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ABSTRACT 

RNA interference (RNAi) technology is a useful mechanism for inhibiting gene 

expression. This technology involves the use of small interfering RNA (siRNA) for gene 

therapy purposes. We have made an effort to use this technology to reduce the expression 

of beta-catenin in colon cancer cells. The pharmaceutical application of siRNA is 

dependent on an efficient delivery system. The positively charged nature of chitosan 

provides interesting properties with respect to interaction with oppositely charged 

materials, especially those of high molecular weight. Interaction between positively 

charged chitosan and negatively charged siRNA can be exploited; making chitosan an 

ideal candidate to serve as a delivery vehicle for siRNA. The most important problem 

associated with the use of chitosan is its limited solubility at pH higher than its pKa (5.5-

6.5). Being a weak base chitosan is only completely soluble under acidic conditions. To 

overcome the problem of solubility we have grafted poly (ethylene glycol) to chitosan. 

PEGylated chitosan/siRNA and chitosan/siRNA nanoparticles have been synthesized and 

characterized. Size characterization of nanoparticles was carried out using transmission 

electron microscopy (TEM), scanning electron microscopy (SEM) and dynamic light 

scattering (DLS) techniques. The encapsulation efficiency was evaluated using a 

nanodrop (UV absorption detector). HCT 116 colorectal cancer cell line was used to 

evaluate the transfection of siRNA across the cellular membrane. The cell lines were 

treated with 0.1 and 0.5 nmol of siRNA encapsulated in PEGylated chitosan and chitosan 

for a period of 24 and 48 hours. The percent reduction in beta-catenin protein level was 
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evaluated using the western blot technique. The chitosan/siRNA and PEGylated 

chitosan/siRNA nanoparticle approach was compared to the classical approach used for 

siRNA delivery; namely siRNA in Lipofectamine 2000 to identify the difference in the 

levels of beta-catenin protein in HCT 116 cells. We were successful in reducing the 

cellular beta-catenin protein levels and both the chitosan/siRNA and PEGylated 

chitosan/siRNA approaches were successful in reducing beta catenin protein levels after 

48 h. Another significant result was that the chitosan/siRNA had a similar ability as 

Lipofectamine/siRNA to reduce beta catenin protein levels when administered at a 

sufficient concentration of siRNA. 

.
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CHAPTER I 

INTRODUCTION 

1.1 Colon Cancer 

Colon cancer also known as colorectal cancer initiates in the large intestine or the 

rectum. According to the American Cancer Society and the National Cancer Institute 

(NCI), colon cancer is the third most common cancer behind lung and breast cancer 

(Siegel et al., 2013). If the cancer is detected during early stages; surgery remains as the 

only option of definitive treatment and the chances of survival are between 80-95% 

(Goldstein et al., 2005). Unfortunately the chances of survival in the advanced stages are 

reduced to 10-30% (Goldstein et al., 2005). Almost all colon cancer initiates in the glands 

lining the colon and rectum. Our research focusses on reducing the increased level of 

beta-catenin that occurs with colon cancer. 

1.2 The Role of beta-catenin in Colon Cancer 

Beta-catenin is part of a complex of proteins that constitute adheren junctions. 

Adheren junctions or zonula adheren are essential elements required for establishing cell-

cell contacts and are important in the maintenance of the integrity of the epithelial layers 

(Figure 1). In normal cells, beta-catenin functions as a component of the adheren 

complex by binding with E-cadherin. Beta-catenin is also responsible for regulating cell 

growth and adhesion between cells. Beta-catenin is an essential member of the Wingless-

Wnt signal transduction pathway. In the Wnt signal transduction pathway, beta-catenin 

aids in transducing the Wnt signal from the cell surface to the nucleus. At the cell surface 

reception of the Wnt signal results in the stabilization of beta-catenin, followed by 
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accumulation of beta-catenin in the nuclei. The interaction of beta-catenin with the 

LEF/TCF binding proteins activates transcription of the Wnt responsive genes (Cavallo et 

al., 1997). In the absence of the Wnt signaling, the cytoplasmic beta-catenin degrades and 

only membrane bound beta-catenin complexed with cadherins is protected from 

degradation. Beta-catenin levels rise upon the reception of the Wnt signal, due to 

stabilization against proteolysis of uncomplexed beta-catenin in the cell (Papkoff et al., 

1996).  

      

Figure 1. Adheren junction. 
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The mechanism used by the Wnt signal to increase the level of beta-catenin is not 

clear but research using Drosophila (Pai et al., 1997; Peifer et al., 1994) and Xenopus (He 

et al., 1995; Yost et al., 1996) have suggested that Zeste-white 3 kinase/Glycogen 

synthase kinase 3 (ZW-3/GSK-3) is involved in the degradation of beta-catenin.  Studies 

have also shown that phosphorylation of beta-catenin is the most likely mechanism for 

the regulation of its degradation (Daniel and Reynolds, 1997). In mammals, the GSK-3 

functions in tandem with the adenomaceous polyposis coli (APC) and Axin to regulate 

the degradation of beta-catenin by the ubiquitin-proteasome system and restricts the beta-

catenin level in the cytoplasm (Sandra et al., 1999). Regulation of beta-catenin levels in 

the transduction of the Wnt-signal is a key factor; this is because increased levels of beta-

catenin are found in 70-80% of colon tumors, due to mutations in the APC gene. In the 

event of mutation of APC gene, beta-catenin moves into the cell nucleus. The interaction 

of beta-catenin with the TCF/LEF family of transcription factors induces gene expression 

that stimulates tumor cell proliferation (Li et al., 2005).    

1.3 RNA Interference 

RNA Interference or (RNAi) was discovered in 1998 by Andrew Fire and Craig 

Mello in the nematode worm Caenorhabditis elegans (Fire A et al., 1998) and later found 

in a variety of organisms, including mammals. RNAi is a potent and highly specific gene-

silencing phenomenon triggered by double stranded RNA helices (Couzin et al., 2002). In 

the RNA interference process, the introduction of 21-23 base pair small interfering RNA, 

called siRNA in cells results in the degradation of homologous mRNA and specific 

protein knock down. The gene silencing property of siRNA is not unusual, since 

scientists and researchers have been silencing genes using single stranded antisense-



4 
 

oligodeoxyribonucleotides (ASO) (Pack et al., 2005; Akhtar et al., 2007; Aagaard, L and 

Rossi, J. 2007). The success of RNAi as a remedy depends upon the effective knockdown 

of targets and efficient intracellular delivery of siRNA.  The RNAi mechanism is shown 

in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: RNAi mechanism 
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The RNA interference process is initiated by long double-stranded (ds) RNA 

helices. These dsRNA are first processed by a ribonuclease III enzyme called as Dicer, 

into a 21-23 nucleotide (nt) small interfering RNA (siRNA). The siRNA are then 

incorporated into the RNA Induced Silencing Complex (RISC) in the cytoplasm of the 

cell. The RISC consists of Argonaute (Ago) protein as one of its main components. Ago 

cleaves and discards the passenger (sense) strand of the siRNA duplex giving rise to an 

active RISC. The remaining (antisense) strand of the siRNA duplex serves as the guide 

strand and guides the RISC to its homologous mRNA, resulting in the endonucleolytic 

cleavage of the target mRNA. In human plasma the half-life of the naked siRNA is <1h 

and is removed through the kidneys even before reaching the target tissues (Rudzinski 

and Aminabhavi, 2010). In order to improve the stability of siRNA in the blood stream, 

the siRNA must be bound to a transfection vector or carrier that may be either viral or 

non-viral. We used this strategy to reduce the expression of beta-catenin in cancer cells. 

1.4 Delivery Vehicles 

1.4.1 Viral Vectors 

A few examples of the most common viral vectors used are retro-virus, herpes 

simplex virus, lentivirus and adeno-associated viruses each with its therapeutic 

characteristic (Oligino et al., 2000). The benefit of using viral vectors is their natural 

ability to enter the cells and express their own proteins. This type of vector allows a high 

transfection rate and a rapid transcription of the foreign material in the infected host. 

However the use of viral vectors is limited due to the following concerns. First, gene 

therapy using viral vectors is limited as only small sequences of DNA can be inserted 

into the virus genome, making large-scale production of these vectors difficult. Second, 
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these viruses pose a variety of potential problems such as toxicity, immune responses and 

inflammatory responses (Sania Mansouri et al., 2004). Lastly oncogenic effects and high 

costs limit the use of viral vectors. As all these limitations pose i, investigation and 

development of non-viral vector has been considered. 

1.4.2 Cationic Lipids  

Cationic Lipids have been routinely used as transfection vectors in tissue culture 

(Sania Mansouri et al., 2004). The chemistry between these lipids and the negatively 

charged DNA results in the formation of clusters of aggregated vesicles along the nucleic 

acid (J.J Wheeler et al., 1999).  A variety of cationic lipids have been developed to 

interact with DNA, but perhaps the best known are N-1(-(2,3-dioleoyloxy)propyl)-

N,N,N-trimethylammoniumethyl sulfate (DOTAP) and N-(1-(2,3-dioleoyloxy)propyl)-

N,N,N-trimethylammonium chloride (DOTMA). Complexes formed between the cationic 

lipid and DNA are rapidly cleared from the bloodstream and have been found to be 

widely distributed in the body (Liu et al., 2002). The transfection efficiency of 

liposome/DNA complexes in vivo has been shown to be relatively low (Fillion, M.C. 

Philips., N.C., 1998). These cationic lipids have also been documented to be cytotoxic in 

nature (Brown et al., 2001). Intravenous injection of stable nucleic acid-lipid particles has 

successfully targeted the liver to silence the apolipoprotein B (ApoB) gene in mice and 

nonhuman primates. However, a significant 20-fold transient elevation in serum 

transaminases (aspartate transaminase, alanine transaminase) indicative of hepatocellular 

necrosis was identified at the effective dose. Liposomal formulations of nucleic acids are 

known inducers of inflammatory cytokines including tumor necrosis factor-alpha, 

interferon-gamma, and interleukin-6 which may be related to liver damage (Alameh et 
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al., 2012). These disadvantages and variable performance characteristics make cationic 

lipids unfavorable for use as transfection vectors. 

1.4.3 Polyethylenimine 

 

Figure 3: Structure of a linear polyethylenimine 

Polyethylenimine (PEI) is a cationic polymer and has been used to facilitate 

siRNA delivery (Jere et al 2009a, b). Cationic polymers interact with anionic nucleotides 

to form polyplexes which in turn interact with the cell membrane to promote endosomal 

uptake and delivery. The polycationic nature of the polymer is responsible for buffering 

the low endosomal pH through enhanced influx of protons and water resulting in the 

endosomal rupture and intracellular delivery of polymer and siRNA (Akhtar, S and 

Benter, I; 2007). It has been reported that at high molecular weight PEI are toxic in nature 

(Akhtar, S and Benter, I; 2007). The cytotoxic nature of PEI has been defined as a two 

phase process where the polycation-cell interaction induces loss of cell membrane 

integrity and the induction of programmed cell death (Alameh et al., 2012). In a study 

conducted by Pathak et al., (2009) it was reported that PEI exhibits charge associated 

toxicity which limits its in vivo utilization. They were successful however in partially 

masking the positive charge on PEI through ionic interactions with alginic and hyaluronic 

acid thus enhancing the cell viability of PEI. In both cases more than 90 % cell viability 

was scored as compared to 65 % in PEI. Because of toxicity and variable performance, 

PEI has more constraints for use as a delivery tool for siRNA or oligonucleotides. 
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1.5 Chitosan as a Transfection Vector 

Chitosan (CS) is a naturally occurring polysaccharide composed of glucosamine 

and N-acetylglucosamine residues derived from partial deacetylation of chitin (generally 

obtained from Crustacean shells) as shown in Figure 4. 

 

 Figure 4: Scheme representing the deacetylation of Chitin. From (Rudzinski et al., 2010) 

The amine groups confer a weak basicity to chitosan such that chitosan is soluble 

in aqueous dilute acids such as hydrochloric or acetic acid when the degree of 

deacetylation is about 50%. Highly deacetylated chitosans (>85%) are soluble up to a pH 

of 6.5. Chitosans are normally insoluble under alkaline conditions. Ultimately the 

solubility is related not only to the degree of deacetylation and pH, but also to the 

distribution of the acetyl groups along the chain, the ionic concentration, molecular 

weight and the nature of the acid used for protonation (Leher et al., 1992; He et al., 1998; 

Casettari et al., 2012). With a pKa of approximately 6.5, chitosan is soluble in acidic 

solutions owing to the protonation of the amino groups composing the polymeric chain at 

this pH. Chitosan can interact with negatively charged epithelial surfaces or with mucosal 

surfaces (through an electrostatic interaction with charged sugar groups such as sialic 

acid) and therefore has been exploited as a bioadhesive material (Casettari et al., 2012). It 

is now generally accepted that the mechanism of chitosan transport across mucosal 
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membranes is a combination of bioadhesion (delayed clearance from the site of 

absorption) and the transient opening of the tight junctions between the epithelial cells of 

the mucosal membrane (Smith et al.,2004; Illum, L. 2002; Casettari et al., 2012). 

Chitosan chain length can be decreased by strong acid hydrolysis and biodegraded by a 

number of enzymes such as lysozyme, di-N-acetylchitobiase, N-acetyl-beta-D-

glucosaminidase and chitiotriosidase which are present in human mucosa and other 

physiological fluids (Illum, L. 1998; Casettari et al., 2012; Garcia-Fuentes et al., 

2012).Chitosan has minimal toxicity with half maximal inhibitory concentration (IC50) 

ranging from 0.2 to 2 mg/ml in most cell lines depending on chitosan’s molecular weight 

and degree of deacetylation (Garcia-Fuentes et al., 2012). Chitosan has low 

immunogenicity (Muzzarelli et al., 2005). Because of all of these favorable 

characteristics, chitosan has been extensively employed as a carrier for drugs and nucleic 

acids.  

The use of chitosan as a delivery vector both in vitro and in vivo  for 

pDNA/siRNA can be traced back to early research conducted by Leong’s group (Leong 

et al., 1998) and more recently reviewed by Garcia Fuentes (Garcia-Fuentes et al., 2012). 

The protonated amine groups of chitosan (CS) can neutralize the negatively charged 

siRNA and ultimately facilitate the transport of siRNA across the cell membrane. 

Additionally, CS shows buffering capacity that is critical for endosomal escape (Chang et 

al., 2010). Once CS nanoplexes are prepared and inside the cell, they are surrounded by 

the endosomal membrane and because of the difference in pH
 
inside the cell; the chitosan 

becomes more protonated. This leads to diffusion of water into the endosome with a 

concurrent increase in osmotic pressure. Ion influx to counter the positive charge of 
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chitosan drives the osmotic intake of water into the endosome (hydrogen sponge effect), 

eventually leading to the disruption of the endocytic membrane and causing a release of 

the siRNA. Research conducted on multiple cell cultures has proven that CS/pDNA 

complexes can yield high transfection levels. Strand et al., (2008) have reported that 

CS/pDNA nanocarriers were successful in achieving positive transfection in about 30-

50% of the treated HEK293 cells. The transfection levels in other cell lines such as 

MCDK, HeLa and Calu-3 were also found to be reduced (Fuente et al., 2008; Teijeiro et 

al., 2009). Earlier studies have shown that CS/siRNA nanocomplexes are capable of 

reducing the gene expression by about 50% in HEK 293 cells and human colorectal 

cancer Lovo cells and these results are similar to the suppression values obtained using 

Lipofectamine (Lee et al., 2009; Ji et al., 2009; Garcia-Fuentes et al., 2012). We have 

chosen to develop chitosan nanocarriers for transfection into HCT-116 colon cancer cells 

in spite of the difficulty in order to make a significant contribution to cancer therapeutics. 

1.6 Polyethylene Glycol 

In order to make chitosan more soluble in the blood stream we plan to graft 

copolymerize our chitosan through chemical modification with another polymer, such as 

poly (ethylene glycol) (PEG). PEG is a linear, hydrophilic, polyether diol that can be 

synthesized in various molecular weights (0.3-20,000 kDa) and can be functionalized 

with different terminal end groups such as amino, carboxyl and sulfhydryl groups 

(Casettari et al., 2012). To obtain a balance between circulation time (favored by larger 

PEGs) and interaction and uptake into target cells (probably delayed by larger PEGs) the 

optimal molecular weight range of PEG for grafting unto chitosan is 2-5 kDa (Casettari et 

al., 2012). It is highly soluble both in water and organic solvents such as methanol, 
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dichloromethane and chloroform. The use of PEG for pharmaceutical purposes has been 

approved by the FDA. Minimal cellular adsorption, non-toxic nature, non-immunogenic 

and non-antigenic properties favor the use of PEG in injectable formulations (Casettari et 

al., 2012). PEG is biocompatible but is not as biodegradable as poly (lactic-co-glycolic 

acid) (PLGA), thus necessitating complete toxicological studies to avoid chronic 

complications. The chemical modification of polymers by PEG improves the 

pharmacokinetic and pharmacodynamics properties such as increased resistance to 

immune response in the body, increased hydrophilicity, reduced renal chitosan increases 

the circulation time of particles in the blood because it is very hydrophilic but not 

charged. Despite the fact that it is not charged (its zeta potential or surface charge is zero) 

and thereby does not provide charge repulsion between particles, does provide a 

hydrophilic appendage around the particle that sterically stabilizes each particle and 

prevents the aggregation of the particles (Prego et al., 2006). Being hydrophilic, it 

prevents absorption of blood proteins (opsonins) onto the surface of the particles. The 

absorption of the proteins leads to rapid recognition by the immune system. Thus, PEG 

prevents or delays recognition by the immune system. Normally, unmodified polymer 

particles are rapidly taken up by the macrophages of the liver and spleen which is the way 

that the body rids itself of these foreign agents. Chitosan can be PEGylated through the 

carboxyl group of PEG and thus improves its performance. PEG allows CS to retain its 

inherent characteristics such as molecular structure. The PEG reaction with chitosan 

nanoplexes is as shown in Figure 5. 
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R1 = PEG; R2 = chitosan 

Figure 5. Scheme representing formation of the amide linkage using carbodiimide 

1.7 Chitosan Nanoplexes in Cancer Therapeutics 

As stated earlier, the excellent biocompatibility, complete biodegradability and 

low toxicity properties of chitosan favor its application in cancer therapy. Lee et al., 

(2009) have used chitosan-conjugated docetaxel as an oral administration drug. The paper 

describes how the use of chitosan improves the oral absorption of drug and the residence 

time of the drug in the blood resulting in increased antitumor efficacy.  

Kato et al., (2005) prepared an N-Succinyl-chitosan (Suc-Chi), a chitosan 

derivative modified by succinyl groups and conjugated it with mitomycin C (MMC) 

[MMC is a major drug which is used as an anticancer drug conjugated with Suc-Chi in 

animal studies]. In their paper they reported that chitosan is a good polymeric carrier of 

anticancer agents. They further reported that Suc-Chi exhibits a remarkable antitumor 

activity in various tumor models including solid tumors, leukemia and metastatic liver 

cancer. In another paper by Xu et al., (2009) it was reported that chitosan nanoparticles 

showed significant dose and size dependent antitumor activity against Sarcoma-180 and 

hepatoma H22in mice. They further concluded that the chitosan nanoparticles can be 

considered as a novel class of drug for the treatment of hepatocellular carcinoma (HCC). 
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1.8 Research Strategy 

Chitosan and PEGylated chitosan are being evaluated for their potential to act as 

delivery vehicles for siRNA. The nanoparticles were prepared and their size and 

morphology was determined using SEM, TEM and Dynamic light Scattering. 
1
H NMR 

analysis of the PEGylated chitosan was used to confirm the degree of deacetylation and 

determine the percentage PEGylation. The encapsulation efficiency of siRNA was 

evaluated using UV spectroscopy by determining the amount of free siRNA that would 

be left out in the supernatant post nanoparticle formation. HCT 116 colorectal cancer cell 

line was transfected with chitosan/siRNA and PEGylated chitosan/siRNA nanoparticles. 

The transfection efficiency of the chitosan/siRNA and PEGylated chitosan/siRNA 

nanoparticles was compared with that of Lipofectamine 2000. Finally the extent of 

reduction of total cellular beta-catenin was evaluated using western blots. Our ultimate 

research goal was to synthesize chitosan/siRNA and PEGylated chitosan/siRNA 

nanoparticles, transfect them into colon cancer cells, and then analyze the extent of beta-

catenin protein down regulation. 
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CHAPTER II 

MATERIALS AND METHODS 

2.1 Materials 

 Low molecular weight chitosan (20-300 cP, 1 wt. % in 1 % acetic acid), sodium 

triphosphate pentabasic (TPP) (M.W 367.86) and silver nitrate were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Glacial acetic acid, N-hydroxysuccinimide (NHS) 

and RNAse free water were obtained from Fisher Scientific (Fair Lawn, NJ, USA). 

Sodium hydroxide was purchased from EM Science (Gibbstown, NJ, USA). Methoxy 

poly (ethylene glycol) succinimidyl valerate (mPEG-SVA) (M.W 5000) was purchased 

from Layson Bio. (Arab, AL, USA). (1-ethyl-3-(3dimethyl amino propyl) carbodiimide 

(EDC) was obtained from Thermoscientific Pierce (Rockford, IL, USA). NMR tubes were 

purchased from New Era (Vineland, NJ, USA). Deuterium oxide (99.95% D) and 

phosphate buffered saline (PBS) were purchased from VWR (San Dimas, CA, USA). 

Lipofectamine 2000, beta-catenin specific (s436) silencer siRNA (M.W 13300) 

consisting of sequences where the sense strand is 5΄-

GGACCUAUACUUACGAAAATT-3΄ and the antisensense strand is 5΄-

UUUUCGUAAGUAUAGGUCCTC-3΄ and silencer select negative control, (CTNNB1) 

RNA (scrRNA) (M.W 13400) were obtained from Life Technologies (Carlsbad, CA, 

USA). 0.45μm 25mm nylon syringe filters were purchased from Pall Life Sciences (San 

Diego, CA, USA), 0.22μm 25 mm nylon syringe filters were purchased from Alfa Aesar 

(Taylor, MI, USA). Snakeskin dialysis tubing (16nm, 10000MWCO) was obtained from 

Pierce Biotechnology (Rockdale, IL, USA). 
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Fetal bovine serum (FBS) was purchased from Atlas Biologicals (Ft Collins, 

CO,USA), monoclonal anti-beta-catenin (catalog #610157)  primary antibody  from 

Transduction Laboratories (Beckton Dickinson, CA, USA), monoclonal anti-beta-actin 

primary antibody produced in mouse clone AC-15 (catalog #A2066)  from Sigma Aldrich  

(St. Louis, MO,USA), secondary antibody from (Santa Cruz Life Sciences, CA, USA), 

Dulbecco's modified eagle medium (DMEM) from Fisher Scientific (Fair Lawn, NJ, 

USA), Horseradish Peroxidase Super Signal West Pico Chemiluminescent Substrate kit 

from Pierce (Rockford, IL, USA). Formvar coated nickel transmission electron 

microscope grids were purchased from Sigma-Aldrich (St. Louis, MO, USA). HCT-116 cell 

line was purchased from American Type Culture Collection (Manassas, VA, USA), 

Pen/strep (1000 U/ml of penicillin and 1000 µg/ml of streptomycin) was purchased from 

life technologies (Grand island, NY, USA), TEMED (Tetramethylenediamine), 1x PAkt 

Lysis buffer (20mM Tris pH 7.5, 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% NP-40 

and 1% Sodium deoxycholate, 2.5mM Sodium pyrophosphate, 1mM beta-

glycerophosphate, 1 mM Sodium Orthovanadate [SO], 1 µg/ml Leupeptin) were 

generously donated by Dr. Michelle Lane (Texas State University-San Marcos, School of 

Family and Consumer Sciences).   

2.2 MALDI-TOF Characterization of mPEG-SVA 

The matrix solution was prepared by dissolving 20 mg of 2,5 dihydroxybenzoic 

acid (DHB) in one ml of 2:1 acetonitrile/water with 0.1% trifluoroacetic acid (TFA).  The 

sample solution was prepared by dissolving one µl of mPEG-SVA in one ml of the 

matrix solution. From the matrix solution, three aliquots: 10, 25 and 50 µl were pipetted 

into three separate Eppendorf tubes. Into each of the Eppendorf tubes, one µl of the 
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sample solution was pipetted and the mixture vortexed for one min. Two µl of sample 

was withdrawn from each tube and spotted onto a separate well on a clean stainless steel 

MALDI target plate. For the control, two µl of matrix solution was spotted onto a 

separate well of the target plate. The target plate was covered and the spots were dried for 

one hour. When the spots had dried, the target plate was loaded into the Bruker Autoflex 

TOF/TOF. A spectrum of mPEG-SVA was obtained in reflector mode between 2-10kDa. 

2.3 Synthesis of Poly (ethylene glycol) Grafted Chitosan 

Methoxy poly (ethylene glycol) succinimidyl valerate (mPEG-SVA) was grafted 

onto chitosan using a carbodiimide-mediated reaction as previously described (Ravina et 

al., 2010). Briefly 100 mg of chitosan (approximately 0.6 µmol) was dissolved in 20 ml 

of 1% acetic acid solution. The solution was stirred for 20 min and sonicated for about 5 

min to get a uniform clear solution. The pH of the solution was then adjusted to 6.3 (the 

maximum pH in order to maintain solubility) by addition of 1.0 M NaOH solution. 17.8 

milligram (3.09 µmol) of mPEG-SVA and 2.02 mg (0.017 mmol) of NHS were then 

added to the solution. Finally 27.3 mg (0.142 mmol) of EDC (a zero length cross-linking 

agent that initiates the reaction between carboxyl group of PEG and the amine groups of 

chitosan to yield an amide linkage) was added to the solution. The solution was stirred at 

room temperature for 22 hours. The resulting solution was then filtered using 10000 

MWCO micro-separation dialysis tubing. A portion (about one ml) of the solution was 

lyophilized producing 105 mg of white foam, and then analyzed using 
1
H NMR. 
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2.4 NMR Characterization of Poly (ethylene glycol) Grafted Chitosan 

The 
1
H NMR spectrum of the copolymer was obtained in D2O using a Bruker 400 

MHz NMR spectrometer. The samples were prepared by dissolving 1 mg of the sample 

in 1 ml of D2O. The degree of PEGylation was determined by comparing the methoxy 

peak at 3.42 of mPEG with the peak at 2.06-2.10 from chitosan.  

2.5 Preparation of Chitosan-siRNA Nanoparticles 

Nanoparticles were prepared using an ionotropic gelation technique according to 

the methodology previously described (Bertthold et al., 1996). Briefly 100 mg of chitosan 

was dissolved in 20 ml of 1% acetic acid solution. The solution was stirred for 20 min 

and then sonicated for about 5 min to get a uniform clear solution. The pH of the solution 

was then adjusted to 6.3 by addition of 1.0 M NaOH solution. The chitosan solution 

containing about 24 ml was then filtered twice; first using a 0.45 µm nylon syringe filter 

followed by a second filtration using a 0.22 µm filter in order to remove aggregates. 280 

µl of sodium triphosphate pentabasic (TPP) at a concentration of 2.5 mg/ml (0.57 µmol 

P) was mixed with 120 µl of 40 µM siRNA (4.8 nmol; 0.20 µmol P). For the negative 

control 280 µl of TPP at a concentration of (2.5 mg/ml; 0.57 µmol P) was mixed with 

120 µl of 40 µM scrRNA (4.8 nmol; 0.20 µmol P). 30 µl of either TPP/siRNA or 

TPP/scrRNA solution was then added to one ml of chitosan solution and then vortexed 

for 5 sec. The process was repeated until all of the TPP/siRNA or TPP/scrRNA was 

added to the chitosan solution. The nanoparticles formed spontaneously. Based on the 

molecular weight as obtained from a MALDI-TOF experiment (166,000 Da) and using 

the weighted average molecular weight of the glucosamine and acetylated glucosamine 

monomer units, the average number of N were calculated. Given 0.47 µmol of N in the 
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chitosan, the N/P ratio is 0.61. The nanoparticles were then placed in the refrigerator at 4 

°
C for one hour so that the nanoparticles would precipitate, after which they were then 

centrifuged at 13467 x g (G-force) for 120 minutes at 4 
°
C using an Allegra X-22 R 

centrifuge (Beckman Coulter). The supernatants after centrifugation were saved for 

evaluation of loading efficiency. The pelleted nanoparticles were then treated with 1ml of 

RNAse-free water and then vortexed vigorously to evenly suspend the nanoparticles.  

2.6 Preparation of Chitosan-Silver Nanocomposite 

Chitosan-Silver nanocomposite was prepared using a protocol previously 

described (Murugadoss et al., 2007).  A beaker containing 50 ml of Milli-Q water was 

placed in an oil bath maintained at a temperature range of 93-95 
°
C. 100 mg of chitosan 

was added into the beaker. One ml of 20 mM silver nitrate solution was added to the 

chitosan, which was followed by addition of 100 µl of 0.3 M NaOH solution. The 

resultant solution turned yellow in a minute indicating the formation of chitosan-silver 

nanocomposite. The reaction was allowed to continue for an additional 10 minutes. The 

beaker was then taken out from the oil bath and cooled to room temperature. The pH of 

the solution was found to be 9.4. The powdered yellow colored solid was separated and 

washed five times with Milli-Q water. The solid was air dried and was now ready for 

further use. About 40 mg of silver attached chitosan was dissolved in 20 ml of 0.1 % 

(v/v) acetic acid. The pH of the solution was about 4.3. NaOH solution was added drop-

wise in order to adjust the pH of the solution to 6.3. About 8 ml of 0.4 mg/ml solution of 

sodium triphosphate pentabasic (TPP) was then added to the solution. This immediately 

resulted in the formation of chitosan-silver nanoparticles.  
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2.7 Preparation of PEGylated Chitosan/siRNA Nanoparticles 

Nanoparticles were prepared using an ionotropic gelation technique according to 

the methodology previously described (Bertthold et al., 1996). The PEGylated chitosan 

solution was filtered twice; first using a 0.45 µm nylon syringe filter followed by a 

second filtration using a 0.22 µm filter in order to remove aggregates. For the positive 

control 280 µl of sodium triphosphate pentabasic (TPP) at a concentration of 2.5 mg/ml 

(0.57 µmol P) was mixed with 60 µl of 40 µM siRNA (2.4 nmol ; 0.10 µmol P). For the 

negative control 280 µl of TPP at a concentration of 2.5 mg/ml (0.57 µmol P) was mixed 

with 60 µl of 40 µM scrRNA (2.4 nmol; 0.10 µmol P). 30 µl of either TPP/siRNA or 

TPP/scrRNA solution was then added to one ml of PEGylated-chitosan solution and then 

vortexed for 5 sec. The process was repeated until all of the TPP/siRNA or TPP/scrRNA 

was added to the PEGylated chitosan solution. The nanoparticles formed spontaneously. 

Given 0.47 µmol of N in the chitosan, the N/P ratio is 0.70. The nanoparticles were then 

placed in the refrigerator at 4 
°
C for an hour after which they were then centrifuged at 

13467 x g (G-force) for 120 minutes at 4 
°
C. The supernatants were saved for evaluation 

of loading efficiency. The pelleted nanoparticles were then treated with 1ml of RNAse 

free water and then vortexed vigorously to evenly suspend the nanoparticles. In the initial 

experimental trials that were conducted 0.1 nmol of siRNA was encapsulated in the 

PEGylated chitosan. For this purpose 30 µl of 40 µM siRNA (1.2 nmol; 0.050 µmol P) 

was mixed with 280 µl of sodium triphosphate pentabasic (TPP) at a concentration of 2.5 

mg/ml (0.57 µmol P). Similarly for the negative control; 30 µl of 40 µM scrRNA (1.2 

nmol; 0.050 µmol P) was mixed with 280 µl of sodium triphosphate pentabasic (TPP) at 

a concentration of 2.5 mg/ml (0.57 µmol P). The subsequent steps were the same as 
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mentioned earlier. Given 0.47 µmol of N in the chitosan, the N/P ratio is 0.75. In an 

attempt to achieve maximum encapsulation efficiency we also mixed 120 µl of siRNA 

(0.20 µmol P) with 280 µl of TPP (0.57 µmol P) and 120 µl of scrRNA (0.20 µmol P) 

with 280 µl of TPP (0.57 µmol P), then proceeded to prepare the nanoparticles as 

previously described. Given 0.47 µmol of N in the chitosan, the N/P ratio was 0.61.  

2.8 Estimation of siRNA Encapsulation Efficiency 

Serial dilutions of both siRNA and scrRNA at different known concentrations 

were made and tested for absorbance at a wavelength of 260 nm using a NanoDrop 

(Thermo Scientific, Wilmington, DE, USA). The absorbance of the supernatant from the 

PEGylated chitosan without any siRNA/scrRNA was used as a blank. The volume of 

sample used to detect the absorbance was 1 µl. The absorbance of the supernatant from 

PEGylated chitosan nanoparticles encapsulated with either siRNA or scrRNA were then 

measured.  A standard curve was obtained by plotting absorbance against the amount of 

RNA present. The amount of RNA in the supernatant was then determined using the 

equation from the slope of the standard curve. The amount of RNA in the supernatant 

was subtracted from the total amount of RNA added to the nanoparticles; the difference 

was then divided by the total amount of RNA added to the nanoparticles and multiplied 

by 100 to be represented as a percentage. This percentage represents the amount of RNA 

encapsulated in the PEGylated chitosan nanoparticles. The same procedure was used to 

evaluate the percentage encapsulation in chitosan nanoparticles. 
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2.9 Characterization of the nanoparticles 

2.9.1 Scanning Electron Microscopy (SEM)  

The size and morphology of nanoparticles were analysed using the Helios 

NanoLab 400 DualBeam scanning electron microscope from FEI Co. (Hillsboro, OR, 

USA).  For SEM analysis, 1 µl of each sample was placed on a small piece of aluminum 

tape and allowed to dry overnight. The size and morphology of the nanoparticles were 

observed, measured and imaged in secondary mode (low energy electrons [< 50 eV] that 

are ejected from the atoms in the sample by inelastic interactions with beam electrons) 

and backscatter electron (BSE) mode (consists of high-energy electrons originating in the 

electron beam, that are reflected or back-scattered out by elastic scattering interaction 

with specimen atoms) under vacuum. 

2.9.2 Transmission Electron Microscopy (TEM)  

The size and morphology of nanoparticles were analysed using a transmission 

electron microscope (TEM) JEM 1200 EXII from JOEL Ltd. (Tokyo, Japan). For TEM 

analysis 1 µl of chitosan-silver nanocomposite was added to 100 µl of RNase free water. 

Each TEM sample was then plated onto a nickel TEM grid and then stained with 2 % 

phosphotungstic acid for 2.20 minutes. The grids were then taken off the stain and 

allowed to air dry. Size and morphology were then observed with the TEM under vacuum 

conditions.  

2.9.3 Zeta Potential and Size Measurement  

The mean particle size and the size distribution of the nanoparticles were 

determined using dynamic light scattering (DLS). The zeta potential values of the 

nanoparticles were found by Laser Doppler Anemometry (LDA), measuring the average 
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electrophoretic mobility. Samples of nanoparticle suspensions were diluted with 10mM 

KCl. The DLS and the LDA analyses were performed with a Zetasizer Nano ZS 

(Malvern Instruments, Germany). 

2.10 Culture of HCT 116 Colon Cancer Cells 

To test whether our chitosan/RNA and PEGylated chitosan/RNA nanoparticles 

are effective in reducing the beta-catenin protein level, the human colon cancer cell line 

HCT-116 was cultured as recommended by the American Type Culture Collection 

(Manassas, VA). Specifically HCT-116 cells were cultured in Dulbecco's modified eagle 

medium (DMEM) media, supplemented with 10% FBS and antibiotics (1000 U/ml of 

penicillin and 1000 µg/ml of streptomycin).  To determine the transfection efficiency the 

cells were plated in a six-well plate at a density of 2.12 x 10
5
 cells per well in DMEM 

media supplemented with 10 % FBS. Each experiment was repeated three times. 

2.11 Transfection of Colon Cancer Cells with Lipofectamine 

To examine if siRNA transfected using Lipofectamine could reduce beta-catenin 

protein levels, HCT-116 cells were treated with Lipofectamine (200 pmol/µl) 

containing either 0.1 nmol or 0.5 nmol of siRNA (positive control) or 0.5 nmol of 

scrRNA (negative control). The treatment of HCT-116 cells with scrRNA was used 

as a reference to normalize the reduction in beta-catenin protein levels. Twenty four 

hours after treatment, the transfection media was replaced with 1 ml of DMEM 

(lacking FBS and antibiotics). The RNA treatment was then evaluated at both the  

24 h and 48 h time points.  A stock solution of phosphate buffer saline/sodium 

orthovanadate (PBS/SO) was prepared by mixing (200 µl of 200 mM SO in 40 ml 

PBS). SO is an inhibitor of protein tyrosine phosphatases and inhibits the 



 
  

23 
 

phosphorylation of a protein of interest by inhibiting endogenous phosphatases 

present in a cell lysate mixture. To harvest the protein from the cells, the media was 

poured out and the cells were treated with one ml of a mixture of PBS/SO solution. 

The cells were scraped and transferred to an Eppendorf tube. The Eppendorf tubes 

were then centrifuged at 3387 rcf at 4 
°
C for 5 min. While the cells were spinning 5 µl 

of Phenylmethylsulfonyl fluoride (PMSF [is a serine protease inhibitor]) was added to 

500 µl of PhosphoAkt (PAkt) lysis buffer. The supernatant in the Eppendorf tubes 

was then discarded and 60 µl of (PMSF-PAkt) lysis buffer was added to the pellets. 

The Eppendorf tubes were vortexed to dissolve the cells in the lysis buffer. The 

solution was sonicated for about 10 seconds and the tubes were incubated in ice for 

20 min. The Eppendorf tubes were then centrifuged at 18440 rcf at 4 
°
C for 10 min. 

The supernatants were transferred to fresh Eppendorf tubes and stored in ice. 

2.12 Transfection of Colon Cancer Cells with Chitosan/siRNA 

To examine if siRNA transfected using chitosan could reduce beta-catenin protein 

levels, HCT-116 cells were treated with chitosan/siRNA nanoparticles. HCT-116 cells 

were also treated with chitosan/scrRNA where the scrRNA was not expected to reduce 

any cellular beta-catenin protein levels. Before treatment chitosan/siRNA and 

chitosan/scrRNA nanoparticles were concentrated by centrifugation at 7889 x g for 10 

min. The resulting pellet was dissolved in DMEM and the resulting solution was the 

transfection medium. The transfection medium was then passed through a sterile 0.2 µm 

syringe filter. One ml of transfection media was then added to each well. Each well 

received 500 pmol of RNA (either siRNA or scrRNA). Twenty-four hours after treatment 

the transfection medium was replaced with 1 ml of DMEM (lacking FBS and antibiotics). 
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Cells were harvested 24 h and 48 h later. A stock solution of PBS/SO (Sodium 

orthovanadate) was prepared by mixing (200 µl of 200 mM SO in 40 ml PBS). To 

harvest the protein from cells the media was poured out and the cells were washed with 

one ml of a mixture of PBS/SO solution. The cells were scraped and transferred to an 

Eppendorf tube. The Eppendorf tubes were centrifuged at 3387 rcf at 4 
°
C for 5 min. 

While the cells were spinning 5 µl of phenylmethylsulfonyl fluoride (PMSF) was added 

to 500 µl of PhosphoAkt (PAkt) lysis buffer. The supernatant in the Eppendorf tube 

containing the cells was discarded and 60 µl of (PMSF-PAkt) lysis buffer was then added 

to the pellets. The Eppendorf tubes were vortexed to dissolve the cells in the lysis buffer. 

The solution was sonicated for about 10 seconds and the tubes were incubated in ice for 

20 min. The Eppendorf tubes were then centrifuged at 18440 rcf at 4 
°
C for 10 min. The 

supernatants were transferred to fresh Eppendorf tubes and stored in ice. 

2.13 Transfection of Colon Cancer Cells with PEGylated Chitosan/siRNA 

To examine if siRNA transfected using PEGylated chitosan could reduce beta-

catenin protein levels, HCT-116 cells were treated with PEGylated chitosan/siRNA 

nanoparticles. HCT-116 cells were also treated with PEGylated chitosan/scrRNA, where 

the scrRNA was not expected to reduce any cellular beta-catenin protein levels. Before 

treatment PEGylated chitosan/siRNA and PEGylated chitosan/scrRNA nanoparticles 

were concentrated at 7889 x g for 10 minutes. The resulting pellet was dissolved in 

DMEM and the resulting solution was the transfection medium. The transfection medium 

was then passed through a sterile 0.2 µm syringe filter. One ml of transfection media was 

then added to each well. Each well received 500 pmol of RNA (either siRNA or 

scrRNA). 24 h after treatment the transfection media was replaced with one ml of 
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DMEM (lacking FBS and antibiotics). To harvest the protein from cells the medium was 

poured out and the cells were washed with one ml of a mixture of PBS/SO solution. The 

cells were scraped and transferred to an Eppendorf tube. The Eppendorf tubes were then 

centrifuged at 3387 rcf at 4 
°
C for 5 min. While the cells were spinning 5 µl of 

Phenylmethylsulfonyl fluoride (PMSF) was added to 500 µl of PhosphoAkt (PAkt) lysis 

buffer. The supernatant was discarded and 60 µl of (PMSF-PAkt) lysis buffer was added 

to the pellets. The Eppendorf tubes were then vortexed to dissolve the cells in the lysis 

buffer. The solution was sonicated for about 10 seconds and the tubes were incubated in 

ice for 20 min. The Eppendorf tubes were then centrifuged at 18440 rcf at 4 
°
C for 10 

min. The supernatant was transferred to fresh Eppendorf tubes and stored in ice. 

2.14 Western Immunoblot Analysis 

Western immunoblot analysis for beta-catenin was performed as described in 

(Dillard et al. 2007). An aliquot of 5 µl of protein harvested from the cells was quantified 

in a spectrometer using the BioRad DC protein assay kit (Hercules, CA, USA). One 

hundred µg of protein per lane was electrophoresed through a 10% SDS-PAGE gel and 

then transferred to a nitrocellulose membrane. Membranes were blocked with 5% milk in 

Tris buffered saline and Tween-20 (TBST) (10 mM Tris, pH 8, 150 mM NaCl, and 0.5% 

Tween-20) for 1 h at room temperature. After the first blocking step beta-catenin 

antibody (Beckton Dickinson, catalog #610157, CA,USA) and beta-actin antibody (added 

as a control for protein) (Sigma Aldrich catalog #A2066, St. Louis, MO, USA) were 

added at 1:1000 dilution and 1:5000 dilutions, respectively. The membrane was 

incubated with 5% milk in TBST and primary antibodies for one hour at room 

temperature. After incubation with the primary antibodies the membrane was washed 1x 
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with TBST for five minutes. The membrane was incubated with 5% milk with secondary 

antibody (1:10000 dilutions) for 60 min. After incubation with the corresponding 

secondary antibody, the membrane was washed 3x with TBST for five minutes each 

time. Immunoreactivity was detected with the Pierce Horseradish Peroxidase Super 

Signal West Pico Chemiluminescent Substrate kit and the western blot image was 

obtained using FOTODYNE system (Hartland, WI, USA). The image was quantified 

using ImageQuant TL 7.0 image analysis software (GE Healthcare Biosciences, Uppsala, 

Sweden). 
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CHAPTER III 

RESULTS 

3.1 MALDI-TOF Analysis  

 

Figure 6. MALDI TOF analysis of mPEG-SVA 

Figure 6 is the MALDI-TOF spectrum for mPEG-SVA.  The MALDI-TOF 

analysis of mPEG-SVA valerate yielded a number average molecular weight Mn of 5,759 

(estimate) which was calculated using the following equation Mn = ∑i NiMi/∑i Ni, and 

corresponded with 124 ethyl ether monomer units. The weight average molecular weight 

Mw of 6200 (estimate) was calculated using the following equation Mw = ∑i NiMi
2
/∑i 

NiMi. A polydispersity index (PDI) of 1.07 was obtained by using Mw/Mn. 
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3.2 NMR Analysis Data 

3.2.1 
1
H NMR of Chitosan 

 

Figure 7: Chitosan structure From (Young et al., 2008) [Copyright Elsevier Publishers, 2008). 

 

Figure 8: 
1
H NMR of Chitosan (D2O, TMS) 

Figure 7 depicts the structure and numerical designation for all of the protons in 

Chitosan while Figure 8 is the H
1
 NMR of chitosan. The Chitosan H

1
 NMR depicts 

chemical shifts at δ 2.03 (HAc, 3 acetyl protons of acetyl glucosamine), δ 3.14 (proton 2 
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of acetylglucosamine as well as the corresponding proton in glucosamine), δ 3.68, δ 3.74 

and δ 3.86 (undefined signals attributed to chitosan). (Young et al., 2007) δ 4.79 comes 

from HOD in the D2O solvent. Using the following formula, the degree of deacetylation 

can be determined (ASTM F2260) (Lavertu et al., 2003) 

DD= i 3.14/(i 3.14 + i2.04/3)  (1) 

Where DD is the degree of deacetylation, i 3.14 is the integrated intensity at 3.14 ppm and 

correlated with the proton attached to the carbon next to the amine/amide group of 

chitosan and i2.04 is the integrated intensity at 2.04 ppm and correlated with the three 

protons of the acetyl group of acetylglucosamine. Based on an integrated intensity of 1.00 

for the peak at 3.14 and an integrated intensity of 0.441 for the peak at 2.04 ppm, the 

degree of deacetylation (DD) is 87% for the low molecular weight chitosan. Integration 

values are present on the spectrum for reference purposes, and each number represents 

the approximate number of hydrogen’s that the peak is associated with, in the compound. 

3.2.2 H
1
 NMR of mPEG-SVA  

 

Figure 9: Structure of Methoxy poly (ethylene glycol) succinimide (mPEG-SVA) 
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Figure 10:  
1
H NMR of mPEG-SVA (D2O, TMS): 

Figure 9 depicts the structure and numerical designation for all of the protons in 

mPEG-SVA while Figure 10 is the H
1
 NMR of mPEG-SVA. The mPEG-SVA H

1
 NMR 

depicts chemical shifts at δ 1.69-1.84 multiplet (weak) and is unassigned, δ 2.25 is a 

singlet (sharp) and unassigned, δ 2.78-2.82 is a triplet (weak) and is unassigned, δ2.97 is 

a singlet (medium) and has been assigned to the methylene protons adjacent to the imide, 

δ 3.41 is a singlet (sharp) and has been assigned to the methoxy group terminating the 

PEG, δ 3.73 is an intense signal (broad) and is assigned to the polyether protons of the 

PEG, δ 3.89-3.92 is a triplet (weak) and assigned to the methylene protons adjacent to the 

carboxyl group, δ 4.79 comes from HOD in the D2O solvent (Young et al., 2007).  

The number of ethyl ether units in the PEG chain can be determined by comparing the 

peak intensity at 3.73 ppm with that at 3.41 ppm using the following formula: 

EE units = (i 373/4)/(i 3.41/3)  
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Where an EE unit represents the number of ethyl ether units in PEG, i 3.73 is the integrated 

intensity at 3.73 ppm and correlated with the ethyl ether protons of PEG and i3.41 is the 

integrated intensity at 3.41 ppm and correlated with the terminal methoxy group of 

mPEG. Based on an integrated intensity of 159.56 for the peak at 3.73 ppm and an 

integrated intensity of 1.009 for the peak at 3.41 ppm, the number of ethyl ether monomer 

units is 120 yielding a molecular weight of 5,250 for mPEG-SVA (assuming that none of 

the succinimide has hydrolyzed). The number of ethyl ether monomer units is very close 

to the value obtained from a MALDI-TOF analysis which yielded a number average 

molecular weight of 5,759 (estimate) and 124 ethyl ether monomer units, Integration 

values are present on the spectrum for reference purposes and each number represents the 

approximate number of hydrogen’s that the peak is associated with, in this compound. 

3.2.3 H
1
 NMR of 1-ethyl-3-(3dimethyl amino propyl) carbodiimide (EDC)  

 

Figure 11: EDC structure  
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Figure 12: 
1
H NMR of EDC (D2O, TMS) 

Figure 11 depicts the structure of EDC while Figure 12 is the H
1
 NMR of EDC. 

The H
1
 NMR of EDC depicts chemical shifts at δ 1.16-1.19 is a triplet (sharp), δ 2.23 

represents a singlet (broad), δ 2.92-3.00 represents a multiplet (medium), δ 3.15-3.21 

represents a quartet (sharp), δ 3.43-3.49 represents a multiplet (strong), δ 3.86-3.89 

represents a triplet (sharp). δ 4.79 represents the HOD in the D2O solvent. Integration 

values are present on the spectrum for reference purposes, and each number represents 

the approximate number of hydrogen’s that the peak is associated with, in this compound. 
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3.2.4 H
1
 NMR of Chitosan-mPEG 

 

Figure 13: 
1
H NMR of Chitosan mPEG-SVA mixture (D2O, TMS): 

            After mixing the chitosan with mPEG-SVA, H
1
 NMR (Figure 13) was obtained in 

order to determine the chemical shifts associated with each reagent prior to bonding. The 

Chitosan mPEG-SVA mixture has the following chemical shifts:  

δ 1.69-1.81 represents a multiplet (weak) and is associated with mPEG-SVA, δ 2.05 

represents a singlet (sharp) corresponding to the 3 acetyl protons of acetyl glucosamine, δ 

2.22 a multiplet (broad) is associated with mPEG-SVA,  δ 2.37 represents a singlet 

(weak) and is unassigned, δ 2.97 represents a singlet (weak) corresponding to the 

methylene protons of mpeg-SVA adjacent to the imide, δ 3.16 represents a singlet (broad) 

is associated with the chitosan and has been assigned to the proton 2 of 
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acetylglucosamine as well as the corresponding proton in glucosamine, δ 3.37 represents 

a singlet (weak) and has been assigned to the methoxy group terminating the PEG, δ 

3.70-3.85 represents multiple peaks (broad) corresponding to the polyether protons of the 

PEG.  δ 4.79 represents the HOD in the D2O solvent.  Integration values are present on 

the spectrum for reference purposes, and each number represents the approximate number 

of hydrogen’s that the peak is associated with, in this compound. 

3.2.5 H
1
 NMR of PEGylated Chitosan before Filtration 

 

Figure 14: 
1
H NMR of PEGylated Chitosan unfiltered (D2O, TMS): 

            Figure 14 depicts the
1
H NMR of PEGylated chitosan before filtering any 

unreacted mPEG-SVA and EDC and has the following chemical shifts:  

 δ 1.07-1.11 represents a triplet (strong) and is associated with EDC, δ 1.87-1.95 

represents a quintet (medium) and is unassigned, δ 2.07 represents a singlet (weak) 
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corresponding to the 3 acetyl protons of acetyl glucosamine, δ 2.24 represents a singlet 

(sharp) and is associated with EDC, δ 2.89 has been assigned to the methylene protons 

adjacent to the imide in mPEG-SVA, δ 3.09-3.24 represents a multiplet (sharp) and is 

obscuring a peak associated with chitosan, δ 3.71-3.92 represents a multiplet and is 

associated with mPEG and chitosan. δ 4.79 represents the HOD in the D2O solvent. 

Integration values are present on the spectrum for reference purposes, and each number 

represents the approximate number of hydrogen’s associated with either chitosan, mPEG-

SVA,EDC or PEGylated chitosan. 

3.2.6 H
1
 NMR of PEGylated Chitosan (D2O, TMS):    

 

Figure 15: 
1
H NMR of PEGylated Chitosan (D2O, TMS): 

Figure 15 depicts the
1
H NMR of PEGylated chitosan after removing any of the 

unreacted mPEG-SVA and EDC has the following chemical shifts: 

δ 1.37-1.39 represents a doublet (weak) and is unassigned, δ 2.06-2.10 represents 

a doublet (medium) corresponding to the 3 acetyl protons of acetyl glucosamine, δ 3.18 
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represents a singlet (broad) that is associated with chitosan  and has been assigned to 

proton 2 of acetylglucosamine as well as the corresponding proton in glucosamine, δ3.42 

represents a singlet (weak) and has been assigned to the methoxy group terminating the 

PEG, δ 3.56-3.74 represents a multiplet (sharp) corresponding to the polyether protons of 

the PEG, δ 3.91-3.92 represents a multiplet (broad) corresponding to the chitosan. δ 4.79 

represents the HOD in the  D2O solvent. Integration values are present on the spectrum 

for reference purposes, and each number represents the approximate number of 

hydrogen’s that the peak is coupled to in the molecules of PEGylated chitosan. 

The following equation can be used to determine the number of polyethylene glycol units 

attached to the chitosan: 

Number of PEGs = I 3.42/(i 2.06-2.10(1-DD)) 

Here, i 3.42 is the integrated intensity at 3.42 ppm and correlates with the three terminal 

methoxy protons of PEG and i2.07 is the integrated intensity between 2.06-2.10 ppm and 

correlates with the three acetyl protons of acetylglucosamine. Since the number of 

acetylglucosamine units in the chitosan is only 13% (1-DD), by taking this into account, 

the number of PEG’s attached to the chitosan can be determined. Based on an integrated 

intensity of 1.000 for the peak at 3.42 ppm and an integrated intensity of 2.97 for the two 

peaks between 2.06-2.10 ppm, the Number of PEGs is 2.59 per chitosan. 
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Figure 16: 
1
H NMR of PEGylated Chitosan (D2O, TMS): 

 Figure 16 depicts the
1
H NMR of PEGylated chitosan which was used as a 

delivery vector for the treatment of HCT-116 cells. Based on an integrated intensity of 

0.2775 for the peak at 3.40 ppm and an integrated intensity of 16.9591 for the peak at 

2.10 ppm, the Number of PEGs is .125 per chitosan. 
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3.3 Estimation of siRNA Encapsulation Efficiency 

 

Figure 17: Anti-beta-catenin siRNA serial dilution graph 

The encapsulation efficiency of siRNA in the chitosan and PEGylated chitosan 

nanoparticles (NP’s) was determined, in order to estimate the concentration of siRNA 

that was used to treat the colorectal cancer cells. The absorbance at known concentrations 

of siRNA was determined and a trend line applied to the graph. The slope of the line in 

the graph was used to estimate the concentration of non-encapsulated siRNA in the 

supernatant of chitosan/siRNA and PEGylated chitosan/siRNA preparations. The 

encapsulation efficiency of anti-beta-catenin siRNA in chitosan/siRNA NP’s and 

PEGylated chitosan/siRNA NP’s is as shown in Table 1. When 120 µl of 40 µM siRNA 

(4.8 nmol) was used the encapsulation efficiency for the PEGylated chitosan/siRNA NP’s 

decreased indicating that we had surpassed the saturation point for encapsulation. 
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Figure 18: scrRNA serial dilution graph 

The encapsulation efficiency of scrRNA in the chitosan and chitosan-PEG NP’s 

was determined in order to estimate the concentration of scrRNA that was added to the 

colorectal cancer cells. The absorbance at known concentrations of scrRNA was 

determined and a trend line was applied to the graph. The slope of the line in the graph 

was used to estimate the concentration of non-encapsulated scrRNA in the supernatant of 

chitosan/scrRNA and PEGylated chitosan/scrRNA preparations. The encapsulation 

efficiency of scrRNA in chitosan/scrRNA NP’s and PEGylated chitosan/scrRNA NP’s is 

as shown in Table 2. When 120 µl of 40 µM scrRNA (4.8 nmol) was used the 

encapsulation efficiency decreased indicating that we had surpassed the saturation point 

for encapsulation. 
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Table1: Anti-beta-catenin siRNA encapsulation efficiency data 

NP 

Delivery 

Vector  

 

Amount of 

siRNA added 

(nmol) 

Amount of 

siRNA 

encapsulated 

(nmol) 

Amount of 

siRNA non- 

encapsulated  

(nmol) 

% efficiency 

 

 

 

Chitosan/siRNA  

 

 

 

1.2
 

 

 

 

0.81 

 

 

 

0.39 

 

 

 

67.19 

 

 

 

Chitosan/siRNA  

 

 

 

4.8 

 

 

 

 

3.13  

 

 

 

1.67 

 

 

 

65.23 

 

 

PEGylated 

Chitosan/siRNA  

 

  

 

1.2
 

 

 

 

 

 

1.14  

 

 

 

0.06  

 

 

 

95.26 

 

 

PEGylated 

Chitosan/siRNA  

 

 

 

2.4
 

 

 

 

 

2.58  

 

 

 

 

-0.18  

 

 

 

107.65 

 

 

PEGylated 

Chitosan/siRNA  

 

 

 

4.8
 

 

 

 

 

1.12  

 

 

 

3.68  

 

 

 

23.25 
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Table2: Non-silencing scrRNA encapsulation efficiency data 

NP 

Delivery 

Vector  

 

Amount of 

siRNA added 

(nmol) 

Amount of 

siRNA 

encapsulated 

(nmol) 

Amount of 

siRNA non- 

encapsulated  

(nmol) 

% efficiency 

 

 

 

Chitosan/scrRNA 

 

 

 

 

4.8 

 

 

 

3.30 

 

 

 

1.50  

 

 

 

68.67 

 

 

PEGylated 

Chitosan/scrRNA  

 

 

 

1.2
 

 

 

 

1.18  

 

 

 

.02 

 

 

 

98.55 

 

 

PEGylated 

Chitosan/scrRNA  

 

 

 

 

2.4
 

 

 

 

 

1.04  

 

 

 

1.35 

 

 

 

43.61 

 

 

PEGylated 

Chitosan/scrRNA  

 

 

 

 

4.8
 

 

 

 

 

1.19 

 

 

 

3.60 

 

 

 

24.94 
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3.4 SEM Analysis of Chitosan and PEGylated Chitosan Nanoparticles 

 

 

Figure 19: SEM image of Chitosan nanoparticles 

 Figure 19 is the SEM image of Chitosan nanoparticles without any encapsulated 

siRNA. The average size of the nanoparticles is between 30 and 43 nm based on a limited 

though representative estimation of the size of the nanoparticles. 
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Figure 20: SEM image of Chitosan-silver nanocomposite 

 Figure 20 is the SEM image of chitosan-silver nanocomposite without any 

encapsulated siRNA. As seen in the Figure the nanoparticles are spherical in shape. The 

particles that do not appear to be aggregated (in the background) appear to range from 

100-300 nm. 
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Figure 21: SEM image of PEGylated Chitosan 

 Figure 21 is the SEM image of PEGylated chitosan nanoparticles without any 

encapsulated siRNA. The average size of the PEGylated chitosan nanoparticles is about 

80 nm. 
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Figure 22: SEM image of PEGylated Chitosan/siRNA 

 Figure 22 is the SEM image of PEGylated chitosan/siRNA nanoparticles. The 

average size of the nanoparticles is around 100 nm and is larger on average than the size 

of PEGylated chitosan nanoparticles without any encapsulated siRNA while also 

exhibiting a greater polydispersity. 
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3.5 TEM Analysis of Chitosan-Silver Nanocomposites 

 

Figure 23: TEM image of Chitosan-silver nanocomposites  

 Figure 23 shows a TEM image of the chitosan-silver nanocomposites. Silver 

being an electron dense agent was used solely for the purpose of visualization and trying 

to obtain an image at greater magnification. The TEM images provided a better 

evaluation of the morphology of chitosan nanoparticles. There appears to be some 

aggregation of the nanoparticles, and an average size below 50 nm. Figure 24 is a 

zoomed-in TEM image of a single chitosan-silver nanocomposite showing a very bulbous 

and compact structure. 
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Figure 24: TEM image of Chitosan-silver nanocomposite 

3.6 Zeta Potential Data of Chitosan and PEGylated Chitosan Nanoparticles 

 

 

Figure 25: Zeta potential of Chitosan/siRNA (0.1 nmol) nanoparticles 
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As seen from Figure 25 chitosan nanoparticles have a positive zeta potential of 26 

mV. The protonated amine groups of chitosan are responsible for the positive surface 

charge.  

 

 

Figure 26. Zeta potential of PEGylated chitosan/siRNA (0.1 nmol) nanoparticles 

  As seen from Figure 26. PEGylated chitosan/siRNA has an almost zero zeta 

potential (-2 mV). The attachment of poly (ethylene glycol) reduces the surface charge of 

chitosan nanoparticles by providing a hydrophilic shell around the nanoparticles making 

them water-soluble and improving their biocompatibility.  
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3.7 Evaluation of beta-catenin Reduction in HCT-116 Cells Treated with LF/siRNA 

HCT-116 cells  

                                         LF/siRNA                                         LF/scrRNA    

        nmol of RNA          0.1                    0.5                 0.1              0.5            0.5                                       

                           

                                                  
                       

 

Figure 27. Lipofectamine/siRNA (LF/siRNA) decreases total cellular beta-catenin 

protein. HCT-116 cells were plated and treated with 0.1 and 0.5 nanomoles of siRNA for 

24 h (LANE 1-2) and 48 h (LANE 3-4). Treatment of cells with Lipofectamine/scrRNA 

(LF/scrRNA) (LANE5) was also included to compare the level of beta-catenin protein 

between lanes. Following treatment the proteins were harvested, electrophoresed and 

probed with beta-catenin and beta-actin antibodies as described in section 2.14. This 

experiment was done only once and thus mean and standard deviation values are not 

represented. 

 

β-catenin 

 

   β-actin            
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The HCT-116 cell line exhibited a reduction in total cellular beta-catenin protein 

in 3 of 4 experiments to approximately 30% of the negative control in response to 

treatment with 0.1 and 0.5 nmol of anti-beta-catenin siRNA at 24 h and 48 h. 

Transfection with LF/siRNA (0.5 nmol) for 24 hour was an exception as it did not 

decrease the cellular beta-catenin protein level. Because the results were promising, we 

decided to evaluate the reduction of beta-catenin following treatment of the HCT-116 

cells with chitosan/siRNA (CS/siRNA) nanoparticles and also with PEGylated 

chitosan/siRNA (PEG CS/siRNA) nanoparticles. 
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3.8 Evaluation of beta-catenin Reduction in HCT-116 Cells Treated with 0.1 nmol of 

RNA 

 

             

 
 

  

                   
Figure 28. Pegylated chitosan/siRNA(PEG CS/siRNA) did not decrease the total cellular 

beta-catenin protein level. HCT-116 cells were plated and transfected with 0.1 nanomoles 

of siRNA and 0.1 nanomoles of scrRNA (in case of negative control) per well for 24 

hours. Following treatment the proteins were harvested, electrophoresed and probed with 

beta-catenin and beta-actin antibodies as described in section 2.14. Beta-actin was used to 

demonstrate equal loading. The percent reduction in cellular beta-catenin protein was 

calculated by dividing total beta-catenin by total beta-actin and normalizing to vehicle 

control treated cells transfected with LF/scrRNA. This experiment was performed three 

times with similar results; one representative western blot is shown. Values shown are the 

mean of three separate experiments + SEM. 

    L.F/scrRNA           L.F/siRNA          PEG CS/             PEG CS/              L.F 

                     scrRNA             siRNA                 only 



  

52 
 

 

LF/siRNA was used as a positive control to compare the reduction in total cellular 

beta-catenin level when compared to cells treated with PEGylated chitosan/siRNA (PEG 

CS/siRNA). HCT-116 cells did not decrease the total cellular beta-catenin protein level in 

response to treatment with 0.1 nmol of siRNA where PEGylated chitosan was the 

delivery vector. HCT-116 cells which did not receive any siRNA treatment were also 

included in this experiment to compare the total cellular beta-catenin protein level with 

those cells that were treated with siRNA.  We observed that cells treated with PEG 

CS/siRNA did not reduce beta-catenin protein levels. Also as seen in Figure 28 the cells 

which did not receive any siRNA treatment had a lower cellular beta-catenin protein level 

when compared to those treated with PEG CS/siRNA. This comparison added to our 

conclusion that the treatment with 0.1 nmol of siRNA encapsulated in PEGylated 

chitosan nanoparticles did not decrease beta-catenin protein levels in HCT-116 cells 

when the amount of siRNA is 0.1 nmol. Apparently the amount of beta-catenin expressed 

in the cells is so high that a larger amount of siRNA needs to be incorporated in order to 

induce an effect. 
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3.9 Evaluation of beta-catenin Reduction in HCT-116 Cells Treated with 0.5nmol of 

RNA 

HCT-116 (24 h treatment) 

       

        

Figure 29. Chitosan/siRNA (CS siRNA) and PEGylated chitosan/siRNA (PEG 

CS/siRNA) treatments successfully reduced cellular beta-catenin protein level after 24 h. 

HCT-116 cells were plated and treated with 0.5 nanomoles per well of either siRNA or 

scrRNA encapsulated in either LF, CS or PEG CS for 24 h. Following treatment the 

proteins were harvested, electrophoresed and probed with beta-catenin and beta-actin 

antibodies as described in section 2.14. This experiment was performed three times with 

similar results; one representative western blot is shown for each time point. Below the 

western blot for each time point is a histogram with aligned bars that represent the 

percentage reduction in cellular beta-catenin protein level relative to beta actin for each 

blot. Values shown are the mean of three separate experiments + SEM. 

 

Figure 29 shows the results for HCT-116 cells transfected with chitosan/siRNA 

(CS/siRNA) and PEGylated chitosan/siRNA (PEG CS/siRNA) or a corresponding 

negative control [chitosan/scrRNA (CS/scrRNA) and PEGylated chitosan/scrRNA (PEG 
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CS/scrRNA)], after 24h. Lipofectamine/siRNA (LF/siRNA) has been used as a positive 

control to compare the reduction in total cellular beta-catenin level with those cells 

treated with PEG CS/siRNA and CS/siRNA. Both CS/siRNA and LF/siRNA treated cells 

exhibited a reduction in total cellular beta-catenin protein levels to approximately (62 + 

4) % of the negative control whereas PEGylated chitosan/siRNA treated HCT-116 cells 

exhibited a reduction to approximately (72 + 3) % of the negative control. Beta-catenin 

protein levels were normalized to vehicle control treated cells transfected with 

Lipofectamine/scrRNA (LF/scrRNA). 

HCT-116 (48 h treatment) 

            

            
Figure 30. Chitosan/siRNA (CS siRNA) and PEGylated chitosan/siRNA (PEG 

CS/siRNA) treatments successfully reduced cellular beta-catenin protein level after 48 h. 

HCT-116 cells were plated and treated with 0.5 nanomoles per well of either siRNA or 

scrRNA encapsulated in either LF, CS or PEG CS for 48 h. Following treatment the 

proteins were harvested, electrophoresed and probed with beta-catenin and beta-actin 

antibodies as described in section 2.14. This experiment was performed three times with 

similar results; one representative western blot is shown for each time point. Below the 

western blot for each time point is a histogram with aligned bars that represent the 

percentage reduction in cellular beta-catenin protein level relative to beta actin for each 

blot. Values shown are the mean of three separate experiments + SEM. 
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Figure 30 shows the results for HCT-116 cell transfected with (CS/siRNA) and 

(PEG CS/siRNA) or a corresponding negative control CS/scrRNA and PEG CS/scrRNA, 

after 48h. Lipofectamine/siRNA and Chitosan/siRNA treated cells exhibited a reduction 

in total cellular beta-catenin protein-levels to approximately (66 + 6) % and (69 + 6) % of 

the negative control whereas PEGylated chitosan/siRNA treated HCT-116 cells exhibited 

a reduction to approximately (72 + 7) % of the negative control. Beta-catenin protein 

levels were normalized to vehicle control treated cells transfected with 

Lipofectamine/scrRNA (LF/scrRNA). 

As seen in Figures 29 and 30 it can be concluded that the treatment with 0.5 nmol 

of siRNA successfully reduced beta-catenin protein level in HCT-116 cells and the 

transfection with CS/siRNA nanoparticles was more effective than with the PEG 

CS/siRNA nanoparticles. Even though the extant of PEGylation was minimized, PEG 

appears to produce a demonstrable effect on beta-catenin protein levels. We further 

conclude that the 48 h transfection with siRNA showed better results when compared to 

24 h transfection with siRNA and this can be attributed to the time taken by the siRNA to 

effectively reduce the cellular beta-catenin protein levels. 
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CHAPTER IV 

DISCUSSION 

My discussion focuses on the following: (1) synthesis of chitosan/siRNA 

nanoparticles, (2) synthesis of PEGylated chitosan/siRNA nanoparticles, and (3) a 

comparison of beta-catenin reduction efficiency in cancer cells treated with 

Lipofectamine/siRNA, Chitosan/siRNA, and PEGylated chitosan/siRNA nanoparticles.  

4.1 Chitosan Nanoparticles 

The size of nanoparticles is very important because if the nanoparticles are too 

large then they cannot penetrate the cell. Depending upon the degree of deacetylation, 

chitosan has a natural tendency to aggregate thus increasing the overall size of a chitosan 

cluster. I adopted the ionic gelation method to reduce the aggregation of chitosan 

nanoparticles. For this purpose I added small amounts of TPP (a crosslinking agent) and 

siRNA to our chitosan solution. This was done to ensure that the maximum amount of 

negatively charged TPP and siRNA were available for the positively charged chitosan. 

The advantage in adopting this technique is formation of intramolecular binding of 

negatively charged siRNA to chitosan as opposed to intermolecular binding which would 

favor the formation of aggregates. I subsequently adopted a filtration technique to remove 

large aggregates. The approach appeared to be successful since the NP’s were relatively 

small. 

4.2 PEGylated Chitosan Nanoparticles 

PEGylation of chitosan resulted in an increased solubility in aqueous solutions. 

We used methoxy poly (ethylene glycol) succinimidyl valerate instead of difunctional 
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poly (ethylene glycol) in order to avoid cross-linking of polymer strands. In this scenario, 

when the active group of mPEG reacts with the amino group of chitosan; the opposite 

end of the PEG is blocked with a methoxy group and cannot react with another amine of 

glucosamine. In the initial experiments the number of PEG attached per chitosan was 

2.59 (2-3 PEG) but with time the mPEG-SVA hydrolyzed and the number of PEG 

attached per chitosan dropped to 0.125. The succinimide is fairly reactive and with time 

will hydrolyze when exposed to atmospheric moisture. 

In the initial experiments, when we treated our cells with PEGylated 

chitosan/siRNA containing 0.1 nmol of siRNA, we achieved between 95 and 98% 

encapsulation efficiency. Unfortunately, there was no reduction in beta-catenin protein 

expression. In a second attempt we reacted the PEGylated chitosan in solution with four 

times as much siRNA, but the encapsulation efficiency decreased suggesting that a 

maximum amount of RNA had been encapsulated in the PEGylated chitosan 

nanoparticles. So we attempted another effort with our PEGylated chitosan nanoparticles 

wherein we added two times the siRNA than what was added in our first attempt. This 

time we achieved near 100% encapsulation efficiency and the amount of siRNA available 

for cell treatment was 0.5 nmol. 

4.3 Beta-catenin Reduction 

The total cellular beta-catenin in HCT-116 cells was evaluated at 24h and 48h 

after transfection. The transfection efficiencies were compared between Lipofectamine 

2000, chitosan/siRNA nanoparticles and PEGylated chitosan/siRNA nanoparticles. 

Lipofectamine 2000 (positive control) is a cationic liposome and is highly toxic when 

used in vivo. Certain results showed that the delivery vectors were successful in reducing 



  

58 
 

the total cellular beta-catenin levels. As observed in the results, Lipofectamine/siRNA 

and Chitosan/siRNA nanoparticles had a better transfection efficiency and were able to 

reduce more cellular beta-catenin when compared to the PEGylated chitosan/siRNA 

nanoparticles. One reason which can be attributed to the underperformance of PEGylated 

chitosan/siRNA nanoparticles is that the number of PEG bonded to the chitosan in the 

final experiments was low (0.125 PEG per chitosan) and therefore not optimal. The 

question of whether PEGylated chitosan/siRNA nanoparticles can be more effective than 

non-PEGylated chitosan/siRNA nanoparticles still remains open and is subject to further 

research.  The 48 h transfection period was adopted to check if we could further decrease 

the cellular beta-catenin levels. As seen from the results it can be concluded that the 48 h 

transfection with siRNA provided more satisfactory data when compared to the 24 h 

transfection with siRNA because of lower SEM values. Thus it can be stated that the 

siRNA takes 48 h to effectively down regulate the cellular protein levels.  Nonetheless, 

our results indicate that chitosan/siRNA can be just as effective as Lipofectamine/ siRNA 

in reducing beta catenin protein expression. This is a very important result since 

Lipofectamine is toxic in vivo whereas chitosan is not. 
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