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 In this study, a new method for estimation of polyplex formation and carrier system for siRNA 

delivery was developed. The dye adsorption method was developed for the estimation of cationic polymer 

i.e. polyethylenimine (PEI) and chitosan (CS) to nucleic acid ratio at which the polyplex was completely 

formed. The assay relied on the attraction of dichlorofluoresceinate dye to adsorb on self-assembling 

particles as induced by the positive surface charge of the polyplex as cationic polymer associated 

equivalently with nucleic acid. This phenomenon resulted in the appearance of pink colored pellets of the 

polyplex after centrifugation. By the other means, sodium hydroxide solution was added to free the adsorbed 

dye into the solution, producing green fluorescence solution under UV light (366 nm). This method was well 

applied to the polyplex formulations of polymers and plasmid DNA or siRNA and gave the results in 

agreement with those from gel retardation method and zeta potential analysis. The proposed method was a 

fast, facile, cost-effective and safely, suited for the investigation of the optimal polymer to nucleic acid ratio 

for gene delivery. The new cationic polymer system was also developed for delivering siRNA. For the 

development of carrier system for siRNA delivery, CS combined with PLA was formulated and evaluated its 

performance regarding the delivery of siRNA to HeLa cells expressing enhanced green fluorescent protein 

(EGFP). The combination of CS and PLA could reduce the amounts of the polymers required for the 

complete complexation with siRNA, as compared with the single polymer using. Thereby forming positively 

charged, nanosized CS/PLA/siRNA polyplex was formed at the weight ratio of 5/0.5/1. The gene silencing 

efficiency of CS/PLA/siRNA at the optimal weight ratio of 5/0.5/1 satisfactorily silenced the endogenous 

EGFP gene at pH 7.4 as well as at pH 6.4 without deterrent effect from serum. In contrast, the transfection 

efficiency of CS/siRNA and PLA/siRNA was very low at physiological pH (7.4). The combined polymers 

could protect siRNA from RNase degradation over a period of at least 6 hr. Furthermore, MTT assay 

demonstrated that CS/PLA/siRNA complexes showed acceptably low cytotoxicity with 75 % cell viability. 

The uptake mechanism study showed CS/PLA/siRNA internalized into cell via clathrin-mediated 

endocytosis, caveolae-mediated endocytosis and enhanced transfection efficiency by facilitating acidification 

of endosome-lysosome system. Therefore, CS combined with PLA is easy-to-prepare, safe and promising for 

use as an efficient siRNA delivery vehicle. 
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น้ี สามารถยบัย ั้งการแสดงออกของยนีโปรตีนเรืองแสงในเซลลไ์ดท่ี้พีเอช 7.4 และ 6.4 โดยซีรัมไม่มีผลต่อประสิทธิภาพในการน าส่ง 

ในทางตรงกนัขา้ม ประสิทธิภาพในการน าส่งเอสไออาร์เอน็เอของไคโตซาน หรือพอลิแอลอาร์จินีนนั้นมีค่าต ่าท่ีพีเอชของสภาวะใน

ร่างกาย (7.4) การใชพ้อลิเมอร์ร่วมกนัน้ียงัสามารถปกป้องเอสไออาร์เอน็เอจากการถูกท าลายดว้ยเอนไซมอ์าร์เอน็เอสเป็นเวลาอยา่งนอ้ย 6 

ชัว่โมง นอกจากน้ี จากการศึกษาความเป็นพิษต่อเซลล ์พบวา่ต ารับของไคโตซาน/พอลิแอลอาร์จินีน/เอสไออาร์เอน็เอนั้นมีความเป็นพิษต่อ

เซลลต์ ่า โดยมีค่าการรอดของเซลลเ์ท่ากบัร้อยละ 75 การศึกษากลไกการผา่นเขา้เซลลข์องต ารับไคโตซาน/พอลิแอลอาร์จินีน/เอสไออาร์

เอน็เอ พบวา่ ต ารับน้ีเขา้สู่เซลลโ์ดยใชแ้คลทริน, คาวีโอเล และสามารถเพ่ิมประสิทธิภาพในการน าส่งเอสไออาร์เอน็เอไดโ้ดยการเพ่ิมความ

เป็นกรดใหแ้ก่ระบบเอนโดโซม-ไลโซโซมอีกดว้ย ดงันั้น ต ารับท่ีพฒันาข้ึนโดยใชไ้คโตซานร่วมกบัพอลิแอลอาร์จินีนนบัเป็นระบบท่ีง่าย

ต่อการเตรียม มีความปลอดภยัส าหรับการน าส่งเอสไออาร์เอน็เอไดอ้ยา่งมีประสิทธิภาพ 
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CHAPTER 1 

INTRODUCTION 

1.1 Rational and problem statement 

Gene therapy is currently a promising approach to the treatment of inherited 

and acquired diseases caused by genetic deficiencies and abnormalities, such as 

cancer, acquired immune deficiency syndrome (AIDS), cardiovascular diseases, 

certain autoimmune disorders and infectious diseases. It is carried out by transferring 

genetic materials to target cells in order to compensate for defective genes or produce 

therapeutic proteins [1, 2].  

However, it is difficult for delivering the naked nucleic acids directly through 

plasma membrane due to their size and their physicochemical properties. Therefore 

the various gene delivery systems have been developed. Although viral system has 

high transfection efficiency, several limitations are associated with viral vectors, 

including carcinogenesis, immunogenicity, limited DNA packaging capacity and 

difficulty of vector production [3]. Non-viral gene therapy has been developed in 

order to improve these limitations. Over the years, a significant number of cationic 

polymers have been explored as carriers for in vitro and in vivo gene delivery. It has 

positively charged on the structure such as amine group, which able to mask the 

negative charge of nucleic acid (pDNA and siRNA) via electrostatic interaction and 

condense to small structure [4]. In addition, cationic polymer able to protect DNA or 

siRNA from nuclease degradation and facilitating the endocytosis and endolysosomal 

escape [5, 6]. 

In the study of gene delivery, the properties of complexes such as size and 

charge are characterized before in vitro study. It has been revealed that the optimal 

cationic polymer to nucleic acid ratio has a significant correlation to the complete 

formation and suitable properties of complexes which are resulting in transfection 

efficiency [5, 7] since too low amounts of polymers cannot efficiently compact 

nucleic acid and neutralize the negative charge whereas a significant excess of
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polymer turns out to be cytotoxic [8]. Accordingly, the investigation of polymer to 

nucleic acid ratio in terms of weight ratio or molar ratio of polymer nitrogen atoms to 

nucleic acid phosphate (N/P ratio) that brings about the complete complex formation 

is usually a prerequisite step prior to in vitro and in vivo transfection experiments. For 

this purpose, a range of techniques have been used to monitor the self-assembly 

process e.g. light scattering, the inhibition of ethidium bromide fluorescence, zeta 

potential measurement [9] and the most commonly used gel retardation assay which is 

based on the loss of electrophoretic mobility of nucleic acid when it binds a critical 

amount of cationic polymers [10, 11]. Nevertheless, some methods need costly 

specialized instruments such as zeta sizer. Furthermore, a potent carcinogenic 

ethidium bromide [12, 13] is commonly employed in gel retardation. Despite the 

current availability of less mutagenic alternatives for nucleic acid stains, most of them 

are significantly expensive. 

In the analytical chemistry, dichlorofluorescein (DCF) has been used as an 

adsorption indicator in Fajan’s precipitate-forming titration of chloride using silver 

nitrate as a titrant [14, 15]. In water, weakly acidic DCF dissociates to green 

dichlorofluoresceinate anions. Once the titration reaches the equivalence point and the 

excess of silver ion titrant adsorbs on silver chloride surface imparting a positive 

charge, anionic DCF ions are attracted to the particles as the counter ions, and 

undergo the color change to pink upon adsorption, representing the endpoint. In 

analogue to this phenomenon, nucleic acid which is anionic like chloride ion is 

titrated with various amounts of cationic polymer.  When a critical amount of polymer 

is added to completely form the complex particles with nucleic acids and totally 

masks the negative charge, the surface charge of the complexes becomes positive and 

DFC anions are attracted to adsorb on the particles as counterions. [16-18]. 

Based on the aforementioned rationale, the first part of thesis is the 

development of a new determination technique by using DCF for the estimation of 

polymer to nucleic acid ratio at which the complete polyplexes was formed. In this 

study, polyethyleneimine (PEI) which is one of the most effective and widely 

accepted cationic polymer for gene delivery is used as the represented synthetic 

polymer and chitosan (CS) is chosen as the natural polymer.  The effect parameters 
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include the size and amount of plasmid DNA, the molecular weight of PEI and the 

minimum concentration of DCF required for the assay are studied. In addition, the 

applicability of the method to the formulation of PEI/siRNA polyplex is investigated 

and demonstrated.  

The second proposed of thesis is to improve the siRNA transfection efficiency 

using chitosan combined with poly-L-arginine (PLA). Since RNA interference 

(RNAi) represents a promising new approach towards the inhibition of gene 

expression of specific genes in targeted cell as the potential means for the treatment of 

diseases. However, the delivery of naked siRNA to the desired targets is usually 

limited by rapid degradation by nucleases and poor cellular uptake, leading to the low 

transfection efficiency [19, 20]. Currently, cationic polymers such as PEI and 

poly(amidoamine) (PAMAM) have been reported for siRNA delivery [21-23]. 

Although these polymers bind efficiently to nucleic acid, their highly positive charge 

may interact with negatively charged serum proteins and tissue components in vivo, 

therefore hindering the effective transfection. Moreover, the excessive positive charge 

may be toxic to cells.  

Chitosan (CS) is a biodegradable and biocompatible natural polymers 

consisting of repeating units of D-glucosamine and N-acetyl-D-glucosamine. It is a 

weak base and is soluble only in acidic solution where the pH is lower than pKa (≈ 

6.5). Once the amino groups are protonated, CS binds and condenses negatively 

charged siRNA into smaller particles, enabling this polymer for use as gene delivery 

vehicle [24]. To date chitosan and its derivatives have been used to formulate with 

siRNA where it has been shown that the optimal complex formation greatly depended 

on the weight ratio of CS/siRNA. Nevertheless, low complex stability and 

transfection efficiency are usually obtained at physiological pH when native chitosan 

was employed [25-27]. Besides natural polymers, synthetic cationic polypeptides such 

as poly-L-lysine (PLL) [28-30] as well as PLA have also been used as gene carriers. 

Since PLA alone is known to be cytotoxic via its highly positive charge. In addition, 

PLA damage the mitochondria which lead to disturbance of cell metabolism and cell 

death [31]. Therefore, attempts were made to resolve this drawback e.g. by mixing 



4 
 

 
 

PLA with hyaluronic acid [32] or chemically conjugating it with CS [33] prior to use 

for siRNA delivery. The physical mixture of PLA and CS was previously reported to 

have the higher transfection efficiency and lower cytotoxicity than the polypeptide 

itself for use to deliver plasmid DNA (pDNA) [34]. Despite siRNA and pDNA share 

some common properties i.e. they are both double-stranded nucleic acids with anionic 

backbones to interact with cationic agents, but these two molecules possess distinct 

characteristics. By these reasons, the delivery strategies should be developed to suit 

each case individually. However, until now there have not been any reports about the 

use of easy-to-prepare CS combined with PLA formulations for siRNA delivery.  

Therefore, in this experiment, the mixtures consisting of different ratios of 

these two polymers were therefore formulated and evaluated for their performance to 

form the complexes with siRNA. In addition to the characterization of the size and 

surface charge, the resulting complexes were tested for in vitro transfection efficiency 

with HeLa cells expressing stable and constitutive enhanced green fluorescent protein 

(EGFP) at the different pH and in the presence of serum. Furthermore, their RNase 

protection ability and cytotoxicity were investigated.  

Since the investigation of cellular uptake pathway of complex is important to 

be taken into account when optimizing transfection efficiency of gene delivery 

systems. The majority of reports on cellular uptake mechanisms suggest that 

endocytosis is the preferred route of cell entry of non-viral gene carriers [35]. For 

determining the cellular uptake mechanism, selective inhibition of the different 

endocytic pathways has been shown to be a powerful approach for investigating the 

cellular uptake of gene carriers. For example, treatments that specifically inhibit 

clathrin mediated endocytosis (CME) is chlorpromazine. Inhibitors such as filipin, 

nystatin, and methyl-β-cyclodextrin perturb internalization through the caveolae. 

Genistein, a tyrosine kinase inhibitor, causes local disruption of the actin network at 

the endocytic site and inhibits the recruitment of dynamin II that are known to be 

essential for caveolae-mediated uptake. Nocodazole causes the depolymerization of 

microtubules. Wortmannin is a phosphatidyl inositol-3-phosphate inhibitor, which can 

inhibit micropinocytosis [36]. Based on selective inhibition of endocytosis pathway, 
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there are many researches which report the cellular uptake pathway of cationic 

polymer. However, the detailed uptake pathway of CS/PLA/siRNA complexes 

remains to be not investigated. Therefore, the cellular uptake mechanisms are also 

investigated by using selective inhibitors of endocytic pathway in HeLa cells stably 

expressing EGFP. 

1.2 Objectives 

1.2.1 To develop and optimize a method for determining the complete 

complex formation using adsorption dye. 

1.2.2 To investigate the efficiency of chitosan (CS) combined with poly-L-

arginine (PLA) for siRNA delivery in HeLa stably expressing green 

fluorescence protein. 

1.2.3 To investigate the cellular uptake pathways of CS/PLA/siRNA 

polyplex. 

1.3 Hypothesis 

1.3.1 The optimal ratio of cationic polymer to nucleic acid for the complex 

formation can be determined by using adsorption dye.  

1.3.2 A chitosan combined with poly-L-arginine is effective for delivery of 

siRNA into the cells with low cytotoxicity. 

1.3.3 CS/PLA/siRNA complex is taken up into cells by certain pathways. 
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2.1 Gene therapy 

 Gene therapy has been pronounced for over half century since we know that 

the mutation of genetic materials can cause the diseases. The European Medicines 

Agency (EMA) defines a gene therapy medicinal product as a biological medicinal 

product which accomplishes the following two characteristics: (1) an active substance 

which contains or consists of a recombinant nucleic acid used in or administered to 

human in order to regulating, repairing, replacing, adding or deleting a genetic 

sequence; (2) its therapeutic, prophylactic or diagnostic effect relates directly to the 

recombinant nucleic acid sequence it contains, or to the product of genetic expression 

of this sequence. In addition, the US Food and Drug Administration (FDA) also 

defines that a gene therapy is the products that mediate their effects by transcription 

and/or translation of transferred genetic material and/or by integrating into the host 

genome and that are administered as nucleic acids, viruses, or genetically engineered 

microorganisms. The products may be used to modify cells in vivo or transferred to 

cells ex vivo prior to administration to the recipient [37]. Gene therapy was generally 

categorized in four strategies: (1) gene replacement therapy for monogenic diseases, 

(2) gene addition for complex disorders and infectious diseases, (3) gene expression 

alteration targeting RNA, and (4) gene editing to introduce targeted changes in host 

genome [38]. 

 Up to date, gene therapy was used for treatment of several diseases. For 

example, cystic fibrosis, peripheral vascular disease, arthritis, neurodegenerative 

disorders, acquired immunodeficiency syndrome (AIDS), combined 

immunodeficiency syndromes, muscular dystrophy, hemophilia, infectious diseases 

and cancers result from the presence of defective genes [39, 40]. The examples of 

diseases that treated by gene therapy are summarized in Table 2.1.  
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Table 2.1 Applications of gene therapy  

Disorders/diseases 

Cancer 

     Vaccines/immunotherapy, e.g. HLA-B7 

     Tumor suppressor genes 

 BRCA1 in ovarian cancer 

 Retrovial p53 in pulmonary carcinoma 

 Ad-p53 in head and neck cancer, non-small-cell lung cancer and hematologic malignanies 

 Liposome-p53 in hepatocellular carcinoma 

     Suicide genes 

 Leptomeningeal carcinomatosis (tk gene) 

 Adenocarcinoma (prostate-tk gene) 

 Glioblastoma 

 GvDH control in allogenid bone marrow transplantation 

Cytokines 

 IL-2 in solid tumors 

 IL-12, melanoma vaccination 

 IL-7, melanoma vaccination 

 Cytokine transfected xenogeneic cells 

Monogenic diseases 

 X-linked severe combined immunodeficiency 

 Mucopolysaccharidosis 

 Familial hypercholesterolemia 

 Cystic fibrosis, e.g. CFTR cDNA 

 Hemophilia B 

 Chronic granulomatosis disease 

Infectious diseases 

 AIDS-DNA-based vaccine 

 HIV-1 specific cytotoxic 

Other diseases 

 Coronary heart disease 

 Angiogenesis trials using Ad-VEGF 

 Amyotrophic lateral sclerosis (ALS) 

 Neurotrophic factor in ALS 

 Rheumatoid arthritis 

Source: Mhashilkar, A., et al. (2001). "Gene therapy: Therapeutic approaches 

and implications."  Biotechnology Advances 19, 4: 279-297. 

In addition, gene therapy is taking place in clinical trials worldwide. Among of 

these diseases, cancer is the most common indication which composes over 60% of all 
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clinical trials worldwide, following by monogenic diseases and cardiovascular 

diseases (Figure 2.1). 

 

Figure 2.1 Graphical presentation of indications that have been addressed by 

gene therapy in clinical trials from 1989 to 2015. Source: The Journal of Gene 

Medicine, Wiley and Sons (http://www.abedia.com/wiley/index.html). 

2.1.1  Classification of gene therapy  

Gene therapy is classified into two major categories, germ line gene therapy 

and somatic gene therapy. Although germ line gene therapy may have a great 

potential, to date it cannot be used in human because it is currently ethically 

prohibited [41, 42].  

2.1.1.1 Germ line gene therapy  

This type of gene therapy is the insertion of functional gene into the 

reproductive cells as sperm and zygote. This gene will be integrated into the 

individual genomes, causing a heritable modification in the patient’s genetic 

characteristics [43].  

2.1.1.2 Somatic gene therapy  

Somatic gene therapy involves the insertion of genes into non-

reproductive cells which means that the effect appears in only one generation and is 

not passed on to next generations. However, somatic cell therapy show 

short-effected and transporting the gene to the target cells or tissue is also 
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challenging. Regardless of these problems, somatic cell gene therapy is appropriate 

and acceptable for many inherited and acquired disorders [43]. 

 2.1.2 Strategies for gene therapy 

There are 2 possible strategies for gene administration; ex vivo and in vivo.  

2.1.2.1 Ex vivo gene therapy 

In this approach cells are harvested and cultivated from patients after 

surgical biopsy or organ resection. The cells are then manipulated and transfected 

therapeutic genes in vitro. Finally, the transfected cells are reintroduced back into the 

target tissues. The ex vivo strategies is that many of the biological barriers can be 

avoided. The several diseases were investigated by ex vivo protocol e.g. Severe 

combined immunodeficiency diseases (SCID XI and SCID/ADA deficiency), X-

linked disorder, hemoglobinopathies, cervical dysplasia and malignant tumors [44, 

45]. The advantage of this method is the lack of immune response.  However, ex vivo 

gene therapy has limitation when the target organ is internal such as the lung, heart or 

brain [46].  

  2.1.2.2 In vivo gene therapy 

In vivo gene therapy involved the direct administration of the transgene 

into the target organ or patient as well as the transfer of genetic material through an 

appropriate vector which can be a viral or non-viral vector into the target tissue [44, 

47]. The limitation of in vivo are usually the permanent integration of the recombinant 

gene may not occur and only transient expression of the gene product takes place until 

the sequences undergo degradation or elimination from the cell. In addition, another 

problem is insufficient targeting of vectors to the correct tissue sites thus the 

improvement in targeting and vector development is required [47]. 

2.2 Gene delivery system 

 The success of gene therapy essentially depends on ensuring that the 

therapeutic gene reaches the targeted cell without any biodegradation [48]. Naked 

therapeutic genetic molecules are generally difficult to deliver primarily due to rapid 

clearance, nucleases which limit serum half-life of unmodified small interfering RNA 
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to 5–60 minutes [49] and DNA to 10 minutes [50]. In addition, the hydrophilic 

anionic nature of the DNA macromolecule and its size inhibit it from penetrating 

passively through the cell [51]. Thus the development of gene vectors is importance in 

order to achieve high transfection efficiency. The biological barriers include cellular 

internalization, endosomal and lysosomal escape, resistant from enzymatic 

degradation, nuclear transport, and release of plasmid DNA for the smooth 

transcription [52]. 

The ideal gene carriers or vectors should have several criteria [48, 53] 

including: 

It must not trigger a strong immune response. 

It must be capable of transporting nucleic acids in wide range of size. 

It must lead to the sustained and regular expression of gene. 

The vector must deliver the gene to only certain types of cells. 

It must be easy to prepare and be inexpensive. 

It must either remain in episomal position or integrate into a specific region of 

the genome. 

The gene delivery vectors are divided in two major categories, viral vectors 

and non-viral vectors. 

 2.2.1 Viral vectors 

 A virus can penetrate into the cell nucleus of the host and exploit the cellular 

machinery to express its own genetic material and replicate it, then spread to the other 

cells [54]. To use a virus as a vector to transfer a gene, it must be modified by genetic 

engineering. The pathogenic part of its genes is removed and the therapeutic gene is 

integrated [55]. The virus still retains its non-pathogenic structures such as envelope 

proteins, fusogenic proteins, etc. which allow it to infect the cell. To date, viral 

vectors are the vectors most often used to transfer genes. Although viral vectors show 

high transfection efficiency in vitro and in vivo, they have some drawbacks [51, 56] 

including: 
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The acute immune response that may be occurred.  

The production of viral vectors in large quantities is very difficult and too 

expensive. 

The limited size of gene that can be delivered by the virus. 

The viral vectors available today are such as retrovirus, adenovirus, adeno‑

associated virus, herpes virus, pox virus, human foamy virus (HFV) and lentivirus. 

  2.2.1.1 Retroviral vectors 

  Retroviral vectors are one of the most frequently used for delivering 

genetic materials in somatic and germ line gene therapies. Retroviruses can transfect 

dividing cells because they can pass through the nuclear pores of mitotic cells [57]. In 

addition, all of the viral genes have been removed, creating approximately 7-10 kb of 

space for transgenic incorporation. Retroviruses have been used for human gene 

therapy of X-SCID successfully but incidence of leukemia in some patients occurred 

because of integration of retroviruses to the LMO2 gene and inappropriate activation 

of it [58]. Retroviral vectors also have been applied for familial hyperlipidemia gene 

therapy and tumor vaccination. However, the main limitations of retroviral vectors are 

their low efficiency in vivo, immunogenic problems, the inability to transduce the 

nondividing cells and the risk of insertion, which could possibly cause oncogene 

activation or tumor-suppressor gene inactivation [59]. 

  2.2.1.2 Adenovirus vectors 

  Among the most commonly used viral vectors for the gene delivery 

into human cells are the adenoviruses. Adenoviral vectors have been isolated from a 

large number of different species, and more than 100 different serotypes have been 

reported. The adenovirus serotypes which most commonly used in gene therapy are 

types 2 and 5. They can be used for transferring both dividing and nondividing cells 

and have low host specificity so can be used for gene delivery into large range of 

tissues [60]. An additional attractive property of adenoviruses is the great efficiency 

with which they exploit the cellular machinery to drive synthesis of viral mRNAs and 

translation of viral proteins. Given these considerations, it is not surprising that, since 

the second half of the 1990s, adenoviral vectors have become the focus of a vast 
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series of both animal and clinical experimentations [61]. Adenoviruses are able to 

deliver large DNA particles up to 38 kb but they would not integrate into the host 

genome resulting in their short term gene expression. 

  2.2.1.3 Adeno‑associated vectors 

  Adeno-associated vectors (AAV) are like adenoviral vectors in their 

features but their replication and pathogenicity are deficient. Thus they are safer than 

adenoviral vectors and not caused any disease. Another special benefit of AAV is 

their ability to integrate into a human chromosome 19 which no undesirable effects. 

The major disadvantages of AAV are complicated process of vector production and 

the limited transgene capacity of the particles (up to 4.8 kb). AAVs have been used in 

the treatment of some diseases, such as CF, hemophilia B, meliorates muscular 

dystrophy and Leber congenital amaurosis [62-66]. 

  2.2.1.4 Herpes simplex virus 

  HSV has broad host range, high natural infectivity of both replicating 

and non-replicating cells and capacity to establish a latent infection in neurons. Since 

the early days of gene therapy, all these properties have appeared very appealing in 

view of developing viral vectors [61]. When the defective HSV propagated in 

complementing cells’ viral particles are generated, they can infect in subsequent cells 

permanently replicating their own genome but not producing more infectious 

particles. Herpes vectors can deliver up to 150 kb transgenic DNA and because of its 

neuronotropic features, it has the greatest potential for gene delivery to nervous 

system [67, 68], other tissues such as muscle, heart, liver [69, 70] and cancer [71]. 

  2.2.1.5 Lentivirus 

  Lentiviruses are a subclass of retroviruses. They are able to naturally 

integrate with nondividing cells, contrast with other retroviruses which can infect only 

the dividing cells. Lentiviral vectors can deliver 8 kb of sequence. Because 

lentiviruses have strong tropism for neural stem cells, extensively used for ex vivo 

gene transfer in central nervous system with no significant immune responses and no 

unwanted side effects. Lentiviral vectors have the advantages of high-efficiency 

infection of dividing and nondividing cells, long-term stable expression of a 
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transgene, low immunogenicity, and the ability to accommodate larger transgenes [72, 

73].  

 2.2.2 Non-viral vectors 

 As mentioned above, viral vectors have the drawbacks especially severe 

immune response. Consequently, non-viral vectors have been designed for 

transferring transgenes. Non-viral vectors are relatively safe, generally causes low 

immune response, they can be prepared easily, at low cost and in large quantities. In 

addition, they can transfer different and large transgenes, and they can be stored for 

long periods due to their stability. However, they show low transfection efficiency 

and a large scale usage is required [43]. Non-viral DNA delivery systems are classed 

into two groups [74]: 

Physical methods: Therapeutic gene is delivered to target without using any 

carriers, by using physical forces to weaken the cell membrane and make it more 

permeable to the transgene. 

Chemical methods: Therapeutic gene is carried into the cells by a carrier 

which can be prepared by several types of chemical reactions. 

2.2.2.1 Physical methods 

Physical approaches have been explored for gene transfer into cells in 

vitro and in vivo. These approaches induce transient injuries or defects on cell 

membranes, so that transgene can enter the cells. Gene delivery using mechanical 

(microinjection and gene gun), electric (electroporation), ultrasonic, hydrodynamic 

(hydrodynamic gene transfer), or laser-based energy has been explored. 

2.2.2.1.1 Microinjection 

This is a microsurgical procedure that is conducted on a single 

cell, using a glass needle (i.e., a fine, glass, microcapillary pipette), a precision 

positioning device (a micromanipulator) to control the movement of the micropipette, 

and a microinjector. This technique was successfully used for the first time in 1980 

when DNA was microinjected into both the cytoplasm and nucleus of cultured 

mammalian cells [75]. Microinjection is the simplest gene delivery method. However, 
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it is difficult to apply. While pronuclear injection of DNA is very efficient, it is a 

laborious procedure; only one cell at a time can be injected [76].  

   2.2.2.1.2 Gene gun or particle bombardment 

   In this method transgene delivery into the target cell and tissue 

is carried out by using accelerated particle carriers biocompatible heavy metals such 

as gold, tungsten or silver. Ideally, particle carriers should be biocompatible, inert and 

have small diameters (usually 1–1.5 µm) [76]. The efficiency of this delivery 

technique depends on several parameters, such as the loading of DNA onto the 

particles, the particle size, and the timing of delivery. Such a simple and effective 

method of gene delivery is expected to have important applications as an effective 

tool for DNA based immunization [77]. 

   2.2.2.1.3 Electroporation 

   Electroporation is impermanent destabilization of the cell 

membrane by insertion of a pair of electrodes so that transgene molecules in the 

surrounding media of the destabilized membrane would be able to penetrate into 

cytoplasm and nucleoplasm of the cells [78]. However, there are some problems in 

this method that are the difficulty in surgical procedure in the placement of electrodes 

into the internal tissues and that the high voltage applied to tissue might damage the 

organ and affect genomic DNA stability [79]. 

   2.2.2.1.4 Hydrodynamic 

   Hydrodynamic is a simple and highly efficient method for 

direct intracellular delivery of any water-soluble compounds and particles into 

internal organs. Currently, this method is considered to be the most efficient nonviral 

gene transfer method for in vivo gene delivery in rodents such as the expression of 

hemophilia factors, cytokines, erythropoietin, and hepatic growth factors [80-83]. 

   2.2.2.1.5 Sonoporation 

   Sonoporation enhances cell permeability via the application of 

ultrasound. It has been thought that cavitation is the most probable mechanism. 
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Cavitation causes mechanical perturbation and collapse of active bubbles, and the 

associated energy release can permeabilize adjacent cell membranes. The efficiency 

can be enhanced by the use of contrast agents or conditions that make membranes 

more fluidic [76, 84]. Unlike electroporation, which delivers transgenes along the 

electric field, ultrasound creates membrane pores and facilitates intracellular gene 

transfer through passive diffusion of transgene across the membrane pores. Therefore, 

the size and local concentration of plasmid DNA play an important role in 

determining the transfection efficiency [74]. 

   2.2.2.1.6 Megnetofection 

   Magnetofection is a new efficient transfection method that has 

the advantages of the nonviral biochemical and physical transfection systems in one 

system. The idea of this method is to associate magnetic nanoparticles with genetic 

materials and either its transfection reagent. The magnetic particles are then 

concentrated preferentially into the target cells by the influence of an external 

magnetic field [85, 86].   

  2.2.2.2 Chemical methods 

  Chemical methods are more common than physical methods and 

generally are nanomeric complexes, which include compaction of negatively charged 

nucleic acid by polycationic nanomeric particles, belonging to cationic 

liposome/micelle or cationic polymers 

   2.2.2.2.1 Cationic lipids 

   Cationic lipid vectors are the most widely used non-viral gene 

carriers. It was first shown in 1980 that liposomes composed of the phospholipid 

phosphatidylserine could entrap and deliver SV40 DNA to monkey kidney cells [87]. 

Currently, hundreds of lipids have been developed and used for gene transfer. They 

share the common structure of positively charged hydrophilic head and hydrophobic 

tail that are connected via a linker structure. The positively charged head group is 

necessary for binding with negatively charged phosphate groups in nucleic acids. The 

examples of cationic lipids is illustrated in Figure 2.2. The positive-charged liposomes 
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spontaneously form uniquely compacted structures with the negatively charged DNA, 

called lipoplexes. In lipoplex structure, DNA molecules are surrounded with 

positively charged lipids which grant them protection against extracellular or 

intracellular nucleases. Furthermore, lipoplexes tend to electrostatically interact with 

the negatively charged molecules of the cell membrane (glycoproteins and 

proteoglycans) that may facilitate their cellular uptake [88]. 

 

 

Figure 2.2 Examples of cationic lipids used for gene delivery. 

Source: Tros de Ilarduya, C., Y. Sun, and N. Düzgüneş. (2010). 

"Gene delivery by lipoplexes and polyplexes."  European Journal of 

Pharmaceutical Sciences  40, 3 (6/14/): 159-170. 

   The common neutral lipids such as dioleoyl 

phosphatidylethanolamine (DOPE) or cholesterol are generally added in cationic 

lipid–DNA complex as helper lipids. It shows facilitating the release of plasmid DNA 

from the endosome after endocytic uptake of the complexes [89]. Limitations of 

cationic lipids include low efficacy owing to poor stability and rapid clearance, as 

well as the generation of inflammatory or anti-inflammatory responses. 

2.2.2.2.2 Cationic polymers 

   Cationic polymers have also been used extensively for gene 

transfer. These polymers form nanosized complexes with nucleic acid, often called 
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polyplexes. Cationic polymers can condense DNA molecules to a small size 

compared to cationic liposomes. This can be essential for gene delivery, as small 

particle size may be favorable for improving transfection efficacy [90].  

     2.2.2.2.2.1 Poly(L-lysine) (PLL) 

     PLL is one of the first cationic polymers 

employed for gene transfer. The biodegradable nature of PLL is an advantage for in 

vivo applications. However, PLL polyplexes are rapidly bound to plasma proteins and 

cleared from the circulation [90]. At physiological pH, all primary amino groups of 

PLL are protonated, yielding a structure with no buffering capacity to aid in 

endosomal escape. In general, only polylysine structures with molecular weights 

>3000 Da can effectively condense DNA to form stable complexes, indicating the 

significance of primary amine number for complex formation [91]. However, PLLs 

with high molecular weight showed a relatively high cytotoxicity. 

     Since the polyelectrolyte property of complexes 

is generally mediated by non-specific adsorption of the complex with the negatively 

charged plasma membrane via ionic interaction, the cationic property of the complex 

surface may be the cause for cytotoxicity. In addition, the charged surface can induce 

the nonspecific adsorption of serum proteins, resulting in rapid clearance of the 

complexes from the blood circulation [92]. Poly(ethylene glycol) (PEG) was 

conjugated to prevent the inter-particular aggregation of the complexes and to 

increase complex stability in the presence of serum proteins. In addition, specific 

targeting moieties such as; 

Sugar conjugate PLL  

Lactose and galactose have been used as 

conjugation partners with polymeric gene carriers for targeting 

asialoglycoprotein of hepatocytes [93].  

Arterial-wall binding peptide (AWBP) 

conjugated PLL 

The AWBP was conjugated to PLL via a PEG 

linkage (AWBP-PEG-g-PLL). AWBP-PEG-g-PLL showed dramatic increase of 
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transfection efficiency (150–180 fold), compared to PLL and PEG-g-PLL, in bovine 

aorta endothelial cells and smooth muscle cells [94]. 

Antibody–PLL conjugates 

A monoclonal antibody against leukemia-

specific JL-1 antigen (anti-JL-1-Ab) was conjugated with PLL. The anti-JL-1-Ab-

PLL conjugate could specifically interact with the target antigen (JL-1) of leukemia 

cells (Molt 4) and was successfully internalized into the cells. The anti-JL-1-Ab-PLL 

conjugate demonstrated significantly higher transfection efficiency than PLL or 

lipofectin in Molt 4 cells [95]. 

2.2.2.2.2.2 Polyethylenimine (PEI) 

PEI has been one of the most popularly 

employed cationic gene carriers due to its superior transfection efficiency in many 

different types of cells. PEI has primary (25%), secondary (50%) and tertiary amines 

(25%), of which two-thirds of the amines are protonated in a physiological pH. The 

unprotonated amines with different pKa values confer a buffering effect over a wide 

range of pH. The buffering property gives PEI an opportunity to escape from the 

endosome (proton sponge effect) [96].  

Transfection efficiency of PEI has been studied 

over a wide range of molecular weights. The published study showed that transfection 

efficiency of PEI polyplexes increases with increased molecular weight ranging from 

600 to 70000 Da [97]. The optimal molecular weight for PEI polyplex formation is 

typically between 5 and 25 kDa [98]. In addition to the molecular weight, the degree 

of branching of polyethylenimine has been shown to affect DNA complex formation 

and stability. Dunlap et al. showed that linear PEI is less effective at condensing DNA 

compared to the branched form for similar molecular weights [99].  

PEI-PEG  

When PEI graft with PEG, cell cytotoxicity of 

PEI-g-PEG was greatly reduced, while the transfection efficiency of PEI-g-PEG was 
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still comparable to that of PEI. Cytotoxicity was independent of molecular weight of 

PEG but affected by the degree of PEG substitution [100].  

PEI conjugates with targeting moieties 

PEI-g-PEG-RGD 

An angiogenic endothelial cell targeted 

gene delivery system (PEI-g-PEG-RGD) was developed by incorporating the 

arh3/arh5 integrin binding RGD peptide. The PEI-g-PEG-RGD showed comparable 

binding affinity compared to unconjugated RGD peptide and could form a tight and 

stable complex with DNA [101]. The PEI-g-PEG-RGD/DNA complexes showed 

much lower cytotoxicity and about five times higher transfection efficiency in VEGF-

stimulated angiogenic human dermal microvascular endothelial cells (HDMEC) than 

PEI/DNA complexes. However, much lower transfection efficiency of PEI-g-PEG-

RGD was observed in angiostatic HDMEC compared to that of PEI, suggesting that 

the PEI-g-PEG-RGD is highly selective toward angiogenic endothelial cells. 

Antibody-conjugated PEIs 

The HER-2 antibody-PEI conjugate 

showed enhanced transfection efficiency in HER-2 overexpressing human breast 

adenocarcinoma cells (Sk-Br-3) compared to unmodified PEI. The conjugate also 

exhibited as high transfection efficiency as unmodified PEI in HER-2 low-expressing 

breast cancer cells (MDA-MB-231), suggesting that the conjugation of the antibody to 

PEI can provide target-specific transfection without loss of original properties of PEI 

[102]. 

Folate-conjugated PEIs 

Folate-polyethylene-glycol-folate-

grafted-polyethylenimine (FPF-g-PEI) was synthesized by grafting folate-PEG-folate 

to PEI. In CT-26 colon cancer cells, the FPF-g-PEI showed lower cytotoxicity as well 

as higher transfection efficiency than unmodified PEI. The enhanced transfection of 
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FPF-g-PEI could not be observed in normal smooth muscle cells, suggesting the 

specificity toward the folate-receptor overexpressing cancer cells [103]. 

Poly(α-(4-aminobutyl)-l-glycolic acid) 

(PAGA) 

PAGA is a biodegradable analog of PLL. 

PAGA showed a significantly higher transfection efficiency than PLL, while no 

significantly cytotoxicity was detected in the experimental range, suggesting that the 

PAGA would be biocompatible [104]. 

Poly(b-amino ester)s 

Poly(α-amino ester)s were synthesized by the 

addition of primary or secondary aliphatic amines to diacrylate esters. The polymers 

presented much lower cytotoxicity than PEI. The poly(α-amino ester)s could combine 

with plasmid DNA to form complexes in physiological condition, of which the size 

was 50–200 nm [105]. 

β-cyclodextrin 

Cyclodextrin, CD is one of polysaccharide 

based polymers. CDs have an amphiphilic structure, which consists of a hydrophobic 

cavity and hydrophilic exterior. CDs are water-soluble, relatively non-toxic, and non-

immunogenic [106]. Transfection results obtained with cyclodextrin-based polymers 

showed comparable efficiency with PEI and Lipofectamine at N/P ratios above 10 as 

well as limited toxicity in both fibroblast (BHK-21) and epithelial (CHOK1) cell lines 

at N/P ratios as high as 70 in the presence of serum [107]. However, the intracellular 

trafficking studies showed β-cyclodextrin-based polyplexes do not exhibit buffering 

capacity in the endosomal environment unless derivatized to form imidazole-

terminated structures.286 Like most other cationic vector systems, in vivo use of β-

cyclodextrin was shown to be hindered by the formation of aggregates at high ionic 

strengths. While PEGylation can generally reduce the formation of aggregates, it also 

reduces the cationic charge density of the polymer. Treating _-cyclodextrin polymers 
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with either adamantane-PEG-galactose288 or adamantane-PEG-transferrin289 

copolymer has shown successful cell-targeted gene transfer potential. 

Chitosan 

Chitosan, obtained by deacetylation of chitin, is 

a biodegradable polysaccharide composed of two subunits, D-glucosamine and N-

acetyl-D-glucosamine, which are linked by a (1,4) glycosidic linkage. Chitosan shows 

good properties i.e. biodegradability, biocompatibility, and cationic potential which 

has helped it become one of the most prominent, naturally derived nonviral vectors 

for gene transfer [108]. Investigations indicated that molecular weight of chitosan 

polymers can strongly influence gene transfer efficiency. In addition, several other 

factors have been shown to affect the transfection efficiency of chitosan polyplexes, 

including the N/P ratio, pH, the degree of deacetylation, and cell type [109]. Several 

approaches were developed to improve the properties of chitosan. The strategies 

included to increase charge density of chitosan by N-quaternization at terminal 

amines, which resulted in improved transfection efficiency regardless of higher 

cytotoxicity [110]. This higher cytotoxicity of the trimethyl chitosan derivatives was 

reduced by grafting of the polymer with PEG [111]. The charge density also increased 

by grafting chitosan with polylysine. The chitosan-g-PLL polymer showed better 

DNA-binding ability, reduced cytotoxicity, and increased transfection efficiency 

[112]. 

     The chitosan has been conjugated with cell 

targeting ligands for delivering chitosan complex to specific cell types. For example, 

hepatic cell-targeting using galactose and lactose improved gene transfer to HepG2 

cells. Complex stability was further enhanced for galactosylated complexes by 

conjugating chitosan- galactose polymers with either PEG  or dextran. In addition, 

tumor cell-targeting was stimulated by conjugating chitosan with folate [113]. 

From the development of non-viral vectors, up to date, the non-viral 

vectors can be designed from a variety of different chemical compositions and 

constructed into various shapes (Figure 2.3). This flexibility in compositional design 

is beneficial for specific clinical applications. Therefore, vector composition must be 
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considered to enable optimal gene-delivery potential since the chemical, physical, and 

biological structure will primarily dictate the final gene-delivery outcomes [114]. In 

addition, there are non-viral vectors which address in clinical studies (Table 2.2) 

 

 

Figure 2.3 Compositional Design Considerations for Nonviral Gene-

Delivery Vectors. 

  Source: Hill, A.B., et al. (2016). "Overcoming Gene-Delivery Hurdles: 

Physiological Considerations for Nonviral Vectors."  Trends in Biotechnology  34, 

2: 91-105. 

 

 

 

 

 

 

 

 

 

 



24 
 

 
 

Table 2.2 Non-viral DNA vectors under clinical evaluation  

Delivery 

system  
Gene therapy drug  Sponsor  Indications  Phase  Status  

DOTAP– 

cholesterol  

DOTAP– Chol-fus1  MD Anderson Cancer 

Center  

Non-small-cell 

lung cancer  

I  Completed  

I/II  Active  

GAP-
DMORIE– 

DPyPE  

Tetravalent dengue 
vaccine  

US Army Medical 
Research and Materiel 

Command  

Dengue disease 
vaccine  

I  Active  

GL67A–

DOPE– 

DMPE–PEG  

pGM169/GL67A  Imperial College 

London  

Cystic fibrosis  II  Active  

PEI  BC-819/PEI  BioCancell Ltd.  Bladder cancer  II  Active  

BC-819  BioCancell Ltd.  Ovarian cancer  I/II  Completed  

DTA-H19  BioCancell Ltd.  Pancreatic cancer  I/II  Completed  

SNS01-T  Senesco Technologies, 

Inc.  

Multiple myeloma 

and B cell 

lymphoma  

I/II  Recruiting  

CYL-02  University Hospital, 
Toulouse  

Pancreatic ductal 
adenocarcinoma  

I  Completed  

PEG–PEI– 
cholesterol  

EGEN-001  Gynecologic 
Oncology Group  

Ovarian, tubal and 
peritoneal cancers  

I  Recruiting  

II  Active  

EGEN-001-301  EGEN, Inc.  Colorectal 

peritoneal cancer  

I/II  Recruiting  

PEI–mannose– 
dextrose  

DermaVir/LC002  Genetic Immunity  HIV vaccine  II  Active  

Poloxamer 

CRL1005– 

benzalkonium 
chloride  

ASP0113  Astellas Pharma Inc.  CMV vaccine  III  Recruiting  

II  Recruiting  

VCL-CB01  Astellas Pharma Inc.  CMV vaccine  II  Completed  

CMV, cytomegalovirus; PEG, polyethylene glycol; PEI, polyethylenimine 

Source: Yin, H., et al. (2014). "Non-viral vectors for gene-based therapy."  

Nature Reviews Genetics 15, 8: 541-555. 

 From the overall of gene delivery system, although viral and nonviral gene 

delivery systems have been developed, all of them have some disadvantages that have 

made some limitations in their clinical application and yet no delivery system has 

been designed that can be applied in gene therapy of all kinds of cell types in vitro 

and in vivo with no limitation and side effects; however, some delivery systems has 

been explored, which can be efficient for gene delivery to specific cells or tissues. The 

comparison of advantages and disadvantages of both gene delivery systems are 

showed in Table 2.3. 

 

 



25 
 

 
 

Table 2.3 Comparison between viral and non-viral vectors  

Vectors 

Comparison 

Advantages Disadvantages 

Viral 1.  High transduction efficiency  

2. Natural tropism confers the 

capability for infection of many cell 

types.  

3. Intrinsic mechanism for endosomal 

escape 

4. Virus evolved natural mechanism 

for nuclear import of genes.  

 

1. Immune response is strong and 

multiple-injections are limited.  

2. Can cause chromosomal insertion 

and proto-oncogene activation. 

3. Difficult for construction and 

production. 

4. Size of genes is limited. 

5. Toxicity and contamination of live 

virus can be occurred. 

Non-viral 1. Low immunogenicity  

2. No risk of chromosomal insertion  

3. Easy to synthesize and control the 

quality in mass production 

4. Can carry large-sized DNA.  

5. Can be functionalized for targeting, 

endosomal escape and nuclear import.  

1. Transfection efficiency is low. 

2. At high dose, current vectors show 

toxicity. 

3. Lack of intrinsic tropism. 

4. Lack of intrinsic mechanism for 

endosomal escape. 

5. Lack of intrinsic mechanism for 

nuclear import of genes. 

Source: Wang, T., J.R. Upponi, and V.P. Torchilin. (2012). "Design of 

multifunctional non-viral gene vectors to overcome physiological barriers: dilemmas 

and strategies."  International journal of pharmaceutics  427, 1 (May): 3-20. 

2.3  Biological barrier to gene delivery 

 Gene delivery presents an irresistible challenge to gene therapy research. It is 

clearly that transportation to target sites is usually inefficient. So gene delivery system 

represents a very important challenge to deliver the therapeutic gene to the target 

sites. The improvement of the efficiency in any individual step would be expected to 

improve the overall efficiency [115]. The biological barriers of gene delivery can be 
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divided in two major categories, extracellular delivery and intracellular delivery as 

presented in Figure 2.4. 

 

 Figure 2.4 Schematic illustration of extracellular and intracellular delivery of 

therapeutic gene by injection. 

 Source: Miyata, K., N. Nishiyama, and K. Kataoka. (2012). "Rational design 

of smart supramolecular assemblies for gene delivery: chemical challenges in the 

creation of artificial viruses."  Chemical Society Reviews  41, 7: 2562-2574. 

2.3.1 Extracellular barriers 

The exact barriers are dependent on the gene therapy strategy and particularly 

the route of administration of the genetic material in the body. In the case of in vivo-

based strategies, the route of administration has been considered for gene delivery, 

including systemic, intramuscular, oral, topical, ocular and alveolar. At present, the 

most significant obstacle hindering in vivo gene therapy is delivery of the gene to the 

target site, and at levels that are biologically relevant. 
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2.3.1.1 Physicochemical properties  

The complexes of cationic lipid and polymer with DNA have their 

unique particulate characteristics depending on the properties of the vector used, the 

mixing ratio, and the diluents used in the mixing protocol. Of the various properties, 

particle size is an important factor determining the tissue distribution process [116]. 

The particle that can pass through the capillaries is about 5 µm and through the 

fenestrae between discontinuous endothelial cells (30–500 nm). The entrance of a 

particle into cells via endocytosis is also a size-limiting process [117]. The electrical 

charge of the complex also greatly affects its biodistribution. Cell surface membrane 

containing glycoproteins and glycolipids show negatively charged membrane. Thus 

this is a good target for cationic complex to induce cellular uptake, followed by gene 

expression. However, this nonspecific interaction is also a hurdle for cell-specific 

delivery of DNA after local or systemic administration [118]. 

  2.3.1.2 Route of administration 

The administration of therapeutic gene is required to be intravenous or 

by other parenteral routes. Direct injection of gene medicines into a target tissue 

represents a far simpler task than targeting delivery to a specific tissue from the 

systemic circulation.  

2.3.1.3 Interaction with blood components 

The therapeutic gene or complex administered into the blood 

distributes to downstream tissues via blood circulation. When it interacts with serum 

proteins and/or blood cells, its biodistribution will depend on newly acquired 

physicochemical properties that are generally difficult to control. Negatively charged 

proteins such as albumin could bind with cationic non-viral vectors. Adsorption of 

negatively charged proteins neutralizes the cationic charge of the complex and 

increases its size, which leads to reduced gene expression [119]. To overcome this 

aggregation problem, the surface of the complex can be modified with hydrophilic 

compounds such as polyethylene glycol [120]. 
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2.3.1.4 Recognition by immune system 

Therapeutic gene-containing complexes are generally become targets 

for elimination by cells of the reticuloendothelial system (RES), and is recognized as 

a foreign material and is phagocytosed by immune cells, especially by the 

mononuclear phagocyte system (MPS) mainly Kupffer cells in the liver and splenic 

macrophages [121]. MPS plays a key role in systemic removal of hydrophobic 

particles. Modification of non-viral vectors with hydrophilic molecules such as 

poly(ethylene glycol) (PEG), creates a hydrophilic cloud around the particle surface, 

causing steric hindrance between the opsonins and the delivery vectors [122]. 

2.3.2 Intracellular barriers 

  2.3.2.1 Intracellular delivery 

  Intracellular delivery of therapeutic gene to the cytoplasm or nucleus is 

essential for its therapeutic action. The cytoplasmic membrane is typically 

impermeable to nucleic acids due to their large size and hydrophilic nature. The 

strategies of delivery gene involve physical means assist nucleic acid molecules to 

penetrate into cells by transiently penetrating through the cellular membrane. 

However, their clinical application is limited because of their invasive nature and 

potential damage to the structure of cells, as well as less successful to deeper tissues. 

An alternative strategy, chemical vectors capable of actively targeting internalization 

pathways that lead to an efficient transfection. There is convincing evidence showing 

that endocytosis is the predominant route for the internalization of a lipoplex/polyplex 

[123]. Lipoplexes and polyplexes are generally formulated into nanoparticles with net 

positive charges. From these reasons, endocytosis can be triggered by non-specific 

electrostatic interaction between the positively charged complexes and the negatively 

charged heparin sulfate proteoglycan on the cell surface followed by an 

internalization process termed adsorptive pinocytosis [124]. Receptor-mediated 

endocytosis is the most common route of nanoparticle uptake, and includes a variety 

of entry pathways such as clathrin- and caveolae-mediated endocytosis, 

macropinocytosis, and pathways that are both clathrin- and caveolae-independent 

[125]. It is not clear whether or not one pathway is more favorable than another in 

terms of the effectiveness of internalization, cytosol release and eventual gene 
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expression, but caveolae-dependant trafficking seems to be an attractive pathway for 

lipoplex/polyplex-targeting since the pathway is a non-acidic and non-digestive route 

. Particle size is also an important factor for the internalization pathway. 

Lipoplexes/polyplexes with a size less than 200 nm followed clathrin-mediated 

endocytosis, and particles with a size greater than 300 nm entered cells via a 

caveolae-mediated pathway. Macropinocytosis is on the order of 500 nm, and 

phagocytosis is capable of accommodating sizes up to 10 μm [126]. In addition, there 

was the illustration suggested that the translational diffusion of large DNAs (>250 bp) 

in cytoplasm was greatly slowed compared with that of smaller DNAs [127]. This was 

due to the major barrier of actin cytoskeleton which could restrict cytoplasmic 

transport of non-complexed DNA in non-viral gene transfer. 

  2.3.2.2 Endosome escape 

  After lipoplexes or polyplexes internalize via the endocytic pathway, 

endosomal entrapment and subsequent lysosomal degradation are a major bottleneck 

that limits the efficiency of gene delivery. Design of gene vectors with endosome-

escape properties is considered critical for high transfection efficiency. The early 

endosome slowly matures by fusing with other sorting vesicles (from which material 

can be recycled back to the cell surface by exocytosis) and change to late endosome 

by the rapid acidification (pH 5−6) due to the action of the ATPase proton-pump 

enzyme. Sequential trafficking to the lysosome leads to further acidification (pH 

∼4.5) and the activation of various degradative enzymes. At this point, those nucleic 

acids that are unable to escape into the cytoplasm are rapidly degraded [128].  

  Several strategies are employed to facilitate nucleic acid release. 

Lipoplexes release their cargo into the cytosol by a lipid mixing mechanism, which 

presumably involves fusion of carrier lipids with the endosomal membrane, where 

local perturbations are formed that allow nucleic acid release. The proposed 

underlying mechanism is that cationic lipid form nonbilayer structures that participate 

in the lipoplex-induced flip-flop of negatively charged phospholipids from the 

cytoplasmic to the inner face of the endosome. This phenomenon is followed by the 

formation of charge-neutral ion pairs with the lipoplex, thereby destabilizing the 
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endosomal lamellar membrane organization and causing dissociation of the nucleic 

acids into the cytosol. 

  For cationic polymers, they are believed to release their therapeutic 

agents by “proton sponge effect” (Figure 2.5). Cationic polyplexes that contain a large 

number of titratable secondary and tertiary amines confer pKa values between 

physiological and lysosomal pH (typically 5.5−6). Thus, upon endolysosomal 

acidification, the amines become protonated and promote the influx of additional H+ 

ions and the concomitant influx of Cl− counterions. In order to compensate for 

increased ion uptake, vesicles introduce additional water molecules, causing osmotic 

swelling and eventual rupture. 

 

 

Figure 2.5 Proton sponge effect of cationic polymers [129] 

  2.3.2.3 Stability in cytoplasm, nuclear import 

  After endosomal escape and cytoplasmic release, nucleic acids should 

be delivered to their target side to obtain desired biological activity. For cytoplasmic 

activity-based nucleic acids, such as siRNA, the nuclear translocation barrier is 

nonexistent. However, the mobility of larger molecules, such as pDNA, is extremely 

low in the cytoplasm, making the payload susceptible to cytoplasmic nucleases. It has 

been reported that the half-life of naked pDNA in the cytoplasm is 50−90 min [130]. 

Previously, researchers believed that, after escape from the endosome, remaining of 

carriers may protect larger nucleic acid constructs from degradation. However, recent 
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studies contradicted these assumptions by observations of empty lipoplexes that were 

in the endosomal membrane, and free polymer being expelled into the cytosol with no 

accompanied translocation away from the endosomal vesicles at the time of nucleic 

acid release [131].  

  Nuclear expression requires overcoming an additional intracellular 

barrier, transnuclear passage. For dividing cells, nucleic acids can enter the nucleus 

during nuclear membrane breakdown; however, in nondividing cells, gene cargo must 

cross the membrane via the nuclear pore complex (NPC) which only permits entry of 

molecules up to 9 nm in size and <40 kDa by free diffusion [132]. Introduction of 

specific sequences, termed nuclear localization sequences (NLS), to nucleic acids can 

promote the attachment of proteins that are expected to enter the nucleus and mediate 

transnuclear transport through the NPC. Despite noted success, attachment of NLS-

recognition proteins can affect biological expression/activity of pDNA  and attempts 

at ex vivo attachment require a complex synthesis mechanism [133]. Overcoming 

nuclear translocation is requires more extensive research to investigate potential 

solutions. 

2.4 Cellular uptake pathway for non-viral gene delivery system 

 The uptake pathways are divided into two major groups: endocytic pathways 

and non-endocytic pathways. The endocytic pathways include two types: 

phagocytosis and non-phagocytosis. The non-phagocytosis pathways are also divided 

into clathrin-mediated endocytosis (CME), caveolae-mediated endocytosis (CvME), 

and macropinocytosis. Non-viral gene complexes tend to be trapped in intracellular 

vesicles and eventually fuse with lysosomes when they are internalized through 

endocytic pathways. For nonendocytotic pathways, there are two categories of non-

viral gene delivery systems: invasive and non-invasive systems. For the invasive 

systems such as microinjection, permeabilization, and electroporation, they are the 

techniques that are designed to break through the barrier of cytosolic lysosomes. For 

the non-invasive systems such as fusion and penetration, they are the naturally 

existing pathways that are useful to enhance the intracellular availability of non-viral 

gene complexes [134]. 
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 2.4.1 Phagocytosis 

Phagocytosis is a special type of endocytic pathway which primarily exists in 

professional phagocytes such as macrophages, monocytes, neutrophils, and dendritic 

cells (DCs) . In contrast with other nonphagocytic pathways such as CME, CvME, 

and macropinocytosis which occur in almost all kinds of cells including phagocytes 

[135]. Phagocytic pathway is mediated by cup-like membrane extensions that are 

usually larger than 1 μm to internalize large particles such as bacteria or dead cells. In 

addition, a phagocytosis-like mechanism was proposed for the uptake of large 

lipoplexes and polyplexes that are larger than can be taken up by the classic CME or 

CvME pathway. There are three steps usually involved in phagocytosis. First, the 

complexes are recognized by opsonins in the bloodstream. Then, the opsonized 

complexes adhere to phagocytes and are ultimately ingested by them. Opsonization is 

the key step of the phagocytosis pathway. It involves complexes tagged by some 

major opsonins including immunoglobulins G and M (IgG and IgM), as well as 

complement components C3, C4, and C5 in the bloodstream [136]. These opsonized 

complexes become visible to macrophages and bind to their surface through the 

interaction between receptors (such as fragment crystallizable receptors (FcR) and 

complement receptors (CR)) and the constant fragment of particle-adsorbed 

immunoglobulins. Therefore, antibodies that lack constant fragments are sometimes 

used to help non-viral vectors avoid recognition and clearance by macrophages in 

vivo. 

 2.4.2 Clathrin-mediated endocytosis 

 CME is the best-characterized type of endocytosis, which is receptor- 

dependent, clathrin-mediated, and GTPase dynamin-required [137]. The most 

common examples of molecules that are internalized by CME are the cholesterol-

laden low-density lipoprotein (LDL) that binds to LDL receptors, and the iron-laden 

transferrin (Tf) that binds to Tf receptors [138]. In this pathway, a series of 

downstream events are activated after the recognition of ligands by receptors on the 

cell surface. Clathrins assemble in the polyhedral lattice right on the cytosolic surface 

of the cell membrane, which helps to deform the membrane into a coated pit with a 
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size about 100–150 nm. As the clathrin lattice formation continues, the pit becomes 

deeply invaginated until the vesicle fission occurs. Dynamin, a kind of GTPase, is 

necessary in the vesicle fission. Dynamins usually self-assemble at the neck of the 

budding vesicle immediately before vesicle fission . The previous study indicated that 

cholesterol is also important for vesicle formation because cholesterol depletion 

causes the failure of the coated pits to detach from the plasma membrane [139]. In the 

next step of the CME pathway, the endocytosed vesicles internalized from the plasma 

membrane are integrated into late endosomes. Late endosomes then deliver their 

cargos to lysosomes [140].  

 In terms of gene delivery, CME can be targeted by using specific ligands, such 

as transferrin, which can recognize certain receptors on the cell surface. This results in 

an increase in the internalization of the particles and offers the possibility of targeting 

specific cells that substantially overexpress the receptors. However, genes that are 

internalized through CME are usually trapped in endosomes followed by enzymatic 

degradation in lysosomes, and the final result is that genes have little or almost no 

access to their target sites. Actually, entrapment and degradation can be regarded as 

two separate barriers, because preventing lysosomal degradation results in an 

accumulation of genes in intracellular vesicles without enhancing cytosolic release. 

Therefore, to reach the nucleus, genes must avoid degradation in lysosomes and must 

also released from intracellular vesicles into the cytosol. Several strategies have been 

developed to enhance the cytosolic release of endocytosed genes. This involves the 

incorporation of vesicular destructive elements to the DNA-carrier complexes, which 

perturb the integrity of the vesicular membrane and allow the cytosolic release of their 

contents, while not damaging the DNA. Some cationic polymers, e.g., 

polyethyleneimine (PEI), and some lipids also have the ability to enhance the 

cytosolic release of genes through different mechanisms as will be subsequently 

discussed. 

 2.4.3 Caveolae-mediated endocytosis 

 CvME begins in a special flask-shaped structure on the cell membrane called 

caveola, which is a kind of cholesterol- and sphingolipidrich smooth invagination 
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[141]. Caveolae have a diameter range of 50–100 nm and are typically between 50 

and 80 nm with a neck of 10–50 nm [142]. CvME is also a type of cholesterol, 

dynamin-dependent, and receptor-mediated pathway. The fission of the caveolae from 

the membrane is mediated by the GTPase dynamin, which locates in the neck of 

caveolae and then generates the cytosolic caveolar vesicle. Caveolae are also involved 

in transcytosis and endocytosis of certain viruses such as simian virus 40 (SV40), as 

well as some bacteria and bacterial toxins, e.g., cholera toxin. Compared with CME, 

CvME is generally considered a non-acidic and non-digestive route of uptake, which 

means it does not suffer a drop in pH, and most pathogens can be directly transported 

to the Golgi and/or endoplasmic reticulum, thus avoiding the normal lysosomal 

degradation [143]. Therefore, this pathway seems to be advantageous in terms of gene 

delivery. However, this issue remains under discussion. There was the report that 

sometimes caveosomes join the classical endocytic pathway, in which fusion with 

lysosomes cannot be avoided. Another report also revealed that the size of particles 

affected on the pathway of their entry into the cell and their subsequent intracellular 

routing. The particles which microspheres with a diameter of < 200 nm were 

internalized via clathrin-mediated endocytosis and were ultimately delivered to the 

lysosomes, while 500-nm particles entered the cells via caveolae and never reached 

the lysosomal compartment [126]. 

Another term associated with caveolae is lipid rafts. Markers for lipid rafts are 

frequently found within caveolae. In general, caveolin-containing rafts are referred to 

as caveolae, whereas caveolin-devoid rafts are denoted by a variety of names such as 

glycolipid-enriched membranes and caveolae-like domains [144]. 

2.4.4 Macropinocytosis 

Macropinocytosis is a type of distinct pathway that nonspecifically takes up a 

large amount of fluid-phase contents through the mode called fluid-phase endocytosis 

(FPE). Macropinocytosis usually accompanies cell surface ruffling that is induced in 

many cell types upon stimulation by growth factors or other signals [145]. 

Macropinocytosis occurs via the formation of actin-driven membrane protrusions, 

which is similar to phagocytosis. However, in this case, the protrusions do not zipper 
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up the ligand-coated particle; instead, they collapse onto and fuse with the plasma 

membrane [135]. Distinct from clathrin-coated vesicles (CCVs) and caveosomes, the 

macropinosomes have no apparent coat structures and are heterogenous in size, but 

are generally considered larger than 0.2 μm in diameter [146]. 

Macropinocytosis has recently received attention as an entry route for gene 

and drug delivery. Recent reports have demonstrated that the uptake of the TAT 

peptide and its cargos occurs by macropinocytosis [147]. This pathway provides some 

advantageous aspects such as the increased uptake of macromolecules, the avoidance 

of lysosomal degradation and the ease of escape from macropinosomes because of 

their relatively leaky nature. However, the basis for the different fates of 

macropinosomes and the relationship with lysosome is still unclear because 

sometimes they are cell type dependent. 

 2.4.5 Non-endocytic pathways 

 Although the endocytic pathways are efficient cellular uptake pathways, most 

of them have to meet the harsh environment inside the lysosomes, which cause the 

poor intracellular availability of DNA or siRNA. Therefore, it will be more 

advantageous to look for non-endocytic pathways to achieve a better intracellular 

availability of DNA or siRNA.  

There are three technologies that are designed to bypass the endocytic 

pathways. One is microinjection, by which each cell is injected with the gene 

materials using glass capillary pipettes. The second one is permeabilization by using 

pore-forming reagents such as streptolysin O or anionic peptides such as HA2 subunit 

of the influenza virus hemagglutinin. The third one is electroporation, which uses an 

electric field to open pores in the cell. All of them are highly invasive and not ideal 

for in vivo gene delivery. 

Another non-endocytic pathway is called “fusion”, which is special for 

lipoplexes, as it can cause a direct release of DNA to the cytoplasm before entering 

the endocytic pathways. However, more and more evidences suggest that fusion with 
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the cell membrane contributes minimally to the overall uptake of lipoplexes, while the 

CME plays an important role in the uptake of lipoplexes [148]. 

2.5 Tools to Study cellular uptake in Nonviral Gene Delivery 

 2.5.1 Specific inhibiors 

 Certain cell treatments can inhibit internalization via endocytosis, which is 

generally useful in determining the uptake pathways is illustrated in Table 2.4.  

Table 2.4 Perturbation of endocytosis and intracellular trafficking  

Treatment Effect Mechanism 

Low temperature General inhibitor of endocytosis Energy depletion 

Metabolic inhibitors  General inhibitor of endocytosis Energy depletion 

Potassium depletion  Specific inhibitor of CME Dissociation of clathrin lattice 

Cytosol acidification Specific inhibitor of CME Dissociation of clathrin lattice 

Hypertonic medium Specific inhibitor of CME Dissociation of clathrin lattice 

Chlorpromazine Specific inhibitor of CME Dissociation of clathrin lattice 

Filipin  Specific inhibitor of caveolae Cholesterol binding 

Nystatin  Inhibitor of caveolae Sequester cholesterol 

Methyl-β-cyclodextrin  Inhibitor of caveolae Deplete cholesterol 

Genestein  Inhibitor of caveolae Tyrosine kinase inhibitor 

Cytochalasins  Inhibitors of caveolae and 

macropinocytosis 

Actin depolymerization 

Amiloride  

 

Specific inhibitor of 

macropinocytosis 

Inhibits the Na+/H+ exchange 

protein 

Phorbol esters  

 

Specific stimulators of 

macropinocytosis 

Protein kinase C activators 

Wortmannin  

 

Inhibitor of macropinocytosis Phosphatidyl inositol-3- 

phosphate inhibitor 

Monensin  

 

Inhibitor of endosome maturation Prevents endosome acidification 

Chloroquine 

 

 

Disrupting endosomes and 

lysosomes 

Prevents endosome acidification and 

causes swelling to 

endosomes and lysosomes 

Ammonium chloride  

 

Disrupting endosomes and 

lysosomes acidification 

Increases pH of late endosomes 

and lysosomes 

Nocodazole  Inhibit vesicular transport Depolymerises microtubules 

 

Source:  Khalil, I.A., et al. (2006). "Uptake pathways and subsequent 

intracellular trafficking in nonviral gene delivery."  Pharmacological reviews  58, 1: 

32-45. 
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However, none of the commonly used inhibitors of different uptake pathways 

is absolutely specific. All of them either affect the actin cytoskeleton with their side 

effects, or interfere with alternative uptake pathways simultaneously. In addition, they 

usually show cell type variations.  

 The most direct way to distinguish endocytic pathways and nonendocytic 

pathways is to use the inhibitor or method of energy depletion, because most 

endocytic pathways are energy dependent. The commonly used inhibitors and 

methods are: low temperature (4 °C) and sodium azide (an ATPase inhibitor).  

 To distinguish the phagocytic and macropinocytic pathways with CME and 

CvME pathways, the commonly used inhibitors and methods for phagocytic and 

macropinocytic pathways are: inhibitors of sodium-proton exchange “amiloride and 

its derivatives”, F-actin depolymerizing drugs “cytochalasin D and latrunculins”, 

inhibitors of phosphoinositide metabolism “wortmannin and LY290042”, and protein 

kinase C activator “phorbol esters”. Except phorbol esters, the specificity of all the 

inhibitors is still in doubt as depolymerizing F-actin and inhibition of 

phosphoinositide metabolism may also disrupt the other two endocytic pathways. For 

example, cytochalasin D is also used as the inhibitor for CvME [149]. Within these 

inhibitors, amiloride and its derivatives may be considered as the first choice for their 

fewest side effects. 

 The commonly used inhibitors and methods for clathrin-mediated endocytosis 

are: Hypertonic sucrose (0.4–0.5 M), potassium depletion, cytosolic acidification, 

chlorpromazine, monodansylcadaverine (MDC), phenylarsine oxide. However, all of 

them have been shown to be able to inhibit macropinocytosis, thus cannot be used to 

distinguish the clathrin-mediated endocytic pathway and the macropinocytic pathway. 

Besides this, all these inhibitors can influence the cortical actin cytoskeleton more or 

less, which can cause non-specific cytotoxicity. However, potassium depletion, 

chlorpromazine, and MDC are the relatively better choices than the other ones for the 

initial discrimination of clathrin-mediated endocytic pathway [150]. 

 As to caveolae-mediated endocytic pathway, the commonly used inhibitors 

and methods are: statins, methyl-β-cyclodextrin (MβCD), filipin, nystatin, genestein, 
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and cholesterol oxidase. Among them, the incubation with filipin, nystatin, and 

cholesterol oxidase produce the fewest side effects. The chronic inhibition of 

cholesterol synthesis by statins or acute cholesterol depletion by MβCD 

nonspecifically disrupts intracellular vesicle trafficking and the actin cytoskeleton. 

Also, the specificity of genestein is still in doubt for its nonspecific disruption of the 

actin network. That being so, appropriate controls should be included when filipin, 

nystatin, and cholesterol oxidase are used [150]. 

 The inhibitors for the study of intracellular fates of complexes are also very 

important. Monensin, bafilomycin A can inhibit the acidification of endosomes, thus 

preventing their maturation and fusion into lysosomes [151]. Chloroquine is another 

inhibitor that accumulates in endosomes/lysosomes and causes the swelling and 

disruption of endocytic vesicles by osmotic effects [152]. 

 However, a range of concentration with lowest cytotoxicity and sufficient 

inhibitory efficiency should be determined first when the inhibitor is used on the cell 

for the first time. Then, the lack of absolute specificity can be compensated by the 

combined application of biological methods such as siRNA silencing, transient or 

stable expression of dominant-negative proteins, and reconstruction of proteins by 

knockout mutants, all of which are more specific than classical chemical inhibitors. 

 2.5.2 Molecular probes, markers, and dyes 

 Apart from specific inhibitors, there are several classical molecular probes that 

are known to be specifically internalized through each uptake pathway. Transferrin is 

often used as a probe of CME pathway in many studies [153]. Cholera toxin beta 

subunit (CTBs) is commonly used as a probe for CvME [153]. In addition, caveolin-1 

is also an important marker for CvME, as it is specifically involved in the formation 

of caveosome. Dextran is the popular probe for macropinocytosis in some studies 

because it can accumulate in the endolysosome compartment [153]. To solve the issue 

about the intracellular fate of complexes, a group of the specific markers or biological 

dyes are necessary to colocalize the non-viral gene complexes and intracellular 

organelles. TFR is used as a classical early endosome marker because it is transported 

into an early endosome when transferrin is internalized. EEA-1 is a hydrophilic 
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peripheral membrane protein present in cytosol and membrane fractions. It 

colocalizes with TFR, and immunoelectron microscopy shows that it is associated 

with tubulovesicular early endosomes. The lysosome-associated type 1 membrane 

glycoproteins LAMP-1 and LAMP-2 are localized primarily on the periphery of the 

lysosome, and can be used as markers for lysosome. The different roles of EEA-1 and 

LAMP in the endolysosome pathway allow us to know the stage in which the uptake 

carries on. Other endosome or lysosome markers are the Rab family proteins. They 

are small GTPases that control multiple membrane trafficking events in the cell, and 

there are at least 60 Rab genes in the human genome [154, 155]. The organelle 

specific dyes are other ideal tools for the detection of colocalization, and they are 

relatively convenient. LysoTracker (red) and Lyso Sensor (green) are the widely used 

dyes for lysosomes. Cell light (red or green) are the widely used dyes for early 

endosomes. Combined with the confocal imaging technology, the colocalization of 

labeled non-viral gene complexes and intracellular compartments can be viewed 

intuitively. However, the classical confocal imaging technology can only provide the 

monolayer images, the information from which is not convincing enough. 

2.6 RNAi therapeutic 

 RNAi therapeutics is a fundamentally new strategy to treat human disease at 

post transcriptional step. RNAi was first described in the nematode Caenorhabditis 

elegans by Fire and colleagues [156]. The injection of double-stranded RNA (dsRNA) 

could suppress the expression of a target gene by triggering specific degradation of 

the complementary mRNA sequence. After that, RNAi has rapidly become one of the 

most powerful and widely used tools for gene therapy. In addition, it has been 

developed as a novel therapeutic tool to target disease genes for treatment. 

 2.6.1 Mechanism of RNA interferance 

 RNA interference is a conserved biological process among multicellular 

organisms as diverse as plants, worms, yeast and humans. At the first time, by 

infection of dsRNA is able to suppress the expression of a target gene by triggering 

specific degradation of the complementary mRNA sequence. It is now clear that 

higher eukaryotes contain a large number of genes that encode small RNA namely 
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micro RNAs (miRNA) [157]. These miRNA generally have only incomplete 

sequence homology to their targets, often recognizing sequences in the untranslated 3′ 

end of a gene, and usually work by blocking the translation of mRNA into protein 

rather than by destroying the mRNA transcript. The naturally occurring miRNA are 

synthesized in the nucleus in large precursor forms, which are processed in the 

nucleus by Drosha, an RNase III enzyme, into pre-miRNA (60–80 nucleotides). 

Subsequent to transport to the cytoplasm and processing by Dicer, mature miRNA (22 

nucleotides) are taken up into a multisubunit ribonucleoprotein complex called RNA-

induced silencing complex (RISC). The heart of RISC is the Argonaute (AGO) 

proteins which are 8 AGO protein in human. Not all AGO proteins are cleavage 

competent. Only AGO2 is the executer that accomplishes siRNA-induced silencing . 

RISC incorporates the antisense strand of the unwound siRNA and defines the target 

region of the mRNA via sequence complementarity to promote its specific cleavage 

[158]. The pathway of RNAi shows in Figure 2.6. 

 For siRNA, it has a well-defined synthesized structure, a short (usually 21-bp) 

double-stranded RNA with phosphorylated 5′ ends and hydroxylated 3′ ends with two 

overhanging nucleotides. This type of small RNA directly incorporates into RISC, 

where its guide strand binds to and cleaves the complementary mRNA with a perfect 

match. When the cleaved mRNA is released, the guide-strand bound RISC binds to 

another mRNA and starts a new round of cleavage [159]. 

 Since the half-life of siRNA is short, shRNA has been developed as an 

alternative RNA molecule. shRNA is transcribed in the nucleus from an external 

expression vector bearing a short double stranded DNA sequence with a hairpin loop 

by RNA polymerase II or III. The shRNA transcript is then processed by Drosha, an 

RNase III endonuclease. The resulting pre-shRNA is exported to cytoplasm, where it 

is processed by Dicer (another RNase III enzyme) and incorporated into RISC, 

followed by the same cytoplasmic RNAi process as in siRNA . Comparing with 

siRNA, shRNA is constantly synthesized in host cells, leading to more durable gene 

silencing.  
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 Figure 2.6. The siRNA (left) and miRNA (right) pathways of RNA 

interference. 

 Source: Wilson, R.C. and J.A. Doudna. (2013). "Molecular mechanisms of 

RNA interference."  Annual review of biophysics  42: 217-239. 

 2.6.2 Challenge of siRNA therapeutic 

  2.6.2.1 siRNA stability and targeting 

  Generally, unmodified siRNAs are quite stable in a variety of 

conditions by avoiding nucleases. Neither brief exposure to high temperature (up to 

95 °C) nor long incubation time at lower temperatures (1 year at 4 °C) had any effect 

on activity [160]. To be effective in a disease-relevant setting, siRNAs must not only 
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survive in the serum, but also reach their target cells in the specific tissues. The large 

size and negative charge of naked siRNAs frustrates their diffusion across the plasma 

membrane. In addition, siRNA delivery strategies that take advantage of endocytosis 

also must provide for endosomal escape. Once it is in the cell cytoplasm, siRNAs 

need to be recognized by and incorporated into RISC with high efficiency with no 

degradation by intracellular nuclease [161]. 

  2.6.2.2 Off-target silencing 

  It is believed that RNAi is gene specific and only the gene with 

complementary sequence should be affected. However, the truth is that RNAi can 

sometimes induce nonspecific off-target effects. Among of off-target mechanism, 

miRNA-like binding in the 3′ UTRs is a major cause. Indeed, siRNAs or shRNAs can 

function as miRNAs due to the similarities between these silencing pathways. It has 

shown that siRNA can regulate unintended transcripts via “seed region” 

complementarity in their 3′ UTRs. This can be mitigated by siRNA redundancy or 

chemical modification [162]. However, Off-target silencing cannot be ignored in 

developing siRNA-based therapeutics, and all potential therapeutic siRNA candidate 

sequences must be heavily tested for perturbation of normal protein expression 

profiles. Also, predictive bioinformatics approaches implemented at the stage of 

siRNA design promise to significantly reduce and eventually eradicate off-target 

silencing [161]. 

  2.6.2.3 Activation of immune response 

  Double-stranded RNA induces innate immune response via interaction 

with RNA-binding proteins such as Toll-like receptors (TLRs) and protein kinase 

receptor (PKR). The innate immune response is mediated mainly by type I interferon 

(IFN) and pro-inflammatory cytokines, like IL-6 and TNFα. siRNA can stimulate the 

immune system in a sequence-dependent manner, certain shRNAs or siRNAs can 

bind and activate TLR7 if they contain 5′-GUCCUUCAA-3′motif or similar GU-rich 

sequences [163]. Furthermore, longer double-stranded RNA increased cytokine 

production markedly. 
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 2.6.3 Therapeutic application of RNAi 

 RNAi-induced gene silencing hijacks the inhibitory effects of conventional 

pharmaceuticals, mainly achieved by blocking their targets' function. However, some 

disease-related molecules, primarily proteins, do not have an enzymatic function or 

have a conformation that is hardly accessible to conventional drugs, therefore are 

considered as “non-druggable” targets. Recently, these “non-druggable” targets have 

been targeted by RNAi approach. 

  2.6.3.1 Cancer 

  Cancer is a genetic disease which involves mutational and epigenetic 

changes which lead to uncontrollable cell proliferation and differentiation [164]. 

siRNA and shRNA have been extensively used to silence cancer-related gene targets. 

A lot of preclinical studies have shown that gene silencing can inhibit tumor cell 

growth, angiogenesis, metastasis and chemo-resistance [165, 166]. 

For example, an oncogene Bcl-2 is over expressed in many human 

tumors [167]. The report demonstrated that siRNA targeting Bcl-2 induced apoptosis 

of the cells in vitro and shRNAs against Bcl-2 suppressed tumor growth in mice with 

xenograft tumor [168]. Angiogenesis is also a key factor for neoplasia and tumor 

metastasis. The vascular endothelial growth factor (VEGF) pathway is the well-

known target of tumor angiogenesis [169]. RNAi technology has been used to inhibit 

angiogenesis by selectively silencing VEGF pathway. For example, shRNAs against 

VEGF was intravenously and intratumorally delivered to a pancreatic tumor xenograft 

model. Both treatment significantly inhibited cancer cell proliferation and tumor 

growth, down-regulated the expression of VEGF-C mRNA, and reduced tumor 

microvessel density (MVD) and microlymphatic vessel density (MLVD). 

Interestingly, shRNA showed a weaker inhibitory effect on tumor growth, compared 

to Gemcitabine but a stronger inhibitory effect of MLVD and MVD [170]. Basic 

fibroblast growth factor (bFGF) is also an important pro-angiogenic growth factor. 

siRNA against bFGF significantly reduced the bFGF mRNA amount and showed 

inhibitory effects on endostatin secretion in different pancreatic cancer cell lines. 
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These will provide therapeutic targets for antiangiogenic treatment of pancreatic 

cancer and other tumors [171]. 

Drug resistance is another major barrier that limits the effectiveness of 

chemotherapy. A common phenomenon is multidrug resistance (MDR), that is 

simultaneous resistance to a number of structurally and functionally unrelated 

chemotherapeutic agents. The mechanism involves the overexpression of trans-

membrane transporter proteins P-glycoprotein (P-gp) and multidrug resistance-

associated protein-1 (MRP1), encoded by MDR1 and MRP1 genes, respectively 

[172]. RNAi approach may be an efficient tool to reverse MDR and increase the 

success of chemotherapy. Selective MDR1 siRNA duplex treatment induced 85–90% 

reduction in MDR1 expression in doxorubicin-resistant MCF-7 breast cancer cells, 

relocalization of doxorubicin to the nucleus and 70% resensitization of doxorubicin 

resistant cells [173].  

2.6.3.2 Cardiovascular disease 

In cardiovascular system, renin–angiotensin system (RAS) plays 

important roles in the development and progression of atherosclerosis and 

hypertension. In RAS, angiotensinogen (AGT) is the precursor of angiotensin II 

(AngII). The increased AGT in liver may significantly elevate the production of Ang 

II, which increases the blood pressure and accelerates the progression of 

atherosclerosis. Meanwhile, a larger amount of superoxides and reactive oxygen 

species (ROS) are produced, but the production of nitric oxide (NO) is reduced and 

the endothelium-dependent dilation is impaired. Thus, inhibition of RAS may reduce 

the generation of ROS, promote the synthesis of NO, control the blood pressure, and 

delay the development of atherosclerosis. AGT was selected as the target gene to 

design corresponding GPE nanoparticles carrying shRNA, since it is the initial 

substrate of RAS. After AGT shRNA treatment, the mRNA and protein expressions 

of AGT in the liver were remarkably reduced and the blood levels of AGT and Ang II 

also significantly decreased. The blood pressure was reduced during the first few 

days. Moreover, microscopy showed that the atherosclerotic lesions were markedly 
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attenuated in AGT shRNA treated rats, resulting in the delayed development of early 

atherosclerotic lesions [174]. 

On the other hand, aldosterone (Aldo) is a principal signaling factor in 

the functional cascade of the RAS. Like Ang II, Aldo also plays an important role in 

the progression of hypertension. Aldo excess increases ROS generation by activating 

NADPH oxidase (NOX) and the increased ROS in the brain may be a key mechanism 

in the development of hypertension. A number of studies demonstrated that 

intracerebroventricular (i.c.v.) infusions of NADPH oxidase inhibitors attenuate Aldo-

induced hypertension. There was the study which investigated the brain regional 

specificity of NOX2 and NOX4 NADPH oxidase subunits in the hypothalamic 

paraventricular nucleus (PVN) in Aldo-induced hypertension. PVN injections of 

adenoviral vectors expressing siRNA targeting NOX2 or NOX4 significantly 

attenuated the increase in mean arterial pressure (MAP) induced by Aldo in mice. As 

for in vitro study, silencing either NOX2 or NOX4 protein by culturing PVN cells 

with NOX2 siRNA or NOX4 siRNA remarkably attenuated Aldo-induced ROS 

generation [175]. These indicate that silencing NOX2 or NOX4 in the PVN via 

siRNAs could normalize the hypertensivogenic actions induced by Aldo excess.  

2.6.3.3 Neurodegenerative diseases 

Neurodegenerative diseases are considered by the progressive loss of 

neurons, which leads to the gradual appearance of disable neurological symptoms and 

premature death. Current available therapies aim to improve the symptoms but not to 

prevent the progress. The increasing prevalence and economic burden of the diseases 

such as Huntington's disease (HD), Alzheimer's disease (AD), or Parkinson's disease 

(PD) have facilitated the development of new inventions, including RNAi. Several 

lines of evidence have shown that therapeutic manipulation of RNAi to selectively 

suppress disease linked genes has a potential for the treatment of neurodegenerative 

diseases [176]. In HD studies, RNAi directed against mutant human hunting in 

successfully suppressed expression of the transgene in the stritum and cerebellum in 

HD mice, resulting in a significant pathological and behavioral improvement [177]. In 

AD studies, RNAi targeted for amyloid precursor protein (APP), β-site APP cleavage 
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enzyme 1 (BACE1) or tau has been proposed as therapies for AD. Singer using 

lentiviral delivery of shRNA targeting endogenous BACE1 to the hippocampi 

significantly reduced Aβ production, amyloid plaques and neuronal death, which 

leads to improved learning and memory in a transgenic mouse model of AD after 

disease onset [178]. In addition, studies using herpes simplex virus RNAi directed 

against the APP transcript significantly reduced the accumulation of AD related Aβ in 

the lentiviral mouse model [179]. In PD studies, RNAi manipulation has been 

proposed to silence the expression of α-synuclein, which may interfere with the 

pathogenic cascade and thus be therapeutically helpful in PD [180]. 

2.6.3.4 Human immunodeficiency virus (HIV) 

HIV belongs to the retroviral family which led to acquired 

immunodeficiency syndrome (AIDS). Due to the lack of effective anti-retroviral 

drugs, CD4+ T lymphocytes may continue to decrease and weaken the immune 

system, resulting in opportunistic infections and tumors. The alternative strategies 

were developed to overcome these problems and RNAi studies presented favorable 

outcomes. Synthetic siRNAs and expressed shRNAs have been used to target several 

early and late HIV-encoded RNAs in cell lines [181]. Although the success of RNAi-

mediated inhibition of HIV encoded RNAs in vitro, targeting the virus directly is still 

difficult because the virus can escape from being targeted by viral mutation. 

Therefore, down-regulation of the cellular cofactors, such as CD4, can be an 

alternative strategy [182]. In addition, down-regulation of CXCR4 and CCR5 resulted 

in the inhibition of HIV replication in numerous human cell lines and primary cells 

[183]. The first clinical trial using a lentiviral gene therapy was initiated in early 2007 

(NCT00569985; 04047). The lentivirus vector induces 3 forms of anti- HIV RNA: 

RNAi in the form of a shRNA targeted to an exon in HIV-1 tat/rev (shI) to destroy 

viral mRNA, a decoy for HIV TAT-activated RNA (TAR) to antagonize viral 

transactivation, and a ribozyme that targets the host T cell CCR5 cytokine receptor 

(CCR5RZ) to block viral entry. The vector is called rHIV7-shI-TAR-CCR5RZ and 

was used in the transduction and expansion of autologous CD4-enriched T cells. 
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2.6.3.5 Viral hepatitis 

Current therapy for chronic hepatitis C virus (HCV) infection 

employed combined use of pegylated interferon (IFN-α) and ribavirin. Although these 

agents have improved the clinical outcome, few patients responded to them and IFN-α 

was associated with significant side effects, ranging from fatigue to mood disorders. 

Thus, there is a clear need for the development of additional agents that act 

specifically. Several studies have shown that HCV replication is very sensitive to 

siRNAs or shRNA targeting HCV RNA [184]. Moreover, increasing evidence has 

suggested that miR-122 can facilitate HCV replication and stimulate HCV translation 

at an early initiation stage by binding directly to two adjacent sites close to the 5′ end 

of HCV RNA. This can be a therapeutic target for HCV [184]. 

2.6.3.6 Other applications 

RNAi can be used to silence endogenous genes involved in the cause 

of metabolic diseases. Current focus is laid on silencing target genes that control lipid 

packaging into lipoprotein particles. For instance, silencing apolipoprotein B (ApoB), 

a crucial component of LDL particles, has been proved to lower serum LDL 

cholesterol levels in both rodents and nonhuman primates [185]. Silencing proprotein 

convertase subtilisin/kexin type 9 (PCSK9), an enzyme responsible for the processing 

of secretory proteins could reduce serum LDL cholesterol content in mice.  

On the other hand, the eye provides advantages for clinical application 

of siRNA, as it is a relatively isolated tissue compartment. Topical administration of 

siRNAs directed against VEGF or its receptors has proven effective on suppressing 

corneal neovascularization [186]. In addition, signaling through transforming growth 

factor-beta receptor 2 (TGFbetaR2) has been implicated in excessive ocular scarring 

and siRNA targeting TGFbetaR2 has shown a beneficial effect on excessive scarring 

after glaucoma filtration surgery [187]. The first clinical trial was initiated in 2004 by 

Acuity Pharmaceuticals in patients with age-relatedmacular degeneration (AMD). A 

siRNA targeting the angiogenic growth factor VEGF was administered by intravitreal 

injection. So far, there are at least 10 siRNA clinical trials for treating eye diseases, 
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such as AMD, ocular hypertension, ocular pain and glaucoma. The summary of RNAi 

application illustrated in Table 2.5. 

Table 2.5 Small RNA-based therapeutics in clinical trials  

Diseases Disease category Drug name Drug type Target Phase 

AMD Ophthamology Bevasiranib siRNA VEGF III 

  PF-4523655 (RTP801ni-

14) 

siRNA RTP801 II 

  AGN211745 siRNA VEGF-R1 I/II 

Macular edema Ophthamology Bevasiranib, Cand 5 siRNA VEGF II 

  PF-4523655 (RTP801ni-

14) 

siRNA RTP801 II 

Chronic optic nerve 

atrophy 

Ophthamology QPI-1007 siRNA proNGF I 

Pachyonychia congenita Genetic disorder TD1010 siRNA Keratin K6a I 

Chronic lymphocytic 

leukemia 

Oncology SPC2996 LNA oligo Bcl-2 I/II 

Metastatic lymphoma Oncology Proteasome siRNA siRNA Immuno-proteasome β-

subunits LMP2, LMP7 

and MECL1 

I 

  gPLK SNALP siRNA PLK1 Pre-

clinical 

Solid tumors Oncology CALAA-01 siRNA M2 subunit of 

ribonucleotide reductase 

I 

  Atu027 siRNA PKN3 I 

  EZN3042 LNA oligo Survivin I/II 

  EZN2968 LNA oligo HIF-1α I/II 

  FANG vaccine shRNA Furin I 

  ALN-VSP siRNA KSP and VEGF I 

  eIF-4E ASO LNA oligo eiF-4E I 

  Survivin ASO LNA oligo Survivin II 

Delayed graft function Inflammation I5NP siRNA p53 I/II 

Acute kidney injury Inflammation I5NP siRNA p53 I 

Familial adenomatous 

polyposis 

Inflammation CEQ508 shRNA β-Catenin I 

Hypercholesterolemia Metabolic disease PRO-040201 siRNA ApoB I 

  ApoB SNALP siRNA ApoB I 

  SPC4955 siRNA ApoB Pre-

clinical 

  ALN-PCS siRNA PCSK9 Pre-

clinical 

HCV Viral infection SPC3649 LNA oligo miR-122 I 

HIV Viral infection Lentivirus expressing 

shRNASI/SII-TAR decoy 

and anti CCR5 ribozyme 

shRNA+TAR 

decoy +CCR5 

ribozyme 

HIV Tat and Rev 

proteins, HIV TAR RNA, 

and human CCR5 

I 

  pHIV7-shI-TAR-

CCR5RZ 

shRNA+TAR 

decoy +CCR5 

ribozyme 

HIV Tat protein,  HIV 

TAR RNA  and human 

CCR5 

Pre-

clinical 

RSV Viral infection ALN-RSV01 siRNA RSV nucleocapsids II 

Source: Lares, M.R., J.J. Rossi, and D.L. Ouellet. (2010). "RNAi and small 

interfering RNAs in human disease therapeutic applications."  Trends in 

Biotechnology  28, 11: 570-579. 



49 
 

 
 

2.7 General methods for determining the carriers/nucleic acid complexes 

formation 

 Since the formation of carriers/nucleic acid is important for therapeutic gene 

transfer and involved in transfection efficiency. A range of techniques have been 

employed to monitor the self-assembly formation and to characterize properties of the 

polyelectrolyte complexes produced. Amount of these techniques, gel retardation is a 

common method that monitors the loss of electrophoretic mobility of DNA when it 

binds a critical amount of cationic polymer. Also, inhibition of ethidium bromide 

(EtBr)/DNA fluorescence resulting from DNA condensation by cationic polymers is a 

convenient method to monitor the polyelectrolyte interaction [188]. In addition, zeta 

potential analysis which could detect the surface charge of complexes was also 

common method for determining of complete complex formation. 

 2.7.1 Gel retardation 

  2.7.1.1 Principle of gel electrophoresis  

  Gel electrophoresis is a most commonly used method for separating 

nucleic acid. DNA and RNA have regularly repeating phosphodiester linkages that 

carry negative charges near neutral pH. These macromolecules migrate to the anode 

of the electrophoresis chamber under an applied constant voltage. Nucleic acid 

molecules are size separated by the aid of an electric field where negatively charged 

molecules migrate toward anode (positive) pole [189]. The migration flow is 

determined solely by the molecular weight where small weight molecules migrate 

faster than larger ones. In addition to size separation, nucleic acid fractionation using 

agarose gel electrophoresis can be an initial step for further purification of a band of 

interest. A voltage range of 1 to 10 V per cm gel length (V/cm) is used, depending on 

the size of the nucleic acid macromolecule. A voltage that is too high results in poor 

resolution and overheating, while a voltage that is too low results in diffusion of 

smaller-sized nucleic acids [190]. Extension of the technique includes excising the 

desired “band” from a stained gel viewed with a UV transilluminator. 
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  2.7.1.2 Agarose 

  For agarose gel electrophoresis, Agarose is composed of long polymers 

of mainly uncharged repeating disaccharides. An agarose gel is formed when a 

solution of agarose polymers is first heated and then allowed to cool. As the agarose 

cools below around 40◦C, hydrogen bonds form to create the gel matrix. Agarose is 

the gelling component of agar (agar-agar), an extract from red algae (mainly Gelidium 

and Gracilaria species) [190]. The percentage of agarose used depends on the size of 

fragments to be resolved. Prepare a higher-percentage gel to create smaller pores 

(∼100 nm) to resolve small DNA fragments, and a lower-percentage gel to create 

larger pores (∼300 nm) to resolve larger DNA fragments. In general a 0.8-1% gel 

may be used for effective separation of DNA fragments of 100-1500 base pairs. The 

percentage of agarose for separating DNA was illustrated in Table 2.6. 

Table 2.6 Percentage of agarose for Separating DNA Fragments  

Effective range of resolution of 

linear DNA fragments (kb) 
Percentage of agarose 

30 to 1 0.5 

12 to 0.8 0.7 

10 to 0.5 1 

7 to 0.4 1.2 

3 to 0.2 1.5 

Source: Voytas, D., Agarose Gel Electrophoresis, in Current Protocols in 

Molecular Biology. 2001, John Wiley & Sons, Inc. 

  2.7.1.3 Running buffer 

  The running buffer is also an importance component in gel 

electrophoresis. For DNA gels, one may use Tris-acetate-EDTA (TAE) or Tris-

borate-EDTA (TBE) running buffer. TAE is commonly used since it is easy to make 

and store since TBE may form precipitates upon storage. However, TBE has a 

superior buffering capacity, as the pKa of Tris (8.08) is closer to that of boric acid 

(9.24) than it is to the pKa of acetic acid (4.76). TBE is not necessarily always best for 
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large DNA fragments. Smaller DNA fragments (<1 kb) may be better resolved in 

TBE gels, since TBE interacts with agarose more tightly, effectively forming smaller 

pores [191]. TAE should be used if the DNA is to be purified from the gel, since the 

interaction between TBE and agarose can reduce the amount of DNA recovered 

[192].  

  2.7.1.4 Staining and visualization 

  Ethidium bromide is the common dye for nucleic acid visualization. 

EtBr binds DNA with no apparent sequence preference once every 4–5 base pairs 

[193]. Although the with a lower efficiency compare to the double- stranded DNA, 

EtBr is also used to stain single- stranded DNA or RNA. Under UV illumination, the 

maximum excitation and fluorescence emission of EtBr can be obtained from 500- 

590 nm. Exposing DNA to UV fluorescence should be performed rapidly because 

nucleic acids degrade by long exposures and thus, the sharpness of the bands would 

be negatively affected.  

  An alternative dsDNA stain is SYBR Green I. Despite the fact that 

SYBR Green is more expensive, it is 25 times more sensitive than ethidium bromide 

[194]. SYBR Safe, a variant of SYBR Green, has been shown to have low levels of 

mutagenicity and toxicity compared with ethidium bromide while providing similar 

sensitivity levels EtBr. Nevertheless, similar to the SYBR Green, SYBR Safe is also 

more expensive when compared to EtBr. 

  2.7.1.5 Application 

  The agarose gel electrophoresis is widely employed to estimate the size 

of DNA fragments after digesting with restriction enzymes, e.g. in restriction mapping 

of cloned DNA. It has also been a routine tool in molecular genetics diagnosis or 

genetic fingerprinting via analyses of PCR products. Separation of restricted genomic 

DNA prior to Southern blot and separation of RNA prior to Northern blot are also 

dependent on agarose gel electrophoresis [189]. 

Agarose gel electrophoresis is commonly used to resolve circular DNA 

with different supercoiling topology, and to resolve fragments that differ due to DNA 
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synthesis. DNA damage due to increased cross-linking proportionally reduces 

electrophoretic DNA migration. In addition to providing an excellent medium for 

fragment size analyses, agarose gels allow purification of DNA fragments. Since 

purification of DNA fragments size separated in an agarose gel is necessary for a 

number molecular techniques such as cloning, it is vital to be able to purify fragments 

of interest from the gel [195].  

Gel electrophoresis was also applied for determination of complex 

formation in gene delivery. Since condensation of DNA into nano-sized particles is a 

prerequisite for efficient delivery of DNA into cells and determination of complete 

complex formation generally done before in vitro study. The binding strength of the 

cationic polymers to nucleic acid was determined by gel retardation assay at various 

weight ratios. Form this aspect, the binding ability of cationic polymer to nucleic acid 

and complete formation was indicated by the ratio at which full retardation was 

achieved [196]. 

2.7.2 Dye exclusion assay 

In general, the measurement of nucleic acid concentration is a critical step in 

molecular biology studies. Spectrophotometry is the principal method for evaluating 

quantity and quality of nucleic acids. In aqueous solution, DNA has maximal 

absorbance near 260 nm with an extinction coefficient of 50; protein absorbs light 

strongly near 280 nm. The A260/A280 ratio provides an estimate of DNA purity; 

values of 1.7–2.0 predict ‘clean DNA’. In addition, quantitative analysis of low 

concentrations of double stranded DNA (dsDNA) is now feasible using fluorometry 

with newer fluorophores (fluorescent stains). Fluorometric measurement of DNA 

concentration has gained popularity because it is simple and potentially much more 

sensitive than absorbance measurements [197]. Ethidium bromide preferentially binds 

to dsDNA by intercalation. However, because of high mutagenicity of EtBr, the 

newer fluorescent dyes have been develop for this purpose such as SYBR green and 

Picogreen. Both PicoGreen and SYBR Green I appear to exhibit high affinity for 

DNA and a large fluorescence enhancement upon DNA binding with similar 

excitation/emission maxima [198]. 
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Upon the principle of intercalating dye which fluorescence will increase by 

intercalation into double-stranded regions of nucleic acids, it can be apply for 

detection of binding ability between nucleic acid and cationic polymer. For this 

aspect, inhibition of fluorescent dye/nucleic acid fluorescence resulting from DNA 

condensation by cationic polymers is a convenient method to monitor the 

polyelectrolyte interaction [199]. By forming complex between nucleic acid and 

cationic polymer, the studies show that loss of fluorescence coincides with expulsion 

of EtBr from the DNA, rather than quenching [188]. The common intercalating dyes 

used for determination of complex formation were following; 

 2.7.2.1 Ethidium bromide 

 Ethidium bromide is a phenanthridinium intercalator, structurally 

similar to propidium iodide. It binds strongly to both DNA and RNA at sites which 

appear to be saturated when EtBr molecule is bound for every 4 or 5 nucleotides 

[193]. However, ethidium bromide has significant intrinsic fluorescence, the dye 

displays a 20–25-fold increase in fluorescence upon intercalation into double-stranded 

regions of nucleic acids [200].The concentration of dsDNA which was able be linear 

over a range extending from 250 ng/ml to 20 μg/ml. However, EtBr has been no 

longer used and the new safer intercalating dyes have been developed. EtBr showed to 

inhibit replication in several organisms by interfering with both DNA and RNA 

synthesis and causes frameshift mutations in bacteria.  These effects are presumably 

due to the presence on the genomic DNA of covalently bound metabolic or 

photoactivated products of the parent dye molecule that may intercalate, causing 

errors during replication [201].  

 2.7.2.2 PicoGreen 

 PicoGreen is a fluorochrome that selectively binds dsDNA and has 

characteristics similar to that of SYBR-Green I. It has an excitation maximum at 480 

nm (lesser peaks in the short-wave UV range) and an emission peak at 520 nm. When 

bound to dsDNA, fluorescence enhancement of PicoGreen is exceptionally high; little 

background occurs since the unbound dye has virtually no fluorescence. PicoGreen is 

very stable to photobleaching, allowing longer exposure times and assay flexibility. 
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PicoGreen assays have a threshold of <1.0 ng dsDNA per sample, regardless of the 

detection equipment, or molecular complexity of the sample; ~250 ng per sample of 

genomic DNA and ~1.0 ng small PCR product are the practical limits of the assay 

[198]. 

 2.7.2.3 SYBR green I 

 SYBR Green I, unsymmetrical cyanine dye is a sensitive dsDNA stain, 

making it useful for many applications where there is a low concentration of DNA. 

The capability of SYBR Green I to selectively assay dsDNA in the presence of 

contaminants (RNA, ssDNA, nucleotides, and protein) is advantageous. Also, the 

presence of SYBR Green I bound to DNA does not inhibit the activity of some 

restriction endonucleases, including HindIII and EcoRI [202]. Unlike EtBr, SYBR 

Green has minimal intrinsic fluorescence and exhibits a 800- to 1000-fold 

fluorescence enhancement and high quantum yield ( 0.8) upon binding to dsDNA. 

The affinity of SYBR Green I stain for dsDNA is approximately 100-fold higher 

affinity than that of ethidium bromide. The later study showed that the 96-well 

microplate fluorescence assay accurately quantified different types of DNA over a 

broad linear dynamic range of concentrations (0.25–2,500 pg/µL), and was not 

affected by a variety of contaminants in the assay mixture [203]. Comparing four 

different fluorophores for DNA quantification, it was concluded that SYBR Green I 

and PicoGreen were substantially more sensitive than Hoechst 33258 or ethidium 

bromide, and that SYBR Green I and PicoGreen exhibited almost identical 

detectabilities, with SYBR Green I being approximately 30-times less expensive than 

PicoGreen at the effective working concentration [197]. 

 

Figure 2.7 Structure of EtBr, SYBR Green I and PicoGreen 
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2.7.3 Zeta potential analysis 

According to the positive charge characteristic of cationic polymers, they are 

able to mark the negative charge of nucleic acid and condense into nanoparticle. The 

surface charge of cationic polymers/nucleic acid complex was usually measured. The 

common practice is to determine the electric potential of a particle at a location away 

from the particle surface, somewhere in the diffuse layer. This location, related to 

particle movement in liquid, is called the slipping or shear plane. The potential 

measured at this plane is called zeta potential which is a very important parameter for 

colloids or nanoparticles in suspension (Figure 2.8 ). Its value is closely related to 

suspension stability and particle surface morphology [204].  

There are three existing methods for zeta potential determination of suspended 

particles, electrophoretic light scattering (ELS), acoustic and electroacoustic. Due to 

its sensitivity, accuracy, and versatility, ELS is by far the best choice for many 

applications  [205].  

 

 Figure 2.8 Zeta potential of particle 

 Source: Liese, A. and L. Hilterhaus. (2013). "Evaluation of immobilized 

enzymes for industrial applications."  Chemical Society Reviews  42, 15: 6236-6249. 
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2.8 Dichlorofluorescein as an adsorption indicator and its applications 

 The property of fluorescein dye was employed for the first time in 1923 by 

Fajan [14]  in marking the end-point in argentometric titrations of halide ion. The 

fluorescein is not sensitive to dissolved silver or halide ions, but changes its color at 

the equivalence point where colored compounds are formed on the precipitate due to 

adsorption phenomena.  

 In Fajan’s precipitation titration, chloride ions are titrated with silver nitrate 

and the silver chloride precipitant form. At slightly over equivalent point, the silver 

chloride adsorbs silver ions on it. The “silver body” then adsorbs fluorescein ions 

from the solution and dark red silver fluoresceinate is formed on the surface of the 

precipitate. The majority of dyes used as adsorption indicators are acidic dyes and 

they are applicable generally in the titration of anions against cations. Fluorescein 

possesses a weak acidic character; in weak acid solution the concentration of 

fluorescein ions is so small that the color change no longer takes place [206]. So the 

fluorescein derivatives were then developed. The introduction of halogen atoms into 

the fluorescein molecule has two effects: the dissociation constant is increased and the 

adsorbability of the dye anions by the silver halide increases. It would therefore be 

expected that substances with a stronger acid character than fluorescein could be used 

as indicators in weak acid solutions. On the other hand, the stronger adsorbability 

might either interfere or be favorable. During the titration of chloride ions with silver 

nitrate the silver chloride formed at the beginning of the titration adsorbs chloride 

ions. In the presence of the anions of the indicator, the latter also have a tendency to 

be adsorbed and if their adsorption is larger than that of the chloride ions, the color 

change will take place during the early stages of the titration. Such is the case when 

eosin is used. Therefore this indicator cannot be used in the argentometric 

determination of chlorides, even though it gives highly accurate results when 

bromides, iodides and thiocyanates are titrated even in weak acid solutions. On the 

other hand, stronger adsorbability may exert a favorable influence in that it might 

make possible the titration of very dilute chloride solutions. In this case, the 

absorption of fluorescein ions is too small and no color change is observed [207]. 
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 Fluorescein dyes are widely used owing to their unique spectral properties. 

However, 2,7-dichlorofluorescein was numerously utilized in photophysical studies 

such as an adsorption indicator, a reactant in free radical chemistry [208], and a probe 

for examination of micellar media [209].  

 Particularly, 2,7-dichlorofluorescein possesses properties which are very 

promising from some viewpoints. For instance, the pKa values are lower than those of 

fluorescein, and this ensures the existence of the dye in form of the intensively 

fluorescing dianion in media of such kinds in which fluorescein is not yet completely 

dissociated. This is of special significance for the application of these dyes as tracers 

in water systems and in other unbuffered systems, as well as in biological systems 

within the ‘physiological’ pH region, etc. In addition, 2,7-dichlorofluorescein is more 

photostable as compared with the unsubstituted luminophore. 

 The most typical species of 2,7-dichlorofluorescein are presented in Figure 

2.9. The negative ‘phenolate’ charge of the dianion R
2-

 is delocalized within the 

xanthene moiety. The neutral form H2R exists in solutions as an equilibrium mixture 

of two tautomers, quinonoid and lactonic, the latter being colorless due to sp3-

hybridization of the central carbon atom C-9. Contrary to fluorescein, the zwitterionic 

structure is less typical for 2,7-dichlorofluorescein due to an increase in the acidic 

strength of the hydroxy groups resulting from ortho-chloro substitution. This highly 

polar zwitterionic tautomer of dichloro-substituted fluorescein exists only in 

extremely small amounts even in water, evidently due to the marked strengthening of 

acidity of the OH groups by the orthochlorine substituents. Therefore, this structure is 

not included in Figure 2.9. Less clear and much poorer studied is the structure of 

monoanion HR
-
, which can exist as ‘carboxylate’ and ‘phenolate’ tautomer. In the 

case of fluorescein, the ‘carboxylate’ tautomer predominates in all solvent systems 

studied, while in the case of eosin, erythrosin, Rose Bengal B, and other 2,4,5,7-

tetrahalogen derivatives the monoanion HR
-
 exists as ‘phenolate’ tautomer. The 

relative population of the aforesaid HR
-
 tautomers of 2,7-dichlorofluorescein 

gradually changes along with alterations in the nature of the solvent, that is, pure and 

mixed solvents. On transferring from water to organic solvents, the tautomeric 

equilibrium shifts toward the right [210]. 
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 Figure 2.9 Protolytic conversions of 2,7-dichlorofluorescein in solution. 

 Source: Mchedlov‐Petrossyan, N.O., et al. (2006). "A dibasic acid with 

reversed order of the stepwise ionization constants: 2, 7‐dichlorofluorescein in the 

ternary solvent mixture benzene–ethanol–water."  Journal of physical organic 

chemistry  19, 6: 365-375. 
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1. Materials 

2′,7′-Dichlorofluorescein (Sigma-Aldrich ®, St Louis, MO, USA) 

Ambion’s Silencer™ siRNA Construction Kit (Ambion, USA) 

Chitosan (45 kDa, 85% degree of deacetylation) (Seafresh Chitosan Lab., 

Thailand) 

Chitosan (low molecular weight) (Sigma-Aldrich ®, St Louis, MO, USA) 

Chlopromazine (Sigma-Aldrich 
®
, St Louis, MO, USA) 

Dimethylsulfoxide (DMSO) (Fisher Scientific; analytical reagent grade) 

DNA purification kit, QIAGEN
®
 Plasmid Midi Kit (Qiagen, Santa Clarita, CA 

USA) 

Ethidium bromide (Sigma-Aldrich ®, St Louis, MO, USA) 

Fetal bovine serum (GIBCO™ , Grand Island, NY, USA) 

Filipin complex, from Streptomyces filipinensis (Sigma-Aldrich ®, St Louis, 

MO, USA) 

Gene Pure LE Agarose 500g (ISC BioExpress
®
, USA) 

Geneticin
® 
(GIBCO™ , Grand Island, NY, USA)

 

Genistein (Sigma-Aldrich 
®
, St Louis, MO, USA) 

GlutaMAX™ supplement (GIBCO™ , Grand Island, NY, USA) 

Kanamycin (GIBCO™ , Grand Island, NY, USA) 

Lambda DNA / Hind III Markers (Promega, Madison, MI, USA) 

MEM non-essential amino acids (GIBCO™ , Grand Island, NY, USA) 

Methyl-β-cyclodextrin (Sigma-Aldrich 
®
, St Louis, MO, USA) 

Minimum Essential Media (MEM) (GIBCO™ , Grand Island, NY, USA) 

Nocodazole (Sigma-Aldrich 
®
, St Louis, MO, USA) 

pEGFP-C2 (4.7 kbp) is amplified in Escherichia coli 

Penicillin-Streptomycin (GIBCO™ , Grand Island, NY, USA) 

Polyethylenimine (PEI) 0.8 kDa (Wako Pure Chemical Industries, Ltd., Osaka, 

Japan) 

Polyethylenimine (PEI) 1.6 kDa (Wako Pure Chemical Industries, Ltd., Osaka, 

Japan) 

Polyethylenimine (PEI) 10 kDa (Wako Pure Chemical Industries, Ltd., Osaka, 

Japan) 
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Polyethylenimine (PEI) 25 kDa (Sigma-Aldrich Chemie. GmbH, Germany) 

Poly-L-arginine (Sigma-Aldrich ®, St Louis, MO, USA) 

pSV-β-galactosidase (6.8 kbp) is amplified in Escherichia coli 

RNase A (Sigma-Aldrich 
®
, St Louis, MO, USA) 

Sodium bicarbonate (Analar
®
 BDH ;VWR International Ltd.) 

Sodium chloride (UNIVAR
®
Ajax Finechem; analytical reagent grade) 

Sodium dodecyl sulfate (Sigma-Aldrich 
®
, St Louis, MO, USA) 

Thiazolyl Blue Tetrazolium Bromide (MTT) (Sigma-Aldrich 
®
, St Louis, MO, 

USA) 

Trypsin-EDTA (0.25%), no phenol red (GIBCO™ , Grand Island, NY, USA) 

Wortmannin (Sigma-Aldrich 
®
, St Louis, MO, USA) 

 

2.  Equipment 

Analytical balances (Satorious CP224S, Scientific promotion Co., Ltd.) 

Autoclave (Model: LS-2D; Scientific promotion CO., Ltd.) 

Beakers (50, 100, 250, 500, 1000 ml) 

Black clear-bottom, 96 well plate (Corning 
®
; Corning Incorporated) 

Cell culture flask, 25 cm
3 

, 75 cm
3 

(Corning 
®
; Corning Incorporated) 

Centrifuge (Sorvall
®
 Biofuge Stratos) 

Conical centrifuge tube (15, 50 ml) (Corning 
®
; Corning Incorporated) 

Electronic pipette controller (Powerpette Plus; Bio-Active Co., Ltd.) 

Filter membrane, 0.22 micron (Sartorius AG. 37070 Goettingen, Germany) 

Flat clear-bottom, 24 well plate (Corning 
®
; Corning Incorporated) 

Flat clear-bottom, 48 well plate (Corning 
®
; Corning Incorporated) 

Flat clear-bottom, 96 well plate (Corning 
®
; Corning Incorporated) 

Fluorescence microscope (Model: GFP-B, wavelengths: excitation filter 480/40 

and emission filter 535/50) 

Gel electrophoresis apparatus (MyRUN intelligent electrophoresis unit, 

Cosmobio CO., Ltd., Japan) 

GelDoc system (Multi Genus Bio- imaging system, Syngene™) 

GeneRay UV-Photometer (Biometra® λ260/280 nm)  

Hot air oven 
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Humid CO2 Incubator (37°C, 95% RH, 5% CO2) (HERA Cell 240 Hereaus) 

Laminar air flow (BIO-II-A) 

Magnetic stirrer and magnetic bar 

Microcentrifuge tube 1.5 ml 

Micropipette (0.1-2 µl, 2-20 l, 20-200 l, 100-1000 l) 

Micropipette tips (Corning 
®
; Corning Incorporated) 

Microplate reader (Universal Microplate Analyzer, Model AOPUS01 and 

AI53601, Packard Bio-Science, CT, USA) 

Multipoint pipette with 8 channel aspiration manifold 20- 200 µL 

pH meter (Horiba compact-B212) 

Syringe Filter, 0.22 micron, 17 mm 

Thermo-regulated water bath  

UV cabinet 

UV spectrophotometer (NanoVue™, GE Healthcare, UK) 

Vacuum filtration pump and filter set (Sartorius BORO 3.3 Goettingen, 

Germany) 

Vortex mixer 

Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK)  
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3. Methods 

3.1 pDNA isolation and purification 

In this study, the plasmid encoding green fluorescence protein, pEGFP-C2 

(Figure 3.1) and the plasmid encoding β-galactosidase enzyme, pSV-β-gal (Figure 

3.2) were amplified in Escherichia coli. pDNA was extracted and purified by using 

the plasmid midi kits (Qiagen® Plasmid Midi kit) according to manufacturer protocol.  

Briefly, bacterial culture was harvested and centrifuged at 6000 g for 15 min at 4 ˚C. 

The bacterial pellet was resuspended in 4 ml of P1 buffer (50 mM Tris Cl, pH 8.0; 10 

mM EDTA; 100 µg/mL RNase A) and cells were lysed with P2 buffer (200 mM 

NaOH, 1% w/v SDS, Lyseblue reagent). The solution was then neutralized by P3 

buffer (3.0 M potassium acetate, pH 5.5) and centrifuged at 20,000 g for 30 min at 4 

˚C. The supernatant was filtered using QIAGEN-tip and washed with QC buffer (1.0 

M NaCl; 50 mM MOPS, pH 7.0; 15% v/v isopropanol). Plasmid was then eluted by 

QF buffer (1.25 M NaCl; 50 mM Tris.Cl, pH 8.5; 15% v/v isopropanol) and then 

precipitated by adding isopropanol and centrifuged at 15000 g for 30 minutes at 4 ˚C. 

The supernatant was removed and the pellets were washed with 70% ethanol followed 

by the centrifugation at 15000 g for 10 minutes at 4 ˚C. The pellets were dried at room 

temperature and dissolved in TE buffer, pH 8.0. The concentration of purified pDNA 

was evaluated by measuring optical density at 260 nm (GeneRay) and calculated by 

the following equation. 

 

Plasmid concentration ( g/m )                    260 OD260  DF      (Eq. 1) 

 

Where;  Ɛ260 is an extinction coefficient of double standก DNA at 260 

nm which is equal to 50 µg/mL 

OD260 is an optical density from the measurement 

DF is a dilution factor 

 

The OD260/OD280 value of plasmid solution was used to evaluate the purity of 

plasmid. This value is usually in the range of 1.8 to 2.0. 
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Figure 3.1 Plasmid map of pEGFP-C2 

Available from: https://www.addgene.org/vector-database/2488/ 

 

 

 

Figure 3.2 Plasmid map of pSV-β-gal 

Available from: https://worldwide.promega.com/products/reporter-assays-and-

transfection/reporter-vectors-and-cell-lines/psv_beta_galactosidase-control-

vector/?activeTab 

 

3.2 Preparation of siRNA-EGFP 

The EGFP targeted siRNA, siRNA-EGFP, and the mismatch siRNA were 

synthesized from Ambion’s Silencer™ siRNA Construction Kit. The sequence of 
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DNA oligonucleotide templates for duplex EGFP targeted siRNA and mismatch 

siRNA were following: 

For EGFP targeted siRNA, 

 Antisense template oligonucleotide;  

5’-AAG CTG ACC CTG AAG TTC ATC CCT GTC TC-3’ 

 Sense template oligonucleotide;   

  5’-AAG ATG AAC TTC AGG GTC AGC CCT GTC TC-3’ 

For mismatch siRNA, 

 Antisense template oligonucleotide; 

  5’-AAG CAC CGC TTA CGT GAT ACT CCT GTC TC-3’ 

 Sense template oligonucleotide; 

  5’-AAA GTA TCA CGT AAG CGG TGC CCT GTC TC-3’ 

 

After the duplex siRNA was synthesized according to construction protocol, 

the siRNA-EGFP(+) contained sense 5’-GCU GAC CCU GAA GUU CAU CUU-3’ 

and antisense 5’-GAU GAA CUU CAG GGU CAG CUU-3’. The mismatch siRNA 

contained sense 5’-GCA CCG CUU ACG UGA UAC UUU-3’ and antisense 5’-AGU 

AUC ACG UAA GCG GUG CUU-3’. The siRNA-EGFP targeted to position 124–

144 of EGFP open-reading frame. The mismatch siRNA were designed by scrambling 

the nucleotide sequence of EGFP targeted siRNA and confirmed the sequences that 

lack of significant homology to human genes by blast analysis. The concentration of 

siRNA was determined by measuring the optical density at 260 (GeneRay) and kept at 

-20 ˚C. 

3.3 Cell culture and maintenance 

Human cervical carcinoma cell line (HeLa cell) and HeLa cell stably 

expressing green fluorescent protein (HeLa-EGFP cell) were used as the models for 

pDNA transfection and siRNA transfection, respectively. 
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3.3.1 Generating of HeLa cell stably expressing green fluorescent 

protein  

HeLa-EGFP cell generating protocol was reported elsewhere [211]. 

Briefly, HeLa cells were seeded in 24 well plate and incubated at 37 ˚C, 5% CO2 for 

24 hr. The cells were then transfected with pEGFP-C2/Lipofectamine 2000 

complexes in serum free media. After 12 hr, the transfection media was removed and 

cells were washed with Hanks' balanced salt solution (HBSS). The fresh complete 

media were added and cells were further incubated to 100% cell confluent. Cells were 

trypsinized and then cultured in cell culture dish with MEM supplemented with 10% 

FBS containing and 0.5 mg/mL G418, the select and maintain EGFP expression 

agent. The HeLa-EGFP colony was isolated and cultured in MEM supplemented with 

10% FBS under normal maintenance condition. The EGFP gene expression was 

maintained by treating cells with 0.1 mg/mL G418 every 3-4 weeks. 

3.3.2 Culture media preparation 

Minimum Essential Media (MEM) was used for culturing both HeLa 

cell and HeLa-EGFP cell. For preparing 1 L of media, MEM powder was dissolved in 

700 mL of sterile water and pH was then adjusted to 7.4 by adding 2.2 g of NaHCO3. 

The solution was adjusted to 1 L and filtered through 0.22 µm cellulose acetate 

membrane filter using vacuum pump under sterile condition. The media was then 

supplemented with 10% v/v FBS (inactivated at 56 ˚C before used), 1% v/v non-

essential amino acid and 1% v/v Glutamax™ (Gibco). 

HeLa cell and HeLa-EGFP cell were cultured in complete MEM at 37 

˚C under a humidified atmosphere (5% CO2, 95% RH). Cells were subcultured for 1-2 

times per week at 80-90% confluence by following procedure; 

a The media were discarded and cells were washed with PBS. 

b Trypsin/EDTA (0.25%) solution was added and incubated at 37 ˚C 

for 5 min or until cells detached from flask. 

c The complete media were added to dilute and inactivate trypsin. 
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d The cell suspension was centrifuged at 1,000 rpm for 2 min and 

supernatant was then removed. 

e The cell pellet was resuspended in fresh complete media. The 

subcultivation ratio was 1:5.  

3.4 Method development for polyplex formation using adsorption dye 

3.4.1 Preparation of polymers/pDNA complexes 

Polyethylenimine (PEI) and chitosan (CS) hydrochloride were used as 

the model of synthetic and natural cationic polymer, respectively. The 

polymers/pDNA complexes were prepared by adding the polymer solution (stock 

solution 1 mg/mL) to the plasmid solution (stock solution 1 mg/mL) in 1.5 mL 

microcentrifuge tubes at different weight ratios. The final volume of mixture was kept 

at 30 µL. The mixtures were gently mixed by pipetting and further incubated at room 

temperature for 30 min, sufficiently for the complex self-assembly. 

3.4.2 Development of dye adsorption protocol 

The protocol was first developed using pEGFP-C2 and PEI (25 kDa). 

The PEI (25 kDa)/pEGFP complex was prepared from pEGFP at 5 µg with PEI (25 

kDa) at different weight ratios of 0, 0.01, 0.1, 0.25, 0.5, 0.75, 1 and 2. After the 

complexes were formed, 5 µL of DCF solution (0.15 mg/mL in 1X TAE buffer, pH 

8.3) was added and gentle mixed. The mixture was centrifuged at 20,000 rpm for 10 

min at 4 ˚C to precipitate the complexes. The supernatant was removed and measured 

the absorbance value of free DCF anion in supernatant at 504 nm by a cuvetteless 

drop-based NanoVue Plas. The PEI (25 kDa)/pEGFP pellet was washed with 30 µL 

of sterile water and centrifuged at 20,000 rpm for 5 min. The adsorbed DCF on 

complexes was then released by adding 30 µL of 0.01 N NaOH. The fluorescence of 

the solution was observed under UV light at 366 nm. 
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3.4.3 Optimization of dye adsorption method 

3.4.3.1 Size of pDNA 

Two different plasmid DNAs were used as models in this study, 

pEGFP-C2 (4.7 kbps) and pSV-β-gal (6.8 kbps). The protocol for determining the 

complete complex formation was the same as mentioned above. 

3.4.3.2 Limit of pDNA amount 

  pEGFP was used for determining the lowest amount of pDNA 

which the dye adsorption method was able to detect. The amount of pDNA was varied 

at the amount of 5, 2.5, 1, 0.5 and 0.25 µg. The PEI (25 kDa)/pEGFP complex was 

prepared at the same weight ratios as mentioned above. 

3.4.3.3 Optimum of DCF concentration 

To determine the optimal DCF concentration, PEI(25 

kDa)/pEGFP complexes were prepared using the lowest pDNA amount which this 

method could detect. DCF solutions were prepared at different concentrations i.e. 

0.15, 0.1, 0.075 and 0.05 mg/ml in 1X TAE buffer (pH 8.3). The same volume of 

DCF solutions (5 µL) was added to the PEI (25 kDa)/pEGFP complex solutions and 

examined the lowest concentration of DCF solution by observing pink pellet and the 

fluorescence of solution after adding NaOH solution. 

3.4.3.4 Type of polymers 

Beside PEI (synthetic polymer), CS (low molecular weight) 

was used as representative of natural polymer.  CS solution (1 mg/mL) was prepared 

by dissolving CS powder in 0.01 mM HCl and stirred until CS completely dissolved. 

The CS/pEGFP complexes were prepared by same protocol as mention above at 

various weight ratios of 0, 0.1, 0.5, 1, 5, 10, 15 and 20. 
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3.4.3.5 Molecular weight of polymers  

The various molecular weights of PEI, 0.8, 1.6, 10 and 25 kDa 

were investigated for the effect of size of polymers. The PEI/pEGFP complexes were 

prepared using the lowest pDNA amount which was able to detect. 

3.4.4 Application of dye adsorption method for siRNA complex 

The PEI (25 kDa)/siRNA-EGFP complex was prepared at the same 

weight ratios as those for PEI/pDNA complex and determined the complete complex 

formation by the same protocol. The amounts of siRNA were 1 µg.  

3.4.5 Zeta potential analysis 

 The surface charge of complexes was determined using Zetasizer Nano 

ZS (Malvern Instrument Ltd, Malvern, UK). The polymers/pDNA or PEI (25 

kDa)/siRNA-EGFP complexes were prepared at the same weight ratios as previous 

method. The complex solutions were diluted with distilled water to 1 mL before 

measuring zeta potential. The measurement was performed in triplicate in each 

sample at 25 ˚C. 

3.4.6 Agarose gel retardation 

 The polymers/pDNA and PEI (25 kDa)/siRNA-EGFP complexes were 

prepared using 0.25 µg pDNA and 0.112 µg siRNA-EGFP at the same weight ratios 

as previous experiment. For polymers/pDNA complexes, agarose gel electrophoresis 

was performed using 0.8% agarose in 1X TAE buffer. The complex solutions were 

mixed with 50% glycerol before loaded into gel. The electrophoresis was carried out 

in 1X TAE buffer for 45 min at 100 V. For PEI (25 kDa)/siRNA-EGFP complexes, 

agarose gel was prepared in 1X TBE buffer (1% agarose gel) and the electrophoresis 

system was 120 V, 20 min in 1X TBE buffer. The pDNA or siRNA on agarose gel 

was then stained with ethidium bromide and de-stained in sterile water. The pDNA 

and siRNA bands were then observed and photographed by a UV transilluminator 

using a GelDoc system. 
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3.4.7 Transfection efficiency of PEI (25 kDa)/pEGFP in HeLa cell 

 PEI (25 kDa)/pEGFP complex group was selected as the representative 

to compare the complete complex formation ratio from the previous studies with the 

ratio that exhibited the highest transfection efficiency. HeLa cells were seeded in 48 

well plates in the density of 10,000 cells/well and incubated at normal maintenance 

condition for 24 hr before transfection. The PEI (25 kDa)/pEGFP  complexes were 

prepared in serum-free media at the same weight ratio as the previous studies by using 

pEGFP amount of 0.5 µg in each well. Cells were transfected with complexes and 

then incubated in normal condition for 24 hr. The transfection efficiency was 

determined by the expression of green fluorescence protein under fluorescence 

microscope and calculated the transfected cells/cm
2
 by following equation; 

Transfected cells (cells cm2⁄ )              
Transfected cells (cells well)⁄

Approximate growth area of well plate (cm2)
         (Eq. 2)  

Where;  Approximate growth area of 48 well plate = 0.95 cm
2
 

3.4.8 Gene silencing efficiency of PEI (25 kDa)/siRNA-EGFP 

The efficiency of gene silencing was performed in HeLa-EGFP cells. 

Cells were seeded in 96 black flat-bottom well plate at the density of 9,000 cells/well 

and incubated at normal condition before transfection for 24 hr.  The PEI(25 

kDa)/siRNA-EGFP complexes were prepared at the same weight ratios as previous 

studies in serum-free media. The complexes were added to each well at the final 

siRNA-EGFP amount of 15 pmol/well. The plates were incubated in normal condition 

for 6 hr. The transfection media was removed and cells were washed with PBS. The 

fresh complete media was added and plates were further incubated for 4 days. The 

media was changed every day and the fluorescence intensity was measured daily. The 

percent of seeding variation, adjusted fluorescence intensity and percent of gene 

silencing were calculated according to Eq. 3, Eq.4 and Eq. 5, respectively. 

 % seeding variation                              
(Iavg,  day 0-In, day 0) 100

Iavg, day 0
         (Eq. 3)
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Adjusted fluorescence intensity  

      In, day 1-4   
(I

n, day 1-4
) (% seeding variation)

100
         (Eq. 4) 

 % EGFP gene silencing                    
(Iad, mismatch-Iad, EGFP)

Iad, mismatch
  100        (Eq. 5) 

 Where;  

Iavg, day0   =  the average fluorescence intensity of all wells 

prior to transfection (day 0) 

In, day0  =  the fluorescence intensity of individual well at 

day 0  

In, d1−4  =  the fluorescence intensity at days one to four of 

each well 

  Iad   =  adjusted fluorescence intensity 

Iad, EGFP =  adjusted fluorescence intensity of each well with 

polymers/siRNA-EGFP complexes 

Iad, mismatch =  the average value of adjusted fluorescence 

intensity of all wells with polymers/mismatch siRNA 

complexes 

 

3.5 Chitosan combined with poly-L-arginine for siRNA delivery 

3.5.1 Polymers/siRNA-EGFP complex formation 

 The cationic polymers used in this study were chitosan, CS (45 kDa) 

and poly-L-arginine, PLA (> 70 kDa). The CS solution was prepared by dissolving 

CS powder in distilled water pH 4 which were adjusted pH by adding hydrochloric 

acid and continually stirred until clear solution was obtained. To form the CS/siRNA 

complexes, the CS solution (stock solution of 1 mg/mL) was added to siRNA solution 

at different weight ratios. The PLA/siRNA complexes were formed in a similar 

procedure at different weight ratios. For CS/PLA/siRNA complexes, the PLA solution 

was added to siRNA solution at the PLA/siRNA weight ratios of 0.01, 0.05, 0.1, 0.5, 
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1 and 5. After standing for 5 min, CS was added to the previous solution at the fixed 

CS weight ratio which gave the highest gene silencing efficiency. The final mixtures 

were gently mixed by pipetting and the complexes were allowed to completely form 

at room temperature for 30 min. 

3.5.2 Agarose gel retardation 

The binding ability of polymers was confirmed by gel retardation 

assay. The polymers/mismatch siRNA complexes were prepared at different weight 

ratios which contained 10 pmol of siRNA. After incubating the complexes in room 

temperature for 30 min, 2 μl of 50% glycerol was added and the solutions were loaded 

in the wells on 1% agarose gel. The electrophoresis was carried out for 20 min at 100 

V in 1XTBE buffer, pH 8.3. Agarose gel was stained with ethidium bromide for 5 min 

and then de-stained in sterile water for 15 min. The siRNA bands were visualized 

under a UV transilluminator using a GelDoc system. 

3.5.3 Size and zeta potential analysis 

 The size and zeta potential of CS/siRNA, PLA/siRNA and 

CS/PLA/siRNA complexes were measured using the Zetasizer Nano ZS (Malvern 

Instruments  td., Malvern, UK) at 25 ˚C. The CS/siRNA, P A/siRNA and CS/P A 

complexes were prepared according to the same procedure as previously described 

and the solutions were diluted with sterile water to 1 mL before measuring the zeta 

potential and size. All samples were measured in triplicate. 

3.5.4 In vitro gene silencing efficiency 

 The efficacy of CS, PLA and CS/PLA to deliver siRNA into cells and 

targeted to mRNA was determined by investigating EGFP expression in HeLa-EGFP 

cells. The HeLa-EGFP cells were trypsinized and seeded at the density of 9,000 

cells/well in 96 wells black clear-bottom plates for 24 hr before transfection. The 

fluorescence intensity of each well was measured before transfection in order to 

calculate the seeding variation. CS, PLA and CS/PLA were complexed with 15 pmol 

of siRNA-EGFP or mismatch siRNA at different weight ratios in serum-free MEM 

containing 100 U/mL penicillin G and 100 µg/ml streptomysin. The transfection 
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studies were performed in both physiological pH (7.4) and pH 6.4. After the 

complexes was added, plates were incubated at normal maintenance condition for 6 

hr. The transfection media were removed and cells were washed with PBS. The fresh 

complete media (containing 100 U/ml penicillin G and 100 µg/ml streptomysin) were 

added and plates were further incubated for 4 days. The culture media were changed 

every day and the fluorescence intensity was measured daily. The EGFP gene 

silencing efficiency was determined by measuring the fluorescence intensity of each 

well using a fluorescence microplate reader (Universal Microplate Analyzer, Model 

AOPUS01 and AI53601, Packard Bio-Science, CT, USA) with excitation/emission at 

485/530 nm. PEI (25 kDa)/siRNA complex at weight ratio of 2 was used as a positive 

control in this study. 

 The percentage of seeding variation, adjusted fluorescence intensity 

and percent EGFP gene silencing were calculated by Eq. 3, 4 and 5, respectively as 

mentioned above. 

3.5.5 Effect of serum on transfection efficiency 

 The interfering effect of serum on the transfection efficiency of 

CS/PLA/siRNA complexes was investigated using the same protocol as in vitro gene 

silencing study, except the transfection media were serum-containing MEM (10% 

FBS).  

3.5.6 Cytotoxicity of polymers/siRNA complexes 

 Cytotoxicity of polymers/ siRNA complexes was investigated by MTT 

assay. EGFP-HeLa cells were seeded at a density of 9,000 cells per well in 96-well 

plates and incubated for 24 h prior to transfection. Polymers/mismatch siRNA 

complexes were prepared in serum-free medium at the same weight ratios as in vitro 

transfection experiment. After 6 h of transfection, the media were removed and cells 

were washed with PBS and continually incubated in the complete media for 24 h. 

MTT solution (5 mg/mL in PBS) was added to give the final concentration of 1 

mg/mL in each well and incubated in normal condition for 4 hr. The media were then 

removed and formazan crystals in the living cells were dissolved in 100μl DMSO. 
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The optical density was measured at 550 nm using a microplate reader (Universal 

Microplate Analyzer, Model AOPUS01 and AI53601, Packard BioScience, CT, 

USA). Relative viability (%) was calculated by Eq. 6. 

  Relative viability (%)   
ODtreated cells

OD
non-treated cells

 100          (Eq. 6)

  Where; 

OD treated cells  =  Optical density of formazan solution 

from cells were treated with complexes 

OD non-treated cells =  Optical density of formazan solution 

from non-treated cells. 

3.5.7 RNase protection ability of CS/PLA 

 The CS/PLA/siRNA-mismatch complex was prepared at weight ratio 

of 5/0.5/1containing siRNA 0.21 µg. The complex was then incubated with RNase A 

(5 mIU/µg of siRNA) at 37 ˚C for 0.5, 1, 2, 4 and 6 hr. At the designated time points, 

the mixture was heated at 70 ˚C to inactivate RNase A activity for 30 min. siRNA was 

displaced from complex by adding 3 µL of 16 mM sodium dodecyl sulfate (SDS) and 

incubated at room temperature for 10 min. The released siRNA was analyzed by 

agarose gel electrophoresis carried out at 120 V, 20 min in 1X TBE buffer. The naked 

siRNA-mismatch was used as a control under the same condition. 

3.5.8 Investigation of uptake pathway of CS/PLA/siRNA 

polyplexes 

In this study, the uptake pathways of CS/PLA/siRNA complexes were 

investigated by using the inhibitors that involved in endocytosis pathway i.e. 

a Chlorpromazine as an inhibitor for clathrin-mediated 

endocytosis (CME) 

b Genistein, filipin and methyl-β-cyclodextrin as the 

inhibitors for caveolae-mediated endocytosis 

c Nocodazole as an inhibitor for Polymerization of 

microtubules 
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d Wortmannin as an inhibitor for macropinocytosis 

e Ammonium chloride as an inhibitor for endosomes and 

lysosomes acidification 

 

  3.5.8.1 Optimization of inhibitor concentration  

The optimum inhibitor concentrations were investigated in 

terms of cell viability by MTT assay. HeLa-EGFP cells were seeded at a density of 

9,000 cells per well in 96-well plate and incubated for 24 hr. The inhibitor solutions 

were prepared at different concentrations from 1 nM to 10 mM (depended on each 

inhibitor) in with serum-free medium. Cells were incubated with inhibitors for 6 hr at 

37 ˚C under normal maintenance condition. Then the cells were washed with PBS and 

continually incubated in the complete media for 24 hr. Twenty five microlites of MTT 

solution (5 mg/mL) were added to each well and plates were continuously incubated 

for 4 hr. The media were then removed and formazan crystals in the living cells were 

dissolved in 100 μ  of DMSO. The optical density was measured at 550 nm using 

microplate reader and relative viability (%) was calculated by Eq. 6 taken the viability 

of non-treated cells as 100%. The highest concentration of inhibitors which did not 

affect on cell viability (100% cell viability) was selected for cellular uptake study. 

 3.5.8.2 Cellular uptake pathway  

To study the uptake pathway of polymers/siRNA-EGFP 

complexes, HeLa-EGFP cells were seeded at a density of 9,000 cells per well in black 

clear-bottom 96-well plates and incubated for 24 hr. At the day of transfection, cells 

were pre-incubated with 100 µL of inhibitor solutions in serum-free media for 30 min. 

Cells were then transfected with CS/PLA/siRNA-EGFP complex at weight ratio of 

5/0.5/1. For uptake pathway study of CS/siRNA-EGFP complex, the complex was 

prepared at weight ratio of 5 and the transfection experiment was performed at pH 

6.4. After 6 hr of transfection, cells were washed with PBS and further incubated in 

complete media for 4 days at 37°C under normal condition. The culture media were 

changed every other days and the fluorescence intensity was measured daily. The 

percent seeding variation, adjust fluorescence intensity and percent EGFP gene 
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silencing were calculated by Eq. 3, 4 and 5, respectively as previously described. 

Uptake pathway of complex was evaluated by comparing percent EGFP gene 

silencing between the inhibitor treated group and no-inhibitor treated group. 

3.6 Statistical analysis  

 Data were presented as the means ± standard deviations (SD) for three 

experiments. The statistical significance of transfection efficiency, gene silencing 

efficiency and cell viability were determined using one way analysis of variance 

(ANOVA) followed by an LSD post hoc test. The effect of serum on transfection 

efficiency and cellular uptake pathway of complexes was determined using Student’s 

t test. P values of < 0.05 were considered significant. 
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4.1 Dye adsorption method for determination of complete complex formation 

4.1.1  Principle of dye adsorption method 

Since the estimation of complete complex formation was a preliminary test 

before in vitro transfection study, a new estimation method was developed in this 

study based on Fajan’s titration using dichlorofluorescein as an adsorption indicator. 

The principle of the method for determining the optimal ratio of complex formation 

was illustrated in Figure 4.1. Firstly, DNA or siRNA was allowed to form complex 

with cationic polymer by self-assembly formation at different weight ratio for 30 min 

(A). The solution containing green anionic DCF was then added to the complexes (B). 

At this step, if the polymer amount was not adequate to form the complex with 

nucleic acid and resulted in negative charge on the surface of complex, DCF would 

not be adsorbed on the complexes because of electrostatic repulsion. Once the amount 

of polymer sufficiently associated with nucleic acid, the surface charge of complexes 

turned to positive and anionic DCF was attracted onto the particles as counterions. 

After spinning down to precipitate the complexes, the pink colored smear or pellets 

could be visualized under visible light (C). By the other mean, the adsorbed DCF 

could be released from complexes by adding sodium hydroxide solution and the green 

fluorescence could be seen under UV light at 366 nm (D).  
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Figure 4.1 Scheme of dye adsorption method for estimation of complete 

complex formation.  

 4.1.2 Dye adsorption method for complete PEI/pDNA complex 

formation 

According to the principle, the new method was first applied for estimating the 

complete polymer/pDNA complex formation using pEGFP and PEI (25 kDa) as 

representative plasmid DNA and polymer, respectively. The series of complex 

solution were prepared at PEI/pEGFP weight ratios of 0 to 2 containing 5 µg of 

pEGFP in each tube. DCF solution (0.15 mg/mL in TAE buffer, pH 8) was added and 

the solutions were then centrifuged. As shown in Figure 4.2, pink pellet appeared in 

the tubes which contained complexes at weight ratio of 0.5 and higher (Figure 4.2A). 

After adding sodium hydroxide solution, the green fluorescence was also observed in 

the same tubes under UV light (Figure 4.2B). This result indicated that PEI/pEGFP at 

weight ratio of 0.5 and higher was sufficient for complete self-assembling 

complexation, whereas the weight ratios of lower than 0.5 did not give the pink pellets 

or green fluorescence. Therefore, the estimated lowest weight ratio that PEI (25 kDa) 

completely complexed with pEGFP was 0.5. 
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Figure 4.2 Estimation of complete PEI (25 kDa)/pEGFP complex formation 

by dye adsorption method as detected the pink pellets under visible light (A) or green 

fluorescence under UV light at 366 nm (B). 

Apart from the observation of pink pellets and green fluorescence, the 

additional monitoring was done to confirm the adsorption phenomenon. For this 

purpose, the concentration of free DCF in supernatant (after spinning down the 

complexes) was determined by measuring the absorbance at 504 nm which was the 

maximum wavelength (max) of DCF solution. As seen in Figure 4.3, the absorbance 

value abruptly decreased at the weight ratio of 0.5 due to the adsorption of DCF on 

the positively charged surface of complexes. This result confirmed that the 

PEI/pEGFP complex completely formed at this point. 

 

Figure 4.3 Absorbance value of free DCF in the supernatant at 504 nm. 
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4.1.3  Size of plasmid DNA 

To prove whether this method was able to apply to other different plasmid 

with different size, pSV-β-gal (6.8 kbp) was tested. The PEI/pSV-β-gal complexes 

were prepared at the same protocol as PEI/pEGFP complex. The result showed that 

the dye adsorption method could also apply for different plasmid and the estimated 

complete complex formation ratio was at 0.5 (Figure 4.4). 

 

Figure 4.4 Estimation of complete PEI(25 kDa)/pSV-β-gal complex formation 

using dye adsorption method as detected the pink pellets under visible light (A) or 

green fluorescence under UV light at 366 nm (B). The complexes were prepared at 

weight ratio of 0, 0.01, 0.1, 0.25, 0.5, 0.75, 1 and 2 (from left to right). 

4.1.4 Limit of pEGFP amount 

The sensitivity of method was determined by varying pEGFP amount of 5, 

2.5, 1, 0.5, 0.25 and 0.1 µg. The PEI/pEGFP complex was prepared at the same 

weight ratios of 0.5 and the concentration of DCF solution was 0.15 mg/mL. As seen 

in Figure 4.5, the lowest pEGFP amount that this method could clearly detect the 

complete complex formation under visible light was 0.5 µg pEGFP (Figure 4.5A). It 

was likely due to the too low amount of dye-adsorbed complexes formed at this 

weight ratio thus it was not able to detect by eyes. However, after DCF was released 

from the complexes by adding NaOH solution, the lowest pEGFP amount which was 

able to detect under UV light was 0.25 µg pEGFP (Figure 4.5B). This caused from the 

sensitivity of UV detection was higher than visible light detection. From this result, 

the recommended lowest pEGFP amount of this method was 0.5 µg pEGFP which 

was detectable under both visible and UV light. 
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 Figure 4.5 Effect of pEGFP amount on the detection of PEI (25 kDa)/pEGFP 

complex by observing the pink pellets under visible light (A) or green fluorescence 

under UV light at 366 nm (B). The complexes were prepared at same weight ratio of 

0.5 using different pEGFP amount of 5, 2.5, 1, 0.5, 0.25 and 0.1 µg (from left to 

right). 

 4.1.5  Optimal of dichlorofluorescein concentration 

 The optimal concentration of DCF solution was determined by varying the 

concentration of DCF at 0.15, 0.1, 0.075 and 0.05 mg/mL in 1X TAE buffer (pH 8.3) 

while the other parameters were fixed. The results indicated that all tested DCF 

concentration were able to use for this method and could be detected under UV light. 

However, the pink pellets were difficult to observe under visible light by using the 

lowest concentration of DCF solution (0.05 mg/mL). Thus, the lowest concentration 

of DCF which was recommended to use for this method was 0.075 mg/mL (Figure 

4.6).  
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 Figure 4.6 Effect of DCF concentration on the detection of PEI (25 

kDa)/pEGFP complex by observing the pink pellets under visible light (A) or green 

fluorescence under UV light at 366 nm (B). The complexes were prepared at same 

weight ratio of 0.5 using 0.15, 0.1, 0.075 and 0.05 mg/mL of DCF solution (from left 

to right).  

4.1.6 Molecular weight of polymers 

Beside PEI 25 kDa, the different molecular weights of PEI at 10, 1.8 and 0.6 

kDa were also tested. The PEIs/pEGFP complexes containing 0.5 µg pEGFP were 

formed at the same weight ratios for all MW of PEI. The result showed that PEI 25 

kDa, 10 kDa (Figure 4.7), 1.8 kDa (Figure 4.8) and 0.6 kDa (Figure 4.9) could 

completely self-assembly form the complexes with pEGFP at weight ratio of 0.5 and 

gave green fluorescence under UV light. So the dye adsorption method could apply to 

wide range of molecular weight of polymers. However, the complexes of low 

molecular weight PEI (1.8 and 0.6 kDa) especially PEI 0.6 kDa did not clearly show 

the pink pellet by observing under visible light. It was possible that the complex 

association was loose and the surface charge was just slightly positive so anionic DCF 

could not strongly adsorb on it. Nevertheless, there were the reports indicated that low 

molecular weight PEI (< 2 kDa) had lack of DNA condensation and low transfection 

efficiency [212, 213]. Thereby, this difficulty of dye adsorption method to detect such 

a low MW of PEI under visible light was not the limitation. 
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Figure 4.7 Estimation of complete PEI (10 kDa)/pEGFP complex formation 

using dye adsorption method  detected by observing the pink pellets under visible 

light (A) or green fluorescence under UV light at 366 nm (B). The complexes were 

prepared at weight ratio of 0, 0.01, 0.1, 0.25, 0.5, 0.75, 1 and 2 (from left to right). 

 

Figure 4.8 Estimation of complete PEI (1.8 kDa)/pEGFP complex formation 

using dye adsorption method  detected by observing the pink pellets under visible 

light (A) or green fluorescence under UV light at 366 nm (B). The complexes were 

prepared at weight ratio of 0, 0.01, 0.1, 0.25, 0.5, 0.75, 1 and 2 (from left to right). 
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Figure 4.9 Estimation of complete PEI (0.6 kDa)/pEGFP complex formation 

using dye adsorption method  detected by observing the pink pellets under visible 

light (A) or green fluorescence under UV light at 366 nm (B). The complexes were 

prepared at weight ratio of 0, 0.01, 0.1, 0.25, 0.5, 0.75, 1 and 2 (from left to right) 

4.1.7 Type of polymer 

Chitosan (low molecular weight), a natural polymer was also used as another 

representative polymer. The CS/pEGFP complexes containing 2.5 µg pEGFP were 

prepared at weight ratio of 0, 0.1, 0.5, 1, 5, 10, 15 and 20. The result showed pEGFP 

completely self-assembly complexed with CS at first weight ratio of 5 which was able 

to detect the pink pellets and green fluorescence (Figure 4.10). 

 

Figure 4.10 Estimation of complete CS/pEGFP complex formation using dye 

adsorption method  detected by observing the pink pellets under visible light (A) or 

green fluorescence under UV light at 366 nm (B). The complexes were prepared at 

weight ratio of 0, 0.1, 0.5, 1, 5, 10, 15 and 20 (from left to right). 
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4.1.8 Application of dye adsorption method for siRNA complex 

The dye adsorption method was also applied to determine PEI/siRNA-

mismatch complex since siRNA and pDNA complexes showed the different 

properties eg. size and stability of complexes [214, 215]. The PEI (25 kDa)/siRNA-

mismatch complexes were prepared at same weight ratio as PEI (25 kDa)/pEGFP 

complexes by containing 1 µg of siRNA. By using dye adsorption method, the 

complete complex formation was occurred at the weight ratio of 1 (Figure 4.11). 

 

Figure 4.11 Estimation of PEI (25 kDa)/siRNA by dye adsorption method. 

The complexes were prepared at weight ratio of 0.01, 0.1, 0.25, 0.5, 0.75, 1 and 2 

(from left to right).  

4.1.9 General method for determination of complete complex formation 

 4.1.9.1 Zeta potential analysis 

 The complete complex formation was usually evaluated by the 

presence of positive charge on surface by zeta potential analysis. Thus, the zeta 

potential of PEIs/pEGFP, PEI (25 kDa)/pSV-β-gal, CS/pEGFP and PEI (25 

kDa)/siRNA complexes were also determined in order to confirm the accuracy of dye 

adsorption method. For PEIs/pEGFP complex (Figure 4.12), the zeta potential 

increased with increasing weight ratios. For the complexes of PEI 25 kDa, 10 kDa and 

1.8 kDa, the surface of complexes became positive at weight ratio of 0.5 whereas the 

complexes of PEI 0.6 kDa showed weakly positive charge. This result was in 

agreement with the result from dye adsorption method.  
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For PEI (25 kDa)/pSV-β-gal complexes, the surface charge became 

positive at weight ratio of 0.5 which was also at the same weight ratio of the first 

complete complex formation determined by dye adsorption method (Figure 4.13).  

The surface charge of CS/pEGFP complexes was also determined and 

the result showed that the surface charge of complexes was positive at weight ratio of 

1 and higher (Figure 4.14). However, the result was different from dye adsorption 

method which showed the complete formation at first weight ratio of 5. This was 

likely because CS must dissolve and form complexes with pDNA in acidic condition 

(pH < 6) in order to maintain the positive charge of CS. As the DCF in the basic 

solution was added to the CS/pEGFP complex, the pH of complex solution would be 

changed. This resulted in the decreasing of positive charge of CS and anionic DCF 

was not able to adsorb on complexes. On the other hand, zeta potential analysis was 

done in neutral or slightly acidic condition so CS quite contained positive charge and 

the surface of complexes remained positive. Therefore, it should be concerned that 

DFC-based method might not be appropriate for the polymers which have limited 

solubility under the basic condition. 

For the zeta potential of PEI (25 kDa)/siRNA complexes, the surface 

of complexes was positive at weight ratio of 1 and higher (Figure 4.15). This was 

relatively in parallel with the result determined by dye adsorption method. 
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Figure 4.12 Zeta potential of PEI (25 kDa)/pEGFP complex (A), 

PEI(10 kDa)/pEGFP complex (B), PEI(1.8 kDa)/pEGFP complex (C) and PEI(0.6 

kDa)/pEGFP complex (D). The results presented in mean ± SD of triplicate samples. 

 

Figure 4.13 Zeta potential of PEI (25 kDa)/pSV-β-gal complexes at 

different weight ratio. The results presented in mean ± SD of triplicate samples. 
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  Figure 4.14 Zeta potential of CS/pEGFP complexes at different weight 

ratio. The results presented in mean ± SD of triplicate samples. 

 

  Figure 4.15 Zeta potential of PEI (25 kDa)/siRNA complexes at 

different weight ratio. The results presented in mean ± SD of triplicate samples. 

  4.1.8.2  Agarose gel retardation 

To confirm the correctness of the results from dye adsorption method, 

the complete complex formation was determined by agarose gel retardation. The PEI 

(25 kDa)/pEGFP and PEI (25 kDa)/pSV-β-gal complexes were prepared at weight 

ratio of  0.01, 0.1, 0.25, 0.5, 0.75, 1 and 2. The result showed the complete complex 

formation at weight ratio of 0.5 and higher which pEGFP and pSV-β-gal were totally 

retained in the wells (Figure 4.16). The results were exactly the same as those from 

dye adsorption method. 



92 
 

 
 

 

Figure 4.16 Agarose gel retardation of PEI (25 kDa)/pEGFP 

complexes (A) and PEI (25 kDa)/pSV-β-gal complexes (B). 

The complete complexes formation of PEI (10 kDa)/pEGFP, PEI (1.8 

kDa)/pEGFP and PEI (0.6 kDa)/pEGFP complexes was also determined by agarose 

gel retardation. The complexes were prepared at weight ratio of 0.1, 0.25, 0.5, 0.75 

and 1. The result showed the complete complex formation at weight ratio of 0.5 and 

the higher for all molecular weight of PEI (Figure 4.17). For PEI 0.6 kDa, it could 

complex with pEGFP and retained in the wells at the first weight ratio of 0.5 and the 

result was relevant to that received from dye adsorption method. However, the zeta 

potential analysis indicated that the surface charge of complexes was positive at 

weight ratio of 2. It might be possible that even PEI 0.6 kDa was able to complex with 

pEGFP, the association was loose and could not result in sufficiently high positive 

charge on the surface.  

 

Figure 4.17 Agarose gel retardation of PEI (10 kDa)/pEGFP, PEI (1.8 

kDa)/pEGFP and PEI(0.6 kDa)/pEGFP complexes. 
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For agarose gel retardation of PEI (25 kDa)/siRNA complexes, the 

complete complex formation occurred at the weight ratio of 0.5 (Figure 4.18). This 

was slightly different from that obtained from dye adsorption method and zeta 

potential analysis. Since the migration of nucleic acid on gel depended on charge to 

mass ratio [216], it suggested that gel electrophoresis determined the neutralization of 

negative charge of siRNA. Thus at the low PEI (25 kDa)/siRNA weight ratio, PEI 

bound to siRNA and only changed the electrophoretic behavior but the PEI amount 

might not be enough to form the discrete particles [9]. On the other hand, the dye 

adsorption method and zeta potential analysis could detect the charge on the surface 

of discrete particles. 

 

  Figure 4.18 Agarose gel retardation of PEI (25 kDa)/siRNA complexes 

 4.1.9 Transfection efficiency of PEI (25 kDa)/pEGFP complex 

From the estimation of complete complex formation experiment, it suggested 

that the complete PEI (25 kDa)/pEGFP complex formation occurred at the weight 

ratio of 0.5. The transfection efficiency of PEI (25 kDa)/pEGFP complex was then 

evaluated in HeLa cell to compare the weight ratio which gave the highest 

transfection with that from the preliminary complete complex formation study. The 

result showed that EGFP expression occurred in cells were transfected with the 

complexes which had positive surface charge (weight ratio of 0.5 and higher) and 

transfection efficiency increased proportional to weight ratio.  The highest 

transfection efficiency was at weight ratio of 1 which was slightly higher than the 

weight ratio from the preliminary study (Figure 4.19). This might be due to the 
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properties e.g. compactness and stability of complex at weight ratio of 1 which was 

more appropriate for delivering pEGFP into cell and nucleus than the first weight 

ratio of complete complex formation. The additional study of complex size also 

indicated that the size of complex at weight ratio of 0.5 was larger than complexes at 

weight ratio of 1. This resulted in low transfection efficiency at weight ratio 0.5 since 

size of complex affected on transfection efficiency (Figure 4.20). 

 

Figure 4.19 Transfection efficiency of PEI (25 kDa)/pEGFP complexes in 

HeLa cell at different weight ratios detected by direct observing under fluorescent 

microscope. Each value represented the mean ± SD of triplicate samples. 

 

 Figure 4.20 Size of PEI (25 kDa)/pEGFP complexes at different weight ratio 

analyzed by Zeta Nanosizer. Each value represented the mean ± SD of triplicate 

samples. 
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4.1.10 Gene silencing efficiency of PEI (25 kDa)/siRNA-EGFP complex 

The EGFP gene silencing was studied in HeLa cell stably expressing green 

fluorescent protein. The specific EGFP gene silencing was determined by normalizing 

the fluorescence intensity of siRNA-EGFP transfected cells with those transfected 

with siRNA-mismatch. The result showed the highest gene silencing efficiency was at 

weight ratio of 2 which was slightly higher than that obtained from preliminary 

determination of first complete complex formation ratio (Figure 4.21).  

 

Figure 4.21 Percentage of gene silencing at day 4 of HeLa-EGFP cells after 

transfected by PEI (25 kDa)/siRNA-EGFP complexes. Each value represented the 

mean ± SD of triplicate sample. 

 4.1.11 Summary of dye adsorption method 

From all experiments of complete complex formation determination, the 

developed dye adsorption method was able to apply for preliminary determination of 

complete complex formation before in vitro study. The optimal conditions of dye 

adsorption method for determining of complete complex formation were illustrated in 

Table 4.1.  
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Table 4.1.  The optimum conditions of dye adsorption method for determining the 

complete complex formation 

Parameters Optimum conditions 

pDNA amount Not less than 0.5 µg 

siRNA amount Not less than 1 µg 

DCF concentration 0.075 mg/mL 

pH Neutral to weak basic 

As mentioned above, the several methods for detection of complete 

complexes were reported. The comparison of well-known established method was 

presented in Table 4.2. In addition, detection time and cost per sample was also 

evaluated. 

Table 4.2.  The comparison of dye adsorption method and general methods for 

determining the complete complex formation 

Method 

(Detection method) 

LOD Detected species Detection 

time 

Dye adsorption  

(Directly observe) 

0.5 µg Surface charge of 

particles and excess 

cationic polymer 

 15 min 

Agarose gel retardation 

with EtBr 

(UV transillumination) 

20 ng [217] Free nucleic acid  1 hr 15 min 

Dye exclusion assay 

(Fluorescence intensity) 

- EtBr 

- SYBR green
®

 

- Picogreen
®

 

 

 

10 µg/mL [218] 

0.25 pg/µl [219] 

250 pg/mL [220] 

Free nucleic acid  15 min 

Zeta potential analysis 

(Electrophoretic light 

scattering) 

N/A Surface charge of 

particles 

 20 

min/sample 
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However, there were some limitations of this method. Thus, the advantages 

and limitation of dye adsorption method was concluded in Table 4.3.  

Table 4.3. Advantages and limitations of dye adsorption method 

Advantages  Limitations 

1. Low cost 

2. Sophisticated instrument was not 

required 

3. Hazardous reagents were eliminated 

4. Fast and easy  

5. Accurate when using the optimal 

nucleic acid amount 

1. Higher limit of detect than other 

techniques 

2. Detectable for only complexes 

which have positive surface charge 

3. Condition must be neutral to weak 

basic 
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4.2 Chitosan combined with poly L arginine for siRNA delivery 

In this study, the natural polymer, chitosan (CS) combined with poly L 

arginine (PLA) was used as polymeric carrier for siRNA. Since CS has a weak acid 

property (pKa = 6.4) and can be protonated only at acidic condition, it is not capable 

to deliver siRNA into cells at physiological pH (7.4). In previous study, it was 

suggested that the combination of CS (45 kDa) with PLA (> 70 kDa) was efficiently 

deliver pDNA in HeLa cell and showed low cytotoxicity [221]. Although pDNA and 

siRNA share the general properties that they are double stand nucleic acids with 

anionic phosphate backbones, siRNA shows the smaller size and rigid rod which 

might effect on complexation and transfection efficiency. In addition, cellular location 

of mechanistic activation was also different. DNA therapy requires delivery of DNA 

in to nucleus while RNAi by siRNA occures in cytoplasm [214, 215]. Therefore, the 

same polymeric carrier system, CS combined with PLA, was also tested for delivering 

siRNA in order to prove that this system was efficient for both pDNA and siRNA 

delivery. 

4.2.1 Agarose gel retardation  

The association ability of polymers with siRNA was evaluated by agarose gel 

retardation assay. The CS/siRNA-mismatch and PLA/siRNA-mismatch complexes 

containing 0.112 µg siRNA were prepared at different weight ratio. As seen in Figure 

4.22, CS could not completely self-assembly formed with siRNA even at highest 

tested weight ratio of 20. However, the electrophoretic mobility of siRNA was shifted 

up at weight ratio of 5. This suggested that CS could bind with free-siRNA, like 

protein did [222] and caused less mobility than free siRNA. For PLA/siRNA 

complexes, the complete association was occurred at weight ratio of 1 and higher. To 

prepare CS/PLA/siRNA complexes, the amount of CS thus was fixed at weight ratio 

of 5 which free-siRNA did not appear on gel while the amount of PLA was increased. 

The gel retardation of CS/PLA/siRNA complex illustrated the complete complex 

formation at weight ratio of 5/0.5/1with no siRNA migrated on gel (Figure 4.22 C). 

Interestingly, it suggested that CS combined with PLA efficiently bound with siRNA 

and could reduce the amount of each polymer used for self-assembly. 
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 Figure 4.22 Gel retardation assay of CS/siRNA complexes (A) and 

PLA/siRNA complexes (B) and CS/PLA/siRNA complexes (C). 

 4.2.2 Zeta potential and size 

The zeta potential and hydrodynamic size of CS/siRNA, PLA/siRNA and 

CS/PLA/siRNA complexes were determined at pH 6.4 and 7.4. The zeta potential of 

complexes increased with the increasing of polymers amount (Figure 4.23). The 

surface charge of CS/siRNA complexes turned to positive at weight ratio of 1 and 5 at 

pH 7.4 and 6.4, respectively. For PLA/siRNA complexes, the surface charge of 

complexes was positive at weight ratio of 1 in both pH 6.4 and 7.4. Furthermore, the 

zeta potential at pH 6.4 was higher than at pH 7.4 for all polymers due to the higher 

protonation at acidic condition. The CS/PLA/siRNA complexes were prepared using 

the fixed CS weight ratio of 5 which the amount of CS was enough for providing the 

positive surface complex at both pH 6.4 and 7.4. By combining CS with PLA, the 

surface charge of complex gradually increased with the increasing of PLA amount 
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suggesting that PLA did not highly affect the surface charge property of complex 

however it might assist on other properties such as compactness and stability of 

complexes.  

 

Figure 4.23 Zeta potential of CS/siRNA complexes (A), PLA/siRNA 

complexes (B) and CS/PLA/siRNA complexes (C) at different weight ratios at pH 6.4 

(●) and pH 7.4 (○). Each value represented the mean ± SD of triplicate measurements. 

 

 The hydrodynamic size of complexes is illustrated in Figure 4.24. The size of 

CS/siRNA complexes increased with the increasing of weight ratio from 0.1 to 0.5 

and then decreased at weight ratio of 1. This trend also occurred in case of 

PLA/siRNA complexes which size increased at weight ratio of 0.5 and then 

decreased. For CS/PLA/siRNA complexes, the size was relatively constant with the 

range of 300-400 nm. This suggested that the addition of PLA did not change in size 

property even PLA itself provided the large complexes at weight ratio of 0.5. In 

addition, the different of pH did not effect on size of complexes.  
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Figure 4.24 Size of CS/siRNA complexes (A), PLA/siRNA complexes (B) and 

CS/P A/siRNA complexes (C) at different weight ratios at pH 6.4 (●) and pH 7.4 (○). 

Each value represented the mean ± SD of triplicate measurements. 

4.2.3 In vitro gene silencing efficiency  

The transfection efficiency of complexes was determined as EGFP gene 

silencing in HeLa-EGFP cells at pH 6.4 and 7.4. Cells were transfected with 

CS/siRNA, PLA/siRNA and CS/PLA/siRNA complexes in serum free media and the 

fluorescence intensity was measured using fluorescence microplate reader. The gene 

silencing efficiency was determined as the decreasing of fluorescence intensity in 

EGFP-specific siRNA treated group compared with mismatch siRNA treated group. 

The naked siRNA treated group showed negligible EGFP gene silencing effect. The 

PEI (25 kDa)/siRNA complexes was used as the positive control at the optimal weight 

ratio of 2. The percent gene silencing of this complex was 21.66 ± 2.90% and 26.24 ± 

3.40% at pH 7.4 and 6.4, respectively. For CS/siRNA complexes, the result showed 

effectively EGFP gene silencing of about 28% at weight ratio of 1 and higher in pH 

6.4 whereas the gene silencing efficiency of these complexes in physiological pH 
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(7.4) was drastically decreased (Figure 4.25A). This was due to the amine groups on 

CS were higher protonated in pH 6.4 than pH 7.4 resulting in less positive charge and 

loss of ability to stabilize the complexes during delivered siRNA into cells. Thus, CS 

did not efficiently delivered siRNA into cells at physiological pH. The PLA/siRNA 

complexes showed low gene silencing efficiency at both pH as compared to 

CS/siRNA at pH 6.4. The highest gene silencing was obtained at weight ratio of 5 

(11.78 ± 1.32%) and decreased with increasing PLA/siRNA weight ratio. This 

suggested that the decreasing of gene silencing might be due to the cytotoxicity of 

high PLA amount (Figure 4.28B).  

According to the limitation of each polymer for siRNA delivery, the 

combination of CS and PLA was performed to overcome this problem. The 

complexes were prepared by adding PLA solution to siRNA solution at the different 

weight ratio of 0.1 to 1. The CS at fixed weight ratio of 5 was then added to the 

PLA/siRNA complexes and incubated for 30 min. As seen in Figure 4.25 C, the gene 

silencing efficiency at pH 6.4 was not significantly different by adding the various 

amount of PLA and also was not different from CS/siRNA complex at weight ratio of 

5. This suggested that PLA did not promote the transfection efficiency of CS at pH 

6.4 which CS efficiently delivered siRNA by itself at this pH. While the expression of 

EGFP was inhibited in cells were transfected with CS/PLA/siRNA complexes and the 

percent gene silencing increased with the increasing of PLA amount. The highest 

gene silencing was obtained at CS/PLA/siRNA weight ratio of 5/0.5/1 with 25.04 ± 

1.84 % gene silencing and was comparable to PEI (25 kDa)/siRNA complexes. Figure 

4.26 illustrated the reduction of EGFP expression in HeLa-EGFP cell which was 

transfected with CS/PLA/siRNA-EGFP complex at weight ratio of 5/0.5/1 under 

fluorescent microscope compared with non-transfected cells. These results indicated 

that although CS did not show ability to deliver siRNA at pH 7.4 and PLA was not an 

efficient carrier, the combination of CS with PLA exhibited the efficient carrier for 

siRNA delivery at physiological pH. It was possible due to PLA provided the positive 

charge of complexes during delivered siRNA into cell and generated the stable 

complexes which suitable for siRNA delivery. 
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Figure 4.25 Percentage of EGFP gene silencing of (A) CS/siRNA-EGFP, (B) 

PLA/siRNA-EGFP and (C) CS/PLA/siRNA-EGFP complexes at different weight 

ratio after 4 days of transfection in HeLa-EGFP cell at pH 6.4 (gray bars) and pH 7.4 

(black bars). PEI (25 kDa)/siRNA-EGFP complex at weight ratio of 2 was used as a 

positive control. Each value presented in mean ± SD of triplicate samples.  

* Significantly different from the group(s) treated with the same weight ratio at pH 6.4 

(p < 0.05). 
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 Figure 4.26 Fluorescence microscopic picture of non-transfected HeLa-EGFP 

cell (A-C) and cells transfected with CS/PLA/siRNA-EGFP complex (D-F) at weight 

ratio of 5/0.5/1 after 3 days of transfection. The images were observed under bright 

field (A and D), merge field (B and E), and fluorescence field (C and F) microscopy 

at the magnification of 100x. 

4.2.4 Effect of serum on transfection efficiency 

Since the composition in serum might effect on transfection efficiency of 

polymers/siRNA complexes, the transfection efficiency of CS/PLA/siRNA-EGFP 

complexes in the present of serum (10% FBS) was determined. As seen in Figure 

4.27, the CS combined with PLA was able to deliver siRNA-EGFP into HeLa-EGFP 

cell even in the presence of serum and the percent EGFP gene silencing was 

equivalent to those in the absence of serum. There were the published studies which 

reported that the transfection efficiency of CS/DNA complexes did not decrease in the 

presence of serum [223, 224]. In contrast, the transfection efficiency of PEI (25 

kDa)/siRNA-EGFP complexes was negligible in the presence of serum. This 

suggested that the serum composition might interfere the property of PEI (25 

kDa)/siRNA complex and transfection efficiency. This was relevant to other studies 

demonstrated that the transfection efficiency decreased in the presence of serum by 
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using PEI 25 kDa as a polymeric carrier [225, 226]. These results suggested that the 

new carrier system, CS combined with PLA was possible for further use in vivo study. 

 

Figure 4.27 Comparison of percent EGFP gene silencing of CS/PLA/siRNA-

EGFP complexes at different weight ratio in HeLa-EGFP cell after 4 days of 

transfection at pH 7.4 between in the absence of serum (black bars) and in the 

presence of serum (gray bars). PEI (25 kDa)/siRNA-EGFP complex at weight ratio of 

2 was a control. Each value presented in mean ± SD of triplicate samples. 

4.2.5 Cytotoxicity of complexes 

Apart from the efficiency of polymers for delivering siRNA, cytotoxicity was 

also an important issue for siRNA delivery. To determine the cytotoxicity of 

complexes, cells were transfected with CS/siRNA, PLA/siRNA and CS/PLA/siRNA 

complexes at different weight ratios. As seen in Figure 4.28, the viability of cells 

which were transfected with CS/siRNA complexes was about 70% at weight ratio 

ranging from 0.5 to 10. While the cell viability decreased by transfecting with 

PLA/siRNA complexes at higher weight ratio. In addition, the cell viability of 

PLA/siRNA complexes was lower than CS/siRNA by comparing at the same weight 

ratio of 5. This suggested that the CS/siRNA complexes were safer than PLA/siRNA 

complexes at high weight ratio. As mentioned in EGFP gene silencing efficiency, the 

maximum EGFP gene silencing of PLA/siRNA-EGFP complexes was at weight ratio 

of 5 (11.78 ± 1.32%). PLA was not suitable for delivering siRNA owing to high 
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cytotoxicity at this weight ratio. For CS/PLA/siRNA complexes, the cell viability 

decreased with the increasing of weight ratio and less than 80% at weight ratio of 

5/1/1. This result suggested that the EGFP gene silencing efficiency of 

CS/PLA/siRNA-EGFP complexes decreased at high weight ratio due to the increasing 

of cytotoxicity of complexes. 

Figure 4.29 illustrates the comparing of the cell viability of complexes at the 

weight ratio which provided the highest gene silencing. The viability of cells 

transfected with CS/PLA/siRNA complex at weight ratio of 5/0.5/1 (75.08 ± 4.72%) 

was not significantly different from cells treated with naked siRNA (85.73 ± 7.49%) 

and CS/siRNA complex at weight ratio of 5 (73.40 ± 2.13%). Whereas, the viability 

of cells transfected with PEI (25 kDa)/siRNA complexes at weight ratio of 2 and 

PLA/siRNA complexes at weight ratio of 5 was 66.30 ± 3.75% and 29.72 ± 0.94%, 

respectively, which was significantly lower than cells treated with naked siRNA. 

Moreover, the result demonstrated that the combination of CS and PLA could reduce 

the amount of PLA for siRNA delivery with lower cytotoxicity. 
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Figure 4.28 Cell viability of HeLa-EGFP cells after transfected with CS/siRNA 

complexes (A), PLA/siRNA complexes (B) and CS/PLA/siRNA complexes (C) at pH 

7.4. Each value presented in mean ± SD of triplicate samples. 

 

 Figure 4.29 Cell viability of PEI (25 kDa)/siRNA, CS/siRNA, PLA/siRNA 

and CS/PLA/siRNA complexes at weight ratio of 2, 5, 5 and 5/0.5/1, respectively. 

Each value presented in mean ± SD of triplicate samples. * Significantly different 

from naked siRNA treated group (p < 0.05). 
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4.2.6 RNase protection ability of CS/PLA 

The enzymatic degradation of siRNA is one of the important barriers for siRNA 

delivery resulting in reduction of therapeutic efficiency [227, 228]. To investigate the 

protection ability of CS combined with PLA from enzymatic degradation, the 

CS/PLA/siRNA complex was prepared at weight ratio of 5/0.5/1 which showed the 

maximum gene silencing. The complexes were incubated with RNase in different 

time points at 37 ˚C. As seen in Figure 4.30, CS combined with P A could protect 

siRNA from RNase degradation and remained an intact siRNA at least 6 hr. In 

contrast, naked siRNA was totally degraded by contacting with RNase for 10 min. 

This result suggested CS combined with PLA was able to protect siRNA from RNase 

degradation during delivered siRNA and possible transferred for further in vivo study. 

 

 Figure 4.30 RNase protection ability of CS combined with PLA by incubating 

the complexes with RNase A at 37 ˚C at different time points. RNase A was 

inactivated by heating at 70 ˚C and the remaining siRNA was released by SDS. Naked 

siRNA was incubated with RNase A for 10 min and used as a control. 

 4.2.7 Cellular uptake pathway of polymers/siRNA-EGFP complexes 

The uptake pathway study of complex is also important for understanding the 

intracellular route of complex which affects transfection efficiency. There are 

evidences that the internalization of particles via caveolae-mediated endocytosis could 

bypass lysosome system [229, 230]. Therefore, it will be more advantage to look for 
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the carriers that can deliver siRNA though non-endosome/lysosome pathway. In this 

study, the cellular uptake pathway of CS/siRNA-EGFP and CS/PLA/siRNA-EGFP 

was investigated using specific inhibitors in endocytosis pathway i.e.  

a Chlorpromazine as an inhibitor for clathrin-mediated endocytosis 

(CME)  

b Genistein, filipin and methyl-β-cyclodextrin as the inhibitors for 

caveolae-mediated endocytosis  

c Nocodazole as an inhibitor for polymerization of microtubules 

d Wortmannin as an inhibitor for macropinocytosis 

e Ammonium chloride as an inhibitor for endosomal and lysosomal 

acidification  

Before investigating the cellular uptake pathway of CS/PLA/siRNA and 

CS/siRNA complexes, the optimal concentration of inhibitors which did not affect 

cell viability was determined in HeLa-EGFP cell by MTT assay. The concentration of 

each inhibitor was showed in Table 4.4. 

Table 4.4 The optimal concentration of inhibitors used in this study 

Inhibitors Concentration 

Chlorpromazine 100 µM 

Genistein 100 µM 

Filipin 10 µM 

Methyl- β-cyclodextrin 1 mM 

Nocodazole 10 nM 

Wortmannin 50 nM 

Ammonium chloride 10 mM 

 

After pre-incubated with inhibitors for 30 min, cells were transfected with 

CS/siRNA and CS/PLA/siRNA complex at weight ratio of 5 and 5/0.5/1, respectively, 

and further incubated for 6 hr. The percentage of EGFP gene silencing in the cells 

treated with inhibitors and non-treated cells was compared. For CS/siRNA complex, 
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the experiment was done at pH 6.4. Figure 4.31A, it illustrates that CS/siRNA 

complex was taken up though caveolae-mediated endocytosis as seen by the decrease 

of gene silencing in cells treated with genistein (2.48 ± 10.44 % of control). This 

result was agreed with the previous studies which suggested that CS/DNA complex 

was also taken up via caveolae-mediated endycytosis [231, 232].  

For CS/PLA/siRNA complex uptake pathways, the result showed the decrease 

of EGFP gene silencing in cells treated with chlorpromazine (55.07 ± 13.43 % of 

control), genistein (35.75 ± 6.73 % of control) and ammonium chloride (64.03 ± 

13.98 % of control) (Figure 4.31B). These results suggested that CS/PLA/siRNA 

complex was internalized into cells though clathrin-mediated endocytosis, caveolae-

mediated endocytosis and enhanced transfection efficiency by facilitating 

acidification of endosome-lysosome system, respectively. There was also evidence 

that the uptake pathway of arginine-based polymeric carrier involved in both clathrin-

mediated endocytosis and caveolae-mediated endocytosis [233]. This was probably 

the same phenomenon by combining CS with PLA for delivering siRNA. In addition, 

amine groups on PLA might also play role in proton sponge effect.  Thus, the 

combination of CS and PLA assisted the delivery of siRNA into cells via more than 

one mechanism and could enhance transfection efficiency. 
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Figure 4.31 Effect of inhibitors on the percent EGFP gene silencing of 

CS/siRNA complex (A) and CS/PLA/siRNA complex (B) by taken the percent gene 

silencing of no-inhibitors treated group as 100% (control group). Each value 

presented in mean ± SD of triplicate samples. * Significantly different from control 

group (p < 0.05). 
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CHAPTER 5 

CONCLUSION 

 In this study, the cationic polymers were used as carriers for gene delivery. 

The study involved in the development of dye adsorption method for determining the 

complete complex formation and also the investigation of efficiency of CS combined 

with PLA for siRNA delivery in HeLa cell stably expressing green fluorescence 

protein. 

5.1  Dye adsorption method for determination of complete complex formation 

 Dichlorofluorescein, a dye adsorption which were used in Fajan’s precipitation 

titration could successfully apply for estimating the complete complex formation 

between nucleic acid and cationic polymers prior to in vitro study. The weight ratio of 

complete complex formation which obtained from the developed method was 

comparable to general method i.e. gel retardation and zeta potential analysis. In 

addition, the weight ratio of complete complex formation from dye adsorption method 

was close to the weight ratio that gave the maximum transfection efficiency and gene 

silencing efficiency for PEI (25 kDa)/pEGFP complex and PEI (25 kDa)/siRNA-

EGFP complex, respectively. 

By comparing the dye adsorption method with other general method, it 

suggested that the developed method is fast, simple, safe for operators and 

environment as well as no sophisticate instruments were required. Although the dye 

adsorption method has many advantages for estimating the complete complex 

formation, there are also some limitations of this method. The nucleic acid amount of 

this method is higher than others since the detection is performed by visualization. 

The optimum pH for this method is at neutral to weak base for keeping the solubility 

and anionic charge of DCF ions. However, from the fundamental of dye adsorption 

method, it is not only a green and low-cost alternative method for routine task in the 

formulation of polymers and nucleic acids, but also a fast technique useful for the 
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screening of new polymers e.g. from the combinatorial synthesis prior to in vitro and 

in vivo evaluation of gene delivery performance.  

5.2  Chitosan combined with poly L arginine for siRNA delivery 

 The new siRNA delivery system, CS (45 kDa) combined with PLA (> 70 

kDa), was able to self-assembly form complex with siRNA into positive surface 

nanoparticle and efficiently delivered siRNA into HeLa-EGFP cell resulting in  

decreasing of GFP expression. By combining these two polymers, the limitation of 

each polymer was eliminated. This CS/PLA/siRNA complex was able to transfect 

cells at the physiological pH (7.4) and showed the maximum EGFP gene silencing at 

weight ratio of 5/0.5/1 with low cytotoxicity when compared with PEI 25 kDa (weight 

ratio of 2). Whereas the EGFP gene silencing effect of CS/siRNA complexes only 

occurred at pH 6.4 and PLA/siRNA complexes did not show EGFP gene silencing 

efficiency at both pH. Moreover, the gene silencing efficiency of CS/PLA/siRNA 

complex did not decrease in the present of serum (10% FBS) and CS/PLA had the 

RNase protection ability at least 6 hr. 

 For the internalization pathway of CS/PLA/siRNA complex, it suggested that 

CS/PLA/siRNA complex was taken up via clathrin-mediated endocytosis and 

caveolae-mediated endocytosis. After internalization, CS/PLA also showed the proton 

sponge effect which could enhance the transfection efficiency by endosomal escape. 

This supported that the CS combined with PLA improved siRNA delivery via more 

than one mechanism, whereas CS/siRNA was only taken up through caveolae-

mediated endocytosis.  

 Therefore, this study suggested that CS combined with PLA was successfully 

delivered siRNA in vitro. However, the efficiency as well as toxicity of this carrier 

system in vivo still required. 
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Absorbance spectrum of 2’,7’ dichlorofluorescein solution  

 

Figure A1 Absorbance spectrum of 2’,7’ dichlorofluorescein solution (0.15 

mg/ml in TAE buffer, pH 8) scanned by NanoVue™ spectrophotometer.  

 

Size of PEI(25 kDa)/siRNA-EGFP complexes 

 

Figure A2  Size of PEI(25 kDa)/siRNA-EGFP complexes at different 

weight ratio analyzed by Zeta Nanosizer. Each value represented the mean ± SD of 

triplicate samples. 
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EGFP gene silencing efficiency of PEI(25 kDa)/siRNA-EGFP at different time 

 

Figure A3 Percentage of gene silencing at different time in HeLa-EGFP cells 

after transfected with PEI(25 kDa)/siRNA-EGFP complexes. Each value represented 

the mean ± SD of triplicate sample. 
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Estimation of PEI(25 kDa)/pEGFP complex formation using pEGFP 2.5 µg 

 

Figure A4 Estimation of complete PEI(25 kDa)/pEGFP complex formation 

using 2.5 µg pEGFP by dye adsorption method. The pink pellets under visible light 

(A) or green fluorescence under UV light at 366 nm (B). The complexes were 

prepared at weight ratio of 0, 0.01, 0.1, 0.25, 0.5, 0.75, 1 and 2 (from left to right). 

 

Estimation of PEI(25 kDa)/pEGFP complex formation using pEGFP 1 µg 

 

Figure A5 Estimation of complete PEI(25 kDa)/pEGFP complex formation 

using 1 µg pEGFP by dye adsorption method. The pink pellets under visible light (A) 

or green fluorescence under UV light at 366 nm (B). The complexes were prepared at 

weight ratio of 0, 0.01, 0.1, 0.25, 0.5, 0.75, 1 and 2 (from left to right). 
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Estimation of PEI(25 kDa)/pEGFP complex formation using pEGFP 0.5 µg 

 

Figure A6 Estimation of complete PEI(25 kDa)/pEGFP complex formation 

using 0.5 µg pEGFP by dye adsorption method. The pink pellets under visible light 

(A) or green fluorescence under UV light at 366 nm (B). The complexes were 

prepared at weight ratio of 0, 0.01, 0.1, 0.25, 0.5, 0.75, 1 and 2 (from left to right). 

 

Estimation of PEI(25 kDa)/pEGFP complex formation using DCF 0.075 mg/mL 

 

Figure A7 Estimation of complete PEI(25 kDa)/pEGFP complex formation 

using DCF 0.075 mg/mL by dye adsorption method. The pink pellets under visible 

light (A) or green fluorescence under UV light at 366 nm (B). The complexes were 

prepared at weight ratio of 0, 0.01, 0.1, 0.25, 0.5, 0.75, 1 and 2 (from left to right). 
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EGFP gene silencing efficiency of CS/siRNA-EGFP at different time 

 

Figure B1 Percentage of gene silencing at different time in HeLa-EGFP 

cells after transfected with CS/siRNA-EGFP complexes at pH 6.4. Each value 

represented the mean ± SD of triplicate sample. 

 

Figure B2 Percentage of gene silencing at different time in HeLa-EGFP 

cells after transfected with CS/siRNA-EGFP complexes at pH 7.4. Each value 

represented the mean ± SD of triplicate sample. 
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EGFP gene silencing efficiency of PLA/siRNA-EGFP at different time 

 

 Figure B3 Percentage of gene silencing at different time in HeLa-EGFP 

cells after transfected with PLA/siRNA-EGFP complexes at pH 6.4. Each value 

represented the mean ± SD of triplicate sample. 

 

Figure B4  Percentage of gene silencing at different time in HeLa-EGFP 

cells after transfected with PLA/siRNA-EGFP complexes at pH 7.4. Each value 

represented the mean ± SD of triplicate sample. 
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EGFP gene silencing efficiency of CS/PLA/siRNA-EGFP at different time 

 

Figure B5  Percentage of gene silencing at different time in HeLa-EGFP 

cells after transfected with CS/PLA/siRNA-EGFP complexes at pH 6.4. Each value 

represented the mean ± SD of triplicate sample. 

 

Figure B6  Percentage of gene silencing at different time in HeLa-EGFP 

cells after transfected with CS/PLA/siRNA-EGFP complexes at pH 7.4. Each value 

represented the mean ± SD of triplicate sample. 
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EGFP gene silencing efficiency of CS/PLA/siRNA-EGFP in the different of order 

of mixing at different time 

 

Figure B7  Percentage of EGFP gene silencing after transfected HeLa-

EGFP cell with the complexes which were prepared by the order of CS/PLA/siRNA-

EGFP at pH 7.4. The weight ratios of PLA were varied at 0.5, 1 and 2 which the x 

axis was labeled in 1, 2 and 3, respectively while CS was fixed at 5. Each value 

presented in mean ± SD of triplicate samples. 

 

Figure B8  Percentage of EGFP gene silencing after transfected HeLa-

EGFP cell with the complexes which were prepared by the order of PLA/CS/siRNA-

EGFP at pH 7.4. The weight ratios of PLA were varied at 0.5, 1 and 2 which the x 

axis was labeled in 1, 2 and 3, respectively while CS was fixed at 5. Each value 

presented in mean ± SD of triplicate samples. 
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Effect of serum on EGFP gene silencing efficiency of CS/PLA/siRNA-EGFP at 

different time 

 

Figure B9  Percentage of gene silencing at different time in HeLa-EGFP 

cells after transfected with CS/PLA/siRNA-EGFP complexes in the absence of serum 

at pH 7.4. Each value represented the mean ± SD of triplicate sample. 

 

Figure B10  Percentage of gene silencing at different time in HeLa-EGFP 

cells after transfected with CS/PLA/siRNA-EGFP complexes in the presence of serum 

(10% FBS) at pH 7.4. Each value represented the mean ± SD of triplicate sample. 
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Optimum amount of RNase A and sodium dodecyl sulfate (SDS) for RNase 

protection ability study 

 1. RNase A amount 

 

Figure B11  Effect of RNase A amount on siRNA degradation of 

naked siRNA (lane 1, 3, 5 and 7) and CS/PLA/siRNA complex at weight ratio 

of 5/0.5/1 (lane 2, 4, 6 and 8). RNase A amount was varied at 2 mU/µg siRNA 

(lane 3 and 4), 2.5 mU/µg siRNA (lane 5 and 6) and 3 mU/µg siRNA. The 

naked siRNA and CS/PLA/siRNA complex were incubated with RNase A at 

30 ˚C for 30 min. Naked siRNA and CS/P A/siRNA complex which were not 

incubated with RNase A as controls. 
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 2.  SDS amount 

 

Figure B12  Effect of SDS amount on siRNA releasing from 

complex. The CS/PLA/siRNA complex was prepared at weight ratio of 5 and 

siRNA was repelled from complex by adding 1 µL of 16 mM SDS (lane 4), 

1.5 µL of 16 mM SDS (lane 5), 2 µL of 16 mM SDS (lane 6), 2.5 µL of 16 

mM SDS and 3 µL of 16 mM SDS. Naked siRNA (lane 1), naked siRNA with 

SDS (lane 2) and CS/PLA/siRNA complex (lane 3) were the controls. 
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Cytotoxicity of inhibitor in endocytosis pathways 

 

Figure B13  Cytotoxicity of inhibitors in HeLa-EGFP cell. Cell viability 

was performed by MTT assay after incubating cells with chlorpromazine (A), 

genistein (B), filipin (C), methyl- β-cyclodextrin (D), nocodazole (E), wortmannin (F) 

and ammonium chloride (G). 
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