds like gluteraldehyde, glyoxal and 

ethylene glycol diglycidyl ether.  However, crosslinking with these compounds produced 

particles that were physiologically toxic.  Sodium tripolyphosphate (TPP) is a colorless salt of 

sodium with the polyphosphate penta-anion [57, 58]. It is usually used as a detergent. On 

dissociation, TPP gives an anion that can be described as a pentanionic chain 

[O3POP(O)2OPO3]
5-

 [59,60]. When dissolved in an acidic media, chitosan becomes polycationic 

and gives NH3
+
 ions. Thus, chitosan and TPP interact with each other and TPP is used for the 

crosslinking of chitosan in a formulation. The crosslinking of amino groups with the phosphate 

anion takes place through the process of anionic crosslinking (Figure 1.4). 
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Figure 1.4: Interaction of chitosan with TPP by ionic crosslinking. 

Chitosan-TPP crosslinked nanoparticles are biocompatible and hence find application in the field 

of drug delivery, especially vaccines and proteins. The release of drug from these nanoparticles 

can be modulated by modifying the crosslinking density, hydrophilicity and crystallinity of the 

crosslinked chitosan.  

Recent studies by Pandit et al have successfully entrapped and sustained the release of 

ifosfamide, a hydrophilic drug molecule, when the GMO/Chitosan SLN system was crosslinked 

with sodium TPP. The system also improved the stability of the drug and enhanced the 

permeability and uptake of the drug in the cancerous Caco-2 cell line [103]. 

1.6 Hypotheses and specific aims 

In this study, solid lipid nanoparticles (SLN) of GMO/Chitosan with and without a crosslinker 

(Sodium TPP) were prepared and characterized. The hypotheses for this investigation were:   

1. Hypothesis I: “The cellular uptake and cytotoxicity of methylglyoxal in cancerous 

cells would be enhanced in the solid lipid nanoparticles.”   

2. Hypothesis II: “Use of crosslinker would improve the physical and physiological 

properties of solid lipid nanoparticles.”The present investigation had the following 

specific aims: 

1. Specific Aim 1: Preparation and physicochemical characterization of the 

nanoparticles.  

2. Specific Aim 2: In vitro evaluation, cellular uptake and toxicity of the 

nanoparticles. 
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CHAPTER 2 

Analytical Method Development and Validation 
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2.1 Introduction 

 Methylglyoxal is a highly reactive compound which belongs to the α-oxoaldehyde group of 

compounds. It is the aldehyde form of pyruvic acid and is a physiological metabolite occurring in 

the body. Several analytical methods have been developed and validated for the detection and 

quantification of methylglyoxal in the past. All the methods involved converting methylglyoxal 

to a derivative, which was then quantified using a suitable detector. These methods differed 

primarily in the derivatizing agent used, mobile phase, type of column used, flow rate and the 

type of detector. Some of the HPLC methods reported in literature, for the analysis of 

methylglyoxal are listed in Table 2.1 [61-66]. 

The purpose of this study was to develop and validate a sensitive and efficient UPLC method for 

the analysis of methylglyoxal. This method involved derivatization of methylglyoxal to a stable 

chromophore, so as to make it quantifiable using a Photodiode Array detector. The derivatization 

process involved the reaction between methylglyoxal and o-phenylenediamine to form a 

quinoxaline derivative. The reverse phase UPLC method utilized C-18 column for separation and 

water:acetonitrile (70:30) as mobile phase. The detection was carried out at 312 nm.  

 

 

Figure 2.1: Reaction between Methylglyoxal and o-phenylenediamine to form quinoxaline. R1 

and R2 are H and CH3 

derivative.  
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Table 2.1 Reported HPLC methods for the quantitative analysis of methylglyoxal. 

Column Mobile 

Phase (v/v) 

Derivatizing Agent 

(Reaction time) 

Flow 

rate 

(ml/min) 

Wave 

length 

(nm) 

Retention 

time 

(min) 

Reference 

Partisil 10 

ODS 3 

(230 X 4 

mm) 

Acetonitrile, 

water (35:65) 

o-phenylenediamine 

(2 hours) 

2.7 312 4 [66] 

Supelcosil 

LC-18 

(250 X 4.6 

mm) 

Methanol, 

water (68:32) 

o-phenylenediamine 

(6-7 hours) 

0.6-0.7 254 8.34 [61] 

Supelcosil 

LC-18 

(250 X 4.6 

mm, 5µm) 

Acetonitrile, 

water 

(Gradient, 

25:75, 30:70, 

25:75) 

o-phenylenediamine 

(4 hours) 

1 312 24 [65] 

Adsorbosp

here (250 

X 4.6 mm, 

5µm) 

10 mM 

KH2PO4 pH 

2.5, 

acetonitrile 

(68:32) 

o-phenylenediamine 

(3.5-4 hours) 

1 315 7.9 [62] 
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Novapak 

C-18 (150 

X 3.9 

mm) 

0.02 M 

sodium 

acetate pH 

4.05 

6-hydroxy-2,4,5-

triaminopyrimidine 

(45 mins at 60˚C) 

1.5 Ex-

352 

Em-

447 

(Fluor

escenc

e) 

5-6 [63] 

Eurospher 

100 RP-18 

(250 X 4.6 

mm, 5µm) 

Solvent A 

(0.15% acetic 

acid), solvent 

B (80% 

methanol 

with 20 % 

solvent A) 

o-phenylenediamine 

(12 hours) 

0.8 

(Gradient 

flow) 

312 38-39 [64] 

 

2.2 Materials 

Methylglyoxal (40% v/v aqueous solution, FW-72.06) was obtained from Sigma Aldrich (St. 

Louis, MO). O-phenylenediamine (FW-108.15) was purchased from Eastman Organic Chemical 

(Rochester, NY). Acquity UPLC BEH C18 column (50 x 2.1 mm, 1.7 µm) was obtained from 

Waters Corporation (Milford, MA). Optima LC/MS grade water and acetonitrile from Fischer 

Scientific (Fair Lawn, NJ) were used. 
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2.3 Methods 

2.3.1 Pre-column derivatization 

The derivatization process involved the reaction between methylglyoxal and O-

phenylenediamine to form a quinoxaline derivative. One ml of the drug solution was mixed with 

0.6 ml of 0.4% (w/v) aqueous solution of O-phenylenediamine. This reaction was allowed for 4 

hours at 25°C (room temperature), away from light. Each sample was filtered using a 0.2 µm 

nylon syringe filter (Whatman Inc., Piscataway, NJ) and analyzed by UPLC. 

2.3.2 Chromatography 

Chromatographic analysis was performed using the Acquity UPLC obtained from Waters 

Corporation (Milford, MA). The UPLC system consists of Sample Manager FTN, Quaternary 

Solvent Manager, Column Manager, Photodiode Array (PDA) eλ Detector. The column used for 

the reverse phase chromatographic separation of the derivatized quinoxaline compound is 

Acquity UPLC BEH C18 column (50 x 2.1 mm, 1.7 µm), obtained from Waters Corporation 

(Milford, MA). The mobile phase comprised of water:acetonitrile (70:30 v/v). The separation 

was carried out using the binary mode of flow, at a flow rate of 0.6 ml/min. The total run time 

for each run was set to 1 minute and the effluents were monitored at 312 nm. 

2.3.3 Preparation of solutions 

2.3.3.1 O-phenylenediamine 

A 0.4% (w/v) aqueous solution of o-phenylenediamine was prepared by adding 400 mg of o-

phenylenediamne to 50 ml of deionized water and stirring using a magnetic stirrer. The final 

volume was made up to 100 ml by adding deionized water in an amber colored volumetric flask. 
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Care was taken as to prepare the solution with minimal exposure to light, as o-phenylenediamine 

is photosensitive.  

2.3.3.2 Standard solutions 

Standard solutions of methylglyoxal were prepared in deionized water. Methylglyoxal is 

available as a 40% (v/v) aqueous solution. Briefly, 250 μl of this solution (equivalent to 117 mg 

of methylglyoxal), were added to an amber colored volumetric flask. The final volume was made 

up to 100 ml by adding deionized water. Various standard solutions were prepared by 

appropriately diluting the stock solutions with deionized water. Due to the photosensitivity of 

methylglyoxal, the solutions were prepared in dark. In a glass test tube, 1 ml of each standard 

solution was added to 0.6 ml of 0.4% (w/v) aqueous solution of O-phenylenediamine . The 

reaction was carried out in the dark for 4 hours at room temperature. Before the analysis, each 

sample and standard solution was filtered through 0.2 µm nylon syringe filter. 

2.4 Calculations 

A standard curve was constructed by plotting the final derivatized standard solution of 

methylglyoxal corresponding to their peak area. The unknown concentration of methylglyoxal 

was determined by interpolating from regression equation relating to the peak area, obtained 

from the standard curve. 

2.5 Applications of the UPLC method 

2.5.1 Deteremination of Drug Loading and Entrapment efficiency 

Nanoparticles were weighed and added to a known volume of deionized water. The obtained 

suspension was sonicated at 36 W for 5 minutes, followed by centrifugation at 4000 rpm for 30 
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minutes, to ensure maximum extraction of the entrapped methylglyoxal. The supernatant was 

filtered using 0.2 µm syringe filter, followed by analysis using the UPLC.  

The drug loading and entrapment efficiency were determined using the following equations: 

 

 

 

 

2.5.2 In vitro release of methylglyoxal from the formulation   

The in-vitro release of the drug from the SLNs was determined under sink conditions. About 10 

mg of nanoparticles were added to 25 ml of phosphate buffer saline (pH 7.4) in capped 

scintillation vials. The vials were placed in a shaker water bath incubator which was maintained 

at a temperature of 37°C and 75 rpm. At specific intervals of time, 200 µl aliquots of the release 

media were withdrawn and replaced with equal volume of fresh buffer solution. The aliquots 

were passed through syringe filters before derivatizing and appropriately diluted using deionized 

water. The cumulative drug release of the formulation was analyzed using the previously stated 

UPLC method. The percentage of drug release was plotted against time. 
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2.5.3 Cellular uptake of methylglyoxal 

The uptake of the free drug and the nanoparticulate formulation was evaluated in 5 cell lines. Out 

of these 5 cell lines tested , 2 were normal cell lines (Wi26 and MDCK) and 3 were cancerous 

cell lines (A549, CL66 and HeLa). The cells were seeded in twelve well plates and incubated in 

an incubator maintained at 37°C and supplied with 5% CO2. The cells were allowed to grow till 

they were confluent and then treated with specific concentration of drug solution and 

nanoparticulate suspension containing equivalent amount of drug for 5, 15, 30 and 60 minutes. 

The treatments were removed after each stipulated time interval. The cells were lysed using 20% 

(w/v) solution of sodium dodecylsulfate (SDS). The amount of drug present in the solution was 

determined by UPLC analysis.  

2.6 Analysis of drug  

The UPLC method was developed and validated for quantitative analyses of methylglyoxal. 

Methylglyoxal was quantified indirectly by derivatizing  it to a quinoxaline detivative. The 

process of derivatization was carried out by reacting 0.6 ml of 0.4% aqueous solution of o-

phenylenediamine with 1 ml of drug solution for 4 hours at 25°C in dark. The chromatographic 

separation was achieved using an Acquity UPLC BEH C18 (50 x 2.1 mm), 1.7 µm column. The 

flow rate was set at 0.6 ml/min with UV detection at 312 nm. The mobile phase was degassed 

and filtered prior to UPLC use. 
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2.7 Results and discussions 

2.7.1 Specificity 

According to the ICH guidelines specificity is defined as “the ability to assess unequivocally the 

analyte in the presence of the components that may be expected to be present such as impurities, 

degradation products and matrix components.” In the case of this particular reverse phase UPLC 

method, the analytical specificity was determined by comparing the chromatogram obtained 

following the injection of the mobile phase containing just the derivatizing agent and the 

chromatogram of the mobile phase containing the drug and the derivatizing agent. Both the 

solutions were allowed to stand for 4 hours at room temperature and in the dark. Figure 2.2 

shows the representative chromatogram of the mobile phase without any drug and Figure 2.3 

shows the representative chromatogram of the mobile phase with the drug (17.55 µg/ml). The 

retention time of methylglyoxal was found to be 0.54 minutes. A distinct but non-overlapping 

peak from the mobile phase is seen at 0.34 minutes. The clearly distinguishable drug peak 

demonstrates specificity of the UPLC method. 
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Figure 2.2: A representative chromatogram of the mobile phase without drug (Methylglyoxal). 

 

 

Figure 2.3: A representative chromatogram of the mobile phase containing Methylglyoxal 

(17.55µg/ml).          
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2.7.2 Linearity 

According to the United States Pharmacopeia (USP) linearity of an analytical method is defined 

as “its ability to elicit test results that are directly, or by a well-defined mathematical 

transformation, proportional to the concentration of analyte in samples within a given range.” 

The standard curve of methylglyoxal was found to be linear over a concentration range of 0.15-

35.1 µg/ml. The relation between the concentration of methylglyoxal (C in µg/ml) and the peak 

area of the chromatogram was demonstrated by the following linear equation obtained from the 

standard curve: 

Peak Area = 27672 C + 6920.6; r
2 

> 0.9999  

A spearman rank coefficient (r
2
) value > 0.99 is acceptable for an analytical procedure. An r

2
 

value equal to 1, indicates that all the data point fall on the regression line and the peak area is 

directly proportional to the concentration the drug in that particular concentration range. Figure 

2.4 shows a linear standard curve obtained by injecting methylglyoxal standards. 

 

Figure 2.4: Standard curve of Methylglyoxal was linear over a range of 0.15-35.1 µg/ml 
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2.7.3 Precision 

Precision of an analytical method is defined in the USP as “the degree of agreement among 

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

homogenous sample.” In other words, it is the measure of reproducibility or repeatability of the 

analytical method under normal operating conditions. Repeatability is defined as “the use of the 

analytical method by the same analyst using the same instrument in same laboratory over a short 

period of time.” A method is said to be highly precise, if the values of the repeated 

measurements under identical conditions are very close to each other. The current assay was 

validated for within day precision and day to day precision. For determining the within day 

precision of the method, a set of standard solutions of methylglyoxal were prepared, derivatized 

using the previously stated procedure and injected four times on the same day. For determining 

the day to day precision of the method, a set of standard solutions of methylglyoxal were 

prepared, derivatized using the previously stated procedure and injected on four different days 

over a period of thirty days. Due to the tendency of methylglyoxal to undergo polymerization 

and oxidation, fresh standard solutions of the drug were prepared every time for day to day 

precision. The relative standard deviation (RSD) values were calculated for both within day 

precision and day to day precision and were found to be within the acceptable limits. The results 

for within day and day to day precision for the UPLC method are listed in Table 2.2 
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Table 2.2: Within day and day to day precision values for UPLC analysis of methylglyoxal. 

Concentration 

(µg/mL) 

Within day Day to day 

Mean peak height RSD 

(%) 

Mean peak height RSD 

(%) 

0.15 14180.75 

 

1.65 

 

13855.25 

 

1.18 

 

1.76 123668.25 

 

0.08 

 

124436.75 1.17 

3.51 248104.75 

 

0.06 

 

252943.75 3.96 

10.53 666480.25 

 

0.02 

 

662142.25 1.31 

17.6 1102809.0 

 

0.03 

 

1096095.25 1.35 

35.1 2159865.25 

 

0.06 

 

2114869.0 4.35 

 

2.7.4 Accuracy 

Accuracy of an analytical method is defined in the USP as “the closeness of test results obtained 

by that method to the true value.” The accuracy of the current UPLC method was determined by 

injecting three quality control (QC) samples (0.44, 0.88 and 7.02 µg/ml) three times over a 

period of thirty days. Fresh QC samples were prepared and derivatized using the previously 
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stated method every time. The samples were injected along with the standard solutions of 

methylglyoxal. The concentrations of the QC samples were calculated using the regression 

equation obtained from the standard curve. The percent accuracy was measured using the 

following equation: 

           
                      

                         
       

  The results for the percent accuracy are listed in Table 2.3 

Table 2.3: Percentage accuracy values of the quality control samples. 

Theoretical concentration 

(µg/ml) 

Measured concentration 

(µg/ml) 

Accuracy (%) 

0.44 0.43 ± 0.04 96.9 ± 8.49 

0.88 0.83 ± 0.06 94.1 ± 7.25 

7.02 6.84 ± 0.09 97.5± 1.33 

 

2.7.5 Applications 

The drug loading and entrapment efficiency of  non-crosslinked nanoparticles was observed to 

be 13.5% and 62.3% respectively, while that for crosslinked particles was 8.3% and 38% 

respectively. The in vitro release profiles show that 100% of the drug was released from both the 

formulations by the end of 12 hours. Drug loading, entrapment efficiency and in vitro release are 

discussed in greater details in Chapter 3. The cellular uptake of the SLNs was evaluated using 

the UPLC method and these results are discussed in Chapter 4. 
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2.8 Conclusion 

A sensitive UPLC method for the determination of methylglyoxal in aqueous solutions was 

developed and validated. This assay procedure was found to be more time efficient and less 

expensive as compared to some of the reported methylglyoxal methods. The application of this 

method includes determination of drug load in the formulation, determination of the entrapment 

efficiency of the formulation, in vitro drug release and cellular uptake studies. 

 

  

 

 

 

 

 

 

 

 



32 
 

 

 

 

 

 

 

CHAPTER 3 

Formulation Development 
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3.1. Introduction 

Methylglyoxal is a normal metabolite which is produced by the body. It has been seen to possess 

growth inhibitory and anticancer properties [67]. Methylglyoxal critically reduces the ATP levels 

of the cancerous cells by inhibiting both mitochondrial respiration and the process of glycolysis 

[68]. It acts by specifically inhibiting the respiration of the malignant cells, while that of the 

normal cells is not affected [69]. Commercially, methylglyoxal is a yellow liquid and is available 

as a ~40% (v/v) aqueous solution. In water, it undergoes enol-oxo tautomerism and when 

exposed to air and light, it may undergo autoxidation and photolysis [70-72]. Methylglyoxal is 

highly hydrophilic and also known to be volatile in nature [73]. Methylglyoxal has been used in 

homeopathic medicine for its anticancer properties but no sustained release formulation of the 

drug is available in the market.  

It has always been a challenge to prepare a nanoparticulate drug delivery system for a 

hydrophilic drug, due to poor entrapment efficiency of the drug and its quick release to the 

surrounding medium [74]. Previously, a number of hydrophobic polymers have been used for the 

preparation of nanoparticles of hydrophilic drug. However, due to the incompatibility of the 

hydrophilic drug with the hydrophobic core, drug loading has been a challenge with these 

formulations [75]. Preparation of solid lipid nanoparticles (SLNs) is one of the significantly 

upcoming approaches in the field of drug delivery [76]. SLNs are usually made by dispersing the 

drug in a lipid which is usually solid at room temperature and then emulsified using surfactants. 

Hydrophilic drugs showed better entrapment and sustained release when they were formulated as 

SLNs [77, 78].  
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Chitosan is a naturally occurring bioadhesive and biodegradable polymer. It is obtained by the 

deacetylation of chitin, a compound present in the exoskeleton of insects and crustaceans. 

Chitosan have free amino groups with a pKa value of 6.5, which makes it insoluble at neutral 

and alkaline pH but soluble in acidic pH. When in acidic media, chitosan possess a positive 

charge due to the protonation of the amino groups [79]. Due to this positive charge, chitosan is 

able to interact and is crosslinked with negatively charged sodium tripolyphosphate (TPP). 

Crosslinking of chitosan with TPP has been previously shown to sustain the release of 

hydrophilic drugs and peptides [80,81]. The major advantage of chitosan nanoparticles 

crosslinked with TPP is that they are biocompatible and non-toxic [46].  

Glyceryl monooleate (GMO) and chitosan SLNs have been used to sustain the release of 

hydrophilic and hydrophobic drugs [42,43]. GMO/chitosan SLNs containing methylglyoxal were 

used in this study. The SLNs were prepared with crosslinker (TPP) and without crosslinker. The 

main aim of the study was to investigate the effect of crosslinker on the various physicochemical 

properties of the nanoparticles such as; particle size, surface charge, surface morphology, 

entrapment efficiency and the in vitro release of the drug from the nanoparticulate system in 

physiological pH.           

3.2 Materials 

Methylglyoxal (40% v/v aqueous solution, FW-72.06) was obtained from Sigma Aldrich (St. 

Louis, MO). O-phenylenediamine (FW-108.15) was purchased from Eastman Organic Chemical 

(Rochester, NY). Optima LC/MS grade water and acetonitrile from Fischer Scientific (Fair 

Lawn, NJ) were used for UPLC analysis. Low molecular weight chitosan (MW 10000-12000 

Daltons) and polyvinyl alcohol (MW 30000-70000) were purchased from Aldrich Chemical Co. 
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(Milwaukee, WI). Glycerol monooleate was obtained from Spectrum Chemical (New 

Brunswick, NJ). Oleic acid was obtained from Acros Organics, NJ. Tocopheryl PEG 1000 

Succinate NF (TPGS) was sourced from PCCA, Houston, TX. Sodium tripolyphosphate (TPP), 

sodium phosphate monobasic, sodium phosphate dibasic, sodium chloride, sodium hydroxide 

and hydrochloric acid (reagent grade) were acquired from Fischer Scientific (Fair Lawn, NJ).  

3.3 Methods 

3.3.1 Preparation of solutions  

3.3.1.1 Chitosan solution 2.4% (w/v) 

Chitosan (2.4 g) was weighed and added to a beaker containing 100 ml of deionized water. As 

chitosan is soluble at acidic pH, 2 ml of acetic acid was added. The mixture was stirred using a 

magnetic stirrer.  

3.3.1.2 TPGS solution 0.15% (w/v) 

TPGS (150 mg) was accurately weighed and added to 100 ml of water in a beaker. The mixture 

was gently heated and stirred using a magnetic stirrer.  

3.3.1.3 PVA solution 0.5% (w/v) 

Five hundred milligrams of PVA was weighed and added in small quantities to 80 ml of 

deionized water in a glass beaker. The mixture was stirred on a magnetic stirrer to completely 

solublize the PVA. The final volume of the PVA solution was made up to 100 ml with deionized 

water in a volumetric flask. 
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3.3.1.4 Sodium TPP 0.5% (w/v)  

In 50 ml of deionized water, 500 mg of sodium TPP was weighed and added. The mixture was 

stirred using a magnetic stirrer till a clear solution was formed. The solution was transferred to a 

volumetric flask and the volume was made up to 100 ml using deionized water. 

3.3.2 Formulation of the SLN systems 

GMO was melted by heating at 40˚C. Methylglyoxal was pipetted and added to 300 µl of molten 

GMO and 30 µl of oleic acid. To this, 9 ml of 0.15% w/v solution of TPGS was added. The 

mixture was sonicated at 36W for 2 minutes using Sonicator 3000 (Misonix, Farmingdale, NY) 

to form an emulsion. To the primary emulsion, 6.25 ml of 2.4% w/v solution of Chitosan and 1.8 

ml of 0.5% w/v solution of PVA were added. This mixture was sonicated at 30W for 2 minutes 

to form the final nanoemulsion which was lyophilized to form the non-crosslinked nanoparticles. 

For the preparation of crosslinked nanoparticles, 10 ml of 0.5% w/v solution of sodium TPP was 

added to the nanoemulsion and the mixture was sonicated at 24W for 2 minutes before its 

lyophilization. Non-crosslinked and crosslinked nanoparticles with various drug loads (7%, 15%, 

20% and 25%) were prepared. 

3.3.3 Characterization of the nanoparticles 

3.3.3.1 Determination of particle size and surface charge 

The particle size and zeta potential of the nanoparticles were determined using zetameter 

(ZetaPlus, Brookhaven Instruments Corporation, Holtsville, NY). The samples were prepared by 

suspending 2 mg of nanoparticles in 10 ml of deionized water. One ml of the suspension was 

transferred to cuvette for measurement. Both, the drug loaded and blank nanoparticles were 
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analyzed for their particle size and zeta potential in triplicate. Each suspension was shaken 

before measurement to ensure uniform distribution of the particles in water. 

3.3.3.2 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) was performed to study the surface morphology of the 

nanoparticles. Briefly, 5 mg of nanoparticles were suspended in 15 ml of deionized water. The 

suspension was spread over metal stubs and allowed to dry to form a thin, uniform layer of 

nanoparticles. The nanoparticles were then sputter coated with gold-palladium alloy (40 nm 

thickness) using a Hummer VI sputtering system (Anatech USA, Union City, CA) under a 

pressure of 75 mTorr. The samples were examined using the Quanta 200 SEM (FEI, Hillsboro, 

OR) at an acceleration voltage of 25 keV under a pressure of 1.22 mPa.  

3.3.3.3 Differential Scanning Calorimeter (DSC) 

Differential Scanning Calorimeter (Shimadzu DSC-60, Columbia, MD, USA) was used to 

analyze methylglyoxal nanoparticles. Approximately, 3-5mg of the nanoparticles were crimped 

in an aluminum pan and heated from 20⁰C to 300⁰C under nitrogen purge at a rate of 10⁰C/ min. 

As methylglyoxal is available as 40% (w/v) aqueous solution, its boiling point was determined 

using a DSC. Methylglyoxal (0.57 mL) was injected in the sample cell of the DSC (MicroCal 

VP-DSC). The sample was heated from 10⁰C to 90⁰C at a rate of 1⁰C/min. 

3.3.3.4 Thermogravimetric Analysis (TGA) 

For thermogravimetric analysis, between 3 to 5 mg of nanoparticles were weighed and filled in 

aluminum pans. The pans were then heated from room temperature to 300⁰C under nitrogen 

purge at a rate of 10⁰C/min in the TGA. Weight loss, if any, was recorded. 
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3.3.3.5 Karl Fischer Titrimetry 

The nanoparticles were analyzed for moisture content using Karl Fischer Titrimetry. 

Approximately 10-15 mg of each sample was weighed and added to the titration chamber. The 

titrant was added to the suspension till the end point was reached, which was determined by 

biamperometric titration. The percentage moisture content of the delivery system was reported. 

3.3.4 UPLC Analysis 

Methylglyoxal was determined by using chemical derivatization procedure followed by UPLC 

analysis. This derivatization procedure was necessary for the separation as well as quantitation of 

methylglyoxal.  The derivatization process involved the reaction between methylglyoxal and o-

phenylenediamine to form quinoxaline derivatives with visible absorbance at 312 nm. The drug 

was derivatized by the addition of 0.6 ml of 0.4% aqueous solution of o-phenylenediamine to 

1ml of the drug solution. This reaction was allowed for 4 hours at 25°C (room temperature), in 

the dark and the reaction mixture was analyzed using UPLC. The column used for the reverse 

phase chromatographic separation of the derivatized quinoxaline compound was Acquity UPLC 

BEH C18 column (50 x 2.1 mm, 1.7 µm), obtained from Waters Corporation (Milford, MA). The 

mobile phase comprised of water:acetonitrile (70:30 v/v). The separation was carried out using 

the binary mode of flow, at a flow rate of 0.6 ml/min. the total run time for each run was set to 1 

minute and the effluents were monitored at 312 nm. 

3.3.5 Drug Loading and Entrapment Efficiency 

To check for possible loss of drug during the preparation of nanoparticles, the drug content of the 

nanoemulsion was determined before lyophilization. One hundred μl of the emulsion was 

pipetted out and diluted with deionized water. The drug load of the diluted emulsion was 
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determined using the previously described UPLC method. All the samples were filtered using 0.2 

µm syringe filters before their analysis using the UPLC.  

For determining the drug load and entrapment efficiency in the formulation, 5 mg of the 

lyophilized nanoparticles were added to 10 ml of deionized water. The obtained suspension was 

sonicated using a Sonicator 3000 (Misonix, Farmingdale, NY) at 36W for 5 minutes so as to 

break-up the agglomerated nanoparticles and to release the entrapped drug in the aqueous 

medium. The sonicated suspension was further centrifuged at 4000 rpm for 30 minutes using 

Sorvall Legend RT (Thermo Scientific, Waltham, MA) to ensure maximum extraction of the 

drug from the nanoparticles. The supernatant was filtered through 0.2 µm syringe filter and 

appropriately diluted using deionized water, followed by analysis using the UPLC. The drug 

loading and entrapment efficiency were determined using the following equations: 

 

              
                                               

                               
        

 

                       
                                         

                                                        
        

3.3.6 In vitro release studies 

The in-vitro release of the drug from the nanoparticles was determined under sink conditions. 

About 10 mg of nanoparticles were added to 25 ml of phosphate buffer saline (pH 7.4) in capped 

glass scintillation vials. The vials were placed in a shaker water bath incubator which was 

maintained at a temperature of 37°C and 75 rpm. At specific time intervals, 200 µl aliquots of the 
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release media were withdrawn and replaced with equal volume of fresh buffer solution. The 

aliquots were passed through a 0.2 μm syringe filter before derivatizing and appropriately diluted 

using deionized water. The cumulative drug release of the formulation was analyzed using the 

previously stated UPLC method.     

3.4 Results and Discussions 

3.4.1 Particle size and Zeta potential 

Crosslinked and non-crosslinked nanoparticles with theoretical four drug loads (7%, 15%, 20% 

and 25% w/w) were prepared, along with respective batches of blank nanoparticles. The particle 

size and zeta potential of all the batches of nanoparticles were measured and compared with each 

other to check the effects of drug loading and the presence of crosslinker. The results of this 

study are depicted in Table 3.1 (Particle size) and Table 3.2 (Zeta potential) respectively. 

Particle size data clearly indicates that the crosslinker or the drug load did not have significant 

effect on the particle size of the nanoparticles. The zeta potential of crosslinked nanoparticles 

was observed to be slightly higher than that of the non-crosslinked nanoparticles. Non-

crosslinked blank nanoparticles showed a net positive charge. When chitosan is dissolved in an 

acidic environment, its amino groups are protonated to form NH3
+
 ions. Sodium TPP, on the 

other hand, when dissolved in water dissociates to give OH
-
 and P3O10 

5-
 ions. The hydroxyl ions 

deprotonate the amino groups of the chitosan [46]. As a result, negatively charged, free 

phosphoric groups are left behind, which could be adsorbed onto the surface of the crosslinked 

nanoparticles and thus give a net negative charge. Methylglyoxal, like monosaccharides is 

known to undergo slow autoxidation [72], which can lead to the formation of negatively charged 

carbonyl group. This group may impart a net negative charge to non-crosslinked nanoparticles, 
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despite the presence of the positively charged chitosan molecules. A combination of these two 

effects may be responsible for the crosslinked nanoparticles to have slightly more negative 

charge than the corresponding non-crosslinked nanoparticles.   

 Table 3.1: Particle size of drug loaded and blank crosslinked and non-crosslinked nanoparticles. 

Theoretical Drug Content 

(%) 

Non-crosslinked 

nanoparticles 

Crosslinked nanoparticles 

Blank 272.6 ± 25.6 186.9 ± 1.4 

7 222.2 ± 39.6 189.9 ± 24.2 

15 207.1 ± 6.5 179.6 ± 10.4 

20 240.2 ± 23.1 207.3 ± 8.4 

25 219.9 ± 4.6 201.5 ± 13.9 

 

Table 3.2: Surface Charge of drug loaded and blank crosslinked and non-crosslinked 

nanoparticles. 

Theoretical Drug Content 

(%) 

Non-crosslinked 

nanoparticles 

Crosslinked nanoparticles 

Blank 17.4 ± 1.4 -21.4 ± 6.9 

7 -11 ± 3.7 -13.9 ± 0.6 

15 -9 ± 1.6 -19.1 ± 2.8 

20 -13.4 ± 3.3 -18.4 ± 4.9 

25 -15.4 ± 3.6 -16.5 ± 5.3 
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3.4.2 Surface Morphology 

Figure 3.1 shows the SEM picture of non-crosslinked nanoparticles and Figure 3.2 shows the 

SEM picture of crosslinked nanoparticles. Both the micrographs indicate agglomeration of 

nanoparticles, possible during the process of lyophilization. Even though lyophilization has 

shown to improve the stability and handling of a product, it is often associated with particle 

aggregation [82]. During lyophilization, the ice crystals adhere to the individual particles before 

its sublimation, and the resulting stress is responsible for particle aggregation [83]. The 

crosslinked nanoparticles appear smoother and the particles appear more spherical than the 

surface of the non-crosslinked nanoparticles. The surface of the crosslinked nanoparticles 

appears more porous compared to the surface of the non-crosslinked nanoparticles. Surface 

morphology can play an important role in drug release from a formulation [84].  The porous 

surface of the crosslinked particles might be a contributing factor for the faster rate of in vitro 

drug release as compared to the non-crosslinked nanoparticles. 
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Figure 3.1: Scanning electron microscopy (SEM) pictures of Non-crosslinked nanoparticles. 

 

Figure 3.2: Scanning electron microscopy (SEM) pictures of Crosslinked nanoparticles 
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3.4.3 DSC and TGA 

Figure 3.3 shows the DSC thermogram of pure methylglyoxal, which is available as a liquid, 

and Figure 3.4 shows the overlay DSC thermograms of blank, crosslinked and non-crosslinked 

nanoparticles. In both the drug loaded nanoparticles, an endothermic peak at around 60⁰C was 

noticed. This endotherm was absent in the blank nanoparticles. To study the physical state of the 

drug in the nanoparticulate system, pure liquid methylglyoxal (~40% v/v aqueous solution), 

blank nanoparticles, drug loaded nanoparticles, chitosan powder and GMO were analyzed using 

the DSC. The boiling point of methylglyoxal was confirmed to be 78⁰C by heat flux DSC used 

for the analysis of liquid samples as shown in Figure 3.3.  Figure 3.5 depicts the overlay TGA 

thermogram of the crosslinked and non-crosslinked nanoparticles. Loss of weight was observed 

in both the nanoparticulate systems till a temperature of 80˚C. This loss can be attributed to the 

boiling and eventual evaporation of the drug from the nanoparticles. Thus, the presence of drug 

in the system was confirmed by TGA and it was further confirmed by the UPLC analysis of the 

nanoparticles. 
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Figure 3.3:  Differential scanning calorimetry (DSC) thermogram of Methylglyoxal liquid 

sample. 
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Figure 3.4:  Differential scanning calorimetry (DSC) thermograms overlay of Crosslinked 

nanoparticles and Non-crosslinked nanoparticles. 
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Figure 3.5: Thermogravimetric analysis of Crosslinked nanoparticles and Non-crosslinked 

nanoparticles  

3.4.4 Moisture content 

 The moisture content of the nanoparticles is shown in Table3.3. KFT analysis of non –

crosslinked nanoparticles showed moisture content of 5.14% and that of crosslinked 

nanoparticles showed 7.24%..  The observed moisture content of crosslinked nanoparticles is 

greater than that of the non-crosslinked nanoparticles. This can be attributed to the presence of 

hygroscopic sodium TPP in the crosslinked nanoparticles. Also, crosslinking of chitosan with 

sodium TPP increases the water retention capacity of chitosan [46]. 
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Table 3.3: Percentage moisture content of the non-crosslinked and crosslinked  

nanoparticles (n=3).  

Formulation Percentage (%) moisture content 

Non-crosslinked nanoparticles 5.14 ± 0.05 

Crosslinked nanoparticles 7.24 ± 0.62 

 

3.4.5 Drug loading and Entrapment efficiency 

Crosslinked and non-crosslinked nanoparticles with four theoretical drug loads (7%, 15%, 20% 

and 25% w/v) were compared to decide optimal drug load for the formulation. The % drug load 

and entrapment efficiencies of all the formulations are given in Table 3.4 and Table 3.5 

respectively. Maximum drug loading and entrapment efficiency for non-crosslinked 

nanoparticles was observed in nanoparticles with a drug load of 20% (around 13.5% and 62.3% 

respectively). Maximum drug loading and entrapment efficiency for crosslinked nanoparticles 

was observed in nanoparticles with a drug load of 20% (around 8.3% and 38% respectively). 

These batches were selected for further studies. As the process of preparation of nanoparticles 

does not involve washings at any stage, it was expected that the entrapment efficiency would be 

around 100%. However, this was not the case and lower entrapment efficiencies, significantly 

lower than the expected 100% as detected. High drug loading has been reported when the 

entrapping core and the drug are similar in nature [85]. However in this case, a hydrophilic drug 

was entrapped in a hydrophobic core. It has been reported that the entrapment of a hydrophilic 

drug in a hydrophobic core is decreased by the thermodynamic forces at the interface of drug and 

the lipid [86]. Also, as methylglyoxal is semi-volatile [73], there might have been some loss due 
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to evaporation of the drug during the lyophilization process and due to the heat generated during 

the sonication process. Table 3.6 depicts the loss of drug incurred during the process of 

preparation of the nanoparticles. Experimentally determined drug loads, as shown in Table 3.4, 

both for crosslinked and non-crosslinked nanoparticles clearly indicated a substantial loss of drug 

during the manufacturing process. 

Table 3.4: Drug loading of Methylglyoxal nanoparticles (n=3) 

Theoretical Drug Content 

(%) 

Non-crosslinked 

nanoparticles (determined 

drug load) 

Crosslinked nanoparticles 

(determined drug content) 

7 1.17 ± 0.09% 1.07 ± 0.07% 

15 5.39 ± 0.06% 3.87 ± 0.2% 

20 13.53 ± 0.15% 8.26 ± 0.03% 

25 13.2 ± 0.46% 4.06 ± 0.2% 
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Table 3.5: Entrapment Efficiency of Methylglyoxal nanoparticles (n=3)  

Theoretical Drug Content 

(%) 

Non-crosslinked 

nanoparticles (determined 

% efficiency) 

Crosslinked nanoparticles 

(determined % efficiency) 

7 16.13 ± 1.3% 14.86 ± 1% 

15 36.24 ± 0.4% 26.71 ± 1.4% 

20 62.29 ± 0.7% 38.02 ± 0.1% 

25 52.12 ± 1.8% 16.04 ± 0.8% 

 

Table 3.6:  Loss of drug during the process of sonication and lyophilization. 

 % Loss during 

sonication 

% Loss during 

lyophilization 

% Total loss 

Non-crosslinked 

nanoparticles 

20 13.19 33.19 

Crosslinked 

nanoparticles 

40.11 21.87 61.98 

Drug solution - 22.8 22.8 

 

 

 



51 
 

3.4.6 In vitro release studies 

Figure 3.6 shows the cumulative percentage release of methylglyoxal from non-crosslinked and 

crosslinked nanoparticles. In both the cases, almost 100% of the drug is released within 12 hours. 

However, at the end of 24 hours, a drop of around 20% to 25% in the amount of drug released 

from both the formulations was observed. Methylglyoxal is known to be volatile in nature and is 

also known to undergo autoxidation when it comes in contact with air and photolysis when 

exposed to light [70, 73]. A combination of these factors may be a possible reason for the 

decrease in the amount of released drug seen after 24 hours.     

 

  

Figure 3.6: The in vitro release profiles of the Crosslinked nanoparticles and the Non-

crosslinked nanoparticles in PBS (pH 7.4). 
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3.5 Conclusions 

In conclusion, the formulations developed did not sustain the release of methylglyoxal. The 

addition of crosslinker to the formulation did not have much of an effect on the size or surface 

charge of the particles. The processes involved in the preparation of the system (lyophilization 

and ultrasonication) played a role in the determining the entrapment efficiency and drug load. 

The observed surface morphology indicates that the crosslinked particles were more porous, 

which would be responsible for the quick release of the drug from the particles.  
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CHAPTER 4 

Cytotoxicity and Cellular Uptake Studies 
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4.1 Introduction 

Methylglyoxal is a dicarbonyl compound that is produced endogenously and is known to possess 

cytotoxic properties [22, 87]. Previous studies have shown methylglyoxal acts as a cytotoxic 

agent by direct damage caused by advanced glycation end products (AGEs), direct damage to the 

DNA and by apoptosis [70,87,88]. The toxic effects of methylglyoxal on cancerous cells are well 

documented but there are very few studies which draw a comparison of its cytotoxic effects in 

cancerous and normal cell lines. Various cancerous and non-cancerous cell-lines, as outlined 

below were used for the cytotoxicity and cellular uptake studies. 

 MDCK - The Madin-Darby canine kidney (MDCK) cell line is a normal cell line 

obtained from the kidney cortex of a normal female cocker spaniel [89].   

 WI-26 – The WI-26 cell line is a normal diploid human fibrioblast cell strain [90] which 

has isolated from the lungs of a human embryo.  

 A549 – It is a human cell line, which was obtained by the isolation and culturing of cell 

removed from a cancerous lung tissue of a Caucasian male. They are adenocarcinomic 

cells from the alveolar basal epithelium of the lungs [91]. 

 Cl66 – The cell line clone 66 (Cl66) is a clonal cell line obtained from the mouse 

mammary adenocarcinoma cells [92]. It was derived from the mammary tumor of a 

female Balb/cfC3H mouse that was carrying the mouse mammory tumor virus [93]. 

 HeLa – It was the first human epithelial cancer cell line and it was isolated from the 

adenocarcinoma of the cervix of Henrietta Lacks in 1952. It is an immortal cell line [94]. 

 Caco-2 – It is a cell line belonging to the human epithelial colorectal adenocarcinoma. 

Even though it is derived from the colon (large intestine), when cultured in a specific 

way, they start resembling the enterocytic linings of the small intestine [95, 96].       
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MTT assay is a colorimeteric procedure used to quantitatively determine the viability and 

proliferation of cells. The main application of this assay is to determine the cytotoxicity of a 

biologically active ingredient or a formulation. MTT reagent [3-(4, 5-Dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide] is a yellow colored compound that is reduced to purple colored 

formazan by the mitochondria in the living cells. The purple crystals of formazan are then 

solubilized and they are assayed colorimetrically by measuring the absorbance. The absorbance 

obtained is directly proportional to the number of metabolically viable cells. [97]. The enzyme 

involved in the conversion of MTT reagent to formazan is succinate dehydrogenase [98]. Apart 

from the rapidness, the major advantage of the assay is the reproducibility of the results obtained 

[99].    

 Nanoparticulate formulations increase the cellular uptake of a drug and hence they are preferred 

as a dosage form over normal drug solutions. The nanoparticles and drugs are taken up by the 

cells in various ways like passive diffusion, facilitated diffusion, endocytosis and active 

transport. Passive diffusion is a concentration gradient dependent process and does not utilize 

any energy from the cell. Lipophillic molecules with low molecular weight move across a cell 

membrane from a region of high concentration to low concentration. Active transport is an 

energy consuming process, which involves the transport of drug molecules across a cell 

membrane using specific carriers. The process of endocytosis also utilizes cell energy. 

Endocytosis are of the following types: 

 Pinocytosis – This process is sometimes also referred to as “cell drinking” or “fluid 

endocytosis”, as small particles are transported in the cell, suspended within small 

vesicles. These vesicles then fuse with lysosomes so that the particles would either 
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hydrolyze or further break down. A lot of energy in the form of adenosine triphosphate 

(ATP) is consumed during this process.   

 Phagocytosis – It is a cellular process that involves a solid particle being engulfed by the 

cell membrane to form an internal phagosome or food vacuole. This mechanism is 

usually employed by the cells of the immune system for the removal of cell debris, 

pathogens and bacteria. It is a particle size dependent process [100].  

 Caveola – They are a special type of lipid raft, which resemble small caves and are 

responsible for cellular uptake. They have a very small diameter (50-100 nm) and they 

contain precursors for cell signaling pathways and specific markers for organs, which can 

be used for targeted drug delivery [101]. 

The cellular uptake of the system can be evaluated using the cell lysis technique.   

The main objectives of these studies involved comparing the cytotoxicity profiles and cellular 

uptake of methylglyoxal when it was administered to the cells in the free solution form and in the 

form of nanoparticulate suspensions. The study also involved the evaluation of the effect of 

crosslinker (TPP) on the cytotoxicity profiles and cellular uptake of methylglyoxal formulated as 

GMO-Chitosan nanoparticles.  

4.2 Materials 

MDCK, Wi26, A49, CL66, HeLa and CaCO2 cell lines were purchased from American Type 

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

Eagle Medium (MEM), H-12 medium, Dulbecco‟s Phosphate Buffer Saline (DPBS), Fetal 

Bovine Serum advantage (FBS), glutamate, non-essential amino acid, penicillin streptomycin 

and sodium pyruvate were purchased from Invitrogen (Carlsbad, CA). Methylglyoxal (40% v/v 
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aqueous solution, FW-72.06) was obtained from Sigma Aldrich (St. Louis, MO). O-

phenylenediamine (FW-108.15) was purchased from Eastman Organic Chemical (Rochester, 

NY). Optima LC/MS grade water and acetonitrile from Fischer Scientific (Fair Lawn, NJ) were 

used for UPLC analysis. Low molecular weight chitosan (MW 10000-12000 Daltons) and 

polyvinyl alcohol (MW 30000-70000) were purchased from Aldrich Chemical Co. (Milwaukee, 

WI). Glycerol monooleate was obtained from Spectrum Chemical (New Brunswick, NJ). Oleic 

acid was obtained from Acros Organics, NJ. Tocopheryl PEG 1000 Succinate NF (TPGS) was 

sourced from PCCA, Houston, TX. Sodium tripolyphosphate (TPP), sodium phosphate 

monobasic, sodium phosphate dibasic, sodium chloride, sodium hydroxide and hydrochloric acid 

(reagent grade) were acquired from Fischer Scientific (Fair Lawn, NJ). 

4.3 Methods 

4.3.1 Preparation of solutions 

4.3.1.1 MTT solution 5 mg/ml 

MTT reagent [3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] is available as a 

yellow colored powder. A saturated solution (5 mg/ml) was prepared by weighing 125 mg of 

MTT reagent and dissolving it in 20 ml of deionized water. The solution was transferred to 25 ml 

volumetric flask and the volume was made up to 25 ml with deionized water. 

4.3.1.2 1:1 solution of 20% (w/v) SDS and DMF 

Twenty grams of sodium dodecyl sulfate (SDS) was accurately weighed and transferred to a 

glass beaker containing 100 ml of deionized water. The mixture was stirred using a magnetic 

stirrer till a clear solution was obtained. To this mixture, 100 ml of dimethyl formamide (DMF) 
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was carefully added and the mixture was stirred. This solution was then transferred to an amber 

colored glass bottle with a plastic lid which had rubber lining on the inside.    

4.3.2 Preparation of the cell culture media 

4.3.2.1 Preparation of DMEM media for MDCK, Wi26 and CL66 cell lines 

Cell culture grade sodium bicarbonate (3.7 g) and magnesium chloride (0.1 g) were accurately 

weighed and transferred to a 2 liter conical flask. One bottle of Dulbecco‟s Modified Eagle 

Medium powder was then emptied in the flask and 1000 ml of deionized water was added. The 

mixture was stirred using magnetic stirrer till a clear solution was formed. The formed solution 

was then sterile filtered into a sterile media bottle. Ten ml each of glutamate, non-essential 

amino acid, penicillin streptomycin and sodium pyruvate were aseptically added to the media 

bottle. One hundred ml of fetal bovine serum advantage (10% v/v of serum) was added under 

sterile conditions to form the final media solution and the bottle was gently shaken. 

4.3.2.2 Preparation of MEM media for HeLa cell line 

The contents of an entire bottle of Modified Eagle Medium (MEM) were emptied into a 2 liter 

conical flask. Cell culture grade sodium bicarbonate (2.2 g) magnesium chloride (0.1 g) were 

weighed and added to the flask along with 1000 ml of deonized water. The mixture was stirred 

using a magnetic stirrer and the final solution was filtered in the final sterile media bottle using a 

sterile filter. Ten ml each of the 4 essential nutrients; glutamate, non-essential amino acid, 

penicillin streptomycin and sodium pyruvate were asepctically pipetted in the media bottle. 

Under sterile conditions, 100 ml of fetal bovine serum advantage (20% v/v of serum) was 

transferred to the media bottle. The bottle was shaken gently to get the final media. 
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4.3.2.3 Preparation of MEM media for CaCO2 cell line   

The contents of an entire bottle of Modified Eagle Medium (MEM) were emptied into a 2 liter 

conical flask. Cell culture grade sodium bicarbonate (2.2 g) magnesium chloride (0.1 g) were 

weighed and added to the flask along with 1000 ml of deonized water. The mixture was stirred 

using a magnetic stirrer and the final solution was filtered in the final sterile media bottle using a 

sterile filter. Ten ml each of the 4 essential nutrients; glutamate, non-essential amino acid, 

penicillin streptomycin and sodium pyruvate were asepctically pipetted in the media bottle. 

Under sterile conditions, 200 ml of fetal bovine serum advantage (20% v/v of serum) was 

transferred to the media bottle. The bottle was shaken gently to get the final media. 

4.3.2.4 Preparation of H-12 media for A549 cell line 

H-12 powder (10.47 g), 1.2 g of sodium bicarbonate (cell culture grade) and 0.1 g of magnesium 

chloride (cell culture grade) were accurately weighed and transferred to a 2 liter conical flask. 

One liter ml of deionized water was transferred to the flask. The mixture was magnetically 

stirred till a clear solution was obtained. This solution was then transferred using a sterile filter to 

an autoclaved clean media bottle. Ten ml each of glutamate, non-essential amino acid, penicillin 

streptomycin and sodium pyruvate were aseptically added to the media bottle. One hundred ml 

of fetal bovine serum advantage (10% v/v of serum) was added under sterile conditions to form 

the final media solution and the bottle was gently shaken.    

4.3.3 MTT cytotoxicity assay 

The cytotoxicities of the free drug and drug loaded nanoparticles were compared in MDCK, 

WI26, A549, Cl66, Caco-2 and HeLa cell lines. The cells were seeded in 96-well plates by 

transferring 100 μl of cell suspension, prepared in their respective growth media, to each well. 
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The plates were incubated in a hudimified chamber at 37˚C and supplied with 5% CO2 for 24 

hours. The cells were then treated with different concentrations of free methylglyoxal solutions 

in DPBS and equivalent amount of methylglyoxal nanoparticulate suspensions in DPBS (both 

crosslinked and non-crosslinked nanoparticles) for a period of 4 hours. Before treatment, the 

nanoparticle suspensions were ultrasonicated at 24 W for 1 minute so as to get a uniform 

suspension. At the end of 4 hours, the treatments and the media were removed. A100 μl of fresh 

cell growth media was added to each well and the plates were incubated for 24, 48 and 72 hours. 

At the end of each incubation time interval, 30 μl of MTT solution (5 mg/ml) was added to each 

well and the plates are incubated for 4 hours. After incubation, the media and treatment was 

removed and replaced with 1:1 solution of 20% (w/v) solution of SDS and DMF. The plates 

were again incubated for 30 minutes followed by 15 minutes of shaking on an orbital shaker. The 

plates were then read on a microplate reader (Multiskan MCC, Fischer Scientific, Fair Lawn, NJ) 

at a wavelength of 540 nm. The data is expressed as the percent cell survival of control cell 

monolayers receiving just the media. 

4.3.4 Cellular uptake 

The cellular uptake of the free drug and the drug loaded nanoparticles was evaluated and 

compared in MDCK, WI26, A549, Cl66 and HeLa cell lines. For the purpose of these studies, 

cells were first plated in 12-well plates by transferring 1 ml of cell suspension, prepared in their 

respective growth media, to each well and were cultured till they were confluent. The cells were 

treated with 1 ml of a fixed concentration (4.05 μg/ml or 55.4 μM) of pure methylglyoxal 

solution in DPBS and equivalent amount of methylglyoxal nanoparticulate suspensions in DPBS 

(both crosslinked and non-crosslinked nanoparticles) for 5, 15, 30 and 60 minutes. Before 

treatment, the nanoparticle suspensions were ultrasonicated at 24 W for 1 minute so as to get a 
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uniform suspension. At the end of each time interval, the treatment and the growth media were 

replaced with 20% (w/v) solution of SDS. The plates were then incubated in a hudimified 

chamber at 37˚C and supplied with 5% CO2 for 30 minutes. After incubation, the lysed cells 

were pipetted out into microcentrifuge tubes and were centrifuged at 14,000 RPM in a 

microcentrifuge for 30 minutes at 4°C (Accuspin Micro R, Fisher Scientific, Fair Lawn, NJ). The 

supernatant was analyzed for methylglyoxal using the previously stated UPLC method. 

4.4 Results  

4.4.1 MTT cytotoxicity assay 

4.4.1.1 MDCK cells 

Figures 4.1 and 4.2 show the cytotoxicity profile of free drug, crosslinked nanoparticles, and 

non-crosslinked nanoparticles in MDCK cells after 24 and 72 hours of incubation. At the end of 

24 hours the toxicity profile of all the nanoparticles and the free drug were noticed to be similar.  

However, by the end of 72 hours, it was clear that the crosslinked nanoparticles were more toxic 

to the cells than both the free drug and the non-crosslinked nanoparticles. The LD50 of 

crosslinked nanoparticles is approximately 5 times higher than that of the free drug and almost 

10 times higher than that of non-crosslinked nanoparticles. 
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Figure 4.1: Cytotoxicity Profile of Nanoparticle and Drug Solutions in MDCK cells at 24 hours.  

 

 

Figure 4.2: Cytotoxicity Profile of Nanoparticle and Drug Solutions in MDCK cells at 72 hours.  
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4.4.1.2 WI26 cells 

 Figures 4.3 and 4.4 show the cytotoxicity profile of free drug, crosslinked nanoparticles and 

non-crosslinked nanoparticles in Wi26 cells after 24 and 72 hours. It is clear from the both the 

figures that the crosslinked nanoparticles hardly show any toxicity to the cells. At the end of 24 

hours, cells treated with the highest dose of crosslinked nanoparticles show 90-100% survival 

and by 72 hours they show 80-90% survival. On the other hand, the non-crosslinked 

nanoparticles were observed to be more toxic to the cells than both the free drug solutions and 

crosslinked nanoparticles.  
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Figure 4.3: Cytotoxicity Profile of Nanoparticle and Drug Solutions in WI26 cells at 24 hours  

 

Figure 4.4: Cytotoxicity Profile of Nanoparticle and Drug Solutions in WI26 cells at 72 hours.  
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4.4.1.3 A549 cells 

Figures 4.5 and 4.6 depict the cytotoxicity profiles of the drug loaded nanoparticles and free 

drug solution at the end of 24 and 72 hours respectively. Within 24 hours, cells treated with the 

highest dose of the free drug solution and non-crosslinked nanoparticles show more than 50% 

survival, while those treated with crosslinked nanoparticles have a survival of approximately 

40%. By the end of 72 hours, we can see that the cytoxicity of crosslinked nanoparticles is 

visibly greater than that of the free drug solutions and non-crosslinked particle suspensions. Cells 

treated with non-crosslinked nanoparticles showed greater survival than those treated with 

corresponding concentrations of free drug solution.   
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Figure 4.5: Cytotoxicity Profile of Nanoparticle and Drug Solutions in A549 cells at 24 hours. 

 

 Figure 

4.6: Cytotoxicity Profile of Nanoparticle and Drug Solutions in A549 cells at 72 hours.  
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4.4.1.4 WI26 cells v/s A549 cells 

WI26 is a normal diploid human alveolar epithelial cell line and A549 is an adenocarcinomic 

human alveolar epithelial cell line [102]. Thus, a comparison drawn between these two cell lines 

might give a fair idea of the effectiveness of both the nanoparticulate systems in a normal and a 

cancerous cell line. Figures 4.7 and 4.8 compare the cytotoxicity of crosslinked nanoparticles in 

both the cell lines at 24 hours and 72 hours respectively. At the end of 24 hours, the survival of 

WI26 cells is higher than that of the A549 cells. A similar trend is observed with both the cell 

lines treated with crosslinked nanoparticles at the end of 72 hours. Figures 4.9 and 4.10 depict 

the comparison of cytoxicities of non-crosslinked nanoparticles in both the cell lines within 24 

hours and 72 hours respectively. Not much of a difference was seen in the cell survival of both 

the cell lines when they were treated with non-crosslinked nanoparticles at the end of 24 hours. 

However, at the end of 72 hours, it was observed that the non-crosslinked nanoparticles were 

more cytotoxic to the Wi26 cells than they were to the A549 cells.        
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Figure 4.7: Comparison of cytotoxicity profile of drug loaded crosslinked nanoparticles in WI26 

and A549 cells after 24 hours. 

 

Figure 4.8: Comparison of cytotoxicity profile of drug loaded crosslinked nanoparticles in WI26 

and A549 cells after 72 hours. 

0 

20 

40 

60 

80 

100 

120 

140 

160 

2.77E-06 2.77E-05 0.000277 0.00277 

%
 c

e
ll 

su
rv

iv
al

 

Drug conc. (uM) 

Wi26 

A549 

0 

20 

40 

60 

80 

100 

120 

140 

2.77E-06 2.77E-05 0.000277 0.00277 

%
 c

e
ll 

su
rv

iv
al

 

Drug conc. (uM) 

Wi26 

A549 



69 
 

Figure 4.9: 

Comparison of cytotoxicity profile of drug loaded non-crosslinked nanoparticles in WI26 and 

A549 cells after 24 hours. 

 

Figure 4.10: Comparison of cytotoxicity profile of drug loaded non-crosslinked nanoparticles in 

WI26 and A549 cells after 72 hours. 
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4.4.1.5. Cl66 cells 

From the Figure 4.11, it is clear that the crosslinked nanoparticles are generally more cytotoxic 

to the Cl66 cells than both the free drug solution and the non-crosslinked nanoparticles in 24 

hours. Non-crosslinked nanoparticles showed no cytotoxicity in the cells (Figure 4.12), while 

crosslinked particles were observed to be highly toxic to the cells at the end of 72 hours.    
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Figure 4.11: Cytotoxicity Profile of Nanoparticle and Drug Solutions in Cl66 cells at 24 hours.  

 

Figure 4.12: Cytotoxicity Profile of Nanoparticle and Drug Solutions in Cl66 cells at 72 hours.  
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4.4.1.6. HeLa cells 

Figures 4.13 and 4.14 represent the cytotoxic profiles of crosslinked nanoparticles, non-

crosslinked nanoparticles and free drug solution in 24 and 72 hours respectively. The cells 

treated with crosslinked nanoparticles showed lower survival than when they were treated with 

both, the free drug solutions and the various suspensions of non-crosslinked nanoparticles. A 

similar trend was observed even at the end of 72 hours. The cytotoxicity profile of non-

crosslinked nanoparticles at the end of 24 hours was similar to that of the free drug solution. 

However, by 72 hours the free drug solution was observed to be clearly more toxic to the cells 

than the non-crosslinked particles.   
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Figure 4.13: Cytotoxicity Profile of Nanoparticle and Drug Solutions in HeLa cells at 24 hours.  

 

Figure 4.14: Cytotoxicity Profile of Nanoparticle and Drug Solutions in HeLa cells at 72 hours.  
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4.4.1.7. CaCO2 cells 

Figure 4.15 shows the percent cell survival of CaCO2 cells when treated with free drug solutions 

and nanoparticulate suspensions at the end of 24 hours. It was observed that the cells, when 

treated with crosslinked nanoparticles, showed least percent survival, while they showed 

maximum survival when they were treated with non-crosslinked nanoparticles. The same trend 

was seen in this cell line, even at the end of 72 hours (Figure 4.16).    
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Figure 4.15: Cytotoxicity Profile of Nanoparticle and Drug Solutions in Caco-2 cells at 24 

hours.  

 

Figure 4.16: Cytotoxicity Profile of Nanoparticle and Drug Solutions in Caco-2 cells at 72 

hours.  
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4.4.2. Cellular Uptake 

4.4.2.1. MDCK cells 

From Figure 4.17, it is clear that the uptake of non-crosslinked particles was slightly higher than 

that of the crosslinked particles. From the amount of drug recovered from the cells, it can be said 

that a fairly high amount of the free drug solution rapidly enters the cells, while the cellular 

uptake of both the nanoparticulate suspensions increases over a period of 1 hour.  

 

Figure 4.17:  Cellular Uptake of drug solution and nanoparticulate suspensions by MDCK cells.  
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4.4.2.2. Wi26 cells 

Figure 4.18 shows the comparison of the rates of cellular uptake of free drug solution and 

nanoparticulate suspensions by the Wi26 cell lines over a period of 1 hour. The cellular uptake of 

free drug solution is significantly higher than that of the nanoparticulate suspensions. From the 

amount of drug recovered from the cells, it was observed that a constant amount of non-

crosslinked nanoparticles are taken up rapidly by the cells over the period of 1 hour and this level 

is visibly higher than the crosslinked particles but lesser than the free drug solution. The uptake 

of crosslinked nanoparticles was low and it increased gradually over the treatment time period. 

 

Figure 4.18:  Cellular Uptake of drug solution and nanoparticulate suspensions by WI26 cells. 
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4.4.2.3. A549 cells 

As seen from Figure 4.19, no uptake of any of the treatment groups is seen in the cells by 5 

minutes. The cellular uptake of the nanoparticles and the drug solution is approximately same for 

all the time points and uptake of all the three groups was seen to increase at each time point till 

the end of the hour. 

 

Figure 4.19:  Cellular Uptake of drug solution and nanoparticulate suspensions by A549 cells. 
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that of the other two treatment groups, except at the 30 minute time point, where the uptake of all 

the treatment groups is approximately equal to each other. 

 

Figure 4.20:  Cellular Uptake of drug solution and nanoparticulate suspensions by Cl66 cells. 
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Figure 4.20:  Cellular Uptake of drug solution and nanoparticulate suspensions by HeLa cells. 

4.5 Discussion 
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both the nanoparticulate systems at the end of 72 hours could be due to the apoptotic cell death 

caused by methylglyoxal. 

4.5.2 Cellular uptake studies 

No significant difference was seen in the uptake of the formulations and the free drug solution by 

the A549 and Cl66 cell lines. Nanoparticles are internalized in cells by energy driven processes 

such as endocytosis. Particle size also plays an important role in the cellular uptake of the 

nanoparticles. It has been observed that particles smaller than 700 nm are more suitable for 

cellular uptake. A combination of these phenomenons along with the mucoadhesive and 

bioadhesive properties of chitosan could be responsible for the rapid uptake of nanoparticles in 

the cancerous cells. Surface charge is another important factor in cell uptake of nanoparticles. It 

has been observed that the uptake of the nanoparticles is higher when the particles are positively 

charged. The negative charge on the particles could be responsible for the slow rate of uptake of 

the nanoparticles by the non-cancerous (MDCK and WI26) and the HeLa cells.    

4.6 Conclusion 

Thus it can be concluded that the cytoxicity of the drug increased in general when it was 

formulated as nanoparticles. Addition of crosslinker resulted in the lower uptake of nanoparticles 

in the non-cancerous cells. When compared with each other, the cytotoxicity of the drug loaded 

nanoparticles were observed to increase in the cancerous lung cells (A549) than in normal lung 

cells (WI26) on crosslinking with TPP.   
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CHAPTER 5 

Summary and Future directions 

 

 

 

 

 

 

 



83 
 

5.1 Summary 

GMO/Chitosan solid-lipid nanoparticulate drug delivery system was prepared and characterized 

for the hydrophilic drug, methylglyoxal. Double emulsion solvent evaporation method was used 

for the preparation of the formulations. Non-crosslinked (without sodium TPP) and Crosslinked 

(with sodium TPP) nanoparticles were prepared 

The presence of crosslinker does not seem to have a significant effect on the particle size of the 

system. The interaction between the amino groups of the chitosan molecules and the phosphate 

groups of the TPP molecules possibly provide the crosslinked particles a slightly higher negative 

surface charge than the non-crosslinked particles. The moisture content of the crosslinked 

nanoparticles was found to be higher than the non-crosslinked nanoparticles, which may be due 

to the hygroscopic nature of sodium TPP. 

A rapid, accurate and precise reversed phase UPLC method of analysis of the drug was 

developed and validated. Methylglyoxal was determined by using a chemical derivatization 

procedure followed by UPLC analysis. The derivatization process involved the reaction between 

methylglyoxal and O-phenylenediamine to form a quinoxaline derivative. The mobile phase 

consisted of 70% (v/v) water and 30% (v/v) acetonitrile at a flow rate of 0.6 ml/min. The 

chromatographic separation was achieved using an Acquity UPLC BEH C18 (50 x 2.1 mm), 1.7 

µm column. The column effluents were monitored at 312 nm using a PDA detector. This method 

was utilized for finding the drug loading, entrapment efficiency cellular uptake and in vitro 

release profile of the nanoparticulate systems.  

The drug loading of the crosslinked particles was found to be lower than that of the non-

crosslinked particles. The entrapment efficiency of both the systems in general was found to be 
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lower than that as expected. This might be attributed to both the semi-volatile nature of the drug 

and the loss of drug during the processes of ultrasonication and lyophilization. The in vitro 

release studies showed that there was no effect of the crosslinker on the release pattern of the 

drug from the system.  

From the MTT cytoxicity studies and cellular uptake studies, it can be seen that Wi26 cells (non-

cancerous) showed higher survival when treated with crosslinked nanoparticles compared to 

drug solution in 24 hours. However, a reverse trend was observed with non-crosslinked 

nanoparticles. On the other hand, A549 cells (cancerous) showed lower survival when treated 

with nanoparticles, compared to drug solution in 24 hours. The cellular uptake of drug solution 

was significantly greater than nanoparticles in WI26 cells. The cellular uptake of drug solution 

and nanoparticles were approximately same in A549 cells.        

 5.2 Future directions 

Use of TPP as a crosslinker did not sustain the release of methylglyoxal from this system. 

Therefore, other crosslinkers and conjugation method may be implemented to sustain the release 

of this hydrophilic drug from the system.Different crosslinkers can be incorporated in this 

formulation to check if they can sustain the release of the drug from the system. The drug can be 

encapsulated using different methods of nanoparticulate preparation such as nanoprecipitation, 

emulsification-diffusion or emulsification coacervation, which involve not or minimum usage of 

ultrasonication and lyophilization process so as to decrease the loss of the drug during these 

processes.  

From the cellular studies, the nanoparticulate system was observed to be more toxic to the 

cancerous lung cells (A549) than to the normal lung cells (WI26). Also, the cellular uptake of the 
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nanoparticles by WI26 cells was significantly lower than the uptake of the free drug solution. 

Thus, the formulation can be further developed so that it can be given through the nasal route for 

the treatment of cancers of the respiratory tract. The in vivo efficacy of the formulation should be 

evaluated using an animal model. The toxicity of the blank nanoparticulate formulations should 

be evaluated to check if the particle composition itself would be responsible for causing cell 

death. The composition of nanoparticles and its effect on cellular toxicity also needs further 

investigation.   
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