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CHAPTER 1 

INTRODUCTION 

1.1. BACKGROUND 

 Abnormal proliferation of normal cells leads to development of cancer in any 

part of the body. And it’s one of the leading causes of death worldwide. Normal 

cells have an ability to recognise its duty to maintain functions for healthy survival 

of the body. Each gene has signals which contain some instruction regarding its 

functionalities and also how it grow and divide. If cell losses its ability to understand 

signals either due to external environmental factors or factors within such as 

hormonal imbalance, immunological condition, viral infection or genetic alterations, 

it can be deleterious. Mutation changes the characteristic features of normal cells to 

form cancerous cell by different conditions. One is the rapid growth and division of 

cells to create new set of cells which also have uncontrollable growth characteristics 

and another is the lost function of tumour suppressor genes leading to the loss of its 

ability to control the growth and fail to stop its growth and division. Epstein-Barr 

virus, human papilloma virus, hepatitis B virus, and human herpes virus-8 are major 

viruses’ that causes cancer. 

 Major classes of genes involved in controlled cell growth are tumour 

suppresser gene, oncogenes and DNA repair genes. Tumour suppressor genes 

normally control the cell growth and division and are responsible for apoptosis or 

programmed cell death, while oncogenes enhance cell proliferation. In normal 

healthy individual both these gene groups counterbalance each others function 

thereby maintaining homeostasis (El-Aneed et al., 2004; Kopnin et al., 2000). It is 

now well established that oncogenes and tumour suppressor genes play a critical role 



2 

 

in cancer development. Genetic alterations in these genes lead to uncontrolled 

growth cells leading to the malignant disease cancer. 

1.2. CURRENT TREATMENT MODALITIES AND LIMITATIONS 

 Current approaches for the cancer treatments are surgery, chemotherapy and 

radiation therapy which depends on the type of cancer, stages of the cellular growth 

condition and health condition of the patient. 

 Cancer treatments create discomforts and side effects on the patient after 

treatment. Surgical procedures for cancer treatment have some limitations such as it 

doesn’t eliminate complete tumour tissue from the body, difficulty in surgical 

removal from some parts and is traumatic. Radiation therapy is a long term 

treatment procedure to kill the cells but it may destroy healthy cells which are 

adjacent to cancer cells. For some type of cancers, radiation therapy is not 

recommended for the treatment. Chemotherapy is the use of anti-cancer drugs to 

treat the cancer, but there is no drug which specifically kills or destroys cancer cells, 

so, it kills healthy cells also in the body. Chemotherapeutics adversely affect mainly 

the cells of bone marrow and gastrointestinal tract; mucosal cells etc. leading to 

other serious health issues. Another major issue associated with chemotherapy is the 

multidrug resistance over a period of time.Because,many cancer develops resistance 

to anti cancer drug which used for chemotherapy treatment which is the major 

drawback of these treatment and also it mostly affect the patients those who have 

leukaemia and solid tumours . But combination therapies including surgical and 

chemo or radiation therapy is still the current strategy to combat this disease 

(DeAngelis et al., 2002; Gulley et al., 2005). Even with the combination therapy the 
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prognosis is poor due to above mentioned limitations. In this scenario the 

development of new strategies for treating cancer is an emerging field of research, 

with gene therapeutic approaches being a promising area. As mentioned in section 

1.1., cancer is a complex disease involving genetic mutations. Recent evolvement of 

gene therapy and various gene delivery vectors have triggered the researchers to 

investigate the potential therapeutic applications for treating cancer in this direction. 

It is expected that gene therapy, if it can be delivered safely and efficiently, may 

make gene therapy a more viable option for some cancer treatments. 

1.3. CANCER GENE THERAPY 

 Gene therapy is the treatment of both acquired and inherited genetic diseases 

by introducing therapeutic genetic materials (Anderson, 1998; Crystal 1992). In its 

simplest terms, an absent or non-functional gene is replaced by introducing it into a 

somatic cell to restore its normal function. In cancer gene therapy the widely used 

strategy is to introduce a gene into the cancer cell that specifically destroys the cell 

on its expression. Worldwide there are more than 1800 clinical trials on gene 

therapy, of which about 65 % are in the area of cancer. The main approaches for 

cancer gene therapy includes immunologic and molecular. In immunologic approach 

immune-stimulating genes will be introduced (eg., cytokine genes). In molecular 

approach suicide genes, anti oncogenes, tumor suppressor genes, antigene 

nucleotides are the current strategies. Among these approaches the studies involving 

tumor suppressor genes especially with p53 gene is the most highly investigated 

one. Tumor suppressor genes restrain the uncontrolled cell proliferation and induce 

apoptosis and/or cell cycle arrest in mutated cells absence of which causes the 
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malignancy (Weinberg, 1991, Opalka et al., 2002). It is reported that mutational 

alterations in the p53 gene occur in almost 40% of all tumours (Greenblatt et al., 

1994). Gene therapy using p53 is into clinical trials. Some of the reports are found 

promising. Swisher et al reported more than 50% tumor size shrinkage in two 

patients and disease stabilization in 16 patients out of 28 patients who have 

undergone intratumoral injections of adenovirus mediated transfection of p53 (Ad-

p53) for non-small cell lung cancer (NSCLC) (Swisher et al., 1999).In case of India, 

year 2016 stand at 14 lakh cases and cancer deaths from all these cancers are 

estimated at 7 lakh cases.But due to lack of awareness regarding the symptoms of 

cancer only less number of patients were taking treatment in early stage. 

1.4. GENE DELIVERY 

 Mainly there are various approaches for gene delivery, of which most 

prominent are direct injection, by viral and non-viral vectors (Morille et al., 2008). 

In direct injection of free DNA there is good gene expression. However it is limited 

to easily accessible tissues like skin and muscles where the direct injection is 

possible. Systemic delivery of naked DNA is impossible. The second approach is the 

use of viral vectors which are genetically altered. They are natural systems capable 

of invading and transferring theor genetic material into host cell by their own cell 

uptake and intracellular trafficking machineries.Viral vectors are hence very 

effective in achieving high efficiency for both gene delivery and expression. 

However viral vectors have several serious limitations including safety, 

immunogenicity, low loading capacity, difficulty in pharmaceutical level production 

and high cost. All these have directed the quest for developing non-viral vectors 

which forms the third approach. The major non-viral vectors are cationic liposomes 
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and polymers. The cationic moieties electrostatically interact with negatively 

charged DNA leading to formation of polyplexes or lipoplexes. Here the particle 

size and the zeta potential determine the intracellular uptake efficiency.  The 

advantages include their relatively low toxicity, non-immunogenicity, large scale 

production, ease of functionalization, ability to carry larger nucleic acid constructs 

etc. Hence non-viral delivery systems have clear advantages over viral delivery 

systems. It is reported that use of plasmid DNA does not pose health risks and is 

easy to propagate on a large scale at high quality, and is also able to carry relatively 

large DNA sequences (Lu et al., 2003). By complexing the plasmid DNA carrying 

the gene of interest with these non-viral vectors, nanoplexes is formed which can 

enter the cell easily. Thus the cationic non-viral vectors enable the intracellular gene 

delivery by the dissemination of plasmids within the cell and entry of plasmids into 

nuclei.  

 Both cationic lipids and cationic polymers are well investigated for gene 

delivery applications. Though cationic liposomes are useful as a gene delivery 

vector they have poor transfection efficiency which needs to be further improved. 

Other hurdles include its fast clearance from systemic circulation, toxicity owing to 

cationicity and inflammatory reactions. This need to be addressed before in vivo 

applications and the limited modification possibilities is also another problem.   

 Among the non-viral vectors for gene delivery the most extensively studied 

are the cationic polymers. The nanosized complexes obtained by mixing with DNA 

is termed as polyplexes.  It is documented that polyplexes are more stable than 

lipoplexes (Al-Dosari and Gao, 2009). Among the cationic polymers, PEI is 

considered one of the most effective transfection agents because of the presence of 
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protonable amine groups. However, the high density of positive charge makes PEI a 

highly toxic material for in vivo applications. The transfection efficiency and 

toxicity of PEI is dependent on its molecular weight. From the literature it is 

understood that PEI with MW > 25,000 Da is toxic while polymers with low or 

medium molecular weight (5,000–25,000 Da) exhibited low toxicity and better 

transfection efficiency. It is reported that on systemic administration the cytokine 

induction by polyplexes appear to be less severe than that of lipoplexes (Hwang and 

Davis, 2001).  There are numerous studies reporting that modification of PEI by 

conjugating with various molecules can minimize its toxicity (Chong-Su Cho,2012). 

However it should be taken care to do the conjugation without compromising or 

nullifying its transfection efficiency.  

 Various types of modification of PEI is investigated for gene delivery 

applications. Modification using polymers such as dextran, PEG etc have reduced 

the cytotoxicity but the transfection efficiency was reduced.  Modification using acyl 

groups have shown to reduce the cytotoxicity and improve the transfection efficieny 

of PEI.  Previous studies have shown that acetylation of amino groups in PEI 

decreased the buffering capacity as well as the electrostatic interactions of DNA 

thereby leading to faster release and enhancing the transfection efficiency (Forrest et 

al., 2004; Gabrielson and Pack, 2006). But on modifying PEI with lauryl groups 

reduced the transfection efficiency (Thomas and Klibanov, 2002). It was expected 

that increase in hydrophobicity might improve cellular uptake by enhancing 

polyplex interaction with the cell membrane. This study pointed out the need to 

maintain an ideal hydrophobic-hydrophilic balance of the cationic polymer. Based 

on these reports acyl modifications based on hydrophobic/hydrophilic conjugations 

https://www.hindawi.com/65195019/


7 

 

were hypothesized for achieving the goal of improved transfection efficiency and 

reduced cytotoxicity. As mentioned in earlier section in nearly 40% of all tumours 

the p53 gene is mutated. Here in this work the chosen gene of interest is p53.  

1.5    HYPOTHESIS 

 This work hypothesises that simultaneous hydrophilic/hydrophobic 

modification of PEI may reduce its cytotoxicity without compromising its 

transfection efficiency than individual modification. 

1.6   OBJECTIVES 

 As per the hypothesis the study aims to develop polyethyleneimine (PEI) 

derivatives by conjugating with succinate, lauric acid and lauryl succinate for gene 

delivery applications. These modifications lead to three types of PEI: 

hydrophilically, hydrophobically and amphiphilically modified respectively.   

The Major objectives of the current study is 

 Synthesis of three polyethyleneimine (PEI) derivatives: polyethyleneimine 

succinate (PEIS), polyethyleneimine laurate (PEIL) and polyethyleneimine 

lauryl succinate (PEILS). 

 To evaluate the derivatisation by various physicochemical methods  

 To evaluate the nanoplex forming capacity, stability and cytotoxicity of the 

formed nanoplexes. 

 Cellular uptake by plasmid and polymer trafficking studies. 

 Evaluate the p53 gene transfection efficiency of these derivatives. 
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CHAPTER 2 

REVIEW OF LITERATURE 

2.1 NON-VIRAL GENE DELIVERY 

 Invasive and aggressive proliferation of cells results in cancer. Cancer is a 

complex disease arising from a series of accumulated genetic mutations in somatic 

cells. With the advancement in field of cell biology, molecular biology and 

technologies these genetic modifications associated with a variety of cancers is 

identified (Weinberg, 1996). Long-established treatments such as surgery, radiation 

therapy and chemotherapy are not fully effective in many cases. New approach for 

treatment of cancer diseases are introduced from long term study and it indicate the 

use of gene as a medicine for treating this disease. In this approach to treat the 

disease at genomic level by gene therapy, its aim is to replace the defected gene and 

introduce new and healthy one to the targeted site. Three different types of 

approaches are applied in gene therapy, one is direct injection of free DNA to 

defective site, which have effective gene expression. Second is biological approach, 

to use of viruses which are genetically altered for gene delivery and make a 

capability to viruses for transferring DNA to host site. However, viruses proved to 

have limitations such as toxic, immune, inflammatory response in host, possible 

recombination with wild-type viruses, poor loading capacity, difficulty in large-scale 

pharmaceutical grade production etc. Third one is non-biological approach by using 

non-viral vectors that are mainly cationic polymers or cationic lipids. Owing to an 

urgent need for alternative gene delivery system, there is an increasing interest in the 

development of non viral vectors which is demonstrating promising progress.  



9 

 

Invention of non viral vectors for gene delivery is considered to be a promising step 

for developing newer treatment modalities for combating a disease like cancer. 

2.2. METHODS FOR NON-VIRAL GENE DELIVERY. 

  Major approaches like physical, chemical and biological approaches 

are used to deliver modified or new gene to cell for appropriate expression. It 

transfers the gene either by in vivo by naked gene transfer or in vitro by physical and 

chemical methods. Physical method by carrier free gene delivery and it include 

electroporation, gene gun, ultrasound, and hydrodynamic delivery. Chemical method 

by using vectors as a vehicle, are used for non viral gene delivery and it include 

polymers, liposomes and dendrimers. 

 

Figure 1: Various approaches for intracellular gene delivery 

2.2.1. In vivo: Naked gene transfer- Naked DNA alone transfer to specific cell by 

direct injection. It is mostly used for gene delivery in skin, thymus, cardiac muscle, 

and especially skeletal muscle and liver cells .In skeletal muscles it use for long term 
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injection. It is a safe and simple method .It used for small number of applications 

because of its low efficiency in gene delivery such as DNA vaccination.  

2.2.2. In vitro methods 

(a) Physical methods 

In physical methods various approaches as detailed are used. 

 Gene gun: Bombardment of DNA particle to cells is the alternative method 

for injection to cells. DNA particles are coated with either gold or tungsten 

and with high speed by pressured gas to penetrate the DNA to specific cells 

(Wolff  et al.,1992). DNA based immunisation is done by this method. 

 Electroporation: This method utilises a pair of electrode to destabilize the 

cell membrane of targeted tissue, so that DNA molecules in the surrounding 

media of the destabilized membrane would be able to penetrate into 

cytoplasm and nucleoplasm of the cell(Klein et al,1992; Cheng et al,1993). It 

is used diseases associated with skin, lungs and muscles. Problems in this 

technique are the involvement of surgical procedures for the electrode 

fixation. 

 Ultrasound: Nanomeric pores are made in cellular membrane by ultrasound 

to make a facility for delivery of DNA into the cells of organs or tumours. In 

this system the efficiency is dependent on size and concentration of plasmid 

DNA. 

(b) Chemical methods 

 In chemical methods the major vectors employed for gene delivery are 

liposomes, polymers, dendrimers etc. In general, these non-viral vectors should 
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possess cationic charge for effective complexation with the negatively charged 

DNA. Systemic delivery of free /naked DNA is impossible owing to the presence of 

nucleases in circulation which degrades it. Most of the therapeutic DNA has a high 

molecular weight and the vector should have proportionate molecular weight and 

enough cationic charge to neutralize the negative charge leading to the formation of 

a compact complex mostly referred to as nanoplex. The size of the complexes varies 

depending upon the nature of the polymer used; it is also dependent on the ionic 

concentration, medium, buffer, the pH etc.  

 Liposomes: In gene delivery system, liposomes have a major role as in the 

form of DNA-complexing agent. Self assembling property of liposomes is a 

major advantage of lipid based gene delivery system (Lasic,1997) . It has an 

ability to interact with DNA in a controllable level and it enhances the 

delivery of complex to the cells. Liposomes which design for gene delivery 

have hydrophilic head and hydrophobic tail. Structural aspects of lipids can 

be modified and its performance as a vector depends on the size of head 

group and length of tail group. Cationic lipids are designed in such a way 

that the hydrophilic head contain 1º, 2º and 3º amine groups and 4º 

ammonium salts. So, positively charged head of liposomes binds to 

negatively charged DNA which facilitate intracellular uptake. 

 Dendrimers: Dendrimers are three dimensional symmetric molecules with 

homogeneous structure consisting of tree like branches. As reported, 

dendrimers are widely used as non-viral gene vectors due to its well-defined 

molecular/chemical structures, high cationicity and the ease with which new 

functional groups can be introduced. The potential use of dendrimers in gene 
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delivery is defined by the high cationic density of terminal groups of which 

the PAMAM and PPI dendrimers are the commonly used ones. The 

complexation process between dendrimers and nucleic acids is similar to 

other cationic polymers. Dendrimers with high charge density interact with 

various forms of nucleic acids, to form nanoplexes or dendriplexes which 

protect the nucleic acid from degradation (Bielinska, 1996; Dufes et al., 

2005). The interaction between dendrimer and nucleic acids is based on 

electrostatic interactions as in other cationic polymers and lacks any 

sequence specificity.  

 Polymers: Over the past two decades polycations or cationic polymers have 

emerged as a promising gene delivery vectors owing to their versatile nature 

leading to development of numerous tailor made polymers with successful 

gene transfection rate. The major polymers include polyethyleneimine (PEI), 

poly-L-lysine (PLL), PDMAEMA, chitosan and other cationically modified 

polymers. These cationic polymers are capable of forming polyionic 

complexes of nanosize (nanoplexes) with nucleic acid. These being 

nanocarriers bearing positive charge, the chances of adverse interactions with 

the blood components are higher and need careful designing of the vectors. 

A detailed section on cationic polymers follows as the thesis work is on 

cationic polymers. 
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2.3. MOST WIDELY USED VECTORS: CATIONIC POLYMERS 

 Polyplex are transfecting agents formed by interaction between the cationic 

amino groups on the polymer and the negatively charged phosphate groups in DNA 

by electrostatic interaction (Brown  et al 2001; Han S-o et al 2000).  

 
Figure 2: Schematic depicting the formation of nanoplexes by the electrostatic 

interaction of cationic vector and anionic DNA 

 Advantages of polyplex over lipoplexes are the stability of the nanoplexes, 

versatile modification processes, and improved protection of DNA from nuclease 

degradation. Compared to viral vectors for gene delivery, efficiency of cationic gene 

delivery is relatively low. Still studies regarding cationic polymers for gene delivery 

discussed in research world. The major cationic polymers used for gene delivery 

includes poly L-Lysine, chitosan, dendrimers, polyamidoamines, polyethyleneimine 

etc. A brief write up on all these polymers are given below. Since this work is based 

on polyethyleneimine it will be discussed as a separate section. 
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Poly (L-lysine) 

 Poly (L-lysine) (PLL) is formed by linear polypeptide which has amino acid 

lysine. PLL conjugated with asialoorosomucoid used for hepatocellular gene 

targeted delivery is the first polycation for gene delivery. PLL polyplexes have low 

gene transfer efficiency, if endomolytic or lysomotropic agents are not added 

(Wadhwa et al 1997; Pouton et al 1998). After internalization, instead of release of 

DNA into cytoplasm, polyplex retain in the lysosomal pathway. Without 

modification, PLL has poor transfection efficiency. However, high molecular weight 

PLL leads have increased DNA condensation capability and higher transfection 

efficiency. Poly (L-histidine) (PLH) shows to destabilize lipid bilayers when in a 

slightly acidic medium and induce fusion upon protonation of the imidazole groups 

by the increase of interaction between this polymeric cation and the membrane 

phospholipids (Wang et al 1984) so, effect of histidine on the increased transfection 

efficiency of PLL copolymers when it combine with PLH. PLL polyplexes are 

rapidly bound to plasma proteins and cleared from circulation. 

Polyamidoamine Dendrimers 

 Polyamidoamine (PAMAM) dendrimers consist of a class of highly 

branched spherical polymers. DNA phosphate groups interacted with terminal 

primary amines of DNA by electrostatic interaction. Dendrimer concentration in the 

complexes depends on particle size, surface charge and gene transfer efficiency of 

dendrimer/plasmid complexes (Kukowska-Latallo et al, 1996). In using dendrimers, 

the advantage is associated with star shape of the polymer, as DNA appears to 

interact with the surface primary amines only, leaving the internal tertiary amines 

available for the neutralization of the acidic pH within the endosomal/lysosomal 
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compartment (Lee et al 1996). After internalization, the release of the complexes by 

the endosome has been associated with the protonation of the internal tertiary amine 

groups, leading to the swelling of the endosome and subsequent release of the DNA 

to the cytoplasm (Tang et al 1996)  

Chitosan 

 Chitosan is the linear polysaccharide composed of glucosamine and N-

acetyl-D glucosamine. Biodegradation in the human body (Sashiwa et al 1990), 

antibacterial (Sashiwa et al 2004), and wound healing activity (Kweon et al 2003) 

are the important biological properties. Chitosan is a biocompatible polymer which 

breaks down into harmless product and is absorbed by human body. In acidic 

condition, the amine groups of chitosan are positively charged which extend to the 

polysaccharide a high charge density. This enables electrostatic interactions with 

negatively charged macromolecules such as DNA. Chitosan mediated gene delivery 

enclose a number of cellular barriers, enzymatic degradation, cellular uptake, escape 

from the endolysosome pathway, complex dissociation and nuclear import (Davis 

2002). It is reported that the nanoplex size increase with the increase of the polymer 

molecular weight (MacLaughlin et al 1998). Molecular weight and the degree of 

deacetylation are the important factor for complex formation. PEGylation of 

chitosan increases the level of transfecting efficiency in tumor tissues. Transferrin 

receptor was one of the first to be exploited for receptor-mediated gene delivery. 

Transfection efficiency depended on the cell type and the level of surface transferrin 

receptor expression (MacLaughlin FC et al 1998). 
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2.4. PEI BASED GENE DELIVERY SYSTEM 

 In 1995, Boussif introduced polyethyleneimine for gene delivery. It has been 

shown to effectively condense plasmids into colloidal particles that achieve 

transfection into a variety of cells, both in vitro and in vivo (Boussif et al 1995). 

Advantages include formation of tightly condensed nanoplexes with high cellular 

uptake and transfection efficiency though highly toxic 

2.4.1. CHEMISTRY OF PEI 

      Polyethyleneimine is a polymer with repeated units of amine groups along with 

two carbon aliphatic spacer (CH2-CH2). The basic unit of PEI has a backbone of 

two carbons followed by one nitrogen atom. PEI is in linear form and branched 

form. Linear PEI consists of secondary amine groups and these are highly cationic 

in nature, which increases the ability to form tightly bounded complexes with 

anionic substrates such as DNA. In the presence of a catalyst, monomer is 

converted into a highly branched polymer with about 25% primary amine groups, 

50% secondary amine groups, and 25% tertiary amine groups. The branched form 

of PEI contains primary, secondary and tertiary amines, each with the potential to 

be protonated. (Yemuland 2008) .Neutralization of highly anionic charged particles 

is one of the most important functions of pure PEI. 

Polyethyleneimine is a commercially available polycationic polymer in 

different range of molecular weight from <1000 Da to 1.6 × 10³ kDa. From the 

range, PEI with 5-25 kDa molecular weights is usually used for gene delivery. 

Linear PEI shows solid nature in room temperature and branched PEI shows liquid 

nature. In case of solubility, PEI is soluble in methanol, ethanol, chloroform, hot 
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water and cold water in low pH and is insoluble in benzene, ethyl ether, acetone 

etc. 

2.4.2. NANOPLEX FORMATION AND CHARACTERIZATION 

 As mentioned in section 1.2.3 nanoplexes are formed by the electrostatic 

interactions between the cationic amino groups in the polymer and the anionic 

phosphate groups in the nucleic acid on complexation or mixing by high speed 

vortexing. In this process the most critical parameter is the ratio of cationic polymer 

to the negatively charged DNA (Ethlinn et al., 2011). Nanoplexes are formed by 

mixing reagent with DNA at a certain ratio and is expressed as a weight/weight 

(w/w) ratio or as a charge ratio of N/P. The charge of cationic polymer is expressed 

as a function of the number of nitrogens (N) and that of DNA as phosphates (P) and 

as N/P ratios. Typically a range of ratios is screened to identify the optimal ratio at 

which DNA is condensed into small positively charged particles which is stable and 

is protected against degradation. Generally as the amount of cationic polymer 

increases the nanoplexes formed will be more stable and positively charged. Hence 

an excess of cationic polymer is required to obtain stable positively charged particles 

which can be internalized by cells and to achieve gene expression. It is reported that 

at higher N/P ratios, excess polymer may stabilize the naoplexes through 

electrostatic repulsion between positively charged particles (Neu et al., 2005). 

Characteristics such as size, charge and behaviour of nanoplexes also depends on the 

composition of the medium used for its preparation.  From the reported scientific 

literature it is understood that medium of low ionic strength is preferred over the 

complex media like cell culture media. This is because absence of salts and proteins 

make the nanoplexes compatible with the characterization and transfection studies 
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(Ethlinn et al., 2011). Similarly the order of mixing of these two polyionic molecules 

is also important. This is because the electrostatic interactions happen very rapidly 

and it is reported that there is no chance for a rearrangement after the initial contact.  

As per the reports the transfection efficiency of the nanoplexes prepared by addition 

of polymer to DNA is 10-fold more than the nanoplexes formed in the reverse order 

(Gebhart et al., 2001).  

 Once the complexes are formed it should be analyzed for its suitability as a 

gene delivery vehicle. Ideally the particle size should be < 150 nm with a positive 

charge so that it can be internalized within the cell. Thus particle characteristics are 

well-known pointers in evaluating it as a cell transfection agent and a set of well 

defined methods and tools are available to characterize the formed complexes. 

Parameters of interest are size and surface charge, stability of the condensation and 

protection of DNA from enzymatic degradation etc. All these can be studied with 

techniques such as dynamic light scattering (DLS) for particle size, zeta potential 

measurements, gel retardation assays and nuclease enzyme treatment assays.  The 

particles can be visualized by using transmission electron microscopy or atomic 

force microscopy which will provide information on its size and shape (Ethlinn et 

al., 2011). 

2.4.3. UPTAKE MECHANISMS 

 The cellular uptake pathways of the polyplexes or nanoplexes are classified 

into two, endocytic pathways and non-endocytic pathways (figure 3). The endocytic 

pathway group is again classified into four types. They are phagocytosis, clathrin-
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mediated endocytosis (CME), caveolae-mediated endocytosis (CvME), and 

macropinocytosis (Hillaireau , 2009). When internalized through the endocytotic 

pathway, these polyplexes gets engulfed in intracellular vesicles and is designed to 

fuse eventually with lysosomes. Non-endocytic pathways come into play when 

invasive systems such as microinjection, permeabilization, and electroporation are 

utilized for gene delivery (Xiang S. et al., 2009).  

 

Figure 3: Endocytotic pathways for the intracellular uptake of nanoplexes 

 CME is the one of the well characterized endocytotic pathway. It is clathrin 

mediated, receptor- dependent and facilitated by GTPase dynamin system. In CME 

pathway the endocytotic vesicle carrying the cargo are integrated into endosomes 

and these late endosomes then deliver the cargo into lysosomes. In this step a 

maturation process is involved in which the compartment acidification by proton 

pumps located on the endosome membrane takes place. It is reported that pH-

sensitive complexes can use this acidic environment to escape from the endosome 

and release their carried gene materials (Hatakeyama , 2009).  Caveolae mediated 

endocytosis occurs in a flask shaped structure on the cell membrane. The engulfed 

material along with caveolae is referred to as caveosome. Caveolae have a diameter 
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range of 50–100 nm. The intracellular fate of the caveosome differs from that of 

CME. CvME is generally considered as a non-acidic and non-digestive route of 

uptake in comparison with CME. It is reported that caveosomes do not have a drop 

in pH, and avoids the normal lysosomal degradation pathway (Bengali et al., 2007). 

When it comes to the uptake of non-viral polyplexes the pathway selection is 

dependent on various factors. The first involved is the binding of the polyplex on to 

the cell surface which is dependent on the charge of the complex. The most 

important factors include particle surface charge, particle size and shape, cell type 

etc. It is reported that the complexes of non-viral gene vector with DNA are usually 

a group of heterogeneous particles with varied size, surface charge, and shape. This 

can initiate multiple uptake pathways for the internalization of one kind of 

complexes into a single cell type (Xiang et al., 2012). Gersdorff et al (2006) reported 

that transfection by branched PEI25kDa/DNA polyplexes was mediated by both 

CME and CvME pathways in HUH-7 and Hela cells. But a study by another group 

reported that macropinocytosis is also an important pathway for the uptake of 

branched PEI25k-Da/DNA polyplexes into Hela and CHO-1 cells due to the 

existence of larger polyplexes (Hufnagel, 2009). Hence it is suggested that the 

heterogeneity of complexes has to be taken into consideration when the results are 

analyzed (Xiang et al., 2012). 
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2.4.4. PROTON SPONGE EFFECT 

 Polycations are used for the delivery of nucleic acid to the cells for a long 

time. By electrostatic interactions, cationic polymers form polyplex along with 

nucleic acids and demonstrated varying degrees of transfection efficiency based on 

the nature of the polymer. In 1994 it was discovered that polymers containing 

protonable groups at physiological pH show very good transfection efficiency 

(Remy and Sirlin et al., 1994). This pH-buffering property was soon established to 

be an important feature of cationic polymers that may induce endosomal disruption 

and escape of polyplexes thereby preventing lysosomal degradation of nucleic acids 

(Liang and Lam, 2012). Proton sponge effect is a hypothesis associated with the 

proton absorption capability of amine containing polymers and such a polymer is 

said to have a high pH buffering capacity. Thus cationic polymers with protonable 

amine groups, e.g., PEI, demonstrate a high pH buffering capability over a wide pH 

range. The protonatable secondary and tertiary amine groups of these polymers will 

have a pKa close to endosomal/lysosomal pH (Liang and Lam, 2012). The ‘proton 

sponge’ phenomenon has been observed in certain cationic polymers with a high pH 

buffering capability over a wide pH range. These polymers usually contain 

protonatable secondary and/or tertiary amine groups with pKa close to 

endosomal/lysosomal pH.  

 After endocytosis, the vesicle fuse with the endosome and the maturation to 

fuse with lysosome takes place by the acidification by membrane-bound ATPase 

proton pumps. During this time if the polymer has the proton sponge property it will 

absorb the protons and resist the change in pH. This will result in further pumping in 

of protons to attain a low pH. Due to ionic imbalance thus created a passive entry of 
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chloride ions will occur. To maintain the osmotic balance water influx will follow 

eventually leading to the rupture of the endosome and the release of the polyplex 

into the cytoplasm (Boussif et al. 1995, Behr 1997, Sonawane  et al 2003). 

Nucleus entry 

 After endosomal escape, DNA traffic through the cytoplasm and enter the 

nucleus. Rate of mobility of nucleic acid transport to cytoplasm depends on the size 

and shape of the molecule, circular DNA has more mobility than linear DNA. 

Complexed DNA show more stability against cytoplasmic nucleases. Microinjection 

of PEI/pDNA complexes shows more efficient transgene expression compare to 

naked DNA, and it may increases the cytoplasmic mobility. DNA needs to access 

transcription machinery which present inside the nucleus. Nuclear protein require 

the nuclear localization signals (NLS), it contain amino acids which recognized by 

cytosolic factors to mediate the active transport of DNA through nuclear pore 

complex by expanding the diameter of the pores. Amount of NLS peptide important 

factor for gene delivery 

2.4.5. TRANSFECTION EFFICIENCY 

 Ratio of nitrogen atom present in cationic polymer and phosphate atom 

present in DNA are important factors to determine the transfection efficiency. 

Amount of cell death associated with transfection reduced by polyplex with overall 

positive charge which reduces the +/-charge ratio(Plank et al,1996).Studies by 

Boussif et al. found that, increase of  transfection efficiency  when serum is 

presented by using more concentrated PEI/DNA complex for transfection. Rate of 

transfection efficiency reduced by binding of circulating proteins with PEI/DNA 

complexes (Ferrari et al, 1997) and also it induces recognition by cells of 
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reticuloendothelial system. So it minimised by either to change the charge ratio or 

by surface modification (Boussif et al, 1995).PEGylation (Vinogradov et al, 1998) 

of polymer also helps to prevent the binding of protein on the complex. Once PEI 

added to DNA solution for making transfection complexes with DNA, PEI forms a 

shell covering around the complex. So, this colloidal form of complex have space to 

accumulate smaller molecules ,then subsequent addition of this to form PEI/DNA 

complex with increased number of amines yielded complexes with higher buffering 

capacity ,so that ,this complex enabled more efficient endolysosomal escape (. 

Godbey et al). 

2.4.6. TOXICITY AND COMPATIBILITY OF PEI 

 For the best outcome of polymeric gene delivery, it is dependent on number 

of factors such as physiochemical characteristics of polymer and its biological 

interactions. One of the main focuses for developing a polymeric gene delivery 

system is to minimise the toxicity. It is well known that PEI is an excellent 

transfecting agent and at the same time is highly toxic. A possible reason for toxic 

effects on cells is that PEI interacts with the cell membranes, disrupt them and 

permeabilize the cell.  It is reported that even at a very low concentration PEI causes 

lysozomal disruption in rat hepatocytes. In case of PEI, free form of PEI harms to 

cells and if it’s in the form of complex with DNA, toxicity becomes reduced and 

also PEI is associated with dose-dependent toxicity in high molecular weight 

(Kunath et al, 2003)). The PEI induced toxicity by affecting membrane integrity 

results in necrotic-like changes. PEI is reported to induce apoptosis and also inhibit 

proliferation. PEI alone induces toxic effects by 2 hours of exposure in cells where 

as the PEI/DNA nanoplexes in 7-9 hours as per the literature. (Godbye et al, 2001). 
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It is also reported the even in PEI/DNA complexes a fraction of PEI remain free 

which can induce toxic effects. Studies on toxicity by Godbey et al (Godbey et al, 

1999) reported that, PEI causes the cytotoxicity in two different forms, one is 

immediate toxicity associated with free PEI and another form is delayed toxicity, it 

associated with cellular processing of polyplex. In case of free PEI, it binds with 

negatively charged serum proteins and red blood cells at circulatory system, so it 

cause aggregates to form clusters and adheres on the cell surfaces, which destabilize 

the plasma membrane to induce immediate toxicity. Delayed toxicity takes place 

after the release of DNA from PEI (Godbey et al, 2001). At the time of 

internalization into cytoplasm, DNA is released and PEI become free and it restored. 

So interaction of PEI with cellular component inhibit the normal processes in cells 

,so, it cause several problems in cells such as   reducing  number of mitosis, cell 

shrinkage etc. By modifying PEI with more compatible polymers can reduce the 

toxic effects.   

2.4.7. DERIVATIVES OF PEI AS TRANSFECTING AGENTS 

 For  increased efficiency and less toxicity need to form derivatives of 

polymers, conjugation of reduce the cytotoxic effect as well as it protect against 

from degradation .Transfection efficiency of PEI due to their endosomal buffering 

capacity (Boussif et al ,1995) .At physiological pH of PEI protonate less amount of 

amino acids (Tang et al,1997),if the pH getting changed in endosomal compartment, 

then the capability of PEI to capture proton cause the osmotic swelling and 

endosomal disruption take place, which results release of DNA to cytosol (Boussif  

et al ,1995 and Kichler et al,1999) Synthesis of derivatives to enhance efficiency of 



25 

 

PEI and also to improve solubility, chemical homogeneity and biodegradability 

which are essential factors for gene delivery.  

PEI-polyethylene glycol conjugates 

 PEGylation of the PEI enhance to increase transfection efficiency as well as 

it reduces the toxic effect of PEI (Tang et al.,2003). Hydrophilic polymer coating on 

the polyplex has advantage of decreasing non-specific interactions. Properties of 

PEG-PEI conjugates are influenced by molecular weight of PEG and degree of 

PEGylation. Covalent modification of PEI with PEG reduced the surface charge 

(positive) of the polyplex which it shows size is only aspect to affect the conjugates. 

At time of endocytosis, PEI-DNA complex may shows non-specific ionic interaction 

between targeted cell and polyplex, if polyplex is PEGylated, which reduce this 

interaction by hydrophilic nature. Inhibitory effect of polyethylene glycol on 

transfection of cells depends on number of parameters such as chain length and 

density of PEGs and size of PEI. Once the PEG-PEI/DNA complex taken up by 

cells, PEG increases the solubility of DNA complex as well as reduces the surface 

charge. PEGylation inhibit cell-polyplex interaction and also to reduce the 

polymer’s DNA binding capacity.  

Ligand-PEI conjugate 

 Non-specific interaction of plasma protein and cell membrane with polymers 

is due to the presence of positive charge at DNA complex surface. Non-specific 

electrostatic interaction between cells are replace to make cell specific interaction 

which trigger the receptor-mediated endocytosis of DNA complex is an outcome for 

this issue. Ligands used to recognise specific site for cellular interaction with high 
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specificity. So, conjugates are prepared with precise ligand densities, it exposes on 

the transfection particle’s surface. Sugar residues, peptides, proteins and antibodies 

are the ligands used for targeting PEI/DNA complex. 

PEI-galactose 

 Hepatocytes expresses asialoglycoprotein receptor are important target for 

gene delivery, it have role to clear the circulating asialoglycoprotein receptor by 

receptor mediated endocytosis (Thapa et al.,2015). At endosomes, receptors are 

separated from ligands after uptake, so that receptor is recycled to cell surface and 

ligands are degraded in lysosomal compartments. When asialoglycoprotein receptor 

is expressed, polyplex do not need positive charge to transect efficient cells. 

Galactose is a low affinity ligand is that kupffer cells is a phagocytic cell also obtain 

membrane lactins which recognise these residues, so, it overcome within the help of 

cell-specific promoters. 

Poly (2-ethyl-2-oxazoline-coethylenimine) 

 Studies about PEI find out that, branched PEI with high molecular weight are 

relatively toxic compare to other forms. Linear polyamines are prepared by acid 

hydrolysis of poly (2-ethyl-2-oxazoline) to get L-PEI-PEtOXZs ,which have higher 

cell viability at lowest charged densities. It indicates that, charge density and 

molecular weight are the important factors of cellular viability. 
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Poly(N-propylethylenimines) 

 Poly(2-ethyl-2-oxazoline) treated with  excess amount of lithium aluminium 

hydride to produce linear poly(N-propylethylenimines).At physiological pH,L-

PNPEIs are protonated in less level.Research based on DNA transfection which 

performed in HepG2cells results that amino nitrogen of L-PEI substituted with 

propyl group which reduces the efficiency, and it increased with molecular weight. 

PEI-melittin 

 For improving the efficiency to escape of polyplex from endosomes, melittin 

covalently linked with PEI .Melittin enhance the complex transport to nucleus, but it 

doesn’t increases the endosomal release of DNA.Conjugate of PEI-Melittin have 

more improvement in non-viral gene transfer and it reduces the cytotoxicity also. 

Synthesis of derivatives to improve the PEI mediated mechanism. 

Acyl modified PEI 

 Modification using acyl groups have shown to reduce the cytotoxicity and 

improve the transfection efficieny of PEI.  Previous studies have shown that 

acetylation of amino groups in PEI decreased the buffering capacity as well as the 

electrostatic interactions of DNA thereby leading to faster release and enhancing the 

transfection efficiency (Forrest et al., 2004; Gabrielson and Pack, 2006). But on 

modifying PEI with lauryl groups reduced the transfection efficiency (Thomas and 

Klibanov, 2002). It was expected that increase in hydrophobicity might improve 

cellular uptake by enhancing polyplex interaction with the cell membrane. This 

study pointed out the need to maintain an ideal hydrophobic-hydrophilic balance of 

the cationic polymer. Based on these reports acyl modifications based on 
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hydrophobic/hydrophilic conjugations were hypothesized for achieving the goal of 

improved transfection efficiency and reduced cytotoxicity.  
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CHAPTER 3 

MATERIALS AND METHODS 

3.1. Materials 

 Branched Polyethylenimine (bPEI; MW 10,000 Da, Polyscience, US), 

Dodecyl lauryl succinate, Lauric acid, 1-Ethyl-3-[3-dimethyl amino propyl) 

carbodiimide hydrochloride (EDC),  DNaseI, Ethidium bromide, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Modified Eagles 

Medium (DMEM) containing F12-Ham, Minimum Essential Medium (MEM), 

Trypsin-EDTA, Dimethyl sulphoxide (DMSO), were purchased from Sigma–

Aldrich Chemicals Co, USA. p53 Dominant-Negative Vector was from 

Clontech, USA, Rhodamine-NHS ester, fetal bovine serum (FBS), YOYO 

iodide, Hoechst 33342, live dead assay kit (Invitrogen, USA),  from Invitrogen, 

GIBCO, USA, Calf thymus DNA (ctDNA), was purchased from Worthington 

Biochemical Corp, USA. All other reagents were of analytical reagent grade, 

India. 

 

 

 

 

 

 

 

 

Figure 4: Combined map of pCMV-p53 and pCMV-p53mt135.(source:www.clontech.com) 
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3.2. METHODS 

3.2.1. Synthesis of PEI derivatives 

3.2.1.1 Polyethyleneimine succinate (PEIS) 

Synthesis of polyethyleneimine succinate was carried out by treating PEI with 

succinic anhydride (Scheme 1). PEI (200 mg) was dissolved in 10 ml of DMSO 

by stirring in a magnetic stirrer at 1000 rpm. To the dissolved PEI, 5 ml 

methanol was added under stirring. To this, varying amounts of succinic 

anhydride dissolved in 2ml DMSO was added drop by drop. The reaction was 

continued for 4 hours, further the final solution was dialysed against distilled 

water for 24 hour in dialysis tubing with a cut off of 3500 Da.  

 

Scheme 1: Synthesis of polyethyleneimine succinate 

3.2.1.2. Polyethyleneimine lauryl succinate (PEILS) 

 Synthesis of Polyethyleneimine lauryl succinate was carried out by treating 

PEI with Dodecyl succinic anhydride (95%) (Scheme 2). PEI (200 mg) was  
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dissolved in 10 ml of DMSO by stirring in a magnetic stirrer at 1000 rpm. To the 

dissolved PEI, 5 ml methanol was added under stirring. To this, varying amounts 

of 2-Dodecyl succinic anhydride (95%) dissolved in 2ml DMSO was added drop 

by drop. The reaction was continued for 4 hours, further the final solution was 

dialysed against distilled water for 24 hour in dialysis tubing with a cut off of 

3500 Da. 

 

Scheme 2: Synthesis of polyethyleneimine lauryl succinate 
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3.2.1.3. Poyethyleneimine laurate (PEIL) 

 Synthesis of Polyethyleneimine laurate was carried out by treating PEI with 

lauric acid (Scheme 3). PEI (200 mg) was dissolved in 10 ml of DMSO by 

stirring in a magnetic stirrer at 1000 rpm. To the dissolved PEI, 5 ml methanol 

was added under stirring. To this, varying amounts of lauric acid dissolved in 

2ml DMSO was added drop by drop. The reaction was continued for 4 hours 

under stirring, further the final solution was dialysed against distilled water for 

24 hour in dialysis tubing with a cut off of 3500 Da. 

 

Scheme 3: Synthesis of polyethyleneimine laurate 
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3.3. Physico-Chemical Characterizations 

3.3.1. Copper Sulphate Assay 

 PEI forms a cupra ammoniun complex upon addition of copper sulphate. 

This principle is utilized for the quantification of PEI remaining after conjugation 

with succinate, lauryl succinate and lauric acid through copper sulphate test. To 500 

l of 1mg/ml of samples (PEI derivatives) 5ml of copper sulphate solution 

(0.145mg/ ml) in distilled water was added and mixed thoroughly and absorbance 

was measured at 285nm. Each sample was done in triplicates. For developing the 

calibration curve PEI 10KDa was used.  

3.3.2. 2, 4, 6-Trinitrobenzene Sulfonic Acid (TNBS) Assay 

 TNBS is a sensitive reagent which helps to determine the amount of free 

amino groups present.  Prepare 1 mg/ml solution of PEI and its derivatives, from this 

different volume such as 25, 50, 75, 100, 150, 200µl was taken and made up to 1ml 

with 4% NaHCO3. To this 500µl 0.1%TNBS (2,4,6-Trinitrobenzenesulfonic Acid) 

was added. Incubate the samples for 30 minutes at 37°C.Then added 500 µl of 10% 

SDS (Sodium dodecyl sulphate) and 250 µl of 1N HCl mix it gently and read 

absorbance at 410nm. 

3.3.3. Fourier Transform Infrared (FTIR) Spectroscopy 

 For the confirmation of the modification of polymer, FTIR spectra of 

modified PEI along with untreated PEI were performed in Thermo-Nicolet 5700, 

FTIR spectrophotometer.  

3.3.4. Nuclear Magnetic Resonance (NMR) Spectroscopy 

 Confirmation of modification on the PEI derivatives along with parental 

compound PEI, based on the presence of protons in the sample measured in D2O 

using a 500MHz spectrometer (Bruker AV500). 
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3.4. Buffering Capacity 

 Polyethyleneimine and derivatives namely PEIS, PEILS and PEIL was 

dissolved in normal saline to obtain a solution of 100g/ml. The pH of the solutions 

were adjusted to 10 using 0.01 N NaOH and titrated against 0.01 N HCl and the pH 

were noted on each addition of a volume of 50 µl of acid. A graph was plotted with 

pH against the volume of HCl and from the slope the buffering capacity could be 

assessed.  

3.5. Particle size and zeta potential of nanoplexes 

 Nanoplexes were prepared by mixing an aqueous solution of PEI or PEI 

derivatives namely PEIS, PEILS and PEIL, with that of calf thymus DNA (calf 

thymus DNA(ctDNA)). For developing nanoplexes different weight ratios from 1 to 

4 of the polymer and DNA was maintained. For complex formation, 10µl DNA was 

taken and made up to 100µl with distilled water. Polymer at required concentration 

was added to DNA, vortexed for 60 s and incubated for 20 minutes Particle size was 

determined based on dynamic light scattering and the zeta potential was measured in 

folded capillary cells using Nanosizer (Malvern instruments Ltd., UK) at a 

temperature of 25°C. 

 3.6. Agarose Gel Electrophoresis 

 Basic principle of this assay is that, DNA-polymer complexes occupy near to 

wells in tightly bounded form and free DNA shows bands based on their size. This 

assay is carried out to analyse the condensation ability of polymer to retard the 

bound DNA 

3.6.1 Gel Retardation Assay 

 The nanoplexes of PEIS, PEILS and PEIL were subjected to agarose gel 

electrophoresis at ratios 1:0.5 to 1:4. The stability of the complexes in presence of 
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blood proteins is also important as these nanoplexes get exposed to blood in vivo. 

Hence the stability of the stable nanoplexes (DNA: polymer ratios 1:0.5 to 1:4) was 

checked by gel retardation assay after incubating with 20l of plasma for 30 

minutes. The nanoplexes were loaded onto 1% agarose gel stained with 2l of 

10gml
-1

ethidium bromide and separated by electrophoresis for 30minutes at 100V 

in 1X TAE buffer in a Bio-Rad electrophoresis system (Bio-Rad Laboratories CA, 

USA). The gel was the photographed and DNA bands were visualized using 

Luminescent image analyser (Fuji, LAS 4000). 

3.6.2. DNase stability assay 

 Stability of polycation PEI derivatives with negatively charged DNA was 

studied by using DNase stability assay. Different ratios of nanoplex treated with 

DNase solution which contains 0.1M sodium acetate and 5mM magnesium sulphate 

at pH 7.4. Incubation was carried out for 15 min at 37°C and the activity of the 

enzyme was stopped with termination buffer containing 0.5 M EDTA, 2 M NaOH 

and 0.5 M NaCl. The nanoplexes were loaded onto 1% agarose gel stained with 2l 

of 10gml
-1

ethidium bromide Electrophoresis was carried out for 30 minute at 120V 

in 1X TAE buffer. The stability was studied by using heparin ,5 μL at a 

concentration of 1000 U/mL for 30 min. Negatively charged heparin binds to 

polycation PEI to release DNA from the complex. The displaced DNA was viewed 

in 1 % agarose gel after its run in the electrophoresis system. 

3.7. Polyacrylamide gel electrophoresis (PAGE) 

 Interaction of derivatives of PEI with plasma protein was studied by using 

native gel electrophoresis. For this study, plasma was separated by the centrifugation 

of anticoagulated fresh blood at 2500 rpm for 15minutes. 20 l of plasma samples 
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were incubated with 50 and 100 g of each polymer for 30minutes and then 

centrifuged at 8000rpm for 10minutes. From the supernatant, 12l mixed with 

sample buffer and loaded onto 4% stacking gel and the run was carried out in 7% 

resolving gel and of PAGE system at 120mv and 25mA for 30 minutes in a Mini-

PROTEAN II electrophoresis system (Bio-Rad Laboratories CA, USA). Plasma 

incubated with normal saline and PEI was taken as negative and positive control 

respectively. The gel was stained with Coomassie brilliant blue and visualized using 

Luminescent image analyser (Fuji, LAS 4000). 

3.8. Cell-Culture studies 

 Cell culture studies were performed on C6 cells, an adherent glial tumour 

cell line derived from rat. Cells were cultured in DMEM Nutrient Mixture F-

12Ham: MEM (1:1) medium supplemented with 10% at 37°C in 5% CO2.                                              

3.8.1. Cytotoxicity-MTT Assay 

 Evaluation of  cell viability on cells against PEI derivatives was determined 

by 3-[4,5-dimethylthiazol-2-yl]diphenyl tetrazolium bromide (MTT) assay.Before 

the assay,C6 cells were seeded on the 96 well plate with DMEM/ F12-Ham: MEM 

(1:1) medium with 10% FBS and incubated for at 37ºC, 5% CO₂  for 24 hours. 

Different ratios of PEI derivatives treated with C6 cells and incubated for 24 hours 

and another set of samples treated in constant amount of calf thymus DNA(ctDNA) 

to form nanoplex and it treated with C6 cells and incubated for 24 hours. After 

incubation, sample were removed and MTT reagent (0.5mg/ml) to each well and  

again incubated for 2½ hours then the reagent was removed  and dimethyl sulfoxide 

(DMSO)  added to dissolve the MTT formazan crystals. Incubated for 20 minutes 

and results were obtained in %cell viability relative to untreated cells as control and 
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absorbance taken at 595nm.The DMEM/ F12-Ham: MEM (1:1) medium with 10% 

FBS used as negative control and triton-x used as positive control. 

3.8.2. Cellular uptake studies 

3.8.2.1. Plasmid Trafficking Studies 

 C6 cells were seeded in four well plate and incubated for 24 hours. DNA 

were tagged with YOYO -1 dye and incubated for 1 hour. Nanoplex of labelled 

DNA were formed with PEIS, PEILS and PEIL at the optimum ratios as obtained by 

DLS. The nanoplexes were then added to the cells and were incubated at 37 °C in 

DMEM/ F12-Ham: MEM (1:1) medium with 10% FBS it for two and half hours. 

Later Hoechst dye was added to each well and incubated for30 minutes. After 

incubation, cells were washed with phosphate buffered saline to remove unbounded-

free particles. Cells were then fixed with 4% formaldehyde for 20 minutes and then 

washed with PBS twice. Evaluation of uptake was done with confocal microscopy 

and by flow cytometry (BD FACS ARIA II) analysis. 

3.8.2.2. Polymer Trafficking Studies 

C6 cells were seeded in four well plate and incubated for 24 hours. Polymers 

PEIS, PEILS and PEIL were tagged using an amino reactive labelling reagent, 

Rhodamine-NHS ester prepared in DMSO. Rhodamine was tagged with polymer by 

the addition of 20 µl of the dye to a polymer solution of 2mg/ml. Incubate it for one 

hour and dialysised for 24 hours. For the polymer trafficking studies, nanoplexes 

were prepared with both tagged PEI derivatives and YOYO tagged DNA at different 

ratios. The cells were incubated with the fluorescent nanoplexes for 2h and thirty 

minutes at 37°C in CO2 incubator. Later, nuclear staining was performed by adding 

Hoechst dye and incubation for30 minutes in CO2 incubator.  After incubation, cells 
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were washed with phosphate buffered saline to remove unbounded-free particles. 

Cells were then fixed with 4% formaldehyde for 20 minutes and then washed with 

PBS twice. Evaluation of uptake was done with confocal microscopy. 

3.8.3. Gene transfection efficiency - Live-Dead assay 

The p53 gene transfection efficiency was evaluated in C6 cell lines. C6 cells 

were seeded at a concentration of 1×10
4
 cells per well into 24 well plates and 

allowed to adhere overnight with 5% CO2 at 37ºC. The polymers PEIS, PEILS and 

PEIL and p53 plasmid was used to form nanoplexes at two different ratios. Cells 

were then incubated with nanoplexes at optimised ratio for 5hours. Control group 

did not receive any treatment. After 5 hour incubation period, medium containing 

nanoplexes was replaced with fresh medium and cells were then incubated until the 

completion of 24 hours from the time of addition of the nanoplexes. After incubation 

cells were washed twice with PBS pH 7.4 and the staining was performed according 

to Live Dead Kit protocol. For assay, cells were incubated with 200l of PBS 

containing 2M Calcein AM and 4M EthD-1 for 20minutes at room temperature. 

Then the cells were washed with PBS pH 7.4 and cells were visualized and 

photographed in confocal microscopy and by flow cytometry analysis (BD FACS 

ARIA II) percentage cell death were determined. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1. SYNTHESIS OF PEI DERIVATIVES 

 Synthesis of PEIS, PEILS and PEIL were performed by conjugation reaction 

as mentioned in chapter 2. PEIS was obtained by reaction of PEI with Succinic 

anhydride, PEILS was obtained by reaction with 2-Dodecan-1-succinic anhydride 

and PEIL was obtained by reaction with lauric acid. The succinate derivatives were 

highly hydrophilic. In the case pf PEIL the derivatives were too hydrophobic with 

increasing feed ratio of lauric acid to PEI. Hence only one derivative was obtained 

successfully. After the synthesis, derivatives were purified by dialysis with cellulose 

membrane (3,500 MWCO).The obtained derivatives were characterised with 

different physiochemical characterisations such as copper sulphate assay, TNBS 

assay, FTIR and ¹H NMR.  

4.2. PHYSIOCHEMICAL CHARACTERISATION 

4.2.1 COPPER SULPHATE ASSAY 

  PEI forms a blue cupraammonium complex upon addition of copper (II) ions 

owing to its primary, secondary, tertiary amine groups and is used for its 

quantitative estimation. Quantitative assessment of remaining amine group after 

conjugation with succinate, lauryl succinate and laurate were analysed by reaction of 

the derivatives with copper sulphate solution and native PEI was used as the 

reference. Percentage of remaining free amino groups is quantified and is as given in 

Table 1. 
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Table 1: Percentage of remaining free amine groups in PEI and its derivatives 

analysed by copper sulphate assay 

 

PEI DERIVATIVES   Percentage of free amine groups  

PEI SUCCINATE 

PEIS(1:0.50) 78.48±0.015256 

PEIS(1:1) 52.80±0.014297 

PEIS(1:1.25) 52.64±0.00363 

PEIS(1:0.75) 66.32±0.011024 

PEIS(1:0.60) 80.74±0.008929 

PEIS(1:0.70) 65.96±0.003658 

PEIS(1:0.55) 73.11±0.003685 

 

PEI LAURYL 

SUCCINATE 

PEILS(1:0.40) 93.19±0.018778 

PEILS(1:0.50) 48.39±0.020935 

PEILS(1:0.75) 42.13±0.006048 

PEI LAURATE PEIL(1:0.50) 47.93±0.007448 

4.2.2. 2,4,6-TRINITROBENZENE  SULFONIC  ACID (TNBS) ASSAY 

  Presence of free primary amine acids in PEI derivatives was 

quantitatively analysed by reaction with 2,4,6-trinitrobenzene  sulfonic  acid and 

comparing with the amount in the native PEI. As shown in table 2, percentage of 

remaining free amino groups is quantified. The free amine content was lower for 

higher degree of derivatisation. 

Table 2: Percentage of remaining free amine groups in PEI and its derivatives 

by TNBS Assay  

PEI DERIVATIVES  OF  Percentage of free amine groups 

PEI SUCCINATE 

PEIS(1:0.50) 30.55±0.057452 

PEIS(1:1) 23.66±0.433103 

PEIS(1:1.25) 23.24±0.203293 

PEIS(1:0.75) 25.56±0.07955 

PEIS(1:0.60) 10.91±0.499394 

PEIS(1:0.70) 10.33±1.038563 

PEIS(1:0.55) 74.62±0.044194 

PEI LAURYL 

SUCCINATE 

PEILS(1:0.40) 89.44±0.110485 

PEILS(1:0.50) 66.27±0.662913 

PEILS(1:0.75) 68.28±0.689429 

PEI LAURATE PEIL(1:0.50) 44.70±0.856047 
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4.2.3. FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY  

  FTIR spectra data confirms the conjugation of various molecules to 

PEI. In parental compound PEI, the spectra (Figure 5A) shows characteristic N-H 

stretching at 3275.1 cm
-1

, band corresponding to bending vibrations of –NH2 at 

1591.6 cm
-1

. The spectra of the derivatives show several changes. Most noted 

change is the presence of peak corresponding to amide I group, which originates 

from the carbonyl stretching. PEIS shows additional peaks at 1636 cm
-1

 that 

corresponds to amide I, PEIL at 1644 cm
-1

 and PEILS at 1635cm
-1

 (Figure 5B,C and 

D). 

 

Figure 5A: IR Spectra of PEI  

A 
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Figure 5B, 5C and 5D: IR Spectra of PEI derivatives (B) Polyethyleneimine 

succinate (PEIS);   (C) Polyethyleneimine lauryl succinate (PEILS); (D) 

Polyethyleneimine laurate. 
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4.2.4 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY 

 Modification of PEI derivatives was confirmed by nuclear magnetic 

resonance spectroscopy.
1
H NMR of PEI derivatives was analysed with PEI alone as 

a reference (Figure 6A). The spectra of the derivatives are as shown in Figure 6 B to 

5D. The signals at the 2.536 ppm to 2.604 ppm correspond to the characteristic 

protons of PEI. The signal at 3.242 ppm corresponds to methine group originated 

from succinyl modification in PEIS. The NMR spectra of PEILS reveal the 

modification with lauryl succinate. The signals at 3.263 and 1.849 correspond to 

methyl and methylene groups from lauryl group and succinyl group. In PEIL also 

similar observation was noted. The signals at 3.36 to 3.19, and also the signals at 

1.149 correspond to methyl and methylene groups from lauryl group.  

 

Figure 6A: 
1
H NMR Spectroscopy of Native PEI (A) 

A 
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Figure 6B and 6C: 
1
H NMR Spectroscopy of PEI derivatives (B) 

Polyethyleneimine succinate (PEIS) and (C) Polyethyleneimine lauryl succinate 

(PEILS); 

B 

C 
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Figure 6D: 
1
H NMR Spectroscopy of PEI derivative (D) Polyethyleneimine 

laurate (PEIL). 

 

4.3. BUFFERING CAPACITY 

  Impact of PEI to induce endosomal escape in cells is determined with 

buffering capacity. Derivatives of PEI namely PEIS, PEILS, PEIL also is showing 

adequate buffering capacity in the range of pH 8 to 4. Buffering capacity of PEI 

conjugates was compared to parental compound PEI and saline as a control. While 

PEI required around 5200 l to reach pH 3, PEIS consumed 4500 µl of 0.01 N HCl 

and that PEILS and PEIL required 3400 µl 2950 µl respectively (Figure 7). Parental 

compound PEI required more protons to reach pH 3 which indicates it had strong 

buffering capacity compare to conjugates may be because of decreased amounts of 

protonated amino groups as expected. Among the PEIS derivatives PEIS (1:0.5) and 

PEILS (1:0.55) demonstrate better buffering capacity.  

D 
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Figure 7: Buffering capacity (A) Polyethyleneimine succinate (PEIS); (B) 

Polyethyleneimine lauryl succinate (PEILS); (C) Polyethyleneimine laurate. 

 

 Where as in the case of PEILS though lesser than PEIS it also showed good 

buffering capacity. Among these PEILS (1:0.4) and PEILS (1:0.5) showed equally 
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good buffering capacity. In the case of PEIL the buffering capacity was relatively 

lesser. Data comparing the buffering capacity of the selected PEI derivatives is 

provided in figure 8. 

 

 

Figure 8: Buffering capacity of native PEI along with the selected polymers of 

PEIS, PEILS and PEIL. 

 

4.4 PARTICLE SIZE AND ZETA POTENTIAL 

  Ability of condensation of DNA with PEI derivatives was evaluated 

by particle size and zeta potential. For the analysis of particle size and zeta potential, 

nanoplex were formed in different concentration of PEI conjugates (1:1 to4:1) was 

kept in constant amount of calf thymus DNA (ctDNA). Smaller particle size and 

positive charge for zeta potential which help the conjugate to interact with 

negatively charged cell membrane.  
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Figure 9: Particle size (d.nm) and zeta potential (mV) of nanoplexes prepared 

with the PEIS derivatives and calf thymus DNA(ctDNA) at ratios 1:1 to 4:1. 

(A)Particle size and (B) Zeta potential, n=3 

 

PEIS is the conjugate of PEI with succinate shows 154.2±1.250 nm size with 

polydispersity of 0.244±0.008 and zeta potential was 9.15±0.443 mV (Figure 9). 
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Size of PEILS was 134.6±5.839 nm with polydispersity of 0.239±0.018 and zeta 

potential was 32.7±0.693 mV (Figure 10).  

 

Figure 10: Particle size (d.nm) and zeta potential (mV) of nanoplexes prepared 

with the PEILS derivatives and calf thymus DNA(ctDNA) at ratios 1:1 to 4:1. 

(A) Particle size and (B) Zeta potential, n=3 

 

PEIL shows size of 216.0±2.875 with polydispersity 0.164±0.051 and zeta potential 

was 46.6±1.20 mV (Figure 11). Ratios of 3:1 and 4:1 shows decreased particle size 

with increased zeta potential compare to other ratio, so it consider for further 
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studies. The particle size of polyplexes derived from the PEI derivatives is higher 

than that of PEI alone which was 59.1±1.45 nm at 3:1 ratio. The zeta potential 

maximum attained was 39.7 ±201 mV. 

 

Figure 11: Particle size (d.nm) and zeta potential (mV) of nanoplexes prepared 

with the PEIL and calf thymus DNA(ctDNA) at ratios 1:1 to 4:1. (A)Particle 

size and (B) Zeta potential, n=3. 

 

Of these PEIS and PEIL derivatives for further studies PEIS (1:0.55) and PEILS 

(1:0.5) was chosen. These derivatives were chosen based on the amount of free 

primary mine groups available, buffering capacity particle size data and zeta 
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potential. In the case of PEIL only one derivative was prepared successfully which 

was used for all the studies. From now on PEIS refers to PEIS (1:0.55) and PEILS 

refers to PEILS (1:0.5) 

4.5.1 AGAROSE GEL ELECTROPHORESIS 

 Condensation capability PEI derivatives and calf thymus DNA(ctDNA) was 

determined by agarose gel electrophoresis. Separation of charged biomolecules in a 

uniform electric field on agarose gel matrix is the method of agarose gel 

electrophoresis. Different ratios of PEI conjugates mixed with constant amount of 

calf thymus DNA(ctDNA) were used for this study. It results that PEI 

derivative/DNA complex retained in wells, because of positively charged PEI 

conjugate tightly bounded with negatively charged calf thymus DNA(ctDNA) which 

confirm the strong interaction of PEI conjugates on the calf thymus DNA(ctDNA). 

DNA alone was loaded in the first well which shows a smear in the first lane (Figure 

12). 

              

Figure 12: Interaction of calf thymus DNA(ctDNA) with PEI derivatives 

evaluated by Gel retardation assay (1)ct DNA;(2) PEI succinate (1:0.50) 3:1 

ratio ;(3) PEI succinate (1:0.50) 4:1 ratio ;(4) PEI succinate (1:0.55) 3:1 ratio 

;(5) PEI succinate (1:0.55) 4:1 ratio ;(6) PEI Lauryl succinate (1:0.50) 3:1 ;(7) 

PEI Lauryl succinate (1:0.50) 4:1 ;(8)PEI laurate (1:0.50) 3:1 ratio;(9)PEI 

laurate (1:0.50) 4:1 ratio;(10) PEI  
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 Polyplex stability in presence of plasma was also evaluated using agarose gel 

electrophoresis. Different ratios of PEI conjugates mixed with 20l of plasma were 

used for the study. The electrophoretic pattern shows that the DNA were tightly 

bounded with PEI conjugates and is not released even in presence of plasma as seen 

in the lane 3 to 11 of figure 13. 

           

 Figure 13: Stability  of  PEI derivatives with plasma protein evaluated by 

Plasma protein  Gel retardation assay (1)ct DNA;(2) ct DNA with plasma 

protein (3)PEI succinate (1:0.50) 3:1 ratio ;(4) PEI succinate (1:0.50) 4:1 ratio 

;(5) PEI succinate (1:0.55) 3:1 ratio ;(6) PEI succinate (1:0.55) 4:1 ratio ;(7) PEI 

Lauryl succinate (1:0.50) 3:1 ;(8) PEI Lauryl succinate (1:0.50) 4:1 ;(9)PEI 

laurate (1:0.50) 3:1 ratio;(10)PEI laurate (1:0.50) 4:1 ratio;(11) PEI  

4.5.2 DNase STABILITY ASSAY 

  The ability of these PEI conjugates to protect the loaded DNA from 

endonucleases was also evaluated. The nanoplexes prepared with PEI conjugates 

and calf thymus DNA(ctDNA) was treated with DNase enzyme and with this AGE 

was done.  Figure 14 indicate the presence of DNA in wells which shows that the 

DNA is not degraded by the enzyme. .Figure 15 indicates treatment with heparin. 

Heparin is high negatively charged anion which replace DNA present in nanoplex 

by forming complex with PEI, so DNA released from the nanoplex complex and it 

form smear on the gel matrix. Line 1 and 2 contain DNA alone which form smear on 
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the matrix and Line 3 was DNA with DNase which degraded during electrophoresis. 

It represents that, capability of PEI derivatives form complex with Phosphate group 

of DNA by electrostatic interaction. 

            

Figure 14 : Stability  of  PEI derivatives with calf thymus DNA(ctDNA)  

evaluated by DNA Stability assay (1)ct DNA;(2) ct DNA with DNase (3)PEI 

succinate (1:0.50) 3:1 ratio ;(4) PEI succinate (1:0.50) 4:1 ratio ;(5) PEI 

succinate (1:0.55) 3:1 ratio ;(6) PEI succinate (1:0.55) 4:1 ratio ;(7) PEI Lauryl 

succinate (1:0.50) 3:1 ;(8) PEI Lauryl succinate (1:0.50) 4:1 ;(9)PEI laurate 

(1:0.50) 3:1 ratio;(10)PEI laurate (1:0.50) 4:1 ratio;(11) PEI  

            
Figure 15: Stability  of  PEI derivatives with calf thymus DNA(ctDNA) 

evaluated by DNase stability assay (1,2)ct DNA;(3) ct DNA with DNase (4)PEI 

succinate (1:0.50) 3:1 ratio ;(5) PEI succinate (1:0.50) 4:1 ratio ;(6) PEI 

succinate (1:0.55) 3:1 ratio ;(7) PEI succinate (1:0.55) 4:1 ratio ;(8) PEI Lauryl 

succinate (1:0.50) 3:1 ;(9) PEI Lauryl succinate (1:0.50) 4:1 ;(10)PEI laurate 

(1:0.50) 3:1 ratio;(11)PEI laurate (1:0.50) 4:1 ratio;(12) PEI alone 

  

4.6 POLYACRYLAMIDE AGAROSE GEL ELECTROPHORESIS 

 Interaction of PEI derivatives with plasma protein present in the human 

blood was investigated with Polyacrylamide gel electrophoresis (PAGE). PEI 

derivatives were treated with plasma and the resulting supernatant after the 
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centrifugation was subjected to PAGE. Samples were allowed to run in 4% stacking 

gel and 7% resolving gel. From the figure 16 it is seen that in lanes corresponding to 

PEI treated polymers some of the protein bands have low intensity. Low intensity of 

protein bands indicates that, negatively charged plasma protein was tightly bound 

with positively charged PEI. In the case of derivatives, the protein adsorption was 

lesser than PEI which indicates that derivatisation can minimise non-specific 

interactions to an extent.  

 

Figure 16: Plasma protein interaction with PEI derivatives is evaluated with 

Polyacrylamide agarose gel electrophoresis. Lane (1,5) Plasma protein; Lane 

(2,6) PEI treated plasma protein ;(3) PEI lauryl succinate(PEILS) 50µg (4) PEI 

lauryl succinate (PEILS) 50µg ;(7) PEI laurate (PEIL) 50µg;(8)PEI laurate 

(PEIL) 100µg .  

4.7. CELL CULTURE STUDIES 

4.7.1. CYTOTOXICITY- MTT ASSAY 

 MTT assay was used to determine cytotoxicity of PEI derivatives in C6 cells. 

Selected ratios of PEI derivatives such as PEIS, PEILS and PEIL were chosen and 

incubated with specified amount in C6 cells for 24 hrs. After incubation, the 

medium containing polymers were removed and cells were treated with MTT 

reagent. Insoluble formazan crystals formed were solubilized with DMSO and 
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absorbance was recorded at 595nm. Cell viability of PEI derivative/DNA nanoplex 

was also determined in C6 cells. Nanoplex was formed with selected ratios of PEI 

and its derivatives such as PEIS, PEILS and PEIL by complexing with calf thymus 

DNA(ctDNA).    As shown in figure 16 PEIS was found to have above 80% cell 

viability and is higher than for other two derivatives such as PEILS and PEIL, which 

indicates that PEIS was less toxic.  

 

Figure 17: Cytotoxicity of C6 cells after incubation with varying amounts (200 

l of 62.5 to 250 g/ml) of PEI and its derivatives in comparison with PEI. 

Cytotoxicity was evaluated by the MTT assay and expressed as percentage cell 

viability, n=3. 

 

Cell viability of nanoplexes of PEI derivative/DNA (figure 18) shows significant 

increase of cell viability when compared with cell viability of polymeric 

counterparts. Among these nanoplexes PEIS and PEILS showed significant increase 

of cell viability that treated with the polymers. Toxicity of PEI derivatives were of 

the order PEIL > PEILS> PEIS.  

 



56 

 

 

Figure 18: Cytotoxicity of C6 cells after incubation with nanoplexes formulated 

with PEI and its derivatives with calf thymus DNA (ctDNA) at 3:1 and 4:1 

ratios. Cytotoxicity was evaluated by the MTT assay and expressed as 

percentage  cell viability (a) control; (b)PEI succinate;(c)PEI lauryl succinate; 

(d)PEI laurate; (e)PEI 

 

4.7.2 CELLULAR UPTAKE 

4.7.2.1 PLASMID TRAFFICKING STUDIES 

  An ideal gene delivery vector has the capability to successfully 

transfer therapeutic gene into the host cell nucleus and induce prolonged transgene 

expression. Here, cellular uptake of nanoplexes was demonstrated in C6 cells. 

Initially, the cells were treated with YOYO tagged DNA containing nanoplexes and 

observed under confocal microscope. The selected nanoplex ratio (4:1) of all three 

PEI derivatives such as PEIS, PEILS and PEIL were chosen and incubated with C6 

cells for three hours, where native PEI (10kDa) nanoplex were chosen as control. As 

shown in figure 19, PEI treated control cells, the green fluorescence of YOYO 

tagged DNA was mainly found inside the nucleus with very less fluorescence seen 

in the cytoplasm. In the case of PEI derivatives, PEILS and PEIL showed more 

prominent blue fluorescence inside the nucleus as compared with PEIS, indicating 
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successful uptake of DNA in these nanoplex treated cells. In the case of PEIS 

nanoplex, the cells were found to be ruptured whereas cells were intact and 

maintaining its normal shape in the case of PEIL and PEILS nanoplex treated cells. 

This shows that modification of PEI with lauryl succinate and laurate is 

advantageous as it carried out successful cellular uptake of DNA with minimal 

toxicity.  
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Figure 19: Cellular uptake of nanoplexes formulated from PEI derivatives and 

YOYO tagged DNA at 4:1 ratio in C6 cells. Cells were examined by confocal 

microscopy to visualise the cellular uptake of the naoplexes in C6 cells (a) PEI 

(b) PEIS (c) PEILS and (d) PEIL 

 

The above confocal results were supported by the quantification of cellular uptake 

by these polymers using flowcytometry analysis, where both PEILS and PEIL shows 

> 90% uptake where as PEIS  shows 77.9%  cellular uptake (figure 20). This result 

shows that both PEILS and PEIL are good gene delivery vectors. 
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Figure 20: Cellular uptake of nanoplexes formulated from PEI derivatives and 

YOYO tagged DNA at 4:1 ratio in C6 cells. Percentage of cellular uptake of the 

naoplexes in C6 cells were examined by flowcytometry (a ) PEI (b) PEIS (c) 

PEILS and (d) PEIL 

 

 4.7.2.2. POLYMER TRAFFICKING STUDIES 

 Intracellular distributions of nanoplexes are demonstrated in figure 21, where 

the polymers PEI, PEIS, PEILS and PEIL are conjugated with rhodamine-NHS-ester 

and complexed with YOYO tagged DNA. The resultant nanoplexes were exposed to 

C6 cells for 3 hrs and the intracellular distribution of these polymers were 

determined using confocal microscopy. In the case of PEILS nanoplex, the red 

fluorescence related to the polymer was seen to be confined around the cytoplasm 

with no traces of fluorescence observed in the nucleus.  
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Figure 21: Intracellular trafficking of PEI derivatives in C6 cells. Cells were 

incubated with PEI derivatives tagged with rhodamine, complexed with YOYO 

tagged DNA. Cells were examined by Confocal microscopy (A) native 

PEI;(B)PEI conjugated with succinate –PEIS; (C)PEI conjugated with Lauryl 

succinate-PEILS;(D)PEI conjugated with Laurate-PEIL 

 

This shows that the polymer is distributed in the cytoplasm only and not entered the 

nucleus. DNA alone is seen in the nucleus.  Similar observations were found in the 

case of PEIL, but some traces of red fluorescence still observed inside the nucleus, 

suggested that the unpacking of this polymer was not prominent.  However, 

compared with PEILS and PEIL nanoplex, the polymer unpacking was seen to be 

minimal in the case of PEIS, indicating the strong interaction of polymer with the 
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DNA.  This study indicate that following cellular internalization, the nanoplex 

undergo endosomal escape and release in to the cytoplasm, which further result in 

polymer unpacking and release of DNA.  Hence PEILS nanoplex, which shows 

successful unpacking and release of DNA into the nucleus, can be selected as a 

promising gene delivery vector.  

4.7.3. GENE TRANSFECTION STUDIES 

LIVE DEAD ASSAY 

  The therapeutic gene selected for this study is p53, where its 

expression leads to occurrence of apoptosis. The transfection efficiency of the 

polymer is in turn related to the extent of p53 expression. Live and dead assay was 

used to determine the transfection efficacy of the polymer where live cells were 

stained green and dead cells were stained red. The three PEI derivatives with 

selected polymer to DNA ratio, 4:1 were chosen for this study. The polymers were 

initially complexed with p53 plasmid and incubated for 24hrs with C6 cells. The 

fluorescence was measured using LDA kit. As shown in figure 22, the untreated 

control cells all appeared green, where as PEI/p53 nanoplex treated cells were all 

appeared red, indicating complete cell death.  In the case of PEILS/p53 complex, the 

cells were all stained red, indicating successful transfection of p53 gene into the cell 

by this polymer. This result is in agreement with previous observation (figure 19 and 

21), where the PEILS polymer showed successful cellular uptake, followed by 

unpacking of polymer and easy release of DNA into the nucleus. This whole process 

result in the enhancement in transgene expression of p53 gene in PEILS nanoplex 

treated cells.   
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Figure 22:Live Dead assay of C6 cells transfected with PEI derivatives /p53 

complexes. C6 cells were incubated with PEI complexed with p53 plasmid and 

cells were examined by confocal microscopy.(a)Untreated cells;(b)native 

PEI;(c)PEI conjugated with succinate –PEIS; (d)PEI conjugated with Lauryl 

succinate-PEILS;(e)PEI conjugated with Laurate-PEIL 

 

The modification of PEI with lauryl- succinate resulted in the simultaneous 

hydrophilic and hydrophobic modification. The lauryl groups provide an appropriate 
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hydrophobic interaction which in turn causes easy release of DNA and 

corresponding transgene expression. 

 

 

Figure 23: Live Dead assay of C6 cells transfected with PEI derivatives /p53 

nanoplexes. C6 cells were incubated with PEI complexed with p53 plasmid and 

percentage cell death was examined by flowcytometry. (A) Control –untreated 

cells (B)JEI PEI (commercial transfecting agent);(C)PEI  (D) PEI succinate 

(PEIS); (E)PEI lauryl succinate (PEILS);(F)PEI laurate (PEIL) . 

 

The flow cytometry analysis of PEILS/p53 complex also showed cellular death of 

97.7% (figure 23). In PEIL/p53 complex treated cells, though dead cells were 



64 

 

observed, the apoptotic process was seen to be less prominent as compared to 

PEILS. This can be related with the previous observation (figure 21), where the 

unpacking of polymer was not seen to be complete and the presence of polymer was 

seen inside the nucleus.  The flow cytometry analysis recorded was 96% cell death. 

On the other hand, the flow cytometry analysis of PEIS/p53 showed 54% cellular 

death and confocal image also showed less dead cells compared with PEILS and 

PEIL.  PEIS shows ruptured cells following cellular uptake, followed by inefficient 

unpacking of polymer and corresponding lack of transgene expression in C6 cells. 

Hence from all the above observation PEILS can be selected as a suitable vector for 

gene delivery applications.  

 

 

 

 

 

 



65 

 

CHAPTER 5 

SUMMARY AND CONCLUSION 

 Gene delivery is considered as one of the promising techniques to treat 

cancer with fewer side effects. One of the challenges faced in gene delivery is 

development of ideal vector to complete the task effectively and safely. Viruses 

were used as vectors that have ability for efficient gene transfer and for providing 

gene expression. Because of safety issues, viral vectors are replaced with non viral 

vectors such as polymers. Polyethyleneimine is a highly cationic polymer with 

excellent transfection efficiency. However, PEI owing to its high cationicity is non-

hemocompatible and highly toxic. Derivatisation of PEI with other molecules 

without compromising its transfection efficiency can reduce its toxicity to an extent.   

In this study, PEI conjugates such as PEI-succinate, PEI lauryl succinate and PEI 

laurate were developed and evaluated its efficacy a gene delivery vector. Here the 

molecules used for modification of PEI are hydrophilic, hydrophobic and 

hydrophilic/hydrophobic.  

 Physicochemical characterisation confirmed the conjugation of the succinyl, 

lauryl and succinyl lauryl groups to PEI.  From the NMR and FTIR spectra the 

conjugation was confirmed. The percentage of free amino groups available after 

conjugation was evaluated using TNBS and copper sulphate methods. From both the 

analysis the percentage of free amine groups was in the order PEIS >PEIL>PEILS.  

Suitability of a cationic polymer as a gene delivery vehicle is also assessed 

by its ability to form stable nanoplexes with appropriate size and zeta potential.  For 

all derivatives the optimum size and charge was observed at polymer to DNA ratios 
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of 3:1 and 4:1.  The particle size was in the order PEILS< PEIS<PEIL with PEILS 

having a size of 134.6±5.839 nm. The zeta potential was in the order 

PEIL>PEILS>PEIS with PEIS having a relatively lower zeta potential of 9.15±0.443 

mV and PEIL a very high zeta potential of 46.6±1.20 mV. PEILS had a zeta 

potential of 32.7±0.693 mV. The stability and integrity of PEI based nanoplexes 

were observed by agarose gel retardation studies. These studies proved the ability of 

the polymers to form tight and stable complexes with DNA. Studies by DNase 

treatment demonstrated that the PEI derivatives can protect genomic material from 

enzyme digestion. On heparin treatment, DNA released from complexes suggesting 

the ability of the nanoplexes to release the DNA once inside the cytoplasm. 

 Cell culture studies on PEI derivatives were done with C6 cell lines. 

Cytotoxicity of nanoplexes formed with PEI derivatives and DNA were studied 

using MTT assay.  The results shows that at lower ratios PEI derivatives shows 

more than 60% of cell viability and in case of nanoplex it shows more viability 

compared to cells treated with polymers.  

Internalisation of nanoplex in C6 cells was monitored using YOYO tagged 

DNA for complexing with the PEI derivatives which enabled its fluorescent 

microscopic observations. Intercellular trafficking of polymers is studied in C6 cells 

by using nanoplexes prepared using rhodamine labelled PEI derivative and YOYO 

tagged DNA. On uptake of dual fluorescent labelled nanoplex it was understood that 

polymer is remaining in cytoplasm and only DNA is reaching the nucleus. The gene 

transfer efficiency was evaluated by p53 expression in C6 cells. The quantitative 

assessment of gene expression was evaluated by flow cytometry. From the results 
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the transfection efficiency is of the order PEILS>PEIL>jetPEI>PEIS, where jetPEI 

is a commercial transfecting agent.  

From the results obtained it is thus observed that PEILS had better particle 

size, zeta potential, buffering capacity and transfection efficiency. The peculiarity of 

PEILS is that here PEI is both hydrophobically and hydrophilically modified. 

Compared to the other two derivatives PEILS possess good transfection efficiency 

and is much less toxic than PEI. Hence from this study, among the polymers 

investigated, it is concluded that PEILS is a better transfecting agent.  
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