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ABST RACT  

59353801 : Major (PHARMACEUTICAL TECHNOLOGY) 

Keyword : GENE DELIVERY SYSTEMS, siRNA, NIOSOMES, CATIONIC 

LIPIDS, APOPTOSIS 

MISS SUPUSSON PENGNAM : DEVELOPMENT OF PLIER-LIKE 

CATIONIC NIOSOMES FOR GENE DELIVERY AGAINST BREAST CANCER 

CELLS THESIS ADVISOR : PROFESSOR PRANEET OPANASOPIT, Ph.D. 

In this study, novelly synthesized plier-like cationic lipids (PCLs, i.e., PCL-A, 

-B and -C) were used to formulate plier-like cationic niosomes (PCNs) for nucleic acid 

delivery. The molar ratio of PCL-A was primarily optimized in formulations. The PCN-

A composed of Span 20: cholesterol: PCL-A (2.5: 2.5: 2 mM) were successfully 

prepared, resulting in niosomes with a positive charge and the nano-sized range. The 

weight ratios of PCNs: DNA or PCNs: siRNA affected the efficiency were also studied. 

The result indicated that PCN-A/DNA or PCN-A/siRNA at the weight ratios of 1: 1 

and 5: 1 showed the highest efficiency in the delivery of DNA and siRNA, respectively. 

Among the cationic niosomes, PCN-B gave the highest transfection efficiency and 

silencing efficiency compared to PCN-A and PCN-C. The internalization pathway of 

PCN-B for siRNA delivery was found to be endocytosis which was almost the same as 

DNA delivery. Cholesterol on the cellular membrane is important for cell membrane 

ruffle formation which involved in endocytosis pathways. PCNs presented pH-sensitive 

properties which might contribute to intracellular endosomal escape for gene delivery. 

PEGylation of PCN-B at 0, 2 and 5% were evaluated on cellular activity and physical 

stability. PEGylation at 2% significantly reduced cytotoxicity and improved efficiency 

for pDNA and siRNA delivery in HeLa cells. PEGylation significantly improved 

storage stability. Therefore, the recommended storage condition of PCN-B was 4 ◦C for 

1 month, whereas PEGylated PCN-B could be stored at 4 ◦C or 25 ◦C for at least 4 

months. Moreover, PCN-B and PEGylated PCN-B gave high transfection and silencing 

efficiency with minimal cytotoxicity, even in the presence of serum. Here, the 

anticancer effect of siRNA against anti-apoptotic genes, namely, Mcl-1, Bcl-2 and 

survivin, was screened in breast cancer cell line MCF-7 and MDA-MB-231. PCN-B 

was successfully employed as siRNA carriers for anti-apoptotic mRNA targets that 

could deliver and release siRNA to the desired target site and silence mRNA targets in 

both MCF-7 and MDA-MB-231 cells.  The silencing of Mcl-1 mRNA noticeably 

reduced the cell viability by approximately 30% in MCF-7 cells. This finding suggested 

that Mcl-1 downregulation might be a potential target in MCF-7 cells for apoptosis 

induction. However, the study of cationic niosomes for gene delivery still needs more 

studies in translational research. This study revealed that PCN-B could be an effective 

and safe alternative transfection reagent for not only pDNA but also siRNA delivery. 
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mm3    cubic millimeter(s) 

mmol    millimole 

MTT    3-(4,5-Dimethylthiazol-2-yl)-2,5 diphenyltetrazolium 

     bromide, a tetrazole 

mV    millivolt(s) 

MW    molecular weight 

NaOH    sodium hydroxide 

nm    nanometer(s) 

ng     nanogram(s) 

nm     nanometer(s)  

nM    nanomolar(s) 

OD    optical density 

pDNA     plasmid of deoxyribonucleic acid 

PBS    phosphate buffered-saline solution 

PCL    Plier-like cationic lipid 

PCN    Cationic niosomes containing plier-like cationic lipid 

PDI    polydispersity index 

pH    potentia hydrogenii (Latin); potential for hydrogen 

pKa    - log10Ka 

RH    relative humidity 

RNA     ribonucleic acid 

rpm    revolutions per minute 

s    second(s) 

siRNA    short interfering ribonucleic acid 

SD    standard deviation 

TEM    transmission electron microscopy 

UV     ultraviolet (spectroscopy) 
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vs     versus  

v/v    volume by volume 

w/v    weight by volume 

w/w    weight by weight 

µg    microgram(s) 

µL    microliter(s) 

µm    micron; micrometer(s) 

µM    micromolar(s) 

%    percentage(s) 

™    trademark 

®    registered trademark 

ºC    degree Celsius 

>    more than 

<    less than 

~    approximately 

π    pi 

θ     theta
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CHAPTER 1 

INTRODUCTION 

1.1 Statement and significance of the research problem 

Aberrant changes in genes controlling the way cells function and how they grow 

and divide are one of the causes of cancers (1). There are approximately 38.4% of the 

population may be detected with cancer at some point in the lifetimes (2). Currently, 

breast cancer is the leading cancer found in female patients and was the second cause 

of death in the US in 2020 (3). It has been linked to inherited gene mutations obtained 

from one’s mother or father by 5-10%, whereas 85% of breast cancer is found in women 

who have no family history  (4). Genetic mutation can occur during the aging process 

and general life more than obtaining from an inherited family (5).  

Apoptosis or programmed cell death is a fundamental biological process 

regulating homeostasis. Deregulation of this pathway is important in the pathology of 

many diseases as well as cancer (6, 7). As early as the 1970's, Kerr et al. proposed that 

hypergenesis sometimes results from the loss of apoptosis rather than an increase in 

mitosis (8). The evasion of apoptosis is known as one of the hallmarks of cancer (9). 

The initiation of apoptosis is governed by the balance of pro and anti-apoptotic proteins. 

The anti-apoptotic proteins, i.e., the B-cell lymphoma-2 (Bcl-2) protein family, 

includes Bcl2-A1, Bcl-2, Bcl-xL, Bcl-w and Mcl-1 which are pro-survival mediators 

preventing apoptosis (10, 11). The up-regulation and hyperactivation of the Bcl-2 

family have been described in cancers, which contributes to the survival of cancerous 

cells and the resistance to chemotherapy (10, 12). Bcl-2 is overexpressed in half of 

human malignancies and 50-70% of breast cancer patients (13-15). Bcl-2 exerts its 

oncogenic role by preventing cells from undergoing apoptosis (16). It is commonly 

associated with estrogen receptor (ER)-positive tumors. Bcl-2 can also be expressed in 

human epidermal growth factor receptor 2 (HER2) positive tumors (~50%), and basal-

like (~19%) and triple-negative (TN) breast cancers (~41%), defined by absent or 

minimal ER, Progesterone Receptor (PR) and HER2 expression. Apart from breast 

cancer, Bcl-2 is overexpressed in approximately 75% of tumors (17). Mcl-1 is an anti-
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apoptotic protein in the Bcl-2 family which plays an important role in apoptosis 

induction. Mcl-1 is also a vital protein regulating breast cancer cell survival (18). 

Overexpression of Mcl-1 is manifested in various human malignancies including breast 

cancer which contributes to cell survival and conventional therapeutic resistance (10, 

19, 20). Mcl-1 is involved in many pathways including the phosphatidylinositol-3 

kinase (PI3K) pathway, the mTOR pathway and the mitogen-activated protein kinase 

(MAPK) pathway. Mcl-1 overexpression was related to poor prognosis in many cancer 

types (21). Recent evidence from in vitro experiments suggests that Mcl-1 is an 

important role in breast cancer cell survival. Particularly in TN breast cancers, they lack 

the ER and the PR expression and do not have amplification of ERBB2, and they do 

not respond to current targeted therapies (22).  The initiation of the apoptosis pathway 

eventually converges at the activation of the caspase cascade. However, the function of 

caspases can be blocked by a family of proteins through caspases binding termed 

inhibitor of apoptosis proteins (IAPs); e.g., NIAP, c-IAP1, XIAP and survivin (23, 24). 

Among these IAPs, survivin exhibits significant overexpression in many tumors, 

especially in breast and lung cancer. However, it is present at low levels or completely 

absent in healthy cells and tissues (25-28). Moreover, targeting survivin with siRNA or 

miRNA re-sensitizes drug-resistant breast cancer cell lines to chemotherapeutic agents 

including paclitaxel, taxol and Dox (29, 30).  Despite the attractive attributes of siRNA 

in cancer precision therapy, the success of siRNA-based therapy relies on safe and 

effective siRNA delivery systems. The developments in novel therapeutic strategies for 

breast cancer are urgently needed to improve therapeutic outcomes and patients’ quality 

of life.   

It has been almost five decades of ongoing gene therapy study (31). The genetic 

therapeutic strategy may fulfill the gaps of unachievable treatments and preventions for 

several diseases, not only in hereditary diseases but also acquired diseases such as 

AIDs, cancers and infectious diseases (32-34). Gene delivery is the process of 

introducing foreign genetic material, such as DNA or RNA, into host cells (35). 

However, it challenges delivering the naked nucleic acids directly through plasma 

membrane due to their size and physicochemical properties (36, 37). Genetic materials 

must reach the desired target site of actin in host cells to provide gene expression or 
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alteration (38). The delivery systems are categorized as follows: viral and nonviral (39, 

40). Although approximately two-thirds of the trials in viral vectors have been the 

desired approach, the primary limitations toward development are safety concerns and 

the relatively small capacity of viral vectors. In recent years, the use of nonviral vectors 

has been expanding and conducting to date in trials since its strengths such as ease of 

chemical characterization, simplicity and reproducibility of use, larger packaging 

capacity, and minimal serious concerns. Due to these reasons, the development of 

nonviral vectors has been expected that they could be potential candidates for gene 

delivery systems (41).  Not only therapeutically suitable genes but also the specific 

RNA molecules can be used in gene therapy. The post-transcriptional gene silencing 

effect via the RNA interference (RNAi) mechanism has been widely investigated as a 

promising new approach for curing human diseases such as genetic disorders, 

inflammation and viral infection, etc (42, 43). The RNAi mechanism can be triggered 

by some effective molecules such as small interfering RNA (siRNA). siRNA are short 

double-stranded RNA segments with two nucleotide 3’-overhangs, usually composed 

of 21–23 nucleotides. Results from siRNA action, a specific mRNA are degraded and 

the protein synthesis is inhibited (44). siRNA is highly specific, easily synthesized and 

cost-effective. In addition, siRNA-mediated target gene silencing is significantly more 

potent (more than 100-fold difference in the half-maximal inhibitory concentration) and 

efficient than antisense oligonucleotides or ribozymes (45). Consequently, RNAi 

technology is concerned as a potential therapeutic agent for diseases of a genetic 

etiology (46).  

Lipofection has been intensively investigated and applied in 4.5% of all gene 

delivery trials. Lipofection is known as lipid-based transfection, which is constructed 

as lipid bilayer vesicles behaving like a cell membrane and can carry both hydrophobic 

and hydrophilic molecules, including nucleic acids, into cells (41). Cationic liposomes 

have been widely used as potentially efficacious gene carriers due to their ability to 

form complexes with anionic DNA molecules supposed to deliver DNA into the cells 

via the endosomal pathway (47). Cationic liposome-mediated gene delivery is affected 

by numerous factors, and one of the major factors is the composition of the liposomes. 

Moreover, the altering type and amount of cationic lipid composed in the cationic 
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liposomes can enhance the transfection efficiency (48). Additionally, several studies 

have reported that another vesicular system, non-ionic surfactant vesicles (niosomes), 

can also be used as an alternative to liposomes for gene delivery (49). 

Niosomes were invented to imitate the bilayer of liposomes. Niosomes are 

primarily composed of nonionic surfactants (i.e., Sorbitan monolaurate (Span) and 

Polysorbate (Tween) that are used instead of phospholipids in liposomes with the 

assistance of cholesterol (Chol) for bilayer rigidity (50, 51). Distinctive points of 

niosomes compared with liposomes are cost-effective and exhibit better chemical 

stability against both oxidation and temperature for introduction into pharmaceutical 

manufacturing (52-54). Cationic lipids are also incorporated into vesicles as charge 

inducers to allow the complex formation via electrostatic interaction. Paecharoenchai 

et al. successfully formulated non-ionic surfactant vesicles consisted of Span 20, Chol, 

and spermine derivative cationic lipids for pDNA delivery into HeLa cells. It not only 

exhibited similar physical properties but also efficiently transferred pDNA with low 

cytotoxicity and hemolytic activity as those of liposomes (53, 55).  

Generally, the structure of cationic lipids is composed of 3 parts (cationic polar 

head, linker, and hydrophobic tail). It has been reported that the lipid used could affect 

the physicochemical properties and efficiencies of niosomes; for example, the particle 

size, charge, stability, serum protection, cellular internalization, nucleic acids binding 

ability, and condensation (56, 57). Many researchers synthesized cationic lipids as an 

alternative composition for gene carriers, but a few were successful in increasing the 

transfection efficiency of niosomes (58, 59). The commonly used cationic lipids can be 

classified by their chemical structure into: i) monovalent aliphatic lipids, e.g. N[1-(2,3-

dioleyloxy) propyl]-N,N,N trimethylammonium chloride (DOTMA) and 1,2-dioleyl-3-

trimethylammonium-propane (DOTAP), ii) multivalent aliphatic lipids, e.g. 

dioctadecylamidoglycylspermine (DOGS) and iii) cationic cholesterol derivatives, e.g. 

3b-[N-(N0 ,N0-dimethylaminoethane)-carbamoyl]cholesterol (DC-Chol) (48). 

Multivalent aliphatic lipids exhibit higher performance than the monovalent ones; 

therefore, they have attracted more attention in the last decade (59-62). Modifications 

of the cationic lipid structure involve three components, cationic head, linker, and 

hydrophobic tail, which have been considerably investigated since relatively few 
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structural changes might affect their physicochemical properties and biological activity 

(63, 64). The hydrophobic tail is commonly a double alkyl chain or a cholesterol 

derivative. Extensive evidence regarding the double alkyl chain alteration indicates that 

generally 12–18 carbon units are essential for fusogenic characters and intermembrane 

mixing between delivery systems and cell membrane, including endosomal escape 

ability (63, 65). The ethylenediamine head had been reported to enhance the silencing 

efficiency of luciferase-targeted siRNA in the HT29 colon cancer cells and also 

improve the transfection efficiency in ARPE-19 cells and PECC cells (66-68). 

Nonetheless, positive charges on cationic niosomes cause non-specific interaction with 

plasma protein, leading to complex dissociation. The rapid clearance and high 

cytotoxicity of carrier/gene complexes also occur if the particles present a positive 

charge. Polyethylene glycol (PEG) is a hydrophilic polymer that has been widely used 

for steric stabilization of nanoparticulate delivery systems to prevent particle 

aggregation. On the contrary, PEGylation also perturbs gene condensation, cellular 

attachment and intracellular trafficking which could decline the biological activity of 

gene delivery systems (69). However, a number of articles have lightly studied 

PEGylated niosomes for gene delivery. 

The aim of this study was to formulate the plier-like cationic niosomes (PCNs) 

containing novel synthesized cationic lipids with or without PEGylation. PCNs 

mediating gene/siRNA transfection was screened in HeLa and HeLa stably expressing 

cells (HeLa-GFP cells). PCNs was also applied to deliver apoptosis-related siRNA in 

breast cancer cells including MCF-7 and MDA-MB 231 cells. The influences of various 

factors, such as the chemical structure of cationic lipids, molar ratios of cationic lipids 

in formulation and weight ratios of the carrier to nucleic acids, on the transfection 

efficiency, silencing efficiency and cell viability of cationic niosomes were evaluated. 

Furthermore, cellular internalization pathways of niosomes/nucleic acid complexes 

were evaluated by using inhibitors specific to various endocytic pathways (70-72). 

Cellular uptake of cationic niosome/Alexa Fluor 488-labeled siRNA (siAF488) 

complexes was also evaluated by flow cytometry and confocal laser scanning 

microscope. The most effective formulation of PCN was selected to deliver siRNA 

related to apoptosis pathway siRNA targeting Bcl-2, Mcl-1 and survivin into breast 
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cancer cells including MCF-7 and MDA-MB 231 cells. The cellular uptake, cell 

proliferation analysis and double stain apoptosis detection (Hoechst 33342/ SYTOX™ 

Green) were also analyzed. Moreover, the physical stability of these cationic niosomes 

was evaluated by size and charge measurements. 

1.2 Aims and objectives 

1. To formulate cationic niosomes containing plier-like cationic lipids (PCLs) as 

non-viral gene carriers for in vitro study.  

2. To investigate factors affecting in vitro transfection efficiency, silencing 

efficiency and cell viability of cationic niosomes i.e., chemical structure, the 

molar ratio of PCLs:surfactant:helper lipid, PEGylation, serum presence and the 

weight ratios of plier-like cationic niosomes (PCNs) to nucleic acids. 

3. To investigate the possible cellular internalization mechanisms of PCNs which 

may involve their role as a gene carrier in HeLa cells.  

4. To deliver apoptosis-related siRNAs and silence those mRNA expressions in 

breast cancer cells including MCF-7 and MDA-MB 231 cells by PCNs. 

1.3 The research hypothesis 

1. The molar ratios of Span 20: Chol: PCLs, PCNs/nucleic acid weight ratios, 

PEGylation, serum presence and different of hydrophobic tails on PCLs affect 

DNA or siRNA delivery. 

2. PCNs are safe and can be potential carriers for DNA or siRNA delivery in vitro. 

3. PCNs/nucleic acid complexes can be taken up by HeLa cells via clathrin-

dependent endocytosis, clathrin-independent endocytosis or micropinocytosis 

pathway.  

4. The PCNs can be applied for siRNA delivery, which involves apoptosis targeted 

genes in breast cancer cells (MCF-7 and MDA-MB 231 cells). 
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CHAPTER 2 

LITERATURE REVIEWS 

2.1 Introduction of gene therapy 

Expression modulations are approached by introducing genetic material with 

exogenous versatile nucleic acids such as DNA (e.g., pDNA) or RNA-based 

therapeutics (e.g., miRNA, siRNA). Genetic modification can be achieved either 

through ex vivo or in vivo strategies for preventing or treating diseases. The ex vivo 

gene therapy, the target cells can be harvested from a patient, corrected, and transferred 

back into the patient, while in vivo genetic material can be directly conveyed through 

systemic administration to desired tissue or organ, as depicted in Figure  1.  A defective 

specific gene can cause various genetic diseases, for instance, haemophilia due to 

mutations in genes encoding clotting factors which is able to be corrected by missing 

gene delivery (73). In the case of cancer therapy, genetic aberration often expresses in 

many stages in order to promote tumor cell survival. The overexpressed gene can be 

downregulated with RNA interference technology, e.g., siRNA, miRNA.  

 

Figure  1 gene therapeutic approaches (74) 



 
 11 

2.1.1 Gene therapy strategies for cancer treatment  

Cancer is caused by aberrant changes to genes that control the way our cells 

function, especially they grow and divide (1). Approximately 38.4% of men and women 

will be diagnosed with cancer at some point during their lifetimes (based on 2013–2015 

data) (2). Two crucial keys promoting tumor growth are pro-inflammatory environment 

and genomic instability. Complex signaling networks of TME promote not only tumor 

development but also metastasis (75). Nonetheless, the consequence of aberrant cell 

division and tumor suppression regulations frequently causes genomic instability 

supporting cell proliferation, evasion of tumor suppressors, and replicative immortality 

(76). For cancer treatment, gene therapy applications are divided into two major 

strategies (Figure  2): 1) therapies targeting complex tumor microenvironment (TME), 

i.e., immunization gene therapy (tumor vaccines, CAR-T cell therapy, cytokines genes), 

targeting angiogenesis, targeting cancer-associated fibroblasts, targeting tumor-derived 

exosomes and 2) molecular genetic modification, i.e., oncogene silencing, tumor gene 

replacement, miRNA targeted therapy, genome editing, suicide genes. Gene delivery 

to cancer cells has been allowed to treat cancer through the gene silencing strategies 

such as siRNA or miRNA involving oncogene such as cMYC or KRAS as well as genes 

related with multi-drug resistance 1 (MDR1). Gene replacement and editing strategies 

are exploited for cancer treatments via introducing gene expression such as tumor 

suppressor gene or correcting gene mutations. Gene therapy product was firstly used 

gencidine, a recombinant P53 adenovirus, in 2003 by delivering DNA for head and 

neck cancer treatment (74).  
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Figure  2 gene therapy strategies for cancer therapy targeting TME and molecular 

strategies are presented in green and purple, respectively (74).  

 

2.1.2 Mechanisms of RNA-based therapeutics  

RNAi, known as post-transcriptional silencing of the cellular biological 

mechanism, is essential for homeostasis. The gene silencing process can be triggered 

by exogenous dsRNA to defend against pathogen infection which is governed by RNA-

induced silencing complex (RISC). Mature miRNA can also be produced from 

endogenous miRNA gene, which is transcripted to the double-stranded stem-loop 

structure of primary miRNA (Pri-miRNA) and then processed into pre-miRNA by 

Drosha-DGCR8 complex with loop structure duplex (70-100 nucleotides). It is 

transported by Exportin 5 from the nucleus to cytoplasm and is processed to mature 

miRNA by Dicer into 18-25 nucleotides. Short double-stranded RNA is called 

siRNA/shRNA. AGO2 in RISC unwinds and saves antisense/guild strand for mRNA 

target downregulation. The post-transcriptional silencing converges at RISC and is 

processed through several mechanisms, as presented in Figure  3. 
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Figure  3 Intracellular processing of  RNA-based therapeutics depending on the 

endogenous miRNA pathway (77) 

 

2.1.3 RNA-based therapeutics  

The RNAi study has been apparently increasing for a potential therapeutic 

candidate, an accurate and precise treatment strategy. Gene silencing therapy is usually 

implemented through RNA interference (RNAi) technology for downregulating target 

genes. Gene regulation through gene silencing in tumor cells is to retard tumor 

progression, control cell division, promote apoptosis, or suppress oncogenes. Common 
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RNA drugs recently have been developed are antisense oligonucleotide (ASO), siRNA, 

or microRNA (miRNA), which are further discussed. 

Antisense oligonucleotides (ASO) 

Antisense oligonucleotide (ASO) is synthetic single-stranded nucleic acids that 

can be RNA or DNA sequences. ASOs bind complementary with mRNA targets and 

introduce a range of outcomes, including alteration of splicing process, an obstacle of 

ribosomal activity, and downregulation of gene translation which is the consequence of 

RNase H recruitment to target transcript via ASOs binding (78). 

Small interfering RNA (siRNA) 

siRNA consists of 19-21 nucleotides with 3’ overhang of 2 nucleotides which 

usually are TT o UU for RNAi machinery recognition. Passenger or sense strand is 

cleaved by Agonuate 2 (AGO2). Sense strand guides the RISC to mRNA target which 

is highly selective leading to mRNA degradation and translation inhibition. siRNA 

completely binds to complementary sites and further cleaves the target transcript 

resulting in translation inhibition. On the other hand, siRNA is applied for identification 

and validation in drug discovery and development models. Drug candidate for cancer 

therapy in pipelines are presented in Table  3. 

microRNA (miRNA) 

miRNA is produced for a post-transcriptional manner, contributing to critical 

roles in cellular maintenance and dynamic environmental response. The overexpression 

and downregulation of miRNA can be found in various cancers promoting tumor 

progression and bypassing inhibitory. Moreover, miRNA is essential to control the 

processes such as cell proliferations and apoptosis. The mature miRNA comprises 19-

25 nucleotides which partially bind with mRNA targets requiring 2-8 complementary 

nucleotides. The distinctive characteristic of miRNAs potentially makes them being 

promising therapeutic candidates for inhibition of multiple mRNA targets at the same 

time. Moreover, the expression levels of miRNA can be an indicator of disease 

progressions. miRNAs utilize not only drug target therapeutic agents but also diagnostic 

and biomarker tools (77) 
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2.2 Apoptosis: A target for anticancer therapy  

2.2.1 Role of apoptosis  

Apoptosis or programmed cell death coined in 1972 by John Kerr is a 

fundamental process to develop and regulate tissue homeostasis and serve for the 

elimination of any unnecessary or unwanted cells. There are differential features of 

apoptosis from necrosis. Necrosis is considered an uncontrollable process triggered by 

environmental perturbation and release inflammatory mediators, cause accidental cell 

death and extensive tissue damage consequence. On the other hand, apoptosis is related 

to complicated signaling cascades accomplished by effector molecules called 

“cysteine-aspartic proteases or caspases”. Nomenclature Committee on Cell Death 

(NCCD) has been classified apoptosis as regulated cell death without leakage of the 

cell content into the surrounding environment (79).  

2.2.2 Morphology features of apoptosis  

Once abnormal cells are found, the activation of caspases initiates a cascade of 

apoptotic events resulting in morphological changes. In the early stage, cells 

experiencing apoptosis change to round shape, and water loss results in cell shrinkages. 

Typically, a lipid refers to as phosphatidylserine is only in an inner plasma membrane 

exposed on the apoptotic cell surface. The biological consequence of 

phosphatidylserine is useful for the recognition of phagocytes (80, 81). The nuclear 

chromatin condenses toward degradation nuclear envelope as a pyknosis and initiates 

DNA to nuclear fragmentation called karyorrhexis. Cell components and cytoplasm are 

closely packed into the individual plasma membrane sealing separated from the cell in 

terms of blebbing. The membrane-bound-vesicles containing cell organelles are called 

apoptotic bodies and promptly eliminated via phagocyte systems in in vivo without the 

consequence of inflammation from the releasing of intracellular components. In the 

event of in vitro apoptosis, there is a lack of the phagocyte resulting in apoptotic bodies 

eventually undergoing late apoptosis or secondary necrosis (82, 83).  
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2.2.3 Signaling transduction pathway of apoptosis  

Signaling of apoptosis is initiated via varieties of conditions, for instance, DNA 

damage, uncontrolled proliferation and cell death from viral infection. It can be 

activated through two pathways, namely the extrinsic or intrinsic pathways differing in 

the origin of cascades (Figure  4). Finally, the activation of either pathway converges at 

the execution of mitochondrial caspases which are caspase-3, -6, and -7, as downstream 

effectors of apoptosis, leading to the programmed cell death termination by the 

enzymatic cleavages; proteases and nucleases (84).  

The extrinsic pathway is triggered by the ligation of death receptors at the 

plasma membrane; thus, it is also called the receptor pathway. The receptors (for 

example, Fas, also known as CD95, tumor necrosis factor receptor, or TRAIL 

receptors) can be induced by death-inducing signals, mostly from immune response to 

infected or damaged cells. The consequences of stimulation result in oligomerization 

receptors, recruitment of adaptor proteins such as Fas-associated protein with death 

domain (FADD) and TNF receptor-associated protein with death domain (TRADD), 

including the formation of the death-inducing signaling complex (DISC), which in turn, 

change effector proteins to active forms, namely, caspase-8 and caspase-10 (85).  

Moreover, as the results of activated caspase-8 of the extrinsic pathway can 

alternatively turn on the intrinsic pathway via Bid cleavage to truncated Bid (tBid) but 

it is deferred and less effective stimulation (86, 87). 

The intrinsic pathway is known as the mitochondrial pathway, where the pivotal 

events begin. Intrinsic signals, for instance, DNA damage, defective growth factor and 

metabolic stress, can induce mitochondrial permeability transition pore (MPT) 

formation and lead to pro-apoptotic factor release; cytochrome C and small 

mitochondria-derived activator of caspases (SMACs) subsequently stimulating 

executor caspases.  
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Figure  4 Signaling transduction pathway of apoptosis (6) 

 

2.2.4 Apoptotic targeting in cancers  

There are a number of variety diseases that are caused by apoptosis 

dysregulation. The abnormality of apoptosis can be excessive elimination or survival 

prolongation of cells. Since the definition of programmed cell death is a basic biological 

process to regulate homeostasis, thus the fundamental alteration has significant 

importance in the pathology of diseases such as degenerative diseases, 

immunodeficiency, autoimmunity and cancer (6). As early as the 1970's, Kerr et al. had 

considered that hypergenesis might sometimes result from loss of apoptosis rather than 

an increase of mitosis. Apoptosis has been related to the elimination of potentially 

cancerous cells, hypergenesis and progressive tumors. The fallacious cell cloning 

subjects increase of hormones and fail to be controlled by apoptosis (8).  

Hallmarks of cancer have been constructed for understanding the logical 

framework of cancer biology in the year 2000 by Hanahan and Weinberg. The 

influential review consisted of the six common hallmarks: self-sufficiency in growth 

signals, insensitivity to anti-growth signals, apoptosis evasion, limitless replicative 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=3384434_aging-04-330-g001.jpg
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potential, sustained angiogenesis, and tissue invasion/metastasis. Weinberg has updated 

in a decade later two more hallmarked: reprogramming energy metabolism and evading 

immune response in term of Hallmarks II (88).  

Based on role of apoptosis, it is not surprising that alterations of apoptosis have 

become a crucial one of hallmarks and attractive therapeutic targets of cancer. The 

evasion of apoptosis in cancer may involve in both extrinsic and intrinsic pathways 

which are generally described into three mechanisms (7).  

1) Disruption of the balance between pro-apoptotic and anti-apoptotic proteins 

2) Reduction of caspase function 

3) Impairment of death receptor signaling 

Targeting apoptosis can be applied for many types of cancer by using cell fundamental 

mechanisms in order to terminate the uncontrollable growth of cancerous cells. 

Moreover, defective apoptosis is responsible for both conventional therapy and new 

therapeutic drug resistance (7). Many strategies have been developing new cancer 

therapies to increase death signaling and suppress apoptotic signaling inhibition (89).  

Two common therapeutic targeting strategies are described as follows 1) stimulation of 

pro-apoptotic molecules and 2) inhibition of anti-apoptotic molecules (79). Tumor cells 

frequently escape the cellular response to programmed cell death. Typically, the 

intrinsic pathway is disabled in order to increase cell survival in tumor cells, such as 

upregulation of anti-apoptotic molecules (90). 

Two classes of proteins have recently become more interesting for promising 

therapeutic interventions, namely Bcl-2 family and IAPs (91). The initiation of 

apoptosis is governed by the balance of pro and anti-apoptotic proteins. The anti-

apoptotic proteins, i.e., the Bcl-2 protein family: Bcl2-A1, Bcl-2, Bcl-xL, Bcl-w and 

Mcl-1 are responsible pro-survival mediators preventing apoptosis (10, 11). 

Nevertheless, the initiation of the apoptosis pathway eventually converges at the 

activation of the caspase cascade. The function of caspases can also be controlled by a 

family of proteins through caspases binding termed IAPs; e.g., NIAP, c-IAP1, XIAP 

and survivin (23, 24). 
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 2.2.4.1 B-cell lymphoma-2 (Bcl-2) family  

The Bcl-2 family hyperactivation results in tumor cells being resistant to 

intrinsic apoptotic stimuli and anticancer activity (10, 12). The Bcl-2 protein 

overexpression is present in over half of all cancers, regardless of type  (13-15). 

Mitochondrial outer membrane permeabilization (MOMP) is particularly regulated and 

mediated by the Bcl-2 protein family which is comprised of three functional protein 

groups summarized in Table  1 (92-94). 

(1) BH3 proteins are initiators responding to the stimuli signals. They can 

stimulate executioner proteins and neutralize anti-apoptotic members 

during apoptosis which act as a direct activators and sensitizers, 

respectively, e.g., BID, BIM, PUMA, tBID NOXA, BMF, BIK, HRK, and 

BAD etc.    

(2) Executioner proteins or pro-apoptotic proteins, Bax or Bak can be 

activated by BH3 Proteins and subsequently oligomerize which in turn, 

MOMP and the release of mitochondrial intermembrane space components 

to initiate effector caspases such as caspase-3. 

(3) Anti-apoptotic proteins function to restrain BH3 and executioner protein 

which maintains mitochondrial outer membrane integrity such as Bcl-2, 

Bcl-XL, Bcl-W, Mcl-1 and A1/BFL-1. 

Table  1 Role of anti-apoptotic protein to Bcl-2 family members (94) 

Anti-apoptotic 

protein 

Anti-apoptotic protein binds to 

Executioner 

proteins 

BH3 proteins 

Direct activator Sensitizer 

Bcl-2 Bax, Bid Bim, Puma Bmf, Bad 

Bcl-XL Bax, Bak, Bid Bim, Puma Bmf, Bad, Bik, Hrk 

Bcl-w Bax, Bak, Bid Bim, Puma Bmf, Bad, Bik, Hrk 

Mcl-1 Bak, Bid Bim, Puma Noxa, Hrk 

A1 Bak, Bid Bim, Puma Noxa, Bik, Hrk 
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 2.2.4.2 Inhibitors of apoptosis proteins (IAPs)  

The function of caspases can be blocked by the second class of proteins, 

resulting in cell death resistance at many stages following mitochondria involvement. 

Eight mammalian IAPs consist of at least one baculovirus inhibitor of apoptosis repeat 

domain (BIR) as protein recognition. Three IAPS are commonly expressed, including 

XIAP, c-IAP 1 and c-IAP 2 which can bind and thereby inhibit caspase activity. 

Survivin is the smallest IAP and structurally unique containing a single BIR. The 

current view suggests that only one IAPs called XIAP can efficiently inhibit caspases-

3, -7 and -9. survivin cannot directly inhibit caspases but can decrease apoptosis by 

cooperative interaction with XIAP. The complexes of survivin-XIAP can improve its 

stability, enhance the activity of XIAP for caspase inhibition, promote tumor growth 

and participate in intracellular signaling pathways especially, NF-κB activation (91). 

 

2.2.5 Applications of siRNA targeting apoptosis in breast cancers  

siRNA-based therapy has become an attractive therapeutic strategy due to its 

ability to interfere with desired mRNA targets specifically. Therefore, siRNA 

therapeutic is applied in various targets for apoptosis activation in cancers. Mcl-1 

silencing led to loss of cell viability in Dox-resistant MDA-MB-435 cells 

overexpressing P-gp, BCRP, Mcl-1 and surviving. The result suggested that targeting 

Mcl-1 could serve as a treatment alternative for Dox-resistant cancer (95). 

Overexpression of Mcl-1 is manifested in various human malignancies including breast 

cancer which contributes cell survival and conventional therapeutic resistances (10, 19, 

20). Moreover, Mcl-1 is also a vital protein regulating breast cancer cell survival (18). 

siRNA mediated downregulation of Mcl-1 confers beneficial therapeutic effects toward 

breast cancer management. The siRNA against Mcl-1 suppressed the cell viability of 

MDA-MB-435 cells (95). Additionally, the transient transfection of miR-193b 

downregulated Mcl-1 mRNA and protein expression noticeably increased Dox 

sensitivity in Dox-resistant MCF-7 cells (96). Among these IAPs, survivin exhibits 

significant overexpression in many tumors especially in breast and lung cancer, but it 

is present at low levels or completely absent in healthy cells and tissues (25-28). 

Moreover, targeting surviving with siRNA or miRNA re-sensitizes drug-resistant breast 
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cancer cell lines to chemotherapeutic agents including paclitaxel, taxol and Dox (29, 

30). 

 

2.3 Challenge of siRNA delivery  

 As the attractive RNAi mechanism, siRNA requires protein mediates such as 

AGO in the cytoplasm for post-transcriptional gene silencing. Various obstacles need 

to be circumvented depending on the route of administration. The delivery systems are 

essential for systemic exogenous siRNA administration to avoid elimination in the 

circulation systems, escape from the endosome/lysosome compartment and achieve 

desired target gene at the cytoplasm. The siRNA delivery barriers can be divided into 

extracellular barriers and intracellular barriers. 

 

2.3.1 Extracellular barriers  

Regarding the siRNA attributes, the length and diameter of siRNA are around 

7-8 nm and 2-3 nm, respectively, rapidly filtrated through urine. Consequently, the 

particles with a smaller size than 8 nm can easily be eliminated by renal filtration.  

Nevertheless, the reticuloendothelial system (RES) consisting of phagocytes such as 

monocyte macrophages is responsible for eliminating exogenous particles as well as 

nanoparticulate systems. Phagocytic cells are usually accumulated to organs of RES 

including the liver and spleen. Opsonized particles covered with non-specific protein 

are generally recognized by phagocytic cells which are eventually removed from blood 

circulation. The force of non-specific protein binding depends on the surface of 

particles. The neutral charge has a slower opsonizing rate than highly charged particles. 

Modification of surface properties can reduce non-specific interaction and protect 

electrostatic or hydrophobic interaction against opsonization in the bloodstream by 

using grafted shielding materials such as polysaccharides (dextrans) and polyethylene 

glycols (PEGs) (97). Transportation of nanomedicine through vessel wells is limited by 

its pore sizes. A general capillary pore is between 2-6 nm limiting the extravasation of 

several hundred nanometers. The important feature of tumor microvessels is enhanced 

permeability and retention (EPR) effect which is found in the aberrant vascular 

architecture of tumors for supporting oxygen and nutrients. Tumors possess the pore 
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diameter of tumor microvessel ranges in 100-780 nm and lack lymphatic drainage. EPR 

is exploited in nanomedicine research for passive tumor delivery. As a consequence of 

EPR, nanoparticles tend to be highly accumulated and retained in tumor tissue (98, 99). 

 

2.3.2 Intracellular barriers 

There are only a few types of cells such as retinal ganglion cells and neurons, 

can take up naked siRNA. As the characteristic of genetic materials, high molecular 

weight and negative charge inhibit crossing through the cell membrane. Various 

carriers are exploited to facilitate the internalization of genetic materials into the target 

cells. The positive charge of lipids, polymers or cell-penetrating peptides becomes a 

choice in the first stage of cell membrane interaction increasing cellular uptake 

probability. Moreover, intracellular localization is one of the key assessments to obtain 

therapeutic action. Internalized particles are eventually entrapped in intracellular 

vesicles called endosomes. Delivery systems must finally escape from 

endosome/lysosome compartments and further convey genetic materials into the target 

site of action (100). 

 

 2.3.2.1 Internalization of nanoparticles  

Cellular attachment can be driven by many ways including non-specific 

hydrophobic interaction, electrostatic interaction or specific recognition resulting in 

immobilization of nanoparticles on the cell surface. Hydrophobic nanoparticles are 

advantageous for intracellular drug delivery. Cellular membrane presents a negative 

surface charge at physiological pH, which consists of anionic glycosaminoglycans in 

proteoglycans, presenting a high density of carboxyl and sulfate groups. Anionic 

nanoparticles are usually recognized via scavenger receptor of macrophage. 

Noticeably, cationic nanoparticles have stronger adhesion leading to a higher rate of 

internalization (101). Chemical inhibitors of endocytic pathways are employed as a tool 

to study the mechanism of endocytosis, summarized in  

Table  2. 
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Table  2 Chemical inhibitors of endocytosis and their putative mechanism of action 

(101) 

Agent Mechanism 

Chlorpromazine 
Dissociates clathrin and adapter proteins from the plasma 

membrane 

Ammonium 

chloride 
Increases pH of late endosomes and lysosomes 

Cyclodextrin Extracts cholesterol out of plasma membrane 

Genistein Inhibits tyrosine-phosphorylation of caveoline-1 

Wortmannin Blocks PI3-kinase; inhibits fusion of membrane protrusions 

Nocodazole Depolymerises microtubules 

Filipin III Binds cholesterol in plasma membrane 

 

In general, immobilized nanoparticles on the cell surface are suggested 

internalizing through endocytosis. The routes of endocytosis are classified in Figure  5. 

Phagocytosis is an engulfment of foreign large particles as well as pathogens, bacteria 

or dead cells by professional phagocytes e.g. macrophage, neutrophils. Pinocytosis 

commonly refers to micropinocytosis, clathrin- and caveolin-mediated endocytosis and 

clathrin- and caveolin-independent endocytosis. Micropinocytosis initiates ruffle 

membrane formation and further ingests a large volume of fluids ranged 0.2-10 µm into 

endocytic vesicles. It is known as macropinosomes which easily leak when compared 

with other types of endocytic vesicles. For clathrin-mediated endocytosis, it typically 

takes up particles of 100-150 nm with the aid of dynamin. The pH of the vesicles is 

rapidly changed which is eventually followed by enzymatic degradation. With regard 

to caveolin-mediated endocytosis, the cellular membrane abundantly exists of 

cholesterol-rich microdomain called raft. Pathogens dependently utilize this route to 

avoid lysosomal degradation since it slowly takes up 60-80 nm particles in several cell 

types (102).  
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Figure  5 Endocytic mechanisms classification in mammalian cells.(103) 

 

 2.3.2.1 Endosomal escape  

The nanoparticle/nucleic acid complexes inhabit in membrane-bound 

endosomes after internalization through endocytosis. There is no direct for endosomal 

release to the cytoplasm or nucleus (Figure  5). Normally, lysosomes pinch off from the 

Golgi-apparatus to fuse with endosomes. The contents are eventually degraded or 

recycle back to the cell surface.  Therefore, endosomal escape is the essential step to 

overcome. The delivery strategies must be considered in order to the design of 

responsive systems to biological stimuli such as pH drop, enzymatic cleavage, or 

change of a redox potential: the use of ionizable lipids, lipids with a desired phase 

transition temperature (with melting temperature around body temperature), cleavable 

lipids, cis-trans isomerization, charge-switching lipids and free-radical-generating 

compound as photosensors. The consequences of designated responsive systems lead 

to destabilization, fusion or pore-formation of the membrane and further release before 

lysosomal compartmentalization (104). 
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2.4 siRNA delivery systems  

2.4.1 Classification of gene delivery methods  

The first gene therapy drug had been employed in 1998 for the treatment of 

cytomegalovirus retinitis. Recently, there are 22 gene therapy drugs have been 

approved till 2019 (100). There are several approaches to transferring genetic materials 

into desired targets which can be classified as follows: 1) Virus-Based Gene Delivery 

Systems, 2) Non-viral Vector-Based Gene Delivery and 3) Gene Delivery Using 

Physical Approaches (38). Although viral-vectors provide high transfection efficiency, 

there are several drawbacks that need to be obliterated, for instance, immunogenicity 

and low loading capacity. Therefore, non-viral vectors have been exponentially 

developed which are broadly used for gene delivery.  
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2.4.2 Non-viral nanoparticles for siRNA delivery 

Nanoparticles have emerged for gene delivery applications becoming more 

attractive since they ease for production and modification as well as serve minimal 

safety concerns. Non-viral nanoparticles can be categorized into 3 groups; biological 

nanoparticles, inorganic nanoparticles and organic nanoparticles (Figure  6) (74). They 

might be potential approaches of siRNA delivery systems in which are innumerable 

studies in clinical trials (Table  3). The advantages and limitations of Non-viral 

nanoparticles have been summarized in Table  4. 

 

 

 

Figure  6 Non-viral nanoparticles used in gene delivery 

 

 2.4.2.1 Biological nanoparticles  

Exosomes, the smallest natural bio-carriers are lipid bilayer vesicles having the 

size of 40-120 nm. They are found in extracellular fluids. It is the important process of 

cell-to-cell communication in which the series of protein and genetic materials are 

enclosed exosomes delivered and released from many cells. Exosomes also transfer 
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coding and non-coding RNA as well as miRNA to target cells for the transcriptional 

and translational processes.  The modification of exosomes is still a challenge to 

overcome. The modifying can be approached by two different methods, including 

parent cell engineering for modified exosome production and direct modifying after 

exosome secretion.  siRNA could be transferred in the exosomes by several methods, 

e.g., incubation, electroporation and lipofection.  However, there still have some 

limitations to effective loading methodologies (105).  

 

 2.4.2.2 Inorganic nanoparticles  

Gold nanoparticles (AuNPs) are the most often metals used in nanomedicines. 

Attractively, the surface of AuNPs is easily functionalized with various moieties such 

as chitosan or cationic lipids in order to allow ionic interaction with siRNA. Protection 

against RNases degradation is one of the advantages of AuNPs which probably prevent 

physical contact of enzyme catalytic site with siRNA by steric hindrance. Moreover, 

particle sizes can be controlled using district methodologies, making them a promising 

strategy for gene delivery.  However, AuNPs still need several development stages for 

bringing to translational research in a clinical setting (106). 

 

 2.4.2.3 Organic nanoparticles 

  2.4.2.3.1 Polymer-based delivery systems  

Linear or branched cationic polymers are used for nucleic acid condensation, 

known as polyplexes or nano-sized complexes. The prominent characteristic of 

polymeric nanoparticles is controlled release since the structural complexity makes 

polyplexes more stable than lipoplexes. Natural biopolymers have been widely used 

due to their biodegradable and biocompatible. Polymers can be functionalized to 

improve the delivery systems properties for purposed activity in gene delivery 

applications such as chitosan, PEI, PLGA or dendrimers (74).  
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  2.4.2.3.2 Lipid-based delivery systems (LNPs)  

The nanoparticles made of lipid-based systems have been applied for several 

drug delivery research due to amphiphilic characteristic cell membrane interaction and 

delivery of therapeutic agents efficiently into the cells (107). 

  2.4.2.3.2.1 Solid lipid nanoparticles (SLNs)  

SLNs composed of solid lipid core at room temperature and body temperature 

are covered with a surfactant layer in the aqueous phase (107). The complex of siRNA 

and cationic lipids are formed by ionic interaction and then capped by a hydrophobic 

ion-pairing (HIP) approach into the electrically neutral hydrophobic core. Encapsulated 

siRNA in SLNs gradually releases siRNA for sustaining gene silencing in more than 

seven days in vitro and in vivo experiments (108).  Despite the solid core of SLNs 

presenting high physical stability and biocompatibility, drug loading and siRNA 

loading methods are limited. Another strategy can be employed by cationic SLNs 

coated with siRNA via electrostatic interaction and loaded lipophilic drug in the inner 

core (109).  

  2.4.2.3.2.2 Lipid nanovesicles: liposomes and niosomes  

Liposomes  

Liposomes are spherical vesicular systems containing hydrophilic core and 

hydrophobic membrane. It is usually made up of phospholipids with the assistance of 

helper lipids to enhance lipid bilayer stability. The surface attributes of liposomes are 

typically incorporated with cationic lipids. The positive charge can contribute siRNA 

complex formation, cellular uptake as well as endosomal/lysosomal compartment 

escape.  Cationic liposomes can spontaneously neutralize and further form 

multilamellar lipoplexes with anionic siRNA. It has been widely used for siRNA in 

clinical trials offering minimal toxicity, ease of preparation (74). Functionalization of 

liposomes with specific targeting such as monoclonal antibodies, aptamer, protein 

(transferrin), peptide (Arg-Gly-Asp, RGD), carbohydrates (sugar) or small molecules 

(folic acid) ligands may improve its liposome properties (110). Binding receptor-

mediated on the cells tends to enhance cellular uptake of liposomes by endocytosis. 
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Moreover, the surface modification with specific ligands overexpressing on tumor cell 

surface was exploited in siRNA delivery into the specific target cells, called active 

targeting (111). For example, AS1411, an aptamer, was applied to activated PEGylated 

cationic liposomes which could provide a specific binding to nucleolin on A375 cells 

(human melanoma cell line) enhancing cellular uptake and silencing efficiency of 

siRNA delivery (112). Polycationic liposomes were modified with RGD-grafted 

distearoylphosphatidylethanolamine-polyethylene glycol 2000 (DSPE-PEG 2000) for 

active targeting αv integrins on in B16F10-luc2, murine melanoma cells which could 

double gene silencing outcome in B16F10-luc2 lung metastatic model mice (113). 

Niosomes  

The application of niosomes was firstly reported for the cosmetic industry. 

Since the feature of niosomes having structural like liposomes, they have been 

considerably used for drug transporting in the pharmaceutical field, providing stable 

particles and improving the stability of encapsulated drugs. Nonetheless, they are 

studied in numerous preclinical and clinical researches since they are biodegradable, 

biocompatible and less immunogenicity. Niosomes become alternative colloidal 

vesicles like liposomes that have been continuously developed in several routes and 

applications as well as gene therapeutic strategies. Hydrated non-ionic surfactants are 

incorporated with synthetic cationic lipids receiving a lot of attention for genetic 

materials delivery such as plasmid DNA, ASOs, siRNA (58, 114). 
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2.5 Niosomes: siRNA delivery   

2.5.1 Surface modification of niosomes  

Niosomes, the new generation of gene delivery systems, are prepared with non-

ionic surfactants. It has emerged as a safe and viable delivery alternative of the 

conventional liposomes with key advantages in increased chemical stability and lower 

cost (115-117). The lipid layer of niosomes is usually incorporated with neutral helper 

lipids such as Chol or DOPE for membrane rigidity. Colloidal vesicle systems like 

liposomes consist of phospholipids which can be degraded by oxidation or 

phospholipase. Some of compounds used in the composition of niosomes have been 

studied for gene delivery systems are presented in Figure  7. Moreover, cationic charged 

molecules could lead to dose-dependent cytotoxicity and inflammatory response. To 

address this issue, non-ionic surfactant in niosomes might minimize cytotoxicity from 

cationic and anionic counterparts.  

 

Figure  7 Chemical structure of some of compounds used in the composition of 

niosomes (58).  
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2.5.1 Surface modification of niosomes  

 2.5.1.1 Cationic lipids  

 Generally, negative charged nucleic acids can be loaded in LNPs via ion-

interaction. Charge inducers have been exploited for given benefits to LNPs properties, 

for instance, colloidal stabilization, electrostatic interaction with genetic materials and 

cell membrane interaction (58, 114). The structure of cationic lipids has been modified 

for their property improvements, which proven 3 indicated parts as follows: positively 

charged head, hydrophobic tails and linker/spacer showing in Figure  8.  

Monovalent cationic lipids such as DOTMA and DOTAP are mostly 

representative cationic lipids used in gene delivery (Figure  8). Multivalent cationic 

lipids with more than one amine groups may provide higher capacity for electrostatic 

interaction with genetic material and cellular membrane, such as the commercial 

transfection agent called Lipofectamine. The pH-sensitive lipids typically contain one 

protonable ternary amine group presenting a neutral charge at physiological pH. The 

ternary amine is protonated when the drop of pH from 7.4 to 5-6 before fused with 

lysosomes. The consequence of the protonable amine renders to endosomal membrane 

destabilization and release genetic materials (111).  

Hydrophobic tails have been modified such as a decrease of the length, increase 

of branches or double bonds which are utilized for the increasing rate of intermembrane 

transfer, lipid mixing or hexagonal phase transition at lower temperatures (118).  

Linkers have also been studied for gene delivery applications, e.g., ether, ester, 

amide, carbamate, disulfide, urea, acylhydrazone, phosphate linkers (Figure  8). The 

designs of cationic lipid linkers determine chemical stability and biodegradable 

transfection efficiency and cytotoxicity. Chemical stable and non-biodegradable bonds 

result in higher toxicity. For instance, the ether linker is more stable than the ester bond 

which associates with less toxicity. Amide liker can be found in peptides or proteins. It 

has been widely used for cationic lipid design having high transfection efficiency and 

no noticeable cytotoxicity. Carbamate linker is susceptible to degradation into small 

molecules in an acidic environment but stable in neutral pH. Intracellular glutathione 
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pool is utilized for disulfide-linker reduction improving the release of genetic material 

into the cytoplasm (48).  

 

 

 

Figure  8 Examples of lipid-types and structures used for the delivery of siRNAs 

including monovalent and multivalent cationic lipids (119). Representative structure of 

cationic lipid DOTMA and linker bonds of cationic lipid (48). 
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 2.5.1.2 PEGylation  

Some circumstances in in vivo experiment, nanoparticles have been reported 

that host-immune systems recognized foreign particles that are eliminated via RES.  

The nanoparticles are designated for desired purposes, such as having surface 

electrostatic charges for drug delivery and efficacy improvement. Polyethylene glycol 

(PEG) is a non-toxic and non-ionic hydrophilic polymer that can enhance the stability, 

blood compatibility and prolong the blood circulation time of LNPs (120). Collectively, 

the advantages of PEGylation are thereby considered for LNP modification to 

circumvent immune recognition. PEGylated LPNs increase surface hydrophilicity and 

prevent LPNs/macrophage interaction by steric barriers. Nevertheless, PEGylation 

hinders LNPs from non-specific protein adsorption called opsonization resulting in 

inhibition of premature phagocytic uptake and providing longer time in bloodstream. 

Despite hindering PEGylation, they also have a double-edged sword called PEG 

dilemma, which may reduce interaction of LNPs with the cell membrane and 

endosomal membrane fusion in target cells and further diminish therapeutic efficacy. 

The length of PEG more than 5000 markedly affects cellular uptake and endosomal 

escape, whereas short PEG is insufficient for the LNP surface improvement. The 

medium length of PEG at 2000 has been widely applied 1-10% depending on 

PEGylation methods (111, 121). 

2.5.2 Applications of niosomes for siRNA delivery   

Several niosome-based formulations aimed at transporting genetic materials, 

presented in Table  5. It may be a useful approach to promising genetic delivery systems 

to the market (58, 114).  

SPANosomes were formulated from Span 80 and DOTAP with or without D-

tocopheryl PEG 1000 succinate. siLuc was used for the model of silencing efficiency 

showing 66–77% of silencing efficiency compared to standard transfection liposomes. 

Nevertheless, the intracellular trafficking experiment presented that the complexes of 

niosomes were able to escape from endosomes and were further located in the 

cytoplasm. In contrast, standard liposome complexes were abundant in endosomes 

(122).  
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Microfluidic method was exploited to prepare siRNA targeting green 

fluorescent protein loaded in cationic niosomes which presented small particles, good 

stability and low toxicity. The cationic niosomes were composed of non-ionic 

surfactants (monopalmotin glycerol (MPG) or Tween 85) mixed with cholesterol and 

Dimethyldidodecylammonium bromide (DDAB). Only the cationic niosomes 

formulated with Tween 85 manifested high transfection efficiency at 70%, thereby were 

further selected for in vivo mice model evaluation (123, 124).  

The combining therapeutic strategies were also studied with the aid of cationic 

niosomes delivery. Doxorubicin was encapsulated in cationic niosomes composing of 

Span 80, DOTAP and 5% of tocopherol-PEG 1000 succinate (TGPS). The doxorubicin-

loaded niosomes were further combined with two siRNAs targeting ATP-binding 

cassette transporter (ABCG2) and anti-apoptotic protein Bcl-2 by complexation [86].  

The combination of doxorubicin along with the two siRNAs was delivered in cancer 

stem cells (CSCs). The silencing of ABCG2 and Bcl-2 genes could increase 

cytotoxicity and apoptosis in this study (125).  

Another study has applied cationic niosomes for siRNA and thymoquinone 

(TQ) delivery. TQ obtained from natural black seed oil having antineoplastic activity. 

Gold nanoparticles were functionalized with the positive charge of octadecylamine 

(ODA) in order to provide an electrostatic interaction with the negative charge of 

siRNA targeting serine-threonine protein kinase Akt gene. The gold-loaded niosomes 

were prepared with ODA-coated gold nanoparticles, Tween 80 and PEG. TQ was 

loaded within the hydrophobic core of the niosomes and further applied with siRNA 

for complex formation. The ODA-coated gold nanoparticles/siRNA complexes were 

stable in neutral pH, while siRNA was dissociated and located in tumor and endosomes 

at acidic conditions. The Akt gene was efficiently knockdown with the niosome/siRNA 

complexes which led to sensitizing TQ and improving apoptosis against tamoxifen-

resistant and Akt-overexpressing MCF-7 breast cancer cells. Nonetheless, tumor size 

was reduced in MCF-7/TAM human breast carcinoma xenografts on mice (126).  

PEGylated cationic niosomes contained Tween 60, cholesterol, 

Dipalmitoylphosphatidylcholine (DPPC), DOTAP and 5% of DSPE-PEG2000 were 
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utilized as a delivery system for a triple combination of doxorubicin, chemosensitizer 

quercetin and siRNA targeting CDC20 mRNA. Doxorubicin and quercetin were 

contained in the aqueous compartment and lipid layer, respectively. The siRNA was 

incubated with the PEGylated cationic niosomes to form siRNA complexes. The results 

showed that the combination provided high toxicity and synergistic effects in 3 cell 

lines as follows: The cell lines of human gastric cancer (AGS), prostate cancer (PC3) 

and breast cancer (MCF-7) (127).  

Theranostic platform was developed for both therapeutic and tracking systems 

in human mesenchymal stem cells (hMSCs) in vitro and in vivo. Indocyanine green 

(ICG) was loaded in cationic niosomes containing Span 80, DOTAP and TPGS which 

was prepared through the ethanol injection method for OFF/ON activatable near-

infrared fluorescence called iSPN. The anti-miR-138 was conveyed by iSPN via 

electrostatic interaction for osteogenic differentiation improvement of hMSCs.  The 

signal was activated by decomplexation of ICG from iSPN which was useful for 

dynamic tracking of hMSCs in vivo (117).  
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Materials  

 

Figure  9 The structures of PCLs: (a) PCL-A, (b) PCL-B and (c) PCL-C 

- plier-like cationic lipids (PCLs) illustrated in Figure  9 were obtained from the 

Faculty of Sciences, Ramkhamhaeng University. 

- Cholesterol (Chol) (Carlo Erba Reagenti, MI, Italy) 

- Sorbitan monolaurate (Span 20) (Sigma-Aldrich®, MO, USA) 

- Modified eagle medium (MEM) (GIBCO™ , Grand Island, NY, USA) 
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- Dulbecco's modified eagle medium (DMEM) (GIBCO™ , Grand Island, NY, 

USA) 

- Fetal bovine serum (FBS) (GIBCO™ , Grand Island, NY, USA) 

- L-glutamine (GIBCO™ , Grand Island, NY, USA) 

- Non-essential amino acid (GIBCO™ , Grand Island, NY, USA) 

- Inhibitors of endocytic pathways 

- Filipin complex, from Streptomyces filipinensis (Sigma-Aldrich ®, St 

Louis, MO, USA) 

- Chlopromazine (Sigma-Aldrich®, St Louis, MO, USA) 

- Genistein (Sigma-Aldrich®, St Louis, MO, USA) 

- Methyl-β-cyclodextrin (Sigma-Aldrich®, St Louis, MO, USA) 

- Nocodazole (Sigma-Aldrich®, St Louis, MO, USA) 

- Wortmannin (Sigma-Aldrich®, St Louis, MO, USA) 

- Ammonium chloride (Sigma-Aldrich®, St Louis, MO, USA) 

- Geneticin® selective antibiotic (G418 Sulfate) 50mg/ml solution 

(GIBCO™ , Grand Island, NY, USA) 

- Gene Pure LE Agarose (ISC BioExpress®, USA) 

- Ethanol  (Merck, Germany) 

- Chloroform (VWR International Ltd. England analytical reagent grade) 

- Methanol (Merck, Germany) 

- Tris(hydroxymethyl) aminomethane, Pacific Science, Thailand, molecular 

biology grade)  

- 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)  

(Sigma-Aldrich®, St Louis, MO, USA) 

- Dimethyl sulphoxide (DMSO) (Fisher Scientific; analytical reagent grade) 

- Water for irrigation (General Hospital Products Public Co., Ltd.) 

- ProLong™ Diamond Antifade Mountant (Invitrogen, NY, USA) 

- Wheat Germ Agglutinin, Tetramethylrhodamine Conjugate (WGA-TC) 

(Invitrogen, NY, USA) 

- Hoechst 33342 (Invitrogen, NY, USA) 

- SYTOX™ Green Nucleic Acid Stain - 5 mM Solution in DMSO (Invitrogen, 

NY, USA) 
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- siRNA AF488 (siAF488) (Qiagen Santa Clarita, California, USA). 

- Primer for real-time PCR (Bio Basic Inc., Markham, Canada) 

- Apoptosis related siRNA (Ambion, Austin, TX, USA)  

- Bcl-2 siRNA:  

 BCL-2 Silencer Select Pre-designed siRNA (ID: s1915) 

- Mcl-1 siRNA:  

 MCL-1 Silencer Select Validated siRNA (ID: s8583)  

- Survivin siRNA: 

 BIRC5 Silencer Select Validated siRNA (ID: s1459)  

- Doxorubicin (Sigma-Aldrich®, St Louis, MO, USA) 

- SuperPrep® Cell Lysis & RT Kit for qPCR (Toyobo, Japan) 

- THUNDERBIRD® SYBR® qPCR Master Mix (Toyobo, Japan) 

- QIAGEN Plasmid Midi Kits (Qiagen, Santa Clarita, CA, USA) 

- Silencer™ siRNA Construction Kit (Ambion, USA) 

- LipofectamineTM 2000 (Invitrogen, NY, USA) 

3.2 Equipments  

- 1.5 ml, 2 ml Eppendrof® tubes (Eppendrof, Corning Incorporated, NY, USA) 

- 10 ml test tube  

- 15 mL, 50 mL centrifuge tubes-sterile (Biologic research company) 

- 48-well tissue culture test plates (TPP®; Switzerland) 

- 25 cm2 and 75 cm2 cell culture flask (SPL Cell Culture Plate, Korea) 

- 24 and 96-well cell culture cluster (Costar®; Corning Invorporated) 

- N2 gas in laminar hood 

- Analytical balance (Satorius CP224S, Scientific promotion Co., Ltd.) 

- Desiccator 

- Bath sonicator, Transonic series 890/H (Elma Hans Schmidbauer GmbH, 

Germany) 

- Probe sonicator (Sonics Vibra CellTM) 

- Centrifuge (Sorvall® Biofuge Stratos) 

- Automatic autoclave (Model: LS-2D; Scientific promotion CO., Ltd.) 

- Bacterial incubator (Contherm; Lab Focus CO., Ltd) 
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- Cellulose acetate filter 0.2 μm (Sartorius AG. 37070 Goettingen, Germany) 

- Centrifuge (Hermle Z300K; Labnet®; Lab Focus CO., Ltd.) 

- CO2 incubator (HERA Cell 240 Heraeus) 

- Thermo Scientific™ NanoDrop™ OneC Spectrophotometer (Waltham, MA, 

USA). 

- Fluorescence microscope (Model: GFP-B, wavelengths: excitation filter 480/40 

and   

- emission filter 535/50) 

- VICTOR Nivo Multimode Microplate Reader (PerkinElmer Inc., USA) 

- Fusion universal microplate analyzer (Model No: AOPUS01 and A153601; A 

Packard bioscience company) 

- Fluoroskan ascent series microplate readers (Thermo fisher scientific, USA) 

- Gel electrophoresis apparatus (MyRUN intelligent electrophoresis unit, 

Cosmobio CO., Ltd., Japan) 

- GelDoc system (Multi Genus Bio- imaging system, Syngene™), Akkiance Q9 

advanced chemiluminescence imager (Uvitec, Cambridge, UK)  

- Inverted microscope (Eclipse TE 2000-U; Model: T-DH Nikon® Japan)  

- BD FACSCanto™ Flow cytometer (BD Bioscience; Becton, Dickinson and 

Company) 

- FV10i confocal laser scanning microscope (Olympus, Japan) 

- LightCycler® 480 Instrument II (Roche, Switzerland) 

- Laminar air flow (BIO-II-A) 

- Magnetic stirrer and magnetic bar 

- Micropipette 0.1-2 μL, 2-20 μL, 10-100 μL, 20-100 μL, 100-1000 μL  

(Eppendrof, Corning Incorporated, NY, USA) and micropipette tip 

- pH meter (HORIBA compact pH meter B-212) 

- Protein and nucleic acid electrophoresis (MyRUN intelligent electrophoresis 

unit; Cosmobio CO., Ltd.) 

- Sartorius® filter set (Sartorius BORO 3.3 Goettingen, Germany) 

- Shaking incubator (GFL 3031) 

- Water bath (Hetofrig CB60; Heto High Technology) 

- Vortex mixer 



 
 43 

- Zetasizer Nano ZS (Malvern instruments Ltd., Malvern, UK) 

- Transmission electron microscope (Philip Model TECNAI 20). 

3.3 Methods  

3.3.1 Preparation of plasmid DNA  

pEGFP-C2 plasmid DNA (4.7 kbp) was propagated in Escherichia coli DH5-α 

and purified by using the Qiagen endotoxin-free plasmid purification kit (Qiagen, Santa 

Clarita, CA, USA). The DNA concentration and purity were quantified by measuring 

the absorbance at 260-280 nm using a Thermo Scientific™ NanoDrop™ OneC 

spectrophotometer (Waltham, MA, USA). 

3.3.2 Preparation of siRNA targeting green fluorescent protein and siRNA targeting 

apoptotic pathway 

The sequences of siGFP and noncoding siRNA (siNC) were designed as 

follows: sense strand: 5′-GCUGACCCUGAAGUUCAUCUU-3′, antisense strand: 5′-

GAUGAACUUCAG GGUCAGCUU-3′, and sense strand: 5′-

GCACCGCUUACGUGAUACUUU-3′, antisense strand: 5′-

AGUAUCACGUAAGCGGUGCUU-3′, respectively. Silencer siRNA Construction 

Kit (Ambion, USA) was used to synthesize the siRNA for targeting the enhanced green 

fluorescent protein (EGFP) at the position of the open reading frame (124–144). The 

Silencer® Select siRNAs targeting at apoptosis pathway including Mcl-1, Bcl-2 and 

Survivin siRNA were purchased from Invitrogen (Carlsbad, California, USA).  

3.3.3 Cell culture  

The human cervical carcinoma cells (HeLa cells) were used as a model for the 

transfection and cytotoxicity study of DNA. Whereas HeLa Cells Stably Expressing 

Green Fluorescent Protein (HeLa-GFP cells) were used as a model for the transfection 

and cytotoxicity study of siRNA. HeLa and HeLa-GFP cells were grown in complete 

MEM (MEM containing 1% of nonessential amino acid solution, 100 mg/mL of 

streptomycin, 100 U/mL of penicillin, 1% of L-glutamine and 10% of FBS) under the 

condition of 37 °C with 5% CO2. HeLa-GFP cells were treated with 0.1 mg/mL G418 

every 3 weeks for maintaining EGFP expression. MCF-7 and MDA-MB 231 were 
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cultured in a completed medium containing 10% fetal bovine serum and 1% Penicillin-

streptomycin in Dulbecco's Modified Eagle Medium (DMEM), GIBCO (San Diego, 

California, USA).  The cells were trypsinized when they reached at 70-80% cell 

confluence and further incubated in controlled 37 ◦C and 5% CO2 incubators.  

3.3.4 Preparation of plier-like cationic niosomes (PCN) and PEGylated plier-like 

cationic niosomes (PEG-PCN)  

Cationic niosomes and cationic PEGylated niosomes were prepared by the thin 

film hydration with sonication method. Briefly, non-ionic surfactants (Span 20) and 

Chol were dissolved in the mixture of ethanol: chloroform (1:1 v/v) to obtain Span 20: 

Chol at 2.5:2.5 solution. The various amounts of cationic lipids (PCL-A, PCL-B and 

PCL-C) dissolved in the same mixture solvent were then added to the solution of Span 

20 and Chol to achieve the Span 20: chol: PCLs molar ratio of 2.5:2.5:0.5, 2.5:2.5:1, 

2.5:2.5:1.5 and 2.5:2.5:2. For PEGylation, DSPE-PEG 2000 was dissolved in the 

mixture solvent which was further incorporated into the most effective PCN 

formulation by 0.14, 0.35 mM. Then, the solvents were evaporated under N2 gas flow 

to generate a thin film. The thin film was left in a desiccator overnight to remove the 

remaining organic solvents. Thin film hydration was performed using a Tris-buffer (20 

mM Tris and 150 mM NaCl, pH 7.4). After hydration, the dispersion was done by 

sonication using a bath sonicator for 30 min followed by a probe sonicator (Vibra-

Cell™ Ultrasonic Processor) for 30 min two cycles. 

3.3.5 Preparation of cationic niosomes/nucleic acid complexes (nioplexes)  

Caionic niosomes/nucleic acid complexes were prepared at variable weight 

ratios of carrier to a constant weight of nucleic acids. Before complexation step, DNA 

or siRNA solution and cationic niosomes solution were diluted with Tris-EDTA buffer 

(TE), diethylpyrocarbonate (DEPC)-treated water and Tris-buffer, respectively. The 

complexes were prepared by adding the diluted carrier solution to the diluted nucleic 

acid solution. The mixture was gently mixed by pipetting up and down for 3-5 sec to 

initiate complex formation. Then, the mixture was left at room temperature for 30 min 

to complete the complex formation. 
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3.3.6 Characterization of niosomes and DNA or siRNA complexes  

 3.3.6.1 Size and zeta potential measurements  

The particle size and surface charge of cationic niosomes and cationic 

niosomes/nucleic acid complexes were determined by photon correlation spectroscopy 

using a Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, UK). Cationic niosomes 

and various weight ratios of cationic niosomes /DNA complexes were diluted 1:100 

with distilled water to obtain a volume of 1 ml. All samples were measured in triplicate 

at room temperature. 

 3.3.6.2 Agarose gel retardation assay  

Agarose gel electrophoresis was performed to confirm the formation of 

complexes. For DNA, the mixture of the complexes comprising of 0.25 µg DNA was 

loaded per well on 0.8% agarose gel (0.8 g agarose in 100 ml Tris acetate-EDTA (TAE) 

buffer) which was sunk in TAE buffer pH 7.4 as a running buffer. The electrophoresis 

was carried out for 45 min at 100 V. For the siRNA complexes, the amount of siRNA 

was fixed at 7.5 pmol or 0.105 μg. Complex formation was assured by agarose gel 

electrophoresis using 1% agarose gels (1 g agarose in 100 ml Tris borate-EDTA (TBE) 

buffer). The electrophoresis was carried out for 20 min at 100 V in TBE running 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 remaining DNA or siRNA bands were visualized under 

a UV transilluminator using a GelDoc system. 

 3.3.6.3 Transmission electron microscopy (TEM)  

The morphology of cationic niosomes and cationic niosomes/DNA or siRNA 

complexes was analyzed by a transmission electron microscope (TEM) (Philip Model 

TECNAI 20). Before the observation at an accelerating voltage of 80 kV, cationic 

niosomes and the complexes were stained with 1% uranyl acetate solution and dropped 

onto a formvar-coated copper grid. 
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 3.3.6.4 Buffer capacity  

pH titration of cationic niosomes was performed to evaluate the buffer capacity 

of the niosomes using the modified procedure from [60]. The cationic niosomes were 

diluted to obtain 1 mg/mL of total lipids. Twenty-five kDa polyethyleneimine (PEI) (1 

mg/mL) was used as a positive control.  The pH of the niosomes and PEI (1 mL) was 

adjusted to 11.5 by adding 1 N sodium hydroxide. The solutions were then titrated 

dropwise with 1 N hydrochloric acid (titrant). The pH of solution was measured using 

a pH meter (LAQUAtwin pH-22, Irvine, CA, USA). Afterwards, the titration curve 

between pH and volume of the added titrant was plotted. The lower steepness of slope 

indicated the higher buffer capacity.  

3.3.7 Cytotoxicity test of cationic niosomes and nioplexes  

The cell viability was investigated by the MTT assay. HeLa, MCF-7, MDA-MB 

231 cells were seeded into a 96-well plate at a density of 1x104 cells/well in 100 µl of 

complete medium and were incubated at 37 °C and 5 % CO2 overnight. On the day of 

cytotoxicity test, the medium was replaced with variable concentrations of cationic 

niosomes or cationic niosome/nucleic acids complexes at various weight ratios in the 

same concentrations as in vitro gene transfection experiments and the cells were 

incubated at 37 °C and 5 % CO2 for 24 h. The day after treatment, the cells were rinsed 

with phosphate saline buffer (PBS) pH 7.4 and incubated in 100 µl MTT-containing 

medium (at the final concentration of 1 mg/ml) for 3 h. The formazan crystals formed 

in living cells were dissolved in 100 µl dimethyl sulfoxide (DMSO) per well. Relative 

cell viability (%) was calculated based on the absorbance observed at 550 nm using a 

microplate reader (Universal Microplate Analyzer, Models AOPUS01 and AI53601, 

Packard BioScience, CT, USA) and compared with non-treated cells. The viability of 

non-treated cells was defined as 100 %.  

3.3.8 Study of in vitro transfection efficiency of DNA complexes in HeLa cells  

The day before transfection, HeLa cells were seeded into 48-well plates at a 

seeding density of 1 x 104 cells/well in 0.25 ml growth medium and were cultured at 37 

°C in a humidified atmosphere of 5% CO2 for 24 h. At the day of transfection, the cells 
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were incubated with the cationic niosomes/DNA complexes in serum-free medium at 

various weight ratios for 24 h at 37◦C under 5% CO2. After that, the cells were cleansed 

with PBS and further incubated in growth medium. Finally, the transfected cells were 

observed under fluorescent microscope (Model: GFP-B, wavelengths: emission filter 

535/50 and excitation filter 480/40) followed by analysis using the ImageJ software 

after 48 h of transfection. Non-treated cells and cells transfected with naked DNA and 

the complex of lipofectamine® 2000 (Lipo2k) with DNA at weight ratio of 2 were used 

as control, negative control and positive control, respectively. The amount of DNA was 

fixed at 0.5 µg/well. All transfection experiments were performed in triplicate. The 

calculation of % transfection efficiency was computed using equation as follows: 

% Relativeransfection efficiency

=
Transfected cellsnioplexes − Transfected cellsnegative control

Transfected cellsLipo2k − Transfected cellsnegative control
 × 100 

3.3.9 Study of in vitro silencing efficiency of siRNA complexes in HeLa cells   

The gene silencing efficiency of GFP was examined in HeLa–EGFP cells that 

were seeded in a 96-well black clear-bottom plate at a density of 9000 cells/well and 

incubated under normal conditions for 24 h. The medium was changed as serum-free, 

and the fluorescence intensity is analyzed at day 0 by Fluoroskan™ Microplate 

Fluorometer. The cells were treated with the complexes of niosomes/siGFP or 

Lipo2k/siGFP (at the weight ratio of 2.5), which presented 10 pmol/well (0.14 µg/well) 

of siRNA for 24 h. siNC was also transfected by the transfection agent for calculating 

the gene silencing efficiency as described previously (128). The percentages of 

silencing efficiency were calculated using equation as follows: 

% silencing efficiency =
IsiNT − IsiGFP

−IsiNT
 × 100 

IsiGFP was the fluorescence intensity of siGFP transfection 

IsiNC was the fluorescence intensity of siNC transfection 
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3.3.10 Study of effect of serum on in vitro gene transfection in HeLa cells  

The effect of serum on the transfection efficiency was investigated. The 

experiment was similar to in vitro transfection study, except that 2 types of culture 

medium were used. The first one was MEM containing 10% FBS and the other was 

serum-free MEM medium. After transfection day, the medium was replaced with the 

complete medium. The cells were incubated at 37◦C under 5% CO2 for 48-72 h. 

3.3.11 Study of cellular uptake by flow cytometry  

HeLa, MCF-7, MDA-MB 231 cells were seeded into a 24-well plate at a density 

of 3×104 cells/well in complete MEM on a day before transfection and incubated under 

normal conditions. The serum-free medium containing the niosome complexes or 

Lipo2k/siAF488 complex was transferred to the cells and incubated for 24 h. The cells 

were cleansed twice with PBS and detached using trypsin. Then, 4% formaldehyde in 

PBS was added and rapidly mixed with the cell suspension and then preserved at 4°C 

until analysis. The cells were analyzed by Flow Cytometer (BD FACSCanto™, Becton 

and Dickinson Bioscience Company) to obtain % cellular uptake and %relative mean 

fluorescence intensity (MFI) of siAF488 complexes which was calculated equation as 

follows: 

%MFI =
MFInioplexes − MFIcontrol

MFILipo2k − MFIcontrol
 × 100 

3.3.12 Confocal laser scanning microscope  

Sterilized coverslips were placed at the bottom of a 24-well plate. HeLa, MCF-

7, MDA-MB 231 cells were seeded at a density of 30,000 cells/well for 24 h. The 

optimal weight ratios of cationic niosome/siAF488, in which siAF488 was fixed at 30 

pmol/well (0.42 µg/well) were incubated to the cells for 24 h. The cells were cleansed 

three times with PBS. Then, 5 µg/mL of Wheat Germ Agglutinin, tetramethyl 

rhodamine conjugate (WGA-TMR) and 5 µg/ mL of Hoechst 33342 were mixed 

together. Next, 200 µL/well of the mixture was applied to the cells for staining the 

plasma membrane and the nucleus for 15 min. The cells were cleansed three times with 

PBS before fixing with 4% formaldehyde in PBS for 15 min. The coverslips were taken 
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out of the well and air-dried before mounting on a glass slide by ProLong™ Diamond 

Antifade Mountant. Cell imaging was conducted using 60x oil immersion objective in 

FV10i confocal laser scanning microscope, Olympus. 

3.3.13 Investigation of internalization pathways   

The nioplexes of DNA and siRNA internalization pathways were investigated 

in HeLa cells. Specific endocytosis inhibitors were applied to the cells for 30 min before 

transfection that was further performed through the same processes as the in vitro 

transfection experiments (gene transfection and gene silencing). The mechanism of 

nioplexes was delineated using 0.05 µM of wortmannin (PI3-kinase inhibition of 

macropinocytosis), 1000 µM of methyl-β-cyclodextrin (Chol depletion of cell 

membrane), 5 µM of chlorpromazine (specific inhibition of clathrin-mediated 

endocytosis by dissociation of clathrin lattice), 10 µM of genistein (tyrosine-

phosphorylation inhibition of caveolae-mediated endocytosis), 10 µM of filipin 

(specific inhibition of caveolae-mediated endocytosis by Chol binding), 0.010 µM 

nacodazol (inhibition of microtubule depolymerization) and 20,000 µM of ammonium 

chloride (pH increase of late endosomes and lysosomes). Before investigating the 

cellular uptake pathway of the complexes, the optimal concentration of inhibitors which 

did not affect cell viability was determined in HeLa cells by MTT assay.  

3.3.14 Quantification of mRNA level by real-time PCR  

MCF-7 and MDA-MB 231 were seeded in 96-well plate at 104 cells/well and 

incubated at 37 ◦C. At the day after, the cells were treated with designated samples. To 

evaluate gene expression level after 48 h of treatments, mRNA was extracted from 

cultured cells in 96-well plate and then converted to cDNA by using SuperPrep™ II 

Cell Lysis & RT Kit for qPCR (Toyobo, Japan). RT thermal cyclers were established 

followed the instruction. The obtained cDNA was amplified using Thunderbird™ 

SYBR® qPCR Mix (Toyobo, Japan), LightCycler® 480 Instrument II (Roche, 

Switzerland). The cycling conditions were as follows: 95°C for 30 sec, followed by 40 

cycles of 95°C for 5 sec, 59°C for 15 sec and 72°C for 30 sec in 20 μL of total volume 

per reaction containing 0.3 mM of each primer. PCR reaction specificity was confirmed 

by DNA melting curve analysis of product. PCR efficiency of each specific gene was 
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performed with serial dilutions of cDNA template for each target. Specific primers 

spanning exons GAPDH, Mcl-1 and survivin were designed from NM_001357943.2, 

NM_021960.5 and NM_001168.3, respectively. The primer pairs were checked a 

specificity with the target genes by the Basic Local Alignment Search Tool (BLAST, 

https://blast.ncbi.nlm.nih.gov/Blast.cgi). The relative mRNA levels were computed 

using delta-delta CT method (△△CT method).  

The primer pair sequences were designed following:  

GAPDH F: 3’-TTTTGCGTCGCCAGCCG-5’ 

R: 3’-CGCCCAATACGACCAAATCC-5’ 

(product length 84 bp). 

Mcl-1  F: 3’-GGAGACCTTACGACGGGTT-5’ 

R: 3’-AGTTTCCGAAGCATGCCTTG-5’ 

(product length 75 bp). 

survivin F: 3’-CCAGATGACGACCCCATAGAG-5’ 

R: 3’-CCAAGGGTTAATTCTTCAAACTGC-5’  

(product length 92 bp). 

3.3.15 Cell proliferation analysis  

MCF-7 and MDA-MB 231 cells were seeded in 96-well plate with cell density 

of 10,000 cells/well and further incubated for 24 h. the cells were transfected with the 

cationic niosome/siRNA complexes including Bcl-2, Mcl-1 and survivin targeted 

siRNA. Cell proliferation was evaluated after 48 h of transfection by MTT assay which 

was previously described in cytotoxicity test.  
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3.3.16 Double stain apoptosis detection by Hoechst 33342 and SYTOX™ Green 

staining  

The apoptotic and nuclear morphology of cells were investigated in MCF-7 cell 

line. The cells were cultured in 96-well plate by 1×104 cells/well on the day before 

transfection.  The cells were treated with cationic niosomes/siRNA complexes for 24 

h. The half maximal inhibitory concentration of doxorubicin was used as a positive 

control. After that, the cells were stained in dark with 5 µg/ml of Hoechst 33342 and 5 

µg/ml of SYTOX™ for 15 min. Inverted fluorescence microscope was used for cell 

apoptosis and morphology evaluation under the × magnification within 1 h after 

staining. 

3.3.17 Physical stability study  

The physical stability of cationic niosomes at 4°C was determined by monitoring 

the particle size and zeta potential every week for at least 1 month. 

3.3.18 Statistical analysis 

Data are presented as the means ± standard deviations (SD) of triplicate. The 

statistical significance was tested by using one-way analysis of variance (ANOVA) 

followed by LSD post hoc test. The significance level was set at p < 0.05. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Screening of plier-like cationic lipid-A (PCL-A) molar ratios  

The influence of cationic lipid molar ratios in the plier-like cationic niosomes 

(PCNs) and the weight ratios of complexes between PCNs and nucleic acids are also 

important factors affecting their properties which were investigated.  

4.1.1 Particle sizes and zeta potential  

The molar ratio of Span20: Chol was assigned at 2.5: 2.5 which was optimized 

by Paecharoenchai et al. in the previous study (128). The particle size and zeta potential 

of niosomes without cationic lipids were about 200 nm and -22 mV, respectively. PCLs 

were added into the niosomes in order to introduce a positive charge to the systems. 

The molar ratios of PCL-A were varied at 0.25, 0.5, 1, 1.5, 2, and 2.5 mM. The particle 

size and zeta potential were measured as presented in Table  6Surface charge was 

influenced by increasing the molar ratios of cationic lipids. Increasing the molar ratios 

of cationic lipid resulted in an increase of zeta potential. The zeta potentials were 

slightly different and appear highly positive charge of about 60 mV when the molar 

ratios of PCL-A were increased over than 0.5. The result showed that PCL-A could be 

inserted into the particles and generated a positive charge for the systems event at a low 

molar ratio of 0.5. The positive charge was purposed for electrostatic interaction with 

the negative charge of both nucleic acids and cellular membrane. The particle size of 

PCN-A was also changed by varying the molar ratios of PCL-A. The particle sizes were 

declined when increasing the molar ratios from 0.5-2, and PCN-A at a molar ratio of 2 

showed the smallest particle size. However, when increasing the molar ratios up to 2.5, 

the particle size was slightly increased (Table  6). Incorporation of PCL-A at the optimal 

concentration range might provide stable particles of cationic niosomes. However, 

particle size also affects the complex formation as well as the transfection efficiency. 

The suitable particle size for nucleic acids delivery should be in the nano-sized range. 

Small particle size may be useful for cellular internalization; in contrast, large-sized 

particles could be tough and slowly captured (129, 130). PCN-A at a molar ratio of 0.5 
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mM represented unsuitable niosome vesicles that had large particle size and a wide 

range of size distribution. Therefore, the formulations of the niosomes with PCL-A lipid 

at the molar ratio of 1, 1.5, 2 and 2.5 mM were chosen for nucleic acid delivery.  

Table  6 The particle size, zeta potential and polydispersity index (PDI) of cationic 

niosomes with plier-like cationic lipid-A (PCN-A) at various molar ratios are presented 

as mean ± SD 

Formulation 
PCL-A 

(mM) 

Particle size 

(nm) 

Zeta potential 

(mV) 
PDI 

PCN-A 0.25 0.25 381.7 ± 10.86 -1.89 ± 0.23 0.34 ± 0.02 

PCN-A 0.5 0.5 1743 ± 252.28 59.07 ± 0.27 0.96 ± 0.01 

PCN-A 1 1 287.33 ± 4.95 60.67 ± 0.74 0.26 ± 0.03 

PCN-A 1.5 1.5 190.33 ± 0.67 56.17 ± 1.91 0.14 ± 0.03 

PCN-A 2 2 159.6 ± 0.89 60.5 ± 0.70 0.22 ± 0.01 

PCN-A 2.5 2.5 281.7 ± 4.37 62.2 ± 0.36 0.39 ± 0.01 

Cationic niosomes; PCN-A 1, PCN-A 1.5, PCN-A 2 and PCN-A 2.5 were 

incubated with DNA at various weight ratios of PCN-A/DNA from 0.1-20 to form 

nioplexes (Figure  10a).  In overall, the particle sizes of the weight ratio ranged from 0.1 

to 5 slightly dropped as the weight ratio increased, and they dramatically increased 

when the weight ratios were above 10. The zeta potential of nioplexes at the weight 

ratio between 0.1-5 was a negative charge. The negative charge of DNA was entirely 

neutralized by PCN-A 1, PCN-A 1.5, PCN-A 2 and PCN-A 2.5 at the weight ratio above 

15, 15, 10 and 10, respectively. The characteristic of siRNA complex formation is 

shown in Figure  10b. The particle size and zeta potential increased when the weight 

ratio was increased. PCN-A 1.5, PCN-A 2 and PCN-A 2.5 could completely neutralize 

siRNA and convert the charge of those complexes into a positive charge at the weight 

ratio above 15, 10, and 10, respectively. The zeta potential of PCN-A 1 was unable to 

change the overall charge of siRNA complexes from negative charge to positive charge, 

even the increasing weight ratio to 20. PCN-A 1 might not be suitable for siRNA 

complexes formation. This result indicated that PCN-A 1.5, PCN-A 2, and PCN-A 2.5 

were able to form complexes with both of DNA and siRNA.  
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Figure  10 The particle size (bars) and zeta potential (lines) of (a) PCN-A/DNA 

complexes at weight ratios of 0.1-20 and (b) PCN-A/siRNA complexes at weight ratios 

of 1-20 

 

4.1.2 Transfection and silencing efficiency study  

The effect of PCL-A molar ratios on transfection and silencing efficiency was 

studied in HeLa cells (Figure  11). The pEGFP-C2 encoding to green fluorescent protein 

was applied for DNA delivery model to find the optimal molar ratio of PCL-A. As 

shown in Figure  11a, the nioplexes were formed at various weight ratios from 0.1-20 of 

PCN-A/constant amount of DNA (0.5 μg). The transfection efficiency was calculated 

compared with Lipo2k at a weight ratio of 2 as a positive control (100 % transfection 

efficiency). The high percentage of transfection efficiency of PCN-A 1.5, PCN-A 2 and 

PCN-A 2.5 at weight ratio of 1 was 96.95 ± 10.73%, 90.37 ± 5.56%, and 83.98 ± 8.38%, 

respectively. The PCN-A 1.5 and PCN-A 2 at the weight ratio of 1 presented high 

transfection efficiency as Lipo2k. The influence of various molar ratios of PCL-A for 

siRNA delivery was also evaluated in HeLa-EGFP cells. The result of siGFP delivery 

was measured as green fluorescence intensity by microplate reader to evaluate the 

silencing efficiency of each formulation as shown in Figure  11b. The finding revealed 

that the weight ratio at 5 of PCN-A 1.5, PCN-A 2 and PCN-A 2.5 presented the 

silencing efficiency at 19.60 ± 0.85 %, 25.47 ± 1.05% and 19.8 ± 3.20%, respectively. 

Further increase of weight ratio did not increase the silencing efficiency of siGFP 

delivery. PCN-A 2 at the weight ratio of 5 provided a significantly higher silencing 
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efficiency compare to Lipo2k. Therefore, the cationic lipid at 2 mM was used into PCN-

A and PCN-C formulation for further studies. 

 

 

Figure  11 Cellular activities presented as (a) transfection efficiency and (b) silencing 

efficiency of PCN-A at various molar ratios of 1.5-2 mM. *The data significantly higher 

than Lipo2k at p value < 0.05. 

 

4.1.3 Cytotoxicity of nioplexes    

In vitro cytotoxicity of nioplexes was observed as the percentage of cell viability 

comparing to cell control in HeLa cells (Figure  12). The increasing weight ratio of PCN-

A/ DNA and siRNA complexes resulted in the decrease of cell viability. The increase 

of cationic molar ratio influenced cytotoxicity which the cell viability was lower than 

80 % at the weight ratio above 5 for DNA complexes. In contrast, the cell viability 

lower than 80 % of siRNA complexes was observed at the weight ratio above 15, 15 

and 5 for PCN-A 1.5, PCN-A 2 and PCN-A 2.5, respectively. The guideline from ISO 

10993-5 typically recommends that a decrease of cell viability by 30% (cell viability 

over than 70%) is considered as non-cytotoxicity. Since, the effective weight ratios of 

1 for DNA delivery and 5 for siRNA delivery showed cell viability of more than 90 %, 

theses weight ratios therefore were considered non-cytotoxicity in HeLa cells (131).  
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Figure  12 Cell viability of PCN-A 1.5, PCN-A 2 and PCN-A 2.5 of (a) DNA 

complexes and (b) siRNA complexes in HeLa cells at various weight ratios 

 

4.2 Effect of plier-like cationic lipids (PCLs)  

Three different hydrophobic tails of plier-like cationic lipids (PCLs) have been 

used in this study which was hypothesized that the structure of cationic lipids could 

affect physicochemical properties and cellular activities.  

4.2.1 Cationic niosomes for DNA delivery  

 4.2.1.1 Particle sizes and zeta potential of cationic niosome and nioplexes  

PCN-A, -B and -C were formulated with PCLs at molar ratios of 2 to observe 

the effect of different PCLs. The result revealed that the different hydrophobic tails of 

PLNs did not affect the zeta potential (Table  7). The particle sizes of all formulations 

were about 150 nm, and the zeta potentials were about (+) 55 mV. 

Table  7 The particle size, zeta potential and PDI of cationic niosomes (PCNs) 

formulated with different cationic lipids PCL-A, -B and -C at molar ratios of 2 The data 

were presented as the mean ± SD of triplicates. 

Cationic niosomes Particle size (nm) Zeta potential (mV) PDI 

PCN-A 155.1 ± 1.2 56.7 ± 2.5 0.20 ± 0.02 

PCN-B 141.3 ± 7.5 54.8 ± 0.2 0.23 ± 0.03 

PCN-C 144.4 ± 3.2 54.9 ± 2.2 0.23 ± 0.01 
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The purposed interaction of complex formation is the electrostatic interaction 

between positive and negative charges called nioplexes. Varying weight ratios between 

cationic niosomes and nucleic acids also affected the alignment of complexes described 

by changing particle sizes and zeta potentials. Phenomenal of complex formation was 

described by (132, 133). The electrostatically characteristic of complex formation had 

three different characteristic zones. Firstly, the complexes formed at a low weight ratio. 

Negatively charged nucleic acids were absorbed on cationic carriers which presented 

overall negative charge and small particle size. Secondly, the weight ratio gradually 

increased to form unstable colloidal complexes which the particle size dramatically 

increased while the zeta potential was nearly neutral. Lastly, the complexes became 

positively charged and small-sized complexes at a high weight ratio which has a proven 

excessive amount of cationic carriers. A similar result was observed in previous studies 

(134, 135). The result showed that increasing weight ratios of cationic niosomes tended 

to raising the zeta potential and changing the particle size of the complexes. As in Figure  

13, the particle sizes of complexes at the weight ratios of 0.5–5 slightly dropped from 

464 to 193 nm, however, the zeta potential was negative. Secondly, the particle size of 

DNA nioplexes dramatically rose to more than 3000 nm. The zeta potential was nearly 

neutral or transformed into a slightly positive charge when the weight ratio was 

increased to 10. At a weight ratio of 20, the particle size became smaller complexes and 

exhibited more positive charges than those at lower ratios. This experiment also 

confirmed that the addition of cationic niosomes can interact with negatively charged 

nucleic acids and generate nioplexes. 

 

Figure  13 The particle size and zeta potential of various weight ratios of PCNs/DNA 

complexes from 0.1-20 
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 4.2.1.2 Gel retardation assay  

Gel agarose electrophoresis was used for the observation of complex formation. 

Nucleic acids can move through the porosity of agarose toward positive electrode gel 

under constant current. The gel was stained and then presented the band of remaining 

nucleic acids from incomplete complexes. However, the band of complete complex 

formation was invisible in the gel. Increasing weight ratios can increase the complex 

formation ability. Complexes formation ability of all PCNs depicts in Figure  14. The 

result exhibited that PCN-A, PCN-B, PCN-C entirely formed nioplexes at the weight 

ratio of 10, 10 and 15, respectively.  

 

Figure  14 The DNA complex formation ability of PCN-A, PCN-B and PCN-C by gel 

agarose electrophoresis 

 

 4.2.1.3 Transfection study for DNA delivery  

The transfection efficiency of different structure of PCNs was evaluated and the 

result is shown in Figure  15. The weight ratio of all formulation was optimized from 

0.1 to 20 to obtain the effective activity. The optimal weight ratios of PCN-A, PCN-B, 

and PCN-C were 1, 2.5 and 1 presenting 91.2% ± 5.7%, 108.7% ± 6.5%  and 98.4% ± 

7.8% of transfection efficiency, respectively. The transfection efficiency of PCNs was 

comparable with Lipo2k, and PCN-B gave the greatest efficiency among PCNs. 
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Figure  15 Transfection efficiency of PCN-A, PCN-B and PCN-C in HeLa cells at the 

weight ratio from 0.1-20. *The data was significantly higher than Lipo2k at p-value < 

0.05. 

 4.2.1.4 Cytotoxicity of nioplexes  

The cytotoxicity of PCNs/DNA complexes of PCNs was assessed cytotoxicity 

in HeLa cells (Figure  16). The cell viability was lower through the increasing of weight 

ratio of cationic content. The cytotoxicity of PCN-A and PCN-C/DNA complexes was 

noticed at the weight ratio above 5, while that of PCN-B/DNA complexes was observed 

at the weight ratio above 10. The outcomes exhibited negligible cytotoxicity of the most 

effective transfection efficiency of PCN-A, PCN-B and PCN-C that were the weight 

ratios of 1, 2.5 and 1, respectively. PCNs were considered to be safe and potential 

transfection agents for DNA delivery. 
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Figure  16 Cell viability of PCN-A, PCN-B and PCN-C/DNA complexes at the weight 

ratio of 0.5-20 in HeLa cells 

 

 4.2.1.5 Internalization pathways of nioplexes for DNA delivery  

Nanocarriers are generally taken up by endocytosis as the major route across 

the plasma membrane (136, 137). After entry into cells as intracellular vesicles or 

endosomes, they would finally incorporate with lysosomes and be degraded if the 

carrier is not able to release nucleic acids to their target site. The cells were pretreated 

with specific endocytosis inhibitors to evaluate the predominant internalization 

pathway. The nioplexes at the effective weight ratio of each PCN in the previous 

experiment were then applied to the cell. The possible internalization pathways were 

identified by comparing their activity between cells pretreated with specific endocytosis 

inhibitors and cells untreated with inhibitors. The results in Figure  17 indicated that the 

transfection efficiency of PCN systems was decreased by pretreatment with ammonium 

chloride (inhibited endosome acidification). Therefore, it could be concluded that 

endosomal-lysosomal acidification was required for PCN escape. It was found that 

wortmannin, methyl-β-cyclodextrin, and chlorpromazine significantly (p < 0.05) 

affected the transfection efficiency of all nioplexes. PCN-A delivered pEGFP-C2 

through micropinocytosis as a major internalization pathway. Whereas clathrin- and 

caveolae-mediated endocytosis was used as minor pathways. Although macropinosome 

has been mentioned that it is easy to escape from the vesicle, the delivery system could 
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be partially degraded by the lysosomal incorporation (138). DNA delivery of PCN-B 

and PCN-C was almost similar. PCN-B used clathrin-mediated endocytosis as a 

predominant internalization pathway, followed by caveolae-mediated endocytosis and 

micropinocytosis, respectively. Meanwhile, PCN-C did not significantly involve 

caveolae-mediated endocytosis.  

 

Figure  17 Investigation of internalization pathways of PCN-A, PCN-B and PCN-

C/DNA complexes evaluated with pretreatment of specific endocytosis inhibitors, (a) 

transfection efficiency of each PCNs and (b) scheme of possible internalization 

pathways. *The data was significantly different from the transfection without 

pretreatment at p-value < 0.05. 

 

4.2.2 Cationic niosomes for siRNA delivery  

 4.2.2.1 Particle sizes and zeta potential of cationic nioplexes  

The properties of PCNs to form nioplexes with siRNA corresponded to DNA 

complexes formation. The zeta potential went up to a positive charge when the amount 

of cationic niosomes increased. The neutralizing ability of PCN-A, PCN-B and PCN-

C to siRNA was at the weight ratios above 15. As in Figure  18, the overall particle size 

of siRNA complexes suggested that PCN-B could condense siRNA to compact size 

better than PCN-A and PCN-C. Interestingly, the neutralization of siRNA required a 

higher weight ratio of cationic niosomes than the DNA complex formation. The weight 

ratio of PCN-B completely formed complexes was above 15 and 10, for siRNA and 
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DNA complexes, respectively. The chemical structure of both DNA and siRNA was 

phosphodiester backbones but siRNA was shorter than abundant nucleotides of DNA. 

The strength of electrostatic interaction increases along with high molecular weight. 

Therefore, increasing cationic niosomes concentration is essential for overcoming the 

siRNA free energy and obtaining a stable complex. This manner was also described by 

Han Chang Kang et al. The structure of siRNA is more rigid and less flexible than the 

DNA resulting in steric repulsion; thus, the attribute of siRNA could interrupt the 

formation of complexes (139). siRNA frequently results in more loosely condensed and 

larger complex particles than that seen under similar complexing conditions when used 

for pDNA polyplexes of 100–200 nm in size (139, 140). 

 

Figure  18 The particle size and zeta potential of various weight ratios of PCNs/siRNA 

complexes from 0.1-20 

 

 4.2.2.2 Gel retardation assay  

Meanwhile, entire siRNA complex formation was above 10. These results 

showed that the different hydrophobic tails of PCNs did not affect the complex 

formation ability. Even if the core structure of DNA and siRNA is polymer nucleotides 

which are composed of a nitrogenous base, a sugar, and a phosphate group, the degree 

of PCNs to complex formation was not the same (Figure  19). The size of pEGFP-C2 is 

approximately 4.7 kb, whereas that of siRNA or small RNA is about 20 bp. As a result 

of siRNA structure, a short double-stranded RNA has more rigid structures which cause 

them more rotation and translation degree of freedom. Therefore, the weight ratio of 

PCNs for complete complex formation in siRNA was higher than DNA complex 

formation (141-143).  
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Figure  19 The siRNA complex formation ability of PCN-A, PCN-B and PCN-C by 

gel agarose electrophoresis 

 

 4.2.2.3 Silencing study for siRNA delivery  

The results showed that asymmetric alkyl chains of cationic lipids (PCN-B and 

PCN-C) possessed more efficiency than the symmetry alkyl chains (PCN-A) (Figure  

20). One of the keys to successful transfection is endosomal membrane perturbations 

for releasing nucleic acids into the environment. The asymmetric hydrocarbon chains 

could facilitate fusogenicity (63). Besides, a lower nucleic acid disassembly rate is 

obtained with symmetry (144). We hypothesized that a hydrocarbon chain with double 

bond might enhance the transfection efficiency by increasing the fluidity of the 

membrane bilayer through intermembrane mixing (63, 144, 145). However, our study 

found that the presence of hydrocarbon chain with a double bond did not improve the 

efficiency of the asymmetric novel synthesized PCLs. This might be cause from that 

lipid arrangement of the arch lipid (double bond area) was highly difficult for packing 

with other compositions, which could be the cause of the unstable bilayer. The saturated 

asymmetric hydrocarbon chain of cationic lipids remained overhanging on the 

hydrophobic tail to connect between both sides of the bilayer through Van der Waals 

forces which caused the aligned area (146, 147). The saturated asymmetric could 

increase the membrane integrity of the cationic niosomes and protect the early 

breakdown of the vesicles (148). Therefore, a balance between fluidity and rigidity of 

the bilayer system is required for cationic lipid designs. 
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Figure  20 The silencing efficiency of PCN-A, -B and -C/siGFP complexes compared 

to siNT complexes. *The data was significantly higher than Lipo2k at p-value < 0.05. 

#The data was significantly different at p-value < 0.05. 

 

 4.2.2.4 Cytotoxicity of nioplexes  

As shown in Figure  21, the cells were able to tolerate the toxicity of PCN-A and 

PCN-C at the weight ratio <10 and that of PCN-B at the weight ratio <20, wherein the 

cell viability was >80%. The increase in cationic lipids could lead to cytotoxicity. 

However, the most effective weight ratios of all formulations, PCN-A/siRNA (5:1), 

PCN-B/siRNA (10:1) and PCN-C/siRNA (5:1), exhibited negligible cytotoxicity, 

thereby they could be safe and potential transfection agents. 
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Figure  21 Cell viability of PCN-A, PCN-B and PCN-C/siRNA complexes at the 

weight ratio of 0.5-20 in HeLa cells 

 

 4.2.2.5 Cellular uptakes of nioplexes studied by using flow cytometry analysis 

and confocal laser scanning microscopic (CLSM)  

Cellular uptake analysis was performed, and the CLSM images are shown in 

Figure  22c. Primarily, both Lipo2k and cationic niosomes could deliver siRNA into the 

cytoplasm, where it is the typical area for siRNA to regulate the mRNA level by 

interrupting the translation process. Furthermore, the PCN-B delivery system was 

considerably taken up by HeLa cells, which can be observed from the amount of green 

fluorescence complex of siAF488. The results from CLSM were consistent with flow 

cytometry interpretation. The results in Figure  22a and b depicted that the cellular 

internalization of Lipo2k, PCN-A, PCN-B, and PCN-C was almost 100% with no 

significant difference. The MFI of Lipo2k was two and three times higher than that of 

PCN-A and PCN-C, respectively, at the weight ratio of 5. Although Lipo2k could carry 

more siRNA to the cells than PCN, the silencing efficiency was lower. It has been 

reported that SPANosomes showed a superior rate of siRNA release into cytosol than 

Lipo2k (149). PCN-B at the weight ratio of 10 exhibited the highest MFI, which could 

deliver siAF488 into the cell by more than three times compared with Lipo2k and 

approximately seven times compared with PCN-A PCN-C at the weight ratio of 5. This 
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result suggested that the cellular uptake ability of PCN-B was not limited by the 

cytotoxicity at a higher weight ratio. Therefore, PCN-B could carry more siRNA into 

the cells and subsequently exhibited an effective activity. 

 

Figure  22 Cellular uptake evaluated after 24 h transfection with siAF488 complexes 

in HeLa cells. (a) the percentage of cellular uptake, (b) MFI plot and fluorescence 

histogram and (c) CLSM images. *The data was significantly different from Lipo2k 

transfection at p-value < 0.05. 
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4.2.3 Cytotoxicity of Plier-like cationic niosomes (PCNs)  

The 50% inhibitory concentration (IC50) of PCNs was evaluated by the MTT 

assay. The IC50 values are presented in Table  8 which was found to be in the following 

order: PCN-B, PCN-A and PCN-C. These results revealed that the shorter chain lipids 

are associated with toxicity (145). The saturated asymmetric hydrocarbon chains 

provided minimal cytotoxicity compared with the unsaturated chains. The cytotoxicity 

of the unsaturated hydrocarbon chains might be one of the reasons to diminish its 

efficiency. 

Table  8 IC50 of plier-like cationic niosomes (PCNs) in HeLa cells were presented as 

the mean ± SD of triplicates. 

Cationic niosomes IC50 (µg/mL) 

PCN-A 29.13 ± 0.19 

PCN-B 36.16 ± 0.98 

PCN-C 28.93 ± 0.55 

 

4.2.4 Internalization pathways of nioplexes for siRNA delivery  

The internalization pathways of all siRNA complexes were associated with 

micropinocytosis and clathrin- and caveolae-mediated endocytosis Figure  23. The 

internalization pathway of siRNA delivery was depicted almost the same as DNA 

delivery. The major internalization pathways of asymmetric niosomes were clathrin- 

and caveolae-mediated endocytosis, while micropinocytosis was a minor pathway. 

Remarkably, pretreatment with methyl-β-cyclodextrin, which depleted chol from the 

cell membrane showed the most inhibitory effect on DNA and siRNA delivery. Chol is 

important for cell membrane ruffle formation which is involved in the endocytosis of 

extracellular macromolecules, including micropinocytosis and caveolae- and clathrin-

mediated endocytosis (150-154). Furthermore, nioplexes with asymmetric hydrocarbon 

chains were different from niosomes with symmetry chains because their activities were 

inhibited by nocodazole. The intracellular pathway and the intracellular trafficking of 

the asymmetric hydrocarbon chains depended the polymerization of microtubules, 

which is essential for vesicle transport and machinery recycling. Thus, the travel of 

nioplexes with asymmetric chains might be obstructed before reaching the target site, 
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and machinery recycling was inhibited when pretreated with nocodazole. On the other 

hand, they might be interrupted during passive transportation of mitosis-cell division 

(155, 156). However, investigation of the exact internalization pathway has been 

laborious to date. 

 

Figure  23 Investigation of internalization pathways of PCN-A, PCN-B and PCN-

C/siGFP complexes evaluated with pretreatment of specific endocytosis inhibitors, (a) 

transfection efficiency of each PCNs and (b) scheme of possible internalization 

pathway. *The data was significant different form the transfection without pretreatment 

at p value < 0.05. 

 

4.2.5 Morphology analysis  

The morphological characteristic of cationic niosomes and nioplexes was 

observed via TEM. Niosomes and nioplexes were dried on formvar-carbon film and 

stained with 1% Uranyl acetate. The particle sizes from Zetasizer nano depicted 

relatively bigger sizes than the TEM image results, which are presented in Figure  24. 

The particles obtaining from the TEM image were in the range of 87 to186 nm which 

was in the dried state and consequently smaller particle sizes, while the bigger particles 

obtaining from Zetasizer nano were in the water-containing state. PCNs had a 

unilamellar spherical shape and smooth border. Uranyl acetate is a negative staining 

reagent at the acid condition. Subsequently, they produced high electron density and 

image contrast which they cannot interact with positively charged niosomes thus 

niosomes were depicted as bright particles in dark background. Positively charged of 
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uranyl ion can interact with negatively charged material including phosphate group of 

nucleic acid which might be shown in darker area around the border of nioplexes.  

 

Figure  24 (a) the particle size and shape of PCN-B (∼87 nm), (b) nioplexes of PCN-

B/DNA at a weight ratio of 2.5 (∼167 nm) (c) nioplexes of PCN-B/siRNA at a weight 

ratio of 15 (∼186 nm) 

 

4.2.6 Buffering capacity  

 Typically, lipid-base nanoparticles were endocytosed into cells as an endosome. 

The important point is that endosome escape ability and then release to the area of 

therapeutic effect which is the nucleus for pDNA and the cytoplasm for siRNA, are one 

of the critical steps. To simulate the pH change of endosome and lysosome, PCNs were 

observed pH resistance ability by using acidic titration. Regarding the proton sponge 

hypothesis, the buffer capacity is important for endosomal escape ability. PEI is a well-

known polymer having proton sponge effect (157, 158).  The pKa value of PEI is 

between neutral and endosomal pH which can buffer acidification of endosomal 

vesicles. The balancing of ion was controlled by counter ion influx (chloride) when a 

nitrogen atom was further protonated in the endosome. This event caused endosomal 

swelling and bursting followed by the release of the complexes to the environment. The 

pH-sensitive cationic lipids have been widely used, YSK05 has been presented pKa of 

6.4-6.4 which had a tertiary amine attributing pH-sensitive properties and endosomal 

escape by promoting membrane fusion and destabilization (159). The mutual chemical 

structures of pH-sensitive cationic lipids have been studied such as DLinDMA, DLin-

KC2-DMA and YSK05 lipid containing one protonable ternary amine group (111). We 

hypothesized PCNs might have pH-sensitive property at lower pH. Therefore, the 
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buffer capacity of PCNs was evaluated by the slope of acidic titration curve over the 

pH range of endosome, which was depicted in Figure  25. The PCNs demonstrated 

buffer capacity indicated by a gradual slope in the endosomal pH range. The flattest 

slope between pH 5 to 7.4 indicated the greatest endosomal buffer capacity. The result 

revealed that PCN-C exhibited the highest buffer capacity with a slope of 1.42 μL (of 

1 N HCl/pH unit) followed by PCN-B and PEI which the slope over the pH range was 

0.87 μL and 0.80 μL, respectively. In contrast, PCN-A provided the lowest buffer 

capacity with a slope of about 0.74 μL over the pH range. However, the transfection 

efficiency was not increased as the buffer capacity increased. Gabrielson and Pack 

found that the increase in the degree of acetylation of PEI resulted in a declined buffer 

capacity. However, no change in the transfection efficiency was observed as the degree 

of acetylation of PEI increased. This is because acetylation appears to enhance the 

dissociation of polyplexes and release DNA to the target site (158). Although a buffer 

capacity has a benefit for the proton sponge effect, there are still other factors involved 

with nucleic acid delivery of the PCNs; for instance, lipid bilayer the integrity and 

intermembrane mixing of niosomes. These results exhibited that PCNs presented pH-

sensitive properties which could contribute to intracellular endosomal escape for gene 

delivery application (160). 

 

Figure  25 Titration curves of PCN-A, PCN-B and PCN-C were compared to PEI and 

deionized water applied as a control. The systems were adjusted to pH 11.5 with NaOH 

and titrated with 0.5 µL aliquot of 1 M HCl. 
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4.3 Effect PEGylation on plier-like cationic niosome-B (PCN-B)   

 The surface properties of cationic liposomes are usually modified by 

PEGylation. Both charge density and charge polarity play an important role that can 

affect systemic stability as well as cytotoxicity. PEGylation is widely used in both in 

vitro and in vivo applications to overcome barriers. It has been applied in many 

nanocarriers, not only increasing the stability in blood circulation but also avoiding 

clearance by recognition of phagocytic cells. In this study, PEGylation was applied by 

incorporation of DSPE-PEG2000 into PCN-B. To avoid PEG dilemma, PEG 

concentration was therefore varied at 2% and 5% mM of total lipids.  

4.3.1 Particle sizes and zeta potential  

The particle size and zeta potential were also evaluated which are presented in 

Table  9. The result showed that PEGylation of PCN-B slightly affected the particle size 

while the zeta potential was decreased. However, the PEGylated cationic niosomes 

exhibited a positive surface charge.  

Table  9 The particle size and zeta potential and PDI of PCN-B, 2% PEG-PCN-B and 

5% PEG-PCN-B are presented as mean ± SD 

Cationic niosomes Size (nm) Zeta potential (mV) PDI 

0% PEG-PCN-B 141.3 ± 7.5 54.8 ± 0.2 0.23 ± 0.03 

2% PEG-PCN-B 190.3 ± 3.6 18.4 ± 1.6 0.47 ± 0.01 

5% PEG-PCN-B 166.3 ± 0.6 23.8 ± 3.2 0.45 ± 0.01 

The ability of complex formation was further evaluated by particle size and zeta 

potential measurement (Figure  26). All cationic niosomes could condense DNA and 

siRNA to nanosized particles with different weight ratios. The DNA complexes of 0% 

PEG-PCN-B, 2% PEG-PCN-B and 5% PEG-PCN-B expressed a positive charge at the 

weight ratio of 10, 15 and 15, respectively (Figure  26a). The siRNA complexes of 0% 

PEG-PCN-B showed a positive charge at the weight ratio of 10, whereas 2% PEG-

PCN-B and 5% PEG-PCN-B exhibited almost a neutral charge (Figure  26b). The result 

revealed that PEGgylation of cationic niosomes in complex formation could protect 

particle aggregation, whereas the particle size of 0% PEG-PCN-B complexes 
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significantly increased, especially when the zeta potential of complexes reaching to 

neutral charge. On the other hand, PEGylation could reduce the ability of complex 

formation by its steric barrier properties requiring higher weight ratios than using 0% 

PEG-PCN-B. 

 

 

Figure  26 The particle size (bar graph) and Zeta potential (line graph) of (a) DNA 

complexes at weight ratios of 0.1-20 and (b) siRNA complexes at weight ratios of 1-20 

 

4.3.2 Gel retardation assay 

 The complex formation was also confirmed by gel retardation assay. The DNA 

complex formations of 0% PEG-PCN-B, 2% PEG-PCN-B and 5% PEG-PCN-B were 

completed at the weight ratio of 10, 15 and 20, respectively (Figure  27a). The siRNA 

complex formations of 0% PEG-PCN-B, 2% PEG-PCN-B and 5% PEG-PCN-B were 

completed at the weight ratio over 10, 10 and 15, respectively (Figure  27b). 
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Figure  27 The complex formation ability of (a) DNA complexes and (b) siRNA 

complexes by Gel agarose electrophoresis 

 

4.3.3 Cellular activity of nioplexes  

Transfection and silencing efficiency were evaluated in HeLa and HeLa-EGFP 

cells, respectively. The data exhibited that PEGylation of PCN-B could improve the 

efficiency of PCN-B delivery system by using 2% of DSPE-PEG 2000 (Figure  28). 

Although the PEGylation at 5% significantly declined the transfection efficiency, it did 

not affect the silencing efficiency at the weight ratio of 15 and 10, respectively, 

compared to the weight ratio of PCN-B at the highest efficiency. The data of the 

experiment was also consistent with the zeta potential and gel retardation assay. The 

complex formation of PEGylation PCN-B required amount of carriers more than PCN-

B to achieve complete formation and high efficiency. 
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Figure  28 Effect of PEGylation on transfection efficiency and silencing efficiency of 

PCN-B and 2% PEG-PCN-B/DNA at weight ratios of 2.5 and 10, respectively. *The 

data was significantly different higher than Lipo2k transfection at p-value < 0.05. 

 

4.3.4 Cytotoxicity of cationic niosomes and nioplexes  

 IC50 of PEGylated cationic niosomes was evaluated in HeLa cells. As the IC50 

presented in Table  10, PEGylation at 2% was able to decline the cytotoxicity in HeLa 

cells as the consequence of a shielding effect of the positive surface charge on the 

systems. However, PEGylation can display effects on both cellular uptake and 

cytotoxicity depending on cell types such as the marked decrease in membrane damage, 

lipid peroxidation, and oxidative stress observed in nonphagocytic neuroblastoma cells 

(161). Therefore, to avoid PEGylation dilemma, cellular experiments have to be further 

investigated in other cell types. 

Table  10 The IC50 of 0% PEG-PCN-B, 2% PEG-PCN-B and 5% PEG-PCN-B in HeLa 

cells were presented as the mean ± SD of triplicates 

Cationic niosomes IC50 (µg/mL) 

0% PEG-PCN-B 36.16 ± 0.98 

2% PEG-PCN-B 83.05 ± 1.95 

5% PEG-PCN-B 84.04 ± 2.19 
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 The cytotoxicity of DNA and siRNA complexes of PEGylated formulations was 

also investigated which is depicted in Figure  29. Increasing the weight ratios affected 

cytotoxicity, especially in 0% PEG-PCN-B, which was considered toxicity to the cells 

at the weight ratio of 20 for DNA and siRNA complexes. However, the effective weight 

ratios of all formulations were safe for HeLa cell transfection which the cell viability 

was not less than 80%. The PEGylation could reduce the cytotoxicity even at the high 

weight ratios. Therefore, PEG could diminish the detrimental effect of surface charge 

on the cationic niosomes which increased IC50 and decreased the cytotoxicity in HeLa 

cells. 

 

Figure  29 Cell viability of 0% PEG-PCN-B, 2% PEG-PCN-B and 5% PEG-PCN-B 

complexes; (a) DNA complexes and (b) siRNA complexes 

 

4.3.5 Effect of serum on transfection and silencing efficiency  

The effect of serum on silencing efficiency was also observed at the weight 

ratios from 5 to 20. As shown in Figure  30, the silencing efficiency of 0% PEG-PCN-

B and 2% PEG-PCN-B was affected by presenting 10% serum at the lower weight 

ratios of 5 and 10. In contrast, the silencing efficiency of both formulations was not 

significantly different at the higher weight ratios of 15 and 20. However, the complexes 

of 2% PEG-PCN-B showed higher silencing efficiency than 0% PEG-PCN-B at a 

weight ratio of 15. This might be because the outer PEG layer could shield cationic 

groups which decreased cytotoxicity and increased the difference of mocked and treated 

GFP silencing. 
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Figure  30 Silencing efficiency of siRNA complexes at weight ratios of 5-20; (a) Effect 

of serum on silencing efficiency of 0% PEG-PCN-B and (b) 2% PEG-PCN-B/siGFP at 

weight ratios of 5-20. *The data was significantly different from transfection without 

the presence of serum at p-value < 0.05. 

 

4.3.6 Protein serum aggregation  

The changes in mean particle size of nioplexes in the presence of 10% serum 

were evaluated as a function of time. As in the data from Figure  31, the nioplexes of 

2% PEG-PCN-B and 5% PEG-PCN-B manifested almost unchanged particle size 

around 200 nm when the time had passed. In the serum presence, the particle size of 

0% PEG-PCN-B increased after 2 h from about 400 nm to 700 nm, and as time 

prolonged. The size continuously increased and peaked at about 900 nm after 6 h. This 

experiment demonstrated that PEGylation could improve the stability of nioplexes 

underwent serum mimicking conditions by reducing aggregation with negative charge 

on protein serum by electrostatic repulsion and steric barrier effect (162). 
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Figure  31 The variations in particle size of 0% PEG-PCN-B, 2% PEG-PCN-B and 5% 

PEG-PCN-B/ siRNA complexes in 10% FBS 

 

4.3.7 Physical stability of PEGylated cationic niosomes  

The particle size of non-PEGylated cationic niosomes stored at 25 ◦C obviously 

increased compared after the 2nd week, whereas gradually changed in the 4 ◦C storage 

condition of first 4 weeks and markedly increased at the 5th week. The PEGylated 

cationic niosomes could prevent particle aggregation for 16 weeks. The zeta potential 

of 0% PEG-PCN-B stored at 25 ◦C decreased markedly after be stored for 8 weeks, 

whereas no alteration was noticed in the PEGylated cationic niosomes (Figure  32). 

Meanwhile, insignificant change changes in zeta potential was observed at 4 ◦C for any 

formulation. The temperature and storage time are the important factors affecting the 

physical stability of cationic niosomes. Therefore, it is important to be concerned since 

the surface properties of vesicles should be optimized to prevent aggregation such as 

incorporation with charge inducers as well as PEGylation applications to provide 

suitable electrostatic or steric repulsion (163). This finding suggested that the stability 

of cationic niosomes is primarily influenced by the change of temperature. The 

alterations in the crystalline structure of lipids can be induced by temperature which is 

correlated with energy input. This finding agreed with a previous report that the 

decrease in the zeta potential of the SLNs associated with the rapid growth of solid lipid 
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nanoparticles (SLNs) stored at 50 ◦C. Moreover, high temperatures can induce the 

destabilization due to the changes in zeta potential (164). PEGylation significantly 

increased storage stability compared to non-PEGylated particles which could provide a 

steric barrier and prevent particle aggregation (165, 166). Therefore, the recommended 

storage condition of 0% PEG-PCN-B was 4 ◦C for 1 month, whereas 2% PEG-PCN-B 

and 5% PEG-PCN-B could be kept at both 4 ◦C or 25 ◦C for 16 weeks.  

 

Figure  32 The particle size and zeta potential of 0% PEG-PCN-B, 2% PEG-PCN-B 

and 5% PEG-PCN-B after being kept at (a) 4 ◦C and (b) 25 ◦C for 4 months 
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4.4 Apoptosis induction of Bcl-2, Mcl-1 and survivin targeted siRNA delivery in 

breast cancer cells  

4.4.1 Cellular uptake of nioplexes studied by using flow cytometry analysis and CLSM  

 Cellular uptake was performed to ensure that the complexes of siRNA could be 

taken up into MCF-7 and MDA-MB-231 cells. The data was obtained from flow 

cytometry analysis by using siAF488 for green fluorescence detection. The weight 

ratios of each sample presenting high silencing efficiency in the previous experiment 

were employed which were 2.5, 15 and 15 for Lipo2k, PCN-B and 2% PEG-PCN-B, 

respectively. The transfection of complexes was examined under in the presence of 

serum 10% serum. The result showed that all formulations presented high % cellular 

uptake in both cell lines which was more than 95% except that of lipo2k transfection in 

MCF-7 which was 84% (Figure  33a and Figure  34a). As presented in Figure  33b and 

Figure  34b, 2% PEG-PCN-B provided comparable MFI with Lipo2k. Meanwhile, MFI 

of 0% PEG-PCN-B was significantly higher than the others, which the complexes of 

0% PEG-PCN-B/siAF488 were highly accumulated in both cell lines. This result 

suggested that 0% PEG-PCN-B might be a potential cationic lipid providing a high 

capacity to convey siRNA for breast cancer cells. Although PEGylation provides 

stability and the blood circulation time of liposomes, it may reduce siRNA loading on 

cationic niosomes by its steric effect which results in a decline in the MFI and cellular 

uptake (166). The result was also assured by CLSM that the delivery systems could 

deliver siAF488 into the desired target site. 0% PEG-PCN-B manifested as the most 

complexes accumulation in the cells. The results were consistent with flow cytometry 

data (Figure  33c and Figure  34c).  
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Figure  33 Cellular uptake evaluated after 24 h transfection with siAF488 complexes 

in MCF-7 cells, (a) the percentage of cellular uptake, (b) MFI plot and fluorescence 

histogram and (c) CLSM images. *The data was significantly different from Lipo2k 

transfection at p-value < 0.05. 
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Figure  34 Cellular uptake evaluated after 24 h transfection with siAF488 complexes 

in MDA-MB 231 cells, (a) the percentage of cellular uptake, (b) MFI plot and 

fluorescence histogram and (c) CLSM images. *The data was significantly different 

from Lipo2k transfection at p-value < 0.05. 

 

4.4.2 Expression level of mRNA target by real-time PCR   

The mRNA expression of anti-apoptosis targets including Mcl-1 and survivin 

was determined by using real-time PCR. The relative mRNA expression was calculated 

by the 2-ΔΔCT method to assure the specific gene silencing effect of siRNA delivery 

systems. The determination of the mRNA levels was performed in breast cancer cells 

including MFC-7 and MDA-MB-231. The siNT complexes were employed as mock-
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treated cells of each formulation. The indicated mRNA expression level was compared 

with the mRNA level of untreated cell control as % relative mRNA expression. 

Approximately 60% and 40% reduction of Mcl-1 and Survivin mRNA, respectively, 

were significantly observed in MCF-7 (Figure  35).  

 

Figure  35 The relative mRNA expression study evaluated using the 2-ΔΔCT method 

which presented as a percentage; (a) relative Mcl-1 mRNA expression and (b) relative 

survivin mRNA expression in MCF-7. ***The data was significantly different from 

siNT complexes transfection at p-value < 0.001. #The data was significantly different 

from Lipo2k transfection at p-value < 0.05. 
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The relative mRNA of both targets was dramatically reduced by 80% in MDA-

MB-231 cells which are depicted in Figure  36. The results suggested that 0% PEG-

PCN-B and 2% PEG-PCN-B efficiently delivered and released siRNA to the desired 

target site. However, there are many factors involved in successful target silencing in 

different cell lines, such as internalization, siRNA release and intracellular trafficking.  

 

Figure  36 The relative mRNA expression study evaluated using the 2-ΔΔCT method 

which presented as a percentage; (a) relative Mcl-1 mRNA expression and (b) relative 

survivin mRNA expression in MDA-MB 231. ***The data was significantly different 

from siNT complexes transfection at p-value < 0.001. #The data was significantly 

different from Lipo2k transfection at p-value < 0.05. 



 
 84 

4.4.3 Cytotoxicity of cationic niosomes  

The IC50 in MCF-7 and MDA-MB 231 cells was also investigated by MTT 

assay. From the IC50 presented in Table  11, PEGylation at 2% was found to reduce the 

cytotoxicity and increase IC50 about 1.5 times in both cell lines. These results confirmed 

that PEGylation was sufficiently utilized to reduce cytotoxicity on PCNs at 2%. 

Table  11 The IC50 of 0% PEG-PCN-B and 2% PEG-PCN-B in MCF-7 and MDA-MB 

231 cells were presented as the mean ± SD of triplicates. 

Cells Cationic niosomes IC50 (µg/mL) 

MCF-7 
0% PEG-PCN-B 30.90 ± 4.39 

2% PEG-PCN-B 45.91 ± 4.70 

MDA-MB 231 
0% PEG-PCN-B 19.34 ± 1.74 

2% PEG-PCN-B 29.21 ± 5.46 

 

4.4.4 Inhibition of cell proliferation   

The consequence of anti-apoptosis mRNA silencing was also confirmed by 

MTT assay to observe cell death induction by anti-apoptosis siRNA delivery. The 

weight ratio of carriers/anti-apoptosis siRNA was fixed at 15, and mock-treated cells 

were also performed in MCF-7 and MDA-MB 231 cells. The cells were treated with 

designed treatments for 24 h and observed after 72 h.  The data in Figure  37a are 

presented as % cell viability compared with untreated cell control. This assay conducted 

by silencing anti-apoptotic gene i.e. Mcl-1, Bcl-2 and survivin siRNA. The results 

expressed that Bcl-2 and survivin silencing did not affect the cell viability in both cell 

lines. The data of Beh et al. (2009) depicted that Bcl-2 siRNA downregulated Bcl-2 

mRNA but did not affect the cell viability in MDA-MB-231 and HeLa cells. The 

mRNA expression levels were lower than 30% compared with untreated MDA-MB-

231 cells. Therefore, the investigation was further performed by applying Bcl-2 siRNA 

as a chemosensitizer in HeLa cells. This finding was hypothesized that due to the 

relatively long half-life of Bcl-2 protein, it would take considerable time to obviously 

observe the effect of protein reduction using mRNA degradation by siRNA (167). In 

2005, Talaiezadeh et al. investigated the effective Bcl-2 gene silencing in MCF-7 cells. 
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They found that the level of Bcl-2 mRNA was declined by siRNA approximately more 

than 90% but the level of apoptosis cells did not increase. They also suggested that Bcl-

2 targeting might involve another cell death pathway which is autophagy. There is 

evidence that Bcl-2 protein can interact with Beclin 1 protein. Bcl-2 reduction results 

in releasing of Beclin1 and then activation of autophagy. Moreover, autophagy can 

interrupt the apoptosis pathway by breaking down intracellular building blocks 

including mitochondria which play an important role in the intrinsic pathway of 

apoptotic cascades (168). The study of Trabulo et al. (2011) investigated the effect of 

survivin siRNA by using Lipo2k as a delivery system in 3 cell lines including A549, 

HeLa and MCF-7. Transfection of Lipo2k/survivin siRNA downregulated survivin 

protein significantly in all cell lines. The cell viability of A549 and HeLa was reduced 

after the siRNA treatment. However, the cell viability of survivin siRNA/Lipo2k was 

not significantly different from Lipo2k/siNT in MCF-7 (169). In this study, the 

silencing of Mcl-1 noticeably induced cell death about 30% in MCF-7 cells, compared 

to mock-treated cells of each formulation (Figure  37a). On the contrary, the cell viability 

of Mcl-1 siRNA delivery in MDA-MB-231 cells showed flat effects. This effect was 

consistent with the previous study. Hamidreza et al. found that Mcl-1 siRNA delivery 

did not decline cell viability in MDA-231 but significantly decreased when it was 

combined with RPS6KA5 siRNA in MDA-MB 231 or treated resistant MDA-MB 231 

(95). The effect of cell death induction was presented in Figure  37b. 0% PEG-PCN-B 

and 2% PEG-PCN-B could silence Mcl-1 mRNA and induce cell death which had 

efficiency as Lipo2k. These findings suggested that Mcl-1 downregulation might be a 

potential target for apoptosis induction. Mcl-1 has a high turnover rate and short half-

life (i.e., 2-3 h) which is different from other Bcl-2 family protein. Therefore, it seems 

reasonable that Mcl-1 plays an important role in apoptosis which response to rapid 

changing of Mcl-1 expression (19, 170, 171). However, apoptosis is the sophisticated 

cell death regulation. There are many apoptotic regulators involving cell death 

decisions and understudying (10). 
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Figure  37 Cell viability of indicated siRNA targeting (Mcl-1, Bcl-2 and survivin) in 

(a) MCF-7 and (b) MDA-MB 231 cells. The percentage of induced cell death (c) was 

obtained from the comparison Mcl-1 siRNA complex with siNT complex treatment of 

each formulation in MCF-7 cells. *The data was significantly different from siNT 

complexes transfection at p-value < 0.05. 

 

4.4.5 Double stain apoptosis detection: Hoechst 33342 and SYTOX™ Green 

As a result of the inhibition of cell proliferation, Mcl-1 siRNA delivery 

significantly affected the cell viability in MCF-7 cells. Therefore, Apoptosis induction 

was also confirmed by double stain apoptosis detection assay for the condensed state 

of chromatin in apoptotic cells. Hoechst 33342 was used as a DNA labeling which is a 

permeable blue fluorescence dye through the cell membrane. The condensed chromatin 

is found in the cell undergoing apoptosis which its straining become more brightly than 

the chromatin in normal cells. SYTOX™ Green was applied for dead cell staining. The 

green fluorescence dye can easily penetrate into dead cells but it does not cross the live 

cell membrane. These staining can distinguish dead, live and apoptotic cells. The 

stained MCF-7 cells were observed under light and fluorescence microscope which 

depicted in Figure  38. Doxorubicin was used as a positive control in this study which 
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can induce apoptosis induction in MCF-7 cells (172). As in the fluorescence images, 

the morphology of untreated cells exhibited a smooth nucleus appearance, spheroid 

shape, normal chromatin, and uniform cells that were less presenting bright blue 

fluorescence, and the green fluorescence of dead cells were not found. In contrast, the 

dominant morphology of apoptotic cells was observed in the cell treated with 

doxorubicin and Mcl-1. The cell density was less than that of untreated cells. The 

volume of the nucleus and cytoplasm was decreased since cell shrinkage from 

apoptosis. Moreover, the chromatin condensation and DNA fragmentation significantly 

manifested more than in the untreated cells which were indicated by the bright blue 

fluorescence of apoptotic chromatin. Green fluorescence was found in both of 

doxorubicin and Mcl-1 treatment which might be the consequence of cell membrane 

rupture in late apoptosis or necrosis. It was noticeable that dead cells were found in 

doxorubicin treatment than in the Mcl-1 targeting.  These findings suggested that 0% 

PEG-PCN-B and 2% PEG-PCNB could be applied as a gene delivery system for Mcl-

1 siRNA which might be a potential target for apoptosis induction in the MCF-7 cell 

line. 
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Figure  38 Double stain apoptosis detection was odserved under Inverted fluorescence 

microscope (100X) after 24h of treatments. Untreated cell control (a); PCN-B/siNT (b); 

0.8 µM of doxorubicin (c); Lipo2k/Mcl-1 siRNA (d); 0% PEG-PCN-B/Mcl-1 siRNA 

(e); 2% PEG-PCN-B/Mcl-1 siRNA (f) 
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CHAPTER 5 

CONCLUSION 

5.1 Formulation of cationic niosomes (PCN) containing plier-like cationic lipids 

(PCLs) as non-viral gene carriers 

5.1.1 The molar ratio of PCL in cationic niosomes  

The surface charge of cationic niosomes was influenced by the increase of 

molar ratios of cationic lipids. Increasing the molar ratios of cationic lipids resulted in 

more positive zeta potential. The particle sizes of PCN-A were declined when the molar 

ratios increased from 0.5-2, and PCN-A at a molar ratio of 2 had the smallest particle 

size. PCN-A at a molar ratio of 0.5 represented unstable niosome vesicles that had large 

particle size and a wide range of size distribution. Therefore, the formulations of the 

niosomes with PCL-A at the molar ratio of 2 mM having positive surface charge and 

nano-sized range were chosen for nucleic acid delivery.  

5.1.2 Weight ratio of carriers/DNA siRNA complexes 

Complex formation between cationic niosomes and nucleic acids employed the 

electrostatic interaction through neutralizing the negative charge of nucleic acids. The 

increase of weight ratio reaching positive charge was beneficial for nucleic acid 

complex formation and cellular attachment, resulting in the high transfection and 

silencing efficiency. However, the cytotoxicity can be caused by excessive positive 

charge from the delivery systems. The consequence from cytotoxicity may diminish the 

desired final outcomes. Therefore, the optimization of weight ratios used in gene 

delivery is an essential step to obtain the maximal cellular activity of gene delivery. 

This result indicated that PCN-A 2/DNA or PCN-A 2/siRNA at the weight ratios of 1 

and 5, respectively, were able to form the complexes with high transfection efficiency 

and negligible cytotoxicity.  
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5.1.3 Structure of cationic lipids 

Three different hydrophobic tail attributes of PCLs consist of saturated 

symmetric, saturated asymmetric and unsaturated asymmetric tails which are PCL-A, 

PCL-B and PCL-C, respectively. PCN-B provided the highest transfection efficiency 

and silencing efficiency comparing to PCN-A and PCN-C. The shorter chain lipid of 

PCN-A was associated with cytotoxicity. The lipid arrangement of PCN-C in the lipid 

bilayer was highly difficult for packing with other compositions, which the arch lipid 

(double bond area) could be the cause of the unstable bilayer. Therefore, a balance 

between fluidity and rigidity of the bilayer system is required for cationic lipid designs. 

5.1.4 PEGylation cationic niosomes 

PEGylation of PCN-B can provide steric stabilization preventing particle 

aggregations, non-specific binding, and increasing storage stability (173). However, the 

excessive amount of PCN-B PEGylation at 5% could decrease the transfection 

efficiency. PEGylation of PCN-B at 2% significantly reduced cytotoxicity and 

improved efficiency for both pDNA and siRNA delivery in HeLa cells. This study 

showed that PCN-B and 2% PEG-PCN-B gave high transfection and silencing 

efficiency even in the present of serum. PEGylation significantly increased storage 

stability probably providing a steric barrier and preventing particle aggregation. 

Therefore, the recommended storage condition of 0% PEG-PCN-B was 4 ◦C for 1 

month, whereas 2% PEG-PCN-B and 5% PEG-PCN-B could be kept at both 4 ◦C or 25 

◦C for 4 months. 

5.2 Cellular internalization mechanisms of PCNs  

The major internalization pathways of asymmetric niosomes (PCN-B) were 

clathrin-mediated endocytosis followed by caveolae-mediated endocytosis and 

micropinocytosis. The internalization pathway of siRNA delivery was almost the same 

as DNA delivery. Remarkably, pretreatment with methyl-β-cyclodextrin, which 

depleted chol from the cell membrane showed the most inhibitory effect on DNA and 

siRNA delivery. Chol is important for cell membrane ruffle formation which is 

involved in the endocytosis of extracellular macromolecules, including 
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micropinocytosis and caveolae- and clathrin-mediated endocytosis (150-154). PCNs 

presented pH-sensitive properties which might contribute to intracellular endosomal 

escape for gene delivery applications.  

5.3 Apoptosis-related siRNA in breast cancer cells including MCF-7 and MDA-

MB 231 cells by PCNs.  

In this study, the silencing of Mcl-1 mRNA noticeably reduced the cell viability 

of MCF-7 cells by approximately 30%. This finding suggested that Mcl-1 

downregulation might be identified as a potential target in MCF-7 cells for apoptosis 

induction. PCN-B can convey Mcl-1 siRNA as efficient as Lipo2k which can silence 

Mcl-1 mRNA and induced cell death through apoptosis.  

In this study novel PCLs as cationic niosomes were used to formulate PCNs 

which could be applied as gene delivery systems to get the expected therapeutic 

outcomes. PCNs could be an effective transfection reagent for not only pDNA but also 

siRNA in HeLa cells. PCN-B was successfully employed as siRNA carriers for anti-

apoptotic targets in breast cancer cells that could deliver and release siRNA to the 

desired target site, silencing mRNA levels in both MCF-7 and MDA-MB-231 cells. 

Apoptosis targeting may increase tumor cell killing and therefore improve the outcome 

of patients with various cancer types. The utilization of siRNA targeting apoptosis 

could be applied for further study as an alternative approach in combination with 

current chemotherapies and targeted therapies to increase therapeutic outcomes and 

reduce resistance to the current therapies in cancers. 
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